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ABSTRACT: Signal-transducing functions driven by the cytoplasmic domain of membrane type-1 matrix metalloproteinase (MT1-MMP) are
believed to regulate many inflammation-associated cancer cell functions including migration, proliferation, and survival. Aside from upregulation
of the inflammation biomarker cyclooxygenase-2 (COX-2) expression, MT1-MMP’s role in relaying intracellular signals triggered by extracellular
pro-inflammatory cues remains poorly understood. Here, we triggered inflammation in HT1080 fibrosarcoma cells with phorbol-12-myristate-
13-acetate (PMA), an inducer of COX-2 and of MT1-MMP. To assess the global transcriptional regulatory role that MT1-MMP may exert on
inflammation biomarkers, we combined gene array screens with a transient MT1-MMP gene silencing strategy. Expression of MT1-MMP was
found to exert both stimulatory and repressive transcriptional control of several inflammasome-related biomarkers such as interleukin (IL)-1B,
IL-6, IL-12A, and IL-33, as well as of transcription factors such as EGR1, ELK1, and ETS1/2 in PMA-treated cells. Among the signal-transducing
pathways explored, the silencing of MT1-MMP prevented PMA from phosphorylating extracellular signal-regulated kinase, inhibitor of kB, and
p105 nuclear factor kB (NF-kB) intermediates. We also found a signaling axis linking MT1-MMP to MMP-9 transcriptional regulation. Altogether,
our data indicate a significant involvement of MT1-MMP in the transcriptional regulation of inflammatory biomarkers consolidating its contribution
to signal transduction functions in addition to its classical hydrolytic activity.

KEYWORDS: Inflammation, inflammasome, MT1-MMP, cancer, gene transcription

RECEIVED: February 22, 2017. ACCEPTED: May 11, 2017.

PEER REVIEW: Eight peer reviewers contributed to the peer review report. Reviewers’
reports totaled 1479 words, excluding any confidential comments to the academic editor.

TYPE: Original Research

FUNDING: The author(s) disclosed receipt of the following financial support for the
research, authorship, and/or publication of this article: This work was funded by the
Institutional Research Chair in Cancer Prevention and Treatment held by Dr Borhane
Annabi at UQAM.

DECLARATION OF CONFLICTING INTERESTS: The author(s) declared no potential
conflicts of interest with respect to the research, authorship, and/or publication of this article.

CORRESPONDING AUTHOR: Borhane Annabi, Laboratoire d’Oncologie Moléculaire,
Département de Chimie, Centre de recherche BIOMED, Université du Québec a Montréal,
C.P. 8888, Succ. Centre-ville, Montréal, QC H3C 3P8, Canada.

Email: annabi.borhane@ugam.ca

Introduction

Membrane type 1-matrix metalloproteinase (MT1-MMP) is a
transmembrane matrix metalloprotease which degrades inter-
stitial collagens and extracellular matrix (ECM) components
under both normal and pathophysiological processes including
atherosclerosis, muscular diseases, and cancer.!3 It also func-
tions as a signal-transducing intermediate as numerous lines of
evidence suggest that MT1-MMP relays signals linking cancer
to cancer-related inflammation.*” Overexpression of MT1-
MMP was found to trigger phosphorylation of the signal trans-
ducers and activators of transcription 3 (STAT3)® and of a
MT1-MMP/nuclear factor-k-light-chain-enhancer of an acti-
vated B cell (NF-«B) signaling axis found to also act as a check-
point controller of cyclooxygenase-2 (COX-2) expression in
CD133+ U87 glioblastoma cells.” JAK/STAT3 and NF-«kB are
involved in major pathways regulating inflammation, are consti-
tutively active in most cancers, and are often activated by cancer
risk factors.!® Moreover, hypoxia and acidic conditions, as are
found within solid tumors, are known to activate NF-kB1112
and to correlate with increased MT1-MMP expression.!315
Given that numerous gene products linked to inflammation,
survival, proliferation, invasion, angiogenesis, and metastasis are
regulated by NF-«B, a better understanding of MT1-MMP’s
contribution to pro-inflammatory pathway regulation may pro-
vide opportunities for both prevention and treatment of cancer.

The MT1-MMP has been well characterized as a cell surface
pro-MMP-2 activator.'” Along with other MT-MMDPs, it has a
common domain structure consisting of a signal peptide, a pro-
domain, a catalytic domain, a hinge, a hemopexin-like domain, a
transmembrane domain, and a stalk region.’® The MT1-MMP,
MT2-MMP, MT3-MMP, and MT5-MMP are further charac-
terized by a short cytoplasmic domain, whereas glycosylphos-
MT4-MMP and
MT6-MMP3 Gene silencing, deletions, or point mutations
within the cytoplasmic domain of M'T1-MMP have been shown
to alter RhoA/ROK expression by attenuating thrombin-trig-
gered RhoA and Rac1 activation in endothelial cells,"” or RhoA-
mediated CD44 shedding in glioma cells,?® and to change the
phosphorylation status of extracellular signal-regulated kinase

phatidylinositol ~ anchors  characterize

(Erk),?! signal transducers and activators of transcription 3
(STAT3),%% and Akt.?? The MT1-MMP gene silencing has also
provided evidence regarding its involvement in transcriptional
regulation as it prevented concanavalin-A—induced STAT3-
mediated and NF-kB-mediated regulation of inflammation,
autophagy, and angiogenesis in numerous cell models.?324

Recent studies have suggested cooperative links between
inflammasomes, which are cytoplasmic protein complexes that
sense and assemble in response to diverse inflammatory stimuli
such as infection-associated or stress-associated stimuli,?> with
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many downstream cellular processes such as autophagy,?® angi-
ogenesis,?” and carcinogenesis.?® The inflammasome compo-
nents, on complex scaffold protein assembly,? trigger caspase
activity and lead to the cleavage of precursors and release of the
pro-inflammatory cytokines interleukin 1B (IL-1B) and
1L-18.30 The MT1-MMP knockdown suppressed angiogene-
sis in glioma tumors through decreased production of pro-
angiogenic factors, such as vascular endothelial growth factor
and IL-8,3! and was also found to regulate the transcription of
colony-stimulating factors 2 and 3 in mesenchymal stromal
cells.® In addition, MT1-MMP was also demonstrated to reg-
ulate caspase activity,3? angiogenesis,3® and cell migration.3
Whether any MT1-MMP intracellular signaling functions are
linked to inflammasome regulation remains to be determined.

Inflammasomes are believed to be promising therapeutic tar-
gets in cancer-related clinical conditions as their inhibition, or the
neutralization of their products, profoundly affects carcinogenesis
and tumor progression.’> Loss of MT1-MMP leads to abnormal
proteolytic processing of ECM components in MmpIl4-deficient
mice which consequently triggered signaling events that alter the
nuclear lamina and cytoskeleton structure, ultimately leading to
nuclear envelope abnormalities, increased DNA damage, altered
gene transcription, and activation of cell senescence.3¢ Here, we
designed a proof-of-concept study in which we sought to further
address whether MTT1-MMP exerts any transcriptional regula-
tion of inflammasome-related biomarkers on pro-inflammatory
stimulus in an HT'1080 fibrosarcoma cell model.

Materials and Methods
Materials

Sodium dodecylsulfate (SDS) and bovine serum albumin were
purchased from Sigma (Oakville, ON, USA). Electrophoresis
reagents were purchased from Bio-Rad (Mississauga, ON,
USA). Micro bicinchoninic acid protein assay reagents were
from Pierce (Rockford, IL, USA). The monoclonal anti-MT'1-
MMP catalytic domain antibody clone 3G4.2 was from EMD
Millipore (Billerica, MA, USA). The polyclonal antibodies
against inhibitor of kB (IxB), p105, phosphorylated p105, Erk,
and phosphorylated Erk were purchased from Cell Signaling
(Danvers, MA, USA). The monoclonal antibody against glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was from
Advanced Immunochemical Inc. (Long Beach, CA, USA).
Horseradish peroxidase—conjugated donkey anti-rabbit and
anti-mouse IgG secondary antibodies were from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). All
other reagents were from Sigma-Aldrich (Oakville, ON,
Canada).

Cell culture and small interfering RNA transfection
The human HT1080 fibrosarcoma cell line was purchased

from American Type Culture Collection and maintained in

Eagle’s Minimum Essential Medium containing 10% (v/v)
fetal calf serum (HyClone Laboratories, Logan, UT, USA),
2mM glutamine, 100units/mL penicillin, and 100 pg/mL
streptomycin and was cultured at 37°C under a humidified
atmosphere containing 5% CO,. Gene silencing of MT1-
MMP was performed through cell transfection of 20-nlM
MT1-MMP-specific small interfering RNA (siRNA) (Hs_
MMP14_6 HP validated siRNA; QIAGEN, Valencia, CA,
USA; SI03648841) or with a scrambled siRNA sequence
(QIAGEN; AllStar Negative Control siRNA, SI03650318) as
a control using lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions.
Small interfering RNA and mismatch siRNA were synthe-
sized by QIAGEN and annealed to form duplexes. About
24hours after transfection, cells were treated with up to 30-nM
phorbol-12-myristate-13-acetate (PMA) or vehicle in a
serum-free medium for 18 hours.

Immunoblotting procedures

Following treatments or transfection, HT1080 cells were
washed with phosphate-buffered saline and lysed with lysis
buffer (50mM Tris-HCl, pH 7.4, 120mM NaCl, 5mM
EDTA, 0.5% Nonidet P-40, 0.1% Triton) in the presence of
phosphatase and protease inhibitors on ice for 30 minutes.
Cell debris was pelleted by centrifugation for 10 minutes at
high speed. Protein concentration was quantified using a
micro bicinchoninic acid protein assay kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Proteins from control
and treated cells were separated by SDS-polyacrylamide gel
electrophoresis (PAGE). After electrophoresis, proteins were
electrotransferred to polyvinylidene difluoride membranes,
which were then blocked overnight at 4°C with 5% nonfat dry
milk in Tris-buffered saline (150 mM NaCl, 20 mM Tris-HCI,
pH 7.5) containing 0.3% Tween-20 (TBST). Membranes
were further washed in TBST and incubated with primary
antibodies directed against MT1-MMP (1/10000), p105,
phosphorylated p105, Erk, phosphorylated Erk, IxkB, phos-
phorylated IxB (1/1000), or GAPDH (1/1500). Washing was
then performed in TBST, followed by a 1-hour incubation
with horseradish peroxidase—conjugated anti-rabbit IgG
(1/10000) or anti-mouse IgG (1/5000) in TBST containing
5% nonfat dry milk. Immunoreactive material was visualized
by Western Lightning Enhanced Chemiluminescence Pro
(Perkin Elmer, Waltham, MA, USA).

Total RNA isolation, complementary DNA
synthesis, and real-time quantitative real-time
polymerase chain reaction

Total RNA was extracted from HT1080 cell monolayers using
TRIzol reagent (Life Technologies, Gaithersburg, MD, USA).
For complementary DNA (cDNA) synthesis, 1pg of total
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RNA was reverse-transcribed into cDNA using a high-capac-
ity cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, USA). Complementary DNA was stored at -80°C
prior to polymerase chain reaction (PCR). Gene expression
was quantified by real-time quantitative PCR using iQ_SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA). DNA ampli-
fication was conducted using an Icycler iQ5 (Bio-Rad), and
product detection was performed by measuring binding of the
fluorescent dye SYBR Green I to double-stranded DNA. The
following primer sets were provided by QTAGEN: IL-1B (Hs_
IL1B_1_SG, QT00021385), 1IL-6 (Hs_IL6_1_SG,
QT00083720), IL-12A (Hs_IL12A_1_SG, QT00000357),
1L-33  (Hs_IL33_1_SG, QT00041559), EGR1 (Hs_
EGR1_1_SG, QT0026505), ETS1 (Hs_ETS1_1_SG,
QT00049133), ETS2 (Hs_ETS2_1_SG, QT00086198),
ELK1 (Hs_ELK1_1_SG, QT00034104), pB-actin (Hs_
ACTB_2_SG, QT01680476), GAPDH (Hs_GAPDH_1_
SG, QT00079247), and Peptidylprolyl Isomerase A (PPIA)
(Hs_PPIA_4_SG, QT01866137). The relative quantities of
target gene messenger RNA (mRNA) against an internal con-
trol, B-actin/ GAPDH/PPIA RNA, were measured by follow-
ing a AC; method employing an amplification plot
(fluorescence signal vs cycle number). The difference (ACy)
between the mean values in the triplicate samples of target
gene and those of B-actin/GAPDH/PPIA RNA was calcu-
lated by iQ5 Optical System Software version 2.0 (Bio-Rad),

and the relative quantified value was expressed as 2746

Gelatin zymaography

Gelatin zymography was used to assess the extent of pro-
MMP-2 gelatinolytic activity and activation status as previ-
ously described.3” Briefly, a 20 puL aliquot of the culture medium
was subjected to SDS-PAGE in a gel containing 0.1 mg/mL
gelatin, a substrate that is efficiently hydrolyzed by pro-
MMP-9, pro-MMP-2, and MMP-2. The gels were then incu-
bated in 2.5% Triton X-100 and rinsed in nanopure distilled
H,O. Gels were further incubated at 37°C for 20hours in
20mM NaCl, 5mM CaCl,, 0.02% Brij-35, 50 mM Tris-HCl
buffer, pH 7.6 and then stained with 0.1% Coomassie Brilliant
Blue R-250 and destained in 10% acetic acid and 30% metha-
nol in H,O. Gelatinolytic activity was detected as unstained

bands on a blue background.

Human transcription factors and inflammasome

PCR arrays

The human inflammasomes (PAHS-097Z) and transcription
factors (PAHS-075Z) RT? Profiler PCR Array screens (SA
Biosciences, Frederick, MD, USA) were performed according
to the manufacturer’s protocol. The detailed list of these key
transcription factor genes can be found on the manufacturer’s

Web site (http://www.sabiosciences.com/ArrayList.php). Using

real-time quantitative PCR, we analyzed expression of a focused
panel of genes related to transcription factor genes. Relative
gene expressions were calculated using the 2-24C. method, in
which Cr indicates the fractional cycle number where the fluo-
rescent signal reaches detection threshold. The ‘delta-delta’
method uses the normalized ACr value of each sample, calcu-
lated using a total of 5 endogenous control genes (B2M, HPRT1,
RPL134, GAPDH, and ACTB). Fold change values are then
presented as average fold change=2(average 2¢r ) for genes in
siScrambled PMA-treated HT1080 cells relative to siMT1-
MMP PMA-treated cells. Detectable PCR products were
obtained and defined as requiring <35 cycles. The resulting raw
data were then analyzed using the PCR Array Data Analysis
Template (http://www.sabiosciences.com/pcrarraydataanalysis.
php). This integrated Web-based software package automati-
cally performs all AAC-based fold-change calculations from
our uploaded raw threshold cycle data.

Statistical data analysis

Data are representative of 3 or more independent experi-
ments. Statistical significance was assessed using Student’s
unpaired ¢ test. Probability values of less than .05 were con-
sidered significant and an asterisk (*) identifies such signifi-
cance in the figures.

Results

PMA triggers Erk, p105, and IkB transient
phosphorylation in HT'1080 fibrosarcoma cells

We first addressed the responsiveness of HT1080 fibrosarcoma
cells to PMA, which is known to trigger inflammation and to
prime cell migration and proliferation’® in part through a
NF-kB-transducing pathway.3** More specifically, we assessed
the phosphorylation status of IkB, of the p105 precursor protein
of NF-kB1, as well as of the Erk. HT'1080 cells were treated
with 30nM PMA for up to 60 minutes, and the phosphoryla-
tion status of the above molecules was determined by immuno-
blotting as described in the “Materials and Methods” section
(Figure 1A). We found that IxB optimal phosphorylation
occurred at 10 minutes, whereas those of p105 and Erk were
delayed and occurred later at 30 minutes (Figure 1B).

MTI1-MMP gene silencing abrogates PVA-
induced Erk, p105, and 1kB phosphorylation in
HT1080 fibrosarcoma cells

Given the hypothesized role of MT1-MMP as an intermedi-
ate in several signal-transducing pathways particularly involved
in the regulation of cell invasion and inflammation,131°23 we
next transiently silenced MT1-MMP gene expression in
HT1080 fibrosarcoma cells and evaluated the impact of this
gene silencing on PMA-induced signaling. We found that
although MT1-MMP expression was significantly reduced
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Figure 1. PMA triggers Erk, p105, and IkB transient phosphorylation in HT1080 fibrosarcoma cells. Serum-starved HT1080 fibrosarcoma cells were
treated for up to 60 minutes with vehicle or 30nM PMA, following which cell lysates were isolated, electrophoresed via SDS-PAGE, and immunodetected
for (A) P-IkB, 1kB, P-p105, p105, P-Erk, and Erk proteins as described in the “Materials and Methods” section. (B) Quantification was performed by
scanning densitometry of a representative autoradiogram. Erk indicates extracellular signal-regulated kinase; IkB, inhibitor of xB; PMA, phorbol-12-
myristate-13-acetate; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel electrophoresis.

(Figure 2, bottom panels), the PMA-induced phosphorylation
status of IxB, p105, and Erk were all significantly abrogated.
This reinforces the claim that MT1-MMP can modulate
downstream end-product expression, potentially through tran-
scriptional regulation.

Stimulatory and repressive regulatory impacts on
transcription factor and cytokine transcription on
MT1-MMP gene silencing in PMA-stimulated
HT1080 fibrosarcoma cells

To more broadly assess the global transcriptional impact of
MT1-MMP on PMA-stimulated cells, we used a gene array
approach to survey some downstream transcription factors
(Figure 3) and the inflammasome response (Figure 4).
Among the 84 transcription factor genes in each array which
were assessed downstream of PMA stimulation, 61% were
induced by PMA (Figure3A) in cells where MT1-MMP was
silenced, suggesting that basal MT1-MMP exerted a

repressive transcriptional control on these genes. Among
these, several were involved in cell proliferation, survival, and
inflammation. However, expression of 29% of the transcrip-
tion factors assessed was decreased under these same condi-
(Figure 3B), suggesting MT1-MMP bestowed
stimulatory effects on these genes following PMA treatment.
These genes involved similar proliferation and inflammation
processes as in those inhibited by MT1-MMP (Table 1),
confirming the dynamic balance that the signaling contribu-
tion of MT1-MMP exerts within the cell. A similar screen
was performed regarding inflaimmasome-associated bio-
markers. Interestingly, 17% of the genes tested were upregu-
lated in cells where MT1-MMP was silenced (Figure 4A),
whereas 83% were inhibited (Figure 4B). The latter observa-
tion suggests that MT1-IMMP exerts a significant role in the
positive transcriptional regulation of inflammasome-related
genes in PMA-stimulated cells (Table 1) (refer to the
appended supplemental data section for the list of all genes
screened and effects).

tions
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Figure 2. MT1-MMP gene silencing abrogates PMA-induced Erk, p105,
and IkB phosphorylation in HT1080 fibrosarcoma cells. Transient
MT1-MMP gene silencing was performed in HT1080 cells as described in
the “Materials and Methods” section. Serum-starved HT1080
fibrosarcoma cells were then treated for either 10 minutes to monitor Erk
phosphorylation or 30 minutes to monitor p105 and kB phosphorylation
within vehicle or 30nM PMA-treated cells. Cell lysates were isolated,
electrophoresed via SDS-PAGE, and immunodetected for P-IxB, IkB,
P-p105, p105, P-Erk, Erk, MT1-MMP, and GAPDH proteins as described
in the “Materials and Methods” section. Erk indicates extracellular
signal—-regulated kinase; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; IxB, inhibitor of kB; PMA, phorbol-12-myristate-13-
acetate; SDS-PAGE, sodium dodecylsulfate-polyacrylamide gel
electrophoresis.

Evidence and validation of MT1-MMP
requirement in PMA-induced cytokine and
transcription factor transcription

Having established that MT1-MMP plays a role in the regula-
tion of inflammasome, we next focused on the potential stimu-
latory roles that MT1-MMP originally exerts on gene
transcription, which had been repressed by PMA stimulation in
MT1-MMP-silenced cells (Figures 3B and 4B). Although of
interest, the repressive transcriptional role of MT1-MMBP, as
seen by MT1-MMP silencing in PMA-treated cells (Figures
3A and 4A) will be explored in a subsequent study. Dose-
response treatments of PMA were applied to siScrambled or
siMT1-MMP-transfected cells, and qRT-PCR was performed
for specific inflammasome-related (Figure 5) and transcription
factor (Figure 6) target genes. We confirmed that PMA was
able to trigger gene expression of 1L-1B, IL-6, IL-12, and
IL-33 in control (siScrambled) cells, whereas MT1-MMP gene
silencing prevented this PMA-induced expression (Figure 5).
Similarly, transcription of ELK1, early growth response protein
1 (EGR1), ETS1, and ETS2 were also induced by PMA in
conditions where MT1-MMP was present, whereas MT1-
MMP silencing prevented these increases (Figure 6).

MT1-MMP gene silencing abrogates PMA-
induced MMP-9 expression and function in
HT1080 fibrosarcoma cells

Parallel stimulation by MT1-MMP of biomarkers for cell prolif-
eration/invasion and for inflammation phenotypes associated
with cancer cell invasiveness suggests the possibility of a common
element downstream of MT1-IMIMP. We assessed the expression
of MMP-9, a secreted MMP known to be highly inducible by
inflammation-mediating factors such as tumor necrosis factor
(TNF) and PMA 38414 The MT1-MMP was again transiently
silenced and this was shown to prevent PMA-mediated MMP-9
induction (Figure 7A). This was further confirmed at the protein
level using zymography to assess the extracellular hydrolytic
activity of pro-MMP-9 and of pro-MMP-2 (Figure 7B).
Although pro-MMP-9 hydrolytic activity was increased by
PMA, this was largely prevented by MT1-MMP gene silencing
(Figure 7C). A detectable activation of latent pro-MMP-2 to
active MMP-2 was observed on PMA treatment, but this too
was repressed in MT1-MMP-silenced cells confirming the
functional repression of MT1-MMP at the cell surface.

Discussion

Membrane type-1 matrix metalloproteinase is a membrane-
embedded protein which exhibits functions at both sides of the
plasma membrane, allowing coordination between the extra-
cellular and intracellular milieus in response to environmental
cues such as inflammatory stimuli. It is therefore well posi-
tioned to sense and to modify the extracellular environment by
processing matrix components, transmembrane proteins, and
soluble factors, as well as to regulate, through its intracellular
membrane-anchored domain, cell motility, metabolism, and
gene transcription. In support of its contribution toward gene
regulation, our results provide evidence that MT1-MMP
exerts transcriptional control of inflammasome components
and positions MT1-MMP as an important signal-transducing
intermediate relaying extracellular pro-inflammatory cues.
Noncatalytic MT1-MMP regulation of gene transcription in
endothelial cells recently highlighted genes involved in cell
proliferation, vasculature development, and blood vessel mor-
phogenesis.** Furthermore, indirect evidence of MT1-MMP-
mediated transcriptional regulation of target genes has also
been reported to require a functional M'T1-MMP intracellular
domain. These results were, in part, obtained using concanava-
lin-A—treated cells and involved growth factors and
cytokines,®* inflammation,?»* and autophagy'>*6 biomarkers.
Here, we not only confirm the signal-transducing intermediate
role for MT1-MMP, as its absence reduced the PMA-induced
phosphorylation status of NF-kB and Erk, but we also extend
our observations to the transcriptional modulation of down-
stream transcription factors such as ELK1, EGR1, ETS1, and
ETS2. Interestingly, ET'S1/2 was found to be involved in the
inflammatory immune response to viral infections of the
heart.#” ETS1 particularly is a common mediator of the renal
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Figure 3. Stimulative and repressive regulatory impacts on transcription
factors transcription on MT1-MMP gene silencing in PMA-stimulated
HT1080 fibrosarcoma cells. Gene silencing was performed with either
siScrambled or siMT1-MMP in HT1080 fibrosarcoma cells. Cells were
then serum-starved in the presence or absence of 30nM PMA for

24 hours. Total RNA isolation and qRT-PCR were performed as described
in the “Materials and Methods” section to assess expression of a subset
of 84 different transcription factor genes using human PCR arrays as
described in the “Materials and Methods” section. (A) PMA stimulatory
response expressed as the ratio of siMT1-MMP-transfected cells over
siScrambled-transfected cells (x-fold induction). (B) PMA repressive
response expressed as the ratio of siMT1-MMP—transfected cells over
siScrambled-transfected cells (% inhibition). PMA indicates phorbol-12-
myristate-13-acetate; SDS-PAGE, sodium dodecylsulfate-polyacrylamide
gel electrophoresis; qRT-PCR, quantitative real-time polymerase chain
reaction.

pro-inflammatory and profibrotic effects of Ang II1.#8 Cross
talk between ELK3/ETS1/MT1-MMP related to angiogene-
sis has also recently been reported.* High levels of ELK1
mRNA were found in clinical specimens of serous epithelial
ovarian cancer chemoresistant tissues>® and in relaxin’s induc-
tion of MMP-9.°1 Interestingly, EGR1 abrogation reduced
collagen-induced transcriptional regulation of MT1-MMP>2
and Si0(2)-driven transcription of MT1-MMP>3 E26 onco-
gene homolog 1 (ETS1) transcriptional activity on the MT1-
MMP promoter was also reported in angiogenesis.’* Finally,
overexpression of erythroblastosis virus ET'S1 gene is corre-
lated with both tumor progression and poor response to chem-
otherapy in cancer treatment.>

Activation of NF-«kB has been reported to be triggered by
MT1-MMP# and requires its release from inhibitor of NF-kB
(IxB) proteins in the cytoplasm. Although much work has
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Figure 4. Stimulative and repressive regulatory impact on
inflammasome-related transcription on MT1-MMP gene silencing in
PMA-stimulated HT1080 fibrosarcoma cells. Gene silencing was
performed with either siScrambled or siMT1-MMP in HT1080
fibrosarcoma cells. Cells were then serum-starved in the presence or
absence of 30nM PMA for 24 hours. Total RNA isolation and gRT-PCR
were performed as described in the “Materials and Methods” section to
assess expression of a subset of 84 different inflammasome-related
genes using human PCR arrays as described in the “Materials and
Methods” section. (A) PMA stimulatory response expressed as the ratio
of siMT1-MMP—transfected cells over siScrambled-transfected cells
(x-fold induction). (B) PMA repressive response expressed as the ratio of
siMT1-MMP—transfected cells over siScrambled-transfected cells (%
inhibition). PMA indicates phorbol-12-myristate-13-acetate; SDS-PAGE,
sodium dodecylsulfate-polyacrylamide gel electrophoresis; qRT-PCR,
quantitative real-time polymerase chain reaction.

focused on the identification of pathways regulating this cyto-
solic rate-limiting step of NF-«B activation, recent data reveal
the existence of IkB-independent control of NF-«kB activity by
modulatory phosphorylations from IkB kinases (IKKa, f,
and €).°® As such, IKKs are believed to phosphorylate p105,
p65,and IkB. Whether and how any hierarchical IxB and p105
phosphorylation occurs on PMA stimulation remains
unknown. Differential interaction affinities of IKKs toward
p105 and IkB were reported®” and may, in part, explain the lag
in maximal phosphorylation status as observed in Figure 1B.
One interesting aspect from our study relates to the MT1-
MMP/MMP-9 interrelationship in PMA-stimulated cells. The
deregulation of mmp-9 gene expression is, in part through epige-
netic mechanisms, implicated in several pathophysiological pro-
cesses, including inflammation, chronic obstructive pulmonary
disease, autoimmune diseases, and cancer.’® Here, we found that
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Table 1. Suppressive transcriptional role of MT1-MMP silencing in PMA-treated cells.

TRANSCRIPTION FACTORS GENE ID PMA INHIBITION (%)

The identity of selected genes from the transcription factors family

FOS 2353 55
ETS2 2114 66
STAT2 6773 66
ELK1 2002 67
HSF1 3297 68
EGR1 1958 68
STAT5A 6776 69
JUNB 3726 77
ETS1 2113 78

FUNCTIONAL GROUPING

Inflammation, proliferation, differentiation
Inflammation, proliferation, survival
Proliferation, migration, apoptosis
Inflammation, proliferation, survival
Proliferation, apoptosis, metabolism
Differentiation, mitogenesis

Proliferation, apoptosis

Proliferation, transformation

Migration, proliferation, survival

The identity of selected genes from the inflammasome components, and whose expression was inhibited by 50%-90%, is shown

IL-33 90865 50
IL-12A 3592 55
CCL5 6352 56
TNF 7124 59
IL-6 3569 78
NLRP9 338321 78
XIAP 331 82
NLRP6 101613 83
TRAF6 7189 84
IL-1B 3553 87

Inflammation

Inflammation, differentiation
Inflammation

Inflammation, apoptosis
Inflammation

Inflammation, apoptosis
Apoptosis, autophagy
Apoptosis, immunity
Immunity, inflammation

Inflammation

Abbreviations: cDNA, complementary DNA; MT1-MMP, membrane type-1 matrix metalloproteinase; PMA, phorbol-12-myristate-13-acetate.
HT1080 fibrosarcoma cells were transiently transfected with siScrambled or siMT1-MMP. Serum-starved cells were treated with 30nM PMA for 18 hours. Total RNA was
isolated and cDNA synthesized as described in the “Materials and Methods” section. Data are representative of 2 independent array screens.

PMA-induced MMP-9 expression was abrogated in cells where
MT1-MMP was silenced, suggesting that MT1-MMP acts as
an important signaling intermediate in MIMP-9 gene and protein
expression. Given that the foremost mechanism of action of
MMP-9 in brain disorders appears to be its involvement in
immune/inflammation responses through processing and activa-
tion of various cytokines and chemokines,” the involvement of a
MT1-MMP-dependent event may be envisioned as a secondary
process that could regulate the response to a given pro-inflamma-
tory stimuli. More recently, the MT1-IMMP expression level sta-
tus was found to dictate the in vitro action of lupeol on
PMA-induced inflammatory biomarkers MMP-9 and COX-2
in a pediatric brain tumor cell model.*°

Therapies which can directly or indirectly target the inflam-
masome and its downstream cytokines to quiet inflammation
are currently envisioned.®162 Because we have shown that the
induction of inflammasome activation by carcinogens par-

tially requires MT1-MMP, one may envision that any

strategy that alters MT1-MMP’s noncatalytic functions may
also alter the expression of inflammasome components and
downstream cytokines. To this end, the green tea polyphenol
epigallocatechin-3-gallate (EGCG) is among the most
potent natural inhibitors of the catalytic and noncatalytic
functions of MT1-MMP.63-66  Epigallocatechin-3-gallate
was found to suppress melanoma growth by inhibiting
inflammasome and IL-1f secretion®” and to inhibit NLRP3
inflammasome activation.®® More recently, EGCG targeting
of MT1-MMP-mediated Src and JAK/STAT3 signaling
was found to inhibit transcription of colony-stimulating fac-
tors 2 and 3 in mesenchymal stromal cells.® Finally, the non-
antibiotic cellular effects exerted by the anti-inflammatory
tetracycline derivative minocycline was recently assessed in a
concanavalin-A—activated human HepG2 hepatoma cell
model, a condition known to increase the expression of
MT1-MMP and to trigger inflammatory and autophagy
processes.®” Parts of minocycline’s effects were found to be
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Figure 5. MT1-MMP requirement in PMA-induced inflammasome-related transcription. Gene silencing was performed with either siScrambled (open
circles) or siMT1-MMP (closed circles) in HT1080 fibrosarcoma cells. Cells were then serum-starved in the presence or absence of up to 30nM PMA for
24 hours. Total RNA isolation and gRT-PCR were performed as described in the “Materials and Methods” section to assess expression of MT1-MMP, IL-6,

IL-12, IL-33, or IL-1B.

exerted through the inhibition of MT1-MMP signaling
functions.” In line with that observation, minocycline
exerted protective properties against NLRP3 inflammas-
ome-induced inflammation and P53-associated apoptosis in
an early brain injury model.”

the
screened in our study, we found that the transcription of

IL-33 and IL-12A was MT1-MMP dependent in

Among downstream  pro-inflammatory cytokines

carcinogen-stimulated HT1080 cells. Newly discovered roles
for IL-33 in obesity, intestinal inflammation, and tumori-
genesis have recently been reported,’>”3 whereas low IL-12
production or a high IL.-33/IL-12 ratio in patients is believed
to contribute to tumor development.”* Whether MT1-
MMP is involved in IL-12 expression as an antitumor
cytokine or in IL.-33 expression, a cytokine which bears both
pro-tumor and antitumor activities, remains to be addressed.
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Figure 6. MT1-MMP requirement in PMA-induced transcription factors transcription. Gene silencing was performed with either siScrambled (open circles)
or siMT1-MMP (closed circles) in HT1080 fibrosarcoma cells. Cells were then serum-starved in the presence or absence of up to 30nM PMA for 24 hours.
Total RNA isolation and qRT-PCR were performed as described in the “Materials and Methods” section to assess expression of ELK1, EGR1, ETS1, or
ETS2. PMA indicates phorbol-12-myristate-13-acetate; gRT-PCR, quantitative real-time polymerase chain reaction.

Interestingly, selective inhibition of MT1-MMP abrogated
the progression of experimental inflammatory arthritis and
upregulation of IL.-12.7> The connection between inflamma-
tion and tumor initiation is not a 1-way street, and there is
also evidence that DNA damage can lead to inflammation
and thereby promote tumorigenesis. The first critical genetic

evidence for inflammatory cells as a source of tumor-pro-
moting cytokines was obtained in a mouse model of Colitis-
Associated Cancer (CAC), where inactivation of NF-xB in
myeloid cells reduced tumor growth and blocked production
of IL-6 and other cytokines in response to colitis.”®
Subsequent work demonstrated the effect mediated through
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Figure 7. MT1-MMP gene silencing abrogates PMA-induced MMP-9 expression and function in HT1080 fibrosarcoma cells. Gene silencing was
performed with either siScrambled (open circles) or siMT1-MMP (closed circles) in HT1080 fibrosarcoma cells. Cells were then serum-starved in the
presence or absence of up to 30nM PMA for 24 hours. (A) Total RNA isolation and qRT-PCR were performed as described in the “Materials and Methods”
section to assess the expression of MMP-9. (B) On treatment, conditioned media were harvested and gelatin zymography performed as described in the
“Materials and Methods” section to assess the extent of pro-MMP-9, pro-MMP-2, and MMP-2 hydrolytic activity. (C) Scanning densitometry was
performed of a representative zymogram. PMA indicates phorbol-12-myristate-13-acetate; gRT-PCR, quantitative real-time polymerase chain reaction.

1L-6,1L-11, and TNF-a in gastric cancer,”” in which IL-1p
is also a tumor promoter.”® Both IL-6 and IL-1 have been
linked to chronic inflaimmation which might mediate the
association between obesity and endometrial cancer’” and
found in high-risk colorectal neoplasia.®

Conclusions

Altogether, our data show a significant involvement of M'T1-
MMP in the transcriptional regulation of inflammatory bio-
markers, consolidating its contribution to signal-transducing
functions, in addition to its classical hydrolytic activity (Figure 8).
In this study, we investigated M'T1-MMP transcriptional effects

on genes which received positive stimulus from MT1-MMP fol-
lowing pro-inflammatory cues (PMA treatment, Table 1). As the
silencing of MT1-MMP led to increased expression of several
genes in PMA-stimulated cells (Figures 3A and 4A), such tran-
scriptional control needs to be further investigated to determine
its impact on inflammatory diseases. Although of importance to
eventually validate the data presented here in other cell lines, we
definitely do acknowledge, however, that different cell lines would
present different base levels of inflammatory cytokines and pos-
sible differential expression of inflammatory signaling depending
on basal MT1-MMP expression levels. Development and assess-
ment of MT1-MMP catalytic and noncatalytic inhibitors®’-¢?
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Figure 8. Summarizing scheme of MT1-MMP—-mediated regulation of pro-inflammatory events. The classical role of MT1-MMP is in the promotion of cell
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signaling (through documented Src, NF-xB, Jak/Stat. RhoA/ROK, Erk) leads to increased cytokine transcription. Increased cytokine expression then
promotes an angiogenic and inflammatory phenotype which contributes to tumor development. ECM indicates extracellular matrix; NF-kB, nuclear factor
kB; PMA, phorbol-12-myristate-13-acetate; qRT-PCR, quantitative real-time polymerase chain reaction.

may therefore be envisioned as possibly also contributing to the

reduction in cancer-related inflammation processes.
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