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Abstract

The main objective of the current study was to provide a detailed account of the prognostic relevance of abnormal karyo-
type and associated specific cytogenetic abnormalities in polycythemia vera (PV). Six hundred and sixty-nine PV patients
were informative, of whom 436 (65%) were evaluated within 1 year of diagnosis. Karyotype abnormalities were found in 67
(15%) patients, including isolated abnormalities of loss of Y chromosome (-Y; N=15; 3%), +9 (N=11; 3%), del(20q) (N=10; 2%),
and +8 (N=4; 1%). Abnormal karyotype correlated with older age (P<0.01), lower platelet count (P<0.01), and grade 22 retic-
ulin fibrosis (P<0.01). Specifically, del(20q) correlated with older age and grade =2 reticulin fibrosis, while +9 correlated with
a higher incidence of a history of venous thrombosis. SRSF2 and /IDH2 mutations clustered with normal karyotype. At a
median follow-up of 7.4 years, 163 (37%) deaths, 50 (11%) cases of fibrotic transformation (post-PV MF) and 14 (3%) cases
of leukemic transformation (LT) were documented. In univariate analysis, abnormal karyotype was associated with inferior
overall survival (median 10.5 vs. 16.3 years; P<0.01); the statistical significance of this association was sustained in multi-
variable analysis (hazard ratio=2.0; P=0.02), along with associations with age 260 years (P<0.01), leukocytosis 215x10°/L
(P<0.01) and SRSF2 mutation (P<0.01). Abnormal karyotype was also associated with post-PV MF (21% vs. 10%; P<0.01) and
LT (7% vs. 2%; P<0.01); the statistical significance of this association was sustained in multivariable analysis for post-PV MF
(hazard ratio=3.7; P<0.01), but not for LT (P=0.47). In regard to specific abnormalities, del(20q) was associated with progres-
sion to post-PV MF and =2 abnormalities with LT. The current study describes the spectrum of cytogenetic abnormalities
in PV and their associated phenotypic and prognostic correlates.

Introduction

Driver mutations in JAK2 (exon 12-15 including V617F) are
present in virtually all patients with polycythemia vera
(PV) and constitute a major diagnostic criterion.’? Other
gene mutations are detected in over 50% of PV patients
and include TET2 (22%), ASXL1 (12%), SRSF2 (3%), and
IDH2 (2%); the latter three mutations have been associ-
ated with inferior survival.® In the current molecular era,
although cytogenetics has limited diagnostic utility in PV,
it remains an essential component of clinical management
for (i) prognostication, (ii) monitoring disease progression,
and (iii) evaluation of anti-clonal activity of existing and

investigational drug therapies.

In general, patients with PV have a life-expectancy of ap-
proximately 15 years; however, survival is age-dependent
with a median survival of 37 years (age <40 years), 22 (age
41-60 years), and 10 years (age >60 years).** Moreover, in
an international study including 1,545 patients with PV,
survival was found to be inferior to that of the age- and
gender-matched United States population and was ad-
versely influenced by the presence of an abnormal karyo-
type (AK) at diagnosis (in 12%).® Additional risk factors
for poorer survival included older age, leukocytosis, and
venous thrombosis. A prognostic model based on these
three variables delineated risk groups with median surviv-
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als 0f 10.9-27.8 years.® The particular study also identified
AK, along with older age, and leukocytosis 215x10°/L as
risk factors for leukemic transformation (LT).®

Current prognostication in PV relies on both clinical and
genetic information and the Mutation-enhanced Interna-
tional Prognostic Scoring System (MIPSS-PV) considers
AK as arisk variable, in addition to SRSF2 mutations, age
>67 years, leukocytosis 215x10°/L, and a history of throm-
bosis.” As underlined above, the prognostic impact of AK
in PV presents a compelling case for further investigation
of cytogenetic profiles and their associated clinical and
molecular phenotypes.. However, studies on the subject
have thus far been constrained by the paucity of cytoge-
netic information from the time of PV diagnosis and across
the disease course, along with inadequate follow-up du-
ration. The current study offset this particular limitation
and took advantage of a large cohort of patients with
PV to describe the spectrum and prevalence of specific
cytogenetic abnormalities during different phases of the
disease including transformation to myelofibrosis (post-
PV MF) and acute myeloid leukemia. We examined the
clinical, molecular, and prognostic correlates of AK at the
time of PV diagnosis, and also investigated the patterns
of clonal evolution among those patients who underwent
serial cytogenetic evaluations. Given the future prospect
of disease-modifying therapies and genetics-based prog-
nostication, it is important to re-assess the prognostic
relevance of specific cytogenetic aberrations in PV, in the
context of existing risk factors.

Methods

After institutional review board approval, cytogenetically
annotated patients with PV who met the Internation-
al Consensus Classification diagnostic criteria and was
evaluated at the Mayo Clinic between January 1973 and
September 2023 were retrospectively studied.! A subset
of patients with grade =2 reticulin fibrosis (N=23) were
included as PV cases in the absence of anemia, leuko-
erythroblastosis, worsening splenomegaly, or constitu-
tional symptoms reminiscent of post-PV MF.' Cytogenetic
analysis was performed on bone marrow aspirates and
result reporting was in accordance with the International
System for Human Cytogenomic Nomenclature (ISCN).8
Every attempt was made to incorporate solely patients
whose cytogenetic studies involved analysis of at least 20
metaphases. Chromosomal abnormalities were considered
clonal if the same structural abnormality or extra chro-
mosome appeared in at least two metaphases and mono-
somy in at least three metaphases. Recurrent cytogenetic
abnormalities, namely loss of Y chromosome (-Y), trisomy
8 (+8), trisomy 9 (+9), and sole deletion of 20q (del20q),
were categorized separately, while the remainder of the
abnormalities were conventionally grouped as either ‘single
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abnormality excluding -Y-, +8, +9, or del(20q9)’ or ‘two or
more abnormalities.’ In order to examine clinical and labo-
ratory correlations, as well as survival prognostication, we
strived to capture exclusively informative cases in which
cytogenetic analyses were performed either at the time
of diagnosis or within 1 year thereafter. This approach was
taken to eliminate the confounding influence of therapies
and inadvertent inclusion of post-PV MF. Molecular cor-
relations were computed in a subset of cases in which
next-generation sequencing was performed.

Categorical variables were compared using the X? test,
while continuous variables were assessed through Wil-
coxon/Kruskal-Wallis tests. Multivariable analyses were
conducted using the Cox proportional hazards model. Cox
regression analysis was applied to identify risk factors for
overall survival, leukemia-free survival, and myelofibro-
sis-free survival. The overall survival analysis encompassed
the period from the date of diagnosis to either the date
of death or last contact, which was updated in Decem-
ber 2023. Myelofibrosis-free survival and leukemia-free
survival were calculated from the time of diagnosis to the
occurrence of the respective events after diagnosis. Time-
to-event curves were generated using the Kaplan-Meier
method and compared by the log-rank test. P values <0.05
were considered statistically significant. The JMP Pro 16.0.0
software package was used for all analyses.

Results

Prevalence of cytogenetic abnormalities at diagnosis
and in different stages of the disease

Cytogenetic studies were performed in a total of 669 pa-
tients of whom 436 (65%) underwent cytogenetic evalu-
ation at or within 1 year of diagnosis (baseline), 116 (17%)
within 1-10 years, 47 (7%) after more than 10 years, and
70 (10%) at post-PV MF or LT. Table 1 illustrates the dis-
tribution of specific cytogenetic abnormalities across the
disease course from baseline (within a year of diagnosis)
and beyond the initial year following diagnosis. In 436 pa-
tients with cytogenetic information obtained within 1 year
of diagnosis, karyotype was normalin 369 (85%), showed
=Y in 15 (3%), and other abnormalities in 52 (12%). The
most common abnormalities were +9 (N=11; 3%), del(20q)
(N=10; 2%), +8 (N=4; 1%), other sole abnormalities (N=16;
4%), and 22 abnormalities (N=11; 3%) including complex
karyotype (N=4; 1%). The frequency of AK was higher with
longer disease duration, being 15% within 1 year of diag-
nosis, 28% in those diagnosed 1-10 years previously, 49%
in those studied more than 10 years after diagnosis, and
50% at the time of post-PV MF or LT (P<0.01). Isolated
del(20q), single abnormalities excluding del(20q), +8, +9,
or -Y, and =2 abnormalities including complex karyotype
were progressively acquired; respective frequencies within
a year of diagnosis, over 10 years after diagnosis, and at
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the time of post-PV MF or LT were 2%/21%/10% (20qg-),
4%/17%/14% (single abnormality excluding del(20q), +8,
+9, or -Y), 3%/11%/19% (=2 abnormalities), and 1%/ 2%/10%
(complex karyotype) (all P values <0.01). In addition, the
frequency of isolated +8 was higher at fibrotic transforma-
tion than within a year of diagnosis (5% vs. 0.9%; P=0.04).
Information on treatment initiated at the time of diag-
nosis was available for 134 of 436 patients with baseline
cytogenetic assessment: the majority (N=106, 79%) of
these patients were receiving aspirin, while cytoreductive
therapy was initiated in 65 (49%) patients and consisted
of hydroxyurea (N=50), pegylated interferon (N=13), or
anagrelide (N=2). The use of cytoreductive therapy was
not significantly different among patients with abnormal
or normal karyotype (58% vs. 46%, P=0.55). Also, similar
proportions of patients with abnormal and normal karyo-
type were receiving aspirin (73% vs. 76%, P=0.90).

Clonal evolution

Fifty-six patients had at least two cytogenetic studies
performed at a median of 6.1 years (0.5-19.9 years), fol-
lowing the baseline cytogenetic evaluation. In addition,
11 patients had three, and four patients had four cytoge-
netic assessments during the chronic phase of PV. This
cohort was used to identify patterns of clonal evolution,
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defined as the acquisition of cytogenetic abnormalities
from a previously normal karyotype or the development
of additional abnormalities in a previously AK. As shown
in Table 2, cytogenetic clonal evolution was evident in
both the chronic phase and at transformation (to post-
PV MF and acute myeloid leukemia). At the time of
the second or third biopsies in the absence of disease
transformation, clonal evolution was documented in
a total of 13 of 56 (23%) patients and three of 11 (27%)
patients, respectively. On the other hand, cytogenetic
studies performed at the time of post-PV MF and LT
demonstrated clonal evolution in 14 of 31 (45%) and
three of six (50%) patients, respectively. The frequency
of AK became significantly higher from 15% at baseline
to 30% at the time of second biopsy (P=0.02), 61% at
post-PV MF (P<0.01) and 83% at LT (P<0.01). Compared
to baseline, del(20q) (2% vs. 7% at the time of second
biopsy, P=0.05), and =2 abnormalities (3% at baseline
vs. 7%, P=0.07) were more likely to be acquired at the
time of the second cytogenetic study, while frequencies
of +8 (0.9% to 2%, P=0.55), and +9 (3% to 5%, P=0.25)
were unchanged. Also, a higher frequency of del(20q)
was identified at post-PV MF (23% vs. 2% at baseline,
P<0.01) and =2 abnormalities at post-PV MF (26% vs. 3%,
P<0.01) and LT (83% vs. 3%, P<0.01).

Table 1. Frequency of cytogenetic abnormalities among 669 informative patients with polycythemia vera, assessed at varying times

from diagnosis*

Within 1 1-10 years
ear of after
Variables y . diagnosis
diagnosis N=116
N=436 p

o 83 (72)

Normal karyotype, N (%) 369 (85) <0.01

Abnormal karyotype including 33 (28)
Y, N (%) () <0.01

Abnormal karyotype excluding 52 (12) 31 (27)
-Y, N (%) <0.01
) 0 2(2)
Isolated -Y, N (%) 15 (3) 0.31
0 5(4)
Isolated +9, N (%) 11 (3) 033
0 8 (7)

Isolated del (20q), N (%) 10 (2) 0.02
0 3(3)
Isolated +8, N (%) 4 (0.9) 019
Single abnormality excluding -Y, 16 (4) 6 (5)
+8, +9, or del(20q), N (%) 0.48
Two or more abnormalities, 11.(3) 9 (8)
N (%) 0.01

>10 years

At MF/AML At MF At AML
after . . .
diagnosis transformation transformation transformation
Ng_ o N=70 N=61 N=9
p P P P
24 (51) 35 (50) 32 (52) 3 (33)
<0.01 <0.01 <0.01 <0.01
23 (49) 35 (50) 29 (48) 6 (67)
<0.01 <0.01 <0.01 <0.01
23 (49) 34 (49) 29 (48) 5 (56)
<0.01 <0.01 <0.01 <0.01
0 (0) 1(1) 0 (0) 1(11)
0.08 0.33 0.046 0.32
0 (0) 1(1) 1(2) 0 (0)
0.13 0.55 0.66 0.50
10 (21) 7 (10) 6 (10) 1(11)
<0.01 <0.01 <0.01 0.21
0(0) 3(4) 3 (5) 0(0)
0.36 0.06 0.04 0.69
8 (17) 10 (14) 7 (11) 3 (33)
<0.01 <0.01 0.02 <0.01
5(11) 13 (19) 12 (20) 1(11)
0.01 <0.01 <0.01 0.23

*Patients included in each time frame are distinct and do not overlap. All P values are with reference to cytogenetics performed within 1 year

of diagnosis; values <0.05 are considered statistically significant. MF:

myelofibrosis; AML: acute myeloid leukemia.
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Table 2. Incidence and pattern of cytogenetic clonal evolution among 436 patients with polycythemia vera stratified by disease

subtype.
Before transformation At transformation
Karyotype at
. . Karyotype at Karyotype at At MF At AML
Variables Karyoty.lpe at | time ?f second time of third  time of fourth transformation transformation
baseline* biopsy . .
N=436 N=56 biopsy biopsy N=31 N=6
B B N=T1 N=4 P p
P
Karyotype, N (%)
Normal karyotype 369 (85) 39 (70) 7 (64) 4 (100) 12 (39) 1(17)
17 (30) 19 (61) 5 (83)
Abnormal karyotype 67 (15) 0.02 4 (36) 0 (0) <0.01 <0.01
Isolated -Y 15 (3 2(4) 1(9) 0(0) 0(0) 0(0)
Isolated +9 1 (3) 305 0(0) 0 (0) 00 00
0.25 - -
4 (7) 7 (23) 0 (0)
Isolated del (20q) 10 (2) 0.049 0 (0) 0 (0) <0.01 !
Isolated +8 4(0.9) 12 1(9) 0(0) 0(0) 0(0)
Single abnormality
excluding -Y, +8, +9, 16 (4) 3 55) 0 (0) 0 (0) 4 (_1 3) 0 SO)
or del(20q)
Two or more 4(7) 8 (26) 5 (83)
abnormalities 1) 0.07 2 (18) 0(0) <0.01 <0.01
Clonal evolution, N (%) - 13 (23) 3 (27) 0 (0) 14 (45) 3 (50)

*Baseline; karyotype obtained within 1 year of diagnosis. All P values are with reference to karyotype obtained within 1 year of diagnosis. MF:

myelofibrosis; AML: acute myeloid leukemia.

Phenotypic and molecular correlates (N=436)

Four hundred and thirty-six patients with PV (51% males;
median age, 64 years) who underwent cytogenetic test-
ing at or within 1 year of diagnosis were examined for
phenotypic correlations (Tables 3 and 4). AK (N=67),
compared to normal karyotype, correlated with older
age (median 70 vs. 63 years, P<0.01), male gender (64%
vs. 48%, P=0.02), lower platelet count at presentation
(median 370 vs. 465%x10°/L, P<0.01) and grade =2 bone
marrow fibrosis (15% vs. 4%, P<0.01). AK excluding loss
of Y (N=52), compared to normal karyotype, also cor-
related with older age (median 69 vs. 63 years, P<0.01),
lower platelet count (median 361 vs. 465x10°/L, P<0.01)
and grade =2 reticulin fibrosis (16% vs. 4%, P=0.01). By
contrast, incidence rates of leukocytosis 215x10°/L (21%
vs. 21%, P=0.96), splenomegaly (34% vs. 28%, P=0.29),
and history of thrombosis (30% vs. 34%, P=0.49) did not
differ between patients harboring an abnormal or normal
karyotype.

Among specific cytogenetic abnormalities, del(20q), com-
pared to normal karyotype, was associated with older age
(median 76 vs. 63 years, P<0.01) and grade 22 reticulin
fibrosis (22% vs. 5%; P=0.03); +8 occurred exclusively in
patients =60 years old (P=0.03); +9 (N=11) was associat-

ed with a higher incidence of prior venous thrombosis
(45% vs. 17%, P=0.03). Single abnormalities (excluding
del(20q), +8, +9, or -Y), were also associated with older
age (median age 71 vs. 63 years, P=0.02). On the other
hand, patients with 22 abnormalities, compared to those
with a normal karyotype, were more likely to be males
(73% vs. 48%, P=0.01), had a lower incidence of arterial
thrombosis prior to/at diagnosis (0% vs. 22%, P=0.02),
and had a lower platelet count at diagnosis (368 vs.
465x10°/L, P=0.04).

One hundred and eighty-seven patients were examined
for molecular correlations based on availability of muta-
tional information (Tables 3 and 4). The most frequently
mutated genes included TET2 (N=32, 17%), ASXL1 (N=14,
7%), TP53 (N=8, 4%), SRSF2 (N=7, 4%), SH2B3 (N=6, 3%),
DNMT3A (N=5, 3%), and IDH2 (N=5, 3%). SRSF2 and IDH2
mutations were found to cluster with normal karyotype
(5% vs. 0%; P=0.14 and 3% vs. 0%; P=0.16, in normal vs. AK
[excluding -Y], respectively). As expected, TET2 mutations
were more likely to be present in patients with -Y (57%
vs. 18%; P=0.02). By contrast, TP53 and ASXLT mutations
were uniformly distributed across normal karyotype and
AK overall and when specific abnormalities were con-
sidered separately.
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Table 3. Clinical and laboratory characteristics of 436 patients with polycythemia vera in whom cytogenetic studies were per-

formed within 1 year of diagnosis.

Variables N=436

Age at diagnosis in years, median (range)
Age =60 years, N (%) 258 (59)
Gender (male), N (%) 221 (51)
Hemoglobin, g/dL, median (range)

Platelet count x10°/L, median (range)

Leukocytes x10°%L, median (range)

Leukocytes =15x10%L, N (%) 90 (21)
Grade =2 reticulin fibrosis, N (%) 23/402 (6)
Palpable splenomegaly, N (%) 126 (29)
Any thrombosis at or prior to diagnosis, N (%) 146 (33)
Arterial thrombosis 92 (21)
Venous thrombosis 73 (17)
Any thrombosis after diagnosis, N (%) 103 (24)
Arterial thrombosis 60 (14)
Venous thrombosis 60 (14)
Patients evaluated for gene mutations, N 187
Mutations found, N (%)
TET2 32 (17)
ASXL1 14 (7)
TP53 8 (4)
SRSF2 7 (4)
SH2B3 6 (3)
DNMT3A 5(3)
IDH2 5(3)
SF3B1 4 (2)
SETBP1 3(2)

All patients

64.1 (18.7-91.4)

17.3 (14.1-24.1)

442.5 (44-2747)

10.9 (3.3-33.7)

Normal
karyotype
N=369

62.7 (18.7-91.4)

205 (56)

178 (48)

17.3 (14.1-24.1)

465 (48-2747)

11 (3.3-33.7)

76 (21)

14/340 (4)

103 (28)

126 (34)
82 (22)
62 (17)
88 (24)
48 (13)

52 (14)
154

27 (18)

Abnormal
karyotype
(including -Y)
N=67
P

70 (34.7-87.3)
<0.01

53 (79)
<0.01

43 (64)
0.02

17.3 (15.6-22)
0.88

370 (44-932)
0.02

10.6 (5.7-26)
0.97

14 (21)
0.96

9/62 (15)
<0.01

23 (34)
0.29
20 (30)
0.49
10 (15)
0.16
11 (16)
0.94
15 (22)
0.79
12 (18)
0.30
8 (12)
0.63
33

5 (15)
0.74
2 (6)
0.73
1(3)
0.69
0 (0)
0.10
2 (6)
0.35
1(3)
0.89
0 (0)
0.16
1(3)
0.71
0 (0)
0.28
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Abnormal
karyotype
(excluding -Y)
N=52
P

68.9 (34.7-85.6)
<0.01

39 (75)
<0.01

28 (54)
0.45

17.1 (15.6-22)
0.94

361 (44-902)
<0.01

10.3 (5.7-26)
0.90

11 (21)
0.93

8/49 (16)
0.01

17 (33)
0.48
15 (29)
0.44
7 (13)
0.13
9 (17)
0.93
11 (21)
0.66
9 (17)
0.41
7 (13)
0.90
26

1(4)
0.04
2(8)
0.99
1(4)
0.88
0(0)
0.14
1(4)
0.73
0(0)
0.26
0(0)
0.21
0(0)
0.33
0(0)
0.33

=Y only
N=15
P

73.2 (59.2-87.3)
<0.01

14 (93)
<0.01

15 (100)
<0.01

17.4 (16.6-19.9)
0.85

526 (208-932)
0.36

11.3 (6.9-24)
0.88

3 (20)
0.96

1/13 (8)
0.77

6 (40)
0.32
5 (33)
0.95
3 (20)
0.83
2 (13)
0.72
4 (27)
0.80
3 (20)
0.46
1(7)
0.37

0 (0)
0.60

Continued on following page.
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All patients

Variables N=436

EzH2
IDH1
RUNX1
KIT
CBL
ZRSR2
NRAS

1(0.5)

CEBPA 1(0.5)

M. Iftikhar et al.

Abnormal Abnormal
Normal karyotype karyotype =Y only
karyotype (including -Y) (excluding -Y) N=15
N=369 N=67 N=52 P
P P

1(3) 1(4) 0(0)

2(1) 0.51 0.41 0.67
0 (0) 0 (0) 0 (0)

2(1) 0.38 0.43 0.67
1(3) 0 (0) 1 (14)

1(0.6) 0.29 0.58 0.05
0 (0) 0 (0) 0 (0)

2(1) 0.37 0.42 0.67
1(3) 1(4) 0(0)

1(0.6) 0.29 0.23 0.77
1(3) 0 (0) 1 (14)

1(0.6) 0.29 0.58 0.05
0 (0) 0 (0) 0 (0)

1(0.6) 0.53 0.56 0.77
1(3) 1(4) 0(0)

0(0) 0.06 0.048 i

All P values are for the comparison with a normal karyotype with values <0.05 considered statistically significant.

Prognostic impact of cytogenetic abnormalities
(N=436)

At a median follow-up of 7.4 years (range, 0.04-42.4 years),
a total of 163 (37%) patients have died, while 50 (11%) and
14 (3%) underwent fibrotic progression and LT, respective-
ly. In addition, 60 arterial and venous thrombotic events
each were recorded in a total of 103 (24%) patients. In
univariate analysis for overall survival. AK, compared to
normal karyotype, was associated with inferior survival
(median overall survival; 10.5 vs. 16.3 years, P<0.01) (Fig-
ure 1A). In multivariate analysis, the adverse impact of
AK remained statistically significant (P=0.02; hazard ratio
[HR]=2.0, 95% confidence interval [95% CI]: 1.2-3.3), along
with age 260 years (P<0.01; HR=5.5, 95% CI: 3.1-9.7), leu-
kocyte count 215x10°%/L (P<0.01; HR=2.6, 95% CI: 1.5-4.3),
and SRSF2 mutations (P<0.01; HR=6.1, 95% ClI: 2.3-16.1). In
univariate analyses which considered specific cytogenet-
ic abnormalities, survival was numerically shorter in the
presence of del(20q) (11.3 vs. 14.9 months, P=0.08), and
single abnormalities (excluding del (20q), +8, +9, or -Y)
(111 vs. 14.8 months, P=0.15); however, these differences
were no longer apparent on age-adjusted analysis.
Overall, the incidence of myelofibrosis was higher in pa-
tients with AK than in those with a normal karyotype (21%
vs. 10%, P=0.14), particularly in patients harboring del(20q)
(30%). In time-dependent analyses, AK was an independent
predictor of myelofibrosis-free survival (P<0.01; HR=3.7, 95%
Cl: 1.8-7.8), along with SRSF2 mutations (P<0.01; HR=18.4,
95% Cl: 4.7-72.4) (Figure 1B). Similarly, the incidence of
LT was higher in those with AK (7% vs. 2%; P=0.03) and
was highest amongst those harboring 22 abnormalities
(27%). Analysis of leukemia-free survival revealed AK to
be a significant risk factor in univariate (P<0.01), but not

multivariate analysis that included SRSF2 mutation (P=0.47)
(Figure 1C, Table 5). On the other hand, the presence of
AK did not appear to have a significant impact on rates of
either arterial thrombosis (18% vs. 13%; P=0.1) or venous
thrombosis (12% vs. 14%; P=0.95), or on thrombosis-free
survival (Figure 2). The borderline increased risk of arterial
thrombosis in patients with AK was fully accounted for
by their older age distribution.

Discussion

Cytogenetic studies provide a global overview of the entire
genome at a low cost, are universally available and provide
information that complements sequencing results.® In light
of the advantages of conventional chromosome analysis,
the current study, comprising the largest cohort of cyto-
genetically annotated patients with PV followed for up to
five decades, provides one of the most comprehensive
and mature accounts of cytogenetics in PV to date. Our
study reveals that approximately 15% of PV patients display
AK at or within 1 year of diagnosis and identifies several
confirmatory as well as novel findings. Previous studies
on clinical and molecular correlates in PV have consis-
tently indicated that AK is an independent risk factor for
inferior survival, with increased risk of fibrotic progression
and LT.5"%" Based on these findings, AK was integrated as
a prognostic variable in the hybrid clinical plus genetic
MIPSS-PV model.” Despite the acknowledged prognostic
relevance of cytogenetics in PV, our understanding of the
acquisition of specific abnormalities across disease phases
remains limited. This can be attributed to the fact that
cytogenetic testing is not routinely performed at the time
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Table 4. Phenotypic and molecular correlates of specific cytogenetic profiles obtained within 1 year of the diagnosis of polycy-

themia vera.

Variables

Age at diagnosis in years,
median (range)

Age =60 years, N (%)

Gender (male), N (%)

Hemoglobin, g/dL, median
(range)

Platelet count x10°/L, median
(range)

Leukocytes x10°%L, median
(range)

Leukocytes =15x10%L, N (%)

Grade =2 reticulin fibrosis,
N (%)

Palpable splenomegaly, N (%)

Any thrombosis at or prior to
diagnosis, N (%)

Arterial thrombosis

Venous thrombosis

Any thrombosis after
diagnosis, N (%)

Arterial thrombosis

Venous thrombosis

Patients evaluated for gene
mutations, N

Mutations found, N (%)

TET2
ASXL1
SRSF2
TP53
IDH2
SH2B3
DNMT3A

SF3B1

Normal
karyotype

N=369

62.7 (18.7-91.4)

205 (56)

178 (48)

17.3 (14.1-24.1)

465 (48-2,747)

11 (3.3-33.7)

76 (21)

14/340 (4)

103 (28)
126 (34)
82 (22)
62 (17)
88 (24)
48 (13)
52 (14)

154

27 (18)

759 (56.4-81.5)

Isolated del(20q) Isolated +8
N=10 N=4
P P

71.1 (67.7-77.5)

<0.01 0.09
8 (80) 4 (100)
0.11 0.03
6 (60) 1 (25)
0.46 0.34

17.3 (15.6-21.4)  19.4 (16.5-20.4)
0.98 0.15

336 (180-902) 321 (214-394)
0.21 0.07

10 (8.6-21) 10.2 (6.4-14.4)
0.96 0.50
3 (30) 0 (0)
0.49 0.18

2/9 (22) 1/4 (25)
0.03 0.10
2 (20) 1 (25)
0.57 0.90
4 (40) 2 (50)
0.70 0.52
3 (30) 1 (25)
0.58 0.90
1(10) 1 (25)
0.54 0.68
3 (30) 0 (0)
0.66 0.14
2 (20) 0 (0)
0.54 0.29
1(10) 0 (0)
0.70 0.27
4 4
0(0) 0 (0)
0.22 0.22
0 (0) 1 (25)
0.42 0.31
0(0) 0 (0)
0.54 0.54
0(0) 0 (0)
0.55 0.55
0(0) 0 (0)
0.61 0.61
1 (25) 0 (0)
0.10 0.65
0(0) 0 (0)
0.65 0.65
0(0) 0 (0)
0.69 0.69
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Isolated +9
N=11
P

61.7 (34.7-77.2)
0.87

6 (55)
0.95

6 (55)
0.68

17.3 (15.7-20.1)
0.87

364 (295-866)
0.15

12.4 (7.9-26)
0.28

2(18)
0.84

2/10 (20)
0.11

5 (45)
0.22
5 (45)
0.45
1(9)
0.25
5 (45)
0.03
2 (18)
0.65
2 (18)
0.63
1(9)
0.62

5

0(0)
0.17
0 (0)
0.37
0 (0)
0.50
0 (0)
0.50
0 (0)
0.57
0 (0)
0.61
0 (0)
0.61
0 (0)
0.66

Single
abnormality
excluding -Y,

+8, +9, or
del(20q)
N=16
P

70.7 (42.1-82.6)
0.02

13 (81)
0.03
7 (44)
0.72

17.1 (16.1-22)
0.79

397.5 (44-851)
0.18

10.3 (5.7-21)
0.91

5 (31)
0.33
1115 (7)
0.87
5 (31)
0.77
3 (19)
0.18
2 (13)
0.32
1(6)
0.21
4 (25)
0.92
4 (25)
0.21
3(19)
0.62

7

0 (0)
0.10
0 (0)
0.29
0 (0)
0.43
0 (0)
0.43
0 (0)
0.50
0 (0)
0.55
0 (0)
0.55
0 (0)
0.60

Two or more

abnormalities

N=11
P

68 (49.7-85.6)
0.23

8 (73)
0.25

8 (73)
0.10

17 (16.1-20.4)
0.86

368 (228-578)
0.04

9.8 (6.4-22.7)
0.44

1(9)
0.31

2/11 (18)
0.14

4 (36)
0.55
1(9)
0.05
0(0)
0.02
1(9)
0.47
2 (18)
0.65
1(9)
0.69
2 (18)
0.71

6

1(17)
0.96
1(17)
0.49
0(0)
0.46
1(17)
0.28
0(0)
0.53
0(0)
0.58
0(0)
0.58
0(0)
0.63

Continued on following page.
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Normal Isolated del(20q)

Variables karyotype N=10
N=369 P
SETBP1 3(2) 29
EZH2 2 (1) 20
IDH1 2 (1) 20
KIT 2 (1) 20
NRAS 1(0.6) °9
CBL 1(0.6) 8_%02)

M. Iftikhar et al.

Single

abnormality Two or more

Isolated +8 Isolated +9 excluding -Y, abnormalities
N=4 N=11 +8, +9, or N=11
P P del(20q) p

N=16
P
0(0) 0(0) 0(0) 0(0)
0.69 0.66 0.60 0.63
0 (0) 0 (0) 0 (0) 1(17)
0.75 0.72 0.67 0.08
0(0) 0(0) 0(0) 0(0)
0.75 0.72 0.67 0.69
0(0) 0(0) 0(0) 0(0)
0.75 0.72 0.65 0.69
0(0) 0(0) 0(0) 0(0)
0.82 0.80 0.77 0.78
0 (0) 0 (0) 1(14) 0 (0)
0.82 0.80 0.05 0.78

All P values are for the comparison with a normal karyotype with values <0.05 considered statistically significant.

of initial diagnosis of PV, and usually reserved for clinically
suspected disease progression.” Furthermore, cytogenetic
risk stratification in PV is not only challenged by the avail-
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ability of limited baseline cytogenetic results, but also by the
relatively low frequency of AK, and immature survival data.
Foundational knowledge on the prognostic impact of AK in
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Figure 1. Abnormal karyotype and survival in polycythemia
vera. (A) Overall survival in 436 patients with polycythemia
vera, stratified by cytogenetics performed at or within 1
year of diagnosis. (B) Leukemia-free survival in 436 patients
with polycythemia vera, stratified by cytogenetics per-
formed at or within 1 year of diagnosis. (C) Myelofibro-
sis-free survival in 436 patients with polycythemia vera,
stratified by cytogenetics performed at or within 1 year of
diagnosis.
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PV necessitates additional studies to identify specific cyto-
genetic aberrations and assess their prognostic interaction
with JAK2 V617F allele burden and other prognostically rel-
evant mutations. In this regard, in our previous study, which
investigated the prognostic significance of cytogenetic find-
ings at diagnosis in 137 patients with PV with AK in 15%, we
did not find a significant association between AK and JAK2
allele burden or survival, likely due to the short follow-up
duration of 38 months.® By contrast, a subsequent study
which included 196 PV patients with AK in 19% (median fol-
low-up 84 months) confirmed the adverse impact of AK on
overall survival and leukemia-free survivall® Although the

M. Iftikhar et al.

aforementioned study boasted a relatively larger sample size
compared to preceding ones and featured a longer follow-up
period, its scale remained modest, thereby limiting a thor-
ough evaluation of individual cytogenetic abnormalities.
The current study builds upon our previous work and ad-
dresses prior limitations by using a large cohort of PV pa-
tients followed for up to five decades, enabling a robust
analysis of individual abnormalities and at various phases
of disease progression. Our study is unique in that it de-
scribes cytogenetics in PV as dynamic and correlated with
the disease phase. We addressed this through two distinct
approaches. Firstly, we compared the prevalence of cyto-

Table 5. Overall survival, leukemia-free survival and myelofibrosis-free survival prediction among 436 patients with polycythemia
vera in whom cytogenetic studies were conducted within 1 year of diagnosis.

Overall survival

Leukemia-free survival

Myelofibrosis-free survival

Variables Univariate I.\ge- Multivariable Univariate I:\ge- Multivariable Univariate I-\ge- Multivariable
p adjusted P p adjusted P p adjusted P
P HR (95% CI) P HR (95% ClI) P HR (95% CI)
Age at diagnosis, in <0.0001 i i 0.37 i i 0.34 i i
years ' ' '
Age =60 years <0.0001 - 5 ;((’\;30‘1)_0; 2 0.23 - - 0.23 - -
Gender 0.46 - - 0.26 - - 0.79 - -
Leukocytes 0.0007
1551 0°/L 0.0001 <0.0001 2.6 (1.5-4.3) 0.50 - - 0.20 - -
Cardiovascularrisk g 5001 0.22 . 0.07 . . 0.91 - -
factors
Any thrombosis at 0.04 0.12 i 0.95 i ) 0.06 i )
or prior to diagnosis ' ' ' '
Arterial thrombosis ~ 0.001 0.13 - 0.86 - - 0.10 - -
Venous thrombosis 0.73 - - 0.44 - - 0.57 - -
Abnormal karyotype 0.02 0.47 )
including -Y (N=67) ~ %:0003 004 5454033 002 002 49(04-90) 00004  0.0007
Abnormal karyotype i i i
excluding -Y (N=52) 0.002 0.04 0.007 0.009 0.0008 0.001
Isolated -Y (N=15) 0.07 - - 0.43 - - 0.34 - -
Single abnormality
excluding -Y, +8, +9, 0.19 0.42 - 0.38 - - 0.18 0.21 -
or del(20q) (N=16)
Isolated del(20q) 0.08 0.44 . 0.44 . . 0.07 0.07 .
(N=10) : : . : .
Isolated +9 (N=11) 0.36 - - 0.30 - - 0.28 - -
Two or more
abnormalities 0.25 - - 0.001 0.002 - 0.08 0.09 -
(N=11)
Isolated+8 (N=4) 0.15 - - 0.65 - - 0.35 - -
SRSF2 mutation 0.002 0.001
(N=8) <0.0001 0.001 6.1 (2.3-16.1) 0.004 0.005 0.004 0.003 0.005 18.4 (4.7-72.4)

HR: hazard ratio; 95% Cl: 95% confidence interval.
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genetic abnormalities at various timepoints after diagnosis
including within a year of diagnosis, 1-10 years, beyond 10
years, and at post-PV MF and LT. Over the aforementioned
timepoints, AK was increasingly prevalent, reaching 250%
at disease transformation. Additionally, we identified the
close association between AK and disease progression;
specific abnormalities, such as isolated del(20q), single
abnormalities (excluding del(20q), +8, +9, or -Y), and >2
abnormalities, were more likely at post-PV MF. Secondly,
we confirmed the acquisition of karyotypic abnormalities
among patients with subsequent bone marrow biopsies to
illustrate clonal evolution both during the chronic phase
and at transformation. The frequency of AK increased from
baseline to the time of the second biopsy (without overt
disease transformation), as well as during post-PV MF and
LT, further emphasizing the instability and dynamic nature
of chromosomal abnormalities throughout the course of
the disease. These findings correspond to those of an MD
Anderson study that documented cytogenetic clonal evo-
lution to be a common phenomenon both in the chronic
phase of PV and during disease transformation.” Similarly,
a prior Mayo Clinic study documented new cytogenetic
abnormalities in 25% of patients with PV and change in
karyotype from “normal” to “abnormal”, in the absence of
overt disease transformation, showed a trend for adverse
survival.® Collectively, these findings strengthen the ar-
gument for conducting karyotypic analysis at the time of
diagnosis but also underscore the case for follow-up re-
assessment of karyotype to ensure continued surveillance.
Salient findings include the association between AK at base-
line and older age, lower platelet count and degree of bone
marrow fibrosis.'® With respect to specific abnormalities,
we observed the following correlations: del(20q) (older age
and grade =2 reticulin fibrosis); +9 (more frequent history
of venous thrombosis); other sole abnormalities (older age);
and =2 abnormalities (male gender, less frequent history
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of arterial thrombosis, lower platelet count). In regard to
the prognostic interaction with mutations, SRSF2 and /IDH2
mutations were shown to cluster with normal karyotype,
while there was no significant disparity in frequency of
other prognostically relevant mutations (ASXL7 and TP53)
between patients with a normal karyotype or AK, likely due
to the small number of informative cases.

From a therapeutic standpoint, current goals of treatment
in PV are mainly focused on reducing the risk of thrombotic
complications and improving clinical symptoms.? Observa-
tions from the current study prompt further investigation
into the efficacy of existing and investigational therapies
in PV within the context of karyotype. In particular, the
anti-clonal and disease-modifying potential of interferon
has long been recognized in PV, with cases of complete
or partial cytogenetic remission documented following
treatment with interferon.' Recently, the PROUD-PV/
CONTINUATION-PV phase Il study of ropegylated interfer-
on-a2b, compared to best available therapy,?? showed su-
perior molecular response with ropegylated interferon-a2b;
54.3% patients achieved a JAK2 V617F allele burden <10%
after 5 years of treatment which was associated with a
non-significant reduction in risk of disease progression.? It
should be noted that the particular study did not provide
any information on cytogenetics. Given the dynamic nature
of cytogenetic abnormalities during the course of PV, one
should consider addition of cytogenetic evaluation in re-
sponse assessment, which currently incorporates clinical,
hematologic and histological assessments as specified in
the European LeukemiaNet response criteria.?* Furthermore,
JAK2 VB17F allele burden suppression to less than 1% by
itself might not suffice as a marker of treatment response,
since more than half of PV patients harbor additional non-
JAK2 mutations, which may persist despite reduction in
JAK?2 levels. Regardless, additional prospective studies are
warranted to examine the interaction between karyotype

B
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0.6
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karyotype T
0.4 N=67

Normal karyotype
N=369

Events= 12 (18%)

Arterial thrombosis -free Survival

0.2
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Figure 2. Abnormal karyotype and thrombosis in polycythemia vera. (A) Venous thrombosis-free survival in 436 patients with
polycythemia vera, stratified by cytogenetics performed at or within 1 year of diagnosis. (B) Arterial thrombosis-free survival in
436 patients with polycythemia vera, stratified by cytogenetics performed at or within 1 year of diagnosis.
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and JAK2 V617F allele burden and other prognostically
relevant mutations in order to confirm the anti-clonal and
disease-modifying potential of long-acting interferon and
other cytoreductive therapies.

In summary, the current study establishes that the presence
of AK at the time of diagnosis of PV is an independent risk
factor for survival and post-PV MF/LT. The increased risks of
post-PV MF with del(20q) and LT with 22 abnormalities require
confirmation in prospective studies. Furthermore, baseline
cytogenetic evaluation should be complemented with serial
cytogenetic and molecular monitoring, which holds promise
not only for predicting disease progression but also moni-
toring response to potentially disease-modifying therapies.
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