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Background: Cancer-associated fibroblasts (CAFs) are abundant in tumor microenvironments and interact with cancer cells to 

promote tumor proliferation in oral squamous cell carcinoma (OSCC). Cathepsin D (CTSD) is a soluble lysosomal aspartic 

endopeptidase involved in tumor proliferation and angiogenesis. In this preliminary study, we observed CTSD expression in OSCC 

and CAFs, postulating that CTSD might act as a bridge between OSCC and CAFs.

Methods: Human epidermal keratinocytes (HEKs), OSCC, and immortalized human normal oral fibroblasts (hTERT-hNOFs) were 

used in this study. Additionally, we used hTERT-hNOFs transfected with an empty vector, WT (wild-type)-YAP (Yes-associated 

protein), and YAPS127A (YAP serine 127 to alanine). YAP127A hTERT-hNOFs activated fibroblasts similar to CAFs. To identify CTSD 

expression between OSCC and CAFs, conditioned medium (CM) was collected from each cell. Protein expression of CTSD was 

identified by western blotting.

Results: To identify the expression of CTSD in fibroblasts stimulated by OSCC, we treated fibroblasts with CM from HEK and OSCC. 

Results indicated that hTERT-hNOFs with OSCC CM showed a weakly increased expression of CTSD compared to stimulation by HEK 

CM. This indicates that CAFs, YAPS127 hTRET-hNOFs, overexpress CTSD protein. HEK cells showed no CTSD expression, 

regardless of treatment with fibroblast CM, whereas OSCC highly expressed CTSD proteins compared with the CTSD expression 

in HEK cells. We also found that CTSD expression was unaffected by changes in transforming growth factor- levels.

Conclusion: This study proposes that CTSD might have potential as an interacting executor between OSCC and CAFs. Further 

studies are needed to investigate the role of CTSD in tumor and stromal cells.

Key Words: Cathepsin D, Fibroblasts, Oral squamous cell carcinoma

Introduction

Tumors contain diverse cell types, including endothelial 
cells, pericytes, immune cells, and fibroblasts. The interaction 
between tumors and their surrounding cells can influence 
tumor growth, invasion, and metastasis1,2). Cancer-associated 
fibroblasts (CAFs) are abundant in tumor micro-
environments and interact with cancer cells to promote 
tumor proliferation3,4). The secretion of growth factors, 
chemokines, and enzymatic mediators such as transforming 
growth factor- (TGF-)5), vascular endothelial growth 

factor6), interleukin-17), and matrix metalloproteinases8) 
can remodel the extracellular matrix and induce oncogenic 
signals, promoting cancer growth and metastasis. Despite 
multiple studies, tumor-stroma interactions remain unclear 
and require the investigation of oral squamous cell 
carcinoma (OSCC), a relatively rare cancer.

The cathepsin family, cathepsin B, G, D, K, L, and V, 
are well-known lysosomal proteases that play a role in 
protein degradation, cellular stress signaling, and in-
flammation9). Cathepsin D (CTSD) is a soluble lysosomal 
aspartic endopeptidase involved in tumor proliferation and 
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angiogenesis10). CTSD is considered a prognostic marker, 
and its overexpression is associated with breast cancer 
recurrence and prognosis10,11).

This preliminary study observed CTSD expression in 
OSCC and CAFs (called the activated fibroblast phenotype) 
and postulated that CTSD might act as a bridge between 
OSCC and CAFs.

Materials and Methods

1. Reagents

Reagents included antibodies against CTSD (Santa 
Cruz Inc., Dallas, TX, USA), -actin (Bioworld, Irving, 
TX, USA), and horseradish peroxidase-conjugated anti- 
mouse or rabbit secondary antibodies (Cell Signaling 
Technology, Beverly, MA, USA). TGF-1 (Merck KGaA, 
Darmstadt, Germany) was used to activate fibroblasts in 
the empty vector; wild-type (WT)-YAP (Yes-associated 
protein) and YAPS127A (YAP serine 127 to alanine) were 
transfected to immortalized human normal oral fibroblasts 
(hTERT-hNOFs).

2. Cell cultures

We cultured human epidermal keratinocytes (HEKs), 
YD10B OSCC cells, and hTERT-hNOFs, selecting re-
presentative cells for each type. HEK cells were used as 
normal keratinocytes for comparison with OSCC cells. 
YD10B cells, derived from the tongue of OSCC patients, 
were used as OSCC cells. Additionally, hTERT-hNOFs, 
obtained by hTERT transfection, were used to reproduce 
the in vitro fibroblast study results. The cells were 
obtained from the Department of Oral Pathology, Yonsei 
University College of Dentistry (Seoul, Korea). The 
hTERT-hNOFs were grown in F medium, consisting of 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco 
BRL, Gaithersburg, MD, USA) and Ham’s Nutrient 
Mixture-F12 (Gibco BRL) in a ratio of 3:1, supplemented 
with 10% fetal bovine serum and 1% penicillin/ 
streptomycin. HEKs were maintained in keratinocyte 
growth medium (Lonza, Basel, Switzerland) and used for 
eight passages. YD10B OSCC cells were grown in EF 
medium, a mixture of F and E media (ratio, 9:1). The E 
medium had 0.01 g/ml of cholera toxin, 0.04 g/ml of 

hydrocortisone, 0.5 g/ml of insulin, 0.5 g/ml of apo- 
transferrin, and 0.2 g/ml of 3ʹ-5-triiodo-1-thyronine from 
Sigma Aldrich (St. Louis, MO, USA). To identify the 
CTSD expression, we used three types of fibroblasts that 
established by transfecting pcDNA4/HisMax B mammalian 
expression vector (Invitrogen, Waltham, MA, USA), 
pcDNA4/HisMaxB-YAP1 (Addgene, Cambridge, MA, 
UK), and pcDNA4/HisMaxb-YAP-S127A (Addgene), as 
previously described12). All cells were maintained in an 
incubator at 37°C and 5% CO2. The cell culture medium 
was changed every three days.

3. Collection of conditioned medium

The CM was collected from each cell (at 70% confluence 
in 100-mm dishes) and incubated in a serum-free medium 
(DMEM:F12 in a 3:1 ratio) for 48 hours. The supernatants 
were centrifuged at 400 g for 5 minutes and collected. The 
CM was stored at −80°C before the experiments.

4. Protein lysis and Western blot

The cells were washed with phosphate-buffered saline 
(PBS) at 80% confluence and then lysed using cell lysis 
buffer (Cell Signaling Technology). Protein lysates were 
incubated for 30 minutes on ice and vortexed every 5 
minutes. After 30 minutes, the lysates were centrifuged at 
＞15,000 rpm for 10 minutes at 4°C and then boiled for 5 
minutes at 95 to 100°C in sodium dodecyl sulfate (SDS) 
sample buffer. The protein samples were separated using 
SDS-polyacrylamide gel electrophoresis and transferred to 
a polyvinylidene difluoride membrane (Cyvita, Malborough, 
MA, USA). The blots were blocked using 5% skim milk in 
PBS with Tween 20, incubated with the appropriate 
primary antibodies, and detected using chemilumine-
scence (GenDEPOT, Katy, TX, USA).

Results

1. Cathepsin D expression in activated 

fibroblasts

To identify the CTSD expression in fibroblasts 
stimulated by OSCC, we treated them with CM from HEK 
and YD10B cells. The hTERT-hNOFs stimulated with 
YD10B CM showed weakly increased CTSD expression 
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Fig. 1. Protein expression of CTSD in activated fibroblasts. (A) hTERT-hNOFs were applied with CM from HEK and YD10B cells. HEK 
and YD10B cells were grown in serum-free media comprising DMEM and F12 at a 9:1 ratio for 48 hours. The bar graph quantifies each 
band intensity (Image J software); the CTSD protein expression was normalized to -Actin. (B) Fibroblasts were lysed with or without 
TGF-  10 ng/ml for 24 hours in serum-free medium, and the protein samples were loaded. Empty vector: pcDNA4/HisMaxB mammalian 
expression vector transfected hTERT-hNOFs. WT-YAP1: pcDNA4/HisMaxB-WT YAP1 transfected hTERT-hNOFs. YAPS127A: pcDNA4/ 
HisMaxB-YAPS127A transfected hTERT-hNOFs. CTSD: Cathepsin D, hTERT-hNOFs: immortalized human normal oral fibroblasts, CM: con-
ditioned medium, HEK: human epidermal keratinocyte, DMEM: Dulbecco’s modified Eagle’s medium, TGF-: transforming growth fac-
tor-, WT: wild-type, YAP: Yes-associated protein, YAPS127A: YAP serine 127 to alanine.

(1.11-fold increase) compared to cells stimulated with 
HEK CM (Fig. 1A). As YAP127A fibroblasts activated 
fibroblasts such as CAFs12,13), we examined the expression 
of CTSD in each fibroblast: the empty vector, WT-YAP1-, 
and YAPS127A-transfected hTERT-hNOFs (Fig. 1B). 
YAPS127A hTERT-hNOFs showed a 1.31- and 1.24-fold 
increase in CTSD expression compared to the empty 
vector and WT-YAP1 hTERT-hNOFs, respectively. This 
indicates that CAFs, with their ability to remodel the 
matrix and maintain nuclear YAP activity in YAP127A 
hTERT-hNOFs13), overexpress the CTSD protein. We also 
determined CTSD expression in the absence or presence 
of TGF- and found no effect on TGF- levels.

Altogether, we identified the CTSD expression in 
activated fibroblasts, such as those stimulated by CM of 
OSCC cells that maintained nuclear YAP activity in 
YAPS127A hTERT-hNOFs.

2. Cathepsin D expression in oral squamous 

cell carcinoma

Next, we examined the expression of CTSD in the 
neoplastic epithelial cells. To mimic indirect stimulation 
of epithelial cells by fibroblasts, CM was collected from 
hTERT-hNOFs and applied to HEK and YD10B cells. 
HEK cells weakly expressed CTSD with and without CM 
application, whereas YD10B cells strongly expressed the 
CTSD protein with a 1.41-fold increase compared with the 
CTSD expression in HEK cells without CM. After 
treatment with CM from hTERT-hNOFs, YD10B cells 
showed a 1.57-fold increase compared to HEK-treated 
CM from hTERT-hNOFs. In conclusion, OSCC cells 
expressed more CTSD than normal keratinocytes.

Discussion

The interactions between cancer cells and stromal 
fibroblasts play a critical role in carcinogenesis2). One of 
the ways stromal cells regulate epithelial cell function is 
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Fig. 2. Protein expression of CTSD in normal keratinocytes and 
oral squamous cell carcinoma. HEK and YD10B cells applied with 
CM from hTERT-hNOFs grown in serum-free media for 48 hours. 
The control is used only for serum-free medium without growing 
fibroblasts in HEK or YD10B cells. The bar graph quantifies each 
band intensity (Image J software); the CTSD protein expression 
was relative to -Actin. CTSD: Cathepsin D, HEK: human epi-
dermal keratinocyte, CM: conditioned medium, hTERT-hNOFs: 
immortalized human normal oral fibroblasts, Fb CM: the CM from 
hTERT-hNOFs.

through the secretion of growth factors. TGF-, commonly 
secreted by fibroblasts, can either suppress or promote 
tumorigenesis14). TGF- belongs to a superfamily of 
cytokines that act on protein kinase receptors at the plasma 
membrane to induce a plethora of biological signals, 
regulating cell growth and death, differentiation, immune 
response, angiogenesis, and inflammation5). This study 
investigated CTSD expression in fibroblasts and OSCC 
cells. We first treated fibroblasts with CM from HEK and 
YD10B OSCC cells. The YD10B CM-treated hTERT- 
hNOFs showed a weak increase in CTSD expression 
compared to those stimulated by HEK CM (Fig. 1A). 
These results suggest that the expression of CTSD 
increases because of the interactions between OSCC and 
fibroblasts. Cathepsins are well-known lysosomal proteases 
that contribute to many cellular processes, including 
protein degradation and cellular stress signaling, cancer 
progression, invasion, metastasis, and inflammation. The 
cathepsin activity is crucial for inducing a reactive and 
supportive tumor stroma, making it a therapeutic target 
and a potent effector in wound repair response9). In 
addition, cathepsins can be degraded during TGF- 
induced epithelial to mesenchymal transition in breast 
cancer cells15). Among cathepsins, CTSD, a soluble 
lysosomal aspartic endopeptidase, is involved in tumor 
proliferation and angiogenesis10). CTSD is a prognostic 
marker, and its overexpression is associated with breast 
cancer recurrence and prognosis10,11). The presence of 
CTSD in stromal cells may influence the aggressive 
behavior of tumors, affect the concentration of this 
enzyme in tumor homogenates, and consequently alter its 
prognostic significance11). Our results are similar to those 
of a previous report, indicating that CTSD-overexpressing 
tumor fibroblasts could assist cancer cells by remodeling 
the extracellular matrix16). Accordingly, we measured the 
expression of CTSD in several fibroblast phenotypes, 
including the empty vector, WT-YAP1-, and YAPS127A- 
transfected hTERT-hNOFs. We previously showed that 
YAPS127A-transfected hTERT-hNOFs can maintain 
nuclear YAP activity and enhance the tumor-promoting 
microenvironment12). In addition to the previous paper, 
YAPS127A fibroblasts have also been considered CAFs13). 
Thus, we established fibroblast cell lines by transfecting 

YAPS127 to reproduce the CAF-like phenotype in 
hTERT-hNOFs. Empty vector and WT-YAP1 were used as 
control groups for comparison with YAPS127A 
hTERT-hNOFs. Based on the previous results, we investigated 
the protein expression of CTSD in YAP activity- 
maintained fibroblasts (YAPS127A-transfected hTERT-hNOFs) 
as CAF-like phenotypical fibroblasts. In this study, CTSD 
expression was the highest in YAPS127A-transfected 
hTERT-hNOFs, as these fibroblasts were reactive and had 
CAF characteristics. Moreover, TGF- activates fibroblast 
differentiation to myofibroblasts, a well-known CAF type. 
However, there was no tendency with or without TGF- 
levels in the fibroblasts. Although TGF- can activate 
fibroblasts, CTSD expression decreased in TGF--treated 
YAPS127A fibroblasts compared to that in the TGF- 
-untreated fibroblasts. We hypothesized that this might 
be due to the diverse intercellular signaling pathways 
derived from TGF-. Next, we measured CTSD ex-
pression in CM collected from hTERT-hNOFs, treated and 
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untreated HEK, and OSCC cells. CTSD protein levels 
were higher in untreated OSCC than in HEK cells (Fig. 2). 
OSCC may contain diverse growth factors, insulin-like 
growth factor-1, TGF, and epidermal growth factor, which 
can induce CTSD overexpression17). In addition to 
untreated cells, OSCC showed a weak decrease in CTSD 
expression in both OSCC and HEK cells after treatment 
with CM from fibroblasts. This could be due to the 
secretion of pro-CTSD, rather than mature CTSD, by 
CM-stimulated fibroblasts. Further studies are needed to 
investigate the role of reciprocal CTSD interactions 
between tumors and stromal cells. Altogether, CTSD was 
expressed more in OSCC cells than in HEK cells. 
Furthermore, CTSD was highly expressed in the CAFs.

Dental hygienists help improve oral health through the 
care and prevention of oral diseases. Dental professionals, 
including dental hygienists, play an important role in 
distinguishing oral cancer from other oral diseases and 
require basic knowledge of oral cancer development and 
progression. Thus, this study could provide them with 
knowledge of oral cancer development. Nevertheless, our 
study has some limitations. First, it is insufficient to 
perform a statistical analysis because of the limited 
number of experiments. Second, our hypotheses cannot be 
generalized as we selected and used only one cell (HEK, 
YD10B, and hTERT-hNOFs) of each type, such as normal 
keratinocytes, OSCC cells, and fibroblasts. To overcome 
these limitations, replicate experiments should be performed 
with two or more cells from each cell type, such as normal 
keratinocytes, OSCC cells, and fibroblasts. This preliminary 
study to confirm the involvement of CTSD in the 
interactions between neoplastic epithelial cells and stromal 
cells during oral cancer development provides the basic 
infrastructure for further studies needed to investigate the 
role of CTSD in tumor cells and stromal cells in depth.
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