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Carbon monoxide-releasing molecule-3 (CORM-3) is a water-soluble complex which has the ability to release carbon monoxide
(CO). The study is aimed at investigating the epidemiological characters and effects of CORM-3 on tongue squamous cell
carcinoma (TSCC) cells and the mechanisms involved. Firstly, CAL27 and SCC4 were treated with CORM-3 or iCORM-3. The
proliferation, migration, and invasion of cells were separately evaluated by CCK-8, scratch assay, and transwell assay. We
found that the optimal concentration of CORM-3 on the proliferation of CAL27 and SCC4 cells was 400 uM, and CORM-3
was significantly inhibited the proliferation, migration, and invasion of TSCC cells. Meanwhile, CORM-3 increased the protein
expression of HO-1 detected by western blot. Short-hairpin RNAs (shRNAs) were constructed to manipulate the expression of
HO-1 in CAL27 and SCC4 cells. Then, rescue assays were conducted to explore the reversion effect of shHO-1 on the CORM-
3 function. Mechanistically, CORM-3 decreased the protein of Keapl expression as well as increased Nrf2 expression.
Upregulation of E-cadherin was observed, as well as the downregulation of N-cadherin expression significantly. The antitumor
effect of CORM-3 was used to xenograft tumor in nude mice for further investigation in vivo, and the result showed that
CORM-3 significantly suppressed tumor growth in xenograft nude mice. These data suggest that CORM-3 acts as a tumor
suppressor by regulating the Keapl/Nrf2/HO-1 signaling pathway in TSCC, which provides a potential chemotherapeutic
strategy for TSCC.

1. Introduction

TSCC is the most common type of head and neck squamous
cell carcinoma (HNSCC) and is known for its ability of pro-
liferation and high metastasis [1]. It is characterized by high
invasiveness and early lymphatic metastasis to adjacent tis-
sues and organs because the tongue has many lymphatic ves-
sels and abundant blood circulation [2]. Although TSCC
treatments are constantly improving with the advancement
of technology, the mortality rate is still high [3]. Therefore,

it is important to identify possible molecular pathways rele-
vant to the progression of TSCC and to find novel therapeu-
tic strategies.

CO is a by-product of heme oxygenase catalyzed by
heme production and is considered as a toxic gas for a long
time. However, recent studies suggested that CO has cyto-
protective effects such as vasodilation, inhibition of cell
apoptosis, inhibition of inflammation, and protection of
organ ischemia-reperfusion injury [4, 5]. CORMs are newly
synthesized CO compounds that can effectively release
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controlled amounts of CO in biological models in vivo and
in vitro under appropriate conditions [6]. In particular,
CORM-3 is completely water-soluble and can release CO
quickly when dissolved in a physiological solution [7]. Previ-
ous studies have shown that CORM-3 inhibits the expression
of inflammatory factors and reduces the infiltration and adhe-
sion of immunocompetent cells by releasing CO [8]. Besides, it
has been confirmed that CORM-3 could prevent the recur-
rence of sepsis and have antitumor effect on breast cancer [9].

Nrf2 gene plays an important role in tumor cells
[10-12]. It can induce the expression of a complex network
of nearly 500 genes, which encode proteins with different
antioxidant and cytoprotective functions [13]. Heme oxy-
genase 1 (HO-1) is an important downstream target gene
of Nrf2 [14]. It has powerful antioxidant and antiapoptotic
effects and has an important regulatory effect on cancer cell
growth and treatment resistance. It is reported that HO-1
has a certain inhibitory effect on prostate cancer, which
may be attributed to its regulatory effect on proangiogenic
factors by significantly downregulating VEGF-A, VEGE-C,
and MMP-9 expression level [15] and inhibiting the NF-«B
signaling pathway [16]. In addition, overexpression of HO-
1 can also significantly inhibit cell proliferation, migration,
and angiogenesis potential and inhibits tumor cell growth
in non-small-cell lung cancer cells [17]. Under physiological
conditions, CORM-3 can increase the expression of HO-1 in
various animal models and cell types [18, 19]. Therefore, we
hypothesized that CORM-3-released CO, which in turn
induces the expression of HO-1, plays a biological role in
the tumor microenvironment through the Nrf2/HO-1 sig-
naling pathway.

Despite many beneficial effects of CORMs that have
been proven, the effects of CORM-3 on TSCC and related
molecular mechanisms are still unclear. The present study
is aimed at evaluating the effects of CORM-3 in two different
TSCC cell lines in vivo and in vitro and at exploring the pos-
sible molecular mechanism.

2. Materials and Methods

2.1. Reagents and Antibodies. CORM-3 was purchased from
Sigma Japan Inc. (Tokyo, Japan). CORM-3 solution was pre-
pared by dissolving the compound in distilled water when it
is in need. Meanwhile, iCORM-3 is prepared by dissolving
CORM-3 in a phosphate buffer and standing to release CO
at room temperature for 48 hours. Eliminate residual CO
by bubbling the previous solution with N, [20]. The
following reagents were purchased from designated sources:
anti-E-cadherin rabbit polyclonal antibody (cat no. 20874-1-
AP), anti-N-cadherin rabbit polyclonal antibody (cat no.
22018-1-AP), anti-Keap-1 rabbit polyclonal antibody (cat
no. 10503-2-AP), and anti-Nrf2 rabbit polyclonal antibody
(cat no. 16396-1-AP) were purchased from Proteintech
Group, Inc. (Chicago, IL, USA). Anti-HO-1 rabbit poly-
clonal antibody (cat no. ab13243) was the product of Abcam
(Cambridge, MA, USA). Anti-GAPDH rabbit monoclonal
antibody, anti-rabbit IgG secondary antibody, and anti-
Ki67 rabbit monoclonal antibody were from Cell Signaling
Technology (Beverly, USA).
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2.2. CAL27 and SCC4 Cell Culture and Treatment. Human
TSCC cell lines CAL27 and SSC4 were obtained from the
Chinese Academy of Sciences Committee Type Culture Col-
lection Cell Bank (Shanghai, China). CAL27 cells were cul-
tured in H-DMEM (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS) and peni-
cillin/streptomycin (Gibco, Grand Island, NY, USA). SCC4
cells were cultured in DMEM/F-12 (Gibco, Grand Island,
NY, USA) supplemented with 10% FBS and penicillin/strep-
tomycin (Gibco, Grand Island, NY, USA). The cells were
cultured in an incubator at 37°C, 5% CO,, and saturated
humidity. When the cell fusion reaches 70-80%, the cells
were digested with 0.25% trypsin and subcultured. In subse-
quent experiments, CAL27 and SCC4 cells were treated with
0, 100, 200, 400, and 800 uM CORM-3 for 24h or with 0,
200, 400, and 800 uM CORM-3 for Oh, 6h, 12h, 24 h, 48h,
and 72 h, respectively, in vitro.

2.3. Cell Proliferation Assay. Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc., Beijing, China) assay
was performed to check the cell proliferation. CAL27 and
SCC4 cells were inoculated in 96-well plates (1000 cells/well)
and cultured in complete medium (DMEM and DMEM/F-
12 supplemented with 10% FBS) containing different con-
centrations of 0, 100, 200, 400, and 800 uM CORM-3for
24h. The cells were also treated with 0, 200, 400, and
800 uM CORM-3 for Oh, 6 h, 12h, 24h, 48h, and 72 h. Sub-
sequently, 10% CCK-8 solution was added to each well at
37°C for 2 h. The optical density (OD) absorbance was mea-
sured at 450 nm using a microplate reader (Spectro Analyti-
cal Instruments GmbH, Kleve, Germany). The assay was
done in triplicate, and each experiment was repeated three
times.

2.4. Cell Migration. Cell migration was measured using the
scratch assay. The exponentially growing CAL27 or SCC4
cells were trypsinized and resuspended to the density of 5
x 10*/ml, respectively. The cells were then seeded into 6-
well cell culture plates. When the cells reach 80% confluence,
the scratch was created using a disposable sterile 200 ul
pipette tip. After injury, the cells were gently washed with
PBS and cultured in serum-free medium (control group),
400 uM CORM-3 (CORM-3 treatment group), and 400 uM
iCORM-3 (iCORM-3 treatment group). The injured mono-
layer was examined and photographed at Oh, 6h, 12h, and
24h after scratching, and migration was evaluated using
Image-Pro Plus 6.0 measurement software.

2.5. Cell Invasion. Cell invasion experiments were performed
using Corning Matrigel Invasion Chamber (Corning Co,
Corning, USA). A concentration of 200 ul CAL27 or SCC4
cell suspension of 4 x 10°/ml was separately added to the
upper chamber, respectively, while 600ul of 10% FBS-
DMEM was added to the lower chamber. After 24 hours of
incubation in a 5% CO, incubator at 37°C, the noninvading
cells were removed with a cotton swab. The lower surface of
the invaded cells was fixed in 4% paraformaldehyde for 15
minutes and stained with 0.1% crystal violet for 15 minutes.
The cell invasion value was determined by counting the
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TaBLE 1: Primer sequences of shHO-1.

Genes Forward (5'—3) Reverse (5'—3")

hNC CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGG AATTCAAAAACCTAAGGTTAAGTCGCCCTCGCTCGA
GCGACTTAACCTTAGGTTTTTG GCGAGGGCGACTTAACCTTAGG

ShHO-1-1# CCGGCCCTGTACCACATCTATGTTTCTCGAGTTGGG  AATTCAAAAACCCTGTACCACATCTATGTTTCTCGA
ACATGGTGTAGATACATTTTTG GTTGGGACATGGTGTAGATACA

shHO-1-2# CCGGCAGCAACAAAGTGCAAGATTTCTCGAGTTGTC AATTCAAAAACAGCAACAAAGTGCAAGATTTCTCGA
GTTGTTTCACGTTCTATTTTTG GTTGTCGTTGTTTCACGTTCTA

shHO-1-3# CCGGCCAGCAACAAAGTGCAAGATTCTCGAGTTGGT AATTCAAAAACCAGCAACAAAGTGCAAGATTCTCGA

CGTTGTTTCACGTTCTITTTTTG

GTTGGTCGTTGTTTCACGTTC

stained cells with an optical microscope (x100). The experi-
ment was repeated three times.

2.6. Western Blotting Assay. To further investigate the effect
of CORM-3 on the expression of HO-1 protein in CAL27
and SCC4 cells, western blot analysis was used to detect
the expression of HO-1 during CORM-3(0, 100, 200, and
400 uM) stimulation for 24 h. In order to explore the poten-
tially related signaling molecules, CAL27 and SCC4 cells
were stimulated by CORM-3 (400 uM) for different time
(0, 0.25, 0.5, 1, 3, 6, and 12h).

The total protein was extracted from cells using RIPA
buffer (Beyotime Institute of Biotechnology, Jiangsu, China).
Equal amounts of protein were separated by 4-12% sodium
dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electropho-
resis (Beyotime Institute of Biotechnology, Jiangsu, China)
according to molecular weight. Then, the proteins were elec-
trically transferred onto a piece of polyvinylidene fluoride
(PVDF) membrane (Millipore, Bedford, MA, USA). After
being blocked by nonfat milk in TBST, PDVF membranes
containing proteins were incubated with indicated primary
antibodies: anti-E-cadherin,1:5000; anti-N-cadherin, 1:5000;
anti-Keap-1, 1:2000 dilution; anti-Nrf2, 1:2000 dilution; anti-
HO-1, 1:1000 dilution; and anti-GAPDH, 1:1000 dilution,
4°C overnight. Next, the membrane was incubated with
horseradish peroxidase-conjugated anti-rabbit IgG second-
ary antibody, 1:5000, 1 h at room temperature. Ultimately,
the protein bands were detected using western enhanced
chemiluminescence (ECL) substrate (Share-bio, Shanghai,
China). GAPDH was selected to be the loading controls.

2.7. Construction and Selection of HO-1-shRNA Lentiviral
Expression Vector. To knock down HO-1 (GenBank human,
Gene ID:NM_002133), shRNAs targeting HO-1 were
synthesized by Invitrogen (Beijing, China). We constructed
HO-1-shRNA lentivirus expression vectors including
shHO-1-1#, shHO-1-2#, and shHO-1-3#, and the optimal
one was screened by real-time PCR and western blot. Primer
sequences are listed in Table 1.

2.8. Real Time-Polymerase Chain Reaction (RT-PCR). Total
cellular RNA was isolated using TRIzol reagent according
to the manufacturer’s protocol (Invitrogen; Thermo Fisher
Scientific, Inc). The ¢cDNA was synthesized from total
RNA using the PrimeScript 1st Strand cDNA Synthesis Kit
(Takara Biotechnology Co., Ltd., Dalian, China). RT-PCR

was performed using the SYBR Premix Ex Taq II (TaKaRa,
Kusatsu, Japan). The relative mRNA expression of HO-1
was normalized by GAPDH. The primers of HO-1 and
GAPDH were purchased from Sangon (Shanghai, China),
and the primer sequences are listed as follows: (F: forward;
R: reverse) HO-1, F: 5'-GGCCTCCCTGTACCACATCT-3',
R: 5'-CTGCATGGCTGGTGTGTAGG-3"; GAPDH, F: 5'-
CAGGAGGCATTGCTGATGAT-3, R: 5'-GAAGGCTGG

GGCTCATTT-3'. Data represents the mean value + SD from
at least three independent experiments.

2.9. Xenograft Mouse Experiment. The animal experiment
was carried out in accordance with relevant guidelines and
regulations approved by the Animal Care and Use Medical
Ethical Committee of School and Hospital of Stomatology,
Shandong University. 12 Male BALB/c nude mice (6 weeks
of age) purchased from the National Laboratory Animal
Center were randomly divided into 2 groups, with 6 mice
in each group. CAL27 cells (2 x 107 cells per injection) were
subcutaneously injected on the right groin of each mouse.
After transplantation for 14 days, each group of mice
received an intraperitoneal injection of PBS (control group)
or 30 mg/kg CORM-3 every other day for 3 weeks. The size
of the subcutaneous tumor in nude mice was measured
every 3 days. Tumor volume was measured by a caliper
and calculated using the following equation: V' =7/6 X L x
W x W (L =length, W = width).

2.10. Immunohistochemistry (IHC). Animals were killed five
weeks later after implantation, and the tumors were
detached and weighed immediately. Half of the tumor tis-
sues were fixed with 4% paraformaldehyde (PFA), embed-
ded in paraffin, and sliced into 5um thick sections for IHC
staining. The sections were then deparaffinized in xylene
and rehydrated in graded ethanol washes. Endogenous per-
oxidase activity was quenched with 3% hydrogen peroxide
for 15 min at room temperature, and then, the sections were
boiled in citrate buffer at 121°C for 10 min to retrieve antige-
nicity. The sections were incubated with anti-Ki67, 1:200,
and anti-HO-1, 1:100, 4°C overnight, followed by incuba-
tion with streptavidin-peroxidase conjugated secondary
antibody for 25min at 37°C, and then, DAB staining was
performed. The images were captured under a light micro-
scope (Olympus, Tokyo, Japan). The Image-Pro Plus 6.0
software (Media Cybernetics, Rockville, MD, USA) was used



OD value 450 nm

0.0 T T L T T 1
0 200 400 600 800 1000
CORM-3 (uM)
- CAL27
- SCC4
(a)
SCC4
2.5
ETT3 kKK
g g
s (=]
(=3 n
S P
5} =
2 £
=
A a
o O
0.5 4
0.0 T T T T T T
0 12 24 36 48 60 72
Time (hour)
0
& 200 uM
& 400 uM
-+ 800 uM

(c)

BioMed Research International

3. CAL27
=)
=
o
(V)
<
L
=
<
g
[@
o
0 T T T T T T
0 12 24 36 48 60 72
Time (hour)
-0
& 200 M
-4 400 uM
- 800 uM
(b)
2.0 1

s «° « 3 o0 o
E = = E 3 =
s 2 2 5 2
O o O O o O
O O O O
g CAL27
£ SCC4

(d)

FI1GURE 1: The effect of CORM-3 on TSCC cell proliferation. (a) CAL27 or SCC4 cells were incubated with 0, 100, 200, 400, and 800 yM
CORM-3, respectively, for 24 h. Cell proliferation was assessed by a CCK-8 kit. (b, c) CORM-3 of 0, 200, 400, and 800 uM was applied
to CAL27 and SCC4 cells, respectively. Cell proliferation was measured at 6, 12, 24, 48, and 72 h after treatment with CCK-8. (d) CAL27
or SCC4 cells were incubated with 400 yM CORM-3 and iCORM-3 for 24 h. *P < 0.05 and ***P < 0.001 vs. the control group, respectively.

to obtain the integrated optical density (IOD) value of Ki67,
E-cadherin, and HO-1 staining.

2.11. Statistical Analysis. SPSS software, version 23.0, was
used to analyze data. Data were shown as the mean +
standard deviation (SD). Student’s t-test or one-way
ANOVA followed by the least square difference (LSD) was
performed for comparisons. P value < 0.05 was considered
statistically significant.

3. Results

3.1. CORM-3 Inhibits Proliferation of TSCC Cells. In order to
investigate the effect of CORM-3 on CAL27 and SCC4 cell
proliferation, CAL27 or SCC4 cells were stimulated with
CORM-3 at concentration of 0, 100, 200, 400, and 800 uM,

respectively, for 24h. Cell proliferation was detected by
CCK-8. The results showed that the proliferation of CAL27
and SCC cells was significantly inhibited by CORM-3 at
400 and 800 uM concentrations (Figure 1(a)). We further
studied the effects of different concentrations of CORM-3
and different treatment times on the proliferation of TSCC
cells (Figures 1(b) and 1(c)). CAL27 and SCC4 cells were
stimulated with CORM-3 at 0, 200, 400, and 800 M, respec-
tively, and cell proliferation was measured at 6, 12, 24, 48,
and 72h after treatment using CCK-8 assay. As the dose
increased, the inhibitory effect of CORM-3 became more
potent, and the proliferation of the CAL27 and SCC4 cells
was inhibited in the concentration of 400 yuM at 24h and
then entered the plateau stage after 48 h, which verified the
time and dose dependence of the inhibitory effect of CORM-
3 on cell proliferation. CORM-3 at the concentration of
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400 uM was the lowest inhibitory concentration for inhibiting
cell proliferation, indicating the 400 M was the optimal dose
of CORM-3.

Subsequently, CAL27 and SCC4 cells were treated with
400 uM CORM-3, iCORM-3, and negative control medium
for 24h. CCK8 showed that the proliferation of cells was
significantly inhibited by CORM-3, whereas there was no
difference between the iCORM-3 and the control group
(Figure 1(d)).

3.2. CORM-3 Inhibits Migration and Invasion of TSCC Cells.
Scratch assays were implemented to explore the effect of
CORM-3 on TSCC cell migration. The CAL27 or SCC4 cells
were cultured in the presence of CORM-3 (400 uM). For
both cell lines, iCORM-3 treatment or normal medium
resulted in early 100% of the wound close after 24h. How-
ever, CORM-3 treatment retarded the wound close, as
shown in Figures 2(a) and 2(b). Quantitative analysis
showed that the migration of CAL27 and SCC4 cells treated
with CORM-3 was significantly lower than that of cells in
iCORM-3 or NC group at 6h, 12h, and 24h. Transwell
chamber was used to investigate the potential effect of
CORM-3 on the invasion of CAL27 or SCC4 cells. We found
that the invasion capacities of CAL27 and SCC4 cells treated
with CORM-3 declined almost 60% compared with that in
iCORM-3 or the control group (Figures 2(c) and 2(d)).
These results suggested that CORM-3 significantly inhibited
the migration and invasion of TSCC cells.

In order to explore the mechanism underlying the regu-
latory effect of CORM-3 on the migration and invasion of
TSCC cells, we checked the expression of the factors E-
cadherin and N-cadherin, which were related to cell migra-
tion and invasion.

As shown in Figures 2(e) and 2(f), the protein expression
level of E-cadherin in CAL27 and SCC4 cells treated with
CORM-3 was significantly increased, while the N-cadherin
expression was decreased. These results indicate that
CORM-3 may inhibit the EMT of TSCC cells, thereby inhi-
biting the migration and invasion of TSCC.

3.3. CORM-3 Regulated the Keapl/Nrf2/HO-1 Pathway.
Cells were treated with 0, 100, 200, and 400 uM CORM-3
for 24h, and then 400 uM CORM-3 stimulated cells at 0,
0.25, 0.5, 1, 3, 6, and 12h, respectively, and total protein
was extracted. Western blot was used to detect the effect of
CORM-3 on HO-1 protein expression in CAL27 and SCC4
cells. The results showed that the expression of HO-1 upreg-
ulated with the increased concentration of CORM-3
(Figures 3(a) and 3(b)). Moreover, HO-1 expression
increased gradually at 0.25, 0.5, 1, 3, 6, and 12h in CAL27
and SCC4 cells (Figures 3(c) and 3(d)).

To confirm whether CORM-3 exerted its function
through the HO-1 pathway in TSCC cells, we constructed
a HO-1-specific shRNA to knock out its expression. Efficacy
was confirmed by RT-qPCR and western blot (Figures 3(e)
and 3(f)). Next, we further conducted the rescue assays
through a series of biological behavior experiment. As
shown in Figures 3(g) and 3(h), compared with the NC
group, the proliferation of CAL27 and SCC4 cells in the

shHO-1 group was significantly promoted. However, knock-
down of HO-1 could partially abrogate the inhibitory effect
of CORM-3 on the proliferation of TSCC cells.

We also performed wound-healing and transwell assay
after HO-1 knockdown. In the migration assay, we found
that the migratory capacities were reversed in the shHO-1-
treated CAL27 and SCC4 cells compared with those in the
CORM-3 group (Figures 3(i) and 3(j)). Similarly, the inva-
sive capacities of CAL27 and SCC4 cells were increased by
50% in the shHO-1 group (Figures 3(k) and 3(1)).

Studies have shown that the Keapl/Nrf2/HO-1 anti-
oxidative stress signaling pathway play vital roles in cell
migration [21]. Therefore, we detected the expression
levels of Keapl and Nrf2 at 0, 0.25, 0.5, 1, 3, 6, and
12h after CORM-3 treatment in CAL27 and SCC4 cells
by western blot. We found that the expression of Keapl
was downregulated and the expression of Nrf2 was
upregulated with the increase of CORM-3 treatment time
(Figures 3(m) and 3(n)).

The above results suggested that CORM-3 treatment of
TSCC cells can activate the Keapl-Nrf2-HO-1 signaling
pathway, and the effect was time-dependent.

3.4. CORM-3 Inhibits Tumor Growth In Vivo. To evaluate
the role of CORM-3 on TSCC in vivo, we used a xenograft
mouse model. CAL27 cells were subcutaneously injected
into the left armpit of nude mice. At 2 weeks, the tumor-
bearing mice were injected with CORM-3 (30 mg/kg) or
PBS every other day, and then, the effect of CORM-3 on
the growth of subcutaneous tumors in nude mice was
observed. Up to 14 days after treatment, the growth volume
of subcutaneous tongue squamous cell carcinoma in mice
injected with CORM-3 intraperitoneally was significantly
smaller than that of the control group (Figures 4(a)-4(d)).
Moreover, immunohistochemical analysis of xenograft
tumors confirmed that the proliferation marker Ki67-
positive cell in the tumor tissue of the CORM-3-treated
group was significantly lower than that in the control group,
and protein HO-1 expression increased significantly in com-
parison with the control group (Figure 4(e)). Similarly, the
protein expression of HO-1 in tumor tissue of nude mice
was significantly lower than that in the control group
(Figure 4(f)). These results above supported our in vitro
findings and indicated that CORM-3 inhibited the growth
of TSCC cells in vivo.

4. Discussion

CO has long been considered a freely diffusible and toxic gas
molecule because its binding affinity is 400 times that of oxy-
gen, which can lead to CO poisoning and eventually respira-
tory failure. However, recent research shows that CO can act
as an intracellular messenger molecule with multiple biolog-
ical functions, including anti-inflammatory, antioxidant, and
anticancer [22, 23]. CORMs are effective in regulating CO
release in vivo and in vitro at appropriate circumstances
[24]. The basis of CORM as a therapeutic agent is to deliver
a controlled amount of CO to tissues and organs. CORM-3
was found to inhibit the expression of inflammatory
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F1GURE 2: The effect of CORM-3 on TSCC cell migration and invasion. (a, b) The effect of CORM-3 on the migration of CAL27 and SCC4
cells was tested using scratch assay (magnification, x40). Statistical analysis of the healing distance showed that CORM-3 treatment could
migrate at a lower rate than that in control group and iCORM-3 group. (c, d) The effect of CORM-3 on the invasion of CAL27 cells and
SCC4 was tested by transwell assay (magnification, x200). Cell numbers that invaded the lower membrane surface were less in CORM-3
stimulation groups than in the control group and iCORM-3 group. (e, f) Epithelial mesenchymal transition is involved in the CAL27
and SCC4 cells by CORM-3. CAL27 and SCC4cells were treated with CORM-3 for 0, 0.25, 0.5, 1, 3, 6, and 12 h; the protein expression
of E-cadherin and N-cadherin was assessed by western blotting. Relative protein level was normalized to the corresponding GAPDH
protein expression. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the control group, respectively.

cytokines COX-2, PGE2, and RANKL in human periodontal
ligament stem cells (hPDLSCs) induced by LPS and nicotine,
and the anti-inflammatory effect was mediated by the HO-1
signaling pathway [25]. It has been confirmed that CORM-3
could inhibit osteoclast differentiation and maturation
through the HO-1 pathway in osteoclastogenic differentia-
tion of RAW264.7 cell [26]. CORM-3 could also promote
the osteogenic differentiation of BMSCs and significantly
increase the expression of HO-1 [27]. Recent studies have
shown that CORM-3 could activate Nrf2 by inducing HO-
1 expression in rat brain astrocytes [28]. In our study, we
used CAL27 and SCC4 cells to investigate the effects of
CORM-3 on TSCC cells and explored the underlying mech-
anism of CORM-3. The research showed that CORM-3 not
only inhibited the proliferation, migration, and invasion of
CAL27 and SCC4 cells in vitro but also inhibited tumor
growth in vivo. We observed that the growth of TSCC xeno-
graft on mice was inhibited by the treatment of CORM-3.

The expression level of Ki67 in tumors was downregulated,
while the HO-1 expression was upregulated. We also ana-
lyzed the expression of several molecules related to the bio-
logical function of CORM-3 on TSCC cells. Treatment of
CORM-3 could affect the protein expression of the migra-
tion- and invasion-related EMT markers E-cadherin and
N-cadherin in a time-dependent manner. We also detected
the effect of CORM-3 on HO-1 protein expression in
CAL27 and SCC4 cells and found that the expression of
HO-1 upregulated with the increased concentration of
CORM-3 and was time-dependent. In order to prove these
effects, we inhibited the HO-1 expression by sh-RNA and
performed the same experiment. Results showed that knock-
down of HO-1 could partly restore the inhibitory effect of
CORM-3 on TSCC cells, indicating that this inhibitory effect
was mediated partially by HO-1.

EMT is associated with functional changes related to
metastasis, ie., enhanced migration and invasion. EMT
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inhibitory effect of CORM-3 on the proliferation of CAL27 and SCC4 cells. Cell proliferation was assessed by a CCK-8 kit. (i, j) The
effect of shHO-1 on the inhibitory effect of CORM-3 on the migration of CAL27 and SCC4 cells. Quantification of relative migrating
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AP <0.05 and AP <0.01 vs. comparison between two groups.
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FIGURE 4: The effect of CORM-3 on the subcutaneous tumor growth of CAL27 cells in nude mice. (a) Images of the mice. (b) The body
weights of the mice were measured twice a week for 5 weeks. (c) Images of the tumor specimens. (d) Tumor volumes were measured
twice a week for 5 weeks. (e) The expression of Ki67 and HO-1 in the tumors was detected by immunohistochemistry staining. The IOD

of Ki67 and HO-1 staining was quantitatively analyzed using Image-Pro Plus 6.0 software. (f) The protein expression of HO-1was
detected by western blot in the tumors of nude mice. *P < 0.05 vs. the control group (n =6).

is a process of phenotypic change from epithelial to mes-  tor of many cytoprotective genes [30]. Nrf2 has been con-
enchymal, accompanied by high expression of N-cadherin  firmed to promote the EMT process in various cancer
and Vimentin, while low expression of E-cadherin [29].  cells. Feng et al. [31] reported that macrophage Nrf2 acti-
NEF-E2-related factor 2 (Nrf2) is the main regulator of cells ~ vation can induce EMT process in hepatocellular carci-
in response to environmental stress and the main regula-  noma. In addition, Nrf2 facilitated the migration of
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breast cancer cells by affecting the EMT expression [32].
Keapl is a sensor for oxidative stress and specifically tar-
gets the Nrf2 [33, 34]. Keapl and Nrf2 form trimers,
which accelerate the ubiquitination of lysine residues in
Nrf2 neh2 domain, leading to the proteasome degradation
of Nrf2 [35]. The Keapl/Nrf2 pathway is essential for pro-
tecting the cells against stress. miR-200a inhibits oxidative
stress and inflammatory response by suppressing Keapl
and activating the Nrf2 pathway in the development of
liver disease [36]. HO-1, a member of the heme oxygenase
family, has anti-inflammation, antioxidation, and regulat-
ing angiogenesis effects, and it is regulated by Nrf2 [37].
Many studies have shown that activating the common oxi-
dative stress pathway Keapl-Nrf2-HO-1 can rescue cells
with oxidative damage [38]. However, HO-1 may play an
anticancer effect in a variety of cancers, such as prostate
cancer, breast cancer, non-small-cell lung cancer, and pan-
creatic cancer. Overexpression of HO-1 or treatment of
non-small-cell lung cancer cells with CO-releasing
molecule-2 can downregulate the expression of miR-378,
inhibit the expression and synthesis of angiogenesis-
related factors, and then play an antitumor effect [17]. In
our study, we detected the expression of Keapl, Nrf2,
and HO-1 and found that the expression of Nrf2 and
HO-1 was increased while Keapl was reduced in TSCC
cells with the treatment of CORM-3. In summary, we
can conclude that CORM-3 can suppress TSCC cell prolif-
eration, migration, and invasion which is regulated by the
EMT process and mediated by the Keapl/Nrf2/HO-1 sig-
naling pathway.

Importantly, for the first time, our results indicated that
CORM-3 can inhibit the expression of Keapl protein to
relieve the inhibition of Nrf2 activity by Keapl protein,
thereby promoting the HO-1 protein expression in TSCC
cells. The deficiency of our study is that a group of chemo-
therapeutic drugs was not reserved as a positive control in
animal experiments to compare the differences, advantages,
and disadvantages of CORM-3. In addition, pharmacokinet-
ics and toxicology of the antitumor effect of CORM-3 are
still insufficient, which need to be verified in subsequent
experiments.

In conclusion, our findings demonstrated the inhibitory
effect of CORM-3 on proliferation, invasion, and metastasis
in TSCC cells. CORM-3 regulates the biological functions of
TSCC cells by regulating the EMT process. Additionally,
CORM-3 exhibits a tumor suppressor effect on TSCC by
activating the Keapl/Nrf2/HO-1 antioxidant pathway. Our
findings may reveal a new potential therapeutic strategy for
TSCC treatment.

Abbreviations
CO: Carbon monoxide
CORM-3: Carbon monoxide-releasing molecules-3

iCORM-3: Inactive carbon monoxide releasing molecule-3

TSCC: Tongue squamous cell carcinoma
HO-1: Heme oxygenase-1

EMT: Epithelial mesenchymal transition
CCK-8:  Cell Counting Kit-8

9
FBS: Fetal bovine serum
Nrf2: Nuclear factor, erythroid 2 like 2
Keapl: Kelch-like ECH-associated protein 1.
Data Availability

All data are available. Please contact the first author or the
corresponding author.

Conflicts of Interest

The authors declare that there is no conflict of interest.

Acknowledgments

This work was supported by the Natural Science Foundation
of Shandong Province (ZR2020MH186) and the Medical Sci-
ence and Technology Development Program of Shandong
(No. 202008020929).

References

[1] B. Solomon, R. J. Young, and D. Rischin, “Head and neck
squamous cell carcinoma: genomics and emerging biomarkers
for immunomodulatory cancer treatments,” Seminars in Can-
cer Biology, vol. 52, Part 2, pp. 228-240, 2018.

M. Seppild, K. Pohjola, J. Laranne et al., “High relative density

of lymphatic vessels predicts poor survival in tongue squa-

mous cell carcinoma,” European archives of oto-rhino-laryn-

gology, vol. 273, no. 12, pp. 4515-4524, 2016.

[3] N. Howlader, L. A. Ries, A. B. Mariotto, M. E. Reichman,
J. Ruhl, and K. A. Cronin, “Improved estimates of cancer-
specific survival rates from population-based data,” Journal
of the National Cancer Institute, vol. 102, no. 20, pp. 1584—
1598, 2010.

[4] T. Abe, K. Yazawa, M. Fujino et al., “High-pressure carbon
monoxide preserves rat kidney grafts from apoptosis and
inflammation,” Laboratory investigation; a journal of technical
methods and pathology, vol. 97, no. 4, pp. 468-477, 2017.

[5] Y. Chengand J. Rong, “Therapeutic potential of heme oxygen-
ase-1/carbon monoxide system against ischemia-reperfusion
injury,” Current Pharmaceutical Design, vol. 23, no. 26,
pp. 3884-3898, 2017.

[6] C. Lv, Q. Su, J. Fang, and H. Yin, “Styrene-maleic acid
copolymer-encapsulated ~ carbon  monoxide  releasing
molecule-2 (SMA/CORM-2) suppresses proliferation, migra-
tion and invasion of colorectal cancer cells in vitro and in
vivo,” Biochemical and Biophysical Research Communications,
vol. 520, no. 2, pp. 320-326, 2019.

[7] R.Long, I Salouage, A. Berdeaux, R. Motterlini, and D. Morin,
“CORM-3, a water soluble CO-releasing molecule, uncouples
mitochondrial respiration via interaction with the phosphate
carrier,” Biochimica et Biophysica Acta, vol. 1837, no. 1,
pp. 201-209, 2014.

[8] L. Ibanez, M. J. Alcaraz, N. Maicas et al., “Downregulation of
the inflammatory response by CORM-3 results in protective
effects in a model of postmenopausal arthritis,” Calcified Tis-
sue International, vol. 91, no. 1, pp. 69-80, 2012.

[9] M. Kourti, J. Cai, W. Jiang, and A. D. Westwell, “Structural
modifications on CORM-3 lead to enhanced anti-angiogenic

2

—



10

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

properties against triple-negative breast cancer cells,” Medici-
nal Chemistry, vol. 17, no. 1, pp. 40-59, 2021.

H. Kitamura and H. Motohashi, “NRF2 addiction in cancer
cells,” Cancer Science, vol. 109, no. 4, pp. 900-911, 2018.

K. Okazaki, T. Papagiannakopoulos, and H. Motohashi, “Met-
abolic features of cancer cells in NRF2 addiction status,” Bio-
physical Reviews, vol. 12, no. 2, pp. 435-441, 2020.

S. Menegon, A. Columbano, and S. Giordano, “The dual roles
of NRF2 in cancer,” Trends in Molecular Medicine, vol. 22,
no. 7, pp. 578-593, 2016.

J.J. Qin, X. D. Cheng, J. Zhang, and W. D. Zhang, “Dual roles
and therapeutic potential of Keapl-Nrf2 pathway in pancre-
atic cancer: a systematic review,” Cell Communication and Sig-
naling: CCS, vol. 17, no. 1, p. 121, 2019.

A. L. Furfaro, N. Traverso, C. Domenicotti et al., “The Nrf2/
HO-1 Axis in cancer cell growth and chemoresistance,” Oxida-
tive Medicine and Cellular Longevity, vol. 2016, Article ID
1958174, 14 pages, 2016.

M. Ferrando, G. Gueron, B. Elguero et al., “Heme oxygenase 1
(HO-1) challenges the angiogenic switch in prostate cancer,”
Angiogenesis, vol. 14, no. 4, pp. 467-479, 2011.

M. Ferrando, X. Wan, R. Meiss et al, “Heme oxygenase-1
(HO-1) expression in prostate cancer cells modulates the oxi-
dative response in bone cells,” PLoS One, vol. 8, no. 11, article
e80315, 2013.

K. Skrzypek, M. Tertil, S. Golda et al., “Interplay between heme
oxygenase-1 and miR-378 affects non-small cell lung carci-
noma growth, vascularization, and metastasis,” Antioxidants
& Redox Signaling, vol. 19, no. 7, pp. 644-660, 2013.

D. H. Kim, H.J. Yoon, Y. N. Cha, and Y. J. Surh, “Role of heme
oxygenase-1 and its reaction product, carbon monoxide, in
manifestation of breast cancer stem cell-like properties:
Notch-1 as a putative target,” Free Radical Research, vol. 52,
no. 11-12, pp. 1336-1347, 2018.

K. Mangano, E. Cavalli, S. Mammana et al., “Involvement of
the Nrf2/HO-1/CO axis and therapeutic intervention with
the CO- releasing molecule CORM-A1, in a murine model of
autoimmune hepatitis,” Journal of Cellular Physiology,
vol. 233, no. 5, pp. 4156-4165, 2018.

J. E. Clark, P. Naughton, S. Shurey et al., “Cardioprotective
actions by a water-soluble carbon monoxide-releasing mole-
cule,” Circulation Research, vol. 93, no. 2, pp. e2—e8, 2003.

C. Zhang, X. Kong, and D. Ma, “miR-141-3p inhibits vascular
smooth muscle cell proliferation and migration via regulating
Keapl/Nrf2/HO-1 pathway,” IUBMB Life, vol. 72, no. 10,
pp. 2167-2179, 2020.

T. Gall, D. Petho, A. Nagy, G. Balla, and J. Balla, “Therapeutic
potential of carbon monoxide (CO) and hydrogen sulfide
(H,S) in hemolytic and hemorrhagic vascular disorders-
interaction between the heme oxygenase and H,S-producing
systems,” International Journal of Molecular Sciences, vol. 22,
no. 1, p. 47, 2021.

R. Motterlini and L. E. Otterbein, “The therapeutic potential of
carbon monoxide,” Nature Reviews Drug Discovery, vol. 9,
no. 9, pp. 728-743, 2010.

R. Motterlini, B. E. Mann, T. R. Johnson, J. E. Clark, R. Foresti,
and C. J. Green, “Bioactivity and pharmacological actions of
carbon monoxide-releasing molecules,” Current Pharmaceuti-
cal Design, vol. 9, no. 30, pp. 2525-2539, 2003.

L. Song, J. Li, X. Yuan et al., “Carbon monoxide-releasing mol-
ecule suppresses inflammatory and osteoclastogenic cytokines

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

BioMed Research International

in nicotine- and lipopolysaccharide-stimulated human peri-
odontal ligament cells via the heme oxygenase-1 pathway,”
International Journal of Molecular Medicine, vol. 40, no. 5,
pp. 1591-1601, 2017.

Y. Pan, J. Song, L. Ma et al., “Carbon monoxide releasing mol-
ecule 3 inhibits osteoclastogenic differentiation of RAW264.7
cells by heme oxygenase-1,” Cellular physiology and biochemis-
try, vol. 50, no. 5, pp- 1988-2003, 2018.

J. Li, L. Song, M. Hou, P. Wang, L. Wei, and H. Song, “Carbon
monoxide releasing molecule-3 promotes the osteogenic dif-
ferentiation of rat bone marrow mesenchymal stem cells by
releasing carbon monoxide,” International Journal of Molecu-
lar Medicine, vol. 41, pp. 2297-2305, 2018.

C. C. Lin, C. C. Yang, L. D. Hsiao, and C. M. Yang, “Carbon
monoxide releasing molecule-3 enhances heme oxygenase-1
induction via ROS-dependent FoxO1 and Nrf2 in brain astro-
cytes,” Oxidative Medicine and Cellular Longevity, vol. 2021,
Article ID 5521196, 22 pages, 2021.

A. Dongre and R. A. Weinberg, “New insights into the mech-
anisms of epithelial-mesenchymal transition and implications
for cancer,” Nature Reviews Molecular Cell Biology, vol. 20,
no. 2, pp. 69-84, 2019.

M. McMahon, K. Itoh, M. Yamamoto et al., “The Cap‘n’Collar
basic leucine zipper transcription factor Nrf2 (NF-E2 p45-
related factor 2) controls both constitutive and inducible
expression of intestinal detoxification and glutathione biosyn-
thetic enzymes,” Cancer Research, vol. 61, no. 8, pp. 3299-
3307, 2001.

R. Feng, Y. Morine, T. Ikemoto et al., “Nrf2 activation drive
macrophages polarization and cancer cell epithelial-
mesenchymal transition during interaction,” Cell Communica-
tion and Signaling: CCS, vol. 16, no. 1, p. 54, 2018.

H.S. Zhang, Z. G. Zhang, S. H. L. Du GY et al., “Nrf2 promotes
breast cancer cell migration via up-regulation of G6PD/HIF-
la/Notchl axis,” Journal of Cellular and Molecular Medicine,
vol. 23, no. 5, pp- 3451-3463, 2019.

K. Taguchi and M. Yamamoto, “The KEAP1-NRF2 system
as a molecular target of cancer treatment,” Cancers, vol. 13,
2021.

K. Taguchi and M. Yamamoto, “The KEAP1-NRF2 system in
cancer,” Frontiers in Oncology, vol. 7, p. 85, 2017.

M. McMahon, K. Itoh, M. Yamamoto, and J. D. Hayes,
“Keapl-dependent proteasomal degradation of transcription
factor Nrf2 contributes to the negative regulation of antioxi-
dant response element-driven gene expression=*,” The Journal
of Biological Chemistry, vol. 278, no. 24, pp. 21592-21600,
2003.

X.J. Zhao, H. W. Yu, Y. Z. Yang et al., “Polydatin prevents
fructose-induced liver inflammation and lipid deposition
through increasing miR-200a to regulate Keapl/Nrf2 path-
way,” Redox Biology, vol. 18, pp. 124-137, 2018.

J. Bao, R. Ding, L. Zou et al., “Forsythiae fructus inhibits
B16 melanoma growth involving MAPKs/Nrf2/HO-1 medi-
ated anti-oxidation and anti-inflammation,” The American
Journal of Chinese Medicine, vol. 44, no. 5, pp. 1043-1061,
2016.

C. Wen, C. Huang, M. Yang et al, “The secretion from
bone marrow mesenchymal stem cells pretreated with ber-
berine rescues neurons with oxidative damage through
activation of the Keapl-Nrf2-HO-1 signaling pathway,”
Neurotoxicity Research, vol. 38, no. 1, pp. 59-73, 2020.



	Carbon Monoxide-Releasing Molecule-3 Suppresses the Malignant Biological Behavior of Tongue Squamous Cell Carcinoma via Regulating Keap1/Nrf2/HO-1 Signaling Pathway
	1. Introduction
	2. Materials and Methods
	2.1. Reagents and Antibodies
	2.2. CAL27 and SCC4 Cell Culture and Treatment
	2.3. Cell Proliferation Assay
	2.4. Cell Migration
	2.5. Cell Invasion
	2.6. Western Blotting Assay
	2.7. Construction and Selection of HO-1-shRNA Lentiviral Expression Vector
	2.8. Real Time-Polymerase Chain Reaction (RT-PCR)
	2.9. Xenograft Mouse Experiment
	2.10. Immunohistochemistry (IHC)
	2.11. Statistical Analysis

	3. Results
	3.1. CORM-3 Inhibits Proliferation of TSCC Cells
	3.2. CORM-3 Inhibits Migration and Invasion of TSCC Cells
	3.3. CORM-3 Regulated the Keap1/Nrf2/HO-1 Pathway
	3.4. CORM-3 Inhibits Tumor Growth In Vivo

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments

