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Abstract

Megakaryocytes (MKs) is an important component of the hematopoietic niche. Abnormal MK hyperplasia is a hallmark feature of myeloproliferative
neoplasms (MPNs). The JAK2V617F mutation is present in hematopoietic cells in a majority of patients with MPNs. Using a murine model of
MPN in which the human JAK2V617F gene is expressed in the MK lineage, we show that the JAK2V617Fbearing MKs promote hematopoi-
etic stem cell (HSC) aging, manifesting as myeloid-skewed hematopoiesis with an expansion of CD41* HSCs, a reduced engraftment and
self-renewal capacity, and a reduced differentiation capacity. HSCs from 2-year-old mice with JAK2V617Fbearing MKs were more proliferative
and less quiescent than HSCs from age-matched control mice. Examination of the marrow hematopoietic niche reveals that the JAK2V617F
bearing MKs not only have decreased direct interactions with hematopoietic stem/progenitor cells during aging but also suppress the vascular
niche function during aging. Unbiased RNA expression profiling reveals that HSC aging has a profound effect on MK transcriptomic profiles,
while targeted cytokine array shows that the JAK2V617Fbearing MKs can alter the hematopoietic niche through increased levels of pro-
inflammatory and anti-angiogenic factors. Therefore, as a hematopoietic niche cell, MKs represent an important connection between the ex-
trinsic and intrinsic mechanisms for HSC aging.
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The JAK2V617F-bearing megakaryocytes are an important component of the hematopoietic niche in MPNs and
can promote MPN stem cell aging both directly (e.g., by decreasing MK-HSC interactions) and indirectly (e.g.,
by suppressing the vascular niche function).

Significance Statement

The relative contribution of intrinsic and extrinsic mechanisms to HSC aging remains debated. We find that JAK2V617F mutant MKs can
accelerate hematopoietic aging both directly (via decreased MK-HSC interaction) and indirectly (via suppressing vascular niche function).
We also show that HSC aging has a profound effect on MK function. Our data suggest that, as a hematopoietic niche cell, MKs represent
an important connection between HSC-intrinsic and HSC-extrinsic aging mechanisms.
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Introduction

Blood cell production is maintained throughout life by rare
multipotent hematopoietic stem cells (HSCs). Dysfunction
within the HSC compartment contributes to many age-related
diseases including an increased incidence of hematological
malignancies in the elderly. Hematopoietic stem cell aging
is characterized by an expansion of phenotypically defined
HSCs with impaired functions, such as reduced engraftment
and self-renewal capacity, a perturbed state of quiescence, and
a skewed differentiation toward the myeloid lineage."? While
these aging-associated HSC functional changes are well estab-
lished, the molecular and cellular mechanisms that contribute to
HSC aging are less well understood. The hematopoietic micro-
environment (niche) interacts with HSCs to orchestrate their
survival, proliferation, self-renewal, and differentiation. Studies
over the past decade suggest that HSC aging is driven by both
cell-intrinsic alterations in the stem cells,>” and cell-extrinsic
mediators from the aged microenvironment in which the stem
cells reside.®'" However, the relative contribution of intrinsic
and extrinsic mechanisms to HSC aging remains debated. One
key question is whether microenvironmental alterations initiate
HSC aging or whether aged HSCs cause niche remodeling.
The myeloproliferative neoplasms (MPNs), including poly-
cythemia vera, essential thrombocythemia, and primary
myelofibrosis, are clonal stem cell disorders characterized by
overproduction of mature blood cells, and increased risk of
transformation to acute leukemia or myelofibrosis. An acquired
kinase mutation, JAK2V617E, is present in most patients with
MPNSs and aberrant JAK-STAT signaling plays a central role in
these diseases.!> JAK2V617F is also one of the most frequently
mutated genes associated with clonal hematopoiesis of inde-
terminate potential (CHIP), which is defined as the presence of
a somatic mutation in at least 2%-4% of blood cells without
other hematologic abnormalities. The incidence of both MPNs
and CHIP increases significantly with aging.'>'® These obser-
vations indicate a close association between the JAK2V617F
mutation and hematopoietic aging. Various murine models of
JAK2V617F-positive MPNs were mostly followed for less than
3-9 months,'*3° providing little to no information of how the
JAK2V617F mutation affects HSC aging in MPNs.
Megakaryocytes (MKs) are rare polyploid marrow cells
that give rise to blood platelets. MK hyperplasia is a hallmark
feature of MPNs*' and many MPN-associated genetic mu-
tations/deregulations are preferentially enriched in MKs.32-3*
Very recent evidence has implicated MKs in regulating HSC
quiescence and proliferation during both steady-state and
stress hematopoiesis, mediated by the many cytokines and
extracellular matrix components produced by these cells.’*!
Abnormal megakaryopoiesis is associated with many hema-
tologic malignancies including MPNs.3#2# In contrast to
the non-hematopoietic niche cells (eg endothelial cells, peri-
vascular stromal cells), niche MKs provide direct feedback
to their HSC precursors, many of which are located directly
adjacent to MKs in vivo.’”® In the present study, we investi-
gated the effects of JAK2V617F-bearing MK niche on HSC
aging in a murine model of MPN during a 2-year follow-up.

Methods

Experimental Mice

JAK2V617F Flip-Flop (FF1) mice (which carry a Cre-
inducible human JAK2V617F gene driven by the human
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JAK2 promoter)** and Pf4-Cre mice (which express Cre
under the promoter of platelet factor 4)* were provided by
Radek Skoda (University Hospital Basal, Switzerland). The
FF1 mice and Pf4-Cre mice were crossed to generate a trans-
genic mouse line with human JAK2V617F expression in the
MK lineage (Pf4-cre*FF1*, or Pf4*FF1*).%* Although the
FF1 mice carry 9 copies of the human JAK2V617F trans-
gene, ultimately only a single copy of the transgene will result
in the presence of a constitutive Cre-recombinase activity.?*
CD45.1+ congenic mice (SJL) were purchased from Taconic
Inc. (Albany, NY, USA). Animal experiments were performed
in accordance with the Institutional Animal Care and Use
Committee guideline.

Stem Cell Transplantation Assays

For competitive transplantation, 5 x 10° marrow cells from
young (6 months old) or old (2 years old) Pf4-cre control or
Pf4*FF1* mice (CD45.2) were injected intravenously together
with 5 x 10° marrow cells from 8-week-old wild-type mice
(CD45.1) into lethally irradiated (950cGy) 8- to 12-week-old
wild-type recipient mice (CD45.1). Two independent experi-
ments were performed.

For secondary and tertiary transplantation, primary and
secondary recipients were sacrificed at 24 weeks after trans-
plant and their marrow cells were isolated and pooled.
~5 x 10° marrow cells were transplanted without competitor
cells into lethally irradiated wild-type recipients (CD45.1) by
intravenous tail vein injection.

BrdU Incorporation Analysis

Mice were injected intraperitoneally with a single dose of
5-bromo-2’-deoxyuridine (BrdU; 100 mg/kg body weight)
and maintained on 1 mg BrdU/mL drinking water for 2 days.
Mice were then euthanized and marrow cells isolated as de-
scribed above. For analysis of HSC (Lin-cKit'Scal*CD15
0*CD48") proliferation, Lineage™s (Lin-) cells were first en-
riched using the Lineage Cell Depletion Kit (Miltenyi Biotec)
before staining with fluorescent antibodies specific for cell
surface HSC markers, followed by fixation and permeabil-
ization using the Cytofix/Cytoperm kit (BD Biosciences, San
Jose, CA), DNase digestion (Sigma, St. Louis, MO), and anti-
BrdU antibody (Biolegend, San Diego, CA) staining to ana-
lyze BrdU incorporation. For analysis of more abundant cell
populations, marrow cells were stained with cell surface anti-
bodies, then fixed and stained with anti-BrdU antibody for
BrdU incorporation analysis as described above.

Cell Cycle Analysis

For HSPC (CD150*CD48-) cell cycle analysis, marrow
cells were first stained with fluorescent antibodies for cell
surface HSPC markers, washed, and then stained with
Hoechst33342 (10 pg/mL) (Sigma) at 37 °C in dark for 45
minutes, followed by staining with Pyronin Y (0.2 pg/mL)
(Sigma) at 37 °C in dark for another 15 minutes. Cells were
kept on ice until flow cytometry analysis on a LSR II (BD
Biosciences).4748

Half Bone Whole-MountTissue Preparation for
Imaging

Freshly harvested tibias were fixed in 4% paraformaldehyde
(PFA) in PBS (Affymetrix) for 6 hour at 4 °C while rotating.
The bones were washed in PBS overnight to remove PFA
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and cryoprotected in 20% sucrose PBS solution at 4 °C. The
bones were embedded in OCT (Tissue-Tek) and flash frozen
at =80 °C. A Leica CM1510S cryostat was used to longi-
tudinally shave the bones until the marrow cavity was ex-
posed. The half tibias were washed in PBS to remove OCT
then processed for blocking, staining, clearing, and imaging
as below.

Whole-Mount Immunostaining

Half tibias were blocked in a PBS buffer containing 10%
dimethyl sulfoxide, 0.5% IgePal630 (Sigma-Aldrich), 5%
donkey serum (Sigma-Aldrich), and 0.3 M glycine overnight
at room temperature. This blocking buffer was used for all
subsequent antibody staining. After blocking, tissues were
stained for 3 days at room temperature with unconjugated
goat anti-cKit antibody (R&D Systems) at a 1:250 dilution.
Then the tissues were washed multiple times in PBS at room
temperature for 1 day and put into a staining solution con-
taining Alexa Fluor 488 anti-mouse CD41 antibody (clone
MWReg30, BioLegend) at a 1:100 dilution and Alexa Fluor
555 donkey anti-goat antibody (ThermoFisher) at a 1:250 di-
lution for 3 days, followed by a 1-day wash to remove any
unbound antibodies. Details of tissue clearing are provided in
Supplementary Information.*

Confocal Imaging of Thick Tissue and Image
Analysis

Images of half tibia samples were acquired with Olympus
IX81 microscope using 20 x objective magnification and
Olympus Fluoview FV1000 confocal laser scanning system
at 512 x 512 pixel resolution with 5 pm Z-steps. Images were
analyzed using Olympus Fluoview Ver.4.2b. We identified
HSPCs as having a round morphology and c-kit expression
surrounding the cell surface. MKs were distinguished by their
size, morphology, and CD41 expression. The number of cKit+
HSPCs adjacent or non-adjacent to CD41+ MKs were imaged
and counted in 3 randomly selected bone marrow areas from
each sample (7 = 3 samples in each group). Cells in direct
contact or within one HSPC cell distance were considered
adjacent.

VE-Cadherin and Image Analysis

Twenty-five mirograms Alexa Fluor 647-conjugated mono-
clonal antibodies that target mouse VE-cadherin (clone
BV13, Biolegend) were injected retro-orbitally into 2-year-old
Pf4*FF1* or control mice under anesthesia.*° Ten minutes after
antibody injection, the mice were euthanized. Tibias were dis-
sected out and washed in PBS. After fixation in 4% PFA for
6 hours at 4 °C while rotating, the bones were cryoprotected
in 20% sucrose, embedded in OCT compound, and snap-
frozen. The tibias were cleared using modified Murray’s clear
and imaged using Olympus Fluoview FV1000 confocal laser
scanning system as described above. Images were analyzed
using Image] software (National Institute of Health) and
VE-cadherin* vascular area was quantified from equal sized
40 x stacked images. The sum of analyzed particles was taken
from adjustment of the color threshold.*!

Statistical Analysis

Statistical analysis was performed using Student’s ¢ tests (2
tailed) using Excel software (Microsoft). A P-value of <.05 was
considered significant. Data are presented as mean = SEM.
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Additional methods can be found in Supplementary
Methods.

Results

The Essential Thrombocythemia Phenotype in the
Pf4*FF1* Mice During a 2-year follow-up

In our previous work, we crossed mice that bear a Cre-inducible
human JAK2V617F gene (FF1) with mice that express Cre spe-
cifically in the MK lineage (Pf4-Cre) to express JAK2V617F
in the MK lineage.** Using this model, we showed that
JAK2V617F-bearing MKs caused an essential thrombocyth-
emia phenotype with modest thrombocytosis, splenomegaly,
increased marrow MKs, and an expansion of hematopoietic
stem/progenitor cells (HSPCs) after 16 weeks of age.*

The Pf4*FF1* mice continued to display modest
thrombocytosis compared with age-matched Pf4-cre control
mice during long-term follow-up. After 1.5 years of age, the
mice also developed a significant neutrophilia. There was no
difference in hemoglobin or total lymphocyte count between
Pf4*FF1* mice and age-matched control mice (Fig. 1A,B).
Moderate-to-severe splenomegaly was present in Pf4*FF1+ mice
compared with control mice and was more prominent during
aging (Fig. 1C). Quantitative evaluation of the marrow hem-
atopoietic compartment by flow cytometry analysis revealed
a significant expansion of CD41* MKs, Lin-cKit*Scal* (LSK)
HSPCs, and Lin-cKit*Scal*CD150*CD48- HSCs’? in both
young (~6 months) and old (~2 years) Pf4*FF1* mice compared
with control mice (Fig. 1D-F). There was no difference in total
marrow cell counts between Pf4*FF1* mice and age-matched
control mice (Fig. 1G). Histologic examination of marrow and
splenic reticulin stained sections did not reveal any significant
fibrosis in 2-year-old Pf4*FF1* mice compared with control
mice (Fig. 1H, I). Therefore, the Pf4*FF1* mice maintained an
essential thrombocythemia phenotype during aging with no
evidence of transformation to leukemia or myelofibrosis.

While some studies have suggested that Pf4-cre may occur
at low levels in non-MK cells (eg, HSCs),*-% others have used
rigorous, sensitive assays (eg, expression of fluorescent reporter
genes, expression of the JAK2V617F transgene, functional ana-
lysis of JAK/STAT downstream signaling) to confirm the ex-
clusive activation of Pf4-cre in MKs.?”°%*7 To be certain that
JAK2V617F did not directly influence HSC aging because the
Pf4 promoter was “leaky”,*>*>% we tested purified HSCs by
human JAK2 RT-PCR. Consistent with our previous reports
in young (5-6 months) Pf4*FF1* mice,* human JAK2 gene
expression was detected in MKs but not in HSCs in 2-year-
old Pf4*FF1* mice (Fig. 1]). Similar results were obtained in
CD45+*CD201*CD48-CD150* (E-SLAM) cells,’>** which is a
highly purified long-term repopulating HSC population (data
not shown). To be certain that we did not miss small popula-
tions of recombined cells, we examined the sensitivity of our
RT-PCR assay. A serial dilution test using a mix of 2-year-old
Pf4*FF1* MK and control MK samples demonstrated that the
assay was able to detect positive human JAK2 gene expres-
sion after 1:64 dilution of the mutant sample (Fig. 1K). There
was no significant difference in overall survival between the
Pf4*FF1* mice and Pf4-cre control mice (Fig. 1L).

Accelerated HSC Aging in the Pf4*FF1* Mice

Consistent with the myeloid-dominant hematopoiesis in per-
ipheral blood of aged Pf4*FF1* mice (Fig. 1A), myeloid-biased
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Figure 1. Pf4*FF1+ mice maintain an essential thrombocythemia phenotype during a 2-year follow-up. (A) Peripheral blood cell counts of Pf4*FF1+ (black
line) and Pf4-cre control mice (dotted line). (n = 10-12 mice in each group at 6 months, 1 year, and 1.5 years; n = 20 mice in each group at 2 years).

(B) Representative peripheral blood smear of 2 years old Pf4-cre and Pf4*FF1+ mice (x40 magnification; scale bar = 100 um) (C) Spleen weight in 6
months old (n = 10 mice in each group) and 2 years old (n = 20 mice in each group) Pf4-cre control and Pf4*FF1+ mice. (D-F) Marrow CD41+ MK (D),
Lin—cKit*Sca1* (LSK) HSPCs (E), and Lin—cKit*Sca1*CD150*CD48- HSCs (F) frequency of Pf4-cre control and Pf4*FF1* mice at 6 months old (n = 5 mice
in each group) and 2 years old (n = 5 mice in each group for D; n = 9-10 mice in each group for E-F). (G) Total marrow cell numbers per femur in Pf4-cre
and Pf4*FF1+ mice at 6 months old and 2 years old (n = 7 mice in each group). (H, I) Representative reticulin stain of 2 years old Pf4-cre and Pf4+FF1+
mice marrow (H, scale bar =100 um) and spleen (I, scale bar = 50 pm). (J) As determined by RT-PCR, human JAK2 was expressed in MK cells, but not
in sorted HSCs from 2-yearold Pf4*FF1+ mice. (K) A serial dilution test using a mix of old Pf4*FF1* MK and control MK samples demonstrated that the
RT-PCR assay was able to detect positive human JAK2 gene expression after at least 1:64 dilution of the mutant sample. (L) Kaplan-Meier survival curve
indicating overall survival of Pf4*FF1* (n = 26) and Pf4-cre mice (n = 27). Pf4-cre control; Pf4*FF1* mice * P < .05.

CD41+ HSCs® were significantly expanded in 1-year-old and
2-year-old Pf4*FF1* mice compared with age-matched control
mice (Fig. 2A, B). Although it is possible that the CD41* HSC
population might be affected by the Pf4-cre promoter, there
was no difference in CD41* HSC numbers between young
(6 months) control mice and Pf4*FF1* mice (which already
developed significant LSK and HSC expansion as shown in
Fig. 1E, F). When HSCs were sorted into individual wells of
a 96-well plate containing complete methylcellulose medium,
HSCs from old Pf4*FF1* mice formed more myeloid colonies
than HSCs from old control mice (Fig. 2C). These observa-
tions indicate a phenotype of chronologically aged HSCs with
increased myeloid-biased differentiation.

We then performed 2 groups of competitive repopulation
assays to investigate how the JAK2V617F mutant MK niche
might affect HSC engraftment capacity during aging. In the
first group, CD45.2 donor marrow cells from 6-month-old
Pf4*FF1* mice or age-matched control mice were injected
intravenously together with 8-week-old CD45.1 wild-type
competitor marrow cells into lethally irradiated (950cGy)
CD45.1 recipient mice. During a 16-wk follow-up, recipi-
ents of Pf4*FF1* marrow cells displayed higher peripheral
blood donor (CD45.2) chimerism than recipients of the

control mouse marrow cells (Fig. 2D), consistent with our
previous observations.*” In the second group, CD45.2 donor
marrow cells from 2-year-old Pf4*FF1* mice or age-matched
control mice were injected intravenously together with
8-week-old CD45.1 wild-type competitor marrow cells into
lethally irradiated CD45.1 recipient mice. Recipients of old
Pf4*FF1* marrow cells displayed a significantly lower per-
ipheral blood CD45.2 chimerism than recipients of the con-
trol mice (Fig. 2E). In addition, old Pf4*FF1* donor marrow
cells gave rise to greater numbers of myeloid than lymphoid
blood cell output in recipient mice compared with old con-
trol donor marrow cells (Fig. 2F). These observations suggest
that HSCs from old Pf4*FF1* mice have reduced engraft-
ment capacity and a skewed differentiation toward the mye-
loid lineage. We also found that although peripheral blood
CD45.2 donor chimerism was significantly decreased in re-
cipient mice of old Pf4*FF1* donor compared with recipi-
ents of old control donor, marrow CD45.2 donor-derived
HSC chimerism was similar between the 2 groups (Fig. 2G),
suggesting a decreased differentiation capacity of the HSCs
from old Pf4*FF1* mice.

To assess the effects of JAK2V617F mutant MK niche on
HSC self-renewal activity, we performed serial transplantation
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Figure 2. Hallmarks of accelerated HSC aging in the Pf4*FF1+ mice compared with control mice. Representative flow cytometry plots showing gating
strategy (A) used to measure marrow Lin—cKit*Sca1*CD150*CD48-CD41+ myeloid-biased HSC frequency (B) in 6 months, 1 year, and 2-yearold Pf4-cre
control and Pf4*FF1+* mice (6 months and 1 year old: n = 3 in each group; 2 years old: n = 6 in each group). (C) Methylcellulose colony formation: single
cells from old Pf4-cre or old Pf4*FF1+ HSC population were sorted into individual wells of a 96-well plate containing complete methylcellulose medium.
After 12-14 days, colonies were scored. The percentage of each type of colony out of the total cells plated is indicated. Data shown are representative
from 1 of 2 independent experiments of 60 cells each, for a total of 120 cells each group. (D) Peripheral blood CD45.2 donor chimerism in recipients

of competitive transplantation experiments during which donor marrow cells from 6 months old Pf4-cre or Pf4*FF1+ mice (CD45.2) were transplanted
together with 8wk old CD45.1 wild-type competitor marrow cells into lethally irradiated CD45.1 recipients. (n=8 mice in each group from 2 independent
experiments) (E) Peripheral blood CD45.2 donor chimerism in recipients of competitive transplantation experiments during which donor marrow cells
from 2 years old Pf4-cre or Pf4*FF1+ (CD45.2) mice were transplanted together with 8wk old CD45.1 wild-type competitor marrow cells into lethally
irradiated CD45.1 recipients. (n=8-9 mice in each group from 2 independent experiments) (F) Frequency of donorderived myeloid and lymphoid cells

in the blood of recipients of 2 years old Pf4-cre or Pf4*FF1+ marrow donors at 16wks post transplantation. Myeloid cells were defined as CD11b- and/
or Gri-positive events. Lymphoid cells were defined as CD3- or B220-positive events that were negative for CD11b or Gr1. The proportion of myeloid
and lymphoid cells from Pf4-cre or Pf4*FF1+ donor (CD45.2) or wild-type competitor donor (CD45.1) was determined using CD45.2 versus CD45.1 for
each cell type. (n = 8-9 mice in each group from 2 independent experiments) (G) HSCs from old Pf4*FF1+ mice are impaired in differentiation compared
with HSCs from old Pf4-cre control mice, as shown by their donorderived marrow HSC chimerism (left) and peripheral blood chimerism (right) (n = 5-6
mice in each group). (H) Scheme of serial marrow transplantation experiments. (I) Peripheral blood CD45.2 donor chimerism in secondary and tertiary

transplant recipients after transplantation (n = 5 mice in each group).

assays using marrow cells from the primary recipients of
2-year-old Pf4*FF1* mice or Pf4-cre control mice (Fig. 2H).
Recipients of old Pf4*FF1* marrow donor displayed lower
peripheral blood CD45.2 donor chimerism than recipients
of old Pf4-cre control donor cells (Fig. 2I). Taken together,
Pf4*FF1* mice demonstrated an acceleration of several hall-
marks of HSC aging, including an increase in the absolute
numbers of HSCs with myeloid-skewed hematopoiesis (and
maintenance of this myeloid skewing during marrow trans-
plantation), a reduced engraftment and self-renewal capacity,
and a reduced differentiation capacity. Results: from the serial
transplantation experiments also indicate that the functional
decline of HSCs in aged Pf4*FF1* mice are HSC-intrinsic and
is not reversible.

JAK2V617F-Bearing MK Niche Promoted HSC
Proliferation in Old Pf4*FF1+ Mice

Cell proliferation is a potent driver of HSC aging.>¢"-%> We
examined cell cycle status of CD150*CD48- cells, a highly
enriched stem/progenitor cell population of which ~20% dis-
play long-term repopulating capacity,’ using Hoechst33342
and Pyronin Y staining. Consistent with our previous

report, CD150*CD48- cells from 6-month-old Pf4*FF1+
mice were more quiescent with a 1.6-fold increase of cells
in the GO phase compared with age-matched control mice
(53% vs 34%, P = .017); in contrast, CD150*CD48" cells
from 2-year-old Pf4*FF1* mice were less quiescent with less
cells in the GO phase than wild-type HSPCs from 2-year-old
Pf4-cre control mice (28% vs 40%, P = .041; Fig. 3A). We
also measured cell proliferation in vivo by BrdU labeling.
We found that Lin-cKit*Scal*CD150*CD48- HSCs from
2-year-old Pf4*FF1* mice proliferated more rapidly than
cells from 2-year-old control mice, while there was no sig-
nificant difference in HSC proliferation between the young
Pf4*FF1* mice and control mice (Fig. 3B, C). These data sug-
gest that the JAK2V617F mutant MK niche can promote
hematopoietic aging in old Pf4*FF1* mice by increasing HSC
proliferation/cycling.

To further verify what we have observed was not caused
by any direct effect of the JAK2V617F mutation on HSC
function because the Pf4 promoter was “leaky”, we isolated
wild-type and JAK2V617F mutant MKs from 2-year-old
Pf4-cre mice or Pf4*FF1* mice and cultured them together
with wild-type Lineage~ (Lin-) HSPCs using a transwell
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Figure 3. JAK2V617Fbearing MK niche promotes HSC proliferation. (A) Representative flow cytometry plots showing gating strategy (left) used to
measure GO cell cycle status of marrow CD150*CD48- HSPCs (right) from young (6 months, top) and old (2 years, bottom) Pf4-cre and Pf4*FF1* mice
measured by Hoechst33342 and PyroninY (n = 6 mice in each group). (B-C) Representative flow cytometry plots showing gating strategy (B) used to
measure cell proliferation of Lin-cKit*Sca1*CD150*CD48- HSCs from young and old Pf4-cre and Pf4*FF1+ mice measured by in vivo BrdU labeling. (n
=4 in young mice group; n = 8-9 mice in old mice groups). (D) Cell proliferation of wild-type Lin- cells cultured together with wild-type MKs (from 2
years old Pf4-cre control mice) or JAK2V617F mutant MKs (from 2 years old Pf4*FF1+ mice) in transwells. Cells were cultured in StemSpan serum-free
expansion medium containing recombinant mouse SCF (100 ng/mL) and recombinant human TPO (100 ng/mL). Cell proliferation was shown as fold
of expansion which is the ratio of the final cell count to starting cell count. Data are from 3 independent experiments (with duplicates or triplicates

in each experiment). (E) Increased colony formation from wild-type Lin- cells after coculture with JAK2V617F mutant MKs compared with coculture
with wild-type MKs. Data are from 3 independent experiments (with duplicates in each experiment). (F) Peripheral blood platelet counts 16-20 weeks
post-transplantation in tertiary recipients of old Pf4*FF1+ or control donor (n = 5 mice in each group). (G) Frequency of CD45.2 (left) and CD45.1 (right)
marrow HSCs in tertiary recipients of old Pf4*FF1+ or control donor (n = 5 mice in each group).

coculture system. Although there was no difference in the
wild-type Lin- cell proliferation between coculture with Pf4-
cre MKs and coculture with Pf4*FF1* MKs in serum-free
liquid medium, Lin- cells cocultured with Pf4*FF1* MKs
generated significantly more hematopoietic progenitor cells
on colony formation assay in methylcellulose medium com-
pared with Lin- cells cocultured with Pf4-cre MKs (Fig. 3D,
E), suggesting that the mutant MKs can directly promote
HSPC proliferation in vitro by some secreted factors. These
findings prompted us to hypothesize that, in addition to af-
fecting its own precursor HSC function, JAK2V617F mutant
MK niche can affect co-existing wild-type competitor HSC
function during co-transplantation. To test this hypothesis,
we followed recipient mice during the serial transplantation
experiments in which old Pf4*FF1* or Pf4-cre marrow cells
(CD45.2) were co-transplanted with wild-type competitor
marrow cells (CD45.1; see Fig. 2H). At 16 weeks after the
tertiary transplantation, recipient mice of old Pf4*FF1* donor
displayed moderate thrombocytosis compared with control
mice (805 vs 406 x 10°/L, P = .0004) (Fig. 3F). Quantitative
evaluation of their marrow hematopoietic compartment
did not reveal any difference in CD45.2 HSC cell frequen-
cies between the 2 groups; however, CD45.1 HSCs (de-
rived from the co-transplanted wild-type competitor donor)
were significantly expanded in the tertiary recipient mice of
old Pf4*FF1+ donor (Fig. 3G). Although we do not know
whether mutant MK niche would promote co-existing HSC
aging due to the short follow-up after the tertiary trans-
plantation (ie, 16-20 weeks), these in vitro cocultures and
in vivo co-transplant experiments demonstrated that the
JAK2V617F mutant MK niche can promote co-existing
wild-type HSPC expansion.

Altered Hematopoietic Microenvironment in Old
Pf4*FF1* Mice

HSCs are frequently located adjacent to MKs in vivo and
MKs can inhibit HSC proliferation and maintain their quies-
cence.**3%4 Decreased interactions between MKs and HSCs
have been reported in murine models of aging.'"-* We exam-
ined the spatial relationships between MKs and cKit* HSPCs
in vivo using whole-mount immunofluorescence staining of
thick tibia sections of old Pf4-cre control and Pf4*FF1* mice
(Fig. 4A). We found that cKit* HSPCs were located further
from MKs in old Pf4*FF1* mice compared with old control
mice (Fig. 4B, C). These results suggest the possibility that
decreased interactions between MKs and HSPCs might con-
tribute to the increased stem/progenitor cell proliferation and
hematopoietic aging in the Pf4*FF1* mice.

MKs are often located adjacent to marrow sinusoids, a
“geography” required for the cells to issue platelets directly
into the sinusoidal vascular lumen.®** During aging, the
marrow vascular niche exhibits significant morphological
and functional changes.”!"¢3¢¢ Quantitative evaluation by
flow cytometry analysis revealed significantly decreased total
marrow ECs (CD45-CD31*) and sinusoidal marrow ECs
(CD45-CD31*Scal) in aged Pf4*FF1* mice compared with
control mice, while there was no significant difference in ar-
terial marrow ECs (CD45-CD31*Scal*) between the 2 groups
(Fig. 4D). We examined marrow microvasculature by in vivo
VE-cadherin labeling and confocal whole-mount imaging of
longitudinally shaved tibia of old Pf4*FF1* and control mice
(Fig. 4E, F). Consistent with the flow cytometry analysis find-
ings, vascular area was significantly decreased in the marrow
of old Pf4*FF1* mice compared with age-matched control
mice (Fig. 4G).
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Figure 4. Altered hematopoietic microenvironment in old Pf4*FF1* mice. (A) Representative whole-mount immunofluorescent staining of thick tibia
section showing hematopoietic progenitors (cKit*, red) and MKs (CD41+, green). Magnification: x20. (B, C) Representative immunofluorescent images
(B, magnification x20) and quantification (C) of cKit* HSPCs adjacent (arrowheads) or non-adjacent (asterisks) to CD41* MKs in the marrow of old
Pf4-cre control and Pf4*FF1+ mice (n = 3 mice in each group; a total of 9 non-overlapping areas with ~500 MKs and ~1200 HSPCs were examined for
each group). (D) Total marrow EC, sinusoidal marrow EC, and arterial marrow EC number in old Pf4-cre control and Pf4*FF1+ mice (n = 3 in each group).
(E) Representative whole-mount image of thick tibia section, in which vasculature was stained intravenously with anti-VE-cadherin antibody (white).

(F, G) Representative images (F, magnification x40) and quantification (G) of VE-cadherin* vasculature (white) area in the marrow of old Pf4-Cre control
and Pf4*FF1+ mice (n = 2 in each group). For quantification, a total of 12 non-overlapping 500 x 300 pixel areas at x20 magnification were analyzed

for each group. (H) (Left) Representative tube formation images of old Pf4-cre lung ECs treated with or without conditioned media of old Pf4-cre MKs.
Magnification: x4. (Right) Quantification of tube formation. Images of tube formation were taken at x4 magnification and quantification was done by
counting the number of nodes (or branch points) and tubes in 4 non-overlapping fields. Results are expressed as the mean + SEM (n = 4). Data are
from one of 2 independent experiments that gave similar results. (I) (Left) Representative tube formation images of old Pf4*FF1+ lung ECs treated with
or without conditioned media of old Pf4*FF1+ MKs. Magnification: x4. (Right) Quantification of tube formation. Data are from one of 2 independent
experiments that gave similar results.

While ECs have important roles in the regulation of MK of old Pf4*FF1* lung ECs were significantly inhibited by con-
maturation and release of platelets,®¢7-% little is known ditioned medium collected from old Pf4*FF1* MKs (Fig. 4I).
about the roles of MKs in the regulation of marrow vascular These findings suggest that the JAK2V617F mutant MK
niche, despite MKs representing an important reservoir of  niche not only altered its own interaction with HSCs during
bioactive hematopoietic and angiogenic factors. To study aging but also suppressed the vascular niche function to pro-
the effects of JAK2V617F mutant MKs on EC function in ~ mote HSC aging.
vitro, primary murine lung ECs were isolated from old Pf4-

cre control mice and Pf4*FF1* mice and their tube formation ] ] ]
in Matrigel (as a measure of in vitro angiogenesis) was as-  Altered Inflammatory and Angiogenic Factors in

sessed. We found that the tube formation of old Pf4-cre lung ~ the JAK2V617F Mutant MKs During Aging
ECs was not much affected by conditioned medium collected To further understand the mechanisms by which JAK2V617F
from old Pf4-cre MKs (Fig. 4H); in contrast, tube formation mutant MKs promote HSC aging, we performed
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transcriptomic profiles of wild-type and JAK2V617F mu-
tant CD41* cells from both young (6 months) and old (2
years) Pf4-cre and Pf4*FF1* mice. We found that, while
young JAK2V617F mutant CD41* cells separated nicely
from young wild-type cells on unsupervised hierarchical
clustering analysis, old JAK2V617F mutant CD41* cells
were indistinguishable from old wild-type cells on un-
supervised clustering analysis (Fig. 5A). Since MKs are
constantly generated from HSCs during aging, this finding
suggests that HSC aging has a profound effect on CD41*
MK transcriptomic profiles.

Our previous works and current study have shown that
the effect of JAK2V617F mutant MK niche on HSC func-
tion is “bimodal” during aging: in young mice, mutant
MK niche induces HSC quiescence with increased repopu-
lating capacity and stimulates EC tube formation**’; in
old mice, mutant MK niche promotes HSC proliferation
with a reduced engraftment and self-renewal capacity and
inhibits EC tube formation (Figs. 2 and 4). These observa-
tions prompted us to examine how the JAK2V617F muta-
tion affects MK transcriptome during aging. While young
and old wild-type CD41+ cell gene expression profiles were
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mostly indistinguishable on unsupervised clustering analysis
(Fig. 5B), old JAK2V617F mutant CD41* cells were very
different from young JAK2V617F mutant cells (Fig. 5C).
Dysregulated pathways in cell adhesion molecules, MAPK
signaling, NF-kappa B signaling, hematopoietic cell lineage,
and cytokine-cytokine receptor interaction were highly
upregulated in old JAK2V617F mutant CD41* cells com-
pared with young JAK2V617F mutant cells (Fig. 5D). Stefin
A family of genes (Stfal/Stfa2/Stfa3/Stfa2l1), which are
known cathepsin inhibitors,”*7? are the most upregulated in
old JAK2V617F mutant CD41* MKs compared with young
mutant MKs, suggesting a disruption of the bone marrow
niche in old Pf4*FF1* mice (Fig. SE, F).

In order to identify MK proteins that may have contrib-
uted to HSC aging in the Pf4*FF1* mice, we performed
targeted cytokine arrays on wild-type and JAK2V617F mu-
tant MKs (CD41*) from both young (6 months) and old (2
years) Pf4-cre and Pf4*FF1* mice. We focused on the differ-
ence between young and old JAK2V617F mutant MKs and
identified 10 factors (FAS ligand, IL-12, tissue inhibitor of
metalloproteinases-1 (TIMP-1), IL-10, IL-6, MIG, macro-
phage inflammatory protein 1la (MIP-1a), GCSE, IL-3,
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Figure 5. Deregulated MK signaling in aged Pf4*FF1* mice. (A-C) Unsupervised hierarchical clustering of significantly (P < .05) deregulated genes

in wild-type and JAK2V617F mutant MKs from young and old Pf4-cre control and Pf4*FF1+ mice (A), in wild-type MKs from young and old Pf4-cre
mice (B), and in JAK2V617F mutant MKs from young and old Pf4*FF1+ mice (C). Young Pf4-cre MKs (YC, n = 3), young Pf4*FF1+ MKs (YE, n = 3), old
Pf4-cre MKs (OC, n = 3), and old Pf4*FF1* MKs (OE, n = 4). (D) Differentially enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
upregulated in old JAK2V617F mutant MKs (from 2 years old Pf4*FF1+ mice) compared with young JAK2V617F mutant MKs (from 6 months old
Pf4*FF1+ mice). Adjusted P-values are plotted as the negative of their logarithm. (E) Volcano plot of differentially expressed genes between JAK2V617F
mutant MKs from young and old Pf4*FF1+ mice. (F) Stefin A family gene transcript levels in JAK2V617F mutant MKs from young and old Pf4*FF1+
mice by RNA-seq analysis (n = 3-4). (G) Heatmap summary of selected cytokine array data showing factors that were significantly upregulated in old
JAK2V617F mutant MKs (left) but downregulated in young mutant MKs (right) compared with aged-matched wild-type control MKs. Pooled MK cell
lysate from young Pfd-cre control mice (n = 4), young Pf4*FF1+ mice (n = 4), old Pfd-cre control mice (n = 4), and old Pf4*FF1+ mice (n = 4) were used

in the array.
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MIP-1vy) produced in increased amounts in old mutant CD41+
cells compared with old wild-type cells but were decreased
in young CD41* cells compared with young wild-type cells
(Fig. 5G). Many of these factors are involved in inflamma-
tion (eg IL-6,7 IL-12,7* MIP-107%), angiogenesis (eg, [L-12,7677
IL-107%7), extracellular matrix remodeling (TIMP-1%),
normal or neoplastic hematopoiesis (eg, IL-6,'"8:82 TL-12,%
G-CSF*). These results suggest that the JAK2V617F-bearing
MKs can alter the hematopoietic niche (eg, increased inflam-
mation, decreased angiogenesis) to accelerate HSC aging.
Taken together, although the CD41* likely represent a mixed
cell population including MK progenitors and mature MKs
and its composition may change during aging, our data show
that the JAK2V617F mutation alters both the quantity (Fig.
1D, E) and quality (Fig. 3D, E) of these cells with altered levels
of genes and proteins involved in the hematopoietic niche
function.

Discussion

The relative contribution of intrinsic and extrinsic mechan-
isms to HSC aging remains debated. Results: from this study
support that, as a hematopoietic niche cell, MKs represent
an important connection between the extrinsic and intrinsic
mechanisms for HSC aging in MPNs—the JAK2V617F-
bearing MKs can alter the hematopoietic niche to accelerate
HSC aging, and HSC aging in turn can profoundly remodel
the niche eg, by affecting MK transcriptomics. In addition,
we found that the JAK2V617F mutant MK niche not only
can promote HSC aging directly via both cell-cell interaction
and various secreted factors but also can inhibit/disrupt the
vascular niche to promote HSC aging indirectly. Whether the
MK niche function can be harnessed to prevent mutant clone
expansion and disease evolution in MPNs will require careful
study. Considering that many hematologic malignancies are
associated with aberrant megakaryopoiesis, targeting the
niche-forming MKs could provide effective therapeutic strat-
egies in these diseases.

Recently, using mT/mG reporter mice, Mansier et al re-
ported that the Pf4 promoter could induce recombination in a
small subset of HSCs.** In our study, we used the same Pf4-cre
mice* but a different transgenic JAK2V617F mice.?* Different
from the JAK2V617F knockin mouse used by Mansier et al
in which the mice developed a PV-like phenotype at 10 weeks
of age, our Pf4*FF1* mice maintained an essential thrombo-
cythemia phenotype during ~2 years follow-up. We checked
the human JAK2V617F transgene expression by a sensitive
PCR assay* and did not detect any leakiness of the Pf4 pro-
moter in either Lin-cKit*Sca1*CD150*CD48- HSCs (Fig. 1])
or CD45+*CD201*CD48-CD150* HSCs. Recent studies have
revealed both the heterogeneity within the long-term HSCs
and the close connection between HSCs and MK progenitors
during hematopoietic differentiation.?> %% Therefore, it is very
likely that the aberrant MK development in JAK2V617F-
positive MPNs may contribute to different regulation of the
Pf4 promoter in the hematopoiesis hierarchy. Nevertheless,
our in vitro coculture and in vivo co-transplantation assays
clearly indicated that mutant MKs can affect wild-type HSPC
function directly (Fig. 3D-G).

An increase in CD41* HSCs has recently been reported
in both JAK2V617F-positive murine models and patients
with MPNs,% although how these CD41* HSC population
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expand and whether they promote MPN stem cell exhaus-
tion remain unclear. We found that, while there was no
expansion of CD41* HSCs in young (6 months) Pf4*FF1+
mice, these myeloid-biased HSCs emerged faster in Pf4*FF1+
mice during aging and were significantly expanded in 1- and
2-year-old Pf4*FF1* mice (Fig. 2B). These findings suggest
that the JAK2V617F-bearing MK niche can promote the ex-
pansion of these myeloid-biased CD41* HSC as part of an
accelerated hematopoietic aging process. We also showed
that, while JAK2V617F mutant MKs promoted its precursor
HSC aging, they also expanded the surrounding wild-type
HSCs during serial competitive transplantations, suggesting
that mutant MK niche may play important roles in mutant
and wild-type cell competition as well as clonal evolution
in MPNs.
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