GJB5 association with BRAF mutation and survival in cutaneous
malignant melanoma
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Summary

Background

Gap-junctional intercellular communication is crucial for epidermal cellular homeostasis. Inability to
establish melanocyte—keratinocyte contact and loss of the intercellular junction’s integrity may
contribute to melanoma development. Connexins, laminins and desmocollins have been implicated
in the control of melanoma growth, where their reduced expression has been reported in metastatic
lesions.

Obijectives

The aim of this study was to investigate connexin 31:1 (GJB5) expression and identify any association
with BRAF mutational status, prognosis of patients with melanoma and mitogen-activated protein
kinase (MAPK) inhibitor (MAPKi) treatment.



Methods

GJB5 expression was measured at RNA and protein level in melanoma clinical samples and
established cell lines treated (or not) with BRAF and MEK inhibitors (MEKi), as well as in cell lines
which developed MAPKi resistance. Findings were further validated and confirmed by analysis of
independent datasets.

Results

Our analysis reveals significant downregulation of GIB5 expression in metastatic melanoma lesions
compared with primary ones and in BRAF-mutated vs. BRAF-wildtype (BRAFWT) melanomas.
Likewise, GJB5 expression is significantly lower in BRAFV600E compared with BRAFWT cell lines and
increases on MAPKi treatment. MAPKi-resistant melanoma cells display a similar expression pattern
compared with BRAFWT cells, with increased GJB5 expression associated with morphological
changes. Enhancement of BRAFV600E expression in BRAFWT melanoma cells significantly
upregulates miR-335-5p expression with consequent downregulation of GJB5, one of its targets.
Furthermore, overexpression of miR-335-5p in two BRAFWT cell lines confirms specific GIB5 protein
downregulation. Reverse transcriptase quantitative polymerase chain reaction analysis also revealed
upregulation of miR-335 in BRAFV600E melanoma cells, which is significantly downregulated in cells
resistant to MEKi. Our data were further validated using the TCGA_SKCM dataset, where BRAF
mutations associate with increased miR-335 expression and inversely correlate with GIB5 expression.
In clinical samples, GJB5 underexpression is also associated with patient overall worse survival,
especially at early stages.

Conclusions

Cutaneous melanoma originates by uncontrolled growth of melanocytes. Usually, each melanocyte
forms contacts with about 30 keratinocytes within the basal and suprabasal layers forming the
epidermal-melanin unit,1 and the connexin compatibilities of the two cell types render them capable
of hetero-cellular gap-junctional intercellular communication (GJIC).2 GJIC is important for the
maintenance of cellular homeostasis, regulation of proliferation, differentiation and apoptosis. Loss of
the ability to form hetero-cellular contacts and exhibit GJIC to keratinocytes may contribute to
melanoma growth within the epidermis.1 Gap junctions were first implicated in tumorigenesis nearly
50 years ago.3 In several studies GJIC resulted compromised in cancer cell lines, due to the
downregulation or even absence of connexins.4-6 Knockout mice for connexin 32 (Cx32) were shown
to be prone to developing chemical- and radiation-induced tumours, supporting the thesis that
connexins have tumour-suppressor properties.7, 8 In agreement with those findings, connexin 26 or
43 (Cx26 or Cx43) ectopic expression in tumour cells causes a reduction of tumorigenic behaviours.9
More recently, connexins have also been linked with tumour growth progression at late stages of the
disease,10 and defined as conditional tumour suppressors. Finally, a recent report revealed an
important role for Cx43 in controlling melanoma growth, death and metastasis, emphasizing the
potential use of compounds that selectively enhance connexin expression in future
chemotherapy/immunotherapy protocols.11 An even more recent review suggests that Cx46 could



also have an important role in melanoma growth and early stages of metastasis, encouraging the
scientific community to further investigate the role of connexins in melanoma progression and
survival.12

In a previous work, we performed whole-genome expression profiling of 57 melanocytic lesions and
noticed a strong enrichment of collagens, laminins, desmocollins and connexins within the genes with
reduced expression in melanoma metastases (MTS).13 In particular, both GJB5 (gap-junction protein,
Beta 5, Cx31:1) and GJB2 (gap-junction protein, Beta 2, Cx26) were significantly downregulated in
metastases compared with vertical growth phase melanomas (VGPM). GJB2 expression in melanoma
tissue has been shown to promote a metastatic cell phenotype and enhance the establishment of new
tumour niches through cell-to-cell communication with the surrounding tissue.12 Regarding GJB5, a
recent report has shown that it acts as a key regulator of migration and invasion in lung cancer cells,14
although no specific study on GJB5 in melanoma has been published so far. We therefore further
explored the role of GJB5 in melanoma using published melanoma expression datasets, also focusing
on its possible relationship with BRAF mutation. Then, exploiting a cohort of fresh and fixed melanoma
tissues as well as established melanoma cell lines, we characterized GJB5 gene and protein
expression in BRAF-mutated with respect to BRAF and NRAS wildtype melanomas, and in sensitive
and resistant melanoma cells on treatment with mitogen activated protein kinase (MAPK) inhibitors
(MAPKi). Measurement of miR-335 suggested its involvement in the regulation of GJB5 expression in
melanoma cells. Lastly, our work revealed a strong association between GJB5 and patient prognosis.

Materials and methods
Tissue samples

GJB5 mRNA expression was analysed in 37 samples (14 common melanocytic naevi, 18 primary
melanomas and five melanoma metastases, shown in Table 1) from a cohort of frozen lesions
previously profiled by whole-genome microarrays.13 Naevi and primary melanomas were also
genotyped for BRAF and NRAS mutation, starting from formalin-fixed paraffin-embedded (FFPE) tissue
sections. An independent cohort of 25 FFPE samples (19 primary melanomas and six naevi) was also
collected and genotyped to validate microarray results for GJB5 expression at the protein level by
immunohistochemistry (IHC). All tissue samples were collected at the Candiolo Cancer Institute
(FPO-IRCCS) as previously described,13 in agreement with the research rules of its Ethical Committee
on human experimentation. Appropriate written informed consent was collected from all individuals
included in the analysis.

Melanoma cell lines

The following melanoma cell lines were used: five BRAFWT (Mel 505, HBL, LM1, CHL-1 and C8161),
five BRAFV600E (A375M, WM1158, WM278, WM793 and WM164), two NRASQ61mt (LM6 and
WM1361), four vemurafenib (PLX4032)-resistant (A375M-PLX, WM1158-PLX, WM278-PLX and WM793-
PLX) and one trametinib-resistant (A375M-TR). Mel 505 cells were grown in RPM| medium
supplemented with 10% fetal bovine serum (FBS), 1% glutamine and 0-5% nonessential amino acid.
HBL cells were cultured in DMEM medium supplemented with 10% FBS and 1% glutamine. All the
other melanoma cell lines were grown in RPMI medium supplemented with 10% FBS and 1%



glutamine and for C8161 20 mmol L-1 Hepes and 0-1% gentamicin sulphate were also added.
Vemurafenib- and trametinib-resistant melanoma cell lines were generated in the lab by chronic
exposure with PLX4032 or trametinib. Each parental cell line was independently treated with
increasing concentrations of PLX4032 up to 3 pmol L-1 or trametinib up to 50 nmol L-1 in a stepwise
manner to generate an isogenic-resistant subline. Cells with the ability to grow in 3 pmol L-1 of
PLX4032 or 50 nmol L-1 trametinib were obtained ~3 months after the initial drug exposure.
Resistance to PLX4032 or trametinib was confirmed by lack of Phospho-MEK or Phospho-ERK
inhibition on MAPKi exposure.15 All resistant cells were maintained in RPMI medium supplemented
with 10% FBS, 1% glutamine and 3 pmol L-1 PLX4032 or 50 nmol L-1 trametinib, respectively.

DNA mutation analysis

Fresh and fixed tissues derived from each lesion were macro-dissected and DNA was isolated by using
QIAamp DNA micro Kit (Qiagen). BRAF exon 15 and NRAS exons 2 and 3 were amplified by polymerase
chain reaction (PCR) using primers and conditions as previously reported.16 NRAS exons 2 and 3 were
amplified using the following primers: exon 2, forward 5'-ATGACTGAGTACAAACTGGT and reverse 5'-
CTCTATGGTGGGATCATATT; exon 3, forward 5'-TCTTACAGAAAACAAGTG and reverse 5'-
GTAGAGGTTAATATCCGCAA. PCR conditions for NRAS exons 2 and 3 were the same: initial
denaturation at 95 °C for 5 min, 36 cycles at 95 °C for 30 s, at 52 °C for 30 s, at 72 °C for 30 s, followed
by final elongation at 72 °C for 7 min. PCR products were purified by ExoSAP-IT (USB Corporation,
Cleveland, OH, USA) and sequenced using Big Dye Terminator V3:1 Cycle Sequencing Kit on AB3500dx
DNA Analyzer (Life Technologies). Sequence analysis was performed by Variant Reporter (Life
Technologies). The percentage of mutated alleles for each BRAFV600E sample was established by
means of pyrosequencing.15 Samples were divided into three groups: BRAFWT, BRAF+ and BRAF++
according to percentages of mutated alleles (none, 50-75%, > 75%).

Gene expression datasets

Gene expression profiles of our cohort are available on Gene Expression Omnibus public database
(GSE12391).13 The following external datasets were used in the analyses: GSE8401,17 TCGA_SKCM
(http://cancergenome.nih.gov/), GSE3189,18 GSE19234,19 GSE65904,20 GSE4651721 and the
Leeds Melanoma Cohort (LMC) currently held within the European Genome-Phenome Archive at the
European Bioinformatics Institute (accession number EGAS00000000029).

Gene selection and annotation

To compare class expression patterns between BRAF-mutated and BRAF/NRAS wildtype samples,
moderated t-test and empirical Bayes statistics were applied using the R package limma (Linear
Models for Microarray Data).22 Transcripts with significant modulation (B > 2) for empirical Bayes
statistics were considered further.

One-way anova with Benjamini-Hochberg correction for multiple testing23 was applied to compare
gene expression in BRAFWT, BRAF+ and BRAF++ classes. Transcripts with significant P-value (< 0-01),
increasing or decreasing expression trends and absolute difference > 0-7 between BRAFWT and
BRAF++ were considered further.



GSEA software24 was used to perform gene-set enrichment analysis. The NCBI database
(http://www.ncbi.nlm.nih.gov/) and UCSC Genome Bioinformatics websites were used
(http://genome.ucsc.edu/) to retrieve functional information on selected genes.

Tagman advance miRNA assay

After RNA extraction, 10 ng were used to perform a reverse-transcription reaction using TagManTM
Advanced miRNA cDNA Synthesis Kit (#A28007), according to the manufacturer’s instructions.
Quantitative PCR reactions were performed with the cDNA using TagManTM Fast Advanced Master Mix
(#4444965) and TagManTM Advance miRNA assays from Thermo Fisher Scientific (hsa-miR-335-5p,
sequence: UCAAGAGCAAUAACGAAAAAUGU, assay ID: 478324_mir; hsa-miR-25-3p, sequence:
CAUUGCACUUGUCUCGGUCUGA, assay ID: 477994_mir). All reactions were performed in triplicate
on a 96-well plate on a StepOnePlusTM real-time PCR machine (Thermo Fisher Scientific) and miR-25-
3p, arecommended endogenous control, was used to normalize the expression of all miRNA
assays.25 The cycle threshold (Ct) values of target miRNAs were normalized to the Ct value for miR-
25-3p. The miRNA samples were analysed using the 2-AACT method.

Immunohistochemistry

Histological sections (4 pm) were mounted on silanized slides and allowed to dry for 1 h atroom
temperature, followed by 1-h incubation in an oven at 60 °C. Immunohistochemical staining (IHC) for
GJB5 was performed according to our standard routine protocol using the Envision Flex (DAKO,
Glostrup, Denmark). Fixed sections were retrieved in citrate buffer at pH 6:-0 in Target Retrieval
Solution (DAKO) in a high-pressure cooker and incubated with polyclonal rabbit antibody anti-human
GJB5 (1:50, #67290, Abcam, Cambridge, UK) for 60 min at room temperature. Negative control slides
were incubated with the antibody diluent alone and no primary antibody under equivalent conditions.
The final reaction was visualized using 3,3'-diaminobenzidine (DAB) in a buffer/hydrogen peroxide
solution for 10 min. Finally, sections were counterstained with Harris’s haematoxylin, dehydrated and
mounted in DPX. Immuno-positive cells were determined semi-quantitatively in a percentage of the
total tumour cell fraction. GJB5 expression has been calculated as cytoplasmic intensity score (1-2-3).

Western blot analysis

Cells were seeded in six-well plates and the day after treated with DMSO, 3 pymol L-1 PLX4032 or 50
nmol L-1 trametinib (GSK1120212) (Selleck Chemicals, Houston, TX, USA). After 24-48 h, the cells
were harvested and lysed with RIPA lysis buffer. An equal amount of protein lysates was resuspended
in 10X NuPage reducing agent (Invitrogen #NP0009) and 4X NuPage lithium dodecyl sulfate sample
buffer (Invitrogen #NP0007). Samples were mixed and heated at 70 °C for 10 min. Protein samples
were resolved using Bis-Tris gels. Upon completion of protein transfer, the membrane was washed,
blocked for 1 h with 1% bovine serum albumin (BSA, Sigma) in phosphate-buffered saline (PBS) and
incubated with anti-GJB5 antibody (1 : 500, sc-515690, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1 : 2500, #G9545, Sigma-
Aldrich, St Louis, MO, USA) in PBS with 1% BSA at 4 °C overnight. After three washes (10-min each) in
PBS-Tween 0-1%, the secondary antibody incubation was performed using a peroxidase-conjugated
antimouse (1 : 5000 DAKO) or antirabbit (1 : 10 000 DAKO) antibody in PBS-Tween 0:1% with 1% BSA



for 45 min. After three washes in PBS-Tween 0-1%, a bound secondary antibody was detected by
enhanced chemiluminescence with ECL (GE Healthcare) according to the manufacturer’s protocol.

Immunofluorescence

Cells were seeded in 24-well plates onto coverslips, treated with DMSO, 3 pmol L-1 PLX4032 or 50
nmol L-1 trametinib for 24-48 h and fixed in 4% formaldehyde. Once washed in PBS, cell membranes
were permeabilized in 0-3% Triton X-100 for 2 min at room temperature; coverslips were then washed
twice with PBS for 10 min to remove any residual detergent. Cells were incubated with 5% goat
serum/PBS for 30 min followed by incubation with anti-GJB5 antibody diluted in 5% goat serum/PBS
overnight at 4 °C. Cells were washed three times for 10 min in PBS and incubated with the appropriate
fluorophore-coupled secondary antibody (1 : 500) for 1 h at room temperature in the dark. Cells were
washed twice for 10 min in PBS then incubated with 4',6-diamidino-2-phenylindole (DAPI) for 10 min
followed by two washes in PBS for 10 min. Coverslips were mounted onto a glass slide using
Vectashield Mounting Medium and imaged with a Zeiss upright 710 confocal microscope.

GJB5 expression regulation
Overexpression

Cells seeded on six-well plates were transiently transfected with a GIB5 untagged expression plasmid
(#SC123764) or with an empty vector plasmid using Polyplus jetPRIME transfection reagent (Polyplus-
transfection® SA). One pg of plasmid DNA diluted in Polyplus jetPRIME reagent was transfected in
each well according to the manufacturer’s protocol. Cells were harvested at 48 h and GJB5 expression
was assessed by Western blotting.

siRNA

Cells seeded onto six-well plates were silenced using Polyplus jetPRIME transfection reagent
(Polyplus-transfection® SA), according to the manufacturer’s instructions. A pool of three small
interfering RNA (siRNA) sequences (#SC-88186, Santa Cruz Biotechnology) were used to silence GJB5.
Briefly, siRNA at a concentration of 50 nmol L-1 was incubated with Polyplus jetPRIME reagent in
Penicillin/Streptomycin-free media. Control cells were either untreated or transfected with a scramble
Si-RNA sequence. Cells were harvested at 48 h and GJB5 downregulation was assessed by Western
blotting.

hsa-mir-335

After cell seeding onto six-well plates, a MISSION miRNA mimic for miR-335 (#HMI10490, Sigma-
Aldrich) and an unrelated miRNA control were introduced into the cells, according to the
manufacturer’s instructions. The miRNA mimic was incubated with Polyplus jetPRIME reagent at a
concentration of 10 nmol L-1. Cells were harvested at 48 h and expression of GIB5 on miRNA mimics
expression was assessed by Western blotting.



Statistical analysis

Student’s t-test was applied to check statistical significance in two-class comparison using reverse-
transcriptase quantitative polymerase chain reaction (RT-qPCR) data, using 0-05 as the cutoff for P-
values. Kaplan—-Meier analysis was performed using the survival package from R.

Results

GJB5 expression decreases with melanoma progression and is inversely correlated with BRAF
mutation

GJB5 expression in the clinical samples we previously profiled (GSE12391 dataset)13 showed a strong
decrease (moderated t-test, P-value < 0-0001) from primary (n = 23) to metastatic (n = 5) melanomas
(Figure 1a). This finding was confirmed in other larger published datasets, such as GSE8401 (Figure 2a)
and TCGA_SKCM (Figure 2b). In common naevi, GJB5 was more expressed than in primary
melanomas, both in our (Figure 2c) and in other published datasets, such as GSE3189 (Figure 2d).

No lesion in our cohort was mutated in NRAS exons 2-3, while BRAF mutation in exon 15 was found in
60% of the samples. Within the group of genes with higher expression in mutated melanomas or with
an increasing trend from wildtype melanomas to BRAF++, we identified Enhancer of Polycomb
Homolog 1 (EPC1), SRY-Box 2 (SOX2) and Catenin Beta 1 (CTNNB1), all stem-cell markers (Figure 1b—
d). Conversely, GSEA revealed that the downregulated transcripts were enriched in cadherins, serpins,
laminins, connexins and genes that negatively regulate the formation of metastases (Figure 1e).
Among them, the most significant was indeed GJB5. GJB5 showed a decreasing trend from BRAFWT to
BRAF++ melanomas (Figure 1f), with a lower expression in BRAF-mutated than in BRAFWT lesions (F-
statistics, P-value = 0-:0063). Analysis of TCGA_SKCM metastatic samples confirmed this trend (Figure
2e) (t-test, P-value = 0-023). Because about 80% of naevi are positive for the BRAF mutation,26 we
evaluated the expression of GJB5 within our cohort of common naevi, observing a lower, although not
significantly, expression in BRAF-mutated vs. BRAFWT naevi (logFC -0-7, t-test, P-value = 0-3).

An independent cohort of 25 fixed lesions (19 primary melanomas and six naevi) was stained for GJB5
expression and genotyped for BRAF and NRAS. In agreement with microarray data, lower GJB5
expression was confirmed in BRAFV600 compared with BRAFWT melanomas (Figure 3a, b) and
common melanocytic naevi (Figure 3c, d).

GJB5 endogenous protein level was also analysed by Western blotting on several established
melanoma cell lines. We report GJB5 downregulation in cell lines derived from metastatic lesions
(A375M, C8161, WM1158, WM164, WM1361) compared with cell lines derived from primary
melanomas (LM1, LM6, Mel 505). In the same panel of cell lines, connexin 26 (GJB2) displayed a more
heterogeneous expression pattern (Figure 3e). Moreover, GJB5 protein expression was mainly detected
in BRAFWT cell lines when compared with BRAFV600E melanoma cells (Figure 3f), supporting
previous results obtained on clinical samples. Overexpression of GJB5 in BRAFV600E A375M cells did
not affect the endogenous expression of other connexins (GJA1 and GJB1) (Figure 3g). To further



confirm this, GJA1, GJB1 and GJB2 expression did not compensate for GJB5 loss nor decrease when
endogenous levels of GJB5 were downregulated by siRNA interference in two BRAFWT melanoma cell
lines (Figure 3h).

GJB5 expression is restored on treatment of BRAFV600E melanoma cells with BRAF and MEK inhibitors
and is regulated by miR-335-5p

To establish a link between the mutational status of BRAF and absence or downregulation of GJB5
expression, we investigated the effect of BRAF and MEK inhibition on GJB5 protein expression by
exposing BRAFV600E melanoma cell lines to vemurafenib and/or trametinib.

Specific inhibition of BRAF with vemurafenib for 24 h produced an upregulation of GJB5 protein
expression (Figure 4a, b) in BRAFV600E-mutated WM1158, A375M, WM793 and WM278 melanoma
cells. Likewise, MEK inhibition with trametinib caused an increase of GJB5 levels in WM278, WM793
and A375M melanoma cells (Figure 4c—e), although the combined treatment (vemurafenib plus
trametinib) did not result in a further increase (Figure 4c). We also observed that GJB5 was more
expressed in vemurafenib-resistant cells (Figure 4a, b) as well as in trametinib-resistant ones (Figure
4d, e) compared with their parental cell lines, although upregulation in trametinib-resistant cells was
also linked with a significant cytoskeleton dysregulation not observed in the vemurafenib-resistant
cells (Figure 4e).

To further investigate how MAPK signalling could affect GJB5 expression, we transiently enhanced
BRAFV600E expression in BRAFWT CHL-1 melanoma cells, which resulted in activation of
phosphorylated MEK and ERK (Figure 4f). Upon transient expression of BRAFV600E, the expression of
the only experimentally found microRNA that targets GJB5 (as reported in
http://mirtarbase.cuhk.edu.cn/), namely miR-335-5p, significantly increased (Figure 4g), and was
associated with GJB5 downregulation (Figure 4f). RT-gPCR analysis further confirmed miR-335-5p
upregulation in BRAFV600E melanoma cell lines, which was reduced on development of MAPKi
resistance, more significantly with MEK inhibitor (MEKi) resistance (Figure 4h). Likewise, transient
overexpression of miR-335 mimics was able to reduce endogenous expression of GJB5 in two different
BRAFWT melanoma cell lines without affecting the expression of GIB2 (Figure 4i).

Validation in TCGA_SKCM samples (n = 353) revealed a statistically significant tendency towards
mutual exclusivity between mutated BRAF and GJB5 overexpression, co-occurrence of mutated BRAF
and miR-335-5p gain, as well as a tendency towards mutual exclusivity between overexpressed GJB5
and miR-335-5p gain (Figure 4j, lower panel). miR-335-5p expression in BRAF-mutated (n = 114) was
higher than in BRAFWT (n = 120) cutaneous melanomas (t-test, P-value = 0-06) (Figure 4j, upper panel).

GJB5 expression and survival of patients with melanoma

To evaluate whether the expression of GJB5 could have a prognostic value, we looked for any
association between GJB5 mRNA level and patient survival (10 years of follow-up data) in our cohort of
fresh melanoma tissues. Kaplan-Meier analysis revealed that patients with higher GJB5 expression



had a better prognosis compared with patients with lower GJB5 (P = 0-00148) (Figure 5a). Interestingly,
all nine patients who died from melanoma were among the top 13 samples with lower GJB5
expression. The same analysis was repeated in four other datasets with available follow-up
information (Figure 5b—e) and a positive association with better prognosis was confirmed, especially
for the GSE46517 dataset (log-rank test P-value = 0-000009) and for the LMC which contains early
stages only and is the largest one including more than 700 patients (log-rank test P-value = 0-00115).

Discussion

The data in the literature show the involvement of gap junctions in tumour progression and in
particular their role as tumour suppressors.4-6 27 Lack of connexins was associated with
development of chemical- and radiation-induced tumours,7, 8 while reintroduction of connexins was
shown to decrease tumorigenic behaviours.9 Recently, Tittarelli and coworkers identified connexin 43
(Cx43) as an important key player in melanoma development and suggested the use of compounds
that selectively enhance connexin expression for melanoma therapy.12 For example, all-trans retinoic
acid (ATRA), an analogue of vitamin A, is currently being studied extensively for its potential as a
therapeutic and chemopreventive agent. The antitumour effects of ATRA in various types of cancers
are associated with its ability to restore gap-junction function of otherwise gap-junctional
communication-impaired tumour cells.28, 29

US Food and Drug Administration approval of vemurafenib as the first BRAF inhibitor (BRAFi) in 2011
represented a milestone in melanoma therapy, and other similar compounds were successively
developed and approved. However, as resistance to anti-BRAF therapy inevitably occurs, being able to
characterize a BRAF sighature in melanomas and find new potential druggable targets implicated in
melanomagenesis/progression represent the major challenges at present of potentiating and
prolonging anti-BRAF therapies.

We analysed the BRAF-associated transcriptome in a cohort of fresh melanocytic lesions13 and
identified a signature characterized by the upregulation of metastatic processes and stem-cell
markers, highlighting overlapping signalling networks that regulate both stem-cell migration and
malignant melanoma dissemination.30-32 We also reported the downregulation of genes that
negatively control the formation of metastases, including cadherins, serpins, laminins and connexins.
Among them, GJB5 showed a significant lower expression in melanoma metastases compared with
primary melanomas and in BRAF-mutated compared with wildtype lesions. Indeed, those results were
confirmed in external published datasets. The inverse correlation between the presence of BRAF
mutation and GJB5 expression was validated at the protein level by IHC, using an independent cohort
of fixed primary melanomas as well as common melanocytic naevi. Interestingly, the protein was
almost undetectable in BRAF-mutated cell lines, and it was re-expressed on treatment with BRAFi and
MEK:i, although with a different localization pattern.

Our results suggest a dependence of GJB5 expression on aberrant BRAF signalling, with mutant BRAF
exerting inhibition and treatment targeting BRAF being able to restore its expression. In melanoma cell
lines that developed MAPKi resistance on chronic exposure to vemurafenib or trametinib, GJIB5 was



expressed, showing a similar pattern to BRAFWT ones. Even if MAPK signhalling plays an important role
in acquired resistance to BRAFi, probably in this context its role is not mainly responsible.32-34 PI3K-
AKT,35 EGFR-SFK-STAT336 or other pathways involved in resistance mechanisms could have a role in
explaining why GJB5 is re-expressed at basal levels such as in BRAFi-resistant cells or at high levels,
such as in MEKi-resistant cells. For instance, MAPKi-resistant melanoma cells often display
morphological changes and overall increased plasticity probably driven by cytoskeleton
reorganization.15, 37

Expression of BRAF mutation in melanoma represents a negative prognostic factor.37-42 Here we
have shown that induction of BRAFV600E in BRAFWT melanoma cells not only activated MAPK
signalling but also upregulated miR-335-5p expression.43, 44 Measurement by RT-qPCR confirmed
upregulation of miR-335-5p in BRAFV600E melanoma cell lines, which was significantly
downregulated when cells became resistant to MEKi. To further confirm this, transduction of miR-335
in BRAFWT melanoma cells can specifically downregulate GJB5 protein expression, providing a novel
mechanism of control of gap-junction integrity by BRAF via a microRNA (Figure 4k). This functional
model has been further confirmed by an independent study (TCGA_SKCM dataset), where a
correlation between increased miR-335-5p expression in BRAF-mutated melanoma samples and GJB5
downregulation was identified.

Previous studies have already shown that downregulation of connexins may enhance melanoma
capability of developing metastases.45 Indeed, GJA1 is included into the prognostic genetic signature
for cutaneous melanoma metastatic risk developed by Gerami and colleagues.46 Here we found that
GJB5 expression was not only reduced in melanoma metastases but was also inversely associated
with overall survival in our cohort (Figure 5a). This result was confirmed in two larger independent
cohorts including 82 (Figure 5d) and 703 (Figure 5e) patients, respectively, and, to a lesser extent, in
two other smaller cohorts (Figure 5b, c). All the datasets provided more than 10 years of follow-up
information and the LMC did not contain any metastatic sample, thus strengthening the prognostic
role of GJB5. Although information about patient treatment was not always available, any lower
association could be linked with the advent of BRAFi and MEKi that have contributed in recent years to
increased survival in advanced-stage mutated melanomas.

In summary, we identified a significant association between melanoma metastases/BRAF mutation
and low GJB5 expression in fresh and fixed melanoma lesions, both at mRNA and protein levels.
Analyses on melanoma cell lines confirmed a direct link between BRAF mutation and GJB5 expression
via miR-335-5p, showing that GJB5 is restored in BRAFV600E cell lines on treatment with BRAFi and
MEK:i. Finally, overall survival analysis indicated an association between GJB5 expression and
favourable outcome, supporting a prognostic role for GJB5 in cutaneous melanoma.
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Table 1 Patients characteristics of fresh frozen tissue samples used for gene expression profiling experiments and BRAF/NRAS sequencing. All
samples were NRAS wildtype

Sample Sex Histotype Site BRAF' % Stage
N31 M Compound naevus Sovra-gluteal WT CMN
N29 F Compound naevus Arm WT CMN
N32 M Intradermal naevus Shoulder WT CMN
N28 F Junctional naevus Pubis WT CMN
N2§ F Compound naevus Breast WT CMN
N23 F Intradermal naevus Peri-umbilical + CMN
N27 F Compound naevus Hip + CMN
N3§ F Compound naevus Leg + CMN
N26 M Compound naevus Back ++ CMN
N36 F Intradermal naevus Lumbar region + CMN
N4 F Compound naevus Thigh + CMN
M10a M Compound underlying naevus Shoulder + CMN
N22a M Junctional naevus Lumbar region + CMN
N22b M Compound naevus Back + CMN
M3 M CLIL; 0-3 mm Arm WT RGPM
Mé M CLIV; 2-:2 mm Thigh WT VGPM
M23b M CLIV; 1-7 mm Thigh WT VGPM
M42 M CLV; 85 mm Armpit WT VGPM
M40 M CLIV; 1 mm Chest WT VGPM
Mla F CLIV; 0-9 mm Leg wT VGPM
Mi4 M CL IIL; 0-65 mm Thigh ++ VGPM
Mi8 M CLIV; 9 mm Back + VGPM
Mi3 F CL IIL; 0-65 mm Arm ++ VGPM
Mi2 F CLIL; 0-2 mm Leg ++ RGPM
M20 M CLI; 0-3 mm Chest + RGPM
M24a F CL IIL; 0-7 mm Back + VGPM
M21 F CLIL; 0-5 mm Shoulder + RGPM
M3s§ M CLIV; 9 mm Back + VGPM
M37 M CLV; 10 mm Chest + VGPM
M1l M CLIV; 0-3 mm Shoulder o VGPM
M25§ F CLV; 6 mm Leg + VGPM
M10b M CLIL; 0-3 mm Shoulder + RGPM
M30 F Thigh MTS
M3s8 F Derma MTS
M8 M Node MTS
M36 F Node MTS
M33 M Back MTS
CL, Clark level; CMN, common melanocytic naevus; MTS, metastatic; RGPM, radial growth phase melanoma; VGPM, vertical growth phase

melanoma; WT, wildtype.
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Figure 1 (2) GJBS expression levels in melanoma samples. Boxplots showing GJBS expression in primary (RGPM, VGPM) compared with
melinoma metastases, derived from microarray data (moderated t-test, P-value < 0-0001). (b-d, f) Boxplots showing EPC1 (b), SOX2 (c).
CTNNBI (d) and GJBS (f) expression in BRAF™', BRAFY**®" and BRAFY*®"" in melanoma samples classes, derived from microarray dau (F-
statistics, P-value < 0-01). (e) Gene expression profiling data generated by microarray were analysed using gene-set enrichment analysis 1o extract
biological knowledge. Module 297, Rickman metastasis DN and Jaeger metastasis DN gene sets were highly significandy enriched (false
discovery rate q-value < 0-005) within the genes downregulated in BRAF-mutated samples. *hutps://www.gsea-msigdb.org/gsea/msigdb/ cards/
module_297. RGPM, radial growth phase melanoma; VGPM, vertical growth phase melanoma; WT, wild-type.
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Figure 2 GJBS expression in external datsets. (2, b) GJBS expression in primary vs. metastatic melanomas from GSE8401 and TCGA_SKCM data-
sets (1-test, P-value < 0-001). (c, d) GJBS expression profile in benign naevi and in malignant melanomas from GSE12391 and GSE3189 datasets
(t-test, P-value < 0-001). (¢) GJBS expression in BRAF-mutated vs. BRAF wildtype metastatic melanomas from TCGA_SKCM (t-test, P-value = 0-05).
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Figure 3 GJBS expression in melanocytic lesions in relation to BRAF status and disease progression. (a) Immunohistochemical analysis of GJBS
staining in melanomas. GJBS protein expression in BRAF"™ (left panel) compared with BRAFY*°* melanoma (right panel). (b) GJBS intensity scores in
the two classes of melanoma lesions. (¢) Immunohistochemical analysis of GJBS staining and (d) quantification of intensity scores in naevi with
different BRAF mutational status. Black scale bars represent 100 pm. () Western blot analysis of GJBS and GJB2 protein expression in cell lines
derived from primary (IM1, IM6, Mel 505) and metastatic (A375M, C8161, WM1158, WM164, WM1361) melanoma lesions. (f) Western blot
analysis of GJBS protein expression in four BRAF'“*“* melanoma cell lines (WM1158, WM793, WM278, A375M) compared with three BRAF™”
melanoma cell lines (Mel 505, HBL, IMé). In (¢) and (f) GAPDH was used as a loading control and relative expression signals were calculated and
plotted on the right-side graph. Western blots were run more than three times and the analysis summarizes the average signals of all the blots. (g)
Protein expression analysis of different connexins on overexpression of GJBS in BRAF'**** melanoma cells (A375M). Cells were wransiently transfected
with GJBS plasmid for 2448 h and harvested for Western blotting. (h) Protein expression analysis of different connexins on silencing GJBS in
BRAF™™ melanoma cells (IM1 and Mel 505). Cells were transfected with small interfering (stRNA) pool mix for GJBS or with an siRNA scramble
control for 2448 h and harvested for Western blouing. GAPDH was used as a loading control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4 (a—c). Western blot analysis of GJBS protein expression. GJBS expression in BRAFY*%* parental melanoma cell lines (WMI1158, A375M,

WM793, WM278), compared with vemurafenib-resistant melanoma cell lines (WM1158-PLX, A375M-PLX, WM793-PLX, WM278-PLX) weated or
not with vemurafenib (PLX4032) and/or wrametinib. GAPDH or a-Tubulin were detected as a loading control. (d) Western blot and (e)
immunofluorescence staining of A375M cells treated with wametinib or vemurafenib (PLX) and compared with trametinib-resistant or PLX-
resistant A375M cells. White scale bars represent 20 pm. (f) Western blot analysis of GJBS and MAPK protein expression in CHL-1 melanoma cells
transiently expressing BRAF™" or BRAF GAPDH was used as a loading control. (g) RT-qPCR of BRAF (left panel) and miR-335-5p expression
(right panel) in CHL-1 cells transiently expressing BRAF"" or BRAFY*®**_ (h) RT-qPCR analysis of miR-335-5p in BRAF™" vs. BRAFY*°°* melanoma
cells (left panel) and in BRAR"
blot analysis of GJB2 and GJBS expression on transfection with miR-335 mimics. Cells were wransfected for 24-48 h and harvested for Western
blotting. GAPDH was used as a loading conwol. (j) miR-335-5p expression in BRAF™™ and BRAF™T samples from the TCGA_SKCM dataset. (Lower
panel) Relationship between GJBS expression, BRAF mutation status and miR-335-5p gain from TCGA_SKCM dataset. (k) Cartoon summarizing

Veook

melanoma cells before and after development of BRAF or MEK inhibitor resistance (right panel). (i) Western

how MAPK signalling can regulate GJBS expression via miR-335-5p in melanoma cells. GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

RT-qPCR, reverse-transcriptase quantitative polymerase chain reaction.
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Figure § Kaplan-Meier overall survival analysis. Kaplan-Meier overall survival curves in our cohort (a), in GSE19234 (b), GSE65904 (c),
GSE46517 (d) and in the Leeds Melanoma Cohort (IMC) (e) datasets. Patients are divided according 1o GJBS expression: above the median (red
curve) or below the median (blue curve).



