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Aims Hutchinson–Gilford progeria syndrome (HGPS) is a pre-mature aging disorder caused by the mutation of the LMNA 
gene leading to an irreversibly farnesylated lamin A protein: progerin. The major causes of death in HGPS are coronary 
and arterial occlusive disease. In the murine model of HGPS, vascular smooth muscle cell (VSMC) loss is the primary 
vascular manifestation, which is different from the arterial occlusive disease seen in older patients.

Methods and 
results

To identify the mechanisms of HGPS vascular disease in humans, we differentiated isogenic endothelial cells (ECs) and 
VSMCs from HGPS-induced pluripotent stem cells (iPSCs) and control-iPSCs. Both HGPS-ECs and HGPS-VSMCs man-
ifested cellular hallmarks of aging, including dysmorphic nuclei, impaired proliferation, increased β-galactosidase staining, 
shortened telomeres, up-regulated secretion of inflammatory cytokines, increased DNA damage, loss of heterochroma-
tin, and altered shelterin protein complex (SPC) expression. However, at similar days after differentiation, even with low-
er levels of progerin, HGPS-ECs manifested more severe signs of senescence, as indicated in part by a higher percentage 
of β-galactosidase positive cells, shorter telomere length, and more DNA damage signals. We observed increased 
γH2A.X binding to RAP1 and reduced TRF2 binding to lamin A in HGPS-ECs but not in HGPS-VSMCs. The expression 
of γH2A.X was greater in HGPS-ECs than in HGPS-VSMCs and is associated with greater telomere shortening, impaired 
SPC interactions, and loss of heterochromatin.

Conclusion Although progerin expression has a deleterious effect on both ECs and VSMCs, the dysfunction is greater in HGPS-ECs 
compared with HGPS-VSMCs. This study suggests that an endothelial-targeted therapy may be useful for HGPS patients.
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Graphical Abstract

A schematic figure of phenotypes for progeria endothelial cells (ECs) and vascular smooth muscle cell (VSMCs). Both HGPS-ECs and HGPS-VSMCs 
exhibit increased inflammatory cytokine expression, impaired shelterin complex proteins, shortened telomeres, increased DNA damage, and greater 
DNA accessibility. However, DNA accessibility and telomere shortening are far more severe in HGPS-ECs, suggesting an important role in the initiation 
and progression of the arterial occlusive disease in progeria.

Translational Perspective
Coronary and carotid artery disease is accelerated in progeria and causes death from heart attack and stroke at an early age. This study reveals that a 
disproportionate dysfunction in the endothelium may play a role in the progression of the arterial occlusive disease in progeria. Accordingly, 
endothelial-targeted therapies may be useful for ameliorating cardiovascular disease in these patients.

Introduction
Hutchinson–Gilford progeria syndrome (HGPS) is a rare pre-mature 
aging disorder caused by a de novo heterozygous silent mutation 
(c.1824C > T; p.G608G) in exon 11 of LMNA.1 The de novo mutation 

activates a cryptic splice site, causing a 50 amino acid deletion, yield-
ing a permanently farnesylated protein known as progerin, which lo-
calizes at the nuclear envelope.1,2 Progerin affects a gamut of cellular 
functions, gene expressions, heterochromatin organization, DNA re-
pair, and nuclear architecture.3,4 Initially, HGPS patients appear 
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normal at birth, but progressively, the cellular changes accumulate, 
leading to severe growth abnormalities, and severe skin changes oc-
cur within the first years of life.5 The clinical presentation includes 
alopecia, loss of body fat, bone and joint abnormalities, and severe 
vascular disease with death in the teen years due to myocardial in-
farction and stroke.6,7

Although attenuation of the media is observed in proximity to ex-
tensive overlying intimal lesions in atherosclerosis, in HGPS, there is a 
disproportionate loss of vascular smooth muscle cells (VSMCs) in the 
conduit vessels, even in the absence of severe intimal thickening.8,9

Furthermore, in HGPS murine models, there is a prominent loss of 
VSMCs in the aortic media. Indeed, the first report describing the 
most widely used murine model of HGPS highlighted the loss of 
VSMCs, stating that the model ‘…does demonstrate the progressive 
vascular abnormalities that closely resemble the most lethal aspect of 
the human phenotype.’ (Varga et al., 2006). However, this mouse 
model does not in fact phenocopy the arterial occlusive disease that 
causes cardiovascular death in HGPS. Nevertheless, these observa-
tions have led most investigators in the field to focus on the effects 
of progerin on VSMC biology.10–12 However, the loss of VSMCs 
does not seem to contribute directly to cardiovascular morbidity 
or mortality in HGPS patients. Specifically, in patients, the media is re-
placed in part by collagen and extracellular matrix, with no evidence of 
ectasia or aneurysm formation (Stehbens, Delahunt, Shozawa, & 
Gilbert-Barness, 2001; Stehbens, Wakefield, Gilbert-Barness, Olson, 
& Ackerman, 1999) that might cause a vascular catastrophe.

The focus on VSMCs looks past the finding that in humans, the 
mortality in progeria is due to coronary and carotid occlusive disease, 
not a deficiency of VSMCs in the media. Furthermore, there is an in-
congruous dearth of investigations into endothelial biology as a con-
tributor to the arterial occlusive disease in progeria. Endothelial 
dysfunction is the first observable abnormality in experimental ath-
erosclerosis; promotes the initiation and progression of vascular dis-
ease; and is associated with major adverse cardiovascular events in 
humans.13,14 Subsequently, monocyte infiltration and foam cell forma-
tion, together with VSMCs proliferation, causes occlusive disease.15

In our prior study, we showed that HGPS had deleterious effects 
on endothelial cells (ECs) that could be reversed by mRNA telomer-
ase. In the current paper, we show that EC dysfunction is more se-
vere than the VSMC defect in HGPS. This is an important point to 
make, as the community of scientists working on HGPS is largely fo-
cused on VSMC deficiency. Our new data support the view that the 
focus of our scientific community should be on the endothelium be-
cause of the greater role of the endothelium in vascular homeostasis 
and the greater deficit of this tissue in HGPS. A redirection of our 
scientific efforts may guide well-targeted and successful therapies 
for HGPS patients. Hence, in view of the key role that the endothe-
lium plays in other vascular diseases, in this study, we have performed 
the first head-to-head comparison of the cellular dysfunction in hu-
man endothelial and vascular smooth muscle cells using induced 
pluripotent stem cell (iPSC)-derived vascular cells from an HGPS pa-
tient and their unaffected parent. Our work indicates that HGPS has 
detrimental effects on both ECs and VSMCs, but the dysfunction is 
more extensive in HGPS-ECs in comparison with HGPS-VSMCs 
with respect to telomere length, senescence markers, and DNA 
damage. These results support the primacy of an EC dysfunction in 
HGPS vascular disease.

Methods

Cell culture
Control iPSCs (HGFDFN168 iPSC1P) and HGPS iPSCs 
(HGADFN167 iPSC1Q) were purchased from the Progeria 
Research Foundation (PRF) Cell and Tissue Bank and cultured in 
mTeSR plus medium (STEMCELL Technologies) on Matrigel-coated 
(BD Biosciences) plates (Corning). For maintenance, iPSCs were pas-
saged at 80% confluency and media was changed every day. ECs and 
VSMCs were differentiated from iPSCs using established protocols 
with minor changes.17,18 Briefly, for EC differentiation, iPSCs were 
seeded in 100 × 20 mm tissue culture Matrigel-coated plates 
(Corning) cultured with mesodermal media for 3 days. On Day 3, 
the cells were detached and reseeded in a ratio of approximately 
1:15 to plates with endothelial differentiation media for 4 days. On 
Day 7, cells were cultured in endothelial maturation media composed 
of EGM-2MV media (Lonza) and 100 ng/ml vascular endothelial 
growth factor (VEGF) for 4 days. On Days 10–12, ECs were isolated 
by fluorescence-activated cell sorting (FACS) with CD31 (Alexa Fluor 
488-conjugated antibody, BD Pharminogen) and CD144 
(PE-conjugated antibody, BD Pharminogen). The sorted ECs were 
cultured in endothelial growth media (EGM-2, Lonza) supplemented 
with 1% penicillin/streptomycin (Gibco), and media was changed 
every other day. The ECs were collected on Days 13–16 (Passages 
0–2) for the experiments. For VSMC differentiation, embryoid bodies 
(EBs) were generated from iPSC colonies and plated on 6-well low- 
cluster plates (Corning) for 7–10 days. On Day 10, EBs were trans-
ferred to Matrigel-coated 6-well plates in E6 media (StemCell 
Technologies #05946) with supplement (StemCell Technologies 
#05948) for 5–8 days. EBs were trypsinized to single cells and plated 
on Matrigel-coated 6-well plates with smooth muscle cell medium 
231 (M231500, Thermo Fisher Scientific) supplemented with smooth 
muscle cell growth supplement (S00725, Thermo Fisher Scientific). 
When cells reached 80% confluency, they were passaged from one 
well to three wells in a 1:3 ratio and grown for around 10 days to be-
come mature VSMCs. The VSMCs were collected on Days 35–40 
(Passages 2–4) for the experiments.

Quantitative reverse transcription 
polymerase chain reaction
Total RNA was extracted by using RNeasy Plus Mini kit (Qiagen 
#74136) according to the manufacturer’s protocol. The mRNA 
was reverse-transcribed into cDNA using iScript cDNA Synthesis 
kit (Bio-Rad #1708841). Quantitative reverse transcription polymer-
ase chain reaction (RT-qPCR) was performed by using QuantStudio 
12K Flex (Applied Biosystems, Life Technologies). Predesigned primers 
including CNN1, ACTA2, MYH11, TAGLN (Qiagen), TRF1, TRF2, 
TIN2, POT1, and TPP1 (Bio-Rad) were used. Custom-designed pri-
mers including RAP1, IL-1β, IL-6, IL-10, TNF-α, ICAM1, VCAM1, 
MCP1, M-CSF, GM-CSF, and β-actin primers were designed based 
on the literature.19

Immunofluorescence staining
ECs and VSMCs were fixed with 4% paraformaldehyde and washed 
three times. The cells were blocked with a blocking buffer including 
2% bovine serum albumin (BSA; Fisher Scientific #BP9706-100) and 



4                                                                                                                                                                                                 Q. Xu et al.

0.2% Tween 20 (Sigma-Aldrich) for 1 h at room temperature, and pri-
mary antibodies were added to the cells overnight at 4°C. The following 
day, the cells were washed three times. The cells were incubated with 
secondary antibodies (anti-rabbit Alexa-488 and anti-rat Alexa-555, 
Thermofisher) for 1 h at room temperature and then washed with 
PBS. Slides were mounted with 4′,6-diamidino-2-phenylindole (DAPI). 
Pictures were taken by using the FluoView FV3000 confocal 
microscope. Primary antibodies included the following: Smoothelin 
(Abcam #ab204305), α-smooth muscle actin (Abcam), CD144 
(Biosciences #555661), VWF (citeab #A0082), Lamin A (Invitrogen 
#MA1-06101), γH2A (Millipore #05-636), 53BP1 (Novus 
#NB100-304), histone H1 (Abcam #ab61177), and HP1α (Cell 
Signalling #2616s). γH2A.X and 53BP1 were reported for colocaliza-
tion. Fluorescence intensity for histone H1 and HP1α were normalized 
with nuclei area.

Quantitative fluorescent in situ 
hybridization
Cells were arrested at metaphase by adding colcemid at a concentra-
tion of 0.1 ug/ml to ECs for 2 h and VSMCs overnight. The cells were 
harvested and placed in a test tube. While vortexing at a low speed, 
4 ml of a hypotonic solution (50 mM KCl, Sigma-Aldrich) was added 
drop wise. The cells were then incubated at 37°C for 30 min fol-
lowed by a fixative solution of 3:1 ethanol/acetic acid. The cells 
were centrifuged for 5 min at 1000 rpm. The fixation step was re-
peated again and the supernatant was removed after centrifuge. 
The fixed cells were dropped on slides and the slides were fixed 
with 3.7% formaldehyde and washed with PBS three times. The slides 
were dehydrated in ethanol in a series of 70%, 85%, and 100% for 
5 min each. Hybridization buffer (HB) and the slides were heated 
on a heater (85°C) for 5 min. Telomere probe (PNA Bio F1013 
TelC-Alexa 647) was then diluted into HB (1:40) and heated for an-
other 5 min. The telomere probe plus the HB mixture were added to 
each slide. The slides were covered with a coverslip and heated for 
10 min at 85°C for denaturation. Afterwards, the slides were left 
overnight at 4°C in a humidified chamber away from light. The 
next day, the slides were washed with wash buffer #1 (70% 
Formamide, Tris 20 mM pH 7.5, BSA 1%) and then with wash buffer 
#2 (Tris 50 mM pH 7.5, NaCl 150 mM, Tween 20 0.05%). Next, the 
slides were dehydrated in an ethanol series of 70%, 85%, and 100% 
for 5 min each and finally mounted with DAPI. Pictures were taken 
with the FluoView FV3000 confocal microscope. Telomere length 
was measured as the intensity of the telomere probe normalized 
to the intensity of DAPI or nuclei area.

Real-time proliferation assay
Real-time proliferation assay was performed using the xCELLigence in-
strument (Roche). For each 16-well E-plate (Agilent #5469830001), 
3000 ECs and VSMCs from control and HGPS were seeded into 
each well, triplicated for each group, and incubated at 37°C. The im-
pedance value of each well was monitored every 15 min for a total 
of 160 h and expressed as a Cell Index value. For counting cells within 
10 days, 20 000 control-ECs and HGPS-ECs were seeded in 24-well 
plates and 20 000 control-VSMCs and HGPS-VSMCs were seeded 
in 12-well plates on Day 0. Cell number was counted every other 

day: Days 2, 4, 6, 8, and 10. Cell number and time curve were gener-
ated within 10 days.

β-galactosidase staining
According to the manufacturer’s instructions (Cell Signalling #9860), 
media was removed from cells, and plates were rinsed once with 
PBS. The cells were fixed using fixative solution (provided by the 
kit) for 12 min at RT followed by washing PBS twice. Next, 1 ml of 
the β-galactosidase staining solution was added to each 35 mm 
well. The plates were sealed and incubated at 37°C overnight in a 
dry incubator without CO2. The cells were analysed using an RGB 
microscope by quantifying the number of blue cells. For each experi-
ment, at least 300 cells were counted for each group.

Bio-Plex assay
A Bio-Plex assay composed of 48 inflammatory markers was con-
ducted using a Bio-Rad kit (Bio-Rad #12007283). Control-VSMCs 
and HGPS-VSMCs were collected and lysed. A total of 750 μg/ml 
of each sample was used in triplicate and incubated with magnetic 
beads conjugated to antibodies. The beads were washed in a plate 
and incubated on a shaker for 30 min at RT. After incubation, detec-
tion antibody was added and the samples were incubated on the sha-
ker for 30 min at RT. The beads were washed again, and then SA-PE 
was added and incubated on the shaker for 10 min at RT. Finally, the 
beads were washed and resuspended in an assay buffer for 30 s. Data 
were acquired using the Bio-Plex System.

Western blot
The cells were lysed in a lysis buffer (Thermo Scientific #89900) with 
protease inhibitor (Roche #11836180001) and phosphatase inhibi-
tor (Thermo Scientific #1861281), and the cell lysate was spun at 
the highest speed for 10 min. After measuring protein using a DC 
protein assay, 20 μg of each sample was prepared using a 4 × sample 
buffer (Bio-Rad #1610747) and heated for 10 min. The samples 
were loaded and resolved in TGX Stain-Free gel (Bio-Rad). After 
transferring to the nitrocellulose or PVDF membranes (Bio-Rad) 
using the Bio-Rad transfer system, the membranes were blocked in 
a Clean Western Buffer (KwikQuant #R2001) for 1 h. The mem-
branes were incubated overnight at 4°C with primary antibodies. 
The next day, the membranes were washed with the Clean 
Western Buffer three times for 15 min each. Afterwards, the sam-
ples were incubated for 1 h at room temperature with secondary 
horseradish peroxidase-label anti-mouse or anti-rabbit antibody 
(KwikQuant #R1004). Then, the membranes were washed three 
times with the Clean Western Buffer for 15 min each. Visualization 
and image acquisition were done with a Fujifilm Corporation digital 
camera (KwikQuant). Densitometry data were analysed by using 
Image-J software. Primary antibodies included the following: progerin 
(Abcam #ab66587), histone H1 (Abcam #61177), HP1α (Cell 
Signalling #2616s), TRF1 (Novus #NB110-68281), TRF2 (Novus 
#NB110-57130), TIN2 (Abcam #ab197894), RAP1 (Abcam 
#ab14404), POT1 (Proteintech #10581-1-AP), TPP1 (Cell Signalling 
#4667), γH2A (Abcam #ab81299), Lamin A (Invitrogen 
#MA1-06101), P16 (Abcam #ab108349), P21 (Abcam #ab109520), 
and tubulin (Cell Signalling #86298).
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Immunoprecipitation
Cells were lysed with NP-40 (GenDEPOT #N1200-050) plus prote-
ase inhibitor and phosphatase inhibitor by sonication (Diagenode). 
Protein levels were measured with a DC protein assay. Each sample 
with 1000 μg in 500 μl was precleared using 40 μl protein A/G PLUS 
agarose (Santa Cruz, sc-2003) and incubated for 30 min with gentle 
agitation. Using a magnetic stand, the samples were cleared from the 
beads and the supernatant were transferred to a new tube and incu-
bated with 2–5 μg of antibody per sample and incubated overnight at 
4°C rotating. The next day, 50 μL of agarose beads were added to 
each sample and incubated for 2 h at 4°C with gentle agitation. 
The beads were washed with NP-40 three times for 5 min each. 
The samples were eluted in a sample buffer for western blot analysis. 
The following primary antibodies were used for immunoprecipita-
tion (IP): anti-mouse IgG (Abcam #ab37355), anti-rabbit IgG 
(Abcam #ab172730), RAP1 (Abcam #ab14404), γH2A (Abcam 
#ab81299), and lamin A/C (Abcam #ab108595).

Time-course experiment for ECs and 
VSMCs
For ECs, we collected control and HGPS cells on Days 7 (Passage 0), 
14 (Passages 1–2), 21 (Passages 2–3), and 28 (Passages 3–4) for 
RT-qPCR to detect mRNA expression for progerin and inflamma-
tory markers. For senescence-associated β-galactosidase (SABG) 
staining and quantitative fluorescent in situ hybridization (qFISH), 
the cells were collected on Days 8, 14, 21, and 28. On Day 7, the 
ECs were cultured in endothelial maturation media with 100 ng/ml 
VEGF. The ECs at other timepoints were cultured in endothelial 
growth media according to the differentiation protocol. For 
VSCMs, we collected cells on Days 30 (Passages 0–2), 37 (Passages 
2–4), 44 (Passages 4–6), and 51 (Passages 6–8) for RT-qPCR to de-
tect for mRNA expression of progerin and inflammatory markers, 
SABG staining, and qFISH. The VSMCs were cultured with complete 
smooth muscle cell medium 231. All cells were incubated at 37°C 
and 5% CO2.

Mass spectrometry
The control-ECs and HGPS-ECs were collected and processed using 
the IP procedure to pull down RAP1 protein. The immunoprecipi-
tated samples were transferred to the Baylor BCM Mass 
Spectrometry Proteomics Core for further analysis. Briefly, the sam-
ples were resolved on NuPAGE 10% Bis-Tris Gel (Life Technologies) 
and processed for in-gel digestion using trypsin enzyme. The tryptic 
peptides were analysed on the nano-LC 1000 system (Thermo 
Fisher Scientific, San Jose, CA) coupled to the Orbitrap Fusion™ 
(Thermo Fisher Scientific, San Jose, CA) mass spectrometer. The 
peptides were loaded on a two-column setup using a pre-column 
trap of 2cm × 100µm size (Reprosil-Pur Basic C18 1.9 µm, Dr. 
Maisch GmbH, Germany) and a 20cm × 75µm analytical column 
(Reprosil-Pur Basic C18 1.9 µm, Dr. Maisch GmbH, Germany) with 
a 110 min gradient of 6–30% acetonitrile/0.1% formic acid at a 
flow rate of 200 nl/min. The eluted peptides were directly electro- 
sprayed into the mass spectrometer operated in the data-dependent 
acquisition (DDA) with top 35 mode. The full MS scan was acquired 
in Orbitrap in the range of 300–1400 m/z at a 120 000 resolution fol-
lowed by MS2 in Ion Trap (HCD 30% collision energy) with a 

5-second dynamic exclusion time. The RAW file from the mass spec-
trometer was processed with Proteome Discoverer 2.1 (Thermo 
Scientific) using the Mascot 2.4 algorithm (Matrix Science) with per-
colator against the human protein NCBI refseq (updated 
2020_0324). The precursor ion tolerance and product ion tolerance 
were set to 20 ppm and 0.5 Da, respectively. Dynamic modification 
of oxidation on methionine, protein N-terminal Acetylation, and des-
treak on cysteine were allowed. The peptides identified from the 
mascot result file were validated with a 5% false discovery rate 
(FDR). The gene product inference and iBAQ-based quantification 
were carried out using the gpGrouper algorithm (PMID: 
30093420). The differentially expressed proteins were calculated 
using the moderated t-test to calculate P-values and log2 fold changes 
in the R package limma. The FDR-adjusted P-value was calculated 
using the Benjamini–Hochberg procedure.

Statistical analysis
Data were expressed as mean ± standard deviation. N ≥ 3 for each 
experiment. A student’s t-test was applied when comparing two 
groups, or the analysis of variance test was used when comparing 
≥ 3 groups using Graphad PRISM 8 software. A value of P < 0.05 
was considered statistically significant.

Results

Differentiation and characterization of 
iPSC-derived ECs and VSMCs
We used iPSCs derived from the fibroblasts of HGPS patients and 
their unaffected parents, serving as control. The control-iPSC and 
HGPS-iPSC colonies were indistinguishable under light microscopy 
(see Supplementary material online, Figure S1). We differentiated 
ECs and VSMCs from the same iPSCs of both HGPS and their un-
affected parents using established protocols17,18 to eliminate inher-
ent genomic differences, thus allowing an accurate comparison of 
the two cell types (Figure 1A). On Day 7, the ECs were isolated by 
FACS using CD31 antibody. They became mature ECs by Day 14, 
where they were isolated by FACS using both CD31 and CD144 
and stained with VWF and CD144 (see Supplementary material 
online, Figure S1). We previously characterized HGPS-ECs in com-
parison with the control-ECs. HGPS-ECs displayed significant defects 
in angiogenesis, reduced nitric oxide (NO) production, and reduced 
acetylated-LDL uptake.16,18 Moreover, we previously observed glo-
bal alterations in gene expression associated with increased inflam-
matory cytokines and reduced expression of EC identity genes.16

VSMCs were differentiated from iPSCs for a period of 30 days and 
identified by the expression of α-smooth muscle actin and smooth-
elin (Figure 1B). We further characterized vascular gene expression 
using VSMC markers: CNN1, ACTA2, MYH11, and TAGLN. 
These markers were present, albeit reduced in HGPS-VSMCs com-
pared with control-VSMCs (Figure 1C). While HGPS-VSMCs were 
morphologically indistinguishable from control-VSMCs (Figure 1D), 
HGPS-ECs were morphologically distinct from control-ECs. 
Specifically, they displayed typical features of senescent ECs, i.e. a 
more circular shape18 with a greater surface area, and a central 
prominent nucleus, the classical ‘fried egg’ appearance of aged ECs 
(Figure 1D). In conclusion, both HGPS-ECs and HGPS-VSMCs 

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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manifested typical markers of their cell identity, although the expres-
sion of their markers were attenuated. As opposed to 
HGPS-VSMCs, HGPS-ECs displayed morphological signs of senes-
cence as early as 14 days following HGPS-iPSC differentiation.

Progerin causes senescence phenotype in 
both ECs and VSMCs of HGPS
Progerin levels (mRNA and protein) were markedly increased in 
both HGPS-ECs and HGPS-VSMCs in comparison with the control 
cells, with a higher expression in HGPS-VSMCs compared with 

HGPS-ECs (Figure 2A–C; see Supplementary material online, 
Figure S2). Aggregation of progerin under the nuclear membrane is 
thought to cause abnormalities in nuclear morphology.20

Immunofluorescence (IF) staining for lamin A indicated that both 
HGPS-ECs and HGPS-VSMCs had significantly increased abnormal 
nuclei compared with their respective controls (Control-ECs 
34.3% vs. HGPS-ECs 74.1%; Control-VSMCs 30.9% vs. 
HGPS-VSMCs 85.1%; Figure 2D–E). After identifying the abnormal 
nuclei, we compared telomere lengths between the two cell types 
because telomere attrition is a hallmark of senescence.21, 22 An im-
paired interaction with lamin A is thought to accelerate telomere 

Figure 1 Differentiation and characterization of induced pluripotent stem cells-derived endothelial cells and vascular smooth muscle cells. (A) 
Schematic of the methodology used to differentiate induced pluripotent stem cells into vascular smooth muscle cells. (B) Immunofluorescence stain-
ing of smooth muscle cells specific markers: smoothelin and α-smooth muscle actin from control-VSMCs and HGPS-VSMCs (scale bar: 50 μm). (C ) 
Quantitative reverse transcription polymerase chain reaction for vascular smooth muscle cell marker expression: CNN1, ACTA2, MYH11, and 
TAGLN after differentiation in control-VSMCs and HGPS-VSMCs. n = 3. (D) Brightfield images of endothelial cells (scale bar: 500 μm) and vascular 
smooth muscle cells (scale bar: 300 μm) in both control and Hutchinson–Gilford progeria syndrome groups after differentiation. Statistical analysis 
was performed by an unpaired t-test when comparing two groups. A value of P < 0.05 was considered statistically significant. *P < 0.05; **P < 0.01.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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erosion in HGPS.23 Monochrome Multiplex quantitative PCR 
(MMqPCR) revealed a reduction in telomere length in both 
HGPS-ECs and HGPS-VSMCs (see Supplementary material online, 

Figure S3). We confirmed these results by qFISH using the PNA telo-
meric probe. Notably, HGPS-ECs had shorter telomeres than 
HGPS-VSMCs (Figure 2F and G). Subsequently, to assess cell 

Figure 2 Progerin causes senescence phenotype in both endothelial cells and vascular smooth muscle cells of Hutchinson–Gilford progeria syn-
drome. (A) Quantitative reverse transcription polymerase chain reaction for progerin expression in endothelial cells and vascular smooth muscle 
cells. n = 4 for control-ECs, and n = 3 for other groups. (B and C) Western blot and its quantification of progerin level in endothelial cells and vascular 
smooth muscle cells. n = 4. (D) Immunofluorescence staining of lamin A for nuclear morphology and quantification in (E); the white arrows re-
present abnormal nuclei. n = 4. (F ) A representative figure of metaphase spread (blue: DAPI nucleus, red: cy5 telomere, scale bar: 20 μm). (G) 
Telomere probe intensities were normalized with the DAPI signal for both endothelial cells and vascular smooth muscle cells, n = 33 metaphase 
spread for each group, replicated at least three times. (H ) Real-time cell proliferation using xCELLigence measured by impedance for both endo-
thelial cells and vascular smooth muscle cells from control and Hutchinson–Gilford progeria syndrome. n = 4, replicated three times. (I and J) 
Increased β-galactosidase staining in both HGPS-ECs and HGPS-VSMCs compared with respective controls, with an especially higher percentage 
in HGPS-ECs among all groups (scale bar: 300 μm) n = 5 for HGPS-ECs, n = 4 for other groups. (K ) Quantitative reverse transcription polymerase 
chain reaction for P16 and P21 expression in endothelial cells and vascular smooth muscle cells. n = 5. (L and M) Western blot and its quantification 
of P16 and P21 levels in endothelial cells and vascular smooth muscle cells. n = 6–9. C, control; HGPS, Hutchinson–Gilford progeria syndrome. 
Statistical analysis was performed by an unpaired t-test when comparing two groups. A value of P < 0.05 was considered statistically significant. 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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proliferation, we used xCELLigence and found that both HGPS-ECs 
and HGPS-VSMCs grew at a significantly lower rate compared with 
their respective controls (Figure 2H). Furthermore, SABG, a marker 
of cellular senescence,24 was increased in both HGPS-ECs and 
HGPS-VSMCs. Notably, β-gal was higher in HGPS-ECs compared 
with HGPS-VSMCs (Control-ECs 15.3% vs. HGPS-ECs 44.0%; 
Control-VSMCs 1.5% vs. HGPS-VSMCs 7.4%; Figure. 2I and J). 
Senescence was also studied using two well-known senescent mar-
kers, p16 and p21. These two senescent markers were not signifi-
cantly changed in mRNA expression in both HGPS-ECs and 
HGPS-VSMCs compared with their respective controls 
(Figure 2K). However, the protein levels of both p16 and p21 in-
creased in HGPS-ECs compared with its control. Surprisingly, 
p16 did not match a corresponding increase with p21 and instead 
was reduced in HGPS-VSMCs compared with its control 

(Figure 2L and M). In conclusion, although both HGPS-ECs and 
HGPS-VSMCs manifested the characteristics of senescence, telo-
mere erosion and β-gal staining were greater in HGPS-ECs than 
in HGPS-VSMCs.

DNA Damage, inflammation, and DNA 
accessibility in ECs vs. VSMCs
Genomic instability, as a result of DNA damage, is closely related to 
aging.25,26 Prior work has provided evidence for increased DNA 
damage in HGPS fibroblasts,17 VSMCs,27 and ECs.16,17 We assessed 
DNA damage using IF staining and quantified colocalization of DNA 
damage markers: γH2A.X and 53BP1. Clear evidence of DNA dam-
age was observed in HGPS-ECs. However, in HGPS-VSMCs, the evi-
dence for DNA damage was not as strong (Figure 3A and B).

Figure 2 Continued
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Figure 3 DNA damage, inflammation, and DNA accessibility in endothelial cells vs. vascular smooth muscle cells. (A) Immunofluorescence staining 
for DNA damage stained nuclei (DAPI, blue), γH2A.X (green), and 53BP1 (red) (scale bar: 20 μm), and quantification in (B) showing significantly 
increased colocalization of γH2A.X and 53BP1 in HGPS-ECs, in which HGPS-VSMCs not as strong; n = 30, replicated three times. (C ) 
Quantitative reverse transcription polymerase chain reaction for inflammatory cytokines expression in both endothelial cells and vascular smooth 
muscle cells; n = 3–7. (D) Immunofluorescence staining for nuclei (DAPI, blue), lamin A (green), and histone H1 (red), and quantification in (E), show-
ing a decrease of histone H1 in both HGPS-ECs and HGPS-VSMCs (scale bar: 20 μm). The white arrows represent cells lacking the histone H1 
staining; n = 35. (F ) Immunofluorescence staining for nuclei (DAPI, blue), lamin A (green), and HP1α (red), and quantification in (G), showing a de-
crease of HP1α in both HGPS-ECs and HGPS-VSMCs (scale bar: 20 μm). The white arrows represent cells that barely had HP1α staining; n = 44. (H– 
J) Western blot and quantification for histone H1 and HP1α showed a decreased expression in both HGPS-ECs and HGPS-VSMCs; n = 3. C, control; 
HGPS, Hutchinson–Gilford progeria syndrome. Statistical analysis was performed by an unpaired t-test when comparing two groups. A value of P < 
0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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It is possible that the greater DNA damage in HGPS-ECs (by com-
parison with HGPS-VSMCs) might be due to a greater activation of 
inflammatory stimuli. DNA damage is associated with chronic 

inflammation28 and progressive aging.29 Accordingly, we assessed in-
flammatory cytokines using the Bio-Plex assay, which includes a panel 
of 48 inflammatory markers. As expected, SASP markers were 

Figure 3 Continued
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significantly increased in HGPS-ECs compared with their control,16

and the same was true for HGPS-VSMCs (see Supplementary 
material online, Figure S4). To further confirm these results, we mea-
sured several well-established inflammatory markers for cardiovas-
cular disease by RT-qPCR, a transcriptome analysis consistent with 
the Bio-Plex data (Figure 3C). These studies revealed a significant in-
crease in inflammatory markers, such as IL-1β, IL-6, ICAM1, MCP1, in 

both HGPS-ECs and HGPS-VSMCs (Figure 3C), but no consistent dif-
ference was observed between ECs and VSMCs in terms of the mag-
nitude of inflammatory cytokine expression.

Alternatively, the increased DNA damage in HGPS-ECs (by com-
parison with HGPS-VSMCs) could be due to greater DNA 
accessibility.30 Thus, we assessed the markers of heterochromatin his-
tone H1 and Hp1α by IF staining (Figure. 3D–G) and western blot 

Figure 4 Aging is more accelerated in HGPS-ECs. (A) β-gal staining for control-ECs and HGPS-ECs on Days 8, 14, 21, and 28, showing an increasing 
trend over time (scale bar: 300 μm). (B) Quantification of β-gal staining comparing HGPS-ECs with HGPS-VSMCs at corresponding timepoints. 
Timepoints 1, 2, 3, and 4 represent in endothelial cells as Days 8, 14, 21, and 28 and in vascular smooth muscle cells as Days 30, 37, 44, and 51; 
n = 4. (C) Telomere probe intensities were normalized with nucleus area for control and HGPS-ECs on Days 8, 14, 21, and 28, N≥30 for each group. 
(D) Proliferation of endothelial cells within 10 days from both control and Hutchinson–Gilford progeria syndrome; n = 3. (E) Proliferation of vascular 
smooth muscle cells within 10 days from both control and Hutchinson–Gilford progeria syndrome; n = 3. (F) Quantitative reverse transcription poly-
merase chain reaction for inflammatory cytokines IL-1β, IL-6, TNF-α, and ICAM1 expression showed increased inflammatory cytokine expression in 
endothelial cells over time; n = 3–6. (G) Quantitative reverse transcription polymerase chain reaction for progerin expression over time on Days 7, 14, 
21, and 28, showed a significant increase of progerin expression over time in HGPS-ECs compared with its control. n = 4–6. Statistical analysis was 
performed by an unpaired t-test when comparing two groups. For ≥3 groups, statistical analysis was performed using one-way analysis of variance 
followed by a post hoc Tukey’s test. A value of P<0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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(Figure 3H–J). Histone H1 and Hp1α levels were reduced significantly 
in both HGPS-ECs and HGPS-VSMCs compared with their respective 
controls. Of note, histone H1 was lower in HGPS-ECs compared with 
HGPS-VSMCs (see Supplementary material online, Figure S4), consist-
ent with the greater DNA accessibility in HGPS-ECs. Thus, in the set-
ting of similar magnitude of inflammatory activation, HGPS-ECs fare 
worse than HGPS-VSMCs possibly due to the increased DNA acces-
sibility allowing for greater susceptibility to DNA damage.

Aging is more accelerated in HGPS-ECs
To determine whether aging is more accelerated in HGPS-ECs than 
in HGPS-VSMCs, we examined the effect of passaging cells for 28 
days on senescence progression as assessed by β-gal expression 
(Figure 4A and B; see Supplementary material online, Figure S5), telo-
mere length (Figure 4C; see Supplementary material online, Figure S5), 
and cellular proliferation (Figure 4D and E) and compared each with 
their respective controls. Intriguingly, the progression of senescence 

Figure 5 Alterations in the expression and interaction of shelterin protein complexes. (A) A schematic figure of the shelterin protein complex. (B 
and C) Western blot for six shelterin proteins and quantification in endothelial cells and vascular smooth muscle cells from both control and 
Hutchinson–Gilford progeria syndrome; n = 4–6. (D) Co-immunoprecipitation of γH2A.X and TIN2 with RAP1 in both endothelial cells and vascular 
smooth muscle cells from control and Hutchinson–Gilford progeria syndrome; n = 3 (E) Co-immunoprecipitation of TRF2 with lamin A in both 
endothelial cells and vascular smooth muscle cells from control and Hutchinson–Gilford progeria syndrome; n = 3. C, control; HGPS, 
Hutchinson–Gilford progeria syndrome. Statistical analysis was performed by an unpaired t-test when comparing two groups. A value of P < 
0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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was accelerated in HGPS-ECs by comparison with HGPS-VSMCs. In 
HGPS-ECs, we observed a significant increase in the percentage of 
β-gal positive cells and a significant reduction in telomere length in 
HGPS-ECs compared with control-ECs throughout the 28-day per-
iod. Surprisingly, although the telomere length in HGPS-VSMCs 
shortened over time, we did not observe similar severity in the sen-
escence of HGPS-VSMCs as indicated by the β-gal staining. To under-
stand whether the higher progressive senescence in HGPS-ECs 
compared with HGPS-VSMCs was related to cellular proliferation, 
we counted cells within 10 days in both ECs and VSMCs after seeding 
an equal number of cells on Day 0. To our surprise, both 
control-VSMCs and HGPS-VSMCs proliferated more than 
control-ECs and HGPS-ECs, and the number of HGPS-VSMCs 
were higher than HGPS-ECs on Day 10 (Figure 4D and E). Hence, 
cell proliferation in vitro is reduced in ECs by comparison with isogen-
ic VSMCs. To better understand the senescent phenotype of 
HGPS-ECs, we investigated SASP markers and progerin in ECs in a 
time-course experiment. Indeed, we found the SASP markers to 
be consistently higher over time in HGPS-ECs by comparison with 
control-ECs after Day 7 (Figure 4F) and progerin to be significantly 
higher in HGPS-ECs over time (Figure 4G). In conclusion, 
HGPS-ECs age faster than HGPS-VSMCs, despite proliferating to a 
lesser extent than HGPS-VSMCs.

Alterations in the expression and 
interaction of SPC proteins
To investigate whether significantly shorter telomeres in HGPS-ECs 
and HGPS-VSMCs were due to alterations in the expression and in-
teractions of SPC proteins, we examined all six members of the SPC 
(TRF1, TRF2, RAP1, TIN2, POT1, and TPP1) (Figure 5A) at the 
mRNA and protein levels (see Supplementary material online, 
Figure S6; Figure 5B and C). After assessing the mRNA and protein le-
vels of each SPC protein, we focused on RAP1 due to its consistent 
pattern of expression in both ECs and VSMCs. RAP1 is critical to the 
SPC because a deficiency of RAP1 leads to telomere fusion and sen-
escence.31,32 We performed IP for RAP1 followed by Mass 
Spectrometry (MS) for control-ECs and HGPS-ECs. Our data 
showed a strong association of TRF2 to RAP1 in both control-ECs 
and HGPS-ECs as expected. However, to our surprise, RAP1 lost 
its association with TIN2 in HGPS-ECs (see Supplementary 
material online, Figure S6), while its connection was preserved in 
control-ECs. We then conducted RAP1-IP followed by western 
blot to confirm the MS analysis. The binding of TIN2 to RAP1 
through TRF2 was reduced in both HGPS-ECs and HGPS-VSMCs 
compared with their respective controls (Figure 5D). TIN2 serves 
as a bridge between TRF1/TRF2/RAP1 and TPP1/POT1 to form 
the intact SPC.33 Since we observed increased DNA damage in 
HGPS cells (Figure 3A and B), we investigated the possible role of 
DNA damage contributing to the dissociation of TIN2 from RAP1. 
Thus, we probed for γH2A.X in RAP1-IP samples of both ECs and 
VSMCs. Our results demonstrated strong signals of γH2A.X binding 
to RAP1 in HGPS-ECs but not in HGPS-VSMCs (Figure 5D).

It was previously shown that TRF2 binding to lamin A is disrupted 
in HGPS fibroblasts.34 To understand whether the loss of TRF2 bind-
ing to lamin A also exerted a synergistic effect with a reduction of 
TIN2 binding to RAP1 to further impair SPC interactions, we 

performed Lamin A-IP and probed for TRF2. As expected, we ob-
served a significant reduction of TRF2 binding to lamin A (progerin) 
in HGPS-ECs compared with control0ECs (Figure 5E); however, 
in HGPS-VSMCs, reduced TRF2 binding was not significant. In con-
clusion, these data demonstrate a reduction of TIN2 binding to 
RAP1 through TRF2, together with a disassociation of TRF2 with la-
min A, which is associated with increased DNA damage. These al-
terations in the SPC may contribute to telomere attrition and 
cellular senescence, most prominently in HGPS-ECs.

Discussion
Our study is the first to characterize and to compare in parallel the 
functions of human HGPS-ECs and HGPS-VSMCs. This study re-
veals that the endothelial abnormality in HGPS is more severe 
than that in VSMCs. Furthermore, this study directs attention to 
the defect in the endothelium as a critical determinant of the vascu-
lar pathobiology in HGPS. In addition, we extend this new under-
standing by investigating the mechanisms of DNA damage in 
HGPS vascular cells. The endothelial dysfunction described herein 
may play a critical role in the initiation and progression of the arter-
ial occlusive disease of HGPS.5,7

Several mouse models have been generated to replicate the phe-
notypes of HGPS patients.35,36 These models phenocopy many pro-
geria traits such as alopecia, loss of subcutaneous fat, loss of weight, 
reduced height, and skeletal dysplasia.37 However, most models are 
deficient in generating the coronary and carotid arterial occlusive dis-
ease, which are features of HGPS children. The vascular abnormality 
observed in most mouse models of HGPS is an extensive VSMC loss 
in the media.12 As a result, most researchers in this field studying the 
vascular disease in progeria have focused on VSMCs with less em-
phasis on ECs.

This peculiar focus on VSMCs looks past the finding that in hu-
mans, the mortality in progeria is not due to thinning of the media, 
but rather due to arterial occlusive disease in the coronary and ca-
rotid arteries. Generally, arterial occlusive disease of the coronary and 
carotid artery disease in humans begins with an endothelial dysfunc-
tion.13,14 Endothelial dysfunction is a strong determinant of vascular 
disease because endothelial homeostasis is critical for vascular pa-
tency.38 By virtue of its production of a panoply of paracrine factors, 
the endothelium regulates the proliferation and tone of the under-
lying vascular smooth muscle.14 As a consequence of its interposition 
between the blood and the vessel wall, the endothelium regulates the 
interaction of circulating blood elements within the vessel. In health, 
the endothelium acts as the Teflon lining of the vessel, preventing ad-
herence and aggregation of platelets, and infiltration of leucocytes.13

Alterations in endothelial homeostasis can lead to vasoconstriction, 
thrombosis, and inflammation.39 Chronic endothelial dysfunction un-
derlies the progression of vascular disease and major adverse cardio-
vascular events.40

Indeed, the attrition of the media that is seen in HGPS could be due 
to an endothelial defect. We have previously shown that HGPS-ECs 
have a proteomic profile consistent with SASP.16 Intriguingly, this 
proteomic profile of senescence is partially reversed by the treatment 
of the HGPS EC with mRNA encoding human telomerase (hTERT). 
When control-VSMCs were subject to the various conditioned media, 

http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
http://academic.oup.com/ehjopen/article-lookup/doi/10.1093/ehjopen/oeac047#supplementary-data
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their proliferation was greatly reduced when cultured with the HGPS 
EC–conditioned media, but proliferation was not affected when cul-
tured using media from control-ECs or with media from HGPS-ECs 
treated with hTERT. Bio-Plex analysis of VSMCs exposed to different 
conditioned media demonstrated that VSMCs themselves also se-
creted more inflammatory markers when cultured with HGPS EC do-
nor media, though this shift was attenuated when hTERT-treated 
HGPS-ECs were the donor. These data provide further support for 
our hypothesis that a severe loss of endothelial homeostasis may be 
primarily responsible for the vascular pathology observed in HGPS, in-
cluding the attenuation of the vascular media.

There has been some prior work to characterize the endothelial al-
terations in HGPS. In a cellular model of progeria, healthy primary ECs 
and progenitors from human umbilical vein or cord blood were cultured 
and treated with the protease inhibitor (Atazanavir) to induce the accu-
mulation of farnesylated prelamin A. This effect was associated with nu-
clear shape abnormalities, inflammatory activation and increased 
adhesiveness for monocytes, and impaired angiogenesis and pre-mature 
senescence in both differentiated and progenitor ECs.41 In the Prog-Tg 
HGPS mouse model, endothelial-specific progerin expression is asso-
ciated with impaired shear stress response, reduced levels of endothelial 
nitric oxide synthase (eNOS) expression, NO generation, and impaired 
mechanosignaling.42

The preponderance of published studies has focused on the effects of 
progerin on VSMCs,43 with less investigation on ECs. However, one 
group investigated ECs and VSMCs in tissue-engineered blood vessels 
(TEBVs) and identified that HGPS-ECs were less responsive to shear 
stress, with impaired up-regulation of KLF2, Nrf2, and eNOS and re-
duced vasodilation to acetylcholine.43 This comparison was done in a 
similar manner as in this paper as the cells were compared following dif-
ferentiation. In this work, HGPS-VSMCs manifested less contractile pro-
tein expression and impaired contractility. Intriguingly, when normal ECs 
or VSMCs were substituted in the TEBV for their HGPS counterpart, 
those TEBV with HGPS-ECs had greater impairment in vasoreactivity 
and inflammatory markers than TEBV with HGPS-VSMCs. Thus, 
HGPS-ECs had a greater effect on TEBV impairment than did 
HGPS-VSMCs in this work. Additionally, Bersini and colleagues repro-
grammed normal or HGPS fibroblasts into induced VSMCs (iVSMCs) 
and induced vascular endothelial cells (iVECs). They found that when co- 
cultured with ECs in a microfluidic device, HGPS iVSMCs increased vas-
cular permeability, an effect attributed in part to the increased expression 
of BMP4 and Jagged 1 in the HGPS iVSMCs.44

Whether coronary and carotid artery disease in progeria children 
follows the well-characterized progression of the more common 
form of atherosclerotic arterial occlusive disease is not known. 
Nevertheless, arterial occlusive disease in children with progeria 
shares more similarities to atherosclerosis in adult humans than it 
does to the vascular disease in HGPS mice.10 Therefore, our study 
of the isogenic lines of HGPS-ECs and HGPS-VSMCs is an important 
step towards understanding the mechanisms of arterial occlusive dis-
ease in progeria. Our work suggests that the functional alterations in 
HGPS-ECs are as severe or more so in HGPS-VSMCs. Furthermore, 
HGPS-ECs appear to age more rapidly than HGPS-VSMCs in vitro, as 
manifested by significantly increased β-gal staining over the same 
time-course. This difference in aging may be related to cell lineage, 
as normal ECs also seemed to age faster than normal vascular 
smooth muscle cells in culture. Regardless, if there is such a 

differential cellular response to time on cellular aging, any vascular al-
teration in HGPS will be more pronounced in the endothelium. Thus, 
an endothelial-targeted therapy may have great benefit in HGPS. 
Indeed, we have recently shown that the treatment of HGPS mice 
with intravenous injection of a lentiviral construct encoding murine 
telomerase improved endothelial functions, with minimal effect on 
the medial VSMCs, yet increased longevity.16

The shortened telomere length in HGPS cells may be explained by 
increased DNA damage or loss of protection by impaired interac-
tions of the SPC members. TIN2 is a critical protein of SPC as it con-
nects the complex by joining TRF1/TRF2/RAP1 (which binds to 
double-stranded DNA), with TPP1/POT1 (which binds to single- 
stranded DNA).45 Based on our MS data analysis of proteins isolated 
by RAP1-IP, the interaction between TIN2 and RAP1 through TRF2 
decreased in both HGPS-ECs and HGPS-VSMCs. Interestingly, the 
binding of RAP1 and γH2A.X was significantly increased only in 
HGPS-ECs but not in HGPS-VSMCs. The interaction between 
γH2A.X and RAP1 may be a manifestation of greater DNA damage 
and telomere erosion in HGPS-ECs. The TIN2 binding to RAP1, 
through TRF2, was compromised in both HGPS-ECs and 
HGPS-VSMCs compared with their respective controls, together 
with a shortened telomere length in HGPS cells, suggesting the im-
portant role of TIN2–TRF2–RAP1 interactions in protecting telo-
mere ends. TIN2 has been shown to stabilize the binding of TRF2 
to double-stranded telomeric DNAs, which is a crucial function of 
the shelterin complex to protect the telomeric ends.45,46

Additionally, the reduction of TIN2 causes DNA damage at the tel-
omeres, but the DNA damage was prevented following an induced 
expression of TIN2.46,47

Additionally, RAP1 binds to TRF2, linking the shelterin protein 
complex to the telomere and protecting it from DNA damage.48 In 
addition, TRF2 binds to lamin A.34 Our lamin A pulldown revealed a 
reduction in TRF2 binding only in HGPS-ECs. It is possible that a great-
er impairment of the shelterin protein complex interactions in 
HGPS-ECs accounts for their greater telomere erosion and senes-
cence markers. Alternatively, the increase in the expression of several 
shelterin protein complex components in HGPS-VSMCs (TRF1, 
RAP1, and TPP1) may have compensated for the impaired shelterin 
interaction, reducing the senescence process induced by progerin. 
Alternatively, or in addition, the greater DNA damage in HGPS-ECs 
may be related to greater DNA accessibility in the setting of inflamma-
tory activation. In this regard, greater DNA damage is observed in 
progerin-overexpressing human dermal fibroblasts during the S phase 
when heterochromatin is reduced.49 To summarize, the evidence of 
more advanced senescence in HGPS-ECs (by comparison with 
HGPS-VSMCs) may be due to greater DNA accessibility to DNA 
damage, in part due to a greater impairment in SPC interactions.

A limitation of our study is that only one HGPS cell line and its cor-
responding parental cell line were used in this study. However, we 
and others have shown that different HGPS-iPSC cell lines are quite 
similar in terms of pluripotency, transcriptional and epigenetic pro-
files, and capability for differentiation towards all three germ layers.17

However, the differentiated cells from HGPS patients can have dif-
ferent severities of progeria phenotype as we have previously 
shown.50 Moreover, the culture conditions for ECs and SMCs de-
rived from iPSC were different. However, the culture conditions 
that we used are well-established and optimized for cell type. 
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Accordingly, it is unlikely that this difference in culture conditions is 
responsible for the differential effect of progeria on cell function. 
Nevertheless, these are quantitative differences between cell lines, 
not qualitative differences, and thus unlikely to alter the conclusions 
of this paper.

Our findings may be more broadly relevant to the general popu-
lation, as progerin is expressed at low levels in normal individuals 
and accumulates in the vessel wall as we age.50 Furthermore, many 
of the processes contributing to accelerated aging in HGPS—inflam-
matory activation, telomere erosion, loss of heterochromatin, in-
creased DNA damage—are involved in normal aging. 
Understanding these mechanisms in HGPS may guide us in develop-
ing senomodulatory strategies for healthy aging.22,51
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