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Abstract
Oral squamous cell carcinoma is an aggressive cancer that affects approximately 30,000 people annually. Tobacco use 
is known to induce diseases characterized by abnormal oral squamous cell carcinoma cells. The receptor for advanced 
glycation end-products is a surface receptor that is up-regulated by cigarette smoke in diverse tissue types, including oral 
squamous cell carcinoma cells. Our objective was to determine the receptor for advanced glycation end-products message 
and protein expression, cell invasiveness, and potential regulatory enzymes implicated in matrix remodeling during cigarette 
smoke extract exposure. 

Gingiva-derived Ca9-22 cells and tongue-derived Cal27 cells were cultured and exposed to 0.05% cigarette smoke extractfor 
24 hours. Cell invasion was determined and cells were lysed for either quantitative polymerase chain reaction or western blot 
analysis. The receptor for advanced glycation end-products (mRNA and protein) was determined as well as protein expression 
for metalloprotease 2, metalloprotease 13 and the tissue inhibitor of metalloproteinases. 

Treatment of these two cell lines with cigarette smoke extract resulted in: (i) increased receptor for advanced glycation end-
products mRNA and protein expression; (ii) increased Ca9-22 and Cal27 cell invasion; (iii) increased metalloprotease 2, 
metalloprotease 13 and the tissue inhibitor of metalloproteinases in Ca9-22 cells; (iii) decreased metalloprotease 13 and the 
tissue inhibitor of metalloproteinases in Cal27 cells. 

We conclude that cigarette smoke extract increases invasion of oral squamous cell carcinoma cells in a cell dependent 
fashion. These results can provideinsights into the understanding of oral squamous cell carcinoma cellular behavior in smoke 
environments.
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1. Introduction
Oral squamous cell carcinoma (OSCC) is an aggressive 
cancer and one of the most frequently occurring cancers in 
developing countries [1]. OSCC involves cellular compromise 
characterized by early metastatic migration with a recurrence 
rate that surpasses 50% and a 5-year survival rate of 50–60% of 
all cases [1-6]. Tobacco exposure alone is recognized as a major 
cause of this group of cancers with higher numbers of OSCC 
identified in smokers when compared to no-smoker counterparts 
[1]. Although cigarette smoke has been implicated in altered 
OSSC cell behavior, reports detailing precise regulation of 
OSCC dysfunction caused by cigarette smoke remains to be 
fully elucidated.

The receptor for advanced glycation end products (RAGE) is 

a multiligand cell surface receptor expressed by numerous cell 
types including OSCC cells [1]. This receptor is implicated in the 
pathogenesis of many inflammatory diseases, such as diabetes, 
atherosclerosis, and diverse rheumatological disorders [1,7]. 
RAGE expression is detected in gingival tissues from humans 
with chronic periodontitis; therefore, suggesting a likely role in 
tissue inflammation during disease progression [8]. Recently, 
RAGE expression has also been linked to the initiation and 
progression of various cancers [9]. Specifically, RAGE has been 
linked to OSCC angiogenesis and the recurrence of this type of 
cancer over time [10,11]. Subsequent to RAGE augmentation, 
pro-inflammatory response in local cell types is perpetuated, 
adding to the severity of gingival tissue pathologies observed 
in smokers [1]. Importantly, previous studies in our laboratory 
demonstrated that cigarette smoke regulates OSCC cells invasion 
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in a RAGE dependent manner but molecules associated with this 
regulation remained to be clarified [1].

To better understand OSCC invasiveness during CSE induced 
RAGE expression, we decided to investigate several key 
molecules involved in targeting matrix during invasion. One 
common group of enzymatic factors involved in matrix targeting 
are matrix metalloproteinases (MMPs). MMPs are highly 
involved in tissue remodeling, angiogenesis, embryogenesis, 
altered migration, and cell invasion [12,13]. Specifically, we 
sought to investigate the expression of MMP-2 due to its central 
role in enhanced invasive potential of oral cancer cells [14,15]. 
Invasive metrics were also evaluated in the context of MMP-
13, a factor centrally implicated in the cellular migration of 
oral cancer cells [16,17]. Lastly, inhibitors of MMPs (TIMP) 
were quantified due to their role in managing overall tissue 
destabilization during oral cell cancer progression [18].

2. Methods
2.1 Cell Culture
Ca9-22 human gingiva squamous carcinoma cells and Cal27 
human tongue squamous carcinoma cells were used in these 
experiments (both from ATCC, Manassas, VA). Cells were 
maintained in RPMI medium plus 10% fetal bovine serum (FBS) 
(Invitrogen, Carlsbad, CA, USA) and 1% penicillin. 

2.2 Cigarette smoke extract (CSE)
Cigarette smoke extract (CSE) was generated as previously 
described [1]. Briefly, one research cigarette (University of 
Kentucky, Lexington, KY) was continuously smoked by 
connecting the filtered end of the cigarette to a vacuum pump, 
pulling the particles into 5 mL of media and the resulting 
medium was defined as 100% CSE, which was diluted with 
culture medium to generate 0.05% CSE used in the cell culture 
experiments. 

2.3 Cell Treatment
Cells were grown to 70-80% confluency before treatment with 1 
mL fresh media or 0.05% CSE continuously for 24 hours. 

2.4 RNA Isolation and Analysis
cDNA amplification was performed using Bio-Rad iTaq Universal 
SYBR® Green One-Step Kit. Data analysis was performed using 
a Bio-Rad Single Color Real Time PCR detection system (Bio-
Rad Laboratories, Hercules, CA). The following primers were 
synthesized by Invitrogen Life Technologies (Grand Island, 
NY): RAGE (For-CCC TTA GCT GGC ACT TAG ATG G and 
Rev-TGA CCG CAG TGT AAA GAG TCC C) and β-actin (For-
ACA GGA TGC AGA AGG AGA TTA C and Rev- CAC AGA 
GTA CTT GCG CTC AGG A).

2.5 Immunoblotting
Western Blots were performed as outlined previously [1]. Briefly, 
cells were lysed using a protein lysis buffer (RIPA; Thermofisher, 
Rochester, NY). Protein lysates (50 mg) were separated using 

electrophoresis on mini-Protean TGX Precast gels (Bio-
Rad Laboratories, Hercules, CA) and then transferred onto a 
nitrocellulose membrane (Bio-Rad Laboratories). Membranes 
were incubated overnight with the antibodies against tissue 
inhibitor of metalloproteinases 1 (TIMP-1; 1:200 Cell Signaling, 
Danvers, MA), MMP-2 (1:500; Cell Signaling), MMP-9 (1:200; 
Cell Signaling), RAGE (1:500 (Abcam, Waltham, MA), or beta 
Actin (1:2500 Cell Signaling). For protein detection, membranes 
were incubated with the following secondary antibodies: 680RD 
Donkey anti-Mouse, 800CW Donkey anti-Mouse, 680RD 
Donkey anti-Rabbit, or 800CW Donkey anti-Rabbit (all at 
1:2,500; from LI-COR; Lincoln, NE) at room temperature for 1 
hour. Membranes were scanned using a LI-COR Odyssey DLx. 
All results were normalized to beta Actin. Fluorescent densities 
were measured via image J and comparisons were made between 
control and experimental groups.

2.6 Real-Time Cell Invasion
Cell invasion was measured using the xCELLigence RTCA cell 
monitoring system following the manufacturer’s protocol (ACEA 
Biosciences, Blue Spring, MO). Real-time cell invasion was 
analyzed following the treatments noted above. Measurements 
were performed in a 16 well-Cim-Plate (ACEA Biosciences, 
Blue Spring, MO, USA). The plates contained an upper chamber 
coated with type IV collagen (1:40; Corning, Corning, NY) and a 
lower chamber consisting of 10% FBS RPMI. Cells were plated 
in the top chamber at a concentration of 50,000 cells per 100 μl 
per well of serum free media to reach a total volume of 100 μl in 
each well. The plates were then placed into the RTCA instrument 
and invasion readings were taken every 15 min for 24 hours.

2.7 Statistical Analysis
Results were checked for normality and data were presented 
as mean ± SE. Differences in cell invasion, RAGE expression, 
MMP-2, MMP-9, and TIMP proteins were measured between 
control and treated cells using the Mann–Whitney U-test. 
Significant differences between groups were noted at P < 0.05.

3. Results
3.1 RAGE Expression and Cell Invasion
RAGE activation is increased in cigarette smoke environments 
[1]. First, we sought to determine if RAGE expression is 
differentially induced in CSE-treated OSCC cells. Treatment 
with CSE led to increased expression of RAGE mRNA (1.5-
fold; p<0.03) in the Ca9-22 cells (Figure 1A). In contrast, RAGE 
mRNA was decreased (1.5-fold; p<0.03) in Cal27 cells treated 
with CSE (Figure 1B). We observed a 1.8-fold induction (p<0.03) 
of RAGE protein in the CSE treated Ca9-22 cells (Figure 1C). 
Similarly, RAGE protein was increased (2.4-fold; p<0.03) Cal27 
cells treated with CSE (Figure 1D). Increased cellular invasion 
is a cellular hallmark of OSSC cells. We therefore sought to 
quantitatively determine invasive effects of cultured OSCC cells 
treated with CSE. CSE treatment increased Ca9-22 (1.9-fold; 
p<0.0002) and Cal27 (1.5-fold; p<0.0003) invasion in culture 
(Figure 2A and B). 



 Volume 8 | Issue 2 | 3J Oral Dent Health, 2024

Figure 1: Expression of RAGE following exposure CSE. qRT-PCR showed increased RAGE mRNA in Ca9-22 cells with CSE 
treatment (A) and decreased RAGE mRNA was detected in Cal27 cells treated with CSE (B). Western blot analysis revealed 
increased expression of RAGE (1.8-fold induction; P<0.03) with CSE treatment in Ca9-22 cells (2.4-fold; p<0.03) when compared 
with controls (C). Similarly, increased RAGE protein expression was detected in Cal27 cells treated with CSE (D).*Statistically 
different from control (P < 0.05).

Figure 2: Invasiveness of Ca9-22 cells and Cal27 following exposure to CSE. Real-time invasion of Ca9-22 (A) and Cal27 (B) cells 
was significantly increased following exposure to CSE when compared to controls. *Statistically different from control (P < 0.05).

3.2 MMP-2, MMP-9 and TIMP
In order to understand the expression profile of molecules 
associated with the OSCC invasion, we decided to quantify 
matrix metalloproteinases (MMPs) following CSE exposure. 
MMPs are enzymes responsible for the degradation extracellular 
matrixes necessary for efficient cellular invasion. We specifically 
quantified MMP-2 and MMP-13 because they are known to 
be involved in the migration of oral cancers [1,15,19]. CSE 
treatment increased MMP-2 in Ca9-22 (2.1-fold; p<0.03) treated 
cells (Figure 3A). However, MMP-2 protein was unaffected by 
CSE in Cal27 OSCC cells (Figure 3B). An increase in MMP-13 

was observed by Ca9-22 OSCC cells (2.9-fold; p<0.02) treated 
with CSE; however, MMP-13 expression was diminished (1.5-
fold; p<0.02) following CSE treatment of Cal27 cells (Figure 4A 
and B). Tissue inhibitor of metalloproteases (TIMP) are proteins 
that inhibit MMPs [13]. We therefore investigated expression of 
TIMP to determine a potential regulatory correlation between 
inhibitory TIMP and the two MMPs. CSE treatment increased 
expression of TIMP (1.5-fold; p<0.03) in the Ca9-22 OSCC cells 
(Figure 5A); however, TIMP was decreased (1.2-fold; p<0.04) 
in the Cal27 OSCC cells when treated with CSE (Figure 5B).
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Figure 3: Expression of matrix metalloproteinase (MMP)-2 following CSE treatment. Western blot analysis revealed increased 
expression of MMP-2 (2.1-fold; p<0.03) by Ca9-22 cells treated with CSE when compared with controls (A). CSE treatment did not 
affect MMP-2 expression in Cal27 cells compared to controls (B). *Statistically different from control (P < 0.05).

Figure 4: Expression of matrix metalloproteinase (MMP)-13 following CSE treatment. Western blot analysis revealed increased 
expression of MMP-13 (2.9-fold; p<0.02) by Ca9-22 cells treated with CSE when compared to controls (A). CSE treatment decreased 
MMP-13 expression(1.5-fold; p<0.02) in Cal27 cells compared to controls (B). *Statistically different from control (P < 0.05).

Figure 5: Expression of tissue inhibitor of metalloproteinases (TIMP) during CSE treatment. Immunoblotting revealed increased 
expression of TIMP (1.5-fold; p<0.03) by Ca9-22 cells treated with CSE when compared to controls (A). CSE treatment decreased 
TIMP expression (1.2-fold; p<0.04) in Cal27 cells compared to controls (B). *Statistically different from control (P < 0.05).

4. Discussion
Despite the many efforts presented to date seeking cigarette 
smoke cessation, cigarette smoke remains on the list of top ten 
contributors of preventable diseases and its use is suspected to 
continue to rise [20,21]. OSSC is an aggressive invasive cancer 
and tobacco is one of the major risk factors for the development 
of this deleterious set of diseases [1]. Moreover, studies have 
shown that tobacco may have a mechanistic role in the regulation 
of OSCC cellular invasion [1]. In fact, our laboratory previously 
demonstrated a RAGE-dependent increase in Ca9-22 OSCC cell 

invasion during cigarette smoke extract (CSE) exposure [1]. 
This discovery buttressed the research of others that revealed 
the RAGE pathway as a means of alleviating OSCC severity 
[22]. RAGE is a cell-surface receptor expressed in many cells 
including OSCC cells [1,23]. In this last case, RAGE was 
screened in 38 OSCC cases and found to be highly correlative 
to well-differentiated cases [23]. Although RAGE is mostly 
considered a perpetuator of inflammation, recent studies have 
also shown parallel roles for this receptor in cases of DNA repair, 
regulation of cellular invasion, and other processes [1,7,9,24]. 
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We first wanted to determine RAGE expression in the OSCC 
cells. In our studies we tested two different OSCC cell lines: Ca9-
22 derived from gingiva OSCC and Cal27 obtained from lingual 
OSCC. Our experiments confirmed increased RAGE mRNA 
and protein expression in the Ca9-22 cells exposed to CSE 
while only RAGE protein was elevated in Cal27 cells. Although 
both cell types are considered OSCC cells, lingual Cal27 cells 
have often returned different behaviors making it important to 
differentiate the connectiveness of cell responses between both 
our experimental conditions. For instance, a retrospective study 
that included over 5,000 patients revealed that progression to 
malignancy, or risk of cancer, was highest in the tongue (11.4%) 
vs. those centered in the gingiva (6.5%) [25].

Cell invasion is the process in which cells dissociate from 
a source tissue and migrate into neighboring organs often 
culminating in the development of cancers [1]. Our investigation 
revealed that the addition of CSE was sufficient to increase the 
invasiveness of both Ca9-22 and Cal27 OSCC cells. While not 
specifically evaluated in the current investigation, concomitant 
RAGE upregulation suggests a potential role for the receptor in 
mechanisms of invasion that must be clarified. 

To better understand the regulation of invasion in these cell 
populations, we next studied MMP-2 and MMP-13 as well 
as a key inibitor, TIMP. These and other family members 
are important enzymatic proteins known to be involved in 
the destabilization of matrix required for efficient cellular 
invasion. MMPs are endopeptidases that degrade extracellular 
matrix in order to facilitate invasion of migratory cells. They 
perform these functions via the degradation of extracellular 
matrix (ECM) components. MMP-2 degrades collagen, elastin, 
fibronectin, gelatin, and laminin and is known to have pro-
inflammatory and anti-inflammatory properties [26]. In addition, 
increased expression of MMP-2 is associated with enhanced 
metastatic invasion of OSCC cells [14]. MMP-13 degrades 
extracellular matrix components such as collagens, gelatin, 
aggrecan, and fibronectin [27]. During OSCC progression, we 
show that MMP-13 is elevated by tobacco smoke in ways that 
mirror its upregulation by e-cigarette vapor in the presence of 
nicotine [28]. In our studies, we observed increased MMP-2 
and MMP-13 following exposure to CSE in Ca9-22 OSCC cells 
when compared to controls. This observation suggests that these 
MMPs could be associated with the increased invasion observed 
when these cells are exposed to CSE. In addition, we observed 
increased expression of TIMP proteins. Perhaps the increased 
expression of TIMP could be a means of mechanistically 
adjusting invasiveness of these cells when exposed to CSE. 
Although this inhibitory function of TIMP is well known, it is 
important to mention that TIMP also has cytokine-like functions 
that can influence processes including cellular growth, apoptosis 
and oncogenesis [29].
 
In relation of the Cal27 OSCC cells, we observed that MMP-2 
protein expression was not affected when cells were treated with 
CSE when compared to controls. further, we observed decreased 
MMP-13 and TIMP expression. These results were unexpected, 
particularly in the context of increased invasion caused by CSE 
in these cells. Collectively, these results support the idea that 
a different mechanism potentially regulates Cal27 OSCC cells 

invasion that may be independent of MMP-2 and MMP-13. 
Future confirmatory studies are necessary in order to settle these 
assumptions.

5. Conclusion
In Conclusion we demonstrated that CSE is capable of eliciting 
increased invasion of OSCC cells and that the regulation of 
invasion is potentially specific to the source of the OSCC cell 
population exposed to CSE. Further research is necessary to 
better understand the plausible roles for these and other MMPs 
and targeting studies are essential in order to discern reasons 
for differences in RAGE expression during CSE exposure. The 
current studies set the foundation for additional experimental 
insights into the cell specific behaviors of OSCC cells exposed 
to smoke environments. 
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