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A personalized prognostic model that takes into account the unique molecular features of primary myelodysplastic neoplasm
(MDS) in Asia patients is lacking. Diagnostic clinicopathologic features, cytogenetic changes, and gene mutations of ethnic Asian
patients with primary MDS were analyzed. Variables were evaluated for associations with overall survival (OS), leukemia-free survival
(LFS), and time to progression to secondary AML (TTP-sAML). Prognostic scores were built as a weighted sum of prognostic
variables for each patient. The cohort comprised 1225 patients, with at least one gene mutation identified in 1177 patients (96%).
Genomic factors associated with inferior outcomes included monosomy 7, del(5q), and GNAS and TP53 mutations for OS; trisomy
19, del(5g), monosomy 7, and GNAS, PTPN11 and TP53 mutations for LFS; and i(17q), del(5q), and NPM1, NRAS, GNAS, IDH2, SF3B1
and RUNXT mutations for TTP-sAML. The Asian Prognostic Scoring System (APSS) was determined, stratifying patients into six
prognostic risk categories. The APSS, compared with the International Prognostic Scoring System molecular (IPSS-M), showed
superior concordance indices (C-indices) for OS (0.73 versus 0.57), LFS (0.72 versus 0.59), and TTP-sAML (0.75 versus 0.65) for this
Asian cohort. In conclusion, the APSS enhanced prognostication of primary MDS in Asia.
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INTRODUCTION

In Asia, treatment decisions in myelodysplastic neoplasms (MDS)
are conventionally based on the Revised International Prognostic
Scoring system (IPSS-R) [1]. The IPSS-R was developed from 7012
patients with untreated primary MDS derived from Spanish,
French, ltalian, and Brazilian registries. More recently, somatic
mutations have been incorporated into the prognostic assessment
of MDS [2]. A personalized prediction model was developed based
on American and German cohorts, which, by including genomic
information, showed enhanced prognostic prediction [3]. A unique
clinical-molecular prognostic model, the IPSS-molecular (IPSS-M)
[4], was developed from 2957 patients with de-novo MDS,
secondary/therapy-related MDS, and MDS/myeloproliferative neo-
plasm (MPN) overlap syndrome by the International Working
Group for Prognosis in MDS (IWG-PM). In the IWG-PM cohort, only
102 patients from Asia were included [4]. The IPSS-M was externally
validated in 754 Japanese patients with MDS [4]. In this Japanese
cohort, the prognostic power in terms of concordance index (C-
index) was lower for the prediction of leukemic transformation
than that obtained from the IWG-PM cohort [4]. In a recent Chinese
cohort comprising 852 patients, the C-index (<0.70) for overall
survival (OS) was significantly lower compared with that in the
original IWG-PM cohort in the IPSS-M [5].

Differences in presenting clinicopathologic and genomic
characteristics were observed between Western and Asian Cohorts
[4, 5]. Less than 30% of Asian patients presented with IPSS-R or
IPSS-M very low/low risk disease [4-6]. In comparison, ~40-60% of
Western patients presented with IPSS-R or IPSS-M very low/low
risk disease [4, 7, 8]. In addition, higher frequencies of ASXLT,
RUNXI1, and TP53 mutations and lower frequencies of SF3B1
mutations were observed in Asian patients compared with
Western cohorts [3-6, 9].

To address the under-representation of Asian patients in existing
prognostic models and the differences in the clinicopathologic and
genomic characteristics between Asian and Western patients, an
Asian MDS Genomics project was conducted under the Asian
Myeloid Working Group (AMWG), in order to define the
hematologic, cytogenetic, and molecular landscape of Asian
patients with primary MDS. Based on clinical and genomic features,
a personalized prognostic model for MDS in Asia was established.

SUBJECTS AND METHODS

Study population

The study was conducted by the AMWG (ClinicalTrials.gov Identifier:
NCT03169296) and was approved by the Institutional Review Boards and
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Ethics committees of the University of Hong Kong, the National University
Singapore, and the National Taiwan University Hospital in accordance with
the Declaration of Helsinki, and all patients provided informed consent.
Inclusion criteria included age =18 years, a diagnosis of primary MDS
according to the World Health Organization (WHO) 2016 criteria, and the
availability of bone marrow aspirate at diagnosis for pathologic review and
next-generation sequencing for mutation analysis. Patients with therapy-
related myeloid neoplasm (t-MN) and myelodysplastic syndrome/myelo-
proliferative neoplasm (MDS/MPN) were excluded.

Genomic analyses

At diagnosis, cytogenetic analysis was performed using standard G-
banding, and karyotypes were classified using the International System for
Cytogenetic Nomenclature Criteria. Mutation screening was performed on
the diagnostic bone marrow mononuclear cells using next-generation
sequencing (NGS) for a 54-gene myeloid panel (Supplementary File 1).
These genes comprised ABL1, JAK3, ASXL1, KDM6A, ATRX, KIT, BCOR, KRAS,
BCORL1, KMT2A, BRAF, MPL, CALR, MYD88, CBL, NOTCH1, CBLB, NPM1, CBLC,
NRAS, CDKN2A,PDGFRA, CEBPA, PHF6, CSF3R, PTEN, CUX1, PTPN11, DNMT3A,
RAD21, ETV6, RUNX1, EZH2, SETBP1, FBXW7, SF3B1, FLT3, SMC1A, GATAT,
SMC3, GATA2, SRSF2, GNAS, STAG2, HRAS, TET2, IDH1, TP53, IDH2, U2AF1,
IKZF1, WT1, JAK2, and ZRSR2. Mutect2 from GATK was used for somatic
variant calling [10]. SNV and INDEL were also called independently by
VarScan2 (version 2.4.0) [11] generated by Samtools (version 1.17) [12]
using default parameters. Variants called from both software were
concatenated for annotations. Detection of FLT3 internal tandem duplica-
tion (FLT3-ITD) and KMT2A partial tandem duplication (KMT2A-PTD) was
also performed by Pindel [13] in addition to Mutect2 and VarScan2. Snpeff
(version 5.1) and ANNOVAR were used for annotation for predicted effects
of the variants, while SnpSift (version 5.1) filtering further removed single-
nucleotide polymorphisms (SNP) when allele frequencies were >0.01
based on population databases [14, 15]. These databases included Exome
Sequencing Project (ESP) with 6500 exomes, 1the 000 Genome Project,
TCGA ExAC Cancer database, International Cancer Genome Consortium
(ICGQ), ClinVar database, database of functional predicters (dbnsfp, version
42), gnomAD whole-genome version 3.1.2, and COSMIC (version 92). A list
of variants with known diagnostic or prognostic significance in myeloid
malignancies was constructed to assist variant filtration of the current
dataset [16-20]. In addition, Varsome Clinical [21] was used to refine and
exclude benign variants based on American College of Medical Genetics
and Genomics (ACMG)/Association of Molecular Pathology (AMP) classifi-
cations [22]. Variants occurring in more than 1% in any one of population
databases, intronic, non-coding, synonymous, or variants reported benign
or likely benign by ClinVar were removed by SnpSift [23]. Variants were
retained if one of the predicted variants was pathogenic based on ClinVar
and COSMIC, or predicted pathogenic based on at least one function
prediction algorithm (including but not limited to POLYPHEN-2, LRT,
MutationTaster, FATHMM, PROVEAN, VEST4, MetaSVM, MetaRNN, MutPred,
and SIFT). The genomic data generated during the current study are
available in the NCBI repository, BioProject ID PRINA1187253,
http://www.ncbi.nlm.nih.gov/bioproject/1187253.

Statistical analyses

Overall survival (OS) was defined as the time from diagnosis to death
(event) or latest follow-up (censor). Leukemia-free survival (LFS) was
defined as the time from diagnosis to progression to secondary acute
myeloid leukemia (sAML) (event), death (event), or latest follow-up
(censor). Time to progression to sAML (TTP-sAML) was defined as the
time from diagnosis to the development of sAML (event). Additional
censoring was performed at the time of allogeneic hematopoietic stem cell
transplantation (allo-HSCT). In the assessment of survivals following allo-
HSCT, OS post-HSCT was defined as the time from allo-HSCT to death; LFS
post-HSCT was defined as time from allo-HSCT to progression to SAML or
death; and TTP-sAML post-HSCT was defined as time from allo-HSCT to the
development of sAML. All data were censored on December 31, 2022. A
model comprising clinicopathologic, cytogenetic, and molecular features
was constructed to predict OS, LFS, and TTP-sAML. Variable selection was
performed to determine the prognostic significance of age, sex, and
classification of MDS, included as confounders. (Supplementary file 2). The
relative weights of the selected variables were estimated using a Cox
multivariate model adjusted for confounders. According to the weights of
each prognostic variable, individual patient-specific prognostic scores were
calculated (Supplementary file 2). Sex, classification of MDS, gene
mutations, and karyotypic abnormalities were encoded as binary variables.
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Age, hemoglobin, total white blood cell (WBC) count, platelet count,
absolute neutrophil count, and peripheral blood (PB) and bone marrow
(BM) blast percentages were encoded linearly as continuous variables.
Owing to sample size, variant allele frequencies and subtypes of gene
mutations and gene-by-gene interactions were not included in the
multivariable analysis. Three separate models were developed to predict
OS, LFS, and TTP-sAML. The statistical predictive power of these prognostic
models was assessed by the Harrell's concordance index (C-index). All
analyses were performed using R version 4.3.1 (R Foundation for Statistical
Computing, Vienna, Austria). Details on the statistical methodology were
shown in Supplementary file 2.

RESULTS

Clinicopathologic characteristics

The AMWG cohort comprised 1225 patients with primary MDS
enrolled from three tertiary referral centers in Asia between 1
January 2006 and 30 May 2021 (Supplementary file 3 and Table 1).
There were 778 men (63.5%) and 447 women (36.5%) with a
median age of 68 years (interquartile range, IQR: 57.1-77.4 years)
at diagnosis. The median duration of follow-up was 2.9 years (IQR:
1-7.1 years). Cytogenetic risks grouped by IPSS-R were very good
(N=20, 1.6%), good (N=619, 50.5%), intermediate (N =241,
19.7%), poor (N =70, 5.7%), and very poor (N= 193, 15.8%). The
IPSS-R risk scores were very low (N = 49, 4%), low (N = 281, 22.9%),
intermediate (N =279, 22.8%), high (N=258, 21.1%), and very
high (N =269, 20%). The IPSS-M risk scores were very low (N=1,
0.1%), low (N=36, 2.9%), moderately low (N=55, 4.5%),
moderately high (N=281, 6.6%), high (N =245, 20%), and very
high (N =670, 54.7%). Mutations were identified in one or more
cases for each of the 54 genes in the panel (Fig. 1 and
Supplementary files 4-6). Three hundred and ninety-seven
patients (32.4%) received hypomethylating agents (HMA) (azaci-
tidine, N = 370; decitabine, N=27). One hundred and fifty-eight
patients (12.9%) underwent allo-HSCT. Two hundred and eighty-
four patients developed sAML.

Genomic landscape

Gene mutations were identified in 1177 patients (96%), with 1059
patients (86%) harboring =2 mutations (Supplementary files 4-6).
The most commonly mutated genes were TET2, DNMT3A, and
ASXL1 (Supplementary files 4-6). Mutation enrichment analysis for
MDS subgroups based on the WHO 2016 classification showed
significant enrichment of mutations of SF3B1, KMT2A, TET2,
NOTCH1 and MYD88 in MDS with ring sideroblasts and single
lineage dysplasia; CDKN2A, CUX1, STAG2, KDM6A, RUNX1 and
ASXL1 in MDS with excess blasts-1 (MDS-EB-1); and TP53, GATAIT,
BRAF, CSF3R, IDH2, EZH2 and PHF6 in MDS-EB-2 (Supplementary
files 5 and 7). Mutation enrichment analysis in MDS subgroups
based on the WHO 2022 classification showed significant
enrichment of mutations of SF3B1, BCOR, BCORL1, GNAS, KMT2A,
CSF3R, ABLT and IDHT in MDS with low blasts and SF3B1 mutation;
and TP53, ASXL1, IKZF1, NOTCH1, TET2, SMC1A, DMNT3A, IDH1,
ATRX, PDGFRA, CUX1 and CEBPA in MDS with biallelic TP53
inactivation (Supplementary files 5 and 7). TET2 mutations
significantly co-occurred with IKZF1, ATRX, ASXL1 and DMNT3A
mutations (P < 0.05) (Supplementary file 8). Mutations of DNMT3A
and EZH2 and mutations of RUNX1, GATA2, and ZRSR2 were
mutually exclusive (Supplementary file 8). Characteristics of
variants for each of the sequenced genes were shown in
Supplementary file 9.

Impact of ASXL, SF3B1 and TP53 mutations

ASXL1 variant allele frequency of =0.2 was independently
associated with inferior OS (P <0.001), LFS (P<0.001), and TTP-
sAML (P=0.005) (Supplementary file 10). ASXL1 frameshift
variants were associated with significantly inferior OS (P < 0.001)
and LFS (P<0.001) (Supplementary file 11). SF3B1 co-mutations
did not significantly impact on OS, LFS, and TTP-sAML

Blood Cancer Journal (2025)15:128
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Table 1. Clinicopathologic features of 1225 patients with primary

myelodysplastic neoplasm.

Parameter
Median age, years (IQR)
Sex, no. (%)
Male
Female
Race
Chinese

Malay
Japanese
Indian
Filipino
Thai
Vietnamese
Sri Lankan

WHO 2016 disease classification, no. (%)

MDS with single lineage dysplasia
MDS with multilineage dysplasia

MDS with ring sideroblasts and single lineage
dysplasia

MDS with ring sideroblasts and multilineage
dysplasia

MDS with excess blasts-1

MDS with excess blasts-2
MDS with isolated del(5q)
MDS, unclassifiable

WHO 2022 disease classification, n. (%)

MDS with low blast and 5qg deletion

MDS with low blast and SF3B7 mutation
MDS with biallelic TP53 inactivation

MDS with low blasts

MDS-IB1

MDS-1B2

Hematological characteristics at diagnosis
Median white blood cell count, x 10°/L (IQR)
Median hemoglobin, g/dL (IQR)

Median platelet count, x 10%/L (IQR)

Median absolute neutrophil count, x 10%/L
(IQR)

Median peripheral blood blast percentage (IQR)
Median bone marrow blast percentage (IQR)
IPSS-R cytogenetic risk group, no. (%)

Very Good (-Y, del(11q))

Good (normal, del(5q),del(12p),del(20q),del(5q)
+1 additional)

Intermediate (del(7q),+8, + 19,i(17q), others
not in other groups)

Poor (-7, inv(3)/t(3qg)/del(3q),-7/del(7q)+1
additional) complex (3 abnormalities))

Very poor (Complex >3 abnormalities)
Missing due to poor growth

IPSS-R risk category, no. (%)

Very low

Low

Blood Cancer Journal (2025)15:128

Value
68.4 (57.1-77.4)

778 (63.5%)
447 (36.5%)

1209 (98.6%)
8 (0.7%)
1 (0.1%)
3 (0.2%)
1 (0.1%)
1 (0.1%)
1 (0.1%)
1 (0.1%)

167 (13.6%)
297 (24.2%)
67 (5.5%)

36 (2.9%)

277 (22.6%)
317 (25.9%)
12 (1%)

52 (4.2%)

17 (1%)

77 (6.3%)
118 (9.6%)
505 (41.2%)
223 (18.2%)
285 (23.3%)

3.3 (2.2-5.3)
8.3 (6.9-9.5)
82 (39-159)
1.50 (0.8-2.8)

0 (0-1)
4(1.2-9)

20 (1.6%)
619 (50.5%)

241 (19.7%)

70 (5.7%)

193 (15.8%)
82 (6.7%)

49 (4%)
281 (22.9%)

Table 1. continued

Parameter

Intermediate

Value
279 (22.8%)

High 259 (21.1%)
Very high 269 (22.0%)
Missing information 88 (7.2%)
IPSS-M risk category, no (%)

Very low 1 (0.1%)
Low 36 (2.9%)
Moderately low 55 (4.5%)
Moderately high 81 (6.6%)

High 245 (20%)

670 (54.7%)
137 (11.2%)
397 (32.4%)
370 (30.2%)
27 (2.2%)

126 (10.3%)

Very high

Missing information
Number of patients who received HMA, no. (%)
Azacitidine, no. (%)
Decitabine, no (%)

Number of patients who received intensive
chemotherapy (%)

Number of patients who received allogeneic 158 (12.9%)

HSCT, no. (%)

Transformation to secondary AML, no. (%) 284 (23.2%)

Median time to AML transformation, years (IQR) 1.7 (0.5-5.5)
Number of deaths, no. (%) 693 (56.6%)
Median duration of follow-up, years (IQR) 29 (1-7.1)

IQR Interquartile range, WHO World Health Organization, IPSS-R Revised
international prognostic scoring system, MDS myelodysplastic syndrome,
HMA hypomethylating agent, HSCT hematopoietic stem cell transplanta-
tion, AML acute myeloid leukemia.

(Supplementary file 11). A TP53 variant allele frequency of >0.2
was independently associated with inferior OS, LFS, and TTP-sAML
(P<0.001) (Supplementary file 12). There was no significant
difference in OS, LFS, and TTPs-AML between monoallelic and
multiallelic/multihit TP53 mutations (Supplementary file 12). TP53
frameshift and splicing co-mutations were associated with a
significantly inferior OS (P=0.02), LFS (P=0.03), and TTP-sAML
(P=0.002) (Supplemental file 13).

Validation of the IPSS-R and the IPSS-M in the current

Asian cohort

The IPSS-R and the IPSS-M were validated using the current
Asian cohort (Supplementary files 14 and 15). Separation of
prognostic categories was observed (Supplementary file 15).
The C-indices obtained for IPSS-R were 0.68 for OS, 0.68 for LFS,
and 0.71 for TTP-sAML; whereas those obtained for IPSS-M
were 0.57 for OS, 0.59 for LFS, and 0.65 for TTP-sAML
(Supplementary file 14).

Outcome

The median OS of the cohort was 3.7 years (95% confidence
interval, C.l.: 2.90-4.54). The 5-year and 10-year OS were 46.7% and
41% respectively (Fig. 1A). Genomic factors associated with
inferior OS on multivariable analysis included monosomy 7,
del(5g), and mutations in GNAS and TP53 (Table 2 and
Fig. 1B-E). The median LFS of the cohort was 2.5 years (95% Cl:
2.19-3.19). The 5-year and 10-year LFS were 42.4% and 37.2%
respectively (Fig. 1F). Genomic factors associated with inferior LFS
on multivariate analysis included trisomy 19, del(5q), monosomy 7,
and mutations in GNAS, PTPN11, and TP53 (Table 2 and Fig. 1G-L).

SPRINGER NATURE



H. Gill et al.

A B overSuvin Cc overt suvat

Overall Survival

7 — Negatve — Postve cnkee) — Nagaive — Postve
10
09 10 1.0-
09
0 09
o8
07 o®
z o7 07
Fos z z
H 2 os H
fos 3 i "
3 £ os £ os
HY H 3
a 3 oe 3 os
03 ] H
0.3 @ 03
02 02 0z
L 0.1 0.1
00 0.0- 0.0-
o 1 2 3 4 5 5 6 7 & 95 10 0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 7 8 9 10
ears Years Years
Number at riek Number at risk Number at risk

s T T SS9 Negative {1112 778 598 479 396 335 200 257 242 227 201

Negative{1122 792 611 491 408 343 205 261 245 229 203

del(sq)

Posive]103 33 20 14 12 12 11 10 10 10 10 [

13 47 33 26 24 20 16 14 13 12 12

T 7 2 3 4 5 & 7 8 § T
Years 1 2z 3 4 5 & 7 & 8 1 T 1 2 3 4 5 & 7 8 8§ 1
Yoars Years

Overall Survival

aNAS — Negatve — Posive Loukemia-Freo Survival

o 10
0s:
& 08
os:
0 o8
oz o7
: 7 z z
2 0.6 E 08 ;b
] H 2
£ s 2 o8 Sos
P o IR Zos
H a 8
0.3 03 0.3
0.2 02 02
0.1 o1 01
00 00 00-
6 1 2 3 4 5 6 7 8 & 10 0 1 2 3 4 5 6 7 8 98 1 ¢ 1 2 3 4 5 & 7 8 8 1w
vers Years vears
Numberat isk Number atrisk Numberatisk
o Nesatve 1087 736 569 459 381 324 279 247 232 217 198 _ Negalve] 892 649 498 390 315 261 222 199 185 172 151 R
g g £ aulizas 750 578 467 380 30 2me 252 207 223 198
O posiive{138 89 62 46 30 31 27 24 28 22 20 F Positve]333 176 133 115 105 94 84 72 70 67 62
I B R R I T T S R S S B B I IR I T T
veurs Years
Leukemia-Free Survival Loukemia-Freo Survival Ceiertia o urihad
18— Nogate — Poste ) — Negatve — Posive
G 18— g — P H i) — o — pos I R
10
10 0
0s 09
09
08 08
o8
o7
2 . 07 -
2 os 2 e 2
H H 3 e
& 0.5 g 2
s £ os $
3 = £ os
R £ oo 3
H H § o
03 8 o5 H
03
02
02 02
o1
01 01
o 0.0
[] 1 2 3 4 5 6 7 8 9 10 0.0
Yours T 1 5 35 7 5 6§ 7 5 5w

T3
Number at risk Years
Mkbsratink Number atrisk

Negalie {1219 754 578 467 389 333 288 252 237 223 198

Posive 6 0 0 0 0 0 0 0 0 0 0

Negalive {1112 712 546 441 365 313 273 239 225 211 186

del(5a)

Negative {1122 724 562 455 378 322 278 243 228 214 189

Posive{ 113 42 32 26 24 20 15 13 12 12 12

Posive{103 30 16 12 1 11 10 9 9 9 9

[ T35 5 7 5 5w
Years 1 % 5 & 5 6 7 85 5 10
s G 1 %z 5 4. 5 6 7 85 5 10
Yoars
’ ’ Leukemia-Free Survival
Loukemia-Free Survival
J K Loukami oo Survval L
GNAS — Negative — Positive il e
PIENY — Negatve — osthe
10 . 10
09 i 09
08 i o8
07 07
z L o 2
3 os £ 3 os
3 E os H
£ o (- s 03
E £ g E o4
3 H 3
03 3 03
02 % 0z
o1 a o
00 o 6.
P et TR T 7 3 3 4 5 6 7 5 5 W ¢ 1 2 3 & 5 6 7 & § W
Years Yoars
Sisisecariek otk & dik Number at risk
Negative
o Nesatve {1087 677 525 425 354 305 263 230 216 203 180 < Nogaivel1122 609 530 433 362 310 268 24 220 208 181 , Negatie{892 503 455 361 291 245 210 167 174 162 142
S H 2
& H £
Posiive 1
99777 83 42 i 28 28I 2 A M8 E posive]103 55 39 34 27 23 20 18 17 17 17 " Positve]333 161 123 106 98 88 78 65 63 61 56
T 7 2 5 4 5 6 7 5 5 w0
vears ¢ 1 7 35 4 5 6 7 5 5 w0 6 1 % 35 4 5 6 7 5 5™
Years Years

Fig. 1 Kaplan-Meier analysis of overall survival (0S), leukemia-free survival (LFS) and the impact of genomic factors on OS and LFS in
1225 patients with primary myelodysplastic neoplasm (MDS) in Asia. A Overall survival of primary MDS in Asia; B Adverse prognostic
impact of monosomy 7 (-7) on overall survival in primary MDS in Asia; C Adverse prognostic impact of del(5q) on overall survival in primary
MDS in Asia; D Adverse prognostic impact of GNAS mutations on overall survival in primary MDS in Asia; E Adverse prognostic impact of TP53
mutations on overall survival in primary MDS in Asia; F Leukemia-free survival of primary MDS in Asia; G Adverse prognostic impact of trisomy
19 (+19) on leukemia-free survival in primary MDS in Asia; H Adverse prognostic impact of 5q deletion [del(5g)] on leukemia-free survival in
primary MDS in Asia; | Adverse prognostic impact of monosomy 7 (-7) on leukemia-free survival in primary MDS in Asia; J Adverse prognostic
impact of GNAS mutations on leukemia-free survival in primary MDS in Asia; K Adverse prognostic impact of PTPN11 mutations on leukemia-
free survival in primary MDS in Asia; L Adverse prognostic impact of TP53 mutations on leukemia-free survival in primary MDS in Asia. All P-
values were obtained using log-rank test. The genomic factors shown were significant on multivariable analysis (see Table 2).
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95% Bootstrap CI?

HR

TTP-sAML
Weight

95% Bootstrap CI?
(0.84266-0.87690)

0.85474
0.83490
0.91008
0.80229

HR

LFS
Weight
—0.15696
—0.18045
—0.09422
—0.22029

95% Bootstrap CI?

HR

oS
Weight

continued

Variable
EZH2
ATRX

Table 2.
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(0.78401-0.80370)
(1.22887-1.26835)

0.78898
1.25820

—0.23702
0.22968

(0.82254-0.85601)

(0.90592-0.91884)

(0.77525-0.84767)

(0.70732-0.73259)

0.71373
0.50862

-0.33725

(0.69156-0.75120)

0.71399
0.59405
0.66100

—0.33689
—0.52079
—0.41401

(0.49742-0.54128)

—0.67605

(0.55002-0.66829)
(0.62155-0.72704)

—~ o~~~ o~ =~ o~

0.84424
0.82383

—0.16932
—0.19379
—0.22501
—0.23042
—0.23420
—0.37151
—0.44747

RUNX1
PTEN

0.79851

0.79420
0.79120

CDKN2A
IKZF1

0.68969

CALR

0.63924

MYD88

WT1

(0.37770-0.43344)

OS overall survival, LFS leukemia-free survival, TTP-sSAML time-to-progression to secondary acute myeloid leukemia, H.R. hazard ratio for event, WHO World Health Organization, MDS-SLD myelodysplastic
syndrome with single lineage dysplasia, MDS-MLD myelodysplastic syndrome with multilineage dysplasia, MDS-RS-SLD myelodysplastic syndrome with ring sideroblasts and single lineage dysplasia, MDS-RS-SLD

myelodysplastic syndrome with ring sideroblasts and multilineage dysplasia, MDS-EB-1 myelodysplastic syndrome with excess blasts-1, MDS-EB-2 myelodysplastic syndrome with excess blasts-2, MDS-5q

myelodysplastic syndrome with isolated 5q deletion, MDS-U myelodysplastic syndrome-unclassifiable, WBC white blood cell, PB peripheral blood.

*The 95% bootstrap Cl for the hazard ratio is estimated by 1000 bootstrap samples.

0.39169

—0.93729

The 5-year and 10-year cumulative risk of progression to sAML
was 28.8% and 29.5% respectively (Fig. 2A). Genomic factors
associated with inferior TTP-sSAML on multivariate analysis
include i(17q), del(5q), and mutations in NPM1, NRAS, GNAS,
IDH2, SF3B1, and RUNXT (Table 2 and Fig. 2B-I). Increasing age,
as a continuous variable, was associated with worse OS and LFS
(Table 2). Male sex was associated with worse OS, LFS, and TTP-
sAML (Table 2). Increasing peripheral blood blast percent, as a
continuous variable was associated with worse LFS and TTP-
sAML (Table 2).

Personalized prognostic model

Variables impacting on OS, LFS, and TTP-sAML on multivariate
analysis had their C-indices determined (Supplementary files 16-
18). Variables with the highest C-indices were selected for
inclusion in the prognostic models for OS, LFS, and TTP-sAML
(Table 2). A six-category risk stratification (Asian Prognostic
Scoring System, APSS) was defined: very good, good, inter-
mediate-1, intermediate-2, poor, and very poor. The risk
categories allowed prognostic risk separation for all three
clinical end-points (Table 3 and Fig. 3A-F). To facilitate clinical
utility, an APSS Web calculator has been constructed (https://
medicine-intranet.hku.hk/mds/index_v3.html). With patient-
specific clinicopathologic, hematological, karyotypic, and mole-
cular parameters, a specific APSS score, the corresponding risk
category, and the median survival could be calculated.

In this Asian primary MDS cohort, the C-indices for OS, LFS,
and TTP-sAML obtained using IPSS-R (OS: 0.68; LFS: 0.68; TTP-
SAML: 0.71) and IPSS-M (OS: 0.57; LFS: 0.59; TTP-sAML: 0.65) were
lower than those obtained using the APSS (OS: 0.73; LFS: 0.72;
TTP-sAML: 0.75) (Fig. 3G and Supplementary file 14).

Validation of the APSS

The APSS was externally validated using the publicly available
IPSS-M dataset (https://github.com/papaemmelab/ipssm) from
the International Working Group for Prognosis in MDS (IWG-PM)
cohort [4]. The cohort comprised 2957 patients with MDS, with
102 patients from Taiwan [4]. The number of patients of Asian
descent in the entire cohort was not specified [4]. It showed
clear separation of prognostic subgroups for OS (C-index 0.70),
LFS (C-index 0.71), and TTP-sAML (C-index 0.74) that were
statistically significant (Fig. 3H-J and Supplementary file 19).

Restratification of patients from IPSS-M to APSS

Mapping was performed between the IPSS-M to APSS risk
categories for overall survival (Supplementary files 20). In 1098
patients where IPSS-M was available, restratification occurred in
917 (83.5%) of patients. Of these, 775 patients (84.5%) were
downstaged and 142 patients (15.5%) were upstaged.

Prognostic impact of APSS in untreated and treated patients
The prognostic impact of the APSS was assessed in 3 subgroups
of the current Asian cohort: primary untreated patients
(N=1727); patients treated with HMA with data censored at
the time of HSCT (N =388); and patients receiving allogeneic
HSCT (N=122) (Supplementary files 21-23). The APSS was
predictive of outcomes in all 3 groups of patients (Untreated
patients: C-index for OS 0.74, C-index for LFS 0.74, C-index for
TTP-sAML 0.79; patients treated with HMA: C-index for OS 0.69,
C-index for LFS 0.64, C-index for TTP-sAML 0.66; patients
receiving allo-HSCT: C-index for OS post-HSCT 0.61, C-index for
LFS post-HSCT 0.63, C-index for TTP-sAML post-HSCT 0.62)
(Supplementary files 21-23). The prediction was the best in
primary untreated patients with clear separation of prognostic
risk groups for OS, LFS, and TTP-sAML (P<0.0001 for all 3)
(Supplementary file 21). In patients treated with HMA, the APSS
was significant for the prediction OS, LFS, and TTP-sAML
(P<0.001 for all) (Supplementary file 22). Nevertheless, in
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Fig. 2 Kaplan-Meier analysis of time to progression (TTP) to secondary acute myeloid leukemia (AML) in 1225 patients with primary
myelodysplastic neoplasm (MDS) in Asia. A Time to progression to secondary AML in primary MDS in Asia; B Adverse prognostic impact of
isochromosome 17q [i(179)] on time to progression to secondary AML in primary MDS in Asia; C Adverse prognostic impact of 5q deletion
[del(5g)] on time to progression to secondary AML in primary MDS in Asia; D Adverse prognostic impact of NPM1 mutations on time to
progression to secondary AML in primary MDS in Asia; E Adverse prognostic impact of NRAS mutations on time to progression to secondary
AML in primary MDS in Asia; F Adverse prognostic impact of GNAS mutations on time to progression to secondary AML in primary MDS in
Asia; G Adverse prognostic impact of IDH2 mutations on time to progression to secondary AML in primary MDS in Asia; H Adverse prognostic
impact of SF3B1 mutations on time to progression to secondary AML in primary MDS in Asia; | Adverse prognostic impact of RUNXT mutations
on time to progression to secondary AML in primary MDS in Asia. All P values were obtained using log-rank test. The genomic factors shown
were significant on multivariable analysis (see Table 2).
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Fig. 3 Outcome prediction and validation of the Asian Prognostic Scoring System (APSS). A Prognostic risk categories for overall survival
according to the APSS; B Distribution of prognostic risk categories for overall survival according to the APSS (X-axis represents the prognostic
score); C Prognostic risk categories for leukemia-free survival according to the APSS; D Distribution of prognostic risk categories for leukemia-
free survival according to the APSS (X-axis represents the prognostic score); E Prognostic risk categories for time-to-progression to secondary
acute myeloid leukemia according to the APSS; F Distribution of prognostic risk categories for time-to-progression to secondary acute
myeloid leukemia according to the APSS (X-axis represents the prognostic score); G Comparison of concordance (C) indices obtained using
the APSS, molecular international prognostic scoring system (IPSS-M) and the Revised International Prognostic Scoring System (IPSS-R) in the
current Asian primary myelodysplastic neoplasm cohort; H Validation of the APSS risk categories on overall survival (OS) in the external IPSS-M
dataset; | Validation of the APSS risk categories on leukemia-free survival (LFS) in the external IPSS-M dataset; J Validation of the APSS risk
categories on the time-to-progression (TTP) to secondary acute myeloid leukemia in the external IPSS-M dataset.
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patients receiving HMA, there was overlap between the very good,
good, and intermediate-1 risk categories for OS; between the very
good, good, and intermediate-1 risk categories and between
intermediate-2 and poor risk categories for LFS; and between the
very good, good, and intermediate-1 risk categories for TTP-sAML.
In patients receiving allo-HSCT, APSS was significantly predictive
of post-HSCT OS (P = 0.01) and post-HSCT LFS (P =0.001), but not
TTP-sAML post HSCT (P = 0.24) (Supplementary file 23). In patients
receiving allo-HSCT, there was overlap between the good,
intermediate-1, intermediate-2, and poor risk categories for post-
HSCT OS and post-HSCT LFS.

DISCUSSION

We analyzed the largest cohort to date of Asian patients with
primary MDS and defined their clinicopathologic features and
genomic landscape. A significant proportion of patients presented
with high-risk disease. At presentation, 508 patients (41.5%) and
118 patients (9.6%) had MDS with increased blasts and MDS with
biallelic TP53 inactivation. With respect to IPSS-R and IPSS-M, 43%
and 74.7% of them had high/very high-risk disease. Interesting
differences existed between our patients and other reported
cohorts in Western populations [4, 8, 9], including a lower
proportion of patients with lower-risk MDS at presentation, and a
lower frequency of SF3B1 but higher frequency of TET2, DNMT3A,
ASXL1, and RUNX1 variants. Such differences might be expected
because our cohort was enriched with patients having higher
risks. Furthermore, with the use of multiple bioinformatic tools, we
included variants previously reported as pathogenic and likely
pathogenic, together with other novel variants predicted likely to
alter protein function, which may partly explain the differences
observed between our and other cohorts. Similar to our study,
reports from other Asian primary MDS cohorts showed higher
frequency of ASXL1, DNMT3A, TET2, and RUNXT mutations and
lower frequency of SF3B1 mutations [5, 24].

Unique genomic factors associated with inferior survival were
defined in our cohort. These factors included monosomy 7,
del(5g), and GNAS and TP53 mutations with OS; trisomy 19,
del(5q), monosomy 7, and GNAS, PTPN11 and TP53 mutations with
LFS; and i(17q), del(5q), and NPM1, NRAS, GNAS, IDH2, SF3B1 and
RUNXT mutations with TTP-sAML. The adverse prognostic impact
of monosomy 7 is widely reported and validated in MDS [1, 25].
MDS with isolated del(5g) was uncommon in our cohort
(accounting for 1% of patients). Co-occurrence of other aberra-
tions, especially TP53 mutations and additional karyotypic
abnormalities, could account for the adverse prognostic impact
of del(5q) [26]. Isochromosome 17q results in deletion of TP53,
portending an adverse outcome. Trisomy 19 is associated with
myeloid malignancies, and acquisition of trisomy 19 is associated
with progression to secondary AML [27]. The adverse prognostic
impact of GNAS variants has not been previously reported. GNAS is
an important oncogene, and activating mutations have been
reported in various malignancies, including myeloid neoplasm
[28, 29]. Alternative splicing of GNAS has been shown to be an
important driver of MDS, together with splicing factor SFSF2 and
U2AF1 mutations [30]. Mutations in RAS pathway genes, including
NRAS and PTPN11, are associated with increased rates of leukemic
transformation [31-33]. NPM1 mutations in our cohort occurred
exclusively in MDS with less than 10% bone marrow blasts.
Consistent with reports of other non-acute myeloid neoplasms
with NPM1 mutations, higher rates of leukemia transformations
were observed [34]. Although the formal diagnosis of AML with
NPM1 mutation requires bone marrow blast percent of 10% or
more, the threshold may be arbitrary. Whether this group of
patients represented an early stage in the continuum of
progression to NPMI1-mutated AML remains to be determined
[34]. Pathogenic mutations in IDH2 in MDS are associated with
progression to secondary AML [35, 36]. RUNXT mutations in MDS
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were associated with shorter latency to progression to sAML [37].
RUNXT mutations were also reported to portend worse survival in
patients with higher-risk MDS treated with venetoclax and
hypomethylating agents in a large Chinese cohort [38]. ASXL1T
frameshift variants were associated with adverse outcomes,
consistent with previous reports [39]. However, the negative
prognostic impact of ASXLT mutation with VAF = 0.2 has not been
previously reported. SF3B7 mutations were not associated with a
favorable outcome in our cohort, a finding consistent with that in
previous reports [4].

Significant differences in outcome were not observed between
monoallelic and biallelic TP53 mutations, consistent with previous
reported results [40]. However, TP53 mutations with VAF >0.2
were independently associated with inferior outcome. This
observation concurred with previous reports, where TP53 muta-
tions with VAF>0.2 were associated with outcomes similar to
multi-hit TP53 mutations, especially in MDS with del(5q) [41]. An
adverse prognostic impact of TP53 mutations with higher VAF was
also reported in other subgroups of MDS [42]. In particular, co-
occurrence of frameshift and splicing mutations was associated
with adverse outcome, which was also consistent with previous
observations [43]. Our findings corroborate with the diverse
characteristics and prognostic impact of TP53 mutations, including
the mutation characteristics, VAF, allelic state, and co-occurring
mutations [44].

MDS prognostication has conventionally been based on IPSS and
IPSS-R. The recent advent of the IPSS-M has enabled a personalized
risk assessment incorporating hematologic, cytogenetic, and
molecular features to be made. In the original tested cohorts,
IPSS-M successfully stratified patients with respect to OS, LFS, and
transformation to AML [4], which was confirmed to be reproducible
by subsequent studies of different populations [7, 8, 45]. In Asian
populations, however, IPSS-M was observed to separate prognostic
groups with C-indices lower than those in Western populations
[4, 5]. The pathogenesis of MDS is complicated, involving putatively
interactions of exposures to genotoxic agents (environmental or
therapeutic) and genetic constitutions and susceptibility, which
may be different for various populations. Hence, population-specific
prognostication may be more clinically relevant. This is supported
by Asian reports unraveling unique gene signatures associated with
treatment outcome [38, 46].

With the current Asian cohort, we developed a prognostic
model, APSS, based on clinicopathologic, karyotypic, and genomic
data. The APSS is similar to IPSS-M in separating patients into six
prognostic categories, with a continuous score that provides a
personalized unique risk assessment. The APSS provides separate
sets of prognostic indicators for OS, LFS, and transformation to
sAML, taking into account the differential effects of clinical and
genomic parameters in predicting OS, LFS, and transformation to
sAML. The APSS also improved prognostication in the current
Asian MDS cohort, as evidenced by the higher C-indices obtained
using the APSS compared with the IPSS-M. The APSS also accounts
for missing information similar to the IPSS-M by providing the
best, mean, and worst score on the web calculator. A high
percentage of patients were restratified using the APSS. This was
likely due to the relatively higher proportion of patients in the
current Asian cohort presenting with higher risk IPSS-M categories.
The APSS was predictive of outcomes in primary untreated MDS,
MDS treated with HMA, and MDS receiving allo-HSCT. The
prediction was the best with primary untreated MDS. In patients
receiving HMA or allo-HSCT, the prediction was more apparent for
the very good and very poor risk categories, with significant
overlap between other risk categories. The relatively small sample
size may account for this observation, and further validation of the
APSS in largely cohorts of patients treated with HMA and patients
receiving allo-HSCT is warranted. Previous studies with larger real-
world datasets on the impact of IPSS-M in patients receiving HMA
and allo-HSCT showed significant separation of risk categories [8].
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An important caveat in the currently available prognostic

models and the APSS is the possibility of having populations with
wide range of genomic backgrounds and ancestries. Further
validation of the APSS in different Asian populations is warranted.
Furthermore, the prognostic performance of the APSS vis-a-vis
IPSS-M in Asian populations residing inside and outside of Asia
may allow the impact of environmental factors on the pathogen-
esis and outcome of MDS to be delineated.
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