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A B S T R A C T

Inorganic arsenic (iAs) is a well-established carcinogen known to dysregulate gene expression, but its impact on 
circular RNAs (circRNAs) remains poorly characterized. Here, we demonstrated that NaAsO₂ (20, 40, 60 μmol/L) 
upregulated circSP3 (hsa_circ_0002642) expression in A549 cells (human lung adenocarcinoma cell line), in
dependent of its methylated metabolites (MMA and DMA). Functionally, circSP3 silencing induced mitochondrial 
apoptosis, evidenced by reduced Bcl-2/Bax ratio, cytochrome c release, and caspase-7/PARP1 cleavage. 
Crucially, circSP3 knockdown attenuated NF-κB signaling through ubiquitin-mediated degradation of p65, 
concomitant with decreased phosphorylation of p65 (Ser536) and IκBα (Ser32/36). RNA immunoprecipitation 
revealed direct interactions between circSP3 and both p65 and IκBα, with iAs exposure reducing these binding 
affinities despite increasing circSP3 abundance. Collectively, our findings identify circSP3 as an iAs-responsive 
regulator of NF-κB-driven survival via post-translational control of p65 stability, providing mechanistic in
sights into iAs carcinogenesis.

1. Introduction

Arsenic is ubiquitously distributed in environmental matrices, such 
as the soil, rocks, the lithosphere, hydrosphere, and atmosphere (Pullella 
and Kotsopoulos, 2020). Classified as a GroupIhuman carcinogen by the 
International Agency for Research on Cancer, arsenic - particularly its 
inorganic forms (iAs)-exhibits substantially higher toxicity than organic 
species (Zheng et al., 2021). Chronic iAs exposure is epidemiologically 
associated with multiorgan pathologies (Naujokas et al., 2013), consti
tuting a critical global health burden as recognized by the World Health 
Organization (WHO, 2010). Ingestion of iAs is epidemiologically asso
ciated with diverse malignancies, including hepatocellular carcinoma 
(Lamm et al., 2021), kidney (Ali et al., 2020) and lung cancer (Minna 
et al., 2011), and pulmonary adenocarcinoma (Kuo et al., 2022). 
Following absorption, pentavalent iAs (V) can be rapidly reduced to 
trivalent iAs (III). Hepatic metabolism converts iAs into methylated 
derivatives (monomethylarsonic acid, MMA and dimethylarsinic acid, 
DMA), which undergo renal elimination. Residual iAs can be accumu
lated through the nails, skin and hair (Ali et al., 2012, 2013). Although 
arsenic metabolism has been correlated with different health outcomes 
(Wu et al., 2021), MMA and DMA exhibit significantly lower toxicity 

than iAs (III). Proposed oncogenic mechanisms include induction of 
oxidative stress, DNA repair impairment, chromosomal aberrations, and 
epigenetic dysregulation (Ali et al., 2016). To date, with continuous 
in-depth research on iAs, emerging evidences further implicate iAs in 
dysregulating circular RNAs (circRNAs), which modulate pro
liferative/apoptotic balance to promote tumorigenesis, as demonstrated 
for circRNA 100284 (Dai et al., 2018) and circRNA 008913 (Xiao et al., 
2018), etc.

CircRNAs constitute a class of covalently closed, single-stranded 
RNA molecules lacking canonical 5′-3′ polarity and polyadenylated 
tails (Hossain et al., 2022). Their expression exhibits pronounced tissue 
and cell-type specificity, conferring exceptional stability and functional 
specificity (Li et al., 2022). Compelling evidence indicates that circRNAs 
modulate fundamental biological processes notably cell cycle progres
sion, proliferation, apoptotic regulation, and metastatic behavior across 
diverse malignancies (Jeck and Sharpless, 2014). Mechanistically, 
circRNAs operate through sponging adsorption of microRNAs (miRNAs) 
(Hansen et al., 2013; Ji et al., 2024), protein translation (Yang et al., 
2018; Zhang et al., 2018) as well as direct interactions with signaling 
proteins (Du et al., 2016; Wang et al., 2021). These multifaceted roles 
establish circRNA is of great significance in cancer initiation and 
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progression. Nevertheless, the significance of hsa_circ_0002642 
(circSP3), a circRNA of specificity protein 3 (SP3), remains unclarified in 
iAs-induced malignancies.

Sp3, a member of the Sp/Krüppel-like factor (Sp/KLF) transcription 
factor family, coordinates fundamental processes including cellular 
proliferation, differentiation, apoptosis, and oncogenic transformation 
(Chen et al., 2020). While paralogs such as Sp1 and Sp4 exhibit over
lapping functions, Sp3 demonstrates unique regulatory roles in malig
nancy. The circSP3, first characterized in 2021, drives hepatocellular 
carcinoma (HCC) progression through miR-198 sequestration and 
consequent CDK4 (cyclin-dependent kinase 4) upregulation (Li et al. 
2021). Nevertheless, there are two critical knowledge gaps persist. 
Whether arsenic exposure modulates circSP3 expression, and how 
circSP3 mechanistically interfaces with iAs-induced carcinogenesis.

As a result, this study aimd to determine whether iAs exposure 
dysregulated circSP3 expression and elucidate the functional conse
quences of circSP3 modulation on apoptosis during iAs-induced malig
nant transformation. Moreover, we also delineated the underlying 
molecular mechanisms linking circSP3 to iAs carcinogenesis. Using 
human lung adenocarcinoma (A549) cells as a model system, we pro
vided mechanistic insights into circSP3’s role as a potential mediator of 
iAs toxicity and provided a novel molecular basis for arsenic-associated 
carcinogens.

2. Materials and methods

2.1. Cell culture

A549 cells were obtained from Cell Bank of the Chinese Academy of 
Sciences and routinely maintained in RPMI-1640 medium with 10 % (v/ 
v) fetal bovine serum (FBS) and 1 % penicillin-streptomycin. All A549 
cells were maintained at 37℃ inside a sterile, humidified space with an 
atmosphere composed of 95 % air and 5 % CO2. Change the medium 
every 2 days.

2.2. Cell Treatment with NaAsO2

2.5 × 105 cells/well were seeded in 6-well plates and allowed to 
adhere for 22 h. Subsequently, the cells underwent treatment with 
various concentrations of NaAsO2 (0, 20, 40, 60 μmol/L) as well as 60 
μmol/L MMA and DMA (Yin et al., 2022). After incubation for 48 h, the 
total RNA was extracted and used in subsequent experiments.

2.3. RNA isolation and quantitative real-time PCR (Q-PCR)

Total RNA was extracted using TRIzol Reagent from A549 cells in 
line with the manufacturer’s guidelines. The synthesis of cDNA was 
performed with 1 μg total RNA using the HiFiScript cDNA Synthesis Kit 
(CoWinBiotech). Quantitative PCR amplification utilized SYBR® Green 
PCR Master Mix (CoWin Biotech) on a LightCycler® 96 System (Roche), 
as previously described (Yin et al., 2022). All samples were run in 
triplicate with β-actin as the endogenous control and data was analyzed 
by 2− ΔΔCt approach. Primer sequences:

CircSP3 Forward: ACTTTGACGCCTGTTCAAACC
CircSP3 Reverse: AAGCCAAATCACCTGTCTGCAG
β-actin Forward: CCCTGTACGCCAACACAGTGC
β-actin Reverse: ATACTCCTGCTTGCTGATCC

2.4. Cell transfection

A549 cells in logarithmic growth stage were plated into cell plates at 
35–55 % conflence using RPMI 1640 medium that included 10 % FBS, 
and cultured in the 37 ◦C, 5 % CO2 incubator for 19 h. Subsequently, 
transfection was performed using RFect™ Reagent conforming to the 
manufacturer’s rule and continued culture. Experimental groups 
included the negative control (NC) group and the siRNA targeting 

circSP3 group (si-circSP3). Transfection efficiency was monitored using 
fluorescence microscopy at 6 h post-transfection. Cells were harvested at 
72 h for subsequent experiments, such as Q-PCR, western blot, etc. 
SiRNA sequences are presented as follows:

NC Forward: UUCUCCGAACGUGUCACGUTT
NC Reverse: ACGUGACACGUUCGGAGAATT
si-circSP3 Forward: AGUCCUGCAGACAGGUGAU
si-circSP3 Reverse: AUCACCUGUCUGCAGGACU

2.5. Cell viability assay

Cell Counting Kit-8 (CCK-8) assay was employed to detect the A549 
cell viability, according to the manufacturer’s protocols. Briefly, loga
rithmic growth stage A549 cells (2500 cells/well with 100 μl) were 
plated in 96-well plates. After silencing treatment for 72 h, 10 μL CCK-8 
reagent was added to each well followed by 1 h incubation at 37 ◦C. 
Subsequently, the absorbance was measured using a microplate reader 
at 490 nm.

2.6. Mitochondrial membrane potential analysis (JC-1 staining)

JC-1 staining was utilized to inspect the variation of mitochondrial 
membrane potential (MMP). A549 cells were plated into 96-well black 
plates at 2500 cells/well. Following transfection for 72 h, the media 
were removed, then cells were stained with the JC-1 reagent (60 μL/ 
well) and underwent incubation for 20 min at room temperature in dark. 
After the mixture was abandoned, the stained cells were washed twice 
using 200 μL ice-cold PBS (phosphate-buffered saline) per well. Subse
quently, 60 μL ice-cold PBS was added to each well to examine the al
terations in MMP. JC-1 aggregates in the mitochondria were detected by 
red fluorescence (550 nm, 600 nm). The cytoplasm JC-1 monomers were 
detected by green fluorescence (485 nm, 535 nm). The reduction of red/ 
green fluorescence intensity was considered to an early sign of 
apoptosis.

2.7. Cell apoptosis assay

Apoptosis was quantified using the Hoechst 33342/PI (propidium 
iodide) Dual Stain Kit. A549 cells were plated in 6-well plates at 8 × 104 

cells/well. After 72 h transfection, the cells underwent two washes with 
PBS and added into Hoechst 33342 and PI reagent for 15 min at room 
temperature protected from light. Following three PBS washes, next 
added 600 μL/well PBS to image under an inverted fluorescence 
microscope.

2.8. Protein isolation and Western blotting

Cells were lysed in RIPA buffer for 20 min at 4℃. The protein con
centration was determined by means of the BCA Protein Assay kit. The 
proteins were then separated utilizing SDS-PAGE electrophoresis and 
transferred to polyvinylidene fluoride (PVDF) membranes. After that, 
the PVDF membranes were blocked for 20 min at room temperature and 
maintained with primary antibodies overnight at 4℃. After TBST 
washes, the membrane was maintained with secondary antibodies for 
2 h, and afterwards, was washed three times employing PBS. Before 
imaging, PVDF membranes stored in PBS. Proteins were visualized using 
BeyoECL™ Plus and imaged with the Gel-Pro Analyzer software. Band 
intensities were quantified using ImageJ with β-actin normalization.

2.9. Co-immunoprecipitation assays (Co-IP)

A549 cells (1.3 ×106 cells/dish) were transfected and harvested after 
72 h. Then, cells were broken down with RIPA buffer containing pro
tease/phosphatase inhibitors. Total protein was extracted and incubated 
with corresponding antibodies on the incubated rotor overnight at 4℃. 
Following this, Antibody-protein complexes were captured by Protein 
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A/G Magnetic Beads (pre-blocked with 5 % BSA for 1 h) for 6 h at 4◦C. 
Beads were washed three times with PBST, the combination sample was 
resuspended in the 1 ×loading buffer and immediately denatured at 
95◦C for 5 min. Denatured proteins were detected by western blot assay 
according to the described above.

2.10. RNA binding protein immunoprecipitation assay (RIP)

1.7 × 106 cells were seeded into culture dishes. Following culture for 
24 h, cells underwent additional treatment with 40 μmol/L NaAsO2 for 
another 48 h. The total protein isolated from A549 cells was dissolved in 
equal amounts of antibodies, and then immediately incubated on the 
rotor for a night at 4℃. Following this, the magnetic beads (25 μl) sealed 
for 1 h were mixed with the antigen-antibody complex and agitated at 
4℃ for 5 h 20 min. After washing (three times, with PBST), RNA 
extraction was performed as described in the above experimental steps.

2.11. Statistical analysis

All experiments were replicated independently a minimum of three 
times. Data analysis was conducted with the SPSS 22.0, GraphPad Prism 
6.0 and ImageJ software. The statistical analysis for experimental data 
was carried out via Student’s t - test or χ². The outcomes were presented 
as mean ± standard deviation (SD). If P < 0.05, it was deemed to 
represent a statistically significant difference.

3. Results

3.1. NaAsO2 promoted the expression of circSP3 within A549 cells but 
DMA, MMA had no effect on circSP3

To investigate whether circSP3 is involved in the carcinogenic pro
cess of iAs, we examined the effects of DMA, MMA and a range of con
centrations of NaAsO2 (0, 20, 40, 60 μmol/L) on the expression of 
circSP3 in A549 cells using Q-PCR. Similar to the other genes we 
described earlier (Tan et al., 2022), exposures of A549 cells to NaAsO2 
promoted the expression of circSP3 (Fig. 1A). With NaAsO2 exposure 
concentration increases, the tendency of circSP3 expression upregula
tion grew increasingly apparent. On the contrary, neither MMA nor 
DMA (60 μmol/L) altered circSP3 expression (Fig. 1B).

3.2. Knockdown of circSP3 in A549 cells

Transfected A549 cells with the RFect reagent did not alter cellular 
morphology or proliferation (Fig. 2A), confirming its biocompatibility 
for downstream applications. Following the Q-PCR results, the circSP3 
expression in the si-circSP3 group was markedly decreased (Fig. 2B). In 

contrast, SP3 mRNA levels remained unchanged (Fig. 2C), validating the 
si-circSP3 specifically targets hsa_circ_0002642 and successfully knocks 
down the circSP3.

3.3. Knockdown of circSP3 significantly promoted apoptosis of A549 cells

CircSP3 knockdown significantly reduced cell viability (Fig. 3A) and 
decreased MMP (Fig. 3B). To further confirm the involvement of circSP3 
in apoptosis and proliferation, Hoechst 33342/PI staining experiments 
were performed. We observed extensive cell apoptosis in the si-circSP3 
group, following results in Fig. 3C. Morphological analysis revealed 
chromatin condensation and nuclear fragmentation in si-circSP3 cells.

3.4. Knockdown of circSP3 affected apoptosis-related proteins

According to the above results, circSP3 with low expression signifi
cantly reduced MMP, suggesting that apoptosis was closely related to 
mitochondrial pathway. In order to further verify the impact of circSP3 
on apoptosis of A549 cells, Western blot analysis was utilized to assess 
the expression of mitochondrial apoptosis-related proteins (Bcl-2, Bax, 
Cytc, caspase7, and PARP1). The outcomes showed that in comparison 
with the NC group, the expression of Bcl-2 protein in the si-circSP3 
group was considerably decreased, whereas the expression of Bax, 
Cytc, Cleaved caspase7 and Cleaved PARP1 were significantly increased 
(Fig. 4A). The Bcl-2/Bax ratio decreased in the si-circSP3 group 
(Fig. 4B). These changes demonstrated that circSP3 silencing initiated 
caspase-dependent apoptosis through Bax-mediated mitochondrial 
permeabilization.

3.5. Co-culture Incubation A549 cells with si-cirSP3 and NaAsO2, and 
the apoptosis was more obvious

To delve deeper into the impact of circSP3 on apoptosis and prolif
eration in the presence of iAs, we added an appropriate amount of 
NaAsO2 to the cells 24 h after transfection, so that the final concentra
tion of NaAsO2 was 40 μmol/L, and continued culture for 48 h. Subse
quently, cell apoptosis was determined using CCK-8 assay, JC-1 assay 
and Hoechst33342/PI assay. Combinatorial treatment with si-circSP3 
and 40 μmol/L NaAsO₂ synergistically enhanced apoptotic signaling 
versus single interventions (Fig. 5A–C). Collectively, these outcomes 
indicated that with the existence of NaAsO2, the apoptosis was more 
obvious in the si-circSP3 group. This synergy underscored circSP3 as a 
key modulator of arsenic toxicity responses.

3.6. Knockdown of circSP3 inhibited the activity of the p65 pathway

An endeavor to comprehend the molecular mechanism of circSP3 in 

Fig. 1. Effects of NaAsO2, DMA and MMA on circSP3 expression in A549 cells (in comparison to the control group, **P < 0.01, **** P < 0.0001). (A) Effects of 
different concentrations of NaAsO2 (0, 20, 40, 60 μmol/L) on the relative expression of circSP3. (B) Effects of DMA (60 μmol/L) and MMA (60 μmol/L) on the relative 
expression of circSP3.
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regulating apoptosis of A549 cells. After transfection for 72 h, protein 
was extracted and western blot analysis were performed to observe the 
alterations of circSP3 with low expression on p65 signaling pathway 
related proteins. The findings indicated that in comparison to the NC 

group, the protein expressions of p65, c-IAP1, XIAP and Bclx in si- 
circSP3 group were significantly decreased, while p21 was signifi
cantly increased (Fig. 6A). All changes were quantitatively analyzed by 
ImageJ and were statistically significant (Fig. 6B). In addition, the 

Fig. 2. Specific silencing targeting circSP3. (A) Transfection efficiency of RFect reagent. (B and C) Silence circSP3, circSP3 and SP3 relative expression levels (In 
comparison to the control group, ***P < 0.001).

Fig. 3. Changes of cell viability, mitochondrial membrane potential and apoptosis before the silencing of circSP3 and after it. (In comparison to the control group, 
*P < 0.05, **P < 0.01). (A) CCK-8 assay was employed to measure the influence of circSP3 silencing on cell viability. (B) JC-1 test detected changes of mitochondrial 
membrane potential after circSP3 silence. (C) The apoptosis of NC group and si-circSP3 group was inspected with a fluorescence microscope and count the apoptotic 
cells and calculate the apoptotic rate.
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protein expressions of p65 phosphorylated at Ser536, IκBα, IκBα phos
phorylated at Ser32 and IκBα phosphorylated at Ser36 were down
regulated in the si-circSP3 group, p < 0.05 (Fig. 6C, D). Yet, a 
substantial increase was noted in p65 ubiquitylation (Fig. 6E).

3.7. Interaction of circSP3 with p65 and IκBα

To explore the relationship between circSP3 and p65, we carried out 
RIP experiments and found that there was an obvious combination be
tween p65 and circSP3, and it was unexpectedly found that circSP3 
could also bind to IκBα (Fig. 7A). It has been extensively reported that 

IκBα can bind to p65. Hence, we silenced circSP3 to observe the change 
of the binding force of IκBα with p65, and found that the binding of IκBα 
with p65 was significantly reduced in si-circSP3 group (Fig. 7C).

3.8. NaAsO2 reduced the binding of circSP3 to p65 protein and IκBα 
protein, respectively

The above experimental results have proved that NaAsO2 can pro
mote the expression of circSP3. To further explore whether NaAsO2 can 
affect the binding of circSP3 and p65, 0 and 40μmol/L NaAsO2 were 
applied to A549 cells for 48 h, respectively, and then RIP experiment 

Fig. 4. Western blotting assay targeting apoptosis - associated proteins in cells with silenced circSP3 (compared with control group, *P < 0.05, **P < 0.01, *** 
P < 0.001) (A) Western blot was employed to measure the alterations of apoptosis-related proteins silencing circSP3. (B) Calculate the gray value of silencing circSP3 
apoptosis-related proteins.

Fig. 5. Co-culture Incubation A549 cells with si-cirSP3 and NaAsO2, changes in cell apoptosis (compared with control group, **P < 0.01, *** P < 0.001). (A) CCK-8 
assay was applied to detect the changes of cell viability after NaAsO2 and si-circSP3 were treated together. (B) JC-1 test detected the changes of mitochondrial 
membrane potential after NaAsO2 and si-circSP3 were treated together. (C) The apoptosis of cells in the two groups was inspected through an inverted fluores
cence microscope.
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was performed. RIP protein was divided into two groups. The first group 
was loaded into corresponding Loading, boiled at 95℃ and placed in the 
refrigerator at − 20℃ for subsequent western blot experiments. The 
other set was used for normal RIP experiments. In western blot assay, 
IκBα was used as the internal reference. The IκBα in the group serving as 
a control and the NaAsO2 group was adjusted (Fig. 8A). Subsequently, 
the above adjusted dose of IκBα protein was converted, and the binding 
of circSP3 to p65 was detected by Q-PCR when the IκBα was consistent 
in the two groups. The outcomes revealed that under the premise of 
consistent IκBα, the binding of circSP3 to p65 was markedly decreased in 
the NaAsO2 group, and the variation was statistically meaningful 
(P < 0.05) (Fig. 8B).

We suspected that NaAsO2 might also affect circSP3 binding to IκBα 
protein. To verify the hypothesis, we similarly treated A549 cells with 
0 and 40 μmol/L NaAsO2 and performed RIP experiments. Similarly to 
the above methods, in the western blot experiment, p65 was used as the 
internal reference to make the p65 protein band strength consistent 
between the control group and the NaAsO2 group (Fig. 8C). Subse
quently, the above p65 protein doses were converted and subsequently 
Q-PCR experiments were carried out. The results showed that under the 
premise of consistent p65, the binding of circSP3 and IκBα also 
decreased significantly in the NaAsO2 group, with statistical significance 
(Fig. 8D).

Fig. 6. Influence of circSP3 silencing on protein expression levels (as compared to the control group, *P < 0.05, **P < 0.01, *** P < 0.001). (A) Western blot assay 
was employed to measure the effect of silencing circSP3 on the expression of p65 and its downstream protein. (B) Calculate the gray value of silenced circSP3 on p65 
and its downstream proteins. (C) The impact of suppressing circSP3 on the expression of IκBα, p65 and their phosphorylation. (D) The statistical relevance of the 
effect of silencing circSP3 on the expression of IκBα, p65 and their phosphorylation was calculated using gray values. (E) Effect of silencing circSP3 on p65 
ubiquitination.

Fig. 7. Binding of circSP3 to p65 and IκBα. (A)Association of circSP3 with p65 and IκBα (compared with control group, ****P < 0.0001). (B) Prove the success of Co- 
IP experiment; (C) The binding force between circSP3, p65 and IκBα was significantly reduced by silencing.
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4. Discussion

Chronic iAs exposure is associated with multiorgan pathologies 
(Salmeri et al., 2020), and significantly elevates malignancy risk across 
multiple tissue types. Growing evidence indicates that the carcinogenic 
mechanisms of iAs including interference of gene expression, oxidative 
DNA damage (Kojima et al., 2009), regulation of cell proliferation and 
induction of apoptosis (Medda et al., 2021). In addition, extensive 
studies have shown that iAs entering the body is eventually metabolized 
into MMA and DMA after a series of oxidative methylation reactions and 
eliminated via renal excretion. Notably, both MMA and DMA demon
strate oncogenic potential in human systems. The transcription factor 
SP3, commonly overexpressed in malignancies, is tightly regulated 
during tumor initiation and progression (Liu et al., 2021; Safe, 2023). 
Consequently, our study aimed to examine whether circSP3 had a 
similar effect in A549 cells, that was, to participate in cell proliferation 
or apoptosis, and to study the effect of iAs on circSP3 expression as well 
as the possible molecular mechanism of circSP3 in iAs-induced 
carcinogenesis.

Here, we investigated the comparative expression level of circSP3 in 
A549 cells treated within MMA, DMA and different concentrations of 
NaAsO2, respectively. We observed that different concentrations of 
NaAsO2 all promoted the expression of circSP3. This iAs-specific in
duction aligned with established evidence that arsenic exposure dysre
gulated circRNAs in carcinogenesis, as demonstrated when arsenic- 
induced circ100284 overexpression promoted malignant trans
formation (Dai et al., 2018). Crucially, the differential response to iAs 
versus its metabolites (MMA and DMA) suggested iAs and its methylated 
metabolites had significant differences in their effects on gene expres
sion, which might lead to differences in their carcinogenic potential. 
This observation aligned with previous research (Tan et al., 2020).

Substantial evidence has indicated iAs and SP3 regulated apoptosis, 

proliferation and malignant transformation (Li et al., 2011; Park et al., 
2015). Further, iAs exposure can cause abnormal aberrant gene 
expression and signaling pathway alterations (Dai et al., 2018; Xue et al., 
2017). To explore whether circSP3 participated in these processes, we 
specifically knocked down circSP3 by means of siRNA. Next, cell 
viability and apoptosis assays revealed that as compared with the NC 
group, cell vitality and MMP of the si-circSP3 group were noticeably 
decreased, and cell apoptosis was obvious. These findings aligned with 
circSP3’s documented role in HCC, where its downregulation promoted 
apoptosis. To verify these observations, we further analyzed 
apoptosis-related proteins. B-lymphoblastoma-2 (Bcl-2), a critical MMP 
regulator, maintained MMP homeostasis in the mitochondrial apoptosis 
pathway.

The Bcl-2 family includes two types of proteins, and the stoichio
metric balance between these subsets determines cellular fate (Kale 
et al., 2017), one is anti-apoptotic protein such as Bcl-XL, Bcl-W, etc, and 
the other is pro-apoptotic protein such as Bax, Bad, etc. Bcl-2 family 
proteins are related regulators of apoptotic cell death(Adams and Cory, 
2017; Czabotar et al., 2013; Singh et al., 2019). As central regulators of 
apoptosis, we observed significantly reduced Bcl-2 expression with 
concurrent increases in Bax, Cytc, caspase7, Cleaved caspase7, and 
Cleaved PARP1. Bax/Bcl-2 dysregulation triggered the activation of 
caspase and PARP, key inducers of apoptosis (Chen et al., 2021). 
Crucially, caspase activation is a central event in the mitochondrial 
apoptotic pathway (Bock and Tait, 2019). Cleavage of PARP1, a signif
icant caspase substrate, serves as a hallmark apoptotic indicator (Chen 
et al., 2022). Collectively, these findings suggested that silencing 
circSP3 triggered caspase-dependent apoptosis via mitochondrial 
pathway. We next examined whether circSP3 downregulation potenti
ated NaAsO2-induced apoptosis. Co-treatment of A549 cells with 
si-cirSP3 and NaAsO2 resulted in significantly enhanced apoptosis 
compared to controls, indicating that circSP3 could mediate the 

Fig. 8. Influence of NaAsO2 on circSP3 binding to p65, IκBα protein (compared with control group, *P < 0.05).(A)Western blot assay adjusted the IκBα protein of the 
two groups. (B) The effect of iAs on the binding ability of p65 protein to circSP3 after the adjustment of IκBα was detected by Q-PCR. (C) Western blot test adjusted 
p65 protein of the two groups. (D) The effect of iAs on the binding ability of IκBα protein to circSP3 after p65 adjustment was detected by Q-PCR.
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abnormal apoptosis or proliferation of cells induced by NaAsO2.
The anti-apoptotic protein Bcl-2 serves as a target gene for NF-κB/ 

p65 and contributes to NF-κB-mediated suppression of apoptosis (Chen 
et al., 2021; Dang et al., 2020). Given this regulatory link, we detected 
the changes of p65 and its key downstream gene proteins before and 
after circSP3 silencing. P65, a major transactivating subunit of NF-κB, 
plays a pivotal role in regulating cellular survival pathways (Beauchef 
et al., 2012; Mao et al., 2022). Specifically, modulation of p65 activity is 
a critical event in NF-κB signal transduction (Wang et al., 2016). 
Following circSP3 knockdown, we demonstrated a significantly 
decrease in the protein levels of p65, c-IAP1, XIAP and Bclx. Conversely, 
p21 expression was markedly increased. Notably, Bclx, XIAP, c-IAP1 and 
p21, are established transcriptional targets of NF-κB. (Ahn et al., 2007; 
Ghantous et al., 2012; Takada et al., 2005). Collectively, these findings 
proved that circSP3 knockdown attenuated the NF-κB signaling axis.

Post-translational modifications like phosphorylation, acetylation, 
methylation, and ubiquitination, critically regulate the transcriptional 
activity and function of p65, thereby influencing diverse physiological 
and pathological processes, including inflammation, immune responses, 
cell death, proliferation, differentiation, and tumorigenesis (Sun et al., 
2024). Among these post-translational modifications, phosphorylation 
is a principal mechanism for regulating p65 activity. To date, 12 phos
phorylation sites (9 serine and 3 threonine residues) have been identi
fied on p65 (Hochrainer et al., 2013; Viatour et al., 2005). Notably, 
Ser536 undergoes phosphorylation by various kinases, for example, IκB 
kinases and ribosomal subunit kinase-1 (RSK1), in response to various 
stimuli (Adli and Baldwin, 2006; Buss et al., 2004). Crucially, our data 
revealed that the protein levels of phospho-IκBα (Ser32/Ser36), IκBα 
and P-P65-S536 in si-circSP3 group was notably reduced, while 
concomitantly increasing p65 ubiquitination. Based on these findings, 
we speculated that circSP3 silencing reduced p65 abundance primarily 
by inhibiting its phosphorylation and promoting its ubiquitination 
(Yang et al., 2003) This reduction in p65 subsequently attenuated the 
phosphorylation of IκBα at S32 and S36, leading to the diminished IκBα 
degradation and thus increased IκBα protein levels.

To delineate the mechanistic relationship between circSP3 and the 
NF-κB complex, we conducted RIP experiments. These experiments 
revealed direct binding between circSP3 and both p65 and IκBα. While 
the p65-IκBα interaction is well-established (Fan et al., 2009), the 
circSP3-IκBα association represents a novel finding. We therefore 
investigated the binding ability of p65 and IκBα by using Co-IP assay by 
knockout circSP3. Notably, circSP3 knockdown significantly attenuated 
the p65-IκBα interaction. We posited that this reduced binding primarily 
stemmed from diminished p65 and IκBα protein abundance upon 
circSP3 silencing, consistent with our earlier observations.

5. Conclusion

In summary, our study provided the first demonstration that iAs and 
its principal methylated metabolites regulated circSP3 expression. We 
further established that circSP3 served as a critical effector in iAs-driven 
carcinogenesis, where it potentiated malignant transformation by dis
rupting the p65/IκBα signaling axis via enhanced ubiquitin-mediated 
degradation. These findings elucidated a previously unrecognized 
circRNA-dependent mechanism of iAs toxicity and offered novel thera
peutic targets for iAs-associated malignancies.
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