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Abstract

The myeloproliferative neoplasms (MPNSs) are stem cell disorders characterized by hematopoietic
stem/progenitor cell (HSPC) expansion and overproduction of mature blood cells. The acquired
kinase mutation JAK2V617F plays a central role in these disorders. The mechanisms responsible
for HSPC expansion in MPNs are not fully understood, limiting the effectiveness of current
treatments. One hallmark feature of the marrow in patients with MPNs is megakaryocyte (MK)
hyperplasia. Previously, we reported that JAK2V617F-bearing MKs cause a murine
myeloproliferative syndrome with HSPC expansion. Here we show that JAK2V617F MKs
promote MPN stem cell function by inducing HSPC quiescence with increased repopulating
capacity. In addition, we demonstrate that thrombopoietin and its receptor MPL are critical for the
JAK2V617F-bearing MK-induced myeloproliferation, both by directly affecting the quantity and
quality of MKs and by altering the MK-endothelial interaction and vascular niche function.
Therefore, targeting HSPC niche-forming MKs and/or their interactions within the vascular niche
could provide novel, more effective therapeutic strategies in patients with MPNs.
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INTRODUCTION

The chronic Philadelphia chromosome (Ph[1]) negative myeloproliferative neoplasms
(MPNs) are stem cell disorders characterized by hematopoietic stem/progenitor cell (HSPC)
expansion and overproduction of mature blood cells. The acquired kinase mutation
JAK2V617F plays a central role in these disorders. However, the mechanisms responsible
for the malignant HSPC expansion in MPNs are not fully understood, limiting the
effectiveness of current treatment. Although the etiology of dysregulated hematopoiesis has
been mainly attributed to the molecular alterations within the stem cell compartment,
abnormalities of the marrow microenvironment are beginning to be recognized as an
important factor in the development of MPNs.[1-5]

The cellular composition of the hematopoietic niche includes both marrow stromal cells and
hematopoietic cells. Vascular endothelial cells (ECs) are a major component of the HSPC
niche (the “vascular niche”) and provide many key factors that are required for HSPC
maintenance.[6] Megakaryocytes (MK) are rare polyploid hematopoietic cells that give rise
to blood platelets. They are often located adjacent to marrow sinusoids, an anatomy required
in order for the cells to release platelets directly into the sinusoidal vascular lumen.[7] Very
recent evidence, including that from our own studies, has implicated MKs in regulating
HSPC activity, presumably mediated by the many cytokines and extracellular matrix
components produced by these cells.[8-15]

MK hyperplasia is a hallmark feature of all three chronic Ph[1] negative MPNs.[16]
Previously, we have shown that JAK2V617F-bearing MKSs cause a murine
myeloproliferative syndrome with HSPC expansion. We also found that the JAK2V617F-
bearing MKs stimulate EC angiogenesis /n vitro and are associated with increased sinusoidal
vascular density /in vivo, suggesting that the JAK2V617F-bearing MKs may expand the
sinusoidal vascular niche, which in turn could contribute to the panhematopoietic expansion
phenotype displayed by the Pf4*FF1* mice.[15] In the present work, we investigated the
physiological effects and molecular mechanisms by which JAK2V617F-bearing MKs
promote HSPC expansion in MPNs. We report that the JAK2V617F-bearing MK niche
promotes MPN stem cell function by inducing HSPC quiescence with enhanced
repopulating capacity. In addition, we demonstrate that thrombopoietin (TPO)/MPL
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signaling is critical for the JAK2V617F-bearing MK-induced myeloproliferation, both by
directly affecting the quantity and quality of MKs and by affecting the MK-endothelial
interaction and vascular niche function.

MATERIALS AND METHODS

Experimental mice

JAK2V617F Flip-Flop (FF1) micel” and Pf4-Cre micel® were provided by Radek Skoda
(University Hospital Basal, Switzerland). FF1 mice were crossed with Pf4-Cre mice to
generate MK cell lineage-specific human JAK2V617F knock-in mouse lines (Pf4*FF1*) as
we previously described.[15,19] MPL knockout mice [20] was provided by Warren
Alexander (Melbourne, Australia) and TPO knock-out mice [21] by Fred de Sauvage at
Genentech (San Francisco, CA). TPO or MPL was ablated in Pf4*FF1* by crossing
Pf4*FF1* mice with TPO knock-out mice or MPL knockout mice to generate TPO
“Pf4*FF1* mice and MPL™Pf4*FF1* mice. CD45.1* congenic mice (B6.SJL) were
purchased from Taconic Inc (Albany, NY, USA). No randomization or blinding was used to
allocate experimental groups. Animal experiments were performed in accordance with the
guidelines provided by the Institutional Animal Care and Use Committee at Stony Brook
University.

Competitive marrow transplantation assays

3x105 CD45.2 donor marrow cells from 28-wk old Pf4*FF1* mice or Pf4-cre WT control
mice were injected intravenously together with 3x10° competitor CD45.1 WT marrow cells
into lethally irradiated (950 cGy) CD45.1 WT recipients. Peripheral blood was obtained
every 4 weeks after transplantation and CD45.2 percentage chimerism and complete blood
counts were measured.

Complete blood counts and colony assays

Blood was collected from mice via submandibular bleeds into Microtainer tubes with
K,EDTA (Becton Dickinson, NJ, USA). Complete blood counts were performed on a
Hemavet 950FS hematology system (Drew Scientific, FL, USA). It should be noted that the
platelet levels obtained using this device are routinely lower than what we previously seen
when using Antech Diagnostics® (Lake Success, NY) by laser flow cytometry.[15] As all
samples reported here were obtained with the single instrument, they are internally
consistent. Hematopoietic colony formation assays were performed as we previously
described.[15]

Flow cytometry

All samples were analyzed by flow cytometry using a FACSAriaTM Il (BD biosciences,
San Jose, CA, USA). CD45 (Clone 104) (Biolegend, San Diego, CA, USA), CD45.1 (Clone
A20) (BD Biosciences), CD45.2 (Clone 104) (Biolegend), EPCR (CD201) (Clone
eBi01560, eBioscience, San Diego, CA, USA), CD150 (Clone mShad150, eBioscience), and
CDA48 (Clone HM48-1, Biolegend) antibodies were used to enumerate
CD45"EPCR(CD201)*CD48~CD150" (E-SLAM) cells.[22,23] MKs were sorted on the
basis of CD41 expression (Clone MWReg30, Biolegend) and cell size.[15] CD45 (Clone
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104) (Biolegend) and CD31 (Clone 390, BD biosciences) antibodies were used to isolate
CD45-CD31* marrow ECs.[24]

Cell cycle analysis

For HSPC cell cycle analysis, marrow cells were stained with CD150 and CD48 antibodies
as described above, washed, and then stained with Hoechst33342 and Pyronin Y (Sigma, St.
Louis, MO) at 37°C for 45 minutes.[25] Cells were kept on ice until analysis using a LSR Il
flow cytometer (BD Biosciences). Data were analyzed using FlowJo software (Tree Star,
Ashland, OR, USA).

Histology and marrow MK-sinusoid interaction

Femurs from WT control (Pf4-cre), Pf4*FF1*, TPO~ control (TPO~Pf4*), TPO"Pf4*FF1t,
MPL"~ control (MPL™Pf4*), and MPL™Pf4*FF1* mice were fixed in cold 4% PFA in PBS
(Affymetrix) for 6 hours while shaking. Femurs were then washed with PBS to remove PFA
and decalcified. Paraffin sections (5-um thickness) were stained with hematoxylin and eosin
(H&E). Images were taken using an Olympus IX70 microscope.

Marrow sinusoids were identified as red blood cell engorged vessels lined by a single layer
of flat endothelial cells.[15,26] MKSs are defined as large marrow cells with a multilobulated
nucleus. About 100 Marrow MKs from 9-18 non-overlapping 20x fields were studied and
categorized as MKs in direct contact with the sinusoids or MKs not in direct contact with the
sinusoids (n = 2-3 mice in each group).

Isolation of murine ECs

Primary murine EC isolation was performed as we previously described?’. Briefly, mice
were euthanized, the lung, which is an organ with hematopoietic function especially
thrombopoiesis,[28] or spleen tissue was collected and minced finely with scissors. The
tissue fragments were digested in DMEM medium containing 1 mg/mL Collagenase D
(Roche, Switzerland), 1 mg/mL Collagenase/Dispase (Roche) and 25 U/mL DNase (Sigma)
at 37°C for 1 hr (for spleen) or 2 hr (for lung) with shaking, after which the suspension was
homogenized by triturating. The homogenate was filtered through a 70um nylon mesh (BD
Biosciences, San Jose, CA) and pelleted by centrifugation (400 g for 5 min). Cells were first
depleted for CD45* cells (Miltenyi Biotec, SanDiego, CA) and then positively selected for
CD31" cells (Miltenyi Biotec) using magnetically labeled microbeads according to the
manufacturer’s protocol. Isolated ECs (CD45-CD31*) were cultured in EC culture medium
with no medium change for the first 72 hrs to allow EC attachment followed by medium
change every 2-3 days. Cells were re-selected for CD31" cells when they reach >70-80%
confluence (usually after 3—4 days of culture).

Assays to examine EC function in vitro

ECs (passage 2—4) were cultured on 1% gelatin coated 24-well plate in complete EC
medium (which has 20% fetal bovine serum (FBS)) as previously described.[15] To test the
effect of TPO on the growth of vascular ECs /n vitro, cells were treated with EC medium
containing 2%FBS together with 0, 10, 100, or 1000 ng/ml rhTPO on Day 0. On Day 3,
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viable cell numbers were counted in a hemocytometer using trypan blue dye to exclude the
dead cells.

To assess the effects of TPO on EC migratory function, we used an /n vitro scratch assay as
we previously described.[27] Briefly, WT murine spleen ECs (passage 2—3) were seeded in
1% gelatin coated 24-well plates and cultured at 37 °C to near confluence before the creation
of a scratch wound. After the scratch, ECs were cultured with EC medium containing
2%FBS together with 0, 10, 100 ng/ml rhTPO at 37°C in a humidified 5% CO, atmosphere.
Images were captured with a phase-contrast microscope (AMEX-1200, AMG) at different
time points after wound creation. Wound closure was measured by software Image J
(National Institute of Health, Bethesda, MD).

Polymerase Chain Reaction

The TagMan® Gene Expression Assay (ThermoFisher Scientific, Waltham, MA) was used
for real-time quantitative polymerase chain reaction (qQPCR) to verify differential expression
of MPL, Chemokine (C-X-C maotif) ligand 12 (CXCL12), VE-cadherin, ZO-1, and
PECAM1 (platelet endothelial cell adhesion molecule) on an Applied Biosystems 7300 Real
Time PCR System (ThermoFisher Scientific). Values obtained were normalized to the
housekeeping Actin beta (Actb) gene expression and relative expression compared to control
samples was calculated by the 222CT method. All assays were performed in triplicate.

Human JAK2-specific primers GAGCAAGCTTTCTCACAAGC and
AATTCTGCCCACTTTGGTGC (the same primers used for FF1 genotyping) were used to
detect the expression of human JAK2V617F using reverse transcription polymerase chain
reaction (RT-PCR). The primers amplify a 530-bp fragment which would be detected on 2%
agarose gel.

Statistical Analysis

RESULTS

Differences between two groups were statistical analyzed using Student’s unpaired, 2-tailed
ttests using Excel software (Microsoft). Correlation analyses between marrow MK cell
numbers and E-SLAM cell numbers were performed by software PRISM (GraphPad
Software, Inc. La Jolla, CA). A pvalue of less than 0.05 was considered significant. For all
bar graphs, data are presented as mean xstandard error of the mean (SEM). All experiments
were conducted and confirmed in at least two replicates.

The JAK2V617F-bearing MKs promote MPN stem cell function

To study the effects of the JAK2V617F-bearing MK niche on MPN stem cell function, we
crossed mice that bear a Cre-inducible human JAK2V617F gene (FF1) with mice that
express Cre under the promoter of platelet factor 4 (Pf4-Cre). This generated the Pf4*FF1*
mice that express JAK2V617F restricted to MK lineage as previously described.
[15,18,19,29,30] Levels of the human JAK2V617F expression was ~ 10% of that of the
endogenous murine JAK2 in MKs isolated from the Pf4*FF1* mice.[19] As expected, the
Pf4*/FF1* mice developed a modest thrombocytosis, splenomegaly, and greatly increased
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marrow megakaryopoiesis at 28 weeks of age.[15] Surprisingly, these mice also developed a
significant increase in CD45*EPCRTCD48-CD150" (E-SLAM) cells,[15] a highly purified
long-term repopulating HSPC population.[22,23] To be certain that JAK2V617F did not
directly influence the numbers of E-SLAM cells because the Pf4 promoter was “leaky”,
[31,32] we tested purified cells by FF1 RT-PCR.[17,19] Consistent with previous reports,
[9,15,18,30] human JAK2 gene expression was detected in MKSs but not in E-SLAM cells,
marrow endothelial cells (ECs), or plucked colony-forming unit granulocyte/macrophage
(CFU-GM) colonies from Pf4*FF1* mice.

Previously we demonstrated that the expression of TPO receptor MPL, which is associated
with both HSPC quiescence and HSPC repopulating activity,[33,34] was increased on
expanded E-SLAM cells from the Pf4*FF1* mice compared to WT control mice.[15] These
observations led us to hypothesize that JAK2V617F-bearing MKs promote MPN stem cell
function by inducing HSPC quiescence and enhancing its repopulating capacity. To test this
hypothesis, we isolated marrow CD150*CD48™ cells, of which ~ 20% display long-term
repopulating capacity,[22] from 28weeks old (an age we have been using to analyze the
myeloproliferative phenotype in Pf4*FF1* micel®) Pf4*FF1* mice and their age-matched
littermate controls (n = 4 in each group) and analyzed their cell cycle status using
Hoechst33342 and Pyronin Y staining.[25] We found that the percentage of CD150*CD48~
cells in the GO phase was moderately increased in the Pf4*FF1* mice compared to control
mice (43% vs 31%, P=0.047, n = 4), suggesting that the CD150*CD48~ HSPCs in the
JAK2V617F-bearing MK niche are more quiescent than in the WT MK niche.[35] (Figure
1).

Next, we tested the effects of JAK2V617F-bearing MK niche on HSPC function by
performing a competitive repopulation assay. CD45.2 donor marrow cells from 28weeks old
Pf4*FF1* mice or age-matched littermate control mice were injected intravenously together
with 12weeks old CD45.1 wild-type competitor marrow cells into lethally irradiated (950
cGy) CD45.1 recipients. During a 16-wk follow up, recipients of Pf4*FF1* marrow cells
displayed a higher peripheral blood donor (CD45.2) chimerism than recipients of the control
mice (CD45.2 chimerism 64% vs 22% at 16 weeks post transplant). (Figure 2A-B) Marrow
cell colony assays demonstrated a moderate increase of CD45.2* hematopoietic progenitors
in Pf4*FF1* marrow recipients compared to controls (1.5-fold, p = 0.0025). (Figure 2C)
Marrow cell flow cytometry analysis revealed that, although there was no significant
difference in the total CD41* MK cell numbers between the two groups, CD45.2* MKs were
significantly increased (3.3-fold, 7= 0.012) while CD45.1" MKs were significantly
decreased (3.4-fold, A= 0.024) in the Pf4*FF1* marrow recipients compared with controls.
(Figure 2D) Similarly, although the total numbers of marrow E-SLAM cells were not
changed between the two groups, CD45.2* E-SLAM cells were significantly increased (3.5-
fold, P=0.012) while CD45.1* E-SLAM cells were significantly decreased (5.4-fold, P=
0.024) in the Pf4*FF1* marrow recipient compared to the controls. (Figure 2E) These results
indicate that both HSPC number and function (i.e. repopulating capacity) are increased in
the Pf4*FF1* mice compared to WT controls. JAK2V617F expression was not detected in
pooled CFU-GM colonies from recipient of the Pf4*FF1* marrow, suggesting that there was
no activation of the JAK2V617F at the HSPC or committed myeloid progenitor cell level
during marrow reconstitution. (data not shown) No significant difference in blood cell count,
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spleen weight, or total femoral cell count was observed between the Pf4*FF1* marrow
recipients and control marrow recipients.[35]

We noticed that the control mice displayed lower donor (CD45.2) chimerism than expected
(e.g. ~20% at 12-16weeks), probably due to the age difference between the CD45.2 donors
(28weeks) and CD45.1 competitors (12weeks), which was the same for both the experiment
group and control group and therefore would not alter the conclusion that marrow cells from
the Pf4*FF1* mice have higher engraftment rates than cells from the WT control.

TPO/MPL signaling is critical for the JAK2V617F-bearing MK niche function

Our finding that the JAK2V617F-bearing MK niche only promoted the expansion of its own
precursor JAK2V617F HSPCs in the competitive transplantation assay suggests that there
are certain locoregional interactions/associations between the MK niches and HSPCs.
Therefore, we examined the relationship between marrow MK cell numbers and E-SLAM
cell numbers in 28-wk old WT control mice and Pf4*FF1* mice. We found that, while there
is no correlation between MKs and E-SLAM cells in the WT control mice, there is a strong
correlation between marrow MK cell numbers and E-SLAM cell numbers in the Pf4*FF1*
mice (R2 = 0.71, A= 0.017). (Figure 3) Taken together with our previous report that there
was altered cytokine expression in Pf4*FF1" MKs compared with control MKs, these results
suggest that the JAK2V617F mutation not only increases MK quantity but also alters its
quality to promote HSPC expansion in the Pf4"FF1* mice.

TPO acting through its receptor MPL are key regulators of both megakaryopoiesis and
HSPC activity.[34,37-39] To determine the role(s) of TPO/MPL signaling in the
development of JAK2V617F MK-induced myeloproliferation and HSPC expansion, we
ablated TPO or MPL in Pf4*FF1* by crossing the Pf4*FF1* mice with TPO™~ mice or MPL
=/~ mice to generate TPOPf4*FF1* mice and MPL™ Pf4*FF1* mice. In contrast to what we
have observed in the Pf4*FF1* mice, although the TPO~Pf4*FF1* mice demonstrated a mild
increase in hemoglobin and platelet count compared to the TPO™ control mice, neither the
TPO™Pf4*FF1* mice nor the MPL™Pf4*FF1* mice developed any significant thrombocytosis
as the Pf4*FF1* mice during more than 1-year follow-up (Figure 4A-B). Most importantly,
no MK or E-SLAM cell expansion was observed in the TPO"Pf4*FF1* mice or MPL
“Pf4*FF1* mice as in the Pf4*FF1* mice despite the presence of the JAK2V617F-bearing
MKs in all of them. (Figure 4C-D).

In addition, in contrast to what we have seen in the Pf4*FF1* mice (Figure 3), when we
ablated TPO (TPO~Pf4*FF1* mice) or MPL (MPL™Pf4*FF1* mice) in the Pf4*FF1* mice,
no correlation between marrow MKs and E-SLAM cells was observed. (Figure 4E) Taken
together, these data suggest that TPO/MPL signaling is required for the development of
JAK2V617F MK-induced myeloproliferation and HSPC expansion phenotype we have
observed in the Pf4*FF1* mice, probably through its effects on both the quantity and quality
of the niche megakaryocytes.
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TPO/MPL signaling contributes to the JAK2V617F-bearing MK-induced myeloproliferation
via its effect on the vascular niche function

In addition to their roles in megakaryopoiesis and HSPC activity, MPL is also expressed on
several types of endothelium and TPO can stimulate angiogenesis.[40-42] Whether the EC
MPL receptor can affect the vascular niche function, and contribute to the critical role of
TPO/MPL signaling in HSPC maintenance, is not known.

Previously, using an /n vitro competitive growth assay in which both JAK2WT and
JAK2V617F HSPCs were cultured together in the presence of conditioned medium collected
from WT or MPL ™~ murine ECs, we found that there were significantly more JAK2WT
cells than JAK2V617F cells in the presence of MPL™~ EC conditioned medium compared to
in WT EC conditioned medium, suggesting that the EC MPL receptor is important for the
maintenance/expansion of the JAK2V617F cells over JAK2WT cells.[43] These
observations led us to hypothesize that some secreted factors from vascular ECs contribute
to the JAK2V617F clonal expansion in MPNs, and that TPO/MPL signaling is critical for
this vascular niche function. Therefore, we measured the expression levels of the key
vascular niche factor CXCL12 [44,45] in marrow ECs isolated from WT mice, Pf4*FF1*,
MPL~~ mice, and TPO~/~ mice. Although there is no difference in CXCL12 expression
between WT marrow ECs and Pf4*FF1* marrow ECs, CXCL12 is significantly
downregulated in TPO™~ or MPL™~ marrow ECs compared to WT marrow ECs. (Figure
5A).

CXCL12 is important in directing MK migration toward the vascular niche and promoting
MK maturation and platelet release. [46,47] The decreased CXCL12 expression in TPO-
ablated and MPL-ablated marrow ECs could impair the interactions between MKs and ECs
in the vascular niche and contribute to the phenotype we have observed in the TPO
“Pf4*FF1* and MPL™Pf4*FF1* mice (Figure 3). Indeed, histological examination of the
marrow revealed that in TPO™Pf4*FF1* and MPL™Pf4*FF1* mice, not only there was a
paucity of MKs compared to the Pf4*FF1* mice, but also the MKs were less likely to be in
direct contact with the sinusoidal vessels compared to MKs in the Pf4*FF1* mice, even
when controlled for MK number. (Figure 5B-C).

Recently, it has been reported that marrow vascular barrier integrity plays an important role
in HSPC regulation. A leaky endothelium promotes HSPC differentiation, while less
permeable blood vessels provide a microenvironment promoting HSPC quiescence and
maintenance.[24] Although we did not detect any significant effect of TPO on EC cell
proliferation /in vitro as assayed by direct cell count, TPO significantly stimulated EC cell
migration in a scratch assay (as a measure of /n vitro EC migration). (Figure 5D-E) In
addition, endothelial junction molecules ZO-124 and PECAM1[48] are both upregulated in
TPO-treated ECs compared to untreated ECs. (Figure 5F) These observations suggest that
the TPO/MPL signaling may also regulate vascular integrity to promote HSPC quiescence
and maintenance.

Taken together, results from our studies suggest that the TPO/MPL signaling has important
role(s) in the hematopoietic vascular niche and can contribute to the myeloproliferation and
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HSPC expansion in the Pf4*FF1* mice by regulating MK-endothelial interactions in the
vascular niche.

DISCUSSION

In contrast to non-hematopoietic niche cells (e.g. endothelial cells, mesenchymal stromal
cells, CXCL12-abundant reticular (CAR) cells), niche MKs provide direct feedback to their
precursor HSPCs, many of which are located adjacent to MKs /n vivo,[9,10] and therefore
play important roles in malignant HSPC clone expansion during neoplastic hematopoiesis.
Recently, we reported that the JAK2V617F-bearing MKs cause a murine myeloproliferative
syndrome with increased marrow angiogenesis and HSPC expansion.[49] In this study, we
explored the physiological effects and molecular mechanism(s) by which the JAK2V617F-
bearing MKs promote HSPC function.

TPO receptor MPL is associated with both HSPC quiescence and HSPC repopulating
activity.[33,34] Consistent with the increased MPL expression on E-SLAM cells from the
Pf4*FF1* mice compared to WT controls, we have found that the CD150"CD48~ HSPCs
from the Pf4*FF1* mice (with JAK2V617F-bearing MKs) are more quiescent than those
from the WT control mice (with JAK2WT MKS). In addition, using a competitive
repopulation assay, we confirmed that marrow cells from the Pf4*FF1* mice have higher
engraftment capacity than cells from WT control mice. Since quiescence is required for
long-term HSPC function and expansion,[38,50] maintenance of HSPC quiescence would be
important in MPNs to prevent HSPC exhaustion and contribute to eventual HSPC expansion
in these disorders.

In our study, a strong correlation between marrow MK cell numbers and E-SLAM cell
numbers was observed in the JAK2V617F-bearing Pf4*FF1* mice but not in the WT control
mice. (Figure 3) In the competitive repopulation assay where both JAK2V617F marrow cells
and JAK2WT marrow cells were transplanted together, while there was no significant
difference in the total CD41* MK cell numbers or E-SLAM cell numbers between the
experiment group and control group, CD45.2* MKs and E-SLAM cells were significantly
increased while CD45.1* MKs and E-SLAM cells were significantly decreased in recipients
of the Pf4*FF1* marrow compared to recipients of control marrow. (Figure 2) Two
conclusions can be drawn from these data to guide future investigation. First, these data
indicate that the JAK2V617F mutation alters both MK quantity and quality to promote the
expansion of HSPCs in the Pf4*FF1* mice. Second, these observations suggest that the
JAK2V617F-bearing MK niche promotes the expansion of its own precursor HSPC while
suppressing wild-type hematopoiesis. Therefore, our study provides a possible mechanism
for the JAK2V617F HSPC clonal expansion seen in animal models and patients with MPNs
—that is, a JAK2V617F-mutant HSPC gives rise to a mutant MK niche which feeds back to
expand the disease clone itself, probably through certain locoregional interactions between
the JAK2V617F-bearing MKs and its precursor HSPCs. Such a positive feed-back loop
would provide the MPN stem cells a competitive advantage over normal stem cells. Contrary
to what we observed previously in a direct transplantation experiment in which Pf4*FF1*
marrow cells were transplanted into WT recipients and thrombocytosis developed 8 weeks
after transplantationl®, no significant difference in blood cell count, spleen weight, or total
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femoral cell count was observed between the Pf4*FF1* marrow recipients and control
marrow recipients in the competitive transplantation experiment performed here. Such
different phenotypes between direct!® and competitive [51] marrow transplantation were
also observed in another JAK2V617F-positive MPN murine model in which the
JAK2V617F mutation is expressed in all hematopoietic cells (including HSPCs) and ECs.
Considering that competition between normal cells and cancer cells is a major factor for
cancer initiation,[52] the difference in Pf4*FF1* marrow donor chimerism (i.e. ~60% in the
competitive transplant assay reported here vs. ~95% in the direct transplant assay'°) could
contribute to the different phenotype we have observed. These observations further indicate
that the microenvironment plays important roles in MPN clonal expansion and disease
development.

We examined the molecular mechanism(s) by which the JAK2V617F-bearing MK niche
enhances HSPC function. We focused on TPO and its receptor MPL which are key
regulators of both megakaryopoiesis and HSPC activity. To determine the role(s) of TPO and
MPL in the development of JAK2V617F MK-induced myeloproliferation /n vivo, we
ablated TPO or MPL in the Pf4*FF1* mice. We found that, in contrast to the Pf4*FF1* mice
which developed thrombocytosis and a substantial expansion of MKs and HSPCs compared
to age-matched WT controls, TPO™Pf4*FF1* mice and MPL™Pf4*FF1* mice did not display
any of these features.[35] (Figure 4) These data indicate that the TPO/MPL signaling is
critical for the enhanced JAK2V617F MK niche function seen in the (TPO and MPL) wild
type animals. The finding that platelet counts are higher in the TPO™Pf4*FF1* mice
compared to TPO™/~ mice suggests that the JAK2V617F-bearing MKs promote
thrombocytosis through some TPO-independent pathway, although it is likely that the
mutant JAK2 signaling is enhanced with the presence of TPO compared to without TPO. In
contrast, there was no difference in blood counts between MPL™Pf4*FF1* mice and MPL™/~
mice, indicating that MPL is required for the JAK2V617F-bearing MK niche-induced
myeloproliferation. These results are consistent with recent reports that MPL is essential for
the development of MPNs,[53-57] likely by acting as the cell surface anchor of the mutant
kinase.

In addition to its roles in megakaryopoiesis and HSPC function, MPL is also expressed on
several types of ECs and TPO can affect EC angiogenesis.[40-42,58] Results from our
previous studies and current work provide the first evidence that TPO and MPL have
important role(s) in the vascular niche function and altered TPO/MPL signaling can
contribute to JAK2V617F-bearing MK-induced HSPC expansion via its effect on the
vascular niche function. First, we demonstrated that the EC MPL receptor is important for
the maintenance/expansion of the JAK2V617F clone over the JAK2WT clone /n vitro. [43]
Second, we showed that TPO and MPL are important for the expression of key vascular
niche factor CXCL12 in marrow ECs /n vivo. Third, considering that most HSPCs reside
close to a marrow sinusoid, the interactions between MKs and the vascular ECs in the
hematopoietic vascular niche are positioned to play an important role in modulating HSPC
function, and by extrapolation, might be deregulated in disease states. We found that the
JAK2V617F-bearing MKs are less likely to be in direct contact with the sinusoidal vessels in
the TPO-ablated TPO~Pf4*FF1* mice or MPL-ablated MPL"Pf4*FF1* mice compared to
the Pf4*FF1* mice, suggesting that TPO/MPL signaling can affect the MK-endothelial

Stem Cells. Author manuscript; available in PMC 2019 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 11

interactions in the vascular niche. Fourth, TPO stimulates EC migratory function /in vitroin a
dose-dependent fashion and endothelial junction molecules ZO-1 and PECAML are both
upregulated in TPO-treated ECs compared to untreated ECs, suggesting that the TPO/MPL
signaling may also regulate vascular integrity to regulate HSPC activity.[24] Although data
from our studies demonstrated that the TPO/MPL signaling can affect marrow EC CXCL12
expression and MK-endothelial interactions in the vascular niche, we did not detect any
difference in CXCL12 expression between WT marrow ECs and Pf4*FF1* marrow ECs. In
addition, our previous study did not reveal any difference in CXCL12 or CXCR4 expression
between JAK2WT MKs (from WT control mice) and JAK2V617F MKs (from Pf4*FF1*
mice).[15] Therefore, further investigation will be required to understand how the
JAK2V617F mutation alters MK-endothelial interactions in the vascular niche in Pf4*FF1*
mice.

In summary, our study demonstrates that JAK2V617F-bearing MKSs are an important part of
the hematopoietic niche in MPNs and can promote both MPN stem cell expansion and MPN
stem cell function. In addition, we showed that the TPO/MPL signaling is critical for the
JAK2V617F-bearing MK-induced myeloproliferation, both by directly affecting the quantity
and quality of MKs and by altering the MK-endothelial interaction and vascular niche
function. Therefore, targeting the JAK2V617F-bearing MK niche and/or the altered
TPO/MPL signaling could provide more effective therapeutic strategies for patients with
MPNSs.
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mice. Data are presented as mean £SEM; n = 4 mice per group. *~< 0.05.
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Figure 2.
The JAK2V617F-bearing MK niche promotes the expansion/engraftment of JAK2V617F

HSPCs. (A) Competitive marrow transplantation scheme. (B) Following the competitive
transplantation experiment, recipients of the Pf4*FF1* marrow (n = 5) displayed a higher
peripheral blood donor (CD45.2) chimerism than the recipients of the control marrow (n =
5). (C) There was a moderate increase of CD45.2* hematopoietic progenitors in Pf4*FF1*
marrow recipients compared to control marrow recipients. (D) CD45.2* MKs were
significantly increased while CD45.1+ MKs were significantly decreased in the Pf4*FF1*
marrow recipients compared to controls. (E) CD45.2* E-SLAM cells were significantly
increased while CD45.1+ E-SLAM cells were significantly decreased in recipients of
PfA*FF1* marrow compared to controls. Data are presented as mean +SEM. *P < 0.05.
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Figure 3.
Marrow E-SLAM cell numbers correlate strongly with marrow MK cell numbers in the

Pf4*FF1* mice, but not in the WT control mice. Marrow MK and E-SLAM cell frequencies
were measured by flow cytometry analysis. Left: WT control mice (n = 6); Right: Pf4*FF1*
mice (n=7).
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Figure 4.
TPO/MPL signaling is required for the development of JAK2V617F MK-induced

myeloproliferation. (A-B) Peripheral blood cell counts in WT control (Pf4*FF17),
Pf4*FF1*, TPO™ control (TPO™Pf4*FF17), TPO~Pf4*FF1*, MPL™ control (MPL

0.6

“Pf4*FF17), and MPL™Pf4*FF1* mice at 28 weeks of age (A) and 1 year of age (B). Data
are presented as mean +SEM; n = 6-11 mice per group. (C-D) At 28 weeks of age, marrow
MKs (C) and marrow E-SLAM cells (D) were significantly increased in the Pf4*FF1* mice
compared to WT controls, but not in the TPO"Pf4*FF1* mice or MPL™Pf4*FF1* mice. Data

are presented as mean +SEM; n = 4-8 mice per group. (E-F) There was no correlation

between Marrow MK and E-SLAM cell frequencies in TPO™Pf4*FF1* (n = 4) (E) or MPL

“Pf4*FF1* (n = 5) mice (F). Data are presented as mean +SEM. *P < 0.05.
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Figure 5.
TPO and MPL are important for vascular niche function. (A) The expression levels of

CXCL12 in marrow ECs isolated from WT ctrl, Pf4*FF1*, TPO~/~, and MPL~/~ mice. Gene
expression is shown as the relative fold-change compared to WT ctrl marrow EC expression
which was set as ‘1. (B) Representative images of H&E sections of femoral marrow of Pf4-
cre WT ctrl mice, Pf4*FF1* mice, TPO™Pf4*FF1* mice and MPL™Pf4*FF1* mice. Yellow
arrows indicate examples of MKs physically associated with marrow sinusoids. Black
arrows indicate examples of MKs not in direct contact with marrow sinusoids.
Magnification: x20 (C) Quantification of MKs physically associated with marrow sinusoids
in WT ctrl mice (n = 3), Pf4*FF1* mice (n = 3), TPO™ ctrl mice (n = 2), TPO"Pf4*FF1*
mice (n = 2), MPL" ctrl mice (n = 2), and MPL™Pf4*FF1* mice (n = 2). About 100 marrow
MKs from 9-18 non-overlapping fields were studied. (D) TPO did not affect primary murine
spleen EC cell growth in vitro. (E) TPO stimulated primary murine spleen EC cell migration
in vitro. A lesion was produced across the primary murine spleen EC monolayer in the
presence of different TPO concentrations. The distances from one side of the scratch wound
to the other side were measured using ImageJ software (National Institute of Health,
Bethesda, MD, USA) at six different locations for each culture condition. The distance of
wound closure at time 24, 48, and 72 h was compared with the distance at time 0 h which
was set as 1. The results were expressed as the mean +s.e.m. (n = 6). Data are from one of
two independent experiments that gave similar results. (F) The expression levels of VE-
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cadherin, ZO1, and PECAML in WT murine lung EC treated with different TPO
concentrations. Data are presented as mean £SEM. *P < 0.05.
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