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Classification of myeloid neoplasms with isolated isochromosome i(17q) [17p deletion with inherent monoallelic TP53 loss plus 17q
duplication] is controversial. Most cases fall within the WHO unclassifiable myelodysplastic/myeloproliferative neoplasms (MDS/
MPN-U) category. The uniformly dismal outcomes warrant better understanding of this entity. We undertook a multi-institutional
retrospective study of 92 adult MDS/MPN-U cases from eight institutions. Twenty-nine (32%) patients had isolated i(17q) [MDS/
MPN-i(17q)]. Compared to MDS/MPN without i(17q), MDS/MPN-i(17q) patients were significantly younger, had lower platelet and
absolute neutrophil counts, and higher frequency of splenomegaly and circulating blasts. MDS/MPN-i(17q) cases showed frequent
bilobed neutrophils (75% vs. 23%; P = 0.03), hypolobated megakaryocytes (62% vs. 20%; P = 0.06), and a higher frequency of
SETBP1 (69% vs. 5%; P = 0.002) and SRSF2 (63% vs. 5%; P = 0.006) mutations that were frequently co-existent (44% vs. 0%; P = 0.01).
TP53 mutations were rare. The mutation profile of MDS/MPN-U-i(17q) was similar to other myeloid neoplasms with i(17q) including
atypical chronic myeloid leukemia, chronic myelomonocytic leukemia, myelodysplastic/myeloproliferative neoplasm with ring
sideroblasts and thrombocytosis, myelodysplastic syndrome and acute myeloid leukemia, with frequent concomitant SETBP1/SRSF2
mutations observed across all the diagnostic entities. Over a median follow-up of 52 months, patients with MDS/MPN-i(17q)
showed a shorter median overall survival (11 vs. 28 months; P < 0.001). The presence of i(17q) retained independent poor
prognostic value in multivariable Cox-regression analysis [HR 3.686 (1.17-11.6); P = 0.026] along with splenomegaly. We suggest
that MDS/MPN-i(17q) warrants recognition as a distinct subtype within the MDS/MPN-U category based on its unique clinico-
biologic features and uniformly poor prognosis.
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INTRODUCTION which can lead to genetic instability and large-scale gene

Isochromosome 17q [i(179)] is an abnormal chromosome with an
unbalanced structural abnormality as a result of deletion of the
short arm and duplication of the long arm of chromosome 17. This
non-random cytogenetic abnormality is frequently detected
within a setting of complex karyotype in medulloblastomas, blast
crisis of chronic myeloid leukemia, and other myeloid neoplasms.
As an isolated abnormality, i(17q) is rare, but it is recurrently
identified in Philadelphia chromosome-negative myeloid neo-
plasms. Studies have shown that the break point region,
consistently located on chromosome locus 17p11.2, harbors
multiple low copy repeats/segmental duplications, disruption of

dysregulation’. Affected patients have a poor outcome with a
high rate of transformation to acute myeloid leukemia (AML)*™.
Interestingly, while these cases have an obligatory monoallelic
TP53 deletion, we and others have confirmed the absence of
multi-hit TP53 alterations involving the remaining allele suggest-
ing other mechanisms for poor prognosis>*.

Myeloid neoplasms with isolated i(17q) frequently show hybrid
clinical and morphologic findings: myeloproliferative [leukocytosis,
splenomegaly, and bone marrow (BM) fibrosis] and myelodys-
plastic (pseudo-Pelger-Huet nuclei in neutrophils, numerous small
hypolobated megakaryocytes, cytopenia) features®®. However,
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using the current World Health Organization (WHO) criteria, which
are largely based on laboratory and morphologic features, many
of these cases are often difficult to fit into one of the specific
subtypes of myelodysplastic/myeloproliferative neoplasms (MDS/
MPNs). A few cases have been reported (mostly in older
publications) to meet the criteria for either atypical chronic
myeloid leukemia (aCML) or chronic myelomonocytic leukemia
(CMML), while the majority are lumped under the heterogeneous
category of MDS/MPN-unclassifiable (MDS/MPN-U) or felt difficult
to assign an appropriate categorization.

Since MDS/MPN-U is a diagnosis of exclusion, it includes cases
with a variety of different clinicopathologic features that do not
fulfill the criteria for other specific MDS/MPN subtypes such as
CMML, aCML, juvenile myelomonocytic leukemia (JMML), and
MDS/MPN with ring sideroblasts and thrombocytosis (MDS/MPN-
RS-T)”. The presence of a specific molecular profile in combination
with shared clinicopathologic features allows refinement in this
category. One example is MDS/MPN-RS-T, first as a separate
provisional subtype within the MDS/MPN-U group and later a
separate disease entity within the general MDS/MPN category due
to frequent SF3B1 mutations together with JAK2, MPL, or CALR
mutations and the presence of RS and thrombocytosis.

Similarly, in cases of MDS/MPN-U with isolated i(17q), the
presence of shared clinicopathologic, mutational, and cytogenetic
features seem also to suggest a common pathobiology. We
question if these combined features could potentially help in
recognizing this condition as a novel distinct subtype within the
category of MDS/MPN-U. However, published data are still limited
due to the extreme rarity of these cases. We therefore undertook a
multi-institutional retrospective study in order to better character-
ize the clinical, morphologic and molecular genetic features of
MDS/MPN-U with isolated i(17q). As part of this study, we
compared cases of MDS/MPN-U with i(17q) to cases of MDS/
MPN-U without i(17q), as well as other well-characterized cohorts
of MDS/MPN subtypes (aCML, CMML, and MDS/MPN-RS-T
classified using the 2016 WHO criteria) in an attempt to identify
distinguishing features. Following the similar approach as the
definition of MDS with isolated del(5q), we included cases with
sole i(17q) or i(17q) associated with one additional cytogenetic
abnormality other than del(7q)/-7 to avoid confounding factors
that may contribute to adverse outcomes.

MATERIALS AND METHODS

Study cohort

We searched the institutional databases from eight institutions in the United
States: The University of Texas M.D. Anderson Cancer Center, Massachusetts
General Hospital, Brigham and Women's Hospital, Mayo Clinic, Cleveland
Clinic, Weill Cornell Medical College, the Hospital of the University of
Pennsylvania Hospital, and the University of Utah for all cases that fulfilled
the 2016 WHO criteria for MDS/MPN-U. These cases showed overlapping
clinical, laboratory, and morphologic features of MDS and MPN at the time
of diagnosis and did not meet the criteria for any of the specific subtypes of
MDS/MPN (aCML, CMML, and MDS/MPN-RS-T), MDS, or MPN’. Al cases had
<20% blasts in the peripheral blood (PB) and BM. The inclusion criteria for
the study group: (1) 2016 WHO diagnosis of MDS/MPN-U; (2) adequate
karyotype at baseline showing i(17q) as an isolated abnormality or with one
additional abnormality (non-complex karyotype) other than del(7q)/-7>>; if
the baseline karyotype was unavailable, karyotype within the first 6 months
of diagnosis in the absence of disease-modifying therapy was considered (3)
negative for BCR/ABL1 rearrangement. We also identified MDS/MPN-U cases
with normal karyotype at baseline that developed isolated i(17q)
abnormality over the disease course. Two of these patients received
hypomethylating agent therapy prior to development of i(17q), whereas the
remaining patients received only supportive care. Upon subset analysis,
these cases showed similar clinicopathologic features as cases of MDS/MPN-
U with i(17q) at baseline. Hence, we included these cases within the study
group due to the rarity of isolated i(17q). None of the cases had mutations in
MPN-associated genes (JAK2/CALR/MPL) at >20% variant allele burden.
Control group included MDS/MPN-U cases without i(17q) abnormality in the
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baseline karyotype, diagnosed over the same time-period, not meeting the
WHO criteria for CMML, aCML, MDS/MPN-RS-T, JMML, or any other myeloid
neoplasm. We excluded cases with complex karyotype (n=3) and cases
with mutation in any of the MPN-associated genes (JAK2/CALR/MPL) [n =9,
all had MPN mutation at >25% variant allele frequency (VAF)]. To evaluate
the genetic characteristics of isolated i(17q) across all myeloid neoplasms,
agnostic of morphologic diagnosis, we collected mutation data on cases of
AML, MDS, and MDS/MPN subtypes [CMML, aCML, and MDS/MPN-RS-T]
showing isolated i(17q) or with one additional abnormality except del(7q)/-7.
This study was approved by the Institutional Review Boards of all the listed
institutions in accordance with the Declaration of Helsinki.

Morphologic evaluation

Diagnostic PB and BM specimens (Wright-Giemsa stained aspirate smears
and hematoxylin-eosin stained core biopsy/clot sections) were reviewed by
at least two hematopathologists including a central review. BM cellularity was
estimated on the core biopsy and/or clot section. Blasts percentages were
estimated by a 500-cell differential count, or a count of all available cells (if
paucicellular). Megakaryocytes were quantified on biopsy and/or clot section.
For dysplasia, we used the WHO criteria of a minimum of 10% dysplastic cells
in each of the lineages’. To evaluate different types of dysplasia in each of
the lineages, we adapted the morphologic criteria proposed by Weinberg
et al. with further inclusion of ring sideroblasts and pseudo-Pelger-Huet
neutrophils®®. Only cases with a minimum of 30 megakaryocytes, 50
erythroid, and 50 myeloid precursors were considered evaluable. We
quantified the percentage of cells showing dysplasia using the following
scoring system: <10% cells showing dysplastic feature =0, 10-25% =1,
26-50% =2, >51%=3. BM fibrosis was quantified using reticulin and
trichrome stains per European Myelofibrosis Network (EUMNET) criteria'®'".

Conventional cytogenetic studies

Karyotyping was performed on metaphase spreads obtained from
unstimulated aspirate cultures by G-banding using standard techniques
and reported using the International System for Human Cytogenetic
Nomenclature. On selected cases, fluorescence in situ hybridization studies
were performed for TP53 gene deletion and rearrangements of BCR/ABLT,
PDGFRA, PDGFRB, or FGFR1 as indicated.

Somatic gene mutation analysis by next-generation
sequencing

Using high-molecular weight genomic DNA isolated from BM aspirates,
amplicon-based NGS panel was performed using different institution-
specific gene panels that encompassed most myeloid malignancy-related
genes. All CMML, aCML, and MDS/MPN-RS-T cases underwent amplicon-
based targeted NGS (lllumina Miseq) using the same 81-gene panel in a
CLIA-certified laboratory as described previously'?. For variant calling, a
minimum VAF of 2% with at least 250x coverage was used. Only somatic
mutations were called (based on the literature and online databases).
Single nucleotide polymorphisms (SNP) in dbSNP, 1000 genome, EXAC,
and gNOMAD databases were excluded.

Statistical analysis

Data were reported as median and range (continuous variables) and
frequencies (categorical variables). Fisher's exact, Xz, and Kruskal-Wallis
tests were used to compare variables between groups. Overall survival (OS)
was calculated from the time of diagnosis to death/last follow-up. The
distribution of time-to-event was assessed using the Kaplan-Meier method
(GraphPad Prism). No adjustments for multiplicity were made. Features in
multivariable analysis were selected using one-sided P values <0.05 from
univariate analyses. Cox-proportional hazards regression was fitted to
evaluate the association of clinicopathologic features on outcome. The
cohort was randomly divided into 50% training and 50% validation
subgroups, and the Cox-proportional model generated in the training
subgroup was validated in validation subgroup. AUC curves generated for
both groups were equivalent at different time-points. The statistical
analysis was performed in R version 4.0.3.

RESULTS

Study group characteristics

In aggregate, we identified 92 adult patients that fulfilled the 2016
WHO criteria for MDS/MPN-U: 29 patients with isolated i(17q)
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(study group) and 63 MDS/MPN-U patients without i(17q)
abnormality (control group). MDS/MPN-U with i(17q) included 13
men and 16 women with a median age of 67 years (range, 41-88).
At the time of initial presentation of the MDS/MPN-U patients with
isolated i(17q), 79% of the patients had leukocytosis (WBC > 13 x
10°/L) and 25% had thrombocytosis (platelet count =450 x 10%/L).
All patients had anemia (Hgb < 12 g/dL). By definition, none had
an absolute monocytosis with 210% PB monocytes. Twenty (69%)
patients had splenomegaly.

Compared to the control group, MDS/MPN-U with i(17q)
patients were younger (median age, 67 vs. 71 years; P=0.005),
had lower median hemoglobin (9.4 vs. 10.1 x 10°/L, P = 0.037) and
absolute neutrophil counts (4.6 vs. 15.8x10°/L, P=0.008), a
higher frequency of splenomegaly [(20, 69%) vs. (8, 16%); P=
0.001], as well as a trend for higher PB blasts (2% vs. 0%, P=
0.057). The baseline clinical characteristics of both the groups are
summarized in Table 1.

A total of 19 (66%) patients had baseline i(17q) (at the time of
diagnosis or within 6 months of disease onset in the absence of
interim therapy if the baseline karyotype was unavailable). Ten
cases of MDS/MPN-U had normal karyotype at the time of
diagnosis and developed isolated i(17q) over the disease course at
a median of 13 months (range, 7-68). Eight patients had received

Table 1. Clinical, peripheral blood and bone marrow features of
myelodysplastic/myeloproliferative neoplasms-unclassifiable (MDS/
MPN-U) with i(17q) [study group] with MDS/MPN-U cases without
isolated i(17q) [control group].

MDS/MPN-U MDS/MPN-U P

with iso i without i

(17q), n=29 (17q), n=63
Age, years (median, range) 67 (41-88) 71 (60-88) 0.005
Male gender 13 (45%) 33 (52%) NS
Splenomegaly (frequency) 20 (69%) 8 (16%) 0.001
Peripheral blood (PB) counts
Hemoglobin 9.4 (5.8-15.1) 10.1 (6.8-13.6) 0.037
White blood cell counts 13.6 (1.2-119) 194 (1.5-98.7) NS
Platelet count x 10%/L 103 (16-1000) 142 (11-1040) NS
(median, range)
ANC x 10°/L 4.6 (0.3-50) 15.8 0.008
(median, range) (0.74-79.9)
PB blasts (median, range) 2 (0-13) 0 (0-13) 0.057
Bone marrow (BM) morphologic features
BM blasts% 4 (0-18) 2 (0-17) NS
(median, range)
Dyserythropoiesis 9/22 (41%) 29/57 (51%) NS
Dysgranulopoiesis 13/22 (59) 38/58 (66%) NS
Dysmegakaryopoiesis 22/22 (100%) 41/56 (73%) 0.008
Myelofibrosis (MF) 9/22 (41%) 15/57 (26%) NS
grade 2/3
Treatment data n=28 n=58
Supportive 7 (25%) 12 (21%) NS
Chemotherapy only 3 (11%) 5 (9%) NS
Hypomethylating 13 (47%) 25 (43%) NS
agents (HMA)
HMA plus chemotherapy/ 3 (11%) 9 (14%) NS
others
Others?® 2 (7%) 3 (5%) NS
Allogeneic stem cell 6 of 28 (21%) 5 of 58 (9%) NS

transplant

ANC absolute neutrophil count, PB peripheral blood, BM bone marrow.
20thers include thalidomide, inhibitors of JAK1/2 and IL-11.

SPRINGER NATURE

supportive care only, while two patients had received hypo-
methylating agent therapy. Even when MDS/MPN-U cases with
only baseline i(17q) (n=19) were considered, and those with
subsequent later development of i(17q) (n = 10) were excluded,
MDS/MPN-U with isolated i(17q) showed a significantly younger
age (P =0.003), lower absolute neutrophil count (P=0.042), and a
higher frequency of splenomegaly [12, 63% vs. 8, 16%; P=
0.0003]. There was still a trend toward lower hemoglobin (P =
0.059), with no significant differences in the PB or BM blasts
(Supplementary Table S1).

Twenty-six (90%) patients had sole i(17qg) while the remaining
three patients had an additional abnormality, all with trisomy 13
(10%). The median clonal burden of i(17q) was 60% [10-100%)].
Array-based comparative genomic hybridization/single nucleotide
polymorphism (aCGH/SNP) was performed on a subset of cases,
none showed additional copy number changes beyond the
conventional karyotype.

BM morphologic features

The diagnosis of MDS/MPN-U was noted to be challenging in six
cases with the differential diagnosis considered being primary
myelofibrosis in three patients, MDS-U in one patient, and MDS/
MPN-RS-T in two patients. These cases were reviewed among
experts, and a diagnosis of MDS/MPN-U was favored considering
the morphology, laboratory data, and mutational characteristics.
Two cases fulfilled the criteria for oligomonocytic CMML but are
still classified as MDS/MPN-U in the current classification. BM
cellularity was increased for age in 25 (86%) patients, normal in 2
patients (7%), and decreased for age in 2 (7%) patients. Fourteen
(48%) patients had BM blasts <5%; 9 (31%) showed BM blasts
5-9% and 6 (21%) patients had 10-19% blasts. Although the
isolated i(17q) group showed a higher median BM blast
percentage compared to the control group, the difference was
not significant (4 vs. 2%; P =0.106). Using the WHO criterion (at
least 10% dysplastic cells)) MDS/MPN-U with i(17g) showed a
higher frequency of megakaryocytic dysplasia compared to MDS/
MPN-U without isolated i(17q) [100% vs. 73%; P = 0.008] with no
differences in granulocytic and erythroid dysplasia. There was no
difference in the degree of BM fibrosis (grade MF-2 or higher)
between the groups despite frequent splenomegaly and higher
circulating blasts in MDS/MPN-U-i(17q) (Table 1).

Based on the reported association with specific dysplastic
characteristics such as pseudo-Pelger-Hlet neutrophils and
increased small monolobated and hypolobated megakaryocytes
in previous studies®®, we quantified and compared the presence
of different types of dysplasia between the study and control
groups. Using dysplasia score of 1, MDS/MPN-U with i(17q) cases
had a significantly higher frequency of pseudo-Pelger-Hiet
neutrophils, and a trend for increased mono/hypolobated
megakaryocytes compared to the control group. Using dysplasia
score of 3, MDS/MPN-U with i(17q) showed a trend for increased
pseudo-Pelger-Huet neutrophils (Table 2). Representative mor-
phologic images are shown in Fig. 1.

Somatic gene mutation analysis

NGS-based mutation data were collected from multiple gene
panels, each specific to the institution, but encompassing most of
the genes implicated in myeloid malignancies. Comprehensive
mutation data that included recurrently mutated genes in MDS/
MPN-U-i(17q) (ASXL1, SRSF2, and SETBPT) was available in 16
patients with MDS/MPN-U with i(17q)] and 21 MDS/MPN-U
patients without i(17q). The highest frequency of mutations in
MDS/MPN with i(17q) included SETBPT (11/16, 69%), ASXL1 (12/18,
67%), SRSF2 (10/16, 63%), followed by mutations in one of the
RAS-MAPK pathway genes, in accord with the MDS/MPN
phenotype. Among these, mutations in SETBPT (69% vs. 14%;
P =10.002) and SRSF2 (63% vs. 24%; P = 0.023) were more frequent
in MDS/MPN-U with i(17q) compared to MDS/MPN-U without i
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Table 2.
without isolated i(17q).

MDS/MPN-U with  MDS/MPN-U

iso(17q) without i(17q)
Lineage >10%/21
Erythroid
Megaloblastoid changes 6/8 9/13
Multinucleation 0/8 0/13
Nuclear contour irregularities 3/8 5/13
Pyknosis 0/8 2/13
Ring sideroblasts 1/8 3/13
Myeloid
Abnormal nuclear shape 6/8 5/13
Pseudo-Pelger-Huiet nuclei 6/8 3/13
Cytoplasmic hypogranulation 6/8 12/13
Megakaryocytic
Micromegakaryocytes 2/8 1/12
Hypolobated/monolobated nuclei  5/8 2/10
Separated nuclear lobes 1/8 3/12

Comparison of specific types of dysplastic morphologic features of myelodysplastic/myeloproliferative neoplasms-unclassifiable with and

P MDS/MPN-U with  MDS/MPN-U P
iso(17q) without i(17q)
>50%/=3
1 0/8 2/13 0.5048
1 0/8 0/13 1
1 0/8 0/13 1
0.505 0/8 0/13 1
1 0/8 2/13 0.5048
0.183  3/8 1/13 0.3002
0.032 3/8 0/13 0.0815
0.531 2/8 2/13 0.5308
0537 0/8 0/12 1
0.062 0/8 0/12 1
0.642 0/8 1/12 1

MDS/MPN-U myelodysplastic/myeloproliferative neoplasm-unclassified, iso(17g) isochromosome (17q).

L_-

Fig. 1

Peripheral blood and bone marrow morphologic features of MDS/MPN-U with and without isolated i(17q). Top panel:

representative images of typical BM morphological features of MDS/MPN-U with i(17q) [top panel] showing frequent pseudo-Pelger-Huet
neutrophils on bone marrow aspirate smear (A) and peripheral blood (B) smears with frequent dysplastic small hypolobated megakaryocytes
(C, biopsy; inset: aspirate smear). Bottom panel: in contrast, cases of MDS/MPN-U without isolated i(17q) showed dysgranulopoiesis of all types
such as hypogranulation of cytoplasm and neutrophilic nuclear hyperlobulation on bone marrow aspirate smear (D) and peripheral blood (E)

smears. Megakaryocytic dysplasia was less frequent (F).

(17q). Double mutations involving SRSF2/SETBP1 were significantly
more frequent in MDS/MPN-U with i(17q) [44% vs. 5%; P =0.012]
and a similar trend was noted with triple mutations involving
SRSF2/SETBP1/ASXLT [31% vs. 5%; P=0.066]. No significant
differences were seen with respect to mutations in ASXLT (67%

Modern Pathology (2022) 35:470-479

vs. 43%; P=NS) or TET2 (19% vs. 33%; P = NS). Notable negative
findings were follows: TP53 mutations were rare [seen in only one
patient at low (4.8%) VAF] even though the other TP53 allele was
deleted in all cases due to formation of i(17q), signifying
monoallelic alterations. None of the cases had mutations in
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MDS/MPN-U
with i(17q)
(n=20)

Molecular
categories

Frequency

MDS/MPN-U without i(17q) (n=21) Frequency

UPN37
UPNGS

UPN33
UPN36

TR

Genes

ASXL1
SETBP1
SRSF2
TET2

P53 [ |
NRAS | | |
PTPN11 | |
HRAS [ |
BRAF | |
KRAS
SF3B1 [
IDH2
FLT3 ITD | |
EZH2 | |
GATA2 |
KIT
RUNX1
CEBPA
NPM1
U2AF1
IDH1
DNMT3A
FLT3 D835
JAK2 | |
CALR | |
MPL
wr1

[ ]

]

Fig.2 Mutational landscape. Cases of MDS/MPN-U with isolated i(17q) show significantly higher frequency of mutations in SETBP7 and SRSF2
compared to cases of MDS/MPN-U without i(17q). There were no significant differences in mutational frequencies in other genes such as
ASXL1 and TET2. TP53 mutations were rare. Cases of MDS/MPN-U with clonal mutations in one of the MPN-associated genes that included JAK2,

CALR, and MPL were excluded.

MPN-associated genes at a high allele burden: JAK2 mutation
noted in one patient at 2.1%, and CALR mutation was noted in one
patient at ~20% VAF. MPL mutation was absent. The mutational
heatmap of both groups MDS/MPN-U is shown in Fig. 2.

Comparison of mutation profile of MDS/MPN-U with isolated i
(17q) with other MDS/MPN subtypes

The baseline mutational profile of other MDS/MPN subtypes that
included consecutively diagnosed cases of CMML (n = 185), aCML
(n=19), and MDS/MPN-RS-T (n = 23), presenting to a single center
that underwent NGS-based mutation analysis, is shown in
(Supplementary Fig. S1). All cases were diagnosed and sub-
classified using 2016 WHO-defined criteria. The mutation signa-
tures of CMML, aCML, and MDS/MPN-RS-T were consistent with
reports in the literature. With the exception of MDS/MPN-RS-T, all
the other subtypes of MDS/MPN showed a significant degree of
overlap in their mutational profiles. We compared the frequencies
of the characteristic mutated gene(s) and their combinations that
we observed in MDS/MPN-U with i(17q) [ASXL1, SETBP1, SRSF2,
SRSF2/SETBP1 (double mutant), SRSF2/SETBP1/ASXL1 (triple mutant),
and TET2] with those of CMML, aCML, and MDS/MPN-RS-T. The
overall mutation landscape of MDS/MPN-U with i(17q) overlapped
with that of aCML and partly with CMML, but was distinctively
different from MDS/MPN-RS-T. MDS/MPN-U with i(17q) showed
significantly higher frequency of ASXLT and SRSF2 than MDS/MPN-
RS-T (P=0.0022 and P =0.0009, respectively) and higher SETBP1
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than CMML (P < 0.0001), with the SRSF2/SETBP1 double mutant and
SRSF2/SETBP1/ASXL1 (triple mutant) combinations significantly
higher than both CMML and MDS/MPN-RS-T (P < 0.0001) (Fig. 3).
Overlapping gene mutation(s) among different MDS/MPN sub-
types with slight differences further reiterates the importance of
evaluating genomic profile within the context of clinical, labora-
tory, and morphologic features and not as a standalone approach
for the purpose of diagnostic categorization.

We then sought to assess the gene mutation spectrum
associated with i(17q) across all types of myeloid neoplasms.
There were 36 patients with isolated i(17q) with available
mutation data: AML-MRC (n=16), aCML (n=2), CMML (n =5),
and MDS (n = 13). Similar to MDS/MPN-U with i(17q), these cases
showed frequent mutations in SETBPT and SRSF2 genes. SETBP1
was mutated in 10/16 (63%) AML-MRC, 2/2 (100%) aCML, 4/5
(80%) CMML, and 8/13 (62%) MDS. SRSF2 was mutated in 7/16
(54%) AML-MRC, 2/2 (100%) aCML, 5/5 (100%) CMML, and 8/13
(62%) MDS]. Concomitant SETBP1/SRSF2 mutations (double
mutant) were noted in >50% of cases across all the diagnostic
entities: 7/16 (54%), 2/2 (100%), 4/5 (80%), and 8/13 (62%) cases
in AML-MRC, aCML, CMML, and MDS, respectively. These
similarities to the mutation profile of MDS/MPN-U with i(17q)
across a variety of phenotypic manifestations, agnostic of
morphologic diagnoses, suggest that i(17q) may be the driver of
a similar underlying disease biology in all of these entities
(Supplementary Fig. S2).
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Fig. 3 Differences in mutational frequencies (single and combina-
tion of gene mutations) between MDS/MPN-U with i(17q) and
other specific WHO-defined subgroups of MDS/MPN show
similarities and differences. The significant differences are high-
lighted in color (P value represented using different colors).

Outcomes

Over a median duration of 52 months, follow-up data were
available in 28 MDS/MPN-U patients with i(17q) and all patients
without i(17q). Twenty-three (82%) MDS/MPN-U patients with i
(17q) died. Four (14%) patients transformed to AML. The median
time to AML transformation was 6 months from the time of i(17q)
detected. Treatment information was available in 28 MDS/MPN-U
patients with i(17g) and 58 MDS/MPN-U patients without i(17q).
There were no significant differences in treatment characteristics
between the two groups (Table 1). Over the follow-up period, 10
patients with i(17g) showed karyotypic evolution, while the
remaining patients did not show any new additional karyotypic
alterations.

Patients with MDS/MPN-U with baseline i(17q) had a signifi-
cantly shorter median OS than MDS/MPN-U without i(17q) [10.6
vs. 27.6 months; P<0.001] (Fig. 4A). Univariate analysis of the
entire MDS/MPN-U cohort showed that i(17q), higher BM and PB
blast percentages, and splenomegaly associated with shorter OS
(Table 3). By multivariable analysis, i(17q) [HR: 1.69; P = 0.026] and
splenomegaly [HR: 6.98; P=0.001] retained independent pre-
dictive value, while PB blast percentage became only borderline
significant [HR: 1.2; P=0.073] (Table 4 and Fig. 4B). Univariate
analysis on the subset of patients with available mutation data (n
=36) showed that SETBPT mutation had a trend for worse
outcome (P =0.099). SRSF2 and ASXL1 mutations did not impact
outcome (Supplementary Table S2).

Due to the identification of double mutant (SRSF2/SETBPT)
genotype in MDS/MPN-U patients with i(17q), we performed a
sub-analysis within the 16 MDS/MPN-U with i(17g) group
comparing double mutant SRSF2/SETBP1 cases with the rest.
Although double mutant patients had higher frequency of
splenomegaly (100% vs. 67%; P=0.2125) and shorter OS (8 vs.
21 months, P=0.18), these differences were not statistically
significant.
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DISCUSSION

Improved understanding of disease biology by genomic profiling
has facilitated identification of distinct subsets within the category
of MDS/MPN-U. The prototypic example is the recognition of MDS/
MPN-RS-T, initially as a provisional entity and subsequently as a
separate category of MDS/MPN by the 2016 WHO Classification of
Tumours of Haematopoietic and Lymphoid Tissue as a separate
entity based on unique mutational signature of concomitant JAK2
and SF3B1 mutations in the majority of cases'>™'%, More recently,
genomic studies have uncovered additional diagnostic entities that
were “lumped” within the category of MDS/MPN-U on the basis of
laboratory and morphologic features alone that did not qualify for
another specific myeloid neoplasm. These include NPM1-mutated
non-acute myeloid neoplasms, the majority of which are classified
as MDS or as one of the MDS/MPN entities, although these cases are
more akin to NPM1-mutated AML based on the disease biology,
evolution, and therapy response'*'®. Oligomonocytic CMML,
despite not meeting the currently proposed WHO criteria for CMML,
shows a similar underlying genomic and immunophenotypic profile
and outcome to CMML?>">, One study has also recognized MDS/
MPN-U with =15% ring sideroblasts but not fulfilling the
hematologic criteria for MDS/MPN-RS-T to be within the spectrum
of the same disease®. Hence, there is an increasing need to refine
this so-called waste-basket category based on genomic studies®.

We demonstrate that MDS/MPN-U with isolated i(17q) represents
a homogeneous disease with characteristic clinical and morphologic
features and a molecular profile that fits well with what is seen in
other MDS/MPN adult disease entities (except for MDS/MPN-RS-T),
i.e, resembling that of aCML and to a certain extent CMML. To the
best of our knowledge, this is the largest study of MDS/MPN-U with
isolated i(17q) describing the comprehensive clinicopathologic and
genomic features. These cases are rare but recurrent and pose a
significant diagnostic challenge to pathologists. Until now, most of
the large-scale studies that have investigated clinical and molecular
landscape of MDS/MPN have failed to recognize cases with isolated i
(17q) for reasons that include (1) rarity and (2) the presence of the
same cytogenetic abnormality across a range of myeloid neoplasms
currently classified as CMML, aCML, MDS, “triple-negative” MPN
cases (lacking the canonical JAK2, MPL, or CALR mutations) and AML,
as also shown in this study®*?° % When all cases of myeloid
neoplasms with i(17q) were reviewed and the WHO classification
criteria carefully applied, this study showed that the majority (~67%)
of them were classified under the nondescript MDS/MPN-U.

The current WHO classification recognizes specific genetic
alterations among the diagnostic criteria for two disease entities:
JMML (PTPN11, KRAS, NRAS, NF1, CBL) and MDS/MPN-RS-T (SF3B1).
Characteristic molecular patterns have also been described in
other specific subtypes of MDS/MPN, although there is significant
overlap?®. Most cases of CMML are characterized by mutations in
TET2, with a second hit in SRSF2, ASXL1, or CBL*. Co-mutations in
TET2 and SRSF2 are highly specific to CMML*>?73"22, The mutation
profile of aCML includes concomitant mutations in SETBP1 with
either SRSF2 or ASXL1, and ASXL1 with SRSF2 or EZH2?%7%%2373° |n
contrast to these better defined MDS/MPN subtypes, the
molecular landscape of MDS/MPN-U is diverse, as expected, since
the diagnosis of MDS/MPN-U is based on the “absence” of specific
defining criteria?>?%?%3¢, The enrichment of MPN-associated
mutations noted by a few authors in MDS/MPN-U is due to the
under recognition of an underlying MPN that is inherent to the
definition of MDS/MPN-U, which we addressed in this study by
excluding MDS/MPN-U cases with JAK2 and CALR mutations?®3°,
There is conflicting data regarding the frequencies of mutations in
the RAS-MAPK pathway in MDS/MPN-U**3%37  Recent whole
genome sequencing study of a large number of MDS/MPN-U
cases by Palomo et al. has shown subgroups with different
molecular patterns that the authors have termed CMML-like (17%),
aCML-like (33%), MDS/MPN-RS-T-like (11%), TP53 positive (13%),
and “others”®®. The authors showed that these molecular
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Fig. 4 Overall survival analysis. A Kaplan-Meier curve showing significantly different overall survival of myelodysplastic/myeloproliferative
neoplasms with and without isolated i(17q). B Multivariable analysis demonstrating that both i(17q) [HR: 1.3; P = 0.026] and splenomegaly [HR:
1.94; P=0.001] retained independent predictive value for overall survival.

Table 3. Univariate analysis of all patients with myelodysplastic/ Table 4. Multivariable analysis (cox-proportional hazards model) of
myeloproliferative neoplasms-unclassifiable. patients with myelodysplastic/myeloproliferative neoplasms-

. unclassifiable.
Overall survival

Overall survival

Parameters Hazard ratio (95% CI) P

Isolated isochromosome i(17q) 3.18 (1.773-5.689) <0.001 Parameters Hazard ratio (95% CI) P

PB blast% 1.16 (1.075-1.254) <0.001 Isolated isochromosome i(17q) 3.686 (1.17-11.6) 0.026
BM blast% 1.13 (1.064-1.196) <0.001 Splenomegaly 6.98 (2.11-23.06) 0.001
Splenomegaly 2.1 (1.177-3.734) 0.012 Platelet count 1.001 (0.99-1.00) 0.179
Platelet count 1 (0.998-1) 0.055 PB blast% 1.207 (0.98-1.48) 0.073
Age 1.02 (0.986-1.048) 0.297 BM blast% 1.023 (0.88-1.19) 0.7673
White blood cell count 1.01 (0.994-1.017) 0.366 PB peripheral blood, BM bone marrow.

Hemoglobin 0.94 (0.818-1.086) 0.415

Gender Ly e el gliss subgroups may correlate with corresponding hematologic phe-
Absolute neutrophil count 1.01 (0.985-1.029) 0.549 notypes and outcomes. Using this approach, the findings from this
Mean corpuscular volume 1 (0.9772-1.0334) 0.731 study demonstrate enrichment of SRSF2/SETBP1 double mutant
PB peripheral blood, BM bone marrow. pattern in MDS/MPN with i(17q). Although a similar profile can be
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Table 5.

Proposed criteria for MDS/MPN with isolated isochromosome (17q).

Myeloid neoplasm with mixed myeloproliferative and myelodysplastic features at onset, not meeting the WHO criteria for any other myelodysplastic/
myeloproliferative neoplasm, myelodysplastic syndrome, or myeloproliferative neoplasm

<20% blasts® in the peripheral blood and bone marrow

Clinical and morphological features of myelodysplastic syndrome in addition to clinical and morphologic myeloproliferative features manifesting as
a platelet count of 2450 x 10%/L associated with bone marrow megakaryocytic proliferation and/or a white blood cell count of 213 x 10%/L

Presence of isolated isochromosome i(17q) or with 1 additional abnormality [other than del(7q)/-7]
No BCR/ABL1 fusion; no PDGFRA, PDGFRB, or FGFR1 rearrangement; no PCM1-JAK2

Absence of MPN-associated mutations (JAK2, CALR, and MPL)°

No history of recent cytotoxic or growth factor therapy that could explain the myelodysplastic/myeloproliferative features

Blasts and blast equivalents include myeloblasts, monoblasts, and promonocytes.

PPresence of MPN features in the bone marrow, and/or MPN-associated mutations (in JAK2, CALR, or MPL) suggests progression of an underlying MPN that was
not diagnosed, and should be excluded; conversely, in the appropriate clinical context, mutations in SRSF2 and SETBP1 genes further support the diagnosis.
However, these must be interpreted with caution since some of these mutations can be age-related or present in other neoplasms.

seen in aCML and less frequently in CMML, the notable absence of
other clinicopathologic features needed for the diagnosis of aCML
or CMML allows for diagnostic distinction. Hence, it is important to
characterize these entities not just by mutation(s) alone, but also
incorporating clinical, laboratory, and morphologic features.
Overall, the mutations seen alone or in combination among
MDS/MPN-U with i(17q) cases fit well with adult MDS/MPNs as a
group. The other characteristics such as morphology, complex
patterns of prognostically adverse mutations, lack of TP53
mutation, and generally poor prognosis define this as a distinct
MDS/MPN entity. Of interest, cases with i(17q) classified as CMML,
aCML, MDS, and AML showed the same mutational profile as
those classified as MDS/MPN-U. On the other hand, although the
focus of this study is on the MDS/MPN-U patients, we found
challenges in classifying some of these cases due to overlapping
features with PMF and MDS-F. It is reasonable to suggest that
among chronic myeloid neoplasm with i(17q), the molecular
genetic features, and commonly observed adverse prognosis are
largely driven by these shared genomic aberrations.

One point of interest is a paucity of mutations in TP53. The
formation of i(17q) results in an inherent loss of TP53 allele located
on 17p13.1. However, as it is clear from this study and others, the
remaining TP53 allele is wild-type?****8, FISH and aCGH/SNP
studies performed on a subset of cases confirmed the hetero-
zygous nature of the TP53 deletion and absence of copy-neutral
loss-of-heterozygosity, confirming monoallelic TP53 alteration®.
Recent study has suggested that myeloid neoplasms with
monoallelic TP53 alteration are distinct from multi-hit TP53
alterations and show favorable outcomes similar to those with
wild-type TP53%°. However, the particularly adverse outcome
noted in these cases are contradictory to these observations. The
current study findings allude to a different pathogenic mechanism
(outside of TP53) for the adverse phenotype involving SRSF2 and
SETBP1. The association between i(17q) and SETBPT and SRSF2
mutations is also supported by prior studies® *3. The reasons for
the noted associations, the molecular mechanisms underlying i
(179) and the consequences thereof, and the difference between
17p deletion vs. i(17q) [17p deletion plus 17q duplication] are still
unclear. Of note, SRSF2 gene is located on 17q that is duplicated,
suggesting the added contribution of dosage effect to the mRNA
mis-splicing resulting from this spliccosome gene mutation.

The reported survival of MDS/MPN-U patients in the literature is
highly variable, ranging between 12 and 32 months and is
dependent on various clinical variables?*2%37%° |n the current
study, i(17q) was an independent predictor of worse outcome in
MDS/MPN-U, further underscoring the need to annotate these
cases separately. Complementing the presence of isolated i(17q)
with mutation data (double mutations involving SRSF2/SETBP1)
can further identify those patients with worse outcomes. In
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addition to poor prognosis, the unique clinico-morphologic and
mutational characteristics associated with MDS/MPN with i(17q)
support its recognition as a distinct entity. The proposed criteria
for the diagnosis are described in Table 5. The inclusion criteria of i
(17q) as an isolated or with 1 additional abnormality other than
del(7q)/-7 are along the similar lines as the WHO entity: MDS with
isolated del(5q). Although we set the initial criteria to exclude del
(7q)/-7 to avoid confounding factors contributing to poor
outcome, in our search, we did not find any cases with both i
(17q) and del(7q)/-7 outside the context of a complex karyotype.
The study has limitations: although this is the largest number of
MDS/MPN-U cases with i(17q) in the literature, it is limited by the
retrospective and multi-institutional nature of the study and a
small number of cases due to the rarity. Hence, further
confirmation of the findings in a validation cohort and prospective
studies in these patients using uniform therapy within a setting of
clinical trial is needed. Standard criteria proposed here in Table 5
will help with uniform characterization of this entity, patient
accrual within MDS/MPN clinical trials and prospective validation.
While dissecting out these MDS/MPN-U cases defined by a
common cytogenetic abnormality, i(17q) from the highly hetero-
geneous MDS/MPN-U cases demonstrated distinctive genotypic
and phenotypic attributes, therapeutic options are limited at this
time. Despite this, the characteristic molecular signature (SETBP1/
SRSF2 mutations) with relatively intact TP53 pathway provides
opportunities to explore potential strategies targeting SETBPI1-
induced transcriptional activation or spliccosome modulators*' 2,
In summary, MDS/MPN-U with i(17q) represents a disease entity
based on its distinct clinical and morphologic features that do not
fulfill WHO criteria for other MDS/MPN entities, poor outcome, and
mutational profile that befits the MDS/MPN disease group. Hence,
recognition of MDS/MPN-U with i(17q) as a distinct entity is
warranted. Doing so seems congruent with the overarching
strategy of the WHO classification system to increasingly
incorporate molecular genotypes. Accurate diagnosis has signifi-
cant implications for enrollment in clinical trials and for the
development of appropriately target therapeutic interventions.
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