LETTERS TO THE EDITOR

Genomic patterns associated with hypoplastic com-
pared to hyperplastic myelodysplastic syndromes

While the bone marrow in most patients with
myelodysplastic syndromes (MDS) has normal or
increased cellularity (hyper-MDS), approximately 10%-
15% of MDS patients will present with a hypocellular
bone marrow (hypo-MDS)." Since the diagnosis of MDS
relies mainly on the presence of dyplastic morphology of
myeloid precursors and/or the presence of recurrent
chromosomal abnormalities, low cellularity aspirates in

patients with hypo-MDS may compromise morphologic
evaluation and karyotypic analyses, and ultimately con-
tribute to difficulties in distinguishing hypo-MDS from
other bone marrow failure syndromes. Further, approxi-
mately 50% of MDS patients, including those with hypo-
MDS, have normal karyotype by metaphase cytogenetics
(MC), which makes the distinction even more difficult.”
We previously reported that single nucleotide polymor-
phism (SNP) array karyotyping can improve the detection
of chromosomal lesions that can distinguish hypo-MDS
patients from those with aplastic anemia (AA).’ This find-
ing suggests that clonal abnormalities can be detected in

Table 1. Mutations and pathways distribution between Hypo-MDS and Hyper-MDS.

Hypo-MDS
%

Splicing 72 30 69 34 3 9 0.02
SF3BI 35 15 34 17 1 3 0.03
SRSF2 5 2 5 2 0 0 1
ZRSR2 11 5 11 5 0 0 0.37
U2AF172 21 9 19 9 2 6 0.75

DNA Methylation 61 26 56 27 5 16 0.18
TET? 23 10 20 10 3 9 1
DNMT3A 20 8 18 9 2 6 1
IDHI/2 18 8 18 9 0 0 0.14

Transcription 7 32 65 32 10 31 0.57
SETBPI 7 3 6 3 1 3 1
RUNXI 24 10 21 10 3 9 1
BCOR/BCORLI 19 8 18 9 1 3 0.48
ETVE 4 2 4 2 0 0 1
NPMI 14 6 11 5 3 9 0.41
CEBPA 3 1 2 1 1 3 0.35
GATA2 4 2 3 1 1 3 0.44

Chromatin Modification 57 24 52 25 5 16 0.23
ASXLI 33 14 30 15 3 9 0.59
SUZI2 9 4 8 4 1 3 1
EZH? 6 3 6 3 0 0 1
MLL 7 3 7 3 0 0 0.60
KDME6A 2 1 1 0 1 3 0.25

Receptor/Kinases 6 3 5 2 1 3 0.58
JAK2 2 1 1 0 1 3 0.25
FLT3 3 1 3 1 0 0 1
KIT 1 0 1 0 0 0 1

Cohesion 34 14 32 16 2 6 0.16
STAG? 26 11 24 12 2 6 0.28
SMC3 4 2 4 2 0 0 1
SIMCI 0 0 0 0 0 0 1
RAD21 4 2 4 2 0 0 1

RAS Pathway 24 10 20 10 4 13 0.43
KRAS/NRAS 8 3 6 3 2 6 0.29
CBL 7 3 6 3 1 3 1
NFI 6 3 5 2 1 3 0.59
PTPNII 3 1 3 1 0 0 1

RNA Helicase 8 3 5 2 3 9 0.08
DDX41 4 2 2 1 2 6 0.09
DDX54 4 2 3 1 1 3 0.44
DHX29 0 0 0 0 0 0 1

Tumor Suppressor 35 15 32 16 3 9 0.26
TP53 15 6 14 7 1 3 0.70
APC 7 3 5 2 2 6 0.24
wri 5 2 5 2 0 0 1
PFH6 8 3 8 4 0 0 0.60
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Figure 1. Frequency of gene mutations involved
in common functional pathways. Genes includ-
ed in common functional pathways: Splicing:
SF3B1, SRSF2, ZRSR2, U2AF1/2. DNA methyla-
tion: TET2, DNMT3A, IDH1/2. Transcription:
SETBP1, RUNX1, BCOR/BCORL1, ETV6, NPM1,
CEBPA, GATA2. Chromatin Modification: ASXL1,
SUZ12, EZH2, MLL, KDM6A. Receptor/Kinases:
JAK2, FLT3, KIT. Cohesion: STAG2, SMC3,
SIMC1, RAD21. RAS Pathway: KRAS/NRAS,
CBL, NF1, PTPN11. RNA Helicase: DDX41,
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hypo-MDS and AA by using higher sensitivity methods
other than MC.

Recently, next generation sequencing (NGS) technolo-
gies of the human genome identified several genes that
are frequently affected by somatic mutations and play an
important role in both the prognosis and the pathogene-
sis of MDS.*® Some of these mutations have a significant
impact on disease phenotype, the progression of MDS to
acute myeloid leukemia (AML), and on overall survival
(OS).*°Somatic mutations in genes such as ASXL1, TET2,
and DNMT3A are present in healthy individuals, and
their incidence increases with age.” More importantly, the
presence of these mutations predisposes these individu-
als to develop hematologic malignancies.” Furthermore,
somatic mutations in genes such as ASXL1, TET2,
DNMT3A and BCOR, were found in 19% of patients
with AA, and their presence was associated with an
increased risk of transformation to MDS and AML.
These findings suggest that somatic mutations in certain
genes have the potential to contribute to both disease ini-
tiation and progression.

Using NGS technologies, we hypothesized that identi-
fication of somatic mutations and their combinations
may help to define the clonal architecture that can lead to
the development of hypo-MDS, and that these somatic
mutations can possibly be used to aid in establishing the
diagnosis.

Bone marrow and peripheral blood samples were col-
lected from 237 patients diagnosed with MDS (according
to the 2008 WHO criteria)” at our institution between
January 2000 and December 2013. Informed consent for
sample collection was obtained according to protocols
approved by the institutional review boards of Cleveland
Clinic and in accordance with the Declaration of
Helsinki. Hypo-MDS was defined using a standard defi-
nition of bone marrow cellularity </= 25%, regardless of
age. When indicated based on clinical suspicion,
immunohistochemical staining for CD34 was performed
to rule out/in collections of immature cells.
Pathomorphologic evaluation of the marrow was per-
formed by a hematopathologist not associated with the
study, in a blinded fashion, as the study was conceived
after the bone marrow review. All bone marrow biopsies
that are included in our analysis were deemed to be ade-
quate for evaluation of cellularity by our experienced
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DDX54, DHX29. Tumor Suppressor: TP53, APC,
WT1, PFH6.
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hematopathologists. Cytogenetic analysis was performed
on fresh aspirates according to the standard metaphase
karyotyping protocol and analyzed according to ISCN
guidelines.” NGS of 62 significantly affected genes,
selected based on the frequency observed in a separate
cohort of MDS patients analyzed by whole exome
sequencing (WES), were analyzed. The selected observa-
tions were validated by targeted deep sequencing using
MiSeq (Illumina, San Diego, CA). Our sequence library
for deep  sequencing was  generated by
TruSeqCustomAmplicon (Illumina). Mutations were con-
sidered individually and grouped into several functional
pathways which were hypothesized to characterize MDS
pathogenesis. Variant allele frequencies (VAFs) adjusted
by zygosity were used to define clonal architecture of
driver versus subclonal mutations. Differences among
variables were evaluated by Fisher’s exact test and the
Mann-Whitney U test (i.e. Wilcoxon rank-sum test) for
categorical and continuous output variables, respectively.
Time-to-event analyses were plotted using the Kaplan-
Meier method, and curves were compared with the two-
tailed log rank test. A two sided P value <0.05 was con-
sidered to be statistically significant.

Of the 237 MDS patients included in the analysis, 32
(14%) had hypo-MDS. Compared to hyper-MDS, hypo-
MDS patients presented with lower white blood cell
counts (median 2.4 vs. 3.7x10°/L, P=0.002), and lower
absolute neutrophil counts (median, 1.07 vs. 1.67x10°/L,
P=0.01) (Online Supplementary Table S2). Cytogenetic
analyses showed no significant differences between
groups in: normal karyotype 38% in hyper-MDS vs. 42%
in hypo-MDS, P=0.85), +8 (6% vs. 9%, P=0.43), -7/-7q
(5% vs. 6%, P=0.67), complex =3 (17% vs. 9%, P=0.43).
With a median follow up of 33.6 months (range, 0.4-
128.5), the median OS for hyper-MDS was similar to
hypo-MDS (23.4 vs. 29.4 months, P=0.9) (Ounline
Supplementary Figure S1).

Overall, 76% of patients had at least one of the 62
screened mutations, the most common being SF3B1
(15%), ASXL1 (14%), STAG2 (11%), TET2 (10%),
RUNX1 (10%), U2AF1/2 (9%), and DNMT3A (8%),
(Table1). Mutations in SF3B1 (3% vs. 17%, P=0.02), and
IDH1/2 (0% vs. 9%, P=0.06) were more likely to be
observed in hyper-MDS (Table 1). The mutations and
their positions in hypo-MDS are included in Ounline
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Supplementary Table S3. When mutations were grouped
into functional pathways known to play an important
role in MDS pathophysiology, mutations in splicing
machinery genes were more common in hyper-MDS
compared to hypo-MDS (34% vs. 9%, P=0.03), (Table 1,
Figure 1). Patients with hypo-MDS also had a lower aver-
age number of somatic mutations (mean, 1 vs. 2, P=0.03)
and consonant with this finding, fewer had 2 or more
mutations (28% vs. 49%, P=0.02) compared to hyper-
MDS (Figure 2).

Clonal evolution has been previously described at
relapse in primary AML and in MDS transforming to
AML.""" VAF have been used to estimate the proportion
of tumor cells that carry a given mutation and can identi-
fy driver clones (mutations are present in all cells) or sub-
clones (mutations are present in a fraction of cells). When
analyses were limited to samples with one or more muta-
tions, 42 (13%) showed multiple driver mutations, and
no distinctions between founder and subclones could be
identified. However, among other samples the average
size of the driver clone was higher in hyper-MDS com-
pared to hypo-MDS (45% wvs. 34%, P<0.001).
Furthermore, mutations in SF3B1, ZRSR2, UZ2AF1,
SRSF2, TET2, ASXL1, and BCOR were predominantly
observed as driver clones in patients with hyper-MDS
compared to hypo-MDS (Figure 3). None of the muta-
tions were exclusively observed as a driver clone in hypo-
MDS (Figure 3).

In this study, we investigated the genomic pattern of
acquired somatic mutations in patients with hypo- and
hyper-MDS. Although patients with hypo-MDS had sim-
ilar clinical and survival characteristics, except lower
WBC and ANC, acquired somatic mutation patterns were
different in these two groups. Patients with hypo-MDS
acquired fewer somatic mutations and had smaller driver
clones compared to hyper-MDS. Somatic mutations in

splicing machinery were observed predominantly in
patients with hyper-MDS, and as driver clones were
found exclusively in patients with hyper-MDS. Several
other mutations, such as TET2, ASXL1, and BCOR,
etc..(Figure 1), were also found to be driver clones in
patients with hyper-MDS compared to hypo-MDS. One
possible explanation for these findings is that the
immune system in patients with hypo-MDS may sup-
press the driver clone, inhibiting its growth and genetic
evolution, thus limiting the acquisition of downstream
somatic lesions. On the other hand, some driver clones,
such as SF3B1, SRSF2, TET2, ASXL1, and BCOR may
overcome this inhibitory effect. Supporting this theory,
experimental and clinical evidence suggests that
immune-mediated damage to hematopoietic precursors
plays an important role in a subset of patients with MDS
- particularly hypo-MDS.*"* Additionally, some patients
with MDS - especially hypo-MDS - respond to treatment
with immunosuppressive therapy such as cyclosposine
+/-ATG, and alemtuzumab, suggesting that immune-
mediated mechanisms play an important role in the
pathophysiology of hypo-MDS."" Two patients in our
hypo-MDS cohort received treatment with ATG +/-
cyclosporine: one with a DNMT3A mutation and an ini-
tial bone marrow cellularity of <56% progressed to AML
with a bone marrow cellularity of 90% after 6 months of
treatment with ATG/cyclosporine; another with an APC
mutation and an initial bone marrow cellularity of <25%
progressed after 10 months of treatment with
ATG/cyclosporine, with a 50% cellularity marrow with
increased blasts. These limited examples suggest that dis-
rupting the immune system in patients with hypo-MDS
may result in a growth advantage of the driver clone,
leading to progression to hypercellular marrows. Another
piece of evidence of the interaction between acquired
somatic mutations and the immune system has been
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Figure 3. Distribution of driver clones in
hypo-MDS vs. hyper-MDS.
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recently explored in patients with AA. Kulasekararaj et al.
showed that 19% of patients with AA acquire somatic
mutations in genes such as ASXL1, TET2, DNMT3A, and
BCOR, and that the presence of these genes was associ-
ated with longer disease duration and an increased risk of
transformation to MDS/AML.® Similar mutations were
found as driver clones in our patient cohort with hyper-
MDS, suggesting that these mutations have a progressive
advantage that may overcome the inhibitory effect from
the immune system that is also seen in patients with AA.
Since the diagnosis of AA is often difficult to distinguish
morphologically from hypo-MDS, the use of somatic
mutations patterns to aid with the diagnosis should be
explored further in future studies.

In conclusion, hypo-MDS is a morphological entity,
rather than a truly separate diagnosis from classic hyper-
MDS. Although clinical characteristics and outcome are
similar for hypo-and hyper-MDS, genomic differences in
the driver clones exist between the two groups.
Additional analyses comparing genomic changes in hypo-
MDS to other bone marrow failure syndromes such as
AA are needed to further understand the underlying
genetic changes in these diseases.
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