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The mutational landscape of 18 investigated
genes clearly separates four subtypes of
myelodysplastic/myeloproliferative neoplasms

According to the World Health Organization myelodys-
plastic/myeloproliferative neoplasms (MDS/MPN) are a
heterogeneous group of myeloid neoplasms showing clin-
ical and morphological features that overlap between
MDS and MPN."! This category includes atypical chronic
myeloid leukemia (aCML), chronic myelomonocytic
leukemia  (CMML), MDS/MPN,  unclassifiable
(MDS/MPN;, U) and MDS/MPN with ring sideroblasts
and thrombocytosis (MDS/MPN-RS-T). In most cases of
MDS/MPN the karyotype is normal, while targeted
sequencing revealed a high frequency of mutations in
MDS/MPN."* Although single entities have been investi-
gated, no comprehensive comparative analysis of
MDS/MPN is available. Furthermore, MDS/MPN, U, in
particular, remains a heterogeneous mixture of pheno-
types and genotypes, and in some cases difficult to distin-
guish from aCML.”> We, therefore, aimed at discovering
entity-specific mutation patterns to enable a genetic dis-
tinction of all four MDS/MPN entities for diagnostic pur-
poses.

We investigated 177 patients at diagnosis by cytomor-
phology and genetic studies strictly following World
Health Organization criteria: 35 patients were diagnosed
as having aCML, 58 as having CMML, 39 as having
MDS/MPN, U and 45 as having MDS/MPN-RS-T. The
median age of the cohort was 75 years (range, 22-89
years) and comprised 72 females and 105 males. Some
cases were already included in former studies.”* All
patients were analyzed by targeted next-generation
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sequencing for 18 genes.® Chromosome banding analysis
was performed for 171/177 patients according to standard
procedures. Further information is available in the Online
Supplementary Material.

Cytogenetically, 44/171 (26%) MDS/MPN patients had
an aberrant karyotype. An aberrant karyotype was most
frequent in aCML (13/35, 37 %), followed by MDS/MPN;
U (11/38, 29%), CMML (14/55, 25%) and MDS/MPN-RS-
T (6/43, 14%). The only significant difference in frequen-
cy of aberrant karyotypes occutred between aCML and
MDS/MPN-RS-T (P=0.032). The only recurrent aberra-
tions detected were trisomy 8 (n=17), monosomy 7 (n=3)
and loss of the Y-chromosome (n=8), reflecting the com-
monly detected aberrations in MDS patients.””

Studying the frequencies of mutations within the total
cohort revealed that ASXL1 was the most frequently
mutated gene (74/177, 42%), followed by TET2 (70/177,
40%), the spliceosomal genes SF3B1 and SRSF2 (both
53/177, 30%), JAK2 (37/177, 21%), NRAS (26/177, 15%),
RUNX1 (22/177, 12%), CBL (21/177, 12%) and SETBP1
(17/177, 10%). All other investigated genes showed
mutation frequencies <10% (Figure 1). The number of
mutations per patient ranged from zero to six with a
median of two mutations. This was also true for the single
entities aCML, MDS/MPN, U and MDS/MPN-RS-T,
while the median was three mutations per patient for
cases of CMML (Figure 1).

Looking at the mutational profile of the four separate
entities revealed significant differences in mutation fre-
quencies of single genes (Figure 2, Online Supplementary
Table S2). ASXL1 and TET2 were frequently affected in all
entities although there were significant differences:
ASXL1 was less frequently mutated in MDS/MPN-RS-T
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Figure 1. Molecular and cytogenetic characterization of patients with myelodysplastic/myeloproliferative neoplasms. lllustration of all 177 samples: each col-
umn represents one patient. All 18 analyzed genes as well as karyotype information are given for each patient. Light gray: wild type or normal karyotype, red:
mutated, black: aberrant karyotype, white: no data available. The number of mutations per patient is illustrated as a bar chart above the graph, the mutation

frequencies of single genes are given as a bar chart at the right.
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(20%) than in aCML (60%; P<0.001) and CMML (52%;
P=0.001). TET2 was more often mutated in CMML (53%)
than in MDS/MPN, U (26%; P=0.007) or MDS/MPN-RS-
T (31%; P=0.028). Spliceosomal genes are one of the most
frequently mutated genes in MDS but different frequen-
cies can be noted between the MDS subgroups.” Within
the MDS/MPN entities SRSF2 mutations appeared more
often in CMML (53%) than in MDS/MPN-RS-T (9%;
P<0.001) or MDS/MPN, U (15%; P<0.001). SF3B1 muta-
tions prevailed in MDS/MPN-RS-T (91%) compared to all
other entities (aCML: 11%, CMML: 5%, MDS/MPN, U:
13%; for all P<0.001). Interestingly, in MDS/MPN, U all
three investigated splicing genes (SF3B1, SRSF2 and
U2AF1) appeared mutated with a slight predominance in
U2AF1 mutations, while in aCML and CMML SRSF2
mutations and in MDS/MPN-RS-T SF3B1 mutations were
most often observed. Although the distribution was not
statistically significantly different, SETBP1 mutations
occurred most often in aCML (23%), followed by
MDS/MPN, U (10%) and CMML (9%); this gene was not
mutated in MDS/MPN-RS-T. SETBP1 mutations have
been described as a marker pointing to a diagnosis of
aCML, which is in line with the data presented here.>'*"
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The incidence of JAK2, the MPN entity-defining muta-
tion, was significantly higher in MDS/MPN-RS-T (51%)
than in MDS/MPN, U (23%, P=0.013), CMML (7%,
P<0.001) and aCML (3%, P<0.001). Furthermore, JAK2
mutations were also significantly more frequent in
MDS/MPN, U than in aCML and CMML (P=0.015 and
P=0.032, respectively). Investigating the RAS signaling
genes showed that NRAS is not mutated in MDS/MPN-
RS-T and MDS/MPN;, U but was quite frequently mutated
in aCML (31%, P<0.001) and CMML (26%, P<0.001).
Furthermore, CBL was more often mutated in CMML
(24%) than in MDS/MPN-RS-T (7%, P=0.030), aCML
(6%, P=0.025) and MDS/MPN, U (5%, P=0.013). The
CBL mutation frequency therefore makes the difference
between the quite similar aCML and CMML cases.
Overall, these mutation frequencies are in line with pub-
lished data, except for a slightly higher frequency of CBL
mutations in CMML and the absence of NRAS mutations
in MDS/MPN, U.>*'*" I previous studies the frequency
of the CBL mutation was found to be ~10% in CMML
instead of the 24% in our study and RAS mutations were
detected in 14% of MDS/MPN, U, contrasting with the
0% in the present study.'*”” These differences might be
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Figure 2. The mutation frequencies of all 18 analyzed genes as well as karyotype information for the separate subcohorts of myelodysplastic/myeloprolifer-
ative neoplasms. Each of the four subcohorts, aCML, CMML, MDS/MPN, U and MDS/MPN-RS-T, is shown separately. In the MDS/MPN-RS-T graph the mutation
frequency of SF3B1 (91%) is cropped for more clarity of other gene mutation frequencies.
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caused by overall small cohort sizes slightly over- or
underestimating mutation frequencies. Taking the overall
mutational landscape into account, Figure 2 shows that
aCML and CMML share a similar mutation pattern, differ-
entiated by the frequencies of SRSF2, TET2, NRAS and
CBL mutations (upper panel Figure 2), reflecting the typi-
cally described mutation profiles.**'***'* MDS/MPN-RS-T,
however, showed a different pattern dominated by over-
all low mutation frequencies except for SF3B1 and JAK2
(lower right panel Figure 2), as described previously.*"
MDS/MPN, U cases seem to have an intermediate muta-
tion profile, showing features of both groups (lower left
panel Figure 2): overall, there were lower mutation fre-
quencies, but a higher frequency of JAK2 mutations, in
contrast to aCML and CMML, and no NRAS mutations
similar to MDS/MPN-RS-T."* One can postulate that cases
so far classified as MDS/MPN, U may be categorized
according to their respective molecular patterns in the
near future and that this would be a refinement compared
to the criteria currently in use. It is, therefore, worth men-
tioning that the related entity chronic neutrophilic
leukemia (CNL) shows an overlapping but different muta-
tion pattern to the entitites addressed here. CNL can be
clearly discriminated by the high occurrence of CSF3R
mutations (43%)."

Since the most prominent differences between the four
entities occurred in spliceosomal genes, JAK2 and NRAS,
we grouped the genes by their respective pathways in
attempt to gain further insights into the different mecha-
nisms involved in disease manifestation. We, therefore,
grouped together the genes ASXL1, TET2 and DNMT3A
involved in epigenetic regulation, the spliceosomal genes
SF3B1, SRSF2 and U2AF1, the genes JAK2, CALR, MPL
affecting the JAK-STAT pathway and finally the genes
NRAS, KRAS and CBL from the RAS signaling pathway.
All four MDS/MPN entities were affected by mutations in
different pathways (Figure 3). Although the most fre-
quently mutated genes belong to the epigenetic regulators
in MDS/MPN, these genes were less frequently mutated
in MDS/MPN-RS-T (58%) than in CMML (84 %, P<0.001)
and also less frequently in MDS/MPN, U (51%) than in
aCML (77%, P=0.030) or CMML (84%, P<0.001). The
group of spliceosomal genes were more often mutated in

Splicing

Figure 3. The frequencies of patients showing at least one
mutation within genes grouped according to their functional
properties. The gene groups were: epigenetic regulation
(ASXL1, TET2, DNMT3A), splicing (SF3B1, SRSF2, U2AF1), the
JAK-STAT pathway (JAK2, CALR, MPL) and the RAS pathway
(NRAS, KRAS, CBL).

MDS/MPN-RS-T (100%) than in MDS/MPN, U (44%,
P<0.001), CMML (62%, P<0.001) or aCML (51%,
P<0.001). Mutations in JAK2/CALR/MPL (the JAK-STAT
pathway) occurred at a higher prevalence in MDS/MPN;
U (33%) and MDS/MPN-RS-T (53%) than in aCML (9%)
or CMML (7%; P<0.001). In contrast, NRAS/KRAS/CBL
(the RAS pathway) were more often mutated in aCML
(87%) and CMML (52%), as compared to MDS/MPN, U
(5%) and MDS/MPN-RS-T (9%; P<0.001). Here different
genetic profiles became obvious (Figure 3). While the
same pathways were affected in aCML and CMML,
namely the RAS pathway, epigenetic regulation and splic-
ing with hardly any involvement of the JAK-STAT path-
way, in MDS/MPN-RS-T epigenetic regulation, the JAK-
STAT pathway and splicing were affected but rarely the
RAS signaling pathway. Once again, MDS/MPN, U seems
to be a mixture of both with affected epigenetic regula-
tion, JAK-STAT pathway and splicing but a marginally
affected RAS pathway. Considering the mean variant
allele frequencies of the gene mutations in the different
affected pathways revealed similar variant allele frequen-
cies for all the pathways in all four entities pointing to
driver mutations in the main cell clone (Ounline
Supplementary Figure S1).

Signaling mutations (the JAK-STAT and RAS signaling
pathways) result in aberrant activation of proliferation as
well as anti-apoptotic pathways and therefore correlate
with a myeloproliferative phenotype. Overall our data
reflect the described incidences of signaling mutations
(80% JAK-STAT mutations in MDS/MPN-RS-T and 50%
signaling mutations in CMML): the here presented slight-
ly lower mutation frequencies of 53% in the JAK-STAT
pathway in MDS/MPN-RS-T and 53% signaling muta-
tions in CMML might be caused by different grouping of
analyzed genes to more subdivided pathways.”

In conclusion, genes involved in epigenetic regulation
are overall the most frequently mutated genes in
MDS/MPN. For discrimination, SRSF2 is most frequently
mutated in CMML, but also in aCML, while SF3B1 is pre-
dominantly mutated in MDS/MPN-RS-T. The JAK-STAT
pathway is more often affected in MDS/MPN, U and
MDS/MPN-RS-T in contrast to the RAS pathway, which
is more often affected in aCML and CMML. The two enti-
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ties aCML and CMML show very similar mutation pro-
files, which are clearly different from the profile of
MDS/MPN-RS-T. MDS/MPN, U seems to be a mixture of
both groups with a specific mutation profile and would be
better classified according to gene patterns than by phe-

notype.
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