Received: 10 July 2020

Accepted: 2 September 2020

DOI: 10.1111/jth.15095

ORIGINAL ARTICLE

Endothelial JAK2V617F mutation leads to thrombosis,
vasculopathy, and cardiomyopathy in a murine model of
myeloproliferative neoplasm

Melissa Castiglione! | Ya-Ping Jiang? | Christopher Mazzeo® | Sandy Lee® |
Juei-Suei Chen! | Kenneth Kaushansky® | WeiYin® | Richard Z. Lin®>’ |

Haoyi Zheng®

1Department of Medicine, Stony Brook
School of Medicine, Stony Brook, NY, USA

2Department of Physiology and Biophysics,
Institute of Molecular Cardiology, Stony
Brook University, Stony Brook, NY, USA

3Stony Brook School of Medicine, Stony
Brook, NY, USA

4Department of Molecular and Cellular
Pharmacology, Stony Brook University,
Stony Brook, NY, USA

5Office of the Sr. Vice President, Health
Sciences, Stony Brook Medicine, Stony
Brook, NY, USA

%Department of Biomedical Engineering,
Stony Brook University, Stony Brook, NY,
USA

"Medical Service, Northport VA Medical
Center, Northport, NY, USA

8Cardiac Imaging, The Heart Center, Saint
Francis Hospital, Roslyn, NY, USA

Correspondence

Huichun Zhan, Division of Hematology-
Oncology, Department of Medicine, HSC
T15, Room 053, Stony Brook School of
Medicine, Stony Brook, NY 11794, USA.

Emails: Huichun.Zhan@stonybrookmedicine.

edu; Huichun.Zhan@va.gov

Funding information

U.S. Department of Veterans Affairs, Grant/
Award Number: BX001559 and BX003947;
National Heart, Lung, and Blood Institute,
Grant/Award Number: RO1 HL134970

| Huichun Zhan'’ 2

Abstract

Objective: Cardiovascular complications are the leading cause of morbidity and mor-
tality in patients with myeloproliferative neoplasms (MPNs). The acquired kinase mu-
tation JAK2V617F plays a central role in these disorders. Mechanisms responsible for
cardiovascular dysfunction in MPNs are not fully understood, limiting the effective-
ness of current treatment. Vascular endothelial cells (ECs) carrying the JAK2V617F
mutation can be detected in patients with MPNs. The goal of this study was to test
the hypothesis that the JAK2V617F mutation alters endothelial function to promote
cardiovascular complications in patients with MPNs.

Approach and Results: We employed murine models of MPN in which the JAK2V617F
mutation is expressed in specific cell lineages. When JAK2V617F is expressed in both
blood cells and vascular ECs, the mice developed MPN and spontaneous, age-re-
lated dilated cardiomyopathy with an increased risk of sudden death as well as a pro-
thrombotic and vasculopathy phenotype on histology evaluation. In contrast, despite
having significantly higher leukocyte and platelet counts than controls, mice with
JAK2V617F-mutant blood cells alone did not demonstrate any cardiac dysfunction,
suggesting that JAK2V617F-mutant ECs are required for this cardiovascular disease
phenotype. Furthermore, we demonstrated that the JAK2V617F mutation promotes
a pro-adhesive, pro-inflammatory, and vasculopathy EC phenotype, and mutant ECs
respond to flow shear differently than wild-type ECs.

Conclusions: These findings suggest that the JAK2V617F mutation can alter vascular
endothelial function to promote cardiovascular complications in MPNs. Therefore,
targeting the MPN vasculature represents a promising new therapeutic strategy for
patients with MPNs.
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1 | INTRODUCTION

The chronic Philadelphia chromosome (Ph) negative myeloprolif-
erative neoplasms (MPNs) are clonal stem cell disorders character-
ized by hematopoietic stem/progenitor cell (HSPC) expansion and
overproduction of mature blood cells. Patients with MPNs suffer
from many debilitating complications including both venous and
arterial thrombosis, with cardiovascular events being the leading
cause of morbidity and mortality in these patients.! The acquired
kinase mutation JAK2V617F plays a central role in these disorders
and can be detected in approximately 75% of all patients with
an MPN.?2 Mechanisms responsible for cardiovascular diseases
(CVDs) in MPNs remain incomplete, limiting the effectiveness of
current treatment.

Recently, several studies have reported that JAK2V617F is one of
the common mutations associated with clonal hematopoiesis of inde-
terminate potential (CHIP), which is present in 10% to 20% of people
older than 70 years.®” Individuals with CHIP progress to malignancy
at a rate of ~0.5% per year.®’ Unexpectedly, CHIP carriers have a
two- to four-fold increase in CVDs with worsened clinical outcomes,
which rivals or may even exceed those traditional CVD risk factors.>”
In particular, individuals with JAK2V617F-mutant CHIP have 12 times
the risk of coronary heart disease and ischemic stroke compared to
individuals without any CHIP-associated mutation.>” Therefore, be-
cause up to 40% of patients with MPNs develop thrombosis,' and
MPN-associated mutation in seemingly healthy individuals is associ-
ated with an excess of cardiovascular morbidity and mortality, MPN
provides an ideal model system to investigate the relationship be-
tween hematopoietic mutations and cardiovascular disorders.

Vascular endothelial cells (ECs) play critical roles in the regula-
tion of hemostasis and thrombosis.'® ECs carrying the JAK2V617F
mutation can be detected in isolated (by laser microdissection) liver
or spleen ECs in many patients with MPNs.'>'2 One study demon-
strated that both wild-type and JAK2V617F-mutant spleen ECs
co-exist in the same patients and mutant ECs comprise 40% to 100%
of all splenic ECs.'? The mutation can also be detected in 60% to
80% of EC progenitors derived from the hematopoietic lineage and,
in some reports based on in vitro culture assays, in endothelial col-
ony-forming cells from MPN patients.>*¢ Previously, to study the
effects of the JAK2V617F-bearing vascular microenvironment on
MPN stem cell function, we crossed mice that bear a Cre-inducible
human JAK2V617F gene (FF1)Y” with Tie2-Cre mice®® to express
JAK2V617F specifically in all hematopoietic cells (including HSPCs)
and ECs (Tie2*FF1* or Tie2FF1)," so as to model the human dis-
eases in which both the hematopoietic stem cells and ECs harbor the
mutation. As we have reported, Tie2FF1 mice develop a myelopro-
liferative phenotype with leukocytosis, thrombocytosis, significant
splenomegaly, and greatly increased numbers of hematopoietic stem

cells by 8 weeks of age.r”?! In this work, we tested the hypothesis

Essentials

o A JAK2V617F-positive murine model of MPN develops
spontaneous heart failure with a prothrombotic, vascu-
lopathy, and cardiomyopathy phenotype.

e Histology evaluation revealed a prothrombotic, vascu-
lopathy, and cardiomyopathy phenotype.

e JAK2V617F-mutant endothelial cells (ECs) are required
to develop this cardiovascular disease phenotype.

e JAK2V617F-mutant ECs display a pro-adhesive and pro-

inflammatory phenotype.

that the JAK2V617F mutation alters endothelial function to promote
cardiovascular complications in patients with MPNs.

2 | MATERIALS AND METHODS
2.1 | Experimental mice

JAK2V617F Flip-Flop (FF1) mice!” were provided by Radek Skoda
(University Hospital, Basel, Switzerland) and Tie2-Cre mice®® by
Mark Ginsberg (University of California, San Diego). FF1 mice were
crossed with Tie2-Cre mice to express JAK2V617F specifically in he-
matopoietic cells and ECs (Tie2*FF1* or Tie2FF1 mice). All mice used
were crossed onto a C57BL/6 background and bred in a pathogen-
free mouse facility at Stony Brook University. CD45.1" congenic
mice (SJL) were purchased from Taconic Inc (Albany, NY). All mice
were fed a standard chow diet. No randomization or blinding was
used to allocate experimental groups. Animal experiments were ap-
proved by the Institutional Animal Care and Use Committee.

2.2 | Transthoracic echocardiography

Transthoracic echocardiography was performed on mildly anesthe-
tized spontaneously breathing mice (sedated by inhalation of 1% iso-
flurane, 1 L/min oxygen), using a Vevo 3100 high-resolution imaging
system (VisualSonics Inc, Toronto, Canada). Both parasternal long-
axis and sequential parasternal short-axis views were obtained to as-
sess global and regional wall motion. Left ventricular (LV) dimensions
at end-systole and end-diastole and fractional shortening (percent
change in LV diameter normalized to end-diastole) were measured
from the parasternal long-axis view using linear measurements of the
LV at the level of the mitral leaflet tips during diastole. LV ejection frac-
tion (EF), LV fractional shortening (FS), and LV mass are measured by

using standard formulas for the evaluation of LV systolic function.??
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2.3 | Histology

Hearts and lungs were fixed in cold 4% paraformaldehyde over-
night at 4°C while shaking. The tissues were then washed multiple
times with phosphate buffered saline (PBS) at room temperature to
remove paraformaldehyde. Paraffin sections (5-um thickness) were
stained with hematoxylin/eosin (H&E), reticulin, and Masson's tri-
chrome using reagents and kits from Sigma (Sigma, St. Louis, MO)
following standard protocols. Images were taken using an Olympus
IX70 microscope or Nikon eclipse 90i microscope.

Diagnosis of microvasculopathy was done by light microscopy.
In microvessels (diameter 10-20 pm), both the endothelial layer and
the wall (medial) layer were identified. The endothelial layer was de-
fined as the monocell layer at the inner part of the blood vessel wall.
Endothelial cells were graded as thickened if the diameter of the cell
layer was at least as thick as the endothelial cell cores. The wall layer
(media) was defined as the polycell layer adjacent to the endothe-
lium. Stenotic wall thickening was classified if the ratio of luminal

radius to wall thickness was < 1.2

2.4 | Stem cell transplantation assays

Six- to eight-week-old wild-type (CD45.1) recipient mice were irra-
diated with two doses of 540 rad 3 hours apart and then received
1 x 10° unfractionated marrow cells from Tie2FF1 or Tie2-Cre con-
trol (CD45.2) donor mice by standard intravenous tail vein injection
using a 27G insulin syringe. Peripheral blood was obtained every
4 weeks after transplantation and CD45.2 percentage chimerism

and complete blood counts were measured.

2.5 | Complete blood counts

Peripheral blood was obtained from the facial vein via subman-
dibular bleeding, collected in an ethylenediaminetetraacetic
acid (EDTA) tube, and analyzed using a Hemavet 950FS (Drew
Scientific).

2.6 | lIsolation and culture of murine lung and
cardiac ECs

Primary murine lung and cardiac EC (CD45°CD31") isolation was
performed as we previously described.?%?*2> Briefly, mice were eu-
thanized and the chest was immediately opened through a midline
sternotomy. The left ventricle was identified, and the ventricular cav-
ity was entered through the apex with a 27-gauge needle. The right
atrium was identified and an incision was made in the free wall to
exsanguinate the animal and to allow the excess perfusate to exit the
vascular space. The animal was perfused with 30 mL of cold PBS. The
heart and lung tissue were collected and minced finely with scissors.

The tissue fragments were digested in Dulbecco’s modified Eagle
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medium containing 1 mg/mL collagenase D (Roche, Switzerland),
1 mg/mL collagenase/dispase (Roche), and 25 U/mL DNase (Sigma)
at 37°C for 2 hours with shaking, after which the suspension was
homogenized by triturating. The homogenate was filtered through a
70 pm nylon mesh (BD Biosciences, San Jose, CA) and pelleted by
centrifugation (400 g for 5 minutes). Cells were first depleted for
CD45" cells (Miltenyi Biotec, San Diego, CA) and then positively se-
lected for CD31" cells (Miltenyi Biotec) using magnetically labeled
microbeads according to the manufacturer's protocol. Isolated ECs
(CD45°CD31") were cultured on 1% gelatin-coated plates in complete

EC medium as we previously described,?*

with no medium change for
the first 72 hours to allow EC attachment followed by medium change
every 2 to 3 days. Cells were re-selected for CD31" cells when they

reached >70% to 80% confluence (usually after 3-4 days of culture).

2.7 | Shear stress application

Primary murine lung ECs (passage 3-6) were seeded on 1% gelatin-
coated 6-well culture plates and allowed to grow to confluence.
Unidirectional pulsatile shear stress at 60 dyne/cm? was applied to
confluent EC monolayers at 37°C for 1 hour, using a programmable
cone and plate shearing device.??” The 60 dyne/cm? shear stress
was selected not only because it mimics the hemodynamic stress
condition of mouse aortic arch blood flow,?® but also because it is
compatible with our in vitro cell culture. Following shear exposure,

EC monolayer was washed with PBS and collected for further testing.

2.8 | Assays to examine endothelial cell in vitro
angiogenesis

EC tube formation assay was performed as a measure of angiogenesis
in vitro. Matrigel® matrix (10 mg/mL, Corning Inc, Corning, NY) were
thawed overnight at 4°C and kept on ice until use; 150 pL Matrigel per
well was added to pre-chilled 48-well culture plate. After gelation at
37°C for 30 minutes, gels were overlaid with 8 x 10* primary murine
cardiac ECs (passage 3-4) in 300ul of complete EC medium with se-
rum-free expansion medium, or Pf4/FF1 modified Kenney’s freezing
medium (MKCM), or control MKCM (all at 1:1 volume ratio). Tube for-
mation was inspected after a period of 2, 4, 6, and 8 hours and images
were captured with a phase-contrast microscope (AMEX-1200, AMG,
Bothell, WA). The quantification of the capillary tube formation was
performed using the Image)® software (National Institute of Health,
Bethesda, MD) by counting the number of nodes (branch points),

tubes, and loops in four non-overlapping areas at 10x magnification.
2.9 | Flow cytometry analyses of blood and
tissue samples

Expression of EC cell adhesion molecules PECAM (platelet en-

dothelial cell adhesion molecule, or CD31) and E-selectin was
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measured by flow cytometry using anti-mouse PECAM (Clone
390, BD Biosciences) and anti-mouse E-selectin (Clone 10E9.6, BD
Biosciences) antibodies and analyzed on a FACSCalibur (Becton
Dickinson) cytometer. For measurement of circulating monocytes,
peripheral blood mononuclear cells were incubated with a cocktail
of antibodies against granulocytes (Ly-6G-FITC, 1A8, Biolegend),
myeloid cells (CD11b-PE, M1/70, Biolegend) and monocyte subsets
(Ly-6C-APC, HK1.4, Biolegend). Ly-6C"&" monocytes were identi-
fied as CD11b"Ly-6G'Ly-6C" cells.

2.10 | Gene expression analysis by real-time
quantitative polymerase chain reaction

Total RNA was isolated using RNeasy Mini kit (Qiagen) following
the manufacturer's protocol. The TagMan® Gene Expression Assay
(Thermo Fisher Scientific, Waltham, MA) was used for real-time
quantitative polymerase chain reaction (QPCR) to verify differential
expression of Kruppel-like factors 2 and 4, thrombomodulin, en-
dothelial nitric oxide synthase (eNOS), interleukin-1p, interleukin-6,
and epidermal growth factor-like domain 7 on an Applied Biosystems
7300 Real Time PCR System (Thermo Fisher Scientific). Values ob-
tained were normalized to the endogenous Actin beta (Actb) gene
expression and relative fold changes compared to control samples

2AACT

was calculated by the method. All assays were performed in

triplicate.

2.11 | Transcriptome analysis of cardiac ECs using
RNA sequencing

Cardiac ECs (CD45°CD31") were isolated from Tie2FF1 or Tie2-Cre
control mice by tissue digestion and magnetic bead isolation as de-
scribed above. Total RNA was extracted using the RNeasy mini kit
(Qiagen, Hilden, Germany). RNA integrity and quantitation were
assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA). For each sam-
ple, 400 ng of RNA was used to generate sequencing libraries using
NEBNext® Ultra™ RNA Library Prep Kit for lllumina® (New England
BioLabs, Ipswich, MA) following manufacturer's recommendations.
The clustering of the index-coded samples was performed on a cBot
Cluster Generation System using PE Cluster Kit cBot-HS (lllumina)
according to the manufacturer's instructions. After cluster genera-
tion, the library preparations were sequenced on an lllumina plat-
form. Index of the reference genome was built using hisat2 2.1.0
and paired-end clean reads were aligned to the reference genome
using HISAT2. HTSeq v0.6.1 was used to count the reads numbers
mapped to each gene. Differential expression analysis between
wild-type control ECs (from Tie2-Cre mice, n = 3) and JAK2V617F-
mutant ECs (from Tie2FF1 mice, n = 3) was performed using the
DESeq R package (1.18.0). The resulting P-values were adjusted
using Benjamini and Hochberg's approach for controlling the false

discovery rate. Genes with an adjusted P-value < .05 found by

DESeq were assigned as differentially expressed. Gene Ontology
(GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways (http://www.genome.jp/
kegg/) enrichment analysis of differentially expressed genes was
implemented by the ClusterProfiler R package. GO terms and KEGG
pathways with corrected P-value less than .05 were considered sig-
nificantly enriched.

2.12 | Statistical analysis

Results are expressed as the mean + standard error of mean (SEM).
Statistical significance was calculated using the Student t test or
Mann-Whitney test to compare differences between two groups.
GraphPad Prism version 8 (GraphPad Software, San Diego, CA) was

used. A P value < .05 was considered statistically significant.

3 | RESULTS

3.1 | Development of spontaneous heart
failure with increased risk of sudden death in the
JAK2V617F-positive Tie2FF1 mice

We noticed that there was an increased incidence of sudden death
during performance of minor procedures (eg, submandibular bleed-
ing) in Tie2FF1 mice, especially after 20 weeks of age (Figure 1A).
This observation prompted us to examine the cardiac function of
these mice using transthoracic echocardiography. At 20 weeks of
age, Tie2FF1 mice displayed a phenotype of dilated cardiomyopathy
(DCM) with significant decreases in LV EF (47% versus 69%, P =.029)
and FS (23% versus 38%, P = .029), and increases in LV end-diastolic
volume (78 pL versus 56 pL, P =.029) and end-systolic volume (41 pL
versus 18 pL, P =.029) compared to age-matched Tie2-Cre controls.
There was no echocardiographic evidence for regional wall motion
abnormalities including segmental akinesis, dyskinesis, thinned or
scarred wall, suggesting there was no evidence of transmural myo-
cardial infarction. The cardiac dysfunction in Tie2FF1 mice persisted
at 30 weeks of age (Figure 1B and C). Because JAK2 is important

for normal heart function,?”%°

we examined the mice at a younger
age to be certain that the cardiovascular dysfunction we observed
in Tie2FF1 mice was not due to developmental abnormalities. No
significant differences (except a trend of increased LV end-diastolic
volume) in echocardiographic parameters were observed between
Tie2FF1 and control mice at 10 weeks of age, suggesting that the
DCM we observed in Tie2FF1 mice was likely not due to develop-
mental abnormalities (Figure 1C). In addition, the cardiomyopathy
was not due to anemia (which is a cause of high output heart failure),
as there were no significant differences in red blood cell count, hemo-
globin, or hematocrit level'? (Figure 1D). The inflammatory Ly-6C"&"
monocytes, which are important participants at various stages of

31-33

CVD progression and complication, were significantly increased

in peripheral blood of Tie2FF1 mice compared to controls (Figure 1E).
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FIGURE 1 Development of spontaneous congestive heart failure in Tie2FF1 mice. A, Increased incidence of sudden death in Tie2FF1
mice after 20 weeks of age (n = 14 in each group). B and C, Representative left ventricular echocardiographic tracings (B) and measurement
of ejection fraction, fractional shortening, and left ventricular (LV) volume in Tie2 ctrl (dotted line) and Tie2FF1 (black line) mice (C). Results
are expressed as mean value + standard error of the mean. Statistical significance was determined by the Mann-Whitney test (n = 4 mice in
each group at 10-12 weeks and 20-22 weeks, n = 10 mice in each group at 28-30 weeks). D, Blood counts of 20- to 22-week-old Tie2-cre
control (gray) and Tie2FF1 (black) mice (n = 5-6 in each group). E, Ly-6Chi (CDllbhiLy-éG"’Ly-éChi) monocytes in 20- to 30-week-old Tie2-
cre control (gray) and Tie2FF (black) mice (n = 4 in each group). Statistical significance for (D) and (E) was determined by the Mann-Whitney

test. *P < .05

3.2 | JAK2V617F-positive Tie2FF1 mice have a
prothrombotic and vasculopathy phenotype

Pathological evaluation confirmed the diagnosis of DCM with sig-
nificantly increased heart size and heart weight-to-tibia length
ratio in Tie2/FF1 mice compared to controls (P = .0286; Figure 2A).
However, no significant atherosclerotic lesions (Figure 2B) or myo-
cardium infarctions were detected in Tie2FF1 mice, which are con-
sistent with echocardiographic findings.

We conducted several studies to determine the cause(s) for the
sudden death and DCM phenotypes we observed in Tie2FF1 mice.
First, we determined whether the JAK2V617F-positive Tie2FF1
mice developed spontaneous pulmonary thromboembolism,
which is a common cause of sudden death.** We found throm-
bosis in the right ventricle and both main and segment pulmonary
arteries in Tie2FF1 mice, while age-matched Tie2-cre control mice
had no evidence of spontaneous thrombosis in the heart or lungs
(Figure 2C, D, and F). In addition, although we did not observe
thrombosis in the main (epicardial) coronary arteries, we found
thrombosis in scattered coronary arterioles (microvessels) in some
of the Tie2FF1 mice examined (Figure 2E and F). Such microvascu-
lar thrombosis in the coronary circulation can contribute to the de-
velopment of dilated cardiomyopathy and heart failure.3>3° Taken
together, these results indicate that the JAK2V617F-positive
Tie2FF1 mice have a prothrombotic phenotype affecting both the
arterial and venous circulations.

We next examined the coronary vasculature of both Tie2FF1 and
age-matched Tie2-cre control mice by light microscopy. Compared
to control mice, Tie2FF1 mice demonstrated significant vascular

smooth muscle cell proliferation and media wall thickening of their

epicardial coronary arteries (Figure 2G). In addition, there was sig-
nificant stenotic lumen narrowing (ie, ratio of luminal radius to wall
thickness < 1) involving scattered intramyocardial coronary arteri-
oles in Tie2FF1 mice (Figure 2H). These findings indicate that there
is both macro- and micro-vasculopathy in Tie2FF1 mice.
Microscopic examinations of heart sections under high magni-
fication revealed enlarged cardiomyocytes and increased reticulin
fibersin Tie2FF1 mice compared to control mice (Figure 2I-J), reflect-
ing the cardiac remodeling effects of both microvascular thrombosis
and vasculopathy we observed in these mice. Such pathological car-

diac remodeling can further impair cardiac function of Tie2FF1 mice.

3.3 | JAK2V617F-mutant ECs are required
to develop the cardiovascular complications in
Tie2FF1 mice

In contrast to other murine models published to date in which car-
diovascular diseases only develop when the mice are challenged

with additional risk factors,”-3%3%:7.38

our Tie2FF1 mice, in which the
JAK2V617F mutation is expressed in both blood cells and vascular
ECs, develop spontaneous heart failure with increased risk of sud-
den death when fed a regular chow diet. This difference suggests
that mutant ECs can accelerate the cardiovascular pathology in this
JAK2V617F-positive MPN murine model. To begin to address this
hypothesis, we generated a chimeric murine model with JAK2V617F-
mutant blood cells and wild-type vascular ECs by transplanting
Tie2FF1 marrow cells into wild-type recipients. The transplantation
of Tie2-cre control marrow cells into wild-type recipients served

as a control (Figure 3A). Recipients of Tie2FF1 marrow developed
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FIGURE 2 The JAK2V617F-positive Tie2FF1 mice have a prothrombotic and vasculopathy phenotype. A, Representative image of
heart (left) and heart weight adjusted by tibia length (right) of 20- to 30-week-old Tie2 ctrl (gray) and Tie2FF1 (black) mice (n = 4-5 in

each group). Statistical significance was determined by the Mann-Whitney test. B, Representative hematoxylin/eosin (H&E)-stained aortic
root area of Tie2-Cre ctrl and Tie2FF1 mice (magnification 4x). No significant atherosclerotic lesion was detected. C, Representative H&E
staining of longitudinal sections of Tie2-cre control and Tie2FF1 mice. Note the presence of thrombus (arrow) in right ventricle and main
pulmonary artery of the Tie2FF1 mice. LV: left ventricle; RV: right ventricle; A: aortic root; P: main pulmonary artery (magnification 10x). D,
Representative H&E staining of lung sections from Tie2-cre control and Tie2FF1 mice. Note the presence of thrombus (arrow) in segment
pulmonary arteries of the Tie2FF1 mice (magnification 10x). E, Representative H&E staining of coronary arteriole thrombus from the
Tie2FF1 mice (magnification 10x). F, Representative Masson's trichrome staining demonstrates typical fibrin clot in right ventricle (upper
left, 4x), pulmonary artery (upper right, 4x), segment pulmonary arteries (bottom left, 4x), and coronary arteriole (bottom right, 40x) of
Tie2FF1 mice. G, Representative H&E staining of epicardial coronary arteries (stars) in Tie2-cre control (top) and Tie2FF1 (bottom) mice.
Note significant vascular wall thickening of the epicardial coronary artery in Tie2FF1 mice (magnification 4x). H, Representative H&E
staining of intramyocardial coronary arterioles (arrow) in Tie2-cre control (top) and Tie2FF1 (bottom) mice. Note stenotic lumen narrowing
of the arteriole in Tie2FF1 mice (magnification 40x). |, Representative H&E-stained cardiac sections taken from similar locations of the heart
showing enlarged cardiomyocytes in Tie2FF1 mice (bottom) compared to control mice (top) (magnification 40x). J, Representative reticulin
staining of cardiac sections taken from similar locations of the heart from control (left) and Tie2FF1 (right) mice are shown (magnification
20x). (For C-1: 5 control mice and 8 Tie2FF1 experiment mice were examined with similar findings; for J: n = 3 mice in each group were

examined.) *P < .05

significant neutrophilia, monocytosis, and thrombocytosis after
transplantation (Figure 3B), a peripheral blood phenotype virtu-
ally identical to that of primary Tie2FF1 mice. We observed a small
decrease in the hemoglobin levels in recipients of Tie2FF1 donor
compared to controls, probably due to marrow transplantation-
induced stress hematopoiesis in this particular model. Importantly,
echocardiographic evaluation did not reveal any differences in car-
diac functional parameters between recipients of Tie2FF1 marrow
and recipients of wild-type marrow during 8-month follow-up after
transplantation (Figure 3C). There was no difference in peripheral
blood Ly-6C"8" monocyte frequency between recipients of Tie2-cre
marrow and recipients of Tie2FF1 marrow (Figure 3D). Histology
examination at the time of harvest did not reveal evidence of spon-
taneous thrombosis or coronary vasculopathy (Figure 3E). These
results suggest that JAK2V617F-mutant blood cells alone are not
sufficient to generate the spontaneous CVD phenotype we ob-
served in Tie2FF1 mice; JAK2V617F-mutant ECs are required.

3.4 | JAK2V617F-mutant ECs display a pro-
adhesive and pro-inflammatory phenotype and
respond to flow shear stress differently than wild-
type ECs

We studied how the JAK2V617F mutation alters endothelial func-
tion using primary murine cardiac ECs (CD45 CD31") isolated
from Tie2-cre control and Tie2FF1 mice.?%%>% First, we examined
EC morphology under static culture condition (ie, without flow
shear stress). EC cell area correlates with cell stiffness and pre-
dicts cellular traction stress, which are involved in cell adhesion
and migration.“o’41 Both microscopic examination and flow cyto-
metric analysis revealed that JAK2V617F-mutant ECs are larger
than wild-type ECs when seeded at similar cell density (Figure 4A
and B).

We examined the gene expression levels of several key EC
function regulators. Kruppel-like factors 2 (KLF2) and 4 (KLF4) are
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(dotted line) and recipients of Tie2FF1 marrow (black line; n = 5 mice in each group). D, Ly-6C" monocytes in recipient mice of Tie2-Cre
control (gray) or Tie2FF1 (black) marrow cells 22 weeks after transplantation (n = 5 mice in each group). E, Representative hematoxylin/eosin
staining of intramyocardial coronary arterioles (arrow) in a recipient mouse of Tie2FF1 marrow (magnification 40x). Statistical significance
for B-D was determined by the Mann-Whitney test. *P < .05
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FIGURE 4 JAK2V617F-mutant quantitative polymerase chain reaction (ECs) display a pro-adhesive and pro-inflammatory phenotype.

A, Representative flow cytometry dot plots of wild-type and JAK2V617F-mutant ECs. Note JAK2V617F ECs have higher forward scatter

(ie, increased cell size) and side scatter (ie, increased granularity) compared to wild-type (WT) ECs. B, Representative bright field images of
wild-type and JAK2V617F ECs (magnification: 10x). C, Gene expression levels in wild-type (gray) and JAK2V617F (black) murine ECs were
measured using real-time quantitative polymerase chain reaction. Gene expression in VF ECs is shown as the fold change compared to WT
EC expression, which was set as “1.” D and E, Representative flow cytometry histogram plots and quantitative analysis of platelet endothelial
cell adhesion molecule (PECAM; D) and E-selectin (E) expression in un-sheared wild-type (gray) and JAK2V617F-mutant (black) ECs. F and G,
Representative flow cytometry histogram plots of PECAM and E-selectin expression in unsheared (black) vs sheared (white) wild-type ECs
(F) and JAK2V617F ECs (G). *P < .05

important regulators of vascular function and confer an anti-athero- significantly reduced in JAK2V617F-mutant ECs compared to wild-
genic and anti-thrombotic endothelial phenotype.*>*® Both KLF2 type ECs. Thrombomodulin (TM) and eNOS are two downstream tar-
(0.3-fold, P = .007) and KLF4 (0.5-fold, P = .014) mRNA levels were gets of KLF2/4 signaling.43 Thrombomodulin is a vascular endothelial
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FIGURE 5 JAK2V617F-mutant cardiac endothelial cells (ECs) display a vasculopathy phenotype. A, Representative flow cytometry
plots (left) and quantitative analysis (right) showing increased apoptosis in cultured JAK2V617F ECs (black bar) compared to wild-type ECs
(gray bar). B, Wild-type and JAK2V617F-mutant cardiac ECs (8 x 10%) were seeded in Matrigel matrix in 48-well plate. Representative tube
formation after a 4-hour incubation is shown. Magnification: 10x. C, Quantification of tube formation was performed on images taken at
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that gave similar results. D, Gene expression level of EGFL7 in wild-type (gray) and JAK2V617F (black) cardiac ECs measured using real-
time quantitative polymerase chain reaction. Gene expression in VF ECs is shown as the fold change compared to the average wild-type EC

expression which was set as “1.” (n = 3 in each group) *P < .05

glycoprotein receptor that binds and neutralizes the prothrombotic ac-
tions of thrombin, and activates the natural anticoagulant protein C.**
Disturbances of the thrombomodulin-protein C antithrombotic mech-
anism are the most important known etiology for clinical disorders of
venous thrombosis.*> eNOS plays an essential role in the regulation
of endothelial function through the generation of nitric oxide, which
inhibits platelet and leukocyte adhesion to the vessel wall and inhibits
vascular smooth muscle cell proliferation.*#” Decreased nitric oxide
(NO) as a consequence of impairment in eNOS is a hallmark of many
CVDs.*® Consistent with the prothrombotic and vasculopathy pheno-
type we have observed in Tie2FF1 mice, both TM (0.4-fold, P = .005)
and eNOS (0.5-fold, P = .031) levels were significantly reduced in
JAK2V617F-mutant ECs compared to wild-type ECs (Figure 4C).

Deregulated JAK2 signaling is associated with chronic inflam-
mation.*’ We measured the levels of interleukin-1p (IL-1p) and inter-
leukin-6 (IL-6), two proinflammatory cytokines strongly implicated
in promoting CVDs.”32:33:3738.50 Consistent with the increased in-
flammatory monocytes (Ly-6Chigh) in Tie2FF1 mice (Figure 1E), IL-1p
mRNA level was significantly upregulated in JAK2V617F-mutant ECs
compared to wild-type ECs, while no difference was detected in the
transcript level of IL-6 (Figure 4C).

Flow shear stress plays a critical role in endothelial function and
atherothrombosis.’>>? We evaluated how the JAK2V617F mutation
affects EC response to flow shear stress using primary murine lung
ECs (CD45°CD31") isolated from Tie2-cre control and Tie2FF1 mice,
in part because of their high proliferative activity®® and close resem-
blance to cardiac ECs in transcriptional profiling studies.’ Indeed,
similar levels of KLF2/4, TM, eNOS, IL-1p and IL-6 deregulation
were also obtained in JAK2V617F-mutant lung ECs (from Tie2FF1
mice) compared to wild-type lung ECs (from Tie2-cre mice; data not
shown). PECAM and endothelial cell selectin (E-selection) are two
EC adhesion molecules involved in the regulation of thrombus for-
mation, pathogenesis of CVDs, and endothelial response to shear
stress.”>>? Quantitative flow cytometric analysis revealed that both
PECAM (4.9-fold, P = .038) and E-selectin (2.6-fold, P = .038) pro-
tein levels were significantly upregulated in JAK2V617F-mutant ECs
compared to wild-type ECs (Figure 4D). We then subjected cultured

ECs to pulsatile unidirectional shear stress at 60 dyne/cm?, which

mimic the hemodynamic condition of mouse aortic arch blood flow?®

(Figure 4E). We found that both PECAM (2.1-fold, P = .075) and
E-selectin (2.3-fold, P = .027) were further upregulated in sheared
JAK2V617F-mutant ECs compared to un-sheared ECs. In contrast,
their levels did not change in wild-type ECs (Figure 4F and G).

3.5 | JAK2V617F-mutant ECs display a
vasculopathy phenotype

As the CVD phenotype does not present in Tie2FF1 mice until after
~20 weeks of age (Figure 1A), we isolated primary murine cardiac ECs
(CD45°CD31") from 22- to 24-week-old Tie2-cre and Tie2FF1 mice
and examined the effects of JAK2V617F mutation on cardiac EC
function. We found that JAK2V617F-mutant cardiac ECs displayed
increased cell apoptosis and decreased tube formation (as a meas-
ure of in vitro angiogenesis) compared to wild-type ECs (Figure 5A-
C), which can contribute to the vasculopathy and cardiomyopathy
phenotype displayed by the Tie2FF1 mice. Epidermal growth fac-
tor-like domain 7 (EGFL7) is an angiogenic factor exclusively ex-
pressed in ECs and controls key steps in vascular tube formation.®°
EGFL7 also represses endothelium activation during inflammatory
conditions, and activated endothelium plays an essential part in the
adhesion and transendothelial migration of circulating leukocytes
into inflamed vascular tissues.®? We found that EGFL7 mRNA level
is significantly reduced in freshly isolated JAK2V617F-mutant car-
diac ECs compared to wild-type ECs (Figure 5D).

3.6 | JAK2V617F-mutant ECs display a differential
expression profile in comparison to wild-type ECs

To further understand the effects of JAK2V617F mutation on EC
function, we performed transcriptomic profiles of wild-type and
JAK2V617F-mutant cardiac ECs using RNA sequencing. Two hundred
and thirty-four genes from a total of 20 698 were differentially ex-
pressed (219 up- and 15 downregulated) in JAK2V617F-mutant ECs

compared to wild-type ECs. Dysregulation of leukocyte migration/
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FIGURE 6 Transcriptomic profiling of wild-type and JAK2V617F-mutant cardiac endothelial cells (ECs). A, Unsupervised hierarchical
cluster heatmap of 234 differentially expressed genes between wild-type and JAK2V617F ECs with an adjusted P-value < 0.05. B,
Differentially enriched Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in JAK2V617F-mutant
cardiac ECs compared to wild-type control ECs. P values are plotted as the negative of their logarithm

activation/adhesion pathways, platelet activation pathways, and
blood coagulation pathways are highly enriched in JAK2V617F-
mutant ECs, consistent with the prothrombotic phenotype we
have observed in the Tie2FF1 mice. In addition, pathways involved
in receptor-extracellular matrix interaction and leukocyte transen-
dothelial migration/activation were also dysregulated in JAK2V617F-
mutant ECs, which can contribute to the vasculopathy phenotype in
these mice (Figure 6A and B). These findings supported recent tran-
scriptomic profiling of JAK2V617F-mutant human ECs derived from

induced pluripotent stem cell lines from an MPN patient.®?

4 | DISCUSSION
Despite the substantial progress in our understanding of hemostasis
and thrombosis, little is known of the mechanisms that contribute to
the hypercoagulability and vascular complications in patients with
MPNSs, the actual cause of death in the majority of patients who suc-
cumb to their illness.

While most of the published studies have focused on mutant

33,63,64

blood cells (eg, leukocytes, red blood cellsés’“), two reports

highlighted the pro-adhesive phenotype of JAK2V617F mutant ECs

t%2 or an

using induced pluripotent stem cell lines from a MPN patien
endothelial-specific JAK2V617F-positive murine model.*” However,
no cardiovascular functional analysis was performed in these two
studies. The innovation of our study lies in its growing out of our
creating a JAK2V617F-positive murine model of MPN (Tie2FF1) for

2021 \where we only expected to see effects of

other experiments,
the JAK2V617F-mutant vascular niche on neoplastic hematopoi-
esis; unexpectedly, we found that the Tie2FF1 mice, in which the
mutation is expressed in both blood cells and vascular ECs, sponta-
neously develop age-related DCM with an increased risk of sudden
death when fed on a regular chow diet (Figure 1). Pathologic evalu-

ation revealed a prothrombotic, vasculopathy, and cardiomyopathy

phenotype in Tie2FF1 mice. No significant myocardium infarctions
were detected in Tie2FF1 mice. Therefore, massive pulmonary em-
bolism and/or malignant ventricular arrythmia due to severely de-
creased LV systolic function are likely the causes of sudden death in
these mice, though other causes (eg cerebrovascular events) cannot
be excluded. It is important to note that MPN is uncommon before
the age of 50 years in human.®® In our Tie2FF1 mice, despite the
presence of JAK2V617F mutation, cardiovascular phenotype (ie, de-
creased ejection fraction, increased incidence of sudden death) did
not present until 20 weeks of age. These observations suggest that
the process of aging can modify the cardiovascular risks associated
with the JAK2V617F mutation.

Vascular ECs play critical roles in the regulation of hemostasis and
thrombosis.!® Whether endothelial dysfunction contributes to CVDs
in CHIP and MPN patients is not known. Over the past 2 years, in
studies designed to better understand heart disease in individuals
with CHIP, it has been reported that CVD (eg, atherosclerosis, heart
failure) can develop in murine models with hematologic mutations (eg,
TET2, JAK2V617F) when the mice are challenged with additional risk
factors (eg, high-fat/high-cholesterol diet,”*” surgical ligation/con-

3233 or hyperlipidemia genetic

striction of the coronary artery or aorta,
background via knocking-out of low-density lipoprotein receptor®).
In contrast, our Tie2FF1 mice (with both JAK2V617F-mutant blood
cells and JAK2V617F-mutant vascular ECs) develop CVD sponta-
neously when fed on regular chow diet. These observations suggest
that JAK2V617F-mutant ECs can accelerate cardiovascular pathology
in this murine model of JAK2V617F-positive MPN. Transplantation
of Tie2FF1 bone marrow (with JAK2V617F-mutant blood cells) into
wild-type mice (with wild-type vascular ECs) fails to produce cardiac
dysfunction, suggesting that JAK2V617F-mutant ECs are required for
the cardiovascular disease phenotype we have observed.

To shed light on the mechanisms underlying the JAK2V617F-
induced endothelial dysfunction, we showed that: (a) both the in-

flammatory Ly-6C"8" monocytes, which are important participants
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at various stages of CVD progression and complication,3'3°

and
IL-1p, a pro-inflammatory cytokine strongly implicated in promot-
ing CVDs,%¢? are upregulated in the Tie2FF1 mice compared to
control mice (Figures 1 and 4); (b) the key endothelial function
regulators KLF2, KLF4, TM, eNOS, and EGFL7 levels were sig-
nificantly downregulated in JAK2V617F-mutant ECs compared
to wild-type ECs (Figures 4 and 5); (c) the cell surface adhesion
molecules PECAM and E-selectin were significantly upregulated
in the mutant ECs and JAK2V617F-mutant ECs respond to flow
shear stress differently than wild-type ECs (Figure 4); and (d) there
were significantly increased apoptosis and decreased tube forma-
tion of the JAK2V617F-mutant cardiac ECs compared to wild-type
ECs in vitro (Figure 5), and there were both micro- and macro-cor-
onary vasculopathy in the Tie2FF1 mice in vivo (Figure 2). Of
particular interest is the downregulation of EGFL7, which is an EC-
exclusive angiogenic factor important for regulating angiogenesis
and repressing EC activation during inflammation.®®! Because
deregulated JAK2 signaling is associated with chronic inflamma-
tion*” and there is a pro-inflammatory phenotype (ie, increased
Ly-6Chigh inflammatory monocytes in peripheral blood and upreg-
ulated IL-1B expression in JAK2V617F-mutant ECs) in the Tie2FF1
mice, we hypothesize that the JAK2V617F mutation promotes
endothelial dysfunction through upregulated inflammatory cyto-
kines (eg IL-1p) and downregulated angiogenic factors (eg EGFL7).
Taken together, these results support our initial hypothesis that
JAK2V617F mutation alters endothelial function to promote car-
diovascular complications in this MPN-murine model.

Previously, Shi et al and Zhao et al reported cardiomegaly’®

and vascular thrombosis®>7°

on histology examination (no func-
tional evaluation of cardiovascular function was provided) in two
JAK2V167F-positive murine models of MPN in which the muta-
tion is expressed only in blood cells. One possible explanation for
the difference between our observation and Shi et al and Zhao
et al's studies is the marked erythrocytosis present in their murine

models,®>7°

which is a primary determinant of blood viscosity and
a contributor to vascular complications in patients with MPNs.”t
Due to the limitation of Tie2-cre murine model which has the Cre
recombinase expressed in both hematopoietic cells and endothe-
lial cells, we cannot exclude the possibility that the JAK2V617F
mutation alters endothelial-leukocyte interactions*®’? to promote
cardiovascular dysfunction in Tie2FF1 mice. While EC mutation
is indispensable in our model (Figure 3), JAK2V617F-mutant ECs
alone might not be sufficient to generate the spontaneous car-
diovascular phenotype we have observed. Indeed, transcriptomic
profiling of wild-type and JAK2V617F-mutant cardiac ECs revealed
significant upregulation of leukocyte migration, activation, and ad-
hesion pathways in the mutant ECs (Figure 6), suggesting that con-
tribution of altered endothelial-leukocyte interactions may have
an important role in JAK2V617F-induced CVDs. Although we only
examined the JAK2V617F mutation in the Tie2FF1 murine model
while there are other genetic mutations (eg, MPL, CALR) involved
in the human disease, an activated JAK-STAT signaling plays a cen-

tral role in MPN pathogenesis.”? An endothelial-specific Cre model

(eg VE-cadherin-creERT2)73'75 will be required to further investi-
gate the mechanistic link between endothelial mutation and the
prominent cardiovascular risks seen in patients with JAK2V617F-
positive CHIP and MPNSs. In addition, because vascular ECs in pa-
tients with MPNs are likely heterogeneous with both normal and
JAK2V167F-mutant ECs,'? a murine model with chimeric vascular
endothelium (ie, with both wild-type and JAK2V617F-mutant ECs)
will better demonstrate the human disease state.

Though a common origin between blood and endothelium be-
yond the embryonic stage of development continues to be a subject
of intense investigation, hematopoietic mutations can be detected
in ECs in many hematologic malignancies including MPNs 11167678
Taken together with recent reports of the pro-adhesive phenotype of
JAK2V617F mutant ECs,%%%” our work suggests that the JAK2V617F
mutation can alter endothelial function to promote cardiovascular
complications including thrombosis, vasculopathy, and cardiomyop-
athy in MPNs. The findings from this study provide a new approach
to investigate vascular pathology in other hematologic malignancies

in which ECs are involved in the malignant process.”®”78
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