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Abstract

MT1-MMP (MMP14) is a collagenolytic enzyme located at the cell
surface and implicated in extracellular matrix (ECM) remodeling.
Mmp14”’ mice present dwarfism, bone abnormalities, and
premature death. We demonstrate herein that the loss of MT1-
MMP also causes cardiac defects and severe metabolic changes,
and alters the cytoskeleton and the nuclear lamina structure.
Moreover, the absence of MT1-MMP induces a senescent pheno-
type characterized by up-regulation of p16™ 4% and p21°P/WAF1,
increased activity of senescence-associated p-galactosidase, gener-
ation of a senescence-associated secretory phenotype, and
somatotroph axis alterations. Consistent with the role of retinoic
acid signaling in nuclear lamina stabilization, treatment of
Mmpl4~'~ mice with all-trans retinoic acid reversed the nuclear
lamina alterations, partially rescued the cell senescence pheno-
types, ameliorated the pathological defects in bone, skin, and
heart, and extended their life span. These results demonstrate that
nuclear architecture and cell senescence can be modulated by a
membrane protease, in a process involving the ECM as a key regu-
lator of nuclear stiffness under cell stress conditions.
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Introduction

The extracellular matrix (ECM) provides an attachment substrate
for most cells, but its composition and stiffness are also able to
modify many cellular characteristics (Eyckmans et al, 2011).

Furthermore, certain ECM proteins can limit the access of cells to
specific growth factors, by sequestering them within the ECM
(Bergers et al, 2000). Therefore, the ECM constitutes an essential
player during development and differentiation. Due to the dynamic
nature of the ECM, a cellular response to different stimuli can result
in a massive remodeling of this matrix. This response can be slow,
by modifying its composition through secretion of alternative ECM
proteins, or fast, by activating specific proteases which cleave and
modify the ECM surrounding the cell.

Matrix metalloproteinases (MMPs) constitute a group of extra-
or pericellular proteases with the ability to process virtually all
components of the ECM (Fanjul-Fernandez et al, 2010; Kessenbrock
et al, 2010). Among them, collagenases represent a small subgroup
of MMPs which precisely cleave fibrillar collagens and initiate colla-
gen degradation and ECM remodeling. Collagenase-1, collagenase-2,
and collagenase-3 (MMP-1, MMP-8, and MMP-13) were initially
discovered by their ability to cleave collagen in different cell types
(Overall & Lopez-Otin, 2002). However, the generation of mice
deficient in specific MMPs has revealed that membrane-bound
MTI1-MMP (MMP14) is a powerful collagenase, necessary for cell
invasion through collagen-rich ECMs (Sabeh et al, 2004). The
importance of MT1-MMP in cell function has also been reinforced
by the analysis of animals lacking different MMPs. Thus, mutant
mice deficient in any of the three secreted collagenases (Mmpla,
Mmp8, and Mmpl3) are viable and fertile (Balbin et al, 2003;
Fanjul-Fernandez et al, 2013; Inada et al, 2004). In contrast, loss of
mouse MT1-MMP (Mmpli4) results in a complex phenotype that
leads to premature death as soon as 3 weeks after birth (Holmbeck
et al, 1999; Zhou et al, 2000). Mmp14-deficient mice show dwarf-
ism, osteopenia, and severe connective tissue abnormalities, as well
as defects in adipose tissue formation and alveolar development
(Atkinson et al, 2005; Chun et al, 2006). Nevertheless, the systemic
effects caused by the loss of MT1-MMP and the effect of a deficient
ECM remodeling on cell structure and function are largely
unknown.
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The ECM and the cytoskeleton constitute dynamic structures
which are tightly interconnected at the plasma membrane by
integrins (Hynes, 2002). These heterodimeric proteins are able to
bind specific ECM components at the outer surface and, at the same
time, recruit adaptor proteins to the cytoplasmic side, thus linking
integrins with components of the cytoskeleton and intracellular
signaling networks. The cytoskeleton is connected to the nucleus by
a series of proteins that constitute the LINC complex (linker of the
nucleoskeleton and the cytoskeleton) (Crisp et al, 2006; Mellad et al,
2011). This intricate network of proteins and filaments provides
mechanosensor properties to cells, allowing them to adapt to
different forms of mechanical stress (Martins et al, 2012). Genetic
inactivation of the murine genes encoding lamin A or other
components of the nuclear envelope causes progeroid syndromes
characterized by short life span, lipodystrophy, and cardiac and
skeletal abnormalities, as well as inability to produce a functional
ECM (Hernandez et al, 2010; Osorio et al, 2011; Pendas et al, 2002).
It is remarkable that some of these phenotypes have also been
reported in Mmpl4-deficient mice (Chun et al, 2006; Holmbeck
et al, 1999; Zhou et al, 2000). Interestingly, depletion of the Sun-1
protein from the LINC complex in lamin A-deficient progeroid
animals extends their longevity and ameliorates most pathological
phenotypes (Chen et al, 2012), underscoring the importance of the
nucleus—cytoskeleton connection in premature aging and cellular
senescence. It is also remarkable the recent finding that ECM
stiffness increases the relative abundance of lamin A through a
process modulated by the retinoid receptor signaling pathway (Swift
et al, 2013), reflecting the critical role of lamin A in mechanosensing
(Buxboim et al, 2014).

Herein, we show that the abnormal proteolytic processing of
ECM components in Mmp14-deficient mice triggers signaling events
that alter the nuclear lamina and cytoskeleton structure. Moreover,
loss of Mmp14 elicits a cellular senescence response characterized
by major metabolic changes. We also show that the Mmpl4-
mediated proteolytic activity prevents the senescent phenotype of
Mmp14-deficient cells, providing evidence of a cellular senescence
response caused by abnormal ECM remodeling. Finally, we report
that treatment of MmpI4-null mice with retinoic acid rescues some
of their senescent features and increases their life span.

Results

Generation and characterization of a new strain of Mmp14-
deficient mice

We generated mice deficient in MmpI4 by deleting exons 4 and 5,
encoding the MT1-MMP catalytic domain (Supplementary Fig S1A).
MT1-MMP protein could not be detected in Mmp14~/~ tissues by
Western blot analysis, and a reduction in the activation of
pro-MMP2 (a substrate for MT1-MMP) was observed by gelatin
zymography (Supplementary Fig S1B). In agreement with previous
studies (Holmbeck et al, 1999; Zhou et al, 2000), Mmp14’/’ mice
were smaller than their wild-type littermates and showed a reduced
growth which was evident as soon as 4 days after birth (Supplemen-
tary Fig S1C and D). These mutant mice failed to grow and their
mean survival was 14 days (Supplementary Fig S1E) (Zhou et al,
2000). Mmpl4 deficiency also resulted in a severe skeletal
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phenotype which has been thoroughly investigated (Holmbeck et al,
1999; Zhou et al, 2000). We also found prominent cranial sutures
in Mmpl4-null mice (Supplementary Fig S1F) and a marked
impairment of the collagenolytic activity in MmpI4-null fibroblasts
(Supplementary Fig S1G). A more detailed analysis of these mutant
mice allowed us to identify other alterations, including an
enlargement of the distal airways and alveoli, the accumulation of
extravasated blood cells in the lung matrix of Mmp14’/ ~ mice, and
the presence of inflammatory cells around biliar ducts, which were
not detected in wild-type mice (Supplementary Fig S1H). We also
observed that the skeletal muscle structure was altered in
Mmp14-deficient mice as assessed by the detection of changes in the
activity of several mitochondrial enzymes such as succinate
dehydrogenase and by the accumulation of collagen fibers in muscle
from Mmpl4~/~ mice (Supplementary Fig S1I). Furthermore,
muscle fiber length was 30% shorter in MmpI4~/~ animals than
that in control mice (29 versus 20 pm, P < 0.05) (Supplementary
Fig S1J). Together, and despite the clear skeletal abnormalities
observed in Mmpl4 /" mice, these data show additional alterations
in non-skeletal tissues which might contribute to the early death of
these animals.

Loss of MT1-MMP induces cellular senescence

Notably, we also observed that MmpI4-null mice exhibit cardiovas-
cular defects which have not been previously reported in other
strains of MmpI4-null mice. We found a thickened muscular wall of
the right ventricle and ventricular septum hypertrophy in 16-day-old
Mmpl4~/~ hearts (Fig 1A; Supplementary Fig S2A), suggesting
abnormal cardiac function in these animals. These cardiac abnor-
malities were accompanied by a strong accumulation of type I colla-
gen in hearts from MmpIl4 /™ mice as determined by picrosirius red
staining to visualize collagen. Quantitative PCR analysis of different
factors involved in cardiomyocyte function revealed that hearts
from Mmpl4~/~ mice accumulate p-myosin heavy chain (B-MHC/
Myh7), gap junction connexin 40 (Cx40) and NKx2.5 (Supplemen-
tary Fig S1IK-M). These findings reflect either an improper matura-
tion of cardiomyocytes during heart development or the presence of
cardiac stress in these animals (Lowes et al, 1997). Interestingly,
Mmpl4~/~ mice also exhibited an accumulation of sudan black
staining in heart, which detects the complex lysosomal aggregate
known as lipofucsin, that usually accumulates in aged tissues,
suggesting the occurrence of a senescence process in their cardiac
tissue (Georgakopoulou et al, 2013) (Fig 1B; Supplementary Fig
S2B). The finding of these cardiac defects and cell senescence
features in mice lacking MT1-MMP led us to evaluate the putative
presence of senescence in other tissues from these mutant animals.
Analysis of the senescence-associated [-galactosidase (SA-B-Gal)
activity, a biomarker for senescence and aging cells, demonstrated
that it was clearly augmented in kidney from Mmpl4~/~ mice
(Fig 1C; Supplementary Fig S2C), reflecting an increased number
of senescent cells in vivo. Similarly, higher SA-B-Gal activity
was observed in adipose tissue and fibroblasts derived from
MmpI14-deficient mice (Fig 1C; Supplementary Fig S2C). To further
confirm the senescence phenotype, we performed a BrdU incorpora-
tion assay to corroborate the lack of proliferation in these fibroblasts
(Fig 1D), and an immunofluorescence assay of HP1y, a senescence-
associated heterochromatin protein that is accumulated in the foci
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of senescence cells (Fig 1E). We next analyzed different molecular
mediators implicated in the senescence process. The tumor suppres-
sor protein p16™¥*? a marker of cellular senescence (Collado &
Serrano, 2010; Krishnamurthy et al, 2004), showed a strong
accumulation in fibroblasts derived from MmpI14~/~ mice (Fig 1F).
Gene expression analysis also revealed that the cyclin-dependent
kinase inhibitor 1A (p21“"//WAFT) "4 direct target of p53 involved in
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senescence processes (Baker et al, 2013), was overexpressed in
Mmp14~/~ muscles (Fig 1G). Thus, quantitative RT-PCR analysis
showed that p21“""/WAF! expression was 11-fold higher in muscles
from Mmpl4~/~ mice when compared with Mmpl4*/* animals
(P <0.01) (Fig 1G). Likewise, Mmpl4 deficiency also caused a
6-fold (P < 0.01) and a 2-fold (P < 0.05) increase in p21°F/WAF!
expression in kidney and liver, respectively (Supplementary Fig S3A
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Figure 1. Lack of MT1-MMP activates a cellular senescence signaling process and causes alterations in the somatotroph axis.

A Cardiac defects and accumulation of collagen fibers in Mmp14-deficient mice. H&E and picrosirius red staining of hearts from 15-day-old mice.
B Sudan black staining counterstained with nuclear fast red to visualize senescence activity in hearts from MmpI4-deficient mice (40x magnification, and right panel

shows a detailed view of the area indicated on the left panel).

C  SA-B-Gal activity was assayed in kidney, adipose tissue (dashed square and H&E staining to confirm the adipose tissue), and fibroblasts from control and Mmp14~/~

mice (n = 3) for each condition.
Percentage of cells with positive staining for BrdU.

T O ™ mQg

Absence of MT1-MMP reduces cell proliferation. Control and Mmpl4’/’

Senescence heterochromatin foci were visualized by HP-1y immunostaining. The number of foci per cell is represented. A representative image is shown.

Western blot (left panel) and RT-qPCR analysis (right panel) of p16™*#? in control and Mmp14 '~ fibroblasts.

Gene expression analysis of p21<PY"4FL by RT_qPCR in muscle from 15-day-old control and Mmp14~/~ mice.

cells (1 million cells), passage 1, were seeded onto plates and every 3 days cell populations

were counted. The graphic shows the log2 of the number of million cells for each population. The experiment was done in triplicate using fibroblasts from three

wild-type and three mutant mice.

| Plasma samples from 15-day-old Mmp14 /~ and Mmpl4+/* mice were collected and pooled, and levels of IL-6 were measured by ELISA (n = 12). Each sample was

measured in triplicate.

ood glucose concentrations in Mmp. n = and Mmp14~" (n = of 15-day-old mice.
Blood gl ions in Mmp14** 12) and Mmp14~/ 12) of 15-d Id mi

K, L Plasma concentration of IGF-1 and GH was measured in 15-day-old Mmp14

normalized to the mean control.

/-

mice (n = 4) and their wild-type littermates (n = 4). Concentrations were

Data information: Mean values are represented and error bars indicate SD (*P < 0.05, **P < 0.01; two-tailed Student’s t-test).
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and B), suggesting that cellular senescence is induced in different
tissues from these mutant mice.

Further analysis of putative senescent features revealed that
Mmpl14~/~ fibroblasts exhibited a significant proliferative decrease,
when compared with wild-type fibroblasts (Fig 1H). Additionally,
and consistent with the fact that MT1-MMP triggers anti-inflamma-
tory responses (Shimizu-Hirota et al, 2012), we observed signs of a
chronic inflammatory response in Mmpl4~/~ mice, characterized
by a significant increase in plasma levels of interleukin-6 (Fig 1I)
and the chemokine CXCL-1 (Supplementary Fig S3C). These results
support the occurrence of a senescence-associated secretory pheno-
type in Mmpl4~/~ animals, as previously described in other mouse
models of cellular senescence (Osorio et al, 2012; Rodier et al,
2009; Tchkonia et al, 2013). Furthermore, and in agreement with
recent data showing that the TGF-B1 pathway mediates paracrine
senescence and influences senescence in vivo (Acosta et al, 2013),
we observed that Mmpl4-deficient mice show a significant increase
in TGF-B1 levels (Supplementary Fig S3D).

Finally, we examined telomere length in cells from MmpI4-null
mice, as telomere shortening is believed to promote cell senes-
cence and it has been proposed to be a hallmark of biological
aging (Lopez-Otin et al, 2013). By using a quantitative PCR
method, we observed a significant reduction in telomeric TRF (ter-
minal restriction fragment) in muscles from MmpI4-null mice
(Supplementary Fig S3E). Collectively, these findings indicate that
the loss of MT1-MMP induces a cell senescence process, which
may contribute to explain the phenotypic alterations observed in
MmpI14-null mice.

Loss of MT1-MMP causes profound metabolic changes

We next explored whether non-cell-autonomous alterations detected
in mouse models with cellular senescence phenotypes could also be
present in Mmpl4-null mice. We found that Mmpl4~/~ mice are
hypoglycemic, with blood glucose concentration three times lower
in these mutant mice when compared to Mmp14™*/* littermates (71
versus 227 mg/dl, P < 0.01) (Fig 1J). Due to the short age of these
mice, glucose levels were determined before weaning. Nevertheless,
these alterations in blood glucose could not be attributed to differ-
ences in access to food, as animals from both genotypes had visible
milk in their stomachs.

Next, we observed that lack of MT1-MMP causes a profound
alteration of the somatotroph axis, a major regulator of longevity
from nematodes to man (Lopez-Otin et al, 2013; Niedernhofer et al,
2006; Russell & Kahn, 2007). Circulating levels of insulin-like
growth factor 1 (IGF-1) were drastically reduced in plasma from
Mmpl4~/~ animals in comparison with wild-type mice (73 versus
608 pg/ml, P < 0.01) (Fig 1K). As IGF-1 synthesis is mainly regu-
lated by circulating growth hormone (GH), we also measured
plasma GH concentration in these animals with the finding of very
high levels of circulating GH in MmpI4~/~ mice when compared to
wild-type littermates (13 versus 2.3 pg/ml, P < 0.05) (Fig 1L).
Furthermore, expression of miR-1, which targets IgfI and is altered
during premature aging (Marifio et al, 2010), was dramatically
increased up to 159-fold in the liver of MmpIl4~/~ animals when
compared with wild-type mice (P < 0.01) (Supplementary Fig S3F).
Taken together, these results demonstrate that, in addition to cell
intrinsic abnormalities, the loss of MTI1-MMP causes profound
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systemic alterations which closely resemble those previously
described in different models of cell senescence and premature

aging.

Mmp14 deficiency alters nuclear envelope structure and
cytoskeleton organization

The fact that mesenchymal tissues appeared to be more affected
than other tissues by the lack of MT1-MMP likely reflects the sensi-
tivity of these tissues to mechanical tensions created by their inter-
actions with the ECM (Buxboim et al, 2010). Microscopic analysis
of Mmpl4~/~ fibroblasts revealed profound aberrations in the
nuclear envelope. Confocal microscopy with antibodies against the
nuclear lamina component lamin A/C showed an abnormal
morphology of the nucleus, including the presence of blebs and
herniations of the nuclear lamina in Mmpi14 /" fibroblasts, which
were not observed in Mmp14*/* cells (Fig 2A).

Nuclear envelope abnormalities are a common feature of
several progeroid syndromes caused by mutations which lead to
an abnormal maturation of prelamin A (Agarwal et al, 2003; De
Sandre-Giovannoli et al, 2003; Dechat et al, 2008; Eriksson et al,
2003; Gordon et al, 2014; Varela et al, 2008). Mmp14’/’ fibro-
blasts showed marked differences in lamin A levels when
compared with cells from wild-type mice, as revealed by Western
blot analysis (Fig 2B). The connection between nucleus and cyto-
skeleton involves a series of LINC complex proteins, including
nesprins and Sun proteins located in the nuclear membrane (Crisp
et al, 2006). Nesprin-3 is an important member of this complex
that links the nuclear envelope to intermediate filaments (Ketema
& Sonnenberg, 2011). Analysis of nesprin-3 levels revealed a
significant increase in this LINC component in Mmpl4 /= cells
when compared to wild-type cells, both at the protein and at the
transcriptional level (Fig 2B and C). In addition, the expression of
two other components of the LINC complex, Sun-1 and Sun-2,
was also slightly altered in muscles from MmpI4-null animals
(Fig 2B, D and E). These results suggest a deficient connectivity
between nuclear envelope and cytoskeleton in mice lacking MT1-
MMP, which likely contributes to the nuclear abnormalities
observed in these animals.

Previous studies have shown that the nuclear stress caused by
alterations in the nuclear envelope is frequently accompanied by
DNA damage, which triggers a DNA damage response (Saha et al,
2013). Accordingly, immunofluorescence staining for the histone
vH2AX, an early marker of cell response to DNA damage, revealed
that Mmp14~/~ fibroblasts displayed an increased number of DNA
damage foci when compared to control fibroblasts (Fig 2F). These
nuclear structure abnormalities found in Mmp14~/~ cells were also
accompanied by marked alterations in the cytoskeletal organization
around the nucleus (Fig 2G). Immunofluorescence analysis of cyto-
skeleton filaments showed that MmpI4*/* cells presented a well-
organized structure of the cytoskeleton around the nucleus.
However, we observed a marked reduction in the number of actin
fibers in the perinuclear and nuclear region of Mmp14~/~ fibroblasts
(Fig 2G). Furthermore, vimentin was also altered in Mmp14’/ -
cells, displaying an irregular distribution characterized by its
marked accumulation at one side of the nucleus and its complete
absence in other areas (Fig 2G). We also observed a diminished
number of tubulin filaments in the nuclear region (Fig 2G). These

© 2015 The Authors
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Figure 2. Structural and morphological alterations of the nuclear envelope and cytoskeleton in Mmp14-deficient mice.

A Immunofluorescence analysis of the nuclear envelope architecture in Mmp14~'~ mice stained with an anti-lamin A/C antibody and counterstained with DAPI. The
plot represents the percentage of nuclei with alterations, blebbing, or irregular shape in Mmp14*/* and Mmp14 /= fibroblasts.
B Western blot analysis of proteins of the nuclear envelope from Mmp14*/‘ and /\/lmpl4’/’ fibroblasts using specific antibodies against lamin A/C, nesprin-3, Sun-1,

and Sun-2. B-actin was used as a loading control.

C-E Transcriptional analyses by RT-qPCR of nesprin-3, Sunl, and Sun2 were performed in skeletal muscle from control and Mmp14 = mice. A GAPDH probe was used to

normalize the expression level.

F Immunofluorescence staining of yH2AX foci in fibroblasts from Mmp14 /'~ and control mice (left panel). The percentage of nuclei that were positive for YH2AX is
represented in the graphic (right panel). Three independent experiments were carried out for each genotype.

G Alteration of cytoskeleton structure around the nucleus in Mmp14 '~ fibroblasts compared to wild-type cells. Confocal microscopy of cytoskeleton filaments,
tubulin, F-actin (phalloidin), and vimentin stained in red; the nuclear lamin was stained with an anti-lamin A/C antibody (green) and counterstained with DAPI
(blue). All the images in the z-stack were used to generate a maximum intensity projection (63x magnification).

Data information: Mean values are represented and error bars indicate SD (*P < 0.05, **P < 0.01; two-tailed Student’s t-test).

alterations were similar to those reported in cells deficient in
nesprin-3 (Postel et al, 2011).

Then, and because the connection between ECM and cytoskeleton
is mainly mediated by cell adhesion molecules, we evaluated the
putative occurrence of changes in cell adhesion proteins in tissues
from Mmpl4-null mice. By using RT-qPCR, we found that the
expression of integrin P6 was drastically reduced in Mmpl4 /"
muscles when compared to wild-type animals (0.059 versus 1,
P < 0.01) (Supplementary Fig S3G). By contrast, other molecules
implicated in cell adhesion, such as osteopontin, showed a marked
increase in Mmpl4~/~ muscle (8.6 versus 1, P < 0.01) (Supplemen-
tary Fig S3H). These alterations were accompanied by changes in the
activation of downstream effectors, such as the focal adhesion kinase
(FAK). Western blot analysis of muscle tissue from Mmp14~/~ mice

© 2015 The Authors

and wild-type littermates showed that phosphorylation of Tyr397 in
FAK was increased in Mmp14~/~ muscles compared to Mmp14*/*
controls, while total levels of FAK were similar in both genotypes
(Supplementary Fig S3I). Taken together, these results indicate that
the loss of MT1-MMP causes marked alterations in both nuclear
envelope structure and cytoskeletal organization.

MT1-MMP proteolytic activity is required for maintaining
cell integrity

To further address the role of MT1-MMP in regulating the cytoskele-
tal and nuclear structure, we transduced Mmpl4-deficient fibro-
blasts, seeded onto collagen plates, with expression vectors for
either wild-type MT1-MMP or a catalytically inactive mutant
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(E217Q) of this metalloprotease. We observed that overexpression
of wild-type MT1-MMP partially rescued the cytoskeletal abnormali-
ties in a significant fraction (60 versus 25%, P < 0.05) of MmpI4-
deficient cells, but infection with a catalytically inactive mutant
failed to significatively rescue this phenotype (Fig 3A), demonstrat-
ing that the proteolytic activity of MT1-MMP is required for this
process. To determine whether MT1-MMP-mediated remodeling of
the ECM is able to induce the phenotypic alterations observed in
Mmpl4-null mice, we placed MmpI4~/~ fibroblasts on a collagen
matrix that was previously cultured for 48 h with either wild-type
or Mmpl4-deficient fibroblasts, which were detached afterward.
Mmpl4~/~ fibroblasts were grown for 48 h on these two collagen
matrices and then analyzed (Fig 3B). We found that when collagen
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was precultured on the presence of Mmpl4™/* cells, this collagen

matrix was able to reduce in more than 50% the number of
Mmpl4~/~ cells with cytoskeletal abnormalities, while collagen
precultured with Mmpi14~/~ cells failed to rescue this phenotype
(Fig 3B). These results support the idea that deficient ECM remodel-
ing is responsible for both the nuclear abnormalities and cellular
senescence phenotype observed in MmpI4-null mice.

Finally, we cytoskeleton organization in
pMX-Tomato-expressing Mmpl4~/~ fibroblasts co-cultured with
either Mmpl4~/~ or Mmpi4*/" fibroblasts (Fig 3C). Co-culture of
Mmpl4~/~ fibroblasts with Mmpl4/~ cells did not alter the
phenotype of these cells, which showed an abnormal distribution
of intermediate filaments around the nucleus, while co-culture
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Figure 3. The proteolytic activity of MT1-MMP is required for maintaining cell integrity.

A 293T cells were transfected with retroviral vectors (pMX-GFP) containing the wild-type MT1-MMP or a catalytically inactive mutant (E217Q). Mmpl4’/’ fibroblasts
were infected with retroviral particles containing wild-type MT1-MMP or a catalytically inactive mutant (E217Q). Then, cells were seeded onto collagen plates,
cultured for 2 days, and immunostained with vimentin (red) to visualize the fibers (100x magnifications). Right panel represents the percentage of cells with fibers

around the nuclear region (n = 50 cells).

B Alterations in the cytoskeleton structure are rescued after ECM exchange. Fibroblasts obtained from either Mmp14** or Mmp14~'~ animals were seeded onto
collagen plates and cultured for 2 days. Then, cells were detached and Mmpl4’/’ cells were seeded onto plates with an ECM derived from either Mmp14*/+
fibroblasts (ECM**) or Mmp14~/~ fibroblasts (ECM~/~). Immunofluorescence analyses were performed using a vimentin antibody (right panel, 100x magnification).
Middle panel represents the percentage of cells containing fibers around the nucleus after co-culturing (n = 50 cells).

(@}

The extracellular activity of MT1-MMP is required for maintaining a correct cytoskeleton structure around the nucleus. Mmpl4’/’ fibroblasts were transduced with

pMX-Tomato-expressing vector (Red) and co-cultured in collagen plates for 2 days in the presence of either Mmp14** or Mmp14~'~ fibroblasts, and
immunofluorescence analysis was performed using a vimentin antibody conjugated to Alexa488 (40x magnification).

D The percentage of cells with fibers around the nuclear region is shown. Only cells with no fibers around the nuclei were considered for the containing.

E SA-B-Gal activity was assayed in co-cultured cells, and the number of positive cells was evaluated. Data represent the mean of 10 random fields for each condition.

Data information: Mean values are represented and error bars indicate SD (*P < 0.05, **P < 0.01; two-tailed Student’s t-test).
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with wild-type fibroblasts was sufficient to partially rescue the
cytoskeletal abnormalities observed in Mmpl4-deficient cells
(Fig 3D). Moreover, the senescence phenotype observed
Mmpl4~/~ fibroblasts was partially rescued when these cells were
co-cultured with Mmp14*/* cells (Fig 3E). Altogether, these data
rule out the hypothesis that the Mmp14-dependent organization of
the cytoskeleton and the cellular senescence caused by loss of
MT1-MMP was due to potential intracellular activities of this prote-
ase (Golubkov et al, 2005), and support an extracellular activity
responsible for this effect.

in

Retinoic acid ameliorates nuclear alterations and increases life
span of Mmp14-null mice

Recent reports have linked ECM stiffness with the accumulation of
lamin A in the nucleus, which drives nuclear translocation of the
retinoic acid receptor beta to stimulate LMNA transcription, whereas
treatment with all-trans retinoic acid (ATRA) agonists decreases
lamin A levels (Swift et al, 2013). Although retinoids were first
described as inhibitors of MMP production (Dutta et al, 2010;
Rankin et al, 2013; Schroen & Brinckerhoff, 1996), further studies
demonstrated that these compounds induce the expression of several
MMP family members, such as collagenase-3 and MT1-MMP, in
chondrocytic cells (Jimenez et al, 2001; Zhang & Ross, 2013). We
asked whether ATRA treatment could restore the cellular alterations
observed in Mmpl4-deficient mice. To explore this possibility,
fibroblasts were treated with 1 uM ATRA for 2 days and, then, the
cellular abnormalities of Mmp14-deficient mice were analyzed. We
observed a remarkable reduction in the nuclear alterations charac-
teristic of cells from these mutant mice (Fig 4A), and this reduction
was accompanied by a decrease in the number of senescent cells
in vivo as demonstrated by SA-B-Gal assay (Fig 4B). Furthermore,
the cyclin-dependent kinase inhibitor 1A (p21°T¥WAFl) " whose
expression is up-regulated in Mmpl4~/~ mice, was significantly
reduced after ATRA treatment (Fig 4C). Together, these results
reflect an ATRA-mediated improvement the senescence
phenotype of Mmpl14-null mice. We also observed that ATRA treat-
ment partially restored the marked alterations in the cytoskeletal
organization around the nucleus in these Mmpl4~/~ cells (Fig 4D
and E; Supplementary Fig S4A and B). Thus, this treatment increased
the percentage of cells containing fibers around the nucleus in more
than 50% (Fig 4D). Immunofluorescence analysis of cytoskeleton
filaments showed that ATRA-treated Mmp14~/~ cells presented a
much more organized structure of the cytoskeleton around the
nucleus than that present in non-treated MmpIl4~/~ cells (Fig 4E;
Supplementary Fig S4A and B). We also detected an increase in the
number of actin fibers in the perinuclear and nuclear region
(Fig 4E). Moreover, we observed the presence of a higher number of
vimentin and tubulin filaments around the nuclear region in
ATRA-treated Mmpl4~/~ cells (Supplementary Fig S4A and B).
These results suggest that MT1-MMP plays a pivotal role in shaping
the intracellular structure and organization of the cells through a
signaling pathway influenced by retinoids.

We finally analyzed whether ATRA treatment could modify the
expression of several components of the LINC complex that were
altered in Mmp14-deficient mice. We observed that ATRA-treated
Mmpl4~/~ mice restored the expression of lamin A to levels similar
to those of wild-type littermates (Supplementary Fig SSA-D). ATRA

in
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treatment also restored expression of other components of the LINC
complex, including nesprin-3 and Sun proteins (Supplementary Fig
S5A-D). Furthermore, the up-regulation of inflammatory signaling
pathway observed in Mmpl4-null mice was reduced after ATRA
treatment in these mice (Supplementary Fig SSE).

On this basis, together with the finding that nuclear envelope
abnormalities are associated with changes in retinoic acid signaling
(Swift et al, 2013), we decided to examine whether retinoic acid
treatment could have some biological effect on Mmpl4-deficient
mice. Thus, we treated control and MmpI4-deficient mice with
ATRA, and the animals were monitored during their lifetimes. Inter-
estingly, we found that this treatment improved body weights and
significantly extended life span of mutant mice when compared with
untreated Mmp14-null mice (Fig 5A and B). The mean survival of
ATRA-treated MmpI4-null mice was extended from 14 days to
23 days (P < 0.01) (Fig 5B). A representative photograph of 14-day-
old ATRA-treated and control Mmpl4 /= mice is shown in Fig 5C.
Notably, ATRA-treated MmpI4-null mice exhibit a marked increase
in cartilage resorption and a reorganization of the growth plate,
when compared with the untreated mice which show profound defi-
ciencies in bone development (Fig SD). We also observed that, after
ATRA treatment, MmpI14-null mice presented a significant increase
in hypodermis thickness (Fig 5E and F; Supplementary Fig SSF),
thus ameliorating the characteristic skin abnormalities found in
these mutant mice. These results demonstrate that ATRA treatment
significantly increases life span and ameliorates some phenotypic
defects present in MmpI14-null mice. We also observed that ATRA
treatment of MmpI14-null mice reduced SA-B-Gal activity in adipose
tissue (Fig 5G), as well as the senescence process observed in
cardiac tissues (Fig 5H). Our results suggest that the absence of
MTI1-MMP activity may generate a mechanical tension that affects
the LINC complex, and therefore, the nuclear structure and these
alterations can be partially ameliorated by retinoic acid treatment.

Discussion

In this work, we found that a MT1-MMP-dependent signaling
between a defective ECM and the cell nucleus activates a senescence
response that could explain some of the phenotypes caused by the
loss of Mmp14 in mouse. This senescence process involves p16™<4a
and p21°"PVWAFL anq is also characterized by a series of archetypal
senescent features, such as the presence of marked nuclear envelope
abnormalities, the occurrence of a reduced proliferative potential,
the induction of a chronic DNA damage response, and the triggering
of a senescence-associated secretory phenotype which involves the
production of several inflammatory factors. We also show that this
senescence program can be partially reversed by interventions on
retinoid receptor signaling pathways, as demonstrated by the fact
that treatment with ATRA increases life span and restores some of
the phenotypic alterations observed in Mmp14-deficient mice.
Interestingly, most molecular and cellular features observed in
Mmp14~/~ mice have also been described in different human proge-
roid syndromes, including HGPS and Nestor—Guillermo progeria
syndrome (NGPS) (Cabanillas et al, 2011; Gordon et al, 2014;
Puente et al, 2011), as well as in animal models of premature aging
(Osorio et al, 2011; Pendas et al, 2002; Sullivan et al, 1999). In
these cases, mutations in genes coding for nuclear envelope
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Figure 4. ATRA treatment partially restores the cellullar defects observed in Mmp14-deficient mice.

A Cells were seeded onto a collagen matrix, treated with ATRA, and stained with DAPI. The plot represents the percentage of cells with nuclear abnormalities in
control or ATRA-treated fibroblasts for each genotype (n = 50 cells, 10 random fields). Each experiment was performed with cells derived from three independent

primary cultures.

B Cells for each genotype were treated with 1 uM ATRA for 2 days, and SA-B-Gal assays were performed. A representative image is shown on the right panel.

RT—gPCR expression of p21 was analyzed in muscles from treated or control mice for each genotype (n = 4 mice).
Immunofluorescence analysis of cytoskeleton filaments was performed in fibroblast cell lines. Cells were seeded onto collagen matrix and treated with ATRA for

2 days. Actin stress fibers were visualized using phalloidin—TRITC, and the nuclear structure was marked with anti-nesprin-3 conjugated with Alexa488, and
counterstained with DAPI. All the images in the z-stack were used to generate a maximum intensity projection (63x magnification). A representative cell is shown
in the bottom panel. Cells containing fibers around the nucleus were quantified by analyzing 10 random fields. Each experiment was done in triplicate (n = 3).

Data information: Mean values are represented and error bars indicate SD (*P < 0.05; **P < 0.01; two-tailed Student’s t-test).

proteins, such as lamin A/C and BAF, or for enzymes involved in
their maturation, such as Zmpste24 metalloproteinase, cause
abnormalities. The unexpected similarities between
Mmpl4-deficient mice and all these progeroid models include
cell-autonomous processes, such as nuclear envelope abnormalities,
increased DNA damage, and the activation of a cell senescence
program. In addition, mice lacking MT1-MMP share a series of
systemic alterations with different models of premature aging,
including metabolic and somatotroph axis changes, as well as the
occurrence of elevated SA-B-Gal activity in different tissues.

It is well established that the absence of MT1-MMP proteolytic
activity at the cellular surface impairs ECM remodeling, preventing
the completion of different developmental programs, including
skeletal growth and formation of connective and adipose tissues
(Chun et al, 2006; Holmbeck et al, 1999). Beyond these previous

studies, we demonstrate in this work that the pericellular proteolytic

nuclear
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activity of MT1-MMP plays a pivotal role in shaping the intracellular
structure and organization. In this regard, we have found that the
loss of MT1-MMP alters the expression of several components of the
LINC complex, including nesprin-3 and Sun proteins. It is likely that
the mechanical tension generated by the absence of MTI1-MMP
activity is transmitted by the cytoskeleton and affects nesprin-3
interactions, including its binding to Sun proteins at the nuclear
envelope or to plectin at intermediate filaments (Ketema &
Sonnenberg, 2011). The relevance of the LINC complex in connect-
ing ECM and nuclear envelope is further reinforced by the recent
implication of Sun-1 in the development of progeroid syndromes.
Thus, in a mouse model of HGPS, proliferative arrest of postnatal
fibroblasts is caused by their inability to produce a functional ECM
(Hernandez et al, 2010), while loss of Sunl in these mice partially
rescues their progeroid phenotypes and extends their longevity

(Chen et al, 2012). Consistent with these findings, our results

© 2015 The Authors
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Figure 5. All-trans retinoic acid increases life span and ameliorates the structural defects observed in Mmp14-null mice.
Mice were treated with ATRA (0.5 mg/kg) or vehicle every 2 days, and body weight and life span were monitored.

A Kaplan—Meier survival plots for control and Mmpl4-deficient mice treated with ATRA (n = 13) (**P < 0.01 for all the comparisons, log-rank Mantel-Cox test).

B Cumulative plot of body weight versus age. Dots represents mean value (n = 13 for each genotype) (**P < 0.001).

C Representative photographs of 14-day-old control or ATRA-treated Mmpl4’/’ mice.

D Alcian blue staining of femurs from control and Mmp14-null mice treated with ATRA. Sections were obtained using an Olympus BX53 (4x magnification).

E H&E staining of skin from control or ATRA-treated mice. Black arrows indicate the dermis and the subcutaneous fat layer.

F The thickness of the skin was determined by counting five random fields that were measured, and the mean of each is represented (n = 4 mice per genotype)
(*P < 0.05; two-tailed Student’s t-test).

G SA-B-Gal activity was assayed in adipose tissue from control and Mmpl4’/’ mice (n = 3) for each condition.

H Sudan black staining counterstained with nuclear fast red to visualize senescence activity in hearts from Mmpl4-null mice after ATRA treatment (40x magnification).

A detailed view is shown on the right panel.

Data information: Mean values are represented and error bars indicate SD (*P < 0.05; **P < 0.01 two-tailed Student’s t-test).

provide evidence that the loss of MT1-MMP likely generates a trans-
duction force that modifies the nuclear envelope structure in a
process in which several LINC complex components are altered.

The similarities observed between MmpI4-null mice and different
progeroid models, both in phenotype changes and in altered
pathways, highlight the potential role of MT1-MMP in the
senescence process. Interestingly, the expression of genes encoding
ECM proteins or ECM remodeling enzymes is substantially altered in
normal and pathological aging (de la Rosa et al, 2013; Hernandez
et al, 2010; Lopez-Otin et al, 2013), being of especial relevance the
observed down-regulation of MT1-MMP in HGPS cells (Csoka et al,
2004), which provides additional support to our proposal that this
metalloproteinase modulates senescence processes.

The results presented herein link, for the first time, the activity of
an ECM remodeling protease to the nuclear architecture organiza-
tion. Our studies indicate that the process by which MT1-MMP is
able to impact cell function is not due to the proteolytic processing
of soluble factors. Conversely, we have found that ECM exchange
experiments are able to restore a normal cytoskeletal structure in

© 2015 The Authors

Mmp14~'~ cells, demonstrating that MT1-MMP-remodeled ECM is
required for maintaining a normal cellular structure. In the absence
of MT1-MMP activity, the mechanical forces shaping the cell are
altered, generating an abnormal tension in the cytoskeleton. We
have also shown that the expression of integrin 6 is altered in skel-
etal muscle from MmpI4~/~ mice. Notably, the recent generation of
another conditional knockout model for MmpI4 has demonstrated
the role of this protease in skeletal stem cell commitment in
mouse (Tang et al, 2013). In these mutant animals, an integrin
B1-dependent signaling cascade mediates the commitment of
skeletal stem cells, reinforcing our proposal that integrin receptors
are involved in the outside-in signaling initiated by MT1-MMP
remodeling of the ECM.

Recent studies have described an association between ECM stiff-
ness and nuclear accumulation of lamin A, which leads to the acti-
vation of retinoid signaling pathways (Swift et al, 2013). Moreover,
age-related alterations in vitamin A metabolism have been described
in rats and humans (Feart et al, 2005). Interestingly, we have found
that treatment of MmpI4-deficient mice with ATRA increased life
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span and rescued some of the cell senescence and progeroid pheno-
types characteristic of these mutant mice. These results suggest that
the changes in the nuclear envelope structure caused by the loss of
MT1-MMP affect the expression of different genes implicated in the
normal function of the cell.

In summary, our results reveal a novel function for the pericellu-
lar collagenase MT1-MMP in maintaining the functional structure of
the nuclear envelope and preventing cellular senescence. The prote-
olytic activity of MT1-MMP is required to remodel the ECM, and the
mechanical properties of the ECM have an important impact on the
nuclear lamina structure by mechanotransduction, in a process
involving integrins, the cytoskeleton, and components of the LINC
complex. Accordingly, in the absence of MT1-MMP, there are
profound alterations in the nuclear architecture and the cytoskele-
ton, which induce a cellular senescence response and contribute to
the development of severe phenotypic abnormalities. Finally, the
finding that ATRA ameliorates cell senescence features and extends
life span in MmpI4-null mice opens the possibility of exploring the
putative therapeutic relevance of retinoids in several pathological
conditions associated with dysregulated senescence processes,
including devastating progeroid syndromes such as HGPS and
NGPS.

Materials and Methods
Generation of conditional knockout mice

We generated a conditional Mmp14 construct by cloning a 14.5-kb
fragment obtained from BAC bMQ-414L9, into the pL253 plasmid
corresponding to murine MmpI4 (from 2 kb upstream of exon 1 to
2.5 kb downstream of exon 10). We also introduced two loxP sites
flanking exons 4 and 5, using the recombineering technology as
previously described (Chan et al, 2007). The retrieval vector was
constructed by cloning two short homologous arms generated by PCR
amplification of bMQ-414L9 BAC DNA with the following primer sets:
5'-ATCAAGTCATTTTCCCCACCAC-3' and 5'-CTGAGCTGTGCATGGT
CTCTT-3' for the 5-homologous arm, and 5-ATCCAGAGGGAATT
CTGCAAAG-3' and 5-GACCTTATGACCACGAAGGCA-3' for the 3'-
homologous arm. These arms were first cloned into pL253 and
sequenced, then cut with Sall/EcoRI (5RV) or BamHI/Notl (3'RV),
and subcloned into Sall/EcoRI/Notl-digested pL452 plasmid. The
linearized vector was used to retrieve a 14.5-kb fragment from BAC
bMQ-414L9 by gap repair in EL350 cells. We next inserted a loxP site
between exons 3 and 4, and a FRT-PGK-Neo-FRT-LoxP cassette
between exons 5 and 6 to generate the Mmp14-flox/flox construct.
The linearized vector was electroporated into EL350 bacterial cells
using a Bio-Rad electroporator set to 1.75 kV, 25 pF, 200 Q. After
selection with different antibiotics, the final targeting vector was
obtained and used for homologous recombination in ES cells. ES cells
were injected into C57BL/6 blastocysts to generate chimeras. Once
germ line transmission of the targeted allele was confirmed by PCR,
we crossed the descendent with FLP transgenic mice to delete the
Neo® cassette. The final targeted allele contains a single loxP site
located at introns 3-4 of MmplI4 and a FRT/loxP site at introns 5-6.
We next crossed these loxP/loxP mice with Cre transgenic mice
obtained from Jackson Laboratory No 006054, to generate the
Mmp14*/~ mice from which, by subsequent crossing, we generated
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the Mmp14~/~ mice used for these studies. MmpI4 conditional mice
were backcrossed with C57BL/6J mice for five generations and
wild-type littermates served as controls.

Animal experiments

All the animal experiments were performed in accordance with the
guidelines of the Committee for Animal Experimentation of the
Universidad de Oviedo. Mice were treated intraperitoneally with all-
trans retinoic acid (Sigma) at a concentration of 0.5 mg/kg and
starting at day 3 after birth. Control littermates were treated with
vehicle. For histological analysis, samples were extracted and fixed
in 4% paraformaldehyde in PBS.

Retroviral infection

HEK-293T cells were transfected with pMX-GFP plasmids (Cell Bio-
labs, Inc) containing either wild-type full length MT1-MMP or a site-
specific mutant (E217Q) affecting the active site, together with a
pCL-Eco package system, kindly provided by Dr. J. M. Silva (Colum-
bia University, New York, USA). In brief, a mixture of 1 nug of the
desired plasmid and 1 pg of each retroviral helper was transfected
using Lipofectamine Plus (Invitrogen), following manufacturer’s
instructions. Medium was removed 24 h after transfection, and
fresh medium was added to the plate. Cell supernatants were
collected at 24 and 48 h, cleared by centrifugation for 10 min and
filtered through a 0.45-um sterile filter. Fresh isolated fibroblasts
from MmpI4~/~ mice (passage 0) were incubated with the superna-
tant with 8 mg/ml polybrene for 2 days at 37°C. Cell transduction
was evaluated after 3 days in culture using a fluorescence micro-
scope.

RNA extraction and RT-qPCR

RNA was extracted from different tissues and cells using TRIzol
(Invitrogen), following manufacturer’s instructions. Samples were
quantified and evaluated for purity (260/280 nm ratio) with a
NanoDrop ND-1000 spectrophotometer. cDNA was synthesized with
1-4 pg of total RNA with the ThermoScript RT-PCR system (Invitro-
gen). RT-qPCR was performed in triplicate for each experimental
condition using either TagMan PCR Master Mix or SYBR Green PCR
Master Mix (Applied Biosystems), according to the manufacturer’s
To normalize mRNA levels, GAPDH or ACTB
probes were used. The primers used are listed in Supplementary
Table S1.

instructions.

microRNA analysis

miR-1 expression analysis was performed as previously described
(Ugalde et al, 2011). For RT-gPCR analysis, total RNA was
prepared using miRVANA™ miRNA isolation Kit (Ambion, Austin,
TX) and RNA samples were quantified and evaluated as
mentioned above. miRNA detection was performed using TagMan
miRNA expression assays (Applied Biosystems). Briefly, 10 ng of
total RNA was reverse-transcribed using TagMan miRNA reverse
transcription kit (Applied Biosystems) and PCR-amplified using an
Applied Biosystems 7300 Real-Time PCR system. As an internal
control, miRNA expression was normalized to snoRNA202 for
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mouse samples, using TagMan Gene Expression Assays (Applied
Biosystems). All protocols were carried out according to the
manufacturer’s instructions.

Histological analysis

Tissues were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) and stored in 70% ethanol. Fixed tissues were embed-
ded in paraffin by standard procedures. Blocks were sectioned
(5 um) and stained with hematoxylin and eosin (H&E). In other
experiments, samples were treated with 15% sucrose in PBS for 4 h,
and then with 30% sucrose solution overnight, embedded in Tissue-
Tek OCT compound (Sakura Fine Technical Co. Ltd.), and stored at
—70°C. Finally, samples were sectioned at 5 um thickness with a
cryostat (CM3050 S; Leica). For muscle studies, samples were
obtained from quadriceps and dissected under the stereoscopic
microscope. Using a thin gauge, fibers were oriented transversally
and snap-frozen on liquid nitrogen-freezing isopentane. Then, 5-um
sections were obtained with a cryostat and stored at —70°C until
used. Histochemical techniques including H&E, Masson trichrome,
SDH, NADH, PAS, picrosirius red, and sudan black were performed
following manufacturer’s instructions, while studies on muscle were
carried out as previously described (Valdes-Mas et al, 2014). For
Alcian blue staining of forepaws, tissues were decalcified, deparaffi-
nized, stained with Alcian blue solution pH 2.5, and counterstained
with eosin. Representative pictures were taken using an Olympus
BX53 microscope with a DP73 digital camera using the analysis soft-
ware CellSens. For Alcian blue—Alizarin red skulls staining, skin and
organs were removed, fixed in 95% EtOH for 2 days. Then, skulls
were incubated with Alcian blue solution for 3 days. The staining
was washed with 95% EtOH, cleared with 2% KOH for 24 h, and
finally stained with 0.03% Alizarin red for 24 h and cleared with a
1% KOH-20% glycerol solution.

Zymography

MMP-2 activity was analyzed by gelatin zymography as previously
described (Gutierrez-Fernandez et al, 2007). Liver extracts from
Mmpl14*/* and Mmpl4~/~ mice were homogenized in a modified
RIPA lysis buffer (100 mM Tris/HCl pH 7.4, 150 mM NaCl, 1%
Triton X-100, 0.1% SDS) containing complete protease inhibitor
cocktail without EDTA (Roche, Mannheim, Germany), and protein
content was quantified using the BCA method (Pierce, Rockford, IL,
USA). Proteins (5 pg) were separated in an 8% SDS-PAGE gel
containing 0.2% gelatin. Gels were washed twice for 30 min with
2.5% Triton X-100 and incubated at 37°C for 4 h in the presence of
10 mM Tris (pH 8.0) and 5 mM CaCl,, and stained with Coomassie
Brilliant Blue to reveal gelatinolytic bands.

Blood and plasma parameters

Blood glucose was measured with an Accu-Check glucometer
(Roche Diagnostics) using blood extracted after decapitation. To
obtain serum, blood was centrifuged immediately after collection at
3,000 g at 4°C and the supernatant was collected and stored at
—20°C until analysis. Serum IGF-1 and GH were determined by
using the Quantikine ELISA kit (R&D systems) and the Linco ELISA
kit, respectively. For quantification of IL-6 and CXCL1 cytokines, a

© 2015 The Authors

The EMBO Journal

Quantikine ELISA kit (R&D Systems) was used. All protocols were
performed according to the manufacturer’s instructions.

Isolation and culture of fibroblasts

Fibroblasts were isolated from 2-week-old wild-type (Mmp14*/*) or
Mmp]l4-deficient (Mmp14~/~) mice as previously described (Varela
et al, 2005). In brief, tissues were minced, digested with collage-
nase—dispase (4 mg/ml) for 45 min at 37°C and then inactivated
with complete media. The following day, cells were separated using
a 100 pM cell strainer and plated in a 6-well plate. Cells were main-
tained in DMEM supplemented with 15% FBS, 1M HEPES, sodium
pyruvate, non-essential amino acids, L-glutamine, and B-mercapto-
ethanol. For co-culture experiments, 12-well plates were coated with
150 pg of rat tail collagen type I (Roche) and 1 x 10* Mmp14~/~
cells transfected with pMX-Tomato vector (Mmpl4 /~-pMX-
Tomato) or a mixture of Mmp14’/’—pMX—T0mat0 (5 x 10°) and
Mmp14*/" cells (5 x 10°) were seeded onto the plates. After 2 days
in culture, cells were fixed and immunofluorescence assays were
performed. For studies involving the exchange of the ECM, plates
were coated with collagen as described above, and 3 x 10°
Mmp14*/* and Mmp14~/~ cells were seeded onto the plates for
2 days. Then, cells were detached using 1 mM EDTA and counted
and the same amount of MmpIl4 /~ cells (1 x 10%) were seeded
onto plates containing either wild-type Mmp14 ECM*/" or Mmp14
KO ECM /™. After 2 days in culture, cells were fixed and immuno-
fluorescence assays were performed.

Collagen degradation assay

Twenty-four-well plates were coated with 100 pg/well of collagen
type I (Roche) and 5 x 10* fresh isolated fibroblasts from either
Mmpl4*/* or Mmpl4~/~ mice were seeded in 35 pl of medium in
the center of each well and allowed to adhere as previously
described. Then, medium was replaced, and plates were washed
with serum-free medium and incubated with 10 ng/mL of PDGF-BB,
GM6001 (25 mM), or BB-94 (5 mM) for 5 days. Cells were removed
using trypsin-EDTA 0.025%, and collagen was stained with
Coomassie Brilliant Blue. The amount of newly synthesized collagen
(acid- and pepsin-soluble collagen) levels was quantified using the
Sircol™ Collagen Assay (Biocolor, Life Science) according to manu-
facturer’s instructions.

Cell senescence, BrdU incorporation, and cell
proliferation analysis

Cell senescence was assessed by detecting the senescence-associated
B-galactosidase activity at pH 6.0 (SA-B-Gal) using a commercial kit
(Cell Signaling). Staining was performed in 6-well plates and in vivo
tissues, and the SA-BGal-positive cells were detected by phase
contrast microscopy using a Zeiss Axiovert 200M fluorescence
microscope (Zeiss). Quantification was performed by counting the
positive cells present in 20 independent fields of view at 10x magni-
fication, and images were captured and processed using Adobe
Photoshop CS3. For BrdU incorporation assay, cells were incubated
with medium containing 10 uM BrdU for 18 h. Upon BrdU removal,
cells were fixed and analyzed by immunofluorescence. To visualize
BrdU, cells were treated with 2 M HCI before blocking buffer to
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open up DNA double strand and to expose the BrdU epitope. To
measure cell proliferation, cells were seeded onto plates at 1 x 10°
cell density, and after 3 days, cells were detach and counted using a
Neubauer chamber.

Western blot analysis

For protein extraction, cultured cells were washed twice with 1x
PBS and resuspended in RIPA buffer (100 mM Tris pH 7.4, 150 mM
NaCl, 10 mM EDTA, 1% Triton X-100, 1% deoxycholic acid, and
0.1% SDS) supplemented with complete protease inhibitor cocktail
without EDTA (Roche), sodium orthovanadate (1 mM), and NaF
(1 mM). Tissues were snap-frozen in liquid nitrogen. Frozen tissues
(~50 mg in each sample) were homogenized in 300 pL of 100 mM
Tris—HCl (pH 7.4), 2% SDS, and 50 mM EDTA with a Polytron
homogenizer. Protein concentration was evaluated with the bicinch-
oninic acid technique (Pierce BCA protein assay kit). Proteins were
run in SDS-PAGE gels, transferred to nitrocellulose membranes,
blocked with 5% non-fat dry milk in TBS-T buffer (20 mM Tris pH
7.4, 150 mM NaCl, 0.05% Tween 20), and incubated overnight at
4°C with the following primary antibodies: MT1-MMP (ab 38971),
nesprin-3 (ab123031), Sun-1 (ab74758), and Sun-2 (ab87036)
(Abcam); FAK and FAKY397 (Cell Signaling); p16 (sc-373695) and
lamin A/C (sc-20681) (Santa Cruz Biotechnology); and f-actin and
tubulin (AC-40, Sigma). Primary antibodies were detected with
horseradish peroxidase-conjugated species-specific secondary anti-
bodies (Jackson Immunoresearch or Thermo Scientific) with Lumi-
nata Forte Western HRP Substrate (Millipore) using a LAS-300
(Fujifilm).

Immunofluorescence analysis

For immunofluorescence analysis, cells were fixed in 4% parafor-
maldehyde solution, rinsed in PBS, and permeabilized with 0.5%
Triton X-100. For yH2AX staining, the permeabilization step was
performed with 0.1% sodium citrate and 0.1% Triton X-100 as
previously described (Osorio et al, 2011). Cells were incubated with
primary antibodies diluted in 10% goat serum in 1x PBS for 1-3 h
at room temperature. After washing with PBS-T, slides were incu-
bated with 1:500 Alexa 488-, 546-, or 633-conjugated secondary
antibody (Life Technologies) for 1 h at 25°C. After washing, nuclei
were counterstained with DAPI (Roche), and slides were mounted
in VectaShield mounting medium (Vector Laboratories). Micro-
graphs were obtained with an Axioplan-2 Zeiss fluorescent micro-
scope (Zeiss), and images were captured with a charge-coupled
device camera (Photometrics SenSys). Nuclei from Mmp14’/ ~ and
Mmpi4*/* fibroblasts were counted (n = 200 for each experiment).
To determine the actin stress fiber distribution in the cell and the
intermediate filaments, all the images at the precise planes in the
z-stack were used to generate a maximum intensity projection. Cells
were classified based on the presence of short actin fragments
around the nucleus, disturbed or collapsed perinuclear vimentin
network organization, or the absence of fibers over the nuclei. The
following antibodies were used: vimentin-XP® (#5741, Cell Signal-
ing), alpha-tubulin (CBL270, Millipore), lamin A/C (sc-20681 and
sc-6215 Santa Cruz Biotechnology), yH2AX (JBW301 Millipore),
nesprin-3 (ab-57397, Abcam), BrdU (ab63626, Abcam), and HP1y
(MAB3450, Millipore).

12 The EMBO journal

MT1-MMP loss induces cell senescence  Ana Gutiérrez-Ferndndez et al

Statistical analysis

All experimental data are reported as means. We performed statisti-
cal analysis of the differences between mouse cohorts, or between
wild-type and KO cells with the nonparametric Student’s t-test.
Kaplan-Meier survival analysis was performed using the MedCalc
statistical package. We used MS Excel or GraphPad Prism software
for calculations and expressed the results as the means + SDs.

Supplementary information for this article is available online:
http://emboj.embopress.org
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