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4.1 Introduction

The tumor microenvironment (TME) is a unique ecosystem comprised of tumor cells, various
immune cells, blood vessels and an extracellular matrix. The progression of cancer is influenced
by a multitude of factors including pH, hypoxia, metabolites, hormonal and growth factors,
angiogenesis, the microbiome, and the infiltration of immune cells [1-6]. However, the
contribution of ions within the tumor microenvironment remains insufficiently explored. lons
play a crucial role in various cellular processes, such as maintaining osmolarity, facilitating
signaling pathways, ensuring membrane integrity, and supporting nutrient transport, all of
which are vital for cell survival and function. Recent studies have highlighted that the sodium
ion composition within the tumor microenvironment is significantly higher compared to
adjacent healthy tissues [7], prompting questions regarding its impact on cancer cell
progression and the efficacy of immune cells in executing their anticancer functions. The
specific role of sodium chloride (NaCl) in cancer remains a contentious issue. Nonetheless,
some studies have indicated that high salt concentrations may exert antitumor effects by
activating T-cell functions, suppressing myeloid-derived suppressor cells (MDSCs), and
enhancing natural killer (NK) cell activity [8-13]. Despite these findings, the direct impact of
elevated salt levels on cancer cells has not been thoroughly investigated. Therefore, in this
study, we explored the effects of high salt concentrations on various aspects of breast cancer

cell biology.
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4.2 Results

4.2.1 To study the effect of NaCl on cell viability in MDA MB-231 and MCF-7 cell

lines

To assess the effect of higher concentrations of NaCl on MDA MB-231 and MCF-7 breast cancer
cells, cell viability was performed using an MTT assay. Metabolically active cells contain
mitochondrial reductase enzymes, which reduce the yellow tetrazolium salt, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), to an insoluble purple formazan
crystal, which can be quantified using a spectrophotometer at 595 nm. Cells were seeded in a
96-well plate and treated with increasing concentrations of salt ranging from 25mM to 100mM
for 24 hr. Equal concentrations of osmo-active agents like mannitol and urea were used as
osmolality control. Notably, high salt treatment exhibited a dose-dependent increase in
cytotoxicity in both MDA-MB-231 and MCF7 cell lines. Treatment with 100 mM NaCl for 24 hr.
resulted in 32 % and 41 % cell death in MDA-MB-231 and MCF7 cells, respectively (Figure 4.1).

Urea and mannitol did not affect cell viability.
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Figure 4.1: Effect of high salt on cell viability of MDA MB-231 and MCF-7 breast cancer cell
lines. Different concentrations of NaCl were used for studying the effect of high salt on cell
viability of MDA MB -231 and MCF-7 cell lines using MTT assay for 24 hrs. Data represent the
mean + SEM of three independent replicates. (Statistical analysis by one-way ANOVA test.
*p<0.05, **p<0.005, ****p<0.0005).
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4.2.2 High salt induces apoptosis in MDA MB-231 and MCF-7 cell lines

To study the effect of high salt on induction apoptosis in breast cancer cells, flow cytometry-
based analysis was performed using Annexin V and PI. Apoptotic cells exhibit externalization of
the cytoplasmic membrane, normally containing phosphatidylserine on its inner side. When a
cell undergoes apoptosis phosphatidyl serine externalizes to the exterior side of the
membrane. Annexin V specifically binds to phosphatidyl serine and can differentiate between
cells undergoing apoptosis and live cells. Propidium lodide (PI) binds to nucleic acids however,
it is impermeable to intact cell membranes. It can enter cells only when the membrane is
ruptured, a feature of late apoptosis and necrosis. Cells were seeded in a 6-well plate and
treated with different concentrations of high salt for 24 hr. At the end of treatment, cells were
stained with Annexin V (Alexa Fluor 488) and Pl as per manufacturer protocol followed by flow
cytometry analysis. Treatment of high salt in MDA MB-231 and MCF-7 showed a dose-
dependent increase in apoptosis in both cell lines whereas treatment with mannitol showed
apoptosis equal to control cells (Figure 4.2 A and B). Quantitative analysis of the flow cytometry
data is represented in (Figure 4.2 C). Healthy cells are indicated by Annexin V negative and P!I
negative populations (LL). Early apoptotic cells are marked by Annexin V positive and Pl
negative populations (LR). Cells undergoing necrosis, either from post-apoptotic necrosis or

late-stage apoptosis, show Annexin V-positive and Pl-positive staining (UR).
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Figure 4.2: Flow cytometry analysis of MDA MB-231 and MCF-7 showed high salt induces apoptosis in
breast cancer cell lines. Flow cytometric analysis of high salt treated A. MDA MB-231 and B. MCF-7 cells
using Annexin V/Pl showed induction of apoptosis with dose-dependent manner C. Quantitative
analysis of the percent live and dead cells. (Statistical analysis by two-way ANOVA test. *p<0.05,
**p<0.005, ****p<0.0005).

4.2.3 Expression of apoptotic markers and ROS generation in response to high salt
To investigate the mechanism of high salt-induced apoptosis in MDA-MB-231 and MCF-7 cells,

the expression levels of apoptosis-related proteins Bax, Bcl-2, and Caspase-7 were analyzed via

western blot (Figure 4.3A). Cells were cultured in 60mm dishes and treated with increasing
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concentrations of high salt for 24 hours. After the treatment period, cells were lysed using cell
lysis buffer (RIPA buffer containing protease and phosphatase inhibitors), followed by western
blot analysis using the respective antibodies. High salt treatment increased the pro-apoptotic
protein Bax and decreased the anti-apoptotic protein Bcl-2 in a concentration-dependent

manner, resulting in a higher Bax/Bcl-2 ratio, indicative of apoptosis (Figure 4.3B).
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Figure 4.3: Western blot analysis of apoptosis markers in MDA MB-231 and MCF-7 cell lines. A. Western
blot analysis of apoptosis markers Bcl-2, Bax, and Caspase-7 from MDA MB-231 and MCF-7 cell lysate,
B-actin are used as loading controls. B. Densitometric analysis of blots using ImageJ software, NIH C.

ROS assay using CM-H2DCFDA in MDA MB-231 and MCF-7 treated with different concentrations of
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NaCl measured at 495/520nm. (Statistical analysis by one-way ANOVA test. *p<0.05, **p<0.005,
**%*%¥p<0.0005).

Treatment with high salt also led to upregulation of Caspase-7, indicating the initiation of
apoptosis in the cells. Anincrease in ROS level is known to have a detrimental effect on cancer
progression by inducing apoptosis [14]. High salt treatment showed a steady increase in ROS
levels in both cells, suggesting a role in inducing apoptosis (Figure 4.3C). 55mM was used as a

positive control for the induction of ROS in breast cancer cell lines.

4.2.4 High salt inhibits cell proliferation in MDA MB-231 and MCF-7 cell lines

CFSE dye dilution method was used to study the effect of high salt on the proliferation of breast
cancer cells. CFSE, a fluorescent dye, is evenly distributed throughout the cytoplasm in a
labelled cell. However, with each subsequent cell division, the dye is equally distributed in
daughter cells, resulting in a decrease in fluorescence intensity. A decrease in fluorescence
intensity indicates cell proliferation, as the dye is diluted with each cell division. Cells were
stained with CFSE dye on day O and allowed to adhere overnight. Followed by treatment with
high salt cells were allowed to proliferate for 7 days. At the end of the treatment period cells
were subjected to flow cytometry analysis against day 7 control cells. High salt treatment
suppressed the proliferation of both MDA MB-231 and MCF-7 cells compared to control cells
(Figure 4.4 A and B). As high salt impairs cell proliferation, the decrease in fluorescence
intensity will be slower compared to the control cell. The quantitative analysis of the CFSE cell
proliferation assay is represented in Figure 4.4 C and D. The effect was significant from salt
concentration of 50 mM onwards. Treatment with 100 mM Urea and Mannitol did not affect

the proliferation in both cells.
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Figure 4.4: Flow cytometry-based analysis of high salt-treated breast cancer cell lines showed inhibition
of cell proliferation. Cell proliferation assay of A. MDA MB-231 and B. MCF-7 cell lines under high salt

conditions using CFSE dye dilution method in flow cytometry. Quantitative representation of CFSE
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intensity compared to DAY O control of C. MDA MB-231 and D. MCF-7 respectively. (Statistical analysis
by one-way ANOVA test. *p<0.05, **p<0.005, ****p<0.0005).

4.2.5 High salt inhibits clonogenic property of breast cancer cell lines

The effect of high salt on the inhibition of cell proliferation was further confirmed using a
clonogenic assay. Clonogenic property refers to the ability of a single cell to grow into a colony.
This property is crucial for understanding the replicative potential of cancer cells, as it reflects
their capacity to proliferate and form clones from a single cell. 500 cells of MDA MB-231 and
MCF-7 cells were seeded in a 6-well plate and allowed to adhere overnight. Cells were treated

with varying concentrations of high salt and were allowed to grow for 14 days.
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Figure 4.5: Clonogenic assay of high salt treated MDA MB-231 and MCF-7 cell line. A Treatment with
different concentrations of high salt inhibited the clonogenic property of MDA MB-231 and MCF-7 cell
lines. B and C. Quantitative representation of percent colony number, colony area and colony forming
efficiency of MDA MB-231 and MCF-7, respectively. (Statistical analysis by one-way ANOVA test. **, ##,
SS p<0.05, *** #Ht, SSS p<0.005, ****  #H##p<0.0005).

Our result showed inhibition of colony number and areas in both MDA MB-231 and MCF-7
cells, particularly at salt concentrations of 50 mM and beyond. Treatment with 100 mM
mannitol showed no effect on the clonogenic property of cancer cells suggesting the inhibition
of clonogenic activity by salt was not attributed to the change in osmolarity. Colony forming
efficiency, which is represented by the number of colonies observed over the total number of
cells seeded, was also found to decrease with an increase in concentration of salt. This
observation suggests that increased salt concentrations, especially at and beyond 50 mM, may

play a role in impeding clonogenic survival.

4.2.6 High salt arrests the cell cycle of breast cancer cells in S phase

To delve deeper into the intracellular mechanisms underlying the inhibitory impact of high salt
on breast cancer cell proliferation, we investigated the cell cycle distribution in MDA-MB-231
and MCF7 cells using propidium iodide (PI-) based flow cytometric analysis. Cells were seeded
in a 6-well plate and treated with varying concentrations of high salt ranging from 25-100mM.

At the end of the incubation period, cells were trypsinized, pelleted and fixed with 70% alcohol
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followed by staining with PI. Stained cells were subjected to cell-cycle analysis using a flow

cytometer by gating single cells using FSC-H vs FSC-A and PI-W vs PI-A plots. In comparison to

the control, high salt-treated cells exhibited distinct cell cycle arrest at the S phase (Figure 4.6

A and B). Interestingly, the high salt treatment also reduced the expression of Cyclin D1, which

is required for the G1-S phase transition (Figure 4.6 C and D). p-MDM2 is known to suppress

p53 which plays a crucial role in regulating apoptosis and cell cycle under cellular stress

conditions. Western blot analysis of high salt treatment showed a decrease in p-MDM2 and an

increase in p53 expression suggesting high salt-mediated promotion of apoptosis and cell cycle

arrest through stabilization of p53.
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Figure 4.6: High salt induces cell cycle arrest in the S phase in breast cancer cell lines. Cell cycle analysis

of A. MDA MB-231 and MCF-7 cell line using Pl in flow cytometer B. Quantitative representation of
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percent cells in each phase of cell cycle C. Western blot analysis of different cell cycle markers. D.
Densitometric analysis of blots using Image)J software, NIH. (Statistical analysis by one-way ANOVA test.

* p=0.02, ** p<0.05, *** p<0.005, ****p<0.0005).

4.2.7 High salt suppresses migration property in breast cancer cell lines

Cell migration plays a crucial step in the initiation of cancer metastasis, enabling it to spread to
various organs. To investigate the effect of high salt treatment on migration, both MDA MB-
231 and MCF-7 cells were treated with various concentrations of salt for 24 and 48 hrs. The
migration property of the cells was studied using a wound healing assay. Briefly, cells were
seeded in a 6-well plate and allowed to grow till 80 % confluency. Before treatment cells were
serum starved and treated with Mitomycin-C to inhibit the proliferation of cells. This is to
ensure that wound healing occurs only by migration of cells and not because of the
proliferation of cells. A uniform scratch was created using a tip and cells were allowed to
migrate for 48 hours. Images were captured at 0, 24 and 48 hr. to study the migration of the
cells using a light microscope. Our findings suggested that, in contrast to the control cells, salt
treatment suppressed cell migration at both 24 and 48 hr. (Figure 4.7 A and B). Mannitol, on
the other hand, showed no effect on cell migration. The quantitative analysis of the data is

presented in Figure 4.7 Cand D.
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Figure 4.7: High salt suppresses the migration property in breast cancer cells. Wound healing assay of

A. MDA MB-231 and B. MCF-7 cell lines under high salt conditions. Cand D. Quantitative representation
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of wound width of migrated cells at 0, 24 and 48 hrs. using MRI wound healing tool, Imagel software,

NIH. (Statistical analysis by two-way ANOVA test. *p<0.05, **p<0.005, ****p<0.0005).

4.2.8 High salt suppresses adhesion to extracellular matrix (ECM) in breast cancer

cell lines

The ability of cancer cells to adhere to the extracellular matrix is another hallmark of metastatic
behavior. Upon treatment with high salt, both MDA-MB-231 and MCF7 cells were allowed to
adhere to a collagen-coated 96-well plate for 1 hour. The non-adherent cells were then washed
off, and the adherent cells were quantified using the MTT assay. Treatment with high salt
showed a significant reduction in adhesion to collagen | and IV coated wells (Figure 4.8). On
the contrary, cells treated with mannitol did not affect the adhesion and showed adhesion

similar to control cells.
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Figure 4.8: High salt suppresses the adhesion to extracellular matrix in breast cancer cells. Adhesion
assay of MDA MB-231 and MCF-7 cells to collagen-I and collagen IV, under high salt stress condition

compared to control cells. (Statistical analysis by one-way ANOVA test. ****p<0.0005).

4.2.9 High salt induces global transcriptomic alterations in high salt-treated MDA
MB-231 cells

To understand how high salt affected the transcriptomic profile of breast cancer cell lines, MDA
MB-231 cells were selected. Cells were seeded in 6-well plates and treated with 50mM of NaCl

for 24 hours. At the end of the treatment period, RNA was extracted and stored in RNAlater
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solution at -80° C till sequencing. For RNA sequencing, library preparation was performed using
NEB Next®Ultra™ Il RNA Library Prep Kit for lllumina®. Further quality and quantity of RNA
were assessed using an Agilent 4150 Tape Station system and Qubit 4 Fluorometer. High-quality
total RNA-Seq libraries were sequenced (2x150 bp) using the lllumina NovaSeqg 6000 V1.5
platform. The RNA sequencing data has been submitted to GEO with submission no.
GSE265934. Based on the sequencing analysis, we identified 628 nos. of differentially
expressed genes (DEGs) with p-value <0.05 and absolute Log2 fold change of 1.5, which is
represented as a volcano plot (Figure 4.9A). Counts per million of the top 50 genes sorted by P
value were plotted as a heatmap, followed by Z-score normalization (Figure 4.9 B). Out of the
total 628 DEGs, 506 genes were upregulated and 122 genes were downregulated. To assess
the potential functions of the 628 genes, overrepresentation analysis (ORA) using Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) were
conducted. Our analysis revealed that DEGs are significantly enriched in multiple KEGG
pathways (Figure 4.9C). it is evident from the HEGG pathway analysis that many of the enriched
pathways were known to be involved in cancer, such as PIK3-AKT (hsa04151), cell adhesion
(hsa04514), calcium signaling (hsa04020), breast cancer (hsa05224), mTOR (hsa04150), MAPK
(hsa04010), Ras (hsa04014), focal adhesion (hsa04510) etc. Gene ontology ORA of DEGs
showed genes involved in transmembrane signaling receptor (G0O:0004888), extracellular
matrix (G0:0031012), cell-cell adhesion (G0:0098742), GPCR (G0:0004930) and cation
channel genes (GO:0005261) (Figure 4.9D). High salt treatment showed DEGs with tumor
suppressor or anti-cancer activity were up-regulated whereas those with pro-tumorigenic
function were down-regulated. This could explain the anti-cancer effect of high salt in triple-
negative breast cancer cell line MDA-MB-231. Through a comprehensive literature review of
genes enriched in our RNA sequencing data, we have identified candidates potentially involved
in the anti-cancer effects of high salt. These genes are categorized based on their roles in key
biological processes such as apoptosis regulation, cell proliferation, metastasis, and cell
adhesion (Table 4.1). A detailed list of all relevant DEGs involved in anti-cancer function, along

with their expression patterns and functions are listed in Table 4.2.
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Table 4.1: DEGs enriched from RNA sequencing data were categorized by biological function,

suggesting their potential involvement in the observed experimental effect

Biological Functions Genes

RANBP3L, SLC25A34, THBS2, CDON, PLCB2, EGR3, CDKN1C,

Apoptosis
KCNJ15
Cell-cycle CDKN1C, KCNJ15
FOCAD, PCDHGA11, VARS1, RELN, THBS2, ICOSLG, LRRC4, NFASC,
Metastasis
GNRHR, HERC2, KCNJ15, ANGPTL1
EIF3CL, RING1, RANBP3L, FOCAD, PCDHGA11, CLDN14, RELN,
Proliferation ICOSLG, LRRC4, NFASC, HRAS, AKT3, LPAR6, KCNJ15, EFR3, GNRHR,
KCNJ15
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Figure 4.9: High salt induces global transcriptomics changes in MDA MB-231 cells. Differential gene
expression analysis by RNA-sequencing under normal and high salt treatment condition A. Log2fold
change and p-value of genes shown as a volcano plot. Red points represent differentially expressed
genes that have p-value < 0.05 and absolute log2foldchange > 1.5 B. Z-score normalized counts per
million reads of top 50 differentially expressed genes sorted by the p-value represented as heatmap.
Samples are sorted by hierarchical clustering. C. Significant KEGG pathways that are enriched in
differentially expressed genes D. Gene ontology overrepresentation analysis of differentially expressed

genes (DEGs). The X axis represents gene ratio and the Y axis represents enriched gene ontology terms.

4.2.10 Validation of RNA sequencing transcriptomic data

For validation of RNA Sequencing data, mRNA expressions of 8 DEGs (PCDHGA11, EIF2CL,
RAVER1, TNFSF15, RANBP3L, MT1X, CLDN14, and CSF-2) were studied using qPCR. mRNA
expressions of all these genes were in agreement with the RNA-Seq data (Figure 4.10). The
expressions of PCDHGA11, EIF2CL, RAVER1, TNFSF15 and RANBP3L were upregulated
significantly in response to high salt treatment. In contrast, expressions of MT1X, CLDN14 and

CSF-2 were downregulated following high salt exposure.
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Figure 4.10: Real-time PCR based validation of up and down-regulated genes from RNA-Sequencing

data of MDA MB-231 cell line under high salt stress condition (n=3). (Statistical analysis by student t-

test. * p=0.01, ** p<0.01, *** p<0.001.

Table 4.2: List of selected DEGs with anti-cancer function*

Sr. Gene Up/Down Function as per literature References
No Name regulated
in RNA-
Seq
Analysis
1. | EIF3CL Down Overexpression of EIF3F in human lung cancer | [15]
regulated | cells alters cell proliferation and bioenergetics but
also promotes metastasis in vivo.
2. |RING1 Down RING1 depletion inhibited the proliferation and | [16]
regulated |survival of the p53 wild-type cancer cells by
inducing cell-cycle arrest, apoptosis, and
senescence
3. | HRAS Down HRAS gene mutations contribute to cancer|[17]
regulated |development by activating oncogenic signaling
pathways, making HRAS a crucial player in
tumorigenesis.
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4. |TNFSF15 Up Tumor necrosis factor superfamily-15 (TNFSF15; | [18]
regulated |also known as VEGI or TL1A) is a unique cytokine
that functions in the modulation of vascular
homeostasis and  inflammation.  Inhibits
angiogenesis and helps reposition of macrophage
phenotypes toward M1 by STAT1/3 activation.
5. |RANBP3L |Up RanBP3's upregulation inhibits cell proliferation, | [19]
regulated |induces apoptosis, and enhances drug sensitivity
in CML cells by affecting the TGF-B-SMAD2/3-p21
axis and decreasing cytoplasmic ERK1/2 levels.
6. | FOCAD Up FOCAD acts as a tumor suppressor gene, with | [20]
regulated | higher levels associated with better prognosis. In
gliomas, FOCAD loss impacts cell proliferation and
migration, affecting overall survival in patients
7. | PCDHGA11 | Up It has been linked to regulating cancer cell |[21]
regulated | proliferation and metastasis, acting as tumor
suppressors by inhibiting these processes.
Furthermore, the downregulation of PCDHGA11
in gastric cancer tissues has been associated with
advanced tumor stages, relapse, and metastasis,
highlighting its potential as an independent
prognostic biomarker in cancer
8. | VARS1 Down The VARS1 gene plays a significant role in cancer | [22]
regulated | progression and the tumor microenvironment.
Studies have shown that VARS1 is a hub gene
associated with  M2-like macrophages in
melanoma, promoting cell migration, invasion,
and M2 macrophage polarization
9. |CLDN14 Up CLDN14 promoted the proliferation of CRC cells. |[23]
regulated
10 |SLC25A34 | Down Inhibition of SLC25A34 may induce apoptosis (cell | [24]
regulated |death) in cancer cells, making it relevant for
cancer research.
11 | RELN Up RELN is involved in the regulation of invasion and | [25]
regulated | proliferation of breast cancer. Moreover, RELN
was found to inhibit both migration and invasion
of pancreatic cancer cells
12.| PCDHGB4 | Up PCDHGB4 played an important role in tumor |[26]
regulated |immunity and confirmed that PCDHGB4 was
associated with immune checkpoints, immune
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regulatory genes, and methyltransferases.
Besides, enrichment analysis revealed that
PCDHGB4 was involved in multiple cancer-related
pathways
13. | Rab17 Up Rab17 might act as a tumor suppressor gene in | [27]
regulated | hepatocellular carcinoma, and the anti-tumor
effects of Rab17 might be partially mediated by
the Erk pathway
14. | CDKN1C Up CDKN1C (encoding tumor suppressor p57KIP2) is | [28]
regulated |a cyclin-dependent kinase (CDK) inhibitor whose
family members are often transcriptionally
downregulated in human cancer via promoter
DNA methylation.
15.| THBS2 Up THBS2 expression is associated with PFIl, immune | [29]
regulated | cell infiltration, immune regulation, cell death,
cell migration, epithelial-mesenchymal transition,
angiogenesis and genomic variations in COAD
16. | ICOSLG Down ICOSLG knockdown inhibited the proliferation, | [30]
regulated | migration, invasion and tumor formation of GC
cells
17. | LRRC4 Up LRRC4/NGL-2 suppressed glioma cell proliferation | [31]
regulated | by delaying the cell cycle in late G1 and invasion
through regulating the expression of the invasion-
related molecules including CD44, MMP16, TB10
and annexin A2
18. | NFASC Down NFASC, along with NFIC, another member of the | [32]
regulated | NF family, demonstrates potential as a tumor
suppressor in lung squamous cell carcinoma
(LUSC), inhibiting cell proliferation, migration, and
invasion.
19. | NCAM1 Up In several human cancers, NCAM1 expression is | [33]
regulated |downregulated. This suggests that it might have a
tumor suppressor role.
20. | HRAS Down HRAS plays a crucial role in promoting cell growth | [34]
regulated |and proliferation in cancer, particularly bladder
cancer, making it a potential therapeutic target
for inhibitors like salirasib.
21.| AKT3 Up Akt3 induces oxidative stress and DNA damage by | [35]
regulated |activating the NADPH oxidase via
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phosphorylation of p47phox, leading to the
upregulation of ROS levels and subsequent
activation of the DNA damage response pathway.
The DNA damage response plays a crucial role in
inhibiting cell proliferation induced by Akt3
22 | LPARG Up LPAR6 inhibits breast cancer growth via|[36]
regulated |attenuating cell proliferation and acts as a tumor
suppressor in breast cancer.
23.| DEPTOR Up Inhibits  prostate  tumorigenesis via the|[37]
regulated |inactivation of mTORC1/2 signals
24.| CDON Up It is a well-known tumor suppressor and works by | [38]
regulated |inducing apoptosis
25. | PLCB2 Down PLCB2 expression reduces melanoma cell viability | [39]
regulated |and promotes melanoma cell apoptosis by
altering Ras/Raf/MAPK signals
26.| KCNJ15 Up KCNJ15 inhibited cell proliferation and induced | [40]
regulated |cell cycle arrest via upregulation of p21 protein
expression.
27.| CGNL1 Down Cgnll function is crucial for sustaining|[41]
regulated | neovascular growth and stability.
28. | RIGI Up RIG-I acts as a tumor suppressor in melanoma via | [42]
regulated |regulating the activation of the MKK/p38MAPK
signaling pathway
29. | EGR3 Up cell proliferation inhibition by FaslL expression and | [43]
regulated |apoptosisinduction via pro-apoptotic Bak and cell
cycle inhibitor p21 expression.
30. | GNRHR Up GNRHR inhibits TNBC proliferation and | [44]
regulated | metastasis, suggesting it could be targeted for
TNBC treatment.
31.| VARS1 Down Multiple myeloma patients with abnormal high | [45]
regulated | expression of VARS have a poor prognosis. VARS
promotes the malignant growth of Multiple
myeloma cells by affecting the regulation of valine
metabolism.
32. | HERC2 Up HERC3 affect the migration, invasion and|[46]
regulated | metastasis and further regulate EMT via
EIF5A2/TGF-/Smad2/3 signal.
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33.| CDKN1C Up Upregulation of CDKN1C resulted in the inhibition | [47]
regulated | of hallmarks involving cell growth, differentiation,
cell death, and angiogenesis in malignancies

34. | KCNJ15 Up KCNJ15 overexpression significantly inhibited RCC | [48]
regulated |cell proliferation, migration, and colony
formation, arrested the cell cycle and induced
apoptosis of RCC cells in vitro.

35. | ANGPTL1 |Up Angiopoietin-like protein 1 (ANGPTL1) is a|[49]
regulated | member of the ANGPTL family that suppresses
angiogenesis, cancer invasion, metastasis, and
cancer progression in CRC

*The screening criteria was based on the lowest False Discovery Rate (FDR) and fold changes

exceeding 1.5-fold.

4.3 Discussion

The tumor microenvironment (TME) is a complex and dynamic ecosystem. In addition to major
cellular components like cancer cells, immune cells and fibroblasts, other components of TME
such as blood vessels and extracellular matrix also play critical roles in the development of
tumor. This environment frequently undergoes various physiological and biochemical changes
e.g. ion imbalances. These imbalances play significant roles in the initiation, progression, and
treatment outcome of cancer. One notable ionic imbalance in the tumor microenvironment is
the mis-regulation of sodium ions (Na*). In breast cancer patients, 2>Na MRI showed
significantly higher sodium concentration in the TME compared to the surrounding healthy
tissue [7,50-52]. This raises curiosity about the impact of increased sodium concentration on
tumor progression. In addition, the role of the extracellular concentrations of NaCl and their
functional significance in tumors are poorly understood. In this part of our study, we
investigated the effect of high salt on breast cancer cell lines in vitro. Our study showed that
treatment with NaCl sensitizes tumor cells towards apoptosis. To understand the molecular
mechanism, we investigated the expression levels of pro and anti-apoptotic proteins. Our
findings revealed that high salt suppresses the production of the anti-apoptotic protein Bcl-2
while promoting the expression of the pro-apoptotic protein Bax. The balance between these
Bcl-2 family proteins is crucial in determining how a cell undergoes apoptosis from either

intrinsic, extrinsic or execution pathways [53]. In addition, Caspase 7 showed increased
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expression in both the cell lines indicating the activation of the execution pathway of apoptosis.
Reactive oxygen species (ROS), produced in cells through aerobic metabolism, play an
important role as a regulator of signaling pathways involved in proliferation, differentiation,
and survival [54]. However, a significant increase in intracellular ROS level triggers cancer cell
cycle arrest, senescence, and apoptosis [55,56]. Our data suggested that breast cancer cells

treated with high salt increased ROS generation, possibly inducing apoptosis.

Our study showcased that high salt independently hindered tumor proliferation, independent
from the influence of immune cells as shown by earlier research. This was confirmed through
the CFSE dye dilution assay and clonogenic assay. Our result also suggested that enhanced salt
levels suppressed the clonogenicity of the cells which might potentially affect proliferation at

the primary tumor and newly formed metastatic sites.

High salt treatment induced distinctive cell cycle arrest at the S phase as evident from flow
cytometry analysis. Surprisingly, cyclin D1, a cell cycle checkpoint regulator required for G1-S
transition, also showed decreased expression on salt treatment. Previous studies have
suggested that hyperosmotic conditions can induce cell cycle arrest through the
downregulation of cyclin D1 and cyclin B1 expression [57], potentially leading to the arrest of
the cell cycle at the G1/S [58]. However, in renal cells that are exposed to high concentrations
of NaCl, cells exhibit slow movement through the S phase of the cell cycle causing a delayed
transition from G, to the M phase [59]. This could explain the cell cycle arrest in the S phase
when breast cancer cells were treated with high salt. Arrest of the cell cycle at the G1/S
checkpoint also depends on the activity of p53. Our study showed a decreased level of p-
MDM?2 and a subsequent increase in p53 expression following high salt exposure. In cells, the
p53 level is regulated due to the action of MDM2, an E3 ubiquitin ligase, that targets it for
degradation [60,61]. However, under certain physiological and genotoxic conditions, the level
of p-MDM2 decreases, leading to the release of p53, which impacts cell cycle arrest and
apoptosis [62]. This may be hypothesized that elevated salt concentrations within the tumor
microenvironment could induce cell cycle arrest in proliferating neoplastic cells, thereby

contributing to the inhibition of tumor progression.

Migration and adhesion of cells plays a critical role during multiple stages of metastasis,

encompassing local tissue penetration, entry into and exit from the bloodstream, and the re-
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establishment of cancer at distant organs [63]. Molecules associated with cell adhesion
modulate tumor inhibitory actions and govern cellular movement via complex signaling
networks and physical interactions in the tumor microenvironment [64]. In the metastatic
process, various factors affect cancer cell migration. Among these, cell detachment and
adhesion to the extracellular matrix (ECM) at a new metastatic site, play a critical role in the
formation of secondary tumors in distant organs [65]. High salt treatment inhibits the adhesion
of breast cancer cell lines to collagen-I and IV matrices and markedly reduces the migration
efficiency of both the highly metastatic MDA MB 231 and the less aggressive MCF-7 lines.
Therefore, high salt could be a part of potential combinatorial therapeutic strategies aimed at

inhibiting metastasis.

Our study from RNA-seq analysis demonstrated that high salt modulates the activity of 628
genes significantly across the control vs high salt treated group. Subsequent KEGG enrichment
analysis of these genes revealed their involvement in multiple cancer-related pathways, such
as PI3K-AKT, MAPK, cell adhesion, Ras and calcium signaling pathways. Important genes from
the KEGG pathway and GO ontology terms were selected based on their function association
in cancer. Eight such genes were validated using qPCR analysis. Upregulation of PCDHGA11, a
gene involved in cell-cell adhesion via plasma membrane and is known to inhibit cancer cell
proliferation and metastasis was found to be up-regulated under high salt treatment
conditions. Overexpression of EIF3F which was reported to induce proliferation in human lung
cancer cells, was downregulated under high salt treatment. Loss of the FOCAD gene impacts
cell proliferation and migration and affects overall survival in patients was found to be
downregulated. CLDN14, an important gene in tight junction and promotes cancer cell
proliferation, invasion, and migration by activating the PI3K/AKT/mTOR pathway was
downregulated in high salt-treated cells. Downregulation of RanBP3L is reported to inhibit cell
proliferation, induce apoptosis, and enhance drug sensitivity in CML cells by affecting the TGF-
B-SMAD2/3-p21 axis. Our study showed significant upregulation of RanBP3Lin the presence of
high salt. TNFSF15 expression was up-regulated in our gene analysis. TNFSF15 promotes the
differentiation and polarization of macrophages towards the M1 phenotype, which inhibits
tumor growth by enhancing the macrophages' phagocytic and pro-apoptotic capacities against
cancer cells. It also plays a role in inhibiting angiogenesis in the tumor microenvironment. This

suggests that high salt intake might directly increase TNFSF15 levels, inducing an anti-tumor
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effect, as observed in mice models where a high salt diet suppressed tumor growth. EMT
transition plays a crucial role in cancer cell metastasis, RAVER1 gene is known to inhibit the
TGF-B mediated EMT, thereby hindering the metastasis in cancer cells. Our gene expression
analysis showed up-regulation of RAVER1. Colony stimulating factor 2 gene (CSF2), granulocyte
macrophage-colony stimulating factor), is the most upregulated gene of significance for tumor
development and invasiveness through positive regulation of STAT5, MAP kinase and PI3K
pathway. Interestingly, high salt was also able to suppress the expression of CSF-2 gene. Taken
together the altered expression of these tumor suppressor genes in response to high salt could
be further exploited in understanding the dynamics of cancer progression in complex tumor

microenvironment.
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