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Abstract: Cathepsin C (CTSC), also known as dipeptidyl peptidase |, is a cathepsin with lysosomal exocysteine pro-
tease activity and a central coordinator for the activation of neutrophil-derived serine proteases in the lysosomes
of neutrophils. Although the role of CTSC in various cancers, including liver and breast cancers, has recently been
reported, its role in non-small cell lung cancer (NSCLC) is largely unknown. This study aimed to investigate the func-
tional role of CTSC in NSCLC and the molecular mechanisms underlying CTSC involvement in disease progression.
CTSC overexpression markedly enhanced the growth, motility, and invasiveness of NSCLC cells in vitro and in vivo.
CTSC knockdown using shRNA in NSCLC cells reversed the migratory and invasive behavior of NSCLC cells. CTSC
also induced epithelial-mesenchymal transition through the Yes-associated protein signaling pathway. In addition,
our analyses of clinical samples confirmed that high CTSC expression was associated with lymph node metastasis
and recurrence in lung adenocarcinoma. In conclusion, CTSC plays an important role in the progression of NSCLC.
Thus, targeting CTSC may be a promising treatment option for patients with NSCLC.

Keywords: Cathepsin C, non-small cell lung cancer, migration, invasion, epithelial-mesenchymal transition, Yes-
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Introduction having the potential for complete remission in
patients with advanced lung cancer; however,
only a few patients showed a complete respon-
se [7]. Several patients exhibit inherent resis-
tance to immune checkpoint inhibitors despite
initially responding to therapy, and disease pro-
gression can occur due to acquired resistance

that develops over the treatment period [8, 9.

Lung cancer has high incidence and high mor-
tality rates [1]. Non-small cell lung cancer
(NSCLC) is the most common type of lung can-
cer, accounting for more than 80% of lung can-
cer cases, and has a poor 5-year survival rate
[2]. Despite significant advances in under-

standing NSCLC pathogenesis over the past
few decades, the 5-year survival rate of patients
with NSCLC remains poor [3]. Since the 2000s,
the development of targeted therapies and
immunotherapies has resulted in a paradigm
shift in lung cancer treatment. However, many
patients develop drug resistance and relapse
[4-6]. When immune checkpoint inhibitors were
first developed, they were highly regarded as

Therefore, drugs to overcome drug resistance
in NSCLC need to be developed.

Cathepsins (CTSs) are lysosomal proteases
that degrade proteins at an acidic pH and are
classified as cysteine (B, C, F, H, L, K, O, S, V,
and W), serine (A and G), and aspartic (D and E)
proteases, depending on the amino acids
involved in the catalytic process [10]. CTSs are
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extensively involved in the prognosis of various
diseases because they are synthesized from
inactivated precursors and activated by proteo-
lytic enzymes [11]. CTSC (CTSC), also known as
dipeptidyl peptidase |, is a CTS with lysosomal
exocysteine protease activity [12]. The central
coordinator activates most tissue-degrading
elastase-related serine proteases and neutro-
phil-derived serine proteases in neutrophils
[13]. Therefore, CTSC is an effective target for
treating inflammatory and autoimmune diseas-
es. Recently, CTSC has been reported to be
upregulated in various malignancies, including
colorectal cancer [14], pancreatic cancer [15],
and hepatocellular carcinoma [16]. However,
little is known regarding the role of CTSC in
NSCLC.

Tumor progression is induced by activating sig-
naling pathways commonly involved in cell
growth and cancer development [17]. One of
the most important signaling pathways is the
Hippo pathway, which inhibits excessive cell
proliferation and regulates organ size and eva-
sion during apoptosis [18]. The Hippo pathway
effector Yes-associated protein (YAP) is an
important oncogene overexpressed in various
types of cancer, including breast cancer [19],
hepatocellular carcinoma [20], renal cell carci-
noma [21], and lung cancer [22]. Clinically, YAP
mutations are associated with lung cancer
development [23], and YAP expression is asso-
ciated with poor lung cancer prognosis [24].
YAP plays important roles in various pathologi-
cal processes, including tumorigenesis, metas-
tasis, and epithelial-mesenchymal transition
(EMT), by regulating innate cell proliferation
and apoptosis [25-28]. However, the associa-
tion between CTSC and YAP expression in
NSCLC remains unclear.

The present study aimed to investigate the bio-
logical functions of CTSC and their effects on
tumor growth and progression in NSCLC. In
addition, we investigated the mechanisms,
including YAP and EMT, to clarify the key role of
CTSC in NSCLC.

Materials and methods
Cell lines and cell culture

The human NSCLC cell lines H520, H1975, and
H1299 were purchased from the Korean Cell
Line Bank (Seoul, Korea). The H520, H1975,
and H1299 cells were maintained in RPMI11640
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(Welgene, Daejeon, South Korea) supplement-
ed with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were cultured at
37°C under 5% carbon dioxide and 95% rela-
tive humidity.

Reagents and antibodies

Antibodies against CTSC (sc-74590; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), glyceral-
dehyde-3-phosphate dehydrogenase (sc-25-
778; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), phospho-extracellular signal-regulat-
ed kinase (ERK; Cell Signaling Technology;
4370), ERK (Cell Signaling Technology; 9102),
phospho-protein kinase B (AKT; Cell Signaling
Technology; 4060), AKT (Cell Signaling Tech-
nology; 9272), phospho-YAP (Cell Signaling Te-
chnology; 4911), YAP (Cell Signaling Technology;
4912), epithelial cadherin (E-cadherin; Cell Sig-
naling Technology; 3195), epithelial cell adhe-
sion molecule (Ep-CAM; Santa Cruz Biotechno-
logy; sc-25308), neural cadherin (N-cadherin;
Cell Signaling Technology; 13116), vimentin
(Cell Signaling Technology; 5741), Slug (Cell
Signaling Technology; 9585), matrix metallo-
proteinase (MMP) 2 (Cell Signaling Technology;
87809), MMP9 (Cell Signaling Technology;
13667), and tissue inhibitor of metalloprotein-
ase (TIMP) 2 (Cell Signaling Technology; 5738)
were used in the western blot and immunohis-
tochemistry (IHC) analyses.

CTSC overexpression in NSCLC cell lines

CTSC was overexpressed in NSCLC cell lines
using a previously reported protocol [29].
Briefly, overexpression of CTSC in NSCLC cells
was achieved by lentivirus-mediated transduc-
tion of full-length human CTSC subcloned into
a pLVX-EF1-IRES-Puro lentiviral vector (Gene-
Copoeia, Rockville, MD, USA). To generate a
stable transfectant, the acquired lentiviral vec-
tor was co-transfected into 293T cells with a
virus packaging mix (Sigma) using Lipofecta-
mine 3000 (Invitrogen) according to the manu-
facturer’s protocol. The virus was harvested
from the supernatant, concentrated with a
Lenti-X-concentrator (Clontech), and added to
H520 and H1975 cells with 5-ug/mL poly-
brene (Santa Cruz Biotechnology). Puromycin-
resistant cells were selected by culturing for 2
weeks in the presence of puromycin. CTSC
expression levels were analyzed by western
blotting and reverse transcription-polymerase
chain reaction (RT-PCR).
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CTSC knockdown in NSCLC cell lines

CTSC knockdown in NSCLC cell lines was per-
formed using a previously reported protocol
[21]. CTSC knockdown in NSCLC cells was
achieved via lentivirus-mediated transduction
of CTSC small interfering RNA (siRNA) (AATG-
CCTACGTTAAGCTATAC) into a pLKO.1-puro lenti-
viral vector (Clontech, Mountain View, CA, USA).
For stable transfection, the lentiviral vector was
co-transfected into HEK-293T (Clontech) cells
with a viral mix (Sigma, St. Louis, MO, USA)
using Lipofectamine 3000 (Invitrogen, Carl-
sbad, CA, USA) according to the manufacturer’s
instructions. The viruses were harvested from
the supernatant and concentrated using a
Lenti-X-Concentrator (Clontech). The virus was
added to H1299 and H1975 cells along with 5
pug/mL polybrene (Santa Cruz Biotechnology).
After 20 h, the medium was replaced with fresh
medium containing 3 g/mL puromycin (Sigma-
Aldrich). Puromycin-resistant clones were iden-
tified by culturing for 2 weeks in the presence
of puromycin. CTSC knockdown expression was
analyzed using western blotting and RT-PCR.

Transient transfection

Professor Chung provided the pDK-flag-YAP-
WT, pDK-flag-YAP-2SA, and control vector plas-
mids (Chungnam National University, Daejeon,
Korea). Different DNA constructs were trans-
formed using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.
Further assays were conducted after incubat-
ing transiently transfected cells for 24 h.

Western blot analysis

Western blot analysis was performed according
to a previously reported protocol [29]. Briefly,
the cells were lysed in a radioimmunoprecipita-
tion assay buffer containing a protease inhibi-
tor cocktail (Sigma) and a phosphatase inhibi-
tor cocktail (Roche, Basel, Switzerland). The
cell lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene fluoride mem-
branes (Pall Corp., Port Washington, NY, USA).
Membranes were incubated with the indicated
primary antibodies for 1 h, followed by incuba-
tion with horseradish peroxidase-conjugated
secondary antibodies (Cell Signaling Techno-
logy). The immunoreactive polypeptides were
visualized using a chemiluminescent substrate
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(Bio-Rad, Hercules, CA, USA; Thermo, Waltham,
MA, USA). Protein band intensities were mea-
sured using the Imagel) software (ver. 1.52v,
National Institutes of Health, Bethesda, MD,
USA). Original western blots are shown in

Supplementary Figure 1.
RT-PCR analysis

The RT-PCR was performed according to a pre-
viously reported protocol [30]. Briefly, total RNA
was isolated using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according
to the manufacturer’s instructions. First-strand
cDNA was prepared from an RNA template
using cDNA gPCR RT Master Mix (Toyobo,
Osaka, Japan), and RT-RCR was performed
using EmeraldAmp Master Mix (TaKaRa Bio,
Kusatsu, Japan). The primer sequence was:
CTSC (For: 5-CCCCTACACAGGCACTGATT-3’,
Rev: 5-CATAGCCCACAAGCAGAACA-3’). Gels
were visualized and analyzed using a GelDoc
Xr system (Bio-Rad, Hercules, USA), and band
sizes and molecular weights were determined
using Image Lab analysis software version 4.1
in relation to a 100-bp DNA ladder (Bioneer,
Daejeon, Korea).

In vitro cell proliferation assay

The cell proliferation assay was performed per
a previously reported protocol [30]. Cell prolif-
eration was measured using Cell Counting Kit-
8 (Dojindo Molecular Technologies, Rockuville,
MD, USA). Cell proliferation was measured
every 24 h for 3 days, and the absorbance was
measured at 450 nm (Molecular Devices, San
Jose, CA, USA).

Clonogenic assay

Clonogenic assays were performed per a previ-
ously reported protocol [21]. For the clonogenic
assay, 1 x 103 cells were seeded in a six-well
plate. Once the appropriate colony size had
formed, the plates were rinsed three times with
phosphate-buffered saline and fixed with 10%
formalin at 4°C overnight. Colonies were
stained with 0.1% crystal violet at room tem-
perature for 1 h and observed under a micro-
scope. For quantifying the relative colony count,
we employed 70% alcohol to elute the crystal
violet, and subsequent absorbance readings
were taken at 595 nm using a spectropho-
tometer.
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Anchorage-independent growth (anoikis) assay

The anoikis assay was conducted following
a well-established procedure as previously
described [21], employing an ultra-low attach-
ment plate (Corning Inc., Corning, NY, USA). In
brief, 1 x 10° cells were seeded onto the plate
and monitored under a microscope following an
incubation period of 4-14 days.

Wound-healing assay

Wound healing assays were performed using
specific chambers (Ibidi, Munich, Germany) fol-
lowing our previously reported protocols [29].
First, 70 pL cell suspension was seeded at a
density of 5 x 10* cells on each side of an Ibidi
high 35-mm p-dish with culture inserts for live
cell analysis. After culturing the cells for 24 h,
the culture inserts were removed, and the cells
were incubated in fresh culture medium. Cells
were monitored over a period of 9-14 h.

Migration and invasion assays

Chemotaxis and invasion of NSCLC cells were
evaluated using an 8-um pore size Transwell
chamber (Corning Costar, Cambridge, MA,
USA). Migration and invasion assays were per-
formed according to previously reported proto-
cols [29]. For the chemotaxis assay, the lower
surface of the Transwell chamber was coated
with 10 pg of gelatin, whereas for the invasion
assay, the upper side was coated with 25 pg
(0.5 pg/uL) of reconstituted basement mem-
brane substance (Matrigel; BD Biosciences,
Franklin Lakes, NJ, USA). Fresh medium con-
taining 10% FBS was added to the lower cham-
ber as a chemoattractant. NSCLC cells were
incubated for 24 h in medium containing 1%
FBS, trypsinized, and suspended at a final con-
centration of 5 x 10* cells/mL in medium con-
taining 10% FBS. Then, 100 pL of the cell sus-
pension was loaded into each of the upper
wells, and the chamber was incubated at 37°C
for 24 h (migration) or 48 h (invasion). Cells
were fixed and stained with 0.1% crystal violet.
The chemotactic activity was quantified by
counting the cells migrating to the filter’'s lower
side using an optical microscope. Five random
fields were counted for each assay.

Xenograft tumors in nude mice

BALB/c nude mice (4-week-old; female) were
purchased from Dooyeol Biotech (Seoul, Korea)
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and maintained in a pathogen-free environ-
ment. We subcutaneously injected 1 x 10°
H1975-mock, H1975-CTSC, H1975-shCtrl, or
H1975-shCTSC cells into the mice’s left and
right flanks. Tumor weight and diameter were
measured after the successful inoculation of
stably transfected cells. The tumor volume (V)
was calculated using the following formula: V =
0.5 x L x W x W (L, length; W, width). The ani-
mals were euthanized 20 days after inocula-
tion, and the tumor masses were removed by
microsurgical dissection. Specimens were for-
malin-fixed, paraffin-embedded, serially sec-
tioned into 200-um slices, and stained with
hematoxylin and eosin (H&E).

All animals received humane care according to
the institutional guidelines, and all experiments
were approved by the Institutional Review
Board of Chungnam National University Hos-
pital (CNUH) (approval number: CNUH-2022-
IA0O086-00).

Genomic and clinical data sets

All genomic data on lung adenocarcinoma
(LAC) from The Cancer Genome Atlas (TCGA)
project were obtained from the TCGA data por-
tal (https://tcga-data.nci.nih.gov) and cancer
browser (https://genome-cancer.ucsc.edu). Ge-
ne expression data from mRNA-seq (n = 514)
and the clinical parameters of patients with
LAC were analyzed. Clinical data included age,
sex, smoking history, anatomical site, and
tumor, node, and metastasis stage.

Patients and tissue samples

A total of 179 paraffin-embedded LAC tissue
samples were obtained from 179 patients who
underwent surgical treatment and were histo-
logically diagnosed with LAC at Chungnam
National University Hospital (Daejeon, South
Korea) between January 2008 and December
2017. The most representative and viable
tumor areas were selected and marked on
H&E-stained slides in the surgical specimens.
To construct the tissue microarray, tissue col-
umns (3.0 mm in diameter) were punched from
the original paraffin blocks and inserted into
new recipient paraffin blocks (each tissue col-
umn contained 30 holes). Overall survival (the
period from the date of diagnosis to the date of
death), disease-free survival (the period from
the date of diagnosis to the date of identifica-
tion of recurrence), pre- or post-surgical chemo-
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therapy, and radiotherapy history were review-
ed to identify clinicopathological features.
Patients who had received preoperative che-
motherapy were excluded from the study. LAC
stages were determined according to the
American Joint Committee on Cancer Staging
System, eighth edition [31].

IHC staining analysis

Samples were cut from tissue microarray paraf-
fin blocks. The tissue sections on the coated
microslides were deparaffinized with xylene
and hydrated in serial solutions of alcohol. The
sections were heated in a pressure cooker
(containing 10 mM sodium citrate [pH 6.0]) for
3 min for antigen retrieval. Endogenous peroxi-
dase blocking was performed using 0.03%
hydrogen peroxide for 10 min. The sections
were incubated for 30 min at 4°C with the
rabbit polyclonal anti-cathepsin C antibody
(1:400, SC-74590, Santacruz, Texas Dallas,
USA) as the primary antibody. After washing,
the samples were incubated in the Dako REAL
EnVision/horseradish peroxidase mouse detec-
tion reagent for 20 min at room temperature,
followed by additional washing. After rinsing,
the chromogen was allowed to develop for 2
min. The slides were counterstained with
Meyer’'s hematoxylin, dehydrated, and mount-
ed on coverslips. The primary antibody was
omitted from the negative control samples, and
renal tubular tissues were used as positive
controls, followed by the datasheets. Four rep-
resentative whole sections of the LAC tissue
were used to validate each antibody. The
appropriate concentrations, temperatures, and
times for IHC were assessed. Antibodies exhib-
ited diffuse staining patterns without patchi-
ness across the tissue samples. A total of 147
samples from the tissue microarray paraffin
blocks were deemed as representative of the
entirety of the tissue samples.

The intensity of IHC staining was scored to eval-
uate both staining intensity and the proportion
of stained tumor cells per slide. Staining inten-
sity and proportion were analyzed using the
histo-score (H-score), based on four IHC cate-
gories: negative (0), weak (1+), moderate (2+),
and strong (3+4). In each case, the H-score
(potential range: 0-300) was calculated as fol-
lows: H-score = ((1% weakly stained cells) + (2%
moderately stained cells) + (3% strongly stained
cells)) [32].
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Selection of specific gene signatures and func-
tional enrichment analysis in relation to CTSC
expression

To investigate the role of CTSC in LAC, the
patients were divided into two groups accord-
ing to CTSC expression. Based on the median
value, 257 patients were included in the low
CTSC expression group and 257 patients in
the high CTSC expression group. PANTHER
GO-Slim Biological Process was used to select
specific gene signatures. Genes associated
with the canonical pathway in the Gene
Ontology (GO) database were analyzed.

Statistical analysis

Each experiment was carried out in a minimum
of three replicates. The Student’s t-test was
used to analyze the differences between the
two groups using Microsoft Excel 2016 soft-
ware (Microsoft Corp., Redmond, WA, USA).
One-way analysis of variance was used to ana-
lyze multiple comparisons using GraphPad
Prism software (version 5.0; GraphPad Soft-
ware Inc., La Jolla, CA, USA). Statistical signifi-
cance was set at P < 0.05.

Data availability

The datasets analyzed during the current study
are available from the corresponding author on
reasonable request.

Results
CTSC overexpression promotes cell growth

To explore the role of CTSC in regulating tumor
progression in NSCLC, we initially assessed
CTSC expression across eight NSCLC cell lines
through western blot analysis (Supplementary
Figure 2). CTSC was highly expressed in A549,
H460, and H1299 cells; moderately expressed
in PC9, HCC827, and H1975 cells; and lowly
expressed in H441 and H520 cells. Two NSCLC
cell lines (H975 and H520) were established
using stable CTSC (pLVX-EF-1a), and the pres-
ence of CTSC was confirmed by RT-PCR and
western blot analysis (Figure 1A). CTSC overex-
pression effectively increased cellular growth,
as determined by cell proliferation, colony for-
mation, and anchorage-independent growth
assays, in both H1975 and H520 cells (Figure
1B-D). These findings suggested that CTSC
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Figure 1. CTSC overexpression promotes cell growth. A. RT-PCR and western blot analysis of CTSC in CTSC overex-
pression and mock cells. B. Cell proliferation rates by CCK-8 assay in CTSC overexpression and mock cells. Data
are presented as the means + standard deviation and are analyzed using Student’s t-test (n = 5). C. The clonogenic
assay is performed on a six-well culture plate. Crystal violet-stained cells are dissolved in 70% alcohol, and absor-
bance at 595 nm is measured using a spectrophotometer. The data are presented as the mean +* standard devia-
tion and are analyzed using Student’s t-test (n = 9). D. The anoikis assay is performed on an ultra-low attachment
cell-culture plate. Single-cell suspensions have grown into large spheroids. Data are presented as the means * stan-
dard deviation and are analyzed using Student’s t-test (n = 5). Scale bar, 100 ym. **P < 0.01 and ***P < 0.001.

overexpression significantly promoted NSCLC
cell growth.

CTSC overexpression promotes cell migration
and invasion in vitro

CTSC-overexpressing cells showed significantly
increased cell motility in the wound-healing
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assay (Figure 2A). In addition, CTSC-overex-
pressing cells considerably promoted migration
and invasion compared to mock cells (Figure
2B, 2C). EMT is associated with invasion and
migration in various malignancies, including
lung cancer [33]. We investigated whether
CTSC overexpression induces EMT in NSCLC
cells. As shown in Figure 2D, the expression of
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Figure 2. CTSC overexpression promotes cell migration and invasion in vitro. A. Wound-healing assay in CTSC over-
expression and mock cells. Scale bar, 100 um. Data are presented as the means + standard deviation and are
analyzed using Student’s t-test (n = 3). Scale bar, 20 um. B, C. Transwell migration and invasion assays. The number
of cells in five randomly chosen fields is counted. Data are presented as the means + standard deviation and are
evaluated using Student’s t-test (n = 3). Scale bar, 200 um. D. Western blot analysis showing lower expression of
epithelial markers (E-cad and Ep-CAM) and TIMP2 and higher expression of mesenchymal markers (N-cadherin,
vimentin, and Slug), MMP2, and MMP9 in CTSC-overexpressing cells than in mock cells. E. AKT, ERK, FAK, and YAP
expression levels are determined by western blot analysis in cells with CTSC overexpression. ***P < 0.001.

epithelial markers, such as E-cadherin and
Ep-CAM, was markedly downregulated in CTSC-
overexpressing cells, whereas the expression
of mesenchymal markers, including N-cadherin,
vimentin, and Slug, was upregulated.

Moreover, the expression of MMP2 and MMP9
was higher in CTSC-overexpressing cells than in
mock cells, while that of the metalloproteinase
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inhibitor TIMP2 was lower. To explore the signal-
ing mechanisms involved in EMT in CTSC-over-
expressing cells, we examined the AKT, ERK1/
2, focal adhesion kinase (FAK), and YAP signal-
ing pathways. CTSC overexpression markedly
increased YAP expression (Figure 2E). These re-
sults suggest that CTSC overexpression induc-
es EMT and promotes cell motility, migration,
and invasion via the YAP signaling pathway.
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Figure 3. CTSC overexpression enhanced EMT through the YAP signaling pathway. A. CTSC-overexpressing cells are
transfected with siRNA for YAP. Knockdown of YAP significantly changes the expression of EMT markers and MMPs.
B, C. Transwell migration and invasion assay showing that YAP knockdown inhibits CTSC-induced cell migration and
invasion. The number of cells in five randomly chosen fields is counted. Data are presented as the means + stan-
dard deviation and are evaluated using Student’s t-test (n = 3). Scale bar, 200 ym. **P < 0.01 and ***P < 0.001.

CTSC induces EMT through the YAP signaling
pathway

To determine whether YAP signaling was
required for CTSC-mediated EMT, we knocked
down YAP expression in CTSC-overexpressing
cells using siRNA. YAP knockdown increased
the expression of E-cadherin and Ep-CAM in
CTSC-overexpressing cells, whereas it decrea-
sed the expression of N-cadherin, vimentin,
and Slug (Figure 3A). Moreover, the expression
of MMP2 and MMP9 was lower in YAP knock-
down cells than in control cells, whereas that of
TIMP2 was higher. These data demonstrate
that YAP signaling plays a crucial role in the
EMT of CTSC-overexpressing cells. Further-
more, YAP knockdown suppressed the invasion
and migration of CTSC-overexpressing cells
(Figure 3B, 3C).

CTSC knockdown suppresses cell migration
and invasion in vitro

We knocked down CTSC expression using a len-
tiviral vector system to confirm whether CTSC
overexpression induces the migration and inva-
sion of NSCLC cells by modulating YAP signal-
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ing. We established two NSCLC cell lines
(H1299 and H1975) using stable shCTSC
(pLKO.1-shCtrl or pLKO.1-shCTSC) and con-
firmed the presence of CTSC by RT-PCR and
western blot analysis (Figure 4A). CTSC knock-
down effectively decreased cellular growth, as
determined by cell proliferation and colony for-
mation, in both H1975 and H1299 cells
(Supplementary Figure 3). CTSC knockdown
significantly decreased cell motility in the
wound-healing assay (Figure 4B). In addition,
CTSC knockdown resulted in significantly
impaired migration and invasion capabilities
compared with mock cells (Figure 4C, 4D). As
shown in Figure 4E, the expression of epithelial
markers, such as E-cadherin and Ep-CAM,
was markedly upregulated upon CTSC knock-
down, whereas that of mesenchymal markers,
including N-cadherin, vimentin, and Slug, was
downregulated.

Moreover, the expression of MMP2 and MMP9
was lower in CTSC knockdown cells than in con-
trol cells, whereas the expression of TIMP2 was
higher. CTSC knockdown decreased YAP pro-
tein levels and increased phosphorylated YAP
levels (Figure 4F). CTSC overexpression or
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Figure 4. CTSC knockdown suppressed cell migration and invasion in vitro. A. RT-PCR and western blot analysis of
CTSC in knockdown of CTSC. B. Wound healing assay in knockdown of CTSC. Scale bar, 100 um. Data are presented
as the means * standard deviation and are analyzed using Student’s t-test (n = 3). Scale bar, 20 ym. C, D. Transwell
migration and invasion assays. The number of cells in five randomly chosen fields is counted. Data are presented
as the means + standard deviation and are analyzed using Student’s t-test (n = 3). Scale bar, 200 ym. E. Western
blot analysis showing higher expression of epithelial markers (E-cad and Ep-CAM) and TIMP2 and lower expression
of mesenchymal markers (N-cadherin, vimentin, and Slug), MMP, and MMP9 in CTSC knockdown cells than in shCtrl
cells. F. AKT, ERK, FAK, and YAP expression levels are determined by western blot analysis in cells with CTSC overex-
pression. **P < 0.01 and ***P < 0.001.

knockdown did not affect the expression of YAP CTSC knockdown inhibits YAP signal pathway
MRNA (Supplementary Figure 4). These results

suggest that CTSC knockdown induces EMT Next, we examined the effect of YAP overex-
and suppresses cell motility, migration, and pression on CTSC knockdown. We analyzed the
invasion via the YAP signaling pathway. protein levels in cells overexpressing active YAP
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S127/381A and wild-type cells (Figure 5A).
Overexpression of YAP in wild-type cells or
active YAP-S127/381A significantly decreased
the expression of E-cadherin and Ep-CAM and
increased the expression of N-cadherin, vimen-
tin, and Slug (Figure 5B). Moreover, the expres-
sions of MMP2 and MMP9 were higher in YAP-
overexpressing cells than in control cells,
whereas that of TIMP2 was lower. YAP overex-
pression increased cell migration and invasion,
which were suppressed by CTSC knockdown
(Figure 5C, 5D). These findings indicate that
YAP plays a crucial role in CTSC-induced motili-
ty and invasiveness of NSCLC cells.

CTSC affects tumorigenesis in NSCLC cells in
Vivo

We examined whether CTSC overexpression
and knockdown affected tumor growth in vivo.
H1975-mock and H1975-CTSC cells were sub-
cutaneously injected into nude mice, and
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tumors were analyzed 18 days post-injection.
Tumors were larger for H1975-CTSC cells than
those in the control cells (Figure 6A-C). IHC
staining revealed upregulated expression of
CTSC and Ki-67, recognized cell proliferation
markers within tumor tissue originating
from CTSC-overexpressing cells (Figure 6D).
Subsequently, H1975-shCtrl and H1975-
shCTSC cells were subcutaneously injected
into nude mice, and tumor growth was assess-
ed 20 days after injection. Notably, tumors in
the CTSC knockdown group exhibited lower vol-
ume and weight compared to those of tumors
in the control group (Figure 6E-G). IHC staining
revealed that the expressions of CTSC and
Ki-67 were lower in the tumor tissue derived
from CTSC-knockdown cells than in control
cells (Figure 6H). These data suggest that
CTSC regulates tumor growth in nude mice.
These in vivo data validate our in vitro results,
confirming that CTSC as an oncogene contrib-
utes to tumorigenesis in NSCLC.
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and sizes of tumors injected with H1975-shCtrl and H1975-shCTSC cells at 20 days. Representative images of the
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Tumor growth is significantly impaired in the CTSC knockdown group. H. Representative images of H&E, Ki-67, and
CTSC staining. Magnification: x 400. Scale bar, 50 ym. *P < 0.1.

CTSC and YAP were overexpressed and associ- patients with NSCLC. Given that CTSC expres-
ated with tumor progression in LAC sion in squamous cell carcinoma tissue was too

weak to be analyzed, we performed IHC analy-
To analyze the function of CTSC in NSCLC pro- sis to explore the expression of CTSC in tissues
gression, we evaluated CTSC expression using from 176 patients with LAC included from
IHC analysis of primary tumor specimens from CNUH. As shown by H&E staining, CTSC expres-
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Figure 7. CTSC was overexpressed and associated with tumor progression in lung adenocarcinoma. A. Expression
of CTSC protein in lung adenocarcinoma tissues. Lung adenocarcinoma tissues are immunohistochemically stained
with an anti-CTSC antibody. The four panels show normal tissues, tumors without lymph node metastasis, tumors
with lymph node metastasis without recurrence, and tumors with lymph node metastasis with recurrence. Magnifi-
cation: x 400. B. The IHC score of CTSC is significantly higher in patients with lymph node metastasis than in those
without. C. The IHC score of CTSC is significantly higher in patients with recurrence than in those without recurrence.
D, E. Patients with high CTSC expression have significantly more lymph node metastasis than that in patients with
low CTSC expression. F. The proportion of patients with locally advanced or metastatic disease is significantly higher
in patients with high CTSC expression than in those with low CTSC expression. Comparisons between the two groups
are performed using chi-squared tests and paired t-tests. *P < 0.1.

sion levels were higher in tumors than in nor- shown in Table 1. To determine the importance
mal tissues (Figure 7A). Among tumors, those of CTSC expression using integrated genomic
with lymph node metastasis had higher CTSC analysis, we compared clinicopathological pa-
expression than those without lymph node rameters between the two groups using the
metastasis, and recurrent tumors showed also chi-square and paired t-tests. There were no
showed higher CTSC expression than that of significant differences in age, sex, smoking his-
those without recurrence. Among the 176 tory, or anatomical sites between the two
patients, the IHC score of 27 patients with groups. Interestingly, the high CTSC expression
lymph node metastasis was significantly higher group exhibited significantly more lymph node
than that of 149 patients without lymph node metastases than those in the low CTSC expres-
metastasis (99.6 + 50.3 vs 78.4 + 44.3, P = sion group (Figure 7D). The high CTSC expres-
0.026) (Figure 7B). sion group also showed a significantly higher
rate of lymph node metastasis than that in the
Additionally, the IHC score of 98 patients with low CTSC expression group (39.3% [101/257]
recurrence was significantly higher than that vs 27.6% [71/257]) (Figure 7E).
of 78 patients without recurrence (87.8 + 47.0
vs 74.0 + 43.2, P = 0.048) (Figure 7C). Next, Additionally, the proportion of patients with
we evaluated the correlation between CTSC locally advanced or metastatic disease was sig-
expression and clinicopathological factors in nificantly higher in the high CTSC expression
the TCGA database. The baseline characteris- group than in the low CTSC expression group
tics of all patients in the TCGA database are (23.0% [59/257] vs 16.0% [41/257]) (Figure

108 Am J Cancer Res 2024;14(1):97-113



CTSC expression and NSCLC progression

Table 1. Relationships between CTSC expression and clinicopathologic factors in the total population

(N=514)
. No. of CTSC groups
Variables patients Low expression group High expression group Pyalue
(N =257) (N =257)

Age, years 65.6 + 9.7 65.1+ 10.2 0.554

Sex Male 238 (46.3) 118 (45.9) 120 (46.7) 0.860
Female 276 (53.7) 139 (54.1) 137 (53.3)

Smoking history Never 165 (32.1) 76 (29.6) 89 (34.6) 0.219
Former or current 349 (67.9) 181 (70.4) 168 (65.4)

Anatomic site RUL 186 (36.2) 96 (37.4) 90 (35.0) 0.422
RML 21 (4.1) 8(3.1) 13(5.1)
RLL 95 (18.5) 42 (16.3) 3(20.6)
LUL 120 (23.3) 59 (23.0) 1(23.7)
LLL 77 (15.0) 5 (17.5) 2 (12.5)
Unknown 15 (2.9) ( 7) 8(3.1)

T stage T1 170 (33.1) 8 (34.2) 2(31.9) 0.893
T2 279 (54.3) 139 (54.1) 140 (54.5)
T3 6 (8.9) 21 (8.2) 25 (9.7)
T4 9(3.7) 9(3.5) 10 (3.9)

Lymph node metastasis NO 342 (66.5) 186 (72.4) 156 (60.7) 0.047*
N1 96 (18.7) 40 (15.6) 56 (21.8)
N2 74 (14.4) 30 (11.7) 44 (17.1)
N3 2 (0.4) 1(0.4) 1(0.4)

Metastasis MO 489 (95.1) 245 (95.3) 244 (94.9) 1.000
M1 25 (4.9) 12 (4.7) 13(5.1)

*P < 0.05 between the two categories for a given variable. CTSC: Cathepsin C, RUL: Right Upper Lobe, RML: Right Middle Lobe,
RLL: Right Lower Lobe, LUL: Left Upper Lobe, LLL: Left Lower Lobe, NO, N1, N2, N3: Lymph Node Staging (different levels of

lymph node involvement), MO: No Distant Metastasis, M1: Distant Metastasis Present.

7F). We previously showed that CTSC regulated
YAP expression in NSCLC cells. The current
study confirmed that CTSC and YAP expression
were correlated in the tumor tissues. CTSC and
YAP expression levels were notably higher in
tumors than in normal tissues. Furthermore,
CTSC and YAP expression levels within the
tumor samples were higher in patients with
lymph node metastasis than in those without
(Supplementary Figure 5). These results indi-
cate that CTSC and YAP are co-overexpressed
in tumors and are associated with tumor pro-
gression in LAC.

Significant canonical signaling pathways in
patients with high CTSC expression compared
to those with low CTSC expression using GO
analysis

Next, we identified the differentially expressed
genes according to CTSC expression. Using
false discovery rate-adjusted p-values, several
genes were found to be differentially expressed
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between patients with high and low CTSC
expression. The significant genes between the
two groups were identified, and upregulated
and downregulated signaling in the high CTSC
expression group, with to low CTSC expression
group as reference, was investigated using
gene ontology biological processes. GO analy-
sis revealed a range of upregulated signaling
pathways in the high CTSC expression group
than in the low CTSC expression group
(Supplementary Figure 6A). Interestingly, we
identified upregulated genes related to cell-cell
adhesion, positive regulation of cell adhesion,
T-cell activation, and activation of the innate
immune response. GO analysis also revealed
that diverse signaling pathways were downreg-
ulated in the high CTSC expression group com-
pared to those in the low CTSC expression
group (Supplementary Figure 6B). Further,
genes associated with downregulated func-
tions encompassing miRNA-mediated gene
silencing, RNA-directed gene silencing, regula-
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tion of RNA splicing, positive regulation of RNA
biosynthetic processes, and positive regulation
of RNA metabolic processes were identified.

Discussion

This study examined the expression of CTSC in
human NSCLC tissues to demonstrate the
importance thereof in tumor progression. The
results showed that high CTSC expression was
associated with aggressive tumor behavior,
including lymph node metastasis and recur-
rence in LAC. To the best of our knowledge, this
is the first study to demonstrate that CTSC
induces tumor progression via the YAP-
mediated EMT signaling pathway in NSCLC
cells.

CTSs are classified as cysteine, serine, or
aspartate proteases based on the amino acids
involved in the catalytic process [34]. Suppre-
ssion of CTSC expression results in the inacti-
vation of neutrophil serine proteases and
induces Papillon-Lefevre syndrome or Haim-
Monk syndrome [35, 36]. In addition, CTSC is
associated with inflammatory diseases such
as rheumatoid arthritis, pneumonia, and viral
infections [37, 38]. Specifically, in patients with
neutrophilic lung inflammation, CTSC is found
in the sputum of patients with cystic fibrosis
and asthma, tracheal aspirates of patients with
pneumonia, and bronchoalveolar lavage fluid of
patients with NSCLC [38, 39]. Neutrophils and
other immune cells contain high levels of CTSC,
which has also been reported to be expressed
in various cancers. Existing literature indicates
an elevation in both protein expression and
degradation activity of CTSC in breast cancer
[40], along with higher CTSC expression levels
in patients with hepatocellular carcinoma than
in the normal population [16]. Mature CTSC,
which can induce the lung metastasis of breast
cancer cells, has been recently reported to be
secreted by tumor cells [41]. However, little is
known regarding the direct biological role of
CTSC in NSCLC. This study investigated the
biological roles and mechanisms of CTSC-
mediated signaling pathways in NSCLC cells
through CTSC overexpression or knockdown in
vitro and in vivo. In our study, CTSC overexpres-
sion promoted tumor progression, including
cell growth, motility, migration, and invasion.
The suppression of CTSC reversed these
effects.
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Identifying molecular biomarkers and signaling
pathways is critical for better understanding of
the regulatory mechanisms of tumor progres-
sion. CTSC overexpression amplifies the ex-
pression of colony-stimulating factor 1 within
genes associated with metastasis in colorectal
cancer [42]. Previous reports also indicate the
upregulation of CTSC in hepatocellular carcino-
ma, contributing to cancer cell proliferation
and metastasis by triggering the tumor necro-
sis factor-a/p38 MAPK pathway [16]. However,
the role of signaling pathways of CTSC in tumor
progression is remains unclear. The present
study demonstrated that CTSC is associated
with the YAP signaling pathway. YAP is a key
effector of the Hippo pathway and has been
reported as an oncogene [43]. YAP regulates
cellular proliferation, survival, differentiation,
migration, invasion, and EMT [22, 44]. EMT is a
multistep developmental process in which epi-
thelial cells acquire mesenchymal characteris-
tics [45, 46]. Particularly, when EMT is activat-
ed in cancer cells, tumor epithelial cells under-
go a transformation wherein they lose cell
polarity and intercellular adhesiveness, transi-
tioning towards a more mobile, invasive, and
mesenchymal cell phenotype [47]. EMT is an
initiating factor for tumor invasion and metas-
tasis. The present study demonstrated that
CTSC-mediated YAP expression induces EMT in
NSCLC cells. Our results suggest that CTSC
operates as an upstream regulator of the YAP
signaling pathway. To the best of our knowl-
edge, this study is the first to implicate YAP sig-
naling via CTSC in the proliferation, migration,
and invasion of NSCLC cells.

Lung cancer has a poorer prognosis than that
of other cancers [48] not only because many
patients are have advanced-stage disease at
diagnosis, but also because most patients are
resistant to treatment, including cytotoxic che-
motherapy, targeted drugs, and immune check-
point inhibitors [8, 49, 50]. Although various
drugs are continuously being tested [51], there
is stillan unmet need to develop new drugs that
can be applied regardless of the driver muta-
tion. In this study, we confirmed that CTSC
expression was high in patients with lymph
node metastasis based on IHC and TCGA data,
consistent with our in vitro data showing that
CTSC induces cell migration and invasion in
NSCLC cells. In GO analysis, cell-cell adhesion
and leukocyte-mediated immunity were highly
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upregulated according to CTSC expression,
consistent with our experiments showing the
involvement of CTSC in EMT signaling.

Prior studies have also established a connec-
tion between CTSC and neutrophils [52]. The
present study confirmed that CTSC knockdown
suppresses tumor growth in vivo. Considering
the patient clinical data alongside these find-
ings, it becomes evident that targeting CTSC
holds potential as a viable therapeutic strategy
for novel anticancer drug development. CTSC
expression is associated with neutrophilic lung
inflammation, including cystic fibrosis and bron-
chiectasis [53], and several drugs targeting
CTSC have been developed [54, 55]. Although
clinical trials have not been conducted on
patients with cancer, the toxicity, safety, and
effective dose have been evaluated in healthy
individuals and those with other pulmonary dis-
eases [56, 57]. The drug can be administered
orally; therefore, it can be administered to
patients with lung cancer. Further studies are
required to elucidate the role of CTSC inhibitors
in overcoming anticancer drug resistance.

In conclusion, CTSC promotes the progression
of NSCLC through YAP-mediated EMT. Thus,
targeting CTSC may be a promising treatment
option for patients with NSCLC.
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Supplementary Figure 1. Full-length western blots for Figures 2D, 2E, 3A, 4E, 4F, 5B.
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Supplementary Figure 2. Protein levels of CTSC in NSCLC cell lines. A. Western blot analysis of CTSC in NSCLC
cell lines. CTSC is highly expressed in A549, H460, and H1299 cells; moderately expressed in PC9, HCC827, and
H1975 cells; and lowly expressed in H441 and H520 cells. B. Histopathology status in NSCLC cell lines.
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Supplementary Figure 3. CTSC knockdown suppresses cell proliferation and colony formation. A. Cell proliferation
rates by CCK-8 assay in shCtrl and CTSC knockdown cells. Data are presented as the means + standard deviation
and are analyzed using Student’s t-test (n = 5). B. The clonogenic assay is performed on a six-well culture plate.
Crystal violet-stained cells are dissolved in 70% alcohol, and absorbance at 595 nm is measured using a spectro-
photometer. The data are presented as the mean * standard deviation and are analyzed using Student’s t-test (n

=9).
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Supplementary Figure 4. YAP mRNA level was analyzed in CTSC overexpression or CTSC knockdown cells. The data
are presented as the mean * standard deviation and are analyzed using Student’s t-test (n = 4).
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Supplementary Figure 5. CTSC and YAP are co-overexpressed in lung adenocarcinoma. Expression of CTSC and YAP
protein in lung adenocarcinoma tissues. Lung adenocarcinoma tissues are immunohistochemically stained with an
anti-CTSC and anti-YAP antibody. The panels show normal tissues, tumor without lymph node metastasis, and tumor
with lymph node metastasis. Magnification: x 400.
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Supplementary Figure 6. Comparison of expressed canonical pathways using gene ontology (GO) analysis between

the high and low CTSC expression groups. A. Upregulated differentially expressed canonical pathways based on GO
analysis. B. Downregulated differentially expressed canonical pathways based on GO analysis.
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