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ABSTRACT

BACKGROUND

Myelodysplastic syndromes are clinically heterogeneous disorders characterized by
clonal hematopoiesis, impaired differentiation, peripheral-blood cytopenias, and a
risk of progression to acute myeloid leukemia. Somatic mutations may influence the
clinical phenotype but are not included in current prognostic scoring systems.

METHODS

We used a combination of genomic approaches, including next-generation sequenc-
ing and mass spectrometry—based genotyping, to identify mutations in samples of
bone marrow aspirate from 439 patients with myelodysplastic syndromes. We then
examined whether the mutation status for each gene was associated with clinical
variables, including specific cytopenias, the proportion of blasts, and overall survival.

RESULTS

We identified somatic mutations in 18 genes, including two, ETV6 and GNAS, that
have not been reported to be mutated in patients with myelodysplastic syndromes.
A total of 51% of all patients had at least one point mutation, including 52% of the
patients with normal cytogenetics. Mutations in RUNX1, TP53, and NRAS were most
strongly associated with severe thrombocytopenia (P<0.001 for all comparisons)
and an increased proportion of bone marrow blasts (P<0.006 for all comparisons). In
a multivariable Cox regression model, the presence of mutations in five genes re-
tained independent prognostic significance: TP53 (hazard ratio for death from any
cause, 2.48; 95% confidence interval [CI], 1.60 to 3.84), EZH2 (hazard ratio, 2.13; 95%
CI, 1.36 to 3.33), ETV6 (hazard ratio, 2.04; 95% CI, 1.08 to 3.86), RUNX1 (hazard
ratio, 1.47; 95% CI, 1.01 to 2.15), and ASXL1 (hazard ratio, 1.38; 95% CI, 1.00 to 1.89).

CONCLUSIONS
Somatic point mutations are common in myelodysplastic syndromes and are asso-
ciated with specific clinical features. Mutations in TP53, EZH2, ETV6, RUNX1, and
ASXL1 are predictors of poor overall survival in patients with myelodysplastic syn-
dromes, independently of established risk factors. (Funded by the National Institutes
of Health and others.)
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YELODYSPLASTIC SYNDROMES ARE

clinically heterogeneous disorders for

which treatments are tailored to the
predicted prognosis for each patient. This makes
the accurate prediction of the prognosis an es-
sential component of the care of patients. Current
prognostic scoring systems consider Kkaryotypic
abnormalities and certain clinical features to
stratify patients with myelodysplastic syndromes
into risk groups. Some karyotypic abnormalities,
such as deletion of chromosome 5q, help establish
the prognosis and may be associated with a spe-
cific clinical phenotype.r However, more than
half of patients with myelodysplastic syndromes
have a normal karyotype, and patients with iden-
tical chromosomal abnormalities are often clini-
cally heterogeneous.?? Single gene mutations are
not currently used in prognostic scoring systems
but are likely to be key drivers of clinical pheno-
types and overall survival.#® An understanding
of the clinical effects of mutations in various
genes could improve the prediction of prognosis
for patients with myelodysplastic syndromes and
inform the selection of specific therapies.

The prognostic significance of some mutations
in myelodysplastic syndromes has been described,
but prior studies have generally examined small
sample sets, have involved limited analyses of one
or a small number of genes, or have focused ex-
clusively on a particular subtype of myelodysplas-
tic syndrome.” Mutations in TP53, NRAS, RUNX1,
TET2, and IDH1 and IDH2 have each been reported
to influence overall survival in univariate analy-
ses.®1% Only mutations in the TP53 gene have been
clearly associated with poor prognostic markers,
such as a complex karyotype (having three or more
chromosomal abnormalities), and have been re-
ported to independently predict survival among
patients at intermediate risk, as ascertained with
the use of the International Prognostic Scoring
System (IPSS). The IPSS assigns patients to one of
four groups of increasing prognostic risk (low,
intermediate 1, intermediate 2, and high) on the
basis of the percentage of blasts in bone mar-
row, the karyotype, and the number of cytope-
nias present at the time of diagnosis (see Table
2 in the Supplementary Appendix, available with
the full text of this article at NEJM.org).**'? The
interaction between the TP53 mutations and the
genes more recently reported to be mutated in
patients with myelodysplastic syndromes have
not been studied in a large enough number of

patients to establish their independent prognos-
tic significance.'®

To distinguish the independent contributions
of mutations to the clinical phenotype and overall
survival, we examined a large set of samples ob-
tained from patients with myelodysplastic syn-
dromes for the presence of somatic mutations in
a broad spectrum of cancer-associated genes.

METHODS

SAMPLES FROM STUDY PATIENTS
Bone-marrow—aspirate mononuclear cells and
buccal-swab samples from patients with myelo-
dysplastic syndromes were obtained from Rush
University Medical Center, the University of Massa-
chusetts Medical Center, and the M.D. Anderson
Cancer Center. Samples were acquired from adult
patients, who provided written informed consent,
between 1994 and 2008 according to protocols ap-
proved by the institutional review board at each
institution. Genomic DNA was isolated and used to
produce whole genome amplified DNA (by means
of a kit [Qiagen]). Amplified DNA was used for mu-
tation discovery.

Demographic and clinical characteristics of the
study patients are detailed in Table 1 in the Sup-
plementary Appendix. The IPSS risk (low, inter-
mediate 1, intermediate 2, or high) (Table 2 in the
Supplementary Appendix) had been ascertained at
the time of diagnosis. For those cases in which a
sample was collected after diagnosis, the IPSS risk
was recalculated on the basis of clinical variables
at the time of sample collection. Only 17% of pa-
tients were assigned to an IPSS risk group that
differed from the group assigned at the time of
diagnosis. Survival analysis confirmed the prog-
nostic validity of the IPSS risk recalculation in
our sample set (Table 3 in the Supplementary
Appendix). The median follow-up was 4.44 years
(95% confidence interval [CI], 4.12 to 6.19), dur-
ing which time 332 patients died and the data
for 107 were censored at the last date they were
known to be alive.

MASS-SPECTROMETRIC GENOTYPING
Genotyping of 953 mutations representing 111
genes was performed on amplified DNA with the
use of iPlex extension-chemistry methods (Se-
quenom) and mass spectrometry, as previously
described for the complete set of OncoMap as-
says.>2° This technique was chosen for its high-
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throughput detection of recurrent oncogene mu-
tations limited to well-characterized locations. All
candidate mutations identified on mass-spectro-
metric genotyping were validated with the use of
redesigned assays in nonamplified or independent-
ly amplified DNA specimens from the study pa-
tients with the use of homogeneous Mass-Extend
(hME) chemistry, as described previously.?* This
technique can reliably detect mutations present at
a frequency of 10% or higher.

DNA SEQUENCING
Next-generation pyrosequencing of PCR-amplified
exons of TET2, RUNX1, TP53, CDKN2A, PTEN, NPM1
exon 11, and CBL exons 8 and 9 was performed
with the use of a next-generation sequencing plat-
form (454 Life Sciences). Known single-nucleotide
polymorphisms (SNPs), intronic polymorphisms
more than six bases from a splice junction, and
silent mutations were excluded from further anal-
ysis. ASXL1, EZH2, KDM6A, IDHI exon 4, IDH2 exon
4, and ETV6 were analyzed by means of Sanger se-
quencing. Candidate mutations detected in whole-
genome—amplified DNA were validated with the
use of nonamplified DNA (see the Methods section,
Table 4, and Fig. 1 in the Supplementary Appendix).

GERMLINE MUTATION ANALYSIS
Matched buccal DNA was available for 219 (49.9%)
of the 439 samples analyzed in this study. Muta-
tions listed in the National Center for Biotechnol-
ogy Information’s SNP database (dbSNP, build
130), previously reported as germ line, or present
in the buccal sample from any patient in our co-
hort were considered to be germ line and were
excluded from further analysis (Table 5 in the Sup-
plementary Appendix). A claim of intellectual prop-
erty rights has been made for the list of mutated
genes with independent prognostic significance
identified in this analysis.

STATISTICAL ANALYSIS
We compared the characteristics of the study pa-
tients with mutations, using the appropriate statis-
tical methods, as detailed in the Methods section
in the Supplementary Appendix. Overall survival
was measured from the time of sample collection
to the time of death from any cause; data were
censored at the time patients were last known to
be alive. All P values were calculated with the use
of two-sided tests. Overall survival was evaluated
for all patients by means of unadjusted and ad-

justed Cox proportional-hazards regression mod-
eling; models were adjusted for the IPSS risk group
assigned at the time of sample collection. Details of
the modeling strategy are provided in the Methods
section in the Supplementary Appendix.

RESULTS

IDENTIFICATION OF NEW SOMATIC MUTATIONS
To define a set of somatically mutated genes in
bone marrow aspirates 5 from patients with my-
elodysplastic syndromes, we first examined 191
samples for abnormalities in known oncogenes
(Fig. 2 in the Supplementary Appendix). Using
mass-spectrometric genotyping, we examined
these samples for 953 recurrent mutations in 111
cancer-associated genes.?° We identified and val-
idated mutations in 10 genes: NRAS, KRAS, BRAF,
JAK2, GNAS, FLNB, MET, EGFR, CDH1, and PTPNI11.
Genotyping of germ-line DNA from buccal swabs
revealed that the mutations in these 10 genes were
somatic, except for those in MET (E168D in three
samples), EGFR (T790M in one sample), and CDH1
(A617T in three samples). No buccal sample was
available for the sole patient with a mutation in
FLNB (R566Q), so this mutation could not be as-
sumed to be somatic. These studies thus confirmed
somatic mutations in five genes (NRAS, KRAS,
BRAF, JAK2, and PTPN11) known to be mutated in
patients with myelodysplastic syndromes and iden-
tified recurrent mutations in GNAS that have not
been previously reported in hematologic cancers.

We performed genomewide analysis of copy-
number changes in a subgroup of 75 samples, us-
ing Affymetrix 6.0 SNP arrays. In addition to the
known cytogenetic abnormalities, we identified a
single case with a focal deletion encompassing
ETV6, a gene that is recurrently involved in trans-
locations in acute leukemia but is not known to
be mutated in myelodysplastic syndromes (Fig. 3
in the Supplementary Appendix). Subsequent se-
quencing of this gene in other samples revealed
several point mutations that were confirmed to
be somatic on examination of matched buccal-
swab DNA.

SURVEY OF MUTATIONS IN THE STUDY SAMPLES
To examine the clinical effects of mutations in pa-
tients with myelodysplastic syndromes, we evalu-
ated all 439 samples for all the genes identified
above, as well as a set of 13 genes previously re-
ported to be mutated in hematologic cancers. The
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samples were from patients representative of the
general population of patients with myelodysplas-
tic syndromes (Table 1 in the Supplementary Ap-
pendix). A total of 70% of the patients were men
(median age at the time of bone marrow aspirate
collection, 70 years); 66% of the patients were in
the IPSS low-risk or intermediate-1-risk groups,
58% had normal cytogenetic features, and 13%
had a complex karyotype. These percentages are
similar to those reported in published epidemio-
logic studies of patients with myelodysplastic syn-
dromes. 22224

We identified mutations in 18 genes (Table
1). At least one mutation was present in 226 of
the 439 samples (51.5%). (Missense mutations of
KDM6A were found in three samples, but the mu-
tations could not be confirmed as somatic and are
not included in the totals listed above.)

The frequency of coexisting somatic mutations
can yield insights into the molecular circuitry of a
cancer. Mutations of two or more genes were pres-
ent in 79 samples (18.0%) (Fig. 1, and Table 6 in
the Supplementary Appendix). As reported previ-
ously,2>2¢ mutations of genes involved in tyrosine-
signaling pathways (JAK2, CBL, and NRAS—KRAS—
BRAF) were largely mutually exclusive (Fig. 1).
TET2 mutations, in contrast, overlapped with le-
sions in nearly every other mutated gene, suggest-
ing that TET2 mutations have a pathogenic role
that is at least partially independent of other ab-
normalities.

ASSOCIATIONS OF MUTATIONS WITH OVERALL
SURVIVAL

Abnormalities in seven genes were significantly
associated with poor overall survival in univariate
analyses (Fig. 2, and Fig. 4 in the Supplementary
Appendix). Mutations in six genes — ASXL1, RUNX1,
TP53, EZH2, CBL, and ETV6 — were significant pre-
dictors of poor overall survival, after adjustment for
IPSS risk group, and were found in 74 of 255 sam-
ples (29.0%) with normal cytogenetic features.

ASSOCIATIONS OF MUTATIONS WITH CYTOGENETIC
FEATURES AND CYTOPENIAS

The prognostic significance of point mutations in
patients with myelodysplastic syndromes may be
driven by the association of these mutations with
risk factors, including karyotype, blast proportion,
and cytopenias, which are captured by existing
clinical risk scoring systems such as the IPSS. For
each mutation, we therefore compared the clini-
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P Value

0.48
0.003
<0.001
<0.001
<0.001
0.006
0.96
0.04
0.02
0.03
0.43
0.52
0.54

Table 1. Frequency of Mutation and Association with Median Survival.*

No. of Median Survival
Mutated Gene Samples (%) (95% ClI)

yr

All samples 439 (100) 1.86 (1.60-2.14
TET2 90 (20.5) 1.88 (1.26-2.55
ASXL1 63 (14.4) 1.33 (0.96-1.88
RUNX1 38 (8.7) 1.16 (0.77-1.53
TP53 33 (7.5) 0.65 (0.44-1.10
EZH2 28 (6.4) 0.79 (0.67-1.40
NRAS 16 (3.6) 1.03 (0.44-1.98
JAK2 13 (3.0) 2.14 (1.02-3.12
ETV6 12 (2.7) 0.83 (0.62-2.29
CBL 10 (2.3) 1.52 (0.14-1.71
IDH2 9(2.1) 1.58 (0.50-2.14
NPM1 8 (1.8) 2.18 (0.59-2.74
IDH1 6 (1.4) 3.30 (0.35-9.52
KRAS 4 (0.9) 0.89 (0.36-7.44
GNAS 3(0.7)
PTPN11 3(0.7)
BRAF 2 (0.5)
PTEN 1(0.2)
CDKN2A 1(0.2)

* Median survival is listed for specific mutations present in at least 4 of the 439
samples (1%). A patient could have multiple mutations. The P values are for
median survival in the group of patients with a mutated gene versus the group
of patients without a mutation in that gene. Cl denotes confidence interval.

cal characteristics of patients who had the muta-
tion with those of patients who did not have the
mutation.

The mutated genes most strongly associated
with a specific karyotype group were TET2 and
TP53. Mutations of TET2 were overrepresented
in samples with normal cytogenetic features
(P=0.005) (Table 7 in the Supplementary Appen-
dix), whereas TP53 mutations were strongly associ-
ated with a complex karyotype (P<0.001). Eight of
the 33 TP53 mutant samples (24.2%) had abnor-
malities of chromosome 17 (P<0.001), suggesting
that mutation and chromosomal loss are frequent-
ly found together, abrogating the activity of wild-
type TP53. In contrast, mutations of EZH2, which
lies on the distal portion of chromosome 7q, were
not associated with 7q deletions.

Myelodysplastic syndromes are characterized by
ineffective hematopoiesis and impaired differen-
tiation, leading to peripheral-blood cytopenias, but
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Figure 1. Mutations and Cytogenetic Abnormalities in 223 Samples with at Least One Mutation.

Mutations in the 11 most frequently mutated gene groups are shown by colored bars. Each column represents 1 of the 223 samples with
a mutation in one or more of the genes listed. Darker bars indicate samples with two or more distinct mutations in that gene group. The
karyotype of each of the 223 samples is also shown.
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the contribution of specific genotypes to particu-
lar cytopenias is unknown. We observed that
mutations of RUNX1, TP53, and NRAS were each
strongly associated with severe thrombocytopenia
(P<0.001 for each gene) (Fig. 3A). Patients with
mutations of these genes, as compared with pa-
tients who did not have such mutations, were also
more likely to have an elevated blast percentage
(Fig. 3B), but the two groups did not differ sig-
nificantly with respect to neutropenia or anemia
(Fig. 3C). These findings show that the association
of some mutations with poor survival may be in-
directly captured by the IPSS because of their as-
sociations with cytopenias, blast percentage, and
karyotype.

ASSOCIATIONS FROM THE MULTIVARIABLE SURVIVAL
MODEL
Mutations in multiple genes were associated with
overall survival in univariate analyses (Table 1).
However, these mutations often occur together in
the same patient, and several are associated with
established prognostic markers. To determine the
relative contribution of mutation status to overall
survival, we generated a multivariable Cox model,
using a stepwise variable-selection procedure in-
corporating age, sex, IPSS classification, and mu-
tation status for the 13 most frequently mutated
genes identified in this study.

As expected, age and IPSS risk group were
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strongly associated with overall survival (Table 2).
But mutations in TP53, EZH2, ETV6, RUNX1, and
ASXL1 also emerged as independent predictors of
survival. Mutation of NRAS, previously reported
as a marker of poor prognosis, did not influence
survival in this model, most likely owing to strong
associations between oncogenic NRAS mutations
and components of the IPSS. EZH2 mutations,
which have not previously been associated with
known prognostic markers, retained a strong as-
sociation with survival in our model. This analysis
indicates that evaluation of the mutation status of
TP53, EZH2, ETV6, RUNX, and ASXL1 would add the
most information to clinical prognostic scores as
currently assessed in patients with myelodysplas-
tic syndromes.

One approach to the integration of mutational-
analysis results into the IPSS would be to include
a variable for mutations in one or more of these
five prognostic genes (Fig. 4). In all patients except
those at highest risk, the presence of these muta-
tions is associated with an overall survival similar
to that of patients in the next-highest IPSS risk

group.

DISCUSSION

In a broad survey of mutations in 439 primary DNA
samples from patients with myelodysplastic syn-
dromes, we identified point mutations in 18 genes,

of Medicine
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Gene Hazard Ratio (95% Cl) P Value
EZH2

Univariate model —— <0.001

Model with adjustment for IPSS —— <0.001
TP53

Univariate model —— <0.001

Model with adjustment for IPSS —— <0.001
RUNX1

Univariate model —— <0.001

Model with adjustment for IPSS —— <0.001
ASXL1

Univariate model —— 0.004

Model with adjustment for IPSS —— 0.006
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Figure 2. Hazard Ratios for Death from Any Cause, According to Presence (vs. Absence) of Mutation in Each of Seven

Results are shown, on a log,, scale, for univariate analyses as well as for analyses with adjustment for the Interna-
tional Prognostic Scoring System (IPSS) risk category (based on the percentage of blasts in bone marrow, the karyo-
type, and the number of cytopenias) (for details, see Table 2 in the Supplementary Appendix). Cl denotes confi-

including 2 (ETV6 and GNAS) that have not previ-
ously been reported to harbor mutations in such
patients. We found that several of these genetic le-
sions correlate strongly with features of the clin-
ical phenotype, including specific cytopenias, blast
percentage, cytogenetic abnormalities, and overall
survival. In a multivariable analysis that included
clinical features and other mutations, mutations in
five genes — TP53, EZH2, ETV6, RUNX1, and ASXL1

N ENGL ) MED 364,26

— were independently associated with decreased
overall survival. Mutations in one or more of these
genes were present in 137 of the 439 patients
(31.2%). These findings indicate that mutations
in specific genes help explain the clinical hetero-
geneity of myelodysplastic syndromes and that the
identification of these abnormalities would im-
prove the prediction of prognosis in patients with
myelodysplastic syndromes.
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Figure 3. Proportions of Patients with Mutations, According to Platelet Count, Blast Percentage, and Hemoglobin Level.
Data are shown for the platelet count (Panel A), percentage of blasts in bone marrow aspirate (Panel B), and hemo-
globin level (Panel C) at the time of bone marrow sample collection. The numbers in parentheses along the x axis indi-
cate the number of patients with a mutation in the gene (patients could have >1 mutated gene). Mutations in NRAS,
TP53, and RUNXI were significantly associated with severe thrombocytopenia (defined as <50,000 platelets per cu-
bic millimeter) (P<0.001 for each comparison) (Panel A) and elevated blast percentage (defined as =25%) (P<0.001,
P=0.005, and P=0.003 for mutations in the three genes, respectively) (Panel B).
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By analyzing copy-number alterations with the
use of SNP arrays and oncogene mutations, by
means of high-throughput genotyping, we identi-
fied new mutations in ETV6 and GNAS. Both trans-
locations and mutations of ETV6 have been identi-
fied in acute myeloid leukemia, and translocations
have been described in rare cases of myelodys-
plastic syndromes, but ETV6 mutations have not
previously been reported in myelodysplastic syn-
dromes.?”2¢ We also identified three samples
with activating mutations of amino acid R201 in
GNAS, the gene encoding the G, subunit of the
heterotrimeric G,-protein complex. Identical so-
matic activating mutations of GNAS have been
identified in several types of solid tumors but not
in hematologic cancers.?-32 In general, our data
support the idea that activating mutations of on-
cogenes are relatively infrequent in myelodysplastic
syndromes. Our survey of more than 900 muta-
tions in 111 cancer-associated genes identified
only 6 mutated oncogenes, which were present in
less than 10% of samples.

Prognostically significant somatic mutations
occurred in patients in all risk groups. Most pa-
tients with EZH2 or ASXL1 mutations had low or
intermediate-1 risk according to the IPSS (86% and
73%, respectively). The presence (vs. the absence)
of EZH2 mutations was strongly associated with
decreased overall survival in the stepwise, multi-
variable model that considered age, sex, IPSS risk
group, and the presence of other mutations (haz-
ard ratio for death, 2.13 [95% CI, 1.36 to 3.33]).
The presence (vs. the absence) of mutations of
ASXL1 carried a more modest hazard ratio for
death (1.38 [95% CI, 1.00 to 1.89]), but ASXL1, as
the second most commonly mutated gene identi-
fied in this study, contributed additional risk to
the greatest number of patients. Therefore, lower-
risk patients with myelodysplastic syndromes who
have EZH2 and ASXL1 mutations may require more
aggressive treatment than would be predicted by
the IPSS.

In contrast, TP53 mutations were observed
mainly in patients with intermediate-2 or high
risk according to the IPSS (79%) and were strong-
ly associated with thrombocytopenia, an elevated
blast proportion, and a complex karyotype. Even
though these measures are integrated into the
IPSS, TP53 mutations remained strongly associated
with shorter overall survival after adjustment for
IPSS risk group (P<0.001), indicating that these
mutations adversely affect survival through other

Table 2. Hazard Ratios for Death in a Multivariable Model.*

Risk Factor (95% ClI)

Age =55 yrvs. <55 yr

IPSS risk group
Intermediate-1 vs. low
Intermediate-2 vs. low
High vs. low

Mutational status

Hazard Ratio

1.81 (1.20-2.73)

229 (1.69-3.11)
3.45 (2.42-4.91)
5.85 (3.63-9.40)

TP53 mutation present vs. absent 2.48 (1.60-3.84)
EZH2 mutation present vs. absent 2.13 (1.36-3.33)
ETVG6 mutation present vs. absent 2.04 (1.08-3.86)
RUNX1 mutation present vs. absent 1.47 (1.01-2.15)
ASXL1 mutation present vs. absent 1.38 (1.00-1.89)

P Value
0.004

<0.001
<0.001
<0.001

<0.001

<0.001
0.03
0.047
0.049

* The model was generated from a stepwise Cox regression model that included
the International Prognostic Scoring System (IPSS) risk category (based on the
percentage of blasts in bone marrow, the karyotype, and the number of cyto-
penias [see Table 2 in the Supplementary Appendix]), age, sex, and mutation
status for genes that were mutated in 1% or more of the 428 samples for which
the IPSS classification was recalculated. Age was included in the analysis as a
categorical variable on the basis of a best-split algorithm showing a significant
difference in overall survival between patients less than 55 years of age and
those 55 years of age or older (see Table 8 in the Supplementary Appendix).

means (Fig. 5 in the Supplementary Appendix).
Furthermore, patients with mutant TP53 and a
complex karyotype had a paucity of mutations in
other genes, suggesting that this group could be
considered to have a distinct molecular subclass
of myelodysplastic syndromes with a unique patho-
genic mechanism.

TET2 mutations were the most prevalent genetic
abnormality identified in our sample set. These
mutations were not strongly associated with clini-
cal features such as cytopenias or blast proportion,
findings that are consistent with the observation
that TET2 mutations occur in diverse myeloid can-
cers, including myeloproliferative neoplasms, that
are not characterized by defects in hematopoietic
differentiation. More than one quarter (26%) of the
samples with at least one TET2 mutation had two
distinct TET2 mutations, suggesting that biallelic
loss of wild-type TET2 contributes to the pathogen-
esis of myelodysplastic syndromes in some cas-
es. In contrast to previously reported findings in
smaller sample sets, neither monoallelic nor bi-
allelic mutations were associated with IPSS risk
group or overall survival (Fig. 6 in the Supplemen-
tary Appendix).1»33 Furthermore, analysis of the
mutant-allele burden in samples with mutations
of TET2 and other genes showed that TET2 muta-
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Figure 4. Overall Survival, According to International Prognostic Scoring System (IPSS) Risk Category and Mutational

Status.

Panel A shows the overall survival of patients within each IPSS risk group. Panel B shows the overall survival of pa-
tients with mutations in one or more of the five prognostic genes (TP53, EZH2, ETV6, RUNXI, or ASXLI) as com-
pared with patients without such mutations. Panels C through F show the overall survival of patients according to the
presence and absence of prognostic mutations and according to IPSS risk group. In Panels C, D, and E, the overall-
survival curve for patients in the next-highest IPSS risk group is included for the purpose of comparison. In Panel F,
the comparison curve is for patients in the next-lowest IPSS risk group. P values were calculated for the log-rank
comparison of overall survival between patients with mutations and those without mutations for the given IPSS risk
group. The IPSS risk classification, which is based on the percentage of blasts in bone marrow, the karyotype, and
the number of cytopenias (Table 2 in the Supplementary Appendix), was recalculated for 428 of the 439 samples at
the time of bone marrow sample collection (the IPSS classification could not be recalculated for 11 samples).
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tions are not always present at the greatest fre-
quency, which would be expected if they were ex-
clusively involved in early pathogenic events (Fig. 7
in the Supplementary Appendix). TET2 mutations
were not exclusive of abnormalities in other epi-
genetic regulators such as the chromatin-modify-
ing genes ASXL1 and EZH2.343¢ Mutations in ASXL1
and EZH2 had associations with clinical pheno-
types, including overall survival, that differed from
those of TET2 mutations, suggesting that these
genes drive distinct and additive aspects of cellu-
lar transformation to myelodysplastic syndromes.

Each of the prognostically significant muta-
tions most likely alters the biologic characteristics
and phenotype of myelodysplastic syndromes in
unique ways, as is the case for cytogenetic abnor-
malities, with complex interactions among combi-
nations of genetic and epigenetic lesions. Never-
theless, a simplified prognostic scoring scheme
has great clinical value. One approach to improv-
ing the IPSS would be to include one additional
variable: the presence or absence of a mutation in
any of the five genes with independent prognostic
significance. The presence of such a mutation
would reclassify patients into the next highest IPSS
risk group.

As our study shows, somatic mutations in sev-

eral genes are associated with distinct effects on
cytopenias, blast proportion, the likelihood of co-
occurrence with other molecular lesions, and over-
all survival. It will soon be possible for clinicians
to detect a broad range of point mutations in pe-
ripheral blood with the use of sensitive genotyping
methods, which will not only improve prognos-
tication in myelodysplastic syndromes but also
facilitate the diagnosis of these disorders, the
evaluation of disease progression, and the mon-
itoring of response to treatment. The integration of
mutation assessment in diagnostic classification
and prognostic scoring systems has the potential
to parse diverse myelodysplastic syndromes into a
set of discrete diseases with predictable clinical
phenotypes, prognosis, and responses to therapy.
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