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A defective mechanosensing pathway
affects fibroblast-to-myofibroblast transition
in the old male mouse heart

Aude Angelini," JoAnn Trial,” Alexander B. Saltzman,?? Anna Malovannaya,”® and Katarzyna A. Cieslik'**

SUMMARY

The cardiac fibroblast interacts with an extracellular matrix (ECM), enabling my-
ofibroblast maturation via a process called mechanosensing. Although in the ag-
ing male heart, ECM is stiffer than in the young mouse, myofibroblast develop-
ment is impaired, as demonstrated in 2-D and 3-D experiments. In old male
cardiac fibroblasts, we found a decrease in actin polymerization, a-smooth muscle
actin («-SMA), and Kindlin-2 expressions, the latter an effector of the mechano-
sensing. When Kindlin-2 levels were manipulated via siRNA interference, young
fibroblasts developed an old-like fibroblast phenotype, whereas Kindlin-2 over-
expression in old fibroblasts reversed the defective phenotype. Finally, inhibition
of overactivated extracellular regulated kinases 1 and 2 (ERK1/2) in the old male
fibroblasts rescued actin polymerization and «-SMA expression. Pathological
ERK1/2 overactivation was also attenuated by Kindlin-2 overexpression. In
contrast, old female cardiac fibroblasts retained an operant mechanosensing
pathway. In conclusion, we identified defective components of the Kindlin/
ERK/actin/a-SMA mechanosensing axis in aged male fibroblasts.

INTRODUCTION

Extracellular matrix (ECM) is a complex meshwork of fibrillar and non-fibrillar collagens associated with
growth factors and glycoproteins.”? Although all cardiac cells can synthesize different components of
ECM, cardiac fibroblasts are the primary producers of fibrillar collagens, which determine ECM stiffness.
Activated fibroblasts orchestrate the production and the remodeling of ECM.”* On the other hand,
changes in ECM tension directly influence cardiac fibroblast phenotype and activation status via a mech-
anism called "mechanosensing."5’7 Therefore, active bidirectional crosstalk between ECM and the fibro-
blast translates ECM mechanical changes into intracellular pathways, activating a specific gene program.
These changes may translate into phenotype switch (transition into myofibroblast) or ECM remodeling
(degradation or synthesis).

One of the first steps in the mechanosensing pathway is the binding of integrins (cell surface receptors) to
various ECM proteins. Integrin-based focal adhesions (a heterocomplex of proteins organized around the

integrins) bridge ECM signals with the fibroblast’s actin cytoskeleton.® After the integrin and intracellular 1Section of Cardiovascular
pathways (PI3K, RhoGTpases, and Map Kinases) activation, actin in the cytoskeleton transitions from a Research, Department of
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consequence of cardiomyocyte loss.”'* As the newly formed scar becomes stiffer, it triggers the fibro- ﬁgﬂ:foioiyeﬁs'ine
blast-to-myofibroblast transition.'® The myofibroblast is a specialized type of cell that expresses a-smooth Lond ' . ,t
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muscle actin (a-SMA)."*"'® Myofibroblast differentiation can be triggered via biochemical signals (the TGF-
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In the aging heart, ECM production, deposition, and crosslinking are exacerbated, leading to the develop-
ment of invasive interstitial and perivascular fibrosis, a maladaptive process that affects the electrophysio-
logical and mechanical properties of the myocardium.?**> However, in an apparent paradox, the healing
after Ml (in aging male hearts) is impaired, with reduced myofibroblast number and inadequate scar, lead-
ing to infarct expansion and heart failure.”*?° The aging fibroblast becomes less capable of maturing into a
myofibroblast due to uncoupling of the ECM/fibroblast crosstalk or impaired response to TGF-B.>"*
Increased infarct expansion and heart failure incidents after Ml have been documented in older patients
and experimental models in aged mice.”’"?®** Evidence suggests that changes in mechanosensing may
be involved in the pathophysiological process of the aging heart,*> but there is a knowledge gap regarding
the key effectors of the regulatory axis that may drive this defect.

In this paper, by using a combination of in vitro and ex vivo approaches, we identified the main defects in
effectors of the fibroblast-to-ECM crosstalk in the old male heart. First, we found that fibroblasts from the
old male expressed a reduced expression of a-SMA. Then, by a 2-D and 3-D matrix swapping strategy, we
demonstrated that the ECM composition directly affected the fibroblast phenotype, especially its capacity
to generate contractile stress fibers. We also demonstrated that the cardiac matrisome composition and
architecture in the heart is affected by sex and age. Matrix composition also directly influenced the expres-
sion of Kindlin-2, the main adapter of integrin signaling that connects integrins to F-actin and transduces
Map Kinase signaling downstream.***” Kindlin-2 deficiency in young cells recapitulated part of the old cell
defects, while its overexpression in old cells promoted actin polymerization and a-SMA expression, favor-
ing myofibroblast maturation. The improved maturation due to Kindlin-2 overexpression is even further
amplified when Kindlin-2 overexpressing old cells were seeded on the young matrices. Finally, we demon-
strated that extracellular regulated kinases 1 and 2 (ERK1/2) are overactivated (highly phosphorylated) in
the fibroblasts isolated from the old mouse heart, but overexpression of Kindlin-2 can reduce ERK phos-
phorylation, rescuing actin polymerization and the downstream expression of a-SMA. In summary, we iden-
tified the ECM/Kindlin-2/ERK/actin axis as the main effector of the mechanosensing pathway that is
impaired in the aging male heart.

RESULTS

The aging phenotype of the male cardiac fibroblast is associated with a decreased expression
of Kindlin-2

To better characterize the aging phenotype of the cardiac fibroblasts, cells from young and old male mice
were cultured in standard tissue culture conditions on plastic dishes. These conditions favor the fibroblast-
to-myofibroblast maturation via the mechanosensing pathway because of supra-physiological tensions ex-
erted by rigid plastic.

We first focused on the main features of myofibroblast maturation, such as a-SMA expression and actin
polymerization/depolymerization dynamics (polymerized F-actin versus monomeric G-actin).

Compared with young cells, fibroblasts cultured from the old male mouse heart have reduced
a-SMA expression (0.32 + 0.02 vs. 1.0 + 0.14, p = 0.0025) (Figure 1A). In the old male fibroblasts, the
F-to-G-actin ratio was also reduced almost by half when compared to the one observed in the young
male cells (Figure 1B) (0.8 £+ 0.02 in old cells vs. 1.80 + 0.13 in young cells, p < 0.0001). We also exam-
ined these F- and G-actin fractions for other actin isoforms potentially expressed in fibroblasts and/or
myofibroblasts such as B-cytosolic, Y-cytosolic, and a-skeletal actin (Figure STA). Under our experimental
conditions, the a-skeletal isoform was barely detectable. In the young male cells, B-cytosolic and Y-cyto-
solic were evenly distributed between F- and G-actin pools (Figure STA). However, in the old male cells,
the signal intensity for both these cytosolic isoforms seemed stronger in the G-actin pool (Figure STA).
Moreover, young male cardiac fibroblasts appear to be larger in shape and exhibit a complex F-actin
network, while most of the old male fibroblasts are smaller and spindle-shaped or even round-shaped
(more likely due to their lower adhesion to the surface) (Figure 1C). In addition, in old fibroblasts, the
F-actin cytosolic staining was not evenly distributed, it appeared weak and mostly detectable near the
plasma membrane (Figure 1C). Linked together, these observations suggested that the fibroblasts iso-
lated from the old male heart failed to respond to a stiffer environment (glass or plastic), resulting in
a combined dysregulated actin treadmill dynamics, favoring actin depolymerization and a defective
a-SMA expression.
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Figure 1. The aging phenotype of the male cardiac fibroblast is associated with a decreased expression of Kindlin-2

(A) Representative Western blot depicting the difference in a-SMA protein level between the young and old male cardiac fibroblasts (upper panel) and the
diagram representing the quantification from separated experiments (N = 5-6 per group) (lower panel).

(B) Representative Western blot for the actin (“F” depicting F-actin/Polymerized, and “G" for globular/monomeric). Actin quantity was estimated by
densitometry for each sample, and the final F-to-G-actin ratio is shown in an individual-plotted diagram on the lower panel (N = 9-10 per group).

(C) Representative F-actin staining for young and old male cardiac fibroblasts seeded on glass, scale bar: 20 um. N = 10 individual samples from 4 separate
experiments.

(D) Representative Western blot depicting the difference in Kindlin-2 protein level in the lysate from young versus old cultured cardiac fibroblasts.
Normalized densitometry was shown on the lower panel as an averaged value of 6-8 separated experiments.

(E) Staining for Kindlin-2 (green) with a DAPI nucleus counterstaining (blue) for young and old cardiac fibroblasts, scale bar: 20 pm.

(F-H) Representative staining for F-actin (F), a-SMA (G) and Kindlin-2/a-SMA (H) in cultured old male and old female cardiac fibroblasts, seeded on glass.
Representative pictures from 3 to 4 biological repeats. Scale bar: 20 pm.

(I) Western blot depicting the F-/G-actin fractions in the lysate from old female versus old male cardiac fibroblasts. The diagram (lower panel) shows the
relative comparison of the F-to-G-actin. N = 4.

(J) Western blot demonstrating the level of Kindlin-2 and a-SMA in the lysates from young and old female cardiac fibroblasts. Normalized densitometry is
depicted as an individual-dotted diagram for both Kindlin-2 (lower left) and a-SMA (lower right). P-value was shown with an "N.S." below the bar, indicating a
non-significant difference. M denotes a molecular weight marker; the corresponding molecular weight is indicated on the right side of the blot.

(K) Dot-plots depicting the correlation between the level of Kindlin-2 or F-/G-actin ratio (y axis) versus a-SMA (x axis). The regression line shows a positive
correlation in male cells (left panel) but not in female cells (middle panel). There is also a positive correlation between the F-/G-actin ratio and the level of
a-SMA (right panel). Statistics: All the data are shown as an averaged mean + SEM. P-value was calculated as an Unpaired t-test with Welch's correction. p
value <0.05 is considered statistically significant.

iScience 26, 107283, August 18, 2023 3




¢? CellPress

OPEN ACCESS

Kindlin-2 is one the main adaptors of the mechanosensing axis, as it usually bridges the integrin subunits to
the actin fibers, hence translating ECM biomechanical tension to the cytoskeleton. Since the old cardiac
fibroblasts are less responsive to their environment, we hypothesized that the expression of Kindlin-2 might
be affected by aging.

The Western blot analysis showed that Kindlin-2 was significantly reduced in the old cardiac fibroblast
(0.26 + 0.04 in old vs. 1.0 £ 0.09 in young male cells, p < 0.0001) (Figure 1D upper and lower panels).
The distribution of Kindlin-2 was then determined by immunostaining in cardiac fibroblasts isolated
from young and old male mice (Figure 1E). In the young cells, the Kindlin-2 signal was intense, and by
contrast, in the old cardiac fibroblasts, Kindlin-2 was weaker and restricted to the perinuclear area
(Figure 1E).

We previously reported that the age-related phenotype of the cardiac fibroblasts is dimorphic and linked
to the sex-specific changes differentially determining the ECM composition between the old male versus
the old female heart.”® We thus decided to assess the ability of the old female cardiac fibroblasts to tran-
sition into myofibroblasts. Contrary to the old male fibroblasts, the old female fibroblasts harbored a
dense network of actin fibers that were strongly enriched in a-SMA (Figures 1F and 1G). Both
Kindlin-2 and a-SMA signals were stronger in the old female cells than in the age-matched male cells
(Figure TH). Likewise, the old female cells had a higher yield of F-actin than G-actin (1.40 + 0.12,
p = 0.0006) and an overall higher content of actin than the old male cells (Figure 1l). Lastly, the levels
of Kindlin-2 and a-SMA proteins were not significantly changed between the old and young female car-
diac fibroblasts (0.84 + 0.35vs. 1.0 £ 0.05, p = 0.083 and 1.48 + 0.21 vs. 1.0 + 0.04, p = 0.1, respec-
tively) (Figure 1J).

We also plotted a-SMA and Kindlin-2 respective protein levels, and we demonstrated that there was a
strong correlation between them for the male (R? = 0.75), but not for the female cardiac fibroblasts (R? =
0.0009) (Figure 1K, left and middle panels). Similarly, we found a strong positive correlation between
o-SMA protein level and F-/G-actin ratio values in the old male cells (R?=0.72) (Figure 1K, right panel).
This demonstrates co-dependence between Kindlin-2 and a-SMA or Kindlin-2 and F-/G-actin expressions
in the male cardiac fibroblasts.

Interestingly, the distribution pattern of the actin isoforms in the old female cells was also close to the one
described for the young male cells (Figure S1B): a-SMA was mainly found in the F-actin fractions, while
B-cytosolic and y-cytosolic non-contractile isoforms were equally represented in both polymerized and de-
polymerized actin pools.

Since old female cardiac fibroblasts preserve their Kindlin-2 expression and they are able to mature into
myofibroblasts, we focused our investigation on the male cardiac fibroblasts.

Cardiac ECM composition impacts on Kindlin-2 expression and distribution

Uncoated plastic or glass dishes promote supra-physiological conditions that may not recapitulate cardiac
fibroblast phenotypic changes that occur in physiological or pathophysiological conditions.* ™' Therefore,
we decided to perform ex vivo tridimensional (3-D) cell culture by seeding fibroblasts onto decellularized
cardiac matrices and culturing the 3-D scaffolds in bioreactor vessels. Under these 3-D culture conditions,
the fibroblasts adopt a more physiological phenotype, as they can infiltrate the cardiac tissue scaffold and
respond to the natural 3-D organization and tension of the ECM. Cardiac fibroblasts were seeded on age-
matched or age-unmatched (“matrix swapped") 3-D matrices.

Three days after seeding, we found that the Kindlin-2 signal was intense and mainly cytosolic in the young
cells cultured on young matrices, but weaker and mainly perinuclear in old fibroblasts seeded on old
matrices (Figure 2A). By contrast, when matrices were swapped, the Kindlin-2 signal mislocation was cor-
rected in the old cells cultured on young cardiac matrices, whereas the young fibroblasts grown on old
matrices exhibited a partial mislocation of Kindlin-2 signal (Figure 2A). Old fibroblasts grown on young ma-
trix exhibited an increased signal for a-SMA, compared with cells seeded on age-matched donor matrix,
suggesting a better myofibroblast maturation. However, the young cells similarly exhibited a strong
expression for a-SMA, regardless of the origin of the decellularized matrices, suggesting that they are
able to correct the defect via an alternative pathway.
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Figure 2. The impact of cardiac ECM on Kindlin-2 expression

(A) Representative immunostaining of Kindlin-2 (red) and «-SMA (green) for tridimensional (3-D) culture of cardiac fibroblasts seeded on cardiac matrices
from age-matched or un-matched mouse donors for 72 h. Representative pictures from 3 to 4 experiments per group (young vs. old) and two donors (young
vs. old) per experiment. Note that the old male matrices tend to exhibit a more intense autofluorescence. Scale bar: 20 pm.

(B) Immunostaining for a-SMA (green) and F-actin (red) in old male cardiac fibroblasts seeded on glass (left), on matrix from old male cells (middle) or matrix
from young male cells (right) (scale bar: 20 um). Nuclei were counterstained with DAPI.

(C) Representative Western blot of Kindlin-2 expressed by cells seeded on age-matched and unmatched matrices in the 2-D experiment. The normalized
dataset is shown in an individual-plotted diagram on the right panel (N = 5-6 per group).

(D) Representative Western blot showing the level of Kindlin-2 expressed by old male and old female fibroblasts seeded on sex-matched or unmatched

matrices. The normalized dataset is shown in an individual-plotted diagram on the right panel (N = 4-5 per group). YM, OM, OF denote the young male, old
male, and old female, respectively. M denotes a molecular weight marker; the corresponding molecular weight is indicated on the right side of the blot.
(E) Scanning electron microscopy pictures of decellularized 3-D matrices from young or old mouse male hearts (upper panel), young or old female hearts
(middle panel) or decellularized 2-D matrices deposited by young or old male cardiac fibroblasts (lower panel). Red arrows indicate cleavage sites in the old
male cardiac ECM, and cyan circles depict aggregates in the old female cardiac ECM. Scale bar: 2 um. Pictures in enlarged frames (yellow squares) depict the
presence of cleavage in the old male ECM and aggregates in the old female ECM. All the data are shown as an averaged mean + SEM. For the experimental
dataset involving 4 groups, Brown-Forsythe and Welch one-way ANOVA was used to test the significant difference among the four groups, to determine the
significant difference among groups. p value <0.05 is considered statistically significant.

Then, we designed a two-dimensional (2-D) method for matrices deposited by cultured cells. In this proto-
col, 2-D matrices were directly deposited from “donor” cardiac fibroblasts, which were then removed,

leaving the matrix.*?
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Cardiac fibroblasts from young or old male hearts were then seeded on age-matched or -unmatched
2-D matrices for 5 days. First, when seeded on glass coated with old 2-D matrices, the old
fibroblasts exhibited a more regular shape, suggesting a better adhesion. Yet, the signal for F-actin and
a-SMA remained especially weak (Figure 2B). By contrast, the same old cells cultured on young matrices
exhibited a strongly noticeable F-actin network that was especially enriched in a-SMA (Figure 2B).

Then, while investigating the Kindlin-2 expression by Western blot, as previously shown for cells
seeded on plastic (Figure 1D), the young fibroblasts on young matrices expressed higher levels of
Kindlin-2, compared to the old cells seeded on 2D matrices secreted from old fibroblasts (Figure 2C).
When matrices were swapped (young fibroblasts seeded on old matrices, and vice versa),
Kindlin-2 expression decreased in young cardiac fibroblasts seeded on old matrices (Figure 2C). Like-
wise, when old cells were cultured on young matrices, Kindlin-2 protein levels significantly increased
to reach averaged values that were expressed by young fibroblasts seeded on young matrices
(Figure 2C).

Then, to ascertain the role of ECM composition on male fibroblast maturation, old male cells were
compared with old female cells, both as matrix donors and recipients (Figure 2D). Male fibroblasts cultured
on the old male matrix exhibited a trend to a lower yield of Kindlin-2 than the old females seeded on the old
female matrix. In a similar fashion, once seeded on the old female matrix, Kindlin-2 expression was signif-
icantly increased in old male fibroblasts. However, the level of Kindlin-2 remained unaffected in the old
female cells, regardless of the origin of the matrix (Figure 2D).

In a preceding study, we already demonstrated that ECM in the old male and female hearts differs
in composition and ultrastructure organization.”® To identify the components of the ECM that could
especially affect the old fibroblast phenotype, we performed mass spectrometry analysis from decellu-
larized matrices directly prepared from mouse hearts (Figure S2A). We compared young vs. old male
and young vs. old female cardiac ECMs, to decipher the changes in proteins and glycoproteins of
the matrisome that are age-dependent and sex-specific to the ones that are aging-related but sex-
independent.

As depicted on the Volcano plots, we identified an increase in Vitronectin as a main feature of the old
cardiac ECM, both in male and female mice (Figure S2B, blue arrow). Then, our dataset indicated an
age-related change in collagen composition that may be sex-specific. The old male matrix was indeed
especially enriched in collagen VI (6a1, 6a2), Collagen IV (Col4ab), and two non-fibril-forming and atypical
collagens. Interestingly, the level of Collagen Xll also increased in the old male ECM, while it decreased
in the old female ECMs (compared with sex-matched young mouse ECMs) (Figure S2B, white arrow). In
addition to the collagens, we found that the old male ECM was enriched in Mfap4 (microfibril-associated
protein 4), a protein usually located to the elastic fibers in the perivascular area of the heart, and
depleted of von Willebrand factor C and EGF domain-containing protein (Vwce), a cytoplasmic protein
potentially involved in B-catenin pathway. By contrast, the old female ECM had higher levels of matrix
Gla protein (Mgp), peroxidasin homolog (Pxdn), but it was depleted in cartilage intermediate layer pro-
tein 2 (Cilp2).

Since these changes in collagen and glycoprotein composition may affect the ECM organization, we
decided to investigate the ECM structure by scanning electron microscopy. We analyzed young vs.
old male hearts (Figure 2E upper panel) and young vs. old female hearts (Figure 2E middle panels), aside
with ECM secreted by young and old male cardiac fibroblasts (Figure 2E, lower panel). The ECM of the
young male heart consisted of a network of thin fibrils connected with sparse thicker collagen fibers,
whereas the old heart ECM was mainly characterized by the presence of many cleaved thin fibrils (Fig-
ure 2E, upper panel, red arrows). A similar cleavage pattern could be detected in the matrices generated
in vitro by old male cardiac fibroblasts (Figure 2E, lower panel, red arrows). Regardless of age, the female
ECM tends to be characterized by a denser network of thin fibrils that are more tightly connected
together (Figure 2E, lower panel). The old female cardiac ECM did not strongly differ from the young
female matrix, yet we did not observe any cleavage pattern as we repeatedly noticed in the cardiac
ECM of the old male. By contrast, the old female cardiac ECM was characterized by the presence of am-
yloid-like aggregates along the fibers (Figure 2E, cyan circles). These findings support the concept of an
impaired ECM-to-Kindlin-2 axis in old male cardiac fibroblasts.
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Figure 3. Kindlin-2 can facilitate the maturation of old fibroblasts by promoting actin polymerization and «-SMA expression

(A) Western-blot depicting a decrease in Kindlin-2 protein levels 72 h post-Kindlin-2 siRNA (siK2) transfection. Averaged densitometry was shown as an
individual-plotted diagram (lower panel).

(B) Representative pictures of Kindlin-2 immunostaining and F-actin staining, scale bar: 30 pm.

(C) Representative Western blot of actin fractions in siK2- compared with control (scrambled)-transfected cells. The F-G actin ratio was calculated for each
experimental sample and depicted in a mean + SEM diagram (N = 5 per each experimental group).

(D) Staining of F-actin shown in false color using the OrientationJ plugin (ImageJ algorithm) depicting the changes in cell polarization and actin fiber
orientation in control young male cells (left) and in Kindlin-2 deficient cells (right). Scale bar: 20 um.

(E) Representative Western blot showing the increase in a-SMA protein levels in response to Kindlin-2 overexpression (K-OE). Densitometry (lower panel) is
provided in an individual-plotted diagram for both Kindlin-2 and a-SMA (N = 3-5 per group). For each experiment, cells were transfected with either K-OE or
CMV control).

(F) Immunostaining of Kindlin-2 in K-OE and CMV control clones (scale bar: 20 pm). Representative picture from 3 separate experiments.
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Figure 3. Continued

(G) Representative Western blot of F-/G-actin fractions showing the enrichment of F-actin in K-OE lysates. The F-to-G actin ratio was calculated and plotted
in a diagram (right panel N = 3-5 per group). M denotes a molecular weight marker; the corresponding molecular weight is indicated on the right side of the
blot.

(H) Staining of F-actin shown in false color using the OrientationJ plugin (ImageJ algorithm) depicting the changes in cell polarization and actin fiber
orientation in control old male cells (left) and in Kindlin-2 overexpressing cells (right).

() Staining for F-actin (red) and a-SMA (green) in K-OE cells seeded on glass, or in 2-D matrices, compared with old control cells seeded on glass (scale bar:
20 pm). Representative picture from 3 separate experiments. See also Figure S1. p value <0.05 is considered statistically significant.

Kindlin-2 can facilitate the old fibroblast-to-myofibroblast transition by promoting actin
polymerization and «-SMA expression

To investigate the link between Kindlin-2 and the maturation profile of the cardiac fibroblasts, we then
decided to manipulate Kindlin-2 expression. SiRNA interference was performed in young cardiac fibro-
blasts (“siK2") to decrease the Kindlin-2 protein level, while old cells were transfected with a selective
plasmid to promote Kindlin-2 overexpression (“K-OE"). At 72 h following transfection, siRNA transfected
(siK2) young fibroblasts exhibited a drastic decrease in Kindlin-2 protein (0.30 & 0.11 vs. 1.0 £ 0.031 in con-
trol scrambled RNA cells, p = 0.0025) (Figure 3A). Compared with control-transfected cells, these Kindlin-2
deficient cells were smaller in size. Their actin cytoskeleton was disorganized and characterized by a fewer
number of F-actin fibers (Figure 3B). Interestingly, the remaining Kindlin-2 signal in siK2 cells was located in
the perinuclear area (Figure 3B), as it is in the untreated old male cells (Figure 1D). When examining actin
fractions prepared from siK2 transfected cells, an inversion of the F-to-G actin ratio was noticed in the siK2
fibroblasts, compared with control cells transfected with scrambled siRNA (Figure 3C) (0.65 + 0.15 vs.
1.1 + 0.076in control scrambled cells, p = 0.024), and the actin expression in both fractions was also weaker
in sik2 cells (Figure 3C). In the cells deficient for Kindlin-2, there was a modest decrease of B-cytoplasmic
and Y-cytoplasmic in the F-actin fraction (Figure S1C).

In addition, the orientation of the F-actin fibers was assessed using OrientationJ plugin®® (Figure 3D). This
indirect technique was developed to determine the overall cell orientation between either “polarized”
(mono-color) or “not polarized” (multicolor) cells, which is highly dependent on ECM and the actin cyto-
skeleton and dynamics, as actin polymerization may promote optimal cell polarization. As demonstrated,
mature young fibroblasts trended to harbor a unique monocolor “phenotype,” suggesting a specific po-
larization/direction, whereas siK2-transfected fibroblasts had several multicolor features, hence no specific
direction (Figure 3D). This loss of directional orientation was also detected in old control cardiac fibroblasts
(Figure 3H, "Control").

These observations suggested that the loss of Kindlin-2 in young fibroblasts recapitulated some defects
observed in the old male cardiac fibroblasts.

Then the reverse approach was performed by transfecting old male cardiac fibroblasts with a selective
Kindlin-2 overexpressing plasmid (K-OE). Control cells were prepared at the same time and transfected
with CMV-neomycin empty plasmid (CMV) instead. First, we found that the increase in Kindlin-2 was asso-
ciated with a modest but significant increase in a-SMA protein level (1.36 £+ 0.017 vs. 1.0 + 0.05 in control
cells, p =0.0192) (Figure 3E). The increase in Kindlin-2 expression was also clearly discernable by immuno-
staining (Figure 3F). The signal was stronger and distributed in the cytosol, compared with a perinuclear
stain usually observed in old male cells (Figure 3F). In addition, the F-to-G-actin ratio was also significantly
higher in K-OE cells (1.14 + 0.06 vs. 0.74 + 0.04 in control cells, p = 0.0012), indicating that actin polymer-
ization increased in response to Kindlin-2 overexpression (Figure 3G). The increased polymerization
applies to all the expressed actin isoforms (a-SMA, and B- and Y-cytoplasmic), but a-SMA was especially
enriched in the F-actin fraction (Figure S1D). By using the OrientationJ plugin, we could also determine
that the polarization of the K-OE fibroblasts also improved compared with their age-matched controls
(Figure 3H).

K-OE and control clones were then used for the 2-D matrix-swap experiment (using non-manipulated
young and old males as matrix donors). In accordance with our previous observations (Figures 1C, 1D,
and 2E), control old fibroblasts poorly adhered to the glass, which affected their morphology (Figure 3l).
Under these conditions, only a few a-SMA™ cells could be detected, and most of these cells also had a
weak F-actin signal that barely formed discernible actin fibers. Compared with this observation, the
o-SMA signal was weak and sporadically distributed in control cells seeded on the old matrix, but stronger
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yet sparse in response to the young matrix (Figure 3l). By contrast, K-OE cells adhered more firmly and
developed a denser F-actin network, regardless of the composition of the support (glass versus old or
young 2D-matrix). KOE cells exhibited a strong signal for both F-actin and @-SMA once seeded on the
young matrix (Figure 3G). However, interestingly, when K-OE cells were cultured on an old donor matrix,
both F-actin and a-SMA signals were slightly weaker. This observation suggests negative feedback from
the ECM that could antagonize the benefits of Kindlin-2 overexpression and/or affect actin treadmill
dynamics.

The aging-associated deleterious activation of the MAP kinase ERK can be rescued by
Kindlin-2 overexpression in the old cells

The aging process is associated with profound disturbances of intracellular signaling pathways. The MAP
Kinases ERK1/2 represent the main effector of cell signaling that can be activated in response to mechan-
4445 and activated ERK1/2 can indirectly promote actin depolymerization.*®™*® In this study, we
accumulated evidence that actin polymerization is impaired in the old cardiac fibroblasts, and so is
Kindlin-2 distribution and expression. Therefore, we hypothesized that the defective ECM/Kindlin-2/actin
axis in the old male cardiac fibroblasts might imply an exacerbated activation of ERKs.

ical stress

The level of phosphorylated ERK was investigated by Western blot using lysates obtained from cultured
young and old cardiac fibroblasts. The old male fibroblasts were characterized by a significant (almost
3-fold) increased P-ERK/ERK ratio when compared with young male fibroblasts, while the P-ERK/ERK ratio
was low and unchanged in young vs. old female cells (Figure 4A). To ascertain the involvement of this over-
activation of ERK1/2in the phenotype of the old cardiac fibroblasts, we treated old male cardiac fibroblasts
with 5 pM Temuterkib (LY3214996, an ERK1/2 specific inhibitor) for 3 h or 72 h, to measure the impact on
actin polymerization rate and the resulting potential changes on the level of a-SMA and Kindlin-2 expres-
sions. First, we noticed that 3 h of ERK inhibition promoted actin polymerization as the F-to-G-actin ratio
significantly increased, compared to control DMSO-treated old cells (0.77 + 0.04 vs. 0.46 + 0.11in DMSO
control cells) (Figure 4B). But, we also noticed the overall level of actin tends to be higher in cells treated
with Temuterkib, both in F- and G-actin fractions. This may thus suggest a faster increase in actin expression
that may underestimate the net impact on actin polymerization. After a 72 h-long culture with the inhibitor,
the a-SMA protein level was also significantly increased in the old male fibroblasts treated with the ERK1/2
inhibitor (1.77 £+ 0.15 vs. 1.0 £ 0.15) (Figure 4C). Interestingly, this induction of a-SMA expression was
equivalent to the one induced by Kindlin-2 overexpression in K-OE cells (Figure 3D). Yet, the Kindlin-2 pro-
tein level itself was not significantly affected by ERK inhibition (Figure 4C). Both of these observations were
confirmed by the immunofluorescence staining of a-SMA and Kindlin-2 on old treated cells (Figures 4D and
4E). There is no direct transcriptional feedback between ERK activation and Kindlin-2 expression. Further-
more, we noticed that the incubation with Temuterkib promoted Kindlin-2 relocation to the plasma mem-
brane next to the extremity of the F-actin fibers (Figure 4E, middle panel).

This last dataset suggested that ERK acts downstream of Kindlin-2 and actin, affecting actin polymerization,
which promotes a-SMA expression. Interestingly, the level of P-ERK was significantly decreased in old cells
overexpressing Kindlin-2 (0.38 + 0.02 vs. 1.0 £ 0.13 in CMV control cells) (Figure 4F), while total ERK
trended to increase (2.01 £+ 0.19 vs. 1.0 + 0.07 in CMV control cells, p = 0.24). Kindlin-2 deficiency may
thus favor ERK overactivation in old cardiac fibroblasts.

DISCUSSION

Mechanosensing is a complex regulatory axis that promotes the cell response to ECM tension. It coordi-
nates tissue growth, homeostasis, and integrity throughout the whole lifetime, since the earliest steps of
embryonic development.*” Therefore, defective ECM-to-cells crosstalks may also be involved in patho-
physiological processes. In the myocardium, mechanical forces affect both the cells and the matrix.”*'
While the cardiomyocyte contraction generates a combination of active and passive forces to the
ECM,*” the fibroblasts ensure the optimal tuning of the ECM’s properties.”®>" The biochemical signature
of ECM can be modified to respond to any stress that could impair tissue integrity.

Yet, although suspected to be pivotal, the impact of mechanosensing on the aging phenotype of the heart
remains unclear. In addition, while sex-specific differences are extensively reported in the pathogenesis of
the aging heart, little is known regarding the effectors that contribute to this dimorphism. Here we
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Figure 4. The aging-associated deleterious activation of ERK can be rescued by Kindlin-2 overexpression in the old cells

(A) Representative Western blot showing the difference in phosphorylated ERK1/2 (P-ERK) versus total ERK1/2 protein levels in the lysate from old and young
male cardiac fibroblasts. Densitometry was presented on an individual-plotted diagram (N = 5-6 per group).

(B) Representative Western blot depicting changes in F- and G-actin fraction enrichment in the cells cultured with 5 pM Temuterkib (ERK1/2 specific inhibitor,
also known as LY3214996, "ERK-LY") or DMSO (control, “-") for 3 h. The F-to-G-actin ratio was calculated (lower panel) (N = 3-5 per group).

(C-E). Representative Western blot showing the change in -SMA and Kindlin-2 in the lysate of old male cells treated for 72 h with 5 uM LY3214996 (ERK-LY,
“+") or DMSO (control, “-"). For each protein, the normalized densitometry of each individual value is plotted in a diagram (lower panel) (N = 4-6 per group,
"ERKinh" depicts cells treated with 5pM Temuterkib). Staining for F-actin (red)/a-SMA (green) (D.) and Kindlin-2 (green)/F-actin (red) (E.) on cells treated with
5 uM Temuterkib (ERK inhibitor) or DMSO (control) for 72 h. In E., arrows indicate the location of Kindlin-2 at the plasma membrane, and “N" its perinuclear
location. Scale bar: 20 um. Pictures in enlarged frames (yellow square) depicted the changes in Kindlin-2 localization between control and Temuterkib-
treated cells. White arrows indicate focal adhesion localization, while “N" depicts nuclear/perinuclear localization of Kindlin-2 (Scale bar: 5 um).

(F) Representative Western blot depicting the level of phosphorylated ERK1/2 (P-ERK) and ERK1/2 in the lysate of pre-selected clones overexpressing
Kindlin-2 ("K-OE + ") or a control plasmid “K-OE -"). The P-ERK to ERK ratio was calculated and shown in an individual-plotted diagram (N = 6 per group). M
denotes a molecular weight marker; the corresponding molecular weight is indicated on the right side of the blot.All the data are shown as an averaged
mean + SEM. Statistical significance was challenged by an unpaired t-test with Welch’s correction. p value <0.05 is considered statistically significant.

described an ECM/Kindlin-2/actin/ERK1/2 axis, as a main part of the mechanosensing that is defective in
the old cardiac fibroblast phenotype, impairing their maturation into myofibroblast (Figure 5).

Extracellular matrix

In this study, we demonstrated that the origin of a 2-D or 3-D matrix may impact the fibroblast-to-myofibro-
blast maturation. Previously, we already determined that the protein and glycoprotein composition of the
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aging heart differ between the old male and the old female heart, which may affect the fibroblast pheno-
type.*® In this newly generated mass spectrometry analysis, we identified age- and sex-specific ECM
changes that may explain the effect of matrix on cardiac fibroblasts.

Interestingly, the old male cardiac ECM is characterized by a specific enrichment in atypical collagens
(collagen IV, VI, and XII) that usually plays a critical role both in mechanotransduction and ECM remodeling.
As a main component of the basement membrane, collagen IV is at the interface between the fibril-forming
collagens of the ECM and the focal adhesions. Noteworthy, Integrins a1p1 have a higher affinity for
collagen IV, and this facilitates ERK activation downstream.>® On the other hand, collagen XIl and collagen
VI are both reported to bridge collagens | and Ill, as well as collagen IV (directly or indirectly). In addition,
evidence from previous studies also demonstrated that they colocalize and have synergetic functions in
tissue remodeling, during development, or in response to injury.”® Collagen Xl expression seems to be
especially sensitive to mechanical tension,” and its preferential location in elastic tissue (such as a tendon)
suggests that it can either facilitate or absorb the ECM mechanical tension.”® Consequently, in the old male
cardiac ECM, the enrichment of these collagens, and especially collagen IV and XII, may disconnect the
ECM signaling to the cardiac fibroblasts downstream while potentially facilitating injury-like ECM remod-
eling dynamics.

In addition to collagens, our matrisomal analysis also identified Mfap4 in the old male matrix. Mfap4 is re-

ported to be especially expressed in cardiac fibroblasts, and it is involved in TGF-B signaling, and FAK and
ERK activation.”®*” It is thus surprising to find its enrichment within the old male ECM, in which both the
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TGF-B pathway and integrin signaling seem to be impaired,”' suggesting a potential compensatory mech-
anism. Our dataset also detected a depletion in Vwce in the old male cardiac ECM. Since Vwce can be a
regulator of the B-catenin pathway, and that it can bind to TIMP3, a tissue inhibitor of metallopro-
teases,””*" both of these findings suggest the possibility of a regulatory feedback or an adaptive role of
Vwece in the mechanosensing regulation. Yet, this protein has been barely studied in cardiac fibroblasts,
so its function should be the subject of further investigation.

Therefore, the aging process may favor injury-like remodeling and lesser maturation in the old male cardiac
ECM, which may disconnect the fibroblast to the ECM, impairing the mechanosensing signaling down-
stream. By contrast, collagen crosslinking of the old female ECM may reinforce the ECM-to-cell connec-
tion, hence facilitating fibroblast activation and maturation. This interpretation is also in accordance with
our observations in scanning electron microscopy.

Kindlin

Kindlin-2 is a member of the FERM family and the main one expressed in the heart.®"? At the focal adhe-
sion, Kindlin-2 mainly works as an adaptor for the integrins, as it can bridge the subunits to the actin cyto-
skeleton, which favors (and even reinforces) their downstream signaling.®®™*> As suggested by both total
and conditional knockout mouse models, Kindlin-2 expression is essential in the myocardium from the
earliest stages of cardiogenesis.®®’ The postnatal cardiomyocyte-specific loss of Kindlin-2 causes severe
fibrosis, followed by the development of heart failure.’® There is, thus, a strong correlation between cardiac
homeostasis and Kindlin-2 expression. While its involvement in cardiac fibroblast-to-myofibroblast matu-
ration has been suggested by several studies,®”’? how Kindlin-2 is affected in the aging heart remained
unknown.

By using ex vivo and in vitro approaches, our study demonstrated that Kindlin-2 is strongly sensitive to ECM
composition. The fibroblasts of the old male heart have a decreased expression of Kindlin-2 compared with
the young male cells. By seeding these cells on age-unmatched matrices (in a matrix swap experiment),
Kindlin-2 expression significantly increased in the old cells seeded on young matrices, but it decreased
in young cells cultured on old matrices.

Artificial manipulation of Kindlin-2 (siK2 young cells versus K-OE old cells) also highlighted how Kindlin-2
regulation determines the fibroblast maturation capacity. The loss of Kindlin-2 in siK2-transfected young
male cells can recapitulate part of the defect of the old male cells, while constitutive Kindlin-2 overexpres-
sion in old cells can rescue actin polymerization, favoring a-SMA expression and their later response to a
stiffer matrix. Interestingly, this defect was only observed in the old male hearts/fibroblasts since old female
fibroblasts can mature into myofibroblasts, their Kindlin-2 protein level was unaffected by age, and the fe-
male matrix can modestly increase Kindlin-2 expression in the old male fibroblasts. Thus, our datasets indi-
cate that Kindlin-2 represents a critical gauge of the mechanosensing regulatory signaling affecting cardiac
fibroblast phenotype.

The net impact of Kindlin-2 on the myofibroblast program, and therefore on a-SMA expression, is more
likely linked to a downstream impact on transcriptional factors. Among them, Serum Response Factor
(SRF) is known to be involved in cardiac fibrosis.”' SRF activity depends on two different families of co-ac-
tivators that overlap but can antagonize each other’”’*: Ternary complex factor that promotes cell prolif-
eration and signaling (TGF-B, TNF-a, and mTORC); and the MRTF that is mainly involved in cell differenti-
ation and maturation. Interestingly, the ternary complex factor (TCF) family is mainly ERK-activated,”*”>
while the activity of the MRTF family is actin-regulated and repressed by G-actin."®’ In this paper, we
demonstrated that the cytosol of the old male fibroblasts is significantly enriched in both G-actin and over-
activated ERK1/2, and these changes can be reversed by Kindlin-2 overexpression. These observations and
others from the literature might thus suggest a critical role of Kindlin-2 in the myofibroblast program,

beyond its function in the focal adhesion.

In a previous study, we identified Gli1 as a potential orchestrator of cardiac fibroblast phenotype.*® Briefly,
we found that the AMP-activated protein kinase (AMPK)-dependent regulation of Gli1 expression is dimor-
phic, the female cells responding to AMPK agonist by a decrease in Gli1 protein and pro-fibrotic genes, but
this was not the case in the male cells.*® Noteworthy, Gli1 is a transcriptional co-activator that is reported
both as a target gene and a repressor of the Kindlin-2/B-catenin complex.”” In the old male cardiac

12 iScience 26, 107283, August 18, 2023

iScience



iScience

fibroblasts, the maintenance of Gli1 activation may be involved that its repression of Kindlin-2 expression is
preserved or exacerbated. Although some evidence may suggest an involvement of a Hedgehog/cAMP
feedback, the potential relationship between Gli1 and Kindlin-2 in the old cardiac fibroblasts should be
worth clarifying.

Actins

In quiescent fibroblasts, actin is localized mainly cortically, which preserves the overall cell shape; but it can
be located at the podocytes or filopodia for optimal cell polarity and motility.”®’” Within mature myofibro-
blasts, actin represents the main component of the stress fibers that could contract the ECM."” There
are different actin isoforms that can polymerize into microfilaments. Distinct actin proteins can be found
in F- and G-actin pools. As actin isoforms differ from each other by only a few amino acids,?® they usually
harbor some functional redundancy. In addition, the expression of the actin-coding genes is inter-con-
nected in such a way that a transcriptional change affecting one isoform (loss or gain of function) would

affect the mRNA levels of the other isoform.?’5*

Some suggested that a-SMA could be dispensable to fibroblast-to-myofibroblast maturation, as cells
could compensate for the loss of Acta2 (2-SMA) by the expression of other actin isoforms, such as a-skeletal
actin (Acta1).%* In our study, a-skeletal actin was not detected in the F- or G-actin fractions. However, here
we were working under different conditions, aside from drastic stress such as genetic manipulation or
in vivo injury, which may not promote the acute expression of Actal.

Here we highlight the fact that regular actin stress fibers are a heterogeneous assemblage of three different
actins: a-SMA, B-cytoplasmic, and Y-cytoplasmic (to a lesser extent). In the old male cells, F-actin depoly-
merization affected all three isoforms, but with a relatively better persistence of B-cytoplasmic actin. On
phalloidin stainings performed on old male cells, F-actin is mainly detected at the periphery of the cell,
just below the plasma membrane, which hence more likely corresponds to the cortical actin that is made
of B-cytoplasmic actin. This may partly explain why the old male cardiac fibroblasts are able to maintain a
spindle shape, smaller but still characteristic of fibroblasts, despite this significant loss of polymerized actin.

The manipulation of Kindlin-2 strongly affects the polymerization rate of all the isoforms, as well as the
shape of the cells and their ability to mature into myofibroblasts. However, while Kindlin-2 overexpression
may facilitate the old cells to transit into myofibroblasts, seeding the K-OE cells on old matrix trends to
decrease the a-SMA immunostaining signal, which suggests that the ECM/Kindlin-2/F-actin/a-SMA axis
is especially dynamic.

ERKSs overactivation in the cardiac fibroblasts

ERK1/2 are effectors of the MAP Kinase pathway. They integrate the signaling from extracellular growth fac-
tors receptors, ECM, and inner compartments.”® The role of ERK in cell migration and proliferation has also
been extensively studied for many years, including in various models of fibrosis.®*=’ In this work, we found
that ERK1/2 overactivation is directly responsible for the exacerbated actin depolymerization observed in
the old male cardiac fibroblasts. This is in accordance with several studies that linked mechanical stress
to ERK1/2 activation and actin depolymerization. In a striking manner, we found that Kindlin-2 overexpres-
sionis able to strongly decrease ERK1/2 phosphorylation in the old cells. Itis notably reported that oxidative
stress-triggered ERK activation is Kindlin-dependent,® but the repressive activity of Kindlin-2 on ERK (as we
showed in this study) was not clearly documented before. In the literature, there is no evidence of direct
interaction between Kindlin-2 and ERK subunits. However, they both interact at the focal adhesion core
through actin-binding proteins. In a model of retinal microglia vasculature, the loss of the Kindlin-3 isoform
causes ERK1/2 mislocation, leading to its ectopic and over-phosphorylation.?” Our findings indicated that
the loss of Kindlin-2 may indeed cause disorganization of the actin fibers, which would cause ERK activation
in a similar fashion. Consequently, ERK activation may be more directly linked to the actin cytoskeleton and
mechanosensation, the latter depending on Kindlin-2. Linked together, findings from our team and others
reinforce the concept of more complex crosstalk between ECM and fibroblasts in which Kindlin-2/ERK co-
ordination could play a crucial role in the mechanosensing-dependent signaling.

Lastly, another study suggests that cardiac fibrogenesis may be an ERK-dependent and SMAD3-indepen-
dent process that is regulated upstream by glycogen synthase kinase 3 o (GSK3 o subunit).” Interestingly,
in pancreatic B-cells, the loss of Kindlin-2 favors GSK3-B activation, making GSK3 a potential substrate of
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Kindlin-2.”" The potential mechanism linking the decrease of Kindlin-2 expression with GSK3 and ERK1/2
activations will be examined in future studies.

Old female cardiac fibroblast

Unlike the male cells, female cells are able to bypass the ECM signal and maintain Kindlin-2 expression,
which favors the maturation of fibroblasts into a-SMA-positive myofibroblasts. Noteworthy, the young fe-
male heart is characterized by better resistance to deleterious stress, such as myocardial infarction or pres-
sure overload.”””® However, paradoxically, females do have a trend to develop more severe cardiac
fibrosis than males, especially during aging.” " It is possible that less-known characteristics of the female
fibroblasts play an active role in these specific features: in fact, as suggested by our in vitro study, female
fibroblast maturation is not affected by aging, which may thus facilitate scar formation after MI. But, with
time, the accumulation of these activated fibroblasts may lead to more extensive fibrosis in the old female
heart. In our study, K-OE cells exhibited a similar increase in «-SMA regardless of the composition of the
matrix. Linked together, these findings once again highlight differences between male and female cells and
responses to stress.

In conclusion, Kindlin-2 represents the main gauge of the mechanosensing downstream of the ECM and
may be a pivotal orchestrator of the myofibroblast maturation program in the old male cardiac fibroblasts.
In the aging male heart, strong negative feedback originating from the ECM decrease Kindlin-2 and exac-
erbate ERK1/2 activation leading to actin depolymerization and a decreased a-SMA expression. By
contrast, the Kindlin-actin-a-SMA pathway is fully operant in the old female cells.

Limitations of the study

Mass spectrometry has identified several changes in the matrisome that point to age and sex differences.
Although partial validation of these findings has been published by us before,*® further studies should
follow to fully address the links between differentially expressed ECM proteins and the mechanosensing
axis. In addition, while we demonstrated the respective impact of ECM on Kindlin-2 and Kindlin-2 on intra-
cellular mechanosensing, the understanding of the mechanism may require further investigation.
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Anti-Kindlin-2 rabbit polyclonal Thermofisher RRID:AB_2262660
FITC Conjugated anti-a-smooth muscle actin mouse MilliporeSigma RRID:AB_476977
monoclonal

Phalloidin-Tetramethylrhodamine B MilliporeSigma RRID:AB_2315148
isothiocyanate

Anti-a-smooth muscle actin mouse MilliporeSigma RRID:AB_262054
monoclonal (unconjugated)

Anti-P-ERK1/2 Cell Signaling RRID:AB_331772
Phospho-p44/42 MAPK (Erk1/2) (Thr202/

Tyr204) rabbit polyclonal

Anti-ERK1/2 mouse monoclonal Cell Signaling RRID:AB_390780
Anti-B-actin rabbit Cell Signaling RRID:AB_330288

Anti-B-actin rabbit polyclonal
Anti-Y-actin rabbit polyclonal
Anti-a-skeletal actin mouse polyclonal
Anti-pan Actin Antibody

IRDye® 800CW anti-Rabbit antibody

Proteintech
Proteintech
Proteintech
Novus Biologicals

Li-Cor

RRID:AB_2687938
RRID:AB_2223507
RRID:AB_2273608
RRID:AB_2222878
RRID:AB_2651127

IRDye® 800CW anti-Mouse antibody Li-Cor RRID: AB_2687825
IRDye® 680RD anti-Rabbit antibody Li-Cor RRID: AB_10954442
IRDye® 680RD anti-Mouse antibody Li-Cor RRID: AB_2651128
Chemicals, peptides, and recombinant proteins

Collagenase type IV Worthington L.S004188

Dispase |l MilliporeSigma D4818-2MG
DNAse MilliporeSigma D45131VL

PBS Ca?*/Mg®* ThermoFisher 14190144

PBS without Ca?*/Mg** ThermoFisher 14190250
Antibiotic Antimycotic 100X ThermoFisher 15240062
Mycoplasma removal agent (MRA) Biorad BUF035
Temuterkib (Synonyms: LY3214996) MedChem Express HY-101494
DMEM/F-12 Gibco 11320033

Fetal Bovine Serum Gibco 10437-028
TrypLExpress Gibco 12563011

0.05% trypsin-0.02% EDTA Gibco 25300054
Lipofectamine RNAimax ThermoFisher 13778030
FUuGENE® HD Transfection Reagent Promega E2311

OptiMEM Reduced Serum medium ThermoFisher 51985034
Selective Antibiotic Geneticin™ (G418 Sulfate) ThermoFisher 10131035

Tannic acid ThermoFisher 403040

PIPES Goldbio P-281-100
cytochalasin D MilliporeSigma C8273

Intercept Blocking Buffer LI-COR Biosciences 927-60001

(Continued on next page)
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Intercept® T20 (TBS) Antibody Diluent LI-COR Biosciences 927-65001
Revert 700 nm Total Protein staining LI-COR Biosciences 926-11021
cOmplete™, Mini, EDTA-free Protease Roche 11836170001
Inhibitor Cocktail

PhosSTOP™ Roche 4906845001
Critical commercial assays

SlowFade™ Diamond Antifade Mountant with DAPI Molecular Probes S36964

BCA assay Protein concentration ThermoFisher 23227

Deposited data

Original dataset, on Mendeley

Mass Spectrometry Database

Mass Spectrometry Database

This paper
This paper

This paper and Angelini et al.*

Data are available via ProteomeXchange
(http://www.ebi.ac.uk/pride) with identifier
PXD031223

Data are available via ProteomeXchange

(http://www.ebi.ac.uk/pride) with identifier
PXD041660

Mendeley Repository Database This paper https://doi.org/10.17632/4brzy98vw9.1
Experimental models: Cell lines

Primary adult mouse cardiac fibroblasts This paper N/A
Experimental models: Organisms/strains

Mouse: C57blé/J - young male and female (3—-4 months old) Inner source

C57blé/J mice old male and old female (24-30 months old) National Institute of Aging

Oligonucleotides
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Blender version 3.3
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RESOURCE AVAILABILITY
Lead contact

For further information and requests for resources, please contact Dr. Katarzyna A. Cieslik (cieslik@
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Materials availability

This study did not generate new unique reagents (plasmids and siRNA are available from Origene). There
are restrictions to the availability of the primary adult mouse cardiac fibroblasts because of their limited

passage number for amplification.
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Data and code availability
1. Data

The Matrisomal Mass Spectrometry dataset has been deposited at Proteome Xchange (PRIDE). Itis publicly
available online at the time of publication with the identifiers PXD041660 and PXD031223 via
ProteomeXchange. Accession numbers and links are also listed in the key resources table.

All original files generated in this paper have been deposited at Mendeley and are available as of the date
of publication. DOl is listed in the key resource table.

2.Code

This paper does not report the original code.

3. Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL

Mice

Young (3-4 month-old) male and female C57BL/6J mice were obtained from Jackson Laboratory, and
21-month old female and male C57BL/6J mice were provided by the National Institute on Aging. All the
mice were housed at the Center of Comparative Medicine of Baylor College of Medicine, under a 12 h
day/night cycle, with food and water provided ad libitum. Young mice were used after one-week of accli-
mation time, and old mice were aged until they reached 24-30 months old. At the time of tissue collection,
mice were placed under deep gas anesthesia (5% isoflurane) and directly euthanized by cervical disloca-
tion. The absence of a toe reflex was verified before proceeding to a necropsy.

For histology, a slice of the heart corresponding to the mid-myocardium area was directly placed in Zinc-
Tris fixative [0.1 M Tris-HCl pH 7.8, 0.05% calcium acetate (CH3COO),Ca, 0.5% zinc acetate (CH3COO),Zn,
0.5% zinc chloride ZnCly], dehydrated, and embedded in paraffin.

All animals were treated following the NIH Guide for the Care and Use of Laboratory Animals (DHHS pub-
lication (NIH) 85-23, revised 1996) and approved by the Baylor College of Medicine Institutional Animal
Care and Use Committee. Baylor College of Medicine is certified by USDA (Animal Welfare Act, certifica-
tion number 74-R-0018).

Adult mouse cardiac fibroblasts

Fibroblasts were isolated from young (3-4 months old) and old (24-30 months old) male and female mouse
hearts. The isolation method was performed, as described below (see STAR methods details). Cells were
cultured in complete growth medium [DMEM/F-12 1:1, 10% fetal bovine serum, Antibiotic/Antimycotic 1X
(ThermoFisher # 15240062)] in a 5% CO, wet incubator at 37°C. The cultures are regularly tested for myco-
plasma contamination using the LookOut Mycoplasma PCR Detection Kit (Millipore-Sigma # MP0035), and
the results were negative. Cells prepared from old animals were also carefully checked for phenotype
changing.

A unique identification number is provided to each cell line prepared, based on the following nomencla-
ture "Mouse age (in months-old). Mouse ID_Sex". For instance, 30.80_M refers to the cells from the
30 months-old mouse #80, which is a male. Fibroblasts are stored in a dedicated storage place in a liquid
nitrogen tank, and the location of each vial is recorded in a folder.

METHODS DETAILS

Isolation and culture of adult mouse cardiac fibroblasts

Cardiac fibroblasts were prepared as previously described.® Briefly, the slice of the myocardium (mid-
myocardium to apical) was cut into 1 mm?® —sized pieces and incubated in a digestion buffer containing
2 mg/mL Collagenase type IV (Worthington Cat#LS004188), 2 mg/mL Dispase (Sigma Cat# D4818-2MG)
and DNAse (14.8 U/mL, prepared from Millipore-Sigma #D45131VL) in PBS Ca?*/Mg?" (ThermoFisher
#14190144). The supernatant was passed through a Falcon 40 pum strainer (Fisher-Scientific #08-771-1)
and mixed with an ice-cold quenching buffer [2% fetal bovine serum (from HyClone #SH30071.03),
14.8 U/mL DNAse (prepared from Millipore-Sigma #D45131VL) in PBS without Ca?*/Mg?* (ThermoFisher
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#14190250)]. The final cell suspension was spun down at 300 g to pellet the cells, washed once with sterile
D-PBS, then resuspended in the complete growth medium [DMEM/F-12 1:1, 10% fetal bovine serum,
Antibiotic/Antimycotic 1X (ThermoFisher # 15240062)]. After isolation, cells were left seeding undisturbed
for 48 h, then were thoroughly washed twice with sterile D-PBS.

To prevent mycoplasma contamination, medium was supplemented with 0.5 pg/mL of Mycoplasma
removal agent (Biorad #BUF035) for the first 2 weeks following the isolation.

Cell culture

Fibroblasts are cultured in a complete growth medium in a 5% CO, wet incubator at 37°C. Once the cells
reach no further than 70% confluency, passaging is performed by rinsing the plate once with PBS without
Ca2+ and Mg2+ then applying TrypLExpress (Gibco # 12563011) for 5 min at 37°C. The cells are then pel-
leted by 300 g spin down for 5 min. The supernatant is discarded and the cell pellet resuspended in a vol-
ume of growth medium, according to the experimental need and/or the passaging dilution.

Before the experiment, primary fibroblasts were synchronized in serum-limited medium [DMEM/F-12, FBS
1%, antibiotics-antimycotics 1%]. Cells were dissociated with TrypLExpress (Gibco # 12563011).

For 3D culture: 5x10° cells were seeded on 3D matrices for 2 h at 37°C (without rotation). The assembled
cells/matrices were placed into the biovessels and the motorized rotating system (Synthecon) within a tis-
sue culture incubator. The rotation speed (rpm) was adjusted so that the tissue pieces remained in freefall.
3D cell culture was conducted for 72 h, with a medium change after 48 h.

Matrices invaded by the cells were then fixed, dehydrated and processed for histology.

Two-dimensional (2-D) matrices preparation from cultured cardiac fibroblasts

To prepare 2-D matrices from "donor" cells, experiment was performed following the protocol from Cas-
taldo et al., 2013*? with minor adjustments. Primary cardiac fibroblasts were seeded at 30-50% confluency.
Depending on the later use of the matrices, cells were placed onto wells of a 6-well plate or in 4-well cham-
ber slides. Twenty-four hours after maximal confluency was reached, cells were washed twice with sterile
D-PBS and then placed in a decellularization buffer [20 mM NH4OH and 0.5% Triton in D-PBS] and for
10 min. The supernatant was gently discarded. The wells and chambers were rinsed once with D-PBS,
then the plates were incubated with 7.4 U/mL of DNAse (in D-PBS) for 10-20 min at 37°C. The matrices
were gently rinsed twice with D-PBS and stored at 4°C until ready to use.

Tri-dimensional (3-D) matrices preparation from mouse hearts

Cardiac 3-D Matrices were prepared as previously described.” The heart was sliced in 1-2 mm thick cross
sections, and the pieces were immediately snap-frozen in liquid nitrogen. After thawing, the tissue was
soaked for 24 h with sterile water in a rocker at 4°C. Tissues were incubated in 0.05% trypsin-0.02%
EDTA (Gibco #25300054) for 1 h at 37°C, and then placed in decellularization buffer (2% Triton X-100
and 0.8% ammonium hydroxide in sterile deionized water) for 24 h in a rocker at 4°C. The samples were
rinsed in water for 48 h on a rocker at 4°C. Samples were finally incubated in 7.4 U/ml of DNase (Millipore
Sigma #D4513) in D-PBS for 1 h at 37°C.

Cell transfection (siRNA interference, overexpressing plasmid, and clone selection)

To induce Kindlin-2 knockdown, young cardiac fibroblasts were transfected with 27-mer siRNAs (Origene)
by using Lipofectamine RNAimax (ThermoFisher #13778030) following suppliers’ recommendations.
Briefly, cells were passaged and left growing overnight (10-12 h), so they reached 50-60% confluency on
the day of the experiment. Then, Fermt2 Mouse siRNA Oligo duplexes (Origene #SR419055) were com-
bined with Lipofectamine RNAimax in OptiMEM Reduced Serum medium (ThermoFisher #51985034) for
5 min at room temperature (final concentration 10 nM). These complexes were added directly into the cul-
ture growth medium, and incubation was performed for 72 h. Negative control cells were transfected with
10 nM of Trilencer-27 Universal Scrambled Negative Control siRNA Duplex (Origene cat#SR30005).

To ensure Kindlin-2 overexpression, old cardiac fibroblasts were transfected with 2 pg of Fermt2 Mouse
Untagged clone plasmid (Origene #MC202155) by using FuGene transfection reagent. The complexes
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were assembled in OptiMEM Reduced Serum medium (ThermoFisher #51985034) and incubated for 10 min
at room temperature (final concentration 10 nM). Control cells were transfected with 2 ng of PCMVé-Kan/
Neo Untagged Cloning Vector (Origene #PCMV6KN), following the same protocol.

Clone selection was conducted for both sub-cultured Kindlin-2 overexpressing (K-OE) and transfection
control cells by using 300 pug/mL of Selective Antibiotic Geneticin (G418 Sulfate) (ThermoFisher
#10131035). Due to the lower growth rate of old cardiac fibroblasts (compared with regular cell lines under-
going transfection), the selection was extended for up to 2-3 weeks.

Scanning electron microscopy

The matrices from both mouse hearts and fibroblasts were prepared for scanning electron microscopy. Fi-
broblasts were grown on EM grids (Ted Pella) and after 5 days in culture cells were removed (see 2-D
matrices preparation). Then matrices were fixed as we described below.

For visualization of the myocardial ECM, the samples were prepared as previously described.”” Briefly, a
1 mm? piece of heart (cut at left ventricular mid-myocardium area) was fixed in 4% glutaraldehyde for
1 h, rinsed with distilled H,O and decellularized in 10% (m/vol) aqueous NaOH for 6 days. Next, the tissue
was again washed with water, then stained with 1% (m/vol) tannic acid (ThermoFisher #403040) for 4 h. After
a 12 h-long washing, matrices first underwent osmication and dehydration and then were dried and coated
with 5 nm of platinum using an argon ion beam sputter coater. Image acquisition was performed using an
FEI Nova NanoSEM 230 at the Houston Methodist Electron Core Microscopy.

Immunostaining

Immunostaining was conducted on cells cultured in chamber slides, we used 2% PFA for 10 min as a fixative.
Cells were then permeabilized with Triton X-100 0.5% in PBS for 10 min, and blocking was performed for
60 min in PBS CaZJ'/I\/Ig2+ buffer containing 0.1% NaN3, 0.1% Tween 20, and 1% Bovine Serum Albumin.
Incubation was conducted overnight (12-16 h) with the primary antibodies targeting the protein of interest
(dilutions and references are provided in the table below). Washing steps were performed in Triton X-100
0.1% in PBS thrice for 10 min and staining with a secondary antibody was performed if needed.

Slides were all mounted with coverslips using SlowFade Diamond Antifade Mountant with DAPI (Molecular
Probes #536964).

Picture acquisition was performed using an Olympus Provis-AX70 microscope and a Qlmaging Retina
2000R camera (x10 and x20 objective lens) on QCapture Pro 6.0 software. RGB stacking and channel merg-
ing (from greyscale originals) was performed using ImageJ 1.52a version. The experimenter was blinded
during the image acquisition.

Antibody/reagent Specie Provider Cat# RRID Dilution

Anti-Kindlin-2 Polyclonal rabbit Thermofisher 11453-1-AP  RRID:AB_2262660 1:200

Conjugated anti-a-SMA Mouse monoclonal  Millipore F3777 RRID:AB_476977  1:200
(conjugated) Sigma

Phalloidin-Tetramethylrhodamine  N/A Millipore P1951 RRID:AB_2315148 1:200

B isothiocyanate Sigma

Actin fractionation

Cells were lysed directly in 100 L of actin stabilization buffer [0.1M PIPES(pH 6.9), 1 mM MgSQ,, 1 mM EGTA,
1 mM ATP, 30% glycerol, 5% DMSO, 1% Triton X-100, pH 7-8, containing cOmplete, Mini, EDTA-free Protease
Inhibitor Cocktail (Roche #11836170001) and PhosSTOP (Roche #4906845001)]. The homogenate was incubated
for 15 min on ice. The lysate was then centrifuged at 300 g at 4°C to remove insoluble particles.

The F-actin and G-actin of the cell lysates were separated by centrifugation at 16,000 g for 45 min at 4°C. After
centrifugation, the supernatant (G-actin) was collected into a fresh tube, while the pellet (insoluble F-actin) was
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resuspended in an ice-cold actin depolymerization buffer [0.1M PIPES, 1 mM MgSQy,, CaCl, 0.01M, pH 7-8,
containing 1 mM cytochalasin D (Sigma-Aldrich #C8273) and proteases/phosphatase inhibitors cocktail (cOm-
plete, Mini, EDTA-free Protease Inhibitor Cocktail #11836170001 and PhosSTOP #4906845001, both from
Roche)]. The resuspended pellet was incubated on ice for 15 min to make it soluble for Western blot.

Cell lysate

Cells were washed twice with ice-cold D-PBS and directly homogenized in a cell lysis buffer [HEPES 10 mM,
KCI 10 mM, EDTA 0.1 mM, and NP-40 0.5%] containing 1X antiproteases/antiphosphatases (cOmplete,
Mini, EDTA-free Protease Inhibitor Cocktail #11836170001 and PhosSTOP #4906845001, both from Roche).

Western blot

Migration and transfer were performed under denaturing conditions. The nitrocellulose membranes
were blocked for 1 h with Intercept Blocking Buffer at room temperature (LI-COR Biosciences #927-
60001) and blotted with the primary antibodies diluted in Intercept T20 (TBS) Antibody Diluent (Li-Cor
#927-65001) for 12 h (at 4°C) (details of antibody dilution provided in the table below). Secondary anti-
bodies (anti-rabbit IgG 800 nm (Cat# 926-32211, RRID:AB_621843) and anti-mouse IgG 680 nm (Cat#
926-68072, RRID:AB_10953628), both from LI-COR Biosciences) were diluted at 1:20,000 and incubated
for 1 h. Washing steps were performed at room temperature using PBS-Tween-0.1% or PBS. Infrared detec-
tion was performed using an Odyssey Imager (LI-COR Biosciences). Quantification was done by densitom-
etry using Image Studio Lite (version 5.2) and normalized to the signal for total protein staining (performed
before blocking using Revert 700 nm Total Protein staining from LI-COR Biosciences (Cat# 926-11021)).

Antibody/reagent Specie Provider Cat# RRID Dilution
Anti-Kindlin-2 Polyclonal rabbit Thermofisher ~ 11453-1-AP  RRID:AB_2262660  1:1000
Anti-a-smooth muscle actin - Mouse monoclonal MilliporeSigma  F3777 RRID:AB_262054 1:3000
Anti-P-ERK1/2 Rabbit Cell Signaling #4376 RRID:AB_331772 1:1000

Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204)

Anti-ERK1/2 Mouse Cell Signaling 4696 RRID:AB_390780 1:2000
Anti-B-actin Rabbit Cell Signaling 4967 RRID:AB_330288 1:3000
Anti-B-actin Rabbit Proteintech 66009-1-lg  RRID:AB_2687938  1:3000
Anti-Y-actin Mouse Proteintech 11227-1-AP  RRID:AB_2223507  1:3000
Anti-a-skeletal actin Mouse Proteintech 17521-1-AP  RRID:AB_2273608  1:3000
IRDye® 800CW anti-Rabbit Goat IgG Secondary Li-Cor 926-32211 RRID:AB_2651127  1:10,000
antibody

IRDye® 800CW anti-Mouse Goat IgG Secondary Li-Cor 925-32210 RRID: AB_2687825  1:20,000
antibody

IRDye® 680RD anti-Rabbit  Donkey IgG Secondary Li-Cor 926-68073 RRID: AB_10954442 1:10,000
antibody

IRDye® 680RD anti-Mouse  Goat IgG Secondary Li-Cor 925-68070 RRID: AB_2651128  1:20,000
antibody

Mass spectrometry

We followed the detailed protocol published by Angelini et al.* Briefly, the decellularized hearts were di-
gested using LysC and Trypsin. Peptides were subjected to C18 cleanup using a C18 disk plug (3M Empore
C18) and dried in a speed vac. Then, LC-MS/MS analysis was carried out using an EASY-nLC 1200 system
(Thermo Fisher Scientific, San Jose, CA) coupled to Orbitrap Lumos ETD mass spectrometer (Thermo
Fisher Scientific, San Jose, CA). Obtained MS/MS spectra were searched against target-decoy Mus muscu-
lus NCBI RefSeq protein database in the Proteome Discoverer (PD2.1, Thermo Fisher) with Mascot algo-
rithm (Mascot 2.4, Matrix Science'®). The peptides identified from the mascot result file were validated
by Percolator'®" and were thresholded at a 5% false discovery rate (FDR). The gene product inference
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and iBAQ-based quantification was carried out using the gpGrouper algorithm.'%” The median normalized
iBAQ values were used for data analysis.'*® 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 corrected
p value was calculated using the Benjamini-Hochberg procedure.'®

Microfilament orientation

Microfilament orientation was determined using OrientationJ plugin in ImageJ, based on the method
described by Pispoki et al.”? The gradient-based estimating algorithm generates multicolor pictures
from original grayscale pictures of phalloidin-TRIC stainings, one color representing one orientation de-
gree (between 0° and 180°) of the F-actin filaments.

Figure preparation
Immunostaining and Western blot files were processed using ImageJ.'?” For the graphical abstract, the first
layout was made on 3D software (Blender version 3.3) using a WACOM digital tablet and Powerpoint.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics

Data are shown as a mean + standard error of the mean (SEM). For the comparison of two groups, an unpaired
Student'’s t-test was performed, followed by Welch’s correction. When the statistics analysis involved more
than two groups, one-way ANOVA was performed, followed by a post hoc Brown-Forsythe and a Welch
analysis. Statistics were run on GraphPad Version 9.2.0. Statistical details of the experiments (including the
replicates and what n number represents) can be found in the legends of the figures, while means + SEM
and P-value are also indicated within the text. On each diagram of the figures, p value is indicated, and asterisk
depicted the degree of significance (*p < 0.05; ** 0.05 > p > 0.01; ***p < 0.001; ****p < 0.0001).

Information about replicates, randomization and blinding methods

For each experiment, the n number indicated in the caption of the figures represent the number of exper-
imental replicates. To comply with ethical refinement (i-e: limited use of animals), and the slow growth state
of the primary old cells, a cell line is routinely used to perform multiple tests once they reach the exponen-
tial growth state, but each cell line is only used once per each experimental test (e-g: Western blot for
Kindlin-2 and F-G actin fractions).

When sex- and/or age-specific effects are to be estimated, young and old cells are placed in culture, syn-
chronized and treated at the same time, in such a way that young male, young female, old male and old
female cells reach the overall same passage number and be compared in a specific experiment point.

Each cell line is assigned an unique ID based on original mouse ID. Table in the repository document in-
dicates the ID of each cell line for each experiments shown in the figures.

At the time of processing samples, samples received a unique but neutral identification number
(for instance "“K" for Kindlin-2 manipulation, “MX" for a matrix swap experiment, “LY" for ERK inhibitor,
for both controls and treated samples. Numbers are the order of collection, with no specific organization
by treatment). When possible, Western blots were run by third-party. For immunostaining, slide identifica-
tion is masked and revealed only after picture analysis. However, the change of phenotype in ERK1/2 inhib-
itor treated cells, si-K2 cells and K-OE cells on matrix swap is so obvious that the experimenter is aware
about the group composition while analyzing the pictures.

As an attempt to remain objective, data are regularly blind-shared to ascertain the robustness of the exper-
imenters’ observations.

Spontaneous transformation may happen stochastically in culture, and especially while working with pri-
mary cells from aged animals. The risk of dedifferentiation increases with the passage number and
freeze/thaw stress. For this reason, a cell line is removed from any experimental studies once it reaches pas-
sage 10. It can be eventually excluded, regardless of its passage number, when uncontrolled growth and/or
changes in cell shape (glioblastoma-like) are observed. These cells usually acquired mutations and tumor-
igenic adaptive capacities that make them non-representative from their original group.
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