J Biosci (2021)46:70
DOI: 10.1007/s12038-021-00196-w

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

Inﬂuence of nNav1.5 on MHC class I expression in breast cancer
AHMAD HAFIZ MURTADHA1, IRFAN IRSYAD MOHD AZAHAR1,
NUR AISHAH SHARUDIN1, AHMAD TARMIZI CHE HAS2 and
NOOR FATMAWATI MOKHTAR1*
1

Institute for Research in Molecular Medicine (INFORMM), Universiti Sains Malaysia, Health
Campus, 16150 Kubang Kerian, Kelantan, Malaysia

2

Department of Neuroscience, School of Medical Sciences, Universiti Sains Malaysia, Health
Campus, 16150 Kubang Kerian, Kelantan, Malaysia
*Corresponding author (Email, fatmawati@usm.my)
MS received 13 November 2020; accepted 30 June 2021

Cancer metastasis occurs due to the ability of the tumour to evade immune recognition and response by altering
the major histocompatibility complex class I (MHC class I). A comprehensive understanding of the MHC class
I alteration in breast cancer metastasis is vital for the rational design and improvement of immunotherapies for
advanced cancer. In this study, we associate it with the elevation of ‘neonatal’ Nav1.5 (nNav1.5) mRNA
expression in the aggressive type of human breast cancer cells. Using real-time PCR, lower expression of TAP1
(by - 4.83-fold), which is a part of the MHC class I antigen processing machinery (APM) pathway component, in contrast to the greater expression of nNav1.5 (by 3.76-fold), along with other metastatic markers,
MMP1 (by 57.48-fold) and ﬁbronectin (by 2.88-fold) in aggressive human breast cancer cell line, MDA-MB231 were obtained. Subsequent knockdown of nNav1.5 (by 52.6%) in MDA-MB-231 via siRNA-SCN5A
resulted in downregulation of another metastatic marker, ﬁbronectin (by 52.9%) but importantly, rescued MHC
class I expression (by 347% or 3.47-fold). Furthermore, the siRNA-SCN5A transfected cells failed to form a
uniﬁed spheroid and incapable of efﬁciently invading the surrounding invasion matrix. In summary, the
inﬂuence of nNav1.5 in regulating MHC class I mRNA expression to allow for breast cancer invasion is
demonstrated, supporting the potential of nNav1.5 as an immunotherapy target to overcome tumour immune
evasion thus preventing metastasis.
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1. Introduction
Voltage-gated sodium channels (VGSCs) are specialized ion channels that open when the membrane
potential in their vicinity become depolarized, allowing only extracellular Na? ion to ﬂow through them
(Denac et al. 2000), thus activate an electrical transmission along the cell/tissue of the peripheral nervous
system and smooth muscles of the skeletal and cardiac muscle (Savio Galimberti et al. 2012). Over the
recent years, strong evidence has been accumulated
on the expression of ion channels including VGSCs in
cancers, especially of epithelial origin (carcinomas)

such as cancer of the breast, prostate, lung, cervical,
ovarian, colon (Brackenbury 2012; Lu et al. 2020)
and strongly associated with the aggressive phenotype
(Campbell et al. 2013; Fraser et al. 2005; House et al.
2010). In aggressive breast cancer, VGSCs’ expression is shown to be predominantly contributed by the
splice variant, ‘neonatal’ Nav1.5 (nNav1.5) in vitro
and is associated with breast tumour tissues positive
for lymph-node metastasis (Fraser et al. 2005). In
origin, nNav1.5 is a product of alternative splicing of
SCN5A mRNA at exon 5 and exon 6, commonly
occurs in the neonatal tissue, resulted in seven amino
acids differences compared to the ‘adult’ isoform,
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Nav1.5 (Chioni et al. 2005; Fraser et al. 2005;
Schroeter et al. 2010).
Consequently, several hypotheses emerge in
describing the mechanisms by which Nav1.5/nNav1.5
promotes breast cancer aggressiveness. First, strong
Na? inﬂuxes trigger a cascade of events such as the
activation of sodium–hydrogen exchanger (NHE1),
which leads to a low extracellular pH, enhances the
hydrolysis activity of cathepsins, and degrades the
extracellular matrix (ECM) (Brisson et al. 2011; Luo
et al. 2020) by the matrix metalloproteinases (MMPs)
which is the mediator of pathogenic epithelial-mesenchymal transition (EMT) process that is crucial for
metastasis (Radisky and Radisky 2010). Furthermore,
inhibition of NHE1 in triple-negative breast cancer
suppresses cell migration and invasion (Amith et al.
2016a) perhaps through the EMT molecule, vimentin
(Amith et al. 2016b). After VGSCs activation, the
mitochondria rapidly absorb Na? and release Ca2?,
and then activate a cell-signalling cascade to promote
the formation of invasive podosomes (invadopodium),
enhancing the cell invasion ability (Carrithers et al.
2009) which is a part of the invasion-metastasis cascade (Lambert et al. 2017). Furthermore, Nav1.5 is
shown as a key regulator of gene interaction networks
through the MAPK signalling pathways in the invasion
of colon cancer (House et al. 2010, 2015). Similarly,
positive expression of MAPK in triple-negative breast
cancer patients is correlated with poor prognosis and
lower overall survival due to MAPK being closely
associated with tumour invasion (Jiang et al. 2020) and
drug resistance e.g. tamoxifen (Ma et al. 2015).
Once in circulation, tumour cells must survive a
perilous microenvironment that includes hemodynamic
forces, ﬂuid shear and surveillance from and the
immune cells. Immune system activity plays an
important role in suppressing tumour progression by
mounting an anti-tumour response (Chen and Mellman
2017). Evading the immune recognition and response
or also known as the immune escape mechanism, is one
of the emerging hallmarks of cancer (Hanahan and
Weinberg 2011) and it is caused by the deregulation of
tumour antigen processing and presentation pathways
(Dhatchinamoorthy et al. 2021). Abnormalities in the
major histocompatibility complex class I (MHC class
I), or also known as HLA class I antigen processing
machinery (APM) functions to present tumour-speciﬁc
or tumour-associated antigen to the T-cells (Zamora
et al. 2018), plays a major role in the survival of cancer
cells during metastasis (Cabrera et al. 1996; Garrido
and Aptsiauri 2019; Kaneko et al. 2011; Silva et al.
2013). The role of nNav1.5 in allowing breast cancer

cells to escape the immune recognition and response
via deregulation of the MHC class I antigen processing
machinery (APM) pathway, thus supporting cancer
progression is yet to be understood. Previously, instead
of cancer, a study in neurons demonstrated that not
only stimulation with cytokines induced MHC class I
expression but interestingly, blockade of action potentials with VGSCs blocker TTX also resulted in a clear
increase of mRNA encoding MHC class I (Neumann
et al. 1997). Therefore, there is a possibility that
deregulation of MHC class I and APM components in
breast cancer is inﬂuenced by increase expression of
Nav1.5/nNav1.5 which further inﬂuence metastasis and
progression. This study is designed to elucidate the
connection of nNav1.5 with the expression of MHC
class I and APM components as a major player of the
adaptive immune system thus initiate the molecular
immunology insight for the role of nNav1.5 in potentiating breast cancer metastasis.
2. Materials and methods
2.1 Monolayer cell culture
MDA-MB-231 cells were purchased from American
Type Culture Collection (ATCC) and maintained in
Dulbecco’s Modiﬁed Eagle Medium (DMEM) (Nacalai
Tesque, Japan) supplemented with 2% L-Glutamine
(Gibco, USA), 5% foetal bovine serum (Gibco, USA)
and 1% penicillin/streptomycin (Gibco, USA). The
cells were passaged upon reaching 80% conﬂuency.
2.2 96-Well ﬂat-bottomed plate agarose plating
1.5% low melting point agarose (1st Base, Malaysia)
solution with ultrapure water (PURELAB Ultra, UK)
was autoclaved. The 96-well ﬂat-bottomed plate (CytoOne, Germany) was coated with 70 lL/well of
agarose solution (re-melted via microwave) by dripping
it vertically into the middle of the well without
touching the side or bottom to form a concave meniscus layer. After polymerization, the plate was sealed
with Paraﬁlm (Bemis Company, USA) and stored in a
4°C refrigerator before use.

2.3 3D spheroid cell culture
2 9 104 cells/150 lL complete DMEM media of
MDA-MB-231 cells were carefully seeded in the UV-
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sterilized (20 min) 96-well agarose-coated plate. The
plate was centrifuged (swing bucket) at 1000g for 30
min at room temperature and incubated at 37°C in 5%
CO2. The media of individual spheroids were replenished every three days by removing 65 lL of the old
media and replaced with an equal amount of fresh
complete DMEM media.
2.4 Microscope imaging
Images of individual spheroids were captured via
optical inverted microscope (Leica Microsystems,
Germany) on day 1, 3, 6, 9, 12 and 15 in the dark room
with the 59 objective lens. The volume of generated
spheroids was calculated via the SpheroidSizer tool,
according to a published equation (Chen et al. 2014).
2.5 Knockdown of nNav1.5 via siRNA
Three siRNAs targeting the SCN5A gene that codes for
nNav1.5 were acquired (TriFECTaÒ RNAi Kit, IDT,
USA). The scrambled siRNA (Dharmacon, USA) was
used as the non-targeting negative control. 10nM
siRNA-SCN5A mix was transfected into 3 9 105
MDA-MB-231 cells via INTERFERin transfection
reagent (Polyplus-transfection, France) according to the
manufacturer’s protocol. The total RNA was extracted
after 24 h.
2.6 Spheroid invasion assay
The cells were seeded at 3 9 105 cells/30 mm culture
dish overnight and then transfected with 20nM siRNASCN5A for 48 h, trypsinized and seeded to form the
spheroid using the CultrexÒ 96-well 3D Spheroid
BME Cell Invasion Assay (Trevigen, USA), with 2 9
103 cells/well, according to the manufacturer’s protocol. MDA-MB-231 cells without the siRNA treatment
and another plate treated with non-targeting negative
control siRNA were included to form the spheroids as
controls. The invasion matrix was added after three
days of spheroid formation, referred to as day 0, then
microscopy images were taken daily until day 7.

2.7 Total RNA extraction
The spheroids (16–32 spheroids) were collected into a
1.5 mL tube using 200 lL tips with cut ends and
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centrifuged at 200g for 5 min at room temperature. The
supernatant was removed, and the spheroids pellet was
lysed with 1mL Sepasol-RNA I Super G (Nacalai
Tesque, Japan) via continuous pipetting. The solution
was incubated for 10 min at room temperature and
added with 200 lL chloroform (Fisher Scientiﬁc,
USA). For monolayer culture, the incubation time was
5 min after lysis. Then, it was vigorously shaken for 30
s and left for 5 min at room temperature. The tube was
further centrifuged at 12 000g for 10 min at 4°C. The
top clear aqueous phase was transferred into a new prechilled 1.5 mL tube. 500 lL of isopropanol (Nacalai
Tesque, Japan) was added and the tube was inverted
until the solution was clear. The solution was incubated
at - 20°C for 2 h and centrifuged at 12000g for 10 min
at 4°C. The supernatant was removed, and the RNA
pellet was subjected to 1 mL of 75% ethanol (Merck,
Germany) washing three to four times via centrifugation at 7800g for 5 min per wash. The supernatant was
removed (via pipetting) and the RNA pellet was dried
for 10 min and reconstituted with RNase free water (1st
Base, Malaysia). The RNA purity was veriﬁed via
NanoDrop ND-1000 Spectrophotometer (Thermo
Fisher Scientiﬁc, USA).
2.8 Total RNA to cDNA conversion
1lg of total RNA was converted to cDNA using
ReverTra AceTM qPCR Master Mix with gDNA
Remover (Toyobo, Japan) with a slight modiﬁcation of
the manufacturer’s protocol. After the addition of the
59 RT Master Mix II, the tubes were incubated at 25°C
for 10 min, followed by 45°C for 30 min, 50°C for 5
min and ﬁnally 98°C for 5 min.
2.9 Primer sequences and design
Primer pairs used in this study were either taken from
established reports or designed. Designed primers were
generated using Primer3Plus tools (Untergasser et al.
2007) with sequences obtained from NCBI and the
speciﬁcity was veriﬁed via the NCBI Primer Blast tool
(Ye et al. 2012). The detailed information on primer
sequences used is in table 1.
2.9.1 Quantitative real-time PCR (qPCR): qPCR was
done using SensiFAST SYBR Hi-Rox Mix kit (Bioline,
UK) according to the manufacturer’s protocol. The
amount of template used was 4 lL of the 59 diluted total
cDNA obtained from the cDNA conversion step. qPCR
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Table 1. The sequences of primers used in the study
Gene
MMP1
ﬁbronectin
LMP2
LMP7
LMP10
TAP1
TAP2
MHC I
Nav1.5
nNav1.5
b-actin

Accession number

Forward primer sequence (50 –30 )

Reverse Primer Sequence (50 –30 )

Xu et al. (2016)
Li et al. (2015)
Wang et al. (2013)
NM_148919.3
NM_002801.4
NM_001292022.1
NM_001290043.1
Wang et al. (2013)
Kamarulzaman et al. (2017)
Kamarulzaman et al. (2017)
Kamarulzaman et al. (2017)

ACGAATTTGCCGACAGAGAT
GACCTATCCAAGCTCAAGTGGT
ATGCTGACTCGACAGCCTTT
TGCTGTCCAACATGATGTGC
GTGAAGCCACTAACCCTGGA
AGTTCGAAGCTTTGCCAACG
TTTTGACCCCCATGCCTTTG
GCGGCTACTACAACCAGAGC
TTGCTTGTTATGGTCATTGGC
CTGCACGCGTTCACTTTCCT
ATTGCCGACAGGATGCAGAAG

GGAAGCCAAAGGAGCTGTAG
ATCCAAGGTTTCTGGGTGGG
GCAATAGCGTCTGTGGTGAA
AGTCCCATGTTCATCCACGTAG
CTGGGTTTATTCCCCCTTGT
AGAGGATTCCCACTTTCAGCAG
TCCGCAAGTTGATTCGAGAC
GATGTAATCCTTGCCGTCGT
GTTGTTCATCTCTCTGTCCTCAT
GACAAATTGCCTAGTTTTATATTT
AGAAGCATTTGCGGTGGACG

was run on the ABI PRISM 7000 Sequence Detection
System (Life Technologies, USA). The ampliﬁcation
protocols used are as follows; initial activation for 5 min
at 95°C (1 cycle) followed by 35 cycles of 10 s at 95°C
and 30 s at 60°C, continued with pre-set dissociation
stage cycle. Ct values obtained were analysed via the
relative quantiﬁcation method (Schmittgen et al. 2008)
with the internal control of b-actin gene and the monolayer culture of MDA-MB-231 used as calibrator for
spheroid comparison and non-targeting control for the
siRNA studies.
2.9.2 Data and statistical analysis: Data analysis of
statistical signiﬁcances were performed via multiple TTest corrected for type 1 error using the Holm-Sidak
correction, analysed using GraphPad Prism version 8.0
and the data was extrapolated as mean ± SEM. The
average percentage of gene knockdown/upregulation
was calculated as below with the positive percentage
implying knockdown and vice versa.

1  Average2DDCt  100%
¼ Percentage of knockdown=upregulation
3. Results
3.1 Establishment of 3D spheroid as in vitro
model for breast cancer
Spheroid of MDA-MB-231 was grown for 15 days and
the images were captured every three days in a dark
room. From ﬁgure 1a, the shape of the spheroid is not
perfectly spherical as in day 1 and short distinct protruding cell aggregates can be seen emanating from the
spheroid bodies. Formation of a more turgid spheroid

over time is observed during media change and the shape
becomes smoother at the edge, but it does not form perfect spheres even after 15 days. From ﬁgure 1b, the initial
mean volume ± SEM (in mm3) of the spheroids on day 1
is 18.29 ± 0.597 and on day 15, the spheroids are even
lower in volume, 10.087 ± 0.469

3.2 Increase in metastatic markers gene
expression in MDA-MB-231 spheroids
The suitability of the b-actin gene as a reference gene
or internal control for qPCR is crucial for relative
quantiﬁcation analysis since the role of actin is highly
related to structural components of cells and the tumour
microenvironment (Walpita and Hay 2002). The suitability is analysed via the 2-Ct method (Schmittgen and
Livak 2008) and the average 2-Ct value ± SEM of bactin in the spheroids is 4.58e-006 ± 7.32e-007
whereas, for monolayer, it is 4.41e-006 ± 7.36e-007.
The fold change of internal control between the
spheroids and monolayer MDA-MB-231 is only 1.04fold as shown in the supplementary ﬁgure 1. Unpaired
T-Test of the Ct values for n = 13 shows the P-value of
0.336, which is larger than 0.05 rendering the difference insigniﬁcant. Therefore, b-actin is suitable to be
used as the internal control for qPCR in this study.
As shown in ﬁgure 2, two of the metastatic markers
studied, MMP1 and ﬁbronectin show signiﬁcant fold
change upregulation ± SEM up to 57.48 ± 17.21-fold
(p B 0.0001) and 2.88 ± 0.43-fold (p B 0.001),
respectively in MDA-MB-231 spheroids after calibrated to the monolayer culture. As for Nav1.5 and
nNav1.5, their gene expression is signiﬁcantly upregulated in the spheroids with 8.73 ± 2.09-fold (p B
0.05) and 3.76 ± 0.62-fold (p B 0.001) respectively.
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Figure 1. MDA-MB-231 spheroid formation for 15 days. (a) Microscopy images were taken on day 1, day 3, day 6, day 9,
day 12 and day 15. The black scale bar represents 1mm. (b) The decreasing volume of MDA-MB-231 spheroids grown on
the agarose-coated plate for 15 days. The data obtained were from n = 7 spheroids, volume calculated by SpheroidSizer
(Chen et al. 2014) and is shown as volume (mm3) ± SEM.

3.3 Deregulation of TAP1 gene expression
in MDA-MB-231 spheroids
In ﬁgure 3, it is shown that TAP1 is signiﬁcantly
downregulated. The downregulation fold for TAP1 was
- 4.83 ± 1.1-fold (p B 0.05) in the spheroids after
calibrated to the monolayer MDA-MB-231. The fold
changes for downregulation level was obtained by
negative inversing the 2-DDCt values from independent
repeats and averaged it to obtain the SEM. Other genes

studied in ﬁgure 3 do not possess any signiﬁcant
change in expression according to the adjusted
p-values.

3.4 Knockdown of nNav1.5 in MDA-MB-231 cells
developed into multiple cell clumps
The addition of the invasion matrix induces the invasion ability of the untreated MDA-MB-231 spheroids
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Figure 2. Increased expression of nNav1.5, Nav1.5,
ﬁbronectin and MMP1 shown in spheroids compared to
the monolayer MDA-MB-231. The dotted line represents
1-fold which is the mRNA expression for the monolayer
MDA-MB-231. Fold change is the average 2-DDCt ± SEM
value. Statistical signiﬁcance via Multiple T-Test from the
DCt values, corrected using Holm-Sidak correction to
minimize type 1 error, a = 0.05 with adjusted p-value,
*p B 0.05, **p B 0.01 and ***p B 0.001 (n C 3).

Figure 3. Decreasing expression of TAP1 in spheroids
compared to the monolayer MDA-MB-231. The dotted line
represents 1-fold which is the mRNA expression for the
monolayer MDA-MB-231. Fold change is the average
2-DDCt ± SEM value. Fold change of downregulation is
the negative inverse of the 2-DDCt value, shown in the result
section. Statistical signiﬁcance via Multiple T-Test from the
DCt values, corrected using Holm-Sidak correction to
minimize type 1 error, a = 0.05 with adjusted p-value,
*p B 0.05 (n C 3).

as seen from ﬁgure 4 where the protruding invasive
structure was seen when compared to the spheroid
without the addition of invasion matrix. However,
siRNA-SCN5A transfected MDA-MB-231 cells failed
to form a single uniﬁed spheroid; instead, it generates
multiple cell clumps rather than a single major body as
seen from ﬁgure 5, which is incapable of efﬁcient
invasion of the provided matrix.

Figure 4. Invasion of MDA-MB-231 spheroid with and
without invasion matrix. Analysis was done with CultrexÒ
96 Well 3D Spheroid BME Cell Invasion Assay (Trevigen,
USA). Untreated refers to the spheroid being developed with
MDA-MB-231 cells without the siRNA treatment. Images
are shown on day 0 (before the addition of invasion matrix)
and day 7 (the seventh day after addition of invasion matrix).
Scale bars = 500lm.

3.5 Knockdown of nNav1.5 rescues MHC class I
expression
From ﬁgure 6, siRNA-SCN5A transfected MDA-MB231 resulted in an average of 52.6% knockdown of
nNav1.5 mRNA as tabulated in table 2, when calibrated to the non-targeting control. Several genes such
as LMP7, LMP10, TAP2 and ﬁbronectin were reduced
as well at 23.9%, 26.6%, 35% and 52.9% respectively
with only ﬁbronectin deemed signiﬁcant according to
the adjusted p-value calculated. The knockdown/
upregulation percentage is calculated according to the
formula shown in the methodology using the average
2-DDCt values from ﬁgure 6. On the contrary, LMP2,
TAP1, and MMP1 were upregulated at 24.9%, 18%
and 31.3% respectively but only MHC class I was
signiﬁcantly rescued at a 347% or 3.47-fold level.
4. Discussion
Deregulation or loss of tumour MHC class I expression
are commonly observed as one of the immune escape
strategies aimed to avoid T-cell recognition in multiple
types of carcinomas (Anderson et al. 2021; Maleno
et al. 2002; McGranahan et al. 2017). Avoiding T-cell
recognition of the tumour speciﬁc antigen or tumour
associated antigen allows the cancer cells to thrive and
progress without being killed by the adaptive immune
response (Kim et al. 2007; Marincola et al. 1999). The
exact mechanism that leads to the deregulation or loss
of tumour MHC class I expression is currently

Inﬂuence of nNav1.5 on MHC class I expression in breast cancer
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Table 2. Average percentage of knockdown/upregulation
of mRNA level in siRNA-SCN5A transfected MDA-MB231

Gene

Figure 5. Failed uniﬁed spheroid formation and invasion
from siRNA-transfected MDA-MB-231. The spheroids were
developed from MDA-MB-231 cells transfected with
siRNA-SCN5A. The negative control spheroids were developed from MDA-MB-231 cells transfected with non-targeting siRNA. The assay was done with CultrexÒ 96 Well 3D
Spheroid BME Cell Invasion Assay (Trevigen, USA).
Images are shown on day 0 (before the addition of invasion
matrix) and day 7 (the seventh day after addition of invasion
matrix). Scale bars = 500lm.

Figure 6. Decrease of nNav1.5, ﬁbronectin and increase of
MHC I after nNav1.5 knockdown via siRNA targeting
SCN5A gene in the monolayer MDA-MB-231. Fold change
is the average 2-DDCt ± SEM value after calibrated to the
non-targeting control. The dotted line represents 1-fold
which is the mRNA expression for the MDA-MB-231
treated with the non-targeting siRNA. Statistical signiﬁcance
via Multiple T-Test from the DCt values, corrected using
Holm-Sidak correction to minimize type 1 error, a = 0.05
with adjusted p-value, *p B 0.05 (n C 3).

unknown but an early study in neurons revealed the
inﬂuence of VGSC with MHC class I expression and
blockade of action potentials using TTX induced MHC
class I expression (Neumann et al. 1997). Therefore, it

nNav1.5
LMP2
LMP7
LMP10
TAP1
TAP2
MHC I
MMP1
Fibronectin

Average percentage
of knockdown (%)

Average percentage of
upregulation (%)

52.6
–
23.9
26.6
–
35
–
–
52.9

–
24.9
–
–
18
–
347.4
31.3
–

is curious to test this connection in breast cancer where
VGSCs, particularly Nav1.5 and its neonatal isoform,
nNav1.5, are shown to be upregulated (Fraser et al.
2005; Yamaci et al. 2017) whilst MHC class I was
lacking (Kaneko et al. 2011).
Highly metastatic triple-negative breast cancer
(TNBC), are mimicked in vitro through a reference cell
line, MDA-MB-231 (Dai et al. 2017; Welsh 2013; Wu
et al. 2018) which expresses Nav1.5 and nNav1.5 (WJ
Brackenbury et al. 2007). Therefore, the cell lines have
been widely utilized for cancer nNav1.5-mediated
metastasis/invasion studies but mostly in 2D monolayer culture. In this study, spheroids were formed to
study nNav1.5-mediated invasion. The spheroid
formed an irregular sphere with several distinct cells
protruding from the edge (ﬁgure 1a), which is similar
to the spheroids generated by a previous study (Huang
et al. 2020; Ivanov and Grabowska 2017). Agreeably,
spheroids of MDA-MB-231 are not able to form perfect spheres when the size is less than 1 lm (Dolﬁni
et al. 2007) and larger spheroids are often accompanied
by protruding cells at the edge (Ivascu and Kubbies
2006). Over time, the cells compacted, and the protruding cells slightly disseminate into the major bodies
(ﬁgure 1a). However, the volume of MDA-MB-231
spheroids decreased after 15 days (ﬁgure 1b). Previously, varying patterns in the spheroid volume of different cell lines either decreasing or increasing area/
volume as time progresses have been observed (Delarue et al. 2014; Ivanov et al. 2014; Mittler et al.
2017) and reported could be due to the effect of different additives (e.g. Matrigel, methylcellulose, etc.) on
compaction (Froehlich et al. 2016; Ivascu and Kubbies
2006; Nagelkerke et al. 2013). Furthermore, the
decreasing volume in spheroids could also be related to
the difference of metabolism (Lagies et al. 2020),
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deregulation of intracellular signalling network (Zanotelli et al. 2020) or cell-to-cell interaction (Djordjevic
and Lange 2006) but it will require separate, extensive
study to conﬁrm.
Interestingly, higher mRNA expression of nNav1.5/
Nav1.5 in MDA-MB-231 spheroids was observed
compared to their monolayer counterparts (ﬁgure 2).
Considering the spheroid culture as a mimic of in vivo
tumours (Baskaran et al. 2020; Charoen et al. 2014) and
previous reports on Nav1.5/nNav1.5 were reported in
aggressive phenotype breast cancer (Brackenbury 2012;
Roger et al. 2003; Yang et al. 2012), it could be postulated that the spheroid model represents a better metastatic breast cancer in vitro model for the study of
nNav1.5 expression. Previously, functional heterotypic
spheroids of cardiac myocytes and cardiac ﬁbroblast
managed to possess electrical syncytium mainly via
VGSCs (Kim et al. 2018), indicating an active function
of VGSCs in their spheroid culture. In addition, functional Nav1.5 allows Na? inﬂux which mechanistically
contributes to the invasive potential (Brisson et al. 2011).
Moreover, the spheroids also shown that MMP1 and
ﬁbronectin were signiﬁcantly upregulated in which both
molecules have been reported elsewhere as major
metastatic markers for breast cancer; MMP1 degrades
the ECM (Boström et al. 2011; Liu et al. 2012; Wang
et al. 2019) and ﬁbronectin; an ECM component associated with cancer metastasis and progression (Balanis
et al. 2013; Garcia-Lora et al. 2003; Wang and Hielscher
2017). Providing all these, in the invasion matrix, the
spheroids also produce invasive protruding arms surrounding the major spheroid body (ﬁgure 4).
As anticipated, contrary to nNav1.5, lower TAP1
expression in MDA-MB-231 spheroids was observed,
despite all other antigen processing machinery molecules remain unchanged (ﬁgure 3). The downregulation
correlate with previous cancer studies (Ling et al. 2017;
Vitale et al. 1998) and recognized as part of the tumour
immune escape mechanism (Rezaei and KeshavarzFathi 2018). Some reports indicate that increase in
MMP1, which is also shown from this study (ﬁgure 2),
enhance bone metastases which indirectly supports the
ability of MDA-MB-231 cells to potently form bone
metastases as well (Kang et al. 2003; Wright et al.
2016). In gastric cancer, its progression is inﬂuenced
by VGSC (Xia et al. 2016) whereas MMP1 and TAP1
were shown to be regulated by the transcription factor,
HIF-1a and related factors such as STAT1 and STAT3
(Wang et al. 2014). Interestingly, HIF-1a also act as the
regulator of Nav1.5 (Dewadas et al. 2019) and MMP1
(Choi et al. 2011) in breast cancer. In breast cancer,
studies have reported that following signiﬁcant TAP1

downregulation, heterodimeric TAP1/TAP2 activities
will be impaired (Praest et al. 2018; Vitale et al. 1998)
and lead to fewer immunological peptides being
transferred for the formation of MHC class I complex
hence preventing them from being presented on the
surface of the tumour cells for T-cell recognition
(Lankat-Buttgereit and TampÉ 2003; Lehnert et al.
2016).
When nNav1.5 was successfully knocked down in
MDA-MB-231 cells, it led to the loss of the cell’s
ability to form a uniﬁed spheroid, instead, it forms
multiple cell clumps (ﬁgure 5). The formation of
smaller cell clumps could be due to the reduction of
cell adhesion associated molecule, ﬁbronectin (Ramos
et al. 2016) following the siRNA treatment (ﬁgure 6),
opposing the formation of a uniﬁed spheroid at day 0
for the control. More importantly, MHC class I mRNA
expression was rescued in nNav1.5-knocked down
MDA-MB-231 cells (ﬁgure 6), showing a possible
regulation of nNav1.5 on MHC class I.
It has been demonstrated that Nav1.5 plays a regulatory role in the invasion-related gene expression
network of colon cancer through the MAPK signalling
pathway (House et al. 2015). Upon MAPK inhibition,
MHC class I mRNA expression is shown to increase in
cancer cells (Brea et al. 2016), thus indicating a possible regulation of MHC class I by nNav1.5 through
the MAPK signalling pathway. Accordingly, ERK in
the MAPK signalling pathway act as a negative regulator that reduces the production of MHC class I
inducer, IFN-c (Zhang et al. 2018; Zhou 2009).
Rescuing MHC class I expression in cancer is now a
strategy for efﬁcient immunotherapies because it will
increase the repertoire of safe treatment platform to
counter the persisting issues of cancer heterogeneity
(Garrido et al. 2016; Turajlic et al. 2019). Findings
from our study that shows nNav1.5 inﬂuence MHC
class I expression at the transcriptomic level, indicate
that rescuing MHC class I via targeting nNav1.5 could
create a way to achieve this. Previously, many cancerrelated drugs including systemic chemo-drugs (paclitaxel, vinblastine, cisplatin, etc.) and radiations have
been proven to increase MHC class I expression in
ovarian and breast cancer (Adair and Hogan 2009; Wan
et al. 2012). In line with this, despite the type of
treatment, reduced nNav1.5 serum level in post-treated
breast cancer patients compared to pre-treated patients
has been recently demonstrated (Rajaratinam et al.
2021). Nevertheless, works e.g. on immune recognition
and response from the T-cell activity are required to
further elucidate immune escape mechanism through
the expression of nNav1.5.

Inﬂuence of nNav1.5 on MHC class I expression in breast cancer

In summary, our study indicates that nNav1.5 positively inﬂuences MHC class I expression in aggressive
breast cancer, and therefore, nNav1.5 serves as a
potential biomarker to alleviate MHC class I level to
improve breast cancer treatment, especially
immunotherapy.
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