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The role of somatic JAK2mutations in clonal myeloproliferative neoplasms (MPNs) is well

established. Recently, germ line JAK2 mutations were associated with polyclonal

e Cells expressing JAK2 E846D
or R1063H exhibit pathologic
STATS5 activation in the
specific context of EPOR.

* Cooperation of germ line
JAK2 mutations E846D and
R1063H defines a JAK2-
signaling threshold for
induction of erythrocytosis.

hereditary thrombocytosis and triple-negative MPNs. We studied a patient who inherited
2 heterozygous JAK2 mutations, E846D from the mother and R1063H from the father, and
exhibited erythrocytosis and megakaryocytic atypia but normal platelet number. Culture
of erythroid progenitors from the patient and his parents revealed hypersensitivity to
erythropoietin (EPO). Using cellular models, we show that both E846D and R1063H
variants lead to constitutive signaling (albeit much weaker than JAK2 V617F), and both
weakly hyperactivate JAK2/STAT5 signaling only in the specific context of the EPO
receptor (EPOR). JAK2 E846D exhibited slightly stronger effects than JAK2 R1063H and
caused prolonged EPO-induced phosphorylation of JAK2/STAT5 via EPOR. We propose
that JAK2 E846D predominantly contributes to erythrocytosis, but is not sufficient for the
full pathological phenotype to develop. JAK2 R1063H, with very weak effect on JAK2/
STATS signaling, is necessary to augment JAK2 activity caused by E846D above a threshold level leading to erythrocytosis with
megakaryocyte abnormalities. Both mutations were detected in the germ line of rare polycythemia vera, as well as certain leukemia

patients, suggesting that they might predispose to hematological malignancy. (Blood. 2016;128(10):1418-1423)

Introduction

Somatic JAK2 mutations are the most common disease-causing event
in patients with myeloproliferative neoplasms (MPNs). In the majority
of MPN patients, an acquired gain-of-function V617F JAK2 mutation
leads to constitutive activation of the JAK?2 kinase and subsequently
to excessive activation of JAK/STAT signaling.'* Recently, germ
line JAK2 mutations (different from V617F substitution) have been
described in cases with familial MPNs exhibiting hereditary polyclonal
thrombocytosis”” and triple-negative MPNs.® All of these inherited
JAK?2 mutations, localized in the kinase and pseudokinase domain
of JAK?2, signal through the thrombopoietin receptor (MPL) rather
than the erythropoietin (EPO) receptor (EPOR), explaining the phe-
notype of the polyclonal disease. It is proposed that differential
signaling of STATs leads to different clinical phenotypes associated
with different activating JAK2 mutations: essential thrombocythemia
and hereditary thrombocytosis being promoted by MPL/STAT1 sig-
naling; STATS activation resulting in excessive erythroid proliferation
and polycythemia vera (PV).*?

Here, we studied a patient who inherited 2 JAK2 mutations and
presented with erythrocytosis and abnormal megakaryopoiesis in the

bone marrow (BM), partially resembling PV cases with JAK2 exon 12
mutations.'® Thus, in contrast to previously studied germ line JAK?2
mutations, which were all heterozygous, here mutations on both JAK?2
alleles are present. We show that both of these mutations are activating
in the context of EPOR, but with different characteristics. Functional
analyses of the 2 germ line JAK2 mutations suggested the threshold of
JAK?2 activity necessary for induction of erythrocytosis.

Study design

Descriptions of assays and tests performed on patient’s samples can be found in
supplemental Materials and methods (available on the Blood Web site).

Ba/F3-EPOR ' JAK2 stable transfectants or y-2A cells were used in viability
and proliferation assays, analyses of JAK2 signal transduction, and dual-
luciferase assays for STAT transcriptional activities. Retrovirally transduced
mouse BM cells were used for in vitro colony assay. Analysis of x-ray crys-
tallography data was performed using PyMOL software. For detailed descrip-
tions of individual procedures, see supplemental Materials and methods.
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A
Hematological data and clinical characteristics of the whole family.
Patient Mother Father Brother
(Normal values)  (Normal values) (Normal values) (Normal values)
Age at diagnosis (years) 15 44 47 24
Sex male female male male
Red blood cell count 5.6+0.2 5.0 5.1 5.0
(x10%2/L) (4.5-5.3) (3.8-4.9) (4.3-5.7) (4.3-5.7)
. 17.2+0.5 14.9 16.2 15.6
Hemoglobin level (g/dL)
(13.0-16.0) (12.0-16.0) (13.0-18.0) (13.0-18.0)
49+1.0 45 47 43
Hematocrit (%)
(37.0-49.0) (37.0-47.0) (42.0-52.0) (42.0-52.0)
32.1
ND ND ND
Red cell mass (mL/kg) (24.0—32.0)
Ervihropoietin (IU/L 89+1.8 8.7 47 17.0
rythropoietin (IU/L) (4.3-29.0) (4.3-29.0) (4.3-29.0) (4.3-29.0)
. . Plethora,
Clinical signs None None None
splenomegaly
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0.0 NS NS NS .00002
0.03 .00847 .03445 NS .03115
0.06 .01636 .03039 NS .00698
0.12 .00103 .00496 .011 .00424
0.5 NS NS NS NS

Figure 1. Hematological parameters, clinical data, BM evaluation, and in vitro sensitivity assay of erythroid progenitors to EPO. (A) Hematological and clinical
analysis of the propositus and his family members revealed erythrocytosis, plethora, and palpable spleen (splenic length of 12 cm based on ultrasound measurement) in the
patient. ND, not done. (B) Patient's BM aspirate (May-Grinwald-Giemsa staining, top) and BM biopsy (glycophorin C staining specific for erythroid lineage, brown color,
bottom) showed hypercellularity, erythroid hyperplasia, normal granulopoiesis, and abnormal megakaryopoiesis (for details, see supplemental Figure 1). The images were
visualized with an Olympus BX41 light microscope (Hamburg, Germany) and acquired with an Olympus DP73 camera driven by CellSens Entry software. Images were
labeled using Adobe Photoshop software (Adobe Systems, San Jose, CA). Top: magnification, X 100; scale bar, 100 pm. Bottom: magnification, xX200; scale bar, 200 um. (C)
The EPO dose-response curves derived from the patient, patient’s brother, patient’s parents, normal controls, and PV patients. The growth of BFU-E colonies at the indicated
concentrations of EPO was expressed as a percentage of maximal EPO stimulation (represented by EPO concentration of 1 U/mL). Erythroid progenitors from the patient (red
curve) were hypersensitive to EPO; there was a relatively higher number of BFU-E colonies in comparison with healthy controls (black curve) in low EPO concentrations. The
in vitro growth of the erythroid progenitors of both of the patient’s parents (blue and green curve, respectively) also showed slightly increased sensitivity to EPO when
compared with normal controls (black curve). The progenitors of the patient’s brother (purple curve) showed normal growth. Two PV patients, positive for the V617F mutation
(brown curve), were used as positive controls for hypersensitivity and formation of EPO-independent colonies (EECs). The table below the graph shows statistical evaluation
of the BFU-E colony number at individual concentrations with respect to normal controls. P values were calculated using Origin 6.1 software (OriginLab Corporation,
Norhampton, MA, USA). *P < .05; **P < .01. NS, not significant.
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Figure 2.
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Results and discussion

Case presentation, EPO hypersensitivity of erythroid
progenitors, and mutational analyses

The diagnosis of polycythemia in a 15-year-old boy was based on the
hematological and clinical data summarized in Figure 1A. The patient had
increased hemoglobin/hematocrit level, higher red blood cell count,
plethora, palpable spleen, and normal EPO level. Although the white
blood cell differential and platelet count were normal (supplemental
Table 1), the BM aspirate and BM biopsy showed hypercellularity,
erythroid hyperplasia, and atypical, enlarged, and immature megakaryo-
cytes, likely resulting from the stimulation of the megakaryocytic lineage
(Figure 1B; supplemental Figure 1). The iron status parameters were
normal (supplemental Table 2). The in vitro colony assay revealed
hypersensitivity of the patient’s burst-forming unit-erythroid (BFU-E)
progenitors to EPO (Figure 1C), a feature characteristic for primary
polycythemia states.'> Both parents and the patient’s brother were
clinically normal, with normal EPO levels and hematological (Figure 1A)
and iron status parameters, with the exception of elevated ferritin in the
father and brother likely due to infection (supplemental Table 2).
Nevertheless, the sensitivity of BFU-E progenitors to EPO was
significantly increased in the mother and slightly also in the father
compared with healthy controls and the patient’s brother (Figure 1C). In
addition, the colony assay revealed significantly increased numbers of
circulating BFU-E progenitors in the patient and his parents compared
with healthy controls (supplemental Figure 2A). These results suggested
the hereditary nature of the propositus’s erythrocytosis. No somatic
mutations or chromosomal aberrations were uncovered by either whole-
exome sequencing or microarray analysis (supplemental Table 3i-ii),
suggesting that the hematopoiesis was likely polyclonal. Targeted
mutational screening (see supplemental Materials and methods) and
search for germ line variants using whole-exome sequencing revealed a
E846D substitution in JAK?2 in a heterozygous state in the propositus
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and his mother and JAK2 R1063H in the propositus and his father
(supplemental Results; supplemental Figure 2B); both variants were
reported as polymorphisms with very low frequencies (supplemental
Table 4). Subsequent screening of a cohort of 99 subjects (including
healthy controls, MPN patients, and pediatric patients with essential
thrombocythemia or hereditary erythrocytosis) detected JAK2 E846D
substitution in 1 CALR */V617F " MPN patient and JAK2 R1063H in 1
V617F* PV patient (supplemental Table 5) and in 1 triple-negative
MPN patient (J.D.M.F. and R.K., unpublished data, August 29, 2015).
The E846D substitution was previously reported in normal-
karyotype acute myeloid leukemia'® and the JEG-3 cancer cell
line'*; R1063H was reported in 3 JAK2 V617F" PV patients,” as
well as in acute myeloid leukemia'® and B-cell acute lymphoblastic
leukemia cases.'> Altogether, these data suggest a much higher
frequency of these 2 variants in MPN patients than in normal individuals.

JAK2 E846D and R1063H promote survival at low EPO
concentrations by increasing EPO-induced phosphorylation
of STAT5

Because the germ line JAK2 mutations emerged as the main disease-
causing event in our patient, we created a cellular model: Ba/F3-EPOR
cells expressing JAK2_E846D and JAK2_R1063H. Ba/F3-EPOR
cells transfected with the wild-type human JAK2 (JAK2_wt) and
VO617F JAK2 were used as a negative and positive control, res-
pectively.'® As expected, the JAK2_V617F transfectants exhibited sur-
vival advantage and supported constitutive proliferation in EPO-free or
EPO-limiting conditions*!” (supplemental Figure 3A; Figure 2A).
The viability of JAK2_E846D and JAK2_R1063H transfectants in
EPO-free medium was comparable to the JAK2_wt transfectants
(supplemental Figure 3A); neither these transfectants expressing
individual JAK2 genetic variants nor double transfectants with both
E846D and R1063H (not shown) became growth factor independent.
Nevertheless, JAK2_E846D—expressing cells showed significantly
increased proliferation in EPO-limiting conditions compared with

Figure 2. Proliferation assay in cytokine-limiting conditions, immunoblot analysis of JAK2 signal transduction, luciferase assay, and colony assay of retrovirally
transduced BM cells. (A) MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test in Ba/F3-EPOR-IL-3—dependent cells stably transfected with different
JAK2 vectors. The percentage of proliferating cells was calculated as the percentage of the maximal cell growth observed at EPO concentration of 1.0 U/mL. The
transfectants were starved for 12 hours in IL-3—free media and then incubated for 48 hours in the media with different EPO concentration. Results are shown as the
mean * standard deviation (SD) (n = at least 4 tests performed in triplicates). The table below the graph shows statistical evaluation of the growth of individual Ba/F3
transfectants at tested EPO concentrations compared with cell-expressing JAK2 wt. P values were calculated using Origin 6.1 software (OriginLab Corporation). (B)
JAK2 downstream signaling in stable Ba/F3-EPOR-IL-3—dependent transfectants. The cells were starved in IL-3—free media for 12 hours and then stimulated with
indicated concentrations of EPO for 15 minutes. JAK2_V617F-expressing cells served as a positive control and showed constitutive activation of STAT5 (i-ii).
Immunoblot and subsequent densitometry analysis revealed that JAK2_E846D transfectants and also R1063H-expressing cells showed increase in STAT5 activation
(i-ii). Each bar represents the ratio of the density of phosphorylated STAT5 (p-STAT5) to the density of normalized total JAK2 and is presented as fold change against the
ratio calculated for 1.0 U/mL EPO. For detailed information on JAK2 normalization, see supplemental Materials and methods. Activation of JAK2 and its targets was
determined by antibodies recognizing specific phosphorylation sites (as detailed in supplemental Materials and methods); tubulin antibody was used as a loading control.
(C) STATS5 transcriptional activity in JAK2-deficient y-2A cells transfected with various JAK2 complementary DNAs (cDNAs) in the presence of EPOR, MPL, and G-CSF
receptor (G-CSFR). The heterozygous configuration was mimicked by cotransfection of JAK2 wt cDNA with JAK2 V617F, JAK2 E846D, or JAK2 R1063H. Four hours
after transfection, the cells were stimulated with different concentrations of EPO (i) or stimulated with 10 ng/mL thrombopoietin (i) or 10 ng/mL G-CSF (i) and luminescence was
detected in cell lysates 24 hours (ji-iii) or 48 hours (i) after transfection using a PerkinEImer Victor X Light analyzer. (i) STAT5 transcriptional activity downstream of JAK2 E846D and
R1063H was significantly increased in both EPO-free and EPO-limiting condition in comparison with JAK2 wt in the presence of EPOR; the double mutants expressing both JAK2
E846D and R1063H mutants showed increased STAT5 transcriptional activity over the single mutants in low EPO concentration. (ii-iii) Only JAK2 V617F significantly increased
STATS transcriptional activity in the presence of MPL and G-CSFR. STAT5 transcriptional activity of JAK2 E846D and JAK2 R1063H cells was comparable to wt cells. The panels
show the average of 3 independent experiment + standard error of the mean (SEM). *P < .05, **P < .01, ***P < .001 using the 2-tailed Student ttest. rlu, relative light unit. (D) In vitro
colony growth of transduced murine BM. Murine BM cells were infected with retroviruses coding for murine JAK2 wt, V617F, E846D, or R1063H for single mutant configuration and
with E846D and R1063H retroviral particles for double mutant configuration. Infected murine BM cells were then plated on methylicellulose media in the absence of EPO (i) or in the
presence of 0.1 U/mL EPO (ji). After 2 and 7 days, the plates were evaluated for the formation of CFU-E and BFU-E, respectively. The BM cells infected with the virus containing the
empty pMEGIX vector were used as a control. JAK2_E846D and JAK2_E846D/R1063H BM cells have significantly higher numbers of CFU-E and BFU-E colonies in both EPO-free
and low EPO conditions when compared with JAK2_wt cells. Cells with JAK2_R1063H mutation had significantly increased CFU-E, but not BFU-E colony formation. The highest
number of erythroid colonies was detected in the sample derived from JAK2_V617F positive control. Congruent results were obtained by determination of the replating capacity of
primary human cells naturally harboring the JAK2 E846D and R1063H mutations (supplemental Figure 6). The panels show the average of 3 independent experiments. The BFU-E
and CFU-E colony numbers are expressed as the number of colonies per transduced cells and are normalized to wt values * SD. P values were calculated using Origin 6.1 software.
*P < .05, **P < .01, **P < .001. (E) Immunoblot analysis of prolonged activity of EB46D-mutant JAK2 kinase. The JAK2 transfectants were after IL-3 starvation stimulated with 20 U/mL
EPO for 15 minutes and then incubated in base Iscove modified Dulbecco medium (IMDM) with no additives for indicated periods of time. JAK2_E846D—expressing cells showed
prolonged activation of STAT5 and EKR1/2 similarly to JAK2_V617F transfectants as predicted by in silico modeling (supplemental Figure 7).
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JAK2_wt (Figure 2A). Improved proliferation for JAK2 _R1063H
transfectants was observed only in 0.1 U/mL EPO concentration
(Figure 2A). These results suggested that E846D and R1063H
substitutions have a weaker effect on the survival and proliferation
capacity of cells than the oncogenic V617F mutation, which is
consistent with their germ line transmission and with nonclonal
hematopoiesis observed in the JAK2 E846D " mother (described in
supplemental Materials and methods). This also showed a stronger
effect of E846D substitution on improved proliferation in EPO-
limiting conditions compared with R1063H.

We then focused on JAK2 downstream signal transduction
pathways. Upon interleukin-3 (IL-3) starvation and short incubation in
IL-3—free EPO-containing medium, JAK2_E846D-and JAK2_R1063H-
expressing cells showed increased STATS phosphorylation (Figure 2B).
Weak activation of STAT1 was also observed for both mutants
(supplemental Figure 3B).

JAK2 E846D and R1063H activate STATS5 transcriptional activity
specifically through EPOR

Next, we tested the effect of our JAK2 mutants on STAT transcriptional
activity by dual-reporter luciferase assay in JAK2-deficient y-2A
cells.'® Figure 2Ci shows that JAK2 E846D and R 1063H significantly
increased STATS transcriptional activity in EPO-free and low EPO
conditions in the presence of EPOR when compared with cells ex-
pressing JAK2 wt. In EPO-limiting conditions, the coexpression of
these 2 JAK2 mutants further improved STATS transcriptional activity
compared with cells expressing a single JAK2 mutant (E846D or
R1063H). No effect of JAK2 E846D and R1063H was observed on
basal STATS activation via MPL or the granulocyte colony-stimulating
factor (G-CSF) receptor (Figure 2Cii-iii) or on the activation of other
STAT members (supplemental Figure 4). This was in agreement with
increased STATS phosphorylation in the patient’s BM detected by
immunohistochemical analysis of STATS (supplemental Figure 5) and
is consistent with the erythroid phenotype in our patient.

JAK2 E846D-transduced murine BM cells show increased
capacity for CFU-E and BFU-E formation whereas JAK2 R1063H
increases only CFU-E formation

To assess the effect of JAK2 mutants on primary cells, BM cells from
C57BL/6 mice were retrovirally transduced with murine JAK2
expression vectors and used for in vitro colony assay. The cells
expressing the E846D mutant formed significantly increased numbers
of colony forming unit-erythroid (CFU-E) and BFU-E, when
compared with cells with JAK2 wt in EPO-free or EPO-limiting
conditions (Figure 2D). The observation that the R1063H mutant
induced CFU-E rather than BFU-E colony growth (see also primary
father’s progenitors in supplemental Figure 6) is reminiscent of the
weak activation of EPOR by the anemic strain of the Friend virus
complex gp55 envelope protein (gp55-A), which also specifically
supported CFU-E formation.'®* For the EPO-free condition, the co-
occurrence of the 2 mutations was slightly more effective in colony growth
than the single mutants alone (Figure 2D). This assay indicated that JAK2
E846D and R1063H mutations facilitate hypersensitive response of
erythroid progenitors from the patient or patient’s parents to EPO.

In silico analysis predicted increased activity of JAK2
R1063H-mutant kinase and prolonged activation of JAK2
E846D—mutant kinase after cytokine stimulation

In silico modeling using the x-ray structures of the inactive and
active JH1 domain of JAK2?"? suggested that the R1063H mutation
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would be presumed to facilitate the active conformation of JHI,
whereas the JAK2 E846D mutant would show slower return to the
ground state after cytokine stimulation (supplemental Figure 7). The
effect of E846D substitution was confirmed by immunoblots analysis
in which IL-3-starved JAK2_E846D transfectants showed prolonged
activation of STATS and extracellular signal-regulated kinase 1/2
(ERK1/2) compared with JAK2_wt after high-dose EPO stimulation
and subsequent EPO withdrawal (Figure 2E) resembling signaling
downstream EPOR gain-of-function mutants.”> The prolonged STATS
and ERK1/2 activation downstream JAK2 E846D can be effectively
reduced by JAK2 inhibitors, ruxolitinib or AZ-960, but not by wortmannin,
a phosphoinositide-3-kinase inhibitor (supplemental Figure 8).

In summary, we establish that E§46D and R1063H are weakly
activating mutations and conclude that the cooperation of these
activating JAK2 mutations causes a polyclonal hereditary eryth-
rocytosis with megakaryocytic atypia, clinically resembling JAK2
exon 12—positive PV.
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