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Abstract. Matrix metalloproteinases (MMPs) are a family of
extracellular proteinases whose contributions to cancer
progression have been studied because of their matrix-
degrading abilities and elevated expression in advanced stage
tumors. Recent findings suggest a role for MMPs during the
multiple stages of tumor progression including establishment
and growth, migration, invasion, metastasis, and angiogenesis.
MMP-9 regulation at the molecular level can be studied by
measuring the effect(s) of a variety of physiological and
pharmacological agents on cells. Multiple signaling molecules
such as protein kinase C, pertussis toxin-sensitive guanine
nucleotide-binding protein G, and protein tyrosine kinases are
known to mediate the secretion of MMPs in cell lines. We
previously reported an upregulation of MMP-9 in T cells of
mammary tumor-bearing mice. In this study, pharmacologic
inhibitors were used to dissect the signaling pathways
involved in the upregulation of MMP-9 in the splenic T cells
of normal and mammary tumor-bearing mice. Staurosporine,
a protein kinase inhibitor, stimulated MMP-9 secretion by
normal T lymphocytes, while the constitutively high levels of
MMP-9 produced by tumor bearers' T cells were decreased by
Genistein, a specific tyrosine kinase inhibitor, and Rottlerin,
a PKC inhibitor. Using a NF-kB specific probe to the murine
MMP-9 promoter, electromobility shift assays of nuclear
proteins from normal and tumor bearers' splenic T cells
revealed a pattern of higher intensity bands from the tumor
bearers' nuclear extracts, indicating a greater amount of these
transcription factors bound to the recognition motif. When
mammary tumor bearers' T cells were cultured with the
NF-«B inhibitors, N-p-Tosyl-, -lysine chloromethyl ketone
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hydrochloride and Bay 11-7082, there was a subsequent
decreased production of MMP-9. These results suggest that the
tumor burden may be activating various signaling pathways
within splenic T lymphocytes to upregulate MMP-9 expression.

Introduction

Matrix metalloproteinases (MMPs) are a family of extra-
cellular matrix (ECM)-degrading proteinases whose
contributions to cancer progression have been studied because
of their matrix-degrading abilities and elevated expression in
advanced stage tumors. Recent findings suggest a role for
MMPs during the multiple stages of tumor progression
including establishment and growth, angiogenesis, as well as
migration (1). MMPs exert these effects by cleaving many
different substrates, which include not only structural
components of the ECM, but also growth factor binding
proteins, growth factor precursors, receptor tyrosine Kinases,
cell-adhesion molecules and other proteinases. Sheu ef al
have suggested an additional role for MMPs in cancer-
mediated immunosuppression by demonstrating that tumor-
derived MMP-9 induces the proteolytic cleavage of IL-2Ra
on activated T cells and downregulates the proliferative
capability of cancer-encountered T cells (2). Thus, MMPs
can regulate the tumor microenvironment, and their expression
and activation are increased in almost all human cancers
compared with normal tissue (3).

In animal models, macrophages, neutrophils, and mast
cells are contributors to the progression of cancer. Inflammatory
cells secrete several MMPs, including -9, -12, and -14, and
can promote cancer progression by releasing these proteases
(4). Indeed, Coussens et al have shown that MMP-9 derived
from inflammatory cells of squamous carcinomas can serve
the neoplasm by promoting angiogenesis, neoplastic cell
proliferation, and progression to malignant cancer, suggesting
a role for the inflammatory cells as co-conspirators in
carcinogenesis (5). Greater understanding of the mechanisms
by which MMP expression or activity is regulated is vital
because of the potential therapeutic applications of controlling
such processes, as well as enhancing our knowledge of the
mechanisms associated with tumor progression and metastasis
(6). In fact, taking advantage of increased MMP activity in


https://www.spandidos-publications.com/10.3892/ijmm.21.1.125
https://www.spandidos-publications.com/10.3892/ijmm.21.1.125

126

tumors, recombinant proteins containing anthrax toxin fused
to an MMP cleavage site have been developed. These
recombinant toxin proteins are activated by MMP cleavage at
the cell surface and are internalized by the tumor, leading to
cell death (7).

Previous studies in our laboratory have demonstrated that
the growth of the DI-DMBA-3 mammary tumor causes
multiple alterations in the T lymphocyte population. We
showed that there is a progressive loss of delayed-type hyper-
sensitivity (8), as well as a decrease in the proliferative
responses to mitogens and tumor-associated antigens (9), and
a downregulation of IFN-y in tumor bearers' T cells (10).
Splenic T lymphocytes from mammary tumor bearers also
show an upregulation of CCL2 (11) and MMP-9 in comparison
to T cells from normal animals (12). Furthermore, we
previously reported that inflammatory cells, specifically the
T lymphocytes, are the key contributors of MMP-9 in the
tumor microenvironment (12). The production and secretion
of these proteinases by T cells could have deleterious
consequences for the host if enhanced tumor and capillary
growth result. In the present study we identified the
molecular events leading to the elevated secretion of MMP-9
by T lymphocytes of mammary tumor-bearing mice.

Materials and methods

Mice and cell lines. BALB/c mice used in these studies were
8-12 weeks of age and were bred in our animal facility at the
University of Miami. Animal care and use complied with the
guidelines of the National Institutes of Health. The D1-
DMBA-3 tumor, syngeneic to BALB/c mice, is a trans-
plantable mammary adenocarcinoma derived from a non-
viral, noncarcinogen-induced preneoplastic nodule after
treatment with 7,12-dimethylbenzanthracene (13). The D1-
DMBA-3 tumor is immunogenic to the host of origin,
nonmetastatic to the spleen, but metastases to the lung and
bone marrow occur. The DA-3 mammary tumor cell line was
derived from the DI-DMBA-3 tumor and maintained in
DMEM/high glucose, 10% characterized heat-inactivated FCS
(Hyclone Laboratories, Logan, UT), 100 U/ml of penicillin,
100 ug/ml of streptomycin, and OPI media supplement
(Sigma Chemical Co., St. Louis, MO). Tumors were
implanted in BALB/c mice by subcutaneous injection of
1x10° tumor cells resulting in a measurable tumor 7-10 days
post implantation.

Purification of splenic T cells. Spleens were compressed in
Teflon tissue homogenizers and the resulting single-cell
suspension was pelleted at 300 x g, subjected to hypotonic
shock for red cell removal, washed and counted. Macrophages
were removed from the cell suspension by plastic adherence
in pre-warmed RPMI-1640, 5% FCS at 37°C for 1 h in a CO,
incubator. The non-adherent T lymphocytes were purified on
nylon wool columns according to the method of Julius et al
(14) and by positive selection using the MACS magnetic
separation system (Miltenyi Biotec, Auburn, CA) according
to the manufacturer's instructions. Briefly, single-cell
suspensions in cold PEB buffer (PBS supplemented with 2 mM
EDTA and 0.5% BSA) were incubated with supermagnetic
microbeads conjugated to anti-mouse CD90 (Thy1.2) at 4°C
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for 15 min. Cells were washed twice and loaded onto the
magnetic separation columns. The columns were washed
three times with cold PEB buffer, and the positively selected
Thy1.2* cells were then eluted. After purification, the cells
were routinely >95% viable, as assessed by trypan blue
exclusion. FACS analysis using a Becton Dickinson LSR
analyzer and anti-mouse FITC-CD90 (BD Biosciences
Pharmingen, San Diego, CA) confirmed the populations to
be 293% Thy1.2* lymphocytes.

Cell culture. After purification, splenic T cells were cultured
at 2x10° cells/ml in complete media consisting of RPMI-
1640, 10% FCS, 100 U/ml penicillin, 100 pg/ml of strepto-
mycin, and 50 mM 2-ME for varied time periods. For RNA
expression and stability studies, the lymphocytes were cultured
for 4 h. For cell signaling studies, the T lymphocytes were
cultured for 0, 15, 45 and 60 min after the addition of PMA
(Sigma-Aldrich, St. Louis, MO) and one of the following
inhibitors: TLCK, Bay 11-7082, Genistein, G6 6976, Rottlerin,
or Staurosporine (Calbiochem, San Diego, CA). To determine
MMP-9 activity by zymography, purified splenic T cells were
first washed 3 times with RPMI-1640 to remove all residual
serum before overnight culture (2x10°¢ cells/ml) in DMEM/
F12 medium with 100 U/ml of penicillin, 100 yxg/ml of
streptomycin, 1 mM L-glutamine, 1 mM sodium pyruvate, and
1X non-essential amino acids (all from Life Technologies,
Grand Island, NY). At the end of the incubation period, the
supernatants were removed and stored at -80°C.

RNA analyses. Standard Northern blot technique was followed
using the Northern Max™ formaldehyde-based system
(Ambion, Austin, TX). Briefly, total RNA (10 ug) was
electrophoresed through agarose-formaldehyde gels, blotted
onto nylon membranes by capillary electrophoresis, followed
by prehybridization of the membrane, and hybridization with
the appropriate radiolabeled probe. Blots were pre-incubated
in the ULTRAhyb™ hybridization solution for 3 h at 42°C
and then hybridized at 42°C overnight in ULTRAhyb with an
[a-*P]dATP-radiolabeled DNA probe. Probes were prepared
by random priming either B-actin or MMP-9 ¢cDNA
(Decaprime 1II kit; Ambion). Blots were exposed to Kodak
autoradiography film (Kodak, Rochester, NY) overnight.

RNA stability studies were performed by culturing splenic
T lymphocytes from normal and 3-week tumor-bearing mice
for 2 h. Actinomycin D (50 ug/ml) was then added to inhibit
further transcription, and RNA was extracted at 30-min
intervals for up to 4 h. Northern hybridization was performed
as described above.

Nuclear extracts. Nuclear extracts were prepared by the
method of Schreiber et al (15). T cells were cultured overnight,
washed twice with PBS and then treated with cold buffer A
(10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM DTT, 0.5 mM PMSF, 0.1 mM antipain, 10 mg/
ml aprotinin, 0.1 mM chymostatin, 0.1 mM leupeptin, and
1 mM pepstatin). The cells were allowed to swell on ice for
15 min, after which 25 ul of 10% NP-40 was added and
vortexed for 10 sec. Nuclei were removed from the cytosol
by centrifugation at 14,000 rpm for 30 sec. The supernatants
were removed and the nuclear pellets re-suspended in 50 yl
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B2 spanpIposuffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
Py PUBLICATIONS j)M DTT, 1 mM PMSF, 0.1 mM antipain, 10 pg/

pore size; Schleicher & Schuell Inc., Keene, NH) using a
Trans-Blot electrophoretic cell (Bio-Rad, Hercules, CA).

ml aprotinin, 0.1 mM chymostatin, 0.1 mM leupeptin, and
1 mM pepstatin) and the tubes were rocked vigorously at 4°C
for 15 min. The extracts were centrifuged at 14,000 rpm for
5 min at 4°C, and the supernatants stored at -70°C. Protein
concentration was measured by a previously described
modification of the method of Lowry ef al [Peterson (16)]
using the Sigma protein determination kit.

Electrophoretic mobility shift assay (EMSA). Nuclear
extracts (5 ug/sample) were incubated in a 20-y1 volume
with 1X binding buffer (10 mM Tris-HCI, pH 7.5, 50 mM
NaCl, and 0.5 mM DTT), 10% glycerol, 0.05% NP-40, 1 ug
of poly(dI-dC)-poly(dI-dC) (Pharmacia, Piscataway, NJ) on
ice for 10 min (17) before addition of 3?P-labeled target DNA
(1 ng), corresponding to sequences in the promoter to be
analyzed. To ensure specificity, a 50X concentration (50 ng)
of unlabeled competitor DNA was included in the sample
prior to the addition of the radiolabeled probe. After the
completion of the binding reaction, 2 ul of 10X loading
buffer (250 mM Tris-HCI, pH 7.5, 0.2% bromophenol blue,
0.2% xylene cyanol, and 40% glycerol) was added and samples
were electrophoresed at 4°C through a 5% polyacrylamide
gel in 0.5X TBE buffer (0.045 M Tris-borate, 0.001 M
EDTA, pH 8.0) which had been pre-run at 10 V/cm for 2 h
prior to the sample loading. The gels were dried and visualized
by autoradiography.

Supershift assay. In some of the EMSAs, the procedure was
followed as detailed above except that 2 ug of affinity-purified
rabbit polyclonal antibodies against various transcription
factors (Santa Cruz Biotechnology, Santa Cruz, CA) were
included in the binding reaction. Antibodies were blocked by
the addition of excess specific peptides.

Zymography. Gelatin zymography followed a modified
procedure of Heussen and Dowdle (18) for detecting picogram
amounts of MMP-2 and -9. Identical amounts of supernatant
were electrophoresed under non-reducing conditions using
10% SDS-polyacrylamide gels containing 0.33 mg/ml gelatin.
After electrophoresis, the gels were washed twice in 2.5%
Triton X-100 for 15 min to remove SDS. Following overnight
incubation at 37°C in assay/incubation buffer (50 mM Tris-
HCI, pH 7.5, 200 mM NaCl, 1 pM ZnCl,, 0.02% NaN; and
0.005% Brij 35), the gels were stained for 2 h with Coomassie
blue R 250 and destained with 7% acetic acid. Both latent and
active forms of gelatinases produce clear areas in the gel.

Western blot analysis. T lymphocytes were cultured for 0,
15, 45 and 60 min in complete media, stimulated with 10 ng/
ml PMA (Sigma-Aldrich) in the presence or absence of a
titrating concentration of inhibitors of signal transduction
pathways including TLCK, Bay 11-7082, Staurosporine,
Genistein, G6 6975 and Rottlerin. Whole cell lysates were
isolated as previously described (19). Protein concentration
was normalized by comparison with BSA standards (Sigma
Chemical). The proteins were resolved on 10% SDS poly-
acrylamide gels under reducing conditions and then
transferred onto Protran nitrocellulose membranes (0.45-¢m

Membranes were blocked for 1 h at room temperature in 5%
nonfat dry milk in 1X TBS-0.1% Tween-20 followed by a 1-h
incubation at room temperature with the following primary
antibodies: rabbit anti-IkB-a, anti-IkB-B, anti-IxkB-¢, IKK-a,
IKK-vy, anti-phosphotyrosine, anti-PKCa, anti-PKCB, anti-
PKC$ and anti-PKCe (all from Santa Cruz Biotechnology).
Blots were washed for 30 min with five changes of 1X TBS-
0.1% Tween-20 solution followed by a 1-h incubation at
room temperature with the HRP-conjugated anti-rabbit IgG
Ab (Chemicon International). Blots were washed again for
30 min and incubated for 3 min with Supersignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL). The results
were visualized by exposing blots to Kodak autoradiographic
film.

Results

Increased MMP-9 mRNA expression in T lymphocytes of
tumor-bearing mice. To determine whether the increased
levels of MMP-9 secretion in the T cells from mammary
tumor-bearers were due to altered transcription, MMP-9 gene
expression in normal and tumor-bearing mice was analyzed
by Northern blotting using a murine-specific cDNA probe. In
Fig. 1A, the level of MMP-9 mRNA was barely detectable in
T cells from normal mice. Splenic T cells from mice bearing
3-week tumors had higher levels of each of the two different
murine MMP-9 mRNAs (2.5 and 3.2 kb), in comparison to T
cells from normal mice. The equivalence of RNA loading in
different lanes was ascertained by rehybridization to a 3-actin
probe. Further studies were performed to determine whether
increased MMP-9 expression resulted from increased de novo
mRNA synthesis, decreased mRNA decay rates, or both. No
difference in MMP-9 mRNA stability was detected by
Northern blotting of total RNA from normal and tumor
bearers' T cells cultured for 4 h after the addition of 50 yg/ml
of actinomycin D (Fig. 1B), suggesting that increased MMP-9
mRNA resulted from de novo synthesis.

Murine MMP-9 promoter analysis. Promoter analysis of
MMP-9 has been performed in osteoclasts and keratinocytes
(20) and in WEHI-3 macrophages (21). Reports on the roles
of AP-1 and NF-«B in the upregulation of MMP-9 in human
foreskin fibroblasts and rabbit dermal fibroblasts (22) and of
the participation of NF-kB, Spl, Ets, AP-1 and a retino-
blastoma binding element in the transcriptional regulation of
MMP-9 expression in an H-ras- and v-myc-transformed rat
embryo cell line (23) have provided some background on
which to base the selection of the promoter probes and
antibodies for use in the electromobility shift assays (EMSA)
and supershift assays.

In Fig. 2, all lanes were loaded with 5 ug of nuclear protein
extracts from 2-h cultures of splenic T cells and probed with
a specific probe corresponding to the NF-kB site in the
murine MMP-9 promoter. Electromobility shift assays
(EMSA) indicated that the probed nuclear proteins from the
tumor bearers' T cells migrated faster in the gel than those
from normal T cells, signifying a lower molecular weight of
the transcription factor complex with tumor burden. The
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Figure 1. No difference in MMP-9 mRNA stability in T cells from normal and tumor-bearing mice. (A) Splenic T cells from normal and 3-week tumor-
bearing mice were cultured for 2 h in serum-free media without stimulation. (B) Actinomycin D (50 yg/ml) was added to all cultures at time O, and total RNA
was extracted at 30-min intervals. Northern blots were performed on 10 zg RNA using a probe specific for murine MMP-9. The equivalence of RNA loading

in different lanes was determined by rehybridization to a $-actin probe.
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Figure 2. DNA binding activity of NF-xB in the MMP-9 promoter of normal and tumor bearer's T cells. (A) Activation of NF-kB binding was analyzed by
EMSA using a radioactively labeled NF-kB oligonucleotide corresponding to the NF-xB binding site of the murine MMP-9 promoter. Specific anti-NF-xB
transcription factor Abs were included in the binding reactions to determine the complexes bound to the promoter by supershift analysis. (B) The specificity
of the DNA-bound complexes was determined by including excess cold competitor as well as an irrelevant cold competition.

resulting bands from the nuclear extracts from tumor bearers'
T cells were of a greater intensity than those of normal T
cells (Fig. 2A, lanes 2 and 1), indicating a greater amount of
NF-«B transcription factors bound to the recognition motif in
the MMP-9 promoter. An EMSA supershift experiment was
performed in which antibodies to known NF-xB family
members were added to the DNA-binding reaction. Anti-p50,
-p65, and -c-Rel antibodies efficiently ‘supershifted’ the
DNA-binding complexes with a concomitant reduction in the
intensity of the shifted band, indicating that these tran-
scription factors were involved in the expression of MMP-9
in splenic T cells (Fig. 2A, lanes 3-4 and 7-10). While p50
was extensively involved in the binding of the NF-«xB
promoter for both normal and tumor bearers' T cells, c-Rel
played a greater role in the binding of the promoter in normal
T cells, as evidenced by the more dramatic shifts, whereas
p65 (RelA) only bound the MMP-9 promoter in normal T
cells. The participation of these higher molecular weight

transcription factors in the MMP-9 promoter in normal T
cells explains the retarded migration of nuclear extracts
compared to those of tumor bearers. The predominant
transcription factor complex involved in the NF-«kB promoter
in tumor bearer's T cells is p50/p50 homodimers. The
binding of p50/p50 homodimers to the NF-kB binding site
was found to enhance collagenase (MMP-1) gene tran-
scription in synovial fibroblasts (24). In this study, we found
that the binding of p50/p50 homodimers enhanced MMP-9
gene transcription in T lymphocytes of mammary tumor-
bearing mice. The addition of the excess cold competitor
eliminated the specific bands but not by an oligonucleotide
containing an irrelevant Oct-1 binding motif. This indicates
that the bands on the autoradiogram were specific for NF-xB
binding (Fig. 2B).

Since the EMSAs revealed binding of transcription
factors to the NF-kB region of the MMP-9 promoter, studies
were performed to confirm that MMP-9 expression was
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Figure 3. Decreased production of MMP-9 by tumor bearers' T cells
cultured with the NF-«B inhibitors, TLCK and Bay 11-7082. Splenic T cells
from normal and mice bearing 3-week tumors were purified and cultured
overnight with various concentrations of the inhibitor, TLCK (Na-p-Tosyl-
L-lysine chloromethyl ketone hydrochloride) or Bay 11-7082. Equal
amounts of supernatant were assayed by gelatin zymography. (A) MMP-9
secretion was decreased in tumor-bearers' T cells treated with 100 yM
TLCK. There was no loss of cell viability, as assayed by trypan blue
exclusion. (B) Increased MMP-9 was observed in T cells treated with Bay
11-7082 from normal mice while there was a decrease in MMP-9 production
in Bay 11-7082 T cells of mammary tumor-bearing mice.

related to NF-xB activity. Thus, T cells were cultured with
different concentrations of TLCK or Bay 11-7082,
pharmacologic agents with inhibitory activity towards NF-kB.
Treatment of tumor bearers' T cells with 100 xM TLCK

129

resulted in decreased MMP-9 secretion (Fig. 3A). Although
TLCK is known to induce apoptotic cell death at concentrations
similar to those used in our studies (25), we did not detect
any loss of cell viability, as assayed by trypan blue exclusion.
In contrast, treatment of T cells with Bay 11-7082 resulted
in a minor increase in MMP-9 secretion by T cells from
normal mice while there was a slight decrease in MMP-9
production in T lymphocytes of mammary tumor-bearing mice
(Fig. 3B).

Assessing the NF-kB signaling events in T cells from normal
and tumor-bearing animals. NF-xB is a key component
necessary for the expression of many proinflammatory
cytokines and immunoregulatory molecules. Many studies
have established the crucial role of NF-kB in inflammatory
diseases including arthritis, asthma, atherosclerosis, and
Alzheimer's disease. The role NF-kB plays in these diseases
probably results from defects in the regulatory mechanisms
controlling its activation (26). In most cell types, NF-«xB is
sequestered in the cytoplasm in an inactive form through
association with any of several IkB inhibitor proteins (IkB-a, -8,
-¢, -y, p105, p100, and Bcl-3). In response to a wide array of
stimuli, IxB is phosphorylated, ubiquinated, and degraded
allowing NF-kB to translocate to the nucleus where it can
regulate gene expression (27). The IxB kinase (IKK) is
responsible for the inducible IkB phosphorylation at specific
amino-terminal serine residues and is the point of convergence
for most NF-kB-activating stimuli (28). IKK activity resides
in two kinase subunits, IKK-a and IKK-, which form
homodimers and heterodimers and associate with the
regulatory subunit, IKK-y. Thus, we determined the expression
of IKK-a and the regulatory subunit IKK-y in T cells of normal
and tumor-bearing mice. Western blot analysis revealed
higher levels of IKK-a and IKK-y in T cells from normal
mice but equivalent levels between the two groups were
found within 15 min of stimulation with PMA (Fig. 4A). IxB
proteins show distinct specificity for the various NF-xB
protein dimer combinations. The IkB proteins specifically
interacting with p50/p50 homodimers are p105, Bcl-3, and
IkB-y. IkB-y preferentially binds to and inhibits p50 homo-
dimers, while IkB-a binds to both p50 homodimers and p50/
p65 heterodimers, but reportedly only inhibits the latter (29).
There were higher levels of NF-kB transcription factors
bound to the recognition motif in the MMP-9 promoter of
tumor bearers' T cells than in normal cells. To examine the
role of IkB proteins in the sequestration of NF-xB tran-
scription factors in the T cells, Western blotting was
performed. Western blotting of 50 ug whole cell lysates of T
lymphocytes cultured for 60 min revealed IkB-a in the lysates
of normal T cells, but significantly less in the lysates of
tumor bearers' T cells cultured without stimulation (Fig. 4B).
In addition, Western blot analysis of splenic T cells cultured
for various time points (0, 15, 45, 60 min of culture) revealed
more IkB-¢ in the whole cell lysates of unstimulated normal
T cells compared to those of tumor bearers (Fig. 4C). There
was no difference in levels of this protein in stimulated splenic
T cells. IkB-e may function primarily in the cytoplasm where
it sequesters p65 and c-Rel (30), while IkB-a and IkB-8 have
additional functions that involve entering the nucleus to
inhibit Rel DNA binding (27,30-32).
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Figure 4. Decreased IKKs and IkB isoforms in the splenic T cells of tumor
bearers. Splenic T cells from normal and 3-week tumor-bearing animals
were purified and cultured for the various time points with and without
PMA stimulation (10 ng/ml). Whole cell lysates were prepared, and 50 ug
of protein was subjected to Western blot analysis using antibodies against
IKK-a and IKK-y (A), IxB-a and IkB-8 (B), and IkB-¢ (C).

Figure 5. Decreased tyrosine phosphorylation in the splenic T cells of tumor
bearers. Splenic T cells from normal and 3-week tumor-bearing animals
were purified and cultured for the various time points with and without
PMA stimulation (10 ng/ml). Whole cell lysates were prepared, and 50 ug
of protein was subjected to Western blot analysis using an antibody against
phosphorylated tyrosine.

Assessing the tyrosine kinase and PKC signaling events in
T cells from normal and tumor-bearing animals. Because
tyrosine kinases and protein kinase C (PKC) have been
considered potent activators of NF-kB and AP-1, the
contributions of these molecules were explored. In Fig. 5,
whole cell lysates from normal and tumor bearers' splenic T
cells were probed with an antibody against phosphorylated
tyrosine. Unstimulated tumor bearers' T cells showed much
lower levels of phosphorylated tyrosine throughout the 45 min
of culture suggesting that the upregulation of MMP-9 in
tumor bearers' T cells is either independent of or inhibited by
signals transduced by phosphorylated tyrosine. Thus,
experiments were performed by treating splenic T cells treated
with different concentrations of Genistein, a specific inhibitor
of protein tyrosine kinases. These studies showed decreased
MMP-9 secretion in tumor bearers' T cells with Genistein at
the optimal non-toxic concentration dose of 100 M (Fig. 6).
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Figure 6. Decreased production of MMP-9 by tumor bearers' T cells
cultured with the protein tyrosine kinase inhibitor Genistein. Splenic T cells
from mice bearing 3-week tumors were purified and cultured overnight with
various concentrations of Genistein. There was no loss of cell viability, as
assayed by trypan blue exclusion. Equal amounts of supernatant were
assayed by gelatin zymography.

Protein kinase C activation by phorbol esters is known to
induce MMP-9 expression in a variety of cell types, including
T cells, and phorbol-responsive elements have been
characterized in the MMP-9 promoter (33). Nevertheless,
PKC activation is probably not involved in tumor-induced
MMP-9 expression in splenic T cells, because stimulation of
T cells with the pleiotropic PKC activator, phorbol myristate
acetate (PMA), does not increase the secretion of MMP-9 by
normal nor tumor bearers' T cells (12). Yokoo and Kitamura
also found that the enhanced MMP-9 expression mediated by
IL-16 in mesangial cells is independent of PKC signaling
(34). Upregulation of MMP-9 in murine T lymphocytes may
proceed in a PKC-independent manner, or PKC isoforms may
transduce inhibitory signals for the secretion of this proteinase.
To assess the expression and function of PKCs in primary
splenic T lymphocytes, whole cell lysates were collected of
cultured T cells at various time points with and without PMA
stimulation. Using various PKC antibodies, expression of
phosphorylation-independent PKC isoforms was analyzed by
Western blotting. We detected increased expression of the
conventional or Ca?*-dependent isozymes, PKCs « and 8, and
the novel or Ca**-independent isozymes, ¢ and & in normal
T cell lysates compared to those of tumor-bearing animals
(Fig. 7). We detected no expression of PKC isoforms vy, n, t,
or ), and detected comparable expression of the receptor for
activated C kinase 1 in the normal and tumor bearers' T cell
lysates (data not shown).

To test the possibility that PKC isoforms may transduce
inhibitory signals regarding the expression of MMP-9 in
murine T lymphocytes, we cultured T cells with different
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Figure 7. Decreased expression of multiple PKC isoforms in the splenic T cells of tumor bearers. Splenic T cells were purified and cultured for the various
time points with and without stimulation (10 ng/ml PMA). Whole cell lysates were prepared and 50 g of protein was subjected to Western blot analysis using

antibodies against the PKC isoforms «, 8,5, and ¢.
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Figure 8. Increased production of MMP-9 by normal T cells cultured with
the PKC inhibitor, Staurosporine. Splenic T cells from normal mice were
cultured overnight with non-toxic concentrations (confirmed by trypan blue
exclusion) of Staurosporine. Equal amounts of supernatants were assayed by
gelatin zymography.

concentrations of Staurosporine, a PKC inhibitor. Culturing
splenic T cells from normal mice with 50 nM Staurosporine
overnight resulted in an increase in MMP-9 secretion (Fig. 8).
Pre-treatment of the cells with Genistein, and then culturing
with Staurosporine overnight reduced the Staurosporine-
induced MMP-9 secretion (data not shown). Aguirre Ghiso ef al

reported similar results in mammary tumor cell lines (35),
suggesting that Staurosporine-induced MMP-9 secretion may
be controlled by an endogenous tyrosine kinase pathway,
possibly involving protein phosphatases. Thus, normal and
tumor bearers' T cells were treated with Rottlerin, an inhibitor
with high specificity towards Ca**-independent (novel) PKCs
(¢ and 8) and GO 6976 which inhibits Ca**-dependent
(classical) PKCs (a and B3), and we assessed the effects, if any,
on MMP-9 expression. Treatment of T lymphocytes from
tumor-bearing mice with Rottlerin resulted in decreased
MMP-9 secretion at a 50-uM concentration (Fig. 9A) while
MMP-9 secretion was not appreciably altered when T cells of
tumor-bearing mice were treated with Go 6976 (Fig. 9B).

Discussion

We previously reported that MMP-9 is upregulated in T
lymphocytes of mammary tumor-bearing mice. In the present
study, we investigated the signaling pathways leading to the
production of MMP-9 in T cells of tumor-bearing mice.
MMPs are important in the turnover of the extracellular
matrix and in cell migration (36). Because of their role in
immune surveillance, T cell invasion into the tumor mass is
critical in host defense against the neoplasm, a function
mediated by MMPs. Our previous studies revealed increased
MMP-9 expression in tumor bearers' T cells and the
infiltration of the tumor microenvironment by T lympho-
cytes through a process involving MMP-9 (12). Thus, we
investigated whether the increased MMP-9 expression in T
cells was due to de novo synthesis or decreased mRNA decay.
Since there were no differences in RNA stability between
normal and tumor bearers' T lymphocytes, we concluded that
de novo synthesis was a contributing factor to the enhanced
MMP-9 expression in T lymphocytes of tumor-bearing mice.

Although there are many reports concerning the induction
of MMP-9 by inflammatory cytokines (37-39) and the
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Figure 9. A minor decrease in the production of MMP-9 in the splenic T cells of tumor-bearing mice treated with inhibitors specific for PKC isoforms.
Splenic T cells from normal and mice bearing 3-week tumors were purified and cultured overnight with various concentrations of Rottlerin, an inhibitor of
PKC$ and ¢ isoforms (A), and G6 6976, an inhibitor of PKCa and B isoforms (B). There was no loss of cell viability, as assayed by trypan blue exclusion.

Equal amounts of supernatant were assayed by gelatin zymography.

regulation of this proteinase in tumor cells, less attention has
been focused on the signaling events in primary cells.
Several studies have reported that the induction of MMP-9 in
cell lines stimulated by cytokines involves activation of NF-kB
(40,41). Using nuclear proteins from T cells from normal and
tumor-bearing mice, we performed EMSAs and found
increased NF-kB binding activity to the MMP-9 promoter in
tumor bearers' T cells compared to the normal T cells. To
further confirm the participation of NF-kB in the induction of
MMP-9, T lymphocytes were cultured with inhibitors of
NF-«B, and the MMP-9 secretion by the T cells was assessed.
Both TLCK and Bay 11-7082 were shown to partially inhibit
MMP-9 secretion. NF-xB is normally sequestered in the
cytoplasm of nonstimulated cells, and the subcellular
localization of this factor is controlled by inhibitory proteins,
IkBs. Exposure of cells to stimuli leads to the rapid phos-
phorylation, ubiquination and proteolytic degradation of IxB
which frees NF-kB to translocate to the nucleus where it
regulates gene transcription. Although we did not detect
appreciable differences in IkB-a and IkB-8 levels between
normal and tumor-bearers' T cells unstimulated or stimulated
by PMA, we did see higher levels of IkB-¢ in unstimulated T
cells of normal mice suggesting that it sequesters p65 and c-
Rel, while IkB-o and IkB- may have additional functions
that involve entering the nucleus to inhibit Rel DNA binding.
Furthermore, these results imply increased degradation of
IxB and subsequent NF-kB binding in tumor bearers' T cells.
It is possible that NF-kB is regulated differently in tumor
bearers' T cells as there is accumulating evidence that NF-kB
is subject to an IkB-independent level of regulation that
involves the phosphorylation of p65, altering its binding

affinities to co-activators and/or repressors (42) or that there
are other IxB proteins in the T cells of normal mice that
negatively regulate NF-«B in the nucleus.

NF-«xB can be activated by several different upstream
signaling cascades including the PKC, protein tyrosine kinase
and p38 MAPK pathways (43-50), depending on the cell type
and the stimulus (51-55). Thus, the induction of the MMP-9
gene by signaling pathways upstream of NF-xB was
investigated. Since tyrosine kinases are known to be potent
activators of NF-kB, the contributions of these protein
kinases were explored using whole cell lysates from normal
and tumor bearers' splenic T cells and probed with an antibody
against phosphorylated tyrosine. Unstimulated tumor bearers'
T cells showed much lower levels of phosphorylated tyrosine
compared to the normal cells suggesting that the upregulation
of MMP-9 in tumor bearers' T cells is either independent of
or inhibited by signals transduced by phosphorylated
tyrosine. Kim ef al have shown that Genistein, a tyrosine
kinase inhibitor, downregulates the expression of MMPs in
rat NK cells (56). We obtained similar findings of decreased
MMP-9 secretion when splenic T cells were treated with
Genistein. These results suggest that MMP-9 secretion is
independent of the tyrosine kinase pathway.

Signaling via PKC in response to growth factors is known
to be important for the transcriptional regulation of MMP
genes (57). PKC activation by phorbol esters is known to
induce MMP-9 in different cell types. However, we showed
that T cells from tumor-bearing mice secrete MMP-9
independent of further stimulation with PMA (12). As it is
possible that the upregulation of MMP-9 in T cells of tumor
bearers may proceed in a PKC-independent manner or that
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1duction, T cells were cultured with inhibitors of PKC
isoforms, and Western blot analysis was performed. Treatment
of normal T cells with the PKC inhibitor Staurosporine
increased MMP-9 secretion in T lymphocytes as determined
by zymography. In contrast, inhibition of Ca?**-dependent and
Ca?*-independent isoforms using G6 6976 and Rottlerin,
respectively, resulted in a more significant decrease in MMP-9
secretion in those treated with the Ca**-independent inhibitor
compared to the Ca?*-dependent isoform. These results suggest
that PKCe and PKC$ activities are involved in the upregulation
of MMP-9 in murine T lymphocytes. We showed that
induction of MMP-9 in T cells of tumor-bearing mice involved
NF-xB activation and that PKC isoforms may affect MMP-9
production in the T cells of mammary tumor-bearing mice.
Although some studies have demonstrated that MMP-9 gene
transcription is positively regulated by MAPKs (58), we did
not observe a positive correlation as higher levels of Erk1/2
and MAPK were found in T cells from normal mice suggesting
that signals transduced through these molecules inhibit

MMP-9 production by T lymphocytes (data not shown).
In this study we demonstrated enhanced NF-«kB activity

in unstimulated T lymphocytes of tumor-bearing mice. Since
pharmacologic inhibition of NF-xB reduces MMP-9
secretion, this implies that NF-xB is involved in secretion of
this protease in tumor bearers' T lymphocytes. However, the
decreased protein expression of upstream signaling molecules
observed in T cells of tumor-bearing mice suggests one of
the following possibilities: a) increased proteosomal activity
and ubiquination of the targeted protein; b) negative regulation;
or c¢) additional signaling pathways upstream of NF-xB
activation are involved in the control of MMP-9 secretion by
T cells of tumor-bearing mice. Our previous and present
studies demonstrated upregulation of MMP-9 by T cells from
both the spleen and the tumor microenvironment at the
transcriptional and translational levels. Thus T cells appear to
be key contributors of MMP-9 in mammary tumor bearers. It
is well established that MMPs play a pivotal role in tumor
progression by degrading connective tissue barriers, by the
release of growth factors sequestered in the extracellular
matrix and by promoting angiogenesis (1,3,59,60). Because
MMP-9 plays a crucial role in tumor cell invasion, metastasis
and angiogenesis, understanding the pathways involved could
have ramifications for clinical interventions of tumor cell-
and inflammatory cell-derived MMP-9 production.
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