LETTERS TO THE EDITOR

SDF1o-induced chemotaxis of JAK2-V617F-positive
cells is dependent on Bruton tyrosine kinase and its
downstream targets PI3K/AKT, PLCy1 and RhoA

JAK2-V617F is present in nearly 95% of patients with
polycythemia vera and 50-60% of those with essential
thrombocythemia or primary myelofibrosis.' In addition
to erythrocytosis, thrombocytosis and bone marrow
fibrosis (as in polycythemia vera, essential thrombo-
cythemia, and primary myelofibrosis, respectively), the
clinical course of patients with myeloproliferative neo-
plasia (MPN) is characterized by increased risks of throm-
bosis, splenomegaly and an inflammatory response syn-
drome.”® Clinical studies of JAK kinase inhibitors have
shown that these agents can produce considerable
improvements of splenomegaly, constitutive symptoms,
and overall survival in MPN patients.* However, the ther-
apeutic response is often limited and short-lived. In addi-
tion, transformation to acute leukemia remains a major
problem. It is, therefore, essential to identify novel nodes
of constitutive JAK2-V617F signaling and to develop bet-
ter approaches to the therapy of these neoplasias.’
Downstream of JAK2-V617F, NF«B signaling (p65) is

constitutively active and regulates expression of CXCL10
in MPN.’In bortezomib-resistant multiple myeloma cells’
and in acute myeloid leukemia cells with MLL-AF9
rearrangements,” constitutively active NFkB drives the
expression of Bruton tyrosine kinase (BTK). Of note, it
was found that BTK interacted with erythropoietin
receptor-JAK2 and was tyrosine phosphorylated in
response to treatment with erythropoietin.’ These obser-
vations led us to investigate whether JAK2-V617F kinase
also induces BTK expression (via p65) and activation and
to characterize its physiological relevance in JAK2-
V617F-positive cells.

To investigate whether BTK is activated by JAK2-
V617F, we used 32D myeloid progenitor cells ectopically
expressing human erythropoietin receptor and JAK2-
wildtype (32D JAK2-WT) or JAK2-V617F (32D JAK2-
V617F).” Tyrosine phosphorylation of BTK was indeed
elevated in whole cell lysates of 32D JAK2-V617F cells
compared to the level in 32D JAK2-WT cells (Figure 1A).
Consistent with this finding, erythropoietin additionally
induced BTK phosphorylation in 32D JAK2-WT cells
(Online Supplementary Figure S1A). Of note, BTK was
overexpressed in 32D JAK2-V617F cells. In line with our
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Figure 1. Bruton tyrosine kinase is overexpressed and constitutively active in 32D myeloid progenitor cells ectopically expressing erythropoietin receptor and
JAK2-V617F kinase. (A) 32D JAK2-wildtype (WT) and JAK2-V617F (VF) cells were starved of serum for 4 h and the whole cell lysates were analyzed for expression
of phosphorylated (P) Bruton tyrosine kinase (BTK) (pY223) or p65 (pS536) and total (T) proteins. Densitometric analysis of P/T-BTK and -p65 is shown (n=5).
(B) 32D VF cells were cultured in the presence of dimethyl sulfoxide (DMSO) or 0.5 uM ruxolitinib (RUX) overnight and the whole cell lysates were analyzed for
expression of P-BTK or -p65 and T proteins. Densitometric analysis of P/T-BTK and -p65 is shown (n=4). (C) 32D WT and VF cells were electroporated with con-
trol (pGL4) or BTK promoter construct (pGL4-BTK) and treated with DMSO or 0.5 uM RUX overnight and promoter assays were performed as described previ-
ously® (n=3). (D) 32D VF cells were cultured in the presence of DMSO or 0.5 uM RUX overnight and whole cell lysates were analyzed for expression of BTK.
Densitometric analysis of T-BTK relative to vinculin is shown (n=4). Vinculin served as a loading control in all the experiments. Columns represent mean + stan-
dard error of mean from independent experiments. Statistical significance between different conditions was calculated using the Student t-test; *P<0.05,

**P<0.01 and ***P<0.001.
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previous observations,” 32D JAK2-V617F whole cell
lysates demonstrated constitutive activation of p65
(Figure 1A). Emphasizing the contribution of the consti-
tutively active JAK2-V617F kinase, the JAK1/2 inhibitor
ruxolitinib inhibited phosphorylation of both BTK and
p65 in 32D JAK2-V617F cells (Figure 1B). These findings
were confirmed in human cell lines with the JAK2-V617F
mutation (Omnline Supplementary Figure S1B). HEL and
SET2 (with the JAK2-V617F mutation) demonstrated
strong expression and activation of BTK when compared
to OCI AML3 (without the JAK2-V617F mutation).
MOLM13 cells (with the FLT3-internal tandem duplica-
tion) served as a positive control for BTK expression.”
The contribution of activated p65 in BTK expression,*’
together with the observations presented in Figure 1A
(p65 activation and BTK overexpression), led us to
hypothesize a role for activated p65 in BTK expression.
Luciferase-based BTK promoter assays were performed
by electroporating 32D JAK2-WT and JAK2-V617F cells
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with an empty construct (pGL4) or test construct (pGL4-
BTK promoter).” The BTK promoter region in the test
construct harbors two p65 binding sites.” In comparison
to JAK2-WT cells, 32D JAK2-V617F cells demonstrated
elevated luciferase activity, indicating enhanced tran-
scriptional activity of p65 on the BTK promoter (Figure
1C). Confirming a role for JAK2-V617F kinase in p65
activity, ruxolitinib treatment negatively affected BTK
promoter activity (Figure 1C) and protein expression
(Figure 1D). Thus, downstream of JAK2-V617F signaling,
our data suggest a novel role for activated p65 in the reg-
ulation of BTK expression.

Growing evidence supports an important contribution
of BTK in cell migration via the stromal cell-derived fac-
tor 1 alpha (SDF1c)-CXCR4 axis."”> BTK mediates acti-
vation of phospholipase C gamma (PLCy) 2 and regulates
SDFla-induced migration and homing of B cells to the
spleen and bone marrow." We showed earlier that ery-
thropoietin receptor-JAK2-dependent PLCy1 activation is
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Figure 2. Bruton tyrosine kinase mediates stromal cell-derived factor 1a-induced chemotaxis via activation of the small GTPase RhoA. (A, B) 32D JAK2-wild-
type (WT) and JAK2-VE1T7F (VF) cells were starved of serum for 2 h and left alone (n=3) or treated with dimethyl sulfoxide (DMSO) and inhibitors against Bruton
tyrosine kinase (BTK) (2 uM of ibrutinib: IBR) and JAK2 (1 uM of ruxolitinib: RUX) as indicated for an additional 2 h (n=4) and chemotaxis assays were performed
using transwells (pore size: 5 um). Starvation medium (0.5% fetal bovine serum) containing stromal cell-derived factor 1 alpha (SDF1a: 100 ng/mL) served as
the chemoattractant. (C) Active RhoA was determined by the G-LISA RhoA activation kit (Cytoskeleton #BK124) following the manufacturer's instructions. 32D
WT and VF cells were starved of serum for 4 h and left alone (left panel) (n=4) or treated with DMSO and 1 uM IBR as indicated (right panel) (n=4). After 1 h,
the cells were stimulated with SDF1a (100 ng/mL) for an additional 2 h and whole cell lysates were analyzed for RhoA activation. (D) 32D VF cells were treated
with 2 uM of Rho inhibitor (Rho Inh.l) for 4 h in serum starvation medium as indicated and chemotaxis assays were performed using transwells (pore size: 5
um) (n=3). Starvation medium (0.5% fetal bovine serum) containing SDF1a (100 ng/mL) served as the chemoattractant. Columns represent mean * standard
error of mean from independent experiments. Statistical significance between different conditions was calculated using the Student t-test; *P<0.05, **P<0.01
and ***P<0.001.
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Figure 3. Stromal cell-derived factor 1 alpha-induced chemotaxis of primary granulocytes isolated from peripheral blood of JAK2-V617F-positive patients with
myeloproliferative neoplasms could be impeded by a clinically relevant dose of ibrutinib. Granulocytes were isolated (Ficoll-paque density gradient centrifuga-
tion- erythrocyte lysis based method) from peripheral blood of healthy donors (A: HD), and patients with untreated JAK2-V617F-positive (®: JAK2 V617F-MPN)
(A) or CALR-mutated (H: CALR-MPN) (B) myeloproliferative neoplasia (MPN). The protocol was approved by the local ethics committee (protocol n. MD115/08),
and all patients signed informed consent. The cells were rested for 30 min in starvation medium (0.5% fetal bovine serum) and left alone (A, left panel and B)
or treated with dimethylsulfoxide (DMSO) or 0.5 uM of ibrutinib (IBR) (A, right panel) for an additional 1 h and chemotaxis assays were performed (pore size: 3
um). Starvation medium (0.5% fetal bovine serum) containing stromal cell-derived factor 1 alpha (SDF1la: 100 ng/mL) served as the chemoattractant.
Chemotaxis of IBR-treated cells was normalized to that of DMSO-treated cells. The horizontal lines indicate medians and the statistical significance of differ-
ences between control and treated samples was calculated by the Mann-Whitney test; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.

essential in erythroid progenitor differentiation.’
Recently it was demonstrated that MPL-W515L or
cytokine-dependent JAK2 activation cooperates with
SDF1a-CXCR4 signaling to enhance chemotactic
response via phosphoinotiside 3 kinase (PI3K) signaling."
These observations led us to investigate whether PLCy1
and PI3K signaling are activated downstream of the
JAK2-V617F-BTK signaling cascade and whether they
contribute to cell migration. 32D JAK2-V617F cells were
treated with a BTK inhibitor (ibrutinib) or ruxolitinib and
were analyzed for AKT and PLCyl phosphorylation.
Positioning BTK upstream of PI3K-AKT and PLCy1, ibru-
tinib treatment inhibited AKT and PLCy1 phosphoryla-
tion (Omnline Supplementary Figure S2A,B). Plasma and
splenic SDF1a levels are elevated in patients with poly-
cythemia vera and primary myelofibrosis."
Consequently, we hypothesized that SDFlo-dependent
cell migration occurs via BTK and its downstream signal-
ing nodes PIBK-AKT and PLCyl in JAK2-V617F cells.
Basal migration of 32D JAK2-V617F cells was significant-
ly higher than that of 32D JAK2-WT cells (Figure 2A).
Supporting this observation, eyrthropoietin-induced
JAK2 activation enhanced chemotaxis in 32D JAK2-WT
cells (Online Supplementary Figure S3A). Erythropoietin in
combination with the chemokine of interest, SDFlq,
failed to promote further chemotaxis in 32D JAK2-V617F
cells (Online Supplementary Figure S3B). Interestingly, our
data also demonstrate a collaboration between JAK2 and
SDFla signaling in enhancing chemotaxis of both 32D
JAK2-WT and JAK2-V617F cells (Figure 2A).
Underscoring the contribution of activated BTK, ibrutinib
blocked basal cell migration in 32D JAK2-V617F cells
(Online Supplementary Figure S3C). Furthermore, ruxoli-
tinib and ibrutinib attenuated SDFlo-induced chemo-
taxis in these cells (Figure 2B). This observation could be
recapitulated in BaF3 JAK2-V617F cells (Ounline
Supplementary Figure S3D). Demonstrating an important
role for activated PLCy1 and PISK-AKT signaling down-

stream of JAK2-V617F and activated BTK (Ounline
Supplementary Figure S2A,B), PISK-AKT and PLCyl
inhibitors (LY294002 and U73122, respectively) sup-
pressed SDFlo-induced chemotaxis. Ibrutinib in combi-
nation with LY294002 or U73122 additionally inhibited
SDFla-induced chemotaxis (Online Supplementary Figure
S3E). Importantly, ibrutinib treatment failed to affect
either basal or SDFla-induced cell migration in JAK2-
V617F-negative control cells (primary T-lymphocytes and
32D parental cells) (Online Supplementary Figure S4A,B).
In contrast, ruxolitinib blocked SDFla-induced cell
migration in these cells. Since p65 transcriptionally regu-
lated BTK expression, we investigated whether p65 inhi-
bition could affect cell migration. NF«B inhibitors
(BAY11-7082 and IKK inhibitor VII) did indeed block
basal and SDF1a-induced cell migration in 32D and BaF3
JAK2-V617F cells (Online Supplementary Figure S4C,D).
Since BTK is activated downstream of the JAK2-V617F
mutation and ibrutinib has been reported to have a cyto-
toxic effect,””” we examined the therapeutic potential of
this drug (Online Supplementary Figure S4E). 32D JAK2-
V617F cells did not respond to ibrutinib even after 48 h,
suggesting a cell survival-independent function of BTK
activation in these cells.

To exclude potential off-target effects associated with
the PLCy inhibitor U73122, we evaluated cell migration
in 32D JAK2-V617F cells upon PLCy1 knockdown (Online
Supplementary Figure S5A). Both the short hairpin RNA
(#14, #133) tested successfully knocked down PLCy1 (left
panel) and this resulted in suppression of SDFla-induced
chemotactic migration (right panel). Importantly, SDFla
significantly induced chemotaxis in 32D JAK2-V617F
cells but not in cells with PLCy1 knockdown. This obser-
vation intrigued us and led us to investigate whether
SDFla induced chemotaxis via PLCy1 phosphorylation.
In support of this possibility, SDFla significantly
enhanced phosphorylation on PLCyl (Online
Supplementary Figure S5B). Knockdown of PLCy1 in con-
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trol cells (32D and BaF3 parental cells) did not affect basal
migration but negatively affected SDFla-induced cell
migration (Online Supplementary Figure S5C,D). The data
thus indicate an important role for PLCyl activation
downstream of JAK2-V617F kinase or SDFla signaling.
Since SDFla induced significant chemotaxis in 32D
JAK2-WT and JAK2-V617F cells, we were intrigued to
evaluate its receptor CXCR4 expression. 32D JAK2-WT
and JAK2-V617F cells demonstrated the highest and low-
est surface expression of CXCR4, respectively (Omnline
Supplementary Figure S6A). Erythropoietin resulted in a
dose-dependent decrease of surface CXCR4 expression in
32D JAK2-WT cells. Hence, JAK2 activation regulates
chemotaxis potentially via inducing changes in CXCR4
turnover on the cell surface. Although ibrutinib inhibited
cell migration, it failed to affect CXCR4 expression
(Online Supplementary Figure S6B). Ibrutinib thus affects
cell migration by blocking intracellular signaling in JAK2-
V617F cells.

We next investigated the signaling molecules influenc-
ing SDFla-controlled migration downstream of BTK. Ras
homolog gene family, member A (RhoA) activation is
important in the regulation of cytoskeletal dynamics and
cell migration in diverse cell types. In Jurkat cells, SDF1o-
induced activation of RhoA and RhoC plays a pivotal role
in the regulation of chemotaxis."® Furthermore, a role for
the BTK family of kinases in the regulation of Rho
GTPases has been described.”” Quantitative mass spec-
trometry-based investigations of the granulocyte pro-
teome revealed an underexpression of Rho-GDP dissoci-
ation inhibitors (Rho-GDI 1 and 2) in JAK2-V617F-posi-
tive MPN.” Since Rho-GDI negatively regulate Rho
GTPases, we hypothesized an increased RhoA activation
downstream of JAK2-V617F kinase. RhoA GTPase acti-
vation assays, which specifically recognize active GTP-
bound forms, were performed in 32D JAK2-WT and JAK-
V617F cells. RhoA activation was indeed elevated in 32D
JAK2-V617F cells in comparison to that in 32D JAK2-WT
cells (Figure 2C, left panel). Underscoring the contribu-
tion of activated JAK2, erythropoietin induced RhoA acti-
vation in 32D JAK2-WT cells (Online Supplementary Figure
S7A). SDFlo. enhanced basal RhoA activation in 32D
JAK2-V617F cells and pretreatment of the cells with ibru-
tinib significantly attenuated SDFla-induced RhoA acti-
vation (Figure 2C, right panel). RhoA activation was val-
idated in granulocytes of MPN patients with JAK2-V617F
mutation (Online Supplementary Figure S7B). In response
to external stimuli, RhoA regulates cell migration via
actin remodeling.” Establishing a role for RhoA activa-
tion in cell migration, 32D JAK2-V617F cells demonstrat-
ed increased actin polymerization (F-actin) (Online
Supplementary Figure S8A). SDFlo further augmented F-
actin staining in these cells. Granulocytes from JAK2-
V617F MPN patients demonstrated higher actin polymer-
ization than those from healthy donors (Ounline
Supplementary Figure S8B). Confirming an essential role
for RhoA activation, Rho inhibitor treatment blocked
SDFla-induced cell migration in 32D JAK2-V617F cells
(Figure 2D). Collectively our observations highlight RhoA
GTPase as one of the essential downstream targets of
JAK2-V617F-BTK signaling in regulating cell migration.

Finally, we sought to validate our cell migration results
in primary granulocytes isolated from the peripheral
blood of healthy donors, JAK2-V617F-positive and
CALR-mutated MPN patients. Supporting our cell migra-
tion data using 32D and BaF3 JAK2-V617F cells, granulo-
cytes isolated from JAK2-V617F MPN patients demon-
strated increased basal migration (2.1-fold higher) as
compared to granulocytes from healthy donors (Figure

3A, left panel). SDF1a treatment further enhanced migra-
tion in granulocytes from patients with MPN in compar-
ison to those from healthy donors. Clinically achievable
concentrations of ibrutinib (0.5 uM)’ significantly
reduced SDFla-stimulated migration in JAK2-V617F
MPN granulocytes (Figure 3A, right panel). Of note, in
comparison to granulocytes from healthy donors, granu-
locytes isolated from CALR-mutated MPN patients
demonstrated no detectable changes with respect to
basal or SDFla-induced transmigration (Figure 3B).

Transmigration of leukocytes and of progenitor cells is
crucial to the process of extramedullary hematopoiesis.
This process is regulated by chemokines such as SDFla
and is mediated by the integrins LFA1 and VLA4.
Recently, we showed that JAK2-V617F but not mutated
CALR stimulates integrin signaling via activation of the
small GTPase Rapl, resulting in increased binding of
granulocytes to ICAM-1 and VCAM-1 (abundantly
expressed in spleen).”” Thus, it is tempting to speculate
that differences in chemotaxis in concert with differential
integrin binding of JAK2-V617F versus CALR mutated
leukocytes might contribute to extramedullary
hematopoiesis. This hypothesis is in line with recent data
showing that in primary myelofibrosis, the risk of
splenomegaly is less pronounced in CALR-mutated
patients than in JAK2-V617F-positive individuals.”

In conclusion, our data demonstrate that JAK2-V617F
kinase, via its signaling intermediates BTK, PISK/AKT,
PLCy1, and RhoA, collaborates with chemokine SDF1a.
and regulates cell migration. These findings expand our
current understanding of the physiological role of activat-
ed JAK2-V617F signaling. The data further provide a
rationale for investigating the contribution of these
downstream molecules in abnormal cell motility of JAK2-
V617F-positive myeloid progenitors and stem cells
migrating from bone marrow to peripheral blood and to
extramedullary organs. The findings may also be useful
to the clinical exploration of ruxolitinib-ibrutinib combi-
nations to inhibit abnormal migration and homing of the
JAK2-V617F-positive clone in MPN. Future studies are
warranted to clarify the molecular mechanisms and clin-
ical potential of these targets.
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