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Abstract

The myeloproliferative neoplasms (MPNSs) are characterized by hematopoietic stem/progenitor
cell (HSPC) expansion and overproduction of mature blood cells. The JAK2V617F mutation is
present in hematopoietic cells in a majority of patients with MPNs, but the mechanism(s)
responsible for MPN stem cell expansion remain incomplete. One hallmark feature of the marrow
in patients with MPNSs is megakaryocyte (MK) hyperplasia. We report here that mice bearing a
human JAK2V617F gene restricted exclusively to the MK lineage develop many of the features of a
MPN. Specifically, these mice exhibit thrombocytosis, splenomegaly, increased numbers of
marrow and splenic hematopoietic progenitors and a substantial expansion of HSPCs. In addition,
wild-type mice transplanted with cells from JAK2V617F_pearing MK marrow develop a
myeloproliferative syndrome with thrombocytosis and erythrocytosis as well as pan-hematopoietic
progenitor and stem cell expansion. As marrow histology in this murine model of
myeloproliferation reveals a preferentially perivascular localization of JAK2V617F-mutant MKs
and an increased marrow sinusoid vascular density, it adds to accumulating data that MKSs are an
important component of the marrow HSPC niche, and that MK expansion might indirectly
contribute to the critical role of the thrombopoietin/c-Mpl signaling pathway in HSPC
maintenance and expansion.

INTRODUCTION

The marrow consists of the hematopoietic cells and non-hematopoietic stromal cells,
including fibroblasts, reticular cells, endothelial cells (ECs), macrophages, adipocytes and
osteoblasts. The hematopoietic stem/progenitor cell (HSPC) niche is a complex marrow
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microenvironment that maintains and regulates HSPCs throughout life. Currently,
controversy surrounds the anatomical location of the HSPC niche which has been identified
in the sinusoidal vascular areas (the “perivascular niche”) and/or at the endosteal surface (the
‘osteoblastic niche’).1-8 It has been postulated that different niches may have different roles
in HSPC physiology during normal and stress hematopoiesis.>® In addition to its role in
normal HSPC biology, an altered microenvironment is an important contributor to the
development of hematologic malignancies.1%-12 In a reciprocal fashion, myeloid
malignancies also affect the function of the marrow microenvironment to impair normal
hematopoiesis while favoring malignant stem cell expansion.13.14

The cellular composition of the hematopoietic niche includes both marrow stromal cells and
hematopoietic cells.>15-17 Megakaryocytes (MK) are rare polyploid marrow cells that give
rise to blood platelets. They are often located adjacent to marrow sinusoids, an anatomy
required in order for the cells to issue platelets by the forces generated by flowing sinusoidal
blood.18 Very recent evidence also implicated MKs in regulating HSPC activity by the many
cytokines and extracellular matrix components produced by these cells.19-23 Therefore, it is
not surprising that HSPCs are frequently (~20%) located adjacent to MKs in vivo and
transplanted HSPCs preferentially co-localize with mature MKs in the marrow,19.20.23

The chronic Philadelphia chromosome (Ph?) negative myelo-proliferative neoplasms
(MPNS), including polycythemia vera, essential thrombocythemia and primary
myelofibrosis, are clonal stem cell disorders characterized by HSPC expansion and
overproduction of blood cells. The acquired signaling kinase mutation JAK2V617F has a
central role in the pathogenesis of MPN, but our understanding of the stem cell expansion
that characterizes MPNs remains incomplete. Although the etiology of dysregulated
hematopoiesis has been mainly attributed to the molecular alterations within the HSPCs,
abnormalities of the marrow microenvironment are beginning to be recognized as an
important factor in the development of MPNs,10.14.24.25

Allogeneic stem cell transplantation is the only curative treatment for patients with MPNSs.
However, its utility is often limited by poor engraftment, which contributes to treatment-
related morbidity and mortality.26 Since the diseased MPN HSPC niche could impair normal
hematopoiesis following stem cell transplantation, and favor the residual MPN stem cells,
studies of the complex interactions between MPN stem cells and their marrow
microenvironment could provide new insights into disease pathophysiology and, potentially,
to new opportunities for treatment of these disorders.

MK hyperplasia is a hallmark feature of all three chronic Ph! negative MPNs.2 In the
present study, we hypothesized that the presence of the JAK2V617F mutation in MKs affects
the marrow microenvironment and could, in so doing, contribute to MPN stem cell
expansion and its transformation. To test this hypothesis, we crossed mice that bear a Cre-
inducible human JAK2V®17F gene (FF1) with mice that express Cre specifically in the MK
lineage (Pf4-Cre) to express JAK2V617F restricted to MK lineage.28-31 This model has
provided us with the unique ability to study the effect of JAK2V617F_bearing MKs on MPN
disease development /n vivo. Using this model, we found that MKs affect HSPC expansion,
establishing that MKs form an important part of the marrow HSPC niche.
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MATERIALS AND METHODS

Experimental mice

JAK2V617F FF1 mice (which carry a Cre-inducible human JAK2V617F gene driven by the
human JAK2 promoter) and Pf4-Cre mice (which express Cre under the promoter of platelet
factor 4, a MK-specific gene) 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.32
All mice used were bred onto a C57BL/6 background and housed and expanded in a
pathogen-free mouse facility at Stony Brook University. CD45.1+ congenic mice (B6.SJL)
were purchased from Taconic Inc (Albany, NY, USA). Animal experiments were performed
in accordance with the guidelines provided by the Institutional Animal Care and Use
Committee at Stony Brook University.

Complete blood counts and colony assays

Complete blood counts and hematopoietic colony formation assays were performed as we
previously described.32 Detailed information is provided in the Supplementary Information.

Histology and marrow sinusoid vascular density

Tissues were fixed in 10% (vol/vol) formalin and paraffin sections (5 um thickness) were
stained with hematoxylin and eosin. Two control mice and three Pf4/FF1 mice were used for
marrow vascular density analysis. A total of 12 and 26 high-quality non-overlapping areas at
x 200 magnification were imaged for the control mice and Pf4/FF1 mice, respectively.
Histomorphometric analysis of marrow vasculature was performed manually using the grid
method with ImageJ software (National Institute of Health, Bethesda, MD, USA) on saved
marrow images. Additional details are provided in Supplementary Information.

Flow cytometry

Marrow and spleen cell flow cytometric sorting was performed on a FACSAria™ I11 (BD,
San Jose, CA, USA). CD45 (Clone 104) (Biolegend, San Diego, CA, USA), EPCR (CD201)
(Clone eBio1560, eBioscience, San Diego, CA, USA), CD48 (Clone HM48-1, Biolegend)
and CD150 (Clone mShad150, eBioscience) antibodies were used to enumerate
CD45"EPCR(CD201)*CD48~ CD150* (E-SLAM) cells. MKs were sorted on the basis of
CD41 expression (Biolegend) and cell size.20 Additional details are provided in
Supplementary Information.

Bone marrow transplantation assays

Hematopoietic stem cell transplantation was performed on CD45.1+ mice as wild-type
recipients and Pf4/FF1 or age-matched littermate controls (CD45.2) as bone marrow donor.
Additional details are provided in Supplementary Information.

Isolation of murine lung endothelial cells

Primary murine lung EC isolation was performed using a protocol modified from previous
published protocols.32-34 Details are provided in the Supplementary Information.
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In vitro cultures

E-SLAM HSPCs were sorted and cultured in StemSpan serum-free expansion medium
(SFEM) (Stem Cell Technologies, Vancouver, BC, Canada) containing recombinant mouse
SCF (300 ng/ml) and recombinant mouse IL-11 (20 ng/ml) (Stem Cell Technologies).
CD41+ MK cells were cultured in SFEM with 25ng/ml recombinant mouse SCF and 25
ng/ml recombinant human thrombopoietin (TPO) (Stem Cell Technologies). MK-
conditioned media (MKCM) was collected from MK cells after 4872 h of culture. ECs
were cultivated in advanced DMEM/F12 medium supplemented with 20% fetal bovine
serum, 50 pg/ml EC growth supplement (Alfa Aesar, Ward Hill, MA, USA), 10 ng/mi
recombinant mouse vascular endothelial growth factor and 20 ng/ml recombinant human
fibroblast growth factor 2 (FGF2) (both from PeproTech, Rocky Hill, NJ, USA). Details are
provided in Supplementary Information.

Assays to examine endothelial cell in vitro angiogenesis and cell migration

EC tube formation assay was performed on Matrigel matrix (Corning Inc., Corning, NY,
USA) and the number of branches and nodes were quantified using ImageJ software
(National Institute of Health) as a measure of /n7 vitro angiogenesis. Scratch assay was used
to assess EC migration /n vitro. Details are provided in the Supplementary Information.

Statistical analysis

Statistical analyses were performed using Student’s unpaired, two-tailed #tests using Excel
software (Microsoft, Bellevue, WA, USA). A P-value < 0.05 was considered significant. For
all bar graphs, data are represented as mean + s.e.m.

RESULTS

Pf4/FF1 Mice develop an essential thrombocythemia phenotype

To induce the expression of human JAK2V617F exclusively in MKs, we crossed the
JAK2V817F FF1 mice with the Pf4-Cre mice. In Pf4-Cre mice, the Cre cDNA is under the
control of the platelet factor 4 (Pf4) promoter, which is activated exclusively in the MK
lineage.28:30:32 |_gvels of the human JAK2V617F expression in MKs isolated from the
Pf4/FF1 mice was ~ 10% of that of the endogenous murine JAK2, which is close to what
expected in blood cells of patients with MPNs expressing a single copy of the mutant JAK?2
kinase.32

Modest thrombocytosis was observed in Pf4/FF1 mice at 16 weeks of age. At 28 weeks of
age, Pf4/FF1 mice showed a significant increase in platelet count (1406 vs 808 x 1091, P=
0.00087) but normal hemoglobin and white blood cell counts, resembling the blood profile
of patients with essential thrombocythemia. Blood cell counts over time for the Pf4/FF1
mice and age-matched littermate control mice are shown in Figure 1a. Spleens collected
from 28-week-old mice showed moderate splenomegaly in the Pf4/FF1 mice compared with
the control mice (spleen weight 101 mg vs 70 mg, 2= 0.040) (Figure 1b). The number of
marrow hematopoietic progenitors in Pf4/FF1 mice was assessed using colony formation
assays, and revealed significant increases in colony-forming unit-MK (CFU-MK)-committed
progenitors (1.9-fold, £=0.00009) (Figure 1c), burst forming unit-erythroid (BFU-e) (1.8-
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fold, £=0.011), colony-forming unit-granulocyte/macrophage (CFU-GM) (1.8-fold, P=
0.017), and total hematopoietic progenitor cells (1.8-fold, £=0.007) (Figures 1d-f)
compared with control mice.

Having demonstrated that Pf4/FF1 mice developed thrombocytosis and expanded
hematopoietic progenitor cells, we undertook a quantitative evaluation of the marrow and
spleen HSPC compartment in Pf4/FF1 and control mice. Consistent with the thrombocytosis
phenotype, CD41* MK cell frequency was increased 2.9-fold (2.9 vs 1.0% of total marrow
cells, £=10.032, n=4) in Pf4/FF1 mice compared with control mice (Figures 2a and b).
Although the hemoglobin and white blood cell counts were normal in Pf4/FF1 mice, the
expanded hematopoietic progenitor cells (Figures 1d—f) suggested that the HSPCs may be
involved in the disease process. Therefore, we assessed the numbers of CD45*
EPCR*CD48°CD150* (E-SLAM) cells, which is a highly purified long-term repopulating
HSPC population.* In Pf4/FF1 mice, marrow E-SLAM cell frequency was increased 3.2-
fold (0.102 vs 0.032% of total marrow cells, A= 0.028, n=4) compared with control mice
(Figures 2c and d). Considering that the total marrow cells were increased 1.44-fold (P=
0.013) in Pf4/FF1 mice (Figure 2e), compared with control animals there were 4.2-fold and
4.6-fold increases in absolute MK cell numbers and E-SLAM cell numbers in Pf4/FF1 mice,
respectively. E-SLAM cells and MKs also significantly increased in Pf4/FF1 mice spleen
compared with wild-type (WT) controls (data not shown). Lineage analysis showed
increased myeloid (Mac-17Gr-1%) cells and decreased erythroid (CD71%) cells in Pf4/FF1
mice marrow and spleen compared with controls (data not shown). No significant difference
in B220* lymphoid cells was observed between Pf4/FF1 and control mice.

To be certain that JAK2V617F did not directly influence the numbers of E-SLAM cells
because the Pf4 promoter was ‘leaky’,3%:36 we tested purified cells by FF1 RT-PCR.32:37
Consistent with previous reports,19:28:30 human JAK2 gene expression was detected in MKs
but not in E-SLAM cells. (Figure 2f) Furthermore, no JAK2V617F expression was detected in
plucked CFU-GM colonies from Pf4/FF1 mice. (Figure 2g) To be certain we did not miss
small populations of recombined cells,35 we examined the sensitivity of our PCR assay. A
serial dilution test using a mix of Pf4/FF1 MK and control MK samples demonstrated that
our PCR assay was able to detect positive JAK2 gene expression after a 1:48 dilution of the
Pf4/FF1 samples. (Figure 2h).

To test whether the phenotype of the Pf4/FF1 mice is intrinsic to hematopoietic cells, we
transplanted marrow cells from 28-week-old Pf4/FF1 mice or controls (CD45.2) into lethally
irradiated congenic CD45.1 recipients (7=5 in each group). Eight weeks post transplant,
recipients of Pf4/FF1 marrow displayed a myeloproliferative syndrome (MPS), with
significantly elevated platelet count and mild elevation of Hb compared with mice
transplanted with control marrow cells, suggesting the Pf4/FF1 phenotype was intrinsic to
the hematopoietic cells. The time course of blood cell counts in the transplant recipient mice
is shown in Figure 3. JAK2V617F expression was not detected in BFUe colonies from
recipient of the Pf4/FF1 marrow (data not shown), suggesting that the observed
erythrocytosis does not represent activation of the JAK2V617F at the HSPC or committed
erythroid progenitor cell level during marrow reconstitution.
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Megakaryocyte hyperplasia is accompanied by changes in the vascular niche in Pf4/FF1

mice

Histological analysis of marrow hematoxylin/eosin sections revealed markedly increased
numbers of MKs in the Pf4-Cre/FF1 mice compared with controls. (Figure 4a) In addition,
we noticed dilated marrow sinusoids in the Pf4/FF1 mice and MKs were preferentially
located near sinusoid vessels (Figure 4b). Quantitative analysis revealed increased marrow
sinusoid vascular density in Pf4/FF1 mice marrow compared with controls (2.7-fold, P=
0.010) (Figure 4b). As has been previously described, MKSs reside in close contact with the
marrow ECs /n vivoand ECs have an important role in the regulation of MK maturation and
release of platelets.#19:38-41 |n contrast, few studies have examined the functional role of
MKs in the regulation of marrow vasculature niche function, despite MKSs representing an
important reservoir of bioactive hematopoietic and angiogenic factors. To study the effects
of JAK2V617F MKs on EC function, tube formation assay (as a measure of in vitro
angiogenesis) and scratch assay (as a measure of /n vitro EC migration) were performed in
primary murine lung ECs isolated from wild-type C57BL/6 mice (Supplementary Figure 1).
Pf4/FF1 MKCM significantly stimulated EC tube formation and EC migration /n vitro
compared with WT MKCM did. (Figure 5) These findings suggest that JAK2V617F-mutant
MKs may expand the sinusoidal vascular niche,#2 which in turn could contribute to the
thrombocytosis and pan-hematopoietic expansion phenotype displayed by the Pf4/FF1 mice.
These findings also resemble those seen in human MPNSs, characterized by increased
marrow MKSs, increased hematopoietic progenitors of all lineages, and enhanced
angiogenesis compared with normal marrow.43-4% It should be noted, however, that in
contrast to human MPNs and many murine models of MPN, the Pf4/FF1 mice did not
display marrow or splenic fibrosis, at least by 28 week of age.

JAK2V617F.mutant megakaryocytes affect hematopoietic stem/progenitor cell function in
Pf4/FF1 mice

Previous studies have demonstrated that MKs regulate HSPC function by both direct and
indirect effects on the marrow niche. Our findings of altered marrow vascular niche in
association with increased MK numbers and E-SLAM cell numbers in Pf4/FF1 mice
prompted us to study how JAK2V617F_pearing MK cells might affect E-SLAM cell numbers
and function as a component of the stem cell niche.

We purified MKs using FACS on the basis of CD41 expression and cell size.2% Consistent
with the increased megakaryopoiesis /7 vivo, the JAK2V617F-mutant Pf4/FF1 MKs had a
higher proliferation rate /in vitro than did control MKs (1.7-fold, £=0.003) (Figure 6a). In
contrast, there was no significant difference in cell proliferation between the Pf4/FF1 E-
SLAM cells and control E-SLAM cells (Figure 6b). MKSs secrete a broad array of cytokines
to regulate hematopoiesis.#® To begin to understand the MK signals responsible for E-
SLAM expansion in Pf4/FF1 mice, we measured the expression levels of FGF1, P14,
Transforming growth factor beta 1 ( 7GFb-1), Chemokine (C-X-C motif) ligand 12
(CXCL12), VEGFa, chemokine (C-X-C motif) receptor 4 (CXCR4) in Pf4/FF1 (n=4) and
control MKs (7= 3) using quantitative PCR (qPCR). We confirmed that there was
upregulation of FGF1 (twofold, A= 0.004) in Pf4/FF1 MKs compared with control MKs
(Figure 6¢). MKs are the major source for FGF1 in marrow which positively expand MKs
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and facilitate HSPC expansion during stress hematopoiesis.192247 Thus, increased FGF1
signaling in Pf4/FF1 MKs may contribute to the HSPC expansion we observed.

To further investigate if cytokines secreted by the JAK2V617F-mutant Pf4/FF1 MKs are
responsible for the observed expansion in E-SLAM cell numbers, we cultured the Pf4/FF1
E-SLAM cells with prospectively collected MKCM. Pf4/FF1 MKCM suppressed E-SLAM
cell proliferation in the serum-free liquid culture medium (2.6-fold, 2= 0.0008) and
decreased progenitor output of the co-cultured E-SLAM cells (0.4-fold, £=0.049) when
assayed in methylcellulose medium, while control MKCM had no significant effect on E-
SLAM cell proliferation and its hematopoietic colony growth (Figures 6d). Using trypan
blue dye exclusion, we did not observe any difference in cell viability between E-SLAM
cells cultured alone and cells cultured with the MKCM. Although this was contrary to our
expectation and a previous report,23 it was consistent with other recent reports that MKs
maintain HSPC quiescence, which is required for long-term HSPC function.1920 This result
also suggests that in order to achieve the E-SLAM cell expansion observed in Pf4/FF1 mice,
certain direct cell—cell interactions involving the stem cells and their niche cells was
required, conditions which were not present in the in vitro MKCM experimental setting.

We then assessed the expression of TPO receptor, c-MPL, a key regulator of HSPC
quiescence.*8-53 o-MPL is expressed in long-term HSPCs and is associated with both HSPC
repopulating activity and HSPC quiescence.?152 Previously, we demonstrated that c-MPL
expression was essential for the development of thrombocytosis and the increased neoplastic
stem cell pool found in a murine model of JAK2V617F_positive MPNs in which JAK2V617F
was expressed in all hematopoietic cells.>* Specifically, reducing c-MPL expression
attenuated MPN severity with reduced platelet count and E-SLAM cell numbers, suggesting
a gene-dosage effect of receptor expression levels on the disease process. Therefore, we
checked c-MPL expression levels in MKs and E-SLAM cells by qPCR. We found that, while
there was no difference in c-MPL expression between Pf4/FF1 MKs and control MKs, MPL
expression was significantly increased in the Pf4/FF1 E-SLAM cells compared with control
E-SLAM cells (4.2-fold, P=0.012), suggesting that altered TPO/MPL signaling may be
involved in the altered HSPC function in the Pf4/FF1 mice. (Figure 6e).

DISCUSSION

Despite significant advances in our understanding of the development of MPNSs, the
mechanisms that lead to stem cell expansion that characterizes MPNs remains incomplete.
One hallmark feature of the MPNs is MK hyperplasia. By crossing the previously described
human JAK2V617F knock-in mice (FF1) with a MK lineage-specific Pf4-Cre, we have been
able to highlight the importance of JAK2V617F-mutant MKs in the abnormal hematopoiesis
found in a murine model of a MPS.

MKs are rare marrow cells that give rise to blood platelets. Recent studies also implicated
MKs in regulating HSPC activity.19-23:55.56 Many hematological malignancies, including
MPNSs, are associated with aberrant megakaryopoiesis. Although increased MK numbers
and/or altered MK-derived factors can increase HSPC cycling, it is not clear whether MKs
can contribute to the malignant transformation in these diseases. The crossing of Pf4/Cre
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mice28 and JAK2V6L7F « Flip-Flop’ mice3” enabled us to express JAK2V617F solely in the
MK lineage alone. Our Pf4/FF1 mice developed an essential thrombocythemia-like
phenotype with thrombocytosis, splenomegaly, increased numbers of CD41+ MKs and a
wide range of hematopoietic progenitors. Importantly, the myeloproliferation seen in
Pf4/FF1 mice was transplantable to WT mice, demonstrating the disease is intrinsic to
hematopoietic cells. The MPS developed in our Pf4/FF1 model is very different from the
classic Ph! chromosome-negative MPNSs in patients, and in virtually every other murine
model of MPNs, where the HSPCs harbor the disease-associated mutation. The MK lineage-
specific Cre expression in the Pf4-Cre mice was previously demonstrated.28:30:32 Although
some have raised concerns that the Pf4-Cre activity might ‘leak’ into HSPCs3°:36 we have
confirmed that the human JAK2V617F was expressed in MKs but not in E-SLAM cells, CFU-
GM progenitors, or BFU-e progenitors in Pf4/FF1 mice or its transplant recipients using a
highly sensitive PCR assay. In addition, in contrast to the massive thrombocytosis (platelet
count 30004000 x 10%/1) developed in Vav-Cre/FF1 mice (where FF1 is expressed in all
hematopoietic cells) at 10 weeks of age,3” Pf4/FF1 mice maintain a stable moderate
thrombocytosis (platelet count ~ 1400 x 10%/1) with normal hemoglobin and white blood cell
counts during more than 1-year follow-up (data not shown), further supporting that
JAK2VBLTF did not directly affect E-SLAM cells. Of note, the myeloproliferaitve phenotype
(that is, thrombocytosis) in Pf4/FF1 mice did not emerge until at least 16 weeks of age.
Some Pf4/FF1 mice had further delayed onset later than 16 weeks of age (data not shown),
explaining why we did not observe this phenotype in our previous study.32 This stands in
contrast with virtually all other murine MPN models where the HSPCs harbor the disease-
causing mutation and the phenotype usually develops by 4—10 weeks of age.32:37:57-60 |t js
not clear to us why the WT mice transplanted with Pf4/FF1 marrow developed the
myeloproliferative phenotype earlier than the primary Pf4/FF1 mice. It is possible that the
stress hematopoiesis following irradiation and marrow transplantation could produce results
that are different from unperturbed hematopoiesis in the primary Pf4/FF1 mice.

Although a differentiated hematopoietic cell itself, the marrow MK has been shown in recent
studies to influence HSPCs and regulate hematopoietic homeostasis by direct cell—cell
contacts (with osteoblast, ECs and HSPCs) and by the secretion of soluble
factors.19-23:46.55,56 Tg investigate how JAK2V617/F-mutant MKs affect E-SLAM cell
numbers and function, we performed a series of experiments. Although there was
upregulation of FGF1, which positively expand MKs and facilitate HSPC expansion during
stress hematopoiesis, in Pf4/FF1 MKs compared with control MKs, Pf4/FF1 MKCM
suppressed E-SLAM cell proliferation in vitro, suggesting that the sum of the MK humoral
influences is not responsible for the expansion of E-SLAM cells witnessed in our studies.
(Figures 6¢ and d) In further investigating the mechanism of the E-SLAM cell expansion
seen in Pf4/FF mice, we found that c-MPL expression was markedly enhanced in E-SLAM
cells from mutant compared with control mice. Two conclusions can be drawn from these
data to guide future investigation. First, our data suggest that the /n vivo E-SLAM cell
expansion in Pf4/FF1 mice require either direct cell—cell interaction, or other HSPC niche
cells that were not present in our /n vitro experimental setting. Indeed, histological analysis
revealed dilated marrow sinusoids and increased sinusoidal vascular density in Pf4/FF1 mice
(Figure 4c). In addition, Pf4/FF1 MKCM stimulated EC angiogenesis and cell migration /n
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vitro (Figure 5). Since the majority of HSPCs reside in the peri-sinusoidal vessels,46-842
JAK2VBITF_mytant MKs may affect the vascular niche, which in turn could contribute to the
thrombocytosis and E-SLAM expansion phenotype displayed by the Pf4/FF1 mice.

Second, with very recent reports that implicated MKs in regulating HSPC quiescence and
proliferation, 1920 our data suggested that JAK2V617F-mutant MKs might promote the
‘stemness’ of E-SLAM cells by promoting their quiescence, which is required for long-term
HSPC function and expansion. TPO and c-MPL are well known for their role in HSPC
maintenance.#8-53 Considering that HSPCs are often located adjacent to MKs /n vivo,19:20.23
the increase of c-MPL expression on E-SLAM cells derived from Pf4/FF1 mice further
supports an important role for MKs within the HSPC “niche’ that preserves the ‘stemness’ of
HSPCs to allow their continued expansion. Moreover, our observation that the expression of
c-MPL was significantly increased in E-SLAM cells derived from Pf4/FF1 mice suggests a
possible mechanism for the MPS that developed in Pf4/FF1 mice and their transplant
recipients. We and others have shown that c-MPL is essential for the development of
thrombocytosis and an increased neoplastic stem cell pool in JAK2V617F_positive MPNs,54
and the Souyri laboratory has demonstrated that enhanced expression of c-MPL leads to a
MPN in mice. Thus, our data and that from these report suggest that JAK2V617F-mutant
MKs enhance c-MPL expression on marrow E-SLAM cells in Pf4/FF mice, enhancing stem
cell expansion. The exact mechanism by which abnormal JAK2 signaling in MKs affect c-
MPL expression in HSPC is not clear. Since c-MPL is expressed in long-term HSPCs and is
associated with HSPC quiescence, we hypothesize that JAK2V617F_pearing MKs induce
HSPC quiescence which contributes to the increased MPL expression.>1-53 Competitive
repopulation assays would provide a definitive answer as to whether JAK2V617F_pearing
MKs have enhanced stem cell function in Pf4/FF1 mice.

In summary, our study established for the first time that JAK2V617F_bearing MKs form an
important part of the marrow HSPC niche and can contribute to abnormal stem cell
expansion in a murine model. We showed that MKs form an important part of the marrow
HSPC niche and that expression of JAK2V617F in MKs leads to a pan-hematopoietic
expansion. Further, we showed that HSPCs, as represented by the E-SLAM population, are
substantially expanded by the presence of JAK2V617F_expressing MKs, and that c-MPL
expression is substantially enhanced on these E-SLAM cells, consistent with prior work
indicating that exogenous expression of c-MPL in murine marrow cells leads to
myeloproliferation. Further work is required to fully understand the mechanism of how
JAK2VBITF MKs affect HSPCs. For example, what is the mechanism by which abnormal
JAK?2 signaling in MKs affect c-MPL expression in HSC? Is it simply an expanded number
of niche-forming MKs, or is the “‘quality’ of the JAK2V617F MKs somehow changed by the
mutant kinase? We believe both the number and the quality of MKs regulate its niche
function and the JAK2V617F mutation not only increases MK numbers (4.2-fold) but also
alters MK quality (for example, increased FGF1 mRNA expression and proangiogenic effect
on EC tube formation and cell migration). Also, considering that both JAK2 wild-type
clones and JAK2V617F mutant clones coexist in most patients with MPNs, how does the
JAK2VE17F MKs interact with normal MKs and HSPCs /n vivo to contribute to the mutant
clone expansion? Understanding the complex interactions between neoplasia and its
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microenvironment may reveal important therapeutic targets, potentially providing new
treatment opportunities for these disorders.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Pf4/FF1 mice develop an essential thrombocythemia phenotype. (a) We found a significant

increase in platelet count but no change in hemoglobin or white blood cell count in Pf4/FF1
mice compared with age-matched littermate controls (/7= 4-7 mice per group and time-
point). On the basis of the two-sample #test, a sample size of five mice per group will have
80% power to detect a difference of 2.1 s.d. between two experiment groups. (b) Spleens
collected from 28-week-old mice revealed splenomegaly in the Pf4/FF1 mice with a
significant increase in spleen weight compared with controls. (c) Colony assays from
isolated marrow cells showed a significant increase (1.9-fold, £=0.00009) in the MK
progenitors (CFU-MK) in Pf4/FF1 mice compared with littermate controls. (d—f) Pf4/FF1
mice also exhibited significant increases in BFU-e (1.8-fold, #=0.011), CFU-GM (1.8-fold,
P=0.017), and total hematopoietic colonies (1.8-fold, 2= 0.007) compared with littermate
controls.
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Figure 2.

Pf4/FF1 mice have HSPC expansion. (a) Representative flow cytometry plots for the
isolation of marrow CD41* MKs. (b) In Pf4/FF1 mice marrow, MK frequency was increased
2.9-fold (P=0.032, n=4) compared with littermate controls. (c) Representative flow
cytometry plots for the isolation of marrow CD45+/EPCR+/CD48-/CD150+ (E-SLAM)
cells. Live cells were first gated for CD45+CD201+ then subsequently gated for
CD48-CD150+. (d) In Pf4/FF1 mice marrow, E-SLAM cell frequency was increased 3.2-
fold (P=0.028, n= 4) compared with littermate controls. (€) Total marrow cell numbers
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were increased in Pf4/FF1 mice (1.44-fold, 2= 0.013) compared with control mice which
was set as “1’. (f) As determined by reverse transcription polymerase chain reaction (RT-
PCR) for FF1, human JAK2V617F was expressed in MK cells from Pf4/FF1 mice, but not in
E-SLAM cells. (g) No JAK2V6L7F expression was detected in plucked CFU-GM colony cells
from Pf4/FF1 mice. (top) FF1 RT-PCR; (bottom) mouse actin RT-PCR. (h) A serial dilution
test using a mix of Pf4/FF1 MK and control MK samples demonstrated that our FF1 RT-
PCR assay was able to detect positive JAK2 gene expression after 1:48 dilution of the
Pf4/FF1 samples.
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Figure 3.

Recipients of Pf4/FF1 marrow displayed a MPS phenotype. Marrow cells from 28-week-old
Pf4/FF1 mice or controls (CD45.2) were transplanted into lethally irradiated congenic
CD45.1 recipients (7= 5 in each group). Shown here are CD45.2 donor chimerism (a),
white blood cell (WBC) (b), red blood cell (RBC) (c), and platelet (d) counts following
transplantation. Eight weeks post transplant, recipients of Pf4/FF1 marrow displayed a MPS
phenotype, with significantly elevated platelet count and mild elevation of Hb compared
with mice transplanted with control marrow cells. *~ < 0.05.
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Figure 4.

Hematoxylin and eosin sections of bone marrow revealed MK hyperplasia and increased
marrow sinusoid density. (a) There was markedly increased numbers of MK in Pf4-Cre/FF1
mice (right) compared with controls (left). (b) Red blood cell-engorged dilated central sinus
(*) was observed in 3/3 Pf4/FF1 mice marrow and MKs were preferentially located near
sinusoids (S) (top). Quantitative analysis revealed increased marrow sinusoid vascular
density in Pf4/FF1 mice (n= 3) marrow compared with controls (7= 2) (2.7-fold, £=0.010)
(bottom).
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Figureb.
Pf4/FF1 MKCM promoted EC /n vitro angiogenesis and cell migration. (a) Pf4/FF1 MKCM

stimulated EC tube formation. Primary murine lung ECs (6 x 10%) were seeded in Matrigel
matrix and incubated in the presence of SFEM, control MKCM or Pf4/FF1 MKCM. The
effect of MKCM on EC tube formation was observed after a 4 h incubation. A representative
picture is shown. Magnification: x 100 (b) Quantification of Pf4/FF1 MKCM-mediated tube
formation stimulation. Images of tube formation were taken at x 40 magnification and
quantification was done by counting the number of nodes (or branch points) and tubes in
four non-overlapping fields. Results are expressed as the mean + s.e.m. (n=4). Data are
from one of two independent experiments that gave similar results. (c) Pf4/FF1 MKCM
promoted EC migration. A lesion was produced across the primary murine EC monolayer.
Cells were cultured in the presence of SFEM, control MKCM or Pf4/FF1 MKCM for 24 h
and then labeled with 10 ug/ml of Dil-Ac-LDL at 37 °C for 4 hours before photographed. A
representative picture is shown. Magnification: 40 x (d). Quantification of recovery of the
scratched wound after MKCM treatment. The distances from one side of the wound to the
other side were measured using ImageJ software (National Institute of Health) at 6-12
different locations in two duplicate wells for each culture condition. The distance of wound
closure at time 16, 24 and 40 h was compared with the distance at time 0 h which was set as
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1. The results were expressed as the mean + s.e.m. (7= 6-12). Data are from one of two
independent experiments that gave similar results.
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JAK2V6L7F_mytant MK contribute to the stemness of hematopoietic stem cells in Pf4/FF1
Mice. JAK2V617F.mutant Pf4/FF1 MKs had a higher proliferation rate /n vitro than did
control MKs (1.7-fold, £=0.003) (a). In contrast, there was no significant difference in cell
proliferation between the Pf4/FF1 E-SLAM cells and control E-SLAM cells (b). (c) The
expression levels of fibroblast growth factor 1 (FGFI), platelet factor 4 (Pf4), transforming
growth factor beta 1 (7GFb-I), chemokine (C-X-C motif) ligand 12 (CXCL12), chemokine
(C-X-C motif) receptor 4 (CXCR4) and vascular endothelial growth factor A (VEGFa) in
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control MKs (7= 3) and Pf4/FF1 MKs (n7=4) were measured using real-time gPCR. Gene
expression is shown as the fold-change compared with the average control MK expression
which was set as ‘1’. (d) Pf4/FF1 MKCM suppressed E-SLAM cell proliferation in the
serum-free liquid culture medium (2.6-fold, Z=0.0008) (left) and decreased progenitor
output of the co-cultured E-SLAM cells (0.4-fold, A= 0.049) when assayed in
methylcellulose medium (right), while control MKCM had no significant effect on E-SLAM
cell proliferation and its hematopoietic colony growth. (€) MPL expression levels in MKs
(left) and E-SLAM cells (right) were measured using gPCR. There was no difference in
MPL expression between Pf4/FF1 MKs and control MKs, while MPL expression was
significantly increased in Pf4/FF1 E-SLAM cells compared with control E-SLAM cells (4.2-
fold, P=0.012). MPL expressions in Pf4/FF1 cells were shown as the fold-change
compared with the control cells which was set as “1°.
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