UC San Diego
UC San Diego Previously Published Works

Title

Heterotrimeric G Proteins Directly Regulate MMP14/Membrane Type-1 Matrix
Metalloprotease A NOVEL MECHANISM FOR GPCR-EGFR TRANSACTIVATION*

Permalink

https://escholarship.org/uc/item/1rw565cw

Journal
Journal of Biological Chemistry, 290(16)

ISSN
0021-9258

Authors

Overland, Aaron C
Insel, Paul A

Publication Date
2015-04-01

DOI
10.1074/jbc.c115.647073

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/1rw565cw
https://escholarship.org
http://www.cdlib.org/

REPORT

Heterotrimeric G Proteins
Directly Regulate
MMP14/Membrane Type-1
Matrix Metalloprotease

A NOVEL MECHANISM FOR GPCR-EGFR
TRANSACTIVATION*

Received for publication, February 19,2015, and in revised form, March 10,2015
Published, JBC Papers in Press, March 10, 2015, DOI 10.1074/jbc.C115.647073

Aaron C. Overland® and Paul A. Insel**'

From the Departments of *Pharmacology and SMedicine, University of
California at San Diego, La Jolla, California 92093

(Background: Mechanisms underlying GPCR—mediated\
EGER transactivation are not fully defined.
Results: Heterotrimeric G proteins directly regulate
membrane-localized MMP14/MT1-MMP, resulting in
HB-EGF release and EGFR transactivation.
Conclusion: These results define a previously unrecog-
nized, membrane-delimited mechanism for EGFR
transactivation.
Significance: This mechanism likely plays a role in set-
tings that involve GPCR-RTK transactivation and may
represent new therapeutic opportunities.

\_ J

Agonist stimulation of G protein-coupled receptors (GPCRs)
can transactivate epidermal growth factor receptors (EGFRs),
but the precise mechanisms for this transactivation have not
been defined. Key to this process is the protease-mediated
“shedding” of membrane-tethered ligands, which then activate
EGEFRs. The specific proteases and the events involved in GPCR-
EGER transactivation are not fully understood. We have tested
the hypothesis that transactivation can occur by a membrane-
delimited process: direct increase in the activity of membrane
type-1 matrix metalloprotease (MMP14, MT1-MMP) by het-
erotrimeric G proteins, and in turn, the generation of heparin-
binding epidermal growth factor (HB-EGF) and activation of
EGEFR. Using membranes prepared from adult rat cardiac myo-
cytes and fibroblasts, we found that MMP14 activity is increased
by angiotensin II, phenylephrine, GTP, and guanosine 5'-O-[y-
thio]triphosphate (GTPyS). MMP14 activation by GTPyS
occurs in a concentration- and time-dependent manner, does
not occur in response to GMP or adenosine 5’-[y-thio]triphos-
phate (ATP%S), and is not blunted by inhibitors of Src, PKC,
phospholipase C (PLC), PI3K, or soluble MMPs. This activation
is specific to MMP14 as it is inhibited by a specific MMP14 pep-
tide inhibitor and siRNA knockdown. MMP14 activation by
GTP%S is pertussis toxin-sensitive. A role for heterotrimeric G
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protein 3y subunits was shown by using the Gy inhibitor gal-
lein and the direct activation of recombinant MMP14 by puri-
fied By subunits. GTPyS-stimulated activation of MMP14 also
results in membrane release of HB-EGF and the activation of
EGFR. These results define a previously unrecognized, mem-
brane-delimited mechanism for EGFR transactivation via direct
G protein activation of MMP14 and identify MMP14 as a het-
erotrimeric G protein-regulated effector.

G protein-coupled receptors (GPCRs)? are the largest family
of membrane signaling receptors in the human genome and
genomes of numerous other eukaryotes. The canonical mech-
anism for the alteration of cell function by GPCRs is their acti-
vation of membrane-localized heterotrimeric («f3y) G proteins,
subunits of which change the activity of membrane enzymes
(e.g. adenylyl cyclases, phospholipase C-B (PLC-), and certain
ion channels). An additional, important aspect of cell regula-
tion by GPCRs is their ability to transactivate receptor tyrosine
kinases (RTKs), in particular epidermal growth factor receptors
(EGEFRs), thereby perturbing cell and tissue function via effects
that include alterations in mitogenesis and differentiation (1, 2).

Matrix metalloproteases (MMPs) are zinc endopeptidases,
most of which are cytoplasmic. Certain MMPs can localize to
the plasma membrane, including MMP14, also known as mem-
brane type-1 matrix metalloprotease (MT1-MMP) (3). MMP14
has been implicated in numerous physiological states and path-
ological events, including tissue development, angiogenesis,
cardiac hypertrophy, and tumor invasion (4-12). The activa-
tion of MMPs can occur by various GPCRs depending on cell
type, but precise mechanisms of this activation have not been
elucidated (13-16).

The signaling mechanisms responsible for the transactiva-
tion of EGFRs by GPCRs are important for numerous physio-
logical processes and disease-related responses. Current evi-
dence suggests that transactivation depends not only on cell
type, but also on the type and class of GPCRs and cellular envi-
ronment (17, 18). GPCR-stimulated EGFR transactivation is
mediated by both ligand-dependent and ligand-independent
mechanisms. Ligand-independent activation has been shown
to depend on G protein-coupled receptor kinase-dependent
recruitment of B-arrestin and Src (19, 20) and results in Src-de-
pendent activation of the intracellular tyrosine kinase domain
of EGFR (21, 22). Ligand-dependent activation has been pro-
posed to involve a triple membrane pass system wherein MMPs
promote the cleavage and “shedding” of EGF-like ligands,
including heparin-binding epidermal growth factor (HB-EGEF),
which in turn activate EGFRs in an autocrine/paracrine manner

2 The abbreviations used are: GPCR, G protein-coupled receptor; EGFR, epi-
dermal growth factor receptor; MMP, matrix metalloprotease; rMMP14,
recombinant matrix metalloprotease 14; HB-EGF, heparin-binding epider-
mal growth factor; ATP+yS, adenosine 5'-[y-thio]Jtriphosphate; GTPyS,
guanosine 5’-O-[y-thio]triphosphate; PLC, phospholipase C; Src, tyrosine-
protein kinase CSK; RTK, receptor tyrosine kinase; PG, peptide G; CM, car-
diac myocyte; CF, cardiac fibroblast; APMA, 4-aminophenylmercuric ace-
tate; Ang ll, angiotensin Il
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(23, 24). Although a number of intracellular molecules and
pathways have been investigated for their role in the ligand-de-
pendent triple membrane pass system, the possibility of a
direct, membrane-delimited mechanism for ligand-dependent
EGER transactivation has not previously been assessed.

Based on the membrane localization of MMP14 and the abil-
ity of other MMPs to function as intermediates in GPCR-me-
diated EGFR transactivation, we reasoned that MMP14 might
be akin to enzymes and ion channels that are activated by het-
erotrimeric G proteins in the plasma membrane. Using mem-
brane preparations from various cell types, we show that the
activation of GPCRs and heterotrimeric G proteins can activate
MMP14. We find a role for pertussis toxin-sensitive G proteins
and that GB7y can activate MMP14 in the absence of intracellu-
lar mediators. This activation leads to the release of HB-EGF
and the activation of EGFR. These results identify MMP14 as a
membrane effector of heterotrimeric G proteins and define a
membrane-delimited mechanism for GPCR-promoted trans-
activation of EGFRs, thus implying that EGFR transactivation
need not require intracellular mediators.

EXPERIMENTAL PROCEDURES

Reagents—GTP, GTPvS, GMP, ATPvS, G66983, phenyleph-
rine, AG1478, phosphatase inhibitor cocktail 3, EGF, and PP1/
PP2 were all purchased from Sigma-Aldrich. Galardin, wort-
mannin, and MMP-2/9 inhibitor III were purchased from EMD
Millipore (Billerica, MA). Angiotensin II, U73122, and gallein
were purchased from Tocris Bioscience (Ellisville, MO). Pep-
tide G (Ac-GACFSIAHCGA-NH,) was custom-synthesized
from Biomatik (Wilmington, DE). 4-Aminophenylmercuric
acetate (APMA) was purchased from AnaSpec (Fremont, CA).
Recombinant MMP14 (rMMP14) was purchased from Abcam
(Cambridge, MA), and active By subunits were generously
donated by Dr. Alan Smrcka (University of Rochester Medical
Center, Rochester, NY).

Cardiac Myocyte (CM) and Cardiac Fibroblast (CF) Isolation
and Culture—CMs and CFs were isolated from adult (3—6-
month-old) male Sprague-Dawley rats as described previously
(25) using a modified reverse-Langendorff apparatus. The heart
was minced and triturated in the presence of collagenase to
separate cells from decellularized matrix. The CMs and CFs
were separated by gravity separation and rinsed three times in
ice-cold PBS before being used for membrane preparations.

Cell Membrane Preparation—Membranes were prepared
from freshly isolated and PBS-rinsed primary CMs or CFs by
Dounce homogenization in hypotonic buffer for 30 s followed
by centrifugation at 300 X g for 5 min at 4 °C and then centrif-
ugation of the supernatant at 5000 X g for 10 min at 4 °C. The
resulting pellet was rinsed in high K™ buffer (500 mm) for 10
min at 4 °C and centrifuged again at 5000 X g for 10 min at 4 °C.
The supernatant was discarded, and the pellet was resuspended
in activity assay buffer for immediate use or resuspended in PBS
and stored at —80 °C.

SiRNA Transfection—NIH3T3 cells were plated in 10-cm
plates and grown to 70% confluency in DMEM with 10% FBS
plus penicillin-streptomycin. Cells were transfected with
scrambled negative control siRNA (Ambion) or MMP14
Silencer Select siRNA (catalog number 4390771; Ambion) at 5
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nM final concentration using Lipofectamine RNAIMAX (Invit-
rogen). After 4 h, the medium was replaced with serum-free
DMEM,; incubations were continued for 48 h before use for
membrane preparations for MMP14 activity assays.

MMPI14 Activity Assay—Membrane MMP14 activity was
measured using a SensoLyte 520 MMP14 assay kit (AnaSpec,
Fremont, CA) according to the manufacturer’s instructions.
Briefly, membranes were resuspended in assay buffer (final vol-
ume, 100 pul) and treated as indicated. Samples were then incu-
bated for 2 h at 37 °C. 50 ul of sample was added to 50 ul of
MMP14 substrate solution, and optical fluorescence intensity
was measured at excitation/emission = 490 nm/520 nm every
30 min, or at a 3-h end-point, as indicated.

HB-EGF ELISA—Aliquots of the supernatant from stimu-
lated CM membranes were collected and assessed for HB-EGF
release using an ELISA kit (NovaTeinBio, Cambridge, MA)
according to the manufacturer’s instructions. Inhibitors were
given as a 30-min pretreatment to membranes at 37 °C prior to
a 60-min stimulation of the indicated activators at 37 °C. Opti-
cal density was measured at 450 nm, and results are normalized
to control HB-EGF release.

EGFR Activation Assay—Phosphorylation of EGFR from CFs
was measured using an EGFR (Tyr-845) In-Cell ELISA kit
(Abcam, Cambridge, MA) according to the manufacturer’s
instructions. Primary rat CFs were seeded onto a 96-well tissue
culture plate at 20,000 cells/well and incubated overnight at
37°C, 5% CO,. Prior to treatment, cells were switched to
serum-free DMEM that contained 0.1% Triton X-100 and
phosphatase inhibitor. Inhibitors were added as a 30-min pre-
treatment to cells at 37 °C prior to a 60-min stimulation of the
indicated activators at 37 °C. Optical density was measured at
450 nm.

Statistical Analysis—All data analysis was performed using
GraphPad Prism 6.0 software (GraphPad Software, La Jolla,
CA). Data are presented as means = S.E. Statistical calculations
were done using one-way analysis of variance with either Dun-
nett’s or Bonferroni’s post tests. All experiments were con-
ducted at least 3 times. Values of p = 0.05 were considered
significant.

RESULTS

MMP14 Is Directly Activated by G Protein By Subunits in a
Membrane-delimited and Pertussis Toxin-sensitive Manner—
Using membranes prepared from primary isolates of adult rat
CMs, we found that GTP (Fig. 14) and the non-hydrolyzable
GTP analog GTP+S (Fig. 1B) increase the activity of MMP14 in
a concentration-dependent manner. Enhancement of MMP14
activity did not occur with GMP (Fig. 1C) or ATP+S (Fig. 1D),
thus showing specificity for the activation of G proteins. The
action of GPCRs involves the formation of a receptor/hetero-
trimeric G protein complex and the exchange of GTP for
Ga-bound GDP, leading to altered activity of downstream
effector proteins by the Ga and GBy subunits. Binding and
exchange of GTP for GDP are key steps in the activation of G
proteins and proximal events following receptor activation. We
used APMA, an organic mercury compound that directly acti-
vates MMPs, as a positive control for MMP14 activation in this
and other experiments. APMA-promoted and GTPyS-medi-
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FIGURE 1. MMP14 is directly activated by G protein By subunits in a membrane-delimited and pertussis toxin-sensitive manner. A-D, concentration-
dependent stimulation of MMP14 activity in adult rat CM membranes by GTP (A) and GTP+S (B), but not GMP (C) or ATPvS (D). RFU, relative fluorescence units.
VEH, vehicle. E, APMA (1 mm), an activator of MMPs, was used as a positive control in studies with GMP and ATPyS; the MMP inhibitor galardin (20 um) blocked
APMA-increased activity. Time-dependent stimulation of MMP14 activity by GTPvS (100 um) is blocked by galardin (20 um). F, lack of preactivation with
reactants resulted in a lag for MMP14 activity. G, siRNA knockdown of MMP14, but not scrambled control siRNA, abolished GTPvS (100 um)- and APMA (1
mm)-stimulated MMP14 activity in NIH3T3 cell membranes. H, a selective MMP14 peptide inhibitor, PG (250 um), blocked GTP+yS-stimulated (100 um) MMP14
activity in CM membranes. /, Ang Il (1 um) stimulation of MMP14 activity is blocked by galardin (20 um) and PG (250 um). J, phenylephrine increased MMP14
activity. K, stimulation of MMP14 activity in adult rat CF membranes with APMA (1 mm) or GTP+S (100 um) is blocked by PG (250 um). L-P, GTPvS (100
uM)-stimulated MMP14 activity remained unchanged in the presence of the protein kinase C inhibitor G66983 (10 um) (L), the PI3K inhibitor wortmannin (100
nm) (M), the PLC inhibitor U73122 (10 um) (N), the Srcinhibitors PP1 (1 um) or PP2 (10 um) (0), or an MMP-2/9 inhibitor (20 um) (P).Q, the GB7y subunit inhibitor
gallein (10 um) abolished the GTP+yS (100 um)-stimulated increase in MMP14 activity. R, stimulation of rMMP14 activity by APMA (1 mm) or active recombinant
GpB,y, subunits (10 um) is inhibited by PG (250 um). No activity was detected in the absence of IMMP14. S, APMA (1 mm) and GTP+S (100 um) increased MMP14
activity in NIH3T3 cell membranes. T, GTPyS-promoted (100 um) MMP14 activity was decreased in cell membranes prepared from NIH3T3 cells incubated with
pertussis toxin for 16 h. The activation of MMP14 by APMA was unaltered by pertussis toxin treatment. ¥, p < 0.05, **, p < 0.01, ***, p < 0.005, ****, p < 0.001
as compared with control/vehicle; n = 3 for all experiments.
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ated stimulations of MMP14 activity were inhibited by the non-
selective MMP inhibitor galardin (Fig. 1, C—E). The stimulation
of MMP14 activity by GTP+S continued for the duration of the
180-min time course (Fig. 1E). In membranes not preactivated
by GTPvS, there was a lag in the increase in MMP14 activity,
consistent with the time required to exchange GTP+S for GDP
bound to the Ga subunit of heterotrimeric G proteins (Fig. 1F).

Although the substrate used in the activity assay we
employed is selective for MMP14, we wanted to confirm that
the guanine nucleotide-stimulated activity was not attributable
to the action of other MMPs. We thus used siRNA for MMP14
in NIH3T3 cells, as well as peptide G (PG), a specific MMP14
inhibitor (26), to inhibit MMP14 in CMs. siRNA knockdown of
both MMP14 (Fig. 1G) and PG (Fig. 1H) abolished GTP~S-
stimulated MMP14 activity; scrambled negative control siRNA
had no effect (Fig. 1G).

To determine whether the activation of a GPCR could
increase MMP14 activity in CM membranes, we tested the
effect of angiotensin II (Ang II). AngII, a peptide hormone, can
promote cardiac hypertrophy, signaling via heterotrimeric G
proteins to cause vasoconstriction and an increase in blood
pressure (27). Ang II activated MMP14 activity in CM mem-
branes; this stimulation was blocked by galardin and PG (Fig.
11). The adrenergic receptor agonist phenylephrine also
increased MMP14 activity (Fig. 1)).

We assessed the activation of MMP14 by GTP+yS using mem-
branes from adult rat primary CFs to test whether this effect
was specific to CMs. Both APMA and GTPyS enhanced
MMP14 activity in CF membranes, and the increases in activity
by both were inhibited by PG (Fig. 1K), thus showing that this
activation is not limited to CMs.

Previous research aimed at parsing the signaling network
involved in GPCR ligand-dependent and ligand-independent
transactivation of EGFR has shown a role for multiple entities
depending on cell type, cellular environment, and the GPCRs
that are activated (15, 28). We tested whether the increase in
MMP14 activity produced by GTP+S in CM membranes might
involve intracellular mediators (i.e. PKC, PLC, PI3K, and Src) or
soluble MMPs (i.e. MMP-2/9). The PKC inhibitor G66983 (Fig.
1L), PI3K inhibitor wortmannin (Fig. 1M), PLC inhibitor
U73122 (Fig. 1N), Src inhibitors PP1 and PP2 (Fig. 10), and an
MMP-2/9 inhibitor (Fig. 1P) failed to inhibit GTP-yS-promoted
MMP14 activity. All inhibitors were incubated with mem-
branes for 30 min prior to the addition of GTPvyS and were
tested at concentrations that block their respective targets.

Both Ga and Gy subunits have been implicated in EGFR
transactivation (29, 30). Because Gy can directly activate
membrane-bound effectors such as ion channels (31), adenylyl
cyclases, and PI3K (32), we tested the ability of the GB+y inhib-
itor gallein to block GTP+yS-stimulated MMP14 activity. We
found that gallein inhibited stimulation of MMP14 activity by
GTPvS in CM membranes (Fig. 1Q). As a further means to
evaluate the role of GB+y and determine whether the activation
of MMP14 was due to a direct interaction of GByand MMP14,
we used an in vitro system with rMMP14 and purified GS;v,
subunits. Both APMA and Gf3;y, subunits enhanced rMMP14
activity (Fig. 1R). This increase in activity was blocked by PG, a
result consistent with the idea that the response was mediated

9944  JOURNAL OF BIOLOGICAL CHEMISTRY

by rMMP14. The addition of active GB7y subunits alone was not
able to cleave the FRET substrate (Fig. 1R). Thus, GBy subunits
are able to activate MMP14.

To further characterize the role of G proteins in the activa-
tion of MMP14, we examined the effect of pertussis toxin on
GTPvyS-promoted MMP14 activity. EGFR transactivation has
been shown to occur via both pertussis toxin-sensitive and per-
tussis toxin-insensitive pathways depending on the GPCR ago-
nistand cell type involved (18, 33). We treated NIH3T3 cells for
16 h with pertussis toxin and then isolated membranes and
assayed MMP14 activity. Control NIH3T3 cell membranes
showed APMA- and GTPyS-promoted MMP14 activity (Fig.
1S). GTPyS-promoted MMP14 activity, but not activation by
APMA, was lost in membranes prepared from cells treated with
pertussis toxin (Fig. 17). This decrease in GTPyS-stimulated
MMP14 activity may be attributable to loss of activity of G~y or
Ga;,,, subunits (34). However, because G is able to directly
activate rMMP14 in vitro, the loss in activity in response to
pertussis toxin is consistent with a role for GBvy subunits.

Membrane-delimited G Protein Activation of MMPI14
Releases HB-EGF and Transactivates EGFR—MMPs are known
to cleave EGF ligands, in particular HB-EGF, following activa-
tion by certain GPCRs (23, 35-37). We thus tested whether the
membrane-delimited activation of MMP14 by G proteins could
result in membrane shedding of HB-EGF and subsequent acti-
vation of EGFR.

We found that incubation of adult rat CM membranes with
GTPyS for 60 min increased the release of HB-EGF. This
release was blocked by the non-selective MMP inhibitor galar-
din, the MMP14 inhibitor PG, and the G+ subunit inhibitor
gallein (Fig. 2A).

To evaluate whether the release of HB-EGF from CM mem-
branes was due to the activity of MMP14, we tested whether
rMMP14 could release HB-EGF and found that rMMP14
yielded results similar to those observed with GTP+S. This
release of HB-EGF was blocked by galardin, but not by gallein
(Fig. 2B).

In addition, the activation of MMPs by APMA released HB-
EGF from CM membranes, and this release was blocked by
pretreatment with either galardin or PG (Fig. 2C). Because
APMA directly activates MMP14, HB-EGF release in response
to APMA should not depend on Gy subunits, unlike release in
response to GTPvS, but similar to rMMP14 treatment. Con-
sistent with this prediction, HB-EGF release by APMA was not
inhibited by gallein (Fig. 2C). The adrenergic agonist phenyl-
ephrine increased HB-EGF release from CM membranes (Fig.
2D), consistent with its ability to activate MMP14 (Fig. 1)).

To determine whether the membrane-delimited pathway of
MMP14 activation by G proteins can transactivate EGFRs, we
used adult rat CFs to assess EGFR Tyr-845 phosphorylation of
Triton-permeabilized whole cells. EGF was used as a positive
control for EGFR activation and was blocked by the EGFR
inhibitor, AG1478 (Fig. 2E). GTPyS increased EGFR phosphor-
ylation; this response was inhibited by AG1478 and by the
MMP14 inhibitor PG, but not by the MMP-2/9 inhibitor (Fig.
2F), consistent with results in Fig. 1. Thus, the activation of
MMP14 by G proteins can increase EGFR phosphorylation.

SASBMB

VOLUME 290-NUMBER 16+APRIL 17,2015



REPORT: MMP14 Activation by Heterotrimeric G Proteins

A B C
2.5+ ** 34 *% K
2 204 2 2 ]
S 1.6 Py a
& @ s
s 104 3 2
2 1
& 064 . i
o o o
w 0.0 9 w o4
T 0.6 @ -
-1.0- A=A , .
o Ul S C IO
AN o o ’é é ‘b Q \0
L &L S TSP
& & E P &L & ¢
O K & év. Qé
Q@ (<) &QA v? v
N (<)
D E " F
0.20+ 0.225= *% *k
o |
['4
pr 0.15+
g .
) g 0.10-
w
(V]
w 0.05+
o
=
> e
° & & & «©
N Q~o & 0\
O Q&G ¢) xY'
< @é

FIGURE 2. Membrane-delimited G protein activation of MMP14 results in release of HB-EGF and transactivation of EGFR. A-C, GTPvS (100 um)- (A),
rMMP14 (100 nm)- (B), and APMA (1 mm) (C)-stimulated HB-EGF release from adult rat CM membranes in the presence of the MMP inhibitor galardin (20 um), the
selective MMP14 inhibitor PG (250 um), or the GB7y subunit inhibitor gallein (10 um). RU, relative units. D, the adrenergic agonist phenylephrine (10 um)
increased HB-EGF release from CM membranes. E and F, EGF (100 nm) (E) and GTP+S (100 um) (F) activate EGFR in adult rat CFs. EGF- and GTP-yS-mediated
activation of EGFR is inhibited by the selective EGFR antagonist AG1478 (2 um). PG (250 um), but not the selective MMP-2/9 inhibitor (inh, 10 um), blocks

GTP+yS-mediated EGFR activation.*, p < 0.05, **, p < 0.01, as compared with control; n = 3 for all experiments.

DISCUSSION

For almost two decades, it has been known that GPCRs can
transactivate RTKs (e.g. EGFR) (17, 18), but a full understanding
of the mechanisms involved has not been established. The cur-
rent study provides a new mechanism for GPCR-RTK transac-
tivation: the activation of a specific membrane-bound matrix
metalloprotease (MMP14) acting as an effector whose activity
is directly enhanced by activated G proteins (G and perhaps
Ga), and in turn, an MMP14-promoted release of HB-EGF and
the activation of EGFR (Fig. 3). We show here that this signaling
pathway is mediated by MMP14 activation in response to GTP,
GTP~S, and GPCR agonists and occurs in adult rat CM and CF
membranes and 3T3 cell membranes.

The kinetics of MMP14 activation are consistent with previ-
ous data regarding substrate cleavage by MMP (38). Several
signaling entities can reportedly contribute to MMP activation
by GPCRs, including PLC, PI3K, PKC, B-arrestin, and c-Src
alone or in combination with reactive oxygen species (13, 14,
19, 39), but based on the use of inhibitors, we found that none of
these nor MMP2 or MMP9 were required for the membrane-
delimited, heterotrimeric G protein-mediated increase in
MMP14 activity. These results thus support the conclusion that
the increase in MMP14 activity occurs within the membrane
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LIGANDS
GPCRs

FIGURE 3. Model of GPCR/EGFR transactivation. GPCR agonist-promoted
activation of a heterotrimeric G protein leads to direct activation of MMP14.
MMP14 cleaves membrane-bound proteins, including HB-EGF, which follow-
ing release occupies and activates EGFRs.

and without the necessity of intracellular mediators or MMP2
or MMP9.

We also observed Ang II-promoted activation of MMP14 in
CM membranes. Agonist activation of the type-1 Ang receptor
is associated with the development of cardiac hypertrophy,
which occurs in cultures of neonatal CM in an MMP/EGFR-de-
pendent manner (40). Our results suggest that this may occur
via direct activation of MMP14 by heterotrimeric G proteins.

It has been suggested that each of the four heterotrimeric G
protein families (G;,,, Gg/11, Gy G12/13) could be involved in the
transactivation of RTKs by GPCRs. Other studies have
described RTK transactivation by the G+ subunits of G;- and
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G,-coupled GPCRs (30). Our findings that a GBvy inhibitor
blocks MMP14 activation by GTP+S and that purified G,
increases activity of purified rMMP14 imply a direct role for
GBy in MMP14 activation. Such results are consistent with
previous data that suggest GBv is involved in RTK transactiva-
tion (e.g. Ref. 30) but do not exclude a contribution by Ga sub-
units, including pertussis toxin-sensitive G proteins, such as
Ga;,,,, because incubation with pertussis toxin inhibits GTPvS-
promoted activation of MMP14. Studies in COS-7 cells have
shown pertussis toxin sensitivity of GBy-mediated EGER trans-
activation, thus supporting our results implicating G+ in the
activation of MMP14 (41).

A hallmark of GPCR-RTK transactivation is the release
(shedding) of ligands for RTKs from the cell surface. Several
ligands have been reported for EGFR transactivation, including
HB-EGF, amphiregulin, and transforming growth factor-a
(16). We find that phenylephrine- and GTP+yS-stimulated
MMP14 activation release HB-EGF (but not EGF (data not
shown)) and that this shedding leads to tyrosine phosphoryla-
tion of EGFR. MMP14 is known to release other proteins from
the plasma membrane (42). Perhaps GPCRs and heterotrimeric
G proteins release other such entities. In addition, MMP14 and
RTKs have been implicated in other cellular responses and dis-
ease settings (4, 43—45). We speculate that the activation of
MMP14 by heterotrimeric G proteins may contribute to such
responses and diseases and that therapeutic approaches
designed to block heterotrimeric G protein-mediated activa-
tion of MMP14 may be useful in such settings.

Taken together, the current results identify MMP14 as an
effector of heterotrimeric G proteins and a previously unappre-
ciated membrane signaling module: GPCR/G protein/MMP14-
mediated transactivation of EGFR (Fig. 3). This mechanism
may contribute to settings of GPCR-RTK transactivation and
may represent new therapeutic opportunities, especially as
related to the activation and actions of MMP14.
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