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Abstract

Background Mounting evidence underline the relevance of macromolecular complexes in cancer. Integrins
frequently recruit ion channels and transporters within complexes which behave as signaling hubs. A complex
composed by B1 integrin, hERG1 K* channel, the neonatal form of the Na* channel Na, 1.5 (nNa,/1.5) and the Na*/
H* antiporter NHET (NHE1/hERG1/B1/nNa, 1.5 complex) has been recently described to be expressed and regulate
relevant cancer related behaviors in Breast Cancer (BCa) cells.

Methods \We analyzed the expression and impact on outcome of the genes encoding the four proteins forming the
NHE1/hERG1/B1/nNay1.5 complex (SLCIAT, KCNH2, [TGBT and SCN5A) in public datasets. The corresponding proteins
were also evaluated by immunohistochemistry and their expression was correlated with clinic-pathological and
molecular characteristics and patients’survival.

Results The expression of KCNH2 and SCN5A was significantly correlated in primary BCa as occurs in the heart,
although with a broader distribution, forming a functional network which also included ITGBT and SLC9AT. The
co-expression proteins emerged from the immunohistochemistry analysis. Interestingly, hERG1, nNav1.5 and the
hERG1/B1 integrin complex associated with several clinical features, including molecular subtype and hormone
receptor status. Moreover, hERG1 and the combination of hERG1T and nNav1.5 had impact on prognosis, contributing
to identifying a group of patients with worse prognosis.

Conclusions hERG1 and nNa, 1.5 channels along with 31 integrins and the NHET antiporter are co-expressed in BCa
both at gene and protein levels, assembling into a macromolecular complex. The NHET1/hERG1/31/nNa, 1.5 complex
can be considered a novel biomarker and potential target for therapy for BCa patients.
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Background

Breast cancer (BCa) is the most frequently diagnosed
malignancy in the world and the leading cause of death
from cancer among females [1] according to Globocan
2022 estimates (https://gco.iarc.who.int/today, accessed
25 February 26, 2024). Currently, the clinical manage-
ment of BCa relies not only on the definition of “tumor,
nodes and metastasis” (TNM) stage but also on the iden-
tification of the biological subtype. The disease is often
sub-divided into the following: Luminal A (LA, express-
ing ER and/or PR and low-level Ki67), Luminal B (LB,
expressing ER and/or PR and high-level Ki67), HER2-
enriched (HER2, expressing high-level HER2 but not ER
and PR), and triple negative (TNBC, not expressing ER,
PR and HER2) [2]. The TNBC subtype is the most diffi-
cult to manage [3], thus novel biomarkers and potential
therapeutic targets involved in metastasis are urgently
needed.

Among emerging cancer biomarkers, ion channels rep-
resent promising candidates since they may be involved
in regulating several cancer hallmarks, including metas-
tasis [4]. Overall, functional K* channels, and especially
voltage-gated potassium channels (Kys), are frequently
de-regulated in cancer [5]. These include hERGI (also
named Ky11.1, encoded by KCNH2 gene) which is over-
expressed and functional dysregulated in a wide range
of human cancer cells and tissues and associate clinical
outcome [6, 7]. Interestingly, hERG1 was shown to be
expressed in BCa primary tissues belonging to all the dif-
ferent molecular subtypes and its expression contributes
to favorable patient outcome [7].Voltage-gated sodium
channels (Nays) are also expressed in several carcinomas
[8]. In BCa, upregulation of Na, expression promotes
invasiveness and metastasis [9-11]. The predominant
functional Nay, subtype is Nay1.5 (encoded by SCN5A
gene) [10-12]. Navl.5 promotes BCa invasiveness by
promoting H* efflux via Na*/H" exchange [13]. Particu-
larly intriguing is the demonstration that this channel
is expressed in its neonatal splice form (nNa,1.5) [11],
resulting from the alternative splicing of exon 6 with the
“adult” and “neonatal” forms differing in the S3-S4 region
of domain I by several amino acids [10]. nNay1.5 is an
‘oncofetal’ channel not expressed in healthy adult tissues
[14].

Ion channels are frequently present on the cell plasma
membrane as macromolecular complexes with function-
ally interactive components [15]. In particular, hERG1
physically associates with 1 integrin (encoded by the
ITGBI gene), and the complex enhances the metastatic
potential of BCa in vivo [16]. Conversely, when the asso-
ciation is reduced, metastatic tendency is inhibited [16].
In colorectal cancer, the hERG1/p1 integrin complex
activates PI3K signaling and promotes migration, inva-
sion and autophagy [17]. Moreover, Kv and Nav channels
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are well known to function interactively, as they do in the
most basic of electrophysiological activities, the action
potential [17].

We recently described a novel plasma membrane mac-
romolecular complex formed by hERGI, the neonatal
form of Nay1.5, the f1 subunit of integrin receptors and
the Na*/H"* antiporter NHE1 in BCa cells, in particular
Triple Negative BCa (TNBC). Due to the orientation
and linking between the different proteins, the complex
was addressed as NHE1/hERG1/B1/nNay1.5. Complex
formation is triggered by integrin activation (e.g. by cell
adhesion onto Fibronectin) and controls BCa cell migra-
tion and invasiveness). Within the complex the two chan-
nels are mutually regulated, hence blocking one or the
other produces the same functional effects, which are
due to the disassembly of the complex. The activation of
the complex causes the cytoplasmic alkalinization medi-
ated by NHEI leading to the modulation of f-actin orga-
nization and thus to the regulation of cell migration and
invasiveness [18].

Moving down this line, the present paper aimed to
determine (i) the presence of the above macromolecu-
lar complex formed by NHE1, p1 integrins, hERG1 and
nNavl.5 in human BCa tissues, and (ii) the clinical rel-
evance of the components of the complex on patients’
survival.

Results

The genes encoding the four components of the NHE1/
hERG1/B1/nNay1.5 complex (SLC9A1, KCNH2, ITGB1 and
SCN5A) are expressed in human BCa primary samples and
correlate with clinical outcome: in silico analysis

To define whether the NHE1/hERG1/p1/nNay1.5/com-
plex identified in BCa cells [18] could have translational
relevance to BCa patients, we first performed an in-silico
analysis to evaluate the expression of the corresponding
genes SLC9A1, KCNH2, ITGBI and SCN5A in BCa pri-
mary samples (7=1099) compared to healthy breast tis-
sue (n=179). Data were retrieved from TGCA and GTEx
datasets and analyzed through UCSC Xena Browser
tools (details in the Materials and Methods section and
in the legend to Fig. 1). The volcano plot of differentially
expressed genes (DEGs) in TCGA invasive breast ade-
nocarcinoma samples (Fig. 1A) shows that many genes
are either down-regulated (blue dots, N=3417) or up-
regulated (red dots, N=2398) while a smaller propor-
tion of genes appears not to be differentially expressed
(grey dots). Some DEGs known to be associated with
BCa are labeled in the plot. Moreover, Gene Set Varia-
tion Analysis (GSVA) clearly indicated a broader dis-
tribution of DEGs in BCa compared to healthy tissue
samples (P<0.0001, Fig. 1B). Additionally, we evaluated
whether GSVA differed across the molecular subtypes of
BCa (Fig. 1C) and TNM stages (Fig. 1D). In these cases,
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Fig. 1 (See legend on next page.)
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(See figure on previous page.)

Fig. 1 In-silico analyses of breast cancer datasets. A) Volcano plot showing DEGs between healthy breast and BCa. The plot was drawn using UCSC Xena
Browser (http://xena.ucsc.edu/). B) Box plot comparing the GSVA score in BCa (red) and healthy breast (blue). Log2 fold change (Tumor/Healthy): 0.08,
P<0.0001. The analysis was carried out with the Gene Set Cancer Analysis (GSCA) tools (https://guolab.wchscu.cn/GSCA). C) GSVA score in the different
molecular subtypes (P=0.130). D) GSVA score in the four TNM stages (P=0.310). E) Correlation between GSVA and cancer-related pathways (left graph, *P
value <0.05; #: FDR < 0.05; Apoptosis: FDR=0.033, P=0.003; Cell cycle: FDR=1, P=0.3145; DNA damage: FDR=1, P=0.9616; EMT: FDR=0.6062, P=0.0792;
Hormone AR: FDR=0.2269, P=0.0252; Hormone ER: FDR=0.6062, P=0.0758; PI3KAKT: FDR=1, P=0.2449; RTK: FDR=1, P=0.2768; TSCmTOR: FDR=1,
P=0.9166) and Immune cell types (right graph, *P value <0.05; #: FDR<0.05; CD4 naive: FDR=0.2775, P=0.0230; CD8 naive: FDR=0.0008, P <0.0001;
Cytotoxic: FDR<0.0001, P<0.0001; Exhausted: FDR=0.8367, P=0.0930; Tr1: FDR=1, P=0.1670; nTreg: FDR=1, P=0.7711; iTreg: FDR=0.2775, P=0.0239;
Th1: FDR=0.0001, P<0.0001; Th2: FDR=1, P=0.1775; Th17: FDR=0.0625, P=0.0039; Tth: FDR=0.0002, P<0.0001; Central Memory: FDR=0.0013,
P <0.0001; Effector Memory: FDR=0.2775, P=0.0213; NKT: FDR=0.6675, P=0.0667; MAIT: FDR=1, P=0.3933; DC: FDR=1, P=0.3696; B cell: FDR=0.0057,
P=0.0003; Monocyte: FDR=1, P=0.5549; Macrophage: FDR=1, P=0.2284; NK: FDR=0.1693, P=0.0121; Neutrophil: FDR <0.0001, P<0.0001; Gamma
delta: FDR=0.0894, P=0.0059; CD4T:FDR=1,P=0.5701; CD8 T: FDR <0.0001, P<0.0001; Infiltration score: FDR: 0.0016, P<0.0001). The analysis was carried

out with the Gene Set Cancer Analysis (GSCA) tools (https://guolab.wchscu.cn/GSCA)

although the distribution was wider in certain molecu-
lar subtypes (such as for example Basal-like and Luminal
A/B) compared to others (e.g. Normal-like BCa) no sta-
tistically significant association were observed (P=0.130
and P=0.310, respectively). Finally, GSVA was applied
to investigate well-established pathways in cancer biol-
ogy and immune system involvement (Fig. 1E), revealing
varying associations between GSVA scores and cancer
characteristics. For example, as indicated by Spearman
correlation coefficients, hormone receptors were posi-
tively associated (red bars) whilst apoptosis had a nega-
tive association (blue bar). Similarly, the association was
negative with infiltration, CD8, Thl and Th2 among oth-
ers (blue bars, Fig. 1E), while there was a positive associa-
tion with neutrophils and CD4 and CD8 naive cells (red
bars, Fig. 1E).

Next, a detailed bioinformatic analysis was carried out
to unravel the profile of DEGs in samples of BCa com-
pared with healthy breast tissue. This revealed that sev-
eral GO terms and KEGG pathways turned out to be
significantly upregulated in BCa (Fig. 2A and B, respec-
tively). Among them, particularly relevant are GO terms
related to microtubules and KEGG pathways associ-
ated with cell cycle, tight junctions and DNA replica-
tion (as highlighted by the FDR and P values reported
in the tables on the right). On the other hand, none of
the downregulated terms and pathways appear to be
statistically significantly associated with BCa, possibly
because they are general terms not directly related to this
malignancy.

Moreover, from analysis of the Molecular Signatures
Database (MSigDB) hallmark gene set collection for BCa
proposed by Liberzon and colleagues [20], it can be seen
that several genes (such as Estrogen Response, G2M
checkpoint, mitotic spindle, among others) are upregu-
lated (indicated in red in Figure S1).

The analysis of the above-mentioned genes (SLC9A1,
KCNH2, ITGB1 and SCN5A) showed variable levels of
expression of the four transcripts, with very infrequent
somatic mutations and copy number variations (Fig. 3).

Furthermore, we studied whether SLC9A41, KCNH2,
ITGBI and SCN5A were differentially expressed in BCa

with respect to healthy breast tissue and we analyzed the
same TCGA cohort as above. In Fig. 4A, we report the
expression of the four genes of interest in healthy breast
(blue dots and curves), human heart (orange dots and
curves) and BCa (green dots and curves). Interestingly,
the four genes were found to be deregulated in these
tumor samples with respect to healthy breast. The dis-
tribution of the expression levels of KCNH2, SCN5A and
SLCY9A1 appear to display a marked dependency on the
specific tissue within the BCa cohort (see the first, second
and fourth rows of Fig. 4A). In contrast, ITGBI displays a
clearly stable distribution pattern that does not depend
on the specific tissue (see third row in Fig. 4A). More
specifically, there seems to be an overall trend toward
broader distributions of expression levels of KCNH2,
SCNSA and SLCY9AI1 in tumor samples (see curves in
the diagonal panels on Fig. 4A). Interestingly, this ten-
dency is the most evident for KCNH2, which unquestion-
ably shows a more restricted amplitude of expression in
healthy breast with respect to the tumor sample (see the
blue distribution in Fig. 4A, first row).

As expected, the expression levels of KCNH2 and
SCNS5A in the human heart orange dots in Fig. 4A) are
high and display a high degree of correlation. This feature
is specifically highlighted by the contour plots in Fig. 4B
(which provides a different representation of panel (2,1)
in Fig. 4A). The heart is considered a reference, as it is
known that SCN5SA and KCNH2 expression levels are
tightly correlated in this tissue, and the two channels play
a major role in cardiac function [21, 22]. The evaluation
of the four genes in other healthy tissues (muscle, brain,
thyroid, colon, lung, adipose tissue, nerve, small intes-
tine, esophagus, skin, liver) was also performed but the
heart proved to be the tissue with the highest expression
levels of the two channels, as expected (Figures S2-S5) As
expected, ITGBI1 gene and the corresponding protein are
widely expressed in heathy tissues, generally displaying
high levels of expression (Figure S6). Besides confirming
that the two channels are highly expressed in this tissue, a
clear correlation is evident, highlighted by the elongated
shape of the contour lines. In contrast, when analyzing
healthy breast and BCa samples, it emerged clearly that
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Fig. 2 In-silico enrichment analyses of breast cancer datasets. A) GO enrichment analysis relative to Molecular Function carried out in TCGA/GTex data-
bases. The table on the right shows the FDR and P values of the significantly enriched GO terms. The analysis was performed through the Enrichr web tool
[19]. B) KEGG pathway analysis showing downregulated (in blue) and upregulated (in red) pathways in BCa compared to healthy breast tissue. Significant
terms are highlighted in bold. The table on the right shows the FDR and P values of the significant pathways. The analysis was performed through the

Enrichr web tool

the expression levels of the two genes are uncorrelated, as
highlighted by the much more circular shapes of the con-
tour lines (blue and green curves in Fig. 4B). However, it
also emerged that the range of variability of both expres-
sion levels nearly doubles in BCa samples with respect to
healthy tissues. In particular, the highest expression lev-
els of KCNH?2 are seen to overlap with the low-expression
region found in the human heart, while in healthy breast
tissues KCNH2 expression levels are well separated from
those in the heart.

To examine the degree of correlation more closely
between KCNH2 and SCN5A, a correlation analysis was
carried out by isolating patient subgroups for which the
expression levels E, (k=KCNH2, SCN5A) among the
overall populations of N, samples were larger than the
respective median plus a variable fraction g of the respec-
tive standard deviation s,. More precisely, for a given
value of g, we selected those patients i (i=1,2, ..., N}) for
which E;(i) > med(E;) + gs;, (and then isolating two equal-
number populations corresponding to the intersection
of the two selected subgroups). We chose to limit the
subdivision so that subgroups contained a minimum of
30 samples each. The purpose of this analysis is to bet-
ter discriminate whether a correlation might be present
only in a definite range of (high) expression. The analysis
was performed on the entire TCGA cohort, without sub-
dividing the patients according to molecular subtype. As
reported in Fig. 4C, KCNH2 and SCN5A indeed showed a

consistent trend, where a positive, increasing correlation
is seen to emerge as the subgroups include higher and
higher levels of expression, reaching a quasi-steady value
of 0.3 in the interval med(Ey) +s;< E; < med(Ey)+1.5
S only in BCa. By contrast, in healthy breast no cor-
relation was seen to emerge in subgroups of patients at
higher levels of expression (blue curves). This conclu-
sion is also confirmed by splitting KCNH2 and SCN5A
expression according to the median values (Fig. 4D and
E, respectively).

Overall, the analyses presented here strongly hint for
the first time at a correlation among high expression lev-
els of KCNH2 and SCN5A genes in BCa, suggesting that
the two channels might cooperate in these cells when
their expression levels fall within a specific range on the
high-expression side.

We then performed a network analysis to evaluate
whether the association between NHE1, hERG1, 1 inte-
grin and nNav1.5 found in BCa cells [18] was also present
at gene level in primary samples. Figure 5A shows that
the four genes (indicated by the red stars) are ‘connected’
with the involvement of several other coding genes (indi-
cated by the blue circles) and a pseudogene (indicated by
the lilac circle). The list of genes involved in the network
is reported in Table 1.

Finally, we performed a survival analysis, first consid-
ering the four genes of interest separately and then in
combinations. Data were retrieved from TCGA and the
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Fig. 3 Gene expression and somatic mutations for SLC9AT (A), KCNH2 (B), ITGB1 (C) and SCN5A (D) on a cohort of 1284 BCa from TCGA database. The

analysis was carried out through UCSC Xena Browser
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(See figure on previous page.)

Fig. 4 In-silico analyses of KCNH2, SCN5A, ITGBT and SLC9AT in BCa samples. A) Joint expression correlation plots for KCNH2, SCN5A, ITGBT and SLC9AT in
BCa (green dots and curves), healthy breast (blue dots and curves) and human heart (orange dots and curves). The curves on the diagonal panels repre-
sent plots of kernel density distributions of expression. B) Contour plot showing KCNH2 and SCN5A expression in BCa (orange curves) and healthy breast
(blue curves). Human heart (orange curves) is also reported as a reference since it is well known that in this tissue both channels are highly expressed
and functionally associated. C) Variable-subgroup correlation analysis (see text for details) between KCNH2 and SCN5A in healthy breast (blue curves) and
BCa (green curves). In healthy breast no correlation is evident, while in BCa patients the expression of the two genes follows a similar trend, displaying a
consistently increasing correlation in higher and higher-expression subgroups, reaching a maximum quasi-steady correlation value of 0.3 in a relatively
wide region of expression. An almost identical result is observed using both Pearson and Spearman correlation tests. Data are reported as fpkm-ug. D)
Correlation analysis of KCNH2 and SCN5A in BCa datasets from TCGA according to KCNH2 expression levels. The threshold was set at the median value. E)
Correlation analysis of KCNH2 and SCN5A in BCa datasets from TCGA according to SCN5A expression levels. The threshold was set at the median value. The

analyses were performed with Breast Cancer Gene-Expression Miner v5.0 (bc-GenExMiner v5.0)

number and frequency for each subgroup are reported in
Table 2.

Patients with higher levels of ITGBI1 and SCN5A (blue
curves in Fig. 5D and E, respectively) had shorter Over-
all Survival (OS) and these were statistically signifi-
cant (P=0.0033 and P=0.0005, respectively); the OS of
patients was shorter for middle levels of KCNH2 although
significance was not reached (orange curve in the Kaplan
Meier plot in Fig. 5C). For SLC9A1, there was no differ-
ence (Fig. 5B). When considering only two groups (low
and high expression) no trend could be observed for any
marker (not shown).

Combined KM analysis showed that there was a ten-
dency for patients expressing low levels of KCNH2 and
high SCN5A (panel A), ITGBI (panel B) and SLC9A1
(panel C) to have shorter OS, although significance was
not reached (Figure S7). The other combined KM plots
were not impressive (Figure S8).

NHE1, hERG1, B1 integrins and nNa, 1.5 proteins are
co-expressed in human BCa primary samples
The above four proteins were then studied in human BCa
samples applying the IHC technique. In particular, we
determined the specific expression of the neonatal form
of the Nay1.5 (whose transcript is not stored as a separate
entity in public datasets) using the novel nNavl.5-spe-
cific mAb which was developed by us (Duranti C et al.,
manuscript in preparation). Furthermore, we also evalu-
ated the quantitative expression of either the hERGI pro-
tein (using the hERG1 mADb) or of the hERG1/p1 integrin
complex (using a bispecific antibody targeting the two
proteins (scDb-hERG1-B1) [24, 25] (in the Materials and
Methods section all the details about the antibody and
protocols used are reported). The expression of the 1
integrin alone was not determined, but only the expres-
sion of the adhesion receptor bound to hERG1 through
the scDb-hERG1-p1 which has already given good results
in different cancers. We performed a retrospective study
on 81 cases of primary BCa encompassing the four main
molecular subtypes [7]. The clinical features of the cohort
are reported (Table 3).

It emerged that while neither of the protein is expressed
in normal breast tissue (Fig. 6A), the four proteins are

expressed in tumor samples (Fig. 6B-E), although in a
different percentage of cells and at a different intensity.
Interestingly, the four proteins were co-expressed in the
same tumor sample and in the same cells (see the repre-
sentative pictures in Fig. 6F, where positive cells are indi-
cated by the brown color). The concomitant expression of
the proteins was further confirmed quantitatively by the
Spearman Correlation Coefficient (see the heatmap in
Fig. 6G).

We then analyzed the associations between the IHC
scoring of the proteins of interest and clinico-patholog-
ical features. Several statistically significant associations
emerged when considering the scoring categories as
defined in Materials and Methods (Table 4). In particu-
lar, hERG1 as well as the hERG1/P1 integrin complex
were associated with molecular subtype, being highly
expressed (score 3) in Luminal A samples. High level of
nNa 1.5 expression was associated with Luminal B sub-
group. Middle expression (Score 2) of hERG1 and the
hERG1/pB1 integrin complex was also associated with G2
tumors. Interestingly, the expression of the two chan-
nels as well as of the hERG1/B1 integrin complex was
significantly positively associated with the expression
of hormone receptors (ER and PgR). Both hERGI1 and
the hERG1/B1 integrin complex were associated with
HER?2 expression. No statistically significant association
emerged between NHE1 scoring and clinico-pathological
features.

hERG1, hERG1/B1 and nNa, 1.5 have an impact on BCa
patients’ survival

We then performed a survival analysis subdividing the
samples according to their scoring. As shown in Fig. 7,
hERG1 score 2 (middle expression) was associated with
shorter OS (orange curve in Fig. 7A; P=0.0005). The
same trend was observed for PFS and DMFS (panels B
and D) although significance was not reached. On the
whole, these finding agree with the data derived from the
TCGA dataset analysis. Equivalent analyses were carried
out for hERG1/f1 integrin complex (Fig. 7E-H). The same
trends in PFS, LRFS and DMES observed for hERG1 were
also detected evaluating the expression of the complex,
with a statistically significant value for LRFS (P=0.0390).
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Fig.5 In-silico network and survival analyses of SLC9AT, KCNH?2, ITGBT and SCN5A in BCa samples. A) Network analysis of SLC9AT, KCNH2, ITGBT and SCN5A,
and in BCa datasets. The genes of interest (seed genes) are indicated by red stars while circles represent the correlated genes. Pearson Correlation Thresh-
0ld:0.46; Top genes: 15. The analysis was performed with GeneFriends [23]. B-E) Survival analysis of in-silico BCa cohort (N=1203). Kaplan Meier plots of OS
for SLC9AT (panel B), KCNH2 (panel C), ITGBT (panel D) and SCN5A (panel E). Blue curves: high expression; Orange curves: middle expression; Green curves:
low expression. The in-silico analyses were carried out through in a TCGA BCa dataset retrieved by UCSC Xena Browser
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Table 1 Top 15 co-expressed genes within KCNH2, SCN5A, [TGB1
and SLC9AT gene network. The analysis was performed with
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Table 3 Clinical and molecular features of the patients enrolled
in the study

GeneFriends (https://www.genefriends.org/) [23] N Frequency
Genename  Description Molecular Subtype Luminal A 23 28.40%
NKX3-2 NK3 Homeobox 2 Luminal B 20 24.69%
TMCC2 Transmembrane And Coiled-Coil Domain Family 2 HER2+ 20 24.69
GPAT3 Glycerol-3-Phosphate Acyltransferase 3 Triple Negative 18 2222
F2RL1 F2R Like Trypsin Receptor 1 Grading a1 14 17.50%
CCNT Cellular Communication Network Factor 1 G2 16 20.00%
SH2D5 SH2 Domain Containing 5 G3 50 62.50%
COL4AS Collagen Type IV Alpha 5 Chain TNM stage 1 52 64.20%
PTGFRN Prostaglandin F2 Receptor Inhibitor /] 18 22.22%
SLC7AS Solute Carrier Family 7 Member 5 1]} 10 12.35%
ARRDC4 Arrestin Domain Containing 4 v 1 1.23%
CCND2 Cyclin D2 Metastases No 71 87.65%
Clorf74 Chromosome 1 Open Reading Frame 74 Yes 10 12.35%
ADGRF4 Adhesion G Protein-Coupled Receptor F4 Relapse No 76 93.83%
GPRC5A G Protein-Coupled Receptor Class C Group 5 Member A Yes 5 6.17%
XYLT1 Xylosyltransferase 1 ER Negative 36 44.44%
Positive 45 55.56%
Table 2 Number of samples and frequency for KCNH2, SCN5A, PgR Negative 40 49.38%
ITGBT and SLC9AT subgroups of expression Positive 41 50.62%
N Frequency HER2 Negative 28 34.57%
KCNH2 Low expression 400 33.25% Score 1 9 11.11%
(N=1203) Middle expression 402 3342% Score2 15 18.52%
High expression 401 33.33% Score 3 29 3580
SCN5A Low expression 397 33.00% Ki67 <20% 20 24.69
(N=1203) Middle expression 403 33.50% >20% 61 7531
High expression 403 33.50%
ITGB1 Low expression 399 33.17% molecular subtype) and to the development of resistance
(N=1203) Middle expression 402 33.42% to treatment. For these reasons scientific research has
High expression 402 33.42% been pushed in the last years in order to better define
SLC9A1 Low expression 402 33.42% the molecular pattern of BCa and hopefully to identify
(N=1203) Middle expression 404 33.58% novel potential biomarkers for the management of the
High expression 397 33.00% patients. In the last twenty years the role of ion chan-

The survival analyses performed taking into account
nNa,1.5 and NHE1 expression levels did not highlight
any statistically significant association or trend (Figures
S7 and S8).

As previously carried out for TCGA data, combined
Kaplan Meier curves were built for all the proteins ana-
lyzed. The combination between hERG1 and nNay1.5
had an impact on OS, with samples with middle hERG1
expression and high nNav1.5 expression having a shorter
survival (P=0.0030, orange curve in Fig. 8). No statisti-
cally significant association emerged for the other com-
binations, in accordance with what reported for the
corresponding genes (Figures S9-S13).

Discussion

BCa still represents a big challenge for clinicians and a
relevant medical need for the scientific and medical com-
munity due to the high incidence of the disease, to the
occurrence of hard-to-treat tumors (i.e. Triple Negative

nels and transporters and of the macromolecular com-
plexes they form have been investigated in several tumors
also comprising BCa. Previously, we shown that hERG1
(potassium channel encoded by the KCNH2 gene) are
expressed in primary BCa and characterize patients
with longer progression-free survival, local relapse free-
survival and metastases-free survival [7]. More recently,
we further contributed to the field of BCa studies iden-
tifying a 1 integrin centered macromolecular complex
comprising hERG1, nNavl.5 (the neonatal isoform of
the sodium channel encoded by SCN5A) and NHE1 (the
Na*/H* antiporter encoded by the SLC9A1 gene) in BCa
cells [18].

In the present paper, we moved forward, and we
showed that not only hERG1 channel alone but also the
macromolecular complex is expressed in primary BCa.
This conclusion derives from both an in-silico analysis on
BCa primary samples, and by an IHC study performed on
a cohort of 81 BCa samples of different molecular sub-
types. Moreover, we highlighted several associations with
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Fig. 6 Immunohistochemical evaluation of the expression of hERG1, hERG1/31, nNa, 1.5 and NHE1 in human primary BCa. IHC experiments and assess-
ment of score were performed as reported in the Materials and Methods section. Representative sections of healthy breast for each marker (A). Original
magnification x200. Scale bar: 100 um. Representative examples of Score 1, Score 2 and Score 3 are reported for hERG1 (B), nNav1.5 (C), hERG1/{31 integrin
complex (D) and NHET1 (E). Original magnification x200. Scale bar: 100 um. (F) Concomitant expression of hERG1, hERG1/B31 integrin complex, nNav1.5
and NHET in the same cells of a representative sample. Original magnification x400. Scale bar: 50 um. (G) Heatmap showing the Spearman Correlation
Coefficient for hRERG1/B1 integrin complex, nNav1.5 and NHET. All the P values are statistically significant (P <0.0001)
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Table 4 Association between hERG1, nNav1.5, hERG1/31 and NHE1 expression and clinicopathological/molecular features. *: p<0.05

(Fisher exact test)

Clinical/molecular feature (number of hERG1 hERG1/B1 nNav1.5 NHE1

patients) P value P value P value P value

Molecular Subtype Luminal A (23) 0.016* 0.005* 0.047* 0.638
Luminal B (20) (Score 3 and Luminal A) (Score 3 and Luminal A) (Score 3 and Luminal B)
HER2+(20)
Basal-like (18)

Grading G1(9) 0.023* 0.026* 0.052 0.086
G2 (25) (Score 2 and G2) (Score 2 and G2)
G3(41)

TNM stage 1(52) 0.112 0.609 0.780 0.053
11(18)
1 (10)
V(1)

Metastases No (71) 0477 0.822 0.152 0461
Yes (10)

Relapse No (76) 0427 0.353 0214 0.538
Yes (5)

ER Negative (36) 0.001* 0.001* 0.002* 0.223
Positive (45) (Score 3 and ER positive) (Score 3 and ER positive) (Score 2 and ER positive)

PgR Negative (40) 0.005* 0.001* <0.001* 0.192
Positive (41) (Score 3 and PgR positive) (Score 3 and PgR positive) (Score 3 and PgR positive)

HER2 Negative (28) 0.020* 0.009* 0.141 0.599
Score 1(9) (Score 2 and HER2 Score 1) (Score 3 and HER2 Score 1)
Score 2 (15)
Score 3 (29)

Ki67 <20% (23) 0.131 0.078 0.250 0.061
>20% (58)

clinical features and outcome. Finally, we showed that in
primary samples the pattern of the combined expression
of the two ion channels involved in the macromolecular
complex (hERG1 and nNavl.5) significantly correlates
with survival.

SLC9A1, KCNH2, ITGB1 and SCN5A genes in BCa

Through an in-silico approach we investigated the gene
expression profile of BCa and we found that, among the
high number of DEGs also SLC9A1, KCNH2, ITGBI
(encoding the B1 integrin) and SCN5A displayed vari-
able expression levels, with very rare somatic mutations
and copy number variations. To the best of our knowl-
edge only the paper by Fukushiro-Lopes and colleagues
[26] evaluated the expression of KCNH2 gene in BCa:
analyzing Oncomine dataset the Authors showed that
the expression of the gene was higher in BCa with respect
to healthy breast but did not go deeper in the analysis.
Therefore, our paper provides the first genetic charac-
terization of KCNH2 in BCa performed in a wide cohort
of patients whose data are stored in TCGA databases.
From such analysis we showed that patients express-
ing middle levels of KCNH2 are characterized by lower
overall survival. The expression and relevance of ITGBI
gene in BCa was investigated by other groups and it was

highlighted that high levels of expression were associated
with lower distant metastases free survival [27]. More-
over, from a metanalysis aimed at elucidating the role
of ITGBI in human cancers it was shown that high lev-
els of expression were associated with poorer outcome
(shorter Overall and Disease-free survival) [28]. These
results are in accordance with the data reported in this
paper, obtained through the analysis of a large TCGA
cohort in fact we highlighted a statistically significant
association between high ITGBI levels of expression and
shorter OS. For SLC9A1, the expression of the gene was
found to be higher in BCa than in healthy breast [29] but
studies evaluating associations with clinical features and
outcome are lacking. Therefore, our paper is the first one
reporting that the levels of expression of the gene have
no effect on overall survival. Finally, the expression of
SCNSA has been evaluated by Yang and colleagues in the
Oncomine dataset and it was shown that the gene has a
higher level of expression in BCa with respect to healthy
breast tissue and that high SCN5A levels were associated
with poor prognosis [30] in accordance with the data pre-
sented in this paper. The in-silico analysis indicates that
the SLC9A1 and KCNH2 genes, as single entities, are not
associated with survival. This finding strengthens our
hypothesis that the main relevance lies in the complex
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Fig. 7 Survival analyses for hERG1 and hERG1/(31 integrin complex. A) Kaplan Meier plots of OS. B) Kaplan Meier plots of PFS. C) Kaplan Meier plots of
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rather than in its individual components, as evidenced by
data obtained from BCa cell lines [31] and corroborated
by the IHC data presented in this paper.

KCNH2 and SCN5A genes correlation

In this paper we showed for the first time that KCNH2
and SCN5A (two of the most relevant ion channels
encoding genes in BCa) are co-expressed in BCa and
that a correlation exists within a precise range of expres-
sion level. The expression of the transcripts appears to be
highly correlated in the human heart, as expected since
the two channels play a major role in the cardiac tissue.
In fact, both hERG1 and Nav1l.5 channels are involved in
cardiac function and it is well known that mutations of
the corresponding genes are frequently associated with
arrhythmias and are the main cause of Long QT Syn-
dromes [32]. On the contrary, mutations of these genes
in tumors are not frequent, as we showed in this paper
through an in silico approach. Interestingly, when we
analyzed the distribution of the expression levels, we
observed a rather broad distribution in healthy breast
tissue and even more (almost twice as broad) in BCa.
We also showed, for the first time, that the expression
levels are correlated since higher levels of KCNH2 were
associated with higher SCN5A. Interestingly, the cor-
relation between the two genes appears in a consistent
way only within an intermediate range of expression,
suggesting that when the levels are too low or too high,
they do not associate and cooperate. Moreover, the two
genes were included in a gene network also comprising
ITGBI (encoding the B1 integrin) and SLC9A1 (encoding
NHEL1). The gene network includes other cancer-relevant
genes, such as COL4A5, CCN1 and ADGRF4, which may
cooperate with the aforementioned genes to promote a
more invasive phenotype to the cells. Additionally, the
network contains genes associated with the cell cycle
and proliferation, such as CCND2. Moreover, the gene
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network includes another transporter, SLC7AS5, which
encodes the L-Type Amino Acid Transporter 1. Overall,
our data contribute to clarify the complex genetic picture
of BCa, highlighting the relevance and networking of ion
channels and receptors encoding genes in such disease.

NHE1, hERG1, B1 integrin and nNa, 1.5 proteins in BCa

The expression of hERG1 and nNav1.5 channels in BCa
was already shown, as separate entities. In particular,
hERG1 was shown to be expressed in BCa primary tis-
sues belonging to all the different molecular subtypes and
its expression contributes to identify patients with better
outcome [7]. In BCa, hERG1 was reported to induce cell
senescence [6], besides regulating cell cycle progression
[33], and to contribute to triggering metastatic spread
in mouse models [16]. This effect was traced back to
the occurrence of a hERG1/B1 integrin complex that is
exclusively expressed in tumor tissue at difference from
healthy tissues [16]. We recently demonstrated that the
hERG1/B1 integrin complex is present in various tumor
cell lines and follows a specific dynamic pattern [31].
Moreover, B1 integrin stimulation promotes the trans-
location of the hERG1 channel on the cell membrane
thereby enhancing its activation [31]. Specifically, p1
integrin activation increases the amplitude of the IKr
by stimulating hERG1 expression and translocation to
the plasma membrane without altering its biophysical
properties [31]. The slow kinetics of hERG1 cycling are
supported by the prolonged lifespan of the hERG1/B1
integrin complex, which preferentially recruits channels
in the closed state, thereby slowing down hERG1 deg-
radation. Consistently, channels recruited in the closed
state within the complex are less susceptible to degrada-
tion mediated by RAB5 [31].

We also demonstrated that the hERGI1/P1 integrin
complex is expressed in several cell lines and primary
tumors [34]. In BCa cell lines we further showed that this
complex includes two additional components: nNavl.5
and NHE1 [18].

The expression and functional role of nNa,1.5 in BCa
has been extensively characterized by pivotal work from
Djamgoz’s group [10, 35], and further confirmed inde-
pendently by other groups [9]. The main role of this
sodium channel in BCa is its involvement in the meta-
static process, as occurs for several voltage-gated sodium
channels in other cancer types [36]. Moreover, the
expression of the neonatal form of Na,1.5 was detected
in BCa cells [10, 11] and addressed as the main isoform of
this channel type.

Once highlighted the relationship between the four
genes we moved down this line and analyzed the expres-
sion of the corresponding proteins through IHC. Specifi-
cally, employing a novel monoclonal antibody developed
and characterized by us (Duranti C et al., manuscript in
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preparation) we provided further evidence for the that
nNay 1.5 is expressed in BCa primary samples, supporting
earlier work involving a polyclonal antibody [37]. What
is more, we showed here that hERG1 and nNay1.5 chan-
nels are co- expressed in BCa primary samples along with
B1 integrin and NHEL. From these analyses it emerged
that the expression of the proteins was significantly cor-
related, with statistically significant P values associated
to Pearson’s correlation coefficient. Moreover, both chan-
nels (as well as the hERG1/P1 integrin complex) were
statistically associated with molecular subtype (showing
higher expression in Luminal A and Luminal B subtype,
respectively) and with hormone receptors (ER and PgR).
Additionally, hERG1 (and its complex with 1 integrin)
also associated with G2 and HER2 expression. These
results are in accordance with our previously published
data [7] showing that hERGI is associated with Luminal
A molecular subtype, grading, ER. At difference from our
previous published data [7], in the cohort analyzed in the
present paper we did not highlight any association with
Ki67 proliferative index. In this paper we also highlighted
a significant association with HER2 expression strength-
ening the findings of our previous paper [7]. A few papers
have been addressing the expression and role of sodium
channel Navl.5 in BCa, some of them focusing on the
adult isoform and some other dealing with the neonatal
isoform as our paper. Specifically, a paper by Nelson and
colleagues evaluated 66 BCa samples but no associations
with either clinical features or survival emerged [38]. A
paper by Yamaci and colleagues evaluated the associa-
tion of nNav1.5 in a small cohort (38 patients) and they
highlighted an association with ER expression, although
not significant [39]. At difference from our results, no
associations with PgR emerged and HER2 was not evalu-
ated. More recently, a preprint by the group of Dr Brack-
enbury was reported the analysis of a wide cohort of BCa
patients (n =1740) [40]. In such study, a different scoring
system from the one we applied in the present paper was
used and the evaluation was not focused on nNavl.5.
The Authors reported significant associations with ER,
PgR and HER2 (in accordance with our present data)
although the direction of the correlation is unclear since
in text and table opposite information is reported. Sur-
vival analyses showed that patients with middle expres-
sion of hERG1 had lower OS (in accordance with what
we obtained analyzing KCNH2 in TCGA datasets). In
this view, it should be pointed out that survival analyses
performed with IHC data were carried out in a smaller
group of patients when compared with the TCGA data-
sets that were also characterized by longer follow-up
time. This might be the main reason of the discrepancy
observed, along with the fact that analyzing RNA (like
in RNASeq data stored in TCGA datasets) or proteins
(like IHC studies performed on formalin fixed paraffin
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embedded samples) might provide different results, in
any case. Moreover, different cut-off setting methods are
used for RNASeq and IHC therefore differences among
the groups might also be due to such aspect.

Interestingly, the same result was obtained when con-
sidering LRFS according to the hERG1/B1 integrin com-
plex. Again, these data corroborate and strengthen our
previous results in which we obtained the same trend
(PES, LRFS and DMES) for progression-free survival,
although significance was not reached [7]. The finding
that middle hERGI expression are associated with poorer
survival could be traced back to the fact that part of the
channel is complexed with 1 integrin and part is pres-
ent as a single entity, therefore it could be argued that the
complex rather than hERG1 channel alone plays a major
role in BCa. Nevertheless, it is important to underline
that the analysis of hERG1 alone or complexed with B1
integrin gave overlapping results and that the clinical
relevance of the complex was reported here for the first
time. The survival analyses according nNavl.5 expres-
sion did not highlight any statistically significant differ-
ence. These results differ from what reported by Leslie
and colleagues that stated that high Na, 1.5 expression
was associated with a significant reduction in DMFS, OS,
LRFS, Disease Free Survival and Cancer Specific Survival
although as previously stated they did not focus on the
neonatal isoform (moreover, the data are not reported in
the main text and the Supplementary are not available as
a preprint therefore it is not straightforward to compare
their results with ours) [40].

Finally, we showed here for the first time that hERG1
and nNay1.5 co-expression had an impact on survival
In particular, BCa patients with middle hERG1 and high
nNa,1.5 showed significantly compromised overall sur-
vival, reflecting presumably metastatic disease, the main
cause of death from cancer. Indeed, the combination of
the two channels only partially aligns with the metasta-
sis model proposed by Djamgoz [41]. Our data indicate
that, at least in the case of hERG], its biological relevance
in cancer cells is more closely associated with its role in
activating downstream signaling pathways activators
than with its canonical ion-conductive behavior. Specifi-
cally, the finding that the hERG1 channel is recruited into
the complex in its closed state underscores its impor-
tance as a signal-generating protein rather than as an ion
channel. In conclusion, our data, taken together, contrib-
ute to shed some light in the multifaceted portrait of ion
channel involvement in human cancer and we provided
here the first demonstration of the co-expression and
clinical relevance of hERG1 and nNavl.5 channels in
BCa both at gene and protein levels. The immunohisto-
chemistry results presented in this paper corroborate and
confirm our previous findings in BCa cells [18], demon-
strating that the four proteins involved in forming the
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macromolecular complex (NHE1, hERG1, P1 integrin
and nNay1.5) are also present and correlated in primary
samples. Moreover, potassium and sodium channels as
well as the complex with integrin receptors show clinical
relevance thus representing a novel functional biomarker
that could assist clinical management of BCa patients.
Overall, these findings pave the road for further studies
aimed at identifying novel therapeutic targets, mostly
needed for TNBC tumors characterized by the worst
outcome. Moreover, results obtained in several in vitro
models demonstrated the efficacy of hERG1/p1 integ-
rin blockage [35] and the results presented in this paper
might serve as a starting point to propose combined
therapies targeting the complex (through the bispecific
antibody also used in this paper) and sodium channels
such as Ranolazine [42, 43], after proper validation in
preclinical studies.

Methods

In-silico analysis

An in-silico analysis was carried out using UCSC Xena
Browser (University of California, Santa Cruz, http://xen
a.ucsc.edu/) [44]. This browser allows the direct compar-
ison of gene expression in tumor datasets stored in the
TCGA library with healthy samples from the GTEx data-
base (https://gtexportal.org/home/) [45]. The TCGA data
were filtered to keep only BCa samples (n=1278) while,
for the control group, healthy breast samples retrieved
from GTEx (n=179) were used. A Gene Set Enrichment
Analysis (GSEA) was carried out with an implemented
version of the software (blitzGSEA) [46] to identify the
enriched pathway in the BCa cohort under study. A dif-
ferentially expressed gene (DEGs) analysis was per-
formed with UCSC Xena Browser following the pipeline
adapted from Dr Ma’ayan’s group (https://appyters.maay
anlab.cloud/#/Bulk_RNA_seq). Such pipeline allowed us
to analyze both DEGs, Gene Ontology (GO) terms [47]
and KEGG (KEGG (RRID: SCR_012773), Kyoto Encyclo-
pedia of Genes and Genomes) pathways [48]. The analy-
sis was performed through the Enrichr web tool [19].

Correlation analysis was carried out with Breast Can-
cer Gene-Expression Miner v5.0 (bc-GenExMiner v5.0, h
ttp://bcgenex.ico.unicancer.fr/BC-GEM/GEM-Requete.p
hp?mode=10) [49].

Moreover, a gene network analysis and a Gene Set
Variation Analysis (GSVA) analysis were carried out
using Gene Friends (https://genefriends.org/start/input)
[23] and Gene Set Cancer Analysis (GSCA, https://guo
lab.wchscu.cn/GSCA), respectively. Specifically, GSVA
estimates the variation in gene set activity (represented
as the GSVA score) across the BCa sample population in
an unsupervised manner. The GSVA score was calculated
using the R package GSVA.
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Human samples

A retrospective study was carried out on a set of 81
human BCa samples (representative of the four main
pathological subtypes) made available by the archives of
the Department of Health Sciences, Division of Patho-
logical Anatomy, University of Florence, after informed
written consent and ethical committee approval. Each
case was assessed by an experienced breast pathologist.
The patients had not received any drug treatment prior
to surgery. Molecular subtype was determined by exam-
ining ER, PgR and HER2 status for each case. Hormone
receptor status was determined by immunostaining as
negative when < 1% of tumours cells stained; HER2 status
was determined in cases scored as 0 or 1+ (negative) and
3+ (positive). In addition, confirmatory in situ hybridiza-
tion (FISH) was used in cases scored as 2+.

Clinical data were retrieved from the Archimed data-
base of the Radiation Oncology Unit, Oncology Depart-
ment, Azienda Ospedaliero Universitaria Careggi,
Florence, Italy, where patients were followed up. In
particular, the following parameters were considered:
molecular subtype, grading, TNM stage, ki67 level of
expression, ER, PgR and ER expression, occurrence of
local relapse, presence of distant metastases, progression
of the disease, overall survival.

Immunohistochemistry (IHC)

IHC was performed on formalin-fixed, paraffin-embed-
ded human archival pathological samples using the fol-
lowing antibodies: anti NHE1 (Polyclonal / anti-NHEI,
Novus Biologicals, Centennial, CO, USA, 1:400), anti-
hERG1 (mAb-hERG1, MCK Therapeutics Srl, Pistoia,
Italy; 1:500 final dilution), anti-hERG1/p1 integrin (scDb,
MCK Therapeutics Srl, Pistoia, Italy; 1:50), anti-nNav1.5
(mAb-nNavl.5, Celex Holding Limited, London, UK;
1:200). The procedure was that reported by our group
[7, 24, 25] for hERG1, hERG1/p1 integrin and NHEI.
For nNay1.5 the same procedure was followed except for
antigen retrieval, carried out by heating the samples in
a microwave oven at 600 W in citrate buffer pH 6.0 for
3 min.

Immunostaining was carried out with a commercially
available kit (PicTure-Max polymer Detection kit, Invi-
trogen) according to manufacturer’s instructions and to
previous papers from our group [7, 24, 25, 50, 51]. Sam-
ples were evaluated by three independent investigators
(EL, JI and SB), and staining in the tumor area was com-
pared with healthy peri-tumoral tissue, which served as a
negative internal control.

Expression was quantified using the
parameters:

following

1) Intensity (I) - rated as 0 (negative), 1 (weak), 2
(moderate) and 3 (strong).
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2) Extent (Ext) - percentage of immunoreactive cells.

A combined IHC score (IS) was obtained as “I x Ext” and
the values of IS were grouped for statistical convenience
as final “immunohistochemical scores” (IHCSs) as fol-
lows: IHCS=0 (TS=0), IHCS=1 (TS=1-100), IHCS=2
(TS=101-200) and IHCS=3 (TS=201-300). This
method is frequently applied in similar conditions when
working with cytoplasmic/membrane proteins [52].

Statistical analysis

The presence of association between demographic, clini-
cal and biological characteristics as well as the associa-
tion between biomarkers’ expression was evaluated by
Fisher’s exact test (two-tailed, p <0.05). The Shapiro-Wilk
test was applied to evaluate normality. Because the data
did not follow a normal distribution, a non-parametric
test was applied in the analysis. The Spearman correla-
tion coefficient (rho) was calculated to evaluate relation-
ships between continuous variables (rho=-1 negative
relationship; rho =0 no relationship; rho=1 positive rela-
tionship). Survival analyses were carried out by perform-
ing Log Rank Test and Kaplan-Meier analyses. Overall
Survival (OS) was calculated from the date of diagnosis
to the date of death or the date of last follow-up. Pro-
gression Free Survival (PFS), Local Relapse Free Survival
(LRFS) and Distant Metastases Free Survival (DMFS)
were calculated as the time between the date of diag-
nosis and the first date of progression/relapse/metasta-
sis development or death, whichever comes first, or last
tumor evaluation.

Statistical analyses were performed using Stata 9.1
(Stata (RRID: SCR_012763), StataCorp, TX, USA),
GraphPad Prism version 10 (GraphPad Prism (RRID:
SCR_002798), GraphPad Software, MA, USA) and cus-
tom-coded Phyton scripts for Kaplan Meier plots.
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