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Abstract: The extracellular matrix (ECM) surrounding cancer cells becomes stiffer during tumor
progression, which influences cancer cell behaviors such as invasion and proliferation through
modulation of gene expression as well as remodeling of the actin cytoskeleton. In this study, we show
that MMP24 encoding matrix metalloproteinase (MMP)-24 is a novel target gene of Yes-associated
protein (YAP), a transcription coactivator known as a mechanotransducer. We first examined the
effect of substrate stiffness on MMP24 expression in MCF-7 human breast cancer cells and showed
that the expression of MMP24 was significantly higher in cells grown on stiff substrates than that
on soft substrates. The MMP24 expression was significantly reduced by knockdown of YAP. In
contrast, the expression of constitutively active YAP increased MMP24 promoter activity. In addition,
binding of YAP to the MMP24 promoter was confirmed by the chromatin immunoprecipitation
(ChIP) assay. These results show that ECM stiffening promotes YAP activation, thereby inducing
MMP24 expression. Based on the Human Protein Atlas database, breast cancer patients with lower
MMP24 expression exhibit the worse survival rates overall. Thus, MMP24 may negatively regulate
the aggressiveness of cancer cells under the stiff ECM environment during tumor progression.
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1. Introduction

The mechanical properties of the extracellular matrix (ECM) surrounding cancer cells are altered
in the process of tumor progression. Secretion of ECM proteins by cancer-associated fibroblasts and
myofibroblasts in the tumor microenvironment causes stiffening of the ECM [1,2]. The increase in ECM
stiffness modulates cancer cell behaviors via the alteration of both migration and gene expression,
wherein remodeling of the actin cytoskeleton plays an integral role. Binding of the ECM to integrins,
transmembrane receptors for ECM proteins, activates Rho GTPases and thereby promotes actin
polymerization and myosin activation [3—6]. Rigid ECM enhances this integrin signaling, leading to
an increase in actin filament formation. Interaction of Yes-associated protein (YAP) and angiomotin
(AMOT), which sequesters YAP in the cytoplasm, is attenuated by F-actin association to AMOT,
resulting in the nuclear translocation of YAP [7,8]. Our previous study using MCE-7 cells has shown
that an increase in actomyosin activity upregulates YAP-dependent gene expression [9,10].
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Matrix metalloproteinases (MMPs) belong to a family of zinc-dependent endopeptidases and are
categorized into two distinct classes: soluble MMPs and membrane-type (MT) MMPs [11]. MT-MMPs
cleave not only the ECM but also other substrates including prototype MMPs [12]. Substrates of
MMP24, also known as MT5-MMP, include ECM proteins such as gelatin and fibronectin, N-cadherin,
amyloid precursor protein and MMP2 [12-14]. MMP24 is dominantly expressed in neuronal cells and
the function of MMP24 in Alzheimer’s disease has been well studied. However, little is known about
the role of MMP24 in cancer—particularly breast cancer.

Here, we showed that substrate stiffening enhances YAP-dependent MMP24 expression through
the activation of actomyosin contraction. Breast cancer patients with lower MMP24 expression show
lower survival rates. Considering that cancer cell behaviors such as invasion and proliferation are
often promoted in response to rigid substrates, MMP24 is likely to act as a negative regulator for
cancer progression.

2. Materials and Methods

2.1. Cell Culture and Materials

MCF-7 human breast cancer cells and 293T human embryonic kidney cells were cultured in
Dulbecco’s modified Eagle’s medium (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin at 37 °C under 5% CO,. N-acryloyl-6-aminocaproic
acid-copolymerized acrylamide gels for polyacrylamide culture substrates were prepared as described
previously [15,16]. Latrunculin A and blebbistatin was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Merck Millipore (Burlington, MA, USA), respectively. An 8x GTIIC-luciferase plasmid
obtained from Addgene contains 8x TEAD binding sites. pCS2-YAP 55A, a gift from Dr. Hiroshi
Nishina, expresses a constitutive active form of YAP, and contains the insert phosphorylation-defective
YAP 55A mutant.

2.2. Retroviral Vectors and Retroviral Infection

The retrovirus vectors encoding small hairpin RNAs (shRNAs) against human YAP and
human ROCK?2, the YAP target sequences #1: 5'-GCCACCAAGCTAGATAAAGAA-3, #2: 5-GACA
TCTTCTGGTCAGAGA-3" and ROCK?2 target sequence: 5'-GGTTTATGCTATGAAGCTT-3’, were
cloned into the pSuper retro puro vector (Oligoengine, Seattle, WA, USA) and pSuper retro hygro
vector [10], respectively. Retroviral infection was performed as described previously [16]. The cells
were selected using puromycin (1.5 pg/mL) or hygromycin (300 ug/mL) for 3 days.

2.3. Luciferase Assay

The reporter construct MMP24-luc was generated by sub-cloning the PCR-amplified fragment
encompassing the promoter region (—1010 to +3) of the human MMP24 gene into the pGL3-basic
vector. The control plasmid phRL-TK (Renilla luciferase reporter) was obtained from Toyobo (Osaka,
Japan). Luciferase activity was determined using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA).

2.4. Quantitative Real-Time PCR

Total RNA was purified using NucleoSpin RNA kit (Takara Bio Inc., Shiga, Japan). ¢cDNA
was prepared using PrimeScript 1st strand cDNA Synthesis kit (Takara Bio Inc., Shiga, Japan).
Quantitative real-time PCR analysis was performed with Thunderbird SYBR qPCR Mix (Toyobo,
Osaka, Japan) under the following conditions: 10 min at 95 °C, followed by 40 cycles of 95 °C
for 15 s and 55 °C for 1 min using StepOne Plus Real-Time PCR system (Applied Biosystems).
The following primers were used: human YAP forward 5-AGGAGAGACTGCGGTTGAAA-3’
and reverse 5'-CCCAGGAGAAGACACTGCAT-3’; human MMP24 forward 5-GCAGAAGGTG
ACCCCACTGA-3 and reverse 5'-CATTTCCTAGCGTCCATGGC-3’; human MMP7 forward
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5-GGGCAAAGAGATCCCCCTGCAT-3* and reverse 5-CCCAGGCGCAAAGGCATGAG-3';
human CTGF forward 5-ACCGACTGGAAGACACGTTTG-3’ and reverse 5-CCAGGTCAGCT
TCGCAAGG-3’; human ROCK?2 forward 5’ -CAACTGTGAGGCTTGTATGAAG-3’ and reverse 5'-TGCA
AGGTGCTATAATCTCCTC-3’, and human ubiquitin forward 5'-TGACTACAACATCCAGAA-3" and
reverse 5’ -ATCTTTGCCTTGACATTC-3’.

2.5. Fluorescence Microscopy

Cells were fixed with 4% PFA and then permeabilized with 0.1% Triton X-100. After blocking
with 2% BSA in phosphatase buffered saline (PBS), the cells were incubated with the anti-YAP
rabbit polyclonal antibody (D8H1X; Cell Signaling Technology, Danvers, MA, USA). Alexa Fluor 488
conjugated goat anti-rabbit IgG (Molecular Probes Carlsbad, CA) was used as a secondary antibody.
DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) was used to stain nuclei. Images were acquired
using a confocal microscope (LSM700; Zeiss) and then analyzed with Image]J software (NIH).

2.6. Chromatin Immunoprecipitation (ChIP) Assay

The assay was performed as described previously [10]. Cross-linked chromatin was
immunoprecipitated with anti-YAP rabbit polyclonal antibody (D8H1X; Cell Signaling Technology,
Danvers, MA, USA) or normal rabbit IgG (Cell Signaling Technology, Danvers, MA, USA)
antibodies. Precipitated DNA was analyzed by quantitative real-time PCR. The following
primers were used to amplify the human MMP24 promoter region —689 to —460 containing the
predicted TEAD-binding sequence: forward 5-GATCTTCCCAGCTGGATGAGC-3" and reverse
5'-GTAAAGGCGGGGTTCGAGAG-3'.

2.7. ChIP-Seq Database Analysis

Genome-wide occupancy dataset for TEAD4 in MCEF-7 cells was obtained from the Encyclopedia
of DNA Elements (ENCODE) consortium with track names MCF-7 TEAD4_V11_1 and _2. ChIP
analysis was performed using anti-TEAD4 antibody (SantaCruz Biotechnology, sc-101184, Lot A1811)
and the ChIP-seq data was mapped to the NCBI GRCh37/hg19 human genome sequence. The ENCODE
dataset was visualized using the UCSC genome browser (http://genome.ucsc.edu/index.html).

2.8. The Human Protein Atlas Analysis

Correlations between MMP24 or MMP7 expression and the survival rate of breast, lung, pancreatic,
renal and colorectal cancer patients were analyzed using the Human Protein Atlas database (https:
//www.proteinatlas.org) [17].

2.9. Statistical Analysis

Statistical analysis of data was performed using the unpaired Student’s two-sided t-test.

3. Results

Using a microarray to compare the gene expression profile of T84 human colorectal cancer cells
grown on stiff versus soft substrates, Nukuda et al. showed that the expression level of several
MMPs including MMP24 was elevated when cells were cultured on stiff substrates [18]. We wondered
whether rigid substrates also promote MMP24 expression in breast cancer cells. As shown previously,
MCF-7 human breast cancer cells cultured on the soft substrate (2 kPa) formed spheroids and those
cultured on the rigid substrate (30 kPa) were spread out (Figure 1A), indicating that MCF-7 cells
sense and respond to the differential stiffness between 2 kPa and 30 kPa. Using quantitative real time
PCR, we observed that the expression level of MMP24 was significantly higher in cells grown on the
rigid substrate compared to those on the soft substrate (Figure 1B). Similarly, the expression levels
of two YAP target genes, CTGF and MMP7, were also elevated in cells grown on the rigid substrate
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(Figure 1C,D). We have previously shown that rigid substrates promote YAP-dependent transcription
in MCF-7 cells [9,10]. We therefore examined whether YAP regulated MMP24 expression. To this
end, we depleted YAP expression using two shRNAs against human YAP (Figure 1E) and evaluated
the expression of MMP24 and CTGF, a well-known YAP target gene, in cells grown on plastic dishes,
i.e., rigid substrates (elastic modulus ~10° kPa). We observed that YAP knockdown caused ~2.5-fold
reduction, ~3.3-fold reduction and ~2-fold reduction in the MMP24, CTGF and MMP7 expression
levels, respectively (Figure 1F-H).
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Figure 1. Yes-associated protein (YAP) mediates MMP24 expression induced by stiffening substrates.
(A-D) MCEF-7 cells were cultured on substrates with elasticities of 2 and 30 kPa. Phase contrast images
of the cells were obtained with an inverted microscope (Olympus CKX41). Scale bar, 50 um (A). The
expression of MMP24 (B), CTGF (C) and MMP7 (D) were evaluated by quantitative real-time PCR.
Each bar represents the mean + S.D.; n = 3. Asterisks represent p < 0.005. (E-H) Cells were infected
with a control, YAP shRNA-#1, or -#2-expressing retrovirus. The expression of YAP (E), MMP24 (F),
CTGF (G), and MMP7 (H) were evaluated by quantitative real-time PCR. Each bar represents the mean
+ S.D.; n = 3. Asterisks represent p < 0.005. Double asterisk represents p < 0.01.

The MMP24 gene has the TEA domain (TEAD) recognition sequence GGAATG at —610 to —605
upstream of the transcription start site, and YAP may bind to this sequence through TEAD (Figure 2A).
We then constructed a luciferase reporter plasmid containing the region —1010 to +3 of the MMP24
gene and used it to examine the role of YAP in the MMP24 promoter activation. Ectopic expression of
the constitutive active form of YAP (YAP 5SA) increased the MMP24 promoter activity (Figure 2B) as
well as the TEAD-dependent reporter activity (Figure 2C). In addition, the signal pathway analysis
using the public database GeneMANIA suggests a link between MMP24 and YAP (Figure 2D). We
then performed ChIP assay to confirm the binding of YAP to the MMP24 promoter and found that the
amount of precipitated DNA of the MMP24 promoter region (—689 to —460) containing the predicted
TEAD-binding sequence, using anti-YAP antibody, was significantly higher than that using anti-IgG
antibody as a negative control (Figure 2E). Furthermore, analysis using the UCSC Genome Browser
showed that TEAD4 binds to the CTGF and MMP24 promoters but not LAMINA promoter, which was
used as a negative control (Figure 2F). Peak TEAD4 binding was observed in the region containing the
predicted TEAD-binding sequence of the MMP24 promoter (Figure 2F, middle, red line). All these
results indicate that MMP24 is a target gene of YAP-TEAD.
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Figure 2. Binding of YAP to the MMP24 promoter is decreased by inhibition of actomyosin contractility.
(A) Location of TEAD-binding sequences within the MMP24 promoter and the luciferase reporter gene
construct. TEAD-binding sequences within the MMP24 promoter are shown (top). The MMP24-Luc
reporter plasmid contains the promoter region of the human MMP24 gene located at position —1010 to
+3. (B) The pCS2-YAP 5SA expression vector was co-transfected with the reporter plasmid into 293T
cells. Luciferase activity was measured 24 hours after transfection. The activity was normalized to that
of the control vector. Each bar represents the mean + S.D.; n = 3. Asterisks represent p < 0.05. (C) A
TEAD-responsive element luciferase reporter plasmid (8x GTIIC-Luc) was used as a control. Each bar
represents the mean + S.D.; n = 3. Asterisks represent p < 0.005. (D) Predicted network for YAP and
MMP24 was created using the GeneMANIA online software at http://www.genemania.org/. A graphic
representation of how YAP and MMP24 are related to each other and to other genes in terms of physical
interactions, pathways, and co-expression is shown in [19]. (E) MCF-7 cells were treated with 200 nM
latrunculin A or 50 M blebbistatin for 40 min. The binding of YAP to the MMP24 promoter was evaluated
by chromatin immunoprecipitation assay followed by quantitative real-time PCR. The position of the
primers is indicated by arrows in (A). Each bar represents the mean + S.D.; n = 3. Asterisks represent p <
0.005. (F) The UCSC Genome Browser (http://genome.ucsc.edu/index.html) results show the locations
of TEAD4 chromatin immunoprecipitation (ChIP)-Seq signals on the CTGF, MMP24 or LAMA1 locus.
TEAD4 ChIP-Seq data from MCF-7 cells was obtained from the ENCODE consortium. Two replicated
results are shown. The red line indicates the human MMP24 promoter region (approximately —590 to
—650) containing the predicted TEAD-binding sequence.
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Even though the binding of TEAD4 to the MMP24 promoter was weaker than that to the CTGF
promoter (Figure 2F), the effect of substrate stiffness or YAP knockdown on MMP24 expression was
similar to that on CTGF expression (Figure 1B vs. Figure 1C, Figure 1 F vs. Figure 1 G, respectively).
Notably, TEAD4 also binds to intron 1 of the MMP24 gene (Figure 2F, upper vs. middle). Thus, YAP
and TEAD may upregulate MMP24 expression by their binding not only to the promoter but also to
intron 1 of MMP24.

The nuclear translocation of YAP has been shown to be dependent upon actomyosin contractility [7-10].
We thus set out to investigate the role of actomyosin in the interaction between YAP and the MMP24
promoter. Treatment with latrunculin A, an inhibitor of actin polymerization, or blebbistatin, a myosin II
inhibitor, diminished the binding of YAP to the MMP24 promoter (Figure 2E), indicating the importance
of actomyosin activity for YAP-dependent MMP24 expression.

We have demonstrated that expression of the gene encoding Rho-associated coiled coil-containing
protein kinase (ROCK) 2, which induces the activation of myosin II, is increased in response to the
rigid substrate in a YAP-TEAD dependent manner [9]. On the other hand, nuclear accumulation of
YAP, in turn, depends on ROCK2 expression, as shown previously [10] and in Figure 3A. Therefore, we
wondered whether ROCK2 played a role in the expression of MMP24 in cells cultured on the rigid
substrate. Knockdown of ROCK?2 significantly reduced expression levels of MMP24 as well as CTGF
and MMP7 (Figure 3B-E), indicating that ROCK2 was involved in YAP-dependent MMP24 expression.
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Figure 3. Knockdown of ROCK2 decreases MMP24 expression. Cells were infected with ROCK2
shRNA-expressing retrovirus. Confocal images of cells stained for YAP (green) and DAPI (blue) are
shown (A). The expression of ROCK2 (B), MMP24 (C), CTGF (D), and MMP7 (E) were evaluated by
quantitative real-time PCR. Each bar represents the mean + S.D.; n = 3. Asterisks represent p < 0.005.

Double asterisks represent p < 0.01.
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We proceeded to examine whether expression of MMP24 affects tumor aggressiveness. To this
end, we investigated the correlation between MMP24 expression and the survival rate in breast cancer
patients using the Human Protein Atlas database (https://www.proteinatlas.org). The result showed
that breast cancer patients with lower levels of MMP24 expression exhibit worse survival rates overall
(Figure 4). Further investigations revealed that also in other cancers including lung cancer, pancreatic
cancer, and renal cancer, patients with lower levels of MMP24 expression exhibit lower overall survival
rates (Figure 5A-C). In contrast, although not statistically significant (p = 0.12; Figure 5D), there
was a tendency that colorectal cancer patients with higher levels of MMP24 expression exhibit lower
survival rates. While the elastic modulus of tumor ECM is correlated with the aggressiveness of cancer
cells [1,2,20,21], these results imply that in cancers such as breast cancer, lung cancer, pancreatic cancer,
and renal cancer, MMP24 may retard tumor progression under the stiff environment of the cancer niche.
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Figure 4. Low expression of MMP24 predicts poor prognosis in patients with breast cancer.
Kaplan-Meier plots for the survival analysis of human breast cancer patients with high (magenta)
and low (blue) MMP24 expression obtained from the Human Protein Atlas (version 19) available
at www.proteinatlas.org. The link is: (https://www.proteinatlas.org/ENSG00000125966-MMP24/
pathology/breast+cancer#imid_20796312).

Expression of MMP7 encoding matrix metalloproteinase-7 (MMP?7) is also increased in response
to ECM stiffening [18]. MMP7 is known to promote cancer cell invasion [22,23]. We next examined the
relationship between MMP24 and MMP?7 expression with respect to tumor aggressiveness. In contrast
to MMP24, higher levels of MMP?7 expression were associated with lower survival rates in patients
with lung cancer, pancreatic cancer, or renal cancer but not colorectal cancer (Figure 5E-H), whereas
MMP7 was not a prognostic factor for breast cancer in the Human Protein Atlas database. Thus, MMP7
could have a role opposite to that of MMP24 in the regulation of aggressiveness of cancer cells.


https://www.proteinatlas.org
www.proteinatlas.org
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/breast+cancer#imid_20796312
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/breast+cancer#imid_20796312

Bioengineering 2020, 7, 18 8 of 12

>
m

Lung cancer Lung cancer

1.0 1.0
09 4% == | oW expression (n=285) 0.9 - mmm | 0w expression (n=663)
2 o0s J \ High expression (n=709) 2 os J High expression (n=331)
3074 N\ (p = 0.046) E 07 1 (p = 0.00034)
gos4 N\ £ 06 - .
S 05 S 05 1 M,
2 04 4 ™ T 04 -
2 03 o 2 03 -
@ 02 - i PYR @ 02 4
0.1 1 MMP24 — 01 4 mmp7
0 T T T T T T T T L} T T T L} T T T T T T 0 L] T L} T L] T T T T T T T L} T T T T T T
012345678 910111213141516171819 01234567 8910111213141516171819
Time (Years) Time (Years)
B 10 Pancreatic cancer F 10 Pancreatic cancer
09 4t m== | ow expression (n=49) oo d L === Low expression (n=38)
2084 High expression (n=127) 208 - 1 High expression (n=138)
S 07 A (p =0.092) B 07 - - (p = 0.0062)
§ 0.6 - @ 0.6
a 0.5 - a 0.5 -
T 04 - e T 04 4
g 0.3 . g 0.3 -
» 0.2 7 o 0.2 A9
0.1 4 MMP24 01 4 mMmP7
0 T T T T T T T 0 T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (Years) Time (Years)
c 10 Renal cancer G 10 5 Renal cancer
0'9 1N mmm | oW expression (n=204) 0'9 _"w\ mmm | ow expression (n=303)
2 0.8 d High expression (n=673) 2 0.8 i S, High expression (n=574)
Bo7rd ™ (p=8.2e") = o7 (p = 0.0064)
@®© . N . © A - =
@ 0.6 Yoy g 0.6 -
2 05 A a 0.5 o
S 04 - S 04 4
0.3 - 0.3 -
% 0.2 % 0.2
» 02 4 @ 0.2 A
0.1 1 MmP24 01 1 mMmP7
0 T r—Tr—TreTrereTeTrTrTrrTreTreTT T T o +r-r-r-rr—rT T 11T T 1T T
01234546 7 8 910111213141516 0123454867 8 910111213141516
Time (Years) Time (Years)
D 10 Colorectal cancer H o0 Colorectal cancer
0'9 i = | oW expression (n=135) 0'9 | mmm | 0w expression (n=140)
208 J sy High expression (n=462) Zo08 4 v High expression (n=457)
S 07 o — (p=0.12) 5 07 | (p = 0.042)
g 0.6 g 0.6 -
a 05 4 a 05 4
T 04 - T 04 4
e 03 A 2 0.3 1
@ 02 4 @ 0.2 1
0.1 1 MmP24 01 1 mMmP7
0 —rTrTT T T T T T T 0 —Tr—Tr—TrTrTrTrTTT T
01 2 3 4 5 6 7 8 9 10 11 12 01 2 3 4 5 6 7 8 9 10 11 12
Time (Years) Time (Years)

Figure 5. Expression of MMP24 and MMP?7 in the prognosis of lung cancer, pancreatic cancer,
renal cancer, and colorectal cancers. Kaplan-Meier plots for survival analysis of human lung
(AE), pancreatic (B,F), renal (C,G), and colorectal (D,H) cancer patients with high (magenta) and
low (blue) MMP24 (A-D) or MMP7 (E-H) expression obtained from the Human Protein Atlas
(version 19) available at www.proteinatlas.org. The links are: lung; https://www.proteinatlas.org/
ENSG00000125966-MMP24/pathology/lung+cancer, https://www.proteinatlas.org/ENSG00000137673-
MMP7/pathology/lung-+cancer, pancreatic; https://www.proteinatlas.org/ENSG00000125966-MMP24/
pathology/pancreatic+cancer, https://www.proteinatlas.org/ENSG00000137673-MMP7/pathology/
pancreatic+cancer renal; https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/renal+
cancer, https://www.proteinatlas.org/ENSG00000137673-MMP7/pathology/renal+cancer, colorectal;
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/colorectal+cancer, https://www.
proteinatlas.org/ENSG00000137673-MMP7/pathology/colorectal+cancer.


www.proteinatlas.org
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/lung+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/lung+cancer
www.proteinatlas.org/ENSG00000137673-MMP7/pathology/lung+cancer
www.proteinatlas.org/ENSG00000137673-MMP7/pathology/lung+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/pancreatic+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/pancreatic+cancer
www.proteinatlas.org/ENSG00000137673-MMP7/pathology/pancreatic+cancer
www.proteinatlas.org/ENSG00000137673-MMP7/pathology/pancreatic+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/renal+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/renal+cancer
www.proteinatlas.org/ENSG00000137673-MMP7/pathology/renal+cancer
https://www.proteinatlas.org/ENSG00000125966-MMP24/pathology/colorectal+cancer
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4. Discussion

Based on our results, we propose a model for hierarchical regulation of MMP24 expression
(Figure 6). Rigid substrates increase actomyosin contractility via YAP-dependent expression of ROCK?2,
which further activates YAP and TEAD. Activation of YAP-TEAD then promotes the expression of
MMP24, retarding the progression of various types of cancers such as breast cancer, lung cancer, and
renal cancer.

Integrin

Cytoplasm

F-actin

Actomyosin ~ X

@
ROCK2

A=

MMP24

~ B T

Cancer
progression

YAP

Plasma
membrane

TEAD

Nucleus

Figure 6. Schematic model for MMP24 expression promoted by extracellular matrix (ECM) stiffening.
Integrins bind to ECM and induce the formation of focal adhesions, leading to actin polymerization via
the activation of Rho GTPases such as Rho, Rac, and Cdc42. Rho GTPases also induce activation of
myosin via activation of ROCK. Actomyosin contraction enhances activation of this integrin signaling
pathway via conformational change of the proteins as mechanosensors including integrins and talin in
an ECM stiffness-dependent manner. Increase in the number of actin filaments promotes YAP nuclear
translocation, resulting in induction of ROCK2 and MMP24 expression via TEAD activation. MMP24
expression attenuates the progression of various types of cancers such as breast cancer, lung cancer,
and renal cancer.

YAP expression promotes the malignancy of cancer cells [24-31]. Two well-known YAP-TEAD
target genes CTGF and CCND1, which encode connective tissue growth factor (CTGF) and cyclin
D1, respectively, contribute to the progression of cancer [32-34]. MMP24 expression that has been
identified as a YAP-TEAD target gene in this study is believed to attenuate cancer progression, since
high MMP24 expression reflects prolonged overall survival rate of patients with cancers such as breast
cancer, lung cancer, pancreatic cancer, and renal cancer (Figures 4 and 5A—C). In these types of cancers,
cancer aggressiveness would be promoted when expression of MMP24 induced by YAP-TEAD is
hampered. Thus, MMP24 would be a prognostic factor in cancer patients and therefore, controlling
MMP24 expression could be a viable treatment strategy to block cancer progression.

In this study, we also showed that in contrast to MMP24, high expression of MMP7, which is
another YAP-TEAD target gene, is associated with poor prognosis in lung cancer, pancreatic cancer,
and renal cancer but not colorectal cancer (Figure 5E-H). It remains unclear why the role of MMP24
in tumor aggressiveness is opposite to that of MMP7 and their roles are cancer type-dependent. We
also discovered that ECM substrates of MMP24 and MMP?7 are different and that MMP7 expression
promotes angiogenesis [35], which has a central role in tumor growth and metastasis [36], whereas
the role of MMP24 in angiogenesis has not been clarified. The different roles of MMP24 and MMP7
in cancer progression could be due to the different ECM types surrounding the tumor [37], which
control angiogenesis for metastasis and growth of cancer cells. Further studies are required for better
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understanding of the mechanism underlying cancer progression that involves the link between MMP24
and MMP?7.
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