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Abstract

Arsenic and benzo[α]pyrene (BaP) are widespread carcinogens and important etiology factors for 

lung cancer. Moreover, arsenic and BaP co-exposure displays a significantly stronger effect in 

inducing lung cancer than arsenic or BaP exposure alone. This study was performed to investigate 

the basic mechanism of the synergistic carcinogenic effect of arsenic and BaP co-exposure. 

It was found that integrin α4 (ITGA4) expression levels are significantly up-regulated and 

the Hedgehog pathway is highly activated in arsenic plus BaP co-exposure-transformed human 

bronchial epithelial cells. Either ITGA4 downregulation or Hedgehog pathway inhibition in the 

co-exposure-transformed cells significantly reduced their cancer stem cell (CSC)-like property 

and tumorigenicity. It was determined that ITGA4 downregulation leads to the inhibition of 

the Hedgehog pathway activation, which is achieved by increasing suppressor of fused (SUFU) 

protein stability through reducing the PI3K/Akt signaling. Moreover, stably overexpressing 

SUFU in the co-exposure-transformed cells significantly reduces their CSC-like property and 

tumorigenicity. These findings indicate that ITGA4 up-regulation activates the Hedgehog pathway 

to enhance the CSC-like property and tumorigenicity of arsenic and BaP co-exposure-transformed 

cells, offering new mechanistic insight for the synergistic carcinogenic effect of arsenic and BaP 

co-exposure.
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1. Introduction

Humans are often exposed to mixtures of environmental pollutants. Studies have shown that 

the toxic effects of the mixture exposures could be significantly different from the sum of 

the effects of exposures to individual pollutants [1,2]. However, our understanding on the 

mechanisms of the adverse health effects of environmental mixture exposures is limited 

[3,4]. Understanding the mechanism of toxic effects of environmental mixture exposures 

may identify molecular targets to prevent and treat human diseases resulting from mixture 

exposures.

Arsenic and benzo[α]pyrene (BaP) are among the most common environmental carcinogens 

causing lung cancer in humans. While occupational arsenic exposure occurs mainly via 

inhalation of arsenic vapor-contaminated air, general population arsenic exposure mainly 

results from oral ingestion by consumption of arsenic-contaminated drinking water or food 

[5]. BaP is usually produced when organic matters are not completely burned and high 

concentrations of BaP are found in cigarette smoke and well-done barbecue meat. General 

population BaP exposure could happen either via inhalation of cigarette smoke or from oral 

ingestion by consumption of BaP-contaminated food. Given the fact that millions of people 

are consuming arsenic-contaminated water, and that cigarette smoking and meat barbecuing 

are common behaviors in many regions, human co-exposure to arsenic and BaP could be 

common, representing a significant environmental health issue. Early studies showed that 

arsenic and BaP co-exposure via intratracheal instillation significantly increases lung cancer 

risk in rats and hamsters [6,7]. Moreover, our recent study revealed that arsenic exposure via 

drinking water in conjunction with BaP exposure via oral gavage significantly increases lung 

tumorigenesis in mice [8]. These findings demonstrate that arsenic and BaP co-exposure 

causes a more potent lung tumorigenic effect than arsenic or BaP exposure alone. However, 

the mechanism of the synergistic lung tumorigenic effect of arsenic and Bap co-exposure has 

not been well understood.

Integrin α4 (ITGA4) is a member of the integrin family of heterodimeric transmembrane 

proteins, which play important roles in cell survival, proliferation, migration, invasion, 

and tumor growth and metastasis [9]. ITGA4 is one of the least studied integrins in the 

family [10]. Up-regulation of ITGA4 expression has been reported in several types of 

cancer, playing important roles in tumor cell invasion and tumor metastasis [11]. However, 

little is known about the role of ITGA4 in tumor development. The Hedgehog pathway 

is a highly conserved developmental signaling pathway, playing critical roles in many 

physiological processes during embryonic development [12,13]. The key components of the 

Hedgehog pathway include Hedgehog ligands, the transmembrane receptors Patched (Ptch) 

and Smoothened (SMO), the transcription factors glioma-associated oncogene homologs 

(GLI) and the central negative regulator of the pathway Suppressor of Fused (SUFU) 

that sequesters GLI transcription factors in an inactive complex [14,15]. The canonical 
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Hedgehog pathway activation is initiated by the binding of Hedgehog ligands to Ptch, 

which frees SMO, leading to the activation of GLI transcription factors [16,17]. Abnormal 

activation of the Hedgehog pathway during the adult stage has been shown to play crucial 

roles in tumorigenesis [12,13]. However, how the Hedgehog pathway is activated during the 

tumorigenic process is not well known.

Our recent study using cell culture and mouse models demonstrated that arsenic and BaP 

co-exposure acts synergistically in inducing cell malignant transformation, cancer stem 

cell (CSC)-like property and lung tumorigenesis [8]. This study was performed to further 

investigate the underlying mechanism. It was found that arsenic and BaP co-exposure 

greatly up-regulates the expression of ITGA4, activating the phosphoinositide 3-kinase 

(PI3K)/Akt pathway. Increased Akt activity reduces SUFU protein stability and levels, 

leading to activation of the Hedgehog pathway and enhancing arsenic and BaP co-exposure-

induced cancer stem cell (CSC)-like property and tumorigenesis. This study provides the 

first evidence showing that ITGA4 signaling activates the Hedgehog pathway in tumor 

cells. Moreover, the findings from this study not only offer new mechanistic insight for the 

synergistic tumorigenic effect of arsenic and BaP co-exposure, but also provide evidence for 

targeting ITGA4 and the Hedgehog pathway to prevent and treat lung tumors resulting from 

arsenic and BaP co-exposure.

2. Materials and methods

2.1. Cell culture

Immortalized non-tumorigenic human bronchial epithelial BEAS-2B cells were obtained 

from American Type Culture Collection (ATCC, Manassas, VA). The passage-matched 

Control BEAS-2B cells (BEAS-2B-Control), chronic low dose of arsenic (NaAsO2, 1 μM, 

Sigma) (BEAS-2B–As), or BaP (2.5 μM, Sigma) (BEAS-2B–BaP) exposure alone and co-

exposure-transformed BEAS-2B cells (BEAS-2B–As + BaP) were generated, characterized 

and reported in our recent study [8]. Briefly, BEAS-2B cells were continuously exposed 

to a vehicle control, arsenic (NaAsO2, 1 μM) or BaP (2.5 μM) alone, or arsenic plus BaP 

(1 μM of NaAsO2 + 2.5 μM of BaP) for 30 weeks. Arsenic and BaP exposure-induced 

cell transformation, CSC-like property and tumorigenesis were determined by the soft 

agar colony formation assay, suspension culture sphere formation assay and nude mouse 

tumorigenesis assay, respectively [8]. All BEAS-2B cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM, Invitrogen) supplemented with 5% fetal bovine serum 

(FBS, Sigma), 1% penicillin/streptomycin (10,000 U/mL, Gibico).

2.2. Microarray analysis

Total RNA samples were isolated from the passage-matched BEAS-2B-Control, BEAS-2B–

As, BEAS-2B–BaP, and BEAS-2B–As + BaP cells using the TRIzol reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s protocol. The RNA samples in triplicate 

were submitted to Arraystar Inc. (Rockville, MD) for microarray analysis. Microarray data 

analysis was done by Arraystar Inc. The microarray raw data was deposited to the National 

Center for Biotechnology Information (NCBI)’s data repository (Access ID: GSE149605).
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2.3. Generation of ITGA4 stable knockdown and SUFU stable overexpression cells

The arsenic and BaP co-exposure-transformed cells (BEAS-2B–As + BaP) were used 

for lentiviral particle transduction to generate ITGA4 stable knockdown or SUFU stable 

overexpression cells. Non-targeting control short hairpin RNA (shRNA) lentiviral particles 

(pZIP-hCMV-ZsGreen-Puro-Control shRNA), ITGA4-specific targeting shRNA lentiviral 

particles (pZIP-hCMV-ZsGreen-Puro-ITGA4 shRNA), overexpression vector control 

lentiviral particles (pTOL-hCMV-Puro), and SUFU overexpression lentiviral particles 

(pTOL-hCMV-Puro-SUFU) were obtained from Transomic Technologies (Huntsville, AL). 

Forty-eight hours (h) after the lentiviral particle transduction, BEAS-2B–As + BaP cells 

were selected with puromycin (1 μg/mL) following the procedures described in our recent 

studies [18]. The ITGA4 stable knockdown or SUFU stable overexpression efficiency in 

BEAS-2B–As + BaP cells were confirmed by Western blot analysis.

2.4. Soft agar colony formation assay

The soft agar colony formation assay was performed following our previously published 

protocol [19]. Briefly, Normal melting point agar (4 mL of 0.6% agar in DMEM) was 

placed in each 60-mm cell culture dish as the bottom layer of agar and allowed to solidify 

for 1 h at room temperature. BEAS-2B–As + BaP-control shRNA cells and ITGA4 stable 

knockdown (BEAS-2B–As + BaP-ITGA4 shRNA) cells were collected, counted, suspended 

in DMEM and mixed with the lower melting point agar. The cell-agar mixture containing 2 

mL of cell suspensions (0.5 × 104 cells/mL) and 2 mL of lower melting point agar (0.8% 

agar in DMEM) was placed above the bottom agar. Two mL of DMEM containing 10% 

FBS was added to the top agar after it was solidified. Dishes were incubated at 37 °C in a 

humidified atmosphere containing 5% CO2. After a 4-week incubation, soft agar colonies 

were stained with 0.002% crystal violet, photographed and counted (if > 100 μm). The 

results are presented as mean ± standard deviation (SD).

2.5. Serum-free suspension culture sphere formation assay

The sphere formation assay was conducted as previously described [20,21]. Briefly, cells 

were collected by trypsinization, well-suspended in serum-free DMEM supplemented with 

1 × B27 (Invitrogen, Carlsbad, CA), human recombinant epidermal growth factor (20 

ng/mL. R&D, Minneapolis, MN), basic fibroblast growth factor (20 ng/mL, R&D Systems, 

Minneapolis), and heparin (4 μg/mL, Sigma), and cultured in ultralow attachment 24-well 

plates for 10 days (Corning, Corning, NY). Two thousand five hundreds cells were seeded 

in each well. At the end of the 10-day culture, spheres with diameters > 100 μm were 

counted and photographed under an inverted microscope. The results are presented as mean 

± standard deviation (SD).

2.6. Western blot analysis

Cultured cells were collected by trypsinization, pelleted, washed with PBS and lysed 

with cell lysis buffer following our published protocol [22,23]. The bicinchoninic acid 

(Bio-rad) reaction was performed to quantify cellular protein concentrations. Equal amounts 

of protein samples (20–30 μg) were separated by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred to 0.45 μm of polyvinylidene fluoride 
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membranes (PVDF, Millipore, Billerica MA, USA). The membranes were blocked with 

5% milk in PBS Tween 20 (PBST) buffer for 1 h at room temperature and then incubated 

with the following primary antibodies: anti-ITGA4 (1:1000), anti-GLI-1 (1:500), anti-SUFU 

(1:1000), anti-SMO (1:1000), anti-SHH (1:1000), anti-Ptch-1 (1:500), anti-p-Akt (1:1000), 

anti-Akt (1:1000), anti-p-ERK (1:1000), anti-ERK (1:1000) or β-actin (1:8000) overnight at 

4 °C. After overnight incubation, the membranes were washed with PBST and incubated 

with HRP-conjugated secondary antibody (goat anti-rabbit IgG 1:2000 or goat anti-mouse 

IgG 1:5000) for 1 h at room temperature. Immuno-signals were visualized using the 

Amersham Imager 680 (GE Healthcare Life Sciences, Marlborough, MA, USA). The 

intensities of protein bands were quantified by the Image J software and normalized to 

the internal control β-actin.

2.7. Quantitative PCR (q-PCR) analysis

Total RNA extraction was performed using the TRIzol reagent (Invitrogen, Carlsbad, 

CA). All gene mRNA levels were assessed by using individual TaqMan gene expression 

assays using ABI QuantStudio 3 q-PCR System (Applied Biosystems) following the 

manufacturer’s instructions. The 2−ΔΔ Ct method was utilized for analyzing relative gene 

expression levels using human 18S RNA as an internal control [24,25].

2.8. Immunofluorescence (IF) staining

The cultured cells were seeded on a cover glass in a 6-well plate and incubated at 37 

°C for 24 or 48 h (including inhibitor treatment). Cells were washed with PBS, fixed 

with 4% paraformaldehyde for 20 min at room temperature and permeabilized with 1% 

Triton X-100/PBS for 1.5 min. Then, cells were blocked with 3% bovine serum albumin 

(BSA)/PBS for 30 min. The primary antibodies were diluted with 1% BSA/PBS (1:200) 

and incubated at 4 °C overnight, followed by incubation with related secondary antibodies 

(Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor 546 goat anti-mouse IgG, 1:300, 

Invitrogen) for 1 h at room temperature. At the end of incubation, cells were washed with 

PBS and stained with 4,6-diamidino-2-phenylindole (DAPI) for 10 min to visualize the 

nuclei. The fluorescence images were captured and overlaid using the Nikon NIS-Elements 

software.

2.9. Nude mouse xenograft tumorigenesis studies

Animal protocols for nude mouse xenograft tumorigenesis studies were reviewed and 

approved by the University of Kentucky Institutional Animal Care and Use Committee. 

Six-week old female nude mice (Nu/Nu) were purchased from Charles River Laboratory. 

After one week of acclimation, mice were randomly regrouped with 10 mice in each group. 

BEAS-2B–As + BaP-Control shRNA, BEAS-2B–As + BaP-ITGA4 shRNA, BEAS-2B–As 

+ BaP-pLenti6.3 or BEAS-2B–As + BaP-pLenti6.3-SUFU were subcutaneously injected 

into the right flank of nude mice (0.5 × 106 cells in 0.1 mL of 1:1 growth factor-reduced 

matrigel and PBS). After injection, mice were maintained under specific pathogen-free 

conditions and monitored weekly for tumor formation and growth. All mice were euthanized 

12 weeks after the injection, tumors were dissected from all tumor-bearing mice and fixed in 

10% formalin solution for histology analysis.
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2.10. Mouse xenograft tumor tissue Ki-67 immunohistochemistry (IHC) staining

Nude mouse xenograft tumor tissue sections were prepared and subjected to Ki-67 IHC 

staining as described previously [21,26]. The IHC staining images were taken using Nikon 

NIS-Elements software. Ki67 positive cells (brown) were counted in 30 randomly selected 

fields per mouse tumor tissue section. All tumors from the ITGA4 knockdown cells 

and three randomly-selected tumors from the control shRNA cells were analyzed. The 

quantitated results are presented as the percent of cells with Ki-67 positive staining per field 

of view per mouse (mean ± SD, n = 30).

2.11. Kaplan-Meier plotter overall survival analysis

The Kaplan–Meier plotter (KM plotter, http://kmplot.com/analysis/) was used to analyze 

the relationship between the ITGA4 mRNA expression level and overall survival (OS) in 

lung cancer patients. The expression level cutoff point of the ITGA4 gene were determined 

according to the upper tertile expression of the gene from the selected lung cancer samples. 

Non-cigarette smoking patients were excluded.

2.12. Gene correlation analysis in GEPIA

The online database Gene Expression Profiling Interactive Analysis (GEPIA) (http://

gepia.cancer-pku.cn/index.html) was used to explore the correlation between ITGA4 and 

GLI-1 mRNA expression levels in lung adenocarcinoma tissues (LUAD). Gene expression 

correlation analysis was performed using the given TCGA expression data sets. The 

Spearman method was used to determine the correlation coefficient. ITGA4 was used for the 

x-axis, and GLI-1 was represented on the y-axis.

2.13. Gene Set Enrichment Analysis (GSEA)

The transcriptomic profiling data of 519 lung cancer patients (TCGA-LUAD) from the 

TCGA database were downloaded and used to perform GSEA. GSEA was performed using 

the software GSEA v4.0.1 (www.broadinstitute.org/gsea). The ITGA4 expression level was 

dichotomized as low and high categories to annotate phenotype, and KEGG gene sets from 

MSigDB were chosen as the reference gene sets. All other parameters were set based on 

their default values.

2.14. Statistical analysis

The statistical analysis of the numerical data (mean ± SD) was performed using SPSS 22.0 

(Chicago, IL, USA). The comparisons of different groups were analyzed using Student’s 

t-test or one-way analysis of variance (ANOVA), followed by the least-significant difference 

post-hoc test when appropriate. The significance of difference in nude mouse tumor 

incidence rate was analyzed using Fisher’s exact test. A p-value of <0.05 was considered 

statistically significant.
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3. Results

3.1. ITGA4 expression levels are significantly up-regulated in arsenic and BaP Co-
exposure-transformed cells, which plays an important role in their CSC-like property and 
tumorigenicity

To further investigate the mechanism by which arsenic and BaP co-exposure acts 

synergistically in inducing cell transformation, CSC-like property and lung tumorigenicity 

as reported in our recent study [8], we performed cDNA microarray analysis to identify 

differentially expressed genes that may play critical roles in the synergistic lung tumorigenic 

effect of the co-exposure (NCBI GSE149605). ITGA4 is one of the most highly up-

regulated genes in the co-exposure-transformed cells. We first performed q-PCR analysis to 

verify the microarray results and found that ITGA4 mRNA levels are only detected in BaP 

exposure alone-transformed cells (BEAS-2B–BaP) and the co-exposure-transformed cells 

(BEAS-2B–As + BaP); but ITGA4 mRNA levels in BEAS-2B–As + BaP are significantly 

higher than that in BEAS-2B–BaP cells (Fig. 1A). Western blot analysis demonstrated 

that the ITGA4 protein is only detected in BEAS-2B–BaP and BEAS-2B–As + BaP cells; 

and ITGA4 protein levels in BEAS-2B–As + BaP are significantly higher than that in 

BEAS-2B–BaP cells (Fig. 1B). Similarly, the highest ITGA4 levels were also observed in 

another immortalized human bronchial epithelial cell line 16HBE cells treated with arsenic 

(1 μM) and BaP (2.5 μM) for 40 weeks (Fig. S1). Interestingly, our recent study showed 

that only BaP exposure alone or arsenic plus BaP co-exposure is capable of inducing lung 

tumors in mice and arsenic plus BaP co-exposure causes significantly more lung tumors in 

mice than BaP exposure alone [8]. Together, these results suggest that ITGA4 up-regulation 

may play an important role in lung tumorigenesis. This statement is further supported by 

the Kaplan-Meier analysis of the publicly available microarray data from the KM plotter 

(http://kmplot.com) showing that higher ITGA4 expression levels in lung cancer patients are 

associated with a significantly worse overall survival (Fig. 1C).

Next, we sought to determine whether a higher ITGA4 expression level indeed plays a 

critical role in arsenic and Bap co-exposure-enhanced cell transformation, CSC-like property 

and tumorigenesis. We stably knocked down ITGA4 expression in BEAS-2B–As + BaP 

cells. A significant ITGA4 knockdown was confirmed by Western blot analysis (Fig. 1D). 

The soft agar colony formation assay showed that ITGA4 knockdown cells (BEAS-2B–As 

+ BaP-ITGA4 shRNA) form significantly less soft agar colonies than the control shRNA 

cells (Fig. 1E), suggesting that ITGA4 knockdown in BEAS-2B–As + BaP cells reduces 

their transformed phenotype. The suspension culture sphere formation assay revealed that 

ITGA4 knockdown cells form significantly fewer spheres (Fig. 1F), suggesting that ITGA4 

knockdown in BEAS-2B–As + BaP cells greatly reduces their CSC-like property. This 

statement was further supported by the nude mouse xenograft tumorigenesis study: the 

tumor incidence rate in mice injected with ITGA4 knockdown cells (2/10 = 20%) was 

significantly lower than mice injected with control shRNA cells (7/10 = 70%, p < 0.05) 

(Fig. 1G). Moreover, the xenograft tumors formed by injection of the ITGA4 knockdown 

cells were much smaller than the tumors from injection of control shRNA cells (Fig. 1G). 

Further tumor histology analysis showed that the proliferation mark Ki-67 positive staining 

in tumors from ITGA4 knockdown cells is significantly less than the tumors from control 
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shRNA cells (Fig. 1H). Collectively, these results indicate that ITGA4 up-regulation plays 

a critical role in the synergistic effect of arsenic and BaP co-exposure in inducing CSC-like 

property and tumorigenesis.

3.2. The Hedgehog pathway is highly activated in arsenic and BaP Co-exposure-
transformed cells and inhibition of the hedgehog pathway significantly reduces their CSC-
like property

CSCs or CSC-like cells are considered as tumor initiation cells; and increased CSC-like 

property enhances tumorigenesis [27,28]. We next wanted to determine how ITGA4 up-

regulation enhances the CSC-like property of arsenic and BaP co-exposure-transformed 

cells. High activation of critical signaling pathways such as the Hedgehog pathway, Notch 

pathway, and Wnt/β-catenin pathway have been implicated in generating and maintaining 

CSCs or CSC-like cells [29–32]. We first tested these three major CSC-related pathways 

(Hedgehog, Notch, and Wnt/β-catenin) to determine if any of them are highly activated 

in the co-exposure-transformed cells (BEAS-2B–As + Bap). The q-PCR analysis showed 

that the mRNA level of glioma-associated oncogene homologue-1 (GLI-1), a key signaling 

effector molecule and the target gene in the Hedgehog pathway, is significantly higher 

in BEAS-2B–As + BaP cells than that in the passage-matched control cells, arsenic 

exposure alone-transformed cells (BEAS-2B–As) and BaP exposure alone-transformed cells 

(BEAS-2B–BaP) (Fig. 2A). In contrast, neither the mRNA level of transcription factor 12 

(TCF12), a representative target gene in the Wnt/β-catenin pathway, nor the mRNA level 

of hairy enhancer of split-1 (HES1), a representative target gene in the Notch pathway, are 

highest expressed in the BEAS-2B–As + BaP cells (Fig. 2A). These results suggest that the 

Hedgehog pathway is likely the most activated in the BEAS-2B–As + BaP cells. Subsequent 

Western blot analysis confirmed that GLI-1 is highly expressed only in BEAS-2B–As + Bap 

cells. On the contrary, the protein level of SUFU, a negative regulator of GLI-1, is the lowest 

in BEAS-2B–As + Bap cells (Fig. 2B). The expression levels of other important proteins 

in the Hedgehog pathway including SHH, Ptch-1 and SMO were not changed dramatically 

among the four treatment groups of cells (Fig. 2B). Similarly, the highest GLI-1 levels 

and the lowest SUFU levels were also observed in another immortalized human bronchial 

epithelial cell line 16HBE cells treated with arsenic (1 μM) and BaP (2.5 μM) for 40 weeks 

(Fig. S1). GLI-1 is a nuclear-cytoplasmic shuttling protein and its nuclear localization is an 

indication of its activation [33]. We performed GLI-1 immunofluorescence (IF) staining to 

determine its cellular localization. As shown in Fig. 2C, GLI-1 positive staining (red signal) 

was weak and limited in the cytoplasm and nucleus in BEAS-2B-Control and BEAS-2B–As 

cells; weak and limited GLI-1 nuclear staining was seen in BEAS-2B-Bap cells. However, 

a significantly stronger GLI-1 nuclear staining (pink signal, GLI-1 staining red signal was 

overlaid with nuclear DAPI staining blue signal) was observed in BEAS-2B–As + Bap cells. 

Together, these results suggest that the Hedgehog signaling pathway is strongly activated 

only in the co-exposure-transformed cells (BEAS-2B–As + Bap).

We then used two approaches to determine whether the highly activated Hedgehog pathway 

plays a critical role in the enhanced–CSC–like property of the co-exposure-transformed 

cells (BEAS-2B–As + BaP). First, we treated BEAS-2B–As + BaP cells with Cyclopamine, 

a small molecule pharmacological inhibitor of the Hedgehog pathway [34]. It was found 
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that Cyclopamine treatment dose-dependently reduces the GLI-1 protein level (Fig. 2D) 

and GLI-1 nuclear localization (Fig. 2E) in BEAS-2B–As + BaP cells, indicating that the 

Hedgehog pathway is efficiently inhibited. In consistence with these findings, Cyclopamine 

treatment also significantly reduced the capability of BEAS-2B–As + BaP cells in forming 

suspension culture spheres (Fig. 2F). Secondly, we inhibited the Hedgehog pathway by 

using the small interference RNA (siRNA) to specifically knock down GLI-1 expression. 

The significant knockdown of GLI-1 protein levels by GLI-1 siRNA in BEAS-2B–As + BaP 

cells is shown in Fig. 2G. The suspension culture sphere formation assay showed that GLI-1 

knock down significantly reduces the capability of BEAS-2B–As + BaP cells in forming 

suspension spheres (Fig. 2H). Together, these results indicate that the Hedgehog pathway 

activation plays an important role in the enhanced–SC–like property of arsenic and BaP 

co-exposure-transformed cells.

3.3. ITGA4 down-regulation in arsenic and BaP Co-exposure-transformed cells 
significantly reduces the hedgehog pathway activation by up-regulating SUFU expression 
levels

We next sought to determine whether knocking down ITGA4 expression levels has an 

effect on the three aforementioned CSC generating and maintaining pathways. We first 

used q-PCR analysis to compare the mRNA levels of representative genes activated in 

the Hedgehog, Wnt/β-catenin or Notch pathways. It was found that ITGA4 knockdown 

significantly reduces the level of the Hedgehog pathway representative gene GLI-1, but 

has no significant effect on the levels of TCF12 and HES1 (Fig. 3A), the representative 

target gene in the Wnt/β-catenin and Notch pathway, respectively. In consistence with 

the q-PCR analysis results, ITGA4 knockdown also greatly reduced GLI-1 protein levels 

in BEAS-2B–As + BaP cells (Fig. 3B). Together, these results indicated that ITGA4 

knockdown significantly reduces the Hedgehog pathway activation in BEAS-2B–As + BaP 

cells.

Next, we determined the mechanism of how ITGA4 knockdown reduces the Hedgehog 

pathway activation in BEAS-2B–As + BaP cells. Western blot analysis revealed that 

ITGA4 knockdown has no significant effects on the levels of several important proteins 

in the Hedgehog pathway including SHH, Ptch-1 and SMO (Fig. 3B). However, ITGA4 

knockdown greatly increased the protein level of SUFU (Fig. 3B), the central negative 

regulator of the Hedgehog pathway [35]. Moreover, further IF staining provided additional 

evidence showing that ITGA4 knockdown increases SUFU protein levels and reduces 

GLI-1 protein levels and GLI-1 nuclear localization (Fig. 3C). Since SUFU is a negative 

regulator of the Hedgehog pathway, these results suggest that ITGA4 knockdown reduces 

the Hedgehog pathway activation and GLI-1 levels likely by increasing the level of 

SUFU. Indeed, knocking down SUFU in the ITGA4 stable knockdown cells (BEAS-2B–

As + BaP-ITGA4 shRNA) greatly increased the level of GLI-1 (Fig. 3D). In addition, 

the Gene Expression Profiling Interactive Analysis (GEPIA) of the publicly available 

TCGA expression data showed that GLI-1 expression levels are significantly and positively 

associated with ITGA4 expression levels in lung cancer (Fig. 3E). Moreover, the Gene 

Set Enrichment Analysis (GSEA) revealed that the gene sets of the Hedgehog pathway 

are significantly enriched in lung adenocarcinoma samples from TCGA with high ITGA4 
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expression (Fig. 3F). Together, these results provided additional evidence supporting that 

ITGA4 up-regulation leads to the activation of the Hedgehog pathway in arsenic and BaP 

co-exposure-transformed cells; and that ITGA4 knockdown reduces the Hedgehog pathway 

activation.

We further determined whether re-activating the Hedgehog pathway in ITGA4 knockdown 

cells reverses the inhibitory effect of ITGA4 knockdown on the CSC-like property of the co-

exposure-transformed cells. We used Purmorphamine to re-activate the Hedgehog pathway 

in ITGA4 knockdown cells (BEAS-2B–As + BaP-ITGA4 shRNA). Purmorphamine 

treatment activates the Hedgehog pathway by directly binding and activating SMO [36]. It 

was found while Purmorphamine treatment does not significantly change SHH, Ptch1, SMO 

and SUFU protein levels; it dose-dependently increases GLI-1 protein levels in BEAS-2B–

As + BaP-ITGA4 shRNA cells (Fig. 3G), indicating the activation of the Hedgehog 

pathway. As a result, Purmorphamine treatment significantly increased the number of 

suspension culture spheres formed by BEAS-2B–As + BaP-ITGA4 shRNA cells (Fig. 

3H). Collectively, these results suggest that ITGA4 down-regulation in arsenic and BaP 

co-exposure-transformed cells reduces their CSC-like property and tumorigenicity mainly 

by inhibiting the Hedgehog pathway through increasing its negative regulator SUFU protein 

level.

3.4. Stably overexpressing SUFU in arsenic and BaP Co-exposure-transformed 
cells significantly reduces the hedgehog pathway activation, CSC-like property and 
tumorigenicity

To further demonstrate the important role of SUFU down-regulation in the Hedgehog 

pathway activation and the CSC-like property and the tumorigenicity of arsenic and BaP co-

exposure-transformed cells, we stably overexpressed SUFU in the co-exposure-transformed 

cells. SUFU overexpression was confirmed by Western blot analysis (Fig. 4A). SUFU 

overexpression greatly reduced the level of GLI-1 compared to the vector control cells 

(BEAS-2B–As + BAP-pLenti6.3) (Fig. 4A). However, SUFU overexpression had no effects 

on the levels of SHH and Ptch-1 proteins, and only slightly reduced SMO protein levels 

(Fig. 4A).

The soft agar colony formation assay showed that BEAS-2B–As + BaP cells with 

SUFU overexpression formed significantly less colonies than the vector control cells 

(Fig. 4B), suggesting that SUFU overexpression in the co-exposure-transformed cells 

significantly reduces their transformed phenotype. Moreover, the serum-free suspension 

culture sphere formation assay showed that SUFU overexpression cells formed significantly 

fewer suspension spheres than the vector control cells (Fig. 4C), suggesting that SUFU 

overexpression in the co-exposure-transformed cells greatly reduces their CSC-like property. 

This statement is further supported by the results from nude mouse xenograft tumorigenesis 

experiment: the tumor incidence rate in mice injected with SUFU overexpression cells (2/10 

= 20%) was significantly lower than mice injected with vector control cells (7/10 = 70%, 

p < 0.05) (Fig. 4D). Together, these results indicate that SUFU down-regulation in arsenic 

and BaP co-exposure-transformed cells plays a critical role in their enhanced CSC-like 

property and tumorigenicity. Moreover, they also suggest that SUFU up-regulation in ITGA4 

Xie et al. Page 10

Cancer Lett. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



knockdown cells (BEAS-2B–As + BaP-ITGA4 shRNA) plays an important role in their 

reduced CSC-like property and tumorigenicity.

3.5. ITGA4 down-regulation in arsenic and BaP Co-exposure-transformed cells up-
regulates SUFU levels by increasing SUFU protein stability

The previous results demonstrated that (i) SUFU up-regulation in the co-exposure-

transformed cells with ITGA4 stable knockdown plays an important role in the inhibitory 

effect of ITGA4 knockdown on their CSC-like property and tumorigenicity (Fig. 3); and (ii) 

stably overexpressing SUFU in the co-exposure-transformed cells significantly reduces their 

CSC-like property and tumorigenicity (Fig. 4). We then began to determine the mechanism 

by which ITGA4 knockdown up-regulates SUFU expression levels in the co-exposure-

transformed cells. In other words, we wanted to determine the mechanism of how ITGA4 

up-regulation greatly reduces SUFU expression levels in the co-exposure-transformed cells. 

We first performed q-PCR analysis and determined that no significant differences of SUFU 

mRNA levels are observed between BEAS-2B–As + Bap-Control shRNA and BEAS-2B–

As + Bap-ITGA4 shRNA cells (Fig. 5A). These results suggest that ITGA4 knockdown 

has no significant effects on SUFU gene transcription. We next determined whether 

ITGA4 knockdown has an effect on SUFU protein stability by performing cycloheximide 

(CHX) chase analysis to compare SUFU protein degradation rates in BEAS-2B–As + 

BaP-Control shRNA and BEAS-2B–As + BaP-ITGA4 shRNA cells. CHX is a chemical 

inhibitor of protein translation and CHX treatment blocks new protein synthesis, allowing 

the determination of the effect of proteasome degradation on protein levels [37]. It was 

found that SUFU protein levels are rapidly decreased in control shRNA cells with the 

extension of CHX treatment time (Fig. 5B). In contrast, SUFU protein levels are only 

slightly decreased in ITGA4 knockdown cells with the extension of CHX treatment time 

(Fig. 5B–C). These results indicate that ITGA4 knockdown in the co-exposure-transformed 

cells significantly increases SUFU protein stability. In other words, ITGA4 up-regulation in 

the co-exposure-transformed cells down-regulates SUFU protein levels by reducing SUFU 

protein stability. To support these statements, the proteasome degradation inhibitor MG132 

treatment experiments were performed. It was found that MG132 treatment greatly recovers 

SUFU protein levels in BEAS-2B–As + Bap-Control shRNA cells, resulting in similar 

SUFU protein levels in control shRNA cells compared to those of BEAS-2B–As + Bap-

ITGA4 shRNA cells (Fig. 5D). Together, these results indicate that ITGA4 knockdown in 

the co-exposure-transformed cells up-regulates SUFU protein levels by increasing SUFU 

protein stability and reducing its proteasome degradation.

3.6. ITGA4 down-regulation in arsenic and BaP Co-exposure-transformed cells reduces 
the PI3K/Akt Pathway Activity to increase SUFU protein stability

We further elucidated the mechanism of how ITGA4 knockdown in arsenic and BaP 

co-exposure-transformed cells increases SUFU protein stability. Previous studies reported 

that the Hedgehog pathway can be activated by the PI3K/Akt and Ras/Raf/Mek/Erk 

signaling to increase GLI protein stability [38,39]. Our recent study revealed a significantly 

strong activation of Akt and Erk1/2 in BEAS-2B–As + Bap cells, and Akt activation 

plays an important role in the enhanced–SC–like property of the co-exposure-transformed 

cells [8]. We sought to determine whether ITGA4 down-regulation in the co-exposure-
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transformed cells inhibits Akt or Erk1/2 activity to increase SUFU protein stability and 

reduce the Hedgehog pathway activation. We first examined whether ITGA4 knockdown 

in the co-exposure-transformed cells has any effect on Akt and Erk1/2 activation. Western 

blot analysis showed that the phosphor-Akt (p-Akt) level is greatly reduced in ITGA4 

knockdown cells although the phosphor-Erk1/2 (p-Erk1/2) level remains unchanged (Fig. 

6A). Given the critical role of Akt activation in the enhanced–CSC–like property of the 

co-exposure-transformed cells [8], these results suggest that ITGA4 knockdown increases 

SUFU protein stability and reduces GLI-1 protein levels to impair the co-exposure-

transformed cells’ CSC-like property likely by reducing Akt activation. To support this 

statement, we treated the co-exposure-transformed cells with a PI3K inhibitor Wortmannin. 

Western blot analysis revealed that Wortmannin treatment greatly reduces p-Akt levels, and 

increases SUFU but decreases GLI-1 protein levels (Fig. 6B). These results are supported by 

IF staining, which show that Wortmannin treatment greatly increases SUFU protein levels 

and reduces GLI-1 protein levels and nuclear localization (Fig. 6C).

We next performed the CHX chase experiment to determine whether Wortmannin treatment 

has an effect on SUFU protein stability. Similar to the results shown in Fig. 5B, the 

SUFU protein level decreased rapidly with the extension of CHX treatment time in the co-

exposure-transformed cells (Fig. 6D). In contrast, the SUFU protein level remained largely 

unchanged when the co-exposure-transformed cells were pre-treated with Wortmannin plus 

the same CHX treatment (Fig. 6D). These results indicate that inhibition of the PI3K/Akt 

pathway greatly increases SUFU protein stability in the co-exposure-transformed cells.

To further demonstrate that the increase of SUFU protein stability in ITGA4 knockdown 

cells is indeed due to the reduced Akt activity or phosphor-Akt level, we treated ITGA4 

knockdown cells with a protein phosphatase inhibitor Okadaic acid (OA) to restore 

phosphor-Akt levels and determined its effect on SUFU and GLI-1 protein levels. It 

was found that OA treatment dose-dependently recovers phosphor-Akt levels in ITGA4 

knockdown cells, and at the same time, dose-dependently reduces SUFU protein levels 

and increases GLI-1 protein levels (Fig. 6E). Moreover, treatment with the proteasome 

degradation inhibitor MG132 completely reversed the effect of OA treatment on SUFU and 

GLI-1 proteins: MG132 treatment prevented the OA treatment-caused SUFU decrease and 

GLI-1 increase (Fig. 6E). We understand that OA treatment is capable of increasing many 

protein phosphor-levels [40]. Next, we specifically inhibited Akt activity in OA-treated 

ITGA4 knockdown cells to further confirm the role of Akt activity in this process. As 

shown in Fig. 6F, when ITGA4 knockdown cells were treated with OA plus an Akt specific 

inhibitor, the effect of OA treatment in decreasing SUFU and increasing GLI-1 protein 

levels was overcome by the Akt inhibitor co-treatment. Collectively, these results indicate 

that ITGA4 knockdown in the co-exposure-transformed cells increases SUFU and decreases 

GLI-1 protein levels by reducing the PI3K/Akt pathway activity.

4. Discussion

Studies, including ours, have shown that arsenic and BaP co-exposure acts synergistically 

in inducing cell transformation, CSC-like property and tumorigenesis [6–8,41]; however, the 

underlying mechanism has not been well understood. Given the wide presence of arsenic 
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and BaP in water and food, and the popularity of cigarette smoking in many regions, human 

co-exposure to arsenic and BaP could be common. Arsenic and BaP co-exposure could have 

significantly more harmful effects on human health than the effects caused by arsenic or 

BaP exposure alone. It is imperative to investigate the mechanism of the synergistic adverse 

health effects of arsenic and BaP co-exposure. In this study, we demonstrated that arsenic 

and BaP co-exposure greatly up-regulates the expression of ITGA4, which in turn activates 

the Hedgehog pathway to enhance arsenic and BaP co-exposure-induced CSC-like property 

and tumorigenesis (see Fig. 7).

Integrin family members have been shown to play important roles in tumor metastasis 

[9]; however, little evidence is available to show that integrins are critically involved in 

environmental carcinogen-induced cell malignant transformation and tumorigenesis. ITGA4 

is one of the least studied integrins [10]. Studies have shown that ITGA4 plays important 

roles in mediating cell-cell and cell-matrix adhesion as well as regulating cell migration 

and invasion [10]. Like other integrin family members, ITGA4 has also been shown to 

play important roles in tumor metastasis [11]. However, whether ITGA4 plays a role in 

cell malignant transformation and the tumor development process is unknown. This study 

provides the first evidence showing that environmental exposure such as arsenic and BaP 

co-exposure up-regulates the expression of ITGA4, which plays a crucial role in the co-

exposure-induced CSC-like property and tumorigenesis. Given the important role of ITGA4 

in tumor development as demonstrated in this study and its importance in tumor metastasis 

as demonstrated by other studies [11], further studies are needed to determine how ITGA4 

expression levels are up-regulated. Understanding the mechanism of ITGA4 up-regulation 

by arsenic and BaP co-exposure may identify additional targets for the prevention and 

treatment of lung cancer resulting from arsenic and BaP co-exposure.

The Hedgehog pathway is one of the highly conserved and key development pathways, 

playing important roles in normal embryonic development [13]. On the contrary, high 

activation of the Hedgehog pathway during the adult stage has been shown to be 

critically involved in cancer metastasis and therapeutic resistance [13,42]. However, whether 

environmental carcinogen exposure activates the Hedgehog pathway and whether the 

Hedgehog pathway activation plays an important role in environmental carcinogenesis 

remain largely unknown. In this study, we provided the first evidence showing that although 

arsenic or BaP exposure alone does not activate the Hedgehog pathway, in sharp contrast, 

arsenic and BaP co-exposure causes a strong activation of the Hedgehog pathway. Moreover, 

we further determined that Hedgehog pathway activation plays a critical role in arsenic and 

BaP co-exposure-induced CSC-like property and tumorigenesis. These findings not only 

offer new insight for understanding the mechanism of the synergistic lung tumorigenic effect 

of arsenic and BaP co-exposure, but also suggest that the Hedgehog pathway may serve as 

an important target for the prevention and treatment of lung cancer resulting from arsenic 

and BaP co-exposure.

How does arsenic and BaP co-exposure activate the Hedgehog pathway? In general, the 

Hedgehog pathway is activated by the binding of the Hedgehog ligand to its transmembrane 

receptor Ptch leading to the de-repression of SMO and subsequent activation of GLI 

transcription factors, which is also known as the canonical Hedgehog pathway [16, 43]. 
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On the other hand, the Hedgehog pathway can also be activated independent of its ligand-

receptor interaction-mediated SMO de-repression, which is termed as the non-canonical 

Hedgehog pathway [38,39]. Several mechanisms have been proposed for the non-canonical 

Hedgehog pathway activation including Kras signaling, PI3K/Akt signaling, transforming 

growth factor β signaling, protein kinase C signaling, etc. [38,39]. In this study, we 

demonstrated that arsenic and BaP co-exposure causes a non-canonical Hedgehog pathway 

activation via the PI3K/Akt signaling. This finding is consistent with our recent report 

showing that arsenic and BaP co-exposure cause a strong activation of Akt, which plays 

a critical role in the co-exposure-enhanced CSC-like property and tumorigenesis [8]. 

Moreover, the finding that arsenic and BaP co-exposure activates the Hedgehog pathway 

via the PI3K/Akt signaling also provides new mechanistic insight for understanding how 

Akt activation enhances the co-exposure-induced CSC-like property and tumorigenesis.

How does the PI3K/Akt signaling activate the Hedgehog pathway in arsenic and BaP 

co-exposure-transformed cells? The non-canonical Hedgehog pathway activation is mostly 

observed in cancer cells. The first evidence showing the involvement of the PI3K/Akt 

signaling in the Hedgehog pathway activation was from Riobó N et al. reporting that Akt 

prevents proteasomal degradation of GLI-2 [44]. Other studies have shown that the AKT 

signaling increases GLI-1 protein stability and GLI-1 transcriptional activity [45,46]. In this 

study, we demonstrated that the PI3K/Akt signaling activates the Hedgehog pathway by 

reducing the level of the Hedgehog pathway’s negative regulator SUFU leading to GLI-1 

activation. It was determined that the Akt signaling reduces SUFU protein levels by reducing 

its protein stability and promoting its proteasome degradation. Further studies are needed to 

determine how the PI3K/Akt signaling reduces SUFU protein stability.

BEAS-2B cells are immortalized human bronchial epithelial cells and grow well in the 

presence of serum. It was reported that BEAS-2B cells cultured in 5% FBS for 8 weeks are 

almost 5 times more sensitive to arsenite (2 μM and above) cytotoxicity than BEAS-2B cells 

cultured in the absence of FBS [47]. This finding suggests that culturing BEAS-2B cells 

with or without FBS could affect BEAS-2B cells’ responses to toxicant exposures and it is 

important to culture BEAS-2B cells under the same conditions when using BEAS-2B cells 

as a model to study the toxic effects of toxicant exposures. In this study, we used arsenite 

(1 μM) and/or BaP (2.5 μM) exposure-transformed BEAS-2B cells generated in our recent 

study [8]. No further arsenite and/or BaP exposure was carried out in this study. Moreover, 

we included passage-matched control BEAS-2B cells as a proper control group in our study. 

All groups of BEAS-2B cells were cultured under the same conditions with the presence of 

5% FBS, which will not likely have a significant impact on the toxic effects of arsenic and 

BaP exposure reported here.

In summary, this study demonstrates that ITGA4 up-regulation activates the Hedgehog 

pathway, which plays an important role in arsenic and BaP co-exposure-induced CSC-like 

property and tumorigenesis. These findings not only offer new insight for understanding the 

mechanism of the synergistic carcinogenic effect of arsenic and BaP co-exposure, but also 

provide the first evidence showing that the Hedgehog pathway effector GLI-1 is a critical 

mediator of the ITGA4 tumorigenic signaling.
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Fig. 1. 
ITGA4 expression levels are significantly up-regulated in arsenic and BaP co-exposure-

transformed cells and down-regulation of ITGA4 levels significantly reduce their CSC-

like property and tumorigenicity. (A) Q-PCR analysis of the relative mRNA levels 

of ITGA4 in passage-matched control cells (BEAS-2B-Control), arsenic exposure alone-

transformed cells (BEAS-2B–As), BaP exposure alone-transformed cells (BEAS-2B–BaP) 

and arsenic plus BaP co-exposure-transformed cells (BEAS-2B–As + BaP). The ITGA4 

mRNA levels are expressed relative to BEAS-2B-Control cells (mean ± SD, n = 3). ** 

Xie et al. Page 18

Cancer Lett. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p < 0.01. (B) Representative Western blot analysis of ITGA4 protein levels in BEAS-2B-

Control, BEAS-2B–As, BEAS-2B–BaP and BEAS-2B–As + BaP cells. Similar results were 

obtained in the repeated Western blots. (C) The KM plotter analysis of the relationship 

between ITGA4 gene expression levels and overall survival in lung cancer patients. 

(D) Representative Western blot analysis of ITGA4 protein levels in arsenic and BaP co-

exposure-transformed cells stably expressing a non-targeting control shRNA (BEAS-2B–As 

+ BaP-Control shRNA) or ITGA4 specific targeting shRNA (BEAS-2B–As + BaP-ITGA4 

shRNA). Similar results were observed in the repeated Western blots. (E–F) Effect of stably 

knocking down ITGA4 expression in arsenic and BaP co-exposure-transformed cells on 

their capability of forming soft agar colonies (E) and suspension culture spheres (F) (mean 

± SD, n = 3). ** p < 0.01, compared to BEAS-2B–As + BaP-Control shRNA cells. (G–H) 

Mouse xenograft tumor images, tumor incidence rate (G) and representative tumor tissue 

section Ki-67 IHC staining with the quantitative results of Ki-67 positive staining (mean ± 

SD, n = 30) (H). * p < 0.05, ** p < 0.01 compared to tumors from injection of control 

shRNA cells.
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Fig. 2. 
The Hedgehog pathway is highly activated in arsenic and BaP co-exposure-transformed 

cells and inhibiting the Hedgehog pathway significantly reduces their CSC-like property. 

(A) Q-PCR analysis of the relative mRNA expression levels of GLI-1, TCF12 and HES1 

in passage-matched control cells (BEAS-2B-Control), arsenic exposure alone-transformed 

cells (BEAS-2B–As), BaP exposure alone-transformed cells (BEAS-2B–BaP) and arsenic 

plus BaP co-exposure-transformed cells (BEAS-2B–As + BaP). The mRNA levels are 

expressed relative to BEAS-2B-Control cells (mean ± SD, n = 3). ** p < 0.01, compared 
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to BEAS-2B-Control cells. (B) Representative Western blot analysis of the expression levels 

of SHH, Ptch-1, SMO, SUFU and GLI-1 protein in BEAS-2B-Control, BEAS-2B–As, 

BEAS-2B–BaP and BEAS-2B–As + BaP. (C) Representative IF staining overlaid images 

of GLI-1 staining in red fluorescence with nuclear DAPI staining in blue fluorescence. 

Scale bar: 100 μm. (D) Representative western blot analysis of the effects of different 

concentrations of Cyclopamine (0, 5, 10, 20 μM) treatment (24 h) on the Hedgehog pathway 

protein expression levels in BEAS-2B–As + BaP cells. (E) Representative IF staining 

overlaid images of GLI-1 staining in red fluorescence with nuclear DAPI staining in blue 

fluorescence. Scale bar: 100 μm. (F) Effect of Cyclopamine treatment on suspension culture 

spheres formation of BEAS-2B–As + BaP cells (mean ± SD, n = 3). ** p < 0.01, compared 

to vehicle control-treated cells. (G) Representative Western blot analysis of GLI-1, SUFU 

protein levels in BEAS-2B–As + BaP cells transfected with Control siRNA (Con siRNA) 

or GLI-1 siRNA. (H) Effect of knocking down GLI-1 expression levels in BEAS-2B–As + 

BaP cells on their capability of forming suspension culture spheres (mean ± SD, n = 3). ** 

p < 0.01, compared to control siRNA-transfected cells. Similar results were obtained in the 

repeated experiments.
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Fig. 3. 
ITGA4 down-regulation in arsenic and BaP co-exposure-transformed cells significantly 

reduces the Hedgehog pathway activation by up-regulating SUFU expression level. (A) 

Q-PCR analysis of mRNA levels of GLI-1, TCF12, and HES1 in shRNA vector control 

and ITGA4 stable knockdown BEAS-2B–As + BaP cells. (B) Representative Western blot 

analysis of SHH, Ptch-1, SMO, SUFU and GLI-1 protein levels in shRNA vector control 

and ITGA4 stable knockdown BEAS-2B–As + BaP cells. Similar results were obtained 

in the repeated experiments. (C) Representative IF staining images and overlaid images 
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of GLI-1 staining in red fluorescence, SUFU staining in green fluorescence and nuclear 

DAPI staining in blue fluorescence. Scale bar: 50 μm. Similar results were obtained in the 

repeated experiments. (D) Representative Western blot analysis of GLI-1 and SUFU protein 

levels in BEAS-2B–As + BaP-ITGA4 shRNA cells transfected with Control siRNA (Con 

siRNA) or SUFU siRNA. Similar results were obtained in the repeated experiments. (E) 

Gene Expression Profiling Interactive Analysis (GEPIA) on the correlation between ITGA4 

and GLI-1 expression in lung cancer patients. (F) Gene set enrichment analysis (GSEA) 

of the Hedgehog pathway gene sets associated with ITGA4 high expression. (G) Effect of 

treatment with a Hedgehog pathway agonist Purmorphamine (24 h) on the protein levels of 

SHH, SMO, GLI-1 and SUFU in BEAS-2B–As + BaP-ITGA4 shRNA cells. Similar results 

were obtained in the repeated experiments. (H) Effect of Purmorphamine treatment (5 μM) 

on the suspension culture sphere forming capability of BEAS-2B–As + BaP-ITGA4 shRNA 

cells (mean ± SD, n = 3). ** p < 0.01, compared to vehicle control-treated cells.
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Fig. 4. 
Stably overexpressing SUFU in arsenic and BaP co-exposure-transformed cells significantly 

reduces the Hedgehog pathway activation, CSC-like property and tumorigenicity. (A) 

Representative Western blot analysis of SHH, Ptch-1, SMO, SUFU and GLI-1 protein levels 

in vector control and SUFU stably overexpressing BEAS-2B–As + BaP cells. Similar results 

were observed in the repeated Western blots. (B–C) Effect of stably overexpressing SUFU 

in arsenic and BaP co-exposure-transformed cells on their capability of forming soft agar 

colonies (B) and suspension culture spheres (C) (mean ± SD, n = 3). ** p < 0.01, compared 

to BEAS-2B–As + BaP-pLenti6.3 vector control cells. Similar results were observed in the 

repeated experiments. (D) The tumor incidence rate in mice injected with BEAS-2B–As + 

BaP-pLenti6.3 vector control or BEAS-2B–As + BaP-pLenti6.3-SUFU overexpression cells 

as described in Methods. ** p < 0.01, compared to mice injected with BEAS-2B–As + 

BaP-pLenti6.3 vector control cells.
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Fig. 5. 
ITGA4 down-regulation in arsenic and BaP co-exposure-transformed cells up-regulates 

SUFU levels by increasing SUFU protein stability. (A) Q-PCR analysis of SUFU mRNA 

expression levels in shRNA vector control and ITGA4 stable knockdown BEAS-2B–As 

+ BaP cells (mean ± SD, n = 3). (B–C) Representative Western blot analysis (B) and 

quantitated results (mean ± SD, n = 3) (C) of SUFU protein half-life in shRNA vector 

control and ITGA4 stable knockdown BEAS-2B–As + BaP cells treated with 5 μM of 

cycloheximide (CHX) for 0, 0.5, 1, 2, 4 h, respectively. * p < 0.05, compared to the 

BEAS-2B–As + BaP-Control shRNA cells. (D) Representative Western blot analysis of 

SUFU protein levels in shRNA vector control and ITGA4 stable knockdown BEAS-2B–As 

+ BaP cells treated with a vehicle control or 10 μM of MG132 for 2 h. Similar results were 

obtained in the repeated experiments.
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Fig. 6. 
ITGA4 down-regulation in arsenic and BaP co-exposure-transformed cells reduces the 

PI3K/Akt Pathway Activity to increase SUFU protein stability. (A) Representative Western 

blot analysis of phosphor- and total Akt and Erk1/2 levels in shRNA vector control and 

ITGA4 stable knockdown BEAS-2B–As + BaP cells. (B) Representative western blot 

analysis of GLI-1 and SUFU protein expression levels in BEAS-2B–As + BaP cells treated 

with 1 μM of Wortmannin for 24 h. (C) Representative IF staining images and overlaid 

images of GLI-1 staining in red fluorescence, SUFU staining in green fluorescence and 
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nuclear DAPI staining in blue fluorescence. Scale bar: 50 μm. (D) Representative Western 

blot analysis and the quantitated results (mean ± SD, n = 3) of SUFU protein half-life in 

BEAS-2B–As + BaP cells treated with 5 μM of cycloheximide (CHX) for 0, 0.5, 1, 2, 4 h 

with a vehicle control or Wortmannin pretreatment (1 μM, 4 h). * p < 0.05, ** p < 0.01, 

compared to the BEAS-2B–As + BaP cells treated with a vehicle control. (E) Representative 

Western blot analysis of phosphor- and total Akt, GLI-1 and SUFU protein levels in ITGA4 

stable knockdown BEAS-2B–As + BaP cells pre-treated with Okadaic acid (0, 12.5, 25, 50 

nM) for 24 h plus a vehicle control or 10 μM of MG132 treatment for 2 h. (F) Representative 

Western blot analysis of phosphor- and total Akt, GLI-1 and SUFU protein levels in ITGA4 

stable knockdown BEAS-2B–As + BaP cells treated with a vehicle control, Okadaic acid 

(50 nM) or AKT inhibitor (5 μM) plus Okadaic acid (50 nM) for 24 h. Similar results were 

obtained in the repeated experiments.

Xie et al. Page 27

Cancer Lett. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
A schematic summary of how arsenic and BaP co-exposure increases cancer stem cell-like 

property and enhances tumorigenesis.
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