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Abstract

In a series of 105 patients with polycythemia vera, we retrospectively determined whether the
JAK2V617F mutation correlated with severity of disease phenotype. Higher JAK2V6I7F gllele
burden correlated with more advanced myelofibrosis, greater splenomegaly, and higher white
blood cell count, but not with age, gender, hematocrit level, or frequency of phlebotomy prior to
cytoreductive therapy. Although a subgroup at increased risk for thrombosis was not clearly
defined, there was a suggestion that frequency of thrombosis increased as the JAK2V6L7F allele
burden increased. The JAK2V617F allele burden did not change significantly in treated patients
with serial JAKZ analyses.
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1. Introduction

Almost all patients with the classical phenotypic characteristics of polycythemia vera (PV)
carry either the JAK2V617F or exon 12 mutations [1,2]. Whether or not the JAKZ2 mutant
allele correlates with all phenotypic characteristics of the disease remains unresolved. In
fact, its clinical relevance has been questioned [3].
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In retrospective studies, JAK2Y617F allele burden has been performed using archived DNA
derived from marrow [3] and peripheral blood granulocytes [4-6]. Although it was reported
in three studies that leukocytosis correlated with higher JAK2Y617F allele burden,
differences were noted with respect to age, hemoglobin concentration, spleen size, and
disease duration [3-5]. In a subsequent prospective multi-center study, Vannucchi et al. [6]
observed a correlation between higher JAK2Y617F allele burden and leukocytosis, higher
hematocrit values, larger spleen size, and thrombosis, in addition to other parameters of
disease activity.

In the aforementioned studies of Tefferi et al. [3,4] and VVannucchi et al. [5,6], the clinical
diagnosis of PV was made using the 2002 World Health Organization (WHO) criteria [7],
and in the case of Vannucchi et al. [5,6], clinical data were collected from multiple centers.
The limitations of using the WHO criteria for the diagnosis of PV have been reviewed in
detail [8]. Because of these reasons, and because the issue of JAK2Y6Z7F allele burden and
PV phenotype has not been completely resolved, we decided to examine results from our
105 polycythemia patients whose clinical diagnosis was rendered according to Polycythemia
Vera Study Group (PVSG) criteria, in a single institution, and where JAK2V617F
determinations were performed by two collaborating laboratories [9]. We aimed to
determine whether JAK2V617F allele burden correlated with specified clinical and laboratory
disease parameters: white blood cell (WBC) count, hematocrit value, platelet count, spleen
size, disease duration, grade of myelofibrosis, and past history of thrombotic events,
including arterial or venous thrombosis. Since therapy could have influenced JAK2V617F
expression, we carefully evaluated the effects of various treatments on the JAK2V617F gllele
burden.

2. Design and methods

The clinical diagnosis of polycythemia vera initially was based upon the demonstration of an
increased Cr° red blood cell mass and simultaneously determined 1125 plasma volume, and
other PVSG criteria [10]. Cr°! red blood cell studies were not performed in patients with a
hematocrit value of 260%. Patients were eligible to enter this study after the results of the
blood sample for JAKZ mutation analysis confirmed the molecular diagnosis of PV (/7= 105
patients). Written informed consent and IRB approval were obtained. White blood cell count
(WBC), hematocrit level (HCT), platelet count (PLT), and spleen size were measured at the
time of JAKZanalysis, which in most cases was after the time of diagnosis. Spleen size was
measured in centimeters below the midpoint of the left costal margin in the mid-clavicular
line and categorized as not enlarged (<1 cm), slightly (1-3 cm), moderately (4-9 cm), or
grossly enlarged (>9 cm). Thrombotic events were recorded within 5 years of JAK2V617F
determination. Bone marrow trephine biopsies were performed from the posterior iliac crest
and evaluated by board-certified hematopathologists. All samples were processed in the
usual fashion and by standard techniques. Marrow biopsy slides were prepared with Giemsa,
hematoxylin and eosin stain, argyrophilic fibers, and reticulin and collagen were
demonstrated using the silver impregnation method, or Gomori stain. The degree of fibrosis
was estimated as absent, mild (Grades 1-2), moderate (Grade 3), or severe (Grade 4), by
routine examination, according to the Manohoran method [11].

In general, patients were phlebotomized to maintain a HCT <45% in men, and <42% in
women. All patients received aspirin, 81 mg daily. All had received some form of
myelosupressive therapy, preferentially interferon [12], but also hydroxyurea, anagrelide,
imatinib or dasatinib, thalidomide, P-32, phlebotomy-only, or experimental protocols
conforming to our treatment philosophy [12,13]. All had at least one JAKZ allele
determination, irrespective of specific treatment or the time of disease onset. Fifty-four
patients (51.4%) had JAKZ analysis performed within 5 years of diagnosis [3]. We
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addressed the possibility that treatment may have influenced JAK2V617F allele burden by
conducting separate statistical analyses for those patients treated with imatinib, hydroxyurea,
or recombinant interferon alfa-2b (rIFNa-2b). Patients treated with anagrelide, dasatinib,
thalidomide, P-32, and phlebotomy-only were too few in number to permit statistical
analysis. For those patients (7= 51) who had two or more sequential JAK2V617F assays
while receiving imatinib (n = 13), hydroxyurea (n7= 13), or rIFNa-2b (1= 25) therapy,
molecular response was evaluated according to the criteria of the European LeukemiaNet
[14]. Major cardiovascular events were defined by Landolfi et al. [15].

2.1. JAK2 mutation analysis

The DNA used for genotyping in our analysis was purified from total white blood cells.
Genotyping was carried out using a qualitative ARMS-PCR assay with a sensitivity of 0.1%,
as described previously [2,16,17]. JAK2Y617F |evels were determined by pyrosequencing, a
method that quantifies JAK2Y617F when the mutant allele is >5% [18].

2.2. Statistical analysis

3. Results

The JAKZmutant allele burden was evaluated both as a continuous variable and as an
ordered categorical variable based on five groups: 0.1-20%, 21-40%, 41-60%, 61-80%,
and 81-100%. The chi-square or Fisher’s exact test was used to evaluate the association
between clinical categorical variables and allele burden category. The analysis of variance
(ANOVA) or Kruskal-Wallis test was used to compare mean and median JAKZ allele
burden, respectively, between levels of the clinical variables of interest (i.e., spleen size
category, myelofibrosis category, and type of thrombosis). Similarly, the ANOVA test was
used to compare mean disease duration and mean WBC between ordinal categories of JAK2
allele burden. The Spearman-rank correlation coefficient was used to assess the correlation
between JAKZallele burden (continuous) and clinical continuous variables of interest. All p-
values were two-sided with statistical significance evaluated at the 0.05 alpha level. All
analyses were performed in SPSS Version 18.0 (SPSS Inc., Chicago, IL) [19].

3.1. JAK2V6L7F gllele burden and clinicohematologic findings

The demographics of the 105 patients are shown in Table 1. There were 52 men and 53
women. At initial evaluation, the median age was 52 years (range 27-77 years), and at the
time of JAKZ determination, the median age was 60.0 years (range 35.0-88.0 years). The
median duration of disease prior to JAKZ determination was 4.6 years (range 0.0-34.0
years), and the median duration of follow-up after JAKZ determination was 1.0 year (range
0.1-3.6 years). The median phlebotomy requirement (0.5 L/phlebotomy) after diagnosis was
6 per year (range 0-16 per year). The clinical and laboratory findings at the time of
JAK2V617F determination are shown in Table 1. At diagnosis, the median HCT values, and
WBC and PLT counts were 55.2%, 12.0 x 10%/L, and 549.0 x 10%/L, respectively. At the
time of the JAK2V617F determination, the median HCT values, and WBC, and PLT counts
were, respectively, 42.5%, 9.0 x 10%/L, and 385.0 x 10%/L. Sixty-two (59.0%) of the patients
did not have splenomegaly at the time of JAKZanalysis, and 43 (41.0%) did. One of the 43
patients had a splenectomy because of massive splenomegaly prior to JAK2V617F analysis
(JAK2V617F gllele burden: 100.0%). Of the patients with palpable splenomegaly, the spleen
was slightly enlarged in 26 and significantly enlarged in 16. The mean JAK2V617F allele
burden at initial evaluation was 46.0% (standard deviation (s.d.) + 29.7%) (Table 2). The
mean allele burden of the highest (fifth) quintile (81-100%) was 90.2% (s.d. + 5.8%), and of
the lowest quintile (0.1-20%), 9.9% (s.d. £ 6.3%) (Table 2). Twenty-five patients
experienced a single thrombotic event (16 patients had a single arterial thrombosis and 9 had
a single venous thrombosis). Two patients experienced both arterial and venous thromboses
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(Table 1). There was not a significant difference in disease duration between those patients
with an allele burden of <50% versus those with an allele burden =50%, although as
Vannucchi et al. [5] has described, disease duration tended to be higher in patients with an
allele burden 275%.

3.2. JAK2V6L7F gllele burden correlates with degree of myelofibrosis

Of 64 evaluable patients who had bone marrow biopsies done, 27 patients had grade 1
myelofibrosis, and 37 patients had grade two to four myelofibrosis, of which 19 patients
were grade 2, 14 grade 3, and 4 grade 4 (Table 1). None of the patients had a phenotypic
post-PV myelofibrosis syndrome. A quantified relation between JAK2V617F allele burden
and degree of fibrosis is shown in Fig. 1 by a box-and-whisker plot, and in Table 3.

3.3. JAK2V617F gllele burden clinical correlates

3.4. Minimal

ANOVA analysis at the time of JAK2Y617F determination revealed that overall, higher
JAK2V617F hurden did correlate with higher WBC count (p < 0.0001), greater degree of
splenomegaly (p < 0.0001), more advanced myelofibrosis (o < 0.0001), and longer duration
of disease (p= 0.001) (Table 3). Higher JAK2V617F hurden also correlated retrospectively
with higher white blood cell count at diagnosis (o = 0.02) (data not shown). There was a
slight trend for a higher JAK2Y617F allele burden among patients with venous compared to
arterial thromboses, which was not, however, statistically significant (o= 0.32). JAK2V6L7F
allele burden did not correlate with age, gender, rate of phlebotomy prior to cytoreductive
therapy, or hematocrit or platelet counts when measured either at the time of the JAK2V617F
determination or at diagnosis. Due to the small sample sizes for various levels of the clinical
variables of interest, we could not perform reliable multivariate analysis to assess the
independent relationship between JAKZallele burden and the clinical variables of interest.
Adjustment for disease duration would have been helpful but any such multivariate model
did not yield stable effect estimates due to collinearity and small sample size issues. When
we re-analyzed our data excluding patients with JAKZ2 values less than 10% (7= 11), all of
the findings were consistent and the statistical significance of the findings did not change
(data not shown). Similarly, the observed trend of higher JAKZallele burden with greater
degree of fibrosis (Fig. 1) also remained the same after the exclusion of patients with JAKZ2
values less than 10% (p = 0.001).

effects of treatment on JAK2V617F gllele burden

Most of our patients received one kind of treatment or another, as previously discussed. The
median disease duration before genotyping was 4.6 years. Knowing this could have
influenced the level of JAK2V617F mutant allele, we conducted separate statistical analyses
at the time of JAKZ evaluation for each group of patients, depending on type of treatment. In
patients treated with imatinib mesylate (IM, 7= 24), hydroxyurea (HU, n=25), and
recombinant interferon alfa-2b (rIFNa-2b, 7= 33), higher JAK2V617F allele burden
correlated with elevated WBC count (IM p=0.004, HU p=0.02, rIFNa-2b p=0.002),
greater spleen size (IM p=0.06, HU p=0.05, rIFNa-2b p = 0.002), and more advanced
myelofibrosis (IM p=0.005, HU p=0.02, rIFNa-2b p = 0.07), but not with age, gender,
hematocrit level, or incidence of thrombotic events. These findings were similar to those
observed in the analysis of the entire study group (x7= 105). In the group of patients treated
with imatinib, patients with a higher JAK2V617F allele burden tended to have elevated
platelet counts, but this trend was not statistically significant (IM p = 0.12), and was not seen
in patients treated with hydroxyurea or rIFNa-2b. Although there was no direct correlation
between JAK2V617F allele burden and thrombosis, the JAK2Y617F allele burden in
riIFNa-2b-treated PV patients tended to be lower in those who had experienced thrombotic
events (p=0.09). The median time and range, in years, between treatment start and
JAK2V617F analysis was 1.5 (0.0-4.5), 3.3 (0.0-17.0), and 3.4 (0.0-16.0) for the imatinib,
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hydroxyurea, and rIFNa-2b groups, respectively. At the time of evaluation, there were 13,
13, and 25 patients treated with IM, HU, and rIFNa-2b, respectively, who had two or more
sequential JAKZanalyses. Two (15.4%) of 13 IM-treated patients, 2 (15.4%) of the 13 HU-
treated patients, and 4 (16.0%) of the 25 rIFNa-2b-treated patients achieved a partial
molecular response (PMolR) [14].

3.5. Exceptional cases

When the patients who had JAKZtesting performed within 5 years of diagnosis were
examined (7= 54), the associations between JAK2Y617F gllele burden and the clinical
variables were similar to those reported for all 105 patients, except for thrombosis,
suggesting the duration of disease is not a major confounding factor (data not shown).
However, given that this subset represents only half of our cohort, these results should be
interpreted appropriately.

Although JAK2V617F hurden correlated with severity of disease phenotype in general,
exceptions occurred. Of 27 patients in the first quintile with an allele burden of 0.1-20%, 13
patients had a phenotype reflecting extensive disease, characterized by two or more of the
following: splenomegaly, bone marrow fibrosis, phlebotomy requirement >4 per year,
elevated white blood cell count, elevated hematocrit level, and/or elevated platelet count.
Conversely, of 17 patients with an allele burden of 81-100%, 5 had a mild disease
phenotype. These patients had minimal or no splenomegaly, an absence of bone marrow
fibrosis, lower phlebotomy requirement, and lower white blood cell, platelet, and hematocrit
values.

4. Discussion

Our findings, along with those of Tefferi et al. [3,4] and Vannucchi et al. [5,6], are
summarized in Table 4. In our series, nearly half of our PV patients had an allele burden of
more than 50%, similar to that reported by others [20-22]. Severity of clinical phenotype
usually, but not always, correlated with JAK2V617F allele burden. It is noteworthy that some
patients with a high allele burden had minimal phenotypic evidence of disease, and
conversely, some patients with a low burden had evidence of significant phenotypic disease
of PV. The cause and/or genetic basis for this dichotomy is currently under investigation.

In our study, an allele burden more than 80% taken at various times during the course of the
illness identified a subgroup of patients with more symptomatic disease, an increased degree
of splenomegaly, and an increased degree of myelofibrosis. Because of the retrospective
nature of this study, we could not quantify fibrosis occurring at diagnosis, since the great
majority of patients were not seen at our institution at that time. However, when the patient
was referred to our institution, and a bone marrow biopsy and JAKZ determination were
performed, there was a statistically significant correlation between these two parameters
(Fig. 1). We did not attempt to relate aquagenic pruritus to JAKZallele burden, as did others
[3-6], since, in our experience, this is an amorphous symptom, and difficult to quantify.

Finding a high allele burden may identify patients, in general, who may be at risk for
morbidity associated with the disease or its progression, and thus may be candidates for
intervention with myelosuppressive or other kinds of treatment, for example, anti-JAK
therapy or interferon [12]. Currently, however, we do not treat patients with a high allele
burden in the absence of significant phenotypic evidence of disease, and conversely, patients
with morbidity due to PV are treated regardless of their allele burden. However, we believe
that the assay of JAK2V617F allele burden using a quantitative, rather than qualitative, assay
can be clinically useful, and should be performed both at diagnosis and during the course of
the disease. In our experience, treatment with recombinant interferon alfa-2b, hydroxyurea,
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or imatinib did not appear to have a significant effect on the JAK2Y617F allele burden, as
most treated patients with serial JAKZ analyses did not achieve a molecular response.
Although sequential changes in JAK2V617F allele burden following pegylated interferon
alfa-2a have been reported [22,23], we have observed no significant change in JAK2V6L7F
allele burden in our patients with PV treated with recombinant interferon alfa-2b [24].
Whether this represents a qualitative difference between these two agents remains to be
determined. Reduction in JAK2Y617F allele burden with hydroxyurea therapy has also been
reported [25,26], but we noted a partial molecular response in only 2 patients who received
HU therapy. Similarly, only two of our patients treated with imatinib have had a partial
molecular response. Whereas our study did not clearly define a subgroup of patients who
were at increased risk from a cardiovascular standpoint, there was a suggestion that the
frequency of both arterial and venous thromboses were increased as the JAKZallele burden
increased. The importance of the JAKZ burden is emphasized, since other factors such as
age, previous thrombotic risk, and leukocytosis were eliminated as potential confounders.

5. Conclusion

In PV, higher JAK2Y617F gllele burden correlates with significant disease phenotype
including degree of myelofibrosis. In contrast to results reported with pegylated interferon
[22,23], the allele burden of patients treated with recombinant interferon alfa-2b (rIFNa-2b)
did not change significantly despite excellent clinical and hematologic response. Therefore,
whether patients with a high JAK2V617F allele burden should be candidates for earlier
therapeutic intervention can be clarified only by a prospective study.
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Fig. 1.

Box-and-whisker plot of JAK2V6L7F percent values by grade of myelofibrosis. On the x-axis
of this box plot, the grade of myelofibrosis is presented. JAK2V617F percent values are given
on the y~axis. The boxes represent the interquartile distances. The upper and lower limits of
the boxes indicate the 75th and 25th percentile, respectively. The horizontal lines in the
boxes represent the median. The box and the whiskers together indicate the area in which all
observations are found, unless outliers are present. When a given observation is located
more than 1.5 times the interquartile distance (i.e., above the 75th or below the 25th
percentile), then this observation is called an outlier. Grade 1: median JAK2V617F = 30.9
(range 0.7-87.4); Grade 2: median JAK2V617F = 52.1 (range 3.9-89.1); Grade 3: median
JAK2V617F = 79 6 (range 12.7-100.0); Grade 4: median JAK2Y617F = 90.0 (range 23.4-
100.0); p< 0.0001 by Kruskal-Wallis test.
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Table 1

Demographic characteristics, laboratory values and clinical features of PV patients at time of first JAK2V617F
determination, /7= 105.

Men, no. (%) 52 (49.5)
Women no. (%) 53 (50.4)
Age: mean * s.d., median age (range), years 60.0 + 12.0, 60.0 (35.0-88.0)
Median time between diagnosis and JAKZ analysis in years (range) 4.6 (0.0-34.0)
Median duration follow-up after JAKZ analysis in years (range) 1.0 (0.1-3.6)
HCT (%) mean * s.d., median (range) 42.3+4.3,425 (25.4-55.9)
WBC (x 109/L) mean * s.d., median (range) 11.4 +8.4,9.0 (2.9-65.6)
PLT(x 10%L) mean # s.d., median (range) 426.2 + 245.6, 385.0 (59.2-1090.0)
Splenomegaly, no. (%)* 42 (40.4)
Spleen size, cm below the left costal margin, mid-clavicular line, no. (%)

0cm 62 (59.0)

>0-3 cm 26 (24.8)

4-9cm 9(8.6)

>9cm 7(6.7)

Mean + s.d., median (range) 2+4,0(0-13)
Thromboses, no. (%) 27 (25.7)

Single arterial thrombosis 16 (15.2)

Single venous thrombosis 9 (8.6)

Both arterial and venous thromboses 2(1.9
Myelofibrosis, no. (%) 64 (61.0)

Grade 1 27 (25.7)

Grade 2 19 (18.1)

Grade 3 14 (13.4)

Grade 4 4 (3.8)
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Table 2

JAK2VEI7F gllele burden at time of first determination, 7= 105.

% Allele burden

No. of patients (%) Mean allele burden + s.d.

0.1-20
21-40
41-60
61-80
81-100
All

27 (25.7)
22 (21.0)
20 (19.0)
19 (18.1)
17 (16.2)
105 (100)

9.9+6.3
29.3+£53
49.8+5.6
73.0+5.6
90.2+5.8
46.0 £29.7
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JAK2VE17F gllele burden and clinical correlates at time of first JAK2V6Z7F determination, 7= 105.

Table 3

JAK2VELTF allele burden%

Mean disease duration (years)*

Mean WBC (x10%/L)T

No. of patients

0-20% 86£6.0 6.6£20 27
21-40% 83+54 86+39 22
41-60% 56+38 10.7+£3.7 20
61-80% 80+£56 16.1+10.1 19
81-100% 146+9.1 18.3+13.4 17
Spleen size Mean JAK2V61 7Ryt No. of patients
0cm 36.3+25.7 62
1-3cm 48.8+27.9 26
4-9cm 69.6 +23.3 9
>9cm 81.8+30.8 7

Patients with myelofibrosis

Mean JAK2V617Fy,S

No. of patients

Grades 2—-4 only
None-Grade 1

63.0 £ 26.7%
32.2+23.4%

37
42

Type of thrombosis Mean JAK2V617F o] No. of patients
Arterial 37.4+285 13
Venous A7.7+24.2 14

*
p=0.001 by ANOVA.

7 < 0.0001 by ANOVA.

¢p< 0.0001 by ANOVA.

§ p<0.0001 by £test.

A

p=0.32 by #test (trend not statistically significant).
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