Received: 19 April 2018 | Revised: 5 June 2018

Accepted: 7 June 2018

DOI: 10.1111/cas.13707

ORIGINAL ARTICLE

LWAISS @ Cancer Science

Connexin 43 C-terminus directly inhibits the
hyperphosphorylation of Akt/ERK through protein—protein
interactions in glioblastoma

Jing-Ya Kuang'? | Yu-Feng Guol? | Ying Chen? | Jun Wang'? | Jiang-Jie Duan’? |

Xiao-Li He? | Lin Li¥? | Shi-Cang Yu'?

Lnstitute of Pathology and Southwest
Cancer Center, Southwest Hospital, Army
Medical University (Third Military Medical
University), Chongging, China

2Key Laboratory of Tumor Immunology and
Pathology of Ministry of Education,
Chongging, China

Correspondence: Xiu-Wu Bian, Institute of
Pathology and Southwest Cancer Center,
Southwest Hospital, Third Military Medical
University, Chongging 400038, China
(bianxiuwu@263.net).

Shi-Cang Yu, Institute of Pathology and
Southwest Cancer Center, Southwest
Hospital, Third Military Medical University,
Chongging 400038, China
(yushicang@163.com).

Funding information

National Key Research and Development
Program of China (2016YFA0202104);
Outstanding Youth Science Foundation of
Chongging (CSTC2013JCYJJQ10003);
Technological Innovation Projects in Major
Areas of Southwest Hospital
(SWH2017ZDCX1003); National Natural
Science Foundation of China (81572880);
Key Clinical Research Program of Southwest
Hospital (SWH2016ZDCX1005);
Postgraduate Education Foundation of
Chongging (YJG153062).

1 | INTRODUCTION

Glioblastoma (GBM) is the most common central nervous system
tumor in adults. Routine therapy of GBM includes surgical resection

and radiotherapy followed by temozolomide administration.'?

| Xiu-Wu Bian'?

Although the deregulation of epidermal growth factor receptor (EGFR) is one of the
most common molecular mechanisms of glioblastoma (GBM) pathogenesis, the effi-
cacy of anti-EGFR therapy is limited. Additionally, response to anti-EGFR therapy is
not solely dependent on EGFR expression and is more promising in patients with
reduced activity of EGFR downstream signaling pathways. Thus, there is consider-
able interest in identifying the compensatory regulatory factors of the EGFR signal-
ing pathway to improve the efficacy of anti-EGFR therapies for GBM. In this study,
we confirmed the low efficacy of EGFR inhibitors in GBM patients by meta-analysis.
We then identified a negative correlation between connexin 43 (Cx43) expression
and Akt/ERK activation, which was caused by the direct interactions between Akt/
ERK and Cx43. By comparing the interactions between Akt/ERK and Cx43 using a
series of truncated and mutated Cx43 variants, we revealed that the residues T286/
A305/Q308/Y313 and S272/S273 at the carboxy terminus of Cx43 are critical for
its binding with Akt and ERK, respectively. In addition, Kaplan-Meier survival analy-
sis using data from The Cancer Genome Atlas datasets indicated that the expression
of Cx43 significantly improved the prognosis of GBM patients who express EGFR.
Together, our results suggested that Cx43 acts as an inhibitory regulator of the acti-
vation of growth factor receptor downstream signaling pathways, indicating the
potential of Cx43 as a marker for predicting the efficacy of EGFR inhibitor treat-
ments for GBM. Targeting the interaction between the carboxy terminus of Cx43
and Akt/ERK could be an effective therapeutic strategy against GBM.
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However, the overall survival (OS) of patients is <15 months, with a
2-year survival rate rarely exceeding 30%.5° Recently, elucidation of
GBM molecular pathogenesis indicated that GBM malignancy par-
tially resulted from the deregulation of the epidermal growth factor

receptor (EGFR) pathway.”? Amplification of EGFR can be found in
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approximately 40-50% of primary GBM patients, and 60% of pri-
mary GBM patients have EGFR overexpression.”*° Furthermore,
EGFR overexpression has been implicated in the development and
aggressiveness of GBM and found to be associated with unfavorable
outcomes.*>*2 This molecular characteristic of GBM makes it a com-
pelling candidate for new therapeutic strategies.

In vitro, the genetic inhibition of EGFR expression can significantly
attenuate the proliferation and invasion of GBM cells.*®>** Exogenous
EGFR inhibitors can inhibit aberrant EGFR tyrosine kinase activity
and selectively attenuate EGFR-mediated tumor invasion.*>*¢ How-
ever, the prognostic value of anti-EGFR treatment in GBM patients
remains controversial because anti-EGFR therapies fail to decrease
the activation of the downstream signaling molecules in EGFR path-
ways.”1”2° Moreover, the response to EGFR inhibitors is more
marked in GBM patients with low levels of Akt phosphorylation.2*?2
Thus, treatment of patients with erlotinib combined with PI3K/Akt
pathway inhibitors could be highly beneficial.>®>-2> Therefore, efforts
to improve the efficacy of anti-EGFR treatments in GBM patients
should focus on the activation of downstream pathways.

Connexin 43 (Cx43, encoded by the gap junction o 1 gene) is the
most highly expressed isoform of the gap junction protein family in cen-
tral nervous system tumors.?4%” Signals are transferred from adjacent
tumor cells through gap junction intercellular communication mediated
by the channel structure of Cx43.2%2? In addition, Cx43 can interact
with a large number of signaling and scaffolding proteins through its car-
boxy terminus (CT) to regulate the adhesion, migration, and proliferation
of tumor cells.3*3! Both Akt and ERK have also been reported to bind
and phosphorylate Cx43 CT, resulting in the closure of the hemichan-
nels formed by Cx43.32%% Of greater interest, the overexpression of
Cx43 has been shown to inhibit the EGF-induced proliferation and inva-
sion of different cancer cells.>**> However, it is not clear whether Cx43
is involved in the regulation of the phosphorylation of Akt and ERK, the
main downstream signaling effectors of EGFR.

In this study, we found that the expression level of Cx43 was
negatively correlated with the activation of Akt/ERK in GBM patients
with EGFR overexpression. Connexin 43 CT was found to directly
interact with Akt and ERK1/2 to inhibit their hyperphosphorylation
and to attenuate the activation of the epidermal growth factor
(EGF)EGFR signaling pathway. Truncated fragments containing
specific residues successfully mimicked the interactions between
Cx43 CT and AkKt/ERK. Finally, Kaplan-Meier survival analysis
showed a significant improved effect of Cx43 expression on the

prognosis of GBM patients expressing EGFR.

2 | MATERIALS AND METHODS

2.1 | Cell lines, primary tumors cells, and glioma
patient samples

The human GBM cell line U87 was purchased from ATCC (Rockefel-
ler, Manassas, VA, USA). Paraffin-embedded samples from glioma
patients were obtained during surgery at the Daping Hospital, Army
Medical University (Third Military Medical University, Chongging,

China) (23 cases from 2009 and 2012). Two samples (GBM1 and
GBM2) were successfully used for primary culture as previously
described.®® Written informed consent was obtained from all
patients. The Institutional Research Medical Ethics Committee of the

Army Medical University granted approval for this study.

2.2 | Meta-analysis

We carried out this meta-analysis following the guidelines of the
Meta-analysis of Observational Studies in Epidemiology group.
PubMed was systematically searched to identify relevant studies using
the following keywords and their combination: “glioma,” “EGFR,” and
“clinical trial.” The combined hazard ratios (HRs) with their 95% confi-
dence intervals (Cls) and P-values were determined using Stata data
analysis and statistical software version 12.0 (Lakeway, TX, USA).

2.3 | Differentially expressed genes and gene set
enrichment analysis

We undertook a gene set enrichment analysis (GSEA) using expres-
sion data derived from The Cancer Genome Atlas (TCGA) database.
The detailed protocol for GSEA is available on the Broad Institute
Gene Set Enrichment Analysis website (http://www.broad.mit.edu/
gsea), and the gene sets representing the activation of Akt and ERK
are available on the Molecular Signatures Database (http://softwa
re.broadinstitute.org/gsea/msigdb). Briefly, two biological states were
separated according to receiver operating characteristic (ROC)
curves. In our study, the activated states of Akt and ERK were
determined by the significant expression of their target gene sets.
By comparing the gene expression in response to activated and non-

activated Akt and ERK, we identified differentially expressed genes.

2.4 | Immunohistochemistry

Tumor samples from 23 glioma patients were immunohistochemically
studied for the expression of Cx43, EGFR, phosphorylated (p-)Akt,
and p-ERK. Briefly, tumor samples were prepared as previously
described.®”After an overnight incubation using antibodies against
EGFR (1:100 dilution; Cell Signaling Technology, Boston, MA, USA),
p-Akt (1:100 dilution; Cell Signaling Technology), p-ERK (1:100 dilu-
tion; Cell Signaling Technology), and Cx43 (1:100; Sigma, USA), the
slides were incubated with secondary antibodies (Cell Signaling
Technology). Immunostaining was carried out with the Envision Sys-
tem using diaminobenzidine (Dako, Denmark). The slides were coun-
terstained with Mayer's hematoxylin, dehydrated, and mounted.
Finally, the results were analyzed by Image-Pro Plus 6.0 (Media
Cybernetics, Inc., Rockville, MA, USA).

2.5 | Glioblastoma cell sphere culture and EGF
treatment

Tumorspheres from U87 cells and primary specimens (GBM1,
GBM2) were cultured as previously described.3® The cells were
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starved for 24 h prior to treatment with recombinant human EGF
(200 ng/mL; Sigma). Treatment with EGF for 30 min was carried out

according to methods described in previous studies.>®

2.6 | Plasmid constructs and transfection

The full-length cDNA of human Cx43 was a kind gift from the Han
Laboratory (http://hanlab.xmu.edu.cn/cdna/). The CT and truncated
Cx43 fragments were amplified using PCR with the following primer
sets: (a) forward, TTGAATATCATTGAACTCTT and reverse, CCAG
GAGGAGACATAGGC; (b) forward, GGGTACAAGCTGGTTACTG and
reverse, AGGTCGCTGGTCCACAAT; (c) forward, GACCAGCGACCTT
CAAGCAGAGCCA and reverse, CTAGATCTCCAGGTCATCAGGC
CGA; or CT forward, TTGAATATCATTGAACTCTT and reverse, CTA
GATCTCCAGGTCATCAGGCCGA. All fragments were cloned into the
pGEX-4T-1 expression vectors. Akt-HA and ERK-HA vectors (ID 9008
and ID 39225, respectively) were obtained from Addgene (Cambridge,
MA, USA). Connexin 43 overexpression adenovirus and empty aden-
ovirus vectors were constructed as previously described.3” Connexin
43 mutants (5272A, S273A, Y286D, A305S, Q308K, and Y313D) with
Myc Flag tags were generated using the two-step PCR method for
mutagenesis by Pandabio, Inc. (ChongQing, China).

2.7 | Western blot analysis and
immunoprecipitation

For immunoprecipitation (IP), 300 pg cell lysate was incubated with
1 pg corresponding antibody (or 1 pg 1gG in the negative control
[Santa Cruz Biotechnology, Dallas, TX, USA]) bound to protein G-
Sepharose beads (Santa Cruz Biotechnology). Proteins were subjected
to western blot analysis as previously described.3” Primary antibodies
against Cx43 (Invitrogen, Waltham, MA, USA), PhosphoPlus p44/42
MAPK (T202/T204), and PhosphoPlus Akt (S473) were used with the
dilution of 1:1000. After incubation with HRP-conjugated secondary
antibodies (1:3000; Cell Signaling Technology), the intensity of chemi-
luminescence (SuperSignal West Pico; Pierce, Waltham, MA, USA)
was quantified using ImageQuant 5.0 (UpdateStar, Berlin, Germany).

2.8 | Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde and incubated with
antibodies against Cx43, Akt, and ERK1/2 overnight (dilution of
1:100). Additionally, frozen sections were directly incubated with
antibodies against Cx43 (Invitrogen) and EGFR (Cell Signaling Tech-
nology) in the same concentration. Appropriate secondary antibodies
(Cy3 goat anti-rabbit [red] and FITC goat anti-mouse [green]; Molec-
ular Probes, Waltham, MA, USA) were used with the dilution of
1:500. The cell nuclei were counterstained with DAPI (Sigma).

2.9 | Glutathione S-transferase pull-down assay

Glutathione S-transferase, or GST-bound Cx43 fragments, fusion pro-
teins were generated using Escherichia coli BL21 (DE3) cells. The
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purification of GST-fused proteins for GST pull-down assays was carried
out according to the instructions of the Pierce GST Protein Interaction
Pull-Down Kit (Thermo Fisher Scientific, Waltham, MA, USA). The GST-
fused proteins bound to glutathione magnetic beads were then incu-
bated with lysates from HEK293 cells transfected with Akt-HA and
ERK-HA vectors. Finally, protein—protein interactions were detected by

western blotting with anti-HA mAbs (Cell Signaling Technology).

2.10 | Homology modeling and protein—protein
docking

Homology modeling was carried out in Molecular Operating Environ-
ment (MOE) version 2015.1001. Multiple template crystal structures
were identified through BLasT and downloaded from the RCSB Protein
Data Bank (PDB) (codes 1R5S and 2LL2). The intermediate model that
has the best GB/VI (generalized born/volume integral) scoring function
was chosen as the final model and was submitted for further energy
minimization using the AMBER12:EHT force field. The protein—protein
docking module in MOE-Dock was used for docking simulations of the
two proteins (Akt1 and ERK1/2) and for predicting their binding affini-
ties with a homology model of Cx43. The structures of Akt1l and ERK1/
2 were downloaded from the RCSB PDB and prepared using MOE. The
corresponding PDB codes were 4EJN (resolution, 2.19 A) and 3SA0
(resolution, 1.59 A), respectively.

2.11 | Survival analysis

For survival analysis, the expression data for 540 GBM patients were
obtained from TCGA database (glioblastoma multiforme TCGA, provi-
sional, http:/www.cbioportal.org/).3**° During the screening process, each
patient was classified into a high or low expression group for any particular
gene based on the cut-off value obtained from the corresponding receiver
operating characteristic curve. Using data on OS and survival time, the
Kaplan-Meier method was used to assess the association between the

particular protein and the survival outcomes of GBM patients.

2.12 | Statistical analysis

Statistical analysis were under taken using spss version 16.0 software
(SPSS, Chicago, IL, USA) and GraphPad Prism version 6.0 (GraphPad,
San Diego, CA, USA). Student's t-test was used for comparisons
between two groups. Survival analysis was carried out using the Kaplan—
Meier method and the log-rank test. Correlations between the expres-
sion of Cx43 and p-Akt/p-ERK were assessed with Pearson's correlation

analyses. P-values <0.05 were considered statistically significant.

3 | RESULTS

3.1 | Efficacy of anti-EGFR treatment is limited for
GBM patients

As the efficacy of anti-EGFR treatment for GBM is controversial, 720

four studies involving a total of 367 GBM patients were included in this
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primary meta-analysis to evaluate the prognostic role of anti-EGFR treat-
ment in high-grade glioma. For studies evaluating OS, there was notable
heterogeneity regarding anti-EGFR treatment. Hence, a random-effects
model was used to calculate a pooled HR and its 95% CI. As shown in
Figure 1, meta-analysis of pooled HR and its 95% Cl indicated a lack of
significant difference (HR = 0.98; 95% Cl, 0.76-1.27), implying that anti-

EGFR treatment is not predictive of favorable outcomes.

3.2 | Expression of GJA1 is associated with
suppression of Akt/ERK pathways

Previously, it was observed that the phosphorylation status of Akt/
ERK was independent of EGFR expression and could be considered a
predictor of the efficacy of anti-EGFR treatment in glioma
patients.22*! To investigate this further, we identified GBM patients
with EGFR amplification from TCGA database (Glioblastoma Multi-
forme TCGA, Provisional) (n = 223). We then obtained lists of differ-
entially expressed genes, among which GJA1 encodes Cx43, the most
abundant member of the gap junction protein family in the central ner-
vous system, and reported to reduce EGF-induced proliferation in
GBM and several cancer cells.>**>42 Thus, GSEA was carried out to
determine the associations between GJA1 expression and the activa-
tion of EGFR downstream pathways. As shown in Figure 2A,B, the tar-
get genes associated with the activation of the Akt and ERK did not
show significant enrichment (P = 0.63 and 0.26, respectively) in EGFR
amplification patients, nor in non-amplification patients. This result
confirmed our assumption that the anti-EGFR treatment was ineffi-
cient because the EGFR inhibitors can not inhibit the activation of Akt
and ERK stimulated by other pathways. The GBM patients with EGFR
amplification were divided into two groups according to the levels of
GJA1. As shown in Figure 2C,D, the target genes associated with the
activation of Akt and ERK showed a negative significant enrichment in
patients with low levels of GJA1 (normalized enrichment score [NES] =
—1.52, P = 0.04; NES = —1.43, P = 0.03). These results indicated that
the expression of GJA1 might inhibit the activation of Akt and ERK in
the patients with EGFR amplification.

3.3 | Connexin 43 expression is inversely correlated
with phosphorylation of EGFR downstream pathway
effectors in GBM patients

Tumor specimens were obtained from 23 GBM patients with positive

EGFR expression (Figure 3A) to analyze the correlation of Cx43 with p-

Study ID HR {95% ClI) Weight
Arnab Chakravarti -—-— 1.14 {0.97-1.37) 53.28
Maria Teresa Solomon %’—‘— 0.64 {0.31-1.29) 11.07
Joon H. Uhm _'_‘_ 0.89 {0.66-1.21> 36.65
Overall {/? = 48.3%, P = 0.145) <> 0.98 {0.76-1.27> 100.00

FIGURE 1 Forest plots of studies evaluating hazard ratios (HR)
of anti-epidermal growth factor receptor (EGFR) therapies. Cl,
confidence interval

Akt and p-ERK. The levels of p-Akt and p-ERK were much lower in
specimens with high Cx43 expression than in specimens with low Cx43
expression (p-Akt, correlation coefficient = 0.3987, P = 3.63 x 107> p-
ERK, correlation coefficient = 0.4275, P = 1.53 x 10™°) (Figure 3B-E).
Moreover, the nuclear accumulation of p-Akt and p-ERK was also
reduced in patients with high Cx43 expression compared to those with
low Cx43 expression (Figure 3B,D, red arrowheads). This result indi-
cates that Cx43 upregulation is inversely correlated with Akt/ERK phos-
phorylation in human GBM.

3.4 | Overexpression of Cx43 inhibits EGF-induced
phosphorylation of Akt and ERK in GBM cell spheres

To clarify whether changes in Cx43 levels influence the activation of
Akt and ERK induced by EGF, we examined U87 GBM tumorspheres
with nearly absent Cx43 expression that were cultured in stem cell
medium. After treatment with PBS, adenovirus vector-mediated over-
expression of Cx43 did not affect the phosphorylation levels of Akt or
ERK in any of the tested GBM cells. In contrast, compared to that in
GBM tumorspheres transfected with control vector, EGF-induced
phosphorylation of Akt and ERK was inhibited by the overexpression
of Cx43 in GBM tumorspheres (Figure 4). Therefore, Cx43 overex-
pression exerted an inhibitory effect on Akt and ERK phosphorylation
in GBM tumorspheres in response to EGFR activation by EGF.

3.5 | Connexin 43 CT interacts with Akt and ERK

It has been observed that Cx43 can promote the phosphorylation of
Akt and ERK between adjacent cells through its channel structure-
dependent function.***¢ However, here, we found that the phospho-
rylation of Akt and ERK was inhibited by Cx43 overexpression. Con-
nexin 43 CT is known to interact with some kinases, such as SRC, to
inhibit their phosphorylation.*”**® We also found that the high expres-
sion of Cx43 was inversely related to the nuclear accumulation of p-
Akt and p-ERK (Figure 3B,D, red arrowheads). Thus, we speculated
that the inhibitory effects of Cx43 on the phosphorylation of Akt or
ERK might be related to protein—protein interactions between Cx43
CT and Akt/ERK. Therefore, the association between the expression
of Cx43 and Akt/ERK was further investigated by IP experiments.
Indeed, Cx43 specifically precipitated Akt and ERK in U87 cell lysates,
indicating that Cx43 can interact with Akt and ERK (Figure 5A). These
results indicated interactions between Cx43 with Akt and ERK. More-
over, immunofluorescence was used to confirm the subcellular colo-
calization of these three proteins in U87 cells (Figure 5B). Positive
yellow signals representing the colocalization of Cx43 (green) and Akt
or ERK (red) could be detected near the membrane of GBM cells (Fig-
ure 5B, white arrowheads). These results indicated interactions
between Cx43 with Akt and ERK in GBM cells.

3.6 | Connexin 43 interacts with Akt and ERK
through specific regions of CT

Connexin 43 CT has been reported to be phosphorylated on
$369-S373 by Akt and on $255-$262/5279-5282 by ERK.%'"
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FIGURE 2 Gene set enrichment analysis plots depicting enrichment of the phosphorylated (p-)Akt and p-ERK target gene signature in
epidermal growth factor receptor (EGFR)-amplified glioblastomas in The Cancer Genome Atlas cohort (n = 540). Normalized enrichment score
(NES) represents the enrichment of the gene set. Blue, low level of expression; red, high level of expression. A, B, EGFR amplification was not
associated with activation of Akt or ERK. C, D, GJA1 expression levels were inversely associated with the activation of Akt and ERK in patients

with EGFR amplification

3349 We wondered whether Akt and ERK can interact with the
same region of Cx43 CT. To this end, Cx43 CT was divided into
three parts (fragment 1, including 227-285 amino acids [a.a.] of
Cx43 CT; fragment 2, including 285-363 a.a of Cx43 CT; and
fragment 3, including 359-382 a.a. of Cx43 CT). Sequences
encoding these fragments, full-length Cx43, and Cx43 CT were
then cloned in to GST tag-encoding vectors to obtain fusion
proteins (Figure 5C). Consistent with abovementioned results

from co-IP experiments, purified GST-fused full-length Cx43 as

well as Cx43 CT precipitated Akt and ERK from cell lysates,
indicating direct interactions between Cx43 CT and Akt/ERK
(Figure 5C, lines 4 and 5). However, only the GST-fused frag-
ment 1 and fragment 2 precipitated ERK and Akt, respectively
(Figure 5C, lines 1 and 2), indicating that fragment 1 can bind to
ERK and that fragment 2 can bind to Akt. This result indicated
that the specific regions of Cx43 CT (227-285 and 285-363
a.a.) were involved in protein—protein binding between Cx43 and
Akt/ERK.
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. T . homology modeling was undertaken based on available crystal struc-
3.7 | Connexin 43 inhibits phosphorylation of Akt &Y . & v
. ees e . tures to obtain the 3-D structure of Cx43. The structure of the C-
and ERK through site-specific interaction i ) ) i ) i
terminal domain (residues K234-1382) including a 26-kDa peptide of

To investigate the exact interaction sites on Cx43 CT for Akt/ERK

binding, protein—protein docking experiments were carried out. First,

the human Cx43 was modeled. The calculated Phi-Psi backbone
angles and side-chain rotamers were evaluated to discard structures
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(EGF)-induced Akt and ERK phosphorylation in glioblastoma (GBM)
spheres. Immunoblot analysis of Cx43 and total or phosphorylated
(p-)Akt and ERK expression in GBM spheres transfected with control
or Cx43 overexpression adenovirus. Different groups of cells were
treated with EGF (200 ng/mL) or PBS for 15 min
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with high-energy, disallowed bonds, and the best model was selected
for the final energy minimization. The final structure of Cx43 CT and
the Ramachandran plot are shown in Figure 6A,B.

To reveal the specific site for the interactions of Cx43 with Akt
and ERK1/2 proteins, two protein—protein docking experiments were
carried out by using MOE-Dock. The docking poses with the highest
scores were selected for analysis. During the interaction between
Cx43 and Akt protein (Figure 6C), Y286, A305, and Y313 residues of
Cx43 could form hydrogen bonds with G410, E242, and R436 resi-
dues of Akt, respectively. The distances of these hydrogen bonds
were 2.16 A, 2.40 A, and 1.99 A, respectively. In addition, Q308 of
Cx43 participated in a weak interaction with R241 of the Akt pro-
tein. S272 and S273 residues of Cx43 could form hydrogen bonds
with the side chain of Y187 and R191 of ERK1/2, respectively (Fig-
ure 6D). The distances of these hydrogen bonds are 2.27 A and
2.29 A, respectively.

Based on these results, site-directed mutagenesis was carried out
to generate S272A, S273A, Y286D, A305S, Q308K, and Y313D
within Cx43 deletion fragments (Figure 6E), and the mutated
sequences were cotransfected with HA-Akt or HA-ERK plasmids
before co-IP assays. In detail, both S272 and S273 were crucial for
the binding of Cx43 to ERK, and A305 was indispensable for the
binding of Cx43 to Akt. However, these interactions were almost
abolished by mutations of any two predictive sites. Furthermore, we
constructed fragments containing all the mutant residues as men-
tioned above and then transfected them into U87 and GBM2 tumor-
spheres. As shown in Figure 6F, the inhibitory function exerted by
the overexpression of Cx43 CT was diminished. These results indi-
cate that S272, 5273, Y286, A305, Q308, and Y313 of Cx43 CT are
the key sites for the interaction between Cx43 and Akt/ERK and
mediated the inhibitory effects of Cx43 on EGF-induced phosphory-
lation of Akt and ERK.

3.8 | Connexin 43 expression improves the OS of
EGFR-expressing GBM patients

Using Kaplan-Meier analysis and data from TCGA database
(h = 540), we assessed the value of the combination of EGFR and
Cx43 as prognostic biomarkers of GBM (Figure 7). Overall, patients
with low EGFR levels had significantly longer OS than patients with
high EGFR levels (P = 0.0009). However, in groups characterized by
low Cx43 expression, patients with low EGFR levels had significantly
better OS than patients with high EGFR levels (P = 0.0102). In con-
trast, in groups characterized by high Cx43 expression, there was no
difference in OS between patients with low and high EGFR expres-
sion (P = 0.2379). When EGFR was non-amplified, the high amplifi-
cation of Cx43 predicted a worse prognosis (Cx43 high vs. Cx43
low: 13.6 months vs. 15.1 months). However, when the EGFR path-
way was activated by the amplification of EGFR, the high amplifica-
tion of Cx43 brought a better prognosis (Cx43 high vs. Cx43 low,
13.9 months vs. 12.6 months), which indicated the inhibitory func-
tion exerted by Cx43 on the activation of the EGFR pathway. These
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results showed that Cx43 expression significantly improves the prog-
nosis of GBM patients who express EGFR.

4 | DISCUSSION

The persistent activation of Akt independent of EGFR has been a
difficult problem during therapy using anti-EGFR agents and reduces
the response to EGFR inhibitors in GBM patients.?%>%°! |n this
study, we showed that Cx43 CT directly interacts with Akt and ERK
to inhibit their hyperphosphorylation caused by the activation of
EGFR. This inhibitory function of Cx43 CT represents a new molecu-
lar feature that could improve the prognosis of GBM patients with
EGFR overexpression. These findings might also help us to improve
the efficacy of anti-EGFR treatment in GBM patients.

Our findings are consistent with those of other studies, indicating
that GBM patients not selected for any biological characteristic show
modest response to EGFR inhibitors.’®>® The association of EGFR
amplification with GBM tumors led to early optimism that EGFR inhibi-
tion would be beneficial. This initial optimism was mitigated, however,
by the realization that only a subset of patients with EGFR-amplified
GBM actually respond to EGFR blockade.®?°% Many researchers have
observed that the efficacy of EGFR inhibitors in GBM is independent of
EGFR amplification status.?>>* The failure of EGFR inhibitors in a major-
ity of GBM patients with EGFR amplification could stem from inefficient
blockade of the receptor or from the inability to reverse downstream
signaling abnormalities associated with EGFR amplification.’>>®
Glioblastoma patients expressing low levels of phosphorylation of Akt
respond well to erlotinib. Combination of rapamycin, PI-103, triciribine,
and other Akt/mTOR inhibitors with EGFR inhibitors can significantly
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improve the therapeutic efficacy.?>2> Therefore, it is promising to
determine the compensatory factors that influence EGFR downstream
pathway activation, for the development of more effective anti-EGFR
treatment for GBM.

Previous studies suggested that higher Cx43 expression levels in
both in vivo tissues and in vitro cultured cells were related to greater
levels of ERK1/2 phosphorylation.***¢ In contrast with the results
obtained from normal salivary epithelial and osteoblast cells, Qiu et
al. found that Cx43 overexpression reduced EGF-induced prolifera-
tion in ovarian cancer cells.>®> Our results also indicated that the
expression of Cx43 was inversely correlated with the EGF-induced
phosphorylation of Akt and ERK. Furthermore, cotreatment with the
gap junction inhibitor carbenoxolone did not alter the suppressive
effects of Cx43 overexpression on EGF-induced proliferation in can-
cer cells, suggesting the presence of a gap junction-independent
mechanism for Cx43 in regulation of EGF/EGFR signaling pathway
activation.®®> In this study, we found that the inhibitory effects
exerted by Cx43 involved protein—protein interactions between
Cx43 CT with Akt and ERK.

Previously, Cx43 was reported to be phosphorylated by Akt at
$369-S373 and by ERK1/2 at S$255-5262/5279-52823%3347 As
expected, fragment 1 (227-285 a.a. of Cx43 CT) could interact with
ERK1/2. This corresponds to the region where Cx43 CT is phosphory-
lated by ERK1/2. However, Akt interacted with fragment 2 (285-363
a.a. of Cx43 CT) but not with fragment 3 (359-382 a.a. of Cx43 CT), the
latter of which contains residues that are phosphorylated by Akt. Usu-
ally, the binding region for Akt, termed the pleckstrin homology (PH)
domain, is located upstream of its phosphorylation site.>* By interacting
with the PH domain of Akt, phosphatidylinositol-(3,4,5)-P3 (PIP3), Tcl1,
Grb10, JIP1, and RasGAP facilitate growth factor-induced Akt activa-
tion.>*>8 Therefore, we speculated that the phosphorylation-mediated
activation of Akt by PIP3 can be inhibited by competitive interaction
between the Cx43 CT and the PH domain of Akt. Although the gap

junctional function of Cx43 enables adjacent cells to share second mes-
sengers, ions, and metabolites and to promote the activation of Akt and
ERK,*3-% the overactivation of Akt and ERK can lead to the phosphory-

lation of Cx43 to shut down the hemichannels®-334?

and thus, in turn,
reduce the activation of Akt and ERK. Moreover, the direct interactions
between Cx43 CT and Akt/ERK inhibit the phosphorylation of Akt and
ERK in a competitive manner. Thus, Cx43 serves as a negative regulator
of Akt and ERK activation.

Connexin 43 can directly interact with various oncoproteins
through its CT.%7-%* Therefore, the therapeutic value of Cx43 CT in
the treatment of cancer is promising. For example, Tabernero et al.
linked the region containing 266-283 a.a. of Cx43 CT with transacti-
vator of transcription to construct a cell-penetrating peptide called
PEP-2.474861 This cell-penetrating peptide-based recruited PTEN
and Csk to inhibit c-Src and focal adhesion kinase and dramatically
reduced the growth, migration, and survival of glioma stem cells.
Because our results indicated that Cx43 can directly interact with
Akt and ERK, cell-penetrating peptides based on 285-363 a.a.
(Cx43585.363) and 227-285 a.a. (Cx435,7.0g5) of Cx43 fragments
could be constructed to inhibit the phosphorylation of Akt and ERK,
respectively, through protein—protein interactions. The competitive
inhibitory effects exerted by these exogenous fragments might result
in better outcomes when combined with EGFR inhibitors.

Actually, the therapeutic potential of Cx43 has attracted focus in
recent years due to the Cx43-based tumor suppression of GBM can-
cer stem cells by reverting tumor cells to a normal phenotype.®>% In
addition to PEP-2, mentioned above, several mimic peptides have
been produced to exert the tumor-suppressive function. Juxtamem-
brane 2 and a-connexin carboxyl-terminal 1, for example, were con-
structed to mimic the interaction between Cx43 with microtubules
and ZO-1, respectively, which were proved to suppress tumor cells
though inhibiting the epithelial-mesenchymal transition process.®*

However, the therapeutic potential could be limited because the
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phenotype of tumor cells was not determined by Cx43 alone. Even
Cx46, another subtype in the connexin family, played an essential

role in CSC maintenance and GBM growth.®®

Most current pharma-
cological agents targeting Cx43 are non-specific and lack effect, mak-
ing it difficult to ascribe the antitumor function to Cx43 alone. Thus,
there is an undeniable need for more selective co-inhibitors or co-
activators with Cx43 to exert a more defined action.

In summary, we report a novel finding that Cx43 can bind with
Akt and ERK through its CT domain to inhibit EGF-induced phospho-
rylation of Akt and ERK. Thus, Cx43 could serve as a promising pre-
dictor for the efficacy of anti-EGFR treatment in GBM patients.
More importantly, the identification of specific interaction sites
between Cx43 and Akt/ERK also implies an important therapeutic
potential for synthesizing mimic peptides, although the current study
did not define the specific sites on Akt or ERK1/2 that mediate their
interactions with Cx43.
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