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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 specifically in the MK lineage, we show that the JAK2V617F-bearing MKs promote hematopoietic
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 2yr old mice
with JAK2V617F-bearing 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 JAK2V617F-bearing 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 extrinsic and
intrinsic mechanisms for HSC aging.
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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. HSC 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 towards the myeloid lineage'2. While these aging-
associated HSC functional changes are well established, the molecular and cellular mechanisms that contribute
to HSC aging are less well understood. The hematopoietic microenvironment (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 (MPNSs), including polycythemia 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, JAK2V617F,
is present in most patients with MPNs 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
indeterminate 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 observations 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'®*,
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 mutations/deregulations are preferentially
enriched in MKs*23, 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***'. In contrast to the non-hematopoietic niche cells (e.g. endothelial cells,
perivascular 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 investigated the effects of JAK2V617F-
bearing MK niche on HSC aging in a murine model of MPN during a 2-yr follow up.

Methods

Experimental mice

JAK2V617F Flip-Flop (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). The FF1 mice and Pf4-Cre
mice were crossed to generate MK lineage-specific human JAK2V617F transgenic mouse line (Pf4-cre*FF1*, or
Pf4*FF1%)*4%. 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, 5x10° marrow cells from young (6mo old) or old (2yr old) Pf4-cre control or
Pf4*FF1* mice (CD45.2) were injected intravenously together with 5x10° marrow cells from 8wk old wild-type
mice (CD45.1) into lethally irradiated (950cGy) 8-12wk old wild-type recipient mice (CD45.1). Two independent
experiments were performed.

For secondary and tertiary transplantation, primary and secondary recipients were sacrificed at 24wk after
transplant and their marrow cells were isolated and pooled. ~5 x10° 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 1mg BrdU/ml drinking water for two days. Mice were then euthanized and marrow cells
isolated as described above. For analysis of HSC (LincKit'Sca1*CD150"CD48") proliferation, Lineage™? (Lin")
cells were first enriched using the Lineage Cell Depletion Kit (Miltenyi Biotec) before staining with fluorescent
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antibodies specific for cell surface HSC markers, followed by fixation and permeabilization 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 analyze BrdU incorporation. For analysis of more abundant cell
populations, marrow cells were stained with cell surface antibodies, 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 (10ug/ml) (Sigma) at 37°C in dark for 45
min, followed by staining with Pyronin Y (0.2ug/ml) (Sigma) at 37°C in dark for another 15 min. Cells were kept
on ice until flow cytometry analysis on a LSR Il (BD biosciences)**“.

Half bone whole-mount tissue preparation for imaging

Freshly harvested tibias were fixed in 4% paraformaldehyde (PFA) in PBS (Affymetrix) for 6hr at 4°C while
rotating. The bones were washed in PBS overnight to remove PFA 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 longitudinally shave the bones until the marrow cavity was exposed. 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 three 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 one day and put into a staining solution containing 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 dilution for three days, followed by a one-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 20x objective magnification
and Olympus Fluoview FV1000 confocal laser scanning system at 512x512 pixel resolution with 5um 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 (n=3 samples in each group). Cells in direct contact
or within one HSPC cell distance were considered adjacent.

VE-cadherin and image analysis

25ug Alexa Fluor 647-conjugated monoclonal antibodies that target mouse VE-cadherin (clone BV13, Biolegend)
were injected retro-orbitally into 2yr old Pf4*FF1* or control mice under anesthesia*®. Ten minutes after antibody
injection, the mice were euthanized. Tibias were dissected out and washed in PBS. After fixation in 4% PFA for
6hr 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 FVV1000
confocal laser scanning system as described above. Images were analyzed using ImageJ software (National
Institute of Health) and VE-cadherin® vascular area was quantified from equal sized 40X stacked images. The
sum of analyzed particles was taken from adjustment of the color threshold*®.

Statistical analysis
Statistical analysis was performed using Student’s t tests (2 tailed) using Excel software (Microsoft). A p value
of less than 0.05 was considered significant. Data are presented as mean * standard error of the mean (SEM).

Additional methods can be found in Supplementary Methods.

Results
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The essential thrombocythemia phenotype in the Pf4'FF1* mice during a 2-yr follow up

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

The Pf4"FF1* mice continued to display modest thrombocytosis compared to age-matched Pf4-cre control
mice during long-term follow up. After 1.5 yrs 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 (Figure 1A-B). Moderate to severe splenomegaly was present in Pf4*FF1* mice compared to control mice
and was more prominent during aging (Figure 1C). Quantitative evaluation of the marrow hematopoietic
compartment by flow cytometry analysis revealed a significant expansion of CD41* MKs, LincKit'Sca1® (LSK)
HSPCs, and LincKit*Sca1*CD150"CD48 HSCs® in both young (~6mo) and old (~2yr) Pf4"FF1* mice compared
to control mice (Figure 1D-F). There was no difference in total marrow cell counts between Pf4*FF1" mice and
age-matched control mice (Figure 1G). Histologic examination of marrow and splenic reticulin stained sections
did not reveal any significant fibrosis in 2yr old Pf4"FF1* mice compared to control mice (Figure 1H-I). Therefore,
the Pf4'FF1" mice maintained an essential thrombocythemia phenotype during aging with no evidence of
transformation to leukemia or myelofibrosis.

Previously, we and others used rigorous, sensitive assays to eliminate the possibility that Pf4-cre is expressed
in HSCs® 42445152 T pe 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
(5-6mo) Pf4*"FF1* mice**, human JAK2 gene expression was detected in MKs but not in HSCs in 2yr old Pf4*FF1*
mice (Figure 1J). 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).

Accelerated HSC aging in the Pf4*'FF1" mice

Consistent with the myeloid-dominant hematopoiesis in peripheral blood of aged Pf4*FF1* mice (Figure 1A),
myeloid-biased CD41* HSCs®" were significantly expanded in 1yr old and 2yr old Pf4*FF1* mice compared to
age-matched control mice (Figure 2A-B). No difference in CD41" HSC numbers was detected between young
(6mo) Pf4*FF1* mice and control mice. 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 (Figure 2C). These observations indicate a phenotype of chronologically aged HSCs with
increased myeloid-biased differentiation.

We then performed two 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 6mo old Pf4*FF1" mice or age-matched control mice were injected intravenously together with 8wk old
CD45.1 wild-type competitor marrow cells into lethally irradiated (950cGy) CD45.1 recipient mice. During a 16-
wk follow up, recipients of Pf4*FF1* marrow cells displayed higher peripheral blood donor (CD45.2) chimerism
than recipients of the control mouse marrow cells (Figure 2D), consistent with our previous observations*. In
the second group, CD45.2 donor marrow cells from 2yr old Pf4*FF1* mice or age-matched control mice were
injected intravenously together with 8wk 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 peripheral blood
CD45.2 chimerism than recipients of the control mice (Figure 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 to old control
donor marrow cells (Figure 2F). These observations suggest that HSCs from old Pf4*"FF1* mice have reduced
engraftment capacity and a skewed differentiation towards the myeloid lineage. We also found that, although
peripheral blood CD45.2 donor chimerism was significantly decreased in recipient mice of old Pf4*FF1* donor
compared to recipients of old control donor, marrow CD45.2 donor-derived HSC chimerism was similar between
the two groups (Figure 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 assays using marrow cells from the primary recipients of 2yr old Pf4*FF1* mice or Pf4-cre control
mice (Figure 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 (Figure 2I). Taken together, Pf4*FF1" mice
demonstrated an acceleration of several hallmarks of HSC aging, including an increase in the absolute numbers
of HSCs with myeloid-skewed hematopoiesis (and maintenance of this myeloid skewing during marrow
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transplantation), 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% display long-term repopulating capacity®, using
Hoechst33342 and Pyronin Y staining. Consistent with our previous report*®, CD150"CD48" cells from 6mo old
Pf4*FF1* mice were more quiescent with a 1.6-fold increase of cells in the GO phase compared to age-matched
control mice (53% vs 34%, P = 0.017); in contrast, CD150°CD48" cells from 2yr old Pf4*FF1* mice were less
quiescent with less cells in the GO phase than wild-type HSPCs from 2yr old Pf4-cre control mice (28% vs 40%,
P = 0.041) (Figure 3A). We also measured cell proliferation in vivo by BrdU labeling. We found that Lin
cKit'Sca1*CD150"CD48  HSCs from 2yr old Pf4*FF1" mice proliferated more rapidly than cells from 2yr old
control mice, while there was no significant difference in HSC proliferation between the young Pf4*FF1* mice
and control mice (Figure 3B-C). These data suggest 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
2yr old Pf4-cre mice or Pf4"FF1* mice and cultured them together with wild-type Lineage™ (Lin") HSPCs using a
transwell co-culture system. Although there was no difference in the wild-type Lin™ cell proliferation between co-
culture with Pf4-cre MKs and co-culture with Pf4*FF1* MKs in serum-free liquid medium, Lin" cells co-cultured
with Pf4*FF1* MKs generated significantly more hematopoietic progenitor cells on colony formation assay in
methylcellulose medium compared to Lin™ cells co-cultured with Pf4-cre MKs (Figure 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 affecting 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 Figure 2H). At 16wk
after the tertiary transplantation, recipient mice of old Pf4'FF1" donor displayed moderate thrombocytosis
compared to control mice (805 vs 406 x 10%L, P = 0.0004) (Figure 3F). Quantitative evaluation of their marrow
hematopoietic compartment did not reveal any difference in CD45.2 HSC cell frequencies between the two
groups; however, CD45.1 HSCs (derived from the co-transplanted wild-type competitor donor) were significantly
expanded in the tertiary recipient mice of old Pf4*FF1* donor (Figure 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 transplantation
(i.e. 16-20 wks), these in vitro co-cultures 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
quiescence®3%4 Decreased interactions between MKs and HSCs have been reported in murine models of
aging'"%°. We examined 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 (Figure 4A). We
found that cKit* HSPCs were located further from MKs in old Pf4*FF1* mice compared to old control mice (Figure
4B-C). These results suggest the possibility that decreased interactions between MKs and HSCs might
contribute to the increased HSC 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®"®2. 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"Sca17) in aged
Pf4*FF1* mice compared to control mice, while there was no significant difference in arterial marrow ECs (CD45
CD31%Sca1”) between the two groups (Figure 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 (Figure 4E-F). Consistent with the flow cytometry analysis findings, vascular area was significantly
decreased in the marrow of old Pf4*FF1* mice compared to age-matched control mice (Figure 4G).

While ECs have important roles in the regulation of MK maturation and release of platelets®?%4%¢, little is
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known about the roles of MKs in the regulation of marrow vascular niche, despite MKs representing an important
reservoir of bioactive hematopoietic and angiogenic factors. To study the effects of JAK2V617F mutant MKs on
EC function in 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 assessed. We found that the tube
formation of old Pf4-cre lung ECs was not much affected by conditioned medium collected from old Pf4-cre MKs
(Figure 4H); in contrast, tube formation of old Pf4*FF1* lung ECs were significantly inhibited by conditioned
medium collected from old Pf4*FF1* MKs (Figure 4l). These findings suggest that the JAK2V617F mutant MK
niche not only altered its own interaction with HSCs during aging, but also suppressed the vascular niche function
to promote HSC aging.

Altered inflammatory and angiogenic factors in the JAK2V617F mutant MKs during aging

To further understand the mechanisms by which JAK2V617F mutant MKs promote HSC aging, we performed
transcriptomic profiles of wild-type and JAK2V617F mutant MKs from both young (6mo) and old (2yr) Pf4-cre
and Pf4*FF1* mice. We found that, while young JAK2V617F mutant MKs separated nicely from young wild-type
MKs on unsupervised hierarchical clustering analysis, old JAK2V617F mutant MKs were indistinguishable from
old wild-type MKs on unsupervised clustering analysis (Figure 5A). Since MKs are constantly generated from
HSCs during aging, this finding suggests that HSC aging has a profound effect on MK transcriptomic profiles.

Our previous works and current study have shown that the effect of JAK2V617F mutant MK niche on HSC
function is “bimodal” during aging: in young mice, mutant MK niche induces HSC quiescence with increased
repopulating 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 (Figures 2 and
4). These observations prompted us to examine how the JAK2V617F mutation affects MK transcriptome during
aging. While young and old wild-type MK gene expression profiles were mostly indistinguishable on
unsupervised clustering analysis (Figure 5B), old JAK2V617F mutant MKs were very different from young
JAK2V617F mutant MKs (Figure 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 MKs compared to young JAK2V617F mutant MKs (Figure 5D). Stefin A family of genes
(Stfa1/Stfa2/Stfa3/Stfa2l1), which are known cathepsin inhibitors®”%°, are the most upregulated in old
JAK2V617F mutant MKs compared to young mutant MKs, suggesting a disruption of the bone marrow niche in
old Pf4*FF1* mice (Figure 5E-F).

In order to identify MK proteins that may have contributed to HSC aging in the Pf4"FF1* mice, we performed
targeted cytokine arrays on wild-type and JAK2V617F mutant MKs from both young (6mo) and old (2yr) Pf4-cre
and Pf4*"FF1" mice. We focused on the difference 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, macrophage
infammatory protein 1a. (MIP-1a), GCSF, IL-5, MIP-1y) produced in increased amounts in old mutant MKs
compared to old wild-type MKs but were decreased in young MKs compared to young wild-type MKs (Figure
5G). Many of these factors are involved in inflammation (e.g. IL-67°, IL-12"!, MIP-1a%), angiogenesis (e.g. IL-
12737 1L-10">"®), extracellular matrix remodeling (TIMP-17"), normal or neoplastic hematopoiesis (e.g. IL-6""7379,
IL-128°, G-CSF®'). These results suggest that the JAK2V617F-bearing MKs can alter the hematopoietic niche
(e.g. increased inflammation, decreased angiogenesis) to accelerate HSC aging.

Discussion

The relative contribution of intrinsic and extrinsic mechanisms 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 e.g. 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.

Recently, using mT/mG reporter mice, Mansier et al. reported 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?*. Unlike the JAK2V617F knock-in mouse used by Mansier et al. in which the mice
developed a PV-like phenotype at 10wks of age, our Pf4*"FF1* mice maintained an essential thrombocythemia
phenotype during ~2yr follow up. We checked JAK2V617F gene expression by a sensitive PCR assay** and did
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not detect any leakiness of the Pf4 promoter in either LincKit'Sca1*CD150°CD48 HSCs (Figure 1J) or
CD45'CD201*CD48'CD150" HSCs. Our in vitro co-culture and in vivo co-transplantation assays provided further
evidence that mutant MKs affected wild-type HSC function directly (Figure 3D-G). The cause(s) for these differing
results is not clear, although it is very likely that the aberrant MK development in JAK2V617F-positive MPNs
may have contributed to different regulation of the Pf4 promoter in different murine models.

An increase in CD41" HSCs has recently been reported in both JAK2V617F-positive murine models and
patients with MPNs®?, though how these CD41* HSC population expand and whether they promote MPN stem
cell exhaustion remain unclear. We found that, while there was no expansion of CD41* HSCs in young (6mo)
Pf4*FF1* mice, these myeloid-biased HSCs emerged faster in Pf4"FF1* mice during aging and were significantly
expanded in 1yr- and 2yr-old Pf4"FF1* mice (Figure 2B). These findings suggest that the JAK2V617F-bearing
MK niche can promote the expansion 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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Figure 1. Pf4'FF1* mice maintain an essential thrombocythemia phenotype during a 2-yr 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 6mo, 1yr, and 1.5yr; n=20 mice in each group at 2yr). (B) Representative peripheral blood smear of 2yr
old Pf4-cre and Pf4"FF1* mice (40X magnification) (C) Spleen weight in 6mo old (n=10 mice in each group) and
2yr 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 LincKit*'Sca1*CD150*CD48 HSCs (F) frequency of Pf4-cre control and Pf4*FF1* mice at
6mo old (n=5 mice in each group) and 2yr 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 6mo old and 2yr old (n=7 mice in
each group). (H-l) Representative reticulin stain of 2yr old Pf4-cre and Pf4*"FF 1" mice marrow (H) and spleen (1).
(J) As determined by RT-PCR, human JAK2 was expressed in MK cells, but not in sorted HSCs from 2yr old
Pf4*FF1* mice. * P <0.05

Figure 2. Hallmarks of accelerated HSC aging in the Pf4*FF1* mice compared to control mice. (A-B)
Representative flow cytometry plots showing gating strategy (A) used to measure marrow Lin
cKit'Sca1*CD150"CD48°CD41" myeloid-biased HSC frequency (B) in 6mo, 1yr, and 2yr old Pf4-cre control and
Pf4*FF1* mice (6mo and 1yr old: n=3 in each group; 2yr 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 is representative from one of two
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 6mo
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 two independent
experiments) (E) Peripheral blood CD45.2 donor chimerism in recipients of competitive transplantation
experiments during which donor marrow cells from 2yr 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 two independent experiments) (F) Frequency of donor-derived myeloid and lymphoid
cells in the blood of recipients of 2yr old Pf4-cre or Pf4*"FF1* marrow donors at 16wks post transplantation.
Myeloid cells were defined as CD11b- and/or Gr1-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 two independent experiments) (G) HSCs from old
Pf4*FF1* mice are impaired in differentiation compared to HSCs from old Pf4-cre control mice, as shown by their
donor-derived 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).

Figure 3. JAK2V617F-bearing 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 (6mo, top) and old (2yr, bottom) Pf4-cre and Pf4*FF1* mice measured by Hoechst33342 and Pyronin Y
(n=6 mice in each group). (B-C) Representative flow cytometry plots showing gating strategy (B) used to
measure cell proliferation of LincKit'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 2yr old Pf4-cre control mice) or
JAK2V617F mutant MKs (from 2yr old Pf4"FF1* mice) in transwells. Cells were cultured in StemSpan serum-
free expansion medium containing recombinant mouse SCF (100ng/mL) and recombinant human TPO
(100ng/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 three independent experiments (with duplicates or triplicates in each experiment). (E)
Increased colony formation from wild-type Lin™ cells after co-culture with JAK2V617F mutant MKs compared to
co-culture with wild-type MKs. Data are from three independent experiments (with duplicates in each experiment).
(F) Peripheral blood platelet counts 16-20wks post transplantation in tertiary recipients of old Pf4*FF1* or control
donor (n=5 mice in each group). (F) 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).
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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: 20x. (B-C) Representative immunofluorescent images (B, magnification 20x) 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 40X) 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 500x300 pixel areas at 20x 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: 4x. (Right) Quantification of tube formation. Images of tube
formation were taken at 4x 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 two 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:
4x. (Right) Quantification of tube formation. Data are from one of two independent experiments that gave similar
results.

Figure 5. Deregulated MK signaling in aged Pf4'FF1* mice. (A-C) Unsupervised hierarchical clustering of
significantly (p<0.05) deregulated genes in wild-type and JAK2V617F mutant MKs from young and old Pf4-cre
control and Pf4*FF 1" 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 Ky oroc lopedia of
Genes and Genomes (KEGG) pathways upregulated in old JAK2V617F mutant MKs (from 2yr old Pf4*"FF1* mice)
compared to young JAK2V617F mutant MKs (from 6mo 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 up-regulated in old JAK2V617F mutant MKs (left) but down-
regulated in young mutant MKs (right) compared to aged-matched wild-type control MKs. Pooled MK cell lysate
from young Pf4-cre control mice (n=4), young Pf4*FF1* mice (n=4), old Pf4-cre control mice (n=4), and old
Pf4*FF1* mice (n=4) were used in the array.
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Figure 1. Pf4'FF1* mice maintain an essential thrombocythemia phenotype during a 2-yr 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 6mo, 1yr, and 1.5yr; n=20 mice in each group at 2yr). (B) Representative peripheral blood smear of 2yr
old Pf4-cre and Pf4*FF1* mice (40X magnification) (C) Spleen weight in 6mo old (n=10 mice in each group) and
2yr 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 LincKit*'Sca1*CD150*CD48 HSCs (F) frequency of Pf4-cre control and Pf4*FF1* mice at
6mo old (n=5 mice in each group) and 2yr 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 6mo old and 2yr old (n=7 mice in
each group). (H-l) Representative reticulin stain of 2yr old Pf4-cre and Pf4*FF 1" mice marrow (H) and spleen (1).
(J) As determined by RT-PCR, human JAK2 was expressed in MK cells, but not in sorted HSCs from 2yr old
Pf4*FF1" mice. * P <0.05
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Figure 2. Hallmarks of accelerated HSC aging in the Pf4*FF1* mice compared to control mice. (A-B)
Representative flow cytometry plots showing gating strategy (A) used to measure marrow Lin
cKit'Sca1*CD150"CD48°CD41" myeloid-biased HSC frequency (B) in 6mo, 1yr, and 2yr old Pf4-cre control and
Pf4*FF1* mice (6mo and 1yr old: n=3 in each group; 2yr 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 is representative from one of two
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 6mo
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 two independent
experiments) (E) Peripheral blood CD45.2 donor chimerism in recipients of competitive transplantation
experiments during which donor marrow cells from 2yr 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 two independent experiments) (F) Frequency of donor-derived myeloid and lymphoid
cells in the blood of recipients of 2yr old Pf4-cre or Pf4*"FF1* marrow donors at 16wks post transplantation.
Myeloid cells were defined as CD11b- and/or Gr1-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 two independent experiments) (G) HSCs from old
Pf4*FF1* mice are impaired in differentiation compared to HSCs from old Pf4-cre control mice, as shown by their
donor-derived 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).
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Figure 3. JAK2V617F-bearing 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 (6mo, top) and old (2yr, bottom) Pf4-cre and Pf4*FF1* mice measured by Hoechst33342 and Pyronin Y
(n=6 mice in each group). (B-C) Representative flow cytometry plots showing gating strategy (B) used to
measure cell proliferation of LincKit'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 2yr old Pf4-cre control mice) or
JAK2V617F mutant MKs (from 2yr old Pf4"FF1* mice) in transwells. Cells were cultured in StemSpan serum-
free expansion medium containing recombinant mouse SCF (100ng/mL) and recombinant human TPO
(100ng/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 three independent experiments (with duplicates or triplicates in each experiment). (E)
Increased colony formation from wild-type Lin™ cells after co-culture with JAK2V617F mutant MKs compared to
co-culture with wild-type MKs. Data are from three independent experiments (with duplicates in each experiment).
(F) Peripheral blood platelet counts 16-20wks post transplantation in tertiary recipients of old Pf4*FF1* or control
donor (n=5 mice in each group). (F) 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).


https://doi.org/10.1101/2021.08.24.457582
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.24.457582; this version posted August 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

E

Old PF4FF1
*

C
HSPCs adjacent to MKs 3E+6

Hl*

40
old

PFACtrl

2E+6
OldPF4-  §

Cre
20
mOld
PFAFF1
0

old pf4-cre

cadherin+ area

3 1846 mold
PF4FF1

% of cKit+ cells

VE

OE+0

TotaIErgarrow Sinusoid ECs Marrow arterial ECs
s

08 . 04 * 04

T

§ 06 =
£ o4
]
%5 02
®
0.0

Old PF4-Cre EC 0ld PF4-Cre EC + Old PF4-Cre MKCM
R < - X

4 & s €N s R 3 \\ \X‘g Nodes Tubes
3 (i PR | \ N
de Vi - N OB 100
S 4 R \
z I

mold Pf4FF1

% of total marrow cells
o
N
% of total marrow cells

0.0

H
5

g
H

Old PF4-Cre

£ .
s g
% J& X \ -g I §
K N & 50 S 59
& a0 s g
e pa 2 2 wOIld PFa-Cre EC +
~ 5 2 Old PF4-Cre
N \ l“: £ MKCM
X BT T 2 o 0
e \
I Old PF4FF1 EC Old PF4FF1 EC + Old PF4FF1 MKCM
S v B S Nodes Tubes
? T 100 100
= e 3 o 8 =~ old PFAFF1
- T 2
< 5 I
- 50 5 50
— i
5
2

Number of branch points

mOld PF4FF1 EC
+ Old PF4FF1
MKCM
0 0

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: 20x. (B-C) Representative immunofluorescent images (B, magnification 20x) 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 40X) 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 500x300 pixel areas at 20x 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: 4x. (Right) Quantification of tube formation. Images of tube
formation were taken at 4x 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 two 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:
4x. (Right) Quantification of tube formation. Data are from one of two independent experiments that gave similar
results.
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Figure 5. Deregulated MK signaling in aged Pf4"FF1* mice. (A-C) Unsupervised hierarchical clustering of
significantly (p<0.05) 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 2yr old Pf4*FF1* mice)
compared to young JAK2V617F mutant MKs (from 6mo 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 up-regulated in old JAK2V617F mutant MKs (left) but down-
regulated in young mutant MKs (right) compared to aged-matched wild-type control MKs. Pooled MK cell lysate
from young Pf4-cre control mice (n=4), young Pf4*FF1* mice (n=4), old Pf4-cre control mice (n=4), and old
Pf4*FF 1" mice (n=4) were used in the array.
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