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ABSTRACT

JAK2 activation is the driver mechanism in BCR-ABL-negative myeloproliferative
neoplasms (MPN). These diseases are characterized by an abnormal retention of
hematopoietic stem cells within the bone marrow microenvironment and their
increased trafficking to extramedullary sites. The CXCL12/CXCR4 axis plays a central
role in hematopoietic stem cell/ progenitor trafficking and retention in hematopoietic
sites. The present study explores the crosstalk between JAK2 and CXCL12/CXCR4
signaling pathways in MPN. We show that JAK2, activated by either MPL-W515L
expression or cytokine stimulation, cooperates with CXCL12/CXCR4 signaling to
increase the chemotactic response of human cell lines and primary CD34* cells
through an increased phosphatidylinositol-3-kinase (PI3K) signaling. Accordingly,
primary myelofibrosis (MF) patient cells demonstrate an increased CXCL12-induced
chemotaxis when compared to controls. JAK2 inhibition by knock down or chemical
inhibitors decreases this effect in MPL-W515L expressing cell lines and reduces the
CXCL12/CXCR4 signaling in some patient primary cells. Taken together, these data
indicate that CXCL12/CXCR4 pathway is overactivated in MF patients by oncogenic
JAK2 that maintains high PI3K signaling over the threshold required for CXCR4
activation. These results suggest that inhibition of this crosstalk may contribute to
the therapeutic effects of JAK2 inhibitors.

INTRODUCTION with the three BCR-ABL negative MPNs, whereas mutations
of CALR in exon 9 and MPLW515 (usually MPLW515L or

BCR-ABLI negative myeloproliferative neoplasms MPLWS515K) are only associated with ET and PMF [1, 2].
(MPN), i.e. Polycthemia Vera (PV), Essential Thrombo- All MPN  driver mutations (JAK2V61T7F,
cythemia (ET) and Primary Mylofibrosis (PMF) are clonal MPLWS515L/K, CALR mutations) activate the cytokine/
disorders occurring in hematopoietic stem cells (HSC). The receptor JAK2 pathway and its downstream signaling
most frequent mutation is JAK2V617F, which is associated such as the Signal transducer and activator of transcription
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(STATT1, 3 and 5), phosphatidylinositol 3-kinase (PI3K)/
AKT/mTOR and the MAPK/ extracellular signal-regulated
kinase (ERK) pathways. These mutations are responsible
for myeloproliferation and can induce myelofibrosis (MF)
in mouse models [3—8]. However, other mutations may
be present that are targeting epigenetic regulators and the
spliceosome that favor clonal dominance and/or modify
disease phenotype to induce MF and/or progression to
leukemia [9-11].

While normal HSC and progenitor cells (HSPC)
proliferate and differentiate in the bone marrow
microenvironment, patients with MPN are characterized
by extramedullary hematopoiesis (EMH) that takes place
in various sites with a marked prominence in the spleen.
[12, 13] Recent data have documented the existence of MF
HSC residing in the spleen with increased transplantation
capacity in comparison to blood or marrow HSC [14].
Cues promoting this MF HSC circulation and homing
to extramedullary territories have not been completely
characterized. Interestingly, a recent study has shown
that the MF splenic environment is characterized by an
increased level of intact and functional CXCL12 that can
contribute to the localization of MF CD34" cells to the
spleen [15].

CXCRA4, the receptor for CXCL12, is a master
regulator of cell trafficking in normal and pathological
settings [16—18]. CXCR4 promotes HSC retention within
the BM microenvironment [19, 20], and CXCR4 inhibitors
induce neutrophil and HSC mobilization [21, 22]. These
cells are mobilized from BM, but also from EMH sites
[23]. Similarly, CXCR4 antagonists specifically target
malignant leukemic precursors, present both in BM
and EM tissues [24, 25]. These data are consistent with
CXCL12 expression in BM and extramedullary organs
[26, 27], and indicate that CXCL12/CXCR4 axis is
involved in the dynamic interplay between HSC and
multiple different tissue compartments.

Several alterations of the CXCL12/CXCR4 axis
have been identified in MF, including the abnormal
processing of CXCLI12 in a pathological environment
[28] and a decreased expression of CXCR4 through
hypermethylation of the gene promoter [29-31].
Nevertheless, MF CD34* cells demonstrate higher in
vitro migration compared to normal control peripheral
blood (PB) CD34" cells [32]. Thus, even in a context of
low CXCR4 expression, a gain of function of CXCR4
characterizes MF CD34" cells, which may favor their
maintenance within the bone marrow microenvironment
and extramedullar sites. It is presently unknown whether
there is a crosstalk between JAK2 oncogenic activation
and CXCL12/CXCR4 signaling, which may be involved
in cell trafficking and EMH.

Here, we show that JAK2 activation by both
oncogenic events and exogenous cytokines synergize
with CXCL12/CXCR4 pathway to induce chemotaxis and
signaling via PI3K activation. Altogether, these results

suggest that JAK?2 inhibitors can reduce cell trafficking by
decreasing the CXCL12/CXCR4 activity. This may be part
of their therapeutic activity, which mainly targets EMH.
Moreover, these data provide a rationale to explore the
therapeutic activity of combined therapy between JAK2
inhibitors and CXCR4 antagonists or PI3K inhibitors.

RESULTS

MPLWSI15L expression increases the
chemotactic response to CXCL12

To investigate a possible crosstalk between JAK2
and CXCR4 signaling, we expressed the gain-of-function
MPLWS5I15L mutation in MO7e cells, a cytokine-
dependent cell line. MO7e-MPLW515L cells were
selected for cytokine-independent growth and displayed
constitutive STAT3, PI3K and ERK phosphorylation that
were reverted by the JAK2/JAKI inhibitor AZD1480
(Figure 1A). As compared to mock-transduced cells,
MO7e-MPLWS515L cells showed increased migratory
response to CXCLI12 (Figure 1B), which was not
correlated with an increase in CXCR4 membrane
expression (Figure 1C). This enhanced migratory response
was reverted to control level by pretreatment of cells for
2 hours with, AZD1480 or Ruxolitinib, two selective
JAK1 and JAK?2 inhibitors (Figure 1D). In contrast, JAK
inhibition had only a weak effect on mock-transduced
MO7e cells (Figure 1D). Of note, CXCR4 membrane
expression was not modified by MPLWS515L expression
or JAK1/2 inhibition (Figure 1C).

The importance of the PI3K/AKT pathway in cell
migration induced by CXCL12 was investigated by
analysing the effects of different doses of BEZ 235 (a
dual PI3K/AKT inhibitor). As shown in Figure 1E, MO7¢
cells treatment with BEZ235 for 2 hours induced a dose-
dependent inhibition of CXCL12-induced migration with a
maximal inhibition at 20 uM. However, as 20 uM resulted
in significant apoptosis (Figure 1F and 1G), we used 10
uM as a working concentration in subsequent studies.
At this concentration, cell chemotaxis was completely
inhibited in both MO7e-GFP and MO7e-MPLWS515L cells
(Figure 1D). Thus, the chemotaxis to CXCL12 of MO7e
control and MO7e-MPLWS515L cells was dependent on the
PI3K pathway triggered through CXCR4 signaling. This
chemotaxis was increased by oncogenic JAK?2 activation
without changes in CXCR4 expression.

Diverse cytokines enhance the chemotactic
response to CXCL12 in MO7e cells

To determine whether cytokine activation of JAK2
pathway has similar effects as MPLW515L, we studied if
TPO could increase the migratory response of MO7¢ cells
to CXCL12. Migration towards CXCL12 was significantly
augmented by TPO at all CXCL12 concentrations used

www.impactjournals.com/oncotarget

54083

Oncotarget



vore MO7e Ws15L B %7 gwmorecrr
Te ——————
pdh 0 AZD1480 [ MO7e MPLW515L
MPL s . X L] -
P-STAT3 © 401
(Tyr705) .g)
P-AKT £
(5473) o
P-ERK © 504
(T2021Y204) °\e
ERK
p-actin
. Oo
C D 4 3amus
3 Ruxolitinib Kk
Il BEZ 235 -
[~ - *
o c 30
e 07e W515 |5 30 —~
o =
T o
oY 07e W515+AZD1480 5 "
t 8 07e GFP £ 20{ —
3 ; %
S8 07e GFP+AZD1480 3
- S 1o
o
)
: L =
10 CXCL12 + + + + + + + +
CXCR4-PE MO7e GFP MO7e MPL W515L
E " 1uM G &
50- o .
] O +o %
c 40 W +TPO o g 404
0 R k!
- ]
© 30- . §
k=) s
5 201 :
N ".»
10 4
; o 0 0,5 1 5 10 20
0 BEZ 235 inhibitor (uM)

——_

Figure 1: Constitutive activation of JAK2 and downstream pathways by MPLWS515L enhance the chemotactic response
of MO7e cells to CXCL12. MO7e cells were transduced with retroviral vectors expressing GFP alone or GFP with MPLWS515L gain-
of-function mutation. A. Investigation by western-blot of MPL expression and downstream signaling pathway (STAT3, AKT and ERK)
activation in MO7e- MPLW515L and mock-transduced cells (MO7e-GFP) in the cells without starvation. Treatment with AZD1480 (2 uM)
inhibits the constitutive phosphorylation of STAT3, AKT and ERK. B. Effect of MPLWS515L expression on CXCL12-induced migration in
transwell assay. Migration assay data obtained for control MO7e cells were pooled with those obtained when TPO effects were tested (Figure
2A). C. MPL W515L expression in MO7e cells and AZD1480 (2 uM) inhibitor do not modify CXCR4 membrane expression. D. AZD1480
(2 uM), Ruxolitinib (2 uM) or BEZ235 (10 uM) strongly inhibited chemotaxis of mutant cells to CXCL12 (100 ng/ml). E. Effects of the
dual PI3K/mTOR inhibitor BEZ235 on MO7¢ cell migration in response to CXCL12. MO7e cells were treated with various concentrations
(1, 5 or 10 uM) of BEZ235 for 2 hours. TPO (10 ng/mL) was then added or not and the migration in response to CXCL12 (100 ng/mL)
was measured in chemotactic assay. The data shown represent the mean = SEM of 3 independent experiments. F. Treatment with 10 uM
of BEZ235 inhibitor does not induce apoptosis in human MO7e cells. After treatment with the indicated concentrations of BEZ235 for 6
hours, MO7e cells were stained with Annexin-V and propidium iodide. The percentages of Annexin-V positive cells were determined by
flow cytometry. G. Effects of BEZ235 inhibitor on the viability of MO7e cells. Columns represent the mean of 3 independent experiments.
Data are represented as mean + SEM.
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Figure 2: Cytokine-mediated activation of signaling pathways enhances the chemotactic response of MO7e cells to
CXCL12. A. Effect of TPO on CXCL12-mediated chemotaxis in MO7e-GFP control cells. After starvation, cells were treated or not
with 10 ng/mL TPO and chemotaxis was performed in the presence of different concentrations of CXCL12. Migration assay data obtained
for control MO7e-GFP cells were pooled with those obtained when the effect of MPLW515L was tested (Figure 1B). B. Investigation
by Western-blot of AKT and ERK activation by CXCL12 and TPO. Cells were treated or not with TPO in the presence of different
concentrations of CXCL12 for 10 minutes before lysate preparation. C. Effects of Ruxolitinib and BEZ235 on CXCL12-induced migration
of MO7e¢ cells upon stimulation with IL-6 (10 ng/mL), TPO (10 ng/mL) or SCF (25 ng/mL). Chemotaxis was assayed in the absence or
presence of CXCL12 (100 ng/mL). D. Phosphorylation of STAT3, AKT and ERK in MO7e pretreated or not with Ruxolitinib (2 pM) or
BEZ235 (10 uM) before stimulation with CXCL12 (100 ng/mL) alone, cytokines alone (IL-6, TPO, SCF) or combinations of both for 10
minutes. Cells were serum and cytokine starved for 4 hours prior cytokine addition. E. Effects of UO126 inhibitor treatment on MO7e cell
migration in response to CXCL12.MO7e cells were starved and treated with various concentrations (1, 5, 10 or 30 uM) of UO126 for 2
hours. TPO (10 ng/mL) was then added or not and the migration in response to CXCL12 (100 ng/mL) was measured in chemotactic assay.
The data shown represent the mean = SEM of 3 independent experiments. F. Investigation by Western-blot of AKT and ERK activation by
CXCL12 alone, TPO alone or combination of both in MO7e cells, after pre-incubation with various concentrations of UO126.
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(Figure 2A). Western Blot experiments showed that
CXCL12-induced phosphorylation of AKT and ERK
was further enhanced by the addition of TPO (Figure 2B).
Ruxolitinib abrogated the enhancing effect of TPO, whereas
BEZ235 nearly completely inhibited MO7e migration in
response to CXCL12 (Figure 2C). To determine whether
this effect was restricted to TPO, we stimulated MO7e cells
with interleukin-6 (IL-6) which signals through JAK1/
JAK?2, and with Stem Cell Factor (SCF) that signals through
¢-KIT. Both cytokines markedly increased CXCL12-induced
MO7e migration (Figure 2C). Pretreatment of MO7e cells
with Ruxolitinib (2 uM) for 2 hours completely inhibited
the effects of 1L-6, while demonstrating little inhibition of
SCF-induced cell migration. Pretreatment of MO7e cells
with BEZ235 (10 uM) decreased the synergistic effect of
IL6, SCF and TPO on CXCL12-induced cell migration. The
combination of each cytokine with CXCL12 triggered an
increased activation of AKT and ERK and to a lesser extent
of STAT3 (Figure 2D). In these experiments, AKT and ERK
activation by CXCL12 alone was not observed because
it occurred before 10 minutes [35, 36]. Pretreatment with
Ruxolitinib abrogated AKT, ERK and STAT3 activation by
TPO and IL-6 but not by SCF. In contrast, the pretreatment
of cells with BEZ235 abrogated STAT3 and AKT, but not
ERK activation (Figure 2D). The ERK1/2 MAPK signalling
integrates extracellular cues that induce proliferation and
differentiation. As this pathway is also involved in the
migration of some cell types [37, 38], we also tested the
effects of the MEK1/2 inhibitor UO126. We observed that
UO0126 (from 1 to 30 uM) had no effect on CXCL12-induced
migration of MO7¢ cells (Figure 2E), whereas it abrogated
ERK phosphorylation induced by TPO, CXCLI12 or both
(Figure 2F). These results suggest that PI3K signaling is the
major pathway involved in CXCL12-induced chemotaxis of
MO7e cells which could be further activated by the cytokine
receptor/JAK2 or tyrosine kinase receptor pathways.

This synergy between CXCL12 and TPO in inducing
MO7e cell migration was also observed in primary CD34*
cells (Figure 3A). Again, Ruxolitinib specifically inhibited
the effect of TPO, whereas BEZ235 nearly completely
abrogated the chemotactic effect of the TPO and CXCL12
combination (Figure 3B).

To exclude an off-target effect of JAK inhibitors,
we chose to knock down JAK?2 using a RNA interference
strategy. Among 4 sequences tested, two sequences
SH3 and SH4 decreased JAK2 transcripts by 26% and
50% respectively, as shown by QRT-PCR (Figure 4A).
Moreover, SH3 and SH4 exhibited an efficient effect at the
protein level with 77% and 95% of inhibition, respectively
(Figure 4B). Both shRNAs and more particularly SH4
inhibited the phosphorylation of STATS, AKT and ERK by
TPO and by the combination of CXCL12 and TPO (Figure
4C). In addition, both shJAK2 inhibited the stimulatory
effects of TPO on chemotaxis of MO7e cells to CXCL12
(Figure 4D), demonstrating a crosstalk between JAK2
activation and CXCR4 signaling.

Phosphoinositide-3-kinase isoforms differentially
regulate the synergistic effect of JAK2 activation
on cell migration

PI3KSs isoforms have been classified into 3 groups
according to their structure and substrate specificity.
Class IA isoforms are comprised of one of p85 regulatory
subunits and a catalytic subunit (pl110) that has four
isoforms (p110 a, B, & and y). The activity of these
isoforms couples to receptor tyrosine kinases (class
Ia) or to G protein—coupled receptors (class Ib) [35].
To determine which PI3K isoform is involved in the
collaborative effect of CXCL12 and JAK2 activation on
cell migration, we assessed the ability of diverse PI3K
subunit inhibitors to prevent chemotaxis of MO7e cells
exposed to CXCL12. MO7e cells were treated with
various concentrations of PI3K a, y, B or & inhibitors
for 2 hours before migration assays. All PI3K inhibitors
except PI3K o (BYL-719) had a small but significant
inhibitory effect on CXCL12-induced chemotaxis of
unstimulated MO7e cells (Figure 5A, 5B, 5C, 5D). This
was correlated with a reduction in AKT phosphorylation
that was particularly evident at 10 uM. PI3K a (BYL-719)
and y (AS-252424) but not B (TGX-221) and 6 (CAL-101)
inhibitors abrogated the collaboration between CXCL12
and TPO (Figure 5). In line with this, the collaborative
effect between TPO and CXCL12 was also abrogated at
the level of AKT phosphorylation (Figure 5). Altogether,
these results suggest that the PI3K  and & subunits
mediate CXCL12-induced migration, whereas PI3K o and
v mediate the amplification of the CXCL12/CXCR4 axis
effects by JAK2 activating cytokines.

MF CD34" cells demonstrate increased chemotaxis
to CXCL12 that is reverted by genetic ablation of
JAK2

To test whether our results are relevant to MF patients,
the in vitro migratory responses to CXCL12 of PB CD34*
cells were analyzed in 33 MF patients (20 PMF, 6 post-ET/
MF and 7 post-PV/MF). An increased chemotactic response to
CXCL12 was noticed in MF CD34" cell samples (Figure 6A)
which was in average greater than that observed with CD34*
cells from different controls (mobilized PB, non-mobilized PB
and BM) (Figure 6B). However, a heterogeneous migratory
response to CXCL12 was noticed, as some patient samples
migrated in a similar manner as the controls. Pretreatment of
MF CD34" cells with the CXCR4 inhibitor TN 140 inhibited
CXCL12-induced migration (Figure 6C) demonstrating
that this migratory response is CXCR4 specific. CXCR4
expression was heterogeneous among MF CD34* cells
(Figure 6D, 6E) and was slightly, but significantly correlated
with the chemotactic response (1=0.4994, P= 0.0068) (Figure
6F). Thus, MF CD34" cells exhibit a strong chemotactic
response to CXCL12 even in case of low or intermediate

www.impactjournals.com/oncotarget

Oncotarget



CXCR4 membrane expression, suggesting that the CXCL12/
CXCR4 signaling pathway is over activated in MF patients.

To determine the role of oncogenic JAK2, we
specifically knocked down JAK2V617F in MF CD34" cells
using a specific sShRNA against JAK2V617F. The specificity
of this shRNA was assessed by showing that it knocked
down JAK?2 in HEL cells, which only express JAK2V617F
(Figure 7A), but not in MO7e cells that only express JAK2WT
(Figure 7B). In 5 out of 6 JAK2V617F MF patients, the
shJAK2V617F decreased chemotaxis to CXCL12 compared
to shSCR-GFP-expressing cells (Figure 7C). These results
indicate that JAK2V617F signaling is involved in the
CXCL12-mediated migration of MF CD34" cells in most
cases.

To assess whether JAK inhibitors interfere with
CXCL12/CXCR4 axis in MF, we performed migration
experiments with CD34" cells from 6 MF patients in
the absence or presence of Ruxolitinib (Figure 7D).
Ruxolitinib inhibited CXCL12-induced migration in
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3 out of 6 samples. This result with those previously
observed with the shJAK2V617F underscores the
heterogeneity of MF patients. Pretreatment of MF CD34*
cells with 10 uM of the pan-PI3K inhibitor BEZ235
resulted in a significant reduction of chemotaxis in
response to CXCL12 (Figure 7D), further illustrating the
role of PI3K in cell migration.

DISCUSSION

Constitutive oncogenic activation of JAK?2
signaling leads to an aberrant proliferation, survival and
differentiation of cells [39]. However, few studies have
examined the impact of JAK2 activation on the migration
and trafficking of hematopoietic progenitors.

Here, we explored whether oncogenic JAK2 could
increase CXCR4 signaling. Using MO7e cells transduced
with MPLW515L, we have shown that JAK2 activation
strongly collaborates with CXCR4 signaling. This
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Figure 3: Cytokine-mediated activation of signaling pathways enhances the chemotactic response of primary CD34*
cells to CXCL12. A. Effect of TPO on CXCL12/CXCR4 signaling in CD34" cells. TPO (10 ng/mL) was added or not to the upper
chamber and the migration in response to CXCL12 (100 ng/mL) was measured in chemotactic assay. B. Starved CD34" cells were pre-
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crosstalk increased CXCL12-dependent migration and
further activation of STAT, PI3K and ERK pathways. A
similar result was observed for primary human CD34*
or MO7e cells when stimulated by cytokines that require
JAKs for signaling. JAK2 inhibition or knock down
abolished this cooperation. Interestingly, JAK2 inhibition
had no effect on CXCL12-induced chemotaxis of
unstimulated CD34" or MO7e cells.

Recent studies indicate that JAK inhibition induces
significant reduction in splenomegaly and symptomatic
improvement in MPN patients, without induction of
complete remission and eradication of the malignant clone
[40]. Moreover, a growing body of evidence suggests that
CXCL12 production is involved in EMH. Therefore, our
results showing that JAK?2 inhibition reduces CXCL12-
induced chemotaxis in JAK?2 stimulated cells, may explain
why the major effect of JAK2 inhibitors is mainly on
spleen reduction and not on allele burden.
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Previous studies have shown that CXCL12 could
activate JAK?2, suggesting that JAK2 is involved in
CXCL12/CXCR4-mediated migration [41]. However, these
studies were performed using low specificity JAK2 kinase
inhibitors and were not confirmed when more specific
JAK2 inhibitors or a genetic silencing approach were used.
Indeed, further studies showed that JAK?2 is involved in the
integrin activation induced by CXCL12/CXCR4 signaling
[42,43]. Altogether, these studies demonstrate that JAK2
activation is not directly involved in cell migration, but
increases CXCL12/CXCR4-induced chemotaxis.

The mechanism involved in the cooperative effect
between CXCR4 and JAK?2 signaling appears to be related
to the level of PI3K activation. Two lines of evidence
support this hypothesis: 1) phosphorylation of AKT and
ERK was highly increased by the simultaneous addition
of CXCL12 and a cytokine, and 2) a PI3K inhibitor
completely abolished chemotaxis induced by CXCL12
alone or in association with cytokines, whereas a MEK1/2
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shJAK2 (SH3 and SH4) on J4K?2 transcripts were evaluated by qRT-PCR. B. Investigation by Western-blot of JAK2 protein expression
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scramble SCR, SH3 or SH4 shRNA, in the absence or presence of TPO (10 ng/mL). Data are represented as mean + SEM.
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inhibitor had no effect. Furthermore, we showed that
this increased migration was related to the activation of
different PI3K isoforms: class IA by cytokine receptors
and class IB by CXCR4. Thus, normal migration in
response to CXCL12 requires PI3K activity. This
observation is in line with previous data showing that
PI3K activity is an indispensable signaling event that is
required for cells to undergo chemotaxis [44]. In addition,
pathologic migration in response to CXCL12 requires
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cytokines has been underscored [45]. Our results indicate
that cell-intrinsic mechanisms may also be involved, as MF
CD34" cells displayed increased migration in response to
CXCL12. CXCR4 promotes HSC retention within the BM
microenvironment [19, 20] and its genetic invalidation or
inhibition results in increased HSC mobilization [21, 22].
In normal hematopoiesis, this cell mobilization derives
primarily from BM. Interestingly, during malignancies,
CXCR4 antagonists target malignant leukemic precursors
present in BM and EM tissues [24, 46]. In line with this,
increased concentrations of CXCL12 were found in the
spleen of MF patients, the site where MF HSC reside [15].
More recently, it has been shown that two niche factors SCF
and CXCL12 are responsible for EMH [47]. Our results
point out the possibility that EMH in the spleen from MPN
patients is in part due to an increased activation of the
CXCL12/CXCR4 pathway. In this study, we also show that
one of the roles of SCF consists to increase the chemotaxis
induced by CXCL12/CXCR4. This may contribute to the
threshold levels of PI3K activation, which are required
for CXCR4 effects. Thus, we can hypothesize that the

oncogenic activation of JAK2 favors EMH by diminishing
the requirement for SCF in the niche. Further experiments
will be required to test this hypothesis.

On the other hand, we observed that the JAK2
inhibitor Ruxolitinib inhibited chemotaxis at least for some
patients. This could be related to the heterogeneity of MF,
as pointed out by the large spectrum of additional mutations
found in this disease. Alternatively, Ruxolitinib may have
limited effects on PI3K activation by JAK2V617F or
MPLWS515L [48, 49]. In this case, it is possible that the new
type 2 JAK inhibitors might be more effective by inhibiting
more drastically oncogenic JAK?2 activation.

In a previous study, we have demonstrated that
simultaneous inhibition of JAK2 and PI3K signaling
pathways led to delayed splenomegaly in mice inoculated
with Ba/F3-MPL/JAK2V617F cells. This suggests that
targeting both JAK2 and the PI3K pathway with PI3K/
AKT/mTOR inhibitors will be of interest in the treatment
of patients [48]. However, such treatment may increase
toxicity on hematopoiesis and induce profound cytopenia.
Thus, it might be interesting to use JAK2 inhibitors
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mobilized PB (nmPB) and bone marrow (BM) samples were assayed for CXCL12-induced chemotaxis compared to MF CD34" cells.
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together with class IB PI3K inhibitors that will preserve
hematopoiesis or to directly target CXCR4 with CXCR4
antagonists. These approaches may also affect leukemic
initiating cells by profoundly altering their interaction with
the extramedullary niche. MPN mouse modelling of the
disease will be important to understand the precise role of
this increased CXCL12/CXCR4 activity in the development
of EMH and whether spleen reduction by JAK2 inhibitor is
mainly mediated by induction of mobilization.

MATERIALS AND METHODS

Patient and control samples

PB samples from patients who fulfilled the WHO
diagnostic criteria for PMF or post PV/ET MF were
collected in accordance with the Declaration of Helsinki.
They were obtained from patients that had given their
informed written consent following protocols approved by
local Research Ethics Committees from Gustave Roussy
Institute (Villejuif, France).
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Cell lines

MO7e cells were transduced with MSCV-
hMPLW515L-IRES-GFP and selected by their growth
in the absence of GM-CSF (10 ng/mL) in alpha-MEM
medium (Invitrogen) supplemented with 10% fetal
bovine serum. For chemotaxis assay and western blotting
(WB), cells were starved and treated for 2 hours at
37°C with 2 pM Ruxolitinib, 10 uM BEZ235 or with
various concentrations (1, 5, 10 or 30 uM) of PI3K «
(BYL-719), y (AS-252424), B (TGX-221), 6 (CAL-101)
inhibitors or MEK1/2 inhibitor (UO126) (Euromedex,
Souffelweyersheim, France).

CXCR4 expression analysis

Mononuclear cells were triple-stained with an
APC-conjugated anti-CD34 monoclonal antibody (mAb)
(HPCA2), a fluorescein FITC-conjugated anti-human
CD45 mAb and a PE-conjugated anti-CXCR4 mAb
(12GS5). Appropriate Ig isotype were used as controls.
All antibodies were from BD. Cells were analyzed by
a FACSort cytometry (BD Biosciences). Quantitative
analysis of fluorescence intensity was performed on gated
CD34" cells and the mean fluorescence intensity (MFI)
was calculated using Cell Quest software package. Mean
fluorescence intensity ratios (MFIRs) were calculated by
dividing the MFI of CXCR4 by the MFI of the respective
nonspecific isotype control.

Quantitative real-time PCR

RNA extraction was done using a Qiagen RNA
isolation kit (Qiagen). All PCR reactions were carried out
using Tagman PCR Master Mix (Applied Biosystems).
Each cDNA sample was analyzed in triplicate in the
ABI Prism 7900 Sequence Detection System. The
sequences of primers used are: CXCR4-Forward
(5'-CGTGCCCTCCTGCTGACTATT-3"), CXCR4-Reverse
(5'-GCCAACCATGATGTGCTGAA-3"), CXCR4-Probe
(5'-TTCATCTTTGCCAACGTCAGTGAGGCA-3'), JAK2-
Forward, (5-AAGCTTTCTCACAAGCATTTGGTTT-3'),
JAK2-Reverse (5-AGAAAGGCATTAGAAAGCCTGTA
GTT-3"), JAK2-Probe (5-TCTCCACAGACACATAC-3"),
B2M-Forward (5'-GACTTTGTACAGCCCAAGATA-3’),
B2M-Reverse (5'-GCGGCATCTTCAAACCTCC-3"), B2M-
Probe (5-TGATGCTGCTTACATGCTTCGATCCCAC
TT-3").

Chemotaxis assay

Migration assays were performed in serum-free
medium (serum-free Dulbecco’s medium supplemented
with 1.5% bovine serum albumin (BSA; Cohn’s fraction
V; Sigma), sonicated lipids, and iron-saturated human
transferrin), using 5-um pore filter chambers (Transwell,
ThinCert 24 well Translucent RoTrac, Greiner Bio-one) as

previously described [33]. Briefly, cells were resuspended
in serum-free medium to a final concentration of 1 x 10°
cells/mL, and 100 pL of the cell suspension were placed
into the upper chamber, whereas 600 pL of serum-free
medium without or with CXCL12 (Peprotech, France)
at different concentrations were placed in the lower
compartment. In some experiments, cells were stimulated
with 10 ng/mL TPO (Kirin Brewery, Tokyo, Japan) before
chemotaxis assay. For chemotaxis blocking studies,
inhibitors were added to the cell suspension 60 mn before
migration assays. The transwell plates were incubated for
3 hours at 37°C in 5% CO, and 95% air. Cells recovered
from lower chambers were counted by flow cytometry.
All assays were done in triplicate. Data are presented as
percentage of migration calculated by the following ratio:
the number of cells migrating to the lower chamber/ the
number of cells used for migration assay. Outside the
effect-dose studies, the concentration of CXCL12 used
in migration experiments was 100 ng/ml for the sake of
consistency with studies using primary CD34" cells from
normal and MF patients.

Lentiviral and retroviral vector construction

Two short hairpin RNAs (shRNA) directed
against the wild type form of JAK2 (SH3 and SH4),
one shRNA directed against JAK2V617F and one
shRNA unrelated to JAK2 (SCR: scramble control
sequence) were inserted into a pBlue Script containing
the human H/ promoter. The H1-shJAK2WT/V617F or
H1-SCR cassettes were inserted into a lentiviral vector
(pPRRLsin-PGK-eGFP; Genethon, Evry, France) [34]. The
oligonucleotides used in this study were the following:
SH3: 5-GCTTTGTCTTTCGTGTCATTA-3', SH4:
5'-GAGTATGTGTCTGTGGAGA-3', shJAK2V617F:5'-
GAGTATGTTTCTGTGGAGA-3’, shSCR containing a
scramble sequence:5'- CGGCAGCTAGCGACGCCAT-3.

Production of retroviruses and lentiviruses

Vesicular stomatitis virus glycoprotein pseudotyped
viral particles were produced in 293T cells. Cells were
infected with lentiviral supernatants for 2 hours and GFP
positive cells were sorted 48 hours later by flow cytometry
(FACSDiva; BD Biosciences, Mountain View, CA).

Annexin-V assay

Annexin-V positive staining was determined by FACS
analysis according to the manufacturer’s recommendations
(BD Pharmingen, Franklin Lakes, NJ, USA).

Western blotting

Signaling studies were performed using rabbit
antibodies directed against MPL, JAK2 (Tyr1007/ 1008)
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and the phosphorylated forms of STAT3 (Tyr705), STATS
(Tyr694), extracellular signal-regulated kinase 1/2 (ERK1/2)
(Thr202/Tyr204) and AKT (Ser473) (Cell Signaling
Technology). Anti B-actin antibody from Sigma (Saint
Quentin Fallavier, France) was used to control equal loading.

Statistical analysis

Results given as mean + S.E.M were analyzed with
the two-tailed unpaired Student’s #-test. Differences were
considered significant when P-value was *, p<0.05; **,
p<0.01 and *** p<0.001.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by grants from INSERM,
Gustave Roussy (FL), Fondation de France (FL),
Association Cent Pour Cent la vie (FL), Cancéropole Ile
de France (FL). HA had fellowships from the Ministere
de I’Enseignement Algérien and la Ligue Nationale
Contre le Cancer. YZ was supported by a postdoctoral
fellowship from the Institut National Contre le Cancer
(INCa). We thank Kirin Brewery (Tokyo, Japan) and
Amgen (Thousand Oaks, California) for their generous
gift of recombinant TPO and SCF. We thank all patients
for providing samples for our studies and Philippe Rameau
and Yann Lecluse for cell sorting experiments.

CONFLICTS OF INTEREST
The authors declare no competing financial interests.

Authorship contributions

HA designed, performed experiments, analyzed
data and wrote the paper. YZ, MW and RB performed
experiments and analyzed data. SO and NF provided
reagents. IP contributed intellectual input. ES critical read
the manuscript. GB and VR provided patient samples
and wrote the paper. WV and FL conceived the project,
analyzed data and wrote the paper. All authors contributed
to writing and editing.

REFERENCES

1. Carobbio A, Finazzi G, Antonioli E, Guglielmelli P,
Vannucchi AM, Dellacasa CM, Salmoiraghi S, Delaini
F, Rambaldi A, Barbui T. JAK2V617F allele burden
and thrombosis: in essential
thrombocythemia and polycythemia vera. Exp Hematol.

2009; 37:1016-21.

2. Vannucchi AM, Antonioli E, Guglielmelli P, Pancrazzi A,
Guerini V, Barosi G, Ruggeri M, Specchia G, Lo-Coco
F, Delaini F, Villani L, Finotto S, Ammatuna E, et al.

a direct comparison

10.

11.

12.

13.

Characteristics and clinical correlates of MPL 515W>L/K
mutation in essential thrombocythemia. Blood. 2008;
112:844-7.

Passamonti F, Rumi E, Pietra D, Della Porta MG, Boveri E,
Pascutto C, Vanelli L, Arcaini L, Burcheri S, Malcovati L,
Lazzarino M, Cazzola M. Relation between JAK2 (V617F)
mutation status, granulocyte activation, and constitutive
mobilization of CD34+ cells into peripheral blood in
myeloproliferative disorders. Blood. 2006; 107:3676-82.

Baxter EJ, Scott LM, Campbell PJ, East C, Fourouclas N,
Swanton S, Vassiliou GS, Bench AJ, Boyd EM, Curtin N,
Scott MA, Erber WN, Green AR, Cancer Genome Project.
Acquired mutation of the tyrosine kinase JAK2 in human
myeloproliferative disorders. Lancet. 2005; 365:1054—61.
Levine RL, Wadleigh M, Cools J, Ebert BL, Wernig G,
Huntly BJP, Boggon TJ, Wlodarska I, Clark JJ, Moore S,
Adelsperger J, Koo S, Lee JC, et al. Activating mutation
in the tyrosine kinase JAK2 in polycythemia vera,
essential thrombocythemia, and myeloid metaplasia with
myelofibrosis. Cancer Cell. 2005; 7:387-97.

Lacout C, Pisani DF, Tulliez M, Gachelin FM, Vainchenker
W, Villeval JL. JAK2V617F expression in murine
hematopoietic cells leads to MPD mimicking human PV
with secondary myelofibrosis. Blood. 2006; 108:1652—60.

James C, Ugo V, Le Couédic JP, Staerk J, Delhommeau
F, Lacout C, Gargon L, Raslova H, Berger R, Bennaceur-
Griscelli A, Villeval JL, Constantinescu SN, Casadevall N,
et al. A unique clonal JAK2 mutation leading to constitutive
signalling causes polycythaemia vera. Nature. 2005;
434:1144-8.

Kota J, Caceres N, Constantinescu SN. Aberrant signal
transduction pathways in myeloproliferative neoplasms.
Leukemia. 2008; 22:1828-40.

Milosevic JD, Kralovics R. Genetic and epigenetic
alterations of myeloproliferative disorders. Int J] Hematol.
2013;97:183-97.

Klampfl T, Gisslinger H, Harutyunyan AS, Nivarthi H,
Rumi E, Milosevic JD, Them NCC, Berg T, Gisslinger B,
Pietra D, Chen D, Vladimer GI, Bagienski K, et al. Somatic
mutations of calreticulin in myeloproliferative neoplasms.
N Engl J Med. 2013; 369:2379-90.

Nangalia J, Massie CE, Baxter EJ, Nice FL, Gundem G,
Wedge DC, Avezov E, Li J, Kollmann K, Kent DG, Aziz
A, Godfrey AL, Hinton J, et al. Somatic CALR mutations
in myeloproliferative neoplasms with nonmutated JAK2. N
Engl J Med. 2013; 369:2391-405.

Barosi G, Viarengo G, Pecci A, Rosti V, Piaggio G,
Marchetti M, Frassoni F. Diagnostic and clinical relevance
of the number of circulating CD34(+) cells in myelofibrosis
with myeloid metaplasia. Blood. 2001; 98:3249-55.

Hsieh PP, Olsen RJ, O’Malley DP, Konoplev SN, Hussong
JW, Dunphy CH, Perkins SL, Cheng L, Lin P, Chang
CC. The role of Janus Kinase 2 V617F mutation in

www.impactjournals.com/oncotarget

54093

Oncotarget



14.

15.

17.

18.

20.

21.

22.

23.

24.

extramedullary hematopoiesis of the spleen in neoplastic
myeloid disorders. Mod Pathol Off J U S Can Acad Pathol
Inc. 2007; 20:929-35.

Wang X, Prakash S, Lu M, Tripodi J, Ye F, Najfeld V, Li
Y, Schwartz M, Weinberg R, Roda P, Orazi A, Hoffman
R. Spleens of myelofibrosis patients contain malignant
hematopoietic stem cells. J Clin Invest. 2012; 122:3888-99.

Wang X, Cho SY, Hu CS, Chen D, Roboz J, Hoffman R.
C-X-C motif chemokine 12 influences the development
of extramedullary hematopoiesis in the spleens of
myelofibrosis patients. Exp Hematol. 2015; 43:100-9.el.
Lapidot T. Mechanism of human stem cell migration and
repopulation of NOD/SCID and B2mnull NOD/SCID mice.
The role of SDF-1/CXCR4 interactions. Ann N 'Y Acad Sci.
2001; 938:83-95.

Teicher BA, Fricker SP. CXCL12 (SDF-1)/CXCR4 pathway
in cancer. Clin Cancer Res Off J] Am Assoc Cancer Res.
2010; 16:2927-31.

Foudi A, Jarrier P, Zhang Y, Wittner M, Geay JF, Lecluse Y,
Nagasawa T, Vainchenker W, Louache F. Reduced retention
of radioprotective hematopoietic cells within the bone
marrow microenvironment in CXCR4-/- chimeric mice.
Blood. 2006; 107:2243-51.

Greenbaum A, Hsu YMS, Day RB, Schuettpelz LG,
Christopher MJ, Borgerding JN, Nagasawa T, Link DC.
CXCL12 in early mesenchymal progenitors is required
for haematopoietic stem-cell maintenance. Nature. 2013;
495:227-30.

Ding L, Morrison SJ. Haematopoietic stem cells and early
lymphoid progenitors occupy distinct bone marrow niches.
Nature. 2013; 495:231-5.

Abraham M, Biyder K, Begin M, Wald H, Weiss ID,
Galun E, Nagler A, Peled A. Enhanced unique pattern of
hematopoietic cell mobilization induced by the CXCR4
antagonist 4F-benzoyl-TN14003. Stem Cells Dayt Ohio.
2007; 25:2158-66.

Devine SM, Vij R, Rettig M, Todt L, McGlauchlen K,
Fisher N, Devine H, Link DC, Calandra G, Bridger G,
Westervelt P, Dipersio JF. Rapid mobilization of functional
donor hematopoietic cells without G-CSF using AMD3100,
an antagonist of the CXCR4/SDF-1 interaction. Blood.
2008; 112:990-8.

Devi S, Wang Y, Chew WK, Lima R, A-Gonzalez N,
Mattar CNZ, Chong SZ, Schlitzer A, Bakocevic N,
Chew S, Keeble JL, Goh CC, Li JLY, et al. Neutrophil
mobilization via plerixafor-mediated CXCR4 inhibition
arises from lung demargination and blockade of
neutrophil homing to the bone marrow. J Exp Med. 2013;
210:2321-36.

Zhang Y, Patel S, Abdelouahab H, Wittner M, Willekens C,
Shen S, Betems A, Joulin V, Opolon P, Bawa O, Pasquier F,
Ito M, Fujii N, et al. CXCR4 inhibitors selectively eliminate
CXCR4-expressing human acute myeloid leukemia cells in
NOG mouse model. Cell Death Dis. 2012; 3:¢396.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Crazzolara R, Kreczy A, Mann G, Heitger A, Eibl G, Fink
FM, Mohle R, Meister B. High expression of the chemokine
receptor CXCR4 predicts extramedullary organ infiltration
in childhood acute lymphoblastic leukaemia. Br ] Haematol.
2001; 115:545-53.

Lane SW, Scadden DT, Gilliland DG. The leukemic stem
cell niche: current concepts and therapeutic opportunities.
Blood. 2009; 114:1150-7.

Kato I, Niwa A, Heike T, Fujino H, Saito MK, Umeda K,
Hiramatsu H, Ito M, Morita M, Nishinaka Y, Adachi S,
Ishikawa F, Nakahata T. Identification of hepatic niche
harboring human acute lymphoblastic leukemic cells via
the SDF-1/CXCR4 axis. PloS One. 2011; 6:€27042.

Cho SY, Xu M, Roboz J, Lu M, Mascarenhas J, Hoffman R.
The effect of CXCL12 processing on CD34+ cell migration
in myeloproliferative neoplasms. Cancer Res. 2010;
70:3402-10.

Bogani C, Ponziani V, Guglielmelli P, Desterke C, Rosti
V, Bosi A, Le Bousse-Kerdiles MC, Barosi G, Vannucchi
AM, Myeloproliferative Disorders Research Consortium.
Hypermethylation of CXCR4 promoter in CD34+ cells
from patients with primary myelofibrosis. Stem Cells Dayt
Ohio. 2008; 26:1920-30.

Rosti V, Massa M, Vannucchi AM, Bergamaschi G,
Campanelli R, Pecci A, Viarengo G, Meli V, Marchetti
M, Guglielmelli P, Bruno E, Xu M, Hoffman R, et al.
The expression of CXCR4 is down-regulated on the
CD34+ cells of patients with myelofibrosis with myeloid
metaplasia. Blood Cells Mol Dis. 2007; 38:280-6.
Migliaccio AR, Martelli F, Verrucci M, Migliaccio G,
Vannucchi AM, Ni H, Xu M, Jiang Y, Nakamoto B,
Papayannopoulou T, Hoffman R. Altered SDF-1/CXCR4
axis in patients with primary myelofibrosis and in the
Gatal low mouse model of the disease. Exp Hematol. 2008;
36:158-71.

Xu M, Bruno E, Chao J, Huang S, Finazzi G, Fruchtman
SM, Popat U, Prchal JT, Barosi G, Hoffman R, MPD
Research Consortium. Constitutive mobilization of CD34+
cells into the peripheral blood in idiopathic myelofibrosis
may be due to the action of a number of proteases. Blood.
2005; 105:4508-15.

Quintas-Cardama A, Verstovsek S. Molecular pathways: Jak/
STAT pathway: mutations, inhibitors, and resistance. Clin
Cancer Res Off J Am Assoc Cancer Res. 2013; 19:1933-40.
Besancenot R, Roos-Weil D, Tonetti C, Abdelouahab H,
Lacout C, Pasquier F, Willekens C, Rameau P, Lecluse Y,
Micol JB, Constantinescu SN, Vainchenker W, Solary E, et
al. JAK2 and MPL protein levels determine TPO-induced
megakaryocyte proliferation vs differentiation. Blood. 2014;
124:2104-15.

Chen Y, Yu M, Podd A, Wen R, Chrzanowska-Wodnicka
M, White GC, Wang D. A critical role of Rap1b in B-cell

trafficking and marginal zone B-cell development. Blood.
2008; 111:4627-36.

WWw

.impactjournals.com/oncotarget

54094

Oncotarget



36.

37.

38.

39.

40.

41.

42.

43.

Majka M, Janowska-Wieczorek A, Ratajczak J, Kowalska
MA, Vilaire G, Pan ZK, Honczarenko M, Marquez
LA, Poncz M, Ratajczak MZ. Stromal-derived factor 1
and thrombopoietin regulate distinct aspects of human
megakaryopoiesis. Blood. 2000; 96:4142-51.

Lombardi L, Tavano F, Morelli F, Latiano TP, Di Sebastiano
P, Maiello E. Chemokine receptor CXCR4: role in
gastrointestinal cancer. Crit Rev Oncol Hematol. 2013;
88:696-705.

Mazharian A, Watson SP, Séverin S. Critical role for
ERK1/2 in bone marrow and fetal liver-derived primary
megakaryocyte differentiation, motility, and proplatelet
formation. Exp Hematol. 2009.

Gibler K, Behrmann I, Haan C. JAK2 mutants (e.g.,
JAK2V617F) and their importance as drug targets in
myeloproliferative neoplasms. JAK-STAT. 2013.

Pardanani A, Tefferi A. Definition and management of
ruxolitinib treatment failure in myelofibrosis. Blood Cancer
J.2014; 4:¢268.

Zhang XF, Wang JF, Matczak E, Proper JA, Groopman JE.
Janus kinase 2 is involved in stromal cell-derived factor-
lalpha-induced tyrosine phosphorylation of focal adhesion
proteins and migration of hematopoietic progenitor cells.
Blood. 2001; 97:3342-8.

Montresor A, Toffali L, Mirenda M, Rigo A, Vinante
F, Laudanna C. JAK2 tyrosine kinase mediates integrin
activation induced by CXCLI12 in B-cell chronic
lymphocytic leukemia. Oncotarget. 2015; 6:34245-57.
https://doi.org/10.18632/oncotarget.5196.

Montresor A, Bolomini-Vittori M, Toffali L, Rossi B,
Constantin G, Laudanna C. JAK tyrosine kinases promote

44,

45.

46.

47.

48.

49.

hierarchical activation of Rho and Rap modules of integrin
activation. J Cell Biol. 2013; 203:1003-19.

Niedermeier M, Hennessy BT, Knight ZA, Henneberg M, Hu
J, Kurtova AV, Wierda WG, Keating MJ, Shokat KM, Burge
JA. Isoform-selective phosphoinositide 3'-kinase inhibitors
inhibit CXCR4 signaling and overcome stromal cell-mediated
drug resistance in chronic lymphocytic leukemia: a novel
therapeutic approach. Blood. 2009.

Tripodo C, Sangaletti S, Piccaluga PP, Prakash S, Franco
G, Borrello I, Orazi A, Colombo MP, Pileri SA. The bone
marrow stroma in hematological neoplasms—a guilty
bystander. Nat Rev Clin Oncol. 2011; 8:456-66.
Crazzolara R, Kreczy A, Mann G, Heitger A, Eibl G, Fink
FM, Mohle R, Meister B. High expression of the chemokine
receptor CXCR4 predicts extramedullary organ infiltration
in childhood acute lymphoblastic leukaemia. Br ] Haematol.
2001; 115:545-53.

Inra CN, Zhou BO, Acar M, Murphy MM, Richardson J, Zhao
Z, Morrison SJ. A perisinusoidal niche for extramedullary
haematopoiesis in the spleen. Nature. 2015 ; 527:466-71.

Choong ML, Pecquet C, Pendharkar V, Diaconu CC, Yong
JWY, Tai SJ, Wang SF, Defour JP, Sangthongpitag K, Villeval
JL, Vainchenker W, Constantinescu SN, Lee MA. Combination
treatment for myeloproliferative neoplasms using JAK and pan-
class I PI3K inhibitors. J Cell Mol Med. 2013; 17:1397-409.

Bartalucci N, Tozzi L, Bogani C, Martinelli S, Rotunno G,
Villeval JL, Vannucchi AM. Co-targeting the PI3K/mTOR
and JAK?2 signalling pathways produces synergistic activity
against myeloproliferative neoplasms. J Cell Mol Med.
2013; 17:1385-96.

www.impactjournals.com/oncotarget

54095

Oncotarget



