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Abstract
Cigarette smoke, which contains several carcinogens known to initiate and promote tumorigenesis
and metastasis, is the major cause of oral cancer. Lysosomal cathepsin proteases play important roles
in tumor progression, invasion and metastasis. In the present work we investigated the effects of
cigarette smoke condensate (CSC) on cathepsin (B, D and L) expression and protease-mediated
invasiveness in human oral squamous cell carcinoma (OSCC) cells. Our results show that treatment
of OSCC cells (686Tu and 101A) with CSC activated cathepsins B, D and L in a dose-dependent
manner. Both expression and activity of these cathepsins were up-regulated in CSC-exposed versus
non-exposed cells. Although cathepsin L had the lowest basal level, it had the highest induction in
exposed cells compared to cathepsins B and D. Suppression of CSC-induced cathepsin B and L
activities by specific chemical inhibitors decreased the invasion process, suggesting that these
proteases are involved in the invasion process. Overall, our results indicate that CSC activates
cathepsin B and L proteolytic activity and enhances invasiveness in OSCC cells, a response that may
play a role in CSC-mediated tumor progression and metastasis dissemination.
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1. Introduction
Oral cancer is the eighth most common malignancy worldwide, with an estimated 405,300
newly diagnosed cases of oral cancer occurring in 2002 (Ferlay, 2004). Tobacco is a major
independent risk factor for the development of oral cancer and the overall risk of oral cancer
among smokers is 7–10 times higher than for non-smokers (Warnakulasuriya et al., 2005).
Cigarette smoke is a complex chemical mixture containing ~4800 different compounds, of
which ~100 are known carcinogens, co-carcinogens, mutagens and/or tumor promoters
(Hoffmann et al., 2001). The increased presence of tobacco-related carcinogen-DNA adducts
in oral squamous cells of smokers compared with nonsmokers has demonstrated a strong link
between smoking and the development of oral cancer (Besaratinia et al., 2000).
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Tumor cell invasion and metastasis are associated with the proteolytic activity of various types
of proteinases, which induce the escape of cancer cells from the primary site, breaking down
connective tissue barriers of the extracellular matrix and basement membrane (Nomura and
Katunuma, 2005). In addition to serine and metallo-proteinases, such as MMP-1, MMP-2, or
MMP-9 well known to be secreted outside cells, there is increasing evidence that lysosomal
proteinases, especially cathepsins B, L and D, may also play important roles in the development
and progression of malignant tumors (Lah et al., 2000;Joyce et al., 2004;Mohamed and Sloane,
2006). Since elevated expressions of cathepsins and diminished levels of their endogenous
cystatin inhibitors have been observed in several human cancers, including breast, gastric,
prostate and oral, cathepsins have been suggested as biological markers of malignant tumors
and have been proven useful for disease prognosis (Koblinski et al., 2000;Vigneswaran et al.,
2000;Nomura and Katunuma, 2005;Mohamed and Sloane, 2006).

Cathepsins are lysosomal cysteine (cathepsin B and L) or aspartic (cathepsin D) proteinases
distributed in almost all mammalian cells. They undergo post-translational modification of
mannose-6-phosphate (M6P) residues and are translocated to lysosomal vesicles via the M6P
receptor, which is the main pathway of intracellular protein turnover (Nomura and Katunuma,
2005). Recent evidence has shown that the expression and activity of cathepsins B, D and L
increase in breast cancer (Lah et al., 2000;Leto et al., 2004), lung cancer (Vasiljeva et al.,
2006), colorectal cancer (Troy et al., 2004;Sebzda et al., 2005), prostate cancer (Nomura and
Katunuma, 2005) and oral cancer (Vigneswaran et al., 2000;Kawasaki et al., 2002). These
changes in expression and activity may have diagnostic and prognostic value for cancers.
Cathepsins B and L have been shown to play an important role in matrix degradation and cell
invasion, and administration of their inhibitors prevents invasion of cancer cells (Bervar et al.,
2003;Mohamed and Sloane, 2006;Nomura and Katunuma, 2005;Wickramasinghe et al.,
2005;Hashimoto et al., 2006). Furthermore, the roles of cathepsins in tumor spread and
metastasis has been shown by downregulating individual cysteine cathepsins in tumor cells
and in transgenic mouse models of human cancer (Mohamed and Sloane, 2006). These results
indicate that cancer cells employ various cathepsins to progress malignant disease, and that
cathepsins may be potential targets for cancer therapy (Nomura and Katunuma, 2005).

It is not well understood whether cigarette smoke or its components cause tumor development
through the cathepsin activation pathway, and the effects of cigarette smoke condensate (CSC)
on human OSCC cells to promote tumorigenesis, invasion, and metastasis have not been
previously reported. We postulated that the effects of CSC on tumor malignancy is mediated
through cathepsin activation for several reasons: 1) cigarette smoking is known to activate
TNF-α; 2) cathepsins B and D mediate TNF-α-induced tumor cell death; 3) activation of
cathepsins B, D and L are involved in tumor promotion and metastasis. In the present report
we demonstrate that exposure of OSCC cell lines to CSC activates cathepsins B and L, and
that this activation leads to enhanced tumor cell invasiveness.

2. Materials and Methods
2.1. Materials

Rabbit polyclonal antibodies for human cathepsin B and D were obtained from Athens
Research and Technology (Athens, GA), and HRP-conjugated goat anti-rabbit or anti-mouse
antiserum and mouse monoclonal anti-cathepsin L antibody were from BD Biosciences (San
Diego, CA). Rabbit polyclonal IgGs for caspase-3 and Bid were from Santa Cruz
Biotechnology (Santa Cruz, CA), and rabbit polyclonal IgG for poly-(ADP-ribose)-polymerase
(PARP) from Cell Signaling Technology (Beverly, MA). Protease inhibitor CA-074, cell
permeable CA-074Me, and z-Arg-Arg-NHMec were obtained from Peptides International
(Louisville, KY); G418 sulphate was from Mediatech Inc. (Herndon, VA); DEVD-AFC and
DEVD-CHO were purchased from Alexis (San Diego, CA). Mouse monoclonal β-actin
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antibody, phenylmethylsulfonyl fluoride, aprotinin, leupeptin, pepstatin A, z-Phe-Arg-
NHMec, and MTT (1-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide) were
purchased from Sigma (St. Louis, MO). Bradford protein assay kit was from Bio-Rad
(Hercules, CA), and M-PER Mammalian Protein Extraction Reagent from Pierce (Rockford,
IL). Protease inhibitor cocktail was from Roche (Indianapolis, IN), and enhanced
chemiluminescence ECL substrate from Amersham Biosciences (Piscataway, NJ). Cathepsin
L inhibitors z-FF-FMK and z-FY-CHO were purchased from Calbiochem (San Diego, CA).
Cell culture reagents were obtained form the following suppliers: Dulbecco Modified Eagle’s
Medium (DMEM), DMEM/F12, Trypsin (0.25%)-EDTA, Penicillin-Streptomycin (10 mg/
ml), Amphotericin B (250 mg/ml), HEPES Buffer IM, L-Glutamine (200 mM) from Cellgro
(Herndorn, VA); fetal bovine serum (Premium) from Atlanta Biologicals (Atlanta, GA).
Dimethylsulfoxide was from Fisher Biotech (Fair Lawn, NJ), and DEPC-treated water from
Ambion (Austin, TX). TriZol™ reagent, SuperScript™ First-Strand Synthesis kit, and DNA
primers for real-time PCR were from Invitrogen Corporation (Carlsbad, CA).

CSC was purchased from Murty Pharmaceuticals Inc. (Lexington, KY) and was prepared using
a Phipps-Bird 20-channel smoking machine designed for Federal Trade Commission testing.
The particulate matter from Kentucky standard cigarettes (1R3F; University of Kentucky,
Lexington, KY) was collected on Cambridge glass fiber filters and the amount of CSC obtained
was determined by weight increase of the filter. CSC was prepared by dissolving the collected
smoke particulates in dimethylsulfoxide (DMSO) to yield a 4% solution (w/v); the average
yield of CSC was 18.1 mg/cigarette. The CSC was diluted into DMSO and aliquots were stored
at −80 °C.

2.2. Cell culture
The following tumor cell lines, established and characterized previously as described in the
cited references, were used. UM-SCC-101A (101A) was derived from the primary tumor of a
65-year old female with oral squamous cell carcinoma (T3N3M0) involving the tonsillar area
(gift from Dr. T. Carey, University of Michigan, Ann Arbor, MI) (Takebayashi et al.,
2000;Nagaraj et al., 2006a). MDA-686Tu (686Tu) was derived from the primary tumor of oral
squamous cell carcinoma involving the left tonsillar fossa and posterior portion of the tongue
in a 49-year old male (tumor stage T3N3B) (gift from Dr. Peter Sacks, New York University,
New York, NY) (Sacks, 1996;Vigneswaran et al., 2005). Both cell lines are of epithelial origin
and are tumorigenic in nude mice. Cells were maintained in DMEM (101A cells, passage 23)
or DMEM/F12 1:1 (v/v) mix (686Tu cells, passage 19) containing 2 mM L-glutamine, 100
μg/ml penicillin G, 100 μg/ml streptomycin, 0.25 μg/ml amphotericin B, 10% fetal bovine
serum and 0.4 μg/ml hydrocortisone at 37 ºC in a humidified atmosphere with 5% CO2.
Treatment with CSC (0 to 100 μg/ml in DMSO) was done for time points of 0, 1, 5, 24 or 36
hours; control cells were treated with the same volume of DMSO solvent only. Three biological
replicates were used for each treatment regimen. All protocols for the use of human cell lines
in this work were approved by the Institutional Review Board of The University of Louisville,
Louisville, KY.

2.3. Cell viability assays
Viability of cells after CSC exposure was detected using MTT dye reduction assay. Briefly,
500 cells/well were seeded in a 96-well plate and cultured to 60% confluence. Serial dilutions
of CSC were added, and cells were treated for 1, 5, 24 or 36 hours. After treatment, 50 μl of
MTT solution (5 mg/ml in PBS) were added to each well and incubated for 4 h. The reaction
was terminated by addition of 100 μl of 20% SDS in 50% dimethylformamide, and the plate
was incubated overnight at 37 ºC for total solubilization of reduced MTT. Absorbance was
measured at 570 nm in a microplate reader (PowerWave™ Microplate Spectrophotometer, Bio-
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Tek Instruments Inc., Winooski, VT), and viable cell numbers determined based on a standard
curve.

2.4. RNA isolation and cDNA synthesis
Cells were grown to approximately 75% confluence in 6-well plates, with or without CSC
treatment (0–100 μg/ml for 24 h), and total RNA was isolated with TriZol™ reagent. The purity
and integrity of each RNA preparation was evaluated by using RNA Nano-Chips on an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). First strand cDNA was synthesized
using the SuperScript™ First-Strand Synthesis kit. DNA contamination in RNA samples was
monitored by ‘no reverse transcriptase’ reactions performed in parallel with cDNA synthesis
reaction.

2.5. Quantitative real-time PCR
Quantitative real-time reverse transcriptase PCR (qRT-PCR) for cathepsins and β-actin was
done using an ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Foster
City, CA). The cDNA was diluted to 1 ng/μL, and 2 μL used as template in a 25-μL reaction.
Forward and reverse primer mix was added (3 μL of a 1:1 mix, 0.3 μM each) in SYBR® Green
PCR Master Mix (Applied Biosystems, Foster City, CA). Each reaction was performed in
triplicate and ‘no-template’ controls were included in each experiment. Dissociation curves
were run to eliminate non-specific amplification or primer-dimers. The cycle threshold (CT)
values were normalized to the house keeping gene β-actin and the fold change was calculated
using 2−ΔΔCT method.

DNA primer sequences for qRT-PCR were obtained from the cited reference for the following
primer pairs: cathepsin B forward (5′-GATCTGCATCCACACCAATG-3′) and reverse (5′-
AACCAGGCCTTTTCTTGTCC-3′) (Wickramasinghe et al., 2005); cathepsin L forward (5′-
GAGGCAACAGAAGAATCCTGTAAGT-3′) and reverse (5′-
AGGGCCTTCTCCTGCTTAGG-3′) (Schedel et al., 2004). Cathepsin D forward (5′-
CACCACAAGTACAACAGCGAC-3′) and reverse (5′-
CTTGGCTGCGATGAAGGTGA-3′), and control β-actin forward (5′-
AGAAAATCTGGCACCACACC-3′) and reverse (5′-GGGGTGTTGAAGGTCTCAAA-3′)
primers were designed using PrimerBank software (http://pga.mgh.harvard.edu/primerbank/).

2.6. Cathepsin activity assays
Cells were grown in 6-well plates to 60–70 % confluence, and treated for 24 h with CSC (0–
100 μg/ml). After treatment, the cells were rinsed twice with ice-cold PBS, treated with lysis
buffer (400 mM Na-phosphate, 75 mM NaCl, 4 mM EDTA, 0.25 % Triton-X 100, pH 6.0) for
1 h on ice, ultrasonicated at 40 W for 1 min (1.0 sec on/0.5 sec off pulses) (Model 550 Sonic
Dismembrator, Fisher Scientific, Pittsburgh, PA), and centrifuged at 25,000 × g (10 min, 4 °
C) to remove cell debris. Total protein amounts were determined using the Bradford protein
assay kit. Cathepsin B and L activity was determined fluorimetrically using the methyl-
coumarylamide substrate z-Arg-Arg-NHMec at pH 6.0 and z-Phe-Arg-NHMec at pH 5.5,
respectively, with excitation at 360 nm and emission at 460 nm, as described (Nagaraj et al.,
2007). The cathepsin B substrate was used in conjunction with the cathepsin B inhibitor
CA-074 (50 μM) in all control assays; the difference between values without and with CA-074
corresponded to cathepsin B activity. To detect cathepsin L activity, the substrate was used in
conjunction with the cathepsin L inhibitor z-FY-CHO (25 μM) as control assays; the difference
between values without and with z-FY-CHO corresponded to cathepsin L activity. One unit
of enzyme activity was defined as the release of 1 μmol of product/min, specific activity as
units/mg protein. Cathepsin D was determined using acid-denatured hemoglobin (16.6 g/l) as
substrate in ammonium acetate buffer, pH 3.5, as described (Nagaraj et al., 2007). The reaction
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was stopped with TCA and the absorbance at 750 nm was determined after addition of Folin-
Ciocalteau reagent.

2.7. Protein extractions and Western blotting
Treated or control cells were rinsed with ice-cold PBS, scraped into 1 ml of PBS, and
centrifuged at 4,000 rpm for 3 min. The pellets were resuspended into RIPA buffer (10 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 % Triton X-100, 0.1 % SDS, and 1 mM EDTA) containing
protease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, and 2 μg/ml
of both leupeptin and pepstatin). Then, cell extracts were sonicated as described above and cell
debris was removed by centrifugation. Cells were washed in ice-cold PBS, and extracted using
M-PER Reagent with protease inhibitor cocktail. Proteins were quantified using the Bradford
protein assay kit based on a γ-globulin standard curve. Equal amounts of total proteins were
separated on a SDS-polyacrylamide gel and transferred onto nitrocellulose membranes by
electroblotting overnight at 20 V. Membranes were blocked in TBS-T (10 mM Tris-HCl, 150
mM NaCl, 0.25 % Tween 20, pH 7.5) with 5 % fat-free powdered milk at room temperature
for 1 h. After rinsing membranes in TBS-T, the following primary antibodies were used: rabbit
polyclonal antibodies for human cathepsin B and D, mouse monoclonal antibody for cathepsin
L, or mouse monoclonal β-actin antibody. After incubation overnight at 4 °C or 1 h at room
temperature, the membranes were washed four times, 10 min each, in TBS-T. Secondary
antibodies used were either horseradish peroxidase-conjugated goat anti-rabbit IgG or goat
anti-mouse IgG, followed by five washes with TBS-T. Bands were detected using ECL
substrate. For β-actin detection, previously probed membranes were soaked in stripping buffer
(70 mM Tris-HCl, pH 6.8, 2 % SDS, 0.1 % β-mercaptoethanol) at 60 °C for 30 min, and
incubated as above.

2.8. Cell invasion assay
Invasion assays were carried out using a modification of a published procedure
(Wickramasinghe et al., 2005). After trypsinization, 2.5 × 104 cells were suspended in 500 μl
serum-free medium containing 0.1% bovine serum albumin and seeded on Matrigel-coated
membrane inserts; uncoated inserts were used as controls for determination of motility. Cells
were grown for 24 h with or without CSC (25 μg/ml or up to 500 μg/ml), and with or without
pretreatment of cathepsin inhibitors CA-074Me (25 μM), pepstatin A (5 μM), or zFF-FMK
(10 μM). The bottom chamber contained 0.75 ml of a 50:50 mixture of normal growth media
and NIH3T3 conditioned media as chemoattractant, either with or without CSC and cathepsin
inhibitors as described above. After incubation for 24 h at 37 °C, the cells remaining inside the
insert were removed with a cotton swab, and cells that had moved to the lower membrane
surface were fixed in methanol and stained using Diff-quick reagent kit. After air-drying the
membrane, the cells were counted at a magnification of 20x under a Nicon Inverted Microscope
Eclipse TE300, and images were captured by a cool snap HQ digital B/W CCD camera (Roper
Scientific, Trenton, NJ). Assays were performed two times in triplicate wells, and cells present
in nine fields covering the center of each membrane were counted. To determine differences
in migration for various CSC concentrations, the cell numbers for untreated controls (solvent
only) were set as 100%. For differences in migration in the presence of inhibitors, the cell
numbers for wells without inhibitor present were set as 100%. Percent invasion (invasion index)
for each condition was calculated as (M/C)×100, with M as mean number of cells invading
through Matrigel insert and C as mean number of cells migrating through control insert.

2.9. Tests for apoptosis marker activation
Cells were grown in 6-well plates to 60–70 % confluence, treated for 24 h with CSC (0–500
μg/ml) or DMSO solvent as control, and cellular proteins were extracted as described above.
Western blots for apoptosis marker proteins were performed according to our previously
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published procedures; the polyclonal antibodies used here bind to both full-length proteins and
their cleavage products (Nagaraj et al, 2006b;Nagaraj et al, 2007). Enzymatic activity for
processed caspase-3 was determined as described (Nagaraj et al, 2006b;Nagaraj et al, 2007),
using the caspase-3-specific fluorescent peptide substrate Ac-DEVD-AFC; the caspase-3-
specific inhibitor DEVD-CHO was used in control reactions.

2.10. Statistical analysis
Data for cell viability, real time RT-PCR, Western blots, enzyme activity and invasion assays
were derived from at least three independent experiments. Statistical analyses were conducted
using the Prism4 and InStat3 GraphPad software and values were represented as means ± SD.
Significance level was calculated using one-way ANOVA and Tukey-Kramer post-test to
assess the differences between experimental groups.

3. Results
3.1. Effect of CSC treatment on cell viability

To address whether CSC affected the growth of tumor cells, the 686Tu and 101A cells were
treated with different concentration of CSC (from 0 to 100 μg/ml) for time periods up to 36
hours, and viabilities were determined by MTT dye reduction assay (Fig. 1). We observed
decreased viabilities in both cells with increasing concentration of CSC at 24- and 36-hour
treatments. For early time periods at 1 and 5 hours, 686Tu cells (Fig. 1A) increased in growth
rate compared to 101A cells (Fig. 1B). Based on these data, we used 25 μg/ml of CSC for 24
hours in invasion studies since this dose showed only low toxicity against longer CSC exposure.
The 24-hour time point showed only gradual decreases in the number of viable cells with
increased CSC concentration, and we used this time point for all other assays. We believe these
changes are due to altered cell proliferation, since MTT assays measure metabolic activity of
live cells, and since we did not observe measurable apoptosis induction under these conditions
(Section 3.5).

3.2. Cathepsin RNA expression in CSC-treated OSCC cells
During our previous and current work, analysis of cathepsin B, D and L mRNA baseline
expression was performed on two matched pairs of primary (686Tu, 101A) and metastatic
(686Ln, 101B) OSCC cells without CSC treatment (unpublished results). Interestingly,
cathepsin transcripts were elevated in both metastatic (686Ln, 101B) compared to their
corresponding primary tumor (686Tu, 101A) cell lines (2- to 4-fold for cathepsins B and L,
and 1.5- to 2-fold for cathepsin D), in agreement with our earlier observations on tumor tissues
using immunohistochemistry to determine correlations of cathepsin protein expression with
metastasis (Vigneswaran et al., 2000). Considering the significant role played by cathepsins
in cigarette smoke-treated macrophages and dendritic cells (Chang et al., 1989;Gairola et al.,
1989;Bracke et al., 2005), we investigated whether CSC stimulates cathepsin RNA expression
in OSCC cells. Real-time quantitative RT-PCR analyses using gene-specific primers were
performed after exposure of 686Tu and 101A cells to CSC (0–100 μg/ml) for 24 h (Fig. 2).
Cathepsins B, D and L were all induced by the CSC treatment in a dose-dependent manner.
Interestingly, cathepsin L mRNA with the lowest baseline expression was highly up-regulated
in both 686Tu and 101A cells (8.3–9.2 fold) at 100 μg/ml CSC treatment compared to moderate
changes for cathepsin B (2.8–4.2 fold) and cathepsin D (2.3–3.2 fold). At 25 μg/ml of CSC
stimulation, an approximately 1–1.8 fold increase in cathepsin B and D mRNA levels was
observed, and the increase in cathepsin L was approximately 3–3.2 fold (Fig. 2). Thus,
cathepsin L had the highest increase in mRNA expression among the three cathepsins analyzed.
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3.3. Cathepsin protein expression and activity in CSC-treated OSCC cells
Cathepsins B and L were suggested as markers for malignant oral tumors and as prognostic
factors for disease relapse, because their expression correlated with the invasiveness of oral
carcinomas (Kawamata et al., 1997;Wickramasinghe et al., 2005). It is not known whether
their enzymatic activities increase concurrently with protein levels in cigarette smokers. We
measured cathepsin B, D and L protein expression and enzyme activity in cell lysates with or
without CSC treatment (Fig. 3). Cathepsin induction was observed in Western blot bands,
which showed estimated increases of up to approximately 10-fold for cathepsins B and L, and
approximately 2- to 4-fold for cathepsin D, at 100 μg/ml CSC compared to basal levels (Fig.
3A). Also, the specific activities increased 19- or 16-fold for cathepsin B, 190- or 221-fold for
cathepsin L, and 28- or 20-fold for cathepsin D in 686Tu or 101A cells, respectively (Fig. 3B),
in good agreement with the induction of mRNA levels (Fig. 2). Again, the enzyme activity of
cathepsin L in both 686Tu and 101A cells had the highest up-regulation at any CSC
concentration compared to cathepsins B and D (Fig. 3B). To demonstrate specificity for each
of the cathepsins, protease-specific inhibitors and substrates were used. The cell lysates were
treated with z-Arg-Arg-NHMec and CA-074 (as substrate and inhibitor for cathepsin B), z-
Phe-Arg-NHMec and z-FY-CHO (as substrate and inhibitor for cathepsin L), and hemoglobin
and pepstatin A (as substrate and inhibitor for cathepsin D). These protease inhibitors decreased
enzyme activities by 83–97% for CA-074 ( ≥ 50 μM), z-FY-CHO ( ≥ 25 μM), and pepstatin
A ( ≥ 5 μM) compared to the non-inhibited control values (data not shown).

3.4. Involvement of cathepsin B and L in CSC-induced invasiveness of OSCC cells
As an ultimate functional test, the consequences of CSC-induced cathepsin B, D and L
expression on the migration and invasiveness of 686Tu and 101A cells were determined (Fig.
4 and 5). CSC increased invasiveness of both cell lines at concentrations that also significantly
increased cathepsin expression. Cell motilities were increased by 9.4–51.8% and 4.1–38.3%
in 686Tu and 101A cells, respectively, after CSC exposure (25 μg to 500 μg) compared to
control cells (Figs. 4A and 5A). More importantly, the number of cells that invaded through
Matrigel increased (Figs. 4A and 5A), and invasion indices (Figs. 4B, C and 5B, C) increased
significantly by 21.6–29% (p ≤ 0.01) at 50 μg/ml CSC and by 37.6–47.9% (p < 0.001) at 250
or 500 μg/ml CSC for treated compared to untreated cells.

To demonstrate involvement of cathepsins in these phenotypic alterations, cell-permeable
cathepsin inhibitors were used in invasion assay. It was shown previously that CA-074Me and
Z-FF-FMK are irreversible and selective inhibitors for cathepsin B (Buttle et al., 1992) and
cathepsin L (Shaw et al., 1993), respectively. Pepstatin A has been used for selective inhibition
of aspartic proteases including cathepsin D (Chen et al., 2000). Cell motilities were decreased
by 52.9–54% for CA-074Me, 13.5–23.5% for pepstatin A and 45.2–45.9% for zFF-FMK in
CSC-treated cells (Figs. 4A and 5A). More importantly, substantial and significant decreases
in invasion indices for CSC-treated 686Tu (Fig. 4B) and 101A cells (Fig. 5B) in the presence
of cathepsin inhibitors were observed compared to assays without cathepsin inhibitors (62.5%
and 54.4% decrease for CA-074Me, p ≤ 0.01; 53.8% and 52.1% decrease for zFF-FMK, p <
0.01; for 686Tu and 101A cells, respectively). Pepstatin A showed only small and non-
significant decreases for both cells (8.6% and 4.7%, respectively). Apparently, the decreased
cathepsin B and L activity resulted in the decreased ability of the OSCC cells to degrade the
Matrigel barrier, whereas inhibition of cathepsin D activity had little effect. The invasion
indices and their changes were very similar for 686Tu and 101A cells, indicating that the effect
of the CSC treatment was the same in both OSCC cells. This differential functional increase
of invasiveness after CSC treatment, and decrease with cathepsin B and L inhibitors, parallels
the above molecular data which also show overall strong CSC-mediated increases in cathepsin
mRNA, protein and activity.
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3.5. Effects of CSC treatment on apoptosis markers
In order to test for apoptosis induction as a result of CSC exposure, we investigated possible
activation of apoptosis marker proteins (Fig. 6). It is known that after initiation of the apoptotic
cascade, the 23 kD Bid protein is cleaved into its 15 kD truncated form, the 32 kD pro-caspase-3
to its 20 kD active form, and the 113 kD poly-ADP-ribose-polymerase (PARP) is processed
to the 85 kD active protein (Nagaraj et al, 2006b;Nagaraj et al, 2007). We observed that
exposure to CSC at doses used for invasion assays did not cause detectable cleavage of pro-
apoptotic Bid or the late apoptosis factors caspase-3 and PARP into their processed forms (Fig.
6A). Also, treatment for 24 hours with up to 500 μg/ml CSC resulted in only very low caspase-3
enzymatic activity (0.3 to 1.7 nMol/h/μg) (Fig. 6B), levels that were marginal compared to
activation levels observed in OSCC cells after apoptosis induction by TRAIL (11–15 nMol/h/
μg) (Nagaraj et al, 2006b;Nagaraj et al, 2007). These data document that apoptosis in exposed
cells is minimal and does not contribute to the observed effects on migration and invasion.

4. Discussion
The present study demonstrates that CSC treatment of oral cancer cells increases cathepsin
expression and enhances the invasive phenotype of the exposed OSCC cells. This is the first
report on the effects of CSC on malignant cells of the oral cavity, a site that is directly exposed
to tobacco-borne carcinogens in smokers. We propose that the mechanism by which CSC
stimulates invasion in OSCC cells is due to a dose-dependent induction of cathepsin expression
and activity, leading to increased cell motility and invasion-promoting proteolytic activity. In
order to define a biologically relevant range of CSC concentrations, our main objective has
been to investigate the response of live cell populations without substantial loss due to cell
death. Thus, a range of CSC concentrations was chosen for which we observed molecular
responses on gene expression profiles without substantial cell death or toxicity (Zacharias et
al., to be published). The highest dose applied (500 μg/ml CSC for 24 hours in 10 ml media,
equivalent to a total of 5 mg CSC) corresponds to less than half a cigarette per 24-hour period,
using the yield of 18.1 mg CSC/cigarette provided by the supplier company. Thus, our range
of CSC doses is clearly very low compared to the uptake by any average smoker of several
cigarettes per day.

Our data suggests that cathepsins B and L are the major determinants of the invasive capacity
of CSC-treated OSCC cells. This mechanism is supported by the observations that: 1) CSC
treatment at doses that stimulated invasion also increased cathepsins B and L expression and
activity; 2) CSC-enhanced invasion was blocked by co-treatment with cathepsin inhibitors
CA-074Me or zFF-FMK, indicating that such CSC-induced changes were dependent on
cathepsin activity; 3) cathepsin B and L inhibitors strongly reduced cell motilities, whereas the
cathepsin D inhibitor caused only a weak reduction; 4) CSC stimulated invasion and motility
to the same degree in two different OSCC cells. In addition, since upregulation of cathepsins
was observed at both the RNA and protein level, certain metabolites of cigarette smoke
carcinogens may also induce cathepsin transcriptional gene activity. These effects may be due
to the conversion of carcinogens by the cytochrome P450 enzymes CYP1a1 and CYP1b1 to
metabolites that can bind to TNF-α receptors (Nagaraj et al., 2006a). Our findings are in
agreement with prior studies which showed that cathepsin expression and activity were up-
regulated by cigarette smoke treatment of pulmonary macrophages, dendritic cells, or alveolar
macrophages (Chang et al., 1989;Gairola et al., 1989;Bracke et al., 2005).

Interestingly, although cathepsin D is also up-regulated in CSC-treated cells, the cathepsin D
inhibitor only caused a small (5–9%) decrease of invasion, compared to much stronger effects
(53–63%) by cathepsin B or L inhibitors. Also, it cannot be excluded that cathepsin B or L
inhibitors may inhibit some other yet uncharacterized cysteine cathepsins as observed in the
mouse genome (Turk et al., 2004).
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It is important to note that cell proliferation, defined here as change in the number of viable
cells over time, was also affected by CSC treatment. Under our invasion assay conditions, CSC
exposure at any dose for short time periods (1 to 5 hours) did not affect proliferation for 101A
cells and actually increased proliferation for the 686Tu cells. Yet, CSC-induced increases in
invasion occurred although the cells started to decrease in number after 24 h treatment even at
low dose (25 μg/ml) of CSC, presumably due to a decrease in proliferation rates. Clearly,
elevated cathepsin activity did not lead to apoptosis in CSC-treated cells, and significant
increases in invasive capacity occurred without initiation of apoptosis. Previously, we observed
cathepsin B-mediated increased apoptosis susceptibility in OSCC cells via the receptor- or
mitochondria-dependent pathways after exposure to TRAIL or hypoxia, respectively (Nagaraj
et al., 2006b;Nagaraj et al., 2007). Apparently, CSC exposure leads to a different cellular
response than apoptosis induction by those pathways, and the net response to CSC exposure
in these cells favors invasiveness over apoptosis induction.

The enhanced invasion of the CSC-treated cells may not be solely attributable to cathepsin B
or L alone, but may also involve activation of matrix metalloproteinases. Cigarette smoking
increased MMP-1 and MMP-12 expression in human lung fibroblasts and airway-like epithelia
(Kim et al., 2004;Lavigne and Eppihimer, 2005). Inhibition of cathepsin B and MMP-9
expression in glioblastoma cells reduced tumor cell invasion (Lakka et al., 2004). These and
our data indicate that smoking may increase MMP expression and/or activity indirectly
following activation by cathepsins. However, the role of CSC on MMP expression and activity
in oral cancer cells has yet to be determined. Also, the mechanisms responsible for the influence
of cathepsin B and L on tumor cell motility per se are still unclear.

In conclusion, we observed several-fold increases in cathepsin B and L expression and activity
in OSCC cells exposed to CSC, leading to elevated invasiveness in these cells. Inhibition of
cathepsin activity by selective peptide inhibitors blocked the invasive capacity of the cells
through a Matrigel matrix. These results indicate that cathepsins B and L, possibly in addition
to some other yet uncharacterized cysteine proteases, play an important role in matrix
degradation and cell invasion of the CSC-treated cells. These results provide mechanism to
explain, in part, the increased risk for smokers to develop metastatic oral cancers, and suggest
that administration of cathepsin inhibitors may prevent the spread and metastasis of oral cancer.
Since cathepsins B and L are key contributors to tumor invasiveness, they may be valuable
potential targets for future cancer therapies to prevent smoking-related oral cancer progression
and metastatic spread.
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Fig 1.
Viability of OSCC cells treated with CSC. Cells 686Tu (A) and 101A (B) were treated with 0
to 100 μg/ml of CSC for 1, 5, 24 and 36 hours. After each indicated time/concentration
treatment, the growth of cells was evaluated by MTT assay as described in Materials and
Methods. Results are the mean ± SD of three independent measurements for each point.
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Fig 2.
CSC-induced cathepsin mRNA expression in OSCC cells. The 686Tu and 101A cells were
treated with different concentration of CSC for 24 hours. Extracted RNAs were subjected to
real-time quantitative RT-PCR analysis using primers specific for cathepsin B (CB), cathepsin
D (CD), cathepsin L (CL); β-actin primers were used as control to normalize to equal RNA
amounts. The fold change levels for CB, CD and CL are relative to the expression in untreated
cells; results are the mean ± SD of three independent assays. Open bars, 686Tu cells; solid
bars, 101A cells.
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Fig 3.
CSC-induced cathepsin protein expression and enzyme activity in OSCC cell extracts. OSCC
cells were treated with different concentration of CSC for 24 hours. A. Cellular protein extracts
from control and treated cells were subjected to immunoblot analysis using specific antibodies
for cathepsin B (CB), cathepsin D (CD), cathepsin L (CL), and β-actin. The bands shown for
CB (31 kDa), CD (34 kDa), and CL (35 kDa) are the mature forms. Probing for β-actin (45
kDa) was used as a control to normalize for equal protein amounts in each sample. The data
shown are representative of three independent experiments. B. Specific activities of CB, CD
and CL were quantitated for control and treated cells using z-Arg-Arg-NHMec, hemoglobin,
and z-Phe-Arg-NHMec as a substrate, respectively. Open bars, 686Tu cells; and solid bars,
101A cells; significance was determined by ANOVA (mean ± SD, n=3): * p<0.05; ** p<0.01;
*** p<0.001; ns, non-significant.
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Fig 4.
Effect of cathepsin inhibitors on invasiveness of CSC-treated 686Tu cells. Invasion was
measured after 24 hours with Matrigel-coated membrane inserts and uncoated control inserts
for CSC-treated (25 μg/ml or 1–500 μg/ml) 686Tu cells. Assays were done with or without
inhibitors for cathepsin B (CA-074Me), cathepsin D (pepstatin A) or cathepsin L (zFF-FMK),
and were performed twice, each in triplicate wells. A. Cell counts (open bars, control inserts;
closed bars, Matrigel inserts) represented as the number of cells/area (means ± SD) from 5 to
7 photographs taken from triplicate wells. B. Invasion index, calculated as percentage of cells
migrating through Matrigel-coated compared to uncoated membranes (set to 100%), for treated
(25 μg/ml; closed bars) versus untreated (solvent only; open bars) 686Tu cells. C. Invasion
index as a function of increasing concentration of CSC (1–500 μg/ml). Significance was
determined by ANOVA: * p<0.05; ** p<0.01; *** p<0.001; ns, non-significant.
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Fig 5.
Effect of cathepsin inhibitors on invasiveness of CSC-treated 101A cells. Invasion was
measured after 24 hours with Matrigel-coated membrane inserts and uncoated control inserts
for CSC-treated (25 μg/ml or 1–500 μg/ml) 101A cells. Assays were done with or without
inhibitors for cathepsin B (CA-074Me), cathepsin D (pepstatin A) or cathepsin L (zFF-FMK),
and were performed twice, each in triplicate wells. A. Cell counts (open bars, control inserts;
closed bars, Matrigel inserts) represented as the number of cells/area (means ± SD) from of 5
to 7 photographs taken from triplicate wells. B. Invasion index, calculated as percentage of
cells migrating through Matrigel-coated compared to uncoated membranes (set to 100%), for
treated (25 μg/ml; closed bars) versus untreated (solvent only; open bars) 101A cells. C.
Invasion index as a function of increasing concentration of CSC (1–500 μg/ml). Significance
was determined by ANOVA: * p<0.05; ** p<0.01; *** p<0.001; ns, non-significant.
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Fig 6.
Effects of CSC treatment on apoptosis markers. The 686Tu and 101A cells were treated for 24
hours with different concentrations of CSC, and cellular proteins extracted for analysis. A:
Western blots to test for cleavage of Bid, caspase-3, or PARP in 101A cells treated with 50 or
100 μg/ml CSC, or with DMSO solvent only as control. B: Caspase-3 enzyme activity in 686Tu
(triangles) and 101A (squares) cell extracts after treatment with increasing concentrations of
CSC for 24 hours. Results are the mean ± SD of three independent measurements for each
point.
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