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Tyrosine 625 plays a key role @

and cooperates with tyrosine 630
in MPLW515L-induced signaling
and myeloproliferative neoplasms
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Abstract

Background: Myeloproliferative neoplasms (MPN) are a group of blood cancers that boost normal blood cell pro-
duction in the bone marrow. Abnormal mutations in stem cells were found accompanying with the occurrence of
MPN. It has been shown that MPL mutations (MPL W515L or MPL W515K) were involved in patients with MPN. Since
tyrosine residues 625 and 630 mediate normal MPL signaling, whether them affect MPL W515L-induced myeloprolif-
erative neoplasms (MPNs) is unknown.

Results: In this study, we further tested their functions in MPL W515L-induced myeloproliferative neoplasms (MPNs)
by substituting either or both of them with phenylalanine in MPL W515L (termed as MPL515/625, MPL515/630 and
MPL515/625/630, respectively). In vitro, MPL515/630 but not MPL515/625 or MPL515/625/630 retained the ability to
induce TPO-independent proliferation and increase colony-forming unit megakaryocytes (CFU-Mk). Accordingly, dif-
ferential activation of the downstream signaling by four mutants was observed and constitutively active STAT5 or AKT
instead of STAT3 partially compensated MPL515/625/630 function. Further support this, STAT5-deficiency impaired
MPL W515L-induced CFU-Mk expansion. In vivo, MPL515/630 but not MPL515/625 or MPL515/625/630 induced
typical features of MPNs with high WBC and platelet counts, splenomegaly, hepatomegaly and hypercellularity in the
bone marrow. Surprisingly, MPL515/625 also caused hypercellularity of bone marrow and splenomegaly without any
other significant features. We also observed differential effects of the four mutants on progenitors, myeloid cells and
megakaryocytes.

Conclusions: Our studies have revealed distinct features of tyrosine sites 625 and 630 in mediating MPL W515L-
induced megakaryocyte hyperproliferation and MPNs. Our study also suggests that MPL cytosolic phosphorylated
Y625 and flanking amino acids could become targets for pharmacologic inhibition in MPNs.
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Background

JAK2 and MPL mutations are associated with BCR-ABL
negative myeloproliferative neoplasms (MPNs) including
polycythemia vera (PV), essential thrombocythemia (ET),
and primary myelofibrosis (PMF) [1-3]. These mutations
caused activation of JAK2, cytokine independent growth
of human blood cells, and induced MPNs in mouse mod-
els [4-7]. Although Ruxolitinib the only FDA approved
JAK2 inhibitor alleviates symptoms of PMF, it does not
decrease the mutant allele burden [8, 9]. Besides devel-
oping new types of JAK2 inhibitor, other downstream
signaling pathways activated by these mutants were also
proposed to be potential targets for MPNs therapy.

JAK2 and MPL mutations primarily activate JAK/
STAT, PI3BK/AKT and MAPK/ERK signaling pathways.
JAK/STAT pathway was the most significant signature
observed in MPNs even in patients without the JAK2
or MPL mutation [10]. Indeed, STAT5 was required for
BCR-ABL or JAK2-induced MPNs [11] and constitu-
tively active STAT5 caused MPNs [6, 12, 13]. STAT3 sup-
ported K-Ras G12D-induced MPNs [14]. Besides JAK/
STAT pathway, activation of PI3K/AKT is another obvi-
ous consequence of JAK2 and MPL mutations. PI3K
mutations have been identified in some types of cancers
but not leukemia [15-17]. However, constitutively active
AKT caused leukemia and lymphoma in mouse suggest-
ing a potential role of PI3K/AKT in hematological malig-
nancy [18]. Recently, PI3K/AKT inhibitor was shown to
reduce disease burden in MPNs mouse model and the
combinatory application of JAK2 inhibitor and PI3K/
AKT inhibitor had synergistic effect on causing apoptosis
in leukemic cells with JAK2 V617F, suggesting PI3K/AKT
as a potent target for MPNs therapy [19-21]. Contrast to
PI3K/AKT pathway, the role of MAPK/ERK activation in
MPNs was elusive. In an NfI-null mouse model, MAPK/
ERK was required for MPNs development [22]. In a bone
marrow transplantation model, constitutively active MEK
caused MPNs [23]. However, its role in typical MPNs
with JAK2 or MPL mutations had not been addressed.

In this study, we set out to evaluate the role of down-
stream signaling pathways in MPL W515L-induced
signaling and MPNs. Based on previous knowledge
of tyrosine 625 and 630 (also known as Y112 and Y117
numbering corresponds to cytosolic residues in mouse
MPL) in normal MPL signaling, we expected to manipu-
late MPL W515L-induced downstream signaling by sub-
stituting these two sites [24, 25].

Methods

Plasmid construction and gene expression

Human MPL c¢DNA (NCBI Reference Sequence:
NM_005373.2) was subcloned into Xhol site of the
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pMSCYV puro retroviral vector and used as a template
for MPL Y625F or Y630F mutations known as Y112
and Y117 numbering corresponds to cytosolic resi-
dues in mouse MPL [25]. GIME cells overexpressing
MPL 515/625/630 were further transduced with ret-
roviruses encoding STAT5A 1*6, STAT3C, AKT1 CA,
NRASD12, or vector control (pMIGR1). Forty-eight
hours after transduction, cells were washed twice and
cultured with or without TPO for indicated time. The
percentage of GFP-positive cells was analyzed by flow
cytometry.

Western blot analysis

Western blot analysis was performed as previously
described [26]. Antibodies used in this study included
mouse anti-HSC70 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA); rabbit anti-Shc, anti-phospho-Shc,
anti-Stat5, anti-phospho-Stat5, anti- Stat3, anti-phospho-
Stat3, anti-AKT, anti-phospho-AKT, anti-phospho-ERK,
anti-phospho-ERK, (Cell Signaling Technology, Beverly,
MA, USA). HSC70 antibodies served as loading controls.

Animals and megakaryocyte cultures

Wild-type C57BL/6 were purchased from Jackson. Mice
with one copy of floxed Stat5a and Stat5b alleles, one
copy of deleted Stat5a and Stat5b alleles, and Mx1-Cre
transgene were indicated as F/—. Mice with one copy of
floxed Stat5a and Stat5b genes, one copy of intact Stat5a
and Stat5b alleles, and Mx1-Cre transgene were indi-
cated as F/+. Mice with two copies of floxed Stat3 genes
and Mx1-Cre transgene were indicated as STAT3E/E. All
mouse strains were maintained in microisolator housing
within a barrier facility. Animal studies were approved by
the Northwestern University and Wuhan University Ani-
mal Care and Use Committees. Primary megakaryocyte
liquid culture was performed as previously described
[26]. GIME cells were maintained in a minimal essen-
tial medium supplemented with 20 % fetal bovine serum
and 1 % thrombopoietin (TPO) conditional medium [26].
The inhibitors used to treat GIME/MPL W515L cells
were JAK2 Inhibitor II (50 uM, Cat#1837-91-8, Calbio-
chem), LY29402 (20 uM, Cat#154447-36-6, Calbiochem),
BEZ235 (10 uM, Cat#915019-65-7, SIGMA-ALDRICH),
MK2206 (2 puM) provided by Merck (Rahway, NJ,
USA), AKT Inhibitor V (10 pM, Cat#35943-35-2, Cal-
biochem), AKT Inhibitor IV (10 uM, Cat#681281-88-9,
Calbiochem), AKT Inhibitor VIII (10 uM, Cat#612847-
09-3, Calbiochem), Rapamycin (5 pM, Cat#53123-88-9,
SIGMA-ALDRICH), GF109203X (5 puM, Cat#133052-
90-1, SIGMA-ALDRICH), Salirasib (50 uM, Cat#
162520-00-5, SIGMA-ALDRICH), and PD98059 (20 uM,
Cat#167869-21-8, SIGMA-ALDRICH).
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Colony-forming unit assay

Mouse bone marrow progenitor cells were enriched by
using a mouse hematopoietic progenitor cell enrich-
ment kit (Cat# 19756, Stemcell Technologies, Vancouver,
BC, Canada) and cultured in expansion medium (RPMI
1640 medium supplemented with 10 % FBS, 10 ng/ml
IL-3, 10 ng/ml IL-6, 20 ng/ml SCF) overnight. Cells were
further transduced with retrovirus expressing genes of
interest as previously described [26]. The infected cells
were further selected with puromycin (1 pg/ml) for 24 h.
2 x 10% or 2 x 10* cells were used for colony forming
unit-myeloid cells (CFU-Myeloid) or megakaryocytes
(CFU-MK) as previously described [27].

Bone marrow transplantation

Bone marrow transplantation was performed as previ-
ously described [28]. Briefly, bone marrow progenitor
cells were transduced with a retrovirus overexpressing
MPL mutants and GFP. The transduced cells were trans-
planted into lethally (1100 rad) irradiated syngeneic
recipient mice. The disease burden in the recipient mice
was analyzed 1 month after transplantation.

Flow cytometry

Megakaryopoiesis in vitro was analyzed by staining cells
with anti-CD41 or anti-CD42 antibodies and 4/, 6-diami-
dinio-2-phenylindole (DAPI) as previously described
[26]. A gate was set for CD417" cells for analysis of poly-
ploidy. Analysis of HSC, HPC, GMP, CMP and MEP in
the bone marrow was performed as previously described
[1-3]. To analyze the erythrocytes, myeloid cell, and
megakaryocytes in the bone marrow, antibodies against
Ter119-APC, CD41-PEcy7, Gr-1-APC and Mac-1-V450
were used.

Statistics

All data were presented as Mean =+ SD. Statistical analy-
ses were performed using the Student’s ¢ test (two tailed,
unpaired). A p value of 0.05 or less was considered as
significance.

Results

Tyrosine 625 plays a critical role in MPL W515L-induced
hyperproliferation of megakaryocytes

Previously, we observed that overexpression of JAK2
V617F or MPL W515L conferred TPO-independent
growth in GIME cells [26]. In fact, MPL W515L potently
increased colony-forming unit-myeloid cells (CFU-
Myeloid) and colony-forming unit-megakaryocytes
(CFU-MK) that led to decreased polyploidy in mature
megakaryocytes (Additional file 1: Figure Sla—c). In vivo,
MPL W515L induced leukocytosis and thrombocytosis
(Additional file 1: Figure S1d). Noticeably, MPL W515L
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caused phosphorylation of STAT3, STAT5, AKT, ERK
and JNK (Additional file 1: Figure Sle). Tyrosine sites 625
and 630 are known to mediate normal MPL signaling by
docking STAT3 and STAT5 [25, 29]. However, whether
MPL W515L requires these tyrosine sites has not been
addressed. To test this, we substituted tyrosine 625 and/
or tyrosine 630 with phenylalanine on MPL W515L and
termed these mutants as MPL515/625 (MPL W515L with
further Y625 substituted by phenylalanine), MPL515/630
(MPL W515L with Y630 substituted by phenylalanine),
and MPL515/625/630 (MPL W515L with both Y625 and
Y630 substituted by phenylalanine), respectively (Fig. 1a).
In GIME cells, a TPO-dependent GATA-1-null mouse
megakaryocyte cell line, all constructs did not significantly
affect cell proliferation in the presence of TPO (Additional
file 1: Figure S2a). Upon TPO withdrawal, MPL W515L
conferred the cells of TPO-independent proliferation
while control vector (Ctrl) or MPL WT did not (Fig. 1b).
Interestingly, MPL515/625 showed significantly impaired
ability to do so while the ability of MPL515/630 was only
modestly affected (Fig. 1b). In contrast, MPL515/625/630
completely lost its ability (Fig. 1b). Consistent to these
observations, MPL W515L and MPL515/630 induced dra-
matic increase of CFU-Mk in mouse bone marrow pro-
genitor cells while MPL515/625 and MPL515/625/630 did
not (Fig. 1c). These findings suggest that tyrosine 625 plays
a critical role and may cooperates with tyrosine 630 in
MPL W515L-induced megakaryocyte hyperproliferation.

To examine the effect of tyrosine 625 and/or 630 on the
downstream signaling, we measured the phosphoryla-
tion of STAT3/5, AKT, Erk and Shc. In the presence of
TPO, none of constructs significantly altered the phos-
phorylation status (Additional file 1: Figure S2b). Upon
TPO withdrawal, MPL W515L maintained phospho-
rylation of all five molecules but control vector (Ctrl)
or MPL WT did not (Fig. 1d). Moreover, MPL515/625
showed impaired ability to do so (Fig. 1d). In contrast,
MPL515/630 retained the ability comparable to MPL
W515L (Fig. 1d). Of note, MPL515/625/630 further
decreased the phosphorylation of STAT5 and Erk but
not other three molecules compared to MPL515/625
(Fig. 1d). Considering the difference of MPL515/625
and MPL515/625/630 in inducing cell proliferation and
STATS5 and Erk phosphorylation, STAT5 and Erk may be
important in MPL W515L-induced hyperproliferation of
megakaryocytes.

Critical roles of STAT5 and AKT in megakaryocyte
proliferation and compensating the loss function

of MPL515/625/630

We further dissected the role of each downstream sign-
aling pathway in MPL W515L-induced cell proliferation
by adding specific inhibitors to the cell culture. We chose
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Fig. 1 Tyrosine 625 is critical for MPL W515L-induced TPO-independent cell proliferation and megakaryocyte hyperproliferation. a Diagram
illustrates the wild-type MPL and four MPL mutants. Stars and numbers indicate mutation sites. b G1ME cells transduced with each construct were
cultured without TPO. The cell numbers were counted over time and normalized to the starting cell numbers (Day 0) as proliferation rate. ¢ WT
bone marrow progenitor cells transduced with each construct were used for CFU-Mk assay. The bar graphs are the statistics of one representative
experiment with duplicates from two independent experiments with similar results. Asterisk indicates significance (p < 0.05) and NS indicates non-
significance compared to MPL W515L. d Cells were cultured in the absence of TPO and harvested for western blot to detect the phosphorylation
and the expression level of each protein as indicated. Hsc70 is the loading control




Yu et al. Cell Biosci (2016) 6:34

Page 5 of 13

a
5
4 T T T
G)
s
c 31
2
S 2
g * * *
sl
o) — o~ 7o} © > > — = > e} (=]
. © ® O . = = 5 O
2 8 3§ N § 8 5 2T 28 ¢ 8
o & ¢ d & 5 2 s E 8 = o
E 2 @@ = £ 2 3 3 £ §
c € £ = g I 9 o
= = e
o = € & ©
2 gk
= < 3
b a
Ctrl 90 STAT5A 1°6 STAT3C
" 60 -@-TPO ° -@-TPO - " 50 )
3 501 -O-NO TPO 3 801-O-NOTPO 3 401-O-NOTPO
o
& a0 g 707 g 30| O—o—g—@
e *—o—© @ L ™
O 30- © 60 - o 201
o o 5]
X 201 X 507 X 107
10 T T T T 40 T T T 0 T T T T
0 8 16 24 hr 0 16 24hr 0 8 16 24 hr
AKT1 CA NRASD12
100 100
° -@-TPO -@-TPO
?’ 9071 «O-NO TPO Axs % 901-O-NO TPO
o
g 80 ** + 801
& i [ e
9O 704 G 70
o ‘s
X 60 2 607
50 T T T T 50 T T T T
0 8 16 24 hr 0 8 16 24 hr
Fig. 2 Critical roles of STAT5 and AKT in MPL W515L-induced hyperproliferation and compensating the loss function of MPL515/625/630. a MPL
W515L- transduced G1ME cells were treated with DMSO or inhibitors as indicated. Cell numbers were counted and normalized to the starting cell
numbers (Day 0) as proliferation rate. b MPL515/625/630-transduced G1ME cells were further infected with control GFP-expressing retrovirus or
virus expressing GFP and proteins as indicated. The percentages of GFP™ in the resultant cells cultured with (solid round) or without TPO (hollow
round) over time were analyzed by flow cytometry. *, **, *** indicates p < 0.05, 0.01, 0.001, respectively

appropriate doses that were previously shown to inhibit
signaling efficiently [19, 30-32]. As a control, JAK2
inhibitor potently suppressed cell proliferation (Fig. 2a).
Inhibitors including LY29402, BEZ235, MK2206, AKT
inhibitor V, IV, VIII, and Rapamycin that were specific
for PISK/AKT pathway also efficiently repressed cell
proliferation (Fig. 2a). In contrast, inhibitor for PKC
(GF109203X) or MAPK/ERK (PD98059) had no signifi-
cant effect (Fig. 2a). These results suggest an important
role of PI3K/AKT pathway in MPL W515L-induced

megakaryocyte hyperproliferation [19]. To further verify
these results, we took advantage of MPL515/625/630 that
failed to stimulate cell proliferation and all three signal-
ing pathways (Fig. 1). We restored each signaling path-
way by introducing constitutively active form of STAT3,
STAT5, AKT1 or Ras into these cells. Overexpression
of each of these molecules alone did not allow us to
culture these cells for long term in the absence of TPO
(data not shown). If any of these molecules contributed
to MPL W515L-induced hyperproliferation or survival,
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we would expect to observe increase of the transduced
cells by monitoring the bi-cistronically expressed GFP.
As a control, GFP cells were not altered for control vec-
tor (Ctrl) under both culture conditions (Fig. 2b). Appar-
ently, the GFP™ cells with constitutively active STAT5
(STAT5A 1*6) or AKT1 (AKT1 CA) increased over
time in the absence of TPO but not significantly altered
in the presence of TPO (Fig. 2b). In contrast, the GFP*
cells for constitutively active STAT3 (STAT3C) was not
changed at all in both conditions similar to control vec-
tor (Fig. 2b). Consistent with inhibitor experiment, con-
stitutively active Ras (NRASD12) did not significantly
increase GFP" cells in the absence of TPO compared to
that in the presence of TPO [33, 34]. Thus we confirmed
that STAT5 and AKT were two important factors con-
tributing to MPL W515L-induced hyperproliferation or
survival of megakaryocytes.

STAT5-deficiency impairs MPL W515L-induced
hyperproliferation of megakaryocytes
STATS5 is required for BCR-ABL to induced CML in a
mouse model [35]. However, its role in MPL W515L-
induced hyperproliferation of megakaryocytes has not
been fully addressed. To further study this, we overex-
pressed MPL W515L in STAT5-deicient (F/—) or lit-
termate control (F/+) bone marrow cells (Fig. 3a). In
control F/+ cells, MPL W515L overexpression signifi-
cantly expanded CFU-Mk and reduced polyploidy without
altering CD41 expression (Fig. 3b—d). STAT5 deficiency
(F/—) reduced CD41 expression without altering the poly-
ploidy compared to littermate control even in the pres-
ence of MPLW515L, suggesting that STATS5 is essential for
megakaryopoiesis (Fig. 3c, d). Notably, STAT5-deficiency
significantly impaired MPL W515L-induced increase of
CFU-Mk compared to littermate control cells, suggest-
ing an important role of STAT5 in MPL W515L-induced
hyperproliferation of megakaryocytes. Interestingly, the
number of CFU-Mk induced by MPL W515L in STAT5-
deficient mouse bone morrow cells were about threefold
higher than their corresponding vector control, suggesting
a STAT5-independent mechanism by which MPL W515L
causes hyperproliferation of megakaryocytes.

To further test whether STAT5 activation alone is
sufficient to promote megakaryocyte expansion, we
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overexpressed constitutively active STAT5 (STAT5
1*6) in WT mouse bone morrow cells. Unexpectedly,
we failed to observe expansion of CFU-Mk or CFU-
Myeloid (Fig. 4a). However, CD41 expression was sig-
nificantly increased and the polyploidy in CD41" cells
were reduced in megakaryocyte liquid culture (Fig. 4b,
c). Considering that STAT5-deficiency impaired CD41
expression, it is possible that excessive STATS5 activation
may drive differentiation at the expense of proliferation
of the progenitors and STAT5 may play a critical role
in progenitor cells commitment to megakaryocytes. A
quantitative STAT5 activation is required in megakaryo-
cyte proliferation and differentiation.

We also tested the function of STAT3 in megakaryocyte
proliferation and differentiation. STAT3 with tyrosine
phosphorylation site deletion lost its function [36] and
mouse with tyrosine site deletion (STAT3 F/F) expressed
a truncated form of STAT3 (Additional file 1: Figure S3a).
Interestingly, loss of STAT3 function appeared to reduce
CFU-Myeloid and CFU-Mk (Additional file 1: Figure
S3b). However, overexpression of constitutively active
STAT3 (STAT3C) did not support CFU-Mk expansion
(Additional file 1: Figure S4a). In both cases, CD41/CD42
expression or polyploidy was not altered (Additional
file 1: Figures S3c, d, S4b, c). These observations suggest
a distinct role of STAT3 in megakaryocyte proliferation
and differentiation.

Tyrosine 625 and 630 affect distinct features of MPL
W515L-induced MPNSs.

To examine how tyrosine 625 and 630 affect MPL
W515L-induced MPNs in vivo, we performed mouse
bone marrow transplantation with all MPL mutants. As
shown in Fig. 5a, the GFP" cells were rapidly increased
within 3 week in peripheral blood from mice receiving
MPL W515L- or MPL515/630-transduced bone mar-
row cells consistent with their in vitro results (Fig. 1).
The GFP™" cells for MPL515/630 were even higher than
that of MPL W515L. Constant increase of GFP™ cells in
the peripheral blood from mice receiving MPL515/625-
transduced bone marrow cells was also observed (Fig. 5a).
In contrast, MPL W'T or MPL515/625/630 did not cause
significant increase of the GFP™ cells. These observa-
tions demonstrated that MPL W515L, MPL515/630 and
MPL515/625 caused hyperproliferation of bone marrow

(See figure on next page.)

Fig. 3 STAT5-deficiency impairs MPL W515L-induced megakaryocyte hyperproliferation. a Bone marrow cells from F/— or F/+ mice treated with
poly I-C were used for western blot to detect the total STAT5 (STAT5A and STAT5B). Hsc70 was the loading control. b F/4 and F/— bone marrow
progenitor cells were transduced with control retrovirus (Ctrl) or MPL W515L-expressing virus. The resultant cells were purified and used for CFU-Mk.
c The transduced cells were also cultured for megakaryocyte differentiation to detect CD41 expression by flow cytometry. d The DNA content in
CD41% cells was also measured by staining cells with DAPI. Numbers indicate the percentage of gated cells. Cells with DNA > 4N were polyploid cells
for statistics. All bar graphs are the statistics of one representative experiment (duplicate) from two independent experiments with similar results.
Asterisk indicates significance (p < 0.05) and NS indicates non-significance
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cells in vivo. Indeed, MPL W515L- or MPL515/630
caused leukocytosis and thrombocytosis (Fig. 5b).
MPL515/625 did not cause expansion of white blood
cells but did cause mild thrombocytosis (Fig. 5b). Fur-
thermore, MPL W515L, MPL515/625, and MPL515/630
induced splenomegaly, but only MPL WJ515L and
MPL515/630 caused hepatomegaly (Fig. 5c). Pathol-
ogy analysis of these mice revealed that MPL W515L or
MPL515/630 significantly increased megakaryocytes in
the bone marrow and spleen and caused blood cell infil-
tration in liver and lung (Fig. 5d). Of note, MPL515/625
caused hypercellularity in bone marrow similar to MPL
W515L and MPL515/630 and MPL515/625/630 did
so to a much less extent although MPL515/625 and
MPL515/625/630 did not induce typical MPNs (Fig. 5d).

These observations suggest that tyrosine 630 may have
distinct functions in mediating MPL W515L-induced
MPNE.

A previous report showed that MPL W515L altered the
compositions of hematopoietic stem/progenitor cell com-
partment [37]. To address how tyrosine 625 or 630 affects
this, we analyzed the LSK cells (Lin~Sca-1"c-Kit™), pro-
genitor cells (HPC, Lin~Sca-1"¢-Kit"), and mature blood
cells in the various transplanted animals. As expected,
MPL W515L increased LSK and HPC percentage com-
pared to MPL WT in the bone marrow (Fig. 6a; Addi-
tional file 1: Figure S5). Interestingly, all other mutant
forms of MPL further increased the percentage of LSK
with the most significant increase by MPL515/625
although MPL515/625 only caused mild thrombocytosis
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Fig. 5 Distinct roles of tyrosine 625 and 630 in MPL W515L-induced MPNs. a Mice (n = 3) were transplanted with bone marrow progenitor cells
transduced with various MPL constructs as indicated. The engraftment of the transduced cells (GFP™) in the peripheral blood was monitored by flow
cytometry over time as indicated. b The white blood counts and the platelet counts in the peripheral blood of the recipient mice were presented. ¢
The recipient mice were sacrificed 1 month after transplantation. The spleen and liver weight was measured. d Representative photos of the histopa-
thology of sternum, spleen, liver and lung from recipient mice were presented. Arrows highlight the megakaryocytes in the H&E sections. * ** or ***
indicates significance (p < 0.05, 0.01, 0.001, respectively) and NS indicates non-significance compared to MPLW515L

in peripheral blood (Figs. 5b, 6a; Additional file 1: Figure
S5a). In addition, only MPL515/630 further augmented
the percentage of HPCs (Fig. 6a; Additional file 1: Fig-
ure S5a). Similarly, we observed higher common myeloid
progenitor (CMP, CD34FcyR"®) and granulocyte-mono-
cyte progenitor (GMP, CD34*FcyRM) but not mega-
karyocyte-erythrocyte progenitor (MEP, CD34 FcyR!")
percentage in the total progenitor population by MPL
W515L compared to MPL WT (Fig. 6b; Additional file 1:
Figure S5b). Consistent with a higher disease burden with
MPL515/630, more CMP and GMP percentages were
observed in MPL 515L/630 compared to that of MPL
W515L. Unexpectedly, we observed a decreased per-
centage of MEP in these mice but not MPL515/625/630
(Fig. 6b). Consistent with the increased percentage of
CMP and GMP, we observed an increased percentage of
mature myeloid cells (Gr-1"Mac-1") in all mutant forms
of MPL except MPL515/625/630, possibly at the expense
of erythrocytes (Ter119%) (Fig. 6¢c; Additional file 1: Fig-
ure S5c¢). We also observed a trend of increased megakar-
yocytes in all mutants except MPL515/625/630. Again,
these observations demonstrated that tyrosine 630
might play distinct functions in mediating MPL W515L-
induced MPNs.

Discussion

Tyrosine residues 625 and 630 were shown to be critical
for normal MPL to induce TPO-dependent cell prolif-
eration in BaF3 cells [25]. In that study, wild-type MPL
tyrosine phosphorylation only occurred at these two
sites. In addition, STAT3 phosphorylation absolutely
required both tyrosine residues whereas STAT5 phos-
phorylation could be observed in truncated MPL without
these two residues. In our study, we demonstrated that
MPL W515L induced very different signaling in contrast
to normal MPL signaling. For instance, MPL515/625/630
that lost both docking sites for STAT3 still retained the
ability to phosphorylated STAT3 in the absence of TPO
while wild-type MPL completely failed to do so (Fig. 1d).
In contrast, STAT5 was almost completely abrogated
without these two tyrosine residues. These observations
suggest that MPL W515L may rewire the downstream
JAK/STAT signaling pathway and create novel STAT3
docking sites, possibly by phosphorylating other poten-
tial tyrosine residues.

Our study also reveals that the MPL W515L-induced
TPO-independent cell proliferation may be the converg-
ing effect of multiple downstream signaling pathways.
In our experiment system, STAT5 and was found to be
critical. Instead, STAT3 or RAS/MAPK/ERK was dispen-
sable. To further address the importance of each signal-
ing pathway in MPLW515L-induced TPO-independent
cell proliferation, we overexpressed dominant negative
forms of STAT3/5 and AKT in MPL W515L-transduced
cells and cultured them with or without TPO. We did not
observe significant change for the percentage of GFP™*
cells (Additional file 1: Figure S6). These observations
support the idea that single inhibitor targeting specific
signaling pathway may not enough to suppressed hyper-
proliferation induced by MPL W515L. These results also
rationalize the combinatory application of inhibitors in
MPNs therapy as proposed previously [21, 38, 39]. In
addition, we noticed that both STAT5 deficiency and
overexpression impaired CFU-Mk (Figs. 3b, 4a) indicat-
ing a quantitative requirement of STAT5 activation in
progenitor/stem cells. STAT5 activation may balance cell
proliferation and differentiation. Indeed, self-renewal and
differentiation of hematopoietic stem cells were impaired
if the balance of STAT5 activity was broken [40]. This
may be a common nature of those critical hematopoiesis
regulators including Gata2 gene since both GATA?2 defi-
ciency and overexpression impaired HSC function and
caused pancytopenia in mice [41, 42].

Of note, our study further suggests that MPL mutations
may also affect HSC and progenitor function and STAT3
might mediate such effect, though it is not required for
MPL W515L-induced hyperproliferation. TPO plays
an important role in HSC and MPL deficiency showed
impaired HSC function [43]. In our system, MPL515/625
only caused splenomegaly and mild thrombocytosis
without leukocytosis. However, it did cause hypercellu-
larity and dramatically increased HSC percentage in the
bone marrow. In addition, MPL515/625/630 retained
the ability to increase HSC percentage with much less
hypercellularity in the bone marrow. The apparent com-
mon feature in MPL515/625 and MPL515/625/630 was
the remaining STAT3 phosphorylation. STAT3 has been
shown to play a critical role in stem cell renewal as well
as cytokine signaling [44, 45]. However, its role in HSC
function has not been fully addressed. Considering that
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Fig. 6 The effect of tyrosine 625 and 630 on hematopoiesis altered by MPLW515L in the bone marrow of recipient mice. a Analysis of hematopoi-
etic stem cells (HSC) and progenitor cells (HPC) in the bone marrow cells from mice (n = 3) receiving bone marrow cells transduced with different
MPL constructs as indicated. b Bone marrow cells were also used for analysis of CMP, GMP and MEP. € The myeloid, megakaryocyte, or erythrocyte
lineages in the bone marrow from recipient mice were also analyzed. Asterisk indicates significance (p < 0.05) compared to MPLW515L

megakaryocytes synthesize many cytokines that influ-
ence the microenvironment of the bone marrow for nor-
mal hematopoiesis and HSC function, it is possible that
the remaining STAT3 phosphorylation somehow affect
cytokine production leading to hypercellularity and HSC
expansion in the bone marrow. It would be worth of
studying the function of MPL W515L on the STAT3-null
background.

We also noticed that MPL515/630 caused more severe
phenotype than MPL W515L in vivo while MPL515/630
stimulated less proliferation in GIME cells and com-
parable CFU-Mk compared to that of MPL W515L
in vitro. We speculated that this might be due to the
artificial effect of the in vitro system, which removed all
cytokines including TPO. It has been reported that some

proinflammatory cytokines can be elevated in MPNs
patients, which also stimulate JAK/STATs pathways [46].
Another possibility is that inhibitors like phosphatases
may compete with STATs to bind tyrosine 630 [24, 47].
Even if loss of tyrosine 630 did not significantly impaired
signaling in vitro, it may shift the effect to a worse pheno-
type due to these combinatory factors in vivo. Thus it is
interesting to explore new players that may bind to tyros-
ine 630 or 625 and be potential targets for therapy.

Conclusion

Our study revealed distinct features of tyrosine sites 625
and 630 in mediating MPL W515L-induced signaling,
megakaryocyte hyperproliferation, and MPNs. Our study
also provided experimental evidence showing that MPL
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cytosolic phosphorylated Y625 and flanking sequences
could be potential targets for pharmacologic interference
in MPNs.
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Additional file 1. Figure S1. MPL W515L induces megakaryocyte
hyperproliferation in vitro and causes myeloproliferative neoplasm in vivo.
Figure S2. Cell proliferation and signaling in GTME cells transduced with
various MPL mutants in the presence of TPO. Figure S3. The effect of
STAT3-deficiency on megakaryopoiesis. Figure S4. The effect of STAT3
ectopic expression on the megakaryopoiesis. Figure S5. Flow cytom-
etry analysis of BM cells from the recipient mice. Figure S6. Inactivating
specific signaling pathway was not enough to suppress hyperproliferation

induced by MPL W515L.
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