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Aging is characterized by a progressive accumulation of cellular damage, which leads to
impaired function. Little is known whether substrates can influence cell aging. This is of utmost
importance in the development of medical devices that are in contact with human tissue for long
periods of time. To address this question, we have used an accelerated aging cell model derived
from Hutchinson-Gilford Progeria Syndrome (HGPS) induced pluripotent stem cells (iPSCs).
Our results show that HGPS-iPSC smooth muscle cells (SMCs) have an increased aging profile

in substrates with specific micropatterns than in flat ones. This is characterized by an up-
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regulation in the expression of progerin, -galactosidase, annexin 3 and 5 and caspase 9. Signs of
cell aging are also observed in SMCs without HGPS cultured in substrates with specific
microtopographies. It is further showed that specific micropatterned substrates induce cell aging

by triggering a DNA damage program likely by the disruption between cyto- and nucleoskeleton.

The control of cell-medical device interactions at the bio-interface is important to modulate
many aspects in cell biology including cell adhesion and cell function'”. An aspect that is less
studied is whether the topography of the medical devices such as stents, vascular grafts/patches,
catheters, among others, modulates cell aging. Cell aging is characterized by several hallmarks
including genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion and altered intercellular communication®. A better understanding of substrate
topography effect in cell aging may lead to the development of enhanced medical devices and

material-tissue interfaces.

To evaluate the effect of topography in cell aging we have used an accelerated aging cell
model derived from Hutchinson-Gilford Progeria Syndrome (HGPS) to reduce the time of the
experiments. HGPS is a rare and fatal genetic disease with an accelerated aging process”. This
disease is caused by a single point mutation of the LMNA gene that encodes the major
components of the nuclear lamina, the lamins A and C’. This mutation leads to the production
and accumulation of an abnormally truncated lamin A protein called progerin. Because of
progerin accumulation, HGPS cells present nuclear blebs, disorganization and telomere

shortening which leads to DNA damage, genomic instability and premature senescence’.

ACS Paragon Plus Environment

Page 2 of 22



Page 3 of 22

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

Importantly, it has been shown that progerin also accumulates in normally aged individuals® and
is associated with vascular aging’. Dysfunction of SMCs appears to occur as age progresses' .
Aged SMCs have altered proliferative and apoptotic behavior and response to growth factors’. In
addition, in pathologic aging (HGPS patients), SMCs are partially lost in large arterial vessels
causing cardiovascular disease and premature death''. In the setting of this work, we have used
SMCs derived from HGPS-iPSCs and non-disease iPSCs (N-iPSCs)’ as a cell model due to our

12, 13 . .
> 77, our 1nterest 1n

expertise in the derivation of SMCs from human pluripotent stem cells
vascular agingM, response of SMCs to mechanical stress'' and the central role of these cells in
restenosis after the use of medical stents'”. Our hypothesis is that ECM topography may disturb
the biomechanical response of the cell and thus accelerate cell aging. This effect might depend

on the “aging status” of the cell and on whether cells aged by a physiologic or pathological

process.

Although several substrates with topographic elements have been used to study the effect on

SMCs differentiation, SMCs alignment and nuclear shape'®'®

, no study has evaluated the effect
of topography in the aging of SMCs. Here, we have studied the aging process of SMCs with and
without HGPS in micropatterned substrates with different geometries (Figure 1A).
Poly(dimethylsiloxane) (PDMS) was chosen as substrate because it is present on the surface of
balloon catheters, guiding catheters, hemostatic valves, and also stentsw, it is a translucent
elastomer with optical characteristics needed for microscopy and it is relatively non-cytotoxic.
We have chosen micropatterned PDMS substrates having grooves/ridges with sub-cellular
dimensions (four different widths: 2, 3, 4 and 5 um; with one height: 1.5 um) (Figure 1A)

because cells respond to these substrates by altering their morphology and thus facilitating the

evaluation of the topography in cell biology. Since the diameter of SMCs is around 20 pm'', we
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generated substrates with a groove width between 2 and 5 pm while keeping constant the height
(1.5 um) (Figure S1A). An height of .5 um was chosen because it was demonstrated previously
to be effective to enhance cell alignment on parallel lines®. Substrates with groove’s width of 1
um were not tested because they were in the range of the resolution of the lithography technique
used and thus the fidelity of the micropatterning was not warranted. Groove widths above 5 pm
were not tested because previous studies have shown much less SMCs alignment in those
conditions'®. Each micropatterned PDMS was labeled considering the width of the groove and
the width of the ridges (2 2 means 2 um for the width of the groove and 2 um for the width of

the ridge). PDMS without micropatterns (flat) was used as control.

HGPS-iPSCs and N-iPSCs were differentiated into SMCs using a three-step protocol
(Figure S1B). At this stage, more than 95% of both differentiated cells express
o-smooth muscle actin (a-SMA), smooth muscle myosin heavy chain (SMMHC) and calponin
proteins, markers of SMCs'®. Moreover, HGPS-iPSC SMCs express progerin protein (30% of
the cells). These cells were then cultured in micropatterned PDMS substrates or PDMS without
micropatterns (flat). Cell adhesion was quantified after contact of the cells with the substrates for
6 h (Figure S1C). Both cell types adhered to the substrates. No statistically significant
differences were found in cell adhesion on flat or micropatterned substrates. Cells showed

similar number of focal adhesions on flat and micropatterned substrates (Figure S1D).

We then asked whether substrate topography could affect the organization of cellular
contractile machinery. Studies have shown that SMCs cultured in micropatterned substrates have
a higher contractile phenotype, as confirmed by the expression and organization of contractile

proteins (0-SMA, SMMHC and calponin), than unpatterned cells'” " 2. In this study we
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evaluated the expression of calponin in HGPS-iPSC SMCs and N-iPSC-SMCs cultured in
micropatterned and flat substrates for 15 days. We have selected 15 days as a compromise
between time to have a biological effect and enough number of cells for characterization due to
the rapid aging process in HGPS-iPSC SMCs. Because more than 90% of the cells expressed
calponin before culture on micropatterned substrates (although only 10% of the cells had
individual organized calponin fibers) we evaluated the impact of the substrate in the organization
of calponin fibers (Figure S2). In general (3 out of 4 substrates), both cell types showed a higher
number of organized calponin fibers in micropatterned than in flat substrates and thus a higher
contractile phenotype. It is interesting to note that the topographies that induce higher number of
calponin fibers in HGPS-iPSC SMCs (2 2; 4 4 and 5_5) are not the same as in N-iPSC-SMCs
(2 2; 3 3 and 4 4). Altogether, substrate topography induced a contractile phenotype in both

HGPS-1PSC SMCs and N-iPSC SMCs.

Cell nucleus interacts with the cytoskeleton and deforms according to the stresses from the
ECM?. To evaluate the effect of topography on SMCs alignment, HGPS-iPSC SMCs and N-
1PSC SMCs were cultured in flat and micropatterned substrates for 15 days and nuclei alignment
was quantified (Figure 1B). Both cells show no preferred alignment on flat substrates (Figure
1C.1 and 1C.2). In contrast, both cell types aligned their nuclei along the major axis of the
micropatterned substrate (Figure 1C.1 and 1C.2). The percentage of both cells showing an
alignment angle of less the 10° relative to the major axis of the micropatterned was quantified
(Figure 1C.3). With the exception of substrate 3 3, HGPS-iPSC SMCs showed lower levels of
nuclei alignment than N-iPSC SMCs, likely due to an increase in stiffening of HGPS

nucleoskeleton and less flexibility to deform along the microstructures™. Nevertheless, the
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degree of cell nuclei alignment on micropattern samples was significantly higher than the degree

of nuclei alignment on flat conditions.

Cells translate mechanical stimuli or spatial alignment into biochemical signals through a
complex mechanosensing system coupling focal adhesions, cytoskeleton and the nucleus (Figure
2A). In this system, lamins interact with a variety of nuclear envelope proteins including emerin,
nesprin and SUN families, as well as several transcriptional regulators®. All these molecular
players are components of the LINC complex that connects the nuclear lamina and envelope with
the cytoskeleton™. Disruption of this complex can result in impaired force transmission between
the cytoskeleton and the nuclei’®. Therefore, we evaluated the connection between cytoskeleton
and nuclei by two different approaches. In the first approach we calculated both the angle
between the long axis of the cell nuclei and the long axis of the cytoplasm to the micropattern
followed by the ratio of cells having an angle below 10° (considered aligned to the micropattern;
please see Supporting Information) (Figure 2B). Our results show that HGPS-iPSC SMCs
cultured in substrates 2 2, 3 3 and 5 5 (in particular 2 2 and 5 5) have a higher cytoplasm
alignment than nuclei alignment to the micropattern, suggesting a decoupling between
cytoskeleton and nucleoskeleton. In the second approach, we measured nuclear deformation in
response to the micropatterns (Figure 2C). Previously, it was shown that the disruption of LINC
complex reduces nuclear deformation in response to extracellular strain application®®. Our results
show that HGPS-iPSC SMCs have a lower nuclear elongation than N-iPSC SMCs in 3 out of 4
substrates, and thus suggesting a higher disruption of LINC complex. Taken together, using two
indirect approaches, our results suggest that the LINC complex might be impaired in HGPS-
iPSC SMCs cultured in micropatterned substrates. These results are in line with recent studies

showing that HGPS fibroblasts cultured in micropatterned substrates have an impairment in

ACS Paragon Plus Environment

Page 6 of 22



Page 7 of 22

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

LINC complex *’. Our results do not exclude the possibility that differences in cell and nuclear
size as well as nuclear stiffness between HGPS-iPSC SMCs and N-iPSC SMCs may account for

some of the observed differences.

We then asked whether the expression of progerin and other aging markers modulate this
mechanosensing mechanism. Therefore, we evaluated the expression of LINC complex genes in
HGPS-iPSC SMCs cultured in flat and 5 5 micropatterned substrates (as a representative
micropatterned substrate, see below). These markers included nesprin family (nesprin 1, 2 and 3;
SYNEI, SYNE2, SYNE3), SUN-domain proteins (SUNI and SUN2), emerin (EMD) and lamin A
(LMNA)** (Figure S3A). Cells cultured on micropatterned substrates or flat substrates had minor
differences in the expression of Nesprin and SUN genes (Figure S3B). However, the expression
and localization of SUNI1 and Nesprin2 proteins was different between cells cultured on
micropatterned substrates and flat substrates. Our results showed an increase in SUN1 at both
nuclear and cytoplasm sites for cells cultured in micropatterned substrates relatively to flat
substrates (Figure S3C). Our data corroborate previous results showing that HGPS cells
expressing progerin accumulate SUN1 in the nucleus™ *°. The increase in SUN1 protein was not
due to elevated SUNT mRNA levels (Figure S3B) but likely due to reduced protein turnover, as
demonstrated before for HGPS-fibroblasts®®. We also analyzed the distribution of Nesprin2
protein. Our results showed an accumulation of this protein in the nuclear envelope and
cytoplasm of HGPS iPSC-SMCs cultured on micropatterned substrates relatively to flat
substrates. The accumulation of SUN1 and Nesprin2 proteins may be a cell compensatory
mechanism for the disruption of the LINC complex. Overall, our results show that progerin
modulate the mechanosensing mechanism, specifically altering the expression and location of

LINC complex proteins.
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We then asked whether the substrate topography could enhance cell aging. To evaluate cell
aging, both HGPS-iPSC SMCs and N-iPSC SMCs were cultured in micropatterned and flat
substrates for 15 days. Our results show that HGPS-iPSC SMCs have statistically significant
higher expression of progerin protein than cells cultured in flat substrates (Figure 3A.1). For
cells cultured in substrates 2 2 and 5 5, the expression of progerin protein was twice of the
expression (30% versus ca. 60%) observed in cells cultured in flat substrates (Figure 3A.2). The
up-regulation of progerin in HGPS-iPSC SMCs cultured on micropatterned substrates was also
confirmed at gene level (Figure 3B). We also evaluated the effect of the substrate topography in
the aging of N-iPSC SMCs. In this case, the aging effect was relatively low (below 10%) for all
the conditions tested, and only cells cultured in substrates 5 5 showed a statistically significant

increase in progerin expression (from 2.5% to 7%) (Figure 3A.3).

Next, we extended aging analyzes in HGPS-iPSC SMCs and N-iPSC-SMCs cultured in
micropatterned and flat substrates to mRNA transcripts of GLBI (encoding B-galactosidase)’”,
ANXA3 (encoding annexin 3)’', ANXA5 (encoding annexin 5)** and CASP9 (encoding caspase
9)*, genes associated with cell aging. All these aging markers were upregulated when HGPS-
1iPSC SMCs were cultured on micropatterned substrates 4 4 and 5 5 compared to flat substrates
(Figure 3C). In most cases, the level of gene expression is similar to the one observed for human
fibroblasts isolated from HGPS patients. These results show that HGPS-iPSC SMCs cultured on
micropatterned structures presented a higher aged phenotype relatively to cells cultured in flat
substrates. According to the expression of progerin and aging gene expression results, the
substrate 5 5 was the substrate that yielded the most effective aging in HGPS-iPSC SMCs.
These results were further confirmed by the evaluation of B-galactosidase at protein level and

cell proliferation. Cells cultured in the substrate 5 5 had higher expression of -galactosidase
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than flat substrate (Figure S4A) as well as lower proliferation (Figure S4B). Moreover, we
evaluated the aging in N-iPSC SMCs cultured in flat or micropatterned (substrate 5_5) substrates
(Figure S5). With the exception of ANXA3 gene, N-iPSC SMCs cultured in substrate 5 5
showed relatively low expression for all the aging markers. Overall, our results show that HGPS-
iPSC SMCs cultured on micropatterned substrates, particularly in the 5 5 substrate, have
increased accumulation of progerin, senescence markers including GLBI, ANXA3, ANXAS5 and
CASP9 mRNA transcripts and B-galactosidase protein than HGPS-iPSC SMCs cultured in flat
substrates. Our results further show that the aging effect observed in HGPS-iPSCs was negligible
in N-iPSC SMC:s. It is possible that N-iPSC SMCs may need more time in contact with the

substrates to show significant differences in terms of aging.

Several mechanisms may account for the aging process induced by the micropatterned
substrates in HGPS-iPSCs SMCs including DNA damage and oxidative stress. It is believed that
the increased DNA damage is a characteristic step leading to premature aging®*. Furthermore,
oxidative stress may act as a trigger of DNA damage and thus promoting cell senescence™. To
gain insights about the mechanism that may account for the aging process induced by the
micropatterned substrates in HGPS-iPSCs SMCs we evaluated the oxidative stress caused by the
micropatterned using a CellROX probe (Figure 4A). No differences were observed in terms of
ROS intensity when flat and micropatterned substrate 5 5 were compared, both for HGPS-iPSCs
SMCs and N-iPSCs SMCs, showing that micropatterned substrates did not induce oxidative
stress to the cells. As expected, HGPS-iPSCs SMCs presented a higher ROS intensity than N-
iPSCs SMCs™. Furthermore, from our results we observed that the percentage of nuclei
containing 5 or more H2AX foci significantly increased when HGPS-iPSCs SMCs were cultured

on micropatterned substrate 5 5 compared to flat (Figure 4B and Figure S4C) but no changes
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were observed in N-iPSCs SMCs. It is interesting to note that the increase in DNA damage in
HGPS-iPSCs SMCs cultured on micropatterned substrate 5 5 for 4 days was before an increase
in progerin expression (Figure S6). Therefore, our results seem to indicate that the aging process
observed in HGPS-iPSCs SMCs cultured in micropatterned substrates may be triggered by an
increase in DNA damage. It is possible that the accumulation of SUNI protein in HGPS-iPSC
SMCs cultured on micropatterned substrate 5 5 leads to an increase activity of DNA-dependent
protein kinase (DNAPK) complex which then increases the phosphorylation of histone 2A.X and

DNA damage 3% This leads to cellular senescence and finally to an aged cellular phenotype 34,37

In conclusion, we report a substrate with specific topographic elements that induce
pathological aging in SMCs, primarily assessed by the expression of progerin but also by other
markers associated with cell aging such as B-galactosidase, annexin 3 and 5 and caspase 9
(Figure 4C). We show that HGPS-iPSC SMCs cultured on micropatterned substrates
(specifically 5 5) have higher expression of progerin as compared to cells cultured in flat
substrates. To the best of our knowledge this is the first in vitro platform to accelerate cellular
aging based on substrate topography. The current work also suggests that HGPS-iPSC SMCs
cultured on microppaterned substrates have higher disruption between the cyto- and
nucleoskeleton and increased DNA damage as cells cultured in flat substrates, which leads to an
increase in progerin accumulation. Further experiments are required to clarify why the geometry
5 5 leads to higher cell aging than the other geometries. Although not demonstrated, it is

possible that this geometry leads to a higher tension at the LINC complex.

ACS Paragon Plus Environment

10

Page 10 of 22



Page 11 of 22

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

> o
* Nuclei alignment

» Cytoskeleton organization .
« Cyto- and Nucleoskeleton .
coupling

* LINC complex expression .

Cyto- and
nucleoskeleton

F . ]
* Progerin expression —cy (.«

f

Aging

« Senescence markers

B
C.A1 . 2 . C.3 [ HGPS-iPSC SMCs
HGPS-iPSC SMCs N-iPSC SMCs B N-PSC SMCs
50 01— 60
Flat : Flat| __
-22 22| &
40 -~33 -33 % = 2
44 44| ¥ z o
5 55| 5 -~ 55 3 40,
S S 3
c c c
5 5 °
® ® c
2 204
©
s
o
X
07— 0...--;7:_”-‘7: 0 | |
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

Angle 6 (°)

Angle 6 (°)

Flat 22 334455

Figure 1. Effect of substrate micropatterning in cell alignment. (A) Schematic representation of
the analyses performed. (B) SEM images of HGPS-iPSC-SMCs cultured for 24 h on
micropatterned substrates. Cell alignment to the micropatterned substrates was assessed by the
angle between the micropatterned substrate and the major axis of the nuclei. (C.1 and C.2) Cell

nuclei alignment angles on the non-patterned and patterned structures. HGPS-iPSC-SMCs and
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N-iPSCs SMCs were cultured for 15 days on micropatterned substrates. At least 3000 cell nuclei
were counted per substrate. Three substrates have been used per condition. (C.3) Percentage of
cells that have orientation angles within 0 and 10 degrees relative to the direction of the
micropatterned substrate. In C.1-C.3, results are Mean = SEM (n=3). **, *** denotes statistical
significance (P<0.01, P<0.001) between HGPS-iPSC SMCs and N-iPSC SMCs for the same

micropatterned substrate.
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Figure 2. Effect of substrate micropatterning in cyto- and nucleoskeleton. (A) Schematic
representation of the micropattern effect in the alignment of nuclei and cellular cytoskeleton.
HGPS-1PSC SMCs and N-iPSC SCMs were cultured on flat and micropatterned substrates for 15
days. Cytoskeleton and nuclei alignment angles to the patterned substrates were measured. (B)
The fold change alignment was calculated according to the equation: number of cells with

aligned cytoplasm with respect to the micropattern (6 < 10°) / number of cells with aligned nuclei
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with respect to the micropattern (o < 10°). At least 300 cells were counted per substrate. Three
substrates have been used per condition. (C) The elongation of the nucleus was determined by
the ratio of the short axis of the nucleus to the long axis of the nucleus, for each substrate and
normalized by the nonpatterned substrate. Nuclear elongation was calculated as 1-(elongation
substrate/elongation nonpatterned substrate). In B and C, results are Mean +£ SEM (n=3). **, #**
*Ex* denotes statistical significance (P<0.01, P<0.001, P<0.0001) between HGPS-iPSC SMCs
and N-iPSC SMCs for the same micropatterned substrate. (D) Representative images of HGPS-
iPSC SMCs (D.1) and N-iPSC SCMs (D.2) alignment and nuclear elongation for 5 5

micropattern. Scale bar represents 50 pm.
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Figure 3. Effect of substrate micropatterning on cell aging. (A.1) Expression of progerin by
HGPS-iPSC SMCs and N-iPSC SMCs cultured for 15 days on flat and 5 5 micropatterned
substrates. Scale bar is 10 pm. (A.2 and A.3) Percentage of cells expressing progerin as
quantified by immunofluorescence. At least 3000 cell nuclei were counted per substrate. Three
substrates have been used per condition. Results are Mean + SEM (n=3). (B) Expression of
progerin in HGPS-iPSC SMCs by qRT-PCR. (C) Expression of aging markers GLBI, ANXA3,
ANXAS5 and CASPY in HGPS-iPSC SMCs as evaluated by qRT-PCR. In B and C, results are
Mean + SEM (n=4) and gene expression was normalized by the housekeeping gene GAPDH.
* wk k% denotes statistical significance (P<0.05, P<0.01, P<0.001). The statistical analyses were

performed between cells cultured in the substrates and initial SMCs, i.e., (HGPS-iPSC SMCs)i.
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Figure 4. Effect of substrate micropatterning on ROS production and DNA damage. (A)

CellROX Deep Red probe was used to quantify the oxidative stress in N-iPSCs SMCs and

HGPS-iPSC SMCs cultured for 18 h on flat and micropatterned substrates (5_5). (B) DNA

damage of HGPS-iPSCs SMCs and N-iPSCs SMCs was quantified by the percentage of nuclei

containing 5 or more H2AX foci after 4 days on flat and micropatterned substrates (5_5). In A

and B results are Mean £ SEM (n=3). At least 1500 cell nuclei were counted per substrate. Three

substrates have been used per condition. * ** *** denotes statistical significance (P<0.05,

P<0.01, P<0.001). (C) Summary of the results.
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