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Abstract

Hutchinson–Guilford Progeria syndrome (HGPS) is a rare genetic disease of premature 
aging and early death due to cardiovascular disease. The arteries of HGPS children and 
mice are pathologically stiff, and HGPS mice also display reduced arterial contractility. 
We recently showed that reduced contractility is an early event in HGPS and linked to an 
aberrantly low expression of smooth muscle myosin heavy chain (smMHC). Here, we have 
explored the basis for reduced smMHC abundance and asked whether it is a direct effect 
of progerin expression or a longer-term adaptive response. Myh11, the gene encoding 
for smMHC, is regulated by myocardin-related transcription factors (MRTFs), and we 
show that HGPS aortas have a reduced MRTF signature. Additionally, smooth muscle cells 
(SMCs) isolated from HGPS mice display reduced MRTF nuclear localization. Acute progerin 
expression in WT SMCs phenocopied both the decrease in MRTF nuclear localization and 
expression of Myh11 seen in HGPS. Interestingly, RNA-mediated depletion of MRTF-A in WT 
SMCs reproduced the preferential inhibitory effect of progerin on Myh11 mRNA relative to 
Acta2 mRNA. Our results show that progerin expression acutely disrupts MRTF localization 
to the nucleus and suggest that the consequent decrease in nuclear coactivator activity can 
help to explain the reduction in smMHC abundance and SMC contractility seen in HGPS.

Introduction

Hutchinson–Gilford Progeria syndrome (HGPS) is a 
rare premature aging disease (1). About 1 year after 
birth, HGPS children develop progressive clinical signs 
of advanced aging such as loss of hair, thinning of the 
skin, stiff joints, and severely stunted growth (2). Among 
the most prominent defects is arterial dysfunction, 
including a dramatic loss of vascular smooth muscle cells 
(SMCs) from the large arteries, a severely fibrotic arterial 
microenvironment, and prominent atherosclerotic lesions 

(2, 3). HGPS children typically die in their teenage years 
due to heart attack and/or stroke.

The classical form of HGPS is a result of a single 
nucleotide point mutation in the Lamin A gene (Lmna), 
leading to altered splicing and production of a mutant 
form of Lamin A termed progerin (4, 5, 6). Compared to 
normal Lamin A, progerin lacks 50 amino acids near the 
C-terminus and remains permanently farnesylated. While 
WT Lamin A is a major component of the nuclear lamina, 
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the defect in the biosynthetic processing of progerin 
leads to its improper incorporation into the inner nuclear 
membrane and the formation of an altered nuclear lamina 
network (2, 7, 8, 9).

Lamin A is thought to be an important component 
in the transduction of mechanical information from the 
cytoplasm to the nucleus through its association with the 
linker of nucleoskeleton and cytoskeleton (LINC) complex 
(10, 11, 12, 13, 14). The LINC complex is comprised of 
nesprins and Sad1p, UNC-84 (SUN) proteins. Nesprins bind 
to the actin cytoskeleton (and intermediate filaments) in 
the cytoplasm and SUN proteins in the nuclear envelope. 
SUN proteins, in turn, connect to the lamin A-containing 
nuclear lamina meshwork. Thus, signals that regulate 
actomyosin contraction can be transmitted to the nucleus 
through the LINC complex. Mechanical responses, 
cytoplasmic-nuclear connections, and the LINC complex 
are altered in progerin-expressing cells (15, 16). Moreover, 
forced disruption of the LINC complex by expression of the 
isolated KASH domain from nesprin-2 reduces cell death of 
progerin-expressing SMCs in response to biaxial stretch in 
vitro as well as in progerin expressing mice (17).

SMCs comprise the media layer of the large elastic 
arteries and can undergo a reversible differentiation/
de-differentiation called ‘phenotypic switching’ (18, 
19, 20, 21, 22). Healthy, arterial SMCs are normally of a 
‘contractile’ phenotype that regulates blood flow by tonic 
vasoconstriction and dilation; these SMCs have high 
expression of the smooth muscle contractile machinery, 
such as smooth muscle myosin (encoded by Myh11), 
α-smooth muscle actin (encoded by Acta2), calponin 
(encoded by Cnn), and SM22α/transgelin (encoded by 
Tagln). However, in response to pathologic stimuli such 
as arterial injury, contractile SMCs dedifferentiate to a 
more ‘synthetic’ state in which they downregulate the  
expression of the contractile genes and become migratory, 
proliferative, and remodel the extracellular matrix (ECM), 
presumably to promote wound healing. These synthetic 
SMCs can then re-differentiate to the contractile phenotype 
as part of injury resolution (23). In vascular diseases such 
as atherosclerosis, phenotypic switching can lead to 
pathological populations of synthetic SMCs that contribute 
to arterial stenosis and lesion formation (24, 25, 26).

The genes that mark the differentiated SMC are referred 
to as ‘CArG genes’ because their expression is strongly 
regulated by CArG (CC(A/T-rich)6GG) sites. CArG sites can 
occur in both 5’ flanking and intronic DNA sequences and 
play an important role in smooth muscle subtype-specific 
expression of SMC contractile genes such as Myh11 (18, 
27, 28, 29, 30). CArG genes, in turn, are regulated by the 

serum response factor (SRF) transcription factor and the 
myocardin transcriptional coactivator family: myocardin 
and the myocardin-related transcription factors, MRTF-A 
and MRTF-B (18, 27, 31, 32). Myocardin and the MRTFs 
are major coactivators of SRF in SMCs. Myocardin is 
constitutively nuclear, but the transcriptional coactivator 
activity of MRTFs is regulated by their shuttling between the 
cytoplasm and nucleus, which in turn is regulated by actin 
polymerization and changes in cell mechanics (33, 34, 35). 
Epigenetic histone methylation and acetylation as well as 
transcriptional repression by Kruppel-like factor-4 (KLF4) 
also play important roles in modulating SRF-mediated 
CArG gene expression and SMC differentiation (30, 36, 37).

We recently reported that aortas, carotid arteries, 
and cultured SMCs from an HGPS mouse model display 
reduced expression of SMC contractile markers, including 
Acta2 and especially Myh11 (38). Thus, HGPS SMCs have a 
defective contractile phenotype. However, the molecular 
basis for this reduced expression and whether the defect 
reflects a direct effect of progerin or a long-term, adaptive 
response to its expression remain unclear. In this work, we 
identify defective MRTF nuclear localization as a molecular 
phenotype of HGPS and use acute progerin expression 
to assess its direct vs adaptive effects on Myh11 gene 
expression, contractility, and MRTF localization.

Materials and methods

Mice and artery isolation

LMNAG609G/+ mice on the C57/BL6 background were 
generously provided Dr Carlos Lopez-Otin (Universidad 
de Oviedo, Oviedo, Spain). Mice were genotyped using the 
following primers: forward: AAGGGGCTGGGAGGACAGAG; 
and reverse: AGCATGCCATAGGGTGGAAGGA, with band 
sizes of 100 bp for the WT and 240 bp for the LMNAG609G 
genes. Mice were fed a chow diet ad libitum. For HGPS mouse 
experiments, WT littermate controls were obtained from 
LMNAG609G/+ matings. Arteries were perfused with PBS in 
situ through the left ventricle, and the descending aorta was 
isolated from the end of the aortic arch to the diaphragm. 
The isolated aorta was cleaned of excess fat, flash-frozen, and 
stored at −80°C for protein analysis. Animal protocols were 
approved by the University of Pennsylvania Institutional 
Animal Care and Use Committee.

Cell culture, RNAi, and viral infections

Primary mouse SMCs were isolated from the descending 
aortas of 2-month WT and HGPS male mice and prepared 
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by explant culture as described (39). SMCs were cultured 
in growth medium (1:1 Dulbecco’s modified Eagle’s 
medium (DMEM)/Ham’s F-12 supplemented with 2 mM 
l-glutamine and 20 mM HEPES, pH 7.4) with 20% FBS. 
Cells were passaged at near confluence with trypsin/EDTA 
and used between passages 4 and 6.

siRNA-mediated knockdown of MRTF-A in near-
confluent WT SMCs was performed using Lipofectamine 
RNAiMAX Transfection Reagent (ThermoFisher #13778100) 
in OPTI-MEM with a final siRNA concentration of 300 nM 
(Origene 223701). A non-specific siRNA provided by the 
manufacturer was used as the control. After 4 h of siRNA 
transfection, cells were switched to fresh growth medium. 
Cells were collected for immunoblot and RT-qPCR analyses 
72 h after transfection.

For viral infections of isolated SMCs, a GFP-tagged 
progerin adenovirus was prepared from pBABE-GFP-
progerin (Addgene 17663) by sub-cloning into pENTR/D-
TOPO with PCR (Invitrogen K2400-20). The resultant 
GFP-progerin entry vector was gel-purified (Qiagen 28104) 
and then cloned into the pAd/CMV/V5-DEST Gateway 
vector (Invitrogen V493-20). The Gateway vector was 
transfected into 293A cells, and the cells were collected 
~10 days after transfection when lytic plaques were visible. 
Crude lysate from transfected 293A cells was used to 
transduce additional 293A cells and amplify and titer the 
virus. The final GFP-progerin adenovirus was incubated 
overnight with cultured SMCs at 300–500 MOI, after which 
time the media was replaced with fresh growth media. The 
cells were then incubated for an additional 56 h (for a total 
of 72 h after infection). The efficiency of the adeno-GFP-
progerin infection in WT SMCs was ~60% as determined 
by manual counting of GFP+ vs total (Dapi-stained) cells.

A lentivirus encoding the isolated KASH domain from 
nesprin-2 as a GFP fusion protein (40) and a GFP control 
lentivirus were graciously provided by Gregg Gundersen 
(Columbia University). Approximately 5 × 104 WT or HGPS 
SMCs were plated in individual wells of a 12-well dish 
(containing 12-mm glass coverslips) and infected with 
the GFP-KASH lentivirus or a control GFP lentivirus. After 
overnight infection, the cell culture medium was changed, 
and 72 h later the cells were either fixed for immunostaining 
or lysed in TRIzol reagent for analysis by RT-qPCR. Lentiviral 
infection efficiency was ~80% as judged by the percentage 
of WT SMCs expressing the GFP-KASH construct.

Traction force microscopy (TFM)

Traction force microscopy was performed as previously 
described (38). For GFP-progerin experiments, only 

cells expressing GFP-progerin, as visualized by green 
fluorescence, were analyzed for traction force microscopy.

Immunostaining and nuclear–cytoplasmic  
quantification

WT and HGPS primary aortic SMCs were plated on 
glass coverslips in fresh growth medium at ~60% 
confluence and incubated for 24 h before fixation in 
3.7% formaldehyde in PBS (1 h at room temperature). 
Coverslips were blocked and permeabilized for 2 h at 
room temperature in PBS containing 0.4% Triton X-100, 
2% BSA, and 50 mM NH4Cl. Coverslips were rinsed with 
PBS and incubated overnight at 4°C with antibodies 
to MRTF-A (Protein Tech #21166-1-AP; 1:50 dilution) 
or nesprin-2 (kind gift of Gregg Gundersen, Columbia 
University; 1:200 dilution) diluted in blocking buffer 
(PBS containing 0.4% Triton X-100, 2% BSA). Coverslips 
were washed in blocking buffer three times for 10 min 
each before incubation (2 h at room temperature) with 
secondary antibody (Alexafluor-488 chicken anti-Rabbit 
Santa Cruz #A21441, diluted 1:100 or Alexafluor-594 
donkey anti-rabbit Invitrogen A32754, diluted 1:100) in 
blocking buffer containing Dapi. Coverslips were washed 
three times for 10 min each in blocking buffer, rinsed in 
PBS, dipped in water, and mounted using SlowFade Gold 
anti-fade agent (ThermoFisher #P36930). Fluorescent 
images were acquired on a Nikon Eclipse inverted phase-
contrast microscope and captured on the QI Click 
Qimaging camera using QCapture Suite Plus software.

Nuclear–cytoplasmic ratios of MRTF-A were calculated 
using ImageJ. The nuclear boundary was traced based on 
the Dapi stain, and the tracing was added to the region 
of interest (ROI) manager. This nuclear tracing was then 
overlayed on the MRTF-A images, and the mean pixel 
intensity of MRTF-A in the nucleus was recorded (mean 
pixel intensity = raw integrated density/area). Then, 
using a long-exposure of MRTF-A staining to identify 
cell boundaries, the entire cell area was traced, and total 
MRTF-A raw integrated density was determined for the 
entire cell. The nuclear raw integrated density of MRTF-A 
was subtracted from the total cell raw integrated density to 
yield the cytoplasmic raw integrated density of MRTF-A. 
The cytoplasmic raw integrated density was divided by the 
cytoplasmic area (total cell area – nuclear area) to obtain 
the mean pixel intensity of MRTF-A in the cytoplasm. 
Nuclear–cytoplasmic ratios are the mean pixel intensity of 
MRTF-A in the nucleus divided by the mean pixel intensity 
of MRTF-A in the cytoplasm. For SMCs infected with GFP-
progerin, MRTF-A nuclear localization was quantified only 
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in the cells expressing GFP-progerin as visualized under the 
green fluorescence channel.

Genome-wide transcript analysis

Differentially expressed genes (DEGs) between 2-month 
WT and HGPS aortas were obtained from GEO dataset 
GSE165409. Mapping of the raw sequence files, count 
normalization, and generation of the initial differential 
expression results in DESeq2 have been described previously 
(41). Transcripts having a 1.5× fold change and adjusted 
P -values of <0.001 were subjected to a core analysis with 
Ingenuity Pathway Analysis (IPA, Qiagen). Default settings 
were used for all other core analysis parameters. The core 
analysis included the prioritization of upstream regulators 
based on enrichment of a regulator’s target gene set in the 
DEGs. For each regulator, IPA tested the directionality of 
each of the genes in the overlap to infer an activation or 
inactivation of the regulator (Z-score). We defined putative 
upstream transcriptional regulators of the DEGs as those 
having Z-scores >2.0 (activated) or <−2.0 (inhibited).

Statistical analysis

Statistical analysis was performed using Prism Software 
(GraphPad). The statistical tests used for analysis are 
identified in the respective figure legends. Note that when 
immunoblotting results were compiled from independent 
experiments that were fractionated and incubated with 
antibodies at different times, the signal intensity in the 
control sample for each blot was set to 1.0 (to permit 
collective analysis) and significance was determined by 
one-sample t-test.

Results

WT SMCs acutely expressing progerin display 
contractile characteristics of HGPS

As HGPS is a very rare disease, the understanding of its 
molecular pathology has relied heavily on the use of 
mouse models. Osorio et  al. generated a knock-in mouse 
(LmnaG609G; hereafter called the HGPS mouse) that 
contains the equivalent point mutation to the G608G 

Figure 1
Acute progerin expression in WT SMCs 
phenocopies the contractile defects in HGPS SMCs. 
Vascular SMCs isolated from 2-month WT mouse 
aortas were incubated with adenoviruses encoding 
GFP (control) or GFP-progerin for 72 h. (A) 
Representative immunoblot images of smMHC 
(n  = 6) and SMA (n  = 4) protein abundance. GAPDH 
is shown as the loading control. (B) Results in A 
were quantified and normalized to the loading 
control. As independent experiments were 
fractionated and blotted separately, the 
normalized signal in the GFP-infected cells of each 
blot was defined as 1.0 to permit collective 
presentation and analysis of the data. Results 
show mean + s.d. Statistical significance between 
the cells infected with GFP or GFP-progerin was 
determined by one-sample t-test (see ‘Statistical 
analysis’ section in ‘Materials and methods’ 
section). (C) WT SMCs infected with the GFP and 
GFP-progerin adenoviruses were analyzed for the 
expression of Myh11 and Acta2 mRNA levels by 
RT-qPCR (n  = 7–8). Results are presented as box 
plots with Tukey whiskers. Statistical significance 
was determined by Mann–Whitney test. (D) 
Representative traction force images of WT SMCs 
infected with the GFP and GFP-progerin 
adenoviruses. Cell areas are outlined in white, and 
traction force scale bars (in nanonewtons) are 
displayed to the right of each respective image. 
Optical scale bar = 50 µm. (E and F) Quantification 
of total traction forces and cell areas of the 
infected cells displayed as box plots with Tukey 
whiskers (n  = 60–70 cells accrued from three 
independent experiments). Significance in panels 
(E) and (F) was determined by Mann–Whitney tests.
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mutation seen in human HGPS (42). As stated above, 
the levels of smMHC are reduced in arteries and early 
passage SMCs isolated from these mice, and this effect is 
functionally significant: RNAi-mediated knockdown of 
Myh11 in cultured WT SMCs reproduced the reductions 
in cell area and traction force seen in HGPS SMCs while 
overexpression of smMHC restored traction force in HGPS 
SMCs (38).

To determine whether these effects are direct 
consequences of progerin expression or long-term adaptive 
responses, we acutely infected early passage SMCs isolated 
from WT mice with a progerin adenovirus tagged with a 
green fluorescent protein (GFP) or a GFP adenovirus as 
control. Indeed, we found that acute expression of GFP-
progerin reduced smMHC (Fig. 1A, B and Supplementary 
Fig. 1A, see section on supplementary materials given at the 
end of this article) and Myh11 mRNA (Fig. 1C) levels, total 
traction force (Fig. 1D and E), and cell area (Fig. 1D and F) 
relative to the GFP control. Acute progerin expression even 
reproduced the stronger reduction in Myh11 mRNA and 
smMHC protein abundance as compared to Acta2 mRNA 
and SMA protein (Fig. 1A, B and C) that characterizes HGPS 
SMCs (38).

In an effort to identify a possible mechanism with in 
vivo relevance, we interrogated our recent transcriptome-
wide analysis of aortas isolated from 2-month-old WT 
vs HGPS mice (GEO dataset GSE165409) and identified 
~2800 differentially expressed genes (DEGs) (Fig. 2A and 
Supplementary Table 1). Analysis of this dataset confirmed 
reduced mRNA expression for Myh11 mRNA and other 
contractile smooth muscle markers (Supplementary 
Fig. 2; red) as well as increased mRNA expression of SMC 
synthetic markers (Supplementary Fig. 2; green). We then 
used IPA to interrogate transcriptional regulator signatures 
within these ~2800 DEGs and identified 98 transcriptional 
regulators predicted to be differentially activated or 
inhibited in the HGPS aortas (Fig. 2A and Supplementary 
Table 2). Of these, seven included Myh11 in their target gene 
lists (Fig. 2A and red or green type in Supplementary Table 
2), and only three of these were predicted to be inhibited 
in HGPS (Fig. 2A and red type in Supplementary Table 2). 
Two of these inhibited transcription regulators were SRF 
and MRTF-A, the canonical regulators of contractile gene 
expression; the third was FOXA1 (Fig. 2B). Note that the 
signature for myocardin was not strongly inhibited in 
HGPS aortas (Fig. 2B and Supplementary Table 2).

We did not pursue FOXA1 given that it is typically 
expressed in endodermally derived (rather than 
mesenchymally derived) tissue and is not among the 
Fox genes that have been strongly implicated in vascular 

disease (43, 44). Moreover and consistent with this 
literature, the expression of Foxa1 mRNA was barely 
detected in the RNASeq (average normalized counts in 
WT and HGPS aortas = 0.13 and 0, respectively; n = 6 per 
genotype). In contrast, we were particularly interested in 
MRTF-A given its established regulation by changes in 
cell mechanics (33, 34, 35) as we see in HGPS SMCs (Fig. 
1 and (38)). Moreover, and consistent with the notion of 
MRTF-A regulation by subcellular localization, we found 
that MRTF-A abundance was similar in lysates of 2-month 
WT and HGPS aortas (Fig. 2C, D and Supplementary 
Fig. 1B) despite the difference in its transcriptional  
signature (Fig. 2B).

A reduced MRTF-A nuclear–cytoplasmic ratio in HGPS 
SMCs is phenocopied by acute progerin expression

Since early passage HGPS SMCs phenocopy the reduced 
expression of Myh11 mRNA and smMHC seen in the HGPS 

Figure 2
Reduced MRTF signature in HGPS aortas. (A) Overview of bioinformatic 
analysis using Ingenuity Pathway Analysis. (B) Z-scores of the three 
transcription factor signatures (FOXA1, MRTF-A, and SRF) predicted from 
the bioinformatic analysis in A and including myocardin (MYOCD) as 
reference. (C) Representative immunoblot images of MRTF-A levels in 
descending aortas of 2-month WT (n  = 3) and HGPS (n  = 4) mice with 
GAPDH shown as the loading control. (D) Results in (C) were quantified, 
normalized to the loading control for each sample, and plotted as 
mean + s.d. As all replicates were fractionated and immunoblotted 
together; statistical significance was determined by unpaired t-test.
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aorta (refer to Fig. 1 and (38)), we used these cells to assess 
the effect of progerin on MRTF localization. HGPS SMCs 
had a significantly reduced nuclear–cytoplasmic ratio 
of MRTF-A as compared to WT controls (Fig. 3A and B). 
Consistent with our results in aortas (refer to Fig. 2), total 
levels of MRTF-A were similar, if not slightly higher, in WT 
and HGPS SMCs (Fig. 3C).

We then acutely infected WT SMCs with adenoviruses 
encoding either GFP-progerin (Fig. 3D bottom panels) or 
the GFP control (Fig. 3D top panels) and observed that the 
progerin-expressing cells (Fig. 3D bottom panels, yellow 
arrows) displayed diffuse MRTF-A staining as compared to 
the predominantly nuclear staining seen in the SMCs that 
remained uninfected (Fig. 3D bottom panels, white arrows) 
and in the SMC infected with the adeno-GFP control (Fig. 
3D top panels). Quantification of these differences showed 
high statistical significance (Fig. 3E). Thus, we conclude 

that the reduced nuclear MRTF-A in HGPS SMCs is a direct 
consequence of progerin expression.

Knockdown of MRTF-A in WT SMCs with three distinct 
siRNAs (Fig. 4A, B and Supplementary Fig. 1C) strongly 
reduced expression of Myh11 mRNA (Fig. 4C). Moreover, 
the effect of MRTF-A depletion on Myh11 mRNA was more 
pronounced than the effect on Acta2 mRNA (Fig. 4C) and 
thereby resembled the relative differences in smMHC and 
SMA protein levels that we have observed in HGPS SMCs (38).

The effect of progerin on contractile genes is 
independent of the LINC complex

Others have reported that disruption of the LINC complex 
reduces the effect of progerin on cell death in cultured HGPS 
SMCs and loss of medial aortic SMCs in HGPS mice (17).  
To determine if disruption of the LINC complex might also 

Figure 3
Reduced nuclear MRTF-A in HGPS SMCs 
phenocopied by acute expression of progerin. (A, 
B, and C) Early passage SMCs isolated from the 
descending aortas of 2-month male WT and HGPS 
mice were immunostained for MRTF-A and 
counterstained with Dapi to identify nuclei. (B and 
C) Nuclear–cytoplasmic MRTF-A ratios and total 
cellular levels of MRTF-A, respectively, were 
determined from ~120 to 150 cells accrued from 
four independent experiments. Data are 
displayed as box plots with Tukey whiskers, and 
statistical significance was determined by Mann–
Whitney tests. (D) Representative images of WT 
SMCs incubated with adenoviruses encoding GFP 
or GFP-progerin for 72 h. Collected coverslips 
were immunostained for MRTF-A and 
counterstained with Dapi. The yellow and white 
arrows in the bottom panels point to the nucleus 
in a progerin-infected and a progerin-uninfected 
cell, respectively. Scale bar = 50 μm. (E) 
Quantification of nuclear–cytoplasmic ratios of 
WT and HGPS SMCs infected with adenoviruses 
encoding GFP or GFP-progerin (n = ~35 to 50 cells 
accrued from two independent experiments). 
Data are displayed as box plots with Tukey 
whiskers, and significance was determined by a 
Mann–Whitney test.
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improve contractile gene expression in HGPS, we infected 
WT and HGPS SMCs with a Klarsicht, ANC-1, Syne 
homology (KASH) domain-encoding lentivirus tagged with 
GFP (or a GFP lentivirus as control). While overexpression 
of GFP-KASH effectively disrupted the nuclear membrane 
as judged by the displacement of endogenous nesprins 
from the nuclear envelope, the aberrantly low expression 
levels of these contractile genes in HGPS SMCs were not 
improved by KASH expression (Supplementary Fig. 3).

Discussion

In this work, we show that acute progerin expression 
recapitulates the decrease in smMHC protein and Myh11 
mRNA that we previously observed in HGPS aortas, 
carotids, and cultured SMCs (38). The Myh11 gene contains 
CArG sites and is regulated by SRF and the cytoplasmic-
nuclear shuttling of MRTFs (see ‘Introduction’ section). 
Our bioinformatic analysis of isolated WT ‘and HGPS 
aortas predicted a decrease in SRF and MRTF signatures 
in HGPS that could explain the decreased expression of 
Myh11 mRNA and smMHC protein. Consistent with that 
prediction, we found a decrease in the nuclear abundance 
of MRTF-A in isolated HGPS SMCs relative to WT controls. 
Acute progerin expression in WT SMCs recapitulated 
the low levels of nuclear MRTF-A seen in HGPS SMCs 
indicating the effect of progerin on MRTF localization, as 
well as smMHC abundance, is a direct rather than long-
term adaptive effect.

Although Myh11 and Acta2 are both CArG genes and 
markers of differentiated smooth muscle, our previous 
work (38) and this report show that the expression of 
progerin has a stronger inhibitory effect on the expression 
of Myh11 mRNA than Acta2 mRNA. Other CArG genes such 
as Tagln and Cnn1 behave more like Acta2, as the expression 
levels of their mRNAs are also relatively resistant to the 
expression progerin (38). This difference may reflect a 
greater number of CArG sites in the Myh11 vs Acta2 genes, 
increased relative potency of the CArG sites in Myh11 
relative to other SMC contractile genes, and perhaps 
even distinct post-transcriptional effects of progerin on 
mRNA stability. Progerin might also affect the regulatory 
phosphorylation of MRTFs or the epigenetic landscape (45, 
46, 47). Surprisingly, we found that the effect of progerin 
on Myh11 gene expression was resistant to disruption of the 
LINC complex. A fuller understanding of progerin’s effect 
on MRTF nuclear localization and CArG gene expression 
and how these effects preferentially target Myh11 vs Acta2 
independent of the LINC complex are important matters 
for further study.

Figure 4
MRTF-A knockdown in WT SMCs phenocopies the preferential 
downregulation of Myh11 mRNA in HGPS. WT SMCs were incubated with a 
non-specific (control) siRNA or three distinct siRNAs to MRTF-A for 72 h. 
(A) Representative immunoblot images showing MRTF-A levels in the 
control and the cells treated with MRTF-A siRNA #1–3. GAPDH is shown as 
the loading control. (B) Results in (A) were quantified and normalized to 
the loading control. As independent experiments were fractionated and 
blotted separately, the normalized signal in the control siRNA of each blot 
was defined as 1.0 to permit collective presentation and analysis of the 
data. Results show mean + s.d. (n  =3). Statistical significance between the 
control and each MRTF-A siRNA was determined by one-sample t-test (see 
‘Statistical analysis’ section in ‘Materials and methods’ section). (C) mRNA 
levels for smooth muscle contractile genes were determined by RT-qPCR 
and normalized to the control siRNA. Results are displayed as box plots 
with Tukey whiskers (n  = 5). Statistical significance between the cells 
transfected with control siRNA and each MRTF-A siRNA was determined 
by ANOVA for each transcript.
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In addition to displaying decreased expression of 
Myh11 and other smooth muscle differentiation markers, 
arteries and SMCs from HGPS mice show reduced 
contractility and increased production and remodeling 
of the ECM (38, 41, 48, 49, 50, 51). Our analysis of DEGs 
in HGPS also revealed an increased gene expression of 
‘synthetic’ SMC markers in HGPS aortas. Collectively, 
these results lead us to posit that HGPS SMCs exist in a 
relatively de-differentiated phenotypic state. This idea is 
further supported by our finding of a reduced average size 
of HGPS SMCs, as de-differentiated SMCs are smaller than 
differentiated ones (38, 52). A defect in vascular smooth 
muscle differentiation, in turn, might contribute to ECM 
remodeling, vascular fibrosis, and the increased stiffness 
seen in the arteries of HGPS children (53).

Death in HGPS is most commonly due to heart attack 
or stroke, but the range of symptoms in HGPS extends well 
beyond vascular disease and includes alopecia, stunted 
growth, low bone density, loss of subcutaneous fat, reduced 
hearing, altered dentition, extra-skeletal calcification, left 
ventricular hypertrophy, and diastolic dysfunction (3, 
50, 54, 55, 56, 57). In a recent study, we linked diastolic 
dysfunction in HGPS to arterial and/or cardiac stiffness 
(41), but overall the basis for the complex pathology of 
HGPS remains incompletely understood. It is tempting to 
speculate that a defective arterial MRTF-Myh11 pathway as 
described here may compromise blood flow and thereby 
contribute systemically to some of the diverse defects in 
HGPS. Experimental testing of this hypothesis would be 
an important matter for further study.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
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