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Abstract
Background: Arsenide, a kind of pollution widely existing in the environment, and the mechanism of
occurrence and development of lung cancer leading by long-term arsenic exposure still needs further
research up to present. We investigated how high and low doses of arsenic induce human bronchial
epithelial cell transformation and the molecular mechanisms involved

Methods: After exposing human bronchial epithelial cells(Beas-2B) to different doses of sodium arsenite
for 24 h, RNA-seq analysis was performed to detect arsenic-regulated genes; for cell viability and status
and for cell cycle changes and mitochondrial function; long-term exposure to 1μM sodium arsenite after
20 consecutive passages for cell cycle changes and mitochondrial function.

Results: In the study, human bronchial epithelial cells were exposed to varying high-dose sodium arsenite
in short term or treated with low dose in a long term, and the data showed that both short and long terms
treatment promoted G1/S transition of Beas-2B cells, inducing signi�cant increases of expression of
AKAP95, cyclin D1, cyclin D2 and cyclin E1. However, silencing AKAP95 by treating cells with siAKAP95
showed a protective function that inhibited G1/S transition, suggesting that regulatory mechanism of
AKAP95 on cell cycle during cell malignant transformation induced by sodium arsenite. In addition, we
also noticed some mitochondrial dysfunctions occurred during sodium arsenite exposure, including the
disappearance of mitochondrial double membrane structure, the formation of vacuole structure, the
decrease of mitochondrial membrane potential, the change of expression levels of mitochondrial related
proteins Tim22, Tim23, Tom40 and OPA1, the release of lactate dehydrogenase (LDH) and the decrease
of reduced glutathione.

Beas-2B cells, which exposed to low-dose sodium arsenite for a long term, were subcultured for 20
generations, and it was found that the exposure time was positively proportional to the growth and
migration rate of cells. The exposed cells were used in tumor bearing transplantation experiment (mice),
and results showed that the longer the exposure time, the faster the tumor volume growth rate of As-Beas-
2B cells. Tumor tissues were taken out for HE staining, and it was found that the cell morphology
changed and the volume increased

Conclusion: high and low doses of sodium arsenite induced malignant transformation of human
bronchial epithelial cells by promoting G1/S turnover through AKAP95 with associated cyclins,
accompanied by the development of mitochondrial dysfunction.

1. Background
Arsenic and arsenide are common environmental pollution. As naturally deposited quasi metals, they are
widely distributed in the natural crust in several oxidation states (3-, 0, 3+ and 5+), organic and inorganic
forms[1]. The organic form of arsenic is considered less toxic, because it does not participate in
metabolism and accumulate in the human body, while the excretion rate of inorganic forms is slow and it
is considered easy to interact with proteins containing sulfhydryl groups in cells, resulting in toxicity. A
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growing number of studies have shown that high-dose in a short term or long-term exposure to arsenic is
related to a variety of diseases such as skin, kidney, liver and lung[2–5], and the International Agency for
Research on Cancer (IARC) has already classi�ed arsenic as a class I carcinogen[6].

A large number of epidemiological and histopathological studies have showed that exposure to or
inhalation of toxic dust in occupational environment (such as mines and chemical plants) is an
important route of arsenic exposure, and long-term occupational arsenic exposure is related to the
occurrence of lung cancer[7]. Long term exposure makes arsenic accumulate in lung tissue, affecting the
occurrence and development of lung cancer. At present, theories supported by related researches on
carcinogenic mechanism of arsenic include enhanced oxidative stress response, chromosome aberration,
DNA damage and abnormal methylation[8]. However, carcinogenic mechanism of arsenic remains
unclear.

A-kinase anchoring protein 95 (AKAP95) is a core member of A-kinase anchoring protein family which is
speci�c to the nucleus and binds to PKA R [9], and has many functions, such as chromatin concentration,
RNA processing et cetera[10]. Our previous study has shown that AKAP95 highly expressed in lung cancer
tissues and could bind to cyclins to form complexes, regulating cell cycle process[11]. And there are some
studies that point out that arsenic prolong all stages of cell cycle, especially S and G2/M phase[12, 13].
However, exact relationship between AKAP95 and cell cycle changes in arsenic carcinogenesis has not
been proved so far.

As the core component of cell energy conversion and metabolism, the abnormal morphology and
function of mitochondria are related to cell proliferation, malignant transformation and death, and
mitochondrial dysfunction caused by high levels of mitochondrial ROS is currently recognized as a
marker of tumorigenesis[14]. Even though it has been proved that mitochondria are the main target organ
of cytotoxicity induced by monomethylarsenate (MMA), there is a lack of study on mitochondrial
dysfunction in arsenic induced malignant transformation of human bronchial epithelial cells at present.
We further discussed the topic in the study.

In general, we aimed at determining the potential mechanism of AKAP95 in arsenic induced
carcinogenesis of human bronchial epithelial cells and the role of mitochondrial dependent pathway in
carcinogenesis.

2. Methods And Materials

2.1 Animal and tumor bearing experiments
All female BALB/C nude mice were purchased from the animal experiment center of Xiamen University
(Xiamen, China) and used based on the regulations of the Animal Care and Use Committee (IACUC) and
approved by the ethics committee of Xiamen University.
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5×106 Beas-2B cells, which were continuously exposed to 1 µM/L sodium arsenite (NaAsO2) for three
months, were mixed with Matrigel and then injected subcutaneously into the left hindlimb of nude mice.
Twenty-four female BALB/C nude mice aged 6-8 weeks were randomly divided into six groups, including
negative control, mice bearing �fth generation cells, mice bearing tenth generation cells, mice bearing
�fteenth generation cells, mice bearing twentieth generation cells and positive control group. The weight
of nude mice was monitored the next day after injection and the tumor bearing volume was measured
with vernier caliper. The nude mice were killed by cervical dislocation and the tumor bearing tissues were
removed after 24 days of cell injection, and half of the tissues were �xed in 4% paraformaldehyde for
histological analysis and half were frozen in liquid nitrogen and stored in a refrigerator at -80 ℃.

2.2 cell culture
Human bronchial epithelial cells (BEAS-2B) and lung adenocarcinoma epithelial cells (A549) were
obtained from the cell bank of the typical culture preservation center of the Chinese Academy of
Sciences, and the cells were cultured in DMEM medium containing 10% fetal bovine serum and double
chain antibiotics (100 IU/penicillin and 100 µG/mL streptomycin) at 37°C and 5% CO2. NaAsO2 (CAS:
7784-46-5) was obtained from sigma Aldrich. Accurately weigh 11.7 mg of NaAsO2 and dissolve it in
45mL ultrapure water after high-pressure sterilization, then �lter it with 0.22nm �lter membrane to make
its �nal concentration 2 mm/L, and store it away from light at -20 ℃. Beas-2B cells were exposed to 1 µM
NaAsO2 and sub cultured for every 3-4 days, continuous passage for 20 generations; or treated with 0, 2,
4, 8, 10 µM NaAsO2 for 24 hours.

2.3 Cell viability assay
The viability changes of Beas-2B cells induced by NaAsO2 were measured according to the instructions

of CCK-8 detection kit (CA1210-500t, Solarbio, China). Cells were plated in 96 hole (1×104 cells/well) and
exposed to 0, 1, 2, 4, 8 and 10 µM NaAsO2 respectively for 24 hours, then10µL CCK-8 solution was added
to each hole and the plate was incubated in the dark at 37 ℃ for 1 hour. The absorbance at 450 nm
wavelength was measured with a spectrophotometer (thermo, USA).

2.4 Cell cycle detection
The cell suspension (5× 105 per well) was incubated in 0, 2, 4, 8 and 10 µM NaAsO2 respectively in the
plate (six hole) and cells were collected after 24 hours of the treatment. The cells were washed three
times with precooled phosphate buffer (PBS) and �xed with 75% ethanol at 4 ℃ overnight. PI staining
was used to incubate collected cells at 37 ℃ for 30 minutes and cell cycle was detected by �ow
cytometry (BD Biosciences, USA).

2.5 Determination of GSH and LDH
According to the instructions, the contents of GSH and LDH in cells are detected by the detection kit
(BC1175&BC0685, Solarbio, China).

2.6 Measurement of mitochondrial membrane potential
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Mitochondrial membrane potential was detected by JC-1 �uorescent probe (M8650, Solarbio, China). The
cell suspension (5× 105 per well) was incubated in 0, 2, 4, 8 and 10 µM NaAsO2 respectively in the plate
(six hole) and cells were collected after 24 hours of the treatment. Collected cells were stained with JC-1
for 20 minutes and detected by �ow cytometry (BD Biosciences, USA) after washing by 1x JC-1 dyeing
buffer twice.

2.7 SiRNA transient transfection
AKAP95 siRNA (Hanheng Biology, Shanghai, China) was transfected into Beas-2B cells by UltraFection3.0
for 48 hours and exposed to 4µM NaAsO2 for 24 hours, and cells were collected then. Sequences of si-
AKAP95 were: Justice chain: 5'-GUUUGGACAUGAUGUCCAA-3'; Antisense chain: 5'-
UUGGACAUCAUGUCCAAAC-3'.

2.8 Transmission electron microscope (TEM)
Transmission electron microscope was used to observe mitochondria of cells treated with NaAsO2. Beas-
2B cells were exposed to 4 µM NaAsO2 and collected after 24 hours, then washed by precooled 1 × PBS
and �xed at 4 ℃ in 2.5% glutaraldehyde solution overnight. Fix exposed cells at 1.5% hydrogen tetroxide
for 1 hour before dehydrate the cells with different concentrations of ethanol under concentration
gradient. Then the precipitation was embedded in the resin, stained with lead citrate and uranyl acetate,
and observed and analyzed by TEM (FEI TECNAI spirit, Holland).

2.9 Western blot (WB)
RIPA (Radio Immunoprecipitation Assay, P0013B, Beyotime, China) lysate, containing 1 mM
Phenylmethylsulfonyl �uoride (PMSF, ST50, Beyotime, China), was used to lyse cells and tumor tissues
and extract total proteins. BCA detection kit was used to perform protein quanti�cation. The total protein
was separated by SDS-PAGE and transferred to the PVDF membrane by wet electrophoretic transfer after
denaturation. The membrane was sealed with 8% skimmed milk powder for 1 hour at room temperature
and incubated with the primary antibody at 4 ℃ overnight. After incubated at room temperature for 2
hours in the secondary antibody coupled with peroxidase then, ECL kit and Bio-Rad ChemiDoc XRS
imaging system were used to detect protein expression level and data was analyzed by Image J software.

2.10 Real time quantitative polymerase chain reaction(qRT-
PCR)
Total RNA was isolated from the collected cells using Trizol total RNA Extraction Kit (R0016, Beyotime,
China) and �rst strand cDNA was synthetic by reverse transcriptase. The primer sequence and SYBR
Premix Ex Taq TM (AG11701, Accurate Biotechnology, Hunan, China) were used to analyze the relative
expression level of genes, and GAPDH was detected as the reference gene.

2.11 RNA-seq
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Total RNA of Beas-2B cells was extracted with Trizol after the 24-hour treatment in 4 µM NaAsO2.
HiSeq×10 system (Illumina, Inc.) was used for computer sequencing and differentially expressed genes
(DEG) were determined by |Log2FoldChange |>1 and Padj<0.05.

2.12 Statistical analysis
Data showed in the article were analyzed by SPSS21.0 and expressed as the mean ± standard deviation
of three independent experiments if there were no additional instructions in speci�c paragraphs. Non
parametric t-test was used for analysis and comparison and p < 0.05 was considered to be statistically
signi�cant.

3. Results

3.1 NaAsO2 induced viability changes of human bronchial
epithelial cells.
Cell viability was analyzed by CCK-8 kit after Beas-2B cells were treated with NaAsO2 (0, 1, 2, 4, 8, 10 µM)
for 24 hours, and our results showed that 1µM NaAsO2 promoted the viability of Beas-2B cells, while high-
dose exposure induced a decrease of cell viability in a dose-dependent manner (Fig. 1A) and the cell
morphology gradually changed from spindle to round (Fig. 1B), compared to the Control. When the
concentration of NaAsO2 was controlled at 4 µM, the cell viability decreased to 70% of the control group;
and when the concentration increased to 10 µΜ, the cell viability was only 42% of that of the control
group, indicating that a low dose (1 µM) NaAsO2 treatment promoted the proliferation, while high dose (2
µM) NaAsO2 could induce a dose-dependent viability decrease and change the cell morphology in Beas-
2B cells.

3.2 Genome-wide expression differences of mRNA in Beas-
2B cells induced by NaAsO2 detected by RNA-seq assay.
By RNA-seq assay, we detected the genome-wide mRNA changes induced by NaAsO2 and analyzed the
changes of genes or pathways related to cell cycle and mitochondrial damage of Beas-2B cells. Based on
the cell viability results, cells were treated with 4 µM NaAsO2 for 24 hours and then collected for RNA-seq
sequencing. The differential gene (DEG) was determined by |Log2FoldChange| > 1 and Padj < 0.05 and
results were shown in Figure.2.

Box diagram of gene expression level distribution of As-Beas-2B and Beas-2B cells was displayed in
Fig. 2A, showing that the distribution of log10 (Fragments Per Kilo base of exon model per Million
mapped fragments+1, FPKM+1) between As-Beas-2B and Beas-2B was similar, indicating that the
standardized gene expression data could truly re�ect the biological differences of samples. Hierarchical
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cluster analysis could cluster samples with similar expression patterns and showed the expression of the
same gene among different samples, and as Fig. 2B showed, the three duplicate samples of the same
treatment were gathered together, suggesting that the biological repeatability of the sample was quali�ed.
Fig. 2C showed the volcanic diagram of co-expressed genes between As-Beas-2B and Beas-2B cells: there
were a total of 1699 differential genes between the two groups, of which.855 genes were up-regulated
while 844 genes were down regulated.

The DEGs were analyzed by gene ontology (GO) function enrichment analysis and KEGG pathway
analysis. Results of GO function enrichment analysis showed main enrichment items of up and down
regulation,and enrichment items of up regulation mainly included pathway of targeting endoplasmic
reticulum protein, pathway of apoptosis signal transduction, release of mitochondrial cytochrome C and
activity of growth factor (Fig. 3A); items of down regulation mainly included ATP activity, cell adhesion
factor, cell growth and cell migration et central (Fig. 3B).

A total of 244 up and 273 down-regulated pathways were enriched in KEGG annotation information, of
which the up-regulated pathways in Figure 3 were most enriched in seven pathways, including glycine
threonine metabolism, iron death and transcriptional imbalance in cancer et central (Figure 3C); and
down-regulated pathways were enriched in small cell lung cancer, cell cycle and response of ECM
receptor, et central (Fig. 3D).

3.3 NaAsO2 induced changes of G1/S transition.
To further verify the difference of expression of genes relating to G1/S transition in RNA-seq results of
Beas-2B cells treated with NaAsO2, we used real-time quantitative polymerase chain reaction (qRT-RCR) to
verify the expression of some differential genes (Fig. 4A). Our data of exposed cells (1µM NaAsO2

treatment for 24h) showed that the gene expression levels of cyclin D1, cyclin D2, cyclin E1, cyclin
dependent kinase 2 (CDK2) and cyclin dependent kinase inhibitors p15 and p21 increased signi�cantly
(Fig. 4B), while the mRNA levels of cyclin dependent kinase 4/6 (CDK4/6) and cyclin dependent kinase
inhibitors p16 and p27 decreased slightly. And we also found that there was a decrease of gene
expression level of ubiquitin ligase E3, like F-box and WD repeat containing protein 8 (FBXW8) and F-box
only protein 4 (FBXO4) that mediated ubiquitination of cyclin D1, F-box and Leucine-rich repeat protein 2
(FBXL2) that mediated ubiquitination of cyclin D2 and F-box and WD repeat containing protein 7
(FBXW7) that mediated ubiquitination of cyclin E1, while gene expression of F-box only protein 31
(FBXO31) that mediated ubiquitination of cyclin D1 was up-regulated under the treatment. In addition, our
previous studies had shown that AKAP95 promoted cell cycle by increasing expression of cyclin Ds/Es,
and, here, our RNA-seq results also showed that the expression level of AKAP95 gene was increased
(about doubled).

After 24 hours exposure to NaAsO2 with different concentrations, expression levels of AKAP95 and cyclin
Ds/Es were detected by WB assay, and results showed that, compared with the control group, expression
levels of AKAP95, cyclin D1, cyclin D2 and cyclin E1 were signi�cantly up-regulated when cells were
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exposed to 2 µΜ NaAsO2 (Fig. 4C, 4D). With the dose increase of NaAsO2, expression of each protein
mentioned above showed an obvious upward trend and a dose-dependent relationship. Meanwhile,
changes of cell cycle of exposed Beas-2B under treatments with different doses of NaAsO2 were
measured by �ow cytometry, and the results were shown in Figure 4E. Compared with the control group,
the proportion of cells at G1 phase and G2 phase treated with different doses all decreased with the dose
increase of NaAsO2, while the proportion of S phase increased under the same situation.

To further discuss in�uence of AKAP95 on cell cycle under NaAsO2 treatment, we silenced AKAP95 by
transfecting siAKAP95 and analyzed how interaction between AKAP95 and NaAsO2 in�uenced protein
expressions of cyclin D1, cyclin D2 and cyclin E1. Results were displayed in Fig. 4F: compared with the
control group (WT cells) in the �rst column, bands of the second column showed that the expression of
AKAP95, cyclin D1, cyclin D2 and cyclin E1 in WT cells treated with NaAsO2 was higher; bands of the third
column showed that the expression of cyclin E1 in AKAP95 silenced WT cells decreased and no
signi�cant changes of expressions of cyclin D1 and cyclin D2 were observed; bands of the forth column
showed expression levels of AKAP95, cyclin D1, cyclin D2 and cyclin E1 recovered and increased
compared to those in the third column. These data indicated that, when AKAP95 and NaAsO2 both
existed in cells (column 2), expressions of AKAP95, cyclin D1, cyclin D2 and cyclin E1 all peaked, while
their expressions were the lowest among all groups when none of them existed (column 3). The
statistical results of their interaction were displayed in Figure G, which showed an additive role in
promoting the expression levels of cyclin D1, cyclin D2 and cyclin E1 played AKAP95 and NaAsO2. In
addition, by detecting cell cycle of treated cells under the interaction of AKAP95 and NaAsO2, we found
that NaAsO2 treatment decreased the proportion of G0/G1 phase cells and increased the proportion of S
phase cells, while siAKAP95 treatment signi�cantly decreased the proportion of S phase cells and
increased the proportion of G2 phase cells (Figure 4H).

3.4 Long term exposure to low dose NaAsO2 induced
carcinogenesis of human bronchial epithelial cells.
Beas-2B cells were continuously cultured in a medium containing 1 µΜ NaAsO2 for 20 generations (about
3 months), and detected whether the proliferation and migration rate of cells changed. Our results in
Fig. 5A showed that, 48h after the scratching on the plate, the more cell generations, the farther the
healing distance of cell scratch, suggesting that the proliferation rate of As-Beas-2B cells was accelerated
and the migration ability was strengthened. And the cell cycle of 0, 5, 10, 15 and 20 generations As-Beas-
2B cells was detected by �ow cytometry, and results were displayed in Fig. 5B, showing that the more the
cell generation, the lower the proportion of G1 while the higher the proportion of S phase cells.

As-Beas-2B cells at different stages were inoculated subcutaneously into the left hindlimb of mice, and
the growth of volume of tumor tissue was monitored for 24 days. Compared with normal Beas-2B cell
groups, no signi�cant changes of volume of bear tumor tissue in the 5th generation As-Beas-2B cells
group was detected; volume of tumor tissue grew signi�cantly in 16 days after the injection, in in the 10th
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and 15th generation As-Beas-2B cells groups; volume of tumor tissue of the 20th generation As-Beas-2B
group was similar to that of A549 group, and the growth rate of volume of tumor tissue increased
signi�cantly from the 10th day after injection and signi�cantly higher than that of A549 group. The tumor
was removed from mice on the 24th day after injection, then photographed and measured (Fig. 5D, 5E).
Some tissues were taken for HE staining to further verify that continuous low-dose NaAsO2 exposure
induced the canceration of Beas-2B cells. As shown in Fig. 5F, after low-dose NaAsO2 exposure, the cell
morphology of tumor tissue changed with different cell sizes, signi�cantly increased nucleus and
widened cell gap, from 5th generation.

In order to further investigate whether continuous low-dose NaAsO2 exposure induced cell cycle changes,
we then detected expressions of some cell cycle related proteins in tumor tissues, and our data showed
that the expression of AKAP95, cyclin D1, cyclin D2 and cyclin E1 were all up-regulated (Fig. 5G).

In general, our results suggested that continuous low-dose NaAsO2 exposure could promote the cell
growth and migration, accelerate cell cycle transition, and induce cell carcinogenesis.

3.5 NaAsO2 exposure triggered mitochondrial damage.
Our early Go function enrichment and KEGG pathway analysis results of RNA-seq enriched mitochondrial
cytochrome C release, ATP activity, ECM receptor response etc. pathways related to mitochondrial
function, suggesting that NaAsO2 exposure might induce changes in mitochondrial structure and
function. RNA-seq results of Beas-2B cells treated with 4 µΜ NaAsO2 24 hours showed that the mRNA
expression levels of mitochondrial damage related genes Tim 22, Tim 23 and Tom 40 increased (Fig. 6A),
while mRNA expression level of OPA1, which mediates mitochondrial fusion, was down regulated. After
veri�cation, results of RNA-seq and qRT-PCR were consistent (Fig. 6B).

By TEM assay, we detected the cells exposed in 4 µΜ NaAsO2 for 24h and found that the volume of
mitochondria in cells increased signi�cantly, compared with untreated cells, and the dual-mode structure
of both inner and outer membrane disappeared into a single membrane structure and the mitochondrial
ridge shrank into fragments (Fig. 6C). And by detecting the expression of mitochondrial outer membrane
channel forming protein Tom 40, mitochondrial inner membrane carrier protein Tim 22, mitochondrial
inner membrane leading sequence transposase Tim 23 and mitochondrial fusion protein OPA1, we found
that after Beas-2B cells were treated with different concentrations (0, 2, 4, 8, 10 µΜ) NaAsO2 for 24 hours,
the protein expression levels of Tim 22 and Tim 23 decreased signi�cantly with the increase of NaAsO2

concentration, showing a signi�cant dose-dependent manner; when the concentration reaches 10 µΜ, the
expression of Tim 22 and Tim 23 decreased to 0.5 and 0.33 times that of the control group, suggesting
that NaAsO2 could signi�cantly reduce the expression of Tim22 and Tim 23, and, in addition, expression
of OPA1 also showed a gentle downward trend when concentration of NaAsO2 was 0, 2, 4 or 8 µΜ and
signi�cantly decreased when the concentration was 10 µΜ; however, Tom40 showed an obvious upward
trend with the increase of NaAsO2 concentration and also showed a signi�cant dose-dependent manner
(Fig. 6D).
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To investigate whether continuous low-dose NaAsO2 exposure could induce mitochondrial dysfunction,
we detected expressions of mitochondrial damage associated proteins in bare tumor tissues (different
generations cells exposed continuously to 1 µΜ NaAsO2), and results showed that expressions of Tim22,
Tim23 and OPA1 decreased signi�cantly from the 15th generation cells' group, while that of Tom40
increased (Fig. 6E), suggesting that continuous low-dose NaAsO2 exposure induced cell carcinogenesis,
and accompanied by mitochondrial dysfunction.

Mitochondrial membrane potential is considered as an important index to indicate changes of membrane
permeability. In our study, the mitochondrial membrane potential of Beas-2B cells decreased signi�cantly
after NaAsO2 treatment, and cell proportion in Q3 increased (Fig. 7A). Reduced glutathione (GSH), as an
important antioxidant in cells, can cause the accumulation of oxygen free radicals and induce oxidative
stress. And after NaAsO2 exposure, we found that GSH levels were effectively reduced in cells, as shown
in Fig. 7B. LDH release is regarded as an important indicator of cell membrane integrity, and in NaAsO2

treated cells, the LDH level in the culture supernatant of BEAS-2B cells decreased, in a dose-dependent
manner (Fig. 7C), suggesting that the damage of NaAsO2 to cell membrane permeability increased
gradually with the increase of NaAsO2 dose. All these results indicated that effects of NaAsO2 on BEAS-
2B cells induces changes in mitochondrial structure and functions.

4. Discussion
Arsenic is worldwide considered as a dangerous substance threatening human health, and its toxic effect
on the body is much higher than our current cognition. Arsenic exposure is associated with multiple organ
lesions, including lung, bladder and skin, and extensive previous studies have con�rmed that short-term
and high-dose arsenic exposure could induce cell cycle changes, including changes of G1/S transition
and G2 phase (Cell lines and experimental conditions errors might lead to different results). However, the
molecular mechanisms affecting cell cycle changes, induced by NaAsO2 remains unclear so far. In
addition, mitochondrial dysfunction is currently recognized as a marker of cancer[15], and it is essential
to clarify the role of arsenic triggered mitochondrial damage in arsenic induced malignant transformation
of human bronchial epithelial cells. In the study, we had exposed cells to short-term arsenic and long-term
low-dose NaAsO2 exposure, and our data showed that NaAsO2 might induce G1/S phase changes by
affecting expression of AKAP95 and related cyclins, and triggered mitochondrial damage and cell
carcinogenesis.

There are three important checkpoints in the cell cycle, controlling the transformation of G1/S, G2/M and
transition of metaphase and anaphase respectively[16]. Normal regulation of transition point and
expression of related proteins regulate the cell cycle orderly, and the imbalance of these checkpoints
usually promote the occurrence of cancers[17, 18]. Our Go function analysis of RNA-seq results showed
that sodium arsenide had an effect on the G1/S checkpoint transition of Beas-2B cells, and �ow
cytometry analysis of Beas-2B cells exposed to NaAsO2 showed that the proportion of cells in G1 phase
decreased and that of S phase increased signi�cantly, suggesting that NaAsO2 promoted the G1/S
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transition. Therefore, based on these data, the regulation mechanism of cycle transition was further
discussed.

Existing immune histochemical results of our laboratory[19–21] showed that the expression of AKAP95,
cyclin D1, cyclin D2 and cyclin E1 in cancer tissues was higher than that in adjacent tissues, and
expression of above proteins was correlated. CCNDs and CCNEs are considered as proto-oncogenes, and
cyclin Ds and cyclin Es are mainly synthesized and play a role in G1 phase[22, 23]. Dumond JW Jr et al.
[24] pointed out that long-term low concentration exposure to arsenic could increase the expression of
CCND1 in TM3 cells. And according to our data, results of RNA-seq and qRT-PCR both showed that after
short-term exposure to 4 µΜ NaAsO2, gene and protein expression levels of AKAP95, cyclin D1, cyclin D2
and cyclin E1 all increased, while RNA-seq results showed that the expression levels of gene mediating
ubiquitination and degradation of cyclin D1/D2 and cyclin E1 were reduced. Previous studies had shown
that the ubiquitination and degradation of cyclins depend on cell cycle changes, and the carcinogenic
function of cyclins depend on their nuclear accumulation in S phase, therefore we suspected that the
accumulation of cell cycle related genes and proteins induced by NaAsO2 might be related to the
decrease of expression levels of related ubiquitin ligase E3[25], and then promoted the G1/S transition
and induced malignant transformation of bronchial epithelial cells. Cell cycle dependent kinases (CDKs)
and cell late dependent kinase inhibitors (CKIs) play important roles in the cell cycle regulatory network,
and it is known that p15 and p16 speci�cally inhibit the phosphorylated kinase activity of cyclind-cdk4/6
complex, and p21 and p27 speci�cally inhibit the function of cyclin E/A-CDK2 complex. Our study
showed that, after short-term exposure to 4 µΜ NaAsO2, the mRNA levels of p16, p21 and CDK2 were
increased, while the mRNA levels of p15, p27, CDK4 and Cdk6 decreased, suggesting that the
mechanisms of the four kinases controlling the cell cycle by regulating activities of CDKs and CDKs-
cyclin complexes were different.

And our highlight was, human bronchial epithelial cells exposed to low-dose sodium arsenite for 3
months and tumor bearing experiments were carried out, and our results revealed that NaAsO2 could
indeed induce carcinogenesis of Beas-2B cells, further con�rming the molecular mechanism of
carcinogenesis in long-term arsenic exposure environment.

Mitochondria, the main place of aerobic respiration, are the main organelles to meet the energy needs of
cells. Its various metabolic processes are the key to maintain the normal states and functions of cells[26].
Proteins existing on the outer membrane of mitochondria participate in processes like material
transmembrane transport, and Tom40, as the only channel forming protein of TOM complex[27], plays an
important role in transporting precursor proteins into mitochondria. The inner membrane of mitochondria
folds inward to form mitochondrial ridge and increase the inner membrane area. Tim20, Tim22, Tim23,
OPA1etc. distributed in the inner membrane of mitochondria are mainly involved in the following
biological processes: Protein transport mediated by Intimal transporter (Tim), oxidative phosphorylation,
ATP synthesis and mitochondrial fusion mediated by OPA1. OPA1 plays an important role in the
maintenance and change of cristae morphology. The lack of OPA1 will cause the change of
mitochondrial membrane potential and the decrease and morphological change of mitochondrial cristae.
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After short-term high-dose arsenic exposure to Beas-2B cells, we found that arsenic caused mitochondria
to swell into vacuoles, double membrane structure disappeared, and mitochondrial cristae melt into
fragments, under transmission electron microscope. It was also found that arsenic caused the loss of
mitochondrial membrane potential, which would lead to the depolarization and permeability of
mitochondrial membrane. Once the permeability of mitochondrial membrane changed, the outer
mitochondrial membrane would release apoptosis factor and mitochondrial cytochrome c to the interior
of mitochondria. In addition, we demonstrated that the concentrations of GSH and LDH decreased in cells
exposed to sodium arsenide, indicating that the antioxidant capacity of mitochondria was destroyed and
oxidative damage occurred. Our results of transcriptome analysis also supported the above results and
showed that NaAsO2 exposure affected ATP metabolism, cytochrome c release, mitochondrial membrane
permeability and so on.

As one of the target organs exposed to sodium arsenide[28], the structure and function changes of
mitochondria will reduce the e�ciency of energy metabolism, and then lead to the malignant
transformation of cells. And in our study, high or low dose NaAsO2 exposure could induce changes in
mitochondrial related proteins, and the reasons might be: 1. The mild mitochondrial damage caused by
low-dose sodium arsenide exposure could be repaired by the cell itself, to ensure the production of energy
and the synthesis of required protein, so it did not affect the cell survival. 2. High dose NaAsO2 exposure
would induce drastic changes in mitochondrial membrane permeability, seriously affected the oxidative
respiratory chain, and lead to mitochondrial dysfunction and even cell death.

5. Conclusions
In conclusion, our study on short-term high-dose and long-term low-dose sodium arsenide exposure of
cells suggested that arsenic might induce carcinogenesis of human bronchial epithelial cells by
promoting G1/S turnover through AKAP95 with associated cyclins, accompanied by the development of
mitochondrial dysfunction.
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Figure 1

Vability changes of Beas-2B cells induced by NaAsO2. Beas-2B cells were cultured in NaAsO2 (0, 1, 2, 4, 8
and 10 μΜ) . (A) the cell viability was detected by CCK-8 kit. (B) Morphological changes of cells observed
by inverted microscope. The experiment was repeated three times independently and all data were
expressed as mean ± standard deviation. ** represented the comparison between the treatment group
and the control group (P < 0.01)



Page 19/27

Figure 2

Evaluation of gene data quality and differentially expressed genes (DEG) of NaAsO2 treated cell samples.
Beas-2B cells were exposed to 4 μM NaAsO2 for 24h and then analyzed by RNA-seq sequencing. (A) The
box diagram was used to compare the gene expression levels before and after NaAsO2 treatment. The
abscissa represented cells groups under different treatment: As-2B 1, 2 and 3 represented the data of
three independent tests of s-Beas-2B cells respectively, and 2B 1, 2 and 3 were the data of three
independent tests of Beas-2B cells. The ordinate represented Log10 (Fragments Per Kilobase of exon
model per Million mapped fragments+1, FPKM+1). The box represented different intensities of gene
expression from top to bottom: the highest point of the upper line was the maximum value, the upper end
line was the upper quartile, the middle horizontal line was the median, the lower end line was the lower
quartile, and the lowest point of the lower line was the minimum value of gene expression levels. (B)
Cluster analysis of differently expressed genes between NaAsO2 treated cell and samples of the control
groups. Genes or samples with similar expression patterns in the heat map would be gathered together,
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which could comprehensively and intuitively show the relationship and differences between each sample.
Each grid re�ected the value obtained after homogenization of the raw of expression data (generally
between -2 and 2), so the colors in the heat map could only be compared horizontally (the expression of
the same gene in different samples). Red color in the map represented the gene set with high expression
and blue color represented the gene set with low expression. The left line represented the clustering of
different genes, and the top line represented the clustering of samples with similar expression patterns.
(C) Volcanic map of co-expressed genes between As-Beas-2B and Beas-2B cells. Differential genes were
screened based on the criteria of | log2 (FoldChange) | > 1 and Padj < 0.05.
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Figure 3

Gene pro�le changes induced by NaAsO2 exposure. (A&B) The DEGs were analyzed by GO function
enrichment analysis. The dot size in the �gure indicated the number of genes enriched in this pathway
and the depth of the red color represented the signi�cant intensity of enrichments. (C&D) The DEGs were
analyzed by KEGG enriched pathway analysis.

Figure 4
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Cell cycle changes caused by NaAsO2. (A)Beas-2B cells were cultured and exposed in 4 μΜ NaAsO2 for
24 hours, and RNA-Seq assay was used to screen the differential genes in the cell cycle transition
pathway of cells before and after NaAsO2 exposure. (B) qRT-PCR assay was used to verify gene
expression results of RNA-Seq. (C) After exposure in 0, 2, 4, 8 and 10 μΜ NaAsO2 for 24 hours, WB assay
was used to detect expressions of AKAP95, cyclin D1, cyclin D2 and cyclin E1. The antibodies were
diluted at 1:1000. (D) Statistical results of C. Data were expressed as mean± standard deviation (n=3),
and nonparametric t-test was used for statistical analysis. (E) Effects of 24h- different NaAsO2
concentrations treatment on cell cycle progression were measured by �ow cytometry. (F&G) WB assay
was used to detected expressions of cyclins in AKAP95 silenced Beas-2B cells after 24h- 4μΜ NaAsO2
treatment. (H) Flow cytometry was used to analyze changes of proportion of silence Beas-2B cells in
each phase of cell cycle, after 24h- 4μΜ NaAsO2 treatment. All data were analyzed by Analysis of
variance (ANOVA) and Pairwise Comparison of the Mean of multiple samples and expressed as mean±
standard deviation (n=3). * represented P< 0.05 and ** represented P< 0.01.
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Figure 5

Tumor bearing experiment of BALB/C female mice. (A) Beas-2B cells were continuously exposed to 1 μΜ
NaAsO2 and sub cultured for 20 generations. 48h scratch test was used to analyze the changes of cell
proliferation and migration rate of exposed cells. (B) Beas-2B cells were continuously exposed to 1 μΜ
NaAsO2 and sub cultured for 20 generations. Proportions of cells in different stage were detected by �ow
cytometry, and all data were expressed as mean± standard deviation (n=3) and analyzed by
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nonparametric t-test, compared with the control group. * represented P < 0.05 and ** represented P < 0.01.
(C) Different generations As-Beas-2B cells that continuous exposed to 1 μΜ NaAsO2 were inoculated into
the left hindlimb of mice at the same time, and the growth curve of tumor volume growth for 24 days was
continuously monitored. (D&E) Photographs of bear tumor tissues removed form mice after 24 days of
As-Beas-2B cells injection. (F) Images of HE stanning of �xed tumor tissues. (G) Expressions of AKAP95,
cyclin D1, cyclin D2 and cyclin E1 in tumor tissues.

Figure 6
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Morphological changes caused by NaAsO2 damages to cell mitochondria. (A) Beas-2B cells were
cultured in NaAsO2 (0, 2, 4, 8 and 10 μΜ) for 24h, and the differential genes in the pathway of
mitochondrial damage before and after NaAsO2 exposure were screened by RNA-seq assay. (B) Changes
of some mitochondrial function related genes in RNA-seq results were veri�ed by qRT-PCR assay. (C) TEM
assay was used to detect morphological changes of Beas-2B cells treated with 4 μΜ NaAsO2 for 24h.
The upper picture showed cells in the control group and the lower picture showed the cells in the NaAsO2
exposure group. The magni�cation increased gradually from the left to the right picture (e.g.: Figure. 6Cb
was an enlarged picture of 6Ca). The yellow arrow pointed to changes of double membrane structure, the
blue arrow pointed to the wrinkled mitochondrial ridge, and the green arrow pointed to the increased
mitochondrial vacuole. (D) WB assay was used to detect expression changes of Tim22 Tim23 Tom40
and OPA1 in cells treated with different concentrations of NaAsO2. Dilution ratio of all antibodies was
1:1000. (E) After continuous exposure to low dose 1 μM NaAsO2, As-Beas-2B cells of different
generations were inoculated subcutaneously into mice. After 24 days of tumor growth, the bare tumor
tissues were taken out and detected the expression of mitochondrial function related proteins Tim22,
Tim23, Tom40 and OPA1.
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Figure 7

Mitochondrial function damage induced by NaAsO2. (A) Beas-2B cells were exposed to NaAsO2 (0, 2, 4, 8
and 10 μΜ)for 24h, and the mitochondrial membrane potential of collected cells was detected by JC-1
�uorescent probe. (B&C) By standardizing GSH and LDH contents to the protein content in a certain
number of cells, relative levels of GSH and LDH content in cell lysates before and after NaAsO2 exposure
were detected and compared. All data were expressed as mean± standard deviation (n=3). Statistical
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analysis was performed by nonparametric t-test, and ** represented the comparison between treatment
and control group, P < 0.01.


