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Abstract

Background Oncogenes drive cancer progression, but few are active exclusively in tumor cells. Connexins (Cxs),
traditionally recognized as ion channel proteins, can localize to the nucleus and regulate gene expression, playing key
roles in both physiological and pathological processes. Cx46, once thought to be restricted to the eye lens, has been
implicated in tumor growth, though its underlying mechanisms remain unclear. This study investigates the nuclear
presence of Cx46 in cancer cells and its potential role as a transcriptional modulator.

Methods We employed ChIP-Seq, confocal immunofluorescence, and nuclear protein purification to assess Cx46
localization and DNA interactions. Functional assays were conducted to evaluate its effects on invasion, division, sphe-
roid formation, and mesenchymal marker expression. Single-point mutations and molecular dynamics simulations
were used to explore potential Cx46-DNA interactions.

Results Cx46 mRNA upregulation was found in a variety of tumors compared to adjacent healthy tissue. In Hel.a
cells, which do not express Cx46, its transfection promoted proliferation, invasion and self-renewal capacity, can-

cer stem cell traits and mesenchymal features. Consistently, in Sk-Mel-2, which naturally express Cx46, reduced

Cx46 expression led to a decrease in the similar parameters. In Hel a cells, nuclear Cx46 was detected in two forms,

full length 46 kDa and a 30 kDa fragment (GJA3-30 k), ChIP-Seq experiments revealed that Cx46 binds to the DNA

at intergenic and promoter regions, leading to the activation of oncogenic pathways. Molecular dynamics simulations
suggest that GJA3-30 k dimerizes in a RAD50-like structure, forming stable DNA complexes. Cx46 and in some cases
GJA3-30 k were detected in the nuclei of multiple cancer cell lines, including prostate, breast and skin cancers.

Conclusions Our findings reveal a novel nuclear role for Cx46 in cancer, demonstrating its function as a transcrip-
tional regulator and its potential as a therapeutic target.

Keywords Connexin46, Transcription factor, Cancer, IRES

*Correspondence:

Mauricio A Sdez

mauricio.saez.venegas@gmail.com

Mauricio A. Retamal

mretamal@udd.cl

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-025-02151-w&domain=pdf

Fernandez-Olivares et al. Cell Communication and Signaling

Introduction

Cancer remains one of the leading causes of mortal-
ity worldwide, claiming millions of lives each year [1].
A major challenge in medical research is understanding
the molecular mechanisms that drive tumor progression,
metastasis, and chemoresistance. Proper gene expres-
sion is crucial for maintaining cellular function and
homeostasis across tissues and organs. However, cancer
disrupts this balance by accumulating harmful genomic
alterations in specific regions [2]. Genes that undergo
mutations leading to cancer initiation and progression
are known as oncogenes [3]. Many oncogenes are also
expressed in normal cells, making it difficult to target
them therapeutically without affecting healthy tissues,
often resulting in undesirable side effects. Therefore,
identifying proteins that are either exclusively expressed
in cancer cells or have highly restricted expression in
normal tissues is critical. Such targets could not only
minimize side effects but also play a significant role in
tumor progression, offering potential avenues for thera-
peutic intervention.

Connexin proteins (Cxs) constitute a family of 21
members that assemble into hexameric structures known
as hemichannels [4]. These hemichannels facilitate the
exchange of molecules, including ions, second messen-
gers, and metabolites, between the cytoplasm and the
extracellular space [4]. When two hemichannels from
neighboring cells align, they form Gap Junction Chan-
nels (GJCs), establishing direct cytosolic communica-
tion between adjacent cells [5]. Additionally, Cxs have
been reported to exert biological effects independent of
their channel-forming function [6-9]. For example, Cx43
has been proposed as a direct transcriptional regulator
of N-cadherin in neural crest cells [10]. Moreover, the
expression of the C-terminal region of Cx43 in HeLa cells
and cardiomyocytes has been linked to its nuclear locali-
zation and promotes a significant reduction in cell divi-
sion rates [11].

Recent studies have also shown that Cx43 is present in
the nuclear envelope of cardiomyocytes and other cell
types, suggesting its potential role in modulating the
transcriptome [12]. Additionally, an alternatively trans-
lated isoform of Cx43, GJA1-11 k, has been identified
in the nucleus of HEK293FT cells, where it inhibits cell
division [13]. Another connexin, Cx26, has been shown
to interact with pluripotency-associated transcription
factors Nanog and FAK, promoting the self-renewal of
triple-negative breast cancer cells [14, 15]. These findings
suggest that certain Cxs can localize to the cell nucleus
and act as transcriptional regulators in cancer cells. How-
ever, both Cx26 and Cx43 are expressed in various cell
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types, including astrocytes, cardiomyocytes, and hepat-
ocytes [16-18], indicating that they are not exclusively
associated with cancer.

In humans, the expression of Cx46 has been found
almost exclusively in the eye lens, where it plays a criti-
cal role in maintaining lens transparency [19]. However,
studies have also detected the presence of Cx46 in breast
cancer and glioblastoma cells [20, 21]. Interestingly, its
presence in cancer cells has been linked to the acquisition
of mesenchymal and cancer stem-like cell (CSC) charac-
teristics [21-25]. These cellular transformations typically
involve specific transcriptional regulatory mechanisms.
Notably, Cx46 has been found within the cell nucleus of
TtT/GF cells, co-localizing with Nopp140, a nucleolar
factor involved in rRNA processing [26]. Despite these
observations, the role of Cx46 as a transcriptional modu-
lator in cancer cells has not yet been reported. Therefore,
this study aims to determine whether Cx46 is found in
the cell nucleus of different tumoral cell lines and has a
role in gene regulation.

Material and methods

Cell culture and transfections

HeLa, ZR75, MDA-MB-231 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Gibco, Thermo
Fisher, CA, USA), while LnCap, DU145, PC3, Sk-Mel-2,
397-Mel and Mel-1 cells were maintained in RPMI
(Gibco, Thermo Fisher, CA, USA). Both media were sup-
plemented with 10% fetal bovine serum (FBS, Biological
Industries, Israel) and 1% Penicillin—streptomycin sulfate
(10,000 units/ml penicillin and 100 mg/ml streptomycin
sulfate; P/S, Sigma Aldrich, USA). Cells were incubated at
37 °C, 5% CO, and 95% humidity.

Cell transfection

HeLa cells were dissociated for subculturing using 0.05%
trypsin~-EDTA (ThermoFisher Scientific, Rockford, IL.
USA) and seeded in 6-well plates. At approximately 60%
confluence (24-48 h later), cells were transfected with
1 pg of pRP[Exp]-EGFP/Bsd-CMV >hGJA3 (Vector-
Builder, Chicago, USA), containing the human sequence
for either wild-type Cx46 or methionine-to-alanine
mutants (Supplementary Figure S1). Briefly, 0.5 pg of
each plasmid was mixed with Opti-MEM medium
(ThermoFisher Scientific, Rockford, IL. USA) and Lipo-
fectamine 2000. The culture medium was replaced with
Opti-MEM, and the transfection mixture was added.
cells were returned to DMEM supplemented with 10%
FBS and incubated at 37 °C in 5% CO,. Forty-eight hours
post-transfection, Cx46 expression was assessed via epi-
fluorescence microscopy. Selection was performed by
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adding Blasticidin to the culture medium three times per
week for two weeks.

Purification of nuclear and cytoplasmic proteins

The purification was carried out following a previous
protocol [27] with minor modifications. Briefly, one
100 mm plate per condition was seeded 48 h before the
assay. Then, the cells were washed with phosphate buff-
ered saline (PBS). Using a cell scraper, the cells were col-
lected and centrifuged at 500x g for 5 min at 4°C. The
resulting pellet was used for the extraction of cytoplas-
mic and nuclear proteins using the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit, following the man-
ufacturer’s protocol (ThermoFisher Scientific, Rockford,
IL. USA).

Western blot

Cells at 60—-80% confluence were scraped using a robber
policeman in ice-cold PBS supplemented with protease
and phosphatase inhibitors (Cell Signaling, MA, USA)
and then sonicated on ice. Protein concentration in the
cell lysate was measured using a Qubit Protein Assay Kit
(ThermoFisher Scientific, Rockford, IL. USA) and quanti-
fied with a Qubit 3.0 Fluorometer (ThermoFisher Scien-
tific, Rockford, IL. USA). A 4 X sample buffer was added
to each cell homogenate, mixed and heated at 95 °C for
3 min. Forty micrograms of protein were loaded onto
a 10% NuPAGE™ gel (ThermoFisher Scientific, Rock-
ford, IL. USA) and subsequently transferred to a PVDF
membrane using an iBlot Gel Transfer Device (Ther-
moFisher Scientific, Rockford, IL. USA). The PVDF
membrane was blocked with a solution composed of 5%
milk in Tris Buffer and 0.05% Tween 20 (TTBS) for 1 h
at room temperature (RT) under agitation. The mem-
brane was then incubated overnight at 4 °C with primary
antibodies: anti-Cx46 antibody (Santa Cruz Biotechnol-
ogy, 1:500), anti-GAPDH (Santa Cruz Biotechnology,
1:1000) and anti-Lamin B1 (Santa Cruz Biotechnology,
1:1000). The next day, membranes were washed three
times with TTBS and incubated with a horseradish per-
oxidase (HRP)-conjugated secondary antibody (Abcam,
Cambridge, UK) for 1 h at RT, followed by three addi-
tional washes with TTBS. Protein detection was carried
out using the SuperSignal West Atto chemiluminescent
substrate (ThermoFisher Scientific, Rockford, IL. USA)
and visualized with the iBright 1500 Chemiluminescence
Scanner system (ThermoFisher Scientific, Rockford, IL.
USA).

Indirectimmunofluorescence
Cells were seeded on glass coverslips and allowed to
reach 80% confluence before processing. They were then
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washed twice with PBS and fixed with 4% paraformalde-
hyde for 20 min. Permeabilization was performed with
PBS-0.1% Triton for 10 min. After washing with PBS,
blocking was performed with 4% bovine serum albumin
(BSA, Winkler, Santiago, Chile) and 0.3 M glycine in
PBS with 0.1% Tween 20 (PBS-T) for 30 min. The cover-
slips were washed with PBS-T and incubated overnight
at 4 °C with primary antibodies: anti-Connexin46 (SC-
365394, Santa Cruz Biotechnology) and anti-Histone
H3K9 (MA5-11,195, Invitrogen), both diluted in 1% BSA.
The following day, coverslips were washed three times
with PBS-T and incubated for 2 h at RT with second-
ary antibodies: Alexa Fluor 355 goat anti mouse (Ther-
moFisher Scientific, Rockford, IL. USA) and Alexa 555
goat anti-Rabbit (ThermoFisher Scientific, Rockford, IL.
USA) 1:400. Finally, the coverslips were washed 3 times
with PBS-T and mounted with Fluoromount-G (Ther-
moFisher Scientific, Rockford, IL. USA) on glass slides.

Colony forming unit assay

Cells were trypsinized and counted to seed a total of
300 cells in a 35 mm plate. After 12 days, the cell colo-
nies were fixed with 4% paraformaldehyde and stained
with 10% (w/v) crystal violet. A cluster of more than 100
cells was considered a colony. Colonies were manually
counted and photographs were taken of the entire well.

Spheroid formation

A total of 1x10° cells were seeded in 200 pl of supple-
mented medium in 96-well plates pre-coated with 50
uL of 1.5% agarose to prevent adherence and promote
spheroid formation. After four days, spheroids were
imaged using a 4 X objective on a Nikon epifluorescence
microscope (Ti Eclipse) and maintained in culture for up
to 14 days, with half the volume of the media (100 pL)
changed every three days. The spheroid area was quanti-
fied using Image] to assess size differences.

Matrigel invasion assay

The transwell invasion assay was performed by adding an
extracellular matrix layer on top of a porous membrane,
allowing only cells with invasive properties, such as
tumor cells, to undergo chemotaxis and migrate through
the membrane [28]. A total of 60 uL of Matrigel was
added to 6.5 mm diameter polycarbonate transwells with
an 8 pum pore size and incubated for 2 h at 37 °C with 5%
CO, and 95% humidity. Subsequently, 100,000 HeLa-
P or HeLaCx46 cells, resuspended in 100 uL. of DMEM
with 2% FBS, were added to the upper chamber, while
the lower chamber contained DMEM supplemented with
20% EBS to create a chemotactic gradient. After 72 h of
incubation, non-migrated cells were removed using a
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cotton swab. The insert was then fixed with 4% PFA and
stained with DAPI for quantification of cell nuclei [28].
Invasive cells were counted in 5 random fields of view
(FOV=336 mm? total) at 20X magnification using a
Nikon Eclipse Ti epifluorescence microscope.

qPCR
Experiments were conducted as described elsewhere
[29]. Briefly, total RNA was extracted from cells using the
EZNA Total RNA Kit I (Omega Bio-Tek, Norcross, GA,
USA). RNA concentration was measured with a Cytation
5 imaging reader (Biotek Instruments Inc., Winooski, VT,
USA). cDNA was synthesized from total RNA using the
AffinityScript QPCR c¢DNA Synthesis Kit (Agilent Tech-
nologies, Bastrop, TX, USA) following the manufacturer’s
instructions. Quantitative real-time PCR was performed
on an AriaMX Real-Time PCR System (Agilent Technol-
ogies, Bastrop, TX, USA) using SYBR Green PCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA). The
PCR protocol consisted of an initial denaturation at 95 °C
for 5 min, followed by 40 cycles of 95 °C for 10 s and
60 °C for 45 s, with a final step at 95 °C for 15 s, 60 °C for
1 min, and 95 °C for 15 s. Reactions were conducted in
triplicate, and relative mRNA abundance was calculated
using the 2" method, normalized to GAPDH.

GJA3 mRNA expression across different tumor types

The results presented here are based on data generated
by The Cancer Genome Atlas (TCGA) research network
“https://www.cancer.gov/tcga”. We obtained all gene
expression profiles available from the TCGA-ARCHS4
data repository [30]. For each tumor type, we compared
gene expression between tumor and surrounding healthy
tissue for all 22 tumor types with available data using
DESeq2 [31]. We then analyzed whether GJA3 was dif-
ferentially expressed in tumors or healthy samples. The
mean and absolute standard deviation of these data was
computed. Additionally, a Mann—Whitney U-test was
performed to determine if GJA3 expression profiles dif-
fer between tumor and normal tissue. This test assesses
the statistical confidence that the DESeq2-normalized
expression of a given gene is consistently higher in one
condition than in the other.

Chromatin Immunoprecipitation (ChIP)

For a detailed protocol on the Cx46-DNA interac-
tion ChIP-Sec method please refer to [32]. Briefly,
nuclear extracts were prepared from HeLa-P and HeLa
Cx46WT. A total of 2x 107 cells were washed with PBS
and crosslinked with 1% Formaldehyde under gen-
tle agitation at RT. After 10 min, glycine was added
at a final concentration of 0.125 M and incubated for
an additional 10 min under agitation. Cells were then
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washed 3 times with PBS and collected using a cell
scraper. The pellet was resuspended in 5 volumes
of lysis buffer (50 mM HEPES pH: 7.8, 3 mM MgCl,,
20 mM KCI, 0.1% NP-40, 2 mM phenylmethylsulfonyl
fluoride (PMSF), 2 ug/ml aprotinin, 2 pug/mL leupep-
tin and 1 pM pepstatin). Samples were then incubated
for 10 min on ice. Purified nuclei were obtained using
a glass Dounce homogenizer and verified by Trypan
Blue staining. Nuclei were centrifuged and resuspended
in Sonication Buffer (50 mM HEPES pH: 7.8, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium
Deoxycholate, 1% Sodium Dodecyl Sulfate, 2 mM
PMSE, 2 pg/ml aprotinin, 2 pg/mL leupeptin and 1 pM
pepstatin). Samples were transferred to Bioruptor soni-
cation tubes and sonicated for 50 min at 30 s intervals
on a Bioruptor Pico sonication device. The degree of
chromatin fragmentation was verified on a 1% agarose
gel. Decrosslinking was performed in a thermocycler at
95 °C for 25 min, followed by treatment with 2 pg/mL
RNase A at 37 °C for 15 min and 50 pg/mL proteinase
K at 58 °C for 15 min. DNA was quantified using the
Qubit dsDNA BR Assay Kit on a Qubit Fluorometer
according to the manufacturer’s instructions.

To perform the immunoprecipitation, 200 ng of DNA
were set aside as input, while 400 ng of DNA was used
for the ChIP. Pre-clearance was carried out using mouse
IgG (12-371, Merck Millipore) or rabbit IgG (12-370,
Merck Millipore) bound to protein G or protein A,
respectively, for 2 h at 4 °C. Subsequently, the samples
were washed twice with washing buffer (100 mM Tris—
HCI pH: 8.0, 500 mM LiCl, 1%NP-40 and 1% sodium
deoxycholate), centrifuged at 4000 rpm at 4 °C and the
supernatant was transferred to a new tube. Dynabeads
M-280 sheep anti mouse IgG with 4 pg of anti-Con-
nexind6 (SC-365394, Santa Cruz Biotechnology), 4 ug
of mouse IgG, Dynabeads M-280 Sheep anti Rabbit IgG
with anti H3K27AC or IgG of rabbit were added. Samples
were incubated overnight at 4 °C after which, Dynabeads
were collected using a magnet. DNA was recovered by
adding 100 pL of elution buffer (50 mM NaHCO3, 1%
SDS, 2 mM PMSE, 2 pg/mL aprotinin, 2 pg/mL leupep-
tin and 1 puM pepstatin). Samples were vortexed and
incubated at 65 °C for 15 min. Then, 4 uL of 5 M NaCl
and 1 pg of RNase A were added, and the samples were
incubated overnight at 65 °C. Proteinase K 50 ug/mL was
added, and samples were incubated for 2 h at 50 °C. DNA
was extracted using 200 pL of TE pH: 7.8 and one vol-
ume of Phenol:Chloroform:Isoamyl alcohol, centrifuged
at 15,000x g at 4 °C for 10 min and the aqueous phase
was transferred to a new tube. A second extraction was
performed using 1 volume of Chloroform:Isoamyl Alco-
hol (24:1), followed by ethanol precipitation overnight at
—20 °C, with 2.5 volumes of absolute ethanol, 0.1 volumes
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of sodium acetate 3 M pH: 7.0 and 20 pg of glycogen. The
DNA was centrifuged for 25 min at 12,500 x g at 4 °C, and
the DNA pellet was washed with 70% ethanol, allowed to
dry, and resuspended in TE buffer before quantification
and agarose gel verification.

Generation of DNA libraries

DNA libraries were prepared using the Microplex
Library Preparation kit V2 according to the manufac-
turer’s instructions with 10 ng of DNA from both immu-
noprecipitated samples and inputs as starting material.
Adapter ligation was performed using Illumina-compat-
ible adapters and indices. NGS Illumina platform was
used for multiple sequencing. Library amplification was
conducted with 10 PCR cycles for inputs and 13 cycles
for immunoprecipitated samples. Libraries were puri-
fied using AMPure XP magnetic beads at 0.7 times the
volume of the samples. The beads were separated using a
magnet, washed with 70% ethanol twice and eluted with
20 uL of Tris pH: 8.0. Final DNA quantification was per-
formed using the Qubit dsDNA HS Assay Kit on a Qubit
Fluorometer and size was assessed via 1% agarose gel
electrophoresis.

DNA sequencing

Library quality was analyzed using an Bioanalyzer Agi-
lent 2100 and sequencing was performed on an Illumina
HiSeq system with 150-cycle pair-end mode reads. ChIP-
seq data were validated by qPCR for four target genes,
using promoter-specific primers designed with Primer3
program [33]. Cx46 enrichment was determined using
a set of 47,656 transcription start sites (TSS), displaying
only those reads located upstream and downstream of a
5 kb window.

RNA extraction

Total RNA from HeLa cells expressing pCAG-Con-
nexind6 or untransfected controls were extracted using
RNA-Solv® Reagent. RNA-Solv (1 ml) was added to the
3.5 cm culture plates at 80% confluence, pipetted to help
with lysis, and then transferred to a tube where 200 pL of
chloroform was added and vortexed for 15 s. The sam-
ples were incubated on ice for 10 min and centrifuged at
12,000 x g for 15 min. The aqueous phase was transferred
to a new tube and 500 pL isopropyl alcohol was added,
incubated again for 10 min and centrifuged at 12,000x g
for 10 min. The supernatant was discarded and the pel-
let was washed with 80% ethanol. Finally, the pellet was
centrifuged at 7500 X g for 5 min and left to dry for 5 min.
The pellet was resuspended in nuclease-free water and
quantified on a Nanoquant Plate in a TECAN infinite
F200 equipment. The quantified samples were stored at
—80 °C.
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RNA sequencing

Total RNA extraction was digested with DNase I to avoid
contamination with genomic DNA. RNA concentration
was then measured using Quant-iT" RiboGreen® RNA
Assay Kit and its integrity was determined with a Agilent
Bioanalyzer 2100. RNA libraries were prepared using the
MluminaTruSeqTM RNA Kit (High Throughput Proto-
col) following the manufacturer’s protocol. Ribosomal
RNA (28S, 18S, 5.8S, and 5S rRNA) was depleted using
the Ribo-Zero rRNA removal kit from an initial 500 ng
of total RNA from each sample. The resulting RNA was
cleaved with divalent cations at 95 °C, and the frag-
mented RNA was reverse-transcribed into cDNA to pro-
duce single-stranded DNA copies. After synthesis of the
second cDNA strand, the ends were repaired, the 3’ ends
adenylated, the cDNAs were ligated with universal adapt-
ers, and amplified by PCR to produce the final sequenc-
ing library. After validation of the library with the DNA
1000 ChIP using the Agilent Technologies 2100 bioana-
lyzer, the samples were pooled at equal concentrations
and sequenced using an Illumina HiSeq with 100-cycle
paired-end reads.

Validation of transcriptome sequencing results

To validate transcriptome data, 4 genes related to can-
cer progression were selected. Primers were chosen from
the Primer Bank database. cDNA synthesis was carried
out using the high-capacity cDNA reverse transcription
kit (Applied Bioscience) following the manufacturer’s
instructions. The gPCR was performed using QuantStu-
dio2 with Brilliant II SYBR green qPCR Master Mix (Agi-
lent), and included 95°C for 10 min, 40 cycles of 95 °C for
15 s, 60°C for 30 s and 72°C for 60 s. The GAPDH gene
was used as an endogenous reference gene and the rela-
tive expression (shown as fold change) of HeLa-Cx46
samples over HeLa cells, was calculated for each gene
using the 2744t method.

ChiIP-seq and RNA-seq analysis

The adapter sequences and low-quality reads were
removed using Trim Galore software and the sequenc-
ing reads were aligned to the human reference genome
(GRCh38) using Bowtie2. Peak calling was performed
using MACS3 (q<0.01). Peak distribution was analyzed
with HOMER [34] and ChIPSeeker [35], while motif
enrichment was conducted with MEME [36].

Regulatory network analysis

Gene regulatory networks (GRNs) for both control and
GJA3 conditions were developed following methodolo-
gies from previous studies [37, 38]. Outgoing edges of
expressed TFs were kept, while those arising from non-
expressed TFs were removed from the union of high
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confidence general GRNs deposited in TRRUST [39],
RegNetwork [40] and DoRothEA [41, 42]. As regula-
tory events guided by GJA3 are not annotated in these
databases, we identified overlapping peaks of GJC3 with
promoter regions defined by the Ensembl consortia [43],
assigning regulation of GJA3 to the closest gene in the
human genome (version GRCh38). Master Regulators
(MRs) were identified for the control and GJA3 condi-
tions. For genes defined as differentially expressed, their
first and second upstream neighbors in both networks
were selected [37]. Then, nodes with the highest edge
density were identified [44], via iterative steps deleting
nodes with lower out-degree until the deletion of a node
in the subnetwork resulted in an unconnected network
(supplementary script getRM.py), with remaining TFs
being categorized as candidates to be MRs. Finally, ful-
fillment of the definition of MR [44] for predicted candi-
dates was determined by observing whether a candidate
regulated other MF candidates, it was regulated by other
candidates and showed physical interactions between
them [45].

Modeling and molecular dynamics simulation

A model of the Cx46 hexamer and the DNA-binding
30 kDa dimmer peptide (GJA3-30 k) was constructed
using the AlphaFold 3 server [46]. Five models for each
of the five DNA sequences experimentally determined
as target sequences for Cx46 were simulated. The result-
ing structures were clustered, and the center of the most
populated cluster was selected for molecular dynamics
(MD) simulations. The MD simulations were performed
using GROMACS [47]. In brief, the system was solvated
in a water box with 0.15 M NaCl using CHARMM-GUI
[48], and an energy minimization and equilibration was
followed by a 500 ns production step with the Charmm36
forcefield. Post-simulation clustering was done using
MDAnalysis [49] and the center of the most populated
cluster was processed using the Dali Server [50] to iden-
tify proteins with similar structural features, particularly
those with DNA-binding properties.

Results

The expression levels of Cx46 mRNA exhibit a significant
increase in human neoplastic tissues

As previously reported, Cx46 has been detected in breast
cancer and glioblastoma [20, 21]. However, its expres-
sion in other cancer types remains undocumented. To
address this gap, Cx46 mRNA levels were analyzed
across various human cancer types using data from the
Cancer Genome Atlas (TCGA) database [51]. Our analy-
sis revealed a significant upregulation of Cx46 mRNA
levels in multiple cancer types, including Breast Inva-
sive Carcinoma (BRCA), Cholangiocarcinoma (CCAS),
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Colon Adenocarcinoma (COAD), Head and Neck Squa-
mous Cell Carcinoma (HNSC), Lung Adenocarcinoma
(LUAD), Prostate Adenocarcinoma (PRAD), and Thy-
moma (THYM), compared to their respective adjacent
healthy tissues (Fig. 1). These findings suggest that Cx46
expression in cancer cells is a widespread phenomenon,
highlighting the need for further investigation into its
molecular mechanisms and role in cancer progression.

The presence of Cx46 enhances proliferation, invasion

and self-renewal capacity in HelLa cells

HeLa cells, which derive from cervical cancer, are exten-
sively used in Cx-related research, mainly because these
cells typically lack functional GJCs or hemichannels due
to minimal or absent Cx expression [52]. Consequently,
transfecting HeLa cells with Cx-encoding ¢cDNA has
served as a valuable model for studying Cx properties.
Upon transfection with Cx46 cDNA, HeLa cells (HeLa-
Cx46) exhibited two protein bands (~30 and ~46 kDa)
that were absent in non-transfected cells (HeLa-W'T)
(Fig. 2a). Under normal conditions, HeLa-WT cells grow
in patches, with an epithelial-like phenotype (Fig. 2b). In
contrast, HeLa-Cx46 cells at the periphery of cell patches
exhibit an elongated morphology, often distant from
neighboring cells (Fig. 2b), resembling a mesenchymal-
like phenotype [53]. Moreover, HeLa-Cx46 cells exhib-
ited a significantly higher proliferation rate compared to
HeLa-WT cells (Fig. 2c and Supplementary Table S1).
To further confirm this mesenchymal transformation,
invasion assays were conducted, which demonstrated
that HeLa-Cx46 cells had a significantly higher invasive
capacity —~37 times greater—than HeLa-WT cells
(Fig. 2d and Supplementary Table S1). Consistently,
Cx46-expressing cells displayed elevated mRNA levels of
key mesenchymal markers, including Slug, N-Cadherin,
Snail, and Vimentin, compared to non-expressing cells
(Fig. 2e and Supplementary Table S1). Then we compared
the CSC-characteristics in Hela- WT and -Cx46. First we
studied the ability of HeLa cells to form colonies, using
a colony-forming unit (CFU) assay [54]. HeLa cells with
or without Cx46 expression were seeded on a non-adher-
ent surface and allowed to grow for 14 days. Remarkably,
HeLa-Cx46 cells formed ~ 3.8 times more colonies than
HeLa-WT cells (Fig. 2f and Supplementary Table S1).
Since spheroid formation is commonly used to study the
CSC phenotype [55], we explored this capacity on Hela
cells. We observed that Cx46-expressing cells success-
fully formed spheroids, which, although not perfectly
round, were compact and displayed a dense core, consist-
ent with previous reports of spheroids formed by other
cancer cells [56]. In contrast, non-expressing cells failed
to form spheroids and instead remained as a monolayer
at the bottom of the non-adherent surface (Fig. 2g).
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BLCA BRCA CECS CCAS COAD ESCA HNSC ChRCC KIRC KIRP LIHC

BLCA: Bladder Urothelial Carcinoma
BRCA: Breast Invasive Carcinoma

CESC: Carcinoma and EndocervicalAdenocarcinoma

CCAS: Cholangiocarcinoma

COAD: Coloc Adenocarcinoma

ESCA: Esophageal Carcinoma

HNSC: Head and Neck Squamous Cell Carcinoma
ChRCC: Kidbey Chromophobe

KIRC: Kidbey Renal Clear Cell Carcinoma

KIRP: Kidbey Renal Papillary Cell Carcinoma
LIHC: Liver Hepatocellular Carcinoma
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LUAD: Lung Adenocracinoma

LUSC: Lung Squamous Cell Carcinoma

PAAD: Pancreatic Adenocarcinoma

PCPG: Pheochromocytoma and Paraganglioma
PRAD: Prostate Adenocarcinoma

READ: Rectum Adenocarcinoma

SARC: Sarcoma

STAD: Stomach Adenocarcinoma

THYM: Thymoma

THCA: Thyroid carcinoma

UCEC: Uterine Corpus Emdometrial Carcinoma

Fig. 1 Gene expression levels of Cx46 in various cancer types. Gene expression data was obtained from the publicly available TCGA repository.
This analysis compares the average expression of the GJA3 gene (encoding Cx46) in different tumor types (yellow bars) with the expression

in corresponding healthy tissues (blue bars). Each bar represents the mean + SD. Statistical significance was assessed using the Mann-Whitney U
test. These findings provide valuable insights into the dysregulation of Cx46 gene expression across various cancer types, suggesting a potential

for Cx46 in the pathogenesis of these malignancies

Since HeLa cells exhibit minimal Cx expression, they
are suitable for gain-of-function experiments involv-
ing Cx46 overexpression. However, it is important to
determine whether the observed effects are specific to
HelLa cells or extend to other cancer types. To address
this, we performed loss-of-function experiments using
a human melanoma cell line (Sk-Mel-2), which natu-
rally express Cx46. We developed a Sk-Mel-2 cell line
with a reduced Cx46 expression (Sk-low) using shRNA
targeting Cx46 mRNA. As a control (Sk-ctrl), we used
a non-targeting shRNA scramble sequence. Post-trans-
fection, Cx46 levels in Sk-ctrl cells remained similar to
Sk-wild type (Sk-WT), whereas Sk-low cells showed
a~70% reduction in Cx46 expression (Supplementary
Figure S2a). We investigated the influence of Cx46 on
Sk-Mel-2 cell proliferation, migration, and invasion.
In proliferation experiments, Sk-ctrl and Sk-low cells
exhibited similar cell numbers until day four. However,
by day five, Sk-ctrl cells showed a significant increase
in cell number compared to Sk-low cells (Supplemen-
tary Figure S2b and Table S2), suggesting that Cx46
promotes cell division or reduces cell death. To fur-
ther confirm the effect of Cx46 on proliferation, we
performed Ki-67 immunofluorescence staining, which
revealed ~100% Ki-67-positive nuclei in Sk-ctrl cells
compared to~40% in Sk-low cells on day five. This

supports the role of Cx46 in promoting proliferation
rather than inhibiting cell death (Supplementary Figure
S2c). Then, we assessed invasion and migration experi-
ments in Sk-Mel-2 cells. After 24 h, the number of
SK-ctrl that crossed the Matrigel was higher than SK-
low (Supplementary Figure S2d and Table S2). Migra-
tion was assessed using a wound healing assay at 4, 8,
24 and 48 h after creating a scratch. At 4 and 8 h, both
SK-ctrl and SK-low cells exhibited a similar closure of
the cell-free area. However, at 24 h (~ 1.8 times) and at
48 h (~ 1.9 times), the closure in SK-ctrl cells was sig-
nificantly greater than in SK-low cells (Supplementary
Figure S2e and Table S2). To evaluate the presence of
CSC properties, we assessed spheroid formation, a key
indicator of the CSC phenotype [57, 58]. SK-ctrl cells
formed large spheroids after 14 days of culture on a
non-adherent surface. In contrast, SK-low cells formed
spheroids ~ 65% smaller in size (Supplementary Figure
S2f and Table S2). These results indicate a correlation
between Cx46 expression and an enhanced CSC phe-
notype. Our findings in both HeLa and Sk-Mel-2 cells
align with our previous research on MCEF-7 cells, a
human breast cancer cell line, where Cx46 expression
was associated with increased epithelial-to-mesenchy-
mal transition [24] and CSC-like properties [24]. Both
traits have been strongly linked to distinct gene regula-
tory programs [59], suggesting that Cx46 may function
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Cx46 and actin bands were visualized using an HRP-conjugated secondary antibody. b Phase-contrast microscopy of HeLa WT and Hela-Cx46
cells, revealing morphological differences. c Proliferation assay was performed by incorporating EdU (a thymidine analog) into dividing cells
for 4 h, followed by detection using an epifluorescence microscope (red). Hoechst staining (blue) was used to determine the total number of cells
after fixation. The graph presents the mean + SE of EdU-positive cells relative to Hoechst-stained cells. Statistical analysis was performed using
the Mann-Whitney U test. d Invasion assay was conducted using a transwell system, assessing the ability of cells to traverse an extracellular
matrix over 72 h.The upper panel shows representative images of invaded cells with DAPI-stained nuclei. The lower panel quantifies the number
of invaded cells (mean = SE, from three independent experiments). Statistical analysis was conducted using the Mann-Whitney U test. e
Mesenchymal marker expression was analyzed by gPCR. Graphs display the quantification of three independent experiments. F-G Stemness
was assessed using a colony-forming unit (CFU) assay and a spheroid formation assay. For CFU, 35 mm dishes were seeded with 50 cells
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and images were taken using a Nikon Eclipse-Ti (n=3)



Fernandez-Olivares et al. Cell Communication and Signaling

(2025) 23:153

Page 9 of 17

a HelLa-Cx46

C
N C
68 kDa -_- Laminin B
46 kDa *;‘ " Cx46
30 kDa GJA3-30k

40 KDa — - Actin

Fig. 3 Cx46 exhibits nuclear localization in Hela cells. a Representative confocal images captured using a 60 X oil objective. Hela-Cx46 cells

were fixed and stained with an anti-Cx46 antibody (red) and an anti-H3acK27 antibody (green). The zoomed-in inset in the lower left corner
highlights a specific region of the field, marked by a white segmented square. Co-localization of the red and green appears as yellow, indicating

the presence of Cx46 in the nucleus. Scale bar=10 mm (b) Orthogonal view: Orthogonal projections generated from different planes provide

a three-dimensional perspective of Cx46's subcellular localization. These views confirm its presence in the nucleus. ¢ Western blot analysis of cellular
fractions: Cytoplasmic (C) and nuclear (N) protein samples were analyzed by Western blot. Cx46 was detected in both cytoplasmic and nuclear
samples, appearing as two major bands (~30 and 46 kDa). An antibody against Laminin B (nuclear protein) was used as a control, which recognizes

nuclear samples and not cytoplasmic samples (~68 kDa)

as a master regulator of genes associated with cancer
aggressiveness.

Cx46 exhibits localization within the nucleus of Hela cell
transfectants

To investigate the hypothesis that Cx46 functions as a
modulator of gene expression, we conducted subcel-
lular localization studies using confocal microscopy.
Our observations revealed that while Cx46 was pre-
dominantly localized in the cytoplasm of HeLa cells,
it also exhibited a nuclear localization. Within the
nucleus, Cx46 formed discrete puncta that partially co-
localized with the transcription-prone histone mark
H3K27Ac (Fig. 3a) and H3K9Ac (Supplementary Figure
S3). To further validate these findings, we performed

3D reconstructions of the cell nucleus using series of
confocal z-stacks images. These reconstructions con-
firmed the presence of Cx46 in small foci within the cell
nucleus (Fig. 3b). To provide additional confirmation,
we isolated cell nuclei and quantified Cx46 protein lev-
els through Western blot analysis. Nuclear samples (N)
exhibited two immunoreactive bands corresponding to
approximately 30 and 46 kDa (Fig. 3c). To assess sam-
ple purity, we utilized an antibody specific to Laminin
B, a nuclear protein [60]. The Laminin B signal was
exclusively detected in the nuclear samples and absent
in the cytoplasmic samples. Actin was present in the
nuclear sample [61], but showed greater expression in
the cytoplasm. Collectively, these results confirm the
presence of Cx46 in the nucleus, suggesting potential
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interactions with chromatin, particularly in transcrip-
tionally active regions.

Cx46 binds to DNA, primarily in promoter regions

Given the nuclear localization of Cx46 in the nucleus
of HeLa cells, we next sought to determine whether it
interacts directly with DNA. To address this, we per-
formed chromatin immunoprecipitation followed by
DNA sequencing (ChIP-seq) using an anti-Cx46 anti-
body targeting the C-terminal (CT) region. This assay
confirmed the interaction of Cx46 with DNA, as indi-
cated by the presence of immunoprecipitated DNA
fragments. High-throughput sequencing revealed that
47.29% of the precipitated fragments corresponded to
promoter regions (Fig. 4a), with a strong enrichment
near transcription start sites (TSSs) (Fig. 4b). Further
analysis identified specific binding sequences, some of
which overlapped with transcription factor (TF) motifs,
including FOX]J3, ZN770, and ZN263, while others
appeared unique to Cx46 (Fig. 4c). The analysis of TSS
regions bound by Cx46 unveiled two distinct clusters
of genes. The first cluster encompassed genes involved
in Rho GTPase signaling, endoplasmic reticulum (ER)
processes, VEGFR2 receptor pathways, Hox-medi-
ated gene activation, and histone deacetylase activity.
The second cluster primarily contained genes associ-
ated with cell cycle regulation (Fig. 4d). Comparative
RNA-seq analysis of HeLa cells with and without Cx46
expression identified 77 differentially regulated mRNAs
(Fig. 4e). Notably, IFITM1, TFF1 and FAM83a, which
have been strongly associated with cancer aggressive-
ness and poor prognosis [62-65] were significantly
upregulated. To validate our RNA-seq results, we per-
formed RT-qPCR for these three genes and for Cx46.
The overexpression of Cx46 was associated with a sub-
stantial increase (~10,000 times) in its mRNA level,
while IFITM1, TFF1, and FAMS83a mRNA levels were
elevated 9.9, 2.5, and 2.2 times, respectively (Supple-
mentary Figure S4). These findings suggest that Cx46
binding to promoter regions influences gene expression

(See figure on next page.)
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patterns linked to cancer progression, particularly in
aggressive forms of cancer.

Cx46 functions as both an enhancer and a repressor

of genes linked to cancer aggressiveness

To examine the correlation between Cx46 promoter
binding, gene expression changes, and phenotypic altera-
tions, we integrated ChIP-seq and RNA-seq datasets.
We identified 22 genes that exhibited both differential
expression and significant Cx46 enrichment in their pro-
moter regions (Fig. 5a). Interestingly, some differentially
expressed genes lacked direct Cx46 interaction, suggest-
ing the involvement of an intermediate factor (Fig. 5a).
To gain further insights into the regulatory relationship
between Cx46 and the expression of these genes, we per-
formed a gene regulatory network analysis. This analysis
involved integrating experimental data with information
from databases, enabling us to elucidate connections
between genes. Notably, Gene regulatory network anal-
ysis revealed a link between Cx46 and TFF1/IFITM2,
which are regulated by c-Jun—a TF whose promoter
region displays an enrichment of Cx46 (Fig. 5b). This
finding strengthens the association between Cx46 and
the regulation of these specific genes within the broader
gene regulatory network.

Alternative translation produces the 30 kDa GJA3-30 k
isoform, potentially involved in DNA interactions

Recent studies have confirmed the presence of Cx43
hemichannels at the nuclear envelop, suggesting that
Cx43 hemichannel C-terminal regions interact with
TFs to modulate gene transcription [12]. Using Alpha-
Fold-generated models of Cx46, we confirmed a typical
hemichannel structure (Fig. 6a). Unexpectedly, none of
the models suggested direct DNA binding, suggesting
that intact Cx46 hemichannels are unlikely to directly
bind to DNA (Fig. 6a). Given that connexins Cx32 and
Cx43 have alternatively translated isoforms [66—69],
some of which localize to the nucleus [13] and modu-
late cancer cell behavior [69], we hypothesized that

Fig.4 Analysis of the DNA binding properties of Cx46. a Distribution of Cx46 Enrichment Peaks. This panel shows the distribution of Cx46
enrichment peaks throughout the genome, indicating the percentage of enrichment peaks in across genomic regions. b Heat Map of Cx46
enrichment: A heat map representation shows Cx46 binding around the transcription start site (TSS) within a+5 kbp region. The left side represents
the unenriched chromatin IgG control, while the right-side displays where Cx46 is bound to DNA, highlighting its preferential binding sites. c
Sequence analysis: Analysis of the DNA sequences that most commonly bind to Cx46. The left side displays sequences specific to Cx46 binding,
whereas the right side shows sequences that interact with both Cx46 and other transcription factors. d The gene ontology of the genes associated
with the enrichment cluster derived from the heat map is presented. The ontology of cluster 1 is shown above, and the ontology of genes derived
from cluster 2 is shown below. This analysis provides insights into the functional categories and biological processes associated with those genes
that show Cx46 binding. e Fold changes in gene expression: A comparison of gene expression levels between HelLa-Cx46 and Hela wild-type

cells is shown, indicating the fold changes in mRNA levels. This analysis reveals the impact of Cx46 on gene expression and its potential role

in modulating transcriptional activity in Hela cells
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Cx46 may also produce alternatively translated iso-
forms. Of particular interest was the 30 kDa fragment
of Cx46 that was detected by the anti-Cx46 antibody
in HeLa cells. To investigate this, we mutated Cx46’s

methionine residues at positions 102 (M2), 141 (M3),
207 (M4), and 219 (M5) to alanine, one at a time. West-
ern blot analysis of HeLa cells expressing Cx46 revealed
several bands, with the most prominent at 30, 46, 53,
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Fig. 5 Association of Cx46 with differential gene expression in Hel a cells. a Cx46 association with differentially expressed genes: This panel
displays a representation of 23 genes that exhibit altered expression in HeLa-Cx46 cells. Genes with Cx46 enrichment peaks in their promoter
regions are indicated by arrows. Up-regulated genes are represented in orange boxes, while down-regulated genes are represented by light blue
boxes. Additionally, some genes are differentially expressed but lack direct Cx46 binding at their transcription start site (TSS), indicated by separate
boxes with arrows. b Cx46-regulated gene network: A network diagram illustrates the regulatory network influenced by Cx46. This network

was constructed by integrating data from Chip-seq, RNA-seq, and databases RegNetwork and DoRothEA. Up-regulated genes are depicted

in orange boxes, while down-regulated genes are shown by light blue boxes

57, and 68 kDa (Fig. 6b). Interestingly, the M2, M4, and
M5 mutants showed similar band patterns, but the M3
mutant lacked the 30 KDa band, indicating that this
isoform (GJA3-30 k) arises from alternative transla-
tion at Met141. Given that the 68 kDa band has previ-
ously been reported to correspond to a phosphorylated
form of Cx46 [26, 70], it is likely that the bands with a
molecular weight greater than 46 KDa (53 and 57 KDa)
also correspond to different phosphorylated forms of
Cx46. In consequence, the lack of the 30 KDa isoform
could be modulating Cx46 phosphorylation patterns. To

determine whether GJA3-30 k interacts with DNA, we
generated dimeric models, as many DNA-binding pro-
teins function as dimers [71]. Using Molecular dynam-
ics (MD), we obtained three distinct DNA-GJA-30 k
structures, with the main cluster representing over 60%
of the total structures. This structure showed consist-
ent stability throughout the 500 ns simulation, evalu-
ated based on the convergence of the Root Mean Square
Deviation. We found that residues 141 to 241 may form
a ’tweezer’ that surrounds DNA (Fig. 6c). Interest-
ingly, structural similarities between RAD50 (PDB ID:
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Fig. 6 GJA3-30k has the potential to interact with DNA. a
A representative model of the Cx46 hexamer and DNA interactions,
as predicted by AlphaFold3, suggesting potential DNA-binding
capacity for Cx46. b Hela cells were transfected with wild-type
Cx46 or mutants in which the second (M2), third (M3), fourth (M4),
and fifth (M5) methionines were replaced with alanine. A zoomed-in
Western blot (right panel) reveals that the 30 kDa fragment

is absent exclusively in the M3 mutant, suggesting its critical role

in the generation of the GJA3-30 k fragment. ¢ A structural model

of the DNA-bound GJA3-30 k complex, as predicted by AlphaFold3.
d Superimposed structures of GJA3-30 k (green) and RAD50 (red),
illustrating structural similarities between GJA3-30 k and RAD50,

a protein essential for DNA repair and cell cycle regulation

5GO0X), a protein involved in repairing double-strand
DNA breaks which contains a coiled-coil zinc-hook
motif designed for DNA binding and GJA3-30 k were
found using Dali server (Fig. 6d).

Both Cx46 and the GJA3-30 k isoform are present in the nuclei
of prostate, melanoma and breast cancer cell lines

To determine whether Cx46 and/or GJA3-30 k are pre-
sent in the nuclei of cancer cells beyond HeLa and Sk-
Mel-2, we performed nuclear isolation and Western
blot analyses in prostate (DU145, LnCap, PC3), mela-
noma (Sk-Mel-2, Mel-1, 397Mel), and breast (ZR75,
MDA-MB-231) cancer cell lines. Laminin B was used as
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nuclear marker and GAPDH and actin as cytoplasmic
markers. As expected, the nuclear marker Laminin B
was almost exclusively present in the nuclear fractions
(Fig. 7, N lanes), while GAPDH and actin were pre-
dominantly cytoplasmic (Fig. 7, C lanes). In prostate,
melanoma, and breast cancer cells, Cx46 was detected
in both the nuclear and cytoplasmic fractions, and
notably, GJA3-30 k was clearly present in the nucleus of
melanoma cell lines, however we van not discharge low
levels in the other cell lines. These findings reinforce
our previous observations and suggest that Cx46 and
its alternatively translated isoform GJA3-30 k may act
as transcriptional regulators in multiple cancer types.

Discussion

Our findings reveal that Cx46 expression in HeLa cells
is associated with mesenchymal and CSC traits, enhanc-
ing invasiveness through interactions with cancer-related
gene promoters. Confocal immunofluorescence and
biochemical analyses confirm its nuclear localization,
which is consistent with its co-localization with Nopp-
140 in pituitary folliculostellate cells [26]. The detection
of a 30 kDa band in nuclear extracts suggests a role in
gene regulation, aligning with evidence that Cx C-ter-
minal domains interact with proteins to modulate gene
expression, proliferation, and migration [10, 72-76].
Additionally, Cx26 and Cx43 may directly bind nucleo-
tides [77], reinforcing Cx46’s involvement in transcrip-
tional regulation. Although Cxs exhibit both anti- and
pro-tumorigenic properties [78], Cx46 is predominantly
pro-tumorigenic, driving mesenchymal and CSC traits in
breast cancer and glioblastoma models [21-24]. While
its role in cancer progression is well accepted, underly-
ing mechanisms remain unclear. Beyond their ion chan-
nel function, Cxs interact with proteins and DNA. This
study provides the first evidence that Cx46 acts as a tran-
scriptional regulator in cancer, upregulating oncogenes
and increasing invasiveness. Notably, Cx46 motif analy-
sis identified binding sites for SP1 and ZNF263, both
implicated in cancer progression and therapy resistance
[79-83]. Their presence in the Cx46 regulatory network
suggests they may act as co-regulators, warranting fur-
ther investigation.

Cx46’s role in HeLa cells aligns with findings in glio-
blastoma and MCF-7 breast cancer cells [21-24], indicat-
ing that its function is not cell type-dependent. TCGA
data confirmed its upregulation across cancers, but its
impact may depend more on its nuclear localization than
in its expression levels alone. While elevated in breast
invasive carcinoma and linked to aggressive MCEF-7 phe-
notypes [24], a meta-analysis of~1900 breast cancer
patients found no correlation between overall Cx46 pro-
tein levels and survival [84]. Similarly, Cx43’s membrane
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Fig. 7 Western blot analysis of nuclear and cytoplasmic protein fractions from prostate cancer (DU145, LNCaP, and PC3), melanoma (SkMel2,
397Mel, and Mel1), and breast cancer (MDA-MB-231 and ZR75) cell lines. Lamin B1 was used as a nuclear purity control (N) and GAPDH and actin

as cytoplasmic markers (C). The western blots demonstrate Cx46 expression across all analyzed cell lines, presented at both high and low exposure
times. Cx46 is observed at molecular weights of approximately 68, 63, 46 kDa. Additionally, the melanoma cell lines show the presence of GJA3-30 K.
Two exposure times for Cx46 are shown: one at 2 s and the other at 10 s, in order to highlight bands with lower abundance

localization correlates with greater survival, whereas its
cytoplasmic localization does not [85]. Our findings sug-
gest that nuclear Cx46 may contribute to a more aggres-
sive phenotype, emphasizing the need to investigate its
localization in cancer progression.

Dysregulated TF activity in cancer cells enhances
aggressiveness, metastasis, and chemoresistance [86].
Understanding how these TFs drive malignancy is crucial
for cancer therapy development [87]. Our gene network
analysis reveals that Cx46 modulates TP53 and Myc—
genes frequently altered in cancer and linked to poor
prognosis [88, 89]. This suggests that Cx46 may amplify
oncogene activity and activate malignancy-associated
pathways, highlighting its potential as a therapeutic tar-
get. A key discovery is that GJA3-30 k localizes in the
nucleus, where molecular simulations suggest it interacts
with DNA as a dimer. Its 3D structure resembles RAD50,
a protein essential for DNA repair and cell cycle regula-
tion. Future analyses could determine whether GJA3-30 k
forms structures similar to known TFs, such as zinc fin-
ger proteins. Unlike most Cxs, which are ubiquitously
expressed throughout the human body, Cx46 is physi-
ologically expressed exclusively in the eye lens [19]. This
unique expression pattern makes it a promising candi-
date for use as a biomarker for tumor invasiveness, as its
absence in non-tumoral cells would minimize false posi-
tives. Additionally, its potential as a therapeutic target is
particularly interesting, as a drug targeting Cx46 could
have reduced systemic side effects, with the primary con-
cern being its impact on lens transparency.

In conclusion, this study redefines Cx46 as a transcrip-
tional regulator in cancer. Its ability to upregulate oncogenes
and drive invasiveness underscores a novel tumorigenic
mechanism. The identification of SP1 and ZNF263 as
potential co-regulators adds complexity to its regulatory
network. Further research is needed to elucidate the molec-
ular and clinical implications of Cx46 in cancer progression.
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