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Objective: This study investigates the role of circCDK6 in maintaining cancer stem cell (CSC) properties and mediating cisplatin
resistance in lung adenocarcinoma (LUAD), with a focus on the involvement of the Wnt/B-catenin signaling pathway.

Methods: The expression levels of circCDK6 in various LUAD cell lines were measured using quantitative real-time PCR. Gain- and
loss-of-function experiments were conducted by plasmid-mediated overexpression and siRNA-mediated knockdown of circCDK6.
Cisplatin sensitivity was assessed using the Cell Counting Kit-8 assay and colony formation assay. The involvement of the Wnt/B-
catenin pathway was examined by inhibiting the pathway with IWR-1. A subcutaneous xenograft model in BALB/c nude mice was
used to evaluate the in vivo effects of circCDK6 knockdown on cisplatin responsiveness, and tumor tissues were analyzed through
hematoxylin and eosin staining and immunohistochemistry for Ki-67 expression.

Results: CircCDK6 expression was significantly elevated in H1299 and H1975 cells compared to A549 and PC-9 cells.
Overexpression of circCDK6 increased stemness markers, such as CD133, Oct4, and Sox2, and enhanced cisplatin resistance, as
demonstrated by higher ICs, values and increased colony formation. In contrast, circCDK6 silencing significantly reduced cisplatin
resistance. Western blot analysis revealed that circCDK6 activated the Wnt/B-catenin pathway by upregulating Axin2, B-catenin, and
c-Myec. In vivo, circCDK6 knockdown reduced tumor volume, improved the anti-tumor effect of cisplatin, and decreased Ki-67
expression.

Conclusion: CircCDK6 may promote CSC properties and contribute to cisplatin resistance in LUAD, potentially through activation
of the Wnt/B-catenin pathway. These findings suggest that circCDK6 may represent a potential therapeutic target for overcoming
chemoresistance in LUAD, although further studies are needed to validate its role and clinical relevance.

Keywords: cancer stem cell-like properties, chemoresistance mechanisms, noncoding RNA, lung cancer progression, B-catenin
signaling

Introduction

Lung adenocarcinoma (LUAD) is the most common subtype of non-small cell lung cancer (NSCLC), accounting for
more than 40% of all lung cancer cases." With changes in global smoking patterns and increasing environmental
pollution, the incidence of LUAD has risen significantly over the past decades, particularly among women and non-
smokers.” The etiology of LUAD is multifactorial, involving genetic predisposition, environmental influences, and
individual characteristics.®* Prolonged exposure to secondhand smoke and air pollution has been identified as major
environmental risk factors for LUAD development.>® LUAD is often asymptomatic in its early stages, making early
diagnosis particularly challenging. As a result, many patients are diagnosed at advanced stages of the disease.” Although
recent advances in imaging technologies and molecular biomarkers have improved early detection, substantial challenges
remain in the implementation and accessibility of effective screening strategies, especially among high-risk populations.®
Currently, cisplatin remains one of the standard chemotherapeutic agents for LUAD. However, as treatment progresses,
a growing number of patients develop resistance to cisplatin, significantly compromising therapeutic outcomes.’ This
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resistance is not only associated with genetic mutations within tumor cells but is also closely linked to the presence of
cancer stem cells (CSCs), which play crucial roles in tumor initiation, progression, and chemoresistance.'® Therefore,
elucidating the molecular mechanisms underlying CSC-associated stemness in LUAD may offer novel insights into
overcoming chemotherapy resistance.

Circular RNAs (circRNAs) are a class of non-coding RNAs characterized by a covalently closed loop structure.
Emerging evidence indicates that circRNAs participate in tumorigenesis, cancer progression, and chemoresistance.''
Numerous studies have demonstrated that circRNAs play essential roles in regulating tumor cell proliferation, migration,
invasion, and the maintenance of stemness across various cancer types.'> Recent studies have reported that circCDKG6 is
dysregulated in human cancers. For example, in cervical cancer, circCDK6 suppresses tumor proliferation and metastasis
by acting as a sponge for miR-449a."* However, the role and mechanism of circCDK6 in LUAD remain unexplored.
Notably, the Wnt/B-catenin signaling pathway is a well-established regulator of cellular processes such as proliferation,
differentiation, and migration, and it is implicated in the pathogenesis of multiple cancers.'*'> Importantly, in the context
of cisplatin resistance, Wnt/B-catenin signaling has been identified as a critical modulator that may influence chemother-
apy outcomes by altering CSC characteristics and drug resistance mechanisms.'*>'®

This study aims to clarify whether circCDK6 contributes to cisplatin resistance in LUAD through the Wnt/B-catenin
signaling pathway. By exploring the interaction between circCDK6 and the Wnt/B-catenin signaling pathway, this study
seeks to elucidate how circCDK6 contributes to chemoresistance and to identify potential therapeutic targets for
overcoming treatment failure in LUAD.

Materials and Methods

Cell and Culture Conditions

Human LUAD cell lines A549 (Pricella, CL-0016), H1299 (Pricella, CL-0165), H1975 (Pricella, CL-0298), and PC-9
(Pricella, CL-0668) were used in this study. All cell lines were authenticated by short tandem repeat (STR) profiling
(Wuhan Pricella Biotechnology Co., Ltd.) and confirmed to match the reference profiles for each line. All cells were
cultured in RPMI-1640 medium (Gibco, 31870082) supplemented with 10% fetal bovine serum (FBS; Gibco,
30067-334) and 1% penicillin-streptomycin solution (Gibco, 15140122) in a humidified incubator at 37°C with 5%
CO,. Cells were subcultured when they reached 80% confluency.

Cell Transfection and Treatment

circCDK6 overexpression plasmids were transfected into A549 cells, while siRNAs targeting circCDK6 were transfected
into H1299 cells for functional assays. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen, 11668019)
according to the manufacturer’s instructions. For each well, 2 pg of circCDK6 overexpression plasmid (Origene) or small
interfering RNA (siRNA) oligonucleotides (Guangzhou Anernor Biotechnology Co., Ltd.) were used. The siRNAs were
designed to specifically target the back-splice junction of human circCDK6 (hsa circ 0001724) according to the
annotation provided by circBase (https://www.circbase.org/cgibin/singlerecord.cgi?id=hsa circ 0001724). The specifi-
city of the siRNAs was confirmed using NCBI BLAST to avoid off-target binding to the linear CDK6 transcript (RefSeq:
NM_001259.8). The sequences were as follows: si-circCDK6 #1: AAGUUUUAGCAGAAAACCUCUTT; si-circCDK6
#2: CCAAGUUUUAGCAGAAAACCUTT; negative control siRNA (si-NC): AUGUUUAAAUUGUUGUGAAATT.
The mixtures were incubated for 4 h, after which the medium was replaced with fresh culture medium and incubated

for an additional 48 h prior to subsequent experiments.

For Wnt/B-catenin pathway inhibition, after 48 h of transfection with circCDK6 overexpression plasmids, cells were
treated with 10 uM TWR-1 (Selleck, S7086) for 24 h,'” followed by cisplatin treatment for the CCK-8 assay. Cisplatin
(Sigma-Aldrich, P4394) was applied at concentrations of 0, 2, and 4 uM for 48 h prior to colony formation assays of
A549 and H1299 cells. For RNase R validation of circCDK®6, total RNA from A549 cells was treated with 3 U/ug RNase
R (Epicenter Technologies) at 37°C for 30 min, followed by analysis of the expression levels of circular and linear

transcripts.
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Quantitative Real-Time PCR (qRT-PCR)

When cells reached approximately 70% confluence, total RNA was extracted using TRIzol reagent (Invitrogen,
15596026), and reverse transcription was performed using a reverse transcription kit (Thermo Fisher, K1622). gPCR
was carried out using SYBR Green PCR Master Mix (Takara, RR820A) under the following thermal cycling conditions:
initial denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 15s, 60°C for 30s, and 72°C for 30s. GAPDH
was used as the internal control, and relative expression levels were calculated using the 27**“" method. The primer
sequences were as follows: circCDK6 forward: 5'-CCAAGTTTTAGCAGAAAACCTCTCC-3'; circCDKG6 reverse: 5'-
CTCCTCGAAGCGAAGTCCTC-3"; linear CDK6 forward: 5'-CAGTGACTTTCCTCTGACATGC-3'; linear CDK6
reverse: 5'-GGCTCTGCATAAAACGGCAC-3"; GAPDH forward: 5'-CCAGGTGGTCTCCTCTGA-3"; GAPDH reverse:

5'-GCTGTAGCCAAATTCGTTG-3".

Western Blot

Cells were lysed in RIPA buffer (Beyotime, P0O013B), and protein concentration was determined using the BCA Protein
Assay Kit (Thermo Fisher, 23227). Equal amounts of protein (30 pug per sample) were separated by 12% SDS-PAGE and
transferred to PVDF membranes (Millipore, IPVH00010). After blocking, membranes were incubated overnight at 4°C
with the following primary antibodies: CD133 (Abcam, ab222782, 1:2000), Oct4 (Abcam, ab137427, 1:1000), Sox2
(Abcam, ab171380, 1:1000), p-B-catenin (Abcam, ab314450, 1:1000), B-catenin (Abcam, ab68183, 1:1000), c-Myc
(Abcam, ab19312, 1:1000), Axin2 (Abcam, ab109307, 1:1000), p-GSK3p (Abcam, ab68476, 1:1000), and GSK3p
(Abcam, ab93926, 1:1000). GAPDH (Abcam, ab8245, 1:1000) was used as the loading control. HRP-conjugated
secondary antibodies (Abcam, ab6721, 1:2000) were applied, and immunoreactive bands were visualized using an
enhanced chemiluminescence detection kit (Thermo Fisher, 34577). Densitometric analysis was performed using
ImagelJ software (National Institutes of Health).

CCK-8 Assay for Cell Viability

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo, CK04). Cells were seeded in 96-well plates
at a density of 4x10* cells/well. After 24 h of adherence, the medium was replaced with fresh medium containing varying
concentrations of cisplatin (0, 1, 2, 4, 8, 16, and 32 uM). After 48 h of incubation, 10 pL. of CCK-8 reagent was added to
each well and incubated at 37°C for 1.5 h. Absorbance was measured at 450 nm using a microplate reader (BioTek,
ELx800). Each group included three replicate wells, and blank wells were used for background correction. Dose-
response curves and ICso values were generated using GraphPad Prism 9.0.

Colony Formation Assay

The colony formation assay was used to evaluate the proliferative capacity of LUAD cells following cisplatin treatment.
A549 and H1299 cells were treated with 0, 2, or 4 uM cisplatin and cultured for 10-14 days, with medium refreshed
every 3 days. Colonies were fixed with 4% paraformaldehyde (Solarbio, P1110) for 15 min and stained with 0.1% crystal
violet (Beyotime, C0121) for 20 min. After thorough rinsing and air drying, colonies were imaged and quantified using
Imagel.

Animal Housing

Eighteen 4-5-week-old male BALB/c nude mice (SM-014), weighing 20-25 g, were obtained from Shanghai Model
Organisms Center, Inc. All animals were housed under standard conditions at 22 + 2°C with 60% humidity and
a 12 h light/dark cycle, with ad libitum access to food and water. All animal procedures were conducted in compliance
with the Regulations on the Administration of Laboratory Animals, performed in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH). The animal study protocol was approved by the Animal Ethics Committee of the
Health Science Center of Xi’an Jiaotong University (Approval No. XJTUAE2023-1998, 19 June 2023). This study is
reported in accordance with the ARRIVE guidelines.
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Animal Model

To establish subcutaneous tumor xenografts, 1x10° H1299 cells in 0.1 mL PBS were injected into the right axilla of
BALB/c nude mice. Tumor length and width were measured weekly using calipers, and tumor volume was calculated as
(length x width?)/2. Once tumors reached approximately 100 mm® in volume, mice were randomly divided into three
groups (n = 6 per group): (1) si-NC, (2) si-NC + cisplatin (DDP), and (3) si-circCDKG6 #1 + DDP. Mice in the si-NC +
DDP group were intraperitoneally injected with 5 mg/kg cisplatin (Sigma-Aldrich, P4394) twice weekly.'® Additionally,
based on superior knockdown efficiency and functional validation in vitro, si-circCDK6 #1 was selected for in vivo
xenograft experiments. Mice in the si-circCDK6 #1 + DDP group received 5 mg/kg cisplatin together with si-circCDK6
#1 lentivirus (1 x 10® TU in 100 uL PBS) via tail vein injection once per week starting on the first day of treatment.
Lentiviral injection was initiated on the first day of cisplatin treatment and repeated weekly to ensure sustained gene
silencing throughout the treatment period. The si-NC group received si-NC lentivirus (1 x 10® TU in 100 uL PBS) via
tail vein injection once per week and served as the negative control. Mice in the si-NC + DDP group received si-NC
lentivirus together with intraperitoneal cisplatin treatment.

Tumor growth inhibition (TGI) was calculated based on the change in tumor volume from baseline (week 1) to
endpoint (week 4), as previously described.'® TGI (%) was calculated as [1 — (Tt — T0)/(Ct — C0)] x 100, where Tt and
TO represent the mean tumor volumes of the treatment group at the study endpoint and baseline, respectively, and Ct and
CO represent the mean tumor volumes of the reference control group at the study endpoint and baseline, respectively. In
this study, TGI was calculated for both the si-NC + DDP group relative to the si-NC group and the si-circCDK6 #1 +
DDP group relative to the si-NC + DDP group to quantify the antitumor effect of cisplatin and the additional sensitizing
effect of circCDK6 knockdown. After 4 weeks of treatment, all mice were euthanized by intraperitoneal injection of
sodium pentobarbital (100 mg/kg; Sigma-Aldrich, P3761), and tumors were harvested, photographed, and weighed.

Hematoxylin and Eosin (HE) Staining

Tumor tissues were fixed in 4% paraformaldehyde (Servicebio, G1101) for 24 h, dehydrated with graded ethanol, cleared
in xylene (Sinopharm, 10023418), and embedded in paraffin. Sections of 4 um thickness were cut (Leica RM2235),
deparaffinized, rehydrated, and stained with hematoxylin (Servicebio, G1004) for 5 min, differentiated in 1% acid
alcohol, blued in 0.2% ammonia water, counterstained with eosin (Servicebio, G1001) for 2 min, dehydrated, cleared,
and mounted. Images were acquired using a bright-field microscope (Olympus BX53).

Immunohistochemistry (IHC) Staining

Paraffin-embedded tumor sections (4 pm) were deparaffinized, rehydrated, and subjected to antigen retrieval in sodium
citrate buffer (pH 6.0; Servicebio, G1202). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide
(Servicebio, G0115), followed by blocking with 5% BSA (Sigma-Aldrich, A7906). Sections were incubated overnight at
4°C with rabbit monoclonal anti-Ki-67 antibody (1:200; Abcam, abl16667), then with HRP-conjugated secondary
antibody (1:500; Servicebio, G1213) for 30 min. Staining was developed with DAB (Servicebio, G1212) and counter-
stained with hematoxylin (Servicebio, G1004), dehydrated, cleared, and mounted. Representative images were obtained
under a bright-field microscope (Olympus BX53). For semi-quantitative analysis of Ki-67 staining, digital images were
analyzed using ImageJ software (National Institutes of Health). Ki-67-positive cells were quantified as the percentage of
Ki-67-positive tumor cells among total tumor cells in randomly selected high-power fields.

Bioinformatic Prediction of circCDK6-Associated miRNAs and Wnt Targets

To explore potential upstream mechanisms by which circCDK6 may regulate Wnt/B-catenin signaling, an in silico
bioinformatic analysis was performed. The circRNA annotation of circCDK6 was obtained from circBase (https://www.
circbase.org/) using hsa circ 0001724 as the reference entry. Candidate miRNAs potentially binding to circCDK6 and
their putative binding sites were predicted using Circlnteractome (https://circinteractome.nia.nih.gov/). Wnt pathway-

related genes were collected from the KEGG Wnt signaling pathway dataset (hsa04310). Putative target genes of the
candidate miRNAs were then screened using TargetScanHuman 8.0 (https://www.targetscan.org/vert 80/), and the
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intersection between predicted miRNA targets and Wnt pathway components was identified to construct a circCDK6—
miRNA-Wnt regulatory network.

To provide external support for the potential association between circCDK6 and Wnt/B-catenin signaling in LUAD,
publicly available TCGA-LUAD transcriptomic data were additionally analyzed. Because circRNA expression data were
unavailable in the TCGA dataset, CDK6 was used as a proxy for circCDK6. CDK6 expression was compared between
paired tumor and adjacent normal tissues. In addition, Pearson correlation analysis was performed between CDK6 and
representative Wnt/B-catenin pathway-related genes, including CTNNB1, MYC, LEF1, TCF7, TCF7L2, GSK3B, and
APC. The correlation coefficients were visualized as a heatmap.

Statistical Analysis

All data were expressed as mean + standard deviation (SD). Statistical analyses were performed using GraphPad Prism
9.0 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups were made using two-tailed Student’s
t-tests. For multiple group comparisons, one-way or two-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test was used. ICsq values were calculated by nonlinear regression based on dose-response curves. p < 0.05 was
considered statistically significant.

Results
CircCDK6 Is Associated with Maintaining Stemness Properties of LUAD Cells by

Regulating the Expression of Stemness Markers

In A549 cells, circCDK6 remained stable after RNase R treatment, whereas linear mRNA was significantly degraded,
confirming the circular structure and resistance to exonuclease degradation of circCDK6 (Figure 1A). qRT-PCR analysis
revealed that circCDK6 expression was higher in H1299 and H1975 cells than in A549 and PC-9 cells (Figure 1B).
Transfection of H1299 cells with circCDK6-specific siRNAs significantly reduced circCDK6 expression, validating the
knockdown efficiency (Figure 1C). Concurrently, silencing circCDK6 resulted in marked downregulation of stemness-
related proteins including CD133, Oct4, and Sox2 (Figure 1D), suggesting that circCDK6 may promote the expression of
stemness markers. In contrast, circCDK6 overexpression in A549 cells significantly increased circCDK6 levels
(Figure 1E) and led to upregulation of CD133, Oct4, and Sox2 (Figure 1F), further supporting its positive regulatory
role in stemness maintenance.

CircCDKé6 Expression is Associated with Altered Cisplatin Sensitivity in LUAD Cells
CCK-8 assay demonstrated that A549 cells overexpressing circCDK6 exhibited enhanced resistance to cisplatin, with the
ICs( value increasing from 4.263 puM in the control group to 10.18 pM. Conversely, in H1299 cells, transfection with si-
circCDK6 #1 and si-circCDK6 #2 significantly increased cisplatin sensitivity, with ICsy values decreasing from
10.59 uM in the control group to 2.594 uM and 1.622 uM, respectively (Figure 2A, B and Table 1). Colony formation
assays showed that, under different concentrations of cisplatin, the number of colonies formed by OE-circCDK6 cells
was higher than that of the control group, indicating enhanced cell survival (Figure 2C). In contrast, colony numbers in
si-circCDK6 #1 and si-circCDK6 #2 groups were significantly reduced in H1299 cells, and the reduction was more
pronounced with increasing cisplatin concentrations (Figure 2D). These results indicate that circCDK6 upregulation
decreases cisplatin sensitivity, whereas its silencing enhances drug responsiveness.

CircCDK6 Expression Correlates with Wnt/B-Catenin Signaling Activity and Cisplatin

Response

Western blot analysis showed that overexpression of circCDK6 significantly increased the protein levels of Axin2, -
catenin, and c-Myc, while the levels of p-p-catenin and p-GSK3p were markedly decreased. Total GSK3p expression
remained unchanged (Figure 3A). In CCK-8 assays, the ICs value in the OE-circCDK6 + DMSO group was 13.36 uM,
significantly higher than that of the NC group (3.351 uM). Notably, treatment with the Wnt pathway inhibitor IWR-1
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Figure | CircCDKé is associated with maintaining stemness properties of LUAD cells by regulating the expression of stemness markers. (A) gRT-PCR analysis of circCDK6 and linear
CDKé mRNA stability following RNase R treatment. (B) Relative expression levels of circCDK® in various LUAD cell lines measured by qRT-PCR. (C) Knockdown efficiency of
circCDK6 in H1299 cells after siRNA transfection assessed by qRT-PCR. (D) Western blot analysis of stemness markers (CD 133, Oct4, Sox2) after circCDK6 knockdown in HI1299
cells. (E) Validation of circCDK6 overexpression in A549 cells using qRT-PCR. (F) Western blot analysis of CD 133, Oct4, and Sox2 following circCDK6 overexpression in A549 cells.
Note: Data are presented as mean + SD (n = 3). Compared to the NC group, ***p < 0.001.

Abbreviations: qRT-PCR, quantitative reverse transcription PCR; siRNA, small interfering RNA; OE, overexpression; NC, negative control; circCDK®6, circular RNA
CDKSé; ns, not significant.
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Figure 2 circCDKé expression is associated with altered cisplatin sensitivity in LUAD cells. (A) Cell viability under different concentrations of DDP assessed in A549 cells
using CCK-8 assay. Dose-response curves were plotted and ICs values calculated. (B) Cell viability under different concentrations of DDP assessed in H1299 cells using
CCK-8 assay. Dose-response curves were plotted and ICgq values calculated. (C) Colony formation assays under varying DDP concentrations in A549 cells, with
representative staining images and quantification of colony numbers. (D) Colony formation assays under varying DDP concentrations in H1299 cells, with representative
staining images and quantification of colony numbers. Data are shown as mean * SD (n = 3). Compared to the NC group, **p < 0.01, ***p < 0.001.

Abbreviations: CCK-8, Cell Counting Kit-8; DDP, cisplatin; NC, negative control; OE, overexpression; siRNA, small interfering RNA; ICs,, half maximal inhibitory
concentration.

reduced the ICsy value to 5.080 uM in the OE-circCDK6 + IWR-1 group, indicating that circCDK6-mediated cisplatin
resistance could be partially reversed by inhibiting the Wnt/B-catenin pathway (Figure 3B and Table 2).

CircCDKé Knockdown Is Associated with Improved in Vivo Efficacy of Cisplatin in
LUAD

Tumor volume assessment showed that tumor volumes in mice treated with si-circCDK6 combined with cisplatin were
markedly smaller than those in the si-NC and si-NC + DDP groups (Figure 4A). Excised tumor tissues also demonstrated
significantly reduced size in the si-circCDK6 #1 + DDP group (Figure 4B). Tumor weight measurements confirmed that
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Table | Best-Fit Parameters of Cisplatin Dose—Response Curves in A549 and H1299 Cells

Parameter A549 A549 HI1299 HI1299 HI1299

NC OE-circCDK6é6 NC si-circCDK6 #I si-circCDK6 #2
LoglCso 0.6297 1.008 1.025 0.4139 0.2100
HillSlope 1.179 0.8426 0.7957 0.8131 0.8462
ICso 4.263 10.18 10.59 2.594 1.622

the average tumor mass in this group was significantly lower compared to controls (Figure 4C). Tumor volume
monitoring over time revealed that the si-circCDK6 #1 + DDP group exhibited a pronounced reduction in growth rate
from week 3, with the average volume at week 4 remaining below 300 mm?®, significantly smaller than in the other
groups (Figure 4D). To further quantify the sensitizing effect of circCDK6 knockdown on cisplatin treatment in vivo,
TGI was calculated based on changes in mean tumor volume from baseline (week 1) to endpoint (week 4). Compared
with the si-NC group, the si-NC + DDP group showed a TGI of 55.57%. Importantly, when the si-NC + DDP group was
used as the reference comparator, the si-circCDK6 #1 + DDP group showed a relative TGI of 81.98%, indicating that
circCDK6 knockdown markedly enhanced the antitumor efficacy of cisplatin. In addition, the overall TGI of the si-
circCDK6 #1 + DDP group relative to the si-NC group was 91.99% (Supplementary Table 1).
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Figure 3 circCDK6 expression correlates with Wnt/B-catenin signaling activity and cisplatin response. (A) Western blot analysis of Axin2, total and phosphorylated (-
catenin (p-B-catenin), c-Myc, total and phosphorylated GSK3B (p-GSK3), with GAPDH as the loading control, in NC and OE-circCDKé groups. (B) CCK-8 assay of
cisplatin-induced growth inhibition in different treatment groups; dose-response curves and ICsq values are shown. Data are expressed as mean + SD (n = 3). Compared to
the NC group, **p < 0.001; ns, not significant.

Abbreviations: NC, negative control; OE-circCDK6, circCDK6 overexpression; GSK3, glycogen synthase kinase 3 beta; DDP, cisplatin; IWR-1, Wnt pathway inhibitor;
CCK-8, Cell Counting Kit-8; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Table 2 Best-Fit Parameters of Cisplatin Dose—Response Curves in Cells
with circCDKé Overexpression and IWR-| Treatment

Parameter NC OE-circCDKé6 + DMSO | OE-circCDK6 + IWR-I
LoglCsq 0.5252 1.126 0.7059
HillSlope 1.298 0.6753 0.9671
1Cso 3.351 13.36 5.080

CircCDK6 Knockdown Combined with DDP Enhances Tumor Tissue Damage and

Reduces Ki-67 Expression

HE staining showed that tumor tissues in the si-NC group exhibited densely arranged cells with deeply stained nuclei,
whereas DDP treatment induced partial tissue destruction. Notably, tumors in the si-circCDK6 #1 + DDP group
displayed marked disorganization of tissue architecture and reduced cell density (Figure 5A). Immunohistochemistry
analysis of Ki-67 revealed high proliferative activity in the si-NC group, a moderate decrease upon DDP treatment, and
a pronounced reduction in the si-circCDK6 combined with DDP group. Semi-quantitative analysis further confirmed that

si-NC + DDP
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Figure 4 circCDK6 knockdown is associated with improved in vivo efficacy of cisplatin in LUAD. (A) Representative images of tumor-bearing mice in each treatment group.
(B) Representative images of excised tumor tissues. (C) Tumor weight across groups. (D) Tumor growth curves measured weekly over the 4-week treatment period. Data
are presented as mean + SD (n = 6). Compared to the si-NC group, *p < 0.01, ¥**p < 0.001.
Abbreviations: si-NC, negative control siRNA; si-circCDK®6, circCDKé-targeting siRNA; DDP, cisplatin.
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Figure 5 circCDK6 knockdown combined with DDP enhances tumor tissue damage and reduces Ki-67 expression. (A) Hematoxylin and eosin (HE) staining was performed
to evaluate the morphological changes of tumor tissues under different treatments (scale bar = 100 um, enlarge = 50 um). (B) Immunohistochemistry (IHC) staining for Ki-
67 was performed to assess proliferative activity in tumor tissues (scale bar = 100 um, enlarge = 50 um). Ki-67-positive cells were semi-quantitatively analyzed as the
percentage of positively stained nuclei among total tumor cells. Data are presented as mean * SD (n = 6). Compared to the si-NC group, **p < 0.001.

Abbreviation: DDP, cisplatin.

the percentage of Ki-67-positive cells was markedly reduced in the si-circCDK6 #1 + DDP group compared with the si-
NC and si-NC + DDP groups (Figure 5B).

Discussion
As the most prevalent subtype of NSCLC, LUAD is characterized by aggressive growth and high metastatic potential,
with treatment resistance posing a major challenge to long-term chemotherapy efficacy. Accumulating evidence has
demonstrated that CSCs play critical roles in LUAD initiation, progression, and resistance to chemotherapeutic agents
such as cisplatin.’® 2> CSCs possess the capacity for self-renewal and multipotent differentiation, and are considered
a key driver of tumor heterogeneity, recurrence, and therapy failure. For example, PHF5A has been shown to maintain
CSC-like phenotypes in NSCLC by modulating HDACS.?* In line with this, our study revealed that circCDK6 was
highly expressed in LUAD cell lines with pronounced stemness characteristics (H1299 and H1975). Moreover, knock-
down of circCDK6 in H1299 cells significantly downregulated CD133, Oct4, and Sox2 expression, suggesting a potential
role for circCDK6 in maintaining stemness in LUAD cells.

circRNAs, a class of non-coding RNAs with covalently closed-loop structures, are highly stable and have been
implicated in cancer progression, stemness maintenance, metastasis, and drug resistance.”*?* For instance, circ-EPB41
has been shown to sponge miR-486-3p, thereby increasing elF5A expression and promoting the transcription of
stemness-associated genes (SOX2, OCT4, NANOG, CD133) in lung CSCs.*® Moreover, LUAD tissues frequently co-
express core stemness genes such as OCT4, ¢-MYC, and SOX2, which may be regulated by the tumor
microenvironment.”” The regulation of CSC phenotypes and chemoresistance is tightly linked to several signaling
pathways, particularly autophagy, Hedgehog, TGF-B, and Wnt/B-catenin.”*>° In the present study, we demonstrated
that circCDK6 promotes the expression of stemness markers in LUAD and activates the Wnt/B-catenin signaling
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pathway, thereby enhancing cisplatin resistance. No previous studies have directly investigated the role of circCDKG6 in
lung cancer, particularly in relation to cisplatin resistance and its association with Wnt/B-catenin signaling. Previous
studies have indicated that circRNAs can modulate CSC properties and participate in drug resistance, especially in the
context of cisplatin. For example, circ-ZKSCAN1 promotes cisplatin resistance in NSCLC by targeting the miR-185-5p/
TAGLN2 axis, and its knockdown restores cisplatin sensitivity and reduces proliferation, migration, and invasion.>!
Similarly, circ-PVT1 enhances cisplatin resistance in LUAD by regulating the miR-429/FOXK1 axis and inhibiting
apoptosis.®> These findings support the involvement of circRNAs in maintaining chemoresistant phenotypes, offering
potential molecular targets for therapeutic intervention. Our data further confirmed that circCDK6 activates the Wnt/B-
catenin pathway, as evidenced by increased expression of downstream effectors including B-catenin, Axin2, and c-Myec.
In addition, analysis of the TCGA-LUAD dataset using CDK6 as a proxy for circCDK6 showed that CDK6 expression
was not significantly different between paired tumor and normal tissues, but was positively correlated with several
representative Wnt/B-catenin pathway-related genes, including CTNNB1, MYC, LEF1, TCF7, TCF7L2, GSK3B, and
APC (Supplementary Figure 1). These findings provide external support for the proposed circCDK6-Wnt axis in LUAD.

Notably, treatment with the Wnt pathway inhibitor IWR-1 partially reversed circCDK6-induced cisplatin resistance,
supporting the mechanistic link between circCDK6 and this signaling axis.

Beyond drug resistance, the interaction between circRNAs and Wnt/B-catenin signaling has been widely implicated in
cancer progression. For example, circZSWIM4 promotes LUAD progression by targeting miR-370-3p and miR-873-5p,
which regulate FOXMI and activate the Wnt/B-catenin pathway.®® circCCNDI1 enhances NSCLC chemoresistance
through miR-187-3p/FGF9 regulation and is linked to oxidative stress and Wnt pathway activation.** Additionally,
hsa circ 0018414 has been reported to inhibit LUAD progression by sponging miR-6807-3p and upregulating DKK1,
thereby antagonizing Wnt/B-catenin signaling.>

Importantly, Wnt/B-catenin signaling has emerged as a key regulator of stemness maintenance and chemotherapy
resistance across multiple cancers. In bladder cancer,*® colorectal cancer,’” and head and neck squamous cell carcinoma
(HNSCC),*® this pathway has been shown to mediate cisplatin resistance via CSC-related mechanisms. For example,
LASS?2 enhances cisplatin sensitivity by suppressing p-catenin dephosphorylation.>® In colorectal cancer, miR-199a/b
activates Wnt signaling by targeting GSK3, thereby maintaining CSC-mediated cisplatin resistance.?” In HNSCC, CD44
cooperates with B-catenin to drive cisplatin resistance.®® In LUAD, Sox2 has been shown to sensitize cells to cisplatin by
upregulating GSK3f and suppressing Wnt signaling activity. Together, these studies highlight Wnt/B-catenin signaling as
a central axis linking CSC properties and chemoresistance.>” This study is the first to report that circCDK6 can
simultaneously modulate stemness and cisplatin resistance in LUAD through activation of the Wnt/B-catenin pathway.
Compared with previously identified circRNAs such as circ-ZKSCANT1 and circ-PVT1 that modulate chemoresistance

via miRNA axes,>'"*?

our study suggests a potential mechanism of cisplatin resistance that may involve activation of the
Whnt/B-catenin signaling pathway.

To further support this mechanistic hypothesis, we performed an additional bioinformatic analysis to predict miRNAs
that may bind circCDK6 and regulate Wnt pathway-related genes (Supplementary File 1). Circlnteractome-based
analysis identified 11 candidate miRNAs potentially associated with circCDK6, and integration with KEGG Wnt

signaling genes and TargetScanHuman 8.0 yielded 158 intersecting candidate target genes. As shown in

Supplementary Figure 2A, the predicted targeting pattern was not uniformly distributed across all Wnt pathway genes.
Instead, several candidate miRNAs, particularly miR-766, miR-1236, miR-1248, and miR-95, showed broader predicted
connectivity with Wnt-related genes, and darker heatmap signals corresponded to more negative minimum cumulative

weighted context++ scores, indicating stronger predicted targeting efficacy. Consistently, the integrated network in
Supplementary Figure 2B highlighted recurrent downstream nodes including FZD3, APC2, WNT2B, MCC, WNTS§B,
GSK3B, PSEN1, and PRKCA. Together, these findings suggest that the potential ceRNA function of circCDK6 may
involve multiple intermediate miRNAs converging on selected Wnt signaling components, rather than a single linear

regulatory axis. Nevertheless, these results are based on in silico prediction and should be regarded as hypothesis-
generating; direct experimental validation will be required in future studies.

Moreover, our in vivo data demonstrated that circCDK6 silencing significantly enhanced cisplatin-mediated tumor suppres-
sion in xenograft models, raising the possibility that circCDK6 could be explored as a translational target in future studies. In
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addition to chemotherapy resistance, the tumor microenvironment (TME) is increasingly recognized as a critical determinant of
therapeutic response, particularly in the setting of immunotherapy.40 In LUAD and NSCLC, complex interactions among tumor
cells, exhausted T cells, tumor-associated macrophages, dendritic cells, and stromal components shape immune surveillance and
may influence sensitivity or resistance to immune checkpoint blockade.*! Cytokine-mediated signaling is also an important
component of this process, as inflammatory mediators such as IL-6 and related cytokine networks can promote an immunosup-
pressive microenvironment and contribute to reduced responsiveness to immunotherapy.** Moreover, tumor-associated macro-
phages and other suppressive immune populations may further impair antitumor immunity by interfering with T-cell function and
supporting tumor progression in lung cancer.**** Although the present study focused on cisplatin resistance rather than
immunotherapy, these observations suggest that circCDK6-mediated stemness and Wnt/B-catenin activation may also have
broader implications in shaping the TME and influencing future therapeutic responses, which warrants further investigation.
Despite these findings, some limitations remain. First, although bioinformatic analysis was performed to predict potential
circCDK6-associated miRNAs and Wnt-related downstream targets, the interaction of circCDK6 with miRNAs or RNA-
binding proteins was not experimentally validated. Second, the diagnostic or prognostic value of circCDK6 in LUAD was
not assessed and warrants further investigation in clinical samples. Third, in vitro experiments lacked validation of linear
CDK6 mRNA and protein expression to exclude off-target effects of siRNAs, and RNase R validation was only performed in
A549 cells. Although the circular structure of circCDK6 was confirmed by RNase R treatment, we did not evaluate whether
the siRNAs targeting the back-splice junction affected linear CDK6 mRNA or protein expression. Therefore, we could not
fully exclude the possibility that part of the observed phenotype was influenced by alterations in the host gene CDK6. Fourth,
the in vivo experiments did not include single-treatment arms, such as a si-circCDK6 monotherapy group, which limits the
ability to distinguish the independent effect of circCDK6 knockdown on tumor growth from its potential chemosensitizing
effect when combined with cisplatin. Moreover, molecular assessments such as immunohistochemistry for cleaved caspase-3
or B-catenin localization in xenograft tissues were not performed, limiting the mechanistic interpretation of in vivo findings.
Lastly, the precise molecular mechanisms and the role of circCDK6 at different disease stages remain to be elucidated.

Conclusion

In summary, this work provides new insights into the molecular basis of LUAD recurrence and treatment failure and
indicates that circCDK6 may represent a potential therapeutic target for overcoming chemoresistance in LUAD. This
study suggests that circCDK6 may contribute to the maintenance of stemness and the promotion of cisplatin resistance
through the Wnt/B-catenin pathway. Inhibition of this pathway can partially reverse these phenotypes, although further
genetic and functional experiments are needed to confirm these findings.
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