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ARTICLE INFO ABSTRACT
Keywords: Introduction: Hutchinson-Gilford Progeria Syndrome (HGPS) is an ultra-rare premature aging genetic disorder
Progeria caused by a point mutation in the lamin A gene, LMNA. Children with HGPS display short lifespans and typically

Arterial thrombosis die due to myocardial infarction or ischemic stroke, both acute cardiovascular events that are tightly linked to

:‘;‘;‘I’ZEZ‘SIS arterial thrombosis. Despite this fact, the effect of the classic HGPS LMNA gene mutation on arterial thrombosis
- remains unknown.
Lamin A

Methods: Heterozygous Lmna®%C knock-in (Lmna®%%*) mice, yielding an equivalent classic mutation
observed in HGPS patients (c.1824C>T; pG608G mutation in the human LMNA gene) and corresponding wild-
type (WT) control littermates underwent photochemically laser-induced carotid injury to trigger thrombosis.
Coagulation and fibrinolytic factors were measured. Furthermore, platelet activation and reactivity were
investigated.

Results: Lmna’ mice displayed accelerated arterial thrombus formation, as underlined by shortened time to
occlusion compared to WT littermates. Levels of factors involved in the coagulation and fibrinolytic system were
comparable between groups, while Lmna®?’%/* animals showed higher plasma levels of thrombin-antithrombin
complex and lower levels of antithrombin. Bone marrow analysis showed larger megakaryocytes in progeric
mice. Lastly, enhanced platelet activation upon adenosine diphosphate, collagen-related peptide, and thrombin
stimulation was observed in Lmna®%°%/* animals compared to the WT group, indicating a higher platelet
reactivity in progeric animals.

Conclusions: LMNA mutation in HGPS mice accelerates arterial thrombus formation, which is mediated, at least in
part, by enhanced platelet reactivity, which consequently augments thrombin generation. Given the wide
spectrum of antiplatelet agents available clinically, further investigation is warranted to consider the most
suitable antiplatelet regimen for children with HGPS to mitigate disease mortality and morbidity.
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1. Introduction

Arterial thrombosis is well recognized as a critical factor underlying
age-related major adverse cardiovascular (CV) events [1]. Such throm-
botic events are commonly initiated by atherosclerotic plaque erosion or
rupture, exposing underlying vascular structures or necrotic core com-
ponents to the circulation, thus driving the activation of the hemostatic
process [2], or are embolic in nature in the context of atrial fibrillation
or myocardial infarction. The acute formation of arterial intraluminal
blood clots involves the interplay between vascular endothelium,
platelets, and coagulation factors, counterbalanced by the fibrinolytic
system. Despite being highly regulated, an imbalance between pro-
thrombotic and antithrombotic factors may occur, thus preceding the
formation of an occluding arterial thrombus and consequent ischemic
damage to the downstream parenchyma [3].

Hutchinson-Gilford progeria syndrome (HGPS) is a rare genetic
disease with striking features of premature aging caused by an auto-
somal dominant mutation in the nuclear lamin A gene. The majority of
HGPS patients carry a heterozygous point mutation in exon 11
(c.1842C>T; p.G608G). This mutation activates a cryptic splicing donor
site, leading to the production of truncated prelamin A with an internal
deletion of 50 amino acids at the ZMPSTE24 cleavage site, known as
progerin, which cannot undergo further processing to mature Lamin A
[4,5]. Children with HGPS are phenotypically characterized by growth
impairment, alopecia, subcutaneous fat loss, bone and joint abnormal-
ities, and cardiovascular alterations, including premature and severe
atherosclerosis [4,6]. HGPS patients die prematurely, typically at
around 14 years of age, due to CV complications, including myocardial
infarction and ischemic stroke. To date, myocardial infarction and
ischemic stroke in HGPS patients are attributed to severe atherosclerosis
[7]. On the other hand, both myocardial infarction and ischemic stroke
are mediated by acute arterial thrombosis events [8]. Whether this
specific laminopathy disorder results in an alteration in arterial
thrombus formation remains unknown.

In this study, we investigated the effect of a specific lamin A gene
mutation typically observed in HGPS patients on arterial thrombus
formation and on the components of the hemostasis system. To this end,
we performed an in vivo endothelial-specific injury to trigger arterial
thrombosis on a murine model of HGPS.

2. Methods

2.1. Animals

28-30-week-old heterozygous Lmna®%C¢  knock-in  animals
(LmnaGﬁogG/ 1) of both sexes and the corresponding wild-type (WT)
littermate controls were used for all experiments. The Lmna®®?¢
(c.1827C>T; p.G609G) knock-in mouse model was a generous gift from
Professor Carlos-Lopez Otin, Departemento de Bioquimica y Biologia
Molecular, University of Oviedo, Spain. The transgenic mice were
generated on C57BL/6 background as described previously and
expressed the murine endogenous LMNA gene fostering the corre-
sponding classic mutation of patients with HGPS (c.1824C>T; pG608G)
[4]. Mice experimental age was chosen as the optimal time point when
Lmna®%?%/*animals have a clearly pathologic phenotype, but not yet in
the terminal state, according to the previous descriptions of this trans-
genic mouse model [5].

All animals were kept in a temperature-controlled animal facility
under a normal light/dark cycle with free access to food and water. All
procedures were approved by the Cantonal Veterinary Authority of
Zurich, Switzerland (ZH171/2021). Animal experiments were per-
formed conform to the Directive 2010/63/EU of the European Parlia-
ment and of the Council of 22 September 2010 on the protection of
animals used for scientific purposes.
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2.2. Genotyping

DNA was extracted from the ear tissue punched at weaning- DNA was
amplified using KAPA Mouse Genotyping kit (KK7301, Merck, Darm-
stadt, Germany) following the manufacturer’s recommendation. PCR
was performed using previously published oligonucleotides: 5'-
AAGGGGCTGGGAGGACAGAG-3' and 5-AGCATGCAATAGGGTGG
AAGGA-3'. A 3 min denaturation step at 95 °C was followed by 36 cycles
at 95 °C for 15 s, 65 °C for 10 s, and 72 °C for 10 s and completed by a
final extension for 1 min at 72 °C and 25 °C for 5 min. The PCR fragment
consisted of 240 bp for the mutant allele and 100 bp for the wild-type
allele.

2.3. In vivo laser-induced carotid artery thrombosis model
Lmna®%?%/* and WT control mice underwent photochemical injury
of the common carotid artery CCA as previously described [9-11].
Briefly, mice were anesthetized by intraperitoneal injection of 50 mg/kg
of body weight (BW) sodium pentobarbital (Butler, Columbus, OH, USA)
and the depth of anesthesia was confirmed by the absence of twitch
reflex response. Rose Bengal (Fischer Scientific, Fair Lawn, NJ, USA) was
dissolved in phosphate buffer saline to reach a concentration of 12mg/
mL and then injected intravenously through the tail vein with a dose of
62.6 mg/kg BW. Mice were placed and fixed in a supine position under a
dissecting microscope, and a midline cervical incision was made to
expose the right common carotid artery. To assess the carotid blood
flow, a Doppler flow probe (Model 0.5 VB, Transonic Systems, Ithaca,
NY, USA) connected to a flowmeter (Model T106, Transonic Systems,
Ithaca, NY, USA) was placed inclosing the right carotid artery. Within
five to ten minutes after Rose Bengal injection, a 1.5mW green light
laser (540 nm; Melles Griot, Carlsbad, CA, USA) was applied to the right
carotid artery as the site of injury at a distance of 6 cm for 60 min or until
total occlusion occurred. Carotid blood flow, cyclic flow variations, and
heart rate were continuously recorded from the onset of injury until
occlusion. Total occlusion was defined as carotid blood flow below 0.1
mL/min for at least 1 min. Carotid artery time-to-occlusion (TTO) is the
time lapse between the application of the laser beam and the total oc-
clusion of the carotid. Thrombus embolization was defined as an in-
crease of blood flow above 0.1 mL/min after a previous decrease below
said level lasting <1 min. The number of embolization episodes is a
readout of fibrinolysis efficacy [9-11].

2.4. Blood cell count

Total blood cell count was performed on a ScilVet ABCplus (Horiba,
Kyoto, Japan) using citrate-anticoagulated blood collected from animals
that were not exposed to the carotid artery thrombosis procedure.

2.5. Determination of plasminogen activator inhibitor-1 and tissue factor
levels and activity in arterial samples

Uninjured contralateral carotid arteries were lysed (50 mmol/L
Tris-HCl, 100 mmol/L NaCl, 0.1 % Triton X-100, pH 7.4), and total
protein concentration was determined by Bradford protein assay ac-
cording to the manufacturer’s recommendations (VWR Life Science
AMRESCO, Solon, OH, USA). Tissue factor (TF) and plasminogen acti-
vator inhibitor-1 (PAI-1) arterial expressions were measured in arterial
lysates using colorimetric enzyme-linked immunosorbent assay
(DY3178 and DY3828 respectively; R&D system, Minneapolis, MN,
USA). Both TF and PAI-1 levels were normalized to the measured protein
concentration.

TF activity was determined using colorimetric ACTICHROME ® TF
assay following the manufacturer’s instructions as previously described
(846; American Diagnostica, Stamford, CT, USA) [10,11]. Briefly, arte-
rial lysates were mixed with factor VIIa and X to form the TF/FVIIa
complex and converted factor X to Xa. Factor Xa subsequently cleaves



Y.M. Puspitasari et al.

the chromogenic substrate SPECTROZYME FXa, which releases para-
nitroanilin chromophores. The optical density of cleaved SPEC-
TROZYME FXa was determined at 405 nm by Nanodrop 2000 Spectro-
photometer (Thermo Scientific, Waltham, MA, USA). Finally, TF (pM)
content was calculated according to a standard curve. TF activity
detected by the colorimetric assay was normalized to the total protein
content of the sample and expressed as pmol/g of total protein.

2.6. Western blotting

Protein expression was determined by Western blot analysis as pre-
viously described [12]. Mouse aortas were homogenized in lysis buffer
(Tris 50 mM, NaCl 150 mM, EDTA 1 mM, NaF 1 M, DTT 1 mM, aprotinin
10 mg/mL, leupeptin 10 mg/mL, Na3VO4 0.1 mM, phenyl-
methylsulfonyl fluoride (PMSF) 1 mM, and NP-40 0.5 %). Protein con-
centration was determined using Bradford protein assay according to the
manufacturer’s recommendation (PanReac Applichem, Darmstadt,
Germany). 15 pg of protein lysates were separated on 10 % SDS-PAGE
gels and transferred to a polyvinylidene fluoride membrane using a wet-
transfer method. Membranes were incubated with primary antibodies
against Collagen 3A1 (1:2500, Santa Cruz Biotechnology, CA, USA),
Lamin A/C (1:1000, Santa Cruz Biotechnology, CA, USA), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (1:40000, Merck Milli-
pore, Billerica, MA, USA) at 4 °C overnight on a shaker. The following
incubation with secondary antibodies (Southern Biotechnology, Bir-
mingham, AL, USA) was done for one hour at room temperature.
Densitometric analyses were performed (Amersham Imager 600, GE
Healthcare Europe GmbH, Glattbrugg, Switzerland), and protein
expression was normalized to GAPDH.

2.7. Engyme-linked immunosorbent assays

Blood was collected via intracardiac puncture and immediately
mixed with ethylenediaminetetraacetic acid (EDTA). The EDTA-blood
solution was centrifuged for 15 min at 3000g, as previously described
[9]. Plasma was collected and snap-frozen in liquid nitrogen. Levels of
proteins of interest were measured using colorimetric enzyme-linked
immunosorbent assays species-specific following the manufacturer’s
instruction. Specifically, DY3178 was used for TF (R&D systems, Min-
neapolis, MN, USA), ab233615 was used for tissue-plasminogen acti-
vators (tPA; Abcam, Cambridge, UK), DY3828 was used for plasminogen
activator inhibitor 1 (R&D systems, Minneapolis, MN, USA), abx258705
was used for D-dimer (Abbexa, Cambridge, UK), MPS00 was used for
soluble P-selectin (R&D systems, Minneapolis, MN, USA), NBP2-68171
was used for von Willebrand factor (VWF; Novus Biologicals, Cambridge,
UK), NBP2-60632 was used for antithrombin III (Novus Biologicals,
Cambridge, UK), and ab137994 was used for thrombin-antithrombin
complexes (Abcam, Cambridge, UK).

2.8. Flow cytometry analysis of platelet reactivity and platelet receptor
density

Washed platelets were isolated as previously described and used for
all flow cytometry-based platelet analysis [10,13,14]. Blood was
collected into 0.1 M sodium citrate and centrifuged at 200 g for 8 min
without brakes. Afterward, plasma was transferred into 15 mL tubes and
incubated for 10 min at 37 °C with the addition of 0.02 U Apyrase/mL
(A6535; Sigma-Aldrich, Missouri, USA) and 1 pL/mL prostaglandin E1
(538,903; Merck, Darmstadt, Germany) as described before [10]. After a
second round of centrifugation at 800 g for 15 min (no brakes), pellets
were resuspended in modified Tyrodes-HEPES buffer (5 mM HEPES,
137 mM NacCl, 0.42 mM NaH;PO4, 2 mM KCl, 12 mM NaHCOs3, 5.5 mM
glucose, 0.35 % bovine serum albumin, pH 7.35) and washed at 1300 g
for 5 min with the presence of 1 pL/mL prostaglandin E1. Pelleted
platelets were resuspended in modified Tyrodes-HEPES buffer and
supplied with 1 mM CaCly and 1 mM MgCl,.
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For platelet reactivity assay, washed platelets were stimulated with
adenosine diphosphate (ADP) (10 pM; 01905; Sigma-Aldrich, St. Louis,
MO, USA), CRP (20 pg/mL; CRP-XL; Cambcol, Littleport, UK), and
thrombin (0.1 U/mL; T6884; Merck, Darmstadt, Germany) at room
temperature. Agonists’ concentrations were specified according to our
preliminary tests and established ex vivo platelet aggregation assay
[11,15,16]. In parallel with stimulation, platelets were stained with anti-
mouse antibodies CD41 (BioLegend, San Diego, CA, USA), P-Selectin
(CD62P) (eBioscience, San Diego, CA, USA)and activated GPIIb/IIla
(JON/A) (EMFRET Analytics, Wiirzburg, Germany). For membrane
phosphatidylserine detection, washed platelets were double stimulated
with Thrombin and CRP using the same concentration mentioned above
and incubated with fluorescently labeled annexin V (BioLegend, San
Diego, CA, USA). Meanwhile, washed platelets were kept unstimulated
at room temperature for baseline platelet receptor quantification.
Platelets were stained with anti-mouse antibodies against CD41, GPIa
(EMFRET Analytics, Wiirzburg, Germany), and GPIba (EMFRET Ana-
lytics, Wiirzburg, Germany). Anti-mouse antibodies against GPVI
(EMFRET Analytics, Wiirzburg, Germany) were used to detect GPVI
surface receptors at baseline and after stimulation with CRP to detect
shedding. Details regarding the antibody dilutions and reference
numbers are listed in Table S1. After incubation in the dark for 30 min,
samples were analyzed immediately with flow cytometry. Results were
analyzed with FlowJo analysis software (BD BioScience, Ashland, OR,
USA). After excluding doubles (with FSC-W/FSC-A plots) and gating for
platelet size, only CD41-positive cells were included in the analysis.
Mean Fluorescence Intensity (MFI) was analyzed.

2.9. Platelets protein extraction

Platelets-rich plasma (PRP) was obtained by centrifugation as
described above, then diluted 1:1 with a wash buffer solution (10 mM
sodium citrate, 150 mM NaCl, 1 mM EDTA, 1 % (w/v) dextrose, pH 7.4)
in a 15 mL tube with the addition of 1 pL/mL prostaglandin E1 before
incubating at 37 °C for 10 min. Afterwards, 1 pL/mL prostaglandin E1
was added and centrifuged at 800 g for 15 min (no brakes). The super-
natant was removed, and the pellet was resuspended in 200 pL wash
buffer with the addition of 1 pL/mL prostaglandin E1, then incubated at
37 °C for 5 min. The supernatant was discarded and the pellet was
resuspended in a 1:1 solution of Tyrodes-HEPES buffer (see above)
without bovine serum albumin and platelets lysis buffer (2 % NP-40, 30
mM HEPES, 150 mM NaCl, 2 mM EDTA, 1 mM sodium fluoride, 1 mM
1,4-dithiothreitol, 10 mg/mL aprotinin, 10 mg/mL leupeptin, 0.1 mM
Na3VO4, 1 mM phenylmethylsulfonyl fluoride, pH 7.4) for 20 min,
before proceeding with protein concentration measurement and West-
ern Blot, as described above.

2.10. Bone marrow histopathology
Femurs from Lmna®%%* and WT control mice were collected
shortly after euthanasia, fixed in 4 % paraformaldehyde for 24 h, and
transferred into 70 % ethanol until embedded in paraffin. Three-microns
thick consecutive sections were stained with hematoxylin and eosin and
immunohistochemistry (IHC). IHC was performed using the horseradish
peroxidase (HRP) method to detect Integrin p3 (CD61). After depar-
affination, sections underwent antigen retrieval in EDTA buffer (pH 9.0)
for 20 min at 98 °C, followed by incubation with monoclonal rabbit anti-
Integrin 3 antibody (D7X3P, Cell Signaling Technology, Danvers, USA)
at 1:400 (diluted in dilution buffer, Agilent Dako, Santa Clara, USA) for
1 h at room temperature (RT). This was followed by the blocking of
endogenous peroxidase (peroxidase block, Agilent Dako) for 10 min at
RT, incubation with Envision-HRP Rabbit detection system (Agilent
Dako) for 30 min at RT, and incubation with AEC (Zytomed Systems
GmbH, Berlin, Germany) for 10 min in Autostainer Link 48 (Agilent
Dako). Sections were subsequently counterstained with hematoxylin.
The sections were examined by a board-certified veterinary pathologist
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Fig. 1. In vivo carotid arterial thrombosis in a mouse model of Hutchinson-Gilford progeria syndrome (A) Lmna®?*%/* mice showed accelerated formation of an

occlusive thrombus in their carotid artery following laser-induced endothelial injury as compared to the control group. (B) Representative trace of mean blood flow of
both groups until occlusion occurred (mean flow <0.1 mL/min for at least 1 min). (C) The number of thrombus embolization episodes is comparable between groups
of animals. (D) Lmna®%"%* mice had lower body weight compared to the wild-type (WT), yet (E) no difference in initial blood flow was detected between
Lmna®%%* mice and WT littermates. (F) Compared to the WT littermates, Lmna®%?%/+ mice displayed a higher expression of collagen III in their vascular tissue. n
= 11-14 different animals per group. Results are evaluated by unpaired two-tailed Student’s t-test. Results are presented as mean + SD. *P < 0.05; **P < 0.01.

in a blinded fashion. Morphological changes were quantitatively 3. Results

assessed using the Visiopharm 2023.09.3.15043 software (Visiopharm,

Hoersholm, Denmark). For each section, the bone marrow of the femur 3.1. Progeric mice show accelerated arterial thrombotic occlusion

was manually outlined and annotated as a region of interest (ROI),

manually excluding artefactually altered areas. An APP (Analysis Pro- To investigate the effect of specific LMNA gene mutation, photo-
tocol Package), based on a threshold method, was designed in Visio- chemical laser-induced carotid endothelial injury was performed in
pharm and run on each ROI to measure its total area (pmz) as well as the Lmna®%°%/+ mice and WT control littermates.

area, the number and the lesser diameter (minimum Feret’s diameter) of Carotid artery TTO was significantly reduced in Lmna®%?%* animals
the Integrin p3-positive elements (megakaryocytes; MK). The percent- of both sexes, compared to the control group (p < 0.01, Fig. 1A-B),
age of positive area, expressed as the ratio between the classified area without significant differences in the embolization episodes (Fig. 1C). In
and the total ROI area, was obtained for each animal according to the the post hoc analysis, the observed reduction in TTO was not signifi-
following formula: ([classified area (pmz)] /[ROI area (pmz)]) x 100. cantly influenced by the sex of the animals (Suppl. Fig. 1). As previously
The number of MK, expressed as the ratio between the total number of reported, Lmna®?9%/* animals displayed slower growth rates, attained

MK and the total ROI area, was obtained for each animal according to lower body weight (p < 0.01, Fig. 1D), and expressed more collagen III
the following formula: ([total MK number)]/[ROI area (pmz) x 107°]). in their aorta compared to WT littermates [4,5,17]. (p < 0.05, Fig. 1F).

Nevertheless, the initial carotid blood flow was comparable between the
2.11. Statistical analysis two groups. (Fig. 1E).

Data are expressed as mean + SD. All statistical analyses were per-
formed using GraphPad Prism 10 software (GraphPad Software, Inc., La
Jolla, CA). Data normal distribution was initially confirmed with the
Kolmogorov-Smirnov normality test. For dual comparisons, normal data
were statistically analyzed with a two-tailed unpaired student t-test.
Two-way ANOVA with Sidak’s post hoc test was applied for the analysis
of platelet stimulation experiments. A p-value <0.05 was considered
statistically significant.

3.2, LMNA®%%%C mutation does not affect the activation of the
coagulation cascade and fibrinolytic pathway

To comprehensively clarify the molecular mechanisms underlying
the findings described above, we explored pathways implicated in pri-
mary hemostasis (i.e., platelet activation and aggregation), secondary
hemostasis (i.e., extrinsic coagulation pathway and fibrinolysis), and the
cross-pathway between these two processes.

The coagulation cascade involves the activation of a series of clotting
factors, and the extrinsic pathway is triggered by TF exposure following
vessel injury [18]. This process is physiologically counterbalanced by
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the fibrinolytic system, in which a disruption in the delicate balance
between these two processes may lead to the development of pathologic
thrombi [19,20]. In this study, the levels of TF in the plasma and arterial
tissues did not differ between WT and Lmna®®%* mice (Fig. 2A-B).
Consistently with this finding, arterial TF factor activity was comparable
in both groups (Fig. 2C). Meanwhile, levels of tPA — one of the crucial
factors in the fibrinolytic system that converts plasminogen to plasmin —
and its inhibitor, PAI-1, did not differ between Lmna®%%+ and WT
mice (Fig. 2D-F). In addition, Lmna®%%/* and WT mice displayed
comparable plasma levels of D-dimers, the fibrin degradation product,
suggesting identical fibrinolysis processes (Fig. 2G).

3.3. Platelets from progeric mice possess higher platelet reactivity

We investigated the effect of LMNA®®%°C mutation on platelet func-
tion and levels of von Willebrand factor (vWF), a crucial player in
platelet adhesion to the injured site and platelet aggregation [21].
Complete blood count analysis revealed that platelet numbers and size,
indicated by mean platelet volume, were not different between
Lmna®%6/* mice and WT controls (Suppl. Fig. 2). Lamin A was
expressed in platelets of both groups, with a lower intensity in
Lmna®%?%/* mice compared to WT, although not significantly different
(Suppl. Fig. 2). Platelets isolated from both groups of animals also
showed equal expression of platelet receptors, including GPIa, GPIba,
and GPVI in the resting state (Fig. 3A-C). Upon stimulation with CRP,
GPVI receptor shedding was observed, with platelets from Lmna®%7%/*
mice showing higher GPVI cleavage compared to the WT littermates
(Fig. 3D). Upon stimulation with both CRP and thrombin, platelets from
Lmna®%?%/* mice showed a significantly higher Annexin V signal
compared to WT littermates, suggesting augmented phosphatidylserine
externalization (Fig. 3E).

To assess platelet reactivity, ex vivo platelet function was assessed by
flow cytometry after stimulation with different activators: ADP,
collagen, and thrombin. Activation of platelets was assessed as changes
in the expression of two activation markers, P-selectin (CD62P) and the
activated form of the GPIIb/Illa (JON/A) receptor. Washed platelets
from Lmna®%%"* and WT mice showed similar expression of both
platelet activation markers at baseline. Interestingly, upon activation
with collagen, platelets from Lmna®%?%* mice displayed greater
platelet activation as compared to the WT animals, as demonstrated by
the significantly upregulated expression of both P-selectin and JON/A
(p < 0.05, Fig. 4A, D-E). Similar results were obtained upon stimulation
with thrombin (p < 0.0001, Fig. 4A, F-G). Higher platelet reactivity was
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also detected on platelets from Lmna®%?%* animals upon ADP stimu-

lation but restricted to the marker JON/A only and not P-selectin
(Fig. 4A-C). Nevertheless, circulating levels of soluble P-selectin and
vWF in Lmna®%’%* animals did not differ from the WT littermates.
(Suppl. Fig. 3A-B).

3.4. Progeric mice show larger megakaryocytes in the bone marrow

As a possible explanation for the above-described abnormal platelets
reactivity, we investigated whether LMNA mutation morphologically
affects megakaryopoiesis. The bone marrow of progeric animals displays
a higher number and a larger total area of megakaryocytes, although in a
not significant manner (Fig. 5A-C). However, megakaryocytes of ani-
mals bearing the LMNA mutation were significantly larger compared to
WT littermates (P < 0.05, Fig. 5D).

3.5. LMNA®%%%C mutation increases thrombin generation upon
endothelial-specific injury

Thrombin is a central enzyme in arterial thrombosis involved in the
intrinsic link between primary and secondary processes, given its
function in converting fibrinogen to fibrin and activating platelets to
eventually form stable hemostatic clots [22,23]. Therefore, to investi-
gate whether thrombin was involved in the observed accelerated
thrombus formation in the progeric animals, levels of the thrombin-
antithrombin (TAT) complex were measured as a surrogate marker for
thrombin generation in both groups of animals [24]. Animals bearing
LMNA%%C mutation displayed significantly higher circulating TAT
complex levels compared to their WT littermates (p < 0.05, Fig. 6A).
Furthermore, we also observed that the levels of antithrombin III —
thrombin inhibitor — were lower in Lmna®%/* compared to the control
group (p < 0.05, Fig. 6B).

4. Discussion

This study provides the first experimental evidence of the deleterious
effect of a specific laminopathy in regulating arterial thrombosis in vivo.
We demonstrate that occluding arterial thrombosis triggered by
endothelial-specific injury is accelerated in mice bearing an equivalent
targeted HGPS classic LMNA mutation observed in HGPS patients. The
specific LMNA mutation did not affect the extrinsic coagulation and the
fibrinolytic pathway, yet it increased platelet reactivity upon stimula-
tion. Furthermore, the LMNA mutation increased thrombin generation,
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as indicated by augmented circulating TAT complexes. post-mortem human autopsies and animal studies were conducted to
Cardiovascular complications such as myocardial infarction and gather robust characterization of CV disease in HGPS [25]. Notably,
stroke are the predominant cause of mortality in HGPS. Many clinical, severe accelerated atherosclerosis is the most predominant feature
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observed in children with HGPS, who exhibit features such as evidence
of calcification, inflammation as well as plaque rupture, and erosion
[26,27]. Previous ex vivo and our in vivo observations also demonstrate
more prominent vascular stiffness in animals bearing the LMNA muta-
tion, which is in line with clinical findings recorded in children with
HGPS [17,28]. Histological analysis revealed an increased collagen
deposition, particularly collagen IIL, IV, V, and XII in the media layer of

Lmna animals’ aorta [17]. In line with the previous obser-
vation, we show a higher expression of collagen III in the vascular tissue
of Lmna®?%/* animals compared to the WT littermates. Even though
flow-limiting stenosis that comes from generalized atherosclerosis and
other pathological changes in the arterial wall were suggested to be
critical factors leading to the premature death of HGPS patients [26,27],
sudden thrombotic occlusion following plaque rupture or
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thromboembolic events are also likely to play a role. Of note, an
increased risk of thromboembolic complications was observed and
associated with other LMNA mutations [29,30]. Indeed, in line with our
initial hypothesis, we here showed that animals bearing the LMNA®®0¢
mutation have a higher thrombotic potential, as demonstrated by
decreased times to thrombotic occlusion. Considering the high rate of
myocardial infarction and stroke in HGPS, such a pronounced pro-
thrombotic condition presumably contributes to the mortality in this
genetic disorder, besides other known factors.

Arterial thrombus formation is a complex and dynamic process
involving three major players, i.e. the vessel wall, coagulation pathways,
including the fibrinolytic system, and platelets [3,10]. Multiple coagu-
lation and fibrinolysis mediators, including TF, PAI-1, and tPA, are
predominantly expressed and released by vascular endothelial cells
[18,31,32]. Previous observations demonstrated the detrimental effects
of progerin on endothelial cell function, such as reduced nitric oxide
production, defects in angiogenesis, and impaired shear stress response
[33-35]. However, in this study, we observed that systemic and vascular
levels of mediators involved in the activation of the coagulation cascade
and fibrinolytic system TF, PAI-1, and tPA, were unaffected in HGPS
mice. The irrelevance of the fibrinolytic system on the observed higher
thrombogenicity in HGPS animals was further underscored by the un-
changed thrombus embolization episodes and levels of fibrin degrada-
tion products, D-dimer.

Platelets are essential in arterial thrombus formation by tethering
and adhering to the vessel wall upon injury, further inducing their
activation and aggregation [36]. Higher platelet counts in patients with
HGPS have been previously reported [37,38]. This phenotype was
recorded in Lmna®6096/G609G mice [39] but not observed in our
Lmna®%?6/* animals. The exact reason for this discrepancy is not clear,
yet clearly demonstrates the different phenotypes between species and
between homozygous and heterozygous LMNA mutations. Nonetheless,
FACS analysis showed that platelets of HGPS mice feature a higher
reactivity to ADP, collagen, and thrombin. Following platelet activation,
P-selectin is immediately expressed on the platelets’ surface and shed
into plasma as soluble P-selectin [40]. However, in the present study,
soluble P-selectin levels did not differ between groups, which might be
due to increased clearance by phagocytosis in vivo [41]. Moreover,
Lamin A is involved in many cellular functions, including proteostasis
[42]; hence, P-selectin shedding could be reduced withstanding a higher
surface expression.

In the resting state, the expression of both platelet activation markers
and platelet receptor density was not affected by the LMNA mutation,
suggesting that the pro-thrombotic phenotype is unveiled upon stimu-
lation only. Interestingly, we showed that GPVI receptor shedding was
increased in platelets from animals bearing the LMNA®6%°C mutation. Of
note, platelet surface receptor shedding is an irreversible proteolytic
removal that elicits the downregulation of the platelet receptor density
ligand-mediated platelet activation, generating a soluble fragment that
is released into the circulation [42,43]. Previous studies report that
elevated soluble GPVI is associated with atherothrombotic diseases,
such as stroke [44] and thrombotic microangiopathy [45]. Hence, our
finding might further indicate the higher thrombogenicity in HGPS.
Collectively considered, our platelet study suggests that the LMNA
mutation might lead to functional alteration of platelets, leading to
higher responsiveness to specific stimuli.

In line with previous observations reporting the expression of lamin
A in platelets and their secretome [46,47], we confirmed the presence of
this nuclear protein in isolated mouse platelets. Considering that lamin
A is a nuclear component, this finding is of interest since platelets are
anucleate blood cells. Nonetheless, the difference between groups was
not statistically significant. Besides, lamin A is highly expressed in
megakaryocytes, the precursor cells of platelets, where progerin over-
expression enhances cell polyploidization [48]. In line with this, our
bone marrow analysis shows significantly larger megakaryocytes indi-
cating higher cells’ ploidy in progeric animals. Importantly, high ploidy
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megakaryocytes have been associated with the production of highly
reactive platelets [49,50]. Therefore, our findings suggest the possible
influence of the specific LMNA mutation on megakaryopoiesis, which
might alter the platelet function in HGPS. Nonetheless, further studies
are required to investigate the role of lamin A in megakaryopoiesis and
platelet activity.

Activated platelets release their granules containing chemokines and
clotting components, including TF and prothrombin, thus linking pri-
mary and secondary hemostasis and enhancing clot formation [51].
Furthermore, activated platelets exert a procoagulant activity by
exposing aminophospholipid phosphatidylserine on their surface [52].
We show that platelets from HGPS animals expose more phosphati-
dylserine following activation, indicating higher procoagulant proper-
ties of these platelets. The externalization of membrane phospholipid
acts as a catalytic scaffold on the platelet surface, facilitating the as-
sembly of tenase (factors VIIIa, Ixa, and X) and prothrombinase (factors
Va, Xa, and II) complexes, thus inducing further thrombin generation
and further propagation of the coagulation process [52-54]. Consis-
tently, we observed increased circulating levels of TAT complex in HGPS
mice that underwent endothelial injury. TAT complex is a biomarker of
intravascular thrombin formation, serving as a surrogate for an in-
dividual’s hypercoagulability [55]. Thus, our finding confirms higher
thrombin generation in HGPS animals, which might be aggravated by
the increased platelet reactivity and augmented externalization of
platelet phosphatidylserine upon activation. Of importance, previous
evidence demonstrated that high levels of thrombin generate dense
networks of relatively thin fibrin fibers that are more stable and resistant
to fibrinolysis [56-58]. Therefore, the elevated thrombin generation in
HGPS animals might not only further propagate clot formation via the
positive feedback mechanism but also affect fibrin structure and archi-
tecture that are crucial for stable thrombus formation and eventually
may intensify the arterial thrombus formation.

The TAT complex is formed as a thrombin-neutralizing activity by
antithrombin III in a 1:1 ratio [59]. Yet, we observed a reduction of the
plasma antithrombin III levels in Imna®%°%* mice. In this respect, it
should be noted that decreased antithrombin III levels, implying inad-
equate anticoagulation, can be either hereditary or acquired, resulting
from decreased protein synthesis and/or increased consumption [59].
Given the swift antithrombin III consumption in the clot during acute
thrombosis, the observed depleted plasma antithrombin III in progeric
animals might result from ongoing consumption of this natural antico-
agulant by increased thrombin generation [59,60]. Nevertheless, other
mechanisms that might decrease antithrombin III levels cannot be
entirely excluded. Hence, further investigation is needed to elucidate the
effect of LMNA mutation on antithrombin III dynamics.

Regardless of the mechanism, the herein-reported data suggest for
the first time that HGPS-related targeted LMNA mutation enhances
platelet reactivity, which may aggravate thrombin generation and,
eventually, arterial thrombosis. Collectively considered, mitigation of
platelet reactivity may be suggested as a strategy to blunt fatal arterial
thrombosis in children with HGPS.

4.1. Limitations

This study has some limitations that should be noted. First, our study
indicates that the higher thrombogenicity in HGPS is mediated by
augmented platelet reactivity accompanied by megakaryocyte alter-
ation, yet the mechanisms were not explored. Therefore, further inves-
tigation on the detailed characterization of platelets and
megakaryopoiesis in HGPS is needed. Furthermore, our findings are
derived from animal data only and lack confirmation in patients with
HGPS. However, it must be noted that obtaining suitable samples, such
as freshly isolated platelets for platelet function assessment, from chil-
dren suffering from a severe and extremely rare disease is technically
and ethically challenging. Nevertheless, further confirmatory clinical
investigations will be required.



Y.M. Puspitasari et al.

5. Conclusions

In conclusion, this study provides evidence of an increased arterial
thrombotic response in a mouse model of HGPS yielding the classic
lamin A mutation observed in affected patients. The prothrombotic
phenotype is mediated, at least in part, by enhanced platelet reactivity,
which consequently augments thrombin generation. Our findings may
provide mechanistic insight into the fatal incidence of major adverse CV
events observed in children with HGPS beyond the well-established
atherosclerotic burden. Given the wide clinical availability of anti-
platelet agents, results from this study may lead to future clinical
investigation to identify the most suitable antiplatelet regimen for
children with HGPS in order to mitigate the mortality and morbidity in
this rare syndrome.
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