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ARTICLE

Mmp14-dependent remodeling of the
pericellular–dermal collagen interface governs
fibroblast survival
Farideh Sabeh1, Xiao-Yan Li1, Adam W. Olson1, Elliot Botvinick2, Abhishek Kurup2, Luis E. Gimenez3, Jung-Sun Cho1, and
Stephen J. Weiss1

Dermal fibroblasts deposit type I collagen, the dominant extracellular matrix molecule found in skin, during early postnatal
development. Coincident with this biosynthetic program, fibroblasts proteolytically remodel pericellular collagen fibrils by
mobilizing the membrane-anchored matrix metalloproteinase, Mmp14. Unexpectedly, dermal fibroblasts in Mmp14−/− mice
commit to a large-scale apoptotic program that leaves skin tissues replete with dying cells. A requirement for Mmp14 in
dermal fibroblast survival is recapitulated in vitro when cells are embedded within, but not cultured atop, three-dimensional
hydrogels of crosslinked type I collagen. In the absence of Mmp14-dependent pericellular proteolysis, dermal fibroblasts fail
to trigger β1 integrin activation and instead actuate a TGF-β1/phospho-JNK stress response that leads to apoptotic cell death
in vitro as well as in vivo. Taken together, these studies identify Mmp14 as a requisite cell survival factor that maintains dermal
fibroblast viability in postnatal dermal tissues.

Introduction
Dermal fibroblasts constitute a functionally and transcriptionally
unique population of mesenchymal cells that play key roles in
regulating the development and maintenance of skin, the largest
integument in mammals (Driskell and Watt, 2015; Rognoni and
Watt, 2018). From a structural perspective, dermal fibroblasts
are responsible for synthesizing and depositing type I collagen,
the dominant extracellular protein found within the dermis
(Driskell andWatt, 2015; Rognoni andWatt, 2018). Triple-helical
in nature, type I collagen fibrils assume a liquid crystal-like
structure that confers skin with its mechanical strength, while
maintaining its malleable characteristics (Orgel et al., 2006;
Perumal et al., 2008). Type I collagen also regulates the cellular
functions of embedded fibroblasts, adipocytes, vascular net-
works, and nerves via integrin- and non-integrin-type receptors
that are linked to complex mechanotransduction pathways
(Grinnell and Petroll, 2010).

Consistent with its major roles in defining tissue structure
and function, type I collagen is highly resistant to most forms of
proteolytic attack (Fields, 2013). Nevertheless, type I collagen un-
dergoes purposeful proteolytic remodeling during a range of tissue
reparative and pathologic events, including wound healing, aging,
and cancer (Ewald et al., 2015; Fields, 2013; Rowe andWeiss, 2009).

Indeed, dermal fibroblasts are able to mobilize significant collage-
nolytic activity as a consequence of their ability to express metal-
loproteinases that are capable of hydrolyzing triple-helical collagen
(Sabeh et al., 2004, 2009a). Interestingly, dermal collagen under-
goes selective degradation during early postnatal growth (Klein and
ChandraRajan, 1977), but the proteolytic enzymes responsible for
this activity have not been defined nor has the functional signifi-
cance of collagenolysis on dermal development been characterized.

In an effort to define the proteolytic mechanisms responsible
for the dermal fibroblast-mediated remodeling of the pericel-
lular type I collagen network during early postnatal develop-
ment, we examined fibroblast function in mice selectively
deficient in each of the major collagenolytic enzymes expressed
in the murine genome, i.e., Mmp2, Mmp8, Mmp13, Mmp14,
Mmp15, and Mmp16 (Fields, 2013). Herein, we demonstrate that
the pericellular collagenase, Mmp14/MT1-MMP, alone plays a
required role in dermal collagen remodeling. Following Mmp14
knockout, an unusual dermal phenotype develops marked by
widespread dermal fibroblast apoptosis that is characterized by
an impaired activation of β1 integrin-linked signaling cascades.
Consequently, the inability to accommodate the mechano-
transduction pathways linked to the normal remodeling of the
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3-D dermal matrix activates a TGF-β1–JNK signaling cascade that
triggers fibroblast death in vitro as well as in vivo. Taken to-
gether, these studies identify a heretofore unrecognized, Mmp14-
mediated fibroblast prosurvival network that is dependent on the
dynamic remodeling of the dermal type I collagen network.

Results
Mmp14 deficiency promotes fibroblast apoptosis in vivo
In vivo, dermal fibroblasts of 1-mo-old mice are embedded in a
dense matrix of type I collagen fibrils, a portion of which has
undergone proteolytic degradation as detected by a monoclonal
antibody specific for collagenase-dependent hydrolysis (Fig. 1,
A–C) (Tang et al., 2022). Consistent with recent studies indi-
cating the pericellular collagenase, Mmp14, is expressed in type I
collagen-rich tissues in vivo (Chun et al., 2006; Feinberg et al.,
2018; Hotary et al., 2003; Tang et al., 2013),Mmp14 is detected in
fibroblast populations found throughout the dermis, including
the papillary and reticular zones (Driskell and Watt, 2015), as
assessed by β-galactosidase staining of tissues recovered from
Mmp14+/lacZ knock-in mice and confirmed by western blot
(Fig. 1 D). Further, in keeping with its demonstrated type I col-
lagenolytic activity in vivo (Chun et al., 2006; Feinberg et al.,
2018; Tang et al., 2013), few, if any, collagen degradation prod-
ucts are detected by immunostaining inMmp14−/− skin (Fig. 1 C).

Using transmission electron microscopy (TEM) to assess the
impact of Mmp14 targeting on dermal architecture, we unex-
pectedly noted tissue fields heavily populated with dead fibro-
blasts containing fragmented nuclei in tandemwith TUNEL- and
caspase-3–positive cells (Fig. 1 E). Underlining the specificity of
this proapoptotic effect on dermal tissues, we have previously
noted that increased apoptosis is not detected in other fibroblast-
populated tissues, including mammary stroma, lungs, tendons/
ligaments, or bones (Feinberg et al., 2016, 2018; Tang et al., 2013).
While Mmp14 targeting has been reported to trigger cell senes-
cence in vivo (Gutiérrez-Fernández et al., 2015), no increases are
detected in knockout dermal tissues relative to wild-type con-
trols (Fig. S1). Finally, while both the secreted MMPs, Mmp2,
Mmp8, and Mmp13, as well as the membrane-anchored MMPs,
Mmp15 andMmp16, have been reported to cleave type I collagen
(Fields, 2013) and are expressed by dermal fibroblasts (Table S1),
global knockouts of each these proteinases does not alter collagen
deposition or trigger apoptotic responses (Fig. 1, F and G).

A cell-autonomous 3-D–specific survival role for fibroblast
Mmp14
While our results are consistent with a cell-autonomous defect,
fibroblast survival can potentially be modulated by interactions
with surrounding keratinocytes, adipocytes, or endothelial cells
as well as the extracellular matrix (ECM) itself (Driskell andWatt,
2015). To determine whether Mmp14 exerts a cell-autonomous
survival effect, wild-type or Mmp14−/− dermal fibroblasts were
isolated and cultured in vitro and apoptosis wasmonitored.When
cultured atop type I collagen gels under 2-D culture conditions,
Mmp14+/+ and Mmp14−/− fibroblasts assume indistinguishable
morphologies (Fig. 2 A). Similarly, despite reports of cytoskeletal
and nuclear defects in Mmp14−/− fibroblasts cultured in 2-D

(Gutiérrez-Fernández et al., 2015), no apparent changes were
detected in actin or vimentin organization, nuclear lamin A/C
levels, senescence markers, and DNA damage or apoptosis rela-
tive to wild-type controls (Fig. S2, A–G).

While Mmp14−/− fibroblasts cultured under 2-D conditions
in vitro fail to recapitulate the in vivo phenotype marked by
increased cell death, fibroblasts display distinct phenotypic and
functional characteristics when embedded within—rather than
cultured atop—a 3-D ECM (Grinnell and Petroll, 2010; Sabeh
et al., 2004). As such, Mmp14+/+ or Mmp14−/− fibroblasts were
next cultured within 3-D type I collagen gels, and as described
previously (Grinnell et al., 2003), within 8 h of 3-D culture, wild-
type fibroblasts adopt a characteristic dendritic morphology
(Fig. 2 A). By 48 h, the Mmp14+/+ fibroblasts assume a stable,
stellate morphology that is maintained over the 5-day culture
period (Fig. 2 A). In concert with these changes, wild-type fibro-
blasts actively remodel the surrounding collagen matrix, leaving
distinct zones of hydrolytic “clearing” in the pericellular envi-
ronment as assessed by scanning electron microscopy (SEM)—an
event likewise marked by active collagenolysis where collagen
fragments appear in both the pericellular and intracellular envi-
ronments (Fig. 2 B) (Madsen et al., 2007).

Similar to wild-type fibroblasts, Mmp14−/− fibroblasts also
adopt a dendritic shape in the early phases of 3-D culture, but in
contrast toMmp14+/+ cells, the null fibroblasts remain “locked” in
a dendritic shape with distinct blebbing (Fig. 2 A and Fig. S2 H).
Under these conditions, Mmp14−/− fibroblasts are unable to de-
grade the surrounding collagen matrix (Fig. 2 B). Significantly,
by 48 h in 3-D culture, Mmp14−/− fibroblasts are surrounded by
membrane vesicles suggestive of an apoptotic event whose in-
duction is confirmed by both caspase-3 activation and TUNEL
staining in a fashion similar to that observed in vivo (Fig. 2, C
and D). While papillary and reticular fibroblasts can express
distinct activities in vivo and in vitro (Driskell and Watt, 2015),
either population isolated from Mmp14−/− mice, but not control
littermates, likewise undergoes comparable cell death in vitro
(Fig. 2, E and F). Finally, consistent with the induction of pro-
grammed cell death, both caspase-3 activity and apoptosis are
suppressed to background levels when Mmp14−/− fibroblasts are
cultured in the presence of the pan-caspase inhibitor, Z-VAD
fluoromethylketone (Fig. 2, C and D) (Nicholson, 2000).

Structure/function analysis of Mmp14-dependent prosurvival
activity at the fibroblast collagen interface
As Mmp14−/− fibroblasts are recovered from global knockout
mice with multiple phenotypic defects (Gutiérrez-Fernández
et al., 2015; Holmbeck et al., 1999; Zhou et al., 2000), the cells
could potentially retain a mechanical “memory” of their in vivo
setting (Lee et al., 2014; Yang et al., 2014). To determine whether
null fibroblasts recover normal function following re-expression
of wild-type Mmp14, null cells were transduced with control or
Mmp14 lentiviral expression vectors and embedded in 3-D col-
lagen. Under these conditions, normal cell morphology is re-
gained following re-expression ofMmp14, while apoptosis falls to
wild-type levels (Fig. 3, A and B; and Fig. S3 A). Conversely,
dermal fibroblasts recovered fromMmp14f/f mice and transduced
with an adenoviral-Cre expression vector in vitro undergo
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Figure 1. Mmp14-dependent control of dermal fibroblast viability. (A and B) Cross-sections of dorsal skin from 4-wk-old wild-type mice. Tissues were
stained with either H&E (A) or Trichrome (B). Bar = 100 µm. (C) Cleaved collagen was visualized in wild-type or Mmp14−/− by immunofluorescence (bar = 25
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apoptosis in 3-D culture following acute deletion of the floxed
alleles (Fig. S3, B and C). While these results demonstrate that
fibroblasts require Mmp14 to maintain 3-D survival, recent
studies indicate that the enzyme can alter cell function by either
proteinase-dependent or -independent effects (Gonzalo et al.,
2010; Sakamoto et al., 2014; Tang et al., 2013). Nevertheless,
following transduction with a catalytically inactive form of
MMP14, MMP14 E240A (MMP14E/A), Mmp14−/− fibroblasts con-
tinue to display defects in cytoskeletal remodeling and reduced
cell survival in 3-D culture (Fig. 3 B and Fig. S3 A). Similar results
are observed when MMP14E/A-transduced null fibroblasts are
incubated with the endogenous MMP inhibitor, TIMP-2, to
generate a proteinase-inhibitor complex that has been reported
to exert prosurvival effects in 2-D culture (Fig. 3, A and B; and
Fig. S3 A) (Valacca et al., 2015). By contrast, TIMP-2, a potent
inhibitor of Mmp14 catalytic activity (Zucker et al., 1998), readily
induces apoptotic responses when added in supraphysiologic
levels to wild-type fibroblasts in 3-D culture (Fig. S3, A and C).

As these results support a model wherein proteolytically
active Mmp14 controls cell survival, we sought to identify the
critical structural determinants that underlie its ability to reg-
ulate cell survival. Consistent with recent studies demonstrating
that Mmp14-dependent collagenolytic activity is retained when
cells are transduced with MMP14 mutants where the cytosolic
tail (MMP14 ΔCT) or hemopexin domain (MMP14 ΔHPX) are
deleted (Sabeh et al., 2009a; Sakr et al., 2018), each of these
constructs rescue Mmp14−/− fibroblast morphology and viability
defects (Fig. 3, A and B; and Fig. S3 A). Further, despite the fact
that the mouse genome does not encode an ortholog of the
dominant human collagenase, MMP-1 (Sabeh et al., 2009a),
when the catalytic domain of MMP14 is replaced with that of the
secreted human collagenase, MMP-1 (MMP14 MMP-1CAT), in ei-
ther the presence or absence of the MMP14 hemopexin domain,
(i.e., MMP14 MMP-1CAT/ΔHPX), the transduced Mmp14−/− fibro-
blasts retain viability in 3-D culture (Fig. 3, A and B; and Fig. S3
A). By contrast, if MMP14 is expressed as a transmembrane-
deletion mutant (i.e., MMP14 ΔTM), the enzymatically active,
but secreted proteinase, no longer rescues the proapoptotic be-
havior of the transduced Mmp14−/− fibroblasts (Fig. 3, A and B;
and Fig. S3 A). Hence, the prosurvival activity ofMmp14 is linked
directly to its ability to act as a membrane-tethered collagenase.

Type I collagenolysis and the induction of fibroblast shape
change–dependent apoptosis
A requirement for Mmp14-dependent pericellular collagenolysis
in maintaining fibroblast survival is potentially consistent with

earlier studies that assigned antiproliferative or proapoptotic
roles to native type I collagen fibrils (Birukawa et al., 2014;
Koyama et al., 1996; Montgomery et al., 1994; Wall et al., 2007;
Zhou et al., 2006). In these models, cell-mediated collagenolysis
not only inactivates the growth-suppressive signals assigned to
type I collagen but also generates collagen fragments that trigger
prosurvival responses (Birukawa et al., 2014; Koyama et al.,
1996; Montgomery et al., 1994; Wall et al., 2007; Zhou et al.,
2006). Alternatively, collagen networks may induce cell death
responses by confining fibroblasts in a cage-like network of fi-
brils that prevent the cell shape changes or tractional forces
normally associated with 3-D survival (Folkman and Moscona,
1978; Wang et al., 2000). To discriminate between these models,
Mmp14−/− fibroblasts were embedded in 3-D hydrogels con-
structed from reductively alkylated collagen trimers that are
unable to form the intermolecular, Schiff-base crosslinks that
define collagenous networks in vivo (Sabeh et al., 2009b). Hy-
drogels formed from the borohydride-reduced collagen retain
near-normal rigidity and pore size (i.e., for native collagen gels,
G´ = 118 ± 12 Pa with a pore size of 1.3 ± 0.6 µm versus 84 ± 5 Pa
and 1.3 ± 0.8 µm for reduced collagen; mean ± SEM, n = 55
individual point determinations). However, in contrast with
native collagen hydrogels, Mmp14-null cells embedded in non-
crosslinked collagen hydrogels remain fully viable in either the
absence or presence of TIMP-2, reflecting the inability of col-
lagen networks to induce cell death independently of its nor-
mally crosslinked network structure (Fig. 3, C and D). Similar
results are obtained if collagen gels are prepared from pepsin-
treated monomers (Sabeh et al., 2009b) where the non-helical
telopeptides that normally harbor the aldimine crosslinks are
removed (Fig. 3, C and D). As these results suggest that Mmp14-
dependent survival operates independently of the hydrogel
molecular composition per se (i.e., as opposed to its structural/
mechanical properties), we sought to determine whether wild-
type fibroblasts could be induced to undergo apoptosis when
shape-constrained in a synthetic hydrogel that precludes proteo-
lytic remodeling (Tang et al., 2013). As such, wild-type or null fi-
broblasts were embedded in polyethylene glycol (PEG)–based
hydrogels that are decorated with proadhesive integrin ligands and
crosslinked with short peptides that do—or do not—contain
Mmp14-hydrolyzeable bonds. As expected, Mmp14+/+ fibroblasts
undergo normal shape changes in the proteinase-sensitive hydro-
gel and maintain viability (Fig. 3, D and E). By contrast, wild-type
cells are only able to extend small dendritic processes in the non-
hydrolyzable gel—an event that coincides with markedly upre-
gulated apoptosis (Fig. 3, D and E). In turn,Mmp14−/− fibroblasts fail

µm). Results representative of three experiments performed. (D) Cross-section of dorsal skin from 4-wk-oldMmp14+/lacZ processed for β-galactosidase activity
with Mmp14 protein levels assessed by western blot (bar = 100 µm). E, epidermis; D, dermis; and H, hair follicle. (E) Skin isolated from 4-wk-old Mmp14+/+ or
Mmp14−/− mice was fixed for TEM with live/dead fibroblasts indicated by arrowheads and arrows, respectively (bar = 2 µm), or stained for either active
caspase-3 or TUNEL with PI counterstaining (positive cells are marked by arrows). Bar = 50 µm. TEM results are representative of two independent ex-
periments performed while staining results are representative of three independent experiments performed. (F) Representative type I collagen im-
munostaining and TUNEL staining with nuclei counterstained red with PI of dorsal skin harvested from 4-wk-old wild-type mice versus that of Mmp2−/−,
Mmp8−/−, Mmp13−/−, Mmp15−/−, and Mmp16−/− mice. Bar = 100 µm. Results representative of three independent experiments performed. (G) Percent TUNEL-
and caspase-3–positive cells in dermal tissues recovered from dorsal skin of 4-wk-old wild-type and Mmp14 knockout mice. Results are expressed as the mean
± SEM of four independent experiments with P values determined by one-way ANOVA and Dunnett’s post-test. Source data are available for this figure:
SourceData F1.
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Figure 2. Regulation of cell shape and survival by Mmp14 in 3-D culture. (A) Dermal fibroblasts isolated from newbornMmp14+/+ orMmp14−/− mice were
cultured atop (2-D) or embedded within (3-D) type I collagen hydrogels for 2–120 h, fixed and stained for F-actin (phalloidin) with nuclear counterstaining
(DAPI). Wild-type and knockout fibroblasts in 2-D culture are indistinguishable at the 120-h time point. In 3-D culture, wild-type and Mmp14-null fibroblasts
display divergent shape changes with Mmp14−/− cells shedding F-actin–positive vesicles (bar = 100 µm). Results are representative of three independent
experiments performed. (B) Mmp14+/+ or Mmp14−/− fibroblasts were embedded in 3-D collagen hydrogels for 120 h, fixed, and the cell–collagen interface
visualized by SEM (bar = 10 µm) with pericellular collagen degradation products identified by immunofluorescence with anti-cleaved type I collagen antibody
(bar = 20 µm). Results are representative of two independent experiments performed. (C) Caspase-3 activity ofMmp14+/+ versusMmp14−/− fibroblasts cultured
atop (2-D) or embedded within (3-D) type I collagen hydrogels in the absence or presence of 10 µM Z-VAD (mean ± SEM; n = 4 independent experiments) with
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to undergo shape changes in either the Mmp14-sensitive or -in-
sensitive hydrogel format and display an apoptotic phenotype
similar to that observed when wild-type fibroblasts are entrapped
in the protease-resistant hydrogel (Fig. 3, D and E). Hence,Mmp14-
dependent prosurvival effects are linked directly to cell shape
changes arising as a consequence of the cell’s ability to dissolve
physically constraining structural barriers.

Postnatal patterns of dermal collagen expression regulate
fibroblast apoptosis
Despite a requirement for the dynamic proteolytic remodeling of
the type I collagen–dermal fibroblast interface in vivo, a co-
nundrum exists wherein neonatal wild-type and Mmp14-null
animals are virtually indistinguishable at birth (Holmbeck
et al., 1999; Zhou et al., 2000). Marked changes in postnatal
development only begin at P4–5, with major changes in body
weight, size, and skeletal development developing between 1 and
2 wk of age (Holmbeck et al., 1999; Zhou et al., 2000). Inter-
estingly, when examining fibroblast apoptosis as a function of
age, increases in fibroblast apoptosis in Mmp14−/− mice are
similarly delayed with significant changes only beginning be-
tween P7 and P14 (Fig. 4, A and B). In considering potential
mechanisms whereby Mmp14-null fibroblasts bypass cell death
in early postnatal development, we noted that the murine ECM,
particularly with regard to type I collagen levels and cross-
linking, undergoes major changes in composition and structure
over the first 3 wk of postnatal life (Butzow and Eichhorn, 1968;
Carver et al., 1993; Kalson et al., 2015; Mao et al., 2002; Mays
et al., 1988). Indeed, dermal tissues harvested from either new-
born wild-type or Mmp14−/− mice contain virtually undetectable
levels of type I collagen that subsequently increase as a function
of age (Fig. 4, A and C). Furthermore, increases in collagen
content correlate with rising levels of apoptosis inMmp14−/−, but
not Mmp14+/+ fibroblasts (Fig. 4, A–C). Though Mmp14 activity
has been reported to regulate type I collagen fibril release from
cell surfaces (Taylor et al., 2015), dermal collagen fibril size and
levels are normal in the dermal tissues ofMmp14−/− mice relative
to wild-type controls (Fig. S4).

Having established a correlation between the onset of type I
collagen deposition and dermal fibroblast apoptosis Mmp14-null
animals, we sought to determine whether type I collagen content
directly defines a requirement for Mmp14 activity in vivo. As
such, Mmp14+/+ or Mmp14−/− fibroblasts were isolated from
dermal explants of neonatal mice, labeled with fluorescent mi-
crobeads, and injected intradermally into skin explants recov-
ered from 1-, 7-, 14-, or 28-day-oldwild-typemice. Explants were
then maintained in a viable state by culturing the recombined
tissues atop the chorioallantoic membrane of live chick embryos
(Sabeh et al., 2009b). While injected wild-type fibroblasts remain

viable in each dermal explant—independent of its age—Mmp14−/−

fibroblasts only maintain viability in 1-day-old explants with
apoptosis levels increasing steadily to >30% when implanted in
28-day-old, wild-type tissues (Fig. 4, C and D). Finally, to establish
whether type I collagen levels alone directly and differentially
affect fibroblast survival, wild-type or null cells were embedded
in 3-D hydrogels whose type I collagen concentration ranges from
0.5 to 3.5 mg/ml. Consistent with our in vivo observations, apo-
ptosis levels increase markedly in Mmp14-null, but not wild-type
populations, as type I collagen concentrations rise above 0.5 mg/
ml (Fig. 4, F and G). Hence, the prosurvival effects afforded by
Mmp14 in vitro or in vivo are type I collagen dependent, allowing
Mmp14−/− dermal fibroblasts to avoid cell death triggers until
collagen levels increase in the early postnatal period.

An Mmp14-linked β1 integrin signaling cascade impacts
dermal fibroblast survival
To identify signaling pathways that are dysregulated in Mmp14-
targeted fibroblasts, wild-type and null cells were embedded in
3-D collagen for 48 h (a time point where minimal apoptosis is
observed), and RNA harvested for next-generation sequencing.
Under these conditions, almost 600 transcripts were differen-
tially expressed (Fig. 5 A). Interestingly, gene set enrichment
analysis identified alterations in transcripts associated with focal
adhesions, PI3K/Akt signaling, and cell adhesion and migration
(Fig. 5 B). Consistent with these results, whereas collagen-
embedded wild-type fibroblasts activate β1 integrin, phosphor-
ylate FAK, and increase Rho-GTP levels, each of these responses
is markedly depressed in the null fibroblasts with Rho-GTP
levels falling to 2% of control (n = 2; Fig. 5, C and D). To define
the relative importance of defective β1 integrin signaling in the
apoptotic phenotype displayed by Mmp14−/− fibroblasts, knock-
out cells were transduced with a constitutively active, G429N
β1 integrin mutant (Tang et al., 2013) and embedded in 3-D
collagen hydrogels. Importantly, the active β1 integrin mutant
fully reversed apoptosis and caspase-3 activation to wild-type
levels (Fig. 5, E and F).

TGF-β1–induced JNK activation triggers dermal fibroblast cell
death in vitro and in vivo
In addition to changes in β1 integrin signaling, apoptosis may
also be triggered by changes in matrix rigidity that, in turn,
function as an upstream regulator of integrin activation itself
(e.g., Leight et al., 2012). As the cytoskeletal-mediated contrac-
tile activity of collagen-embedded cells can modulate the me-
chanical properties of the surrounding matrix (Han et al., 2018),
we next used optical tweezer-based active microrheology to
monitor rigidity changes taking place at distances both near and
far from wild-type and null fibroblast in 3-D culture (Tang et al.,

P values determined by two-way ANOVA and Tukey post-test. AFU, active fluorescent units. (D) Time-dependent increase in TUNEL staining in Mmp14+/+

versusMmp14−/− fibroblasts cultured in the absence or presence of 10 µM Z-VAD (mean ± SEM; n = 4 independent experiments) with P values determined by
two-way ANOVA and Tukey post-test. (E and F) Fibroblasts were isolated from newborn Mmp14+/+ or Mmp14−/− skin and embedded in type I collagen hy-
drogels as either an unsorted population (all cells) or following FACS into papillary or reticular fibroblast fractions. Following a 5-day culture period, cells were
stained for F-actin with DAPI counterstaining (bar = 100 μm) (E) or TUNEL-stained and quantified (F) (mean ± SEM; n = 4 independent experiments) with P
values determined by two-way ANOVA and Tukey post-test.
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Figure 3. Mmp14-dependent pericellular proteolysis and the regulation of fibroblast survival. (A) Schematic diagram of Mmp14 with prodomain, an
RXKR-furin recognition sequence that directs proenzyme activation, catalytic, linker, hemopexin, transmembrane as well as cytosolic tail domains highlighted.
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2013). While the local rigidity of the collagen matrix surround-
ingMmp14+/+ fibroblasts increases almost sixfold to 200 Pa, that
surrounding Mmp14−/− fibroblasts only doubles (Fig. 6 A). Nev-
ertheless, changes in matrix rigidity alone are not necessarily
sufficient to induce apoptotic responses. Recent studies dem-
onstrated that soft matrices sensitized cells to apoptotic re-
sponses but only in the presence of TGF-β1 (Leight et al., 2012).
In this regard, plasma levels of TGF-β1 are markedly increased in
Mmp14−/− mice (Gutiérrez-Fernández et al., 2015; Leight et al.,
2012). Consistent with this report, TGF-β1 transcripts are upre-
gulated more than threefold in Mmp14-null fibroblasts embed-
ded in type I collagen hydrogels, with attendant increases in
both total and active TGF-β1 protein levels (Fig. 6, B and C). To
determine whether increases in active TGF-β1 levels alter TGF-β
signaling, 3-D–embedded wild-type and Mmp14-null fibroblasts
were probed for changes in canonical versus non-canonical
signaling as monitored by phospho-SMAD2 (pSMAD2) or
mitogen-activated protein kinase levels (Massague, 2012). Under
these conditions,Mmp14−/− fibroblasts express increased levels of
p-SMAD2, but neither phospho-ERK (pERK) nor phospho-p38
levels are affected (Fig. 6 D). By contrast, the levels of the p54
and p46 isoforms of phospho-JNK1,2 (pJNK) levels are increased
relative to wild-type fibroblasts when Mmp14−/− fibroblasts are
embedded in native, but not pepsin-extracted, collagen hydro-
gels (Fig. 6 E). Of note, the JNK inhibitor, SP600125 (Lee and
Schiemann, 2011), inhibits increased levels of pJNK (Fig. 6 F)
while no changes in pJNK levels between wild-type and null fi-
broblasts are detected in 2-D culture (Fig. S5, A and B).

As TGF-β–JNK signaling is activated under stress conditions
that trigger apoptotic responses in other cell systems (Lee and
Schiemann, 2011; Lei et al., 2002; Schuster et al., 2002; Wang
et al., 2007), we next assessed the effects of TGF-β neutralizing
antibodies or SP600125 on the proapoptotic phenotype ofMmp14−/−

fibroblasts. Indeed, in the presence of anti-TGF-β neutralizing an-
tibodies or SP600125, all cell death markers including caspase-3
activation and apoptosis are blocked (Fig. 6, G and H). By con-
trast, the MEK1/2 inhibitor, PD325901, did not abrogate cell death
programs in Mmp14-null fibroblasts (Fig. 6, G and H). While apo-
ptosis levels in Mmp14−/− fibroblasts are further increased by sup-
plementing 3-D cultures with exogenous TGF-β1, wild-type
fibroblasts are, as predicted, resistant to the proapoptotic effects
of TGF-β1 and maintain full viability (Fig. S5, C and D).

Finally, we returned toMmp14−/− mice to determine whether
combined defects in β1 integrin activation and JNK activation
could be identified in vivo. Indeed, as observed in vitro,

β1 integrin activation, as well as Rho-GTP levels (11% of control
values; n = 2), are strongly repressed inMmp14−/− dermal tissues
(Fig. 7, A–C). Further, pJNK levels are increased in Mmp14−/−

dermal tissues relative to wild-type controls in tandem with the
expected marked increases in TUNEL-positive cells (Fig. 7, D–F;
and Fig. S5 E). However, whenMmp14−/− mice were treated with
either anti-TGF-β antibodies or SP600125 during the first 3 wk of
life, increases in pJNK levels as well as fibroblast apoptosis were
almost completely blocked (Fig. 7, D–F). Hence, both in vitro and
in vivo, Mmp14 maintains dermal fibroblast survival by actively
suppressing a pJNK-dependent pathway that is triggered when
collagen matrix remodeling is ablated.

Discussion
By E18.5, dermal fibroblasts have differentiated into papillary
and reticular populations, a point in time during which the ECM
remains immature (Driskell and Watt, 2015; Rognoni and Watt,
2018; Smith et al., 1982). During the following early postnatal
period, dermal fibroblasts begin synthesizing and depositing a
complex network of covalently crosslinked type I collagen,
eventually comprising ∼70% of the dermal ECM (Smith et al.,
1982). Consistent with earlier work documenting the selective
degradation of skin collagen during the rapid phases of postnatal
growth (Klein and ChandraRajan, 1977), we find that Mmp14 is
expressed throughout the dermal compartment in association
with the appearance of degraded type I collagen during this
timeframe. In turn, Mmp14-dependent matrix remodeling reg-
ulates mechanotransduction cascades critical to fibroblast sur-
vival. As an important aside, it should be noted that dermal type
I collagen fibrils are normally decorated with type III collagen
(Keene et al., 1987), potentially complicating the collagenolytic
process. Nevertheless, Mmp14 can hydrolyze type III collagen
(Ohuchi et al., 1997) with more recent reports indicating that the
type III collagen content of mouse skin is low in the early
postnatal period (Arai et al., 2017).

The observed increases in fibroblast apoptosis found in the
dermis of Mmp14−/− mice are likely pathognomonic of distinct
derangements occurring throughout the tissues of these ani-
mals, with specific effects exerted as a function of the distinct
characteristics of the various cell types and organ systems (Chan
et al., 2012; Chun et al., 2006; Feinberg et al., 2018; Gonzalo et al.,
2010; Jin et al., 2011; Tang et al., 2013). For example, Mmp14-
targeted mesenchymal stem cells do not undergo apoptosis
in vivo but instead alter lineage commitment programs from

MMP14 mutants were engineered with an inactivating point mutation (E240→A) inserted in the catalytic domain (MMP14EA), the hemopexin or cytosolic tail
deleted (i.e., MMP14ΔHPX and MMP14ΔCT), the MMP14 pro– and catalytic domains replaced with the pro- and catalytic domains of human MMP-1 wherein an
RXKR sequence was inserted at the terminus of the pro-domain and the MMP14 hemopexin domain retained or deleted (i.e., MMP14MMP-1CAT and MMP14MMP1/

CAT/ΔHPX) or the MMP14 transmembrane and cytosolic tail deleted (i.e., MMP14ΔTM). (B)Mmp14−/− fibroblasts were transduced with control, wild-type MMP14,
or mutant MMP14 constructs, embedded in 3-D collagen hydrogels, and cultured for 5 days in the absence or presence of TIMP-2 (3 µg/ml). TUNEL-positive
cells were then enumerated (mean ± SEM; n = 4 independent experiments) with P values determined by one-way ANOVA and Tukey post-test. (C and D)
Mmp14+/+ orMmp14−/− fibroblasts were embedded in 3-D type I collagen hydrogels prepared from borohydride-reduced or pepsin-hydrolyzed collagen trimers
and cultured for 5 days in the absence or presence of TIMP-2 (3 µg/ml). Cells were then phalloidin-stained with DAPI counterstaining (C) (bar = 50 µm) and the
percent TUNEL-positive fibroblasts determined in D (mean ± SEM; n = 4 independent experiments) with P values determined by two-way ANOVA and Tukey
post-test. (E)Mmp14+/+ orMmp14−/− fibroblasts were embedded inMmp14-degradable or non-degradable PEG-based hydrogels for 5 days and then stained for
F-actin and TUNEL (bar = 50 µm). The percentage of TUNEL-positive cells is shown in panel D (mean ± SEM; n = 4 independent experiments).
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Figure 4. Postnatal maturation of the dermal extracellular matrix. (A and B) (A) Dorsal skin was harvested from 1-, 7-, 14-, and 28-day-old Mmp14+/+ or
Mmp14−/− mice, and type I collagen was visualized by immunofluorescence (with PI counterstaining) and apoptotic cells were detected as TUNEL-positive cells
(bar = 50 µm). Results are representative of three independent experiments performed. In panel B, results are quantified as the percentage of positive cells in
10 random fields of tissue sections isolated from three mice (mean ± SEM; n = 3 independent experiments) with P values determined by two-way ANOVA and
Tukey post-test. (C) Collagen levels were quantified by hydroxyproline assay (mean ± SEM; n = 3) with P values determined by two-way ANOVA and Tukey
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osteoblastogenesis to adipogenesis and chondrogenesis (Tang
et al., 2013, 2022). Further, the striking sensitivity of dermal
fibroblasts to Mmp14-regulated cell survival does not extend to
Mmp14−/− cardiac, lung, or mammary fibroblasts where 3-D
survival remains unaffected (Feinberg et al., 2018; Koenig et al.,
2012; Rowe et al., 2011). These results most likely reflect the
functional heterogeneity displayed by mesenchymal cell pop-
ulations residing in different host microenvironments as well as
their Mmp14-specific requirements (Buechler et al., 2021; Chang
et al., 2002; Driskell and Watt, 2015; Rinn et al., 2006). We do
note, however, that an earlier report described increased oste-
ocyte apoptosis inMmp14−/− mice (Karsdal et al., 2004), but later
studies failed to confirm this observation in vivo (Holmbeck
et al., 2005). Likewise, while Mmp14 has been reported to reg-
ulate the expression of BIK, a proapoptotic tumor suppressor in
cancer cells (Maquoi et al., 2012), we detected no changes in its
expression in Mmp14-null fibroblasts nor were increases in
apoptosis observed in Mmp14-null carcinomas in vivo (Feinberg
et al., 2018). Taken together, we conclude that Mmp14 acts as a
required, prosurvival factor in developing dermal tissues in the
early postnatal period.

Given the morbidity and accelerated mortality of Mmp14−/−

mice (Holmbeck et al., 1999; Zhou et al., 2000) and the impact of
global knockout on multiple systems, ranging from adipogenesis
to branching morphogenesis (Alabi et al., 2021; Chan et al., 2012;
Chun et al., 2006; Feinberg et al., 2018; Gonzalo et al., 2010; Jin
et al., 2011; Shimizu-Hirota et al., 2012; Tang et al., 2013), we
considered the possibility that dermal fibroblast apoptosis might
not reflect a cell-autonomous defect in vivo. However, the cell
death phenotype is readily recapitulated in vitro when Mmp14-
null fibroblasts are embedded in 3-D hydrogels designed to
recreate the ECM of type I collagen-rich dermal tissues.With the
limited life span of Mmp14 global knockout mice (in our studies,
targeted mice live no longer than 6 wk), the long-term func-
tional impact of Mmp14 targeting on dermal fibroblast function
will require the use of conditional knockouts. However, such
studies are complicated by the fact that other dermal cell pop-
ulations, including preadipocytes, adipocytes, endothelial cells,
smooth muscle cells, and pericytes, likewise express Mmp14 and
potentially participate in dermal collagenolysis in a compensa-
tory fashion (Chun et al., 2004; Filippov et al., 2005; Lehti et al.,
2005; Yana et al., 2007). Furthermore, Mmp14 is readily shed in
exosomes, thereby allowing transcellular import into targeted
cell populations in vivo (Crewe et al., 2018; Shimoda and
Khokha, 2017). Interestingly, in recent work, Mmp14 was tar-
geted in fibroblasts in vivo, resulting in dermal fibrosis, but
apoptosis was not examined (Zigrino et al., 2016). However, in
these conditional knockout mice, targeting was initiated at P30

(Zigrino et al., 2016), a time point at which the bulk of dermal
collagen remodeling is complete. In this regard, Mmp14 global
knockout mice display more severe phenotypes relative to
conditional knockout mice when global targeting is initiated in
adult mice (Xia et al., 2023).

In considering the potential mechanisms by which Mmp14
functions to maintain fibroblast viability, efforts to gain mech-
anistic insights are complicated by the fact that the proteinase is
able to cleave a large number of membrane-associated targets,
ranging from integrins and syndecans to membrane-anchored
growth factors and receptors (Itoh, 2015; Rowe and Weiss,
2009). Nevertheless, Mmp14−/− fibroblast viability is main-
tained when cultured either under standard 2D culture con-
ditions or atop collagen hydrogels, effectively ruling out a
requirement for the shedding or activation of cell surface or
secreted molecules—at least under these culture conditions.
Alternatively, type I collagen hydrogels have been reported to
modulate cell function in 3-D culture by regulating either in-
tegrin- or non-integrin–dependent signaling (Birukawa et al.,
2014; Koyama et al., 1996; Montgomery et al., 1994; Wall et al.,
2007; Zhou et al., 2006). However, when 3-D collagen hydrogels
are assembled under conditions where lysyl oxidase–derived
aldimine crosslinks cannot form (Sabeh et al., 2009b), we find
that Mmp14 is no longer required to maintain the viability of
embedded fibroblasts. Hence, it is the mechanical—rather than
structural—properties of the collagen hydrogel that serve as the
most important determinant of fibroblast responses. Though
recent studies have reported no differences in fibroblast be-
havior when suspended in native versus non-crosslinked colla-
gen hydrogels (Lakshman and Petroll, 2012; Zhou and Petroll,
2014), a functional role for MMPs in regulating cell survival is
clearly restricted to the native, crosslinked material. Further,
our studies with PEG-based synthetic hydrogels highlight the
fact that proteolysis of native, crosslinked type I collagen per se
is not required for maintaining fibroblast survival, thereby
ruling out the possibility that collagen degradation itself plays a
required role in this system. Rather, the key signal to maintaining
fibroblast survival is directly linked to protease-dependent reg-
ulation of 3-D cell shape, contractility, and mechanotransduction-
linked signaling. Interestingly, we attempted to extend these
studies to include the use of collagenase-resistant type I collagen
isolated from Col1r/r mice (Liu et al., 1995), which would be pre-
dicted to induce cell death in wild-type fibroblasts. To our sur-
prise, we have found that wild-type fibroblasts are able to
degrade r/r collagen by a heretofore undescribed mechanism that
requires both Mmp14 and a TIMP-1–senstive, secreted MMP (Fig.
S6). While these findings preclude the use of r/r collagen in our
studies, all of the findings reported herein remain consistent with

post-test. (D) The left panel is a schematic of the injection of wild-type or Mmp14 knockout dermal fibroblasts injected into wild-type skin explants and
cultured atop the chick chorioallantoic membrane (CAM). In the panel to the right,Mmp14+/+ orMmp14−/− dermal fibroblasts (labeled with green microspheres)
were injected into normal skin explants harvested from 1-, 7-, 14-, and 28-day-old wild-type mice and cultured atop the chorioallantoic membrane of live chick
embryos for 5 days. TUNEL-positive cells in explant cross-sections (red) are marked by white arrows (bar = 20 µm). (E) Number of TUNEL-positive cells as
quantified in high power fields taken from 10 randomly selected sections. Results are expressed as the mean ± SEM (n = 4 independent experiments) with P
values determined by two-way ANOVA and Tukey post-test. (F and G)Mmp14+/+ orMmp14−/− fibroblasts were embedded in increasingly dense type I collagen
hydrogels (0.5–3.5 mg/ml) and stained for F-actin (bar = 100 µm) (F) or TUNEL-positive cells (G). Results are expressed as the mean ± SEM (n = 4 independent
experiments) with P values determined by two-way ANOVA and Tukey post-test.

Sabeh et al. Journal of Cell Biology 10 of 20

Mmp14 regulates dermal fibroblast function https://doi.org/10.1083/jcb.202312091

https://doi.org/10.1083/jcb.202312091


Figure 5. Transcriptional profiling and functional analyses identify defects in β1 integrin signaling inMmp14−/− fibroblasts. (A) Heatmap displaying a
scaled expression of differentially expressed genes (DEGs; P value <0.05; fold change [FC] > 1.5 or less-than −1.5; average expression >25 counts) between
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the conclusion that pericellular proteolysis of native or synthetic
matrices is central to the activation of a mechanotransduction-
linked cell survival program.

Given a requirement for the activation of Mmp14-dependent
signaling cascades to maintain dermal fibroblast survival, it has
been perplexing that newborn Mmp14−/− mice appear largely
indistinguishable from littermate controls, but embryonic tis-
sues in the developing mouse—save for the vasculature and
bone—contain only low levels of type I collagen (Feinberg et al.,
2016; Holmbeck et al., 1999; Lohler et al., 1984; Tang et al., 2013;
Zhou et al., 2000). Apparently, the most dramatic increases in
dermal type I collagen levels are reserved for early postnatal
development, likely as a means to accommodate the mechanical
stresses associated with the ex utero environment. As such, and
as highlighted here in our analyses of dermal tissues,Mmp14−/−-
associated pathology displays itself as a function of the deposi-
tion of a mechanically mature ECM (Fig. 8).

During wound healing, fibroblasts proliferate and purpose-
fully increase cytoskeletal tension and tractional forces in an
effort to draw the edges of the damaged tissue together (Darby
et al., 2002; Kobayashi et al., 2005; Nho et al., 2005; Niland et al.,
2001). At the close of this process, tractional forces are no longer
required and the wound fibroblasts transition from a “stressed”
to a “relaxed” state that triggers a wave of apoptosis to restore
fibroblast numbers to their prewound state (Darby et al., 2002;
Kobayashi et al., 2005; Nho et al., 2005; Niland et al., 2001).
Early studies have demonstrated that this program can be reca-
pitulated in vitro (Kobayashi et al., 2005; Nho et al., 2005; Niland
et al., 2001). That is, when fibroblasts are embedded in collagen
hydrogels that remain adherent to the surrounding walls of cul-
ture dishes, the elongating cells increase cytoskeletal tension and
the rigidity of the cell-hydrogel composite increases with the
system classified as mechanically stressed. If the gel is then de-
tached from thewalls of the culture dish, the embedded fibroblasts
contract the gel, and the change in cell shape and mechanical ri-
gidity triggers an apoptotic response similar to that observed
during wound closure in vivo (Kobayashi et al., 2005; Nho et al.,
2005; Niland et al., 2001). Interestingly, this tension/relaxation-
induced form of apoptosis has previously been associated with
increased TGF-β levels both in vitro and in vivo (Bouffard et al.,
2008;Maeda et al., 2011; Varedi et al., 2000). Though active TGF-β
can exert myriad effects on cell function via canonical and non-
canonical signaling pathways (Massague, 2012), cellular responses
are tightly linked to ECM rigidity with cell death triggered as the
malleability of the underlying matrix increases (Leight et al.,
2012). Indeed, recent studies indicate that disruption of cellular
tension drives the reorganization of TGF-β receptors, thereby

allowing Smad activation (Rys et al., 2015). Apparently, Mmp14−/−

fibroblasts appear to “read” their inability to adopt normal cell
shapes and increase pericellular matrix rigidity as a signal to
downregulate β1 integrin signaling and engage a TGF-β–induced
cell death program similar to that observed during wound healing.
While the effects of deleting Mmp14 expression in 3-D–embedded
fibroblasts are complex, highlighting the existence of a mechan-
ically coupled system, a critical role for β1 integrin activation is
highlighted by the ability of a constitutively active integrinmutant
to maintain the viability of Mmp14 knockout fibroblasts despite
the continued absence of collagenolytic activity. A TGF-β/JNK
cascade has not been previously linked to dermal fibroblast apo-
ptosis, but TGF-β triggers stress-induced JNK-mediated apoptosis
in other cell systems (Lee and Schiemann, 2011; Lei et al., 2002;
Schuster et al., 2002; Wang et al., 2007). Interestingly, we find
that the apoptosis program activated in Mmp14−/− fibroblasts can
be duplicated when normal fibroblasts are embedded within re-
laxed hydrogels (Fig. S5, F and G). Further studies are nevertheless
needed to characterize the mechanisms underlying increased
TGF-β expression and activation inMmp14-null fibroblasts as well
as wild-type fibroblasts cultured in relaxed gels (Fig. S5 F).

Taken together, our data demonstrate that wild-type fibro-
blasts purposefully mobilize Mmp14 during the early postnatal
changes associated with the development of the dermal ECM in a
concerted effort to optimally maintain cell shape, cytoskeletal
tension, and β1 integrin–linked mechanotransduction. In the ab-
sence of Mmp14, fibroblasts are unable to properly adjust their
interactions with the surrounding ECM, thereby creating a sce-
nario in which the cells inappropriately engage an apoptotic pro-
gram that we postulate recapitulates that activated during wound
healing (Fig. 8). As such, the Mmp14-dependent remodeling of the
collagenous matrix can now be classified as a new prosurvival axis
whose proteolytic activity is required to maintain dermal fibro-
blast function. Given the fact that matrix-degradative activity of
Mmp14, whether expressed by fibroblasts or other dermal cell
populations, can regulate tissue-invasive activity through both
normal and provisional matrices (Hotary et al., 2002; Rowe et al.,
2011; Sabeh et al., 2009a), proliferative responses as well as normal
tissue homeostasis (Zigrino et al., 2016), it seems likely that this
proteinase will play more global roles in regulating dermal func-
tion in health and disease, not only in mice but humans as well.

Materials and methods
Mice
Mmp14+/− mice (outbred Swiss Black background), Mmp14+/LacZ

mice (C57BL/6 background), and Mmp14f/f mice (outbred Swiss

wild-type (WT) and Mmp14 knockout (KO) fibroblasts embedded in 3D type I collagen for 48 h. (B) Heatmap displaying differentially expressed genes grouped
by pathways identified as downregulated in Mmp14-null fibroblasts via pathway analysis of Gene Ontology biological processes and Kyoto Encyclopedia of
Genes and Genomes pathway gene sets. (C) Mmp14+/+ or Mmp14−/− fibroblasts were embedded in type I collagen hydrogels, and after a 36-h culture period,
stained for total β1 integrin, activated β1 integrin (bar = 25 µm), or pFAK and F-actin (bar = 50 µm). Results are representative of three or more experiments.
(D) Rho-GTP levels were determined by immunocapture and western blot (results representative of two independent experiments performed). Relative
expression levels are shown as determined by densitometry. (E and F)Wild-type (WT), Mmp14 knockout (KO) cells, or MMp14 KO cells were transducedwith a
constitutively active G429N β1 integrin mutant, embedded in 3-D collagen hydrogels for 120 h, and the percent TUNEL-positive and caspase-3–positive cells
determined. Data are presented as mean ± SEM (n = 6 independent experiments) with P values determined by one-way ANOVA and Tukey post-test. Source
data are available for this figure: SourceData F5.
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Black background) were generated as described previously
(Holmbeck et al., 1999; Tang et al., 2013; Yana et al., 2007).

Isolation and culture of mouse dermal fibroblasts
Fibroblasts were isolated from dorsal dermal explants or colla-
genase digests of 2–7-day-old wild-type mice, mutant, or
littermate controls (Driskell and Watt, 2015; Driskell et al., 2013;

Sabeh et al., 2004). In selected experiments, papillary and re-
ticular dermal fibroblasts recovered from collagenase digests
were sorted by flow cytometry using antibodies directed against
Lrig1 (FAB3688G, Goat; R&D), Sca-1 (AF1226, Goat; R&D), integrin-
α8 (AF4076, Goat; R&D), and Dlk1 (MAB8634, Rabbit; R&D) (Driskell
et al., 2013). Fibroblasts (used between passages 2–6) were cultured
in DMEM supplemented with 10% heat-inactivated fetal calf serum

Figure 6. A TGF-β/JNK cascade induces fibroblast apoptosis. (A) Mmp14+/+ or Mmp14−/− fibroblasts were embedded in type I collagen hydrogels, and the
pericellular rigidity of the matrices was monitored by optical tweezer-based active microrheology either near (<5 µm) or distant (>100 µm) from the fibroblasts.
Elastic modulus values (G9) of beads at 6 and 50 h are shown. Each point represents the average G9 (across frequencies) for each bead. Results are presented as
mean ± SEM, *P < 0.05; two-way ANOVA and Tukey post test. (B and C) RelativemRNA levels of TGF-β isoforms (B), TGF-β protein levels (B inset), and active TGF-
β1 levels (C) expressed in Mmp14+/+ or Mmp14−/− fibroblasts embedded in 3-D type I collagen hydrogels for 24 h. Results are representative of two independent
experiments performed in panel B and three independent experiments with mean ± SEM as assessed by Student’s t test in panel C. Relative expression levels for
western blot (B) are shown as determined by densitometry. (D) Western blot of pSMAD2, p-p38, pERK, and total ERK (T-ERK) levels in Mmp14+/+ or Mmp14−/−

fibroblasts cultured in 3-D collagen for 24 h (results representative of three independent experiments performed). Relative expression levels for western blots are
shown as determined by densitometry. (E) pJNK1,2 and total JNK1,2 (T-JNK) levels in Mmp14+/+ versus Mmp14−/− fibroblasts embedded in 3-D native or pepsin-
extracted collagen hydrogels for 24 h as determined by western blot analysis. Relative expression levels for western blots are shown as determined by densi-
tometry. Results are representative of three independent experiments performed. (F) pJNK levels in Mmp14+/+ or Mmp14−/− fibroblasts embedded in 3-D type I
collagen hydrogels in the absence or presence of the JNK inhibitor, SP600125, for 24 h as determined by western blot. Relative expression levels for western blots
are shown as determined by densitometry. Results are representative of three independent experiments performed. (G and H)Mmp14+/+ orMmp14−/− fibroblasts
were cultured in native, 3-D collagen hydrogels in the absence or presence of either anti-TGF-β antibodies, the MEK inhibitor, PD325901, or SP600125 for 5 days
and TUNEL-positive cells (G) and caspase-3 activity (H) quantified. Results are expressed as a mean ± SEM (n = 4 independent experiments) with P values
determined by two-way ANOVA and Turkey post-test. AFU, active fluorescent units. Source data are available for this figure: SourceData F6.
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Figure 7. A TGF-β/JNK axis regulatesMmp14−/− dermal apoptosis in vivo. (A and B) Active and total β1 integrin expression in skin cross-sections of 3-wk-
old wild-type versus Mmp14-null mice as assessed by immunofluorescence in panel A (red; bar = 50 µm) and following quantitative image analysis (B). Results
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(FCS; Atlanta Biologicals) or heat-inactivated mouse sera, 100 U/ml
penicillin, 100 μg/ml streptomycin, 0.25 μg/ml fungizone, and
2 mM L-glutamine.

Fibroblast-collagen composites
Type I collagen was acid- or pepsin-extracted from rat tail tendons
(Sabeh et al., 2009a)while pepsin-extracted bovine dermal collagen
was obtained commercially (Vitrogen; Nutacon). Reduced rat tail
collagen was prepared via sodium borohydride reduction (Gelman
et al., 1979; Sabeh et al., 2009a). Collagen rigidity was determined in
an RSFII rheometer (Rheometrics) using dynamic shear mode and
parallel plates in a hydrated chamber while pore size was approx-
imated by confocal reflection microscopy (Dudley et al., 2014; Wolf
et al., 2013). Fibroblasts (5 × 104) were either cultured atop or em-
bedded within collagen hydrogels (0.5–3.5 mg/ml with 2.2 mg/ml
used as the standard concentration) (Sabeh et al., 2004). For PEG-

based, RGD-derivatized hydrogel cultures, the cells were mixed
with hydrogel solution and cultured according to the manu-
facturer’s protocol (QGel SA; QGel Bio) (Tang et al., 2013).

In all experiments, fibroblast-hydrogel cultures were performed
in 10% heat-inactivated FCS alone or with the recombinant MMP
inhibitor, TIMP-2 (3 μg/ml; Fuji Industries), TGF-β1 (10 ng/ml; R&D
Systems), TGF-β neutralizing antibody (1 μg/ml; AB-100-NA, Rab-
bit; R&D), the MEK inhibitor, PD325901 (10 nM; LC Laboratories),
the JNK inhibitor, SP600125 (20 μM; Sigma-Aldrich), or Benzyl-
oxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (Z-VAD) (10
μm; R&D Systems).

Lentiviral transduction
Mmp14-null fibroblasts were transduced with full-length MMP14,
catalytically inactive MMP14, MMP14 deletion mutants, MMP14/
MMP1 chimeric constructs, or a constitutively active G429N

are expressed as the mean ± SEM; n = 4 independent experiments as assessed by Student’s t test. (C)Western blot of Rho-GTP levels in skin extract of 3-wk-
old wild-type versus Mmp14-null mice. Relative expression levels for western blots are shown as determined by densitometry. Results representative of two
independent experiments performed. (D and E) pJNK and TUNEL in cross-sections of dorsal skin excised from 3-wk-old wild-type versus Mmp14-null mice
treated with either IgG or anti-TGF-β neutralizing antibody (D; all bars = 50 µm) or SP600125 for 3 wk (E; pJNK, bars = 5 µm and TUNEL, bars = 50 µm). Data
are representative of two independent experiments performed, each with n = 3 mice. (F) Quantification of pJNK- and TUNEL-positive cells from C and D (n = 3
independent experiments). Data are presented as mean ± SEM (n = 4 independent experiments) with P values determined by two-way ANOVA and Turkey
post-test. Source data are available for this figure: SourceData F7.

Figure 8. Schematic overview of the Mmp14 dermal fibroblast survival program. During early postnatal development of the dermis, type I collagen–
embedded fibroblasts undergo shape changes driven by Mmp14-dependent pericellular proteolysis of the surrounding matrix that coincidentally triggers
β1 integrin activation, thereby setting in motion a cascade of mechanotransduction-linked events, including increased pFAK and Rho-GTP kinase levels, and
increased cytoskeletal tension as well as matrix rigidity that together maintain cell survival. By contrast, in the absence of Mmp14-dependent pericellular
collagenolysis, dermal fibroblasts are encased in a matrix that limits cell spreading and all of the associated mechanotransduction-linked steps, resulting in the
loss of cytoskeletal tension and an inability to increase ECM rigidity. Via unknown mechanisms similar to those observed in wound healing, the absence of
cell–matrix tension triggers an increase in TGF-β expression and activation that then actuates a pJNK-dependent apoptotic program.
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β1 integrin mutant with all constructs cloned into a lentiviral
expression vector (Li et al., 2008; Sabeh et al., 2009b). The ex-
pression levels and collagenolytic activity of endogenous Mmp14
versusMMP14 as well asMMP14mutant constructs are shown in
Fig. S7.

Quantitative polymerase chain reaction (qPCR)
Total RNA was extracted using a TRIzol kit and cDNA was
synthesized using the Superscript III kit (Invitrogen Life Tech-
nologies). qPCR was performed using SYBR-Green Supermix
(Invitrogen Life Technologies). Mouse TGF-β1 primers; forward:
59-TGATACGCCTGAGTGGCTGTCT-39, reverse: 59-CACAAGAGC
AGTGAGCGCTGAA-39. Mouse TGF-β2 primers; forward: 59-CCG
CATCTCCTGCTAATGTTG-39, reverse: 59-AATAGGCGGCATCCA
AAGC-39. Mouse TGF-β3 primers; forward: 59-AAGCAGCGCTAC
ATAGGTGGCA-39, reverse: 59-GGCTGAAAGGTGTGACATGGAC-
39. Mouse GAPDH primers; forward: 59-CATCACTGCCACCCA
GAAGACTG-39, reverse: 59-ATGCCAGTGAGCTTCCCGTTCAG-39.

Western blotting and ELISA
Cells in either 2-D or 3-D culture or skin tissuewere homogenized
and lysed with radioimmunoprecipitation assay buffer, and the
lysate (20–30 μg) was boiled with or without reducing agent (for
TGF-β analyses) and resolved by 4–20% SDS-polyacrylamide gel
electrophoresis followed by blotting onto polyvinylidene fluoride
membranes (Bio-Rad Laboratories). For analyses of lamin A/C
content, the cells were lysed in Laemmli buffer (Bio-Rad). Anti-
bodies for western blots include anti-Mmp14 (#2010-1, Rabbit;
Epitomics), hemagglutinin (HA, HA.C5; ab18181, Mouse; Abcam),
anti-lamin A/C (sc-376248, Mouse; Santa Cruz Biotechnology),
anti-p21 (ab188224, Rabbit; Abcam), anti-glyceraldehyde-3-
phosphate dehydrogenase (CB1001, Mouse; Sigma-Aldrich), pan
anti-TGF-β (AB-100-NA, Rabbit; R&D), anti-pP38 (#4511, Rabbit;
Cell Signaling) and total P38 (#9212, Rabbit; Cell Signaling), anti-
pJNK1,2 (#9251, Rabbit; Cell Signaling) and total JNK1,2 (#9252,
Rabbit; Cell Signaling), anti-pERK (#4377, Rabbit; Cell Signaling)
and total ERK (#4695, Rabbit; Cell Signaling), anti-γ-H2AX
(#9718, Rabbit; Cell Signaling), anti-pFAK (Tyr 397; ab81298,
Rabbit; Abcam), anti-pSMAD2 (#3108, Rabbit; Cell Signaling),
and anti-β-actin (MAB8929, Mouse; R&D). Secondary antibodies
for western blots were Cell Signaling #7076 (HRP-linked, anti-
mouse) and Cell Signaling #7074 (HRP-linked, anti-rabbit). Rho
and Rho-GTP levels were determined using a Rho activation
assay kit (#8820; Cell Signaling). Active TGF-β levels were de-
termined in cell-free supernatants by ELISA (Legend Max Free
Active TGF-β1 ELISA Kit; Biolegend).

Optical tweezer-based active microrheology analysis of
ECM rigidity
Collagen gels containing skin fibroblasts and 2 μm carboxylated
beads (Bangs Laboratories) were polymerized within glass-
bottom Petri dishes. After a 6- or 50-h incubation period, the
microrheology system was performed (Kotlarchyk et al., 2011;
Tang et al., 2013). Briefly, a focused laser-trapping beam (1,064
nm) oscillates transversely about the center of a bead with an
amplitude of 60 nm at a set of oscillation frequencies (10, 20, 30,
and 50 Hz). As the laser pulls the bead away from equilibrium,

elastic forces of the ECM act to restore it. A stationary detection
laser (785 nm) was used to track the bead position in time on a
Quadrant Photo Detector while a Position Sensing Detector was
used to track the position of the trapping laser. From these sig-
nals, a complex shear modulus (G*) is computed that comprises
real (G9) and imaginary (G’’) components, where G9 is the elastic
modulus. Measurements were conducted near (within 5 μm) and
far (>100 μm) from both Mmp14+/+ and Mmp14−/− fibroblasts.

Dermal collagen content
The collagen content of skin explants was quantified by hy-
droxyproline assay in acid (6N HCl) hydrolysates (Creemers
et al., 1997; Sabeh et al., 2004).

Histology, immunofluorescence, apoptosis/senescence assays,
and EM
Skin, lung, tail, or brain from 1-day- to 1-mo-old mice were
dissected, fixed in 4% paraformaldehyde, frozen or embedded in
paraffin, and sectioned (5–10 μm). Sections were stained with
Hematoxylin/Eosin (H&E) or Trichrome according to standard
procedures (Tang et al., 2013). LacZ activity was analyzed in
frozen sections (Tang et al., 2013). H&E, LacZ, and Trichrome
images were acquired with an Olympus BX51 upright micro-
scope (Olympus; 10×, 20×, or 40× objectives/0.4, 0.7, or 0.9 NA,
respectively) and digitally acquired using a DP70 digital camera
at 25°C.

Immunofluorescence was performed on frozen sections of
mouse tissues (skin, tail, lung, heart, and brain) or in fibroblast-
collagen cultures following fixation in 1–4% paraformaldehyde.
Type I collagen content was assessed in tissue sections by either
staining with anti-type I collagen polyclonal antibodies (AB765P,
Rabbit; Sigma-Aldrich), assessing second harmonic generation
in frozen sections (Morishige et al., 2006; Tang et al., 2013), or
by Trichrome staining paraffin sections. Immunofluorescent
staining of denatured collagen in frozen sections of skin or
collagen hydrogels was determined with anti-Col1-3/4C poly-
clonal antibody (#0217-050, Rabbit; ImmunoGlobe) (Tang et al.,
2013). Apoptosis was assessed in fibroblast cultures or tissue
sections using a TUNEL assay kit (Click-iT Plus TUNEL assay;
Life Technologies, or TdT In Situ Apoptosis Detection kit; R&D
Systems). For in vivo detection of senescent cells, cross-sections
of frozen tissue were prepared, and β-galactosidase activity at
pH 6.0 was detected according to the manufacturer’s instruction
(Senescence β-Galactosidase Staining kit; Cell Signaling). Active
caspase-3 levels in fibroblast cultures were determined using an
active caspase staining kit (CaspGLOW; Biosource) and a fluo-
rescent plate reader. Total and active β1 integrins were detected
using anti-β1 integrin antibody (clone MB1.2, MAB11997, Rat;
Millipore) and anti-active β1 integrin antibody (clone 9EG7,
550531, Rabbit; BD Biosciences), respectively. To quantify cor-
rected total cellular fluorescence, the channel detecting nuclear
DAPI staining was first used to identify cellular regions of each
image to be used for quantification. Next, fluorescent signal
from the specified antibody was quantified in those regions,
normalizing for background signal detected in nearby acellular
regions. Last, total fluorescent intensity measured in cellular
regions was further normalized by dividing the total fluorescent
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intensity by the total area of the cellular region defined for that
image as outlined (Shihan et al., 2021).

Fibroblast morphology in vitro was assessed using a laser-
scanning confocal microscope (Nikon A1/A1R inverted micro-
scope) using either 40× or 60× C-Apochromat (1.2 NA) water
immersion objectives at 25°C. Samples were mounted in fluo-
rescent mounting media (DakoCytomation) and stained with
either Alexa Fluor 488 (green) or Alexa Fluor 594 (red) phalloi-
din, and either propidium iodide (PI) or DAPI (Invitrogen). All
fluorescence images were analyzed with Adobe Photoshop (CS6).
Transmission and scanning electronmicroscopywere performed
and imaged with a JEOL JEM-1400 Plus electron microscope or
AMRAY 1910 Field Emission Scanning Electron Microscope.
Images were recorded using a Hamamatsu ORCA-HR digital
camera system and ATM software (Advanced Microscopy
Techniques Corporation) (Chun et al., 2006; Sabeh et al., 2009b).

Secondary antibodies used for immunostaining include Alexa
Fluor 488 (A11034, Anti-rabbit; Invitrogen), Alexa Fluor 594
(A11012, Anti-rabbit; Invitrogen), Alex Fluor 488 (A11001, Anti-
mouse; Invitrogen), and Alexa Fluor 594 (A11005, Anti-mouse;
Invitrogen).

RNA sequencing (RNA-seq) analysis
Total RNA was extracted using TRIzol. Libraries were then
prepared using the NEBNext rRNA Depletion Kit (E6310; NEB)
and NEBNext Ultra II Directional RNA Library Prep Kit (E7760;
NEB). The libraries were subject to 150 bp paired-end cycles on
the NovaSeq-6000 platform (Illumina). Reads were trimmed
using Cutadapt v2.3 (Martin, 2011) and then evaluated using
FastQC (v0.11.8) (Andrews, 2010) to determine the quality of the
data. Reads were mapped to the mm10 reference genome,
GRCm38 (ENSEMBL), using STAR (v2.7.8a) (Dobin et al., 2013)
and assigned count estimate to genes with RSEM (v1.3.3) (Li and
Dewey, 2011). Alignment options followed ENCODE standards
for RNA-seq and quality control metrics from several different
steps were aggregated by multiQC v1.7 (Ewels et al., 2016).
Subsequent analysis of gene expression was performed using
the DESeq2 package (v1.42.0) (Love et al., 2014) in R statistical
software (v4.3.2). Pathway analysis was performed using DAVID
Bioinformatics Resources 2021 (Sherman et al., 2022). Raw and
processed data are available at GSE266914.

In vivo inhibition of JNK activation
Mice at 1–4 days of age were administered via intraperitoneal
injection (50 μl) of a control IgG or 5 mg/kg TGF-β neutralizing
antibody (R&D Systems) every 4 days for a total of three doses.
Alternatively, mice received normal saline or SP600125 (Sigma-
Aldrich) at a final concentration of 17 mg/kg, every 4 days. Mice
were sacrificed at 21 days of age, and skin samples were collected
and analyzed for TUNEL staining and JNK activation.

Skin explant culture
Fibroblasts were labeled with fluoresbrite carboxylate micro-
spheres (Polysciences), microinjected (5 × 105 cells) into mouse
skin explants collected from 1–28-day-old wild-type mice, and
cultured atop the chorioallantoic membrane of 11-day-old chick
embryos for 5 days (Sabeh et al., 2009b). The skin explants were

then fixed, frozen sections cut, and examined by TUNEL assay
for apoptotic cells.

Mouse type I collagen degradation
Acid-soluble mouse type I collagen was prepared from tail ten-
dons of wild-type or r/r mice (Hotary et al., 2003). Wild-type or
Mmp14-null fibroblasts were cultured atop the respective type I
collagen hydrogels for 2 days in the absence or presence of 5 µg
recombinant TIMP-1 or TIMP-2 (Abcam), and collagen degra-
dation was determined following Coomassie blue staining and
destaining (Sabeh et al., 2009a).

Statistical analysis
Results are presented as the mean ± SEM of two or more inde-
pendent experiments as indicated in the legend of each figure.
Data distribution was assumed to be normal, but was not for-
mally tested. The statistical significance threshold was set to a P
value of 0.05. P values were determined using a two-tailed
Student’s t test for data with two groups and a one-way analy-
sis of variance (ANOVA) for experiments with more than two
groups. Dunnett’s test was used to identify differences between
a control group and other experimental conditions, while Tu-
key’s honest significance test was employed for other multiple
comparisons to obtain corrected P values. In experiments testing
the effect or interaction of two independent variables, two-way
ANOVA coupled with the relevant post-test was used. The sta-
tistical method employed for each experiment is indicated in the
corresponding figure legend. GraphPad Prism version 10.2.3 was
utilized for analysis.

Online supplemental material
Four supplemental figures and one supplemental table are in-
cluded, characterizing the Mmp14-dependent control of fibro-
blast senescence (Fig. S1), the Mmp14-dependent control of
fibroblast nuclear structure/damage in 2-D culture (Fig. S2), the
Mmp14-dependent regulation of pericellular collagenolysis (Fig.
S3), the structural characterization of the dermal extracellular
matrix in wild-type versus Mmp14-null mice (Fig. S4), JNK acti-
vation and apoptosis in wild-type versus Mmp14 knockout fi-
broblasts in 2-D versus 3-D culture and in relaxed versus stressed
collagen gels (Fig. S5), fibroblast-dependent degradation of wild-
type versus r/r collagen (Fig. S6), and the expression and collag-
enolytic activity of wild-type versus mutant MMP14 constructs in
Fig. S7. Mmp expression in wild-type versus Mmp14 knockout
fibroblasts in 3-D culture is shown in Table S1.

Data availability
Datasets generated and analyzed in this paper have been de-
posited to GEO and can be accessed at https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE266914. Any additional da-
tasets or analysis details are available from the corresponding
author upon reasonable request.
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Supplemental material

Figure S1. Mmp14-dependent control of dermal fibroblast senescence. (A) Representative micrographs of β-galactosidase staining (pH 6.0) of dorsal skin
isolated from 18-day-oldMmp14+/+ orMmp14−/− littermates (black arrows demarcate senescent cells) (bar = 200 µm). (B) Senescent cells were quantified in 10
or more randomly selected high power fields in three pairs of Mmp14+/+ or Mmp14−/− littermates (mean ± SEM).
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Figure S2. Mmp14-dependent regulation of fibroblast function in 2-D culture. (A) Confocal images of Mmp14+/+ and Mmp14−/− fibroblasts were cultured
atop cover glass slips and stained for F-actin with phalloidin (DAPI counterstain), vimentin, or lamin A/C (bar = 50 µm). (B)Western blot analysis of lamin A/C
expression in Mmp14+/+ fibroblasts relative to Mmp14−/− fibroblasts with GAPDH used as the loading control. Relative expression levels are shown as de-
termined by densitometry. (C) p21 expression levels as assessed by western blot analysis in Mmp14+/+ versus Mmp14−/− fibroblasts with GAPDH used as the
loading control. Relative expression levels are shown as determined by densitometry. (D) Mmp14+/+ and Mmp14−/− fibroblasts were cultured atop type I
collagen hydrogels (identical to those used for 3-D culture) for 5 days and monitored for TUNEL staining (mean ± SEM; n = 3 independent experiments) as
determined by Student’s t test. (E and F) Immunofluorescence staining of γ-H2AX in fibroblasts isolated from Mmp14+/+ and Mmp14−/− littermates (bar = 50
μm) (E) with the percentage of γ-H2AX–positive nuclei (mean ± SEM with P value determined by Student’s t test) quantified in 10 randomly selected high-
powered fields from three independent experiments (F). (G) γ-H2AX protein expression levels inMmp14+/+ orMmp14−/− fibroblasts in 2-D culture as quantified
by western blot, using β-actin as the loading control. Relative expression levels are shown as determined by densitometry. (H)Mmp14 wild-type and knockout
cells were cultured in 3-D collagen hydrogels and the percent dendritic and blebbing cells quantified in 10 random fields in four independent experiments with
results presented as mean ± SEM with P value determined by Student’s t test. Source data are available for this figure: SourceData FS2.
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Figure S3. Mmp14-dependent pericellular proteolysis and the regulation of fibroblast survival. (A)Mmp14−/− fibroblasts were transduced with a control
expression vector, wild-type, or mutant MMP14 constructs as described in Fig. 3 and cultured for 5 days in 3-D collagen hydrogels prior to in situ F-actin/
nuclear staining (bar = 100 μm). Results are representative of three experiments performed. (B and C) Dermal fibroblasts isolated from Mmp14f/f mice were
transduced with adeno-βgal or adeno-Cre expression vectors and embedded in collagen hydrogels for 5 day before F-actin (B) (bar = 100 µm) or TUNEL
staining/quantification (mean ± SEM; n = 3 independent experiments) (C). The ability of TIMP-2 (3 µg/ml) to induce apoptosis inMmp14+/+ fibroblasts is shown
in panel C. Mean ± SEM (n = 3 independent experiments). One-way ANOVA and Dunett’s post-test.
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Figure S4. Postnatal maturation of the dermal extracellular matrix. (A) Second harmonic generation (SHG) imaging (backward and forward scatter) of
type I collagen in skin cross-sections recovered from 2-wk-old Mmp14+/+ or Mmp14−/− mice (bar = 20 μm). SEM and TEM imaging of the dermis illustrates an
extensive array of collagen bundles surrounding fibroblasts (bar = 2 μm). (B) Higher magnification of SEM and TEM images highlight similar architecture of
collagen bundles and size in dermal tissue recoveredMmp14+/+ andMmp14−/− mice (SEM, bar = 1 µm; TEM, bar = 200 nm). (C) Diameter of collagen fibers was
quantified in five random fields of captured TEM images in a wild-type versus a null littermate. Results are representative of two experiments.
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Figure S5. A TGF-β/JNK cascade induces fibroblast apoptosis. (A)Western blot of pJNK expression levels as assessed by western blot in lysates prepared
from Mmp14+/+ or Mmp14−/− fibroblasts cultured atop (2-D) type I collagen hydrogels with β-actin used as the loading control. Results representative of two
experiments performed. Relative expression levels are shown as determined by densitometry. (B) pJNK immunostaining and TUNEL staining of wild-type
versus null fibroblasts in 2-D relative to 3-D collagen hydrogel culture (bar = 25 μm). Results representative of three experiments performed. (C and D)
Mmp14+/+ or Mmp14−/− fibroblasts were embedded in collagen hydrogels in the absence or presence of exogenous TGF-β1 (10 ng/ml) for 5 days with JNK
activation and TUNEL staining monitored by fluorescent imaging (bar = 25 µm) (C) and quantified in D (mean ± SEM; n = 3 independent experiments). Two-way
ANOVA and Tukey post-test. (E) pJNK levels in dermal tissue lysates recovered from 3-wk-old wild-type versus Mmp14−/− mice (n = 2). Relative expression
levels are shown as determined by densitometry. (F) TGF-β protein levels in 3-D cultures ofMmp14+/+ fibroblasts under stressed or stressed/relaxed conditions
in the absence or presence of SP600125 as assessed by western blot. Results representative of three experiments performed. Relative expression levels are
shown as determined by densitometry. (G) Mmp14+/+ fibroblasts were cultured in 3-D collagen hydrogels under stressed or stressed/relaxed conditions in the
absence or presence of SP600125 and the number of pJNK- and TUNEL-positive cell quantified in five or more randomly selected cross-sections of the gel in
three independent experiments (mean ± SEM). Two-way ANOVA and Tukey post-test. Source data are available for this figure: SourceData FS5.
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Figure S6. Fibroblast-mediated degradation of r/r collagen. Mouse dermal fibroblasts recovered from wild-type or Mmp14 knockout mice were cultured
atop acid-solubilized mouse tail wild-type or r/r type I collagen matrices for 48 h in the absence or presence of 5 µg of TIMP-1 or TIMP-2 for 48 h. At the end of
the culture period, fibroblasts were lysed and the collagen gel stained and destained with Coomassie blue. Wild-type, but not Mmp14 knockout, fibroblasts
degraded the subjacent wild-type collagen matrix via a process sensitive to TIMP-2, but not TIMP-1. By contrast, wild-type, but not Mmp14 knockout, fi-
broblasts degraded r/r collagen via a process inhibitable by both TIMP-1 and TIMP-2. Results representative of four independent experiments.
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Figure S7. Expression and collagenolytic activity of MMP14 mutant constructs. (A) Wild-type, Mmp14-null, or transduced Mmp14-null fibroblasts
expressing various MMP14 expression vectors were subjected to western blot analysis with a polyclonal anti-MT1-MMP antibody directed against the catalytic
domain of MMP14 or an anti-HA antibody to detect HA-tagged MMP14 mutant constructs. Following transduction, MMp14-null fibroblasts expressed MT1-
MMP at levels comparable to wild-type levels of endogenous Mp14 (far left panel). In the middle panel, Mmp14-null fibroblasts were transduced with each of
the listed mutants, demonstrating comparable expression levels, save for the transmembrane-deleted construct (dTM) where the bulk of the protein is se-
creted into the medium. In the far right panel, Mmp14 knockout fibroblasts were transduced with HA-tagged MT1-MMP or HA-tagged MMP1 chimera ex-
pression vectors (the polyclonal MT1-MMP antibody used in the preceding blots is primarily directed against the MT1-MMP catalytic domain, which has been
replaced with that of MMP1). In this case, both of the MMP1 chimeric mutants, with or without the Mmp14 hemopexin domain, are expressed at near normal
levels. Results are representative of two or more experiments performed. (B) Wild-type (WT), Mmp14 knockout (KO), or transduced Mmp14 mouse dermal
fibroblasts were embedded in 3-D type I collagen hydrogels and cultured for 48 h. At the end of the culture period, Col1 3/4C staining was performed and
degradation quantified using ImageJ (bar = 100 μm). Immunostaining results are representative of three independent experiments performed while degradation
results are presented as the mean ± SEM of three independent experiments. One-way ANOVA and Dunnett post-test. Source data are available for this figure:
SourceData FS7.
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Provided online is Table S1, which shows the matrix metalloproteinase count data summary.
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