
672

ARTICLES

haematologica | 2014; 99(4)

Myeloproliferative Disorders

Introduction

Myeloproliferative neoplasms (MPN) are a diverse group of
disorders that include polycythemia vera, essential thrombo-
cythemia, chronic myeloid leukemia (CML), and primary
myelofibrosis, while chronic myelomonocytic leukemia
(CMML) and atypical (Philadelphia-negative) CML are classi-
fied as overlap syndromes of MPN and myelodysplastic syn-
drome. There are approximately 23,000 new cases of MPN
(including CMML) per year in the United States; these dis-
eases lead to significant amounts of morbidity and mortali-
ty.1,2 While MPN may have protracted chronic phases, they
often accelerate and many eventually transform into an ulti-
mately fatal acute leukemia.  Patients with MPN in accelerat-
ed phase, CML in blast crisis (CML-BC), and secondary acute
myeloid leukemia (AML) in transformation have a dismal
prognosis. In a large retrospective analysis, patients with sec-
ondary AML transformed from myelofibrosis were shown to
have a median overall survival of <3 months.3 Allogeneic
stem cell transplantation (SCT) benefits selected patients;
however, the use of allogeneic SCT is limited by the older age
of MPN patients at presentation, increased rates of transplant-
related mortality, and unknown optimal timing.4-6 Thus,
development of novel, safe and effective strategies in aggres-
sive MPN continues to be a pressing need. 
Ribonucleotide reductase is an enzyme that converts

ribonucleotides into deoxyribonucleotides and is, therefore, a
pivotal enzyme in the processes of DNA synthesis, DNA

damage repair, and cellular growth and survival. Inhibition of
ribonucleotide reductase depletes the intracellular pools of
deoxyribonucleotides and their triphosphorylated forms
(dNTP). Ribonucleotide reductase is composed of two sub-
units: a regulatory (M1) subunit, which is inhibited by nucle-
oside analogs, and a catalytic (M2) subunit, which requires
iron and generation of a tyrosyl free radical for activity.7

Hydroxyurea effectively inhibits the M2 subunit, and has
been used clinically for decades in patients with AML, CML,
CMML and other MPN.8-12 Triapine, a novel thiosemicar-
bazone derivative, is an extremely potent inhibitor of the M2
subunit of ribonucleotide reductase (100-1000 fold more
potent than hydroxyurea), and has been studied as a single
agent in hematologic malignancies with demonstrable safety
and clinical activity.13-17

Multiple studies have shown that inhibition of either the
M1 subunit (via fludarabine, gemcitabine, or clofarabine) or
M2 subunit (via hydroxyurea) of ribonucleotide reductase can
enhance the anti-tumor activity of subsequently administered
nucleoside analogs.16,18-22 Fludarabine, a nucleoside analog, has
demonstrated potent activity in lymphoid malignancies.23 As
a single agent, fludarabine exhibits activity in AML at very
high doses, but is limited by significant neurotoxicity.24,25

Nonetheless, fludarabine can interact synergistically with
multiple cytotoxic agents, partly due to its role in inhibiting
the ribonucleotide reductase M1 subunit.26 Clinical trials in
refractory AML combining fludarabine and cytarabine in a
sequential fashion demonstrated clinical responses in adults
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Myeloproliferative neoplasms are a varied group of disorders that can have prolonged chronic phases, but eventu-
ally accelerate and can transform into a secondary acute myeloid leukemia that is ultimately fatal. Triapine is a novel
inhibitor of the M2 subunit of ribonucleotide reductase. Sequential inhibition of ribonucleotide reductase with tri-
apine and an M1 ribonucleotide reductase inhibitor (fludarabine) was noted to be safe, and led to a 29% complete
plus partial response rate in myeloproliferative neoplasms. This article reports the findings of a phase II trial of tri-
apine (105 mg/m2/day) followed by fludarabine (30 mg/m2/day) daily for 5 consecutive days in 37 patients with
accelerated myeloproliferative neoplasms and secondary acute myeloid leukemia. The overall response rate was
49% (18/37), with a complete remission rate of 24% (9/37). Overall response rates and complete remissions were
seen in all disease subsets, including secondary acute myeloid leukemia, in which the overall response rate and com-
plete remission rate were 48% and 33%, respectively. All patients with known JAK2 V617F mutations (6/6)
responded. The median overall survival of the entire cohort was 6.9 months, with a median overall survival of both
overall responders and complete responders of 10.6 months. These data further demonstrate the promise of sequen-
tial inhibition of ribonucleotide reductase in patients with accelerated myeloproliferative neoplasms and secondary
acute myeloid leukemia. This study was registered with clinical trials.gov (NCT00381550). 
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and children, and revealed the potentiation of cytarabine
cytotoxicity ex vivo.27-30
Preclinical studies demonstrated that triapine adminis-

tration was associated with decreases in intracellular circu-
lating leukemic blast dNTP pools with subsequent inhibi-
tion of DNA synthesis.16 On the basis of these data, we
conducted a phase I clinical trial of triapine followed by
escalating doses of fludarabine in adults with relapsed and
refractory acute leukemias, high-risk myelodysplastic syn-
drome, or transformed MPN including CMML.31 We test-
ed two schedules: schedule A, consisting of daily doses of
triapine at 105 mg/m2 over 4 h for 5 days followed by a 30-
min infusion of fludarabine within 1 h of completion of
triapine, and schedule B, consisting of triapine at 200
mg/m2 over 24 h followed by fludarabine for 5 days. There
were no dose-limiting toxicities in this study; however,
the dose of fludarabine (30 mg/m2 daily) was not further
escalated due to concern about neurotoxicity. Schedule A
(triapine 105 mg/m2 daily) led to a 21% complete remis-
sion + partial remission rate, with the majority of respons-
es being in patients with underlying MPN (29% response
rate in MPN). In contrast, schedule B (triapine 200 mg/m2

over 24 h) did not lead to any clinical responses.
Given the promising results of schedule A, we designed

and conducted a phase II study of triapine 105 mg/m2 daily
followed by fludarabine 30 mg/m2 daily for 5 days in 37
patients with aggressive MPN and secondary, transformed
AML. We confirm our previous findings that this combina-
tion of agents is clinically active in accelerated MPN and
secondary AML derived from MPNs, and further identify
the JAK2 V617F mutation as a potential predictor of
response to sequential ribonucleotide reductase inhibition.

Methods 

Patients
Between August 2006 and November 2010, 37 adults with

pathological confirmation of accelerated MPN (>5% blasts in bone
marrow, new onset/worsening myelofibrosis, new onset or >25%
increase in hepatomegaly/splenomegaly, or new onset/worsening
constitutional symptoms), CML-BC, CMML (>5% blasts), or sec-
ondary AML, arising from a preexisting MPN or CMML, defined
by standard criteria,32 were entered on study at the Johns Hopkins
Sidney Kimmel Comprehensive Cancer Center. This study was
approved by the Johns Hopkins Medical Institutional Review
Board.

Treatment plan
Triapine was administered as a 4-h intravenous infusion daily

for 5 consecutive days at a dose of 105 mg/m2/day. Fludarabine 30
mg/m2/day was administered as a 30-min intravenous infusion
daily, beginning within 1 h of completion of the triapine infusion,
on each of the 5 consecutive days. Each cycle was 21 days in dura-
tion. Patients were eligible to receive additional cycles of treat-
ment until disease progression or toxicity.

Measurement of toxicities
Non-hematologic toxicities were graded according to National

Cancer Institute (NCI) Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0. Treatment of triapine was interrupt-
ed for grade 3 non-hematologic toxicities for up to 48 h. All subse-
quent doses were withheld until toxicity resolved to grade ≤1 (or
baseline). 

Measurement of response
Bone marrow aspiration and biopsies were performed prior to

treatment, during week 3 of the first cycle, at the time of hemato-
logic recovery from all cycles of therapy (defined as neutrophil
count >500/mm3 and platelets >20,000/mm3 independently of
transfusion), or at any time that leukemia regrowth was suspect-
ed. The overall response rate  was defined as complete remission,
partial remission, or hematologic improvement, lasting for ≥30
days. Given the different subsets of diseases, standardized
response criteria were used for CMML (the Myelodysplastic
Syndrome International Working Group criteria),33 CMML trans-
forming to acute myeloid leukemia (standard AML response crite-
ria)34, accelerated MPN (Giles et al.)35, and transformation of MPN
to secondary AML (Mascarenhas et al.).36

Statistical considerations 
The primary objectives of this study were to determine the effi-

cacy and toxicity of triapine followed by fludarabine in patients
with aggressive MPN. The study was designed to detect an
improvement in overall response rate from 10-30% with a two-
sided type 1 error rate of 5% and 90% power using a two-stage
approach. A stopping requirement was placed such that the study
would terminate if fewer than three out of 18 patients had a
response. An additional 24 patients were planned but the study
was completed after a total of 37 patients had been enrolled
because of lack of drug availability.
Overall survival was calculated from the first day of treatment

to death or last known follow-up and estimated using the Kaplan-
Meier method. A landmark analysis37 was performed to compare
response groups using day 42 of treatment as the landmark time.
Overall survival was compared between groups of patients using
Cox proportional hazard models, adjusting for age and gender.
The database was locked on June 1, 2013. Analyses were complet-
ed using statistical freeware R version 3.0.1.38

Results

Patients’ characteristics
The pretreatment clinical demographics of the 37

patients enrolled in this trial are outlined in Table 1. The
median age of the patients enrolled was 65 years, with the
vast majority being ≥60 years (81%). Seven (19%) patients
had CMML, five (14%) patients had MPN (myelofibrosis:
n=4, all of whom were high-risk according to the
Dynamic International Prognostic Scoring Scale-plus;39
polycythemia vera: n=1, resistant to hydroxyurea with
10% bone marrow blasts), four (11%) patients had CML-
BC, and 21 (57%) patients had secondary AML, either
derived from an antecedent MPN (13/21), or from an
antecedent CMML (8/21). The median duration of MPN
prior to study enrollment was 48 months. The majority
(86%) of the patients had received prior treatment courses
before entering the study, and 15 patients (41%) had been
treated with two or more prior regimens. Seven (19%)
patients had received azacitidine prior to entering the
study, with six of these seven patients having secondary
AML. Twenty (54%) patients had splenomegaly (as meas-
ured by physical examination and/or radiological imag-
ing), while 17 (46%) patients had poor-risk cytogenetics.
JAK2 V617F mutational analysis was performed on 20/37
(54%) patients, with 6/20 (30%) patients having a
detectable JAK2 V617F mutation. 
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Toxicity
A total of 100 cycles of triapine and fludarabine were

administered to 37 patients, with a median of three cycles
per patient (range, 1-6). Nine out of 37 (24%) patients
received four or more cycles of therapy. Early death (prior
to day 30) occurred in 4/37 (11%) patients (secondary
AML: n=2, CML: n=2) due to sepsis (n=2), multi-organ
failure (n=1), or cardiogenic shock (n=1). 
As presented in Table 2, there were six cases of ≥ grade 4

toxicities: two cases  of grade 4 acidosis, one case of grade
4 acute kidney injury, one case of grade 5 acute respiratory
distress syndrome and two cases of grade 5 sepsis. Overall,
in 100 cycles of treatment, 66 grade ≥3 toxicities were seen,
of which 33 (50%) were transiently related to triapine infu-
sion. These toxicities manifested as pneumonitis (19%:
defined as hypoxia and/or dyspnea directly related to the
triapine infusion), acidosis (9%), methemoglobinemia
≥15% (3%), and anaphylaxis (2%), and were reversed rap-
idly with supportive care without recurrence. There were
three cases of clinical methemoglobinemia ≥15% (range,
15-16.2%) while on this study, two patients required meth-
ylene blue for severe symptoms. The most common non-
triapine infusional toxicities were hepatic (12%) and infec-
tious (10%). Ten (27%) patients required dose reductions of
triapine, predominantly due to infusion-related toxicities of
triapine. No patient required more than one dose reduction
of triapine. An additional nine (24%) patients required dose
reductions of fludarabine because of transient decreases in
creatinine clearance to <60 mL/min. 

Clinical outcomes 
The overall response rate to triapine and fludarabine in

this population was 49% (18/37). In the first stage, nine of
18 patients achieved a response, with nine of the remain-
ing 19 patients achieving a response in the second stage.
Overall, nine patients achieved a complete remission
(24%) (including one patient with complete remission
with incomplete platelet recovery), four patients achieved
a partial remission (11%), and five patients achieved
hematologic improvement (14%). An additional five
patients had stable disease for at least one cycle. The over-
all response rate for each disease subset was: CMML 57%
(4/7), MPN 60% (3/5), CML-BC 25% (1/4), and secondary
AML 48% (10/21) (Table 3). Of the nine patients achieving
a complete remission, seven had secondary AML
(antecedent MPN: n=5, antecedent CMML: n=2), one had
CML-BC (and achieved a complete cytogenetic response)
and one had CMML. The patients with secondary AML
derived from MPN who achieved a complete remission
(n=5/13) were further sub-classified based on recent
response criteria defined by Mascarenhas et al.36 Four out
of these five patients who had achieved a complete remis-
sion had reverted back to a chronic MPN state (response
defined as acute leukemia response-complete) with con-
tinued fibrosis seen on subsequent bone marrow biopsies,
while one had a complete remission with complete molec-
ular response, and no evidence of a chronic MPN state by
morphology. The overall response rates were further bro-
ken down according to specific clinical risk factors (Table
4). The median age of responders was 65 years. Of note,
the two oldest patients in the study (both with secondary
AML) were 75 years old and both achieved complete
remission. Fifty percent of patients with splenomegaly
had some type of response to therapy, with eight of the
ten responding patients also having improvements in both
symptoms and size of splenomegaly (as measured by
physical examination and/or radiological findings).
Additionally, 41% (7/17) of patients with poor-risk cyto-
genetics (all of whom had either complex and/or monoso-
mal karyotype) responded, with two of the seven patients
having complete cytogenetic clearance, and one obtaining
partial cytogenetic clearance of a complex karyotype.
Only one of seven patients who received prior azacitidine
therapy had a response (a patient with CMML who had a
hematologic improvement). 
All six patients with a JAK2 V617F mutation had a

response, including three (50%) who achieved a complete
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Table 1. Patients’ demographics.
Patients’ characteristics N. (%)

Male/female 19 (51%)/18 (49%)
Median age (n.), (range) 65 (35-75)
≥ 60 years 30 (81%)
≥ 70 years 9 (24%)
Disease states
CMML 7 (19%)
% BM blasts: median, (range) 5% (5-15%)
Myeloproliferative neoplasms 5 (14%)
Myelofibrosis 4/5 (80%)
Polycythemia vera 1/5 (10%)
% BM blasts: median, (range) 9% (2-10%)*
CML-BC 4 (11%)
Secondary AML 21 (57%)
Antecedent MPN 13/21 (62%)
Antecedent CMML 8/21 (38%)

Prior treatments
New diagnosis 5 (14%)
Prior splenectomy 7 (19%)
Prior azacitidine use 7 (19%)
≥ 2 prior regimens 15 (41%)
Prior allogeneic SCT 5 (14%)
Duration of MPN: median, (range) 48 months (0-348 months)
Splenomegaly 20 (54%)
White blood cell count > 50,000/mm3 12 (32%)
Poor risk cytogenetics 17 (46%)
JAK2 V671F mutation 6/20 (30%)

* One patient with myelofibrosis had <5% blasts on bone marrow (BM) biopsy, but met
eligibility criteria for this study with increasing splenomegaly and worsening cytopenias
while on therapy with lenalidomide.

Table 2. Grade ≥3 non-hematologic toxicities.
Toxicity N. (%)

Triapine infusional toxicities 33 (33%)
Pneumonitis 19 (19%)
Acidosis 9 (9%)
Methemoglobinemia 3 (3%)
Anaphylaxis 2 (2%)
Non-triapine infusional toxicities 33 (33%)
Hepatic 12 (12%)
Infectious 10 (10%)
Cardiac 4 (4%)
Renal  4 (4%)
Pulmonary 2 (2%)
Tumor lysis syndrome 1 (1%)
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remission. In comparison, the overall response rate in
patients with wild-type JAK2 was 29% (4/14 patients,
P=0.01), with an overall complete remission rate of 14%
(2/14 patients, P=0.13). Each of the three patients with
JAK2 V617F mutations achieving a complete remission
had secondary AML arising from MPN (myelofibrosis:
n=2, essential thrombocythemia: n=1). The two patients
who achieved a complete remission with a known wild-
type JAK2 had secondary AML (from antecedent CMML:
n=1) and CML-BC (n=1). 
The median overall survival of the study population was

6.9 months (95% CI: 4.3-10.7 months), with the 6-month
and 12-month overall survival rates being 54% and 24%,
respectively. The median overall survival of responders
(patients achieving complete or partial remission or having
a hematologic improvement) and complete responders
was 10.6 months (95% CI: 8.7- 15.8 2 months) and 10.6
months (95% CI: 8.7-21.5 months), respectively. Patients
with a known JAK2 V617F mutation had a median overall
survival of 10.5 months (95% CI: 5.0-41.5 months) com-
pared with 5.6 months (95% CI: 2.7-30.4 months) in
patients without a JAK2 V617F mutation (adjusted
P=0.17). The median duration of first response to relapse
or death was 121 days (range, 52-422 days). Figure 1 illus-
trates the overall survival curves for the entire cohort
(Figure 1A), and landmark overall survival comparisons
between responders and non-responders (Figure 1B,C).    
Five patients received an allogeneic SCT after therapy

with triapine and fludarabine (CMML: n=2, CML: n=2,
secondary AML: n=1). The median age of patients receiv-
ing an allogeneic SCT was 60 years (range, 43-68). Three
patients (CML: n=2, CMML: n=1) had myeloablative con-
ditioning and two patients (secondary AML: n=1, CML:
n=1) had non-myeloablative conditioning. Two of the five
patients (CMML: n=1, CML: n=1) who underwent an allo-
geneic SCT had a complete response to triapine and flu-
darabine, two patients (CMML: n=1, CML-BC: n=1) had
refractory disease on study and then received additional
treatment prior to allogeneic SCT, and one patient with
secondary AML had stable disease prior to allogeneic SCT.
Three patients (CML: n=2, CMML: n=1) died of complica-
tions of the allogeneic SCT (infection: n=2, hepatic sinu-

soidal obstructive syndrome: n=1), including the two
patients who achieved a complete remission, and two
patients relapsed after the transplant. One patient with
secondary AML (arising from CMML) achieved stable dis-
ease on study and then had a non-myeloablative hap-
loidentical allogeneic SCT (5 months after being enrolling
into the study), with a subsequent relapse 17 months after

Figure 1. Kaplan-Meier overall survival curves for (A) the entire study population, (B) patients who achieved complete remission (CR) versus
those who did not, and (C) responders versus non-responders. Comparisons between response groups (B-C) are based on a landmark analysis,
where overall survival was measured from day 42 of treatment until death or last known follow-up, and response group was based on
patients’ status on day 42. Patients who died before day 42 (n=5) were excluded from these analyses. P values are from Cox proportional
hazards models that adjusted for patients’ age and gender. CR: complete remission; PR: partial remission; HI: hematologic improvement; SD:
stable disease; NR: no response.
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Table 3. Response rates by disease state.
Disease State CR  PR HI ORR

N./Total (%) N./Total (%) N./Total (%) N./ Total (%)

CMML 1/7 (14%) 0 3/7 (43%) 4/7 (57%)
MPN 0 1/5 (20%) 2/5 (40%) 3/5 (60%)
Myelofibrosis 0 1/4 (25%) 1/4 (25%) 2/4 (50%)
Polycythemia vera 0 0 1/1 (100%) 1/1 (100%)
CML-BC 1/4 (25%) 0 0 1/4 (25%)
Secondary AML 7/21 (33%) 3/21 (14%) 0 10/21 (48%)
Antecedent MPN 5/13 (38%) 2/13 (15%) 0 7/13 (54%)
Antecedent CMML 2/8 (25%) 1/8 (13%) 0 3/8 (38%)
Overall 9/37 (24%) 4/37 (11%) 5/37 (14%) 18/37 (49%)

CR: complete remission; PR: partial remission; HI: hematologic improvement; ORR: overall
response rate.

Table 4. Characteristics of the 18/37 responders.
Clinical characteristic Response: n., (ORR %)+

Median age: (n.), range 65 (60-75)
Median number of prior treatments: (n.), range 1 (0-4)
≥ 2 prior treatments 6/15 (40%)
Splenomegaly 10/20 (50%)
Median number of cycles received: (n.), range 3.5 (1-6)
≥ 4 cycles received 9/18 (50%)
Poor-risk cytogenetics 7/17 (41%)
Prior azacitidine use 1/7 (14%)
White blood cell count ≥ 50,000/mm3 8/12 (67%)
JAK2 V617F mutation 6/6 (100%)

+% is listed as the overall response rate (ORR) % of the total number of patients on study in each
category. 

Ribonucleotide reductase inhibition in MPN

haematologica | 2014; 99(4) 675

© Ferr
ata

 S
tor

ti F
ou

nd
ati

on



the transplant, and is alive in complete remission for >15
months after re-induction cytotoxic therapy and donor
lymphocyte infusion.

Discussion

MPN continue to be a major therapeutic challenge, espe-
cially once they undergo aggressive transformation. This
phase II study involving triapine, a novel ribonucleotide
reductase M2 inhibitor, combined with fludarabine (an M1
ribonucleotide reductase inhibitor), extends our initial
observations that this regimen has clinical activity in
aggressive/accelerated phase MPN including transforma-
tions into AML. This study met its primary end-point of an
overall response rate >30% (49%). The complete remis-
sion rate of 24% in this heavily pretreated population of
patients is promising. Patients with secondary AML had an
overall response rate and complete remission rate of 48%
and 33%, respectively, which is particularly encouraging in
these patients who have a dismal prognosis. There did not
seem to be an upper age limit of responders, as patients
responded to therapy up to the age of 75 years. 
The encouraging response rates (n=6/6) in patients with

JAK2 V617F mutations are of particular interest, and
reached statistical significance (P=0.01) when compared to
those in JAK2 wild-type patients (overall response rate:
100% versus 29%). The three patients who achieved a
complete remission with JAK2 V617F mutations had sec-
ondary AML derived from a JAK2 V617F MPN clone. The
results of triapine and fludarabine in MPN (including
transformations to AML) with JAK2 V617F mutations are
intriguing; however, given the small number of patients in
these analyses, larger scale trials will need to be performed
to confirm these suggestions. 
Landmark analyses comparing responders to non-

responders by day 42 of treatment did not reveal signifi-
cant differences in overall survival. This landmark analysis
does, however, have its limitations. The time point of 42
days was chosen prior to study accrual as the time at
which an initial response rate should be noted for each
patient in the study. However, seven of nine complete
responders achieved a complete remission after day 42 of
treatment (range, 21-96 days) and these seven patients
were thus not listed among those with a complete remis-
sion for statistical comparisons using the landmark analy-
sis. Additionally, if a patient who had a partial remission
or hematologic improvement before day 42 went on to
achieve a complete remission after day 42, this response
was not included in the specific comparison of complete
remission versus no complete remission for the landmark
statistical comparisons.
Nonetheless, the clinical responses were short-lived,

with the median duration of response being 4 months,
emphasizing the high degree of chemoresistance seen in
accelerated MPN. Moreover, the median overall survival
of 6.9 months underscores the extremely poor prognosis
of the patients in this study. Because of the short duration
of response, this combination of agents may work best as
a bridge to further therapy, such as allogeneic SCT.
However, only five patients were able to receive an allo-
geneic SCT after treatment with these ribonucleotide
reductase inhibitors (including 4/5 who died), which may
reflect the older age of patients in the study (median age:
64 years). Three of the five patients who were able to

undergo allogeneic SCT were given myeloablative prepar-
ative regimens. As allogeneic SCT techniques become
more refined, it may be possible to select patients who
could benefit from a non-myeloablative preparative regi-
men compared to a myeloablative one. 
The combination of triapine and fludarabine led to

unique toxicities, most notably acute pulmonary toxici-
ties, such as methemoglobinemia and metabolic acidosis.
These toxicities are distinctively related to the triapine
infusion. Although these toxicities were not inconsequen-
tial, they often resolved promptly without intervention
and without subsequent organ dysfunction. Upon dose
reduction of triapine in ten patients, there were no addi-
tional grade ≥3 toxicities.
Contemporaneous inhibition of the M1 and M2 sub-

units of ribonucleotide reductase is a concept worthy of
further exploration in patients with accelerated MPN.
Although triapine is 100-1000 fold more potent than
hydroxyurea, the therapeutic efficacy of triapine and
hydroxyurea has never been compared. It would be
rational to further explore hydroxyurea in combination
with other cytotoxic agents and M1 ribonucleotide reduc-
tase inhibitors (such as fludarabine, gemcitabine and clo-
farabine) for synergistic ribonucleotide reductase inhibi-
tion. This approach may be better tolerated than the com-
bination of triapine and fludarabine. Given the epigenetic
dysregulation seen in patients with accelerated MPN (with
or without transformation to AML), additional treatment
approaches for these patients include hypomethylating
agents, such as azacitidine.40 Thepot et al. evaluated the
use of azacitidine in 54 patients with AML or myelodys-
plastic syndrome secondary to MPN, finding an overall
response rate and complete remission rate of 52% and
24%, respectively, with a median overall survival of 11
months.41 However, in AML patients, the complete remis-
sion rate (including complete remission with incomplete
count recovery) was only 11%. As in our study, the dura-
tion of response was short (9 months); nonetheless azaci-
tidine still represents another promising treatment strate-
gy for patients in this high-risk group, either as a bridge to
an allogeneic SCT or for symptomatic improvement.
Unfortunately, the response was poor in the subset of
patients in this study who received prior azacitidine ther-
apy (1/7 overall response rate). The majority of these
patients (6/7) had secondary AML, and it is possible that
prior azacitidine use changes the biology of the disease to
a more aggressive, treatment-resistant disease, although
the small numbers of patients in this study preclude any
significant generalizations or conclusions.
Since this study was conceived and executed, novel

JAK2 inhibitors, such as ruxolitinib, have emerged as inte-
gral parts of the therapeutic armamentarium for MPN.42
Given the encouraging results of this study, simultaneous
inhibition of the M1 and M2 subunits of ribonucleotide
reductase should be investigated with JAK2 inhibitors,
either in combination or in sequence. Hydroxyurea was
shown in one study to increase STAT-5 phosphorylation
in a dose-dependent manner, thus leading to activation of
the STAT-JAK pathway.43 Combining lower doses of
hydroxyurea with a JAK2 inhibitor would theoretically
overcome this potentially deleterious activation. There
are, however, other reports suggesting that hydroxyurea
has a preferential effect in patients with JAK2 V617F
mutations with a high allele burden.44 Given the high
response rates seen in the study in patients with JAK2

J.F. Zeidner et al.

676 haematologica | 2014; 99(4)

© Ferr
ata

 S
tor

ti F
ou

nd
ati

on



V617F mutations, it would be worth exploring whether
M2 ribonucleotide reductase inhibitors or combination
ribonucleotide reductase inhibition has any significant
impact on JAK2 allele burden. JAK2 inhibitors, such as
ruxolitinib, seem to be clinically effective in myelofibrosis
patients with or without JAK2 V617F mutations and it is
unclear whether these agents work by JAK1 or JAK2 inhi-
bition, with or without modulation of inflammatory
cytokines.45 Ruxolitinib also has demonstrated activity as a
single agent in patients with secondary AML (transformed
from antecedent MPN), and is being studied in combina-
tion with other active agents in MPN.46 Future studies
should, therefore, investigate combination therapy with
ribonucleotide reductase inhibitors and JAK2 inhibitors in
patients with accelerated MPN states and secondary AML. 
In summary, sequential ribonucleotide reductase inhibi-

tion with an M2 inhibitor (triapine) followed by an M1
inhibitor (fludarabine) led to an overall response rate of
49% in patients with accelerated MPN, CML, CMML and
secondary AML. Responses were seen in all disease states,
including secondary AML, and were particularly notable
in patients with JAK2 V617F mutations. The responses
were, however, temporary, which underscores the need
for further investigative trials in this population of

patients. Future studies combining ribonucleotide reduc-
tase inhibitors, with or without the addition of JAK2
inhibitors, should be explored in patients with secondary
AML and high-risk accelerated MPN.
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