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Abstract

Introduction: Commonly used scoring systems rely on blood counts, histological and
cytological examination of bone marrow and peripheral blood, and cytogenetic assessments to
estimate prognosis of patients with myelodysplastic syndromes (MDS) and guide therapy
decisions. Next generation sequencing (NGS) has identified recurrent genetic abnormalities in up
to 90% of patients with MDS and may provide important information regarding the pathogenesis
of the disease, diagnostic and prognostic evaluation, and therapy selection.

Areas covered: Herein, the authors review the role of NGS in diagnosis, treatment, and
prognosis of MDS at various disease stages, and discuss advantages and caveats of incorporating
molecular genetics in routine management of MDS. While a vast majority of patients harbor
recurrent mutations implicated in MDS pathogenesis, similar mutations can be detected in
otherwise healthy individuals with other hematologic malignancies. Besides establishing a
diagnosis, NGS may be used to monitor minimal residual disease following treatment.

Expert opinion: As more targeted therapies become available, assessment of genetic mutations
will become central to individualized therapy selection and may improve diagnostic accuracy and
further guide management for each patient. However, multiple challenges remain before NGS can
be incorporated into routine clinical practice.
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1. Introduction

Myelodysplastic syndromes (MDS) are a spectrum of clonal hematopoietic stem cell
neoplasms characterized by morphologic dysplasia, ineffective hematopoiesis, cytopenias,
recurrent genetic mutations and cytogenetic abnormalities, and an increased risk of
progression to acute myeloid leukemia (AML) (1).The recognition of the clinical,
morphologic, immunophenotypic, and cytogenetic heterogeneity of MDS has led to the
development of complex diagnostic criteria and diverse risk stratification models such as the
1997 International Prognostic Scoring System (IPSS), the updated Revised IPSS (IPSS-R),
the dynamic WHO-based Prognostic Scoring System (WPSS) and the MD Anderson Cancer
Center Score (MDAS) to estimate survival and guide the approach to treatment (2-5).

While the 2016 WHO classification of MDS has recognized a number of recurrent
chromosomal abnormalities, their role remained largely limited to the risk stratification of
MDS subtypes in respect to survival and incidence of progression to AML (10, 11). Deletion
of the long arm of chromosome 5 is a notable exception and is used to define a specific
entity, MDS with isolated del(5q) (12-14). The 2016 WHO classification also recognized
the importance of recurrent gene mutations found in patients with MDS, but only required
the assessment of SF3B1 to define a subtype of MDS (refractory anemia with ring
sideroblasts which is defined as dysplasia, <5% bone marrow blasts, and =5% ringed
sideroblasts in the presence or 215% ringed sideroblasts in the absence of SF381 mutations,
respectively) (15). Some somatic mutations have been shown to be associated with specific
morphological features and overall prognosis. For example, mutations in ASXL1, RUNX,
TP53, and SRSF2were associated with severe dysplasia of granulocytes while mutations in
RUNX1, TP53, and NRAS are associated with severe thrombocytopenia(16, 17). Similarly,
mutations in 7P53, EZHZ2, ETV6, RUNX1, and ASXL1 have been associated with poorer
outcomes(18). Some mutations have been linked to augmented treatment response; for
example mutations in 7E72and DNMT3A predicted a better response to hypomethylating
agents in patients with MDS (19-21). Interestingly, the predictive value of DNMT3A
mutations for response to HMAs in AML patients is controversial and seems to vary in the
frontline setting compared with relapsed/refractory patients which might be due to the
genetic heterogeneity and the acquisition of additional mutations during the disease course
(22, 23).

Overall, more than 50 genes with recurrent somatic mutations have been identified, with
somatic mutations in at least one gene found in up to 90% patients (18, 24, 25). These
mutations affect various key functions of DNA biology ranging from epigenetic processes
such as DNA methylation and histone modifications, to DNA repair, and mRNA splicing
(25-27). Table 1 provides an overview of these mutations. However, the role of genetics in
classification, diagnosis, prognostication, and treatment of MDS remains controversial (26,
28, 29).
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With proliferation of high throughput gene sequencing methods, gene mutation profiling is
becoming increasingly employed to provide insights on pathogenesis and heterogeneity of
MDS, aid with diagnosis, enhance prognostication and risk stratification tools, and steer
clinical management and development of new drugs targeting specific mutations (26, 29,
30). In this review, we discuss advantages and challenges of incorporating next generation
sequencing (NGS) in the routine management of MDS.

2. Next generation sequencing (NGS)

Next generation sequencing (NGS), a high throughput system used to sequence millions of
DNA fragments simultaneously, has enabled us to analyze genetic information ranging from
individual genes to coding exomes and entire genomes at a reduced cost. These DNA
fragments are compared to those in a reference genome to help identify genetic variability
and detect mutations (31-34). NGS can detect a wide range of mutations and DNA
variations such as substitutions, insertions, deletions, inversions, translocations, and even
mosaic variations which may be present in only a small percentage of cells. With the help of
NGS, somatic mutations relevant to solid and hematologic cancer development have been
identified and validated (33). NGS is proving to be a powerful tool that may be applied to
improve diagnosis, risk stratification, prognosis, and therapeutic decision making in the
realm of malignant disease including MDS (29, 33, 35).

The advent of NGS has led to the discovery of more than 50 recurrently mutated genes in
80-90% of MDS patients. Many of these mutations may have prognostic values independent
of an identified cytogenetic aberration or an assigned IPSS risk category (36-38). For
example, isolated deletion of the long arm of chromosome 20 (del(20q)) is associated with a
favorable prognosis according to IPSS-R. However, it is often found in patients with WT77/1,
SRSF2, UZAF1, and ASXLI1 mutations, all of which are associated with less favorable
outcomes (36, 39, 40). Even patients with normal karyotypes and cytogenetics may harbor
gene mutations that portend unfavorable outcomes. For example, in one study 75% of 196
patients with normal karyotypes had equal frequencies of mutations in DNMT3A and
ASXL 1, both of which were associated with poor outcomes (39). The high throughput NGS-
based testing that is rapidly adopted in clinical practice is usually grouped into hotspot
panels, actionable gene panels, disease-focused panels, and all the way to whole exome/
genome sequencing (31, 34).

Variant allele frequency (VAF) is a marker of the size of the cell subpopulation in
relationship to the entire cell population that carries the mutation compared to the entire cell
population. Sensitivities of VAF as low as 0.03% have been described which enables us to
detect very small clonal populations (41). However, the clinical relevance of this finding is
not well-studied and further standardization with regard to which genes should be included
in sequencing panels and which clonal size a clinically meaningful finding.

3. Next generation sequencing in clinical practice in MDS diagnosis

When clinico-pathologic data does not lead to an unequivocal diagnosis, NGS can provide
additional differentiating information to improve diagnostic accuracy (29, 42). For instance,
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it can be particularly challenging to distinguish hypoplastic MDS (hMDS) from aplastic
anemia (AA) because of overlapping morphologic features (43-45). The distinction between
the two entities is crucially important to inform clinical management as biology, prognosis,
treatment (e.g. probability of response to immune suppressive therapy), and the risk of
evolution to AML differ (46, 47). Additionally, the presence of somatic mutations (ASXL1,
DNMT3A, BCOR, TETZ, and MPL)in AA patients was associated with a higher risk of
progression to MDS (48). Yoshizato et al performed extensive sequencing of genes
associated with myeloid malignancies in 439 patients with AA, detecting somatic mutations
and clonal hematopoiesis in 36% of screened patients (45). The most frequently mutated
genes were BCOR, BCOR1, PIGA, DNMT3A, and ASXL1, overall accounting for 77% of
mutations. Of note, the clonal dynamics were variable during the disease course adding an
additional challenge to using them to predict therapeutic response and prognosis (45).
Although there is a substantial overlap with patients with hMDS, where mutations in
ASXLIand TET2, RUNXIand SF3B1 have been identified, these mutations are more
prevalent and the VAF tends to be larger (18, 25, 36, 43, 44).

In certain cases, patients present with cytopenias and undergo a thorough work up including
bone marrow evaluation with cytogenetic analysis with no apparent diagnosis. This
condition is identified as “idiopathic cytopenias of undetermined significance” (ICUS) and is
usually observed over time without any dedicated therapy (49). The absence of clonal
mutations in these patients has a high negative predictive value for MDS or other myeloid
malignancy (26). Patients with ICUS and concurrent mutations in certain driver genes such
as TETZ, DNMT3A, or ASXL 1 have a higher risk of progression to myeloid malignancies, a
state called “clonal cytopenias of undetermined significance” (CCUS) (50-53). Malcovati et
al demonstrated that patients with CCUS can have a 14-fold higher risk of progressing to
MDS or AML compared to unmutated ICUS depending on the number of mutations and the
size of the mutant clones (52). It is important to note that not only the mere presence of a
mutation but the VAF of a particular mutation is an important predictive marker. If the VAF
of a known driver mutation in a patient with clonal hematopoiesis is >2%, this constitutes a
diagnosis of clonal hematopoiesis of indeterminate potential (CHIP) which has been linked
with an annual progression rate to other hematologic malignancies including AML and
MDS of 0.5-1% (26, 53, 54). Therefore, detecting clonal mutations in ICUS via NGS can
stratify patients based on the predicted increased risk in the absence of an MDS diagnosis
and can influence the clinician to employ more vigilant follow-up. The drivers underlying
the progression of CHIP to hematologic malignancies are not fully understood, but it is
believed that changes in clonal size and the increased number of mutations, also known as
clonal complexity, contribute to this transition (55). It has been shown that mutations in
epigenetic modifiers (7E72, ASXL1, DNMT3A) and genes regulating splicing processes
(SF3B1, SRSF2) are encountered earlier in MDS development while acquisition of
mutations in 7P53, NRAS, or GATAZ occur later and have been linked to the progression
from CCUS to MDS (38, 52, 56). It remains to be seen if the serial monitoring of VAF and
emergence of new mutations can be used to guide setting of follow-up intervals, clinical
management decisions and to even initiate treatment before the emergence of overt clinical
disease manifestations. The term “indeterminate potential” in the acronym CHIP emphasizes
the diagnostic uncertainty associated with this condition. More than 10% of patients older
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than 70 years meet diagnostic criteria of CHIP (53, 54, 57). CHIP has similar clonal sizes to
MDS and MDS/MPN, but with lower mutational burden. The most frequently mutated genes
in CHIP are ASXL1, DNMT3A and TETZ, which are also encountered early in the
pathogenesis of MDS (25, 36). Certain somatic mutations like in SRSF2, SETPB1, CBL and
PTNPN11, EZH2, RUNXI, and TP53are much less common or even absent in CHIP as
compared to MDS and MDS/MPN as they confer a worse prognosis and a higher rate of
progression to more severe MDS and AML (54).

A recent study analyzed samples from 95 individuals obtained on average 6.3 years before
AML diagnosis and found CHIP mutations to be more common in people who developed
AML versus healthy controls (73.4% vs. 36.7%). The development of AML was associated
with increased clonal size and the number of mutations per individual (58). The authors also
found a significant correlation between elevated red cell distribution width and an increased
risk of progression to AML, which was previously described in patients with CHIP (58, 59).

4. Role of NGS in risk stratification of MDS patients

A landmark study by Bejar et al analyzed 18 different genes in more than 400 patients with
MDS looking for mutations using Sanger sequencing, and assessed their prognostic
significance relative to IPSS-based predictions (the study was conducted prior to the
introduction of the revised IPSS) (18). This study found that mutations in 5 genes, 7P53,
ETV6, ASXL1, EZHZ, and RUNXI inferred a worse prognosis independently of an IPSS
risk category, and upshifted the risk to the next higher IPSS category (18). A larger follow
up study conducted by the International Working Group for MDS Molecular Prognosis
(MDS-IWG-PM) sequenced 17 genes from 1996 patients with MDS. This study identified 4
high risk genes, 7P53, RUNX1, EZHZ, and NRAS, considered to be markers of worse
prognosis irrespective of the IPSS-R risk category (60). These findings have been confirmed
by other studies (25, 36). By contrast, SF381 was present in MDS patients with ring
sideroblasts and was associated with both an indolent disease course and more favorable
IPSS-R independent outcome (38, 61). Notably, mutations like UZAFI1, SRSF2, SF3B1, and
ASXL 1, which have been associated with an adverse prognosis lost their independent
prognostic value in MDS patients with >5% bone marrow blasts. This observation suggests
the need for an even more individualized approach to genetic testing in MDS patients (60,
62)

Several models were proposed that incorporated mutational data into existing risk
stratification models (39). Xu et al proposed two novel mutation-based risk stratification
models, IPSS-M and IPSS-RM, that integrate common MDS mutations into the IPSS and
IPSS-R scoring systems, respectively (25, 39, 63). The model’s categories were subdivided
into low (no mutations), intermediate-1 (at least one mutation in any gene except genes
associated with worse outcomes,) intermediate-2 (2-3 mutations in any genes other than
those associated with worse outcomes or 1 poor mutation in genes associated with worse
outcomes with 0—2 mutations in any other MDS-related genes), and high (presence of at
least 2 mutations in genes associated with worse outcomes). Genes considered to be
associated with worse outcomes were 7P53, STAG2, DNMT3A, EZHZ, RUNX1, ROBO1/2,
SRSF2 and WT1.

Expert Rev Hematol. Author manuscript; available in PMC 2020 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chokr et al.

Page 6

The addition of the mutation-based scoring system resulted in statistically significant
differences in survival curves and AML transformation rate for patients within the same
IPSS or IPSS-R categories (39). Nazha et al also proposed a predictive model by
incorporating 62 mutated genes into IPSS-R which provides a better prognostic prediction in
primary and secondary disease, irrespective of the initial or subsequent MDS therapies (63).
The model’s prognostic factors included age, IPSS-R score and somatic mutations in EZH2,
SF3B1, and TP53. Furthermore, the model retained its prognostic strength at each point
during the disease course, thus allowing one to asses treated MDS patients dynamically,
which could provide an advantage in the setting of monitoring for clonal evolution of the
disease (63). Haferlach et al also developed a prognostic model that included mutations in
14 genes, age, gender, and IPSS-R parameters, and resulted in four risk groups: low,
intermediate, high risk and very high risk with 3-year survival rates of 95.2%, 69.3%,32.8%
and 5.3%, respectively (25). The authors also developed a gene only model which was
inferior to the combined genetic and clinical model suggesting that somatic mutations are
more likely to complement current risk stratification tools rather than replace them (25) In
summary, such mutation-based scoring tools might provide helpful information to risk
stratify MDS patients and select appropriate treatment options but need to be combined with
existing clinical and pathological scoring systems (6, 64—66).

5. Therole of NGS in treatment selection and predicting response to

therapy

One of the most promising potentials of NGS is determining the best therapy for patients
with MDS based on individual genetic profiles (67, 68). Except for /DH1/2and FLT3
mutations for which specific inhibitors have been approved for AML treatment and which
are occasionally used off-label for MDS, the role of genetic testing in treatment selection for
MDS remains to be determined (26, 69, 70).

Several studies have established associations between specific genetic mutations and
response to therapy. For example, 7E72 mutations have been associated with a greater
likelihood to respond to the hypomethylating agents (HMA) decitabine and azacitidine (20,
71), whereas mutations in ASXL 1 have been shown to predict a lower response to HMA
(19). However, the data for ASXL 1 mutations is controversial as other studies showed a
better outcome in ASXL I-mutated patients treated with HMAs (72). The presence of 4 or
more driver mutations in MDS is associated with poor response to HMA and worse overall
survival regardless of the IPSS-R risk category (73). MDS patients with mutated 7P53
responded equally well to HMA but had significantly shorter duration of response than those
without such mutations in one study (74). However, in another study decitabine has been
shown to be especially effective in patients with 7P53 mutations with response rates being
higher than in patients with wild-type 7P53 (64% vs. 34%, p<0.001) and a median OS than
was comparable to patients with an otherwise more favorable cytogenetic risk profile (12.7
months for patients with 7253 mutations vs. 15.4 months among patients with wild-type
TP53, P=0.79) (75).
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While lenalidomide has shown impressive results in the treatment of low-risk MDS patients
with deletion of the long arm of chromosome 5 (5g-), patients with 7253 mutations treated
with lenalidomide are more likely to progress to high risk disease and even to AML than
patients with wild-type 7P53 (12, 76—78). The mechanism of action of Ienalidomide is
complex but one of the ways it exerts its effect is via inhibition of CDC25C phosphatase
which decreases levels of CK1a by selective degradation and induces cell cycle arrest
between the G2 and M phase (12). As 5g- deletion causes a haplodeficiency of CKla
lenalidomide in these patients can induce a functional homozygous loss of CK1a, which
leads to activation of 7P53and apoptosis (12, 79, 80). When patients with mutated 7P53are
treated with lenalidomide, the mutant clones expand and lead to therapy resistance (12, 81)

Immunosuppressive therapy (IST) is another therapeutic option used in low risk MDS.
Komrokji et al investigated the role of somatic gene mutations on response to IST in 66
patients with lower-risk MDS using NGS (82). SF£3B81 mutation, which is morphologically
associated with ring sideroblasts, was the most common somatic mutation and correlated
with IST nonresponse.

However, increased activation of transforming growth factor (TGF)-f pathway signaling has
been associated with ineffective erythropoiesis in low-risk MDS and is more common in
patients with SF3B1 mutations and >15% ring sideroblasts (83). In a phase I trial of the
TGF-B inhibitor luspatercept patients with a SF381 mutation or more than 15% ring
sideroblasts, showed a higher response rate than MDS patients without SF381 mutation
which led to the placebo-controlled MEDALIST trial (84, 85). However, in a larger multi-
center study this correlation was not statistically significant (47). Non-SF3B1 mutations
were associated with adverse effect on response duration and a higher risk of leukemic
progression (82).

In summary, the use of NGS to guide treatment decisions in MDS is not well-supported by
the current evidence mainly due to the lack of established predictive biomarkers. For
example, ASXL 1 mutations have been shown in one study to be a marker suggestive of a
lower response rate to HMAS, while the presence of 7E72mutations was associated with a
higher response rate (71, 72). Recent studies also suggested that the number of mutations is
associated with outcome and response to HMAs with a higher mutational burden pertaining
to poorer outcomes and response rates, respectively (73, 86). However, in our opinion
patients should be treated with HMAs or IST based on well-established clinical criteria
rather than NGS-derived biomarkers and additional studies are warranted to assess the
predictive value of these biomarkers if assessed independently or in combination (87).

6. Implications of NGS on referrals for stem cell transplantation and

clinical trials

Allogeneic hematopoietic stem cell transplantation (HSCT) is the only curative treatment for
MDS and the decision to proceed with HSCT is usually guided by the risk assessment to
predict whether survival benefit outweighs the numerous risks associated with HSCT.
Appropriate timing of HSCT is also paramount as delays can preclude the candidacy (88—
91).
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Several factors need to be considered to determine patient eligibility for HSCT such as
prognostic scoring systems (IPSS, IPSS-R), comorbidities, extent of cytopenias and the
resulting transfusion burden, as well as the presence of somatic mutations predictive of a
poor prognosis (89). Molecular characteristics are one major factor to consider as they
influence the prognosis of MDS patients (25, 36). Especially mutations in 7P53, ETV,
EZHZ, ASXL 1, and RUNXI have been associated with an adverse prognosis independent of
IPSS risk score and may therefore be considered for an earlier allogeneic HSCT (92).
However, genetic mutations can also predict survival following HSCT. Several recent studies
have shown that patients with 7P53, TET2, DNMT3A, RAS pathway genes or JAKZ
mutations have inferior outcomes after HSCT compared to MDS patients who lack such
mutations independent of the conditioning regimen used (37, 93, 94). Interestingly, 7P53
mutation was a stronger predictor of a poorer outcome than both a monosomal or very
complex karyotype (37). In the study by Bejar et al., the median OS following HSCT for
patients with 7P53 mutations was only 4.6 months which raises the question whether these
patients should be referred for HSCT at all given the relevant rate of transplant-related
mortality (37). In a larger analysis of 1514 MDS patients who underwent HSCT, the
negative impact of TP53 mutations persisted despite the age of patient or intensity of
conditioning regimen (93). However, there were patients who had long-term survival despite
harboring this mutation suggesting that such patients should not be routinely denied access
to the only potentially curative therapy i.e. HSCT. Ideally, patients with high-risk mutations,
including 7P53, undergoing HSCT should be treated within clinical trials to optimize the
conditioning regimen and to study posttransplant treatment strategies that may decrease the
risk of relapse (89)

While the influence of NGS on treatment choice in MDS is still limited, it is an important
tool to assess clinical trial eligibility and may eventually lead to a more individualized
treatment based on a patient’s cytogenetics. For example, a small proportion of MDS
patients have been shown to carry /DHI or /DHZ2 mutations which can be therapeutically
targeted by specific inhibitors that have been FDA-approved for AML and are currently
being tested in clinical trials in MDS as well (NCT03383575, NCT02074839). There are
several additional trials active that specifically include patients with MDS and certain driver
mutations. For example, preclinical studies have shown that vitamin C can restore TET2
function leading to suppression of leukemic stem cell proliferation and leukemia progression
(95). This concept is currently tested in a phase 1b/Il study evaluating the safety and efficacy
of high-dose vitamin C in the treatment of 7£72-mutated, intermediate- to high-risk MDS
(NCT03433781). Another clinical trial (NCT03072043) is testing APR-246, a compound
that restores the function of mutated p53, in combination with azacitidine in patients with
hematologic neoplasms including MDS. Monotherapy with APR-246 has previously been
shown to be safe and to have biologic effects on gene expression profile which translated
into only a limited therapeutic effect in patients with relapsed-refractory AML (96-98).
Lastly, early clinical trial data of luspatercept in anemic patients with lower risk MDS
suggest enrichment of responders among patients with ring sideroblasts and SF381 mutation
(84). Indeed, the randomized phase 3 MEDALIST trial (NCT02631070) evaluating
luspatercept, has limited enrollment to patients with >15% ring sideroblasts or SF3B1
mutations and preliminary data available showed that 37.9% of patients in the luspatercept
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group achieved sustained red blood cell transfusion independence compared to 13.2% in the
placebo group (p<0.0001) (85). Should this agent be approved for treatment of MDS,
assessment of SF3B1 mutation status could be used as a biomarker for patient selection.

7. Therole of NGS in measureable residual disease

Monitoring of measurable residual disease (MRD), the detection of disease-specific genetic
abnormalities, is being increasingly used for management in both a pre- and post-HSCT
setting in AML and MDS and monitoring of MRD by flow cytometry and quantitative PCR
is recommended by the European Leukemia Net (99, 100). Compared to AML, measuring
MRD in MDS is even more challenging given the genetic heterogeneity of this disease with
changes in gene profile during the disease course and the smaller size of the underlying
disease clone (101, 102). NGS is therefore a promising technique as it allows for the
monitoring of several genetic markers simultaneously and is more sensitive than other
techniques like PCR (100).

Only a minority of MDS patients considered for transplantation achieve complete remission
before HSCT, and most patients have evidence of clonal hematopoiesis when evaluated with
sensitive NGS methods (37, 88). While the detection of mutations in genes such as 7P53,
IDHZ and RAS pre-HSCT has been shown to correlate with an adverse outcome
posttransplant, it has to be kept in mind that these studies did not explicitly study NGS to
detect MRD and that additional studies are needed (93, 103).

Using MRD in the posttransplant setting to monitor for disease relapse and to assess for the
need of maintenance therapy is even more challenging as the intensity of the conditioning
regimen used for HSCT may influence the time to clearance of MRD (99). Additionally, it
can be challenging to distinguish whether the emergence of a new mutations following
HSCT is originating from the donor or related to disease relapse (104). The persistence of
specific mutations in the post-HSCT setting has been linked to a higher risk of disease
progression and poorer OS compared with patients in whom somatic mutations were
undetectable following transplant (105-107). Monitoring MRD by NGS could therefore be a
valuable tool to monitor AML/MDS patients posttransplant and may enable
individualization of follow-up and posttransplant management.

8. Limitations of NGS

Taking full advantage of NGS in clinical management of MDS requires a complex
technological infrastructure with a significant ability for data processing and storage. There
is also a need for the personnel expertise to comprehensively analyze and interpret volumes
of data efficiently, safely and cost effectively. NGS panels tend to vary in their sensitivity,
depth and scale of coverage, the number of genes tested and reporting thresholds among
institutions (32). While the use of gene mutation profiling is increasing in clinical practice,
practice patterns, interpretation and beliefs among providers seems to vary substantially
(108). To overcome this, avoid ambiguity, and enable effective sharing of genomic
information a uniform nomenclature and standardized criteria will be required, and
laboratories would need to remain up-to-date with dynamic changes in the nomenclature
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maintained by the Human Genome Variation Society (HGVS). The interpretation of
sequence variants requires standardized criteria and guidelines and the American Society of
Hematology has formed a task force addressing these issues (26). While all variants should
be reported, gene variants without a validated phenotype association may have uncertain
clinical significance, which can pose a challenge given a high likelihood of misinterpretation
by health care providers who may be unfamiliar with genomic sequencing. Variants in
healthy or asymptomatic individuals and incidental findings unrelated to the indication for
testing should be interpreted cautiously to avoid over-diagnosis and unnecessary
interventions.

Given the multitude of known MDS-associated mutations, additional studies are needed that
assess the combinatorial effect of various mutations on outcome and treatment choice. It is
also important to distinguish between somatic and germline mutations which should be
suspected in cases in which the VAF is around 50% (26). Germline mutations of 7P53and
RUNX1 underlie specific syndromes such as Li-Fraumeni syndrome that portend an
increased risk for other malignancies and inheritance. Detection of such germline mutations
should therefore lead to genetic counseling and appropriate screening for other malignancies
in the index patient and affected family members (109, 110).

9. Conclusions

Despite a wealth of genetic and mutational data in MDS, established clinico-pathologic risk
stratification tools such as IPSS-R remain the preferred basis for establishing prognosis and
guide therapy decisions for patients with MDS. Additional studies to determine the role of
NGS in the diagnosis, prognosis and treatment of MDS patients are warranted and several
challenges remain such as the genetic heterogeneity of the disease and a limited
understanding of the precise effect of a mutation alone or especially in combination with
other genetic abnormalities. With further advances in diagnostic techniques as well as a
better understanding of the prognostic impact and predictive value for response to therapy,
NGS has the potential to be an essential tool to personalize treatment for MDS patients in
the future. However, as of now NGS is not quite ready for prime time, and treatment choices
should be based on well-established criteria such as risk of transformation to AML and
transfusion burden rather than mutational testing.

10. Expert opinion

NGS can be a valuable tool to rule out MDS as it has a high negative predictive value for
MDS and other hematologic malignancies. Therefore, NGS may proof helpful to distinguish
morphologically similar appearing conditions such as AA and hMDS as well as ICUS and
CCUS. However, none of the somatic mutations in MDS-related genes, especially in
DNMT3A, ASXL1, and TETZ, are specific for MDS and can also be detected in patients
with other disorders such as MPN/MDS overlap syndromes, AML, and even in neoplastic
precursors states such as CCUS and CHIP, which are common in older, otherwise healthy
individuals. Only mutations in the spliceosome gene SF3B1 were specific enough to
establish a diagnosis of MDS with ring sideroblasts (MDS-RS) in patients with cytopenias,
dysplasia, and ringed sideroblasts that constitute at least 5% of all nucleated erythroid cells.
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Importantly, we want to re-emphasize that genetic testing alone is not sufficient to establish
a diagnosis of MDS but can serve as a co-diagnostic criterion in patients with persistent
peripheral blood cytopenias who do not fulfill other criteria such as dysplasia or increased
percentage of ringed sideroblasts or myeloblasts. The addition of genetic information to
established clinical-pathological risk stratification tools has the potential to better determine
the individual prognosis of MDS patients and may even aid to guide treatment decisions.
However, it remains to be elucidated how mutational testing affects management decisions
except for the presence of mutations in /DH1/2and FLT3that can be specifically targeted by
selective inhibitors. So far, there is insufficient evidence to support treatment selection based
on mutational testing although some studies suggested a relationship between the presence
of certain mutations and the response rate to treatment. Therefore, it is questionable if NGS
should be offered to every MDS patient given its high costs and its limited impact on
management decision. Furthermore, additional studies are warranted to assess the
combination effect of various mutations and their significance in conjunction with other
levels of molecular diagnostics such as RNA sequencing, epigenetic and proteomic
profiling.

NGS can also provide a more sensitive method than PCR or FISH to monitor MRD in MDS
following treatment although this remains challenging given the genetic heterogeneity of this
disease with changes in gene profile during the disease course and the smaller size of the
underlying disease clone.

Systematized nomenclature and standardized criteria are essential to get NGS integrated into
clinical settings. Currently, NGS panels test for specific mutations in a selected group of
driver genes. As we learn more about the pathogenesis of MDS and discover novel
mutations, NGS panels will have to expand and be updated frequently and perhaps at some
point transition to whole exome or even whole genome testing. This will add significant
complexity to data interpretation to isolate actionable variants and requires technological
infrastructure, rigorous training of laboratory personnel and clinicians and correlation with
clinical outcomes.

Despite these limitations, NGS and advanced molecular assays have the potential to lead to a
deeper understanding of the molecular underpinnings of MDS and potentially lead to a new
era of effective targeted therapy but additional studies to link its use to improved clinical
outcome are warranted.
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Article Highlights

Next generation sequencing (NGS) is a highly sensitive method to detect
specific mutations in the blood and bone marrow of patients with hematologic
disorders and can be helpful to distinguish morphologically similar appearing
conditions.

NGS may have additional diagnostic, therapeutic, and prognostic value when
combined with established risk stratification tools

As of now, there is insufficient evidence to base treatment choices on NGS-
based mutational testing, although there is increasing data that show that the
presence or absence of specific genetic mutations may confer a higher or
lower likelihood of response to a certain treatment.

Major limitations to the routine use of NGS in MDS include the genetic
heterogeneity, the small clonal size, a lack of understanding of the impact of a
certain mutation and the combination of various mutations on prognosis and
treatment response, and the high cost in the absence of a clear benefit for
patients.
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Pros: - targetable mutations (e.g. IDH1/2 Pros: - Potential prognostic marker
- Potential predictive biomarkers (e.g. SF381) - Can add value to risk scores

Trial eligibilty criterion /

Treatment Risk stratification

Cons: - Heterogeneous data (e.g. ASXL1) \

Cons: - Role of VAF

- Combination effect of mutations s 38 =
- Combination effect of mutations

- Insufficient evidence to guide

treatment selection Next generation Seq uenCing

Cons: - Low specificty for MDS
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- Clinical relevance in asymptomatic patients , - Donor vs patient origin

- Need for standardization /

Cons: - Small clone size

/

Diagnosis Measureable residual disease
Pros: - Distinction of h-MHS and AA Pros: - More sensitive than FISH or PCR

-5F3B1 co-defines MDS-RS - Potential to g > maintenance therapy

- High NPV to rule out MDS - Potential marker for relapse post-HSCT

Figure 1: Pros and cons of next-generation sequencing in MDS
Next-generation sequencing (NGS) has several advantages and promising features in the

diagnosis, treatment, and prognosis of MDS patients. However, several challenges remain
which currently limit its use in routine clinical practice.
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Table 1.

Genes tested by current next generation sequencing panels

Epigenetic regulators

IDH1, IDHZ, EZH2, ASXL1, DNMT3A, TET2, SUZ12, KDM6A/UTX

Spliceosomal genes

SF3B1, U2AF1, SRSF2, ZRSR2

Cytoplasmic tyrosine kinases | JAKZ, JAKZ, JAK3, ABL1

Receptor tyrosine kinases

FLT3, KIT

Signaling molecules

CBL, CBLB, NRAS, KRAS, HRAS

Cytokine receptors

MPL, IL7R, CSF3R

Transcriptional factors

GATAL, GATAZ, CEBFPA, ETV6, RUNX1, STAT3, PAXS, IKZF1

Tumor suppressors P53, WT1
Phosphatase PTPNI11
Other FBXW?7, CREBBF, NOTCH1, BCOR, NPM1
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Table 2.

The most common gene mutations in MDS and the prognostic values

Prognostic
Epigenetic Regulators | Impact Comments
TET2 worse associated with higher response to HMA; inferior post HCT outcomes
EZH2 worse
ASXL1 worse Associated with lower response to HMA
DNMT3A worse Inferior outcomes after HSCT
IDH1/IDH2 unknown Substrate for potential targeted therapy with enasidenib
Spliceosomal genes
SF3B1 better Associated with ring sideroblasts and IST non-response
UZAF1 worse
SRSF2 worse
ZRSR2 unknown

Cytoplasmic tyrosine kinases

JAKZ worse Inferior outcomes after HSCT
Signaling molecules

SETBP1 worse

NRAS worse Inferior outcomes after HSCT
Transcriptional factors

ETV6 worse

RUNX1 worse

Tumor suppressors

TP53 worse Higher risk for leukemia transformation with lenalidomide; worse post HSCT outcomes
ROBO1/ROBOZ2 worse

Chromatid cohesion

STAG2 worse

HMA: hypomethylating agents; HSCT: hemopoietic stem cell transplantation

Expert Rev Hematol. Author manuscript; available in PMC 2020 April 12.

Page 22



	Abstract
	Introduction
	Next generation sequencing (NGS)
	Next generation sequencing in clinical practice in MDS diagnosis
	Role of NGS in risk stratification of MDS patients
	The role of NGS in treatment selection and predicting response to therapy
	Implications of NGS on referrals for stem cell transplantation and clinical trials
	The role of NGS in measureable residual disease
	Limitations of NGS
	Conclusions
	Expert opinion
	References
	Figure 1:
	Table 1.
	Table 2.

