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Abstract

We conducted a large international nested case-control study including 1881 patients with Philadelphia-negative
myeloproliferative neoplasms (MPN). Cases (n = 647) were patients with second cancer (SC: carcinoma, non-melanoma
skin cancer, hematological second cancer, and melanoma) and controls (n = 1234) were patients without SC, matched with
cases for sex, age at MPN diagnosis, date of MPN diagnosis, and MPN disease duration. The aim was to evaluate the risk of
SC after exposure to cytoreductive drugs. Patients exposed to hydroxyurea (HU) (median: 3 years) had a risk of SC similar
to unexposed patients (OR = 1.06, 95% CI 0.82—1.38). In contrast, in cancer-specific stratified multivariable analysis, HU
had two-fold higher risk of non-melanoma (NM) skin cancer (OR =2.28, 95% CI 1.15-4.51). A significantly higher risk of
NM-skin cancer was also documented for pipobroman (OR = 3.74, 95% CI 1.00-14.01), ruxolitinib (OR = 3.87, 95% CI
1.18-12.75), and for drug combination (OR =3.47, 95% CI 1.55-7.75). These three drugs did not show excess risk of
carcinoma and hematological second cancer compared with unexposed patients. Exposure to interferon, busulfan, and
anagrelide did not increase the risk. In summary, while it is reassuring that no excess of carcinoma was documented, a
careful dermatologic active surveillance before and during the course of treatments is recommended.

Introduction

Polycythemia vera (PV), essential thrombocythemia (ET),
and myelofibrosis (MF) are myeloproliferative neoplasms
(MPN) characterized by stem cell-derived clonal myelo-
proliferation with mutually exclusive driver JAK2, CALR,
and MPL mutations and other sub-clonal somatic mutations.

Current management recommendations have brought
benefits in decreasing the major complications of MPN
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diseases and have improved overall survival and quality of
life [1]. However, the proportion of MPN patients with
cardiovascular events, evolution to overt MF and acute
leukemia is still elevated and the mortality rate due to these
causes is higher than in normal population [2, 3]. While the
risk of transforming to acute leukemia has been the subject
of several studies [2] less is known about the risk of
developing other malignancies such as solid tumors. In this
regard, the available information derives from retrospective
cohort analysis [4—10] and registry-based population studies
[11, 12]. These latter may have limitations as they do not
have access to information on individual treatment, muta-
tional status, and other important clinical features. The
relationship between cytoreductive drugs and the develop-
ment of these second malignancies has been poorly
explored [13, 14]. The only convincing demonstration of a
carcinogenic potential of cytoreductive drugs has been
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provided for chlorambucil and radiophosphorus in a ran-
domized clinical trial carried out in PV by the Polycythemia
Vera Study Group (PVSG) [15], whereas the evidence that
other cytoreductive agents including hydroxyurea (HU),
pipobroman, busulfan, and JAK?2 inhibitors, may affect the
risk of second cancer (SC) in MPN remains uncertain.

This topic is complex also because MPNs themselves
may have an intrinsic propensity to develop cancer
[12, 16-18] making it difficult to distinguish the patho-
genetic role of drug intervention from that of the MPN
disease itself.

To tackle these relevant clinical questions, we designed a
nested case-control study in the frame of European Leu-
kemia Net (ELN). Cases were PV, ET,and MF patients with
SC, and controls were MPN patients who did not present or
develop second malignancies during a comparable obser-
vation period.

Our aim was two-fold: (i) to describe the types and fre-
quency of SC, including hematological second cancer
(HSC) and (ii) to identify the risk-factors for SC, focusing
on the role of cytoreductive agents.

Patients and methods

This multicenter international nested case-control study
involved 30 international centers (18 from Italy, 11 from
European centers, and 1 from Israel) (ClinicalTrials.gov:
NCT03745378).

For each center, patients with a diagnosis of
Philadelphia-negative MPN according to PVSG, 2008 and
2016 WHO criteria (PV, ET, primary, and secondary MF),
performed from 2000 to 2016, were eligible for the study.
Patients were excluded if any diagnosis of cancer occurred
before the MPN diagnosis.

Selection of cases and controls

Cases were patients with SC diagnosed concurrently or
subsequent to the diagnosis of MPN. Date of SC diagnosis
was defined as index date. Controls were patients with a
diagnosis of MPN without SC.

For each case with SC, up to three controls SC-free at
the index date were matched by each center for sex, age at
MPN diagnosis (5 years), date of MPN diagnosis (+6
years), and MPN disease duration (£3 years). According
to the nested case-control design, each set consisting of
one case and their matched-controls had a similar
observational period (from MPN diagnosis until the index
date) and therefore the same chance to experience the
outcome.

Cases without suitable controls were excluded from this
analysis.
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Cytoreductive drugs exposure

For each case and control, exposure to cytoreductive drugs
was assessed during the whole period from MPN diagnosis
and SC occurrence (for cases)/index date (for controls).
Exposure was defined as follows: (i) exposure to a single
drug, irrespective of the line of treatment; (ii) exposure to a
single drug in first-line monotherapy; and (iii) exposure to
more than one line of treatment with cytoreductive agents.

Statistical analyses

Descriptive statistics were used for summarizing the char-
acteristics of cases and controls at MPN diagnosis and during
follow-up. Categorical variables were presented as number
and percentage; continuous variable as mean and standard
deviation (SD) or median and interquartile range (IQR).

Kruskal-Wallis test (for continuous variables) were used
to test difference between SC cases with PV, ET, and MF.

Chi-square test or Fisher’s Exact test when appropriated
(for categorical data) and t-test or Mann—Whitney U-test
(for continuous variables) were used to test differences
between cases and controls.

For each type of SC, cumulative incidence over time,
from MPN diagnosis, was estimated by the Kaplan—Meier
method and were compared in PV, ET, and MF using the
log-rank test.

Conditional logistic regression models were fitted to
estimate the odds ratio (OR) of SC (overall and stratified by
the type of tumor), as well as the corresponding 95% con-
fidence interval (CI), associated with cytoreductive expo-
sure according to definition (i)-(iii). Adjustments were
made for the characteristics of patients at MPN diagnosis,
such as age, type of MPN, duration of MPN disease,
genetics data, aspirin use and the occurrence of major
thrombosis and monoclonal gammopathy of uncertain sig-
nificance (MGUS) during follow-up.

A sensitivity analysis was performed to evaluate the
robustness of our findings by excluding SC cases (and their
corresponding matched controls) without follow-up, as they
were diagnosed concurrently with the MPN diagnosis.

For all hypotheses tested, two-tailed p-values < 0.05 were
considered to be significant.

Analyses were performed using STATA software,
release 13 (StataCorp. LP, College Station, TX, USA).

Results

Cases

Cases with SC, stratified by type of MPN, are described in
Table 1.
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Table 1 Type and staging of
second cancer (SC) included in

TOT = 647 PV =216 ET =317 MF =114 p

the study Years to SC, median (IQR)

Type of SC
Carcinoma, n (%)
Years to SC, median (IQR)
Breast, n
Ovary/uterus, n
Colorectal, n
Upper gastrointestinal tract, n
Liver/pancreas, n
Lung, n
Head & neck, n
Prostate, n
Kidney, n
Endocrine, n
Others, n
NM-skin cancer, n (%)
Years to SC, median (IQR)

45(1.5,82) 46(1.4,83) 50(.9,85) 3.1(1.2,69) 0.004

426 (65.8%) 140 (64.8%) 220 (69.4%) 66 (57.9%)  0.079

44 (15,77 450.7,81) 49(1.7,77) 3.0(.1,7.0) 0.062
88 24 57 7
25 6 14 5
56 25 25 6
22 7 11 4
15 5 8 2
56 22 23 11
15 6 6 3
121 39 59 23
5 3 2 0
11 3 6 2
12 0 9 3
127 (19.6%) 40 (18.5%) 58 (18.3%) 29 (25.4%)  0.227

5.5(2.6,10.7) 55 3.2,11.6) 6.6 (3.0,11.4) 42(2.4,69) 0.115

Basal cell carcinoma, n 78 22 39 17
Squamous cell carcinoma, n 49 18 19 12
HSC, n (%) 62 (9.6%) 22 (10.2%) 25 (7.9%) 15 (13.2%)  0.244
Years to SC, median (IQR) 24 (0.0,7.8) 2.8(0.2,6.00 3.4(0.2,104) 1.1(0.0,4.8) 0.210
Multiple myeloma (MM), n 15 6 6 3
Chronic lymphocytic leukemia, n 13 5 4 4
Indolent non-Hodgkin 17 6 6 5
lymphoma, n
Aggressive B-cell lymphoma, n = 9 2 5 2
T-cell lymphoma, n 6 2 3 1
ALL/Burkitt lymphoma, n 2 1 1 0
Melanoma, n (%) 32 (4.9%) 14 (6.5%) 14 (4.4%) 4 (3.5%) 0.439
Years to SC, median (IQR) 34(1.5,74) 31(1.2,68) 3424,54) 58(1.9,99) 0.771

NM-skin cancer non-melanoma skin cancer, HSC hematological second cancer, IQR interquartile range

*Kruskal-Wallis test for continuous variables, chi-square test or Fisher’s exact test (when appropriate) for

categorical data

Median time to SC occurrence from MPN diagnosis
was 4.5 years and the most frequent category (65.8%) was
represented by carcinoma, especially of the prostate,
breast, colon-rectum, and lung. A trend for a higher fre-
quency of carcinoma in patients with ET and PV than MF
was observed (p =0.079). The percentage of cases with
NM-skin cancers, HSC and melanoma did not differ in the
three MPNs. We underscore that a higher proportion of
patients with MF presented with carcinoma closer to
diagnosis (p =0.062); moreover, in 25.8% of patients,
HSC were synchronous with MPN diagnosis with a pre-
valence of indolent non-Hodgkin lymphoma and CLL (10
out of 16 patients). On the contrary, the synchronous
occurrence was seen in only 3-4% of cases with mela-
noma and carcinoma and in none of patients with skin
cancer. Of note, the appearance of SC in MF was

persistently earlier than in PV and ET as shown in Fig. 1
which illustrates the cumulative incidence over time of the
single tumor category.

Cases and matched-controls

Cases with SC were comparable to controls for demo-
graphics, type of MPN, and exposure to potential baseline
clinical and laboratory confounders, such as driver and
non-driver mutations, abnormal karyotype and prior car-
diovascular risk factors (Table 2). Of note, the proportion
of patients developing major arterial thrombosis and
MGUS was significantly more elevated in cases than in
controls (p =0.015 and 0.005, respectively). No sig-
nificant association was found for driver and non-driver
mutations and SC.

SPRINGER NATURE
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==

Log-rank p= 0.019

T T
6 8 10 12 14
Years after MPN diagnosis
N
PV 140 102 75 55 36 16 11 4 2 2 2
ET 220 161 122 85 52 35 21 14 5 4 2
MF 66 36 26 18 12 4 1 0 0 0 0

‘ NM-skin cancer (n = 127) |

1.00
L

Log-rank p= 0.018

0.50 0.75
L L

0.25
L

T T
6 8 10 12 14
Years after MPN diagnosis
N
PV 40 31 27 17 16 12 9 4 2 1 1
ET 58 49 41 33 24 17 14 10 5 0 0
MF 29 22 16 8 4 4 1 1 0 0 0

‘ HSC (n = 62)

R Log-rank p= 0.036

PV 22 11 21 5 4 3 2 2 2 0 0
ET 25 15 12 12 10 8 6 3 2 1 1
MF 15 7 4 2 0 0 0 0 0 0 0

‘ Melanoma (n = 32) |

I

1.00
L

Log-rank p=  0.825

0.50 0.75
L L

0.25
L

6 8 10 12 14
Years after MPN diagnosis
N
PV 14 9 6 4 2 1 1 0 0 0 0
ET 14 11 6 3 3 2 1 1 0 0 0

Fig. 1 Time to different second cancer (SC) in each MPN disease (only for case patients). NM-skin cancer non-melanoma skin cancer, HSC

hematological second cancer

In detail, major thrombosis after MPN diagnosis and
before SC occurrence was significantly more frequent in
patients with carcinoma (p =0.034), while the occurrence
of MGUS preceding cancer was higher among cases with
HSC (p =0.000), in particular in patients with multiple
myeloma (33.3%) (Table S1). Interestingly, while in PV
there was a trend for a higher frequency of melanoma (p =
0.077) and carcinoma (p =0.065), the proportion of MF
was significantly higher among cases with NM-skin cancers
than controls (p = 0.040).

Drug exposure

About 21.3% of cases with SC and 25.3% controls
remained chemotherapy-free during the follow-up period

(Tables 3 and S2).
Hydroxyurea

The percentage of cases treated with HU during the period
from diagnosis to SC occurrence, regardless of the lines of
therapy, was similar to that of controls (p =0.793), as well
as when the drug was used alone in monotherapy (p =
0.310). These findings were confirmed in a multivariable

SPRINGER NATURE

analysis showing that patients treated with HU, regardless
of the line of treatment or in first-line monotherapy, had a
similar SC risk than patients who were not treated with this
drug (OR =1.06, 95% CI 0.82-1.38 and OR = 1.14, 95%
CI 0.84-1.54) (Fig. 2).

However, in cancer-specific stratified multivariable ana-
lysis, HU irrespective of the line of treatment, showed a
two-fold higher risk of NM-skin cancer (OR =2.28, 95%
CI 1.15-4.51) (Fig. S1).

Moreover, a statistically significant protection of HU
alone in first-line monotherapy on risk of HSC was found
(Fig. S1), even though in a sensitivity analysis (see below)
this finding was not confirmed.

Pipobroman

The proportion of SC cases treated with pipobroman, irre-
spective of the line of treatment, was significantly higher
than controls (p =0.018) while a trend was seen for the
exposure in first-line monotherapy (p =0.061) (Table 3).
Notably, in multivariable analysis, the overall exposure to
pipobroman, was significantly associated with the risk of
SC (OR =2.10, 95% CI 1.09-4.06) (Fig. 2), especially with
NM-skin cancer (OR =3.74, 95% CI 1.00-14.01) (Fig. S1).
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Table 2 Characteristics of 647

cases of second cancer (SC) and TOT = 1881 ]Czo;irols N= gj;es N= r
1,234 controls at MPN diagnosis
and major events during follow- A4¢ 3¢ MPN diagnosis 632+11.8 631118 633118  0.755 (mv)
up (before SC/index date)
Male gender 956 (50.8%) 625 (50.6%) 331 (51.2%) 0.833 (mv)
Caucasian ethnicity 1,782 (94.7%) 1,161 (94.1%) 621 (96.0%)  0.080
MPN diagnosis
PV 610 (32.4%) 394 (31.9%) 216 33.4%) 0.522
ET 959 (51.0%) 642 (52.0%) 317 (49.0%) 0.212
MF (PMF, PPV-MF, PET-MF) 312 (16.6%) 198 (16.0%) 114 (17.6%) 0.383
MPN disease duration, median (IQR) 39(.5,78) 3.7(.5,7.5) 45 (1.5,82) 0.066 (mv)
Genetics & molecular data
Driver mutations
JAK?2 V617 mutation 1388 (73.8%) 900 (72.9%) 488 (75.4%) 0.243
EXON-12 mutation 13 (0.7%) 7 (0.6%) 6 (0.9%) 0.371
CALR mutation 190 (10.1%) 125 (10.1%) 65 (10.0%) 0.955
MPL mutation 50 (2.7%) 37 3.0%) 13 (2.0%) 0.205
Non-driver mutations® 77 (4.1%) 51 (4.1%) 26 (4.0%) 0.905
ASXLI 42 27 15
TET2 21 13 8
SETBP1 1 1 0
EZHI 1 0
TP53 2 0 2
Others 10 9 1
Abnormal karyotype 91 (4.8%) 60 (4.9%) 31 (4.8%) 0.946
Risk factors
CV risk factors (smoking, hypertension, 1,333 (70.9%) 885 (71.7%) 448 (69.2%) 0.262
dyslipidemia, diabetes, alcohol, obesity)
Events after MPN diagnosis and before SC/index date
Major thrombosis 175 (9.3%) 100 (8.1%) 75 (11.6%) 0.013
Arterial 86 (4.6%) 46 (3.7%) 40 (6.2%) 0.015
Venous/splanchnic 88 (4.7%) 53 (4.3%) 35 (5.4%) 0.277
NA 1 1 0
Major bleeding 79 (4.2%) 48 (3.9%) 31 (4.8%) 0.354
Splenectomy 11 (0.6%) 6 (0.5%) 5 (0.8%) 0.439
Allogeneic transplant 6 (0.3%) 5 (0.4%) 1 (0.2%) 0.671
Occurrence of MGUS 49 (2.6%) 23 (1.9%) 26 (4.0%) 0.005

IQR interquartile range, mv matching variable

#T-test for continuous variables, chi-square test for categorical data

PTested in 142 patients
Ruxolitinib

Among cases with SC, exposure to ruxolitinib, regardless of
the line of therapy (n =58: n=35 MF, n=6 ET, n=17
PV) and alone in first-line monotherapy (n = 17: n =16 MF
and n =1 ET), was significantly higher than controls (p =
0.048 and p =0.033, respectively). In the multivariable
analysis, the association of ruxolitinib with SC was con-
firmed, particularly when patients were treated as first-line
monotherapy for MF (OR =4.00, 95% CI 1.23-13.06)
while a trend towards a higher risk of SC was observed

when the exposure to this drug was considered irrespective
of the line of treatment (OR =1.68, 95% CI 0.92-3.09)
(Fig. 2). Of note, the higher risk of SC in patients exposed
to ruxolitinib was limited to NM-skin cancers in which the
risk was almost four-fold higher than in non-exposed (OR
=3.87, 95% CI 1.18-12.75) (Fig. S1).

Drug combination

Exposure to multiple cytoreductive drugs in combination or
sequentially was more frequent in cases than in controls (p

SPRINGER NATURE



T. Barbui et al.

Table 3 Treatment of patients
after MPN diagnosis and before

TOT=1881 N (%) Controls N=1234 Cases N=647 p*

second cancer (SC)/index date

None
Hydroxyurea
Anagrelide
Interferon
Pipobroman
Busulfan

Ruxolitinib

(i) Single drug exposure® (irrespective of the line)

(ii) Single drug exposure® (first-line monotherapy)

Hydroxyurea, monotherapy
Anagrelide, monotherapy
Interferon, monotherapy
Pipobroman, monotherapy
Busulfan, monotherapy
Ruxolitinib, monotherapy

Other, monotherapy

(iii) Multiple drugs in different lines®

More than 1 line of treatment

450 (23.9%) 312 (25.3%) 138 (21.3%) 0.056
1316 (70.0%) 860 (69.7%) 456 (70.5%) 0.793
67 (3.6%) 47 (3.8%) 20 (3.1%) 0.425
63 (3.3%) 38 (3.1%) 25 (3.9%) 0.369
62 (3.3%) 32 (2.6%) 30 (4.6%) 0.018
45 (2.4%) 26 (2.1%) 19 (2.9%) 0.263
58 (3.1%) 31 (2.5%) 27 (4.2%) 0.048
952 (50.6%) 635 (51.5%) 317 (49.0%) 0.310
11 (0.6%) 8 (0.6%) 3 (0.5%) 0.758
19 (1.0%) 13 (1.1%) 6 (0.9%) 0.795
32 (1.7%) 16 (1.3%) 16 (2.5%) 0.061
9 (0.5%) 5 (0.4%) 4 (0.6%) 0.504

17 (0.9%) 7 (0.6%) 10 (1.5%) 0.033

5 (0.3%) 2 (0.2%) 3 (0.5%) 0.347
386 (20.5%) 236 (19.1%) 150 (23.2%) 0.038

Chi-square test or Fisher’s exact test (when appropriate) for categorical data

°(i) single drug exposure during follow-up (at least one administration regardless of the line of treatment):
patients could be exposed to more than one cytoreductive drug during follow-up; (ii) single drug exposure
during follow-up as a first-line monotherapy; and (iii) exposure to multiple treatment lines with

cytoreductive drugs

=0.038) (Table 3). However, this univariate result was not
confirmed in multivariable analysis (Figs. 2 and S1) that
showed that the exposure to multiple drugs did not increase
the risk of overall SC but only the risk of NM-skin cancer
(OR =347, 95% CI 1.55-17.75).

IFN, busulfan, or anagrelide

The proportion of patients treated with these drugs did not
differ in comparison with controls (Table 3). No associa-
tion with the risk of overall SC was observed in multi-
variable model (Fig. 2). However, as reported in the recent
guidelines, caution should be employed in prescribing
busulfan that is indicated at low intermittent dose in
elderly [1].

Sensitivity analysis

To evaluate the robustness of our findings we excluded
from the analysis the 35 cases with SC (and their matched
controls, n = 68) without follow-up as they were diagnosed
concurrently with MPN diagnosis.

We confirmed that the drugs increasing the risk of SC
were pipobroman (OR =2.10, 95% CI 1.09—4.06), when
considered irrespective of the line of treatment, ruxolitinib
(OR =5.24, 95% CI 1.47-18.71) in first-line monotherapy

SPRINGER NATURE

and the exposure to multiple cytoreductive agents in dif-
ferent lines of treatment (OR = 1.46, 95% CI 1.02-2.09).

In the stratified analysis according to the type of SC, the
lack of association between any cytoreductive drug and
carcinoma was confirmed.

In contrast, the significant protection of HU on HSC
found in the primary multivariable analysis was not con-
firmed when the 16 cases with concurrent hematological
cancer (and their 31 matched controls) were excluded.

Discussion

The first aim of this paper was to describe SCs observed in
clinical practice of contemporaneous patients with MPN.
Time of SC emergence from diagnosis was shorter in MF as
compared to ET and PV, and this pattern was maintained
during the follow-up from diagnosis to the development of
SC. Of note, in a quarter of cases, diagnosis of MPN was
synchronous with hematological cancer revealing an
intrinsic predisposition even in untreated MPN patients [16—
18]. Therefore, although the association of MPN and SC in
the same patient is a relatively uncommon event, a careful
surveillance of possible co-existence of hematological
malignancy in MF from the beginning of diagnosis may be
indicated. A number of evidences indicate that
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—‘ MULTIVARIABLE MODEL A IL

(i) Single drug exposure Controls- N (%) /
(irrespective of the line) ! Cases - N (%) OR (95%Cl)
I
Hydroxyurea - 860 (69.7%) /456 (70.5%) 1.06(0.82-1.38)
h
I
Anagrelide i 47 (3.8%) /20 (3.1%) 0.72(0.39-1.35)
i
1
I
Interferon —— 38(3.1%) /25 (3.9%) 1.18(0.64-2.19)
I
I
Pipobroman e s 32(2.6%) /30 (4.6%) 2.10(1.09- 4.06)*
i
Busulfan — 26 (2.1%) /19 (2.9%) 1.14(0.55-2.34)
1
Ruxolitinib S 31 (2.5%) /27 (4.2%) 1.68(0.92-3.09)
I
I
0 1 2 3 4 5 6 7
—( MULTIVARIABLE MODEL B }
Controls - N (%) /
(i) First-line monotherapy i Cases - N (%) OR (95% Cl)
i
HU, monotherapy »—%0—« 635 (51.5%) / 317 (49.0%) 1.14(0.84-1.54)
i
Anagrelide, monotherapy r—:’—« 8(0.6%) / 3 (0.5%) 1.06(0.27 - 4.17)
]
Interferon, monotherapy r—O—%—< 13 (1.1%)/ 6 (0.9%) 0.74(0.26- 2.08)
I
Pipobroman, herapy : * 16 (1.3%) / 16 (2.5%) 1.94(0.82-4.57)
i
i
Busulfan, monotherapy : s 5(0.4%) / 4 (0.6%) 2.26(0.42-12.17)
i
i
Ruxolitinib, monotherapy ' 4 7(0.6%) / 10 (1.5%) 4.00(1.23-13.06)*
i
1
(iii) Multiple drugs
More than one line }3_0_‘ 236(19.1%) / 150 (23.2%) 1.33(0.95-1.88)
i
i
0 1 2 3 4 6 7

Fig. 2 Effect of cytoreductive drugs (according to (i) exposure to a
single drug, irrespective of the line of treatment, (ii) exposure to a
single drug as first-line monotherapy, and (iii) exposure to more than
one line of treatment) on cancer risk estimated by a multivariable
conditional logistic regression model adjusted for potential con-
founders. OR odds ratio; CI confidence interval. (i) Single drug
exposure during follow-up (at least one administration regardless of
the line of treatment): patients could be exposed to more than one

inflammation and deranged innate immunity intervene in
the pathobiology of MF at the same extent as in solid
cancers [18]. Although this remains entirely speculative at
present time, yet several lines of evidences indicate that,
among MPN, cells from MF patients are those characterized
by more overtly deranged reactive oxygen species levels
and abnormal DNA repair properties [18]. In addition, the
germline telomerase reverse transcriptase (TERT)
1s2736100_C variant found in MPN, was identified as a
susceptibility factor for a variety of solid tumors [19] and
recently it has been hypothesized that co-occurrence of
MPN and cancer might be attributed to a synergism
between cytoreductive therapy and TERT polymorphism
[20].

Cases and controls were comparable for baseline clinical
and laboratory characteristics. Interestingly, the proportion
of patients developing major arterial thrombosis and of
those presenting with MGUS during the observation from
diagnosis was significantly greater in cases than controls.
This latter finding is in line with recent data reporting that
the presence of MGUS in PV and ET leads to poor

cytoreductive drug during follow-up; (ii) single drug exposure during
follow-up as a first-line monotherapy; and (iii) exposure to multiple
treatment lines with cytoreductive drugs. *Significant association with
second cancer risk (p <0.05); The model was adjusted for age at MPN
diagnosis, type of MPN diagnosis (ET/PV/MF), JAK2 status, duration
of MPN disease, occurrence thrombosis and MGUS during follow-up
and aspirin use

prognosis due to second malignancy including non-
hematological solid tumors [21]. Regarding the role of
thrombosis, the association of cancer with venous throm-
boembolism is well known [22, 23]. Conversely, the asso-
ciation between arterial thromboembolism and occult
cancer is less certain. Few studies have systematically
analyzed the association between cancer and preceding
arterial thromboembolic events [24]. A very recent study
evaluated the risk of arterial thromboembolism before
cancer diagnosis in a series of 374,331 patients with age
higher than 67 years. In these non-MPN cases, the risk of
arterial thromboembolic events was increased up to 69% in
the year before cancer diagnosis [25]. A possible biological
reason for the link between arterial thrombosis and SC may
be related to an underlying common pathogenetic
mechanism. It has been proposed that an aberrant inflam-
matory response consistently found in MPN may precede
both thrombosis and SC [18].

The second aim of our study was to investigate the
pathogenetic role of cytoreductive drugs used to control the
chronic phase of PV, ET, and MF. The exposure was
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evaluated for each of the single drugs regardless of the line
of treatment, in only the first line and in association with
more cytoreductive drugs.

HU was the agent most frequently prescribed and the
percentage of exposed cases was not different from that of
controls, considering overall SC groups. However, when
the model was fitted in the single SC categories, HU was
significantly associated with the appearance of non-
melanoma skin cancer confirming previous uncontrolled
observations [26, 27] and registry data [12]. It is reassuring
that, our findings did not confirm a previous report [28] that
HU increases the risk of more serious cancers such as car-
cinoma. Similar results were obtained in a propensity score
analysis of a large number of PV patients enrolled in the
European Collaborative Aspirin Study (ECLAP) in which
HU exposure did not enhance the carcinoma risk compared
with phlebotomy alone, although the median observational
period was only 2.7 years [7].

As HU continues to have a prominent role in the treat-
ment of PV, ET, and MF, clinicians must be aware that the
exposure to this drug in our study was limited to a median
period of 3 years (range 1.2-6.1) and, with this exposure
duration, HU did not increased the risk of melanoma, car-
cinoma, and HSC. Moreover, we underscore that previous
reports indicate that exposure to HU at any cumulative dose
level did not increase the risk of AML/MDS transformation
neither in a crude analysis nor after adjustments for other
treatments [29]. However, before reaching a firm conclusion
in this regard, a longer follow-up is warranted.

Patients treated with pipobroman developed SC in a
greater percentage than controls and, in multivariable ana-
lysis, the potential of this drug to enhance the risk was
statistically significant when administered irrespective of
the line of treatment (OR =2.10 (95% CI 1.09-4.06). This
and other findings reporting a leukemogenic action of this
drug [30] reinforce the recommendation that it should no
longer be used in the treatment of MPN.

The effect of ruxolitinib on the occurrence of SC was
evaluated in 58 patients, 27 cases (4.2%) and 31 controls
(2.5%) (p =0.048), regardless of the line of treatment and
in 17 patients treated with the drug alone in first-line
monotherapy, 10 cases (1.5%) and 7 controls (0.6%) (p =
0.033). ruxolitinib exposure was higher in cases with SC
than in controls and the increased risk when the drug was
used in first-line monotherapy, was confirmed in multi-
variable analysis (OR 4.00, 95% CI 1.23-13.06) after
adjustment for age, duration of the MPN disease, type of
MPN, JAK2 mutation, appearance of a thrombotic event,
and MGUS during-follow-up. This was also shown when
the multivariable analysis was performed in patients
exposed to ruxolitinib independently of the line of treatment
although only a trend to enhanced risk was documented
(OR =1.68, 95% CI 0.92-3.09). Types of SC associated
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with ruxolitinib were exclusively non-melanoma skin can-
cer suggesting that this JAK1.2 inhibitor may act as
immunosuppressive agent. Of note, no excess of cases with
HSC including aggressive NHL in comparison with con-
trols was documented in our series. However, this latter
finding in a limited number of patients, cannot refute the
recently reported results of an increased risk of NHL [31].

The hypothesis that ruxolitinib exposure may be asso-
ciated with increased risk of developing cancer must be
taken with great caution given the limited number of
patients, but represents a signal to suggest appropriate strict
pharmacovigilance programs. For the time being, the
awareness that these malignancies may occur in patients
receiving ruxolitinib even in in the absence of previous
exposure to other cytoreductive drugs, should not influence
the recommendations on its use, also because these SCs are
non-aggressive and treatable. Clearly, a careful clinical and
laboratory surveillance is indicated.

The limitations of our study are intrinsic to the retro-
spective design and to possible residual confounders, which
might have influenced the occurrence of outcomes. More-
over, a bias related to the limited follow-up and, conse-
quently, to the limited exposure time to drugs, as well as a
selection bias of cases and controls cannot be excluded.

However, we highlight that this nested case-control study
performed in rare diseases, such as MPN, represents the
most efficient way, among retrospective studies, to identify
the association between exposure to drugs and outcomes
especially when they occur after long observation time.
Moreover, another strength of this survey is the large
number of patients recruited and followed-up in a qualified
network of 30 European hematological centers.

In summary, we did not show evidence that HU, admi-
nistered as single drug, contributes to the occurrence of
melanoma, carcinoma, and HSC, while we confirm that this
agent, may increase the risk of non-melanoma skin cancers.
Similarly, MF patients exposed to ruxolitinib alone in first-
line monotherapy or in association with other cytoreductive
agents may be prone to a higher probability of non-
melanoma skin cancer. Accordingly, for the time being, we
recommend active dermatological surveillance before and
during these therapies.

These findings urgently needs to be confirmed in
appropriate studies involving larger series of patients with
an adequate follow-up.
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