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1 | INTRODUCTION

The natural history of patients with myelodysplastic syndrome (MDS) is dependent
upon the presence and magnitude of diverse genetic and molecular aberrations. The
International Prognostic Scoring System (IPSS) and revised IPSS (IPSS-R) are the most
widely used classification and prognostic systems; however, somatic mutations are
not currently incorporated into these systems, despite evidence of their independent
impact on prognosis. Our manuscript reviews prognostic information for TP53, EZH2,
DNMT3A, ASXL1, RUNX1, SRSF2, CBL, IDH 1/2, TET2, BCOR, ETV6, GATA2, U2AF1,
ZRSR2,RAS, STAG2, and SF3B1. Mutations in TP53, EZH2, ASXL1, DNMT3A, RUNX1,
SRSF2,and CBL have extensive evidence for their negative impact on survival, whereas
SF3B1 is the lone mutation carrying a favorable prognosis. We use the existing litera-
ture to propose the incorporation of somatic mutations into the IPSS-R. More data are
needed to define the broad spectrum of other genetic lesions, as well as the impact of
variant allele frequencies, class of mutation, and impact of multiple interactive genomic
lesions. We postulate that the incorporation of these data into MDS prognostication
systems will not only enhance our therapeutic decision making but lead to targeted

treatment in an attempt to improve outcomes in this formidable disease.
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(IPSS) and revised IPSS (IPSS-R) are the most widely used classification
systems. In 2012, cytogenetic categories were added to make the IPSS-

Myelodysplastic syndrome (MDS) is a myeloid neoplasm that occurs
predominantly but not exclusively in older adults, with an overall inci-
dence of approximately one to five cases per 100,000, increasing to
20-75 cases per 100,000 in patients aged 65 and above with a median
age of 76 [1, 2]. The World Health Organization defines the syndrome
based on cytopenias, dysplasia, and certain chromosomal abnormal-
ities [3]. The development of MDS is thought to involve cumulative
genetic changes within the hematopoietic stem cell, which can occur
over months to years. The natural history of patients with MDS is
dependent on the presence and magnitude of diverse genetic and

molecular aberrations. The International Prognostic Scoring System

R, validated in an independent cohort of 1632 patients [4]; however,
molecular mutations are not currently incorporated into any prognos-
tic scoring system.

Genetic mutations are often detected in patients with MDS with
or without other associated structural chromosomal abnormalities.
Certain mutations occur preferentially at a higher frequency in genes
regulating DNA damage response and apoptosis, epigenetic regula-
tion, transcription factors, RNA-splicing machinery, activated signaling
molecules, and the cohesin complex. In the majority of patients (90%),
at least one mutation is present, with a median of three genetic muta-

tions per patient [5]. Many of these mutations are driver mutations and
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FIGURE 1 Prognosticimpact of mutations in myelodysplastic syndrome (MDS)

have independent prognostic significance (Figure 1, Table 1). The addi-
tion of such molecular information would help to guide discussions of
prognosis with patients and aid in determining treatment plans. More-
over, the identification of formative genetic lesions may help to design

therapeutic combinations aimed at improving outcomes.

2 | MUTATIONS AFFECTING DNA DAMAGE
RESPONSE

2.1 | TP53 mutation

TP53 tumor suppressor gene provides instruction for creation of
tumor protein p53, which acts as a tumor suppressor by mediating cell
cycle arrestinresponse to a variety of cellular stressors [6]. TP53 muta-
tions at the time of diagnosis are found in 6%-21% of MDS patients
and are more frequently associated with complex chromosomal abnor-
malities, and prior exposure to alkylating agents or radiation (therapy-
related MDS) [7-9].

Complex cytogenetics (more than three chromosomal abnormal-
ities) are frequently associated with TP53 mutations [10]. How-
ever, TP53 mutations were found to be independently worse than
TP53,,+ with complex cytogenetics, showing an inferior overall sur-
vival (OS) and median survival time [10, 11]. Furthermore, patients
with TP53 mutations, independent of complex cytogenetics, have poor
outcomes in terms of OS, median survival, progression-free survival
(PFS), leukemia-free survival (LFS), and survival following an allogeneic
hematopoietic stem cell transplant (HSCT). These findings are inde-

pendent of age, prognostic scoring system, blast count, hemoglobin,

or other genetic mutations [5, 12-30]. Despite favorable prognosis
associated with an isolated del(5q), the presence of TP53,,,+ confers
a markedly lower median survival (4.8 months vs. 48.8 months in low-
risk MDS) and increased 5-year risk of acute myeloid leukemia (AML)
compared with wild type [31].

Equally important, there appears to be significant heterogeneity
within TP53 mutations with respect to variant allele frequency (VAF)
and number and class of TP53 mutation affecting survival. Higher
VAFs (20%-50% and >50%) were associated with a worse prognosis,
whereas VAF < 10% did not have a statistically different survival when
compared to TP53,,; without complex cytogenetics [32]. Moreover,
TP53 aberrations can present as a mutation, deletion, or copy-neutral
loss of heterozygosity (cn-LOH). Patients whose MDS cells harbor
a combination of mutation and deletion/cn-LOH constitute so-called
biallelic or multi-hit TP53 disease. Interestingly, patients with biallelic
TP53 lesions or losses have more severe cytopenias, higher bone mar-
row blast percentages, and shortened median OS (8.7 months vs. 42
months) relative to monoallelic TP53 mutation without deletion/cn-
LOH in the other allele [33].

3 | MUTATIONS IN EPIGENETIC REGULATION OF
GENE EXPRESSION

3.1 | EZH2 mutation

Enhancer of zeste homolog 2 (EZH2) is a histone methyltransferase,

forming part of a protein called polycomb repressive complex-2, and

is involved in cell fate determination of immature forms [34]. These
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TABLE 1 Prognostic information for driver mutations in myelodysplastic syndrome

Oncogenic Outcomes:Overall survival (OS)Median survival
Mutations Prevalence Event/Progression/Leukemia free survival (EFS, PFS, LFS)

Mutations associated with favorable prognosis

SF3B1 9%-32% [5, 15, 16, 19, 20, 22,40, 43,72,75,77] Superior OS (HR 0.10-0.83) [18, 27, 30,49, 72, 75]
Superior median survival (7.5 years) [75]
Superior EFS/PFS (HR 0.1-0.29) [72, 75]
Superior LFS (HR 0.33-0.44) [30, 75]

Mutations associated with adverse prognosis

TP53 6.3%-21%[5, 16,19-23] Inferior OS (HR 1.82-5.73; RR 9.52) [17-27, 30]
Inferior median survival (0.65-0.75 year) [21, 23]
Inferior PFS/EFS (HR 3.22-3.97)[19, 21]
Inferior LFS (RR 14.66) [22]

EZH2 4.6%-8%[5, 16,22-24] Inferior OS (HR 1.55-8.23)[16, 18, 23, 24,27, 30]
Inferior median survival (0.79-0.81 year) [16, 23]
DNMT3A 8%-18% [5, 16, 19,20, 22,41, 43] Inferior OS (HR 1.80-3.3; RR 1.57) [19, 22, 40, 41]
Inferior LFS (HR 2.36-2.7) [40, 41]
ASXL1 10%-31%[5, 15, 16,19, 20,22, 23,43, 47] Inferior OS (HR 1.21-1.85; RR 1.55) [5, 18, 20, 22, 23, 30, 47-49]

Inferior median survival (1.33 year) [23]
Inferior LFS (HR 2.17-2.39; RR 2.01) [22, 30, 47]

RUNX1 8%-23%[5, 19, 20,22,23,43] Inferior OS (HR 1.47-4.59) [5, 18, 20, 23, 24, 48, 49]
Inferior median survival (1.16 year) [23]

SRSF2 4%-23%[5, 15, 16, 20,22,40,43,77,78] Inferior OS (HR 1.78-3.3) [40, 77, 78]
Inferior LFS (HR 2.83-2.94) [40, 77]

CBL 1.5%-5.1% [5, 23, 24] Inferior OS (HR 1.57-3.6,RR 2.29) [18, 22, 64]

Mutations associated with neutral/unknown prognosis’

IDH1 0.6%-3.6%[5,52,55] Inferior OS (HR 2.21-4.74) [52-54, 56]
Inferior EFS/PFS (HR 2.66) [52]
Increased rate AML (67% vs. 28%) [52]
Inferior LFS (HR 2.65) [56]
Equivalent median OS (22.2 vs. 21.1 months) [57]
Neutral OS (HR 1.29,Cl: 0.97-1.72) [18]

IDH2 2.1%-4.0% [5, 23, 55] Inferior OS (HR 1.61; RR 1.95) [22]
Equivalent median OS (21.0 vs. 21.1 months) [57]
Neutral OS (HR 1.38, Cl,0.95-2.02) [56]

TET2 10%-33% [5, 15, 16, 19, 20, 22, 23, 43] Inferior OS (HR 2.4) [19]
Superior OS (HR 5.2) [59]
Superior 5 years OS (76.9% vs. 18.3%) [59]
Superior 3 years EFS (89.3% vs. 63.7%) [59]
Equivalent median OS (30 vs. 36 months; p = 0.37) [60]

BCOR 4.0%-6.1% (5, 24, 64] Inferior OS (HR 3.3) [64]
Equivalent median OS (24.5 vs. 17.9 months, p = 0.23) [65]
ETVé6 1%-3% [5, 23, 24] Inferior OS (HR 2.04) [23]
Inferior Median survival (0.83 year) [23]
GATA2 0.7%-4.8% [5, 42] Inferior OS (HR 3.71) [42]
Neutral OS (HR 1.19, C1 0.53-2.66) [30]
U2AF1 5%-16% [5, 16,22,40,77,79] Inferior OS (HR 1.29) [18]

Increased rate AML (15.2% vs. 5.8%) [79]
Neutral OS (HR 1.20, C1 0.84-1.72) [16]

ZRSR2 3.1%-11%[5, 22,24, 40,77] Inferior OS (HR 3.3) [40]
Inferior LFS (HR 3.6) [40]
Neutral OS (HR 0.85, Cl1 0.65-1.14) [30]

(Continues)
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TABLE 1 (Continued)
Oncogenic
Mutations Prevalence
RAS 6.3%-8.8% [42]
STAG2 5.9%-7.5%[5, 22, 24, 84]

Outcomes:Overall survival (OS)Median survival
Event/Progression/Leukemia free survival (EFS, PFS, LFS)

Inferior OS (HR 1.83-3.52) [30, 42]
Neutral OS (HR 1.60, Cl 0.76-3.35) [16]

Inferior OS (HR 1.5-1.5) [30, 84]

Note: Prognostic data for MDS driver mutations, including strength and statistical significance of prognosis via hazard ratios, relative risk, and median OS.
Table divided into mutations associated with favorable prognosis, adverse prognosis, and unknown prognosis. Overall Survival (OS): hazard ratio’s (HR) time
of sample collection/time of diagnosis to the time of death from any cause or last follow up. Progression free survival (PFS): time of transplantation to date of
relapse, progression, or death. Leukemia free survival (LFS): time of sample/diagnosis to confirm Leukemic transformation. Event-free survival (EFS): defined

as progression to AML or death.

*Some mutations show only inferior outcomes but are listed under neutral/unknown prognosis because data comes from small studies or lack of clear evi-

dence that mutation is associated with adverse outcome.

mutations occur in 4%-8% of patients with MDS, and have been associ-
ated with chromosome seven abnormalities [35], lower median platelet
counts (68,000 vs. 112,000), and a trend toward higher IPSS-R score
and bone marrow blast percentages [36]. Patients harboring this muta-
tion are noted to have shortened survival when controlling for blast
count, hemoglobin, other genetic mutations, prognostic scoring sys-
tems, and age[16, 18,23, 24,27, 30, 36]. Direct comparisons to EZH2,,;
patients show those lacking this mutation appear to live longer [5, 16,
35, 36]. To illustrate these poor outcomes, a combined sampling of
2243 patients showed EZH2 mutations were associated with inferior
OS (hazard ratio of 2.37,Cl 1.49-3.79) [37].

3.2 | DNMT3A mutation

This gene encodes DNA methyltransferase-3-alpha, which is involved
in DNA methylation, promoting hematopoietic stem cell differenti-
ation into progenitor cells [38]. DNMT3A mutations are among the
most common, found in 8%-18% of cases. Patients are older (74 vs.
66 years) with higher platelet counts (123,500 vs. 73,000) at diagno-
sis. Furthermore, 48% of patients with DNMT3A mutations carry addi-
tional genetic co-mutations, in particular IDH1/2 mutations [39]. When
controlling for age, gender, IPSS-R, and other mutations, DNMT3A .t
patients are more likely to undergo leukemic transformation and suc-
cumb to their disease [19, 22, 40-42]. DNMT3A,,,,t has lower median
OS (15 vs. 32 months) and higher rates of AML transformation at 5
years compared with DNMT3A,,; [40, 41, 43, 44]. Consequently, poor
outcomes were noted in 12 studies spanning 2236 patients with cumu-
lative shortened survival (hazard ratio 1.65, p < 0.001) and survival free

of acute leukemic transformation (hazard ratio 4.62, p < 0.001) 45].

3.3 | ASXL1 mutation

An epigenetic regulator, additional sex-comb like-1’ gene, is frequently
overexpressed in myeloid malignancies. This overexpression in mouse
models impairs myeloid differentiation and induces MDS [46]. ASXL1
mutation occurs in 10%-31% of patients with MDS and is associated

with poor clinical outcomes. Factoring in patient age, gender, IPSS, MD-

Anderson Lower-Risk Prognostic Scoring System, another mutational
status, and karyotype, ASXL1 mutations confer decreased OS, inferior
LFS, and increased rate of relapse following allogeneic HSCT [5, 18, 20,
22,23, 30,47-49]. Additionally, MDS without ASXL1 mutation exhibits
improved survival and less progression to AML[15, 16,43, 47]. Further
illustration of ASXL1 impact is with 20q deletion. In MDS, where a 20q
deletion is considered to have a favorable prognosis, combination with
ASXL1 overexpression confers an inferior 2-year OS (45.5% vs. 87.9%)
[50].

3.4 | IDH mutations

There are two isocitrate dehydrogenase genes, IDH1 and IDH2, both
of which produce enzymes that convert isocitrate to 2-ketoglutarate
to produce cellular energy. Mutations in these genes are common in
several cancers, resulting in overproduction of (R)-enantiomer of 2-

hydroxyglutarate, which is thought to promote leukemogenesis [51].
In general, these are uncommon mutations in patients with MDS;
IDH2 mutations occur in 2.1%-4.0% compared with IDH1 mutations
in 0.6%-3.6% of patients.

It is unclear how this mutation affects patient outcomes. IDH1 muta-
tions have been linked with inferior LFS and OS when controlling for
factors such as karyotype, transfusion dependence, and IPSS [52-54].
While IDH2,,,,; compared with IDH2,,; confers inferior survival and
increased probability of relapse following HSCT, poor survival and
increased rate of relapse associations for IDH2,,,,; remained statis-
tically significant in only one of five datasets [15, 18, 20, 22, 55].
Strengthening these findings is a meta-analysis of 1782 MDS patients
across six studies that detected IDH mutations in 111 patients (6.2%),
which predicted poor prognosis, with inferior OS (HR 1.62; Cl, 1.27-
2.09) and LFS (HR 2.21; Cl, 1.48-3.30). Inferior OS appeared to be
driven predominantly by IDH1 mutations (HR 2.21; Cl, 1.53-4.5),
whereas there was a marginal, not statistically significant, inferior OS
for IDH2 mutations (HR 1.38, Cl, 0.95-2.02) [56]. Conversely, a sepa-
rate large dataset of 1042 MDS patients found no difference in over-
all survival for either mutation compared to the wild-type population
(OS:IDH1 22.2 months, IDH2 21.0 months, IDH,; 21.1 months). There
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was also no difference between the groups when comparing complete
response rates to hypomethylating agents [57].

3.5 | TET2 mutation

The Ten-Eleven translocation gene is a probable tumor suppressor
gene altered in hematologic malignancies and may have key functions
in normal hematopoiesis and hematopoietic stem cell biology [58].
While TET2 mutations occur relatively frequently in MDS, detected
in 11%-33% of cases, the impact of these mutations on prognosis is
unclear. TET2 mutations have been independently associated with a
shortened survival following allogeneic HSCT [19]. In contrast, TET2
mutation was found to have improved 5-year OS (76.9% vs. 18.3%), 3-
year LFS (89.3% vs. 63.7%), and 4.1-fold decreased risk of death when
compared to TET2,,; controlling for age, IPSS, and transfusion require-
ment [59]. Furthermore, survival and transformation to AML did not
relate to TET mutational status in a 355-patient dataset, as well as in
a pooled 1494 patient analysis [60, 61]. These inconsistent results may
be explained by VAF of TET2 mutations; shortened survival (20.4 vs.
47.8 months) was noted for TET2,,+ with VAF > 18% when compared
with composite of VAF < 18% or TET2,,; [62].

4 | TRANSCRIPTION FACTOR MUTATIONS

4.1 | BCOR mutation

BCOR is a repressor of the HoxA gene cluster in myeloid cells, and
loss of BCOR is hypothesized to provide a clonal growth advantage to
MDS cells [63]. It is found in approximately 4%-6% of patients and is
commonly associated with RUNX1 and DNMT3A mutations. Patients
with BCOR mutations may have an inferior OS when controlling for
age, IPSS, transfusion dependency, and mutational status [15, 43, 64].
Conversely, a study of 621 patients showed BCOR,,,; status detected
no difference in median OS (24.5 vs. 17.9 months, p = 0.23) compared
with BCOR,y;, or after adjustment for age and IPSS-R risk categories.
Nonetheless, the type of mutation may be an important determinant,
as patients with frameshift BCOR mutations were found to only have a
median survival of 10 months, compared with 50 months for all other

types of BCOR mutations (missense, stop-gain, nonsense) [65].

4.2 | RUNX1

This gene produces runt-related transcription factor 1 that interacts
with core-binding factor beta and binds DNA to prevent it from being
degraded. RUNX1 protein activates genes to control hematopoietic
stem cells [66]. RUNX1 mutations occur in 8%-23% of MDS, most
commonly in the setting of therapy-related MDS, and are frequently
detected in patients who transform to AML [67]. Given these asso-
ciations, it is not surprising that outcomes in this patient population

are quite grim. Controlling for factors such as MD Anderson Prognos-

tic Scoring system, IPSS/IPSS-R, other genetic mutations, blast count,
and hemoglobin levels, multiple studies have found that patients whose
cells harbor RUNX1 mutations have shortened survival and increase
the rate of relapse following allogeneic HSCT [5, 18, 20, 23, 24, 48,
49]. Moreover, patients lacking this mutation have been shown to live
longer and have a longer time to acute leukemic transformation [5, 15,
16,18, 20, 24,43, 68].

4.3 | Other transcription factors

The ETV6 gene encodes a hematopoietic transcription factor that func-
tions in early hematopoiesis in the bone marrow [69]. It is an uncom-
mon mutation in MDS, occurring at a rate of 1%-3%. ETV6 mutations
have been correlated with poor outcomes, showing decreased median
0S (0.83 years) and inferior OS when controlling for other prognostic
factors [23]; however, this evidence has not been described elsewhere
in the literature.

GATA1/2 are protein transcription factors, which regulate the
growth and proliferation of immature red blood cells and megakary-
ocytes. Inherited and acquired mutations in GATA1 have been shown
to lead to abnormal and malignant hematopoiesis [70], and GATA2
mutations have been associated with mononuclear cytopenias, MDS,
and AML [71]. Prognostic data appear immature. Survival was found to
be inferior for GATA1/2,,,: MDS when controlling for age, cell counts,
mutational status, and IPSS-R [42]. Alternatively, this survival disad-
vantage was lost in a separate dataset for when controlling for similar
prognostic factors [5].

5 | MUTATIONS IN RNA SPLICING

Next-generation sequencing approaches have identified mutations in
multiple RNA splicing genes. Collectively, these mutations have been
observed in 85% of neoplasms with MDS features, and approximately
half of MDS patients carry at least one somatic mutation in a spliceo-
some gene [72-74]. Those mutations likely affect the core components
of initial steps in the RNA splicing machinery, but the link to leukemo-

genesis remains elusive [40].

5.1 | SF3B1 mutation

This gene encodes for the splicing factor 3b subunit 1, and it occurs
in approximately 25% of patients. Based on a recent update from the
international working group of experts in MDS, SF3B1-mutant MDS
now refers to a new subtype of the disease. It is defined by the muta-
tion, cytopenias, morphologic dysplasia (with or without ringed sider-
oblasts), bone marrow blasts < 5%, and peripheral blasts < 1%. This dis-
tinction was made as SF3B1,,, is classically characterized by a ringed
sideroblastic phenotype with ineffective erythropoiesis but an indo-
lent clinical course [74]. Undoubtedly, patients whose cells harbor this

genetic alteration live longer (7.5 vs. 4.1 years) with less progression to
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AML, independent of age, IPSS-R, or other somatic mutations [18, 27,
30, 72, 75]. Further confirming the association, SF3B1,,,: compared to
SF3B1,, found this mutation to possess a superior OS[5, 15, 30].

5.2 | SRSF2 mutation

This gene encodes serine/arginine-rich splicing factor 2 that belongs to
the serine/arginine rich protein family, which is important for splice-
site selection, splicesome assembly, and both constitutive and alter-
native splicing [76]. This subtype occurs in 4%-23% of patients and is
associated with excessive blasts, mild thrombocytopenia (88,000 vs.
165,000), and decreased neutrophils (1100 vs. 2300) [40]. Unlike
SF3B1,,,t patients, SRSF2,,,+ have relatively poor disease outcomes
with increased rate of leukemic progression and inferior survival when
controlling for age, IPSS risk groups, transfusion dependence, and
other gene mutations [40, 77]. Furthermore, when compared with
wild type, this mutation is linked to inferior OS and progression to
AML [15, 16, 18, 40, 77]. Finally, a grouped analysis of 2056 patients
across 12 studies predicted inferior survival (pooled HR’s for MDS
patients = 1.780, Cl 1.410-2.249) for this subtype [78].

5.3 | U2AF1/ZRSR2 mutation

These genes (U2AF1-U2 small nuclear RNA auxiliary factor 1; ZRSR2-
U2 small nuclear ribonucleoprotein auxiliary factor 35 kDa subunit-
related protein 2) are involved in the spliceosome pathway and are
reported to be mutated in approximately 5%-16% and 3%-11% of
MDS cases, respectively. Both mutations have been linked to inferior
outcomes, however in comparison to other genetic lesions the amount
of evidence is small. U2AF1,,,: patients have been linked to inferior
survival when controlling for IPSS-R/other genetic mutations [18], and
increased rate of leukemic transformation when compared to wild-
type patients [79]. Conversely, inferior survival noted in U2AF1,,,;
compared to U2AF1,,; disease did not meet statistical significance
when considering other prognostic variables [16]. Similarly, ZRSR2
mutations have been linked to inferior OS and increased rate of AML

transformation [40], but this observation is unconfirmed to date.

6 | MUTATIONS INVOLVED IN SIGNAL
TRANSDUCTION

6.1 | CBL mutation

The Casitas B-lineage (CBL) lymphoma gene encodes a tumor suppres-
sor protein with E3 ubiquitin ligase activity that acts as a negative reg-
ulator of receptor tyrosine kinase. As such, a lack of this signal drives
an oncogenic pathway [80]. Mutant CBL is thought to play an impor-
tant role in development of myeloid malignancies [81], and in MDS the

mutation occurs in 1.5%-5.1% of cases. Regardless of its incidence,

CBL mutant patients have poor outcomes compared with wild-type

CBL. Importantly,independent inferior survival was noted despite con-
trolling for other prognostic markers such as age, transfusion depen-
dence, IPSS, and other mutations [18, 22, 64].

6.2 | RAS pathway mutations

This group includes NRAS, KRAS and HRAS that encode GTPases
that regulate cell proliferation, differentiation, and survival [82]. While
mutations in the RAS gene family are found at a rate of 6.2%-8.8%
of MDS, there does not appear to be definitive relation to prognosis.
Multiple separate analyses show lack of a prognostic impact when con-
trolling for age, cell counts, IPSS-R, and other mutations [5, 16, 29].
Alternatively, two studies have associated these mutations with infe-
rior OS when controlling for established clinical risk factors [30, 42].
Other RAS pathway mutations, PTPN11 and JAK2, are uncommon in
MDS, but also part of this signal transduction pathway. No independent
survival impact was found for PTPN11 or JAK2 in similar analyses [5,
29].

7 | COHESIN COMPLEX MUTATIONS

The cohesin complex includes a multitude of genes that act together
in the control of cell division through regulating dissociation of sister
chromatids in mitosis or meiosis [83]. Mutations that occur within this
complex in MDS are SMC1A, RAD21, SMC3, and STAG2. STAG2,,t
MDS appears to be the most frequently mutated gene in the complex,
occurring in 5.9%-7.5% of cases. Collectively, the impact of cohesin
complex mutations on prognosis has yet to be defined. STAG2,,,, dis-
ease has been associated with inferior survival independent of age,
gender, and IPSS [30, 84]. Despite this finding other data suggest the
association with poor survival is lost when controlling for known prog-
nostic markers, even when considering cumulative mutations in the
entire cohesin complex (STAG2, SMC3,RAD21/SMC1A) [5, 18, 24]. In
a large analysis, RAD21 mutations were found to predict inferior sur-
vival when controlling for age and IPSS-R, however this has not been
duplicated elsewhere in the literature [30].

8 | CLINICAL APPLICATION OF GENETIC
MUTATIONS

Importantly, both the specific mutational profile and the overall muta-
tional burden influence OS (Figure 2; mutational profiles prepared for
coding exons of 29 genes using the Illumina TruSeq Custom Amplicon
kit and sequenced on the Miseq, San Diego, CA, USA). MDS patients
with zero mutations had improved OS compared to those with one to
two mutations, three to five mutations, and more than five mutations,
respectively (median OS 39.8 vs. 24 vs. 19.3 vs. 15.8 months) [43]. This
exponential decline in prognosis for increased mutational burden has
been corroborated across various endpoints. Patients with one muta-
tion had a 20% reduced median survival at 40 months (90% vs. 70%)
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Numerical Mutational Burden on Overall Survival
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FIGURE 2 Numerical mutational burden and impact on overall survival (adapted from Nazha et al. [43]). Graphical representation of
mutational burden and overall survival (listed in months) for any genetic mutations found by evaluating coding exons of 29 genes using the lllumina
TruSeq custom amplicon kit and sequenced on the Miseq, San Diego, CA, USA

TABLE 2 Proposed update to the IPSS-R

Prognostic variable

-1.0 0 0.5
Genetic mutation SF3B1
Number of genetic mutations 0
Cytogenetics Very good
Bone marrow blast (%) <2
Hemoglobin >10
Platelets >100 50-100
Absolute Neutrophil Count >0.8 <0.8

compared to those without molecular abnormalities [24]. In addition,
the rate of leukemic transformation (median rate 4 months with >5
mutations) and time spent free of disease progression (HR 3.364 for
PFS) were inferior for those with higher mutational burden[15, 17, 24,
42].

Recent data suggest that driver mutations emerge heterogeneously
in different patient subgroups. VAF, or the percentage of a specific
genetic variant, is gaining traction for mutational prognostication [85].
For example, in the case of TP53, patients with VAF < 10% are not
found to have the same poor outcomes as those with higher VAFs [32].
In contrast, patients who harbor TET2 mutations with a VAF > 18%
have been shown to have a 57% reduction in lifespan, when compared
to patients with VAF < 18% or TET2 wild-type disease. Additionally,
SF3B1 mutations with a VAF > 15% were not only seen to have supe-

Score
1.0 1.5 2.0 3.0 4.0
DNMT3A, ASXL1, EZH2 TP53
RUNX1, SRSF2,
CBL
1-2 >3
Good Intermediate Poor Very poor
>2-<5 5-10 >10
8-<10 <8
<50

rior survival, but more likely to be classified as MDS with ringed sider-
oblasts [62].

In 2012, the IPSS was updated to include cytogenetics [86]. Using com-
parable OS and leukemic free survival data, we postulate a scoring sys-
tem (Table 2) that would be able to capture the survival loss or gain
described in the literature for TP53, EZH2, ASXL1, DNMT3A, RUNX1,
SRSF2, CBL, SF3B1, and the cumulative impact of patients with multi-
ple molecular abnormalities. Values in Table 2 were assigned to genetic
mutations based on comparable median survival or hazard ratios for
overall survival/progression to AML for cytogenetic abnormalities. For
example, SF3B1 has been noted to have a median OS of 7.5 years,
outperforming the 5.4 year median OS for “Very Good” cytogenetic
abnormalities [-Y, del[11q]] [87]. Full comparison of outcome mea-
sures is found in Tables 3 and 4 [4, 86, 87].
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TABLE 3 MDS cytogenetic scoring system, modified from Greenberg et al. [86]

Prognostic Median Hazard ratios Hazard ratios

subgroup Cytogenetic abnormality survival, year? OS/AML? OS/AMLP

Very good -V, del(11q) 54 0.7/0.4 0.5/0.5

Good Normal, del(5q), del(20q), del(12p) double including del(5q) 4.8 1/1 1/1

Intermediate del(7q), +8, +19,i(17q), any other single or double independent clones 2.7 1.5/1.8 1.6/2.2

Poor -7,inv(3)/t(3q)/del(3q), double including -7/del(7q), complex: 3 15 2.3/2.3 2.6/3.4
abnormalities

Very poor Complex: >3 abnormalities 0.7 3.8/3.6 4.2/4.9

2Data from IWG-PM database (n = 7012).

bData from Schanz et al. (n = 2754). Proposed change incorporates mutations that hold inferior and superior prognostic information, as well as total burden

of mutations.

TABLE 4 Genetic mutation scoring system

Molecular Median survival, Hazard ratios,

Prognostic subgroup abnormality year Hazard ratios, OS AML

Favorable SF3B1 7.5 0.10-0.83 0.33-0.44

Very good

Good

Intermediate DNMT3A 1.2533 1.80-3.30 2.36-2.7
ASXL1 1.16 1.21-1.85 2.17-2.39
RUNX1 1.47-4.59 243
SRSF2 1.78-3.30 2.83-2.94
CBL 1.57-3.60

Poor EZH2 0.79-0.81 1.55-8.23

Very poor TP53 0.65-0.75 1.82-5.73 14.66

Tables 2-4 detail a proposed change to the IPSS-R, by comparing median survival, hazard ratios for overall survival, and transformation to AML, to similar

cytogenetic data that was used to create the initial IPSS-R model in 2012.

Please refer to Table 1 for full list of citations regarding overall survival and leukemic free survival for each individual mutation.

A similar algorithm was recently created from 1471 MDS patients,
incorporating the standard prognostic variables (karyotype, platelet
count, hemoglobin, bone marrow blast percentage, age) and seven dis-
crete genetic mutations (TP53,STAG2, RUNX1,RAD21, SRSF2, ASXL1,
and SF3B1) that had independent impact on overall and leukemic free
survival [30]. Other changes to the standard prognostication models
include streamlined whole-genome sequencing of patients. A study of
patients with AML and MDS using whole-genome sequencing detected
all standard genetic alterations by traditional cytogenetic analysis, as
well as identify a new genomic event in 25% of this population, lead-
ing to a change in prognostic risk category for 16.2% of the cohort [88].
A separate analysis of older (>60) AML patients was able to show dra-
matically different outcomes for patients treated with traditional 7 +
3 induction chemotherapy, when the mutational status of seven genes
(NPM1,ASXL1, DNMT3A, FLT3-ITD,NRAS, TP53, KRAS) was added to
traditional cytogenetics to create the ALFA decision model, which was
validated among a three large (n = 830) cohorts [89]. While this model
was used in AML patients one can suggest that a similar algorithm could
be applied to MDS, as high-risk MDS patients are often treated similar
to those with AML. Whether an addition to the IPSS-R, or an entirely

new model similar to that suggested by Nazha and colleagues, we

feel molecular data need to be widely implemented in prognostication
systems.

9 | GENOMIC-BASED THERAPEUTICS

Understanding genetic drivers of MDS provides opportunity to tar-
get these lesions (Table 5) and improve patient outcomes. Signaling
viathe SMAD2-SMAD3 pathway is constitutively increased in patients
with MDS, yielding an inhibitory effect on red cell maturation [90].
Luspatercept, a recombinant fusion protein that binds transforming
growth factor 8 superfamily ligands to reduce SMAD2/3 signaling, is
now FDA approved for the treatment of very low to intermediate
risk MDS with ring sideroblasts and SF3B1 mutation. This approval is
based on a recent phase Il study showing transfusion independence
for 38% of the Luspatercept arm, compared to 13% of the placebo
group (p <0.001) [91].

In TP53 mutant disease, APR-246 (eprenetapopt), a novel drug that
promotes refolding of TP53 and restoration of function, initially had
encouraging results in a phase Ib/Il clinical trial in combination with
azacitidine (at 10.5 months, 45 patients with AML or MDS overall
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TABLE 5 Targeted therapeutics currently under investigation

Clinical trial
Genetic mutation Therapeutic drug number Phase
TP53 Azacitidine + APR-246 NCT03745716" 1
Magrolimab + azacitidine NCT04313881¢ 1
Azacitidine + APR-548 NCT04638309° |
ASXL1 FT-1101 + azacitidine NCT02543879° 11b
RO6870810 NCT02308761° |
CPI-0610 +/- ruxolitinib NCT02158858°
IDH1 FT-2102 +/- azacitidine or cytarabine NCT02719574¢ 171
AG-120 NCT03503409¢, Il
Ivosidenib/venetoclax +/- azacitidine NCT02074839¢ I
IDH305 NCT03471260° I/
Ivosidenib + cytarabine/fludarabine NCT02381886° |
NCT04250051°¢
IDH2 AG-221 NCT03744390° Il
NCT019154982 171
IDH1/2 Ivosidenib (IDH1) or enasidenib (IDH2) + induction therapy vs. placebo + induction NCT03839771°¢ 1]
AG-881 NCT02492737°
Olaparib NCT03953898¢
RNA splicing machinery GSK3326595 17111
H3B-8800 NCT0361472BICT
Signal transduction Azacitidine + quizartinib 1/1-
LGH447 vs LHG447 + midostaurin NCT0449313BICT0207B609°
Rigosertib NCT02562443°

Azacitadine, venetoclax, trametinib
Pevonedistat + azacitidine

Cohesin complex Talazoparib

2Active, not yet recruiting.
bTrial completed or temporarily suspended.
¢Active and recruiting.

response rate [ORR] was 87%, CR rate of 61%) [92]. Unfortunately, the
phase Il trial of eprenetapopt + azacitidine compared to azacitidine
alone failed to meet the prespecified primary endpoint of improved
CR, although final results are still pending. Numerically the CR was
improved for the combination (33.3% vs. 22.4%), but failed to meet sta-
tistical significance [93]. APR-548, a second generation p53 activator,
is currently under phase |l investigation in combination with azacitidine,
however there are no preliminary results at this time. Magrolimab, an
antibody blocking the CD47 macrophage immune checkpoint, induces
phagocytosis and destruction of leukemic stem cells. Preliminary data
presented at the 2020 American Society of Clinical Oncology confer-
ence showed a 91% ORR and 42% CR rate in 33 MDS patients at time
of data cutoff. Importantly, responses were also seen in TP53 mutant
AML patients, necessitating further study in both TP53,,; and TP53 ¢
MDS [94].

IDH1/2 inhibitors are now approved in AML and are being studied
in MDS. A phase | study of IDH1 inhibitor FT-2102 in 28 patients with
AML or MDS showed an ORR of 32%. However, only four patients had
MDS, one of whom had a CR [95]. A similar phase | study of FT-2102
in combination with azacitidine had comparable efficacy with an ORR

NCT0448710KICT03268954¢

NCTO03974217°¢ |

of 42% in 24 patients with relapsed/refractory (R/R) AML or MDS, but
again, only one MDS patient was included in this analysis [96]. A second
study of 12 patients with R/R MDS who received oral ivosidenib, five
patients achieved CR and three of those remained relapse free at 12
months [97].

There are multiple therapeutics currently being evaluated for MDS
patients with CBL or RAS pathway mutations. The oral MEK inhibitor
trametinib has been tested in a phase I/l study for RAS mutant
R/R myeloid malignancies, showing modest ORR (20%-27% based on
dosing level), but no survival benefit for RAS; vs RAS,; AML or
MDS patients [98]. Rigosertib, a small molecule that induces inhibi-
tion of PI3K and PLK pathways [99, 100], showed to have a trend
toward improved median OS in MDS patients with HMA failure
(8.6 vs. 5.3 months) and post hoc improved survival in high-risk IPSS-
R patients (7.6 vs. 3.2 months) compared to best supportive care
[100]. Finally, pevonedistat, an inhibitor of the NEDDS8 (neural pre-
cursor cell expressed, developmentally downregulated 8) activating
enzyme, has shown superior outcomes in combination with azaciti-
dine, in comparison to the hypomethylating agent alone. In high-risk
MDS patients, median OS (23.9 vs. 19.1 months), EFS (20.2 vs. 14.8
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months), ORR (79.3% vs. 56.7%), and CR rate (51.7% vs. 26.7%) all
favored the pevonedistat arm [101]. These trials highlight a handful
of promising novel agents. Few drugs are currently FDA approved for
MDS, and therefore have a unique opportunity to make changes in the
field. Recognition that MDS is extremely heterogenous and is impacted
by multiple pathways has enhanced our knowledge of the disease but
also challenged the progress made to date.

10 | CONCLUSION

The overwhelming majority of patients with MDS have alterations in
genes that affect hematopoietic cell function and likely drive the clini-
cal phenotype of the disease. Our review of the literature details inde-
pendent prognostic information gained from these mutations, when
controlling for other known prognostic variables, which is summarized
in Table 1. Mutations in TP53, EZH2, ASXL1, DNMT3A, RUNX1, SRSF2,
and CBL have extensive evidence for their negative impact on survival.
While these mutations are not currently factored into clinical prognos-
tication models, future consideration when determining patients’ risk
and treatment decisions including allotransplant decisions, should be
taken into account. It is worth considering that patients with high-risk
genetic features should be evaluated up front for clinical trials with
novel single or combination/targeted therapies rather than taking a
watch and wait approach. SF3B1 is the lone known mutation carry-
ing favorable prognosis, marking an indolent course defined by transfu-
sion dependence, with a median OS quoted at 7.5 years. On the other
hand, data regarding mutationsin IDH1/2, TET2, BCOR, ETV6, GATA2,
U2AF1, ZRSR2, and RAS pathway and STAG2/cohesin complex sug-
gest an association with neutral or poor prognosis, albeit with a lower
amount of evidence, and at times conflicting data. At present, there
appear to be insufficient and/or inconsistent data to make definitive
conclusions regarding the clinical impact and therapeutic implications
for this spectrum of mutations.

Mutational status correlates with specific disease phenotype and
outcome and needs to be considered for drug responsiveness and
development. For example, SF3B1 mutant patients with ringed sider-
oblast do very well, while patients with TP53,,,; disease remains a
therapeutic challenge. Table 5 summarizes the current clinical trials
that are investigating targeting driver mutations to help improve clini-
cal outcomes for patients with MDS. Based on this review, all patients
with confirmed prognostic driver mutations may benefit from investi-
gational targeted agents developed to aid in their survival.

Overall, prospective trials evaluating large cohorts of MDS patients
for molecular classification are ongoing by the International Working
Group for the prognosis of MDS. These trials will shed light on the net
impact of driver mutations on clinical outcomes which should be incor-
porated into future prognostic scoring systems. In addition, impact of
VAFs and class of mutation (frameshift vs. missense mutation vs. dele-
tion vs loss of heterozygosity) for each specific genetic lesion will play a
role in the biology of disease and response to treatment, allowing us to

distinguish driver versus passenger mutations. We postulate that these

data will enhance our prognostic capabilities and our therapeutic deci-
sion making to improve patient outcomes.
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