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Depleting CBR1 increases chemosensitivity by reducing stemness and
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Abstract: Carbonyl reductase 1 (CBR1), a member of the short-chain dehydrogenase/reductase (SDR) superfamily, is implicated
in tumor progression and treatment resistance. However, its role in non-small cell lung cancer (NSCLC) remains unclear. This
study examined CBR1 expression in NSCLC tissues and cell lines, using gene interference and pharmacological inhibition to
assess its impact on stemness, chemosensitivity, and quiescence, and to explore underlying mechanisms. Our findings indicate
that CBR1 expression is elevated in NSCLC tissues and cell lines, and further increases in the presence of cisplatin (CDDP). Gene
interference reducing CBR1 expression significantly decreased the percentage of cluster of differentiation 133 (CD133)-positive
cells and the expression of octamer-binding transcription factor 4 (OCT4) and SRY (sex determining region Y)-box 2 (SOX2),
while enhancing CDDP chemosensitivity. The CBR1-specific inhibitor hydroxy-PP-Me (PP-Me) markedly increased CDDP
cytotoxicity and reduced stemness. Additionally, CBR1 inhibition via short hairpin RNA (shRNA) CBR1 (sh-CBR1) or PP-Me
disrupted NSCLC cell quiescence, as shown by a decrease in GO phase cells and p27 expression, alongside an increase in
cyclin D1 and phospho-retinoblastoma (pRb) expression. Furthermore, SET domain-containing protein 4 (SETD4), which
mediates stemness, chemosensitivity, and quiescence in NSCLC cells, was downregulated by sh-CBR1 or PP-Me treatment. The
overexpression of SETD4 counteracted the enhanced chemosensitivity resulting from CBR1 inhibition. In A549 xenografts,
combined PP-Me and CDDP therapy significantly inhibited tumor growth compared to either treatment alone. In conclusion,
CBRI1 inhibition enhances CDDP chemosensitivity by suppressing stemness and quiescence in NSCLC.
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1 Introduction in cases where surgery is not possible or the cancer has

spread to other parts of the body. Chemotherapy can

Lung cancer remains a prominent cause of cancer-
related mortality globally, with nearly 2 million new
cases diagnosed annually (Brody, 2020; Siegel et al.,
2021). Non-small cell lung cancer (NSCLC), in par-
ticular, imposes a substantial burden on patients and
their families (Brody, 2020; Siegel et al., 2021). Despite
significant advancements in diagnosis and treatment,
many patients still experience treatment failure and re-
lapse (Brody, 2020). Chemotherapy remains one of
the main treatment modalities used for NSCLC. It can
be used as a primary treatment for NSCLC, especially
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also be used in combination with other treatments such
as surgery, radiation therapy, targeted therapy, and im-
munotherapy to achieve better outcomes (Miller and
Hanna, 2021). Despite the initial effectiveness of chemo-
therapy, tumor recurrence can occur due to several
factors, such as the presence of cancer stem cells
(CSCs), genetic mutations, metabolism reprogramming,
and alternative signaling pathways (Chen et al., 2023b;
Zhang et al., 2023a). Effective strategies need to be
developed to increase chemotherapy sensitivity, and
the underlying mechanisms need to be investigated.
CSCs, also known as tumor-initiating cells, are a
subpopulation of cells within a tumor that have stem
cell-like properties, including self-renewal and the abil-
ity to give rise to diverse cell types within the tumor.
The presence of CSCs is a major obstacle to effective
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treatment, including chemotherapy (Heng et al., 2019).
These cells often have enhanced DNA repair mech-
anisms, lower rates of cell division, and increased ex-
pression of drug efflux pumps, all of which can con-
tribute to their resistance to chemotherapy agents (Heng
et al., 2019). CSCs can enter a quiescent state as a
survival strategy, which can have significant implica-
tions for cancer progression, treatment resistance, and
the potential for tumor recurrence (Ye et al., 2019;
Mukhopadhyay et al., 2023; Wang et al., 2023). The
quiescent cells temporarily arrest the cell cycle in the
GO phase and cease dividing. This is accompanied by
alterations in G0/G1-related proteins, including de-
creased cyclin D1 and phospho-retinoblastoma (pRb)
but increased p27 (Jiang et al., 2020; Pennycook and
Barr, 2020; Massey et al., 2021). In the context of
cancer cells, the ability to enter and exit quiescence is an
important aspect of their behavior. Quiescent cancer
cells retain the potential to re-enter the active cell cycle,
contributing to tumor recurrence and regrowth after
treatment. Apart from cell cycle arrest, quiescent CSCs
show resistance to apoptosis, altered metabolism, and
genetic and epigenetic changes (Chen et al., 2021).
Recently, epigenetic modifications were identi-
fied as novel alterations in quiescent CSCs, contribut-
ing to their resistance to therapy and their ability to
self-renew. SET domain-containing protein 4 (SETD4),
a histone methyltransferase, has gained increasing
attention. A subset population of SETD4-positive qui-
escent CSCs is responsible for chemotherapy resist-
ance by modifying DNA methylation processes and
influencing chromatin remodeling (Ye et al., 2019).
Indeed, SETD4 has been established as a functional
readout of quiescence in CSCs (Mukhopadhyay et al.,
2023), and its inhibition has been shown to enhance
chemosensitivity (Wang et al., 2023). SETD4 regulates
chromatin structure, gene expression, and essential
cellular processes such as cell cycle progression, gene
transcription, and DNA repair (Herz et al., 2013). It
plays a pivotal role in maintaining cellular homeostasis,
particularly in CSCs, which are characterized by their
ability to remain dormant in a quiescent state. The
dysregulation of SETD4 may play a crucial role in sus-
taining the quiescent state of CSCs, facilitating tumor
progression, and promoting resistance to therapy (Herz
etal., 2013). SETD4’s involvement in NSCLC has been
increasingly recognized, with evidence suggesting that
its dysregulation may contribute to tumorigenesis,
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metastasis, and therapeutic resistance (Wang et al.,
2023). Recent studies indicate that SETD4 is a poten-
tial biomarker and therapeutic target, highlighting its
significance in both the biology of CSCs and the clin-
ical challenges associated with treating this aggressive
cancer (Herz et al., 2013; Wang et al., 2023). Ongoing
research is focused on identifying specific markers and
vulnerabilities in both actively dividing and quiescent
CSC populations. By targeting these vulnerabilities,
new therapeutic strategies could be developed to selec-
tively eliminate CSCs and overcome resistance mech-
anisms. Thus, understanding the role of SETD4 in CSC
quiescence and its potential for therapeutic targeting
is of paramount importance.

Even in a non-dividing state, quiescent cells need
to maintain cellular integrity and perform essential
cellular functions by modulating cellular metabolism.
This includes reduced glycolysis, increased fatty acid
oxidation, altered nucleotide metabolism, and mainte-
nance of redox balance (Chen et al., 2021). Importantly,
the short-chain dehydrogenase/reductase (SDR) super-
family is involved in the oxidation and reduction of a
wide range of substrates, contributing to various meta-
bolic pathways and tumor progression (Kavanagh et al.,
2008; Bray et al., 2009). Carbonyl reductase 1 (CBR1)
is an enzyme that belongs to the SDR superfamily
(Oppermann, 2007). CBR1 acts on a variety of sub-
strates and is involved in the reduction of carbonyl
groups in substances, which may induce cellular stress
(Oppermann, 2007). CBR1 is implicated in the metab-
olism of chemotherapeutic agents, removing them from
the body (Lal et al., 2008; Koczurkiewicz-Adamczyk
etal., 2020, 2022). Due to the ability to reduce carbonyl-
containing compounds, including those generated dur-
ing oxidative stress, the presence of CBR1 may provide
a survival advantage to cancer cells (Koczurkiewicz-
Adamczyk et al., 2022). Studies have reported that
CBR1 is upregulated in various cancers compared to
normal tissue, participates in signal transduction and
apoptosis, and contributes to treatment resistance in
cancer (Tak et al., 2011; Jang et al., 2012; Piska et al.,
2019; Koczurkiewicz-Adamczyk et al., 2022). How-
ever, its roles and mechanism in maintaining the prop-
erties of CSCs and chemotherapy resistance in NSCLC
remain unclear.

In this study, our main objective was to investi-
gate the effects of CBR1 on cancerous phenotypes of
CSCs in NSCLC and its influence on sensitivity to
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cisplatin (CDDP). First, we verified the high expres-
sion and poor prognosis of CRB1 using The Cancer
Genome Atlas (TCGA) data and clinical samples, as
well as NSCLC cell lines. Gene interference and phar-
macological inhibition strategy of CBR1 were used to
confirm oncogenic effects including proliferation, stem-
ness, quiescence, and CDDP resistance. Furthermore,
we applied a gene overexpression strategy to maintain
the expression of SETD4, a functional readout of qui-
escence in CSCs (Ye et al., 2019; Mukhopadhyay
et al., 2023), to verify the enhanced chemosensitivity
of CBRI1 inhibition in quiescent cells. Finally, a xeno-
graft tumor model was used to confirm the enhanced
chemosensitivity of CBR inhibition in vivo. Overall, we
aimed to demonstrate that CBR1 inhibition enhances
chemosensitivity by suppressing stemness and quies-
cence in NSCLC. Our findings may aid in the discov-
ery of biomarkers that predict treatment outcomes in
NSCLC and the development of personalized treat-
ments, and pave the way for targeted therapies aimed
at reducing cancer stemness and quiescence in NSCLC.

2 Materials and methods
2.1 Reagents and antibodies

Cisplatin (CAS No. 15663-27-1) was purchased
from Med Chem Express (Shanghai, China). SETD4
(sc-514060) antibody was obtained from Santa Cruz
Biotechnology (Shanghai, China). Antibodies against
Ki67 (ab16667) and CBR1 (ab156590) were obtained
from Abcam (Shanghai, China). Antibodies against
SRY (sex determining region Y)-box 2 (SOX2) (#3579),
octamer-binding transcription factor 4 (OCT4) (#2750),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(#2118), pRb (#8516), B-actin (#3700), as well as hor-
seradish peroxidase (HRP)-linked anti-rabbit immuno-
globulin G (IgG) (#7074) secondary antibody, were
purchased from Cell Signaling Technology (Shang-
hai, China). Cyclin D1 (60186-1-Ig) and p27 (25614-1-
AP) were obtained from Proteintech (Shanghai, China).
Phycoerythrin (PE) anti-human cluster of differentia-
tion 133 (CD133) antibody (S16015F) was obtained
from Biolegend (San Diego, CA, USA). A BeyoClick™
5-ethynyl-2'-deoxyuridine (EdU) cell proliferation kit
with Alexa Fluor 555 (C0075S) and an enhanced cell
counting kit-8 (CCK-8) (C0041) were purchased from
Beyotime Biotechnology (Shanghai, China).

2.2 Lung cancer cell lines and quiescent cell model
development

A panel of lung cancer cell lines (PC9, H661,
H1975, A549, and H1229) and human bronchial epi-
thelial (HBE) cells were used. These cells were cul-
tured in either Dulbecco’s modified Eagle’s medium
(DMEM) or Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco, Shanghai, China), supplemented
with 10% (volume fraction) fetal bovine serum (FBS)
and 100 pg/mL penicillin and streptomycin (Sigma,
Shanghai, China). Upon reaching 80%—-90% conflu-
ence, the cells were detached using 2.5% (0.025 g/mL)
trypsin ethylenediaminetetraacetic acid (EDTA) (Sigma)
and resuspended in fresh medium for passage. Sub-
sequently, the cells were incubated at 37 °C with 5%
CO,, and the culture medium was refreshed every 2
to 3 d. To develop a quiescent cell model, the medium
in which cells reached a confluence of 70%—-80% was
changed to 0.2% FBS medium and the cells were cul-
tured for another 3 or 7 d.

2.3 TCGA database analysis

The messenger RNA (mRNA) profile of CBR1
was extracted from the TCGA database (https://www.
cancer.gov/ccg/research/genome-sequencing/tcga). Dif-
ferential expression analysis of CBR1 was conducted,
considering sample types, individual cancer stages,
and nodal metastasis status, using online tools and re-
sources (https://ualcan.path.uab.edu). The overall sur-
vival (OS) and post-operative progression-free survival
(PPS) of patients with low or high expression of CBR1
were compared using Kaplan-Meier survival analy-
sis (https://kmplot.com).

2.4 Cell transfection

Short hairpin RNA (shRNA)-encoding sequences
targeting SETD4 (sh-SETD4, sc-153385) and CBR1
(sh-CBR1, sc-390554) from Santa Cruz Biotechnology
were used to downregulate SETD4 or CBR1 expres-
sion. An empty sequence served as the negative con-
trol (sh-nc). To increase the expression of SETD4,
a pLKD-CMV-GPR-U6-puromycin vector containing
SETD4 from Ribobio (Shanghai, China) was used.
A corresponding empty vector was used as the control.
Briefly, A549 and PC9 cells were transfected with
shRNA and an equal volume of sh-nc. The second trans-
fection was performed after allowing sufficient time



for the expression of the first plasmid. Subsequently,
the vector containing SETD4 and its corresponding
empty vector were added to sh-CBR1-infected A549
and PC9 cells. Positive cells were selected using puro-
mycin (5 pg/mL) (Invitrogen, Shanghai, China). The
expression of targeted proteins was verified using
western blot analysis.

2.5 Cell viability assay

Cell viability was assessed using CCK-8, follow-
ing the methods reported in a previous study (Chen
et al., 2023a). Briefly, 3x10° cancer cells/well were
seeded in 96-well plates. The cells were then subjected
to the indicated treatments and incubated at 37 °C with
5% CO, for 48 h. Subsequently, 20 uL of CCK-8 solu-
tion was added to each well and incubated at 37 °C
for 1 h. The absorbance of the cells was measured
using a microplate reader (BioTek, Winooski, VT, USA)
for analysis.

2.6 EdU staining assay

The BeyoClick™ EdU cell proliferation kit with
Alexa Fluor 555 (Beyotime Biotechnology) was used
following the manufacturer’s instructions. First, sShRNA-
or sh-nc-infected cells were fixed in 4% (0.04 g/mL)
paraformaldehyde. Next, 0.3% (volume fraction)
Triton X-100 was added to permeabilize the cells. Sub-
sequently, the appropriate amount of EdU solution was
added for EdU staining. To visualize the nuclei,
4',6-diamidino-2-phenylindole (DAPI) staining was
performed. The positive cells were then observed and
analyzed using a microscope (Leica DMi8, Wetzlar,
Germany).

2.7 Colony formation assay

About 500 shRNA- or sh-nc-infected cancer cells
per well were seeded into 6-well plates. The cells were
then incubated at 37 °C with 5% CO,, and the culture
medium was refreshed every three days. After two
weeks, the clonal nodules were stained using a 0.2%
(0.002 g/mL) crystal violet solution (Beyotime Bio-
technology). The colonies were manually counted to as-
sess their growth and formation.

2.8 Sphere formation

To obtain CSCs, shRNA- or sh-nc-infected cancer
cells (2x10* cells/well) were seeded in ultralow attach-
ment 24-well plates (Corning Inc., Corning, NY, USA).
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The cells were cultured in serum-free DMEM/F12
medium (Gibco, Carlsbad, CA, USA) supplemented
with commercial hormone mix B27 (Gibco), 10 ng/mL
basic fibroblast growth factor (bFGF), 20 ng/mL epi-
dermal growth factor (EGF) (Sigma-Aldrich, St. Louis,
MO, USA), and 1x B27 (Invitrogen). The cells were
then incubated at 37 °C with 5% CO, for 7 d to pro-
mote sphere formation. Spheres of more than 50 cells
or larger were counted, and representative images were
captured using a microscope (Leica DMiS8).

2.9 Flow cytometry analysis of CD133

The cells with the indicated treatment were har-
vested and prepared into suspension. The cells were
fixed and permeabilized. Then, 2% (0.02 g/mL) bovine
serum albumin (BSA) (in phosphate-buffered saline
(PBS)) was added to block non-specific binding sites
for 30 min. Diluted primary antibody (a volume ratio
of 1:500) was added to the cell suspension which was
then incubated for 1-2 h at room temperature or over-
night at 4 °C. Unbound secondary antibodies were
removed. Stained cells were analyzed using a flow
cytometer (BD FACSCanto, USA), adjusting voltage
and compensation settings as needed. FlowJo software
was used to analyze the flow cytometry data and gate
populations based on fluorescence intensity.

2.10 Cell cycle distribution analysis

A cell cycle analysis kit (Beyotime Biotech-
nology) was used to analyze the cell cycle distribution
according to the manufacturer’s instructions. Briefly,
the cells were harvested and resuspended in PBS.
The resuspended cells were washed twice and the
collected cells were fixed with 70% (volume frac-
tion) alcohol at 4 °C overnight. Next, 10 uL. RNase A
(50%) and 25 pL propidium were added to 0.5 mL
binding buffer to obtain the staining buffer. The cells
were incubated with the staining buffer for 30 min at
37 °C. Then, the cell cycles were analyzed using flow
cytometry (BD FACSCanto).

2.11 Immunocytochemistry

Immunocytochemistry was conducted following
methods reported in a previous study (Zhang et al.,
2023b). sh-CBR1- or sh-nc-infected cancer cells were
seeded on slides in 6-well plates. The cells were
fixed in 4% paraformaldehyde for 10 min at room
temperature. To permeabilize the cells, 0.25% Triton
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X-100 was added and incubated for 10 min. To block
unspecific binding of antibodies, 1% BSA was added
and allowed to incubate for 30 min. Subsequently, the
cells were exposed to the primary antibody solution
(SETD4, a volume ratio of 1:500) and incubated over-
night at 4 °C. The next day, the cells were incubated
with the secondary antibody in 1% BSA for 1 h at room
temperature in the dark. For nuclear staining, 1 pg/mL
of DAPI was added. The positive cells were then vi-
sualized and observed using a microscope (Leica
DMiS8).

2.12 Western blot analysis

Cells with the indicated treatment were lysed
using radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime Biotechnology), and total protein
was collected. The tissue samples were homogenized
in ice-cold lysis buffer. The tissue was disrupted using
a tissue homogenizer until a fine suspension was
achieved. After homogenization, the samples were in-
cubated on ice for 30 min with intermittent mixing.
The lysates were then centrifuged at 12 000g for
15 min at 4 °C to remove cellular debris. The super-
natant containing the soluble protein fraction was
collected, and the protein concentration was mea-
sured using a Bradford protein concentration assay kit
(Beyotime Biotechnology). Protein extracts were stored
at —80 °C for further analysis. For protein separation,
equal amounts of protein were loaded onto a sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) for separation. Polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA)
were used to transfer the separated proteins. Subse-
quently, the membranes were blocked with 5% (vol-
ume fraction) nonfat milk and incubated with primary
antibodies overnight at 4 °C. The corresponding sec-
ondary antibodies were then added to the membranes,
and the proteins were visualized using enhanced chemi-
luminescence (Bio-Rad Laboratories Co., Ltd., Shang-
hai, China).

2.13 Xenograft model

All animal experiments were conducted with the
approval of the experimental animal ethical committee
of The Fifth Affiliated Hospital to Wenzhou Medical
University. BALB/c nude mice (Shanghai SLAC Lab-
oratory Animal Co., Ltd., Shanghai, China) were anes-
thetized using isoflurane (Shanghai Abbott Pharma-
ceutical Co., Ltd., Shanghai, China). Subsequently, a

total of 5x10° A549 cells were injected subcutaneously
into the left upper back of each mouse. The mice were
then divided into four groups: a control group, PP-Me
group, CDDP group, and a PP-Me plus CDDP group.
The doses of PP-Me and CDDP were 30 mg/kg and
1 mg/kg, respectively. Tumor size was manually mon-
itored every three days using calipers. The tumor vol-
ume (V) was calculated using the formula V=LxW?/2;
L and W represent the length and width of tumor, re-
spectively. At 21 d, the mice were sacrificed, and the
tumor masses were collected. Western blot analysis was
performed to detect the expression of SOX2, OCT4
and SETD4 in each group.

2.14 Statistical analysis

Statistical analysis was performed using GraphPad
8.0 software (San Diego). The data are presented as
meantstandard deviation (SD). Differences between
groups were evaluated using analysis of variance
(ANOVA) followed by Tukey’s post hoc analysis.
P values less than 0.05 were considered statistically
significant.

3 Results

3.1 Expression of CBR1 and pro-proliferative effect
in NSCLC

The mRNA expression profile from the TCGA
database revealed that the expression of CBRI is up-
regulated in NSCLC tissues from patients at both early
and advanced stages (Figs. Sla and S1b). Furthermore,
patients with nodal metastasis status showed higher
expression levels of CBRI than healthy individuals
(Fig. S1c). To validate the expression of CBR1 in
NSCLC, western blot analysis was performed on non-
tumor and tumor tissues obtained from five patients.
Consistent with a previous study (Schlager and Powis,
1990), the protein expression of CBR1 was higher in
NSCLC tumor tissues than in adjacent non-tumor tis-
sues (Figs. la and 1b). Additionally, our findings indi-
cated that NSCLC cell lines exhibit higher levels of
CBR1 expression than HBE cells (Figs. 1c and 1d).
These results strongly suggest that CBR1 is indeed
overexpressed in both NSCLC tissues and cell lines.
To obtain the prognostic value of CBR1 in NSCLC,
survival data from the TCGA database were analyzed.
The results suggested that patients with high expres-
sion of CBR1 had shorter OS and PPS (Figs. S1d and



Sle). Among patients receiving chemotherapy with
high CBR1 expression, the OS and PPS were further
shortened, highlighting its prognostic value for both
survival and treatment response (Figs. S1f and Slg).
Considering that the highest expression of CBR1 was
observed in A549 and PC9 cells, these cell lines were
used for further investigation (Figs. 1¢ and 1d). To
elucidate the potential malignant functions of CBR1,
a gene interference strategy was used to knock down
CBR1 expression in A549 and PC9 cells (Fig. 1e). Sub-
sequently, in sh-CBR1-infected cells, we found signifi-
cant decreases in cell viability (Fig. 1f), the number
of colonies (Figs. 1g and 1h), and the proportion of
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EdU-positive cells (Figs. 11 and S1h), demonstrating
its inhibitory effects on growth.

3.2 Stemness-promoting effect of CBR1

Next, we treated lung cancer cells with a stem-
ness inducer to investigate the effect of CBR1 on
tumor stemness. As shown in Figs. 2a and 2b, the CSCs
of NSCLC exhibited a higher percentage of CD133-
positive cells. The expression of the two other CSC
markers, SOX2 and OCT4, was increased, as shown by
western blots (Figs. 2¢ and 2d). The expression of CBR1
was found to be higher in CSCs than in non-CSCs
(Figs. 2¢ and 2d). Furthermore, CBR1 inhibition using
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Fig. 1 Expression and oncogenic effects of CBR1 in NSCLC. (a) The expression of CBR1 in non-tumor and tumor samples
from five patients was tested using western blotting. (b) Statistical analysis of CBR1 in non-tumor and tumor tissues
(n=5). (¢) The expression of CBR1 in NSCLC cell lines and human bronchial epithelial (HBE) cells was tested using
western blotting. (d) Statistical analysis of CBR1 in cell lines (P value, vs. HBE). (e) Gene interference strategy applied to
knock down the expression of CBRI1. (f) Cell viability tested using CCK-8 assay. (g) Visualization of clones. (h) Statistical
analysis of the number of clones. (i) Visualization of EdU-positive cells. (d, f, h) The data were expressed as mean+SD, n=3.
One-way ANOVA with Dunnett’s multiple comparisons test was used. ~* P<0.01, " P<0.001. T: tumor; N: non-tumor;
CBR1: carbonyl reductase 1; NSCLC: non-small cell lung cancer; sh-nc: short hairpin RNA (shRNA) negative control;
sh-CBR1: shRNA CRB1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; CCK-8: cell counting kit-8; EdU: 5-
ethynyl-2'-deoxyuridine; ANOVA: analysis of variance; SD: standard deviation.
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Fig. 2 Ability of CBR1 to maintain the stemness property of NSCLC cells. (a) FCM analysis of CD133-positive cells in
non-CSCs and CSCs. (b) The percentage of CD133-positive non-CSCs and CSCs. (c) Western blot analysis of CBR1 and
the stem cell markers OCT4 and SOX2. (d) Statistical analysis of the expression of CBR1, OCT4, and SOX2. (¢) FCM
analysis of CD133-positive sh-CBR1-1- and sh-CBR1-2-infected CSCs. (f) The percentage of CD133-positive sh-CBR1-1-
and sh-CBR1-2-infected CSCs. (g) Representative images of sphere formation in sh-CBR1-1- and sh-CBR1-2-infected
CSCs. (h) Relative sphere formation ability of sh-CBR1-1- and sh-CBR1-2-infected CSCs. (i) Western blot analysis of
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mean+SD, n=3. One-way ANOVA with Dunnett’s multiple comparisons test was used. ~ P<0.01, ™" P<0.001. CSCs: cancer
stem cells; CBR1: carbonyl reductase 1; NSCLC: non-small cell lung cancer; FCM: flow cytometry; CD133: cluster of
differentiation 133; OCT4: octamer-binding transcription factor 4; SOX2: SRY (sex determining region Y)-box 2; sh-nc:
short hairpin RNA (shRNA) negative control; sh-CBR1: shRNA CRB1; ANOVA: analysis of variance; SD: standard
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a gene interference strategy led to a sharp decrease in
the number of CD133-positive A549 and PC9 CSCs
(Figs. 2e and 2f). The ability of A549 and PC9 cells
to form spheres declined in sh-CBR1-infected cells
(Figs. 2g and 2h). The western blot results confirmed
that the expression of OCT4 and SOX2 was decreased
in sh-CBR1-infected A549 and PC9 cells compared to
the corresponding negative control plasmid (Figs. 2i—
2k). These findings suggest that CBR1 plays an essen-
tial role in maintaining the stem cell-like property of
NSCLC cells.

3.3 Enhanced chemosensitivity induced by CBR1
inhibition in NSCLC cells

Subsequently, we investigated whether CBR1
inhibition enhanced the chemosensitivity of NSCLC
cells to CDDP. The indicated concentrations of CDDP
were added to A549 and PC9 cells infected with
sh-CBR1. The half maximal inhibitory concentration
(IC,,) of sh-CBR1-infected cells to CDDP declined
from 10.69 to 3.61 pmol/L in A549 cells and from
9.93 to 3.12 umol/L in PC9 cells (Fig. 3a). Similarly,
PP-Me treatment decreased the IC,, of CDDP from
10.14 to 3.96 umol/L in A549 cells and from 9.74 to
4.03 pmol/L in PC9 cells (Fig. 3b). Indeed, the ex-
pression of CBR1 was upregulated in NSCLC cells
exposed to 2.0 umol/L CDDP without exhibiting cyto-
toxicity (Figs. 3¢ and 3d). For validation, the inhibitory
effects of combined therapy of PP-Me and 5.0 pmol/L
CDDP, a dosage with less than 20% cytotoxicity, were
tested using CCK-8 and EdU assays. Compared to
CDDP treatment alone, the combined therapy resulted
in a sharp decrease in cell viability (Fig. 3e) and the
percentage of EdU-positive cells (Figs. 3f and 3g).
Furthermore, the percentage of CD133-positive cells
was lower in cells treated with PP-Me and CDDP
than in A549 and PC9 cells treated with CDDP alone
(Figs. 3h and S2a). Additionally, the expression of
OCT4 and SOX2 declined significantly in A549 and
PC9 cells treated with PP-Me and CDDP (Figs. 3i, S2b,
and S2c). These findings strongly suggest that CBR1
inhibition enhances the chemosensitivity of NSCLC
cells to CDDP.

3.4 CBRI1-induced quiescence in NSCLC cells

CSCs may enter a state of quiescence, exhibiting
reduced sensitivity to chemotherapeutic agents (Ye
et al., 2019; Mukhopadhyay et al., 2023; Wang et al.,
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2023). Based on its capacity to maintain stemness and
increase chemotherapy resistance, we sought to deter-
mine whether CBR1 promotes quiescence. For this
purpose, we initially developed a quiescent cell model
by incubating NSCLC cells in medium containing
0.2% FBS instead of the usual 10% for 7 d, as reported
previously (Jiang et al., 2020). As expected, the quies-
cent cells exhibited GO phase arrest, with an approxi-
mately 15% increase in GO cells (Figs. 4a and 4b).
The western blot results confirmed that the expression
of cell cycle progression-related proteins, including
pRb and cyclin D1, was reduced in quiescent cells in-
cubated in 0.2% FBS medium for 3 or 7 d. However, the
expression of p27, a marker of quiescent cells, was
much higher than that of normal cells (Figs. 4c and S3a—
S3c). We also found that the expression of SETD4, a
functional readout of quiescence related to CSCs, was
increased in quiescent cells (Figs. 4c and S3d). These
results show that the model can be used as a quiescent
cell model. Furthermore, our results indicated that the
expression of CBR1 was upregulated in quiescent cells
(Figs. 4c and S3e). We also observed a significant de-
crease in GO cells in PP-Me-treated or sh-CBR 1-infected
quiescent cells (Figs. 4d and 4e). The western blot re-
sults confirmed that the expression of pRb and cyclin
DI increased in PP-Me-treated or sh-CBR1-infected
quiescent cells, while the expression of p27 and SETD4
decreased (Figs. 4f and S3f—S3i). To investigate the
mechanism, we focused on the roles of SETD4 in
CBR1-mediated quiescence, given the previously re-
ported capacity of SETD4 to regulate quiescence in
CSCs (Mukhopadhyay et al., 2023; Wang et al., 2023).
Indeed, SETD4 mRNA expression was positively asso-
ciated with CBRI mRNA expression in NSCLC sam-
ples from the TCGA database (Fig. 4g). Our quantitative
polymerase chain reaction (qPCR) and immunofluo-
rescence staining results verified that SETD4 mRNA
and protein expression was decreased in PP-Me-treated
or sh-CBRI1-infected quiescent cells (Figs. 4h, 41, and
S3j), demonstrating that SETD4 was involved in pro-
moting quiescence in NSCLC cells.

3.5 SETD4-mediated maintenance of NSCLC
stemness and antagonism of CBR1 inhibition

To determine whether SETD4 mediates the bio-
logical behavior of CBR1, we established SETD4-
downregulated A549 and PC9 cells using a gene inter-
ference strategy (Fig. 5a). Consequently, the growth
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rate (Fig. 5b), clony formation ability (Figs. Sc and 5d),
and percentage of EdU-positive cells (Figs. Se and S4a)
in SETD4-infected cells were decreased, compared to
negative control cells. Additionally, SETD4 downregu-
lation led to a decreased capacity of sphere formation
(Figs. 5f and 5g) and expression of OCT4 and SOX2
(Figs. 5h, S4b, and S4c). Furthermore, SETD4 down-
regulation led to a decrease in the IC,, of CDDP from
10.05 to 3.18 pmol/L in A549 cells and from 9.06 to
3.76 umol/L in PC9 cells (Fig. 5i). The CCK-8 results
confirmed that the viability of sh-SETD4-infected cells
treated with CDDP was lower than that observed in
negative control cells subjected to CDDP treatment
(Fig. 5j). These results showed that SETD4 inhibition
can hinder the stemness of NSCLC cells and increase
their chemosensitivity to CDDP. To confirm that SETD4
mediated the chemosensitivity of CBR1 inhibition,
SETD4-overexpressing plasma was transfected to
sh-nc- or sh-CBRI1-infected A549 and PC9 cells
(Fig. S4d). The CCK-8 results indicated that SETD4
overexpression alleviated the growth inhibition and
increased the chemosensitivity effects of CBR1 inhibi-
tion by sh-CBR1 and PP-Me (Figs. S5k and 5I).

3.6 Antitumor efficacy of PP-Me and CDDP in vivo

A549 cells were subcutaneously injected into the
mice. The mice were categorized into four groups:
control group, CDDP group, PP-Me group, and PP-Me
plus CDDP group. The tumor volume and body weight
of the mice were monitored every three days. The mice
were sacrificed on Day 21, and the tumor tissues were
collected (Fig. 6a). The tumor weight and volume
showed a slight decrease in the CDDP and PP-Me
groups. The combined treatment with PP-Me and
CDDP resulted in a much stronger reduction in tumor
size and weight than the individual treatments with
either PP-Me or CDDP alone (Figs. 6b and 6¢). Sig-
nificantly, the body weights of all mice did not show
a significant decline, demonstrating that the combined
therapy did not cause severe toxicity (Fig. 6d). Western
blot analysis revealed that the expression of OCT4
and SOX2 was effectively inhibited in both the PP-Me
group and the PP-Me plus CDDP group, demonstrating
the anti-stemness capacity of PP-Me (Figs. 6e and 6g).
Indeed, the expression of SETD4 was decreased in
the PP-Me group and the PP-Me plus CDDP group,
highlighting the anti-quiescence capacity of PP-Me
(Figs. 6e and 6g). For verification, the expression of
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OCT4, SOX2, and SETD4 was analyzed using immuno-
histochemistry. Consistent with the western blot re-
sults, their expression was decreased in the PP-Me
group and the PP-Me plus CDDP group, indicating the
anti-stemness and anti-quiescence effects of CBR1
inhibition in vivo (Figs. 6f and 6h).

4 Discussion

The expression of CBR1 in various cancer types
has been studied, and research findings indicate that it
can vary across different cancers, including breast
(Morin-Buote et al., 2021), lung (Kalabus et al., 2012),
gastrointestinal (Matsunaga et al., 2015), endometrial
(Murakami et al., 2012), ovarian (Osawa et al., 2015),
liver (Tak et al., 2011), and pancreatic (Zhou et al.,
2021) cancers, and leukemia (Jang et al., 2012). Spe-
cifically, the overexpression of CBRI1 in lung can-
cer tissues has been associated with poor prognosis
and aggressive tumor behavior (Kalabus et al., 2012;
Koczurkiewicz-Adamczyk et al., 2020). In this study,
based on data from the TCGA database and our west-
ern blot results of clinical samples, we verified that the
expression of CBR1 is upregulated in NSCLC tissue
and high expression of CBR1 indicates a poor progno-
sis for NSCLC patients, consistent with a previous
study (Kalabus et al., 2012). Additionally, the upregu-
lated expression of CBR1 in NSCLC cell lines was
confirmed using western blot. To further investigate
the biofunctions of CBR1, we focused on the CSCs,
which have been implicated as a cause of tumor pro-
gression and treatment resistance. The novelty of this
study indicated that the expression of CBR1 was up-
regulated and the knockdown of CBR1 led to a reduc-
tion in the number of CD133-positive cells and the ex-
pression of stem cell-related proteins, including OCT4
and SOX2, indicating the stemness maintenance prop-
erty of CBR1.

Although various agents, including immunomodu-
lators and molecular targeted drugs, prolong the OS of
NSCLC patients, platinum-based chemotherapy strat-
egies still play an important role in clinical practice
(Iwamoto et al., 2015; Niho et al., 2020). CDDP is
commonly used in the treatment of NSCLC and works
by interfering with DNA in cancer cells, preventing
the cells from dividing and growing. CDDP resistance
remains a significant challenge. Many factors, such as
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reduced drug accumulation, increased DNA repair, epi-
genetic alterations, microenvironmental changes, and
CSCs, may contribute to resistance (Galluzzi et al.,
2012). Based on the stemness maintenance property
of CBR1, we investigated the role of CBR1 in chemo-
sensitivity to CDDP. The TCGA data also suggested
that high expression of CBR1 is associated with a
shorter PPS in patients receiving chemotherapy. As a
reductase, CBR1 may facilitate the reduction of doxo-
rubicin, a common chemotherapy agent, to doxorubi-
cinol, which could enhance DOX-induced toxicity in
cardiomyocytes but decrease its antineoplastic effects in
breast cancer (Jo et al., 2017). Indeed, similar functions
of CBR1 in NSCLC were reported by Koczurkiewicz-
Adamczyk et al. (2020, 2022). Fortunately, the inhibi-
tion of CBR1 by cinnamamide derivatives could con-
tribute to cardiomyocyte protection and chemosensi-
tivity (Koczurkiewicz-Adamczyk et al., 2020, 2022).
As expected, we confirmed that CBR1 was associat-
ed with the cytotoxicity of CDDP. Increased expres-
sion of CBR1 was observed in CDDP-treated NSCLC
cells, demonstrating its potential role in chemotherapy
resistance. The combination of PP-Me and CDDP re-
sulted in a sharp decrease of the stemness property
both in vitro and in vivo. These results highlight that
increased chemosensitivity may be related to reduced
stemness following CBR1 inhibition.

Considering that quiescence in CSCs is thought
to be a protective mechanism that allows these cells to
evade the cytotoxic effects of chemotherapy (Ye et al.,
2019; Mukhopadhyay et al., 2023; Wang et al., 2023),
we further investigated the role of CBR1 in promot-
ing quiescence. We found that CBR1 was upregulated
in quiescent cells. CBR1 inhibition may reverse this
progression, as shown by the increase in cyclin D1 and
pRb, and the decrease in p27 and SETD4 in NSCLC
cells treated with PP-ME or sh-CBR1. Notably, altered
DNA methylation is commonly found in quiescent cells
to maintain the integrity of cellular function. SETD4
is a member of the histone-lysine N-methyltransferase
family, known for its role in catalyzing the trimethyl-
ation of Lys-20 of histone H4 and thereby facilitating
heterochromatin formation (Dai et al., 2017; Zhong
et al., 2019). SETD4 serves as a regulator involved in
various biofunctions of cancer cells (Zhu et al., 2016;
Zhang et al., 2022) and is associated with the stem
cell property (Dai et al., 2017; Liao et al., 2021; Cai
et al., 2022). Indeed, SETD4 serves as a biomarker of
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quiescence in CSCs. Thus, we wanted to determine the
role of SETD4 in CBR1-mediated chemosensitivity.

Our results confirmed that SETD4 is upregulated
in quiescent cells. Notably, we observed a positive cor-
relation between the expression of CBR1 and that of
SETD4. CBR1 inhibition led to a reduction in SETD4
levels in vitro and in vivo. Sustained expression of
SETD4 in NSCLC cells appeared to mitigate the in-
creased chemosensitivity induced by CBR1 inhibi-
tion, highlighting the critical role of SETD4 as a down-
stream effector of CBR1. Collectively, our findings
indicate that the CBR1-SETD4 axis plays a vital role
in maintaining CSC properties and promoting chemo-
therapy resistance. Inhibition of SETD4 not only re-
duces stemness but also sensitizes NSCLC cells to
chemotherapy, suggesting that CBR1-induced SETD4
expression facilitates quiescence and shields CSCs
from cytotoxic stress.

Our insights into the molecular interplay be-
tween CBR1 and SETD4 advance the understanding
of NSCLC progression and therapeutic resistance. The
CBRI-SETD4 axis may emerge as a promising target
for overcoming chemotherapy resistance, particularly
in quiescent CSCs. However, our study has several
limitations. For example, the interactions of CBR1 with
other genes and signaling pathways, such as phospha-
tidylinositol 3-kinase/protein kinase B (PI3K/Akt),
mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK), nuclear factor-xB
(NF-kB), Wnt/B-catenin, and Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) path-
ways, known to be involved in stemness and quies-
cence, should be investigated to better understand the
broader regulatory network (Shi and Di, 2017). These
genes and signaling pathways could help identify new
ways to treat NSCLC, particularly through combina-
tion therapies involving cannabinoids, immune modu-
lation, and targeted therapies. Furthermore, research
on the specific molecular mechanisms underlying these
interactions will be crucial in determining whether
CBRI could serve as a promising therapeutic target in
NSCLC. More sophisticated preclinical models, such
as genetically engineered mouse models, should be
applied to validate the findings. Furthermore, identify-
ing potential biomarkers that could predict the response
to CBR1 inhibition will help stratify patients who are
likely to benefit from such therapies. Thus, more
efforts should be made, including investigating specific
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molecular mechanisms underlying the interactions be-
tween quiescent cells, CSCs, and chemotherapy resist-
ance in NSCLC. The long-term effects of this novel
therapy on patient survival, quality of life, and poten-
tial side effects should be investigated using animal
models that more closely mimic human NSCLC. In
addition, further studies validating the identified bio-
markers in larger and more diverse patient cohorts and
exploring the clinical applicability of personalized
treatment strategies should be conducted. Preclinical
studies should be performed to assess the efficacy of
targeted therapies aimed at reducing cancer stemness
and quiescence by inhibiting CBRI1.

In conclusion, our study revealed that CBR1 is
significantly overexpressed in NSCLC and plays a cru-
cial role in maintaining the self-renewal capacity of
CSCs. CBR1 inhibition not only impairs growth but
also increases chemotherapeutic sensitivity to CDDP
in NSCLC. Furthermore, CBR1 inhibition opposes the
quiescence of NSCLC cells and involves the altera-
tion of SETD4. SETD4 may be a downstream target of
CBRI1, mediating stemness and chemotherapy resis-
tance in NSCLC.
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