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Abstract

Hutchinson-Gilford progeria syndrome (HGPS) is a rare genetic disorder caused by a
mutation in the LMNA gene that provokes the synthesis of progerin, a mutant version
of the nuclear protein lamin A that accelerates aging and precipitates death. The most
clinically relevant feature of HGPS is the development of cardiac anomalies and severe
vascular alterations, including massive loss of vascular smooth muscle cells, increased
fibrosis, and generalized atherosclerosis. However, it is unclear if progerin expression
in endothelial cells (ECs) causes the cardiovascular manifestations of HGPS. To tackle
this question, we generated atherosclerosis-free mice (LmnaLCS/LCSthS-CreERTZ) and
atheroprone mice (Apoe™” Lmna-“>"*“>Cdh5-CreERT2) with EC-specific progerin expres-
sion. Like progerin-free controls, Lmna“***>Cdh5-CreERT2 mice did not develop heart
fibrosis or cardiac electrical and functional alterations, and had normal vascular struc-
ture, body weight, and lifespan. Similarly, atheroprone Apoe " Lmna-“>"**>Cdh5-CreERT2
mice showed no alteration in body weight or lifespan versus Apoe” " Lmna-“>"* con-
trols and did not develop vascular alterations or aggravated atherosclerosis. Our results
indicate that progerin expression in ECs is not sufficient to cause the cardiovascular

phenotype and premature death associated with progeria.
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atherosclerosis, cardiovascular disease, endothelial cells, Hutchinson-Gilford progeria
syndrome, progerin
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1 | INTRODUCTION

Hutchinson-Gilford progeria syndrome (HGPS) is an ultrarare ge-
netic disease affecting 1 in 19 million people that induces accel-
erated aging and premature death at an average age of 14.5years
(Gordon et al., 1993). In most HGPS patients, progeria is caused
by a heterozygous de novo point mutation in the LMNA gene
(c.1824C>T, p.G608G) that generates an aberrant splicing site
which promotes the expression of progerin, a truncated version
of the nuclear protein lamin A (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003). Progerin is widely expressed in most cell
types of HGPS patients and induces multiple molecular, cellular, and
functional alterations that ultimately lead to accelerated organismal
aging (Benedicto et al., 2021; Hamczyk, del Campo, & Andres, 2018).
HGPS patients are born without symptoms and typically begin to de-
velop signs of the disease during the first 2 years of life. These signs
include body weight loss, failure to thrive, alopecia, bone and muscle
abnormalities, skin alterations, joint contractures, and lipodystro-
phy, all of which worsen over time. However, the most clinically rel-
evant feature of HGPS is the development of severe cardiovascular
alterations, with the main cause of death in HGPS patients being
myocardial infarction, heart failure, or stroke (Gordon et al., 1993).
The HGPS cardiovascular phenotype is defined by cardiac repo-
larization anomalies, left ventricular diastolic dysfunction, heart-valve
disease, vascular stiffening, calcification and fibrosis, loss of vascular
smooth muscle cells (VSMCs), and generalized atherosclerosis [re-
viewed in (Benedicto et al., 2021; Gordon et al., 1993; Hamczyk, del
Campo, & Andres, 2018)]. Cardiovascular physiology is intimately
influenced by the endothelial cells (ECs) and VSMCs of the vessel
wall, and understanding the mechanisms underlying the cardiovas-
cular alterations in HGPS thus requires investigation of the effects
of progerin expression in these cell types (McClintock et al., 2006;
Olive et al., 2010). Our previous mouse studies showed that SM22«a
promoter-driven progerin expression in VSMCs of Apoe-deficient
mice is sufficient to induce VSMC loss, vascular stiffening, adventitial
thickening, and impaired arterial contraction and to aggravate athero-
sclerosis and provoke premature death (Del Campo et al., 2019, 2020;
Hamczyk, Villa-Bellosta, et al., 2018). ECs, the other main component
of the vascular wall, play key roles in healthy and diseased blood ves-
sels, including the maintenance of vascular tone and compliance, the
regulation of vascular inflammation, and the development of athero-
sclerosis (Xu et al., 2021). Here, we used conditional mouse models
to test whether EC-specific progerin expression is sufficient to induce

HGPS-associated cardiovascular pathology and premature death.

2 | METHODS
2.1 | Mice
All experimental mice were on the C57BL/6J genetic back-

ground. Lmna““*“>Cdh5-CreERT2 mice were generated by cross-
ing Lmna®*> (Osorio et al., 2011) and Tg(Cdh5-cre/ERT2)1Rha

mice (MGI ID 3848982) (Sorensen et al., 2009). Atherosusceptible
Apoe™ Lmna-“>**>Cdh5-CreERT2 mice were generated by crossing
Apoe” Lmna*“*“> mice (Hamczyk et al., 2018) and Tg(Cdh5-cre/
ERT2)1Rha mice. At 1.5months of age, all mice received daily in-
traperitoneal injections of 0.2mg/g tamoxifen (T5648, Sigma) in
corn oil (C8267, Sigma) for 3days. Mice were housed in a specific
pathogen-free facility in individually ventilated cages with a 12h
light/12h dark cycle at 22+2°C and 50% relative humidity (range
45%-60%). Mice had ad libitum access to water and food (5Ké7,
LabDiet, D184, SAFE, and Rod18-A, LASQCdiet). Where indicated,
Apoe™ " Lmna“"*> and Apoe™ Lmna-“**>Cdh5-CreERT2 mice were
placed at 2months of age on a high-fat diet containing 10.7% total
fat and 0.75% cholesterol (59167-E10/E011, Ssniff) and were sacri-
ficed at 4months of age for post-mortem analysis. For experiments
with atheroresistant Lmnat©t® and Lmna'“**“>Cdh5-CreERT2 mice,
males and females were used. For experiments with atherosuscep-
tible Apoe™ Lmna-“>*> and Apoe™ Lmna‘“**“>Cdh5-CreERT2 mice,
only males were used. All analyses were carried out by operators
blinded to genotype. Mice were euthanized by CO, inhalation except
for the immunofluorescence experiments shown in Figures 1a-c, 4c,
and 5a, where animals were anesthetized and perfused with 4% for-
maldehyde. All animal procedures followed EU Directive 2010/63/
EU and Recommendation 2007/526/EC, enacted in Spain under Real
Decreto 53/2013 and 191/2013. Animal protocols were approved
by the local ethics committees and the Animal Protection Area of the
Comunidad Auténoma de Madrid (PROEX 105.0/22, PROEX76/14,
and PROEX149.0/20).

2.2 | Aortaen face immunostaining and
quantitative image analysis

En face immunofluorescence studies in mouse thoracic aortas were
performed as described (Barettino et al., 2022) with a minor modifica-
tion to the anesthesia procedure for atheroprone Apoe™ Lmna->/*>
and Apoe™ Lmnat®'“>Cdh5-CreERT2 mice, which were anesthetized
by intraperitoneal injection of a pentobarbital (Dolethal, Vetoquinol)
and lidocaine (B. Braun Medical S.A.) solution in saline (150 and
1.5mg/kg, respectively). The aortic luminal face was stained with
a rabbit antibody specific to progerin (Rolas et al., 2024) (1:800)
(Figure 1a), rabbit anti-lamin A (which also detects progerin) (1:100,
sc-20680, Santa Cruz) (Figure 5a), and biotinylated mouse anti-mouse
CD45.2 (1:200, 553,771, BD Biosciences). Note that Lmna““>"*“> mice
and derivatives do not express lamin A and progerin expression is
induced in these models upon Cre-mediated recombination (Osorio
et al., 2011); therefore, the sc-20680 antibody shows no reactivity
with tissues from Apoe™ Lmna““'®> controls and detects progerin in
ECs from Apoe™ " Lmna‘“>*“>Cdh5-CreERT2 mice (Figure 5a). Bound pri-
mary antibodies were detected with goat anti-rabbit IgG H&L Alexa
Fluor 647 (1:400, A21245, Thermo Fisher Scientific) and streptavi-
din Cyanine Cy3 (1:200, 016-160-084, Jackson ImmunoResearch),
and nuclei were stained with Hoechst 33342 (10uM, B2261, Sigma).
Images were acquired with an LSM 700 confocal microscope equipped
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FIGURE 1 Endothelium-specific progerin expression in Lmna“*“SCdh5-CreERT2 mice. (a) En face immunofluorescence staining

of thoracic aortas from 22-month-old Lmnat“>** and Lmna“**“>Cdh5-CreERT2 mice, showing progerin (white) and nuclei (blue). The
percentage of progerin-positive ECs in Lmna-“>*“>Cdh5-CreERT2 mice is indicated (n=4). Luminal aortic ECs from Lmna-“**“>Cdh5-
CreERT2 mice were considered progerin-positive when nuclear progerin expression was above the mean value in Lmnat®*'%s control
mice. Bar, 50 um. (b, ¢) Immunofluorescence analysis of cross-sections from thoracic aorta (b), heart, liver, and kidney (c) of 22-month-old
mice, showing progerin (white), CD31 (green), aSMA (red), and nuclei (blue) (n=4). Bars, 50 pm. Yellow arrowheads indicate examples

of progerin-positive ECs. (d) Cell sorting gating strategy for the isolation of viable cardiac ECs (PI"CD317CD45") and macrophages
(PI"CD31°CD45*CD11b*F4/80%). PI, propidium iodide. (e) RT-qPCR analysis of progerin expression in cardiac ECs and macrophages from
22-month-old mice (n=5, two-way ANOVA plus Tukey's multiple comparisons test). ***p <0.001.

with a LD LCI Plan-Apochromat 25x/0.8 Imm Korr DIC M27 objective nuclei of luminal ECs (60-133 nuclei per field) were identified and

(Zeiss). Images of 2-3 25x fields were obtained in three zones along selected by Hoechst 33342 staining, and the mean fluorescence in-
the length of the thoracic aorta and were quantified using ImageJ Fiji tensity of nuclear progerin was quantified from a sum projection
software (Schindelin et al., 2012). To quantify progerin expression, of z-slices. Luminal aortic ECs from Lmna““>*“>Cdh5-CreERT2 and
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Apoe” " Lmna-“*“>Cdh5-CreERT2 mice were considered progerin-

positive when the mean nuclear progerin signal was above that in their
respective controls. Intimal leukocyte accumulation was estimated by
counting CD45" leukocytes in randomly selected fields in each aorta
zone. The Imagel) Fiji software was used to analyze the area, perim-
eter, and shape descriptors of nuclei from luminal ECs in wholemount

preparations of thoracic aorta stained with Hoechst 33342.

2.3 | Immunostaining and confocal imaging of
tissue sections

Lmnat®>'% and Lmnat®'“*Cdh5-CreERT2 mice were anesthetized by
intraperitoneal injection of ketamine (225 mg/kg, Ketamidor, Richter
Pharma) and xylazine (15 mg/kg, Nerfasin, Fatro). Tissues were fixed
with 4% formaldehyde in PBS first for 5min by perfusion through
the left ventricle and then ex vivo at 4°C for 24 h. Apoe”"Lmna-¢>/t¢
and Apoe ™ Lmna*“>'*“*Cdh5-CreERT2 mice were euthanized by CO,
inhalation, and aortas were directly fixed with 4% formaldehyde in
PBS. Fixed tissues were dehydrated to xylene, embedded in paraf-
fin, and cut into 4-5-um sections with a microtome (RM2245, Leica).
Processing of heart, liver, and kidney sections included a 1h incu-
bation at room temperature (RT) in 100mM glycine. Antigens were
retrieved with 10 mM sodium citrate buffer (pH 6), and samples were
blocked for 1 h at RT with 0.3% Triton X-100, 5% BSA, and 5% normal
goat serum in PBS. Antibodies were diluted in PBS supplemented
with 0.3% Triton X-100, 5% BSA, and 2.5% normal goat serum.
Samples were incubated overnight at 4°C with antibodies targeting
progerin (Rolas et al., 2024) (1:800) (Figure 1b, c), lamin A/progerin
(1:100, sc-20680, Santa Cruz) (Figure 5b), and CD31 (1:50, DIA-310,
Dianova), followed by a 2h incubation at RT with goat anti-rabbit
IgG Affinipure Fab Fragment Alexa Fluor 647 (1:500, 111-607-008,
Jackson ImmunoResearch), goat anti-rabbit Alexa Fluor 647 (1:500,
A-21245, Invitrogen), goat anti-Rat 1gG (H+L) Alexa Fluor 488
(1:500, A11006, Thermo Fisher Scientific), and anti-smooth muscle
a-actin-Cy3 (1:200, C6198, Sigma). After incubation for 30min at
RT with DAPI (1:5000, D23842, Invitrogen), sections were mounted
in Fluoromount G imaging medium (00-4958-02, Thermo Fisher
Scientific). Images were acquired with an LSM 700 confocal micro-
scope equipped with a LD LCI Plan-Apochromat 25x/0.8 Imm Korr
DIC M27 objective (Zeiss).

2.4 | Quantification of progerin mRNA expression
in heart ECs and macrophages

Mice were euthanized and gently perfused through the left ventri-
cle with 10 mL cold PBS. Heart apexes were minced and digested at
37°C for 15min in serum-free DMEM supplemented with digestion
buffer [4x stock: 25mg/mL collagenase A (Roche), 25mg/mL dis-
pase Il (Roche), 250 ug/mL DNase (Roche), 140mM NaCl, 5mM KClI,
2.5mM phosphate buffer, 10mM HEPES, 2mM CaCl,, and 1.3mM
MgCl,], with thorough pipetting of the samples after 10min and at

the end of the digestion procedure. Digested tissue was filtered
through a 70-pm cell strainer, and dissociated cells were pelleted at
400x g for 5min at 4°C. Cells were resuspended in sorting buffer
(PBS supplemented with 1% FBS, 2mM EDTA, 5mM glucose, and
10mM HEPES), including an anti-CD16/CD32 antibody to block Fc
receptors (1:200, 101302, Biolegend), and then stained for 30 min
on ice with anti-CD31 Alexa Fluor 647 (1:200, 102416, Biolegend),
anti-CD45 Pacific Blue (1:200, 103126, Biolegend), anti-CD11b FITC
(1:200, AGEL0306, AssayGenie), and anti-F4/80 PE/Cy7 (1:100,
123114, Biolegend). Cells were then washed with 2mL cold sort-
ing buffer, pelleted at 400x g for 5min at 4°C, resuspended in cold
sorting buffer, filtered through a 70-pm cell strainer, and stained
with 1pg/mL propidium iodide (P4864, Sigma). Viable cardiac
ECs (PI"CD31*CD45") and macrophages (PI"CD31°CD457CD11b
*F4/80%) were isolated with a FACSAria Cell Sorter (BD Biosciences)
and directly lysed upon collection in 750pL TRI Reagent Solution
(AM9738, Invitrogen). RNA was extracted following the manu-
facturer's instructions until phase separation, when the aqueous
phases were diluted 1:1 with 70% ethanol and loaded into RNeasy
Mini Kit columns (74106, Qiagen) to continue with the RNeasy Mini
Kit protocol. cDNA was synthesized with the High-Capacity cDNA
Reverse Transcription Kit (4368814, Applied Biosystems). Progerin
mRNA was quantified by real-time qPCR in a Bio Rad-CFX384
Real-Time PCR System using PowerSYBR Green PCR Master Mix
(436659, Thermo Fisher Scientific) and the following primers: pr-
ogerin, 5-tggagcgggagcccagaget-3’ (boundary between aberrantly
spliced Lmna exon 11 and exon 12) and 5'-ttcaggcctgctctcctaag-3’
(Lmna exon 12); Gapdh (for normalization by the 2725C method),
5'-aaatggtgaaggtcggtgtg-3’ and 5'-gagtggagtcatactggaac-3'. All
qPCR reactions were performed in technical duplicates.

2.5 | Histology and atherosclerosis studies

Mice were euthanized by CO, inhalation and perfused through the
left ventricle with 10 mL PBS. Tissue samples were extracted and
fixed in 4% formaldehyde in PBS at 4°C for at least 48h. For his-
tology studies, hearts and aortas were dehydrated to xylene, em-
bedded in paraffin, and cut into 4-5-pm sections with a microtome
(RM2245, Leica). Collagen deposition in the heart was quantified
by Sirius red staining (365548, Sigma), and images were analyzed
with ImagelJ. Perivascular fibrosis was calculated as pmz/vessel by
quantifying the mean Sirius red-positive area surrounding cardiac
vessels with a maximum diameter >70pum (6-15 vessels per heart).
Interstitial fibrosis was measured as the mean Sirius red-positive
area in each heart section excluding Sirius red-positive perivascular
and pericardial areas, expressed as a percentage. VSMC number and
collagen content in the medial layer of the aortic arch were quan-
tified in sections stained with hematoxylin-eosin or Masson's tri-
chrome, respectively (Hamczyk, Villa-Bellosta, et al., 2018). Aortic
atherosclerosis burden was quantified en face after staining the
aortic arch and thoracic aorta with 0.2% oil red O (00625, Sigma)
(Hamczyk, Villa-Bellosta, et al., 2018). The atherosclerotic lesion
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area at the aortic root was quantified from Van Gieson-stained sec-
tions from three zones: at the beginning, in the middle, and at the
end of the aortic valve (Hamczyk, Villa-Bellosta, et al., 2018).

2.6 | Hematology and serum lipid profile analysis

Animals were sacrificed by CO, inhalation. Blood was collected from
Lmna®*' and Lmna*“>**>Cdh5-CreERT2 mice by cardiac puncture.
Blood from fat-fed Apoe™ Lmnat®'“* and Apoe™ Lmna*“>*“*Cdh5-
CreERT2 mice was withdrawn from the inferior vena cava after
overnight fasting. For hematological tests, blood was collected
in Microvette 100 EDTA tubes (Sarstedt) and analyzed with a
PENTRA 80 hematology analyzer (Horiba). For serum lipid profile
analysis, blood was collected in plastic tubes, allowed to clot at RT
for 30min, and centrifuged at 1,900x g and 4°C for 10 min. Serum
was centrifuged at 4°C for 10min at 16,100 g, and then analyzed
with a Dimension RxL Max Integrated Chemistry System (Siemens
Healthineers). All analyses were carried out in a blinded manner by
specialized staff at the CNIC Animal Facility.

2.7 | Electrocardiography and echography studies

Electrocardiography and echography assays were carried out as de-
scribed (Fanjul et al., 2020).

2.8 | Statistical analysis

All data are presented as mean+standard deviation except in
Figures 2c and 5d, where the data are presented as mean+standard
deviation. Body weight and Kaplan-Meier survival curves were ana-
lyzed using a mixed effects model with the Geisser-Greenhouse cor-
rection and a Mantel-Cox test, respectively. For normally distributed
data with two groups, we used the two-tailed unpaired Student t-test,
applying Welch's correction if the groups had unequal variances. For
non-normally distributed data with two groups, we used the two-
tailed Mann-Whitney U-test. For data with two independent variables
(Figure 1e), we used two-way ANOVA plus Tukey's multiple compari-
sons test. Outliers identified using the ROUT test (Q=1%) were ex-
cluded from the analysis. Differences were considered significant at
p<0.05. Statistical analysis was carried out with Prism 9 (GraphPad).

3 | RESULTS

3.1 | Mice with EC-specific progerin expression
have normal body weight and lifespan

To assess whether EC-specific progerin expression in mice is suf-
ficient to induce HGPS-associated cardiovascular symptoms, we
generated Lmna‘“*'>Cdh5-CreERT2 mice by crossing Lmna-¢¥/*¢S

Aging

mice, which enable Cre-dependent progerin expression (Osorio
et al., 2011), with Cdh5-CreERT2 mice, in which tamoxifen treat-
ment activates Cre recombinase specifically in ECs (S6rensen
et al., 2009). Lmna‘“>*“>Cdh5-CreERT2 mice and Lmnat®>*¢> con-
trols were treated with tamoxifen at 1.5months of age, and prog-
erin expression was analyzed when the mice were 22 months old.
Wholemount immunofluorescence analysis of thoracic aorta of
Lmna‘®*'>Cdh5-CreERT2 mice showed efficient progerin expres-
sion in luminal aortic ECs (93.0+9.6% positive cells) (Figure 1a),
which did not exhibit detectable alterations in nuclear area, pe-

LES/LES controls (Figure S1).

rimeter, or shape compared with Lmna
Progerin expression in ECs was confirmed by immunostaining
sections of aorta, heart, liver, and kidney, all of which showed no
detectable progerin protein expression in non-endothelial cell
types (Figure 1b,c). To confirm the endothelial specificity of pr-
ogerin expression in Lmna““>*“>Cdh5-CreERT2 mice, we isolated
cardiac ECs (CD31*CD457) and macrophages (CD31°CD45*CD1
1b*F4/80%) from Lmnat®t®> and Lmna““>t“>Cdh5-CreERT2 mice
by cell sorting (Figure 1d) and analyzed progerin expression by
RT-gPCR. Progerin mRNA was expressed in cardiac ECs from
Lmnat®*>Cdh5-CreERT2 mice but not in those from Lmnat®>/tcs
controls and was barely detectable in heart macrophages of either
genotype (Figure 1e). Lmnat®*“>Cdh5-CreERT2 mice showed no
hematological alterations (Figure 2a) or overt signs of premature
aging (Figure 2b), and their body weight and lifespan were indistin-

LCS/LCS

guishable from control Lmna mice (Figure 2c).

3.2 | EC-specific progerin expression in mice
does not induce heart fibrosis or alterations in cardiac
electrical activity and function

HGPS patients and animal models with ubiquitous progerin expres-
sion show extensive cardiac alterations, including heart fibrosis
and impaired cardiac electrical activity and function [reviewed in
(Benedicto et al., 2021; Gordon et al., 1993; Hamczyk, del Campo,
& Andres, 2018)]. We therefore sought to determine whether
EC-specific progerin expression was sufficient to induce HGPS-
associated cardiac pathology. Lmna‘®***SCdh5-CreERT2 mice did not
develop interstitial or perivascular cardiac fibrosis, as shown by Sirius
red staining of heart sections from 22-month-old mice (Figure 3a).
Moreover, electrocardiography studies revealed no differences in
cardiac electrical activity between Lmna*“'*Cdh5-CreERT2 mice

LCS/LCS

and Lmna controls (Figure 3b), and echography assessment

showed similar cardiac function in both genotypes (Figure 3c).

3.3 | EC-specific progerin expression
does not induce VSMC loss, medial fibrosis, or intimal
leukocyte accumulation in mouse aorta

Vascular alterations are major hallmarks of HGPS pathology in animal
models and patients and include loss of arterial VSMCs, adventitial
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FIGURE 2 Endothelium-specific progerin expression in mice does not alter the hematological profile or reduce body weight or lifespan.
(a) Hematological profile of 22-month-old Lmna‘“***> and Lmna‘“**“>Cdh5-CreERT2 mice (n=12-13, two-tailed unpaired Student t-test

for all parameters except neutrophils, eosinophils, basophils, and MPV, which were analyzed by two-tailed Mann-Whitney U-test). (b)
Representative image of 22-month-old female mice. Bar, 5cm. (c) Body weight (n=8-10, mixed effects model with the Geisser-Greenhouse
correction) and Kaplan-Meier survival curves (n=10-13, Mantel-Cox test). WBC, white blood cells; RBC, red blood cells; PLT, platelets;
HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscle volume; MPV, mean platelet volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; RDW, red cell distribution width.

thickening, and excessive collagen deposition in the vessel wall [re-
viewed in (Benedicto et al., 2021; Gordon et al., 1993; Hamczyk,
del Campo, & Andres, 2018)]. Moreover, mice with ubiquitous and
SM22a promoter-driven progerin expression show intimal leukocyte
accumulation (Benedicto et al., 2024; Hamczyk et al., 2024), a marker
of vascular inflammation. We therefore studied whether EC-specific
progerin expression could induce these HGPS-associated vascular

alterations. Histological analysis of aortic arch cross-sections from
22-month-old Lmnat®**Cdh5-CreERT2 mice revealed no VSMC
loss, adventitial thickening, or collagen accumulation in the me-

LCSLCS controls

dial layer in comparison with age-matched Lmna
(Figure 4a, b). Likewise, en face immunostaining of the thoracic aorta
showed no between-genotype differences in the accumulation of

leukocytes in the intimal layer (Figure 4c).
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FIGURE 3 Endothelium-specific progerin expression in mice induces neither heart fibrosis nor alterations in cardiac electrical activity and
function. (a) Collagen content in hearts from 22-month-old Lmna*“**®* and Lmna“***Cdh5-CreERT2 mice, measured by Sirius red staining
(n=7-8, two-tailed unpaired Student t-test). Bar, 50 um. (b, c) Electrocardiography (b) and echocardiography (c) studies in 18-month-old mice
[n=14-17, analyzed by two-tailed unpaired Student t-test [QT, QT90, E, A, IVRT, LVID (d), LVID (s), LVPW (d), EF, IVS (d), LV mass, LV vol (d),
and LV vol (s)] or two-tailed Mann-Whitney U-test (QT90c, T steepness, JT, E/A, and heart rate]. A, mitral valve A velocity; E, mitral valve E
velocity; E/A, mitral valve E to A ratio; IVRT, isovolumic relaxation time; LV, left ventricle; IVS (d), inter ventricular septum (diastole); LVID (d),
LV internal diameter (diastole); LVID (s), LV internal diameter (systole); LVPW (d), LV posterior wall (diastole); EF, LV ejection fraction; LV vol
(d), LV volume (diastole); LV vol (s), LV volume (systole); BPM, beats per minute.

3.4 | EC-specific progerin expression does not
aggravate atherosclerosis in atheroprone mice

Atherosclerosis is one of the most important clinical features of
HGPS, with most patients dying from atherosclerosis complications
(Gordonetal., 1993). Progeroid mice with intact Apoe and LdIr genes
do not develop atherosclerosis, probably due to the intrinsically low

levels of pro-atherogenic lipoproteins in mouse blood (Hamczyk
et al., 2018). To circumvent this issue, we previously generated
apolipoprotein E-deficient mice with ubiquitous progerin expres-
sion (Apoe™ Lmna®4°?%/¢699%) "\which developed excessive high-fat
diet-induced atherosclerosis compared with progerin-free Apoe’/’
controls (Hamczyk et al., 2018). To test whether EC-specific pr-
ogerin expression aggravated atherosclerosis in atheroprone
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mice, we generated Apoe” Lmna““**“*Cdh5-CreERT2 mice.
Apoe” Lmna*“>'>Cdh5-CreERT2 mice and Apoe” Lmngt®>/tcs

controls were injected with tamoxifen at 1.5months of age, and
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100 °
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o
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o

progerin expression was analyzed in aortas from 4-month-old
mice. Thoracic aortas from Apoe™ Lmna-“>*>Cdh5-CreERT2 mice
showed efficient progerin expression in luminal ECs (99.3+0.8%
progerin-positive cells) (Figure 5a) and undetectable expression
in non-endothelial cell types (Figure 5b). Like atherosclerosis-free
Lmna*“*Cdh5-CreERT2 mice (Figures 2b,c and 4c), atherosus-
ceptible Apoe™ Lmnat®*“>Cdh5-CreERT2 mice did not develop
signs of accelerated aging (Figure 5c), and their body weight and

LCSLES controls

lifespan were the same as those of Apoe’/’Lmna
(Figure 5d).

Totesttheeffectof EC-specificprogerinexpressiononatheroscle-
rosis development, we placed 2-month-old Apoe™” Lmna-“**“*Cdh5-

CreERT2 mice and Apoe™ Lmng-<*/*<*

controls on a high-fat diet,
and analyzed them at 4 months of age. Hematological parameters
and serum lipid profiles were similar in both genotypes (Figure 6a,
b, Figure S2), and histological analysis of aortic arch sections re-
vealed no between-genotype differences in medial VSMC and col-
lagen content or adventitial thickness (Figure éc, d). En face oil red
O staining of aortas also showed a similar atherosclerosis burden in
Apoe” " Lmna-“>**>Cdh5-CreERT2 mice and Apoe™ Lmna““>*“* con-
trols (Figure 6e), and histological analysis of the aortic valves showed
indistinguishable lesion area and percentage of perimeter affected
by atherosclerosis in the two genotypes (Figure 6f).

FIGURE 4 Endothelium-specific
progerin expression in mice does

not induce medial vascular smooth
muscle cell loss and fibrosis or intimal
leukocyte accumulation in the aorta. (a,
b) Hematoxylin-eosin (a) and Masson's
trichrome (b) staining of aortic arch
sections from 22-month-old mice to
quantify the number of nuclei in the
media, the adventitia (adv.)/media
thickness ratio, and collagen accumulation
in the media (h=7-8, two-tailed unpaired
Student t-test). Bars, 250 um. (c) En face
immunostaining of the luminal surface

of thoracic aortas, showing CD45"

. leukocytes (red) and nuclei (blue) (=4,
two-tailed Mann-Whitney U-test). Bars,
50pum. L, lumen.

L mnalcsics
o L mnalcsics

Cdh5-CreERT2

4 | DISCUSSION

Given the critical role played by ECs in cardiovascular pathophysiol-
ogy, it is of interest to assess their contribution to HGPS-associated
cardiovascular disease in order to determine their suitability as ther-
apeutic targets. Several groups have analyzed the role of progerin
expression in ECs using a variety of in vitro systems. Overexpression
of progerin, but not wild-type lamin A, was found to increase proin-
flammatory gene expression, oxidative stress, DNA damage, and cel-
lular senescence in human coronary artery ECs (Bidault et al., 2020).
A separate study using the same experimental system also showed
progerin-induced DNA damage, but only in ECs with evident nuclear
structural defects and not in progerin-expressing ECs with appar-
ently normal nuclei (Constantinescu et al., 2010). Human umbilical
vein ECs overexpressing GFP-tagged human progerin exhibited fea-
tures of cellular senescence, nuclear abnormalities, higher expres-
sion of proinflammatory cytokines, and increased IL-1B-stimulated
neutrophil adhesion compared with cells overexpressing GFP-lamin
A (Rolas et al., 2024). Moreover, the same progerin-overexpressing
human ECs were unable to adapt to shear stress, but this effect was
also observed upon lamin A overexpression (Danielsson et al., 2022).
Although informative, data obtained from overexpression systems
can be difficult to interpret due to the presence of supraphysiologi-
cal progerin levels. To circumvent this issue, investigators have used
human stem cell-derived ECs in which progerin expression is con-
trolled by the endogenous LMNA promoter. Several studies have
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FIGURE 5 Normal body weight and lifespan in atheroprone mice with endothelium-specific progerin expression. (a) Progerin expression
in Apoe”"Lmna*“>"*“>Cdh5-CreERT2 mice and Apoe™ Lmna‘>'®> controls fed normal chow was analyzed by en face immunofluorescence of
thoracic aortas from 4-month-old mice (white, progerin; blue, nuclei). The percentage of progerin-positive ECs in Apoe™”"Lmna-“>"*“>*Cdh5-
CreERT2 mice is indicated (n=7-8). Luminal aortic ECs in Apoe’/’LmnaLCS/LcsthS—CreERT2 mice were considered progerin-positive when

nuclear progerin expression was above the mean value in Apoe’/’Lmna

LCS/LCS

control mice. Bar, 25 pm. (b) Immunofluorescence assays in

thoracic aorta sections, showing progerin (white), CD31 (green), «SMA (red), and nuclei (blue) (n=5-6). Bar, 50 um. Yellow arrowheads
indicate examples of progerin-positive ECs. (c) Representative image of 4-month-old male mice. Bar, 2cm. (d) Body weight (n=6-9, mixed
effects model with the Geisser-Greenhouse correction) and Kaplan-Meier survival curves (n=6-9, Mantel-Cox test).

analyzed progerin-expressing ECs differentiated from induced pluri-
potent stem cells generated from HGPS patient fibroblasts, com-
paring them with control ECs derived from healthy donors. In this
system, progerin-expressing ECs showed nuclear structural defects
that were accompanied by elevated levels of reactive oxygen spe-
cies, DNA damage, senescence, proinflammatory gene expression,
and hypotonicity-induced apoptosis, as well as depressed levels of
proliferation, angiogenesis, lipid uptake, flow-mediated gene expres-
sion, and nitric oxide production (Abutaleb et al., 2023; Atchison
et al., 2020; Gete et al,, 2021; Lo et al., 2014; Matrone et al., 2019;
Mojiri et al., 2021; Xu et al., 2022). However, in other studies using
the same system or ECs differentiated from human embryonic stem
cells in which the HGPS-causing mutation was introduced by gene
editing, endothelial progerin expression did not alter proliferation,
angiogenesis, lipid uptake, nitric oxide production, or genome stabil-
ity (Wuetal.,2018; Zhangetal., 2011). Although progerin-expressing

ECs derived from human stem cells are a valuable experimental tool,

they have several limitations. These include the non-physiological
context of in vitro assays, the potential for incomplete differentia-
tion of stem cells into bona fide ECs, the failure to model the hetero-
geneity that exists between ECs from different tissues, and the use
of a limited number of stem cell clones in each study. Understanding
the effects of EC progerin expression in a complex multicellular
context such as the cardiovascular system thus requires the use of
in vivo systems.

Our mouse studies presented here show that progerin expres-
sion in ECs in vivo is not sufficient to induce features characteristic of
HGPS such as defective postnatal growth, premature death, and car-
diovascular alterations, including VSMC loss, an elevated adventitia/
media ratio, medial collagen accumulation, excessive atherosclerosis,
heart fibrosis, and cardiac dysfunction and electrical alterations. In
addition, we previously reported that Lmna‘“tTie2Cre mice, which
express progerin in ECs and some hematopoietic cell subsets, do not

show increased vascular stiffness or impaired vascular tone compared
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Aging

FIGURE 6 Endothelium-specific progerin expression does not induce vascular smooth muscle cell loss, medial fibrosis, or aggravated
atherosclerosis in atheroprone mice. Apoe’/’LmnaLCS/LCS and Apoe’/’LmnaLCS/LCSthE-CreERTZ mice were fed a high-fat diet starting at
2months of age and sacrificed for analysis at 4 months of age. (a) Hematological profile (n=6-7, two-tailed unpaired Student t-test for RBC
and PLT, and two-tailed Mann-Whitney U-test for WBC). (b) Serum lipid profile (n=5, two-tailed unpaired Student t-test). (c, d) Hematoxylin-
eosin (c) and Masson's trichrome (d) staining of aortic arch sections to quantify the number of nuclei in the media, the adventitia (adv.)/media
thickness ratio, and collagen accumulation in the media (n=>5, two-tailed unpaired Students t-test). Bars, 250 um. (e) Representative images
of en face oil red O staining of aortas and quantification of atherosclerosis burden in aortic arch and thoracic aorta (n=>5, two-tailed unpaired
Student t-test). Bar, 5mm. (f) Representative images of Van Gieson staining of aortic valves and quantification of atherosclerosis burden
measured as lesion area (pmz) and aortic perimeter affected by atherosclerosis (%) (=5, two-tailed unpaired Student t-test). Bar, 200 pm.
HDL, high density lipoproteins; LDL, low density lipoproteins; L, lumen; PLT, platelets; RBC, red blood cells; WBC, white blood cells.

with progerin-free controls (Del Campo et al., 2019, 2020). However,
the lack of effects of EC-specific progerin expression in our models
does not exclude the possibility that HGPS might alter EC function in-
directly via cues from progerin-expressing non-endothelial cells. This

G609G/G609G mice with ubiq—

possibility is supported by studies in Lmna
uitous progerin expression, which revealed defective endothelium-
dependent aortic relaxation in response to acetylcholine (Del Campo
et al., 2020; Sun et al., 2020) and transcriptional changes in lung ECs
related to the inflammatory response (Sun et al., 2020). Moreover,
we recently demonstrated that aortic ECs in Apoe™ Lmng®6076/6607C
mice with ubiquitous progerin expression undergo endothelial-to-
mesenchymal transition, a proatherogenic process that was also ob-
served in Apoe™ Lmna‘t**>SM22aCre mice with progerin expressed
predominantly in VSMCs but not in Apoe™ Lmna““>*“*Cdh5-CreERT2
mice with EC-specific progerin expression (Hamczyk et al., 2024).
Collectively, these findings suggest that progerin expression in ECs
is not sufficient to induce cardiovascular anomalies and other HGPS-
associated alterations, and that progerin-expressing dysfunctional
VSMCs provoke EC changes that contribute to the HGPS-associated
cardiovascular phenotype.

Other mouse models of EC-specific progerin expression have
yielded some apparently conflicting results, both among them and
with the data presented here. Prog-Tg mice were designed to main-
tain endogenous lamin A and lamin C levels while expressing human
progerin and lamin A in ECs under the control of a tetracycline-
responsive transcriptional activator regulated by the EC-specific
Cdh5 promoter (Osmanagic-Myers et al., 2019). These mice showed
increased endothelial expression of pro-fibrotic, proinflammatory,
and senescence markers, an augmented inflammatory infiltrate
in liver and lung, and altered bone microstructure (Fleischhacker
et al., 2024; Manakanatas et al., 2022). In agreement with our pre-
vious studies in Lmna'“*“Tie2Cre mice (Del Campo et al., 2020)
and the results presented here from Lmna-“>*“>Cdh5-CreERT2 and
Apoe'/_LmnaLCS/LCSth&CreERT2 mice, EC-specific progerin expres-
sion in Prog-Tg mice did not induce defective acetylcholine-mediated
vasorelaxation or aortic VSMC loss. However, in sharp contrast with
our data, Prog-Tg mice showed reduced body weight, cardiac fibrosis,
diastolic dysfunction, adventitial thickening, and premature death
(Osmanagic-Myers et al., 2019). In the Lmna”f:TC model, EC-specific
progerin expression was induced by Cre-mediated recombination
controlled by the Tek (a.k.a. Tie2) promoter (Sun et al., 2020), which is
active in ECs and some hematopoietic cell types (Kisanuki et al., 2001;
Payne et al., 2018). The specificity of EC progerin expression in
Lmna”":TC mice was not quantified, making it difficult to rule out

progerin expression in non-endothelial cell types in this model (Sun
et al., 2020). Like Prog-Tg mice, Lmna”";TC mice showed body weight
reduction and died prematurely. However, unlike Lmna-“*“*Tie2Cre
and Prog-Tg mice, Lmna"f:TC mice also exhibited reduced aortic vas-
orelaxation in response to acetylcholine (Sun et al., 2020). In another
mouse model of Tie2 promoter-driven progerin expression (Tie2-Cre;

LmnaLCS/LCS;ROSGZéthomaw/thommO)

, ECs from cremasteric venules and
the lung microvasculature showed elevated neutrophil attachment
with a concomitant increase in vascular leakage, but these effects
were only reported upon acute inflammation induced by IL-1p or lipo-
polysaccharide. Indeed, in the absence of pro-inflammatory stimuli,
lungs from mice with EC-specific progerin expression and progerin-
free controls showed no differences in the expression of a panel of
785 inflammation-related genes (Rolas et al., 2024). This indicates
that progerin presence in ECs by itself does not induce a major pro-
inflammatory endothelial state, in line with our findings showing
no increased accumulation of leukocytes in the aortic intima from
Lmna‘®**SCdh5-CreERT2 mice (Figure 4c). Cardiac function was unal-
tered in Lmna*®>*“>Cdh5-CreERT2 mice, whereas Prog-Tg mice exhib-
ited signs of diastolic dysfunction with preserved ejection fraction.
Unlike both Lmna'“**“Cdh5-CreERT2 and Prog-Tg mice, Lmna"f:TC
mice showed decreased heart rate and reduced ejection fraction.
These discrepancies might reflect the different strategies used to in-
duce EC-specific progerin expression in each model, which could lead
to model-specific limitations. For example, Tie2 promoter-driven re-
combination in Lmnat®/*“*Tie2Cre mice (Del Campo etal., 2019, 2020),
Lmna”":TC mice (Sun et al., 2020), and Tie2-Cre;Lmna-“>"***:Rosa26"
omato/tdTomato ice (Rolas et al., 2024) is not fully specific to ECs and
can occur in some leukocytes (Payne et al., 2018). Also, due to the ge-
netic approach used to generate them, Lmna’ and Lmna“**> mice
maintained expression of lamin C and, unlike wild-type mice, lacked
lamin A (Osorio et al., 2011; Sun et al., 2020). Mice expressing lamin
C while lacking lamin A were initially reported to be indistinguishable
from wild-type controls (Fong et al., 2006; Osorio et al., 2011), but
they were later found to live longer and to have depressed energy
metabolism, increased weight gain, and reduced respiration (Lopez-
Mejia et al., 2014). The absence of lamin A in Lmna”f and Lmna*¢>/¢
mice and their derivatives could therefore have as-yet undefined
effects. Despite this potential limitation, Lmna'“’*>SM22aCre and
Apoe_/_LmnaLCS/LCSSMZZaCre mice exhibit characteristics of HGPS,
including adventitial thickening, medial VSMC loss, impaired vascular
contraction, increased arterial stiffness, and exaggerated atheroscle-
rosis (Del Campo et al., 2019, 2020; Hamczyk et al., 2019; Hamczyk

et al., 2018). Thus, even with the possible limitations associated with
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LCS/LCS

Lmna mice, progerin expression in VSMCs versus ECs with this
system results in clearly different outcomes (the presence or lack of
progeroid signs, respectively). A potential limitation of our strategy
to induce EC-specific progerin expression in 1.5-month-old mice is
the lack of progerin in ECs during development and the first weeks
after birth, which could alter the acquisition of the HGPS phenotype.

G609G/G609G mjce with constitutive and ubig-

However, whereas Lmna
uitous progerin expression show increased arterial stiffness and al-
tered vasoreactivity in response to phenylephrine or acetylcholine
compared with progerin-free controls, these alterations were not
observed in age-matched Lmna““>/'“*Tie2Cre mice with constitutive
progerin expression in ECs (Del Campo et al., 2019, 2020). Given
the differences between mouse models of EC-specific progerin ex-
pression, caution must be used when interpreting results derived
from a single model. Our previous studies (Del Campo et al., 2019,
2020; Hamczyk et al., 2024) and the results presented here show
that EC-specific progerin expression did not alter any cardiovas-
cular parameter tested in three mouse models (Lmna-“>'“*Tie2Cre,
Lmna‘“*>Cdh5-CreERT2, and Apoe™"Lmnat®>'*>Cdh5-CreERT2) that
rely on two different strategies for EC-specific Cre-mediated recom-
bination (Tie2 or Cdh5 promoter-driven), either in atherosclerosis-
free or atheroprone mice (intact versus deleted Apoe gene). A clear
advantage of Lmna‘“>'“>-derived models is that the endogenous
mouse Lmna promoter drives progerin expression within the physi-
ological range, whereas the expression of human progerin and lamin
A in Prog-Tg mice was approximately 4-fold higher than that of en-
dogenous mouse lamin A (Osmanagic-Myers et al., 2019). We are
therefore confident that our studies cast reasonable doubt on the
previously reported causal role of EC-specific progerin expression in
the development of HGPS-associated body weight reduction, prema-
ture death, and cardiovascular phenotypes, especially the develop-
ment of atherosclerosis.

An alternative approach to testing the effects of progerin ex-
pression in specific cell types is to eliminate progerin in a cell-type-
specific manner in the context of ubiquitous progerin expression. To
that end, we previously generated HGPSrev mice that ubiquitously
express physiologically relevant amounts of progerin (expression
driven by the endogenous mouse Lmna promoter), lack lamin A, and
allow time- and cell-type-specific progerin suppression and lamin
A restoration upon Cre-mediated recombination (Sanchez-Lopez
et al.,, 2021). Using this model, we showed that SM22a promoter-
driven progerin suppression and lamin A restoration in VSMCs
prevents HGPS-associated VSMC loss, vascular fibrosis, intimal
leukocyte recruitment, aggravated atherosclerosis, and prema-
ture death (Benedicto et al., 2024; Sanchez-Lopez et al., 2021).
Conversely, Cdh5-driven progerin suppression and lamin A resto-
ration in ECs did not protect progeroid mice from any of the typi-
cal HGPS features (Benedicto et al., 2024). The results presented
here, together with our previous results obtained in mouse mod-
els of VSMC- and EC-specific progerin expression or suppression,
strongly suggest that progerin expression in VSMCs, but not ECs,
is a direct cause of HGPS cardiovascular pathology and premature
death. These findings should be considered in the future design of

gene-editing therapies aimed at reducing progerin expression in
HGPS patients (Beyret et al., 2019; Koblan et al., 2021; Santiago-
Fernandez et al., 2019; Whisenant et al., 2022), as these therapies
may be safer and more efficient if targeted to specific cell types.
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