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Abstract
Background

The roles of gap junction and its components, connexins in autophagy of cervical cancer cells are rarely
investigated. Our previous study demonstrated that connexin32 (Cx32) exerted an anti-apoptotic effect
on cervical cancer (CaCx). However, as an important regulator of apoptosis, whether the autophagy is
involved in the function of Cx32 on cervical cancer cells are not well defined.

Methods

The expression of Connexin32 and the autophagy-associated protein LC3-Ⅱ in paracancerous cervical
tissues (n = 30) and cervical cancer (n = 50) tissues were determined by Western blotting. Forty-five
cervical cancer specimens were used to evaluate the clinical relevance of Connexin32 and LC3-Ⅱ. The
effect of Connexin32 on autophagy was examined by detecting the change of LC3-Ⅱ using Western
blotting, transfection with enhanced green fluorescent protein-LC3 plasmid and transmission electron
microscopy analysis. The mechanism of Connexin32-mediated autophagy was assessed by Western
blotting and flow cytometry.

Results

Both Connexin32 and LC3-Ⅱ are upregulated in cervical cancer tissues compared to those in
paracancerous cervical tissues. Overexpression of Connexin32 significantly enhanced autophagy in
HeLa-Connexin32 cells, whereas knockdown of Connexin32 suppressed autophagy in C-33A cells.
Connexin32 inhibited apoptosis of cervical cancer cells by promoting autophagy. Moreover, Connexin32
triggered autophagy by activation of the AMP-activated protein kinase signalling, which was gap
junction-independent.

Conclusion

Connexin32 exerts its anti-apoptotic effect by activating autophagy through the AMPK pathway in
cervical cancer. This finding suggests that Connexin32 is a potential biomarker and a new therapeutic
target for cervical cancer.

Trial registration

The study was approved by the Research Committee of Ethics of the Affiliated Cancer Hospital of
Xinjiang Medical University (K-201354). 

Background
Cervical cancer (CaCx) ranks third in morbidity and mortality among gynaecological malignancies
worldwide (1, 2). Despite recent advances in diagnostic criteria and clinical therapeutic strategies, a great
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number of women suffer from advanced disease (3). Surgery, radiotherapy, and chemotherapy are
currently the three main treatments for CaCx, but the therapeutic efficiency is not so satisfactory (4).
Connexin (Cx) is an important component of gap junction (GJ), which modulates various cellular
processes, including electrical coupling, proliferation, differentiation, and apoptosis (5). Previous studies
revealed that GJs and Cx are defective in tumour progression and that GJ recovery impedes cell
proliferation and metabolism in tumours (6, 7).However, there are also emerging studies have
demonstrated that Cx protein itself affects the development of carcinoma in a GJ-independent manner in
recent years (8, 9). In fact, different connexin isoforms have various channel-dependent and-independent
functions that are tissue and stage specific (10)

Among the 21 human connexin protein family,Cx32, Cx43 and Cx26 are widely studied. Our previous
studies showed that unlike other Cxs,a specific type of Cx, connexin32 (Cx32) is aberrantly upregulated
and mislocalized in human CaCx tissue, which mediates anti-apoptotic and pro-tumour effects via the
EGFR and NF-κB pathways in CaCx (11–14). However, besides apoptosis, the role of Cx32 on other types
of cell death (e.g. autophagic cell death or necrosis) still needs to be further investigated in CaCx.

Autophagy is a conserved process for bulk degradation and recycling of cytoplasmic protein and
organelles in lysosomes, providing free fatty acids and amino acids to maintain energy production and
protein synthesis (15, 16). Autophagy contributes to the turnover of membrane proteins, including surface
receptors and structural components (17, 18). As membrane protein-based structures,the stability and
degradation of GJ plaques and Cx are regulated by macroautophagy via the ubiquitin–proteasome
system and lysosomes (19–21). Endocytosed GJ is degraded by autophagy (22), while Cx43 degradation
and gap junctional intercellular communication (GJIC) impairment induced by simulated ischaemia is
prevented by chemical or genetic inhibitors of autophagy (23). On the other hand, Cx inversely acts as
negative regulators of autophagic flux (24). In fact, Cx suppress autophagy by recruiting pre-
autophagosomal Atg proteins and PI3K components (25). However, as a specific type of Cx, the role of
Cx32 in the processes of autophagy formation is unclear, especially in CaCx.

In addition, to explore the correlation of Cx32 and autophagy in isolation cannot reflect the practical
significance of Cx32 in CaCx progression.Autophagy and apoptosis are two distinct mechanisms that
may be antagonistic in cancer cells (26). It has been reported that inhibition of autophagy enhances N, N-
diethylnorspermine-induced apoptosis in colon cancer cells (27). Conversely, activation of autophagy by
globular adiponectin attenuates ethanol-induced apoptosis in liver cancer cells (28). However, whether
autophagy is involved in the anti-apoptotic effect of Cx32 in CaCx remains unclear.Therefore, we
investigated the relationship between Cx32 and autophagy in the presence or absence of GJ formation, in
order to elaborate new findings ornovel mechanisms of Cx32 in CaCx cancerization.

Methods
Reagents and antibodies
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Streptonigrin (SN), chloroquine (CQ), bafilomycin A1 (BA1), rapamycin (RAP), doxycycline (Dox),
compound C, anti-GAPDH and anti-actin antibodies were obtained from Sigma-Aldrich (St. Louis, MO,
USA). G418 and hygromycin B were purchased from Calbiochem (San Diego, CA, USA). Primary
antibodies against GAPDH, β-tubulin, β-actin, LC3, Atg4, Atg5, Atg7, cleaved-caspase3, cleaved-PARP,
AMPK/p-AMPK, and mTOR/p-mTOR were purchased from Cell Signalling Technology (Danvers, MA,
USA). Anti-Cx32 antibody was obtained from Santa Cruz (Dallas, TX, USA). SiRNA targeting Cx32, Atg5
and AMPK were constructed by RiboBio (Guangzhou, China). EGFP-LC3 plasmids were constructed by
Genecopoeia (Rockville, MD, USA). The BCA protein assay kit was purchased from Bio-Rad (Hercules, CA,
USA). An Annexin V-FITC apoptosis detection kit was purchased from Biotool (Houston, TX, USA). A
Chemiluminescent HRP substrate kit was obtained from Millipore Corporation (Billerica, MA, USA).
Secondary antibody, Lipofectamine™ 2000, DEME and Eagle's minimum essential medium (EMEM)
media were purchased from Invitrogen (Carlsbad, CA, USA).

Human cervical specimens and clinical data

The study was approved by the Research Committee of Ethics of the Affiliated Cancer Hospital of
Xinjiang Medical University (13, 14). Human cervical tissue samples were collected from patients from
2012 to 2014 at the Affiliated Cancer Hospital of Xinjiang Medical University, Xinjiang, China. None of the
patients had received any chemoradiotherapeutic agents preoperatively. We collected 50 specimens of
CaCx from patients who underwent total hysterectomy and 30 specimens of benign multiple uterine
fibroids as normal cervical controls. All the CaCx tissue specimens, corresponding peritumoural tissues (<
3 cm distance from the tumour tissue), and remote normal liver tissues (5 cm away from the tumour
tissue) were collected within 10 min. After hysterectomy, cervical specimens were stored in liquid nitrogen
for protein extraction. The expression of Cx32 and LC3 was detected by Western blotting.

Cell lines and low-density cultures

The humanCaCx cell line (C-33A) was purchased from American Type Culture Collection (Manassas, VA,
USA) and were cultured in EMEM; HeLa-Cx32 cells (a gift from Dr. Andrew L. Harris) are a stable
transgenic cell line expressing Cx32 under the control of a bidirectional tetracycline-inducible promoter
that was previously described and characterized (14). The cells were grown as monolayer cultures in
DMEM supplemented with 100 μg·ml−1 G418 sulfate and 200 μg·ml−1 hygromycin B. Cx32 expression
was induced with 1 μg·ml−1 Dox for 48 h. All the cell lines were supplemented with 10% foetal bovine
serum and were grown at 37°C in a 5% CO2 atmosphere. To physically inhibit gap junction formation, we

adopted the low-density culture method, and 1×105 cells were seeded in a 150 mm dish to ensure that the
cells were not in direct contact with each other (11, 13).

Western blotting

Tissue or cells were lysed with RIPA buffer (50 mM Tris-HCl pH 7.8, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, and 0.1% SDS) containing a protease inhibitor cocktail (Sigma-Aldrich). The proteins were
quantified by using a Bio-Rad protein assay kit (Hercules, CA, USA), and equivalent amounts of protein
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(20 μg) were resolved on 12% or 9% SDS-PAGE gels and transferred onto 0.2 μm or 0.45 μm Immobilon-P
transfer membranes (Millipore, Billerica, MA, USA). The membranes were subsequently incubated in
blocking buffer (5% nonfat milk) for 1 h at room temperature and then incubated with appropriate
primary antibodies in blocking buffer at 4°C overnight. The dilutions of the antibodies were as follows:
anti-LC3 and anti-Cx32 were 1:1000; anti-cleaved-caspase3, anti-cleaved-PARP, anti-Atg4, anti-Atg5, anti-
Atg7, anti-AMPK/p-AMPK and anti-mTOR/p-mTOR were 1:1500; and anti-β-tubulin, anti-β-actin and anti-
GAPDH were 1:10000. The proteins were probed with the relevant secondary antibody, detected with an
ECL reagent (Millipore) and quantified by ImageQuant LAS 4000TM and ImageJ software. Anti-β-tubulin,
anti-β-actin and anti-GAPDH were used as loading controls.

Hoechst 33258 staining

Briefly, HeLa cells were fixed with 4% paraformaldehyde for 20 min and permeabilized with a solution
containing 1% BSA and 0.5% Triton X-100 for 15 min at 37 °C. Then, the apoptotic cells were detected by
staining with 0.1 μg·ml−1 Hoechst 33258 for 15 min in the dark and washed with PBS. Finally,
morphological changes in apoptotic nuclei were observed under a fluorescence microscope (IX71;
Olympus, Tokyo, Japan) with an ultraviolet filter.

Apoptosis analysis

Apoptosis was induced in cells by incubation with 1 μM SN for 7 h (11, 13). Apoptosis was assessed via
flow cytometry using an annexin V-FITC apoptosis detection kit according to the manufacturer's protocol.
After exposure to SN, the cells were trypsinized, washed and collected. Then, the cells were resuspended
in annexin-V binding buffer and incubated with 5μl fluorescein isothiocyanate (FITC)-Annexin V and 2 μl
PI for 15 min in the dark at 37°C. The apoptotic cellswere immediately analysed by flow cytometry using
the Expo32 Software (Beckman XL, USA). The ratio of early apoptotic cells was compared to that of the
controls for each experiment. Cell apoptosis was analysed with FlowJo 7.6 software.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.5% Triton X-100 for 15 min,
washed and blocked in 10% normal goat serum for 1 h. After blocking, the cells were incubated with a
primary antibody against Cx32 (1:200) at 4°C overnight, washed and incubated with FITC-conjugated
goat anti-mouse secondary antibody (1:400) in the dark at 37°C for 1 h. For identification of nuclear and
cytoplasmic architecture, the cells were stained with 0.1 μg·ml−1 Hoechst 33342 for 10 min and Alexa
Fluor 488 Phalloidin (1:20) for 20 min in the dark. The cells were observed under a confocal microscope.

Transmission electron microscopy

Cells were harvested by trypsinization, washed and fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer. After washing in phosphate buffer, the samples were post-fixed in 1% osmium tetroxide, washed
again, and dehydrated in a graded series of ethanol. Then, the cells were embedded in spur resin for
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cutting into ultrathin sections. Transmission electron microscopy was used to observe all
autophagosomal structures after staining the sections (a thickness of 50 nm) with uranyl acetate and
lead citrate (29).

EGFP-LC3 plasmid transfection and siRNA interference

Cells were seeded in 6-well plates and grown to 80% confluence and then transfected with EGFP-LC3
plasmid using Lipofectamine 2000. For siRNA interference, the cells were grown to 30%-50% confluence,
and then the cells were transfected for 6 h with the corresponding non-specific siRNA, targeted siRNA (50
nM) or scrambled control siRNA with Lipofectamine™ 2000. The cells were cultured in complete medium
for 48h, and EGFP-LC3 plasmid transfection and siRNA interference were detected by
immunofluorescence and Western blotting. The sequences for the synthetic DNA targeting EGFP-LC3
were as follows: forward primer: 5’ATGCCGTCGGAGAAGA

CCTTCAAG3’ and reverse primer: 5'TTACAC TGACAATTTCATCCCGAACGT3'. The sequences of the
synthetic siRNAs targeting Cx32 (siCx32) were as follows: siCx32_1: 5’-CACCAACAACACATAGAAA-3’,
siCx32_2: 5-GCATCTGCATTAT

CCTCAA-3’, and siCx32_3: 5’-GCCTCTCACCTGAATACAA-3’. The sequences of the synthetic siRNAs
targeting Atg5 (siAtg5) were as follows: siAtg5_1: 5’-GGAATATCCTGCAGAAGAA-3’, siAtg5_2:5’-
GGAACATCACAGTACATT

T-3’, and siAtg5_3:5’-GTGAGATATGGTTTGAATA-3’. The sequences of the synthetic siRNAs targeting
AMPK (siAMPK) were as follows: siAMPK_1: 5′GAGGAGAGCTATTTGATTA_3′, siAMPK_2:5′-
GCAGAAGTATGTAGAGCAA

-3′, and siAMPK_3: 5′-GATTGATGATGAAGCCTTA-3′.

Statistical analysis

All data are representative of at least three independent experiments and are presented as the mean ±
standard error. Normal distribution test and homogeneity of variance test have been performed prior to
statistical analysis. Analysis of variance (ANOVA), a Student’s t-test, and a Wilcoxon test were used to
evaluate statistical significance. Pearson's correlation analysis was used toanalyse the correlation
between Cx32 and LC3-II expression, and GraphPad Prism 6.0 software was used to create the
histograms and scatter plots. A value of P<0.05 was considered to indicate a statistically significant
difference.

Results
Cx32 positively correlates with autophagy in human CaCx



Page 7/22

LC3-II is a well-known indicator of autophagosome formation (30). Thus, the expression of Cx32 and LC3-
II was detected in normal cervix controls (n=30) and CaCx tissue (n=50) to evaluate the relationship
between Cx32 and autophagy. Both Cx32 and LC3 were significantly increased in CaCx tissues compared
with those in normal cervical tissues (Fig. 1a and 1b). Moreover, LC3-II was increased in cervical tissues
with upregulated Cx32 expression, and there was a significant association between Cx32 and LC3-II
(n=45, r=0.625, P=0.00055) (Fig. 1c).

Overexpression of Cx32 promotes autophagy in HeLa cells

Next, we examined the effect of Cx32 on autophagy in HeLa-Cx32 cell, a stable transgenic cell line
expressing Cx32 by a bidirectional tetracycline-inducible promoter, since Cx32 is not naturally expressed
in HeLa cells. Western blotting and immunofluorescence demonstrated that Cx32 expression was
induced by doxycycline (Dox, 1μg•ml −1, 48 h) (Fig. 2a and 2b) . However, LC3-II expression was
unchanged in the presence of Dox in control Hela cells (Fig. 2c). Induction of Cx32 expression with Dox
was accompanied by upregulation of LC3-II, autophagy-related gene 4 (Atg4), Atg5 and Atg7 (Fig. 2d).
These data suggest that Cx32 promotes autophagy in HeLa-Cx32 cells.

To figure out whether the upregulation of LC3-II was due to autophagy induction or blockage of late steps
of autophagy, such as autophagosome fusion with lysosomes and lysosomal degradation, HeLa-Cx32
cells were treated simultaneously with Dox and the lysosomal inhibitor CQ (25 μM, 4 h), which blocks
autophagic flux by impairing autophagosome-lysosome fusion (31). The expression of LC3-II in the
Dox+CQ group was significantly increased compared to that of the Dox group (Fig. 2e), indicating an
effect of Cx32 on autophagic flux. Dox-induced expression of Cx32 significantly increased LC3 puncta
aggregation compared to that of control group and treatment with CQ further increased LC3 puncta
accumulation induced by Cx32 (Fig. 2f). Transmission electron microscopy observation showed that
Cx32 induction increased the number and size of autophagic vacuoles, whereas few vacuoles were
observed in control cells. Additionally, Lysosomal inhibition by CQ further increased the number and size
of autophagic vacuoles mediated by Cx32 (Fig. 2g). Together, these results suggest that Cx32 promotes
the autophagosome formation and autophagic flux.

Knockdown of Cx32 negatively modulates autophagy in C-33A cells

Three different sequences of siCx32 was tested in C-33A cells that endogenously express Cx32 in cell
membrane and cytoplasm. The results demonstrated that both siCx32-2 and siCx32-3 efficiently reduced
Cx32 expression (Fig. 3a and 3b). Knockdown of Cx32 decreased the protein levels of LC3-II, Atg4, Atg5
and Atg7 (Fig. 3c), indicating that silencing of Cx32 inhibited autophagy in C-33A cells. Interestingly, the
downregulated expression of LC3-II by Cx32 knockdown was restored by CQ (25 μM, 4 h) (Fig. 3d). Next,
C-33A was transfected with siCx32-3 for 24 h, followed by transfection with the EGFP-LC3 plasmid for 36
h and then treatment with or without CQ. The result showed that silencing of Cx32 decreased the
aggregation of LC3 puncta and this effect was reversed by CQ (Fig. 3e). Similar result was observed in
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the transmission electron microscopy experiment (Fig. 3f). These results indicate that knockdown of
Cx32 blocks autophagy in C-33A cells.

Cx32 promotes autophagy in CaCx cells in a GJ-independent manner

It is known that Cx exerts its biological function through GJ-dependent and GJ-independent mechanisms.
To uncover whether Cx32-induced autophagy depends on GJ, low-density culture was used to physically
inhibit GJIC. In low-density culture, Dox-induced Cx32 upregulated LC3-II expression in HeLa-Cx32 cells
(Fig 4a). In contrast, knockdown of Cx32 decreased LC3-II expression in C-33A cells (Fig. 4b). These data
suggest that the effect of Cx32 on autophagy is mediated by Cx32 protein rather than by GJ.

Cx32 promotes autophagy via the AMPK pathway in CaCx cells

Recent studies have shown that AMPK/mTOR signalling plays an important role in regulating autophagy
(32). We then examined whether AMPK/mTOR signalling was involved in Cx32-induced autophagy.
Induction of Cx32 increased the levels of LC3 and p-AMPK in HeLa-Cx32 cells (Fig. 5a). In contrast,
knockdown of Cx32 decreased the levels of LC3 and p-AMPK in C-33A cells (Fig. 5b). To verify the
involvement of AMPK in Cx32-induced autophagy, siAMPK and inhibitor (compound C) were used to
inhibit AMPK expression (33). The upregulation of LC3-II and p-AMPK expression by Cx32was reversed by
siAMPK or compound C (10 μM, 6 h) in HeLa-Cx32 cells (Fig.5c and 5d). Together, these data
demonstrate that Cx32 mediates autophagy via the AMPK signalling pathway.

Cx32 inhibits apoptosis by promoting autophagy

Autophagy is supposed to be a crucial modulator of apoptosis (34) . We explored the relationship
between autophagy and apoptosis in CaCx cells and found that pretreatment with an autophagy
activator rapamycin (RAP, 2 μM, 4 h) significantly inhibited SN (1 μM, 6 h)-induced apoptosis in HeLa
cells (Fig. 6a). In contrast, treatment with autophagy inhibitors CQ (25 μM, 4 h) or Baf-A1 (100 nM, 4 h)
enhanced apoptosis (Fig. 6a). The Atg5-Atg12 conjugation system is essential for autophagy, and
inhibition of Atg5 specifically inhibits autophagy (35). Atg5 is key regulator controlling autophagy.
Knockdown of Atg5 reduced LC3-II expression (Fig. 6b). Moreover, inhibition of autophagy by siAtg5-3
increased the level of apoptosis (Fig. 6c). Together, these data indicate that autophagy suppresses
apoptosis in HeLa cells.

Next, we determined the effect of autophagy on Cx32-mediated apoptosis. Induction of Cx32 significantly
inhibited SN-induced apoptosis in HeLa-Cx32 cells and this inhibition was blocked by pretreatment with
autophagy inhibitor CQ (25 μM, 4 h) or Baf-A1 (100 nM, 4 h) (Fig. 7a). In agreement with this result,
overexpression of Cx32 reduced the levels of apoptosis-related protein, cleaved caspase3 and cleaved
PARP, which was increased by SN. Moreover, pretreatment with CQ or Baf-A1 reversed the suppressive
effect of Cx32 (Fig. 7b). Together, these results suggest that Cx32 inhibits apoptosis by activating
autophagy in CaCx cells.
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Discussion
Both augophagy and apoptosis are complex process. Previously we had elucidated that Cx32 could
inhibited apoptosis in CaCx by EGFR and NF-κB pathways.However, besides apoptosis, various other
functions of Cx32 in CaCx are still needed to be explored. In the present study, a positive correlation
between Cx32 and LC3 was revealed in CaCx specimens. Importantly, by activation of AMPK signalling
that promoted autophagy, Cx32 produces a resistance to chemotherapy-induced apoptosis. This work
reveals a previously unknownmechanism between Cx32and autophagy together with apoptosisin the
processed of CaCx progression.

Cx is an indispensable transmembrane protein with a short half-life and is suggested to be an autophagy
substrate (22, 24). But increasing studies also have reported that Cxs themselves can suppress
autophagy by recruiting pre-autophagosomal Atg proteins and PI3K components (25). With a series of
experiments on CaCx cells, we explored the relationship between Cx32 and autophagy in CaCx and found
that Cx32 was involved in the activation of autophagy.

Cx is an important component of GJs that maintains the normal activities of cells and it functions
beyond GJs or hemichannels (36). Emerging studies have reported that in some tumour types, Cx
facilitates specific stages of tumour progression through both junctional and non-junctional signalling
pathways (37, 38). Cytoplasmic distribution of Cx32 exerts anti-apoptotic effects in hepatocellular
carcinoma (14) and mediates cisplatin resistance in ovarian cancer cells (39, 40). Cytoplasmic
expression of Cx26 in colorectal cancer was responsible for lung metastasis (41). However, the carboxy-
tail of Cx43 localizes to the nucleus and inhibits cell growth (42). Therefore, the role of non-junctional Cx
is still under controversial. In this study, the low-density cell culture data indicated that the induction of
autophagy was mediated by the Cx32 protein rather than by its role in intercellular communication. This
study further illuminated the role of the Cx32 protein itself in the progression of CaCx. In future studies,
uncovering the turnover and trafficking of Cx would be indispensable in understanding the correlation
between Cx and cancer progression and provide potential strategies for tumour treatment.

We also identified the molecular mechanism by which Cx32 promotes autophagy in CaCx. The
AMPK/mTOR pathway is one of the classic autophagy regulatory pathways and plays an important role
in regulating cell metabolism, growth, proliferation and apoptosis (43, 44). Therefore, we examined
whether Cx32 promoted autophagy by this pathway. Our results demonstrated that Cx32 stimulated
AMPK phosphorylation but had no effect on mTOR and p-mTOR proteins levels. Accumulating evidence
has reported that AMPK is an upstream molecule of mTOR and directly promotes autophagy by
phosphorylating autophagy-related proteins in the mTORC1, ULK1, and PIK3C3/VPS34 complexes or
indirectly by regulating the expression of autophagy-related genes downstream of transcription factors
such as FOXO3, TFEB, and BRD4 (32). In addition, autophagy was reported to be induced by mTOR-
independent Activation of the AMPK-ULK1 Pathway (45). Therefore, further investigation are still needed
to explore the detailed mechanism of AMPK signalling involved in Cx32-mediated autophagy.
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The role of autophagy in tumor growth remains controversial (46). On the one hand, autophagy inhibits
tumour formation by reducing oxidative stress and DNA damage in normal tissues. On the other hand,
autophagy provides cells with energy and vital compounds upon various stress stimuli in developed
cancers, thus promoting tumour cell survival (47). Autophagy and apoptosis cross-regulate each other
through an elaborate network (48). Autophagy reduces apoptosis by regulating the activity of caspase
family proteins(49). In contrast, autophagy promotes apoptosis by autophagic degradation of certain
types of IAPs (inhibitor of apoptosis proteins)(50, 51). In the present study, induction of autophagy
reversed SN-induced apoptosis in HeLa cells, suggesting that autophagy antagonizes apoptosis in CaCx.
To our knowledge, this is the first evidence showing that autophagy and apoptosis are antagonists in
CaCx cells.

Our results further indicated that Cx32-induced autophagy antagonizes SN-induced apoptosis. These
findings revealed a new mechanism by which Cx32 promotes autophagy and inhibits apoptosis, which
accounts for the pro-tumour effect and drug resistance resulting from Cx32 in CaCx. This study may
demonstrates a novel mechanism and provide a theoretical basis for Cx32 as a potential therapeutic
target in CaCx

Conclusions
In conclusion, Cx32 promotes autophagy via the AMPK signalling pathway to protect CaCx cells from
chemotherapy-induced apoptosis, suggesting that Cx32 may be a potential biomarker for chemotherapy
resistance and may serve as a key link for autophagy and apoptosis in CaCx.

Abbreviations
CaCx, cervical cancer; Cx, Connexin; GJs, gap junctions; Cx32,Connexin32;GJIC, gap junctional
intercellular communication; Atg, autophagy-related gene; PI3K, phosphoinositide 3-kinase; SN,
Streptonigrin; CQ, chloroquine, BA1, bafilomycin A1; RAP, rapamycin; Dox, doxycycline; AMPK, AMP-
activated protein kinase
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Figure 1

The relationship between Cx32 and autophagy in human CaCx tissue. a-b. The protein expression of
Cx32 and LC3 was determined by Western blot analysis in CaCx tissue (n=50) and normal cervical tissue
(n=30). c. The protein expression of Cx32 and LC3-II was determined by Western blotting analysis in CaCx
tissue (n=45). The correlation analysis of Cx32 and LC3-II expression was performed using GraphPad
Prism 6.0 (P=0.00055, r=0.625).The data are presented as the mean ± SEM.** P<0.01,vs. normal.
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Figure 2

Cx32 overexpression promotes autophagy in HeLa-Cx32 cells. a-b. HeLa-Cx32 cells were treated with Dox
(1μg•ml −1, 48 h), and the expression of Cx32 was detected by Western blotting (n=4) and
immunofluorescence (n=3). The scale bars represent 20 μm. c. LC3 remained unchanged in HeLa cells
with Dox treatment, as determined by Western blotting (n=5). d. Western blotting analysis showed that
the autophagy-associated proteins LC3, Atg4, Atg5 and Atg7 were increased with Dox treatment (1 μg•ml
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−1, 48 h) in HeLa-Cx32 cells (n=5). e. LC3-II protein levels in the presence of CQ (25 μM, 4 h) were
determined by Western blotting (n=4). f. EGFP-LC3 puncta were examined by fluorescence microscopy
and the number of puncta per cell was quantified. The scale bars represent 20 μm (n=3). g. Autophagic
vesicles containing cell organelles were observed by electron microscopy analysis. The scale bars
represent 2 μm (n=3).The data are presented as the mean ± SEM. * P<0.05; ** P<0.01 vs control.

Figure 3
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Knockdown of Cx32 negatively modulates autophagy in C-33A cells. a-b. Western blotting and
immunofluorescence results demonstrated that both siCx32-2 and siCx32-3 effectively silenced the
expression of Cx32 (n=3). The scale bars represent 20 μm. c. The protein levels of Cx32, LC3, Atg4, Atg5
and Atg7 were reduced when Cx32 was knocked down, as detected by Western blotting (n=5). d. LC3-II
was decreased by siCx32-2 and siCx32-3 but was restored by incubation with CQ (25 μM, 4 h) (n=4). e.
EGFP-LC3 puncta were examined by fluorescence microscopy. The scale bars represent 20 μm. f.
Autophagosomes were detected by transmission electron microscopy in C-33A cells. Bar represents 2 μM.
The data are presented as the mean ± SEM.*P<0.05; **P<0.01 vs control.
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Figure 4

Cx32 promotes autophagy in CaCx cells in a GJ-independent manner. Under the circumstances of low-
density culture, a. Cx32 induced by Dox increased the protein level of LC3in HeLa-Cx32 cells (n=4). b.
Cx32 knockdown by siCx32-3 decreased the protein level of LC3 in C-33A cells (n=4). The data are
presented as the mean ± SEM.*P<0.05; **P<0.01 vs control.
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Figure 5

Cx32 promotes autophagy via the AMPK pathway in CaCx cells. a. Cx32 overexpression in HeLa-32 cells
increased the protein levels of LC3 and p-AMPK (n=4). b. Cx32 knockdown in C-33A cells decreased the
protein levels of LC3 and p-AMPK (n=4). c. Western blotting showed that siAMPK-3 had the greatest
efficacy in reducing the expression of AMPK in HeLa-Cx32 cells (n=4). d. The upregulation of LC3-II and p-
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AMPK expression by Cx32 in HeLa-Cx32 cells was reversed by siAMPK-3 and compound C (10 μM, 6 h)
(n=4).The data are presented as the mean ± SEM.**P<0.01; ***P<0.001, vs control.

Figure 6

Effects of autophagy promoters or autophagy inhibitors on SN-induced apoptosis in HeLa cells. a.
Autophagy activator (RAP) and autophagy inhibitors (CQ or Baf-A1) significantly influenced SN-induced
apoptosis, and cell apoptosis (n=3). b. Western blot analysis of the effectiveness of three siAtg5 in
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reducing the expression of Atg5 and autophagy levels (n=3). c. HeLa cells were transfected with siAtg5
for 48 h before exposure to 1 μM SN for 6 h. Cell apoptosis was analysed using an annexin V/PI assay
(n=3).The data are presented as the mean ± SEM. *P<0.05; **P<0.01; ***P<0.001 vs control.

Figure 7

Cx32 inhibits apoptosis by promoting autophagy in HeLa-Cx32 cells. a. Western blotting analysis of
cleaved caspase-3 and cleaved PARP expression (n=3). b. HeLa-Cx32 cell apoptosis was determined by
flow cytometry (n=3).The data are presented as the mean ± SEM. **P < 0.01, ***P < 0.001 vs control.


