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ABSTRACT Hutchinson-Gilford progeria syndrome (HGPS) is a rare premature aging disease caused by a single-point mu-
tation in the lamin A gene, resulting in a truncated and farnesylated form of lamin A. This mutant lamin A protein, known as pro-
gerin, accumulates at the periphery of the nuclear lamina, resulting in both an abnormal nuclear morphology and nuclear
stiffening. Patients with HGPS experience rapid onset of atherosclerosis, with death from heart attack or stroke as teenagers.
Progerin expression has been shown to cause dysfunction in both vascular smooth muscle cells and endothelial cells (ECs). In
this study, we examined how progerin-expressing endothelial cells adapt to fluid shear stress, the principal mechanical force
from blood flow. We compared the response to shear stress for progerin-expressing, wild-type lamin A overexpressing, and con-
trol endothelial cells to physiological levels of fluid shear stress. Additionally, we also knocked down ZMPSTE?24 in endothelial
cells, which results in increased farnesylation of lamin A and similar phenotypes to HGPS. Our results showed that endothelial
cells either overexpressing progerin or with ZMPSTE24 knockdown were unable to adapt to shear stress, experiencing signif-
icant cell loss at a longer duration of exposure to shear stress (3 days). Endothelial cells overexpressing wild-type lamin A also
exhibited similar impairments in adaptation to shear stress, including similar levels of cell loss. Quantification of nuclear
morphology showed that progerin-expressing endothelial cells had similar nuclear abnormalities in both static and shear condi-
tions. Treatment of progerin-expressing cells and ZMPSTE24 KD cells with lonafarnib and methystat, drugs previously shown to
improve HGPS nuclear morphology, resulted in improvements in adaptation to shear stress. Additionally, the prealignment of
cells to shear stress before progerin-expression prevented cell loss. Our results demonstrate that changes in nuclear lamins
can affect the ability of endothelial cells to properly adapt to shear stress.

SIGNIFICANCE Endothelial cells are an especially mechanoresponsive cell type, adapting to the physiological forces of
blood flow, including cyclic stretch and fluid shear stress. In this study we show that pathological changes in lamin A,
associated with the disease Hutchinson-Gilford progeria syndrome (HGPS), impair the ability of these cells to adapt to fluid
shear stress, leading to cell loss. In addition to providing a better understanding of the pathology of HGPS, our results
illustrate the importance of the nuclear lamina in mechanoadapation of endothelial cells.

INTRODUCTION shown the mechanoadapative and mechanoresponsive na-
ture of the nuclear lamina under force (5-9).

HGPS is a rare, premature aging disease in children
caused by an autosomal dominant mutation in the LMNA
gene, resulting in an aberrant form of lamin A termed pro-
gerin (10). The predominant mutation in HGPS involves a
de novo point mutation (1824C > T) that activates a cryptic
donor splice site resulting in an internal deletion of 50
amino acids. These amino acids include a cleavage site for
ZMPSTE24, a protease that removes the farnesyl group

The nuclear lamina, a fibrous lamin-protein network,
located between the inner membrane of the nuclear enve-
lope and chromatin, provides structural support for the nu-
cleus and plays a major role in nuclear shape, gene
regulation, as well as the assembly and disassembly of the
nucleus during cell division (1-4). Numerous studies have
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HGPS, which is supported by the observation that
ZMPSTE24 knockout mice phenocopy HGPS (11,12).
Similar to lamin A, progerin accumulates at the nuclear pe-
riphery. However, progerin expression has been shown to
alter the nuclear lamina structure and leads to several down-
stream nuclear defects, including abnormal nuclear
morphology, increased nuclear stiffness, redistribution of
heterochromatin, modified nuclear pore structure, alter-
ations in gene expression, and nuclear structural instability
(13-17).

Patients with HGPS have accelerated atherosclerosis,
leading to premature death as a result of heart attack and
stroke (18). Cardiovascular alterations in patients with
HGPS are similar to atherosclerosis of aging individuals
such as exhibiting hypertension, vascular stiffening and
calcification, and plaque formation (19-21). Yet these pa-
tients do not experience traditional risk factors for athero-
sclerosis, such as hypercholesterolemia or increased serum
levels of C-reactive protein (22). Thus, an important ques-
tion is why and how progerin expression affects the vascu-
lature to lead to rapid onset of atherosclerosis. One of the
hallmarks of the disease is the loss of vascular smooth mus-
cle cells (vSMCs) in large arterial vessels (23,24). Several
studies, using both induced pluripotent stem cells and
HGPS mouse models have shown that expression of pro-
gerin in vSMCs impairs cell proliferation (25), impairs
cell response to physiological levels of strain (stretch)
(26,27), decreases vasoreactivity (28), and accelerates
atherosclerosis by inducing endoplasmic reticulum stress
(29,30).

In addition to vSMCs, progerin also alters endothelial
cell function. Using an HGPS mouse model with progerin
expression only in endothelial cells, it was shown that this
resulted in increased inflammation, impaired vasculariza-
tion, and a shortened life span (31). In a similar HGPS
mouse endothelial model, it was observed that progerin-
expressing endothelial cells caused cardiac pathologies,
and that these endothelial cells had impaired mechanores-
ponsivity (32). We hypothesized that an important aspect
of progerin expression in endothelial cells would be
impaired mechanoadaptation to shear stress, which was
suggested in a previous study (32).To investigate this
hypothesis, we developed an HGPS model using human
umbilical vein endothelial cells (HUVECS) expressing pro-
gerin, as well as HUVECs with ZMPSTE24 short hairpin
RNA (shRNA) knockdown. Progerin-expressing cells, as
well as ZMPSTE24 knockdown cells, failed to adapt to
physiological levels of fluid shear stress, exhibiting cell
loss at longer timepoints of shear stress exposure. Cell
loss was rescued by treatment with the farnesyltranferase
inhibitor lonafarnib, DNA demethylase inhibitor methyl-
stat, as well as preadaptation of cells to fluid shear stress
before progerin expression. Collectively our results show
that endothelial cells expressing progerin cannot adapt to
the mechanical forces of fluid shear stress, which may be
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an important aspect of the rapid onset of atherosclerosis
in patients with HGPS.

MATERIALS AND METHODS
Cell culture and transfection

Commercially available primary HUVECs (pooled, passages 3-5, Lonza,
Basel, Switzerland) were grown in EGM-2 medium (Lonza, Basel,
Switzerland). To express progerin in HUVECS, a previously described
HA-tagged progerin (33) was expressed using adenovirus (34). The lowest
level of adenovirus that infected nearly 100% of cells was used. To overex-
press wild-type lamin A in HUVECs, lamin A adenovirus (based on RefSeq
BC014507) was purchased from Vector Biolabs and used at an identical
titer level as progerin, as previously described (34).

shRNA knockdown

To knockdown ZMPSTE24, the pLKO-1 vector was used (Sigma
Aldrich, St Louis, MO; clone ID TRCN0000294124, target sequence
TGGTAAGGCCAATGTTATTTA). Lentivirus was prepared using HEK
293 cells, with second-generation packaging plasmids, pSPAX2 (Addgene
12260) and pMD2.G (Addgene 12259). HUVECs were transduced with
lentivirus shRNA and selected with puromycin (1 pg/mL). A nontargeting
shRNA (Sigma SHC216) was used as a control.

Lonafarnib and methylstat treatment

HUVECs were treated with either 1.0 pM methylstat (Sigma-Aldrich,
SML0343), a histone demethyltransferase inhibitor, or 0.5 pM lonafarnib
(Tocris, Bristol, UK; 6265), a farnesyltransferase inhibitor. HUVECs
were treated with a daily dose of 1.0 uM methylstat (Sigma-Aldrich,
SML0343) for 48 h. HUVECs were treated with a daily dose of 0.5 uM lo-
nafarnib (Tocris, 6265) for 72 h.

Fluid shear stress

HUVECs were seeded onto ibidi chamber slides (ibidi-treated p-slides 10'6,

cat #80186 or ibidi-treated p-slides VI, cat#80606, Grifelfing, Germany),
coated with 60 ng/mL fibronectin (Sigma-Aldrich, F1141). At 80% conflu-
ency, HUVECs were exposed to laminar or oscillatory shear stress using the
ibidi pump system (ibidi, cat #10902, Germany), at 12 dynes/cm2 for 1, 3,
or 6 days with or without modifications perfused in the media.

Cell fixation and labeling

After fluid shear stress experiments were finished, HUVECs were washed
two times with PBS and fixed for 10 min at room temperature with 4% para-
formaldehyde in PBS. After three washes with PBS, the cells were permea-
bilized for 10 min at room temperature with 0.2% Triton X-100 in PBS and
blocked with 5% BSA for 1 h at room temperature. Cells were then incu-
bated overnight at 4°C room temperature with the primary Ab diluted in
blocking solution, using either anti-lamin A antibody (cat # sc-7292, Santa
Cruz Biotechnology, Santa Cruz, CA) for control cells, or anti-HA antibody
(cat # 901,501, Biolegend) for progerin-expressing cells and anti-lamin B1
antibody (cat # ab16048, Abcam, Cambridge, UK). Three more washes
with PBS were then followed by incubation with the secondary Ab (Alexa
Fluor 647-conjugated donkey anti-mouse IgG; Thermo Fisher Scientific,
Waltham, MA) and stained with rhodamine phalloidin (cat # PHDRI, Cyto-
skeleton) for 45 min followed by three additional PBS washes. Samples
were stained with Hoechst 33342 (Thermo Fisher Scientific) and mounted
with ibidi mounting medium (ibidi, cat #50001, Germany). For cell death
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assays, an apoptosis/necrosis Detection kit (Abcam, ab176749) was used
following the manufacturer’s instructions. The same antibodies, as well
as ZMPSTE24 (Novus Biologicals, Abingdon, UK; NB100-2387ss) and
tubulin (Proteintech, Rosemont, IL; mouse monoclonal), were used for
Western blotting quantification of overexpression and knockdown.

Quantification and imaging analysis

Samples were imaged on Zeiss LSM 710 confocal microscope at 20x and
63x. Image analysis was completed using Fuji Image J (Minato City,
Japan). We analyzed the progerin-expressing endothelial cell response to
the force of shear stress by quantifying abnormally structured nuclear lam-
ina (through lamin A, HA-progerin, and lamin B staining), nuclear lamina
outward blebs (through lamin A and HA-progerin staining), and the pres-
ence or absence of micronuclei (through Hoechst staining). Cell loss was
quantified using a cell counting macros on Image J.

Statistical analysis

Statistical significance was measured using an unpaired, two-tailed
Student’s #-test for data containing two groups. For data involving more
than two groups, the analysis of variance (ANOVA) test was performed
in order to obtain the statistical analysis for the data sets concerned. A
further comparison of the groups was performed using the Tukey test to
determine significant differences between groups. All statistical tests
were conducted at a 5% significance level (p < 0.05). Prism GraphPad
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was used for statistical analyses. Each experiment was done in triplicate.
Every experiment was completed 3 times, and between 5 and 10 images
from each group were quantified.

RESULTS

Endothelial cells expressing progerin or
overexpressing wild-type lamin A are unable to
adapt to shear stress

Previous work has shown that HGPS cells exhibit both a
combination of a stiffened nucleoskeleton and a softened nu-
clear interior (14), which in turn can cause mechanical irreg-
ularities and impaired mechanoadapatation (14,34). We
therefore sought to understand how progerin expression
would affect endothelial cell responses to fluid shear stress,
the frictional drag force created by blood flow. We expressed
progerin in HUVECS using an adenovirus, and as a control
we also examined the effects of overexpression (OE) of
wild-type lamin A. HUVECs expressing either progerin or
overexpressing wild-type lamin A had a significant decrease
in cell count after 72 h of arterial levels of shear stress (12
dynes/cm®) (Fig. 1 A and B). Western blotting was used to
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Progerin expression causes cell loss in HUVECs under laminar shear stress. Confocal images taken at 20x. Scale bar, 50 um. Arrow represents

direction of fluid shear stress at 12 dynes/cmz. LSS, laminar shear stress; OSS, oscillatory shear stress. HUVECs stained with HA-progerin (Progerin), laminA/C
(Lamin A-OE, Control, ZMPSTE24, nonsilencing shRNA). Ordinary one-way ANOVA. N = 3. (A) Cell loss in progerin-expressing HUVECs under laminar
shear stress for 0, 24, and 72 h. (B) Cell count for HUVECs under laminar shear stress for 0, 24, and 72 h. (C) Western blot for protein expression of HA-progerin,
lamin a/c and tubulin. (D) Progerin-expressing cells undergo apoptosis under 24 h of laminar shear stress. (E) Cell loss in ZMPSTE24 KD HUVECs under
laminar shear stress for 0 and 24 h. (F) Cell count for ZMPSTE24 KD HUVECSs under laminar shear stress for O and 24 h. (G) Western blot for ZMPSTE24
and tubulin showing the knockdown of ZMPSTE24 in HUVECsS. (H and /) No difference was observed between 24 h of oscillatory and laminar shear forces in
progerin-expressing HUVECs. Images taken with confocal microscope at 10x. Scale bar, 50 pm. A cell death assay showed progerin-expressing HUVECSs under
24 h of laminar shear stress experience apoptosis, indicated by the presence of the phosphatidylserine, an apoptotic marker.
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confirm both lamin A and progerin OE (Fig. | C), which was
similar to prior published findings (34). Interestingly there
was minimal cell loss for both groups at 24 h of shear stress,
indicating that cell loss is not a rapid event. Nontransduced
control cells had no cell loss and were able to characteristi-
cally align in the direction of shear stress. Additionally, no
cell loss was observed for progerin-expressing or lamin A
OE HUVECs when grown in static culture (0-h images),
indicating that fluid shear stress is necessary for cell loss.
Additionally, we examined surface expression of phosphati-
dylserine as a marker of apoptosis. Progerin-expressing
HUVECs had a substantial number of cells with surface
expression of phosphatidylserine when exposed to 24 h of
shear stress (Fig. 1 D), suggesting that apoptosis is occurring
before cell loss.

As an alternate approach to model HGPS in endothelial
cells, we developed HUVECs in which ZMPSTE24 was
knocked down by shRNA. Densitometry analysis of Western
blot (Fig. 1 G) showed that the cells with ZMPSTE24 KD
had 40% less ZMPSTE24 than the shRNA control.
ZMPSTE?24 is a protease involved in the post-translational
cleavage of farnesylated prelamin A. The loss of ZMPSTE24
leads to the accumulation of farnesylated lamin A and pheno-
copies features of HGPS (11,12). HUVECs with knockdown
of ZMPSTE24 showed increased nuclear wrinkles and also
experienced similar cell loss when exposed to shear stress,
(Fig. 1 E and F). To see if oscillatory flow would cause
more cell death events in the progerin-expressing cells we
exposed the HUVECsS to 12 dynes/cm? of laminar and oscil-
latory shear stress. No significant difference in cell loss was
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observed between the different flow types (Fig. | H and I).
Taken together, these results show OE of lamin A or the
expression of progerin, can affect the ability of endothelial
cells to adapt to the forces of fluid flow.

Progerin-expressing endothelial cells have
increased nuclear abnormalities in both static
and shear conditions

Progerin-expressing HUVECs under both flow (Fig. 1 A)
and static conditions displayed exaggerated nuclear mor-
phologies. Previous work as shown that the lamina in
HGPS cells has a significantly reduced ability to rearrange
under mechanical stress (13). We quantified nuclear abnor-
malities (including dysmorphic nuclear lamina, outward
blebs, and micronuclei) in progerin-expressing HUVECs
under shear stress and static conditions, and compared re-
sults with controls and the lamin OE groups. Consistent
with prior observations in nonendothelial cell types, nu-
clear abnormalities were present in progerin-expressing
endothelial cells. Fig. 2 A shows the examples of dysmor-
phic nuclear lamina in both progerin-expressing and lamin
OE cells. In the progerin-expressing cells, we also
observed disruptions in lamin B structure. We also exam-
ined the incidence of outward blebs (Fig. 2 B) and micro-
nuclei (Fig. 2 C). The quantification of dysmorphic
nuclear lamina, outward blebs, and micronuclei showed
similar levels of occurrence both under shear stress
(Fig. 2 D) and static culture conditions (Fig. 2 E) for pro-
gerin-expressing cells.
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FIGURE 2 Laminar shear stress causes nuclear envelope disruption in Progerin-expressing HUVECs. Confocal images taken at 20x, 40, and 63 x. Scale
bar, 10 um. Arrow represents the direction of fluid shear stress at 12 dynes/cmz. LSS, laminar shear stress. HUVECs HA-progerin (HA, lamin B, lamin A/C,
and Hoechst stained), control, and lamin A-OE (lamin A/C, lamin B, and Hoechst stained). Ordinary one-way ANOVA. N = 3. (A) Dysmorphic nuclear
lamina characterized by abnormal structure of lamin a/c, HA-progerin and lamin B staining in progerin-expressing HUVECs under 24 h of laminar shear
stress. (B and C) Lamin A/C blebs and micronuclei was observed in progerin-expressing cells after 24 h of shear stress. (D) Quantification of nuclear ab-
normalities in 24-h laminar shear stress condition. (E) Quantification of nuclear abnormalities in static (0 HR shear stress) condition.
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Lonafarnib rescues cell loss and nuclear
envelope dysmorphia in progerin-expressing
HUVECSs under shear stress

In progerin-expressing cells, the attachment of farnesyl
groups causes the nuclear envelope to have lobes instead
of a round shape. This lobulation of the nuclear envelope
is due to the accumulation of progerin within the nucleus
and dramatically changes the nuclear architecture as well
as its stability (21). Previously it has been shown that the far-
nesyltransferase inhibitor lonafarnib can be used to prevent
progerin accumulation and improve nuclear shape (35) and
is currently used in clinical trials as a treatment for HGPS.
To inhibit farnesylation of lamin A, ZMPSTE24 KD and
progerin-expressing HUVECs were treated with lonafarnib
for 72 h.

These treated cells were then subjected to 24 h of laminar
shear stress. We hypothesized that inhibiting progerin farne-
sylation would improve the ability of these cells to adapt to
shear stress. Our results showed that lonafarnib significantly
prevented cell loss the ZMPSTE24 KD cells (Fig. 3 A and
B), but did not lead to a significant improvement in the pro-
gerin-expressing cells. Furthermore, the results showed that
lonafarnib treatment prevented nuclear envelope disruptions
in the HA-progerin expressing cells exposed to shear stress
(Fig. 3 C and D). Taken together, these improvements show
the effects of lonafarnib on cell loss after exposure to fluid
shear stress, suggesting that lonafarnib enhances the ability
of cells to respond and adapt to changes in mechanical
forces.

Methylstat recuses cell loss in progerin-
expressing and ZMPSTE24 KD HUVECs under
shear stress

It has been previously shown that progerin-expressing
cells have alternations in histone modifications, including
a loss of peripheral heterochromatin, decreased levels
of H3k9me3, and increased levels of trimethylation of
H4K?20, an epigenetic mark for constitutive heterochromatin
on H4 (17). Notably, pharmacological-induced increases
in heterochromatin have been shown to rescue nuclear
morphology in an HGPS patient cells (36). To examine if
increases in heterochromatin would improve the ability of
progerin-expressing endothelial cells to adapt to shear
stress, we used the drug methylstat, an inhibitor of histone
trimethyl demethylases. ZMPSTE24 KD and progerin-ex-
pressing HUVECs were treated with methylstat for 72 h
and exposed to 24 h of laminar shear stress. Cell loss
(Fig. 4 A and B) and nuclear envelope disruptions were pre-
vented (Fig. 4 C and D) in cells treated with methylstat.
Taken together, these results show that increases in DNA
methylation in progerin-expressing endothelial cells rescue
nuclear morphology and ability to adapt to shear stress.

Prealignment of progerin-expressing HUVECs
prevents cell loss under shear stress

We hypothesized that progerin-expressing endothelial cells
which did not have to undergo cellular and nuclear shape
changes would be less affected by exposure to shear stress.
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FIGURE 3 Lonafarnib rescues cell loss and nuclear envelope disruptions in progerin-expressing HUVECs under shear stress. Confocal images taken at
20x and 40x. Scale bar, 50 um. Arrow represents direction of fluid shear stress at 12 dynes/cm”. LSS, laminar shear stress. HUVECs progerin and
ZMPSTE24 KD cells stained with HA-progerin and Hoechst N = 3. HUVECs were treated with a daily dose of 0.5 pM lonafarnib (Tocris, 6265) for
72 h and then exposed to laminar shear stress for 24 h. (A and B) Lonafarnib rescues cell loss in ZMPSTE24 KD cells under 24 h of shear stress compared
to static group (0 h). Ordinary one-way ANOVA. N = 3. (C and D) Lonafarnib rescues nuclear envelope disruptions in progerin-expressing HUVECs under

shear stress. Unpaired 7 test. N = 3.
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compared to the static group (0 h). Ordinary one-way ANOVA. N = 3. (C and D) Methylstat rescues nuclear envelope disruptions in progerin-expressing

HUVECs under shear stress. Unpaired ¢ test. N = 3.

To investigate how progerin expression would affect aligned
endothelial cells, we first exposed nontransduced HUVECs
to shear stress for 72 h to induce alignment. Afterward, these
cells were then transduced with progerin or a control adeno-
virus (GFP), and exposed to an additional 72 h of shear
stress. Our results showed that progerin expression in prea-
ligned cells (Fig. 5 A) resulted in reduced cell loss (Fig. 5 C)
and nuclear envelope disruptions (Fig. 5 D) when compared
with progerin-expressing cells not adapted to shear stress
(Fig. 5 B).

DISCUSSION

In this work, we developed an in vitro model of HGPS endo-
thelium by (1) expressing progerin and (2) knockdown of
ZMPSTE24 in HUVEC. In our model, the expression of
progerin could be higher than what is observed in patients
with HGPS. Even if the expression of progerin were above
physiological levels, it may still be relevant given evidence
that progerin expression increases over time, even in healthy
cells (37). Additionally, we also assume that knockdown of
ZMPSTE?24 serves as an additional approach that may result
in a more modest, and potentially physiological level of pro-
terin. With either progerin OE or ZMPSTE24 knockdown
HUVEC exhibited characteristic progerin-induced changes
in nuclear morphology, indicating that the endothelial cell
is sensitive to progerin expression. Strikingly, the applica-
tion of fluid shear stress resulted in dramatic cell loss, occur-

ring between 1 and 3 days of fluid shear stress (Fig. 1).
Interestingly, prealignment of endothelial cells to fluid shear
stress before expression of progerin (Fig. 5) prevented the
cell loss, suggesting that progerin-expression prevents the
ability of endothelial cells to adapt to changes in mechanical
forces, but has less of an effect in cells already adapted and
aligned to shear stress.

Although a number of prior studies have focused on
the effects of progerin in fibroblasts and vSMCs
(20,24,29,30,38-40), our results add to growing evidence
that the endothelium is also sensitive to progerin expression
(31,32,41), including a recent study showing that progeria
endothelial cells exhibit an altered response to shear stress
(42). Although two prior mouse models expressing progerin
in the endothelium did not report a dramatic loss of endothe-
lial cells (31,32), our finding that prealigned cells are less
sensitive to progerin expression suggests that progerin
expression may be most significant when endothelial cells
are required to adapt to changes in mechanical environ-
ments. Supporting this hypothesis Sun et al. (31) showed
that there was defective neovascularization of progerin-
expressing endothelial cells in response to ischemia. Addi-
tionally, Osmanagic-Myers et al. (32) showed impaired
endothelial alignment in response to short-term (3 h) fluid
shear stress. The loss of endothelial cells is especially signif-
icant in the context of HGPS early onset atherosclerosis, as
endothelial dysfunction and damage is considered an initial
step in the onset of atherosclerosis (43). Recently, Pitrez
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Both groups stained with Phalloidin. Ordinary one-way ANOVA. N = 3. (A) HUVECs were exposed to shear stress for 3 days and once actin alignment (actin
fibers oriented parallel to the applied direction of force) and nuclear remodeling was observed (nuclear shape appeared to have changed from more circular to
more elongated) progerin expression was induced and the cells were exposed to shear stress of an additional 3 days. (B) Progerin-expressing HUVECsS (cells
treated with progerin adenovirus 24 h before shear) and the control groups were exposed to shear stress for 3 days total. When progerin was induced after
actin and nuclear remodeling had occurred, cell loss (C) and nuclear envelope disruptions were prevented (D).

et al. (44) showed HGPS patient-derived vSMCs cultured
under arterial flow conditions detached from a microchip af-
ter a few days of culture and that this process is mediated by
the upregulation of the enzyme metalloprotease 13.

We showed that two pharmacological treatments previ-
ously shown to improve HGPS nuclear morphology in
epithelial and fibroblast cell lines, lonafarnib (farnesyltrans-
ferase inhibitor) (35) and methylstat (inhibitor of histone tri-
methyl demethylases) (36) also restored normal nuclear
morphology to progerin-expressing endothelial cells (Figs.
3 and 4). Interestingly, increasing chromatin methylation
with methylstat significantly improved the ability of pro-
gerin-expressing endothelial cells to adapt to fluid shear
stress (Fig. 4). However, lonafarnib did not rescue cell
loss for progerin-expressing cells (but did rescue
ZMPSTE24 knockdown cells). This result may be in part
due to differences in the level of progerin expression, which
may be lower in the ZMPSTE24 knockdown cells. Thus,
improvements in nuclear morphology did not uniformly
result in improved mechanoadaptation to shear stress.
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An unanswered question in our work is the specific
biochemical or physical mechanisms that account for the
loss of progerin-expressing cells under fluid shear stress.
Cell loss could be a direct result of increased apoptosis un-
der shear stress (Fig. 1 D). Related, prior work by Bidault
et al. (41) showed progerin-expressing in endothelial cells
have increased markers of DNA damage as well as upregu-
lation of p53 and p21 which induce cellular senescence. The
reasons for increased apoptosis are not yet known. One pos-
sibility is that apoptosis may result from the inability of pro-
gerin expressing cells to remodel their nucleus to adapt to
shear stress. Nuclear circularity, elongation, and area rapidly
change upon exposure to shear stress (45), suggesting that
the nuclear lamina must undergo remodeling. Interestingly
impaired lamin A phosphorylation has been observed in
HGPS iPS-mesenchymal stem cells (46). Since lamin
A phosphorylation is associated with the ability of the nu-
clear lamina to remodel, it is possible that the impaired
lamin A phosphorylation prevents the progerin lamina
from remodeling. Our results showing minimal effects of



progerin-expression in prealigned cells (Fig. 5) supports this
remodeling hypothesis.

We define cell loss as the decrease in cell count from the
start of shear stress (0 h group). In addition to apoptosis, cell
loss could be the result of slower proliferation or mechanical
instability. Prior work has shown that cells expressing pro-
gerin proliferate slower (47); however, given that cells
were seeded at confluence, proliferation is not expected to
be a major contributing factor to cell count. Cell detach-
ment, perhaps as a result of weakened focal adhesions or
cell-cell adhesions, could be a cause for the decreased cell
count. Our group recently published work showing that
the LINC complex is a necessary structure in endothelial
cell mechanoadapation, in which we observed that disrup-
tion of the LINC complex resulted in rapid loss of cells
under fluid shear stress (<24 h), due in part to impaired
cell-substrate attachment (48). We do not believe the pro-
gerin-expressing cells have weaker or impaired attachment
to the substrate, as we observed no cell loss or detachment
in static culture, as well as minimal cell loss after one day
of shear stress.

Interestingly, we observed that similar levels of cells were
lost under shear stress when wild-type lamin A was overex-
pressed as compared with progerin expression (Fig. 1 A).
However, lamin A overexpressing cells had significantly
less dysmorphic nuclear lamina and blebbing when
compared with progerin-expressing cells (Fig. 2 D). Thus,
changes in nuclear morphology do not completely account
for the cell loss or an inability to adapt to shear stress. OE
of lamin A has been shown to increase nuclear stiffness
(49), similar to progerin expression (14). It is, therefore,
tempting to speculate that stiffer nuclei are less able to adapt
to changing mechanical forces. Prior work has shown that
there are substantial changes in nuclear shape and stiffness
when endothelial cells adapt to shear stress (50), indicating
that the nucleus undergoes significant remodeling in
response to shear stress.

This work highlights the nuclear lamina as a critical
feature for endothelial adaptability to fluid shear stress.
We hypothesize that other factors that control nuclear
stiffness beyond nuclear lamins, such as chromatin stiff-
ness, may also impact how readily endothelial cells adapt
to shear stress. We also note that aging can induce similar
nuclear phenotypes to HGPS, including expression of pro-
gerin, increased nuclear stiffness, and altered nuclear
morphology (51). An important question will be to deter-
mine if aging-associated changes in nuclear stiffness simi-
larly impair endothelial cell adaptation to mechanical
forces.
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