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Endothelial-to-Mesenchymal Transition
Contributes to Accelerated Atherosclerosis in
Hutchinson-Gilford Progeria Syndrome

Magda R. Hamczyk, PhD*; Rosa M. Nevado, PhD*; Pilar Gonzalo, PhD; Marfa J. Andrés-Manzano; Paula Nogales(®, PhD;
Victor Quesada®, PhD; Ardnzazu Rosado, BSc; Carlos Torroja’®, PhD; Fatima Sanchez-Cabo, PhD; Ana Dopazo®, PhD;
Jacob F. Bentzon®, MD, PhD; Carlos Lépez-Otin, PhD; Vicente Andrés(®, PhD

BACKGROUND: Atherosclerosis is the main medical problem in Hutchinson-Gilford progeria syndrome, a rare premature aging
disorder caused by the mutant lamin-A protein progerin. Recently, we found that limiting progerin expression to vascular
smooth muscle cells (VSMCs) is sufficient to hasten atherosclerosis and death in Apoe-deficient mice. However, the impact
of progerin-driven VSMC defects on endothelial cells (ECs) remained unclear.

METHODS: Apoe- or Ldlr-deficient C67BL/6J mice with ubiquitous, VSMC-, EC- or myeloid-specific progerin expression fed a
normal or high-fat diet were used to study endothelial phenotype during Hutchinson-Gilford progeria syndrome—associated
atherosclerosis. Endothelial permeability to low-density lipoproteins was assessed by intravenous injection of fluorescently
labeled human low-density lipoprotein and confocal microscopy analysis of the aorta. Leukocyte recruitment to the aortic wall
was evaluated by en face immunofluorescence. Endothelial-to-mesenchymal transition (EndMT) was assessed by quantitative
polymerase chain reaction and RNA sequencing in the aortic intima and by immunofluorescence in aortic root sections. TGFf
(transforming growth factor ) signaling was analyzed by multiplex immunoassay in serum, by Western blot in the aorta, and
by immunofluorescence in aortic root sections. The therapeutic benefit of TGFB1/SMAD3 pathway inhibition was evaluated
in mice by intraperitoneal injection of SIS3 (specific inhibitor of SMAD3), and vascular phenotype was assessed by Oil Red
O staining, histology, and immunofluorescence in the aorta and the aortic root.

RESULTS: Both ubiquitous and VSMC-specific progerin expression in Apoe-null mice provoked alterations in aortic ECs,
including increased permeability to low-density lipoprotein and leukocyte recruitment. Atherosclerotic lesions in these
progeroid mouse models, but not in EC- and myeloid-specific progeria models, contained abundant cells combining
endothelial and mesenchymal features, indicating extensive EndMT triggered by dysfunctional VSMCs. Accordingly, the
intima of ubiquitous and VSMC-specific progeroid models at the onset of atherosclerosis presented increased expression of
EndMT-linked genes, especially those specific to fibroblasts and extracellular matrix. Aorta in both models showed activation
of the TGFR1/SMAD3 pathway, a major trigger of EndMT, and treatment of VSMC-specific progeroid mice with SIS3
alleviated the aortic phenotype.

CONCLUSIONS: Progerin-induced VSMC alterations promote EC dysfunction and EndMT through TGFB1/SMADS3, identifying
this process as a candidate target for Hutchinson-Gilford progeria syndrome treatment. These findings also provide insight
into the complex role of EndMT during atherogenesis.
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Clinical Perspective

What Is New?

* Progerin-driven vascular smooth muscle cell altera-

tions and death trigger proatherogenic changes in
endothelial cells in the aorta.

Atherosclerotic plaques of progeroid mice are char-
acterized by extensive endothelial-to-mesenchymal
transition that emerges as a response to vascular
smooth muscle cell damage and frequently gives
rise to fibroblast-like cells that retain endothelial
features.

Atherosclerotic plaques of progeroid mice pres-
ent activation of SMAD3-mediated transforming
growth factor p1 pathway that can be targeted in
vivo with SIS3 (specific inhibitor of SMAD3).

What Are the Clinical Implications?
* Our preclinical studies in mice with premature aging

syndrome indicate that vascular smooth muscle cell
alterations might precede and induce endothelial dys-
function and extensive endothelial-to-mesenchymal
transition, contributing to atherosclerosis.

Inhibition of SMAD3-mediated transforming growth
factor B1 signaling is a potential therapeutic tar-
get for alleviating vascular disease in Hutchinson-
Gilford progeria syndrome.

Nonstandard Abbreviations and Acronyms

CDH2 N-cadherin

CNIC Centro Nacional de Investigaciones
Cardiovasculares

EC endothelial cell

EndMT endothelial-to-mesenchymal
transition

ERG ETS-related gene

HFD high-fat diet

HGPS Hutchinson-Gilford progeria
syndrome

LDL low-density lipoprotein

MAEC mouse aorta endothelial cell

PDGFRf platelet derived growth factor
receptor 3

PECAM-1 platelet endothelial cell adhesion
molecule-1

pSMAD3 phosphorylated SMAD3

PTPRC protein tyrosine phosphatase
receptor type C

SIS3 specific inhibitor of SMAD3

TGF transforming growth factor

VSMC vascular smooth muscle cell

VWF von Willebrand factor
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is an extremely rare disease caused by a de
novo point mutation in the LMNA gene."? LMNA
encodes lamin A, a nuclear envelope protein involved in
maintaining nuclear structure and function. The most fre-
quent HGPS-causing mutation (c.1824C>T; p.G608G)
activates a cryptic splice site in exon 11 in the LMNA
pre-mRNA, causing aberrant splicing and production
of a truncated mutant protein called progerin. Because
it lacks 50 amino acids normally present in prelamin A,
progerin cannot undergo the normal posttranslational
maturation process and remains permanently farne-
sylated and carboxymethylated. The accumulation of
progerin alters multiple cell processes, including the reg-
ulation of nuclear shape, gene transcription, signal trans-
duction, DNA damage repair, and cell cycle progression,
that accelerate organismal aging® HGPS recapitulates
many features of physiological aging, such as reduced
bone density, joint stiffness, alopecia, skin wrinkling and
mottling, and cardiovascular disease.* Arteries in patients
with HGPS are severely depleted of vascular smooth
muscle cells (VSMCs) and show exaggerated extracel-
lular matrix accumulation, calcification, adventitial thick-
ening, and atherosclerosis.>” Most patients with HGPS
die in adolescence from complications of atherosclerosis
such as myocardial infarction, heart failure, or stroke.*”
The main risk factor for atherosclerosis is aging, and
the disease typically becomes clinically manifest from 50
to 60 years of age.® Atherosclerosis has historically been
thought of as involving a series of steps, in which each
cell type in the arterial wall has a role limited in space and
time. In this conventional view, atherosclerosis is initiated
by the accumulation of low-density lipoprotein (LDL) in
the arterial wall and consequent endothelial cell (EC)
activation, events that trigger recruitment of bloodborne
leukocytes into the subintimal space. Monocytes in the
aortic wall then differentiate into macrophages, which
ingest and accumulate LDL, transforming them into foam
cells that contribute to atherosclerotic plaque growth.
In response to proinflammatory stimuli, medial VSMCs
undergo phenotypic switching and migrate towards the
neointima, where they proliferate and can generate a
fibrous cap below the endothelial monolayer that pro-
tects against plaque rupture and its life-threatening con-
sequences, such as myocardial infarction or stroke.®
Recent studies have described high cellular hetero-
geneity and plasticity in healthy and atherosclerotic ves-
sels, suggesting that atherosclerosis is more complex
than initially thought.' For instance, VSMCs can acquire
characteristics reminiscent of foam cells, fibroblasts, and
osteochondrogenic cells in the lesions.® Moreover, ECs
can undergo a transition towards a mesenchymal phe-
notype, a process known as endothelial-to-mesenchymal
transition (EndMT), to give rise to a wide variety of cell
types in the lesion, including fibroblasts, osteoblasts, and
VSMCs.'! Likewise, the protective fibrous cap can be

I Iutchinson-GiIford progeria syndrome (HGPS)
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formed by cells of non-VSMC origin."? These processes
seem to be regulated by crosstalk between VSMCs, ECs,
and immune cells.’®'* These recent discoveries indicate
that there is still a gap in current knowledge about the
initiation and progression of atherosclerosis. Studies of
rare diseases featuring accelerated atherosclerosis, like
HGPS, may help to elucidate the complex mechanisms
leading to atheroma plaque formation and disruption.

We previously generated and characterized the athe-
roprone Apoe—/—LmnaG6OQG/G6OQG and Ld/r—/—LmnaGé‘OQG/GBOQG
HGPS mouse models with ubiquitous progerin expression,
which show accelerated atherosclerosis and recapitulate
most vascular features present in patients with HGPS,'51¢
We have also demonstrated that VSMC-specific progerin
expression is sufficient to cause VSMC loss in the arte-
rial wall, leading to accelerated atherosclerotic lesion for-
mation and death in Apoe-deficient mice."®'” However, it
remained unclear how VSMC-restricted progerin expres-
sion triggers the complete vascular manifestation of the
disease. Here, we investigated how progerin-induced
VSMC alterations affect ECs and the consequences of
this cellular crosstalk for atherogenesis.

METHODS
Ethical Statement

Animal experiments conformed to European Union Directive
2010/63EU and recommendation 2007/526/EC, enacted
in Spanish law under Real Decreto 53/2013. Animal proto-
cols were approved by the local ethics committees and the
Animal Protection Area of the Comunidad Auténoma de Madrid
(PROEX76/14, PROEX167/16, PROEX149.0/20) and fol-
lowed the Animal Research: Reporting of In Vivo Experiments
guidelines.® Blood for LDL isolation was obtained from healthy
volunteers after informed consent in accordance with local eth-
ics committee guidelines (CEI PI 12_2016-v2).

Mice

Mice used in this study were C57BL/6J (JAX Mice Strain) males
with ubiquitous, VSMC-, EC-, and myeloid-specific progerin
expression and their littermate controls with lamin A/C and
lamin C-only expression, respectively (Table S1), all with Apoe
or Ldlr deficiency. Gene expression studies in the aortic intima
included males and females (Tables S2 and S3). For establish-
ing mouse aorta endothelial cell (MAEC) cultures, wild-type males
were used (without Apoe or Ldlr deficiency). Mice were housed
in a specific pathogen—free facility at the Centro Nacional de
Investigaciones Cardiovasculares (CNIC) in individually ventilated
cages with 12 hours light/12 hours dark cycle at a temperature
of 22 £ 2°C and 50% relative humidity (range, 45%-60%).
Mice had ad libitum access to water and food (normal chow
diet: BK67, LabDiet or D184, SAFE or Rod18-A, LASQCdiet).
When indicated, 8-week-old mice were placed for 8 weeks on
a high-fat diet (HFD) containing 10.7% total fat and 0.75% cho-
lesterol (S9167-E010 or S9167-E011, Ssniff) and euthanized
at 16 weeks of age. To induce progerin expression, 6-week-old
Apoe~LmnatcStSCdhbCreF?  and  Apoe”~Lmnatctc  mice
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received intraperitoneal injections of tamoxifen (T5648, Sigma;
0.2 mg per g body weight) dissolved in corn oil (C8267, Sigma)
on 3 alternate days. Except for endothelial permeability stud-
ies, whole mount aortic preparations, and coculture of MAECs
with aortic media explants, animals were fasted overnight before
euthanasia. Mice were euthanized by CQO, inhalation, except for
endothelial permeability studies and whole mount aortic prepa-
rations, for which animals were euthanized by general anesthe-
sia followed by intracardiac perfusion with KCI and then with
formaldehyde. More details on animal studies are provided in the
Supplemental Methods and Data Set S1.

Inhibition of SMAD3 Phosphorylation In Vivo
Specific inhibitor of SMAD3'™ (SIS3; Chemical Abstracts
Service number 521984-48-5, 5291, R&D Systems) was dis-
solved in dimethyl sulfoxide (Chemical Abstracts Service num-
ber 67-68-b, A3672, PanReac AppliChem) at a concentration
of 100 mg/mL and stored at —80°C (stock solution). On the
day of each injection, SIS3 stock solution was thawed and
diluted in sterile PBS to a final concentration of 0.5 mg/mL
(0.56% dimethyl sulfoxide).

SIS3 (5 mg/kg) or vehicle (0.5% dimethyl sulfoxide in
PBS) was administered intraperitoneally to Apoe™~Lmna-c>+¢s
SM220.Cre and Apoe™~Lmna->“S male mice that were previ-
ously allocated into treatment and control groups by stratified
randomization (each litter formed a stratum; block randomiza-
tion within each stratum was performed to assign equal or
similar numbers of animals from each litter to each group).
The researcher administering the SIS3 or vehicle to mice was
aware of the treatment group allocation. To confirm SIS3 inhibi-
tory properties, 12-week-old mice received a single injection
of SIS3 or vehicle and were euthanized 1, 4, or 24 hours after-
wards. To assess therapeutic effects of SIS3, 8-week-old mice
received 3 injections per week for 8 weeks and were eutha-
nized at 16 weeks of age.

In Vivo Endothelial Permeability to LDL

Endothelial permeability to LDL was assessed as previously
described? (Supplemental Methods).

Quantification of Atherosclerosis Burden in

Thoracic Aorta
Atherosclerosis burden in the thoracic aorta was assessed as
previously described'®'® (Supplemental Methods).

Histology and Immunofluorescence in Paraffin-
Embedded Sections
See Supplemental Methods and Table S4.

Immunofluorescence in OCT-Embedded
Sections
See Supplemental Methods and Table Sb.

Immunofluorescence in Whole Mount En Face
Aorta Preparations
See Supplemental Methods and Table S6.
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Collection of Aortic Intimal Cell Lysates and
RNA Extraction

RNA from the aortic intima was isolated following a previously
described protocol?' (Supplemental Methods; Figure S1; Tables
S2 and S3; Data Set S2).

Reverse Transcription and Quantitative

Polymerase Chain Reaction
See Supplemental Methods and Table S7.

RNA Sequencing
See Supplemental Methods and Data Set S2.

Determination of Serum Transforming Growth

Factor f1 and g2 Concentration
See Supplemental Methods.

Protein Extraction and Western Blotting
See Supplemental Methods and Table S8.

Determination of Transforming Growth Factor

B1 Secreted by the Aortic Medial Layer
See Supplemental Methods.

Primary MAEC Cultures
See Supplemental Methods.

Stimulation of MAECs With Transforming

Growth Factor g1
See Supplemental Methods.

Coculture of MAECs With Aortic Media Explants
See Supplemental Methods.

MAEC Immunofluorescence
See Supplemental Methods and Table S9.

Hematology and Serum Cholesterol
See Supplemental Methods.

Data Availability

A detailed description of the methods and materials used in this
work is provided in the article and in the online Supplemental
Material. Data supporting the findings of this study either
are included in the article and online Supplemental Material
or can be requested from the corresponding authors. RNA
sequencing data are available at the Sequence Read Archive
(BioProject accession No. PRJNA1120035) and Gene
Expression Omnibus (accession No. GSE269166) repositories
of the National Center for Biotechnology Information.

Statistical Analysis

Data distribution was evaluated with the Kolmogorov-Smirnov
and D'Agostino-Pearson normality tests. Normally distributed

Circulation. 2024;150:1612-1630. DOI: 10.1161/CIRCULATIONAHA.123.065768
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data are presented as the mean (error bars indicate SEM) and
were analyzed using a t test, applying Welch correction if the
groups had unequal variances. Nonnormally distributed data
are presented as the median (with interquartile range; error
bars indicate minimum and maximum) and were analyzed by
Mann-Whitney test. Statistical tests for comparison of 2 groups
were 2-tailed except for analyses where the possibility of the
relationship in 1 direction was tested (data about the potential
therapeutic effects of SIS3 on HGPS-related vascular altera-
tions; primary outcome: atherosclerosis burden). Statistical
analysis was performed with Prism 9 (GraphPad). Outliers
identified with the GraphPad outlier calculator (www.graphpad.
com/quickcalcs/Grubbs1.cfm) were discarded from further
analysis (Data Set S1). Differences were considered significant
at P<0.05. Descriptive statistics are shown in Data Set S3 for
main figures and in Data Set S4 for supplemental figures.

RESULTS

Ubiquitous and VSMC-Specific Progerin
Expression Triggers Endothelial Dysfunction in
the Aorta

Given that EC dysfunction is a key factor in atheroscle-
rosis initiation, we sought to analyze changes in EC phe-
notype and function in atheroprone progeroid mouse
models. We examined mice with ubiquitous progerin
expression (Apoe™~Lmna®09e/e6096) and VSMC-specific
progerin expression (Apoe™~Lmna-c>**SM22aCre) and
their corresponding controls with normal expression of
lamin A/C (Apoe™-Lmna**) or expressing only lamin C
(Apoe™-Lmna-c5+%),1> Because LDL accumulation in the
arterial wall plays a key role in the initiation of athero-
sclerosis, we first assessed in vivo endothelial permeabil-
ity for LDL particles in normal chow—fed 16-week-old
mice, which develop early atherosclerotic disease.'® Mice
received intravenous injections of fluorescently labeled
human LDL (Attob65-LDL) and were euthanized 1 hour
after the injection, and the aorta was harvested for con-
focal microscopy analysis (Figure 1A). Aortas from both
Apoe~L mna®v9e/a%% gnd Apoe~~L mna-cSt**SSM22a Cre
mice showed enhanced endothelial permeability to LDL
compared with their control littermates, as revealed by
an increased Attob65-LDL—positive area in the aortic
arch and thoracic aorta (Figure 1B; negative controls not
injected with Attob65-LDL are shown in Figure S2 and
Videos S1 through S4). Three-dimensional reconstruc-
tion videos confirmed increased Attob65-LDL accumu-
lation on the luminal side of the aortic wall (intima and
first layer of the media) in the mutant mice (Figure 1C;
Videos Sb through S8).

Immunofluorescence studies in whole mount en
face aortic preparations revealed alterations in the size
and shape of ECs in both Apoe~~Lmnafe94/65% gnd
Apoe™~Lmna-cs*¢sSM22a Cre mice (Figure 1D). Remark-
ably, aortic intima in both progeroid models contained
cells negative for the EC markers PECAM-1 (platelet
endothelial cell adhesion molecule-1 or CD31)% and
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Figure 1. Endothelial dysfunction in aortas of progeroid Apoe~“-Lmna®%°¢/G6%°¢ and Apoe~-Lmna‘cs'*SSM22aCre mice.

Male mice fed normal chow were euthanized at 16 weeks of age. A, Workflow of in vivo low-density lipoprotein (LDL) permeability experiments.
LDL was isolated from blood of healthy human volunteers, labeled with Atto565 fluorescent dye, and injected intravenously into mice (15 pg
Attob65-LDL per g of body weight). One hour after the injection, the aorta was pre-fixed by intracardiac perfusion with 4% formaldehyde, excised,
cleaned of fatty tissue, opened longitudinally, and pinned out flat on a silicone plate for overnight fixing with 4% formaldehyde. After washing, the
aorta was mounted en face on a slide for confocal microscopy analysis. B, Representative tile-scan confocal images of whole mount aortas from
mice injected with Atto565-LDL (red). Scale bar, 1 mm. Graphs show quantification of endothelial permeability to LDL (as the percentage of red
staining in relation to the total marked aortic area) in the aortic arch and thoracic aorta of Apoe~~-Lmna** mice (n=6-8), Apoe~Lmnat9096/c6096
mice (n=8), Apoe~~Lmna-c>*> mice (n=8 or 9), and Apoe~~Lmna-¢>*SSM22aCre mice (n=10 or 11). C, Representative still (Continued)
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Figure 1 Continued. frames from 3-dimentional reconstruction videos (Videos Sb through S8), showing the aortic wall of mice injected with
Atto565-LDL (red). Green signal corresponds to elastic-fiber autofluorescence. Scale bar, 50 pm. D, Representative immunofluorescence images
showing CD31 and ERG expression in whole mount en face mouse aortic preparations. Hoechst 33342 was used to visualize nuclei. Scale bar,
25 um. Yellow arrowheads indicate cells negative for the endothelial markers CD31 and ERG. E, Representative immunofluorescence images
showing CD45 and ERG expression in whole mount en face mouse aortic preparations. Hoechst 33342 was used to visualize nuclei. Scale bar,
100 pm. Graphs show leukocyte recruitment quantified as the percentage of CD45-positive nuclei in aortas of Apoe”-Lmna** mice (n=12),
Apoe/~Lmnatto95/60%é mice (n=8), Apoe™-Lmna-cS mice (n=b), and Apoe~Lmna-c>"**SM22a Cre mice (n=6). Data are presented as mean *
SEM together with individual values. Statistical analysis was performed by 2-tailed ¢ test with Welch correction, and the Pvalues are shown.

ERG (ETS-related gene),® a very infrequent observa-
tion in control aortas (Figure 1D). Because recruitment
of bloodborne leukocytes into the arterial wall is a key
process in atherosclerosis initiation and progression,
we performed immunofluorescence studies to exam-
ine the expression of the canonical leukocyte marker
PTPRC (protein tyrosine phosphatase receptor type
C or CD45).2* Analysis of whole mount en face aortic
preparations revealed a higher percentage of leuko-
cytes (CD45*CD31-ERG") adhered to or extravasating
through the aortic endothelium (CD45-CD31+ERG") in
both progeroid models than in their control littermates
(Figure 1E; Figures S3 and S4; Videos S9 through S12).

Abnormally High Content of Cells Positive
for EC Markers in Atheromas of Mice With
Ubiquitous and VSMC-Specific Progerin
Expression

To examine EC alterations at more advanced athero-
sclerosis stages, we performed an immunofluores-
cence analysis of atherosclerotic plaques in the aortic
root of 16-week-old progeroid mice with ubiquitous or
VSMC-specific progerin expression that had been fed
a HFD for the last 8 weeks before euthanasia. As ex-
pected, CD31 expression in control Apoe”~Lmna** and
Apoe™~Lmnatc*tcS mice without progerin expression
was predominantly limited to the EC monolayer that
separates the atherosclerotic lesion from circulating
blood (Figure 2A; Figure Sb). In marked contrast, ath-
erosclerotic plaques in both Apoe™~Lmna®va/68%% gnd
Apoe™-Lmnatcs*tSSM22a Cre mice showed widespread
CD31 expression, with diverse localization patterns rang-
ing from scattered individual cells to structures resem-
bling a fibrous cap (Figure 2A; Figure Sb). Atherosclerotic
lesions in Apoe™~Lmna®v9/G%% mice also abundantly
expressed the EC markers VWF (von Willebrand factor)
and ERG, predominantly in CD31-positive zones (Fig-
ure 2B and 2C). Elevated CD31 expression was also evi-
dent within atheromas in normal chow—fed Apoe~~ mice
with ubiquitous and VSMC-specific progerin expression
at ages close to their maximum survival (21-23 weeks
and 51 weeks, respectively; Figure S6). Furthermore,
extensive intraplaque CD31, VWF, and ERG staining
was observed in Ldlr’~Lmna%095/660% mice (Figure S7),
another HGPS-like model featuring accelerated ath-
erosclerosis.'® These studies demonstrate the abnormal

Circulation. 2024;150:1612-1630. DOI: 10.1161/CIRCULATIONAHA.123.065768

presence of cells with endothelial features inside ath-
erosclerotic plaques in progeroid mice, a phenomenon
independent of the genetic modification used to induce
atherogenesis (Apoe or Ldlr deficiency).

Unlike Apoe~Lmna®096/€s0% and Apoe~Lmna-c>’
LESSM22a.Cre mice, Apoe™~Lmna-c>*tSCdh5Cret~™? mice
with EC-specific progerin expression (Figures S8 through
S11) showed neither increased leukocyte recruitment to
the aortic intima (Figure S12A) nor augmented CD31
and ERG staining within atheromas (Figure S12B),
indicating that endothelial abnormalities observed in
progeroid aortas do not stem from progerin expression
in ECs. Likewise, Apoe™~-Lmna-“>*SLysMCre mice with
progerin expression restricted to myeloid cells™ did not
present CD31 and ERG staining inside atherosclerotic
lesions (Figure S13).

Extensive EndMT in Atherosclerotic Lesions in
Ubiquitous and VSMC-Specific Progeroid Mice

CD31-positive cells inside atherosclerotic plaques in both
Apoe~L mna®t9e/6%% gnd Apoe~~L mna-c>*t**SSM22a Cre
mice frequently had a mesenchymal-like phenotype
rather than a typical EC appearance (Figure 2A; Fig-
ure Sb), suggesting that ECs in these progeroid mice
might undergo EndMT. To test this hypothesis, we op-
timized a protocol to purify total RNA from the aortic
intima (mostly ECs) of normal chow—fed 16-week-old
mice with incipient atherosclerosis and examined intimal
gene expression by quantitative polymerase chain reac-
tion (Figure 3A). We first quantified the expression of key
transcription factors reported to be involved in EndMT.
Compared with control mice, the intima layer in both
progeroid models expressed higher levels of Snail and
Zeb2 and lower levels of Snai2 and Twist1 (Figure 3B).
Given the complex relationship between these factors,
we integrated the binary logarithm of the fold change
(log,FC) values in a previously reported network model of
the molecules involved in the regulation of EndMT.?® This
analysis confirmed the presence of 2 counterbalanced
axes modulating EndMT and suggested that the SNAI1-
ZEB2 axis is activated and the TWIST1-SNAI2-ZEB1
axis repressed in the endothelium in the initial phases of
HGPS-associated atherosclerotic disease (Figure S14).

Additional quantitative polymerase chain reac-
tion analysis of EC-specific genes revealed a signifi-
cant downregulation of Pecam1, Tek, and Cdhb in the
intima of Apoe~~Lmna-c>**SM22aCre mice, whereas
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Figure 2. Increased expression of endothelial markers inside atheromas of fat-fed progeroid Apoe~-Lmna®%96/¢60%¢ and
Apoe~-Lmna'cs:¢°SSM22aCre mice.

Starting at 8 weeks of age, male mice were fed a high-fat diet for 8 weeks and then euthanized at 16 weeks of age. Serial sections for
immunofluorescence studies were prepared from paraffin-embedded aortic root samples. Representative immunofluorescence images are shown.
Hoechst 33342 was used to visualize nuclei. A, CD31 expression in atherosclerotic plaques. Yellow arrowheads indicate zones with CD31-
positive staining inside atheromas. Graphs show quantification of CD31-positive area inside atheromas (excluding necrotic core and luminal
endothelial cells) in Apoe™-Lmna** mice (n=12), Apoe™~Lmna®9/0% mice (n=9), Apoe™~Lmna-c>*> mice (n=9), and Apoe™~Lmna-c>*¢s
SM22a.Cre mice (n=10). B, CD31 and ERG expression in atherosclerotic plaques of Apoe~-Lmna*’* and Apoe~~Lmnate09/c50% mijce,

Yellow arrowheads indicate examples of CD31*ERG* cells. C, CD31 and VWF expression in atherosclerotic plaques of Apoe~-Lmna** and
Apoe™~Lmnateoe/aeo% mice, Yellow arrowheads indicate examples of CD31*VWF* cells. Data are presented as mean = SEM together with
individual values. Statistical analysis was performed by 2-tailed t test with Welch correction, and the Pvalues are shown. Scale bar, 50 pm. AP
indicates atherosclerotic plaque; L, lumen; and M, media.

the intima of Apoe~Lmna®%e/e%% mice only showed  we next analyzed the expression of a series of genes
significant downregulation of Tek (Figure 3C). To iden-  previously linked to EndMT that are highly expressed in
tify the cell type to which these ECs were transitioning, ~ VSMCs and fibroblasts. This analysis showed elevated
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Figure 3. Activation of an endothelial-to-mesenchymal transition (EndMT) transcriptional program in the aortic intima of
Apoe~-Lmna®%96/66%%¢ and Apoe~-Lmna‘cs*°SSM22aCre mice.

Male and female mice fed normal chow were euthanized at 16 weeks of age. A, Workflow of aortic intima collection for quantitative polymerase
chain reaction (qPCR) studies. After euthanasia, mice were perfused intracardially with sterile PBS to remove blood from the aorta. The aorta
was then excised and cleaned of fatty tissue, and the aortic arch was discarded. Using a syringe and a needle, QlAzol lysis reagent was slowly
passed through the interior of the thoracic aorta, and the resulting intima lysate was collected by gravity in a clean tube. Samples from various
animals of the same genotype were pooled for RNA extraction and gPCR analysis of EndMT-related genes. Hmbs and Hprt genes were used
as endogenous controls. B, Graphs show Snail, Snai2, Zeb1, Zeb2, and Twist1 expression (as the binary logarithm of the fold change [IogQFC])
in intima samples from Apoe~~-Lmna*’* mice (n=4 or 5, each pool containing RNA from 10—13 animals), Apoe~~L mna®09¥/50% mice (n=3, each
pool containing RNA from 10—16 animals), Apoe~~Lmna-c>S mice (n=3, each pool containing RNA from 10 animals), and Apoe~~Lmna-c>*¢s
SM22a.Cre mice (n=3, each pool containing RNA from 7 or 8 animals). C, Heatmaps showing the expression (|092FC) of EndMT-linked genes
characteristic of endothelial cells (ECs), vascular smooth muscle cells (VSMCs), and fibroblasts in intima samples from Apoe~-Lmna*’* mice
(n=4 or 5, each pool containing RNA from 10-13 animals), Apoe~~Lmna®°9¢/@%9% mice (n=3, each pool containing RNA from 10-16 animals),
Apoe~-LmnatccS mice (n=3, each pool containing RNA from 10 animals), and Apoe~-Lmna-*>**>SM22a Cre mice (n=3, each pool containing
RNA from 7 or 8 animals). Data are presented as mean £ SEM together with individual values in B and as mean in C. Statistical analysis was by
2-tailed ttest. "< 0.05; A< 0.01; A< 0.001; A< 0.0001; ns, not significant.
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expression of Cdh2, MmpZ2, Timp1, Fbn1, and Comp in
the intima of both progeroid models (Figure 3C). In addi-
tion, we detected significant elevation of Col3a1, Collal,
and Col1a2 mRNA in aortic intima of Apoe~-Lmna-c>
LESSM22a Cre mice and a trend toward elevation of these
mRNAs in  Apoe~~Lmna®09e/¢0% mice (Figure 3C).
Overall, these quantitative polymerase chain reaction
data indicate that ECs in HGPS mouse intima undergo
a phenotypic switch to become fibroblast-like cells with
high extracellular matrix production. It is interesting that
we found increased expression of Lamb1 in the intima
of both models and decreased expression of LambZ2 in
Apoe-Lmna-c>*+SSM22a Cre intima (Figure S15), con-
sistent with laminin 2 to B1 isoform switching linked to
EC aging and EndMT.2¢ We also detected intimal upreg-
ulation in one or both of the progeroid models of ColSa1
and Col822(Figure 3C), which encode the atherosclerosis-
associated collagen VIII?" In general, gene expres-
sion changes were more prominent in Apoe~~Lmnatc>
LeSSM22aCre  mice than in  Apoe”~Lmngteooe/e6096
mice, in line with the more advanced vascular disease
observed in mice with VSMC-specific progerin expres-
sion compared with age-matched mice that express
progerin ubiquitously.” To provide a more comprehen-
sive view of the processes taking place in the progeroid
aortic intima, we performed a high-throughput RNA
sequencing analysis in a separate cohort of normal
chow—fed 16-week-old mice. These studies confirmed
alterations in EndMT-related genes and identified addi-
tional alterations in the progeroid aortic intima (Supple-
mental Results; Figures S16 through S18; Data Sets S5
through S12).

We next validated gene expression changes by
immunostaining atheromas from HFD-fed animals
for CDH2 (N-cadherin; Cdh2 gene product), a protein
highly expressed in mesenchymal cells and associ-
ated with increased migratory and invasive cell behav-
ior28 Compared with their respective controls, both
Apoe™~Lmna®096/850% gnd Apoe~~Lmna-c>*cSSM22a Cre
mice showed enhanced intraplaque CDH2 expression
(Figure 4A; Figure S19). Because EndMT affects extra-
cellular matrix production, we next examined atheroscle-
rotic plaques for the expression of collagen IV, which is
abundantly produced by ECs, and collagen lll, which is
produced by fibroblasts and ECs undergoing EndMT.?®
Progeroid mice had elevated intraplaque collagen IV and
collagen Il expression (Figure 4B and 4C; Figures S20
and S21). It is important to note that CD31-rich ather-
oma regions also expressed both types of collagens and
CDH2 (Figure 4A through 4C), indicating the presence
of cells with an intermediate phenotype in progeroid ath-
erosclerotic lesions.

EndMT typically involves enhanced proliferation, and
we therefore examined Ki67 expression in neointi-
mal CD31* cells. The number of Ki67*CD31* cells per
mm? in the luminal EC monolayer was not increased in

1620 November 12, 2024
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Apoe™~L. mna®v96/ee%%6 and Apoe~~L mna-c>*tSSM22a Cre
mice (Figure 4D); however, both progeroid models had
higher counts of Ki67+*CD31+ cells per mm? inside ath-
eromas (excluding the luminal ECs) (Figure 4D), sug-
gesting that ECs undergoing EndMT proliferate after
migrating towards the interior of a lesion. It is interesting
that the increase in intraplaque Ki67+*CD31* cell number
was more prominent in Apoe”~Lmna-cS*tSSM22aCre
mice, which typically have more severe vascular disease
than the ubiquitous HGPS model.™

Another possible explanation of the abnormal presence
of intraplaque CD317 cells in progeroid aortas is a putative
transdifferentiation process whereby progerin-expressing
VSMCs lose VSMC markers and upregulate EC mark-
ers.3%3" To investigate this possibility, we traced cells of
VSMC origin in the Apoe”~Lmna-cS*SSM220.Cre model
through the expression of progerin. If intraplaque CD31*
cells originated from VSMCs, then 100% of these cells
would express progerin even if they had lost their VSMC
markers, because Cre-mediated excision of the loxP-
flanked sequences in the genome of Apoe”-Lmna-¢>
LESSM22aCre mice is irreversible (Figure S22A). Immu-
nofluorescence analysis revealed progerin expression in
only 34.2% of intraplaque CD31* cells in Apoe~Lmna-c>’
LESSM22a Cre mice (Figure S22B and S22C), indicating
that most intraplaque cells with intermediate phenotypes
do not derive from transdifferentiated VSMCs.

We next examined specific markers of macro-
phages (galectin-3; MAC2) and ECs (ERG) by confo-
cal immunofluorescence in Apoe~~Lmna®09e/G80% gnd
Apoe” L mna-cSteSSM22a Cre atheromas. These studies
revealed spatial separation of MAC2 and ERG (percent-
age of MAC2* cells expressing ERG, 0.2%+0.07% in the
ubiquitous model and 0.6%=0.2% in the VSMC-specific
model; Figure S23), suggesting that macrophage trans-
differentiation to ECs is an unlikely event in the mouse
progeroid atherosclerotic aorta.

Transforming Growth Factor 1 Upregulation in
Atheromas of Ubiquitous and VSMC-Specific
Progeroid Mice

The most common inducer of EndMT is TGF (trans-
forming growth factor) B signaling,*> which showed
profound alterations in the RNA sequencing analysis
of the progeroid intima samples (Figures S17B and
S24). We therefore investigated the activity of this
pathway in progeroid mice by measuring TGFB1 and
TGFB2 in serum and aorta of 16-week-old mice fed
normal chow (Figure BA). Multiplex assay revealed el-
evated serum TGFB2 in Apoe™~Lmnaf6o96/so% mice
versus Apoe”~Lmna** controls but no alteration in
serum TGFB1 (Figure 5B). In line with the tissue
specificity of the Apoe~~Lmna-cS*tSSM22aCre model,
serum TGFB1 and TGFP2 were not altered compared
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Figure 4. Features of endothelial-to-mesenchymal transition inside atheromas of fat-fed Apoe~-Lmna®¢°9¢/¢6%9¢ gnd
Apoe~-Lmna‘cst°SSM22aCre mice.

Starting at 8 weeks of age, male mice were fed a high-fat diet for 8 weeks and then euthanized at 16 weeks of age. Serial sections were
prepared from paraffin-embedded aortic root samples for immunofluorescence studies. Representative images are shown with nuclei visualized
with Hoechst 33342. A, CDH2 (N-cadherin), CD31, and SMA (smooth muscle a-actin) expression in atherosclerotic plaques. Graphs show
quantification of the CDH2-positive area inside atheromas (excluding necrotic core and luminal endothelial cells [ECs]) in Apoe~-Lmna*’* (n=T7),
Apoe~Lmna®95/¢50% (n=B), Apoe~-Lmna-c>*¢s (n=b), and Apoe~-Lmna-c>**>SM22u Cre mice (n=5). B, Col IV (collagen IV), CD31, and SMA
expression in atherosclerotic plaques. Graphs show quantification of the Col IV—positive area inside atheromas (excluding necrotic core and
luminal ECs) in Apoe~-Lmna*’* mice (n=5), Apoe~~Lmna®°95/¢%%% mice (n=5), Apoe~-Lmna-¢>*S mice (n=5), and Apoe~~Lmna-*>*SSM22a.Cre
mice (n=5). C, Col Ill (collagen Ill), CD31, and SMA expression in atherosclerotic plaques. Graphs show quantification of the Col lll-positive area
inside atheromas (excluding necrotic core and luminal ECs) in Apoe~~Lmna*’* mice (n=5), Apoe~Lmnat999/@% mice (n=>b), Apoe™-Lmna-c>+c>
mice (n=5), and Apoe~Lmna-c>"**SSM22a Cre mice (n=5). D, Ki67, CD31, and SMA expression in atherosclerotic plaques. Yellow arrowheads
indicate examples of Ki67*CD31* cells. Graphs show the number of Ki67*CD31+ cells per mm? in the luminal EC monolayer (left) and

inside atheromas (excluding necrotic core and luminal ECs; right) in Apoe~-Lmna*’* mice (n=7), Apoe/~Lmna®%%%/é% mice (n=4 or 5),
Apoe~~-Lmna-c>¢s mice (n=4 or 5), and Apoe~~-Lmna-¢>**SSM22a.Cre mice (n=5). Data are presented as mean + SEM together with individual
values. Statistical analysis was by 2-tailed ¢ test with Welch correction, and the Pvalues are shown. Lower magnification images for A through C
are shown in Figures S19 through S21. Scale bars, 50 um. AP indicates atherosclerotic plaque; L, lumen; and M, media.
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Figure 5. TGF (transforming growth factor) g1 levels are increased in the aorta but not in serum of Apoe~-Lmna®©°9¢/é6%9¢ gnd

Apoe~-Lmna‘cs*°SSM22q.Cre mice.

Male mice fed normal chow were euthanized at 16 weeks of age. A, Samples collected for the analysis of the systemic (serum) and local

(aorta) levels of TGFB1 and TGFR2. B, Multiplex assay quantification of TGF1 and TGFR2 in serum of Apoe”-Lmna** mice (n=10) and
Apoe~~Lmna®95/¢50% mice (n=8 or 9). C, Multiplex assay quantification of TGFB1 and TGFB2 in serum of Apoe~Lmna-c>“ mice (n=6 or

7) and Apoe™-Lmna-c>*¢5SM22a Cre mice (n=8). D, Representative images of Western blots showing active and latent TGFB1 and TGF2
expression in aorta. Graphs show relative protein levels determined from band densitometry measurements in Apoe~~Lmna*"* mice (n=4 or 5;
pools of 2 or 3 mice) and Apoe~~Lmna®°9/e%%% mice (n=4; pools of 2 or 3 mice). E, Representative images of Western blots showing active

and latent TGFB1 and TGFR2 expression in aorta. Graphs show relative protein levels determined from band densitometry measurements in
Apoe™-LmnatccS mice (n=4; pools of 2 or 3 mice) and Apoe™~Lmna-c>+SSM22aCre mice (n=5; pools of 2 or 3 mice). Total protein assessed by
Ponceau S staining was used as a loading control. Ponceau S staining and the uncropped Western blot images are shown in Figure S25. Data are
presented as mean £ SEM together with individual values. Statistical analysis was by 2-tailed ttest in B and C, and by 2-tailed t test with Welch

correction in D and E, and the Pvalues are shown.

with Apoe™~Lmna-¢>*¢S control littermates (Figure 5C).
Western blot analysis revealed increased expression
(=b-fold) of latent and active forms of TGFB1, but not
TGFR2, in the aortas of Apoe~~Lmna®?9e/Eeo% gnd
Apoe - Lmna-c*¢>SM22a.Cre mice (Figure 5D and 5E;
Figures S25 and S26). Moreover, immunofluorescence
analysis showed elevated expression of TGFf 1, but not
TGFB2, in atherosclerotic plaques of HFD-fed 16-week-
old mice with ubiquitous and VSMC-specific progerin

1622 November 12, 2024

expression (Figure 6A and 6B). These findings indicate
that TGFPB1 is increased locally in the aorta and ath-
eroma in progeroid mice without systemic upregulation.
Furthermore, atherosclerotic lesions in both progeroid
models had higher numbers of intraplaque CD31* cells
expressing the phosphorylated (active) form of SMAD3
(pSMAD3) (Figure 6C), consistent with the activation of
the canonical TGF pathway in ECs undergoing EndMT
in the progeroid aorta. Additional experiments identified
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Figure 6. Activation of TGF (transforming growth factor) 1 signaling inside atheromas of fat-fed Apoe~-Lmna®66/G60%¢ gand
Apoe~-Lmna-®s°SSM22a.Cre mice.

Starting at 8 weeks of age, male mice were fed a high-fat diet for 8 weeks and euthanized at 16 weeks of age. Serial sections were prepared
from paraffin-embedded aortic root samples for immunofluorescence studies. Representative images are shown with nuclei visualized with
Hoechst 33342. A, TGFB1, CD31, and SMA (smooth muscle a-actin) expression in atherosclerotic plaques. Scale bar, 100 pm (lower
magnification images, left), and 50 um (higher magnification images, right). Graphs show quantification of the TGF[31-positive area inside
atheromas (excluding necrotic core and luminal endothelial cells [ECs]) in Apoe~-Lmna*’* mice (n=7), Apoe™/~Lmnat9%9/¢50% mjce (n=Db),
Apoe™~-Lmna-c>+¢S mice (n=4), and Apoe™-Lmna-c*+SSM22aCre mice (n=b). B, TGFB2, CD31, and SMA expression in atherosclerotic plaques.
Scale bar, 100 pm (lower magnification images, left) and 50 um (higher magnification images, right). Graphs show quantification (Continued)
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Figure 6 Continued. of the TGFB2-positive area inside atheromas (excluding necrotic core and luminal ECs) in Apoe™~Lmna** mice (n=T7),
Apoe™~Lmnafo?9¢/¢5%% mice (n=5), Apoe™-Lmna-c>* mice (n=5), and Apoe~Lmna-c>*SM22aCre mice (n=4). C, pPSMAD3 (phosphorylated
SMAD3), CD31, and SMA expression in atherosclerotic plaques. Scale bar, 50 um (lower magnification images, left) and 25 pm (higher
magnification images, right). Yellow arrowheads indicate examples of pPSMAD3*CD31* cells. Graphs show the number of pPSMAD3*CD31+ cells per
mm? inside atheromas (excluding necrotic core and luminal ECs) in Apoe™~Lmna’* mice (n=6), Apoe~Lmnat%95/c5%% mice (n=5), Apoe~-Lmna-c>'*¢s
mice (n=5), and Apoe~Lmna-*>*SSM22u Cre mice (n=b). Data are presented as mean £ SEM together with individual values. Statistical analysis
was by 2-tailed t test with Welch correction, and the Pvalues are shown. AP indicates atherosclerotic plaque; L, lumen; and M, media.

VSMCs and ECs as sources of TGFB1 upregulation in
aortas of ubiquitous and VSMC-specific progeroid mice
(Supplemental Results; Figures S27 through S30).

pSMAD3 Inhibition Ameliorates the Progerin-
Induced Vascular Phenotype

To explore the therapeutic benefits of inhibiting SMAD3
phosphorylation for progerin-induced vascular disease, we
treated mice with SIS3, which reduces TGFf1-induced
SMAD3 phosphorylation and its subsequent interaction
with SMAD4 and binding to target DNA sequences.’® The
ability of SIS3 to reduce pPSMAD3 levels was assessed
in 12-week-old Apoe™~Lmna-c>*“SSM22a.Cre mice and
Apoe™~Lmnac>tcS controls injected with a single dose of
the drug (5 pg/g body weight) or vehicle (0.5% dimethyl
sulfoxide). Western blot analysis of aortic tissue confirmed
pSMADS upregulation in vehicle-treated Apoe~~Lmna-c>
LESSM220.Cre mice versus Apoe”~Lmna-®>'% controls,
and control and progeroid mice both showed reduced pS-
MAD3 levels 1 and 4 hours after SIS3 inoculation, with the
levels beginning to recover 24 hours after SIS3 injection
(Figure 7A; Figure S31). We then subjected 8-week-old
Apoe™~Lmna-ctSSM22a Cre mice to a chronic treatment
with SIS3 or vehicle for 8 weeks, during which they were
fed either normal chow or HFD (Figure 7B). SIS3 treat-
ment did not significantly alter the cholesterol level (Fig-
ure S32) or hematological parameters (Figures S33 and
S34). However, in Apoe™~Lmna-c>**SSM22a Cre mice fed
normal chow, SIS3 therapy significantly reduced leuko-
cyte recruitment to the aortic wall (Figure 7C). Moreover,
HFD-fed Apoe™-Lmnatc*tSSM22aCre mice treated
with SIS3 had a slightly milder atherosclerotic plaque
burden in the thoracic aorta than vehicle-treated coun-
terparts (Figure 7D), together with significantly elevated
medial VSMC content (Figure 7E) and diminished ad-
ventitial thickness (Figure 7F), indicating amelioration of
progerin-driven  vascular  disease.  SIS3-treated
Apoe”~Lmna-**SSM22a.Cre animals also showed sig-
nificant reduction in intraplaque collagen IV and collagen
Il expression (Figure 7G and 7H), consistent with inhibi-
tion of EndMT.

DISCUSSION

This study explored the impact of VSMC alterations on
ECs in HGPS aorta and its implications for vascular pa-
thology. We found that progerin-driven VSMC defects

1624 November 12, 2024

trigger EC dysfunction and induce EndMT, contributing
to atheroma formation. This process is dependent, at
least in part, on SMAD3-mediated TGFf1 signaling, and
inhibition of this pathway improved the vascular pheno-
type of Apoe™-Lmna-“>*+S5SM22aCre mice.

Although many studies have investigated HGPS
mechanisms since the discovery of the HGPS-causing
mutation in 2003,'? very few have focused on athero-
sclerosis, the death-causing complication in HGPS.
We previously reported the first HGPS mouse model
showing accelerated atherosclerosis, together with
other alterations in the aortic wall characteristic of this
syndrome.'®'"33 Moreover, we have demonstrated that
VSMC-specific but not myeloid cell-specific progerin
expression is sufficient to provoke VSMC loss, adventitial
thickening, accelerated atherogenesis, and premature
death in mice.'® We also found that ubiquitous and VSMC-
specific progerin expression both promote a vulnerable
plague phenotype that can result in atheroma disruption
and its life-threatening complications, such as myocar-
dial infarction.'® The importance of VSMCs in progeria
was further confirmed by the generation of the progeroid
HGPSrevSM220.Cre mouse model, which expressed
progerin throughout the body except for VSMCs and
some cardiac cells.® Relative to HGPSrev mice with
ubiquitous  progerin expression, HGPSrevSM22aCre
mice showed substantial amelioration of the vascular
phenotype and had a longer lifespan. Furthermore, our
previous transcriptomic studies of the VSMC-rich medial
aortas of ubiquitous and VSMC-specific HGPS mouse
models identified endoplasmic reticulum stress and the
unfolded protein response as mechanisms contributing
to VSMC death in the artery wall, which in turn acceler-
ates atherogenesis.®>3¢ Accordingly, treatment with tau-
roursodeoxycholic acid to alleviate this stress response
partially restored medial and atheroma VSMC content
and inhibited atherosclerosis in progeroid mice.® Given
that Apoe”~ mice with progerin expression in VSMCs
fully manifest the HGPS-associated vascular phenotype,
but not the whole-body phenotype,’™'” we hypothesized
that progerin-driven VSMC alterations and death can
orchestrate pathological changes in ECs, whose dys-
function is known to play a major role in atherosclero-
sis initiation and progression. Our current results in both
the ubiquitous and VSMC-specific HGPS models show
EC alterations, including increased permeability to LDL,
enhanced leukocyte recruitment, and extensive EndMT
(Figure 8).

Circulation. 2024;150:1612-1630. DOI: 10.1161/CIRCULATIONAHA.123.065768


https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065768

202 ‘g Jequiedaq uo Aq Blio'sfeuinofeye//:dny woly pspeojumod

Hamczyk et al

EndMT in Progeria-Linked Premature Atherosclerosis

Oil Red O

DMSO

E DMSO sIs3
. 0.1121 e
[\] (= )
) J B M oM
s O® g (N AYRE e
& 15 = A A
S = .
> 10- =
c L AZ\/
S . S L
(7 b \ r
© @ I
= oA T AN _

=8 50m

DMSO

CD31 Col IV

CD31 Col lll

Medial nuclei/mm?

A 1h 4h 24h
DMSO SIS3 DMSO SIS3 DMSO SIS3
cC P C P cC P C P C P C P
- 21— = — = — — meta-Vinculin
100 kDa- aadh SN =N == [« Vinculin
50kDa-.n R T - M 9 «psMAD3
37 kDo # S con o s s a— w anee 4 GAPDH
C: Apoe” LmnatCstes p: Apoe” LmnatCcStcS SM22aCre
C

‘o  Apos”
L_} LmnaLCS/LCS
y (X SM22aCre

8 weeks |==E xg weeks

0.5% DMSO
or SIS3
(3 doses/week)

HFD or NC

Vascular
phenotype

F

1600

a
H (-] N
o o o
o o o
L 1 1
Van Gieson

% CD45* cells

Adventitia-to-media
thickness ratio

504

40+
u]
30 m

% Col IV area inside AP

% Col Il area inside AP
S
1
Ha

O Apoe” Lmna LCSLCS SM22aCre DMSO O Apoe”- LmnatCStcS SM22aCre SIS3

Figure 7. Inhibition of SMAD3 phosphorylation with SIS3 (specific inhibitor of SMAD3) ameliorates vascular alterations in
Apoe~-Lmna‘cs°SSM22aCre mice.
A, Western blot analysis of pPSMAD3 (phosphorylated SMAD3), vinculin, and GAPDH in aortas of Apoe~Lmna-¢5¢s (C, control) and
Apoe™-LmnatctcSSM22a.Cre (P, progeroid) mice 1, 4, and 24 hours after receiving a single injection of the specific SMAD3 inhibitor SIS3 or
vehicle (0.5% dimethyl sulfoxide [DMSO]). Each lane corresponds to a pool of 2 aortas of the same genotype and treatment. The experiment
was performed in 12-week-old male mice fed normal chow (NC). Ponceau S staining and the uncropped Western blot images are shown in
Figure S31. B, Experimental design for the in vivo assessment of the therapeutic effects of chronic SIS3 treatment. Starting at 8 weeks of
age, Apoe™~Lmna-c>tSSM22a Cre male mice were treated with either SIS3 or 0.6% DMSO 3 times a week for 8 weeks. Animals were fed
during treatment with NC or a high-fat diet (HFD) (D through H) and euthanized at 16 weeks of age. C, Representative immunofluorescence
images showing CD45 and CD31 expression in en face aorta preparations. Hoechst 33342 was used to visualize nuclei. Scale bar, 50 pm.
The graph shows leukocyte recruitment quantified as the percentage of CD45-positive nuclei in aortas of SIS3- or (Continued)
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Figure 7 Continued. vehicle-treated Apoe~Lmna-c>¢SM22aCre mice (n=7 per group). D, Representative en face images of thoracic aorta
stained with Oil Red O (ORO; red). Scale bar, 5 mm. The graph shows atherosclerosis burden quantified as the percentage of ORO-stained aortic
surface in SIS3- or vehicle-treated Apoe~~-Lmna-c>-¢SSM22a Cre mice (n=12 or 13 per group). E, Representative images of thoracic aorta cross-
sections stained with hematoxylin and eosin. Scale bar, 50 pm. The graph shows quantification of nuclei number per mm? in the medial layer of
SIS3-treated or vehicle-treated Apoe™~-Lmna-¢*SM22a.Cre mice (n=6 per group). F, Representative images of thoracic aorta cross-sections
stained with van Gieson stain. Scale bar, 50 pm. The graph shows the adventitia-to-media thickness ratio in SIS3-treated or vehicle-treated
Apoe™-LmnatcSSM22a Cre mice (n=6 per group). G and H, Representative immunofluorescence images showing CD31, SMA (smooth muscle
a-actin) and Col IV (collagen IV) (G) or Col Ill (collagen Ill) (H) expression in atherosclerotic plaques in the aortic root. Hoechst 33342 was used

to visualize nuclei. Scale bar, 50 um. Graphs show quantification of the percentage Col IV—positive or Col lll-positive area inside atheromas

(excluding necrotic core and luminal ECs) in SIS3-treated or vehicle-treated Apoe™-Lmna-c>**SSM22aCre mice (n=12 per group). Data are
presented as mean £ SEM together with individual values. Statistical analysis was by 1-tailed ¢ test with Welch correction in € and D and by
1-tailed ttest in E through H, and the Pvalues are shown. A indicates adventitia; AP, atherosclerotic plaque; L, lumen; and M, media.

The aortas of Apoe-deficient mice with ubiquitous
or VSMC-specific progerin expression show increased
accumulation of lipids in the medial layer, and in vivo
experiments with fluorescently labeled human LDL
revealed that this excessive lipid content is associated
with increased LDL retention.’ Using the same experi-
mental approach, we show here that lipid accumulation
in the arterial wall of HGPS mice is also mediated by
increased endothelial permeability to LDL. Augmented
LDL permeability and retention could explain the early
onset of atherosclerosis in patients with HGPS typi-
cally in the absence of hypercholesterolemia.®” More-
over, progerin expression in both models increased the
numbers of leukocytes adhering to or migrating through
the aortic endothelium, likely contributing to neointimal
growth.

Our study also identifies EndMT as another impor-
tant characteristic of progeroid ECs, which acquire fea-
tures of mesenchymal cells (see also “Transcriptomic
Alterations in the Intima of the Ubiquitous and VSMC-
Specific Progeria Models” in Supplemental Discussion).
It is important to note that EndMT has been linked to
many pathological processes, including atherosclerosis.®®
Analysis of progerin expression in CD31-positive cells in
Apoe™~-L mna-cSteSSM22aCre mice indicated that most
intraplaque CD31* cells with an intermediate phenotype
do not originate from transdifferentiated VSMCs. Given
that SM22a. can be induced during EndMT towards
VSMCs or myofibroblasts, the presence of a fraction of
progerin-expressing CD31* cells in atheroma plaques
of Apoe™~Lmnatc>*t5SM22aCre mice is consistent with
EndMT as the origin of intraplaque CD31* cells of inter-
mediate phenotype. Macrophages seem not to be the
source of an EC-like population inside progeroid athero-
mas, because no substantial colocalization of endothelial
and macrophage markers was found in Apoe™~Lmna®%%
G899 or Apoe~~Lmnac>***SSM22a Cre mice. Nonetheless,
future linage tracing experiments are warranted to con-
firm ECs as the main source of the intraplaque CD31/
ERG/VWF-positive population.

EndMT in HGPS atherosclerotic plaques seems to be
partial, with many cells retaining EC markers although
they have lost cell polarity and express mesenchymal
markers. This may reflect a general tendency for post-

1626 November 12, 2024

natal EndMT to be incomplete®4%; nevertheless, it is
also possible that intraplaque ECs in progeroid mice are
restrained from a more complete mesenchymal transi-
tion by the reduced expression of Twist! and Snai2
Analyses of gene expression profiles in the intima and
protein expression in the atherosclerotic lesions indicate
that ECs in HGPS plaques acquire characteristics of
fibroblast-like cells that produce substantial amounts of
extracellular matrix—related proteins, and that this pro-
cess seems to be mediated by upregulation of Snail.
Given our previous identification of chondrocyte-like
cells in atheroma lesions of aged Apoe~~Lmna-ctcs
SM22a.Cre mice,'® we propose that EndMT can give rise
to a variety of cell types in atherosclerotic lesions dur-
ing HGPS progression. Further studies are required to
assess whether EndMT might contribute to pathological
changes in other HGPS tissues and organs.

EndMT in the ubiquitous and VSMC-specific pro-
geria models seems to be triggered, at least partially,
by SMAD3-mediated TGFf1 signaling. Both models
showed increased TGFB1 content in the aorta and ath-
eromas while maintaining normal serum TGF1 con-
centration. Moreover, treatment of Apoe”~Lmna-ctcs
SM220.Cre mice with SIS3 inhibited SMAD3 phos-
phorylation in the aorta and triggered improvements in
the progerin-induced phenotype, including a tendency
towards reduction of atherosclerosis burden and signifi-
cant reductions in adventitial thickening, medial VSMC
loss, and leukocyte recruitment. SIS3 is highly selective
for SMADS3 and has no effect on SMAD2 phosphoryla-
tion, the protein expression of SMAD4 and SMADY, or
the phosphorylation of effectors of other signaling path-
ways.”® Nonetheless, the relatively moderate inhibitory
effect of SIS3 on atherosclerosis in Apoe”~Lmna-c¢5tcs
SM22a.Cre mice could be related to its limited bioavail-
ability in vivo, given its low aqueous solubility. Further
studies are warranted to assess the therapeutic benefits
on atherosclerosis of a more water-soluble SIS3 ana-
logue*' or the recently reported self-carried nanodrug-
SIS3.# It is also important to note that EndMT can be
induced by processes other than TGF31/SMADS sig-
naling, including oscillatory- and low-shear stress,*3-*°
oxidized LDL actions,*® NOTCH (notch receptor) sig-
naling,*” Wnt/p-catenin signaling,*® oxidative stress,*
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Figure 8. Atherosclerosis in progeria features extensive endothelial-to-mesenchymal transition (EndMT) caused by vascular
smooth muscle cell (VSMC) dysfunction and SMAD3-dependent TGF (transforming growth factor) g1 signaling.

A, Main features of vascular disease in mouse models of Hutchinson-Gilford progeria syndrome (HGPS). Both ubiquitous and VSMC-specific
progerin expression cause a series of alterations in the medial layer of the arteries, including VSMC loss, collagen accumulation, and excessive
low-density lipoprotein (LDL) retention, accompanied by adventitial thickening and inflammation. The intima also shows increased permeability

to LDL particles and augmented leukocyte recruitment. These changes in progeroid arteries are associated with accelerated formation of
atherosclerotic plaques, which are characterized by a thin or disorganized fibrous cap and extensive EndMT. B, Proposed model of EndMT
induction during atherosclerosis in progeria. TGFB1 present in progeroid atheromas triggers phosphorylation of SMAD3 in endothelial cells, which
in turn induces the EndMT-related transcriptional program. Nevertheless, additional EndMT inducers/modulators are expected to play a role in this
process. lllustrations were created with BioRender.com. ECM indicates extracellular matix; and SIS3, specific inhibitor of SMAD3.

and inflammation.®® Some of these mechanisms and
pathways have been linked to HGPS in cell and mouse
models, and it is therefore likely that complementary
mechanisms regulate progeria-associated EndMT and
that these alternative pathways might partially com-
pensate for TGFB-signaling inhibition with SIS3. RNA
sequencing data from the intima of Apoe™~Lmna®6we/es0%6
and Apoe™~-Lmna-c*cSSM22a.Cre mice further support
the notion that other mechanisms alongside TGF@31/
SMADS signaling may contribute to or modulate EndMT
in progeroid plaques (see “Transcriptomic Alterations in
the Intima of the Ubiquitous and VSMC-Specific Proge-
ria Models” in Supplemental Discussion).

Circulation. 2024;150:1612-1630. DOI: 10.1161/CIRCULATIONAHA.123.065768

The analysis of Apoe™~-Lmna-cStcSCdh5CretR™ and
Apoe™-Lmna-c>*SLysMCre mice indicates that progerin
expression in ECs or myeloid cells (including macro-
phages) is not sufficient to trigger EndMT in athero-
sclerotic lesions. The examination of Apoe™~Lmna-ctcs
SM220.Cre mice implies that EndMT in HGPS is induced,
either directly or indirectly, by dysfunctional or dying
VSMCs. Indeed, EndMT in atherosclerotic plaques might
be a compensatory process to replenish the diminished
population of VSMCs, which typically increase plaque
stability by forming a fibrous cap that protects against
atherothrombosis. Supporting this idea, Newman and col-
leagues recently showed that depletion of cells positive
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for PDGFRp (platelet derived growth factor receptor f8)
in the fibrous cap triggers EndMT to maintain plaque sta-
bility."? However, in the long run, these EC-derived cells
are not equivalent to VSMCs, and lead to plaque instabil-
ity at later stages of atherosclerosis. These findings are
in line with our previous observations that atheromas in
the ubiquitous and VSMC-specific HGPS mouse mod-
els show signs of plaque disruption, such as the pres-
ence of erythrocytes and iron deposits, in some cases
leading to myocardial infarction.”®'® It is important to
note that a link between EndMT and vulnerable plaque
features has been reported in human atherosclerosis,®®
suggesting that findings in HGPS may be relevant to
atherosclerosis during physiological aging (see “Simi-
larities and Differences Between HGPS and Non-HGPS
Atherosclerosis” in Supplemental Discussion). Given the
recent description of sex differences in EndMT " it would
be interesting to address this aspect in future studies
of HGPS.

The results of the present study, together with our
previous work, indicate that one of the earliest effects
of progerin expression in the arterial wall is to induce
changes in the phenotype of VSMCs, leading to their dys-
function and death in the arterial media and in the fibrous
cap of the atheroma plaque (Figure 8A). This process in
turn elicits changes in ECs, including augmented perme-
ability to LDL, immune cell recruitment, and EndMT. As a
result, the progeroid atheroma plaque is characterized by
the presence of endothelial-like cells with fibroprolifera-
tive properties that alter plaque characteristics and likely
contribute to plaque instability and rupture. This pheno-
typic change in ECs appears to be partially dependent
on TGFB1/SMADS signaling (Figure 8B), because its
inhibition with SIS3 ameliorates vascular alterations in
Apoe”~LmnatcSteSSM22a Cre mice. Nevertheless, other
EndMT inducers/modulators (eg, proinflammatory cyto-
kines) are expected to play a role in this process, and fur-
ther studies are warranted to completely fathom out this
intricate event. In summary, our findings identify a novel
mechanism involved in premature vascular disease in pro-
geria and offer a new therapeutic target. In addition, these
results might help to unravel the complex role of EndMT
in atherosclerosis associated with physiological aging.
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