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Abstract

BACKGROUND: Single nucleotide polymorphisms linked with the rs1474868-T allele (MFN2
T/T) in the human mitochondrial fusion protein Mitofusin-2 (MFNZ2) gene are associated with
reduced platelet MFN2 RNA expression and platelet counts. This study investigates the impact of
MFN2 on megakaryocyte (MK) and platelet biology.

METHODS: Mice with MK/platelet deletion of M2 (Mfn27/~) were generated using Platelet
factor 4 (Pf4)-CRE crossed with floxed Mfn2mice. Human MKs were generated from

cord blood, and platelets isolated from healthy subjects genotyped for rs1474868. Ex-vivo
approaches assessed mitochondrial morphology, function, and platelet activation responses. /n1
vivo measurements included endogenous/transfused platelet lifespan, tail bleed time, transient
middle cerebral artery occlusion, and pulmonary vascular permeability/hemorrhage following
LPS-induced acute lung injury.

RESULTS: Mitochondria was more fragmented in MKs derived from M2/~ mice and from
human cord blood with MFN2T/T genotype compared to control MKs. Human resting platelets of
MFN2TIT genotype had reduced MFN2 protein, diminished mitochondrial membrane potential,
and an increased rate of phosphatidylserine (PS) exposure during ex vivo culture. Platelet

counts and platelet lifespan were reduced in A/#727~ mice accompanied by an increased rate

of PS exposure in resting platelets, especially aged platelets, during ex-vivo culture. Mfn2~

also decreased platelet mitochondrial membrane potential, basal and activated mitochondrial
0Xygen consumption rate, reactive oxygen species generation, calcium flux, platelet-neutrophil
aggregate formation, and PS exposure following dual agonist activation. Ultimately, M2~ mice
showed prolonged tail-bleed times, decreased ischemic stroke infarct size after cerebral ischemia-
reperfusion, and exacerbated pulmonary inflammatory hemorrhage following LPS-induced acute
lung injury. Analysis of MFN2 SNPs in the Identification of SNPs Predisposing to Altered Acute
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Lung Injury Risk study identified a significant association between MFN2and 28-day mortality in
patients with acute respiratory distress syndrome.

CONCLUSIONS: Mfn2 preserves mitochondrial phenotypes in MKs and platelets and influences
platelet lifespan, function, and outcomes of stroke and lung injury.
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Introduction

Heightened reactivity or excessive platelet counts increase the risk of thrombosis, while low
platelet counts or reduced reactivity lead to bleeding. Platelet numbers and function also
affect normal physiology beyond hemostasis and the pathogenesis of various diseases apart
from thrombosis. Underscoring this, a platelet count polygenic risk score was predictive of
several diseases and traits of both hematologic and non-hematologic origin including cancer,
hypertension, arthritis, inflammation, liver, and kidney function®. Even moderate differences
in numbers within the normal platelet range are associated with diseasel-3.
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Genome wide association studies (GWAS) have associated hundreds of loci with platelet
numbers and function*7. Of GWAS loci associated with platelet counts, several are

related to mitochondria®8, including mitofusin-2 (MFN2). Expression quantitative trait loci
(eQTL) in MFNZ2 are associated with both platelet counts and MFN2 mRNA expression

in platelets®10. This compelling associative evidence suggests that MFN2 regulates platelet
numbers in humans, but a causal role for MFN2 in megakaryocytes (MKs) and platelets has
not been established, and the mechanisms and consequences to disease remain unexplored.

Mitochondria exist in dynamic networks of interconnected organelles that are regulated

by the balance between mitochondrial fusion and fissionl. MFN2 and MFN1 are
GTPases that promote mitochondrial fusion into inter-connected networks to safeguard
mitochondrial integrity and maximize mitochondrial efficiencyl112, Platelets rely on
uncompromised mitochondria for their survivall3 and normal function4-16. They consume
large amounts of cellular energy (ATP)17:18 and mitochondria supply ~30-40% of their
basal energy requirements, with the balance supplied by glycolysis6. Mitochondrial
respiration establishes the mitochondrial membrane potential via the electron transport chain
(oxidative phosphorylation (OXPHOS) to generate the proton motive force that drives ATP
synthesis. Energy demand, glycolysis, and mitochondrial respiration significantly increase
during platelet activation6:19, and inhibition of mitochondrial respiration reduces platelet
activation, degranulation, aggregation, and thrombus formation16:19.20,

Mitochondria also regulate other modifiers of platelet activation including reactive oxygen
species (ROS) and Ca2*" homeostasis?!. These mediate induction of a mitochondrial
permeability transition pore (mPTP) essential for the formation of prothrombotic and
inflammatory phosphatidylserine+ (PS*V€) procoagulant platelets?2. Balancing thrombosis
with hemostasis, procoagulant platelets prevent microvascular defects and pulmonary
bleeding in inflammatory settings23. Procoagulant platelets also contribute to coronary
artery disease?4 and stroke?. Yet, little is known regarding how mitochondrial integrity

is preserved during MK development and into circulating platelets.

Among studies that have investigated mitochondrial maintenance in platelets, most have
focused on autophagy?6:27 or anti-apoptotic proteins?8. Here, we use a platelet/MK
conditional knockout of Mfn2 in mice (Mf27") and human MKs and platelets with the
MFNZ2eQTL to investigate the contribution of mitochondrial fusion to platelet numbers
and function. We find that Mfn2 promotes platelet survival and function through multiple
mitochondrial mechanisms, and that loss of Mfn2 reduces platelet activation, procoagulant
platelet (PS*V®) formation, and cerebral injury after ischemic stroke. In an LPS induced
acute lung injury (ALI) model, M2~ mice had increased lung vascular permeability
that aggravated pulmonary inflammatory bleeding during thrombocytopenia. Analysis of
GWAS data from human Acute Respiratory Distress Syndrome (ARDS) patients identified
an association between MFN2and 28 day mortality.

Materials and Methods

IRB approval:

The study was approved by the University of Utah institutional review board.

Circ Res. Author manuscript; available in PMC 2025 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacob et al.

Page 5

Helsinki compliance statement:

The study was conducted in accordance with the Declaration of Helsinki.

Data Availability:

Data will be shared upon reasonable request by the corresponding author:
jesse.rowley@u2m?2.utah.edu

Human platelet collection

Human blood collection and platelet isolation were performed as previously described#4
using protocols approved by the Institutional Review Board at the University of Utah.

See Supplement Table 1 for demographics of human subjects. All donors were healthy.
Subjects were excluded if they had used aspirin or any nonsteroidal anti-inflammatory agent
within 10 days before the blood draw. Blood was collected by venipuncture into sodium
citrate anticoagulant tubes and genotyped for MFN2eQTL rs1474868. Whole blood was
centrifuged at 180 X g for 20 min to isolate the top layer of platelet-rich plasma. After
prostaglandin E1 (PGE1) was added this was centrifuged at 980 X g for 20 min to pellet the
platelets. The platelet pellet was washed 3 X with PIPES-saline-glucose buffer (PSG) with
PGEL. Washed platelets were used immediately for mitochondrial assessment or pelleted
and saved at —80° C for western blot analysis.

MK cultures, pMFN2 (platelet isoform of MFN2) expression

Mouse MKs were cultured from flushed bone marrow for 4 days in DMEM with TPO

as previously described. CD34+ hematopoietic stem cells (HSCs) were isolated from
human umbilical vein cord blood. For culturing CD34+ hematopoietic stem cell-derived
MKs, human CD34+ cells from human umbilical cord blood were isolated as described
previously’l. The CD34+ cells were cultured in SFEM media supplemented with 40
ng/mL recombinant human stem cell factor (SCF; Invitrogen) and 50 ng/mL recombinant
thrombopoietin (TPO; Invitrogen) until day 6 and then 50 ng/mL TPO from days 6-13.
The media was replaced every 3 days. RNA was extracted from MKSs isolated on days O,

3, 6,9, and 13 using Trizol. pMFNZwas evaluated by semi-quantitative real time PCR
using previously published primers’2 (pMfn2-F: CCCAGCTGACCTGTTTATTTG, pMfn2-
R: GCGCTCTCCTGGATGTAG, Mfn2-F: GGTGACGTAGTGAGTGTGATG, Mfn2-R:
GCAGTGACAAAGTGCTTAAGTG) that we further validated for specificity for real-time
PCR by amplification plot and melt curve analysis of pMFN2and MNF2 in HelLa and
MKs. MFNZ2 primers amplified specific products from MKs and Hela at Ct ~23 whereas
PMFNZ2 amplified at Ct ~21 and ~32 in MKs and HeLa respectively (not shown). Data was
normalized to GAPDH and analyzed using the 2722CT method.

Mitochondria imaging

For imaging, day 13 human MKs or day 4 mouse MKs were plated overnight on
fibrinogen coated borosilicate chamber slides. Cells were incubated with 1 ug/mL Hoechts
33342 (ThermoFisher) for 10 min and 100 nM mitotracker green FM (ThermoFisher)

for 40 min diluted in growth media without cytokines followed by live imaging on an
EVOS FL Auto imaging system equipped with temperature controlled 5% CO> incubation
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chamber. In our hands, mitochondria were most clear when imaged live with mitotracker
dye. To avoid possible mitochondrial changes from prolonged incubation, a rapid visual
scoring approach for mitochondrial fusion was implemented. Students who were blinded

to experimental conditions were trained to record a single mitochondrial morphology score
(1-10) that included a visual approximation of length and branching for each MK as follows.
1: All mitochondria in the MK appeared circular (1X, punctate) with clear separation
between mitochondria. 3: mostly circular, some elongated (>3x) mitochondria, little to no
branching. 5: some elongated mitochondria (>5x), some branching. 7: mostly elongated
(>7x), extensive branching. 10: very elongated (>10x), extensive branching.

Platelet surface PS measurement and platelet imaging

To assess surface PS at baseline (T0), washed platelets were immediately stained with
FITC-conjugated annexin V (BioLegend) and CD41-APC (BioLegend) and analyzed by
flow cytometry. In parallel experiments, platelets were incubated in M199 at 37° C for

24 h (T24) and stained with FITC-conjugated annexin V and CD41-APC and analyzed

by flow cytometry. Washed platelets were fixed with 4% glutaraldehyde and prepared for
Transmission Electron Microscopy (TEM) as described previously’3. Mitochondria were
counted and quantified in TEM images by an investigator who was blinded to genotype. For
fluorescent microscopy, washed platelets in M199 were added to fibrinogen coated chamber
slides and stained live with 100 nM mitotracker deep red for 30 min at 37° C. Media was
replaced with 3.7% warm methanol free PFA for 15 min, washed with PBS, permeabilized
with ice cold acetone for 5 min, stained with phalloidin 546, and imaged using 60X/1.42 NA
oil objective on a confocal-scanning microscope (Olympus 1X81, FV300).

Mitochondrial content and potential measurement

Mice

Platelet and MK Ay, and mitochondrial content were estimated as described previously’3.
Washed platelets or MKs were incubated with 50 nM tetramethylrhodamine methy! ester
(TMRM), mitotracker green FM and anti-CD41 APC in M199 for 20 min at 37° C and
analyzed immediately by flow cytometry. Platelets were gated according to FSC/SSC

and CD41 expression, and the median fluorescent intensity (MFI) recorded for the gated
population. In some experiments, platelets were isolated and analyzed in pairs to decrease
variation from technical aspects (especially differences in timing and dye dilution) of the
assay.

All animal experiments complied with the regulatory standards of the University of Utah.
Conditional deletion of Mfn2 from platelets in mice (Mf727~ mice) was achieved by
crossing mice harboring a floxed allele of M2 (Mfn2*/*)74 with platelet factor 4-Cre—
transgenic mice’® in which Cre recombinase is expressed under the control of the platelet
factor 4 promoter. All experiments were performed using age- and sex-matched 4-6-month-
old adult littermates unless otherwise noted.
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Immunoblotting

Platelets were lysed in radioimmunoprecipitation assay (RIPA) buffer, protein was mixed
with reducing sample buffer and then boiled for 10 min. Proteins were resolved by SDS
polyacrylamide gel electrophoresis and transferred to 0.2 uM PVDF (GE Healthcare) or
Nitrocellulose membrane (Bio-Rad). Membranes were blocked with 5% non-fat dry milk
or LiCor blocking buffer (LiCor Biosciences), incubated with primary and secondary
antibodies, and developed using SuperSignal West Pico Plus Chemiluminescent Substrate
(Invitrogen) or LiCor Odyssey infrared imaging system. The primary and secondary
antibodies used are listed in the major resources table. ImageJ software was used for
densitometry quantification.

Platelet counts and turnover

Automated cell counts and MPV measurements were performed on blood collected from
the facial vein into microtainer tubes containing K3 EDTA (Sarstedt), using a Hemavet

950 (Drew Scientific). For platelet lifespan, Mf2*/* and M2~ platelets were labelled

in vivo by intravenous (tail vein) injection of 3.5 pg/mouse of Dylight488-GPIbp (Emfret
Analytics). Blood was collected into ACD by repeated pricking of the lateral tail vein at
baseline and at the time points indicated and stained with CD41-APC followed by fixation
with BD FACS lysis buffer. The fraction of Dylight488+/CD41+ platelets was assessed by
flow cytometer. For regeneration assays, mice were injected with 20 ug of Fc-independent
platelet depleting antibody (Emfret R300). Platelet counts were obtained just prior to and at
different time points after injection. For platelet mixing and transfusion, Mf2"* or Mfn2™/~
donor mice were injected intravenously (tail vein) with 3.5 pg/mouse of Dylight488 or
Dylight649-GPIbp. Blood was harvested 2 h later into ACD by carotid artery cannulation.
Blood from a 488 labeled KO mouse was mixed 1:1 with blood from 649 Mf2** mouse
or vice versa. 100 uL of PBS per mL of blood was added followed by isolation of mixed
platelet rich plasma (PRP) by centrifugation. Mixed PRP was injected intravenously (tail
vein). Blood was sampled from the facial vein at different time points after injection,
stained with CD41-PE and the fraction of 488 versus 649 positive platelets assessed by flow
cytometry.

Mouse platelet isolation, activation, and aggregation

Whole blood was drawn into sodium citrate (1:9), diluted to 2 mL with PSG and centrifuged
at 150 X g for 8 min. PGE1 was added to the platelet-rich plasma and centrifuged at 400

X g for 8 min. Platelets were counted and resuspended at 4 X 108/mL in Tyrode’s buffer.

For platelet activation, diluted platelets (1 X106) were incubated for 10 min at 37° C in the
presence of 0, 75 nM and 150 nM PAR4 (Sigma-Aldrich) or 0, 0.025 ng/mL and 1 ng/mL
collagen-related peptide (CRP; CambCol Laboratories) with Jon/A-PE (Emfret Analytics),
CD62p-FITC (Emfret Analytics) and rat anti-mouse CD41 APC (eBioscience). Reactions
were stopped by the addition of FACS lysis buffer (BD biosciences) and analyzed using flow
cytometry (BD CytoFLEX). For CM-H,DCFDA experiments, washed platelets in Tyrode’s
buffer were loaded with 5 uM 5-(and 6-) chloromethyl-2", 7’-dichlorodihydrofluorescein
diacetate ethyl ester (CM-H,DCFDA; Invitrogen) at 37° C for 1 h, and then stimulated with
0.1 U/mL thrombin (Sigma-Aldrich) and 500 ng/mL convulxin (CVX; Enzo lifesciences) for
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10 min at 37° C. Samples were immediately analyzed by flow cytometry (BD CytoFLEX).
For analysis of procoagulant platelet formation washed platelets prepared as described
above were resuspended in M199 and stained with rat anti-mouse CD41 APC and FITC-
conjugated annexin V and stimulated for 15 min with 0.1 U/mL thrombin and 500 ng/mL
CVX (Enzo Lifesciences). Samples were immediately analyzed on BD Cytoflex. For all
above assays, platelets were gated according to FSC/SSC and CD41 surface expression

to determine the percent positive cells in the gated population. For platelet-neutrophil
aggregates, whole blood from Mfm2*/* and Mfn2~~ mice was drawn in sodium citrate
(1:9) and diluted 1:10 in M199 (Lonza) supplemented with 100 U/mL heparin. Diluted
whole blood was stained with CD41 APC and rat anti-mouse Ly6G (BioLegend, San
Diego, CA) and unstimulated or stimulated with convulxin (6.25 ng/mL or 12.5 ng/mL)
for 15 min at 37° C. The samples were fixed with BD FACS lysis buffer and analyzed

on a BDCytoflex. Aggregates were defined by FSC/SSC gating and CD41/Ly6G positivity.
For all flow cytometry immunostaining, target staining was distinguished from background
using isotype antibody controls when necessary. Platelet aggregation was measured with a
lumi-aggregometer (Chrono-Log) at 37° C under stirring as previously described. Washed
platelets (0.5 mL) were resuspended at 2 X 108/mL in Tyrode’s buffer (0.5 mL) and were
stimulated with collagen (Chrono-Log) or 2MesADP and the change in light transmission
was measured.

Platelet mitochondrial function measurements

A 96-well format Seahorse extracellular flux analyzer (Seahorse Bioscience, MA, USA)
was used to measure bioenergetics. Washed platelets were diluted to a concentration of 5.5
X 107/mL in XF DMEM assay buffer (DMEM with 1 mM pyruvate, 5.5 mM d-glucose,

4 mM I-glutamine, pH 7.4) and 1 X 10° platelets were seeded in XF96 microplates and
mitochondrial stress test was performed as described previously1®73, For some Seahorse
experiments, thrombin was injected at 1 U/mL prior to the stress test. ATP content at
baseline and after thrombin stimulation was assayed using the ATPlite 1step Luminescence
Assay kit (PerkinElmer).

Platelet Ca2* content

Washed platelets at 4 X 108 /mL in Tyrode’s buffer were labelled with 12.5 uM Fura-2-
acetoxymethyl ester (Fura-2AM, Invitrogen) and 0.2% pluronics (Invitrogen) for 45 min at
37° C. The labelled platelets were unstimulated/stimulated with thrombin (0.1 U/mL) and
CVX (500 ng/mL) in the presence of 4 mM CacCls,. Fura-2AM fluorescence was measured
by excitation at 340 nm and 380 nm and emission was measured at 509 nm using a
FlexStation 3 microplate reader (Molecular Devices). The 340/380 ratio of Fura-2 emissions
were calculated.

Hemostasis and thrombosis—Tail-bleeding times were measured by clipping 1 mm
from the tip of the tail of mice anesthetized with ketamine and xylazine (80/12 mg/kg). The
tail was placed in pre-warmed saline at 379 C, and the time to cessation of bleeding was
measured for 10 min. For FeCls-induced carotid artery thrombosis model, carotid arteries
of anesthetized Mf2*/* and Mfn2”~ were exposed to Whatman No. 1 filter paper (1 mm
x 1 mm) saturated with freshly prepared 10% FeCI3 (anhydrous) for 2 min. Blood flow
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was monitored using a laser Doppler flow probe (moorVMS-LDF1; Moor Instruments) and
the time for complete occlusion of blood flow was recorded. Data was censored at 20
minutes. Transient middle cerebral artery occlusion (tMCAQ) was performed as described
previously2®. The right middle cerebral artery (MCA) was occluded for 60 min followed by
reperfusion for 24 h. Brains slices were stained with 2% 2,3,5-triphenyl tetrazolium chloride
(Sigma-Aldrich, St. Louis, MO) and infarct areas (white) were quantified using ImageJ
software (National Institutes of Health, Bethesda, MD).

Acute Lung injury model—LPS-induced acute lung injury models were performed

as described previously23. Briefly, mice were anesthetized and challenged intratracheally
with saline or Escherichia coll-derived LPS (0111:B4; Sigma). In some experiments, mice
received anti-mouse GPlba (R300, Emfret Analytics) antibody to deplete platelets 16h prior
to LPS challenge. Twenty-four hours later, mice were euthanized by cervical dislocation and
bronchoalveolar lavage (BAL) fluid was collected by intratracheal flushing with 3 X 1 mL
saline. Subsequently, aliquots of BAL fluids were treated with 2.5% triton X-100 and 0.1 N
NaOH to assess hemoglobin by fluorescence absorbance at 405 nM. Protein content in the
BAL fluids were quantified by BCA protein estimation method.

GWAS and SKAT analysis of ARDS in humans

Statistics

GWAS data for ARDS were obtained from the (iISPAAR) consortium study3%40, iSPAAR
samples were from the Molecular Epidemiology of ARDS (MEARDS) study enrolled at
the Massachusetts General Hospital and Beth Israel Deaconess Medical Center and from
the ARDS Clinical Trials Network (ARDSNet). In the current study, we imputed the
samples using Trans-Omics for Precision Medicine (TOPMED), and after quality control,
we retained a total of 2,210 samples (983 cases and 1,227 controls) with complete clinical
information, along with over 14 million SNPs.

179 SNPs were selected that mapped within a 500kb range upstream and downstream
of MFN2 for the GWAS and SKAT#! analysis. Specifically, SNPs were screened within
1:11480181-12515211, and among them, 8 SNPs are located in the Exon regions.

In GWAS and SKAT analyses, adjustments included the same set of covariates. For both

the platelets model and ARDS risk model, covariates of age, sex, race, trauma, sepsis,

blood transfusion, Inhalation injury, pneumonia, and the first 5 principal components were
adjusted. For the 28-day mortality model, covariates of age, sex, sepsis, pneumonia, apache
score, and the first 5 principal components were adjusted. SKAT analysis*! was used to
comprehensively consider interactions between multiple SNPs in MFN2 and platelet count,
ARDS risk, and 28 day mortality. Full results of the GWAS and SKAT analysis can be found
in the supplemental dataset.

Statistics were calculated in GraphPad Prism 9 and R version 4.0.4. Assumption of
Normality was assessed with Shapiro-Wilk and Kolmogorov-Smirnov tests. For samples
with normality test P values > 0.05, two group testing was performed using paired or
unpaired two-tailed student t-test as indicated. ANOVA and unpaired t-tests were used
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for multi-group significance testing followed by adjustment where indicated for multiple
comparisons. For samples with normality test P < 0.05, or with small sample size

(n <10), Mann-Whitney and Kruskal Wallis tests were used for two group and multi-

group comparisons. For comparisons with small sample sizes and large effect sizes, a
nonparametric bootstrap test with pooled resampling was used (1000 bootstrap resamples)?.
In all tests P-value < 0.05 was considered significant. The two independent cohorts in Figure
7 and Supplement Figure 9 were independently analyzed and individual p-values reported.
P-values were combined for meta-analysis using the method of Stouffer (sumz) in the R
package metap’’ with weights proportional to the square root of the sample size. Individual
data points, the significance test used, and sample sizes are reported in each figure or legend.
For each figure, representative images were subjectively selected that best illustrated the
differences identified by the quantitative results.

Conditional deletion of Mfn2 in mouse MKs and platelets alters mitochondrial phenotypes

To establish a causal role for MFN2 in modulating platelet counts, and further explore the
function of Mfn2 in platelets and MKs, we generated platelet/MK specific Mfn2 knockout
mice (called hereafter Mf2/") (Figure 1A). Western blot analysis confirmed Mfn2 protein
was present in M2 but absent in Mfn27/~ mouse platelets (Figure 1B). Mfn1 protein,
which was low in abundance and difficult to detect in mouse platelets, also appeared
reduced by Mfm27/~, whereas the inner mitochondrial membrane fusion protein Opal

and the fission protein Drpl remained unchanged (Supplement Figure 1). Mitochondrial
morphology was visually different in cultured bone marrow megakaryocytes from Mfn27~
compared to control mice (Figure 1C). Scoring of mitochondrial morphology for fusion

(see Figure 6C and methods) by observers blinded to the conditions of the experiment
indicated a significant shift toward punctate, fragmented mitochondria in Mfn27~ MKs
compared to control MKs (Figure 1D). Mitotracker staining in platelets (Figure 1E) showed
visibly more punctate mitochondria compared to megakaryocytes. The regular presence of
comparably elongated mitochondria in cultured megakaryocytes and proplatelet extensions
(Supplement Figure 2) compared to platelets indicates active mitochondrial fission just prior
to or after platelet release, as suggested by a recent study2°. Differences in mitochondrial
length were not readily apparent between M2 and M2 platelets (Figure 1E) as they
were with megakaryocytes imaged with mitotracker at the same resolution. Quantitation of
mitochondria area and perimeter in high resolution single plane TEM slices also did not
indicate significant differences between Mm2** and M2~ platelets (Supplement Figure
3A-B), but we suspect that more subtle differences in mitochondrial size may manifest when
imaged in 3 dimensions, at a higher resolution, and with more sophisticated quantitation.
Most mitochondria in single plane slices were round or oval as in the example images in
Figure 1F, although rare longer mitochondria were captured by TEM in both Mfn2"* and
M2~ platelets (Supplement Figure 3C). We did not find evidence by TEM of altered
platelet morphology, cristae structure, autophagy, or ER-mitochondrial contact sites (data
not shown). However, manual counts of mitochondria in single plane TEM images indicated
a shift toward fewer mitochondria per M2/~ platelet section (Supplement Figure 3D-E).
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Staining with the dye TMRM indicated lower mitochondrial membrane potential (A'Y) in
Mfn2 deficient mouse platelets compared to control platelets (Figure 2A and Supplement
Figure 4A), whereas the staining intensity of mitotracker was unchanged (Figure 2B).
Seahorse assays were used to measure oxygen consumption rate (OCR) as a readout of
oxidative phosphorylation (mitochondrial respiration) and ATP production (see supplement
Figure 4B-C). As shown in Figure 2C-D, unstimulated platelets from M2~ mice had
lower basal and maximal OCR, and lower ATP-linked respiration than M2+ platelets.
Thrombin treatment increased the OCR in M#n2* platelets, but OCR in response to
thrombin was significantly blunted in M2~ platelets (Figure 2E-F). Similarly, maximal
and ATP linked respiration remained significantly reduced after thrombin treatment in
M2~ vs Mfa2*'* platelets (Figure 2E-F). On the other hand, basal and thrombin induced
extracellular acidification rate (ECAR), which is an index of glycolysis, did not differ
between Mf27~vs Mfn2"'* platelets (Supplement Figure 4D).

Electron transport via mitochondrial complex | is considered a rate limiting step of cellular
respiration. Complex | protein Ndufb8, which is essential for the assembly and activity of
complex 1, was reduced in M2~ platelets compared to Mf2!* platelets (Figure 2G-H)
without a decrease in RNA expression (data not shown) suggesting a defect in complex

I assembly. Complex | activity also trended lower (Figure 21). Expression of other index
mitochondrial complex proteins in complexes 11-V remained unchanged (Supplement Figure
4E-F), although we were unable to assess the activity of these complexes. Despite reduced
mitochondrial complex | and ATP production, there was not a detectable loss of ATP stores
in Mfn2~~vs control resting or activated platelets (Figure 2J).

Mfn2 deficiency reduces platelet counts through accelerated apoptosis of aging platelets

Consistent with the previously reported association of platelet count and MFN2RNA
expression in humans, platelet counts in Mf727~ mice were modestly reduced (Figure 3A).
These counts remained lower in Mfn27~ mice although platelet counts rise between 2-6
months as animals age (Supplement Figure 5A). Mean platelet volume (MPV) of M2~
mice was also higher in 3—-6-month-old mice (Supplement Figure 5B). Thiazole orange
staining of immature reticulated platelets in additional groups of mice indicated a larger
fraction of newly generated platelets in A2/~ mice (Figure 3B). The number of MKs
identified by Von Willebrand Factor (VWF) staining of bone marrow sections (Supplement
Figure 6A-B), and the number of bone marrow derived MKs making proplatelets in culture
(Supplement Figure 6C-D) remained unchanged between M2/~ and control mice. In line
with this, the rate of platelet regeneration after depletion was unchanged (Supplement Figure
6E).

In vivo platelet labeling experiments indicated a significant reduction in lifespan of M2
~ platelets (Figure 3C), with an overall shorter half-life of 53.4+1.4 hours (mean=SEM)
relative to littermate controls (61.1+0.90 hours, mean+SEM) (Figure 3D). To determine

if this Mfn2 effect on platelet survival is intrinsic to platelets (rather than for example
increased consumption because of bleeding in M2~ mice), we differentially labeled
Mifn2*"* and Mfn2~" platelets, mixed them together at 50:50, transfused them into Mfm2**
mice, and examined their ratio over time as depicted in Figure 3E. When circulating in
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the same animal, the survival of platelets from M2~ mice was reduced relative to the
Min2*/* platelets (Figure 3F-G). At 96 h post transfusion, the average ratio of Mfm27~
platelets to Mfn2*"* platelets was reduced to 23:77.

Depolarization of mitochondrial potential precedes caspase-3 activation and PS exposure
which marks platelets for rapid clearance from the circulation39-32, To address intrinsic
platelet apoptosis in the absence of /n vivo clearance, platelets were incubated ex vivo

for 16 h at 37° C. To additionally control for potential secondary effects on PS exposure
such as from bystander platelet activation, we again dual labeled Mf72"* and M2~
platelets for co-culture in the same well. After 16 hours culture there was significantly
higher surface PS (Annexin V binding) in the M2~ platelets compared to co-cultured
control platelets (Figure 3G), suggesting a more rapid intrinsic rate of death. Mitochondrial
potential decreased over time in both M2+ and M2~ cultured platelets (Figure 3H),
while there was a trend that was not statistically significant, toward accelerated activation
of caspase-3 in M2~ platelets (Figure 3I-J, Supplement Figure 7A). However, treatment
with Abt-263 (inhibits Bcl-xL33) or with H,O, (induces cytochrome c release), induced
equivalent levels of PS exposure between Mf27~and Mfn2"!* platelets (Supplement
Figure 7B-C) suggesting mechanisms upstream of cytochrome ¢ and Bak and Bax restraint.
A pronounced induction of markers of autophagy/mitophagy was observed by 8 hours of
culture, but these did not differ between Mfm2"* and Mfn2™~ platelets (Supplement Figure
7D). We then performed experiments to determine the contribution of platelet age to Mfn2
regulated apoptosis. We injected Mm2** and M2~ mice with Dylight 488-GPlba to
label platelets, and let the labeled platelets age /n vivo for 72 h. We analyzed PS exposure
on the surface immediately (T0) and after ex vivo incubation at 37° C for 8 h (T8) and 14

h (T14) by flow cytometry. As shown in Figure 3K, compared to new platelets, old platelets
from both M2+ and M2~ mice demonstrated accelerated PS exposure during ex vivo
culture. While new Mfn2"* and M2~ platelets did not differ in the extent of PS exposure
at any time point during ex vivo culture, old M2~ platelets showed significantly higher
PS exposure compared to old Mfm2*'* platelets after 8 and 14 hours of ex vivo culture
(Figure 3K). Together, this indicates that platelet turnover and counts are affected by Mfn2
loss through accelerated apoptosis marked by PS exposure in aging platelets.

Loss of Mfn2 impairs platelet activation, procoagulant platelet formation and reduces
infarct size in a cerebral ischemia-reperfusion model

Given known roles of mitochondria in platelet activation, we tested the hypothesis that Mfn2
loss would reduce platelet activation. Indeed, M2~ platelets exhibited modestly reduced
allb/p3 activation (Jon/A) in response to high concentrations of the thrombin receptor
agonist PAR4 peptide and collagen receptor agonist CRP (Figure 4A). Alpha-granule
release, marked by CD62p (P-selectin) surface translocation did not reach a statistically
significant difference between M2/~ and Mm2'"* platelets after CRP or PAR4 stimulation
(Figure 4B). Compared to controls, M2/~ platelets did not display statistically significant
differences in aggregation in response to collagen (Figure 4C) or 2-Mes-ADP (Supplement
Figure 8A). In ex vivowhole blood, M2~ platelets formed less aggregates with
neutrophils in response to an intermediate dose of the collagen receptor agonist convulxin
(Figure 4D) compared to Mf2!* platelets.
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Inhibition of mitochondrial complex I impairs platelet PS*™€ procoagulant platelet formation
(see Supplement Figure 8B and 34). Accordingly, dual agonist stimulated procoagulant
platelet formation was significantly reduced in complex | deficient (Figure 2H) M2~

~ platelets (Figure 4E). However, Mfn2~~ did not affect calcium ionophore A23187
stimulated procoagulant platelet formation (Supplement Figure 8C). Complex I and I,
contribute to ROS generation, an effector of procoagulant platelet formation. Dual agonist
stimulation induced significantly lower levels of ROS in M2/~ vs Mfn2"* platelets
(Figure 4F). In concert with ROS, procoagulant platelet formation requires a strong

and sustained Ca2* flux. As shown in Figure 4G, Mfn2~~ impaired thrombin/convulxin
stimulated Ca2* flux. Together, the data point to multiple convergent mitochondrial defects
affecting platelet activation and PS exposure.

P-selectin, procoagulant platelets, and platelet neutrophil aggregates (PNAs) promote
hemostasis and contribute to arterial occlusion, ischemic stroke, and reperfusion injury2°.
As shown in Figure 4H, bleeding was modestly prolonged in M2/~ mice compared to
MifnZ* mice following tail tip transection. However, there was not a difference in arterial
occlusion time in Mfn27~vs Mfn2"* mice following ferric chloride injury of the carotid
artery (Supplement Figure 8D). On the other hand, M2~ mice had visually reduced
cerebral infarcts compared to M#f2"* mice after transient middle cerebral artery occlusion
for 1 h, followed by 23 h of reperfusion (Figure 4l). Infarct volumes were 55+5 mm? in
Mfn2~~ mice compared to 85+3 mm3 in Mfn2""* mice (Figure 4J). However, the difference
in infarct size was not sufficient to cause a measurable difference in motor function or
neurological outcomes (data not shown).

Loss of Mfn2 increases lung vascular permeability and aggravates inflammatory bleeding
in LPS-induced acute lung injury model

During inflammation, PS*V€ procoagulant platelet sentinels maintain hemostasis by
preventing leukocyte diapedesis-inflicted microbleeding?3. Therefore, we hypothesized that
MFN2 would be particularly important for vasculoprotection in LPS-induced pulmonary
inflammation, which is a model of Acute Respiratory Distress Syndrome (ARDS) during
human sepsis3®. To test this, we performed acute lung injury by intratracheal LPS
administration in Mfn2"* and Mfn27~ mice and 24 hours later quantified protein in
broncho-alveolar fluid (BALF) as a measure of vascular leakage. With LPS administration
alone, M2/~ but not Mfn2** significantly increased protein infiltration in BALF (Figure
5A) compared to saline treated mice, but there was no visual evidence of bleeding in

lungs in either MfMm2** or Mf127~ mice (data not shown). Thrombocytopenia is known

to potentiate pulmonary LPS-induced injury and hemorrhage in mice23, and moderate to
severe thrombocytopenia in humans (~50x10%/L i.e. ~20% of the population mean) is a
common sequela of sepsis and acute lung injury that is associated with mortality36-38,

To model moderate to severe thrombocytopenia in mice co-incident with lung injury, we
partially depleted platelets to approximately 20% of normal (MFN2*/*: 142+84 x103/uL;
MFN2~/=: 219+152 x103/pL; vs 1055+150 x103/pL in un-depleted WT mice; mean+SD) in
both M2+ and M2~ mice using anti-mouse GPlba, and performed intratracheal LPS-
induced lung injury. Platelet depletion caused LPS induced inflammatory bleeding in both
MinZ* and Mfn2~~ lungs (Figure 5B) with increased hemorrhage visual in lungs from
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Mfn2~/~ mice compared to littermate M#n2"* controls (Figure 5B-C). Increased bleeding
was also visually evident in the appearance of the BALF (Figure 5D). Accordingly, whereas
protein leakage in the lungs of Mf2* compared to M2~ did not reach a statistically
significant difference (Figure 5E), a statistically significant increase in red blood cell (RBC)
infiltration (Figure 5F) was measured in the BALF of MFN2 ™~ compared to their Mf2*
littermate controls.

Reduced pMFN2 expression by the MFN2 eQTL affects mitochondrial phenotypes in
human MKs and platelets

The rs1474868 T allele is linked to a cluster of SNPs across the MFNZ2gene in humans. The
rs1474868 T/T genotype is associated with a 17% reduction in mean platelet counts, and a
3-5 fold reduction in expression of a platelet specific isoform of MFN2mRNA (opMFN2)°
compared to C/C or C/T genotypes. Consistent with this, the T/T allele strikingly reduced
PMFN2 mRNA expression in MKs from cultured human cord blood CD34+ cells compared
to C/C or C/T alleles (Figure 6A). Labeling of human MKs with mitotracker green indicated
shorter, more fragmented mitochondria in MFN2TI/T compared to MFN2 C/C MKs (Figure
6B). As shown in Figure 6C, the extent of mitochondrial fusion varied widely in individual
MKs across both genotypes. On average however, MKs with the MFN2T/T eQTL had
significantly lower fusion scores compared to their C/C counterparts (Figure 6D).

We confirmed previous reports® that platelets from individuals with the T/T genotype of
rs1474868 had significantly less pMFN2 RNA compared to C/C or C/T platelets (Figure 7A)
and further found that this corresponded to a significant reduction in total MFN2 protein
(Figure 7B). Staining with TMRM indicated lower mitochondrial membrane potential
(Figure 7C) but no difference in mitotracker staining in the T/T platelets (Supplement Figure
9A). This translated to a modest increase in the small fraction of depolarized (TMRM-) T/T
versus C/C or C/T platelets (Figure 7D). As shown in Figure 7E, a higher percentage of T/T
platelets than C/C or C/T platelets exposed PS after 24 hours of ex vivo culture suggesting
an effect of MFN2 on human platelet survival. The same trend of reduced TMRM and
increased PS exposure in T/T platelets after ex vivo culture for 48 hours was confirmed in
an additional cohort (Supplement Figure 9B-C). Active caspase-3 measured in this cohort

at 24 and 48 hours of ex vivo culture also trended higher in T/T vs C/C or C/T platelets
(Supplement Figure 9D-E). Together, the data suggest that MFN2 modulates mitochondrial
network morphology in MKs and survival of human platelets.

Given the contribution of MFN2 to pulmonary hemorrhage following LPS induced lung
injury in mice, GWAS data from the iSPAAR consortium ARDS study3940 was analyzed

by SKAT#L for possible complex associations between MFN2 SNPs and platelet count,
ARDS risk, and prognosis. SKAT results indicated no statistical significance between MFN2
and platelet count (P=0.8317) or ARDS risk (P=0.8867). However, MFN2was found to be
significantly associated with 28-day mortality of ARDS patients (P=0.0424) (Supplement
Figure 10 and Supplement dataset 1).
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Discussion

We uncovered a mitochondrial role for MFN2 in MKs and platelets using mouse

knockout models and cells from humans with MFN2 polymorphisms. Mitochondrial
dysfunction underlies numerous diseases including those where dysregulated hemostasis
or thrombosis are significant effectors of morbidity and mortality2042-54, Aging alone
(organismal and cellular) results in a gradual decline in mitochondrial function®%:56. MFN2
and Mitofusin-1 (MFN1) redundantly regulate outer mitochondrial membrane fusion12

to preserve mitochondrial integrity and function. MFN2RNA is abundant in human

and mouse platelets, whereas MFNI RNA is very low in both species (approximately

20 times less than MFN2)°7, although there are reports of MFN1 protein presence in
platelets (https://www.thegpm.org/). Dynamin-related protein 1 (DRP1), also abundant

in platelets®’, balances MFN-mediated fusion through activating mitochondrial fission8.
Changes in fusion or fission machinery can tip the balance towards hyperfused or
fragmented mitochondria®®. In line with this, mitochondrial morphology was visibly tipped
toward fission in mouse MKs with deletion of Mfn2. Increased fission was also visible

in unperturbed human MKs harboring a common MFNZ2 genetic variant. The population
genotype frequency of rs1474868 T is approximately 50% (Gnomad)®0. This common allele
had a dramatic effect on MK transcript expression, decreasing it by more than 90%, which
likely explains the fission phenotype. We were surprised at such a prominent effect for a
variant with high allele frequency, but may be feasible because the rs1474868 genotype
primarily affects the MK/platelet enriched isoform of MFN29. We can only speculate on
the reason for the more pronounced effect of rs1474868 on pMFNZ2in MKs than platelets.
As some of the linked variants are in the transcribed region of the isoform, perhaps there
are different rates of turnover between mRNA from C vs T alleles in platelets vs in vitro
cultured MKs.

As with the human association with reduced MFN2 RNA expression and platelet counts®:8,
MinZ2 deletion in MKs caused modestly lower platelet counts in mice. Mouse experiments
demonstrated that this was primarily from a difference in platelet survival rather than
production. In both humans and mice, MNF2 maintained A, and prevented premature
caspase-3 activation and PS exposure in resting platelets. PS flipping to the outer

leaflet of plasma membrane is regulated by two distinct pathways- the programmed cell
apoptosis pathway and the necrotic procoagulant pathway. The former Bak/Bax-caspase
pathway plays a central role in regulating the lifespan of circulating quiescent platelets—a
major determinant of platelet counts’3. In mixing experiments, we observed a non-linear,
preferential loss of M2/~ platelets that accelerated over time as platelets aged in the
circulation. This non-linear shift in survival supports the “multiple hit” model3 of platelet
turnover which proposes that anti-apoptotic signals in platelets are eventually overwhelmed
by pro-apoptotic signals that accumulate as platelets age®L. In support of this, we found
that circulatory aged platelets were more prone to PS exposure during ex vivo culture than
younger platelets, and Mfn27~ accelerated PS exposure in circulatory aged but not young
platelets. The exact nature of the “multiple hits” to aging platelets and their premature
demise in Mfn2 deficiency remains to be determined, but one possibility is energetic
exhaustion. We saw a significant loss of mitochondrial respiratory capacity with M2

Circ Res. Author manuscript; available in PMC 2025 January 19.


https://www.thegpm.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacob et al.

Page 16

deletion. Interestingly, platelet function and mitochondrial respiratory capacity is known to
decline in older platelets allowed to age via Bak/Bax deletion?.

Fusion of mitochondria maximizes respiration by allowing the rapid distribution of
metabolites and electrical coupling over larger continuous stretches of membrane, and
supporting the mixing and re-portioning of damaged mitochondria for removal by fission®8.
Thus, without Mfn2, mitochondria functionally decline over time, much like we observed
for our platelets. Related to this, complex | levels and activity were reduced in M2/~
platelets similar to losses observed with Mfn2 deficiency in other cells62.

As others have reported, thrombin rapidly increased O, consumption in our platelets!®.
This was significantly blunted in the absence of Mfn2. Evidence suggests mitochondrial
OXPHOS and ATP is required for maximal platelet integrin activation, granule release,
and aggregation to some agonists®3.64 which were all reduced by M#727/~. Thus, reduced
respiration, in concert with decreased ROS generation and Ca?* signaling, likely contribute
to the reduced platelet responses.

Stimulation with dual agonists induces mPTP formation, a non-selective multiprotein pore
which rapidly dissipates A, leads to mitochondrial swelling, and causes procoagulant
platelet PS exposure8S. Mitochondrial ROS and a strong, sustained Ca2* flux are
determinants of mPTP formation® which were both decreased in M2/~ platelets.
Complexes | and 111 are major sites of ROS generation during mitochondrial respiration.
Blocking complex | with rotenone or decreasing mitochondrial respiration, as occurs in
Min2~~ platelets, reduces ROS production.

Procoagulant platelets promote arterial and venous thrombosis. P-selectin, PS*V€ platelets,
and PNAs have been shown to mediate and exacerbate brain injury during ischemic stroke
in vive™. Platelets lacking cyclophilin D (CypD), a critical regulator of mPTP formation
were reported to have lower ability to become PS*Ve, form less PNAs, and confer protection
against cerebral ischemia-reperfusion injury2®. Like CypD deficient animals, animals with
Mfn2 deficient platelets had reduced infarct size and ischemic stroke volume after cerebral
ischemia-reperfusion injury.

Beyond their prothrombotic properties, PS*V€ platelets are shown to bind clotting factors
and prevent inflammatory bleeding. Thus, PS*V€ platelets can become prothrombotic or
prevent bleeding depending on the setting. Inflammatory bleeding is marked by loss of
vascular integrity due to neutrophil transmigration into inflamed endothelium leading to
infiltration of RBCs and plasma contents. Platelets were recently shown to migrate to these
vascular breaches, become PS*V€ via GPVI and plug the endothelial holes left behind by
transmigrating neutrophils?3. M2/~ platelets failed to maintain vascular integrity in LPS-
induced acute lung injury and resulted in increased vascular permeability. This defect in the
local protective effect of PS*Ve platelets was more prominent, especially for M2~ mice,
when we depleted their platelets to similar levels and performed LPS-induced acute lung
injury. When interpreting these findings is important to note that all Cre-lox mouse models
have some degree of leakage into other lineages. Recent studies have firmly demonstrated
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leakage of PF4-Cre in macrophages, especially during inflammation®’, and the contribution
of Mfn2 in macrophages or other lineages to lung bleeding can’t be ruled out.

LPS-induced lung injury is a model for Acute Respiratory Distress Syndrome (ARDS) in
humans, a major complication of sepsis where LPS is thought to contribute to lung damage.
Previous studies have linked genetic variants affecting platelet counts to ARDS risk and
survival38:68, Analysis of iISPAAR consortium data3® did not find individual associations
between our marker SNP rs1474868 and platelet counts, ARDS risk, or ARDS outcomes.
However, aggregate analysis of SNPs across MFN2with SKAT#! indicated a complex,
significant association between MFNZ2 variants in humans and survival in ARDS. In line
with this, platelet mitochondria are compromised in human sepsis, and mitochondrial
potential and respiration are also associated with clinical outcomes89.70,

Although Mfn2~/~ mice recapitulated certain human platelet and MK phenotypes of MFN2
TIT genotype, differences of mouse models should be considered when interpreting the
findings. MFN2TIT genotype significantly reduced MFN2 protein in human platelets,
whereas protein was absent in M#f727"~ mouse platelets. Further studies using knock-in
models will be required to define the exact causal variant in humans and assess the specific
effects of this variant. The mitochondrial necessity for platelet survival and function over
time may also differ between species since human platelets survive 7-10 days versus 4-6
days in mice. Finally, while lung hemorrhage and bleeding are clearly complications in
multiple human diseases, whether procoagulant platelets in humans affects bleeding remains
to be determined.

In conclusion, our study reveals an essential mitochondrial role for Mfn2 in regulating
multiple facets of mitochondrial phenotypes in MKs and platelets that affect platelet
clearance, activation, thrombosis, and bleeding. These newly defined aspects of MFN2
biology in platelets and MKs may be relevant to interpreting previously reported
associations between genetic variants in MFNZ2that affect platelet count and disease.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What Is Known?

. Elevated platelet counts or platelet reactivity increase risk for platelet clots,
while lower platelet counts or reactivity increase bleeding tendencies.

. Genome wide association studies (GWAS) have associated variants in
Mitofusin-2 (MFNZ2) with platelet count.

. MFN2 regulates mitochondrial shape and function across different cell types.
What New Information Does This Article Contribute?

. MFN2 regulates mitochondrial funciton in megakaryocytes and platelets and
contributes to platelet lifespan.

. Loss of platelet Mfn2 reduces various platelet activation responses, decreases
infarct size after ischemic stroke in mice, and aggravates inflammatory
bleeding in an LPS-induced acute lung injury model.

. MFNZ2 variants are associated with ARDS mortality.

Changes in platelet counts and activity contribute to various human diseases, especially
those related to bleeding and clotting. Genetic studies have associated the mitochondrial
fusion protein MFN2 with platelet counts, but underlying mechanisms linking MFN2
with platelet biology have not been identified. Mitochondrial size and shape in cells is
dynamic, and MFN2 mediates the fusion of mitochondria into interconnected organelles
to maintain and promote mitochondrial functions. Our data using human cells and murine
models show that MFN2 mediates mitochondrial fusion in megakaryocytes, the precursor
cell of platelets. Loss of MFN2 in megakaryocytes impairs mitochondrial functions in
platelets, and accelerates platelet death, especially in older platelets. Loss of MFN2 also
results in altered platelet activity, reduced stroke size following ischemia-reperfusion
injury in mice, and increased bleeding in a mouse model of lung injury. In summary,
these findings uncover a role for MFN2-mediated mitochondrial dynamics in shaping
platelet numbers and function, and implicate MFN2 involvement in diseases such as
stroke and acute lung injury.
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Figure 1: Mitochondrial morphology in platelets and MK from Pf4-CRE conditional Mfn2
knockout mice

A. Transgenic Pf4 promoter-driven Cre recombinase’® mice were crossed with mice
harboring homozygous floxed Mfn274 to generate platelet/ MK specific Mfn2 knockout
mice (called Mf727/"). B. Representative western blot for Mfn2 in platelets from Mfm2**
and Mf27~ mice. C. Representative live immunofluorescent microscopy images of
mitochondrial morphology in MKs derived from the bone marrow of Mfn2*/* and Mfn2~/~
mice isolated and cultured in pairs. MKs are marked with surface GPlba staining (blue);
mitochondria (mitotracker, green) and nuclei (Hoechts, magenta) are stained with live cell
penetrating dyes. Bottom panels are magnified portions of the top panels outlined by the
yellow boxes. D. Overall mitochondria morphology in individual MKs was scored for fusion
on a scale of 1-10 by an observer blinded to genotype as described in detail in the methods.
Briefly, higher scores are given for MKs with predominantly elongated and branched
mitochondria and low scores for predominantly punctate, single mitochondria. On average
15 MKs were scored per sample and >250 MKs were scored in total (Wilcoxon paired

sign rank test, N=9 culture pairs per group). E. Representative confocal immunofluorescent
microscopy images of mitochondrial morphology in platelets from AMfn2*/* and M2~
mice stained with mitotracker (green) and phalloidin (cytoskeleton, red). F. Representative
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TEM sections of platelets from Mfm2*/* and Mfn2~~ mice. Arrows point to mitochondria.
Most mitochondria were round or oval in shape, but occasional mitochondria were elongated
(see Supplement Figure 3 for additional images and quantitation).
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Figure 2: Mfn2~/~ impairs mitochondrial function.
A. Mitochondrial membrane potential in platelets (gated on FSC/SSC and CD41+) from

M2** and M2~ mice as measured by flow cytometry analysis of TMRM staining.
Measurements were taken before and after treatment with CCCP which depolarizes
mitochondria. See Supplement Figure 4A for representative flow cytometry histograms.
t-test, N=22 per group (10 males, 12 females). B. Mitochondrial load measured by
Mitotracker in Mfn2*/* and M2~ platelets (N=9 Mfn2** and N=10 Mfm2~") C.
Representative experiment (of 5 independent experiments with a total of =14 independent
mice per group, see Supplement 4C for pooled, normalized data from all experiments) for
Oxygen Consumption Rate (OCR) in untreated Mf72%/* and Mfn27~ platelets as measured
by Seahorse at baseline, and following treatment with Oligomycin (ATP synthase inhibitor
to identify cellular ATP production); FCCP (uncoupling agent that disrupts membrane
potential to determine maximal respiration); Rotenone and Antimycin A (Complex | and
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I11 inhibitors to define mitochondrial specific OCR). D. summary of seahorse measurements
in C. See Supplement Figure 2B for how these measurements are derived. t tests, N=3

per group. E. OCR in Mfn2*/* and M2~ platelets treated with 1 U/mL thrombin and
treatments with mitochondrial modulators (described for B) at the time points indicated in
C. F. Summary of Seahorse measurements in E. t tests, N=3 per group. G. Representative
western blot of an index mitochondrial complex | nuclear encoded subunit Ndufb8 (labile
when complex I is not assembled) compared to beta tubulin (cytoskeletal) and VVdac (nuclear
encoded mitochondrial channel protein). H. Densitometry analysis of complex I/VVdac
protein levels in platelets Mfn2** and Mfn2~~ mice. Mann-Whitney test, N=5 per group.

I. Mitochondrial complex I activity measured in lysates from male Mm2*/* and M2/~
platelets. Mann-Whitney test, N=4 per group. J. Stored ATP content in Mfn2"/* and Mfn2”
~ platelets before and after stimulation with thrombin or thrombin plus apyrase (to separate
intracellular from stored/released ATP).
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Figure 3: Conditional platelet/MK deletion of Mfn2 reduces platelet counts and platelet lifespan
through accelerated apoptosis of older platelets.

A. Platelet counts in 2-month-old male and female Mfm2*/* and Mfn2~/~ littermate mice
(t-test, N=10-12 per group). B. Thiazole orange staining of reticulated platelets as measured
by flow cytometry in 5-month-old Mf2*/* and M2~ littermate mice (t test, N=16-17 per
group). C. Mice were injected with Dylight 488-GPIba. and the fraction of Dylight labeled
platelets of CD41+ platelets was assessed by flow cytometry in whole blood obtained by
repeated tail pricks in the same mouse at the indicated time points starting 4 h after injection
(set as TO). D. Calculated platelet half-life from C (C-D: Mann-Whitney tests, N=6-7

per group). E. Schematic summary and representative flow plots of platelet transfusion
mixing experiment. Platelets in M2~ and Mfn2*/* mice were differentially prelabeled

by intravenous injection of Dylight 488 or Dylight 649 anti-platelet fab fragment. Two
hours later blood was drawn, and M2~ and Mf2*/* PRP were mixed 1:1 and injected
intravenously into recipient mice. Blood was drawn at 2 h for baseline (TO0), then 24, 48, and
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96 h later and the percent of Mfn27~vs Mn2** platelets determined by flow cytometry.
Shown are representative flow plots showing the percent of Mf27~and Mf2*'* platelets at
TO and T96. F. Summary of the fraction of Mf27~ (red) and Mfn2*/* (blue) remaining at
different time points post injection. Shown is a representative of 3 independent experiments.
Mifn2~" platelets disappeared faster than Mfn2*/* platelets after transfusion regardless of
whether the labels were swapped (not shown) or recipients were Mfn2"* or Mfn2™~ mice:
Experiment 1: 4 Mfm2** and 4 M2~ (2 each male/female) mixed and transfused into

4 Mfn2** and 4 Mfn2~~, p=0.08; Experiment 2: 7 Mfn2*/* males and 7 M2~ males
mixed and transfused into 3 Mfn2*/* and 4 Mfn2~~ mice, p=0.02; Experiment 3: 7 Mfn2*/*
and 7 M2/~ females mixed and transfused into 7 recipients, p=0.003. G. Mfn2*/* and
Mifn2~" platelets differentially labeled and mixed as in C were stained with annexin V

and analyzed by flow cytometry immediately (TO) or following ex vivo co-culture for 16

h at 37° C. The dotted lines indicate the respective Mfn2*/* and Mfn2~~ pairs that were
mixed in the same tube (Wilcoxon paired sign rank test, N=7). H. Mitochondrial potential
(TMRM) in ex vivo cultured platelets. 1-J. Western blot and densitometry analysis for
cleaved caspase 3 and procaspase 3 in Mfn2*/* and Mfn2~/~ platelets after 14h ex vivoat
37° C (Mann-Whitney test, N=7 per group) K. Dylight was injected into mice 72 h prior

to isolation to distinguish old from new platelets. Annexin V staining assessed by flow
cytometry at 0 (T0), 8 h (T8), and 14 h (T14) on new (Dylight negative) and old (Dylight
positive) platelets (Mann-Whitney tests for AUC, N=4-6 per group).

Circ Res. Author manuscript; available in PMC 2025 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jacob et al.

Page 30

A O Mfn2** P=0.015 B C
8,000 — 15,000
O Mfn2”
o
T 6,000 o =
w 9 [T
= P=0.065 5 = 10,000 o
‘,fg 4,000 2 2%
S o 5,000
2,000 mm
o
0 T T T 0 rm)'l"I Igg]lm T g
0 75 150 0 75 150 'ﬁ
PAR4 (M) PAR4 (uM) g,’
(=2}
o
P=0.0087 P=0.065 g
10,000 8,000 8
o©° =
E, 2
= 8000 2. T 6000 & 3
= 5000 P=0.093 =
< 'o—| g 4,000
S 4,000 . o
o) o
2,000 ﬁrl ﬂ
0 T T T
0 0025 1.00

CRP (ug/mL)

D |0 M2+ E
100 | Mfn2”- 60
L — o

-n

_ T
Z_ 80 N
82\: P=0.029 o 40 % g
0 60 & o
22 o 50
£S a0 B 52
220, 2 35
Q
59 20 o x 8
i
o ! ! il o i, 0P,
BL 6.25 125 BL CVX+THR BL  CVX+THR
CVX (ng/mL)
G 1.0 - H P=0.048 1 J P=0.0039
: 600 /-
- Mfn2"
g 3 ~125
2 2 E 100
g o 400 E
£ 0.5 - $ g 75
o~
e 3
g + Mfn2*"* CVX + THR g 200 @ s %
+ Mfn2”- CVX+THR = B 25
©
0.0 PN, . ooeeeecinniiinnccinntennneens ‘ £ o
T T T T T T T T 0 \x \»
10 20 30 40 50 60 70 80 ,i\" ¢ ({f &
Time (sec) Y‘{\‘\ \*‘&Q ¥

Figure 4: Mfn2~/~ alters platelet activation, hemostasis, and thrombosis.
A-B. Flow cytometry analysis of platelet activation assessed by surface binding of A.

Jon/A (activated allb/B3) or B. anti-p-selectin antibody (degranulation) at baseline or

after 10 min incubation with indicated doses of PAR4 (thrombin receptor) or CRP (GPVI
receptor) agonists (t test, N=6 per group). C. Aggregation of washed platelets, normalize to
counts, in response to collagen (Mann-Whitney test, N=7 per group). D. Platelet-neutrophil
aggregates in Mfm2*"* and M2~ whole blood at baseline and in response to convulxin
(Mann-Whitney test, N=3-4 per group). E. Flow cytometry analysis of PS exposure (annexin
V binding) on the surface of platelets at baseline and after activation with dual agonist
thrombin (0.1 U/mL) + convulxin (500 ng/mL) (Mann-Whitney test, N=6 per group). F.
ROS generation in Mfn2*/* and Mfn2~~ platelets in response to thrombin (0.1 U/mL)

+ convulxin (500 ng/mL) (Mann-Whitney test, N=6 per group). G. Ca2*cyt transients in
Mifn2*"* and M2~ platelets after stimulation with thrombin (0.1 U/mL) + convulxin (500
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ng/mL). N=9 per group. H. Time to cessation of bleeding after tail resection in Mf2*/* and
Mfn2~~ mice. Each point represents an individual mouse. (Mann Whitney test, N=20-21 per
group). . Representative images of brains from mice after ischemia/reperfusion injury in
Min2*/* (left) and M2~ (right) mice. Infarcts are outlined with dotted lines. J. Summary
of infarct volume. t-test, N=13-15 mice per group.

Circ Res. Author manuscript; available in PMC 2025 January 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jacob et al.

Page 32
A B C
P=0.00061
e P=0.0041
T, P04 P=022 § 159 T 1
% ) * 8 °
% o g’ X
1.5 oo 5 10+
2 00, j?: % o o0
= 1.0 %
£ o
s | & e g 54
Dh. 0.5 - g [eX¢)
5 (Z o
< 0.0 T T T / ® 0 l——
m saline Mfn2*/* Mfn2-- Min2+/* < Mm2** M2
LPS PLT Dep + LPS
D E F
T 44 P=0.051 10  P=0.0036
Bl z 5
- T 3. : w . 81 ¢
- - E 3
— S 52 6-
= 7 : 8 E .
o
S - = SE 49
2 11 =% °g £< %‘
f ° e 2 T 21 E% 8o
[T o] °
oL —F < 0 __‘:_',_
Mfn2 +/+ Mfn2 -/~ Qw2+ Min2 /-

Mfn2** Mfn2-/-

PLT Dep + LPS PLT Dep + LPS

Figure 5: Mfn2~/~ increases lung vascular permeability and aggravates inflammatory bleeding
in LPS-induced acute lung injury model.

A. Protein concentration in the BALF of Mf2*/* and M2~ mice 24 h post-intratracheal
saline or LPS-challenge (1.6 mg/Kg body weight). Kruskal Wallis test with Dunn’s
multiple (3) comparisons, n=8-10 mice per group. B. Representative images of lungs from
thrombocytopenic Mfm2*/* and M2~ mice 24 h post-intratracheal LPS-challenge (1.6
mg/Kg body weight). C. Bleeding score of lungs from thrombocytopenic M#72%/* and
Mfn2~~ mice 24 h post-intratracheal LPS-challenge. The lungs were scored for bleeding by
two observers blinded to genotype and averaged. Higher scores were given to lungs with
increased bleeding. Mann Whitney test, n=5-7 mice per group. D. Representative images
(N=11) of BALF from thrombocytopenic Mfn2*/* and M2~ mice 24 h post-intratracheal
LPS-challenge (1.6 mg/Kg body weight). E. Protein concentration in the BALF of Mfn2"/*
and Mfn2~~ thrombocytopenic mice 24 h post-intratracheal LPS-challenge (1.6 mg/Kg
body weight). Mann-Whitney test, n=11-12 per group. F. BALF hemoglobin as a measure
of RBC infiltration in the lungs of thrombocytopenic Mfm2*/* and Mf2~~. Mann-Whitney
test, n=11-12 per group.
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Figure 6: pMFN2 eQTL affects MFN2 expression and mitochondrial morphology in human cord
blood (CB) megakaryocytes (MKS).
A. pMFN2 mRNA normalized to GAPDH mRNA in dayl3 CB MKs from rs1474868

C/C, CIT and T/T individuals as measured by real time PCR (nonparametric bootstrap test,
1000 resamples), N=5 C/C or C/T and N=4 T/T). B. Representative live immunofluorescent
microscopy images of mitochondria (mitotracker, green) and nuclei (Hoechts, blue) in day
13 CB MKs of the indicated rs1474868 genotype, showing more elongated mitochondria
in C/C MKs and more punctate mitochondria in T/T MKs. Bottom panels are magnified
portions of the top panels outlined by the white boxes. C. Mitochondrial fusion scores for
CB MKs with the indicated rs1474868 genotype were scored for fusion on a scale of 1-10
by an observer blinded to genotype as described in detail in the methods. Representative
images of mitochondria from MKs with different scores are shown on the left. Individual
MK scores are shown in the violin and average scores per cord are shown in D (Mann-
Whitney test, N=4 C/C and N=10 T/T).

Circ Res. Author manuscript; available in PMC 2025 January 19.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jacob et al.

Page 34

A B CiC orCIT TT
MFN2 == o o = e —= — % g6 kDa
B_TUB — — — — w— o= e w=» 55 kDa
P =6.9x10""
g 25,
©
g g 2.0 - .
‘% é 1.5 °8
S 1.0
[T
= 0.5
0.0 |
SR
&
C D E
84  P=0.093 84  pP=0018 20+
€ .
‘; 6 o ; 6— . e .'E_ 15_
E - z Bg° T 3
= . g 44 % £ 10 o
= 8o B o < o
44 °°° e & X
s 2] S 5 °
- e 3 °
) I RN
<
e € (’\C:O\ <& ot & (et <
() [e) [9)

T0 T24

Figure 7: pMFN2 eQTL affects MFN2 protein and ex vivo survival of human platelets.
A. Real time PCR analysis of pMFNZ2 expression in platelets from individuals with

rs1474868 C/C, C/T or T/T genotypes normalized to GAPDH mRNA (Mann Whitney

test, C/C or C/T N=13; T/T N=8). B. Top: representative western blot of MFN2 protein in
platelets from individuals with the indicated rs1474868 genotypes. Beta Tubulin is used as
loading control. Bottom: densitometric analysis of all samples (t test, C/C or C/T N=13;
T/T N=15). C. Mitochondrial potential (AYy;) measured as TMRM MFI in washed platelets
(gated on FSC/SSC and CD41) from rs1474868 C/C or C/T versus T/T individuals (t test,
C/C or C/T N=13; T/T N=8). D. Loss of mitochondrial potential (A'¥'y4) measured as %
TMRM negative (-) platelets from rs1474868 C/C or C/T versus T/T individuals (t test, C/C
or C/T N=13; T/T N=8). E. Resting PS exposure measured as % annexin V on washed
platelets from rs1474868 C/C or C/T versus T/T individuals at time 0 (TO) and after 24

h (T24) incubation at 37° (t test, N=18 C/C or C/T and N=13 T/T). Results in panels

C-E are from a cohort of donors recruited in 2018. See Supplement Figure 9 for TMRM,

PS exposure, and Caspase-3 activity over 48 hours in an independent cohort recruited in
2023. Meta-analysis of combined p-values for both cohorts (Ps, Stouffer’s method, 2 tailed):
median TMRM P4=0.040 (P,=0.093, P,=0.125); % TMRM- P¢=0.023 (P,=0.018, P,=0.31);
Annexin at T24 Ps=0.048 (P1=0.038, P2=0.35).
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