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Introduction: Polycythemia vera (PV) is a JAK2-mutated myeloproliferative
neoplasm (MPN) characterized by clonal erythrocytosis and an intrinsic risk of
transformation into acute myeloid leukemia (AML), known as blast-phase (BP)
disease, a condition typified by dismal prognosis. In PV, the evolution to BP
generally occurs through an overt fibrotic progression, represented by the post-
PV myelofibrotic (MF) stage. However, direct leukemic transformation from PV
may also occur in up to ~50% of patients. In this study, we sought to shed light on
the morphological, clinical, and molecular features that may differentiate BP
arising from a direct transition from the PV stage (post-PV-BP) from those
evolving through a diagnosis of post-PV myelofibrosis (post-PV-MF-BP).

Methods and results: We retrospectively analyzed a cohort of post-PV-BP (n=5)
and post-PV-MF-BP (n=5). We found that BP arising from PV directly displayed
significantly lower leukocyte count (median 2.93 x 10%/L, range: 2.30-39.40 vs.
median 41.05 x 10°/L, range: 5.46-58.01; P=0.03), and spleen diameter (14.0
cm, range: 11.5-20.0 vs. 25.5 cm, range: 18-26; P=0.03) as compared to those
experiencing an overt fibrotic stage. The most striking differences emerged from
bone marrow (BM) morphological analysis: all post-PV-BP were characterized by
significantly higher cellularity (median 70%, range: 60%—-98% vs. 28%, range: 2%—
41%, P=0.0245), lower degree of fibrosis (fibrosis grade 1 vs. fibrosis grade 3 in all
cases, P=0.008) and dysplastic features involving all three lineages, most
prominently the erythroid and megakaryocytic compartment. Next-generation
sequencing (NGS) analysis revealed that post-PV-BP cases were enriched in
mutations located in genes involved in DNA methylation such as DNMT3A, IDH1/
2, and TET2 (45% vs. 15%, P=0.038).
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Discussion: With all the limits of the small number of patients for each cohort,
our data suggest that BPs that arise directly from PV present a peculiar
phenotype, consistent with the molecular signature of the disease, typified by
mutations of genes occurring with a high frequency in Myelodysplastic
Syndromes (MDS) and MDS/MPN. Further studies in larger cohorts are
warranted to translate these observations into robust evidence that may advise
therapeutic choices.

KEYWORDS

polycythemia vera,
mutational profile

1 Introduction

Polycythemia vera (PV) is a JAK2-mutated myeloproliferative
neoplasm (MPN) typified by clonal erythrocytosis. Along with
primary myelofibrosis (PMF) and essential thrombocythemia
(ET), PV belongs to the classic Philadelphia-negative MPN. PV
can lead to significant morbidity and increased mortality, with
patients experiencing a reduced quality of life, a high rate of
vascular events, and the potential intrinsic risk of disease
evolution. Mutations in JAK2 Exon 12-15 encompass the vast
majority (97%-98%) of PV mutational landscape (1). In addition,
over 50% of patients harbor non-driver mutations in specific
myeloid genes with the most frequent being TET2 (18%), ASXLI
(15%), and SH2B3 (3%) (2).

Approximately 15% of patients with PV experience a fibrotic
progression of their disease over time, termed post-PV
myelofibrosis (post-PV-MF) (2) and about 3% evolve, over a
period of 10 years, into accelerated (MPN-AP) and blast phase
(MPN-BP) disease (3), operationally defined by 10% to 19% or >
20% myeloid blasts in the peripheral blood or bone marrow,
respectively (4). However, despite this formal classification, MPN
patients with 5% or more circulating/marrow blasts can be on a
spectrum that leads to MPN-BP, with similar poor survival rates (5).

Clinical and molecular risk factors for leukemic evolution have
been identified by the Mayo-Florence study conducted on 410
patients with MPN-BP, with 97 patients whose condition
progressed from an antecedent PV, either directly (46 patients) or
through a post-PV-MF stage (51 patients). Hematological risk
factors are leukocytosis >11 x 10°/uL (Florence cohort) or >15 x
10°/uL (Mayo cohort), older age (> 67 years, both cohorts),
abnormal karyotype (Mayo cohort), presence of IDH2 and
RUNXI mutations (Mayo cohort), and SRSF2 mutations
(Florence cohort) (3).

On these bases, investigators generated a mutation-enhanced
international prognostic system for chronic phase disease (MIPSS-
PV), which included presence of adverse mutations (SRSF2) (two
points); abnormal karyotype (one point); age >67 years (three
points); and leukocyte count =15 X 10°/ul. (two points) (6).
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Additionally, it is well established that previous treatment with
radiophosphorous, chlorambucil, or pipobroman increases the risk
of leukemic transformation (3).

The evolution to AP and BP is an almost invariably fatal event
in the course of PV (and MPN in general), with a median overall
survival (OS) of 13 months for AP and 3-5 months for BP, due to
disease aggressiveness and limited therapeutic options, especially
for transplant ineligible patients (4). The lack of standardized
treatment(s) mirrors our still fragmented understanding of the
molecular mechanisms underlying the progression of an MPN to
AP/BP. It is currently acknowledged that the acquisition of
additional somatic mutations and epigenetic alterations in
hematopoietic progenitor and stem cells play a pivotal role in
leukemic transformation, accounting for the selection and
expansion of the malignant clone on one side, and on the other
side, the generation of a tumor supportive proinflammatory
microenvironment. Two main models of leukemic transformation
have been proposed: (i) the acquisition of additional mutations by
the JAK2/CALR/MPL-positive clone (7) and (ii) the emergence and
expansion of a leukemic clone distinct from the clone bearing an
activating driver mutation, eventually overcoming the MPN JAK2/
CALR/MPL-mutated clone (7). In the first setting, the most
common genetic alteration is represented by TP53 mutations,
detected in approximately 15% of patients with JAK2V617F
(showing cooperative activity) and 25% of patients with CALR
mutations. In the second scenario, a decrease in variant allele
frequency (VAF) or loss of pre-existing driver mutation is usually
observed (4). In addition to these two scenarios, another possible
mechanism has been suggested, focused on the timing of occurrence
of mutations involving chromatin modifiers, spliceosome complex
components, DNA methylation modifiers, tumor suppressors, and
transcriptional regulators. These mutations are described as
coexisting mutations since their presence within a clone can
precede the acquisition of the driver mutation or can occur
subsequently. Grabek et al. (8) suggested that specific coexisting
mutations in the same driver-mutated clone may favor direct
leukemic transformation while others may drive progression to
myelofibrosis which in turn may evolve into AP/BP.
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Independent from the molecular pathway leading to MPN-AP/
BP, it is well established that the mutational profile and overall
prognosis of acute myeloid leukemia (AML) resulting from an
antecedent MPN remains distinct from that in de novo AML (2, 4,
9). Indeed, mutations in FLT3 and NPM1 are rarely seen in MPN-
BP, while, in addition to driver mutations, frequently mutated genes
are ASXLI (30%), TET2 (25%), SRSE2 (22%), RUNXI (20%), and
TP53 (17%). Moreover, 25% and 46% of patients, harbor mutations
in 3 and >4 genes, respectively. TP53 is the only individual mutation
to correlate with shorter OS (9).

In PV, the evolution to MPN-AP/BP generally occurs through a
fibrotic progression, represented by the secondary (post-PV) MF
stage, whose diagnosis is codified by the IWG-MRT criteria (10).
However, direct leukemic transformation from a florid disease (PV)
to AP/BP may also occur. Data from the Mayo-AGIMM study
indicate that cases of post-PV AP/BP without a documented MF
phase range from 37% (AGIMM cohort) to 53% (Mayo cohort).
Similar rates were found for post-ET BP (58% and 55% in the two
cohorts, respectively) (3).

So far, studies have mainly focused on the comparison of the
clinical and biological characteristics of MPN-AP/BP vs. de novo
AML. Here, we analyzed the morphological, clinical, and molecular
features of patients with post-PV AP/BP arising from a direct
progression from PV to leukemic phase (overall, termed post-PV-
BP), and compared them with those transitioning through a
documented overt fibrotic stage (termed post-PV-MF-BP),
documenting that post-PV-BP is characterized by unique features,
distinct from post-PV-MF-BP.

2 Methods

The current study is a single-center descriptive retrospective
review of 10 consecutive cases of AP/BP evolving from an
antecedent PV, either directly, without a documented overt
fibrotic progression (termed post-PV-BP, five patients, with two
AP and three BP), or through a documented MF stage, i.e.,
diagnosis of post-PV-MF (termed post-PV-MEF-BP, five patients,
all BP), followed at the Hematology and BMT Unit of Parma
University Hospital.

Demographic, clinical, and molecular data at the time of PV
diagnosis and leukemic transformation were collected in a
dedicated database after patient de-identification by univocal
alphanumeric codes (Ethical Committee approval: protocol 6923,
17/02/2020). Diagnosis of PV, post-PV-MF, and AP/BP was
determined according to the WHO/IWG-MRT criteria (10, 11).

Cytogenetic analysis was performed according to the
International System for Human Cytogenetic Nomenclature
criteria. High-risk karyotype included monosomal karyotype and
single or multiple cytogenetic abnormalities of -7, inv(3)
(q21.3q26.2)/t(3,3)(q21.3;q26.2), i(17)(q10)/-17/abn(17p) (3).
NGS analysis for target myeloid genes was performed by Myeloid
Solutions Panel (SOPHiA Genetics, Saint Sulpice, Switzerland).
Alignment, base calling, and variant annotation were performed
with SOPHiA DDM software and investigating available databases
(such as NCBI, COSMIC, GNOMAD, CLINVAR, and ExAC).
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Pathogenic relevant mutations (category A and B) were
characterized by a functional analysis through Hidden Markov
Models (FATHMM) score >0.90, while genetic variants that have
been flagged as an SNP in the Catalogue of Somatic Mutations In
Cancer (COSMIC) database and/or reported as of undetermined
significance/benign/likely benign in ClinVar database belonged to
category C or D and had a low FATHMM score (<0.5).

Bone marrow biopsies were fixed in neutral buffered formalin,
decalcified with ethylenediamine tetra-acetic acid and paraffin
embedded for routine diagnostic purposes. Paraffin sections were
used for hematoxylin-eosin staining and for reticulin staining. BM
age-adjusted cellularity was evaluated according to the European
Myelofibrosis Network (EUMNET) consensus (12), and the grading
of BM fibrosis was assessed semi-quantitatively following the
European consensus guidelines (12). BM sections were also
immunostained by using antibodies against CD34 (clone QBend/
10), CD61 (clone2f2), CD71 (clone MRQ-48), and myeloperoxidase
(polyclonal antibody) (Ventana-Roche, Basilea, Switzerland).
Immunostaining was carried out with polymeric system Ultraview
3,3’-diaminobenzidine DAB THC Detection Kit (Ventana-Roche,
Basilea, Switzerland), on a BenchMark ULTRA IHC/ISH instrument
(Roche, Basilea, Switzerland), in accordance with the manufacturer’s
protocols. Images were captured and analyzed by an Olympus DP22
digital camera (Ventana-Roche, Basilea, Switzerland).

Immunophenotyping was performed using BD FACSLyricTM
Flow Cytometer (BDTM Biosciences, Franklin Lakes, NJ, USA).
Peripheral blood samples (3-5 mL in EDTA tubes) were
processed with lyse and wash protocol. After labeling with
antiCD45-APC-H7, antiCD34-PerCP-Cy5.5, antiCD33-PE,
antiCD71-APC, and CD117-PE-Cy7 (all from BD' " Biosciences),
the different cell populations were identified according to a
sequential and cumulative gating strategy, adapted from the
ISHAGE guidelines for stem and progenitor cell analysis by flow
cytometry (13), combining specific immunostaining with the
analysis of lateral dispersion, or side scatter (SSC), and frontal
dispersion, or forward scatter (FSC).

For statistical analysis, numerical variables were summarized by
their median and range, and categorical variables by count and
relative frequency (percentage). Differences in the distribution of
continuous variables were calculated by Mann-Whitney/Kruskal-
Wallis tests, while categorical variable comparisons were established
by x2/Fisher’s exact test. A P value <0.05 was considered statistically
significant. Analysis was performed with dedicated software (Prism
5, GraphPad Software Inc., San Diego, CA, USA).

3 Results

3.1 Demographic, clinical, and laboratory
characteristics at the time of PV diagnosis
and leukemic transformation

In both cohorts (post-PV-BP and post-PV-MF-BP), 40% of
patients were male (2 out of 5). Median follow-up from PV
diagnosis was 83 months (range: 15-190) for post-PV-BP and 118
months (range: 28-301) for post-PV-MF-BP (P=0.6, ns), with a
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TABLE 1 Demographic, clinical, and laboratory features at the time of
PV diagnosis in post-PV-BP and post-PV-MF-BP.

mortality rate of 80% (4 out of 5) and 100% (5 out of 5), respectively.

Concerning the two APs, post-PV-AP2 died soon after the diagnosis
for infectious complications, while post-PV-AP5 was eligible for
intensive chemotherapy and underwent allogenic bone marrow
transplant (alloHSCT) 10 months after disease progression.

The clinical and laboratory features of PV stage for post-PV-BP
and post-PV-MF are summarized in Table 1. Median age at the time

Age

post-PV-BP

(n=5)

of PV diagnosis was similar in the two groups (67 years, range: 49— Median (range), years 67 (45-84) 63 (42-70) s
84 for post-PV-BP and 63 years, range: 42-70 for post-PV-MF-BP). >67 years, n (%) 3 (60.0) 2 (40.0) ns
All patients were JAK2V617F mutated, while no mutations of JAK2 Sex
exon 12 were found in either group. No differences in hematologic
parameters (CBC counts, LDH levels, spleen longitudinal diameter, Male, n (%) 2 (40.0) 2 (40.0) ns
and history of major thrombotic events) were observed at the time Hemoglobin
of PV stage in the two groups. BM biopsy revealed a scattered/loose Median (range), gL 169 (155-177) 155 (138-191) N
network of reticulin with no/few intersections (fibrosis grade 0/0-1)
in all post-PV-BP and in the vast majority (4 out of 5, 80%) of post- Hematocrit
PV-ME-BP, with only one patient (1 out of 5, 20%, post-PV-MF- Mean (range), % 50.9 (48.9-52.3) 47.6 (42.9-56.0) ns
BP2 i fi i 1. Despite fil i > 1 at th
. ) presentl'ng a 'bros%s grade : espl.te brosis grade at t. e WEC count
time of PV diagnosis being associated with reduced myelofibrosis-
free survival (14, 15), time to progression to MF of this patient was Median (range), x 8.14 (6.08-9.06) 1244 (5.40-17.79) ns
. 10°/L
96 months, as compared to a median 69 months of the other post-
PV-MF cases (range: 11-203 months). >11x10°/L, n (%) 0 (0.0) 3 (60.0) ns
Clinical and laboratory features at the time of evolution to BP >15x10°/L, n (%) 0(0.0) 1.200) ns
are summarized in Table 2. Also at this stage, median age at
. . T Platelets
diagnosis was similar in the two groups (76 years, range: 56-85
for post-PV-BP and 69 years, range: 66-79 for post-PV-MF-BP). Median (range), x 402 (296-798) 562 (179-742) ns
9
Median time to progression from initial PV diagnosis was 107/L
comparable as well: 7 years (range: 1-14) for post-PV-BP and 8 LDH
years (range: 2-24) for post-PV-MF-BP. Mean (range), mU/ 1.25 (0.65-2.04) 1.30 (0.81-2.23) ns
At the time of BP transformation, post-PV-MF-BP patients mL, xULN
presented with a significantly higher WBC count (median 41.05 X
5 . Spleen (long. @ by US)
10°/L, range: 5.46-58.01) as compared to post-PV-BP patients
(median 2.93 x 10°/L, range: 2.30-39.40, P=0.03) and a Median (range), cm 13.0 (11.0-16.0) 16.7 (10.0-17) ns
significantly larger splenomegaly (median longitudinal diameter Degree of BM fibrosis
by US: 25.5 cm, range: 18-26 vs. 14.0, range: 11.5-20.0, P=0.03).
. . . . 0/0-1 5 (100.0) 4 (80.0)
No differences in terms of hemoglobin and hematocrit levels,
platelet counts, LDH levels, and percentage of peripheral blood 1 0(0.0) 1(20.0) ns
myeloid blasts (CD34%, CD117%, CD33") were found. Lines of 59 0(0.0) 0(0.0)
cytoreductive treatment prior to BP are summarized in Table 2: .
- JAK2 mutations
the majority (4 out of 5, 80%) of post-PV-BP underwent only one
line of treatment during PV stage, represented by hydroxyurea, Wild type, n (%) 0(0.0) 0(0.0)
while, as expected, post-PV-MF-BP mostly experienced multiple V617F mutated, n (%) 5 (100.0) 5 (100.0) .
lines of treatment (=2 in 4 out of 5, 80%), represented by
. . Exon 12 mutated, 0 (0.0) 0 (0.0)
hydroxyurea (all patients), interferon (1 out of 5, 20%), busulfan n (%)
(1 out of 5, 20%) during PV stage, and the JAK1/2-inhibitor ; _
ruxolitinib during the MF stage (3 out of 5, 60%). Of note, Major thrombotic events
history of treatment did not include radiophosphorous, Yes, n (%) 3 (60.0) 3 (60.0) ns
chlorambucil, or pipobroman for both categories. Erythropoietin (EPO}
No differences in OS after diagnosis of leukemic transformation
Median (range), U/L* 1.9 (0.9-5.9) 1.4 (0.5-1.4) ns

were detected in the two groups (13 months in post-PV-BP vs. 5
months in post-PV-MF-BP, P=0.390).
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*EPO reference lab range: 2.6-19.0 U/L. ns, not significant.
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TABLE 2 Demographic, clinical, and laboratory features at the time of
leukemic evolution in post-PV-BP and post-PV-MF-BP.

post-PV-

post-PV-BP MF-BP =
(n=5) =5 value

Age
Median (range), years 76 (56-85) 69 (66-79) ns
>67 years, n (%) 4 (80.0) 4 (80.0) ns
Time to progression from PV
Median (range), years 7 (1-14) 8 (2-24) ns
Hemoglobin
Median (range), g/L 107 (82-108) 82 (76-106) ns
<100 g/L, n (%) 2(33.3) 4 (66.7) ns

Hematocrit

Mean (range), % 33 (24.4-39.8) 25.2 (22.0-36.0)

WBC count

Median (range), x 10°/L 2.93 (2.30-39.40) | 41.05 (5.46-58.01) 0.03
>25x10°/L, n (%) 1 (20.0) 3 (60.0) ns
Platelets

Median (range), x 10°/L 70.0 (55.0-220.0) 59.0 (25.0-127.0) ns
<100 x 10%/L 2 (40.0) 1 (20.0) ns
LDH

Mean (range), xULN 1.34 (1.16-3.86) 3.64 (1.95-8.9) ns
Spleen (long. @ by US)

Median (range), cm 14.0 (11.5-20.0) 25.5 (18-26) 0.03

Peripheral Blood CD34"* blasts

Median (range), %

Myeloid (CD33", CD117") 6.5 (1.0-88.0) 26.0 (7.5-30.0) ns
Non-myeloid (CD33")

0 (0.0) 0 (0.0)
>20%, n, % 1 (20.0) 2 (40.0) ns
AlloHSCT
Yes, n (%) 1 (20.0) 0 (0.0) ns
Previous lines of treatment
1, n (%) 4 (80.0) 1 (20.0)
2,1 (%) 1 (20.0) 2 (40.0)
>3,n (%) 0 (0.0) 2 (40.0) ns
Use of **P, chlorambucil, 0 (0.0) 0 (0.0)
or pipobroman, n (%)
Deaths n %
Yes, n (%) 4 (80.0) 5 (100.0) ns

ns, not significant.
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3.2 Bone marrow features at the time of
leukemic transformation

Bone marrow morphological features and immunophenotype
and cytogenetic data during AP/BP for post-PV-BP and post-PV-
MEF-BP are reported in Table 3.

Post-PV-MF-BP are characterized by a significantly lower
cellularity as compared to post-PV-BP (28%, range: 2%-41% vs. 70%,
range: 60%-98%, P=0.0245; Table 3; Figures 1A-D), with marked
reduction of all three hematopoietic lineages (megakaryocytic,
erythroid, and myeloid). This is highlighted in Figures 2B, D, F with
CD61-, CD71-, and MPO-immunostaining, respectively.

By contrast, post-PV-BP displayed clusters of residual
dysplastic erythropoiesis (Figure 2C), megakaryocytic and
myeloid hyperplasia with altered topographical dislocation and
peculiar dysplastic features (Figures 2A, E), further documented
by May-Grunwald Giemsa staining of bone marrow aspirates
described in detail below (Figure 3).

In post-PV-MF-BP, indeed, bone marrow architecture is
altered by extensive deposition of reticulin fibers, arranged in
coarse bundles with numerous intersections, and consequent
cellular streaming, compatible with BM fibrosis grade 3 in all
subjects, in contrast to post-PV-BP, which, instead, displayed only
a mild fibrosis (grade 1 in all cases, P=0.008, Table 3; Figures 1E,
F), in some cases already present at the time of PV
diagnosis (Table 1).

Despite the absolute reduction in overall BM cellularity, BM
aspirate immunophenotyping (Table 3) revealed a similar % of
myeloid (CD34", CD117%, and CD33™) blasts, consistent with the
CD34 immunostaining of bone marrow biopsies (Figures 1G, H).
Flow cytometric analysis of BM cell populations documented a
similar % of monocytes/monocyte precursors (CD45%*, SCC™),
granulocyte/granulocyte precursors (CD45%, SCCME"), and
nucleated erythroid cells (CD45,, CD71+, and scclv).

Finally, in both groups, majority of patients (3 out of 5, 60%)
presented a high-risk karyotype.

One of the most striking aspects was that all patients of the post-
PV-BP group demonstrated dysplastic features involving all three
lineages, while no sign of dysplasia was detectable in the post-PV-
MEF-BP cohort (P=0.008). May-Grunwald-Giemsa staining of BM
aspirates from a representative post-PV-BP case (Figures 3A-G)
recapitulates these findings. Erythroid dysplasia is clearly
documented by the presence of bi-nucleated giant erythroblasts,
chromatin bridges, nuclear/cytoplasm maturation asynchrony, and
severe nuclear shape abnormalities (yellow arrows in panels A-B,
and panel F). Myeloid dysplastic features included neutrophil and
granulocyte precursors with nuclear segmentation defects/hyper-
segmentation, chromatin clumping, agranular/hypo-granular
cytoplasm, and cytoplasmatic vacuoles leading to nuclear
dislocation (red arrows in panels A-B and panel E).
Hypolobulated/micro-megakaryocytes are as shown in panels C
and D, respectively.
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TABLE 3 Bone marrow morphological and cytogenetic features at the
time of leukemic evolution in post-PV-BP and post-PV-MF-BP.

post-PV-
MF-BP
(n=5)

post-PV-BP

p-

(n=5) value

BM cellularity

Median (range), % 70 (60-98) 10 (5-50) 0.025
BM cell population
Monocytes and monocyte
precursors
(CD45™, sCC™)
Median (range), % 5.0 (3.0-8.0) 4.0 (2.0-15.0) ns
Granulocytes and
granulocyte precursors s
(CD45%, SCC"¢")
Median (range), % 22.0 (10.0-40.0) 54.0 (36.0-70.0)
CD34" blasts
Median (range), %
Myeloid (CD33%, CD117°) | 15.0 (8.0-16.0) 20,0 (3.0-41.0) e
Non-myeloid (CD33") 0 (0.0) 0 (0.0)
Erythroblasts (CD45,
CD71%, SCC*™)
Median (range), % 30.0 (20.0-48.0) 33.0 (22.0-44.0) ns
Degree of BM fibrosis
0-1 5 (100.0) 0 (0.0)
0.008
>2 0 (0.0) 5 (100.0)
Dysplasia involving >2 lineages
Yes, n (%) 5 (100.0) 0 (0.0) 0.008
Karyotype
Normal, n (%) 1 (20.0) 1 (20.0)
Abnormal, n (%) 0 (0.0) 1 (20.0)
High risk karyotype*, 3 (60.0) 3 (60.0) ns
n (%)
Not available, n (%) 1 (20.0) 0 (0.0)

*High-risk karyotype included complex karyotype (defined as > 3 independent
abnormalities), -7, inv(3)(q21.3q26.2)/t(3;3)(q21.3;926.2), i(17)(q10)/-17/abn(17p).
ns, not significant.

Panels G and H document BM and PB myeloid blast
morphology, respectively, typified by a thin rim of agranular
cytoplasm. In panel H, PB dysplastic neutrophils are also detected.

3.3 Molecular features at the time of
leukemic transformation

Table 4 summarizes the distribution of pathogenic relevant
mutations [category A and B, Functional Analysis through Hidden
Markov Models (FATHMM) score >0.90] in the two cohorts (post-
PV-BP and post-PV-MF-BP). Nucleotide change, amino-acid
substitution, type of mutation (e.g., missense and frameshift), and
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variant allele frequency (VAF %) are reported for each category A
and category B mutation in Supplementary Table 1.

Most commonly mutated genes in the overall AP/BP
population (post-PV-BP + post-PV-MF-BP) were JAK2V617F, as
expected, mutated in 9 out of 10 patients (90%); followed by ASXLI,
DNMT3A, RUNX1, and TP53 (4 out of 10, 40%); and TET2 and
NRAS (3 out of 10, 30%). Two patients presented SRSF2 mutation
(2 out of 10, 20%), one (1 out of 10, 10%) IDH]I, and one (1 out of
10, 10%) IDH2 mutation. All patients carried at least two different
mutated genes (median number of mutated genes: 5, range: 2-6),
with half of the patients carrying multiple mutations of the same
gene, mainly TET2. Overall, the median number of mutations was 6
(range: 2-8). In line with the current literature, none of the patients
presented FLT3 and/or NPM1 mutations, more frequent in de-novo
AML (4). Of note, post-PV-AP2 lost JAK2V617F mutation at the
time of leukemic evolution, while post-PV-BP3 also displayed a
non-canonical, germline missense JAK2 mutation [c.3188G>A,
p.(Argl063His), rs77375493], characterized by a G to A
substitution at position 3188 listed as probably pathogenetic
(category B, score 0.94) in the COSMIC database. Also known as
JAK2R1063H, this mutation is currently emerging as a functionally
relevant mutation in myeloid proliferation, likely cooperating with
JAK2V617F to favor leukemic transformation (16). Of note, post-
PV-BP3 was the only patient for whom NGS data of the PV phase
were available and allowed us to compare the mutational status of
the chronic vs. blast phase (Supplementary Table 3). As expected,
JAK2R1063H was already present at the time of PV diagnosis (VAF
54%), together with JAK2V617F (VAF 11.8%). Notably, DNMT3A
mutation was also detected already at this stage. During leukemic
evolution, we registered an increased in the VAF of both mutations
(75% for JAK2R1063H and 49% for JAK2V617F) and the
acquisition of two different ASXLI mutations and CBL mutation,
likely driving clonal evolution.

Comparison of pathogenic relevant mutations of myeloid genes
in the two groups showed that DNMT3A mutations were present in
majority of post-PV-BP (4 out of 5, 80%) and completely absent in
the post-PV-MF-BP (P=0.048, Table 4). DNMT3A, together with
IDH1/2 and TET2, segregated along the DNA methylation pathway
(5). Notably, all post-PV-BP presented at least one mutation in
these genes (with one case, PV-BP2, harboring four different
mutations; three in TET2; and one in DNMT3A). Overall, the
frequency of mutations in genes involved in the DNA
methylation pathway (DNMT3A, IDHI1/2, and TET2) is
significantly higher in the post-PV-BP cohort as compared to
post-PV-ME-BP (45% vs. 15%, P=0.038).

We also analyzed the frequency of mutations that have been
flagged as an SNP in COSMIC database and/or reported as of
undetermined significance/benign/likely benign in ClinVar
database. All these mutations belong to category C or D and have
a low score (<0.5) according to FATHMM and are reported in
Supplementary Table 2. No significant enrichment of category C/D
mutations was found by comparing post-PV-BP and post-PV-MF-
BP. The analysis of category C/D mutations in ClinVar database
allowed us to pinpoint recurrent germline variants harbored by all
patients (both post-PV-BP and post-PV-MF-BP) located in the
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FIGURE 1

um) showing similar infiltrates of immature myeloid cells.

Morphological bone marrow features of a representative post-PV-BP and post-PV-MF-BP. (A—D) H&E staining showing increased BM cellularity in
post-PV-BP (A, C); and dramatically reduced BM cellularity, with cellular streaming in post-PV-MF-BP (B, D) (panels A and B: original magnification
2x, scale bar: Imm; panels C and D: original magnification 10x, scale bar: 200um). (E) Reticulin staining of post-PV-BP BM biopsy, showing a loose
network of reticulin fibers with few intersections (fibrosis grade 0—-1) (original magnification 10x, scale bar: 200 um). (F) Reticulin staining of post-PV-
MF-BP BM biopsy, showing a diffuse and dense network of reticulin fibers with extensive intersections (fibrosis grade 3) (original magnification 10x,
scale bar: 200 pm). (G, H) CD34-immunostaining of post-PV-BP (G) and post-PV-MF-BP BM biopsy (H) (original magnification 20x, scale bar: 100

post-PV-MF-BP

JAK2 (rs2230722 and rs2230724), HRAS (rs12628), ASXLI
(rs6058694), and TP53 (rs2454206) genes that have been variably
implicated in increased cancer susceptibility (17, 18).

4 Discussion

The natural history of PV encompasses the evolution into post-
PV-MF, usually occurring as a late event with reported 10-, 15-, and
20-year incidences of 27.4%, 39.9%, and 61.1%, respectively (19),
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and the transformation into AP/BP, with incidence estimates of
3%-7% (20). Despite the progress in our understanding of the
genetic basis of leukemogenesis (as acknowledged by the 2022
WHO classification), post-PV-AP/BP still lacks a comprehensive
characterization and falls into the AML category defined by
differentiation (21). Thus, disease-specific clinical, laboratory, and
molecular markers are eagerly awaited, to improve diagnosis and
define personalized therapeutic approaches.

Depending on the study cohorts, one-third up to approximately
one-half of leukemic evolutions occur directly from the PV stage,
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post-PV-MF-BP

BM immunostaining assessing erythroid, megakaryocytic, and myeloid lineages in a representative post-PV-BP and post-PV-MF-BP. (A, B) CD61-
immunostaining of post-PV-BP (A) and post-PV-MF-BP BM biopsy (B). Megakaryocyte hyperplasia with dysplastic features (tight clusters of
hypolobulated/mono-nucleated megakaryocytes, insert) is detected in post-PV-BP (A) vs. megakaryocyte hypoplasia with morphological atypia
(hypolobulation, insert) in post-PV-MF-BP (B) (original magnification 20X, scale bar: 200 ym; insert 40x). (C, D) CD71-immunostaining of a post-PV-
BP (C) and a post-PV-MF-BP BM biopsy (D) showing a marked reduction of the erythroid compartment in post-PV-MF-BP (D) vs. scattered clusters
of residual erythropoiesis with megaloblasts (insert) in post-PV-BP (C) (original magnification 20X, scale bar: 200 pm; insert 40X).

(E, F) Myeloperoxidase immunostaining of a post-PV-BP (E) and a post-PV-MF-BP (F) showing hyperplastic (post-PV-BP) vs. reduced (post-PV-MF-

BP) myelopoiesis (original magnification 20X, scale bar: 200 pm; insert x40).

i.e., without a documented overt fibrotic phase. In this study, we
targeted the differential morphological, clinical, and molecular
features of AP/BP with a direct onset from the PV stage and
those of AP/BP arising after the diagnosis of post-PV-MF. To this
end, we performed a single-center retrospective descriptive study on
10 post-PV acute myeloid leukemias: 5 post-PV-BP (with two AP),
and 5 post-PV-MEF-BP.

The two cohorts displayed similar hematologic parameters at
the time of PV diagnosis. By contrast, at the time of leukemic
evolution, AP/BP directly arising from PV displayed significantly
lower leukocyte counts and spleen diameters as compared to those
passing through an overt fibrotic phase, likely due to the
compensatory extramedullary hematopoiesis that typifies overt
fibrotic stages. The most striking differences emerged from BM
morphological analysis: all post-PV-BP were characterized by
significantly higher cellularity, lower degree of fibrosis, and
dysplastic features involving all three lineages, most prominently
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the erythroid and megakaryocytic compartments. Of note, these
aspects were attributable to the intrinsic characteristics of the
disease and not to the iatrogenic effects of previous treatment(s),
since all 10 patients underwent hydroxyurea for comparable periods
(post-PV-BP: median 76 months, range: 16-144 vs. post-PV-ME-
BP: 67 months, range: 7-102, P=0.463).

Recent studies have provided valuable insights into the genomic
and molecular alterations driving the transition to blast phase in
MPNs (7, 8, 17). Mutations in genes such as TP53, ASXL1, IDHI/2,
and RUNXI have been identified as key drivers of BP-MPN,
contributing to increased genomic instability, resistance to therapy,
and clonal evolution (8). Understanding these molecular events is
crucial for identifying novel therapeutic targets and designing
personalized treatment approaches. NGS analysis of our two cohorts
shows that post-PV-BP is significantly enriched in DNMT3A
mutations, and overall, in mutations of genes that segregate along
the DNA methylation pathway (i.e., TET2 and IDH1/2).
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FIGURE 3

May Grunwald-Giemsa staining of bone marrow aspirate and peripheral blood smear of a representative post-PV-BP. (A—G) Overview of erythroid
myeloid and megakaryocytic lineages showing dysplastic features in bone marrow aspirate. (A, B) Erythroid lineage (yellow arrows) showing
dysplastic features including presence of chromatin bridges, nuclear/cytoplasmatic maturation asynchrony, bi-nucleated, and giant erythroblasts
with nuclear shape abnormalities. (A, B) Myeloid lineage (red arrows) showing dysplastic features including nuclear segmentation defects/
hypersegmentation, chromatin clumping, hypo-granular cytoplasm, and cytoplasmic vacuoles. (C, D) Hypolobulated dysplastic megakaryocytes.

(E) Dysgranulopoiesis, with myeloid precursors and neutrophils with hypo/agranular cytoplasm, multiple vacuoles causing nuclear dislocation and
nuclear segmentation defects. (F) Bi-nucleated erythroblasts. (G) Myeloid blasts with a thin rim of agranular cytoplasm. A dysplastic hyposegmented
eosinophil can also be observed. (H) Peripheral blood smear showing myeloid blasts, recapitulating the same characteristic of the BM counterpart.
Dysplastic vacuolated neutrophils and a giant platelet can be observed as well (original magnification 40X, scale bar: 20 um).

DNMT3A and TET2 are the most frequently identified variants
among patients with clonal hematopoiesis of indetermined potential
(CHIP) and provide selective advantage that foster clonal expansion
and myeloid skewing. Both genes are more frequently mutated in
MDS and MDS/MPN as compared to PV (22) and both increase in
frequency in secondary AML (either post-MDS or post-MPN) (23).
However, while DNMT3A mutations are generally present in early-
stage disease, TET2 mutation can occur either before or after the
acquisition of JAK2V617F mutation, leading to a biclonal disease or
to a competitive advantage driving clonal dominance (24). In our
cohort, we were able to retrieve NGS data at the time of PV diagnosis
for one patient (post-PV-BP3), demonstrating that DNMT3A and
JAK2 mutations were already present in the chronic stage. Based on
the accumulating evidence on the molecular hits during the history of
these disorders, we can speculate that the acquisition of DNMT3A
mutation might occur as an early genetic event that might play a role
in the dysplastic phenotype that typifies post-PV-BP. Indeed,
clonality studies are necessary to answer this question and to assess
whether the pre-leukemic clones in the two examined patient groups
are independent or not from the clones driving chronic phase PV or
post-PV-ME.

Our analysis also detected a non-canonical mutation of JAK2,
namely, JAK2R1063H. A growing body of literature is highlighting
the potential clinical significance of this germline variant in the
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MPN setting. Indeed, JAK2R1063H weakly hyperactivates JAK2/
STATS5 signaling as compared to the acquired somatic V617F, but
likely cooperates with another germline variant, JAK2E846D, in
hereditary erythrocytosis (25) and with JAK2V617F itself in MPNss,
favoring a more aggressive disease phenotype with significantly
higher neutrophil counts and enrichment in thrombotic events (26).
A potential pro-thrombotic role of this variant is further supported
by a whole-exome sequencing study conducted in 22 young
ischemic stroke patients with familial clustering of stroke, in
which JAK2R1063H was detected in a proband with embolic
stroke of undetermined source and prothrombotic status (27).
Finally, in a subsequent next-generation sequencing study on
2154 MPN, MPN-BP, and AML patients, JAK2R1063H was
predicted to have a functional consequence on JAK2 by three
distinct predictive algorithms and was associated with an
increased risk of leukemic transformation when combined with
canonical JAK2 mutation (16).

NGS analysis also allowed information retrieval on genetic
variations that have been flagged as an SNP and/or reported as of
undetermined significance/benign/likely benign. Although no
differences were found among post-PV-BP and post-PV-MF-BP,
our analysis shed light onto germline variants of potential interest in
MPN-BP, such as JAK2 (rs2230722 and rs2230724), HRAS
(rs12628), ASXLI (rs6058694), and TP53 (rs2454206).
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TABLE 4 Distribution of pathogenetically relevant (category A and B) mutations in cohort 1 (post-PV-BP1-5) and in cohort 2 (post-PV-MF-BP1-5).

post-PV-BP post-PV-MF-BP

post- post- post- post- post- post- post-PV- post-PV- post-PV- post-PV-
PV- PV- PV- PV- PV- PV- MEF-BP2 MF-BP3 MF-BP4 ME-BP5

BP1 AP2 BP3 BP4 AP5 MF-BP1
| | -

DNMT3A

ETV6

FLT3

HRAS

IDH1

IDH2

KIT

KRAS

MPL

NPM1

NRAS

PTPNI11

RUNX1 -

SETBP1

SF3B1

SRSF2

TET2

WT1

ZRSR2

Total no. of 6 4 4 6 2 5 2 2 4 5
mutated genes
Total no. 6 6 6 8 2 5 2 5 5 6
of mutations

All genes analyzed with the Myeloid Solutions Panel (SOPHIA Genetics) are shown. Colored boxes indicate the presence of category A and B mutations. In case of the presence of >1 category A
and B mutations for a specific gene, the number of mutations is indicated in the respective boxes. The total number of mutated genes and total number of mutations for each patient are reported
in the last two rows.
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HRAS 1512628, originally described by Taparowsky et al. (28),
was shown to be associated with increased risk of oral carcinoma,
colon, gastric and bladder cancer, and cutaneous melanoma (18,
29-31). This genetic variant has also been associated with
syndromic congenital disorders, such as Noonan syndrome,
Noonan-related syndrome, and Costello Syndrome (32). To the
best of our knowledge, no data are currently available on the
contribution of this SNP to hematologic malignancies. JAK2
rs2230722, located in exon 6, and JAK2 rs2230724, present in
exon 19 have already been described in MPNs (17), with the
latter being associated with the progression to BP, especially in
individuals older than 45 years old (33) and therefore suggested as a
potential genetic marker of leukemic progression in MPNs. ASXLI
rs6058694 has been reported in AML (34) and in a case report of
triple-negative ET unresponsive to therapy (35). Additionally, TP53
rs2454206 has been extensively investigated as a germline
predisposition factor for cancer. Despite conflicting data, this SNP
may increase the risk of colorectal cancer (36), chronic lymphocytic
leukemia (37), and acute myeloid leukemia with adverse molecular
and cytogenetic risk (38).

With all the limits of the small number of patients studied and
the descriptive intent, this is the first report formally describing
recurrent morphological, clinical, and hematological stigmata that
differentiate BPs that arise directly from PV from those occurring
after post-PV-MF. This peculiar phenotype is consistent with the
molecular signature of the disease, typified by mutations of genes
involved in the DNA methylation pathways, occurring with a high
frequency in MDS and MDS/MPN, leading us to speculate that BP
occurring directly from the “florid” phase might be characterized by
a distinct physiopathological mechanism.

Further studies in larger cohorts are warranted to translate these
observations into robust evidence that may guide diagnosis and
advise targeted therapeutic choices, like, for instance,
hypomethylating agents.
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