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Abstract: The alkaline intracellular environment of cancer cells is critical for cell proliferation and controlled by vari-
ous plasma membrane transporters including Na+/H+ exchangers (NHEs). NHEs can also mediate cell behavior by
regulating signaling transduction. In this study, we investigated the role of NHE7 in cancer stem cell (CSC) activity
in non-small cell lung cancer (NSCLC) cells and the potential therapeutic implications of targeting NHE7 and the
associated immune checkpoint molecule PD-L1. By analyzing the database from The Cancer Genome Atlas, we
found a positive correlation between SLC9A7 mRNA levels (the gene encoding NHE7) and poor overall survival in
lung adenocarcinoma patients. Using 5-(N-ethyl-N-isopropyl)-Amiloride (EIPA) to inhibit NHE7 activity, we observed
disrupted cell cycle progression and suppressed NSCLC cell proliferation without inducing apoptosis. Furthermore,
EIPA demonstrated a suppressive effect on CSC activity, evidenced by decreased tumorsphere numbers and inhi-
bition of CSC markers such as ALDH1A2, ABCG2, CD44, and CD133. Flow cytometric analysis revealed that EIPA
treatment or NHE7 knockdown in NSCLC cells led to downregulated PD-L1 expression, associated with inhibited
STAT3 activity. Interestingly, EIPA’s CSC-targeting activity was preferentially observed in NSCLC cells overexpressing
BMI1, while increased PD-L1 expression was detected in BMI1-overexpressing NSCLC cells. Our findings suggest
that targeting NHE7 with inhibitors like EIPA may have therapeutic potential in NSCLC treatment by disrupting cell
cycle progression and suppressing CSC activity. The observed increase in PD-L1 expression in BMI1-overexpressing
NSCLC cells upon EIPA treatment highlights the potential benefit of combining NHE7 inhibitors with anti-PD-L1
agents as a promising new therapeutic strategy for NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-
related death globally; it is responsible for 18%
of all cancer deaths [1]. Based on histological
examination, it can be broadly classified into
two main types: small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC). NSCLC
is the more common type, with adenocarcino-

ma accounting for approximately 40% of cases
[2]. Unfortunately, a significant proportion of
NSCLC patients (around 40%) are diagnosed at
an advanced stage, with a five-year overall sur-
vival rate of less than 10% [3, 4]. In addition to
conventional treatments, therapeutic antibod-
ies targeting programmed cell death 1 (PD-1),
such as Nivolumab or Pembrolizumab, or pro-
grammed cell death ligand 1 (PD-L1), such as
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Atezolizumab, have been approved as second-
line drugs for advanced NSCLC [4]. However,
the response rates to anti-PD-1/anti-PD-L1
therapy are modest, with a best-case scenario
of 47%-63% [5]. This suggests that NSCLC
patients exhibit primary resistance to anti-
PD-1/anti-PD-L1 therapy. In addition to its
immune suppressive activity, PD-L1 expression
on tumor cells has been shown to contribute to
malignant features by inducing drug resistance
in myeloma cells [6] and reducing interferon-
induced apoptosis [7]. Our previous research
has revealed that knockdown of PD-L1 in
NSCLC cells resulted in decreased cancer stem
cell (CSC) activity [8], a malignant feature that
is crucial for tumor initiation, drug resistance,
and metastasis [9]. Therefore, PD-L1 expres-
sion on tumor cells not only transmits immuno-
suppression in the tumor microenvironment
but also contributes to the malignant pheno-
types of tumor cells themselves. Understanding
the regulation of PD-L1 expression on tumor
cells could lead to new insights for drug
development.

Metabolic alterations are a hallmark of cancer
cells, with the Warburg effect being a well-
established phenomenon in which cancer cells
exhibit aerobic glycolysis and produce lactate
to lower extracellular pH [10]. In turn, intracel-
lular pH reduction can trigger apoptosis or
growth inhibition in cancer cells, as pH influ-
ences cell proliferation. A pH greater than 7.2 is
known to be a threshold for growth factor-
induced transition from the G1 phase to the S
phase [11]. To increase cytosolic pH, cancer
cells enhance the expression or activity of
membrane proton transporters or pH regula-
tors, such as Na+/H+ exchangers (NHEs), car-
bonic anhydrases, monocarboxylate transport-
ers 1 and 4, and Na+-driven HCO3- exchangers
[12]. NHE7 (gene symbol SLCOA7) is a Na+/H+
antiporter located on the endosome mem-
brane, which transports protons from the cyto-
plasm to the endosome to increase cytosolic
pH [13]. In MDA-MB-231 breast cancer cells,
NHE7 was shown to associate with actin/
vimentin/CD44 via protein-protein interactions,
suggesting a potential role for NHE7 in the epi-
thelial-mesenchymal transition (EMT) process
in cancer cells [14]. Onishi et al. demonstrated
that NHE7 overexpression in MDA-MB-231
cells promoted cell proliferation and invasive-
ness in vitro and in vivo [15]. Moreover,
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Galenkamp et al. recently reported that high
NHE7 expression strongly correlates with poor
overall survival in pancreatic adenocarcinoma
patients. Knockdown of NHE7 suppressed cell
proliferation and induced cell death in pancre-
atic adenocarcinoma cells [16]. However, the
role of NHE7 in non-small cell lung cancers
remains unclear, despite its reported positive
effects on cell proliferation and invasiveness in
some cancer types. The present study aimed to
investigate the role of NHE7, encoded by the
SLCY9A7 gene, in NSCLC and its potential as a
therapeutic target through pharmacological
inhibition by 5-(N-ethyl-N-isopropyl)-Amiloride
(EIPA) or RNA interference.

Materials and methods
Cell line and reagents

A549 and H1299 non-small cell lung cancer
(NSCLC) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco™,
Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS, HyClone Laboratories
Inc., South Logan, UT, USA), 1 mM sodium pyru-
vate (Gibco), 2 mM L-glutamine (Gibco), 100
pug/ml Penicillin/Streptomycin/Amphotericin B
(Gibco), and 1X non-essential amino acids
(Gibco) in a 37°C, 5% CO, incubator. Stable
clones of BMlIl-expressing cell lines were
established as described in our previous work
[17] and maintained as the condition of A549
cells, except for being selected with 20 ug/ml
blasticidin S (TOKU-E, Bellingham, WA, USA).
The NHE family inhibitor EIPA (5-(N-ethyl-N-
isopropyl)-Amiloride) (Cat# 1154-25-2), obtain-
ed from Cayman Chemicals (Ann Arbor, MI,
USA), was initially dissolved in dimethyl sulfox-
ide (DMSO) at a concentration of 20 mM and
stored at -20°C. The pan-caspase inhibitor
ZVAD-FMK (Cat# FMKOO21), purchased from
R&D Systems (Minneapolis, MN, USA), was dis-
solved in DMSO to yield a 20 mM stock solution
and then stored at -20°C.

Analysis of The Cancer Genome Atlas (TCGA)
data

Raw gene-level read counts of SLCY9A7 and
CD274 in the lung adenocarcinoma (LUAD)
dataset of TCGA data were normalized using
the transcripts per million (TPM) method and
were retrieved from the OncoDB website
(https://oncodb.org/index.html). Overall surviv-
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al analysis of lung cancer patients was per-
formed by setting the cutoff expression level of
the SLCOA7 gene at a value of 3.85 in frag-
ments per kilobase per million, and data were
retrieved from the Human Protein Atlas website
(https://www.proteinatlas.org/).

Cell viability assay

A549 (2x10% and H1299 (1x10%) cells were
seeded in 96-well plates and treated with
increasing concentrations of EIPA (0-80 uM) for
72 h. Cell viability was measured using the MTT
assay as follows: MTT solution (Sigma-Aldrich,
St. Louis, MO, USA) was added to each well at
a final concentration of 500 pg/ml and incu-
bated at 37°C for 2 h. After incubation, forma-
zan crystals were dissolved in DMSO, and the
absorbance was measured at 570 nm with a
microplate reader.

Tumorsphere cultivation

Cells were suspended in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/
F-12, Gibco) medium supplemented with 1%
methylcellulose, 0.4% bovine serum albumin
(BSA, Gibco), 10 ng/ml epidermal growth factor
(PeproTech, Inc., Rocky Hill, NJ, USA), 10 ng/ml
basic fibroblast growth factor (PeproTech), 2.5
pug/ml insulin (Sigma-Aldrich), 0.5X B27 supple-
ment (Gibco), 1 pg/ml hydrocortisone (Sigma-
Aldrich), and 4 pg/ml heparin (Sigma-Aldrich).
The cells were then seeded into low attach-
ment 6-well plates (Greiner Bio-One GmbH,
Kremsmunster, Austria) at a density of 5x103
cells/well. Tumorspheres with a diameter larger
than 100 um were counted and pictured under
an inverted light microscope (AE30, Motic
Incorporation Ltd., Hong Kong) on day 14.

Intracellular pH (pHi) measurement

Cells were seeded at a density of 1x10* cells
per well in 96-well black plates and treated
with EIPA (10 uM or 20 pyM) for 24 h. pH mea-
surement was conducted by using an intracel-
lular pH assay kit (Cat# ab228552, Abcam,
Cambridge, UK) according to the manufactur-
er's instructions. The culture medium was
replaced with HHBS buffer (Gibco) containing
BCFL, AM dye-loading solution, and the dye-
loading plate was incubated at 37°C for 30
minutes, followed by an additional 30-minute
incubation at room temperature. pH measure-
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ment was then assessed by monitoring the flu-
orescence at Ex/Em = 490/535 nm. A lower
fluorescence count indicated a more basic con-
dition for pHi.

Western blot analysis

Cells were lysed using NETN lysis buffer (150
mM NaCl, 20 mM Tris-HClI, pH 8.0, 0.5% NP-40,
1 mM EDTA) supplemented with a protease
inhibitor cocktail and a phosphatase inhibitor
cocktail. The total protein concentration in
each sample was quantified using the Dual
Range BCA Protein Assay Kit (Visual Protein,
Energenesis Biomedical Co., Ltd., Taipei, Tai-
wan). Thirty ug of extracted proteins were sepa-
rated using 8%-10% SDS-PAGE and transferr-
ed onto a PVDF membrane (Pall Corporation,
Washington, NY, USA). After blocking with 10%
skim milk in TBS-T buffer (20 mM Tris-HCI, 150
mM NaCl, 0.05% Tween-20) at room tempera-
ture for 1 h, the PVDF membrane was incubat-
ed with selected primary antibodies at 4°C
overnight, followed by incubation with second-
ary antibodies conjugated with horseradish
peroxidase (HRP) at room temperature for 1 h.
The antibodies used in this study are listed in
Table S1. The signals were then developed by
incubation with the WesternBright™ ECL HRP
substrate (Advansta Inc., San Jose, CA, USA)
and captured with the Amersham™ Imager 680
imaging system (Thermo Fisher Scientific).
Quantification was performed using the ImageJ
software (version 1.53v, National Institutes of
Health, Bethesda, MA, USA).

Fluorescence activated cell sorting (FACS)
analysis

To determine the distribution of cells in the cell
cycle, treatment with EIPA (10 uyM or 20 pM)
was carried out for 72 hours followed by detach-
ment using trypsin/EDTA (Gibco). Subsequently,
2x10° cells were fixed with 70% ethanol/phos-
phate-buffered saline (PBS) solution at 4°C
overnight. The fixed cells were then suspended
in PBS containing 0.1% Triton X-100 (Sigma-
Aldrich), 0.2 mg/ml RNase A (Sigma-Aldrich),
and 20 pg/ml propidium iodide (Sigma-Aldrich)
and incubated at room temperature for 30 min-
utes. The stained cell samples were analyzed
using the FACS Canto Il flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA), and the
data was analyzed with FlowJo software (BD
Biosciences). To determine cell surface PD-L1
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expression, NSCLC cells were dissociated us-
ing an enzyme-free dissociation solution and
resuspended in FACS staining buffer (0.4%
BSA/PBS containing 0.05% NaN3). The cells
were then stained with PE- or APC-conjugated
mouse monoclonal anti-PD-L1 antibodies
(clone name: 29E.2A3, BioLegend, San Diego,
CA, USA) at room temperature for 30 minutes.
The fluorescence signals were detected using
the FACS Canto Il flow cytometer, and the data
was analyzed using the FlowJo software.

RNA extraction and gqRT-PCR

NSCLC cells were used to extract total RNA,
using TRIzol™ Reagent (Invitrogen, Thermo
Fisher Scientific). Two micrograms of total RNA
were reverse-transcribed to complementary
DNA (cDNA) using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific).
The Eco 48 real-time PCR system (PCRmax,
Staffordshire, UK) was employed to perform
quantitative RT-PCR with iQ™ SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA) using
the following primers: SLC9A7, 5-CCTCATGT-
CCTGGAGCACGTTT-3’ (forward) and 5-GGTTC-
GACTTCTTGATTCCACCG-3’ (reverse); MRPL19,
5-GGGATTTGCATTCAGAGATCAG-3’  (forward)
and 5-GGAAGGGCATCTCGTAAG-3’ (reverse).
The expression level of SLC9A7 were normal-
ized to that of MRPL19 in the same sample,
and the results were analyzed using the 224Ct
method.

RNA interference

RNA interference technology was employed to
knockdown NHE7. Gene-specific siRNA oligo-
nucleotides against NHE7 (Cat# sc-62555) and
control siRNA (Cat# No. sc-37007) were pro-
cured from Santa Cruz Biotechnology (Dallas,
TX, USA). Cells were seeded at a density of
1x10° cells per well in 6-well plates and incu-
bated for 24 h. Next, TransIT-X2:DNA complex-
es consisting of 50 nM or 100 nM siRNA and
7.5 ul TransIT-X2™ transfection reagent (Mirus
Bio LCC, Madison, WI, USA) were formed in
Opti-MEM medium (Gibco) and added to the
wells. Cells were harvested at 48 h post-trans-
fection for further experiments, and the knock-
down efficiency was determined by qRT-PCR.

Preparation of nucleus/cytoplasm fractions

Isolation of nuclear and cytoplasmic fractions
of cells was performed by using the Nuclear
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Protein Isolation-Translocation Assay Kit (Cat#
NPI-1, FIVEphoton Biochemicals, San Diego,
CA, USA) in accordance with the manufactur-
er's protocol. Lamin B1 and o-tubulin were
used as loading controls for nuclear and cyto-
plasmic fractions, respectively.

Luciferase reporter assay

The STAT3 response element sequence (GTCG-
ACATTTCCCGTAAATCGTCGA) [18] was synthe-
sized as four repeats and was inserted into a
pGL3-basic vector that contained the firefly
luciferase reporter gene by using Kpn | and
Bgl Il cutting sites. To analyze STAT3 transcrip-
tional activity, STAT3 reporter vector DNA was
mixed at a ratio of 100:1 with a pRL-TK vector
that contained the Renilla luciferase reporter
gene (Promega Corporation, Madison, WI, USA),
followed by complexing with TransIT-X2™ trans-
fection reagent. After adding the DNA/transfec-
tion reagent complex for 48 hours, the cells
were then lysed with passive lysis buffer
(Promega). The activities of firefly and Renilla
luciferases were measured using Dual-
Luciferase® Reporter reagent (Promega) with a
GloMax® 20/20 Luminometer (Promega).

Statistical analysis

Quantitative data were presented as mean *
SD from at least two independent experiments.
Statistical analysis was performed using the
Student’s t-test for comparison between two
groups and one-way ANOVA for comparison
among multiple groups. Two-tailed p-values
less than 0.05 were considered statistically sig-
nificant for all tests.

Results

Inhibition of NHE activity by EIPA reduces cell
proliferation and CSC activity in NSCLC cells

We first analyzed the differential expression
levels of the SLCOA7 gene between normal lung
tissues and LUAD tissues in TCGA data and
found that SLC9A7 mRNA was significantly
higher in LUAD tissues (P < 0.0001, Figure 1A).
Kaplan-Meier survival curve analysis of LUAD
patients in TCGA data was further performed
using the median of SLC9A7 mRNA expression
as a cutoff, and it was found that LUAD patients
with high expression of SLC9A7 had a signifi-
cantly lower overall survival than those with low
expression of SLC9A7 (P = 0.007, Figure 1B),
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Figure 1. EIPA inhibits cell proliferation and cell cycle progression of NSCLC cells. (A, B) The differential expression
levels of SLCO9A7 mRNA between normal and LUAD tissues and the correlation between SLC9A7 mRNA expression
levels and overall survival of lung cancer patients in the TCGA database were analyzed. (C) A549 and H1299 cells
were seeded in 96-well plates and treated with a sequential concentration of EIPA for 72 h. Cell viability was deter-
mined using the MTT assay. (D) For pHi measurement, A549 and H1299 cells were seeded in 96-well black plates
and treated with EIPA (10 uM or 20 uM) for 24 h. The cells were then stained with BCFL, AM dye for 1 h, followed
by fluorescence signal detection (Ex/Em = 490/535 nm). (E) A549 and H1299 cells were treated with EIPA at a
concentration of 10 uyM for 72 h with AND without co-treatment with 10 yM or 20 pM of Z-VAD-FMK. Cell viability
was determined using the MTT assay. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F, G) For cell cycle analysis, A549
and H1299 cells were treated with EIPA (10 uM or 20 uM) for 72 h and harvested for Pl staining. The fluorescence
signals were collected by flow cytometry and then analyzed with FlowJo software (F). The quantification results were
calculated from two independent experiments (G). *, P < 0.05; **, P < 0.01.

indicating a positive correlation between concentration, and the IC,, was approximately
SLC9A7 and the severity of NSCLC. Then, we 10 uM (Figure 1C). We also detected the intra-
treated NSCLC cells with EIPA, a small molecule cellular pH (pHi) value of the A549 and H1299
compound which has been used to inhibit cells after EIPA treatment and found that the
NHE7 activity [19, 20], and observed its effect fluorescence value decreased with increasing
on cell proliferation. It was found that the prolif- EIPA concentration, indicating that EIPA could
eration of NSCLC cells, including A549 and indeed increase the pHi. However, the concen-
H1299 cells, was inhibited with increasing EIPA tration required to make the alkalization of pHi
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Figure 2. EIPA suppresses CSC activity in NSCLC cells. A. The CSC activities of A549 and H1299 cells were deter-
mined by tumorsphere cultivation. 5x10° cells were seeded into ultralow attachment 6-well plates under the treat-
ment of indicated concentrations of EIPA. The formed tumorspheres were pictured and counted on day 14, and
the inserted scale bars indicated 100 pm in length. *, P < 0.05; **, P < 0.01. B. The protein expression levels of
lung CSC markers (ALDH1A1/ALDH1A2/ABCG2/CD44/CD133) were determined by western blot analysis. GAPDH
was used as the loading control. The inserted numbers represented the relative expression levels compared to the

vehicle control group (indicated as O uM).

was more than 20 uM (Figure 1D). With the
treatment of zZVAD-FMK, a pan-caspase inhibi-
tor, at concentrations of 10 uM or 20 pM, the
growth inhibitory effect of EIPA at a concentra-
tion of 10 uM on NSCLC cells was not affected
(Figure 1E), indicating that EIPA did not induce
cell apoptosis to achieve the growth inhibitory
effect on NSCLC cells. Cell cycle analysis with
Pl staining showed that, for both A549 and
H1299 cells, the proportion of cells in the G1
phase was significantly increased when the
EIPA concentration was increased to 10 uM
(Figure 1F and 1G), indicating that EIPA inhibit-
ed the proliferation of NSCLC cells by inducing
G1 arrest. The effect of EIPA on CSC activity in
NSCLC cells was assessed by tumorsphere cul-
tivation. The results indicated that 10 uM of
EIPA inhibited the number of tumorspheres in
both A549 and H1299 NSCLC cells (Figure 2A).
Furthermore, EIPA dose-dependently reduced
the expression of several CSC marker proteins
in both A549 and H1299 cells, such as
ALDH1A2 and ABCG2 (Figure 2B). There was
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downregulation of CD44 and CD133 in H1299
and A549 cells, respectively (Figure 2B). These
findings suggest that EIPA exhibits anti-NSCLC
activity by suppressing cell proliferation and
decreasing CSC activity.

NHE?Y is involved in the PD-L1 expression in
NSCLC cells, which links to the suppression of
STAT3 activation

Due to the positive regulation role of PD-L1 in
CSC activity [21], we hypothesized that NHE7
might be involved in PD-L1 expression in NSC-
LC cells. The correlation between the mRNA
expression of SLCOA7 (gene symbol for NHE7)
and CD274 (gene symbol for PD-L1) in the lung
adenocarcinoma (LUAD) dataset of the TCGA
database was examined by using the OncoDB
webtool (https://oncodb.org/index.html), and a
significantly positive correlation was found
(Figure 3A). Using a median expression level as
a cutoff, we also found significantly increased
CD274 mRNA in LUAD tissues with high SLC9A7
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Figure 3. Inhibition of NHE7 expression or its activity decreases PD-L1 expression on NSCLC cells. (A, B) The mRNA
expressions of CD274 and SLC9A7 in LUAD were obtained from the TCGA database. The correlation between mRNA
expression of SLC9A7 and CD274 was analyzed using the OncoDB webtool (https://oncodb.org/index.html) (A). The
LUAD subjects in the TCGA database were divided into two groups, SLCOA7_Low and SLCOA7_High, using the me-
dian expression level as a cutoff to compare the CD274 mRNA levels (B). (C, D) The PD-L1 expression levels of A549
and H1299 cells under EIPA treatment were determined by western blot (C) and FACS (D) analyses. The inserted
numbers in (C) represented the relative expression levels compared to the vehicle control group (indicated as O uM),
after normalization to GAPDH. Blue peaks and red peaks in (D) represented an isotype control and an anti-PD-L1
antibody, respectively. (E, F) A549 and H1299 cells were transfected with NHE7-specific siRNA oligonucleotides
(siNHE7) for 48 h, and the knockdown efficiency was determined by gRT-PCR (E). The PD-L1 expression levels were
determined by western blot (E) and FACS (F) analyses. The inserted numbers in (E) represented the relative expres-
sion levels compared to the siNC group (indicated as O nM), after normalization to GAPDH. Blue peaks and red
peaks in (F) represented an isotype control and an anti-PD-L1 antibody, respectively. siNC, negative control siRNA.

MRNA expression (Figure 3B, P < 0.0001). The
treatment of EIPA in A549 and H1299 cells
caused the downregulation of total PD-L1 pro-
tein expression (Figure 3C) and the positive
percentage of membrane PD-L1 in a dose-
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dependent manner (Figure 3D). In addition to
EIPA treatment, the knockdown of NHE7 by
siRNA (Figure 3E, upper panel) also led to the
suppression of total PD-L1 protein levels
(Figure 3E, lower panel) in both A549 and
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Figure 4. EIPA suppresses STAT3 activation in NSCLC cells. (A, B) Total cellular proteins (A) and the nuclear/cyto-
plasmic fractions (B) of Ab49 and H1299 cells under EIPA treatment were extracted and the protein expression
levels of p-STAT3™7% and STAT3 were determined by western blot analysis. GAPDH in (A) was used as the loading
control. Lamin B1 and a-tubulin in (B) was used as the markers for nuclear and cytoplasmic proteins, respectively.
The inserted numbers represented the relative expression levels compared to the vehicle control group (indicated
as 0 uM). (C) A549 and H1299 cells were treated with 0.1% DMSO (ctrl) or 10 uM of EIPA for 72 hours, and the
expressions of p-STAT3™7%° were examined by immunohistochemistry. The fluorescence intensities of p-STAT3™705
were quantified from four independent fields by Image J software. (D) A549 and H1299 cells were transfected with
1 ug of luciferase-based STAT3 reporter plasmid for 24 hours and treated with 10 uM EIPA for a further 48 hours
followed by determination of firefly luciferase activity from 100 pg of total cellular proteins. RLU, relative light unit.
** P <0.01; ***, P < 0.001 after comparison to non-treated cells.

H1299 cells. Knockdown of NHE7 also dis- tionation extraction of cytoplasmic or nuclear
played inhibitory effects in the membrane proteins from A549 or H1299 cells followed by
expression of PD-L1 in A549 cells (Figure 3F, western blotting (Figure 4B). The reduced
upper panel) and the fluorescence intensity of nuclear p-STAT3%7%® |evels in A549 and H1299
the membrane PD-L1 staining level in H1299 NSCLC cells were also confirmed by immuno-
cells (Figure 3F, lower panel). It has been fluorescence staining (Figure 4C). In addition to
reported that the inhibition of STAT3 activation nuclear expression of STAT3%7% reductions in
could lead to a reduced PD-L1 level in cancer STAT3 transcriptional activity by EIPA treatment
cells [22]. With western blot analysis, dose- in A549 and H1299 NSCLC cells were also
dependent reductions in p-STAT3%7%® py EIPA observed in a luciferase-based reporter assay
treatment was observed in both A549 and (Figure 4D). These results present an inhibitory
H1299 cells (Figure 4A). EIPA treatment dis- effect of EIPA in PD-L1 expression in NSCLC
played an inhibitory effect of the p-STAT3¥70% cells, which is associated with the suppression
protein level in cell nuclei when using cell frac- of STAT3 activation.
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Figure 5. EIPA displays better CSC-targeting efficiency in BMI1-overexpressing NSCLC cells. (A) The BMI1 expression
levels of A549 and H1299 cells under EIPA treatment were determined by western blot analysis. GAPDH was used
as the loading control. The inserted numbers represented the relative expression levels compared to the vehicle
control group (indicated as O uM). (B) A549 cells were transduced with lentiviruses of tRFP control (A549-tRFP) or
flag-tagged-BMI1 (A549-BS1) and selected with 20 pug/ml blasticidin S. The cells were then seeded in 96-well plates
and treated with a sequential concentration of EIPA for 72 h. Cell viability was determined using the MTT assay. (C-E)
The CSC activities of A549-tRFP and A549-BS1 cells were assessed by tumorsphere cultivation. 5x102 cells were
seeded into ultralow attachment 6-well plates under the treatment of indicated concentrations of EIPA. The formed
tumorspheres were pictured and counted on day 14 (C). The inserted scale bars in (C) indicated 100 um in length.
BF, bright field; RFP, red fluorescent protein. The counted tumorsphere numbers were presented in (D). The relative
sphere numbers after normalization to the untreated cells of each group were presented in (E). **, P < 0.01; ***,
P < 0.001.

EIPA preferentially inhibits malignant pheno- level in both A549 and H1299 cells (Figure 5A).
types in BMI1-overexpressing NSCLC cells A better inhibitory effect of EIPA in cell prolifera-

tion was also observed in BMI1-overexpressing
We previously demonstrated that increased A549 cells (A549-BS1-tRFP, Figure 5B). The
BMI1 expression was observed in pemetrexed- increased CSC activity with BMI1 overexpres-
resistant A549 cells and the suppression of sion was confirmed in A549-BS1-tRFP cells by
BMI1 activity reduced their CSC activity [23]. To tumorsphere cultivation (Figure 5C and 5D). A
explore the potential link between BMI1 expres- greater suppression in tumorsphere formation
sion and the inhibitory effect of EIPA in CSC by EIPA treatment was observed at a concen-
activity, the BMI1 protein expression was exam- tration of 10 uM (Figure 5E, decreased to
ined and results revealed that EIPA treatment 31.8% for A549-tRFP control cells but to 12.1%
dose-dependently reduced the BMI1 protein for A549-BS-tRFP cells when compared to
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Figure 6. PD-L1 expression is increased in BMI1l-overexpressing NSCLC cells. (A) The protein expression levels of
BMI1 and PD-L1 in A549-tRFP and A549-BS1 cells were determined by western blot analysis. GAPDH was used as
the loading control. The inserted numbers represented the relative expression levels compared to the A549-tRFP
group, after normalization to GAPDH. (B-D) The expression levels of PD-L1 (B, C) and cancer stemness proteins
(EZH2/0CT4/S0X2/BMI1) (D) in A549-tRFP and A549-BS1 cells were determined by western blot or FACS analysis.
GAPDH was used as the loading control. The inserted numbers in (B) and (D) represented the relative expression
levels compared to the vehicle control group (indicated as O uM). Blue peaks and red peaks in (C) represented an
isotype control and an anti-PD-L1 antibody, respectively.

untreated counterpart cells). The increased
PD-L1 expression in Ab549 cells was also
observed after BMI1 overexpression (Figure
6A). Although EIPA reduced PD-L1 expression
in A549-tRFP control cells at the total protein
level (Figure 6B) and the membrane form
(Figure 6C, upper panel), it increased the fluo-
rescence intensities of PD-L1 staining in BMI1-
overexpressing A549 cells (Figure 6C, lower
panel), suggesting EIPA may increase PD-L1
expression on cell membranes in NSCLC cells
with high BMI1 expression levels. We also
examined the expression levels of cancer stem-
ness factors in BMI1-overexpressing A549 cells
under EIPA treatment, and results revealed
that the increased EZH2, OCT4, and SOX2 in
A549-BS1-tRFP cells could be reduced by EIPA
(Figure 6D). These results indicate that EIPA
preferentially inhibits cell proliferation and
CSC activity in NSCLC cells with high BMI1
expression.
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Discussion

NHEs have been associated with cell cycle pro-
gression and proliferation in various cancer
types [24, 25]. Our study demonstrated that
EIPA treatment disrupted cell cycle progression
in NSCLC cells, which may be partly attributed
to the inhibition of NHE7 activity. Using gene
set enrichment analysis (GSEA) and the LUAD
dataset of the TCGA database, an enrichment
of the G2/M checkpoint signature was found in
LUAD tissues with high expression of SLC9A7
MRNA (Figure S1A). This finding supports the
data of reduction of G2/M cells in EIPA-treated
A549 cells (Figure 1E) and is similar to a previ-
ous report that NHE1 in breast cancer cells
resulted in the delayed G2/M transition [26].
NHEs have been implicated in promoting tumor
cell invasion and metastasis by regulating
extracellular pH and intracellular signaling
pathways. For example, NHE1 has been report-
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ed to associate with epidermal growth factor
(EGF) receptors to promote EGF-induced cell
invasion in pancreatic cancer cells [27]. The
overexpression of NHE7 in MDA-MB-231 breast
cancer cells led to increased invasiveness in
vitro and in vivo [15]. It has also been reported
that NHE7 was colocalized with vimentin and
actin in focal complexes using immunofluores-
cence staining in MDA-MB-231 cells, and
vimentin directly interacted with NHE7 by co-
immunoprecipitation [14]. Using GSEA of the
TCGA data, we also found enrichment of EMT
molecular signatures in LUAD tissues with high
SLCO9A7 mRNA expression (Figure S1B). Further
investigation is required to understand if NHE7
is involved in the invasiveness of NSCLC cells.
It has been reported that the silencing of NHE1
in T-cell acute lymphoblastic leukemia cells
sensitized cells to the chemotherapy drug
doxorubicin [28]. CSCs are known to play a criti-
cal role in cancer drug resistance [29]. Our
study showed that EIPA treatment suppressed
CSC activity, which could potentially improve
the sensitivity of NSCLC cells to other therapeu-
tic agents.

Simultaneously, the increased PD-L1 expres-
sion in EIPA-treated BMI1-overexpressing NSC-
LC cells suggests a potential shift towards a
“hotter” tumor microenvironment. Elevated
PD-L1 levels in A549 cells could be observed
by cisplatin treatment, and the combination of
cisplatin and anti-PD-L1 antibodies displayed a
better anti-tumor growth effect than single
agent treatments [30]. However, it is essential
to consider that increased PD-L1 expression
might suppress anti-tumor immune responses
by inhibiting T-cell activation [31]. A combina-
tion therapy approach may be advantageous to
capitalize on the dual effects of EIPA in BMI1-
overexpressing NSCLC cells. Combining EIPA
with immune checkpoint inhibitors, such as
anti-PD-L1 or anti-PD-1 antibodies, may coun-
teract the immune suppression mediated by
the increased PD-L1 expression and enhance
the anti-tumor immune response. MLN4924, a
small molecule inhibitor of NEDD8-activating
enzyme, has been shown to induce PD-L1
expression on various cancer cells, including
NSCLC cells, through mitogen-activated protein
Kinase kinase/c-Jun N-terminal kinase pathway
[32]. The combination of the anti-PD-L1 anti-
body with MLN4924 achieved a significantly
greater reduction of CT26 mouse colon cancer
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growth compared to treatment with only the
anti-PD-L1 antibody [32]. Understanding the
molecular mechanisms underlying the increas-
ed PD-L1 expression and the suppression of
cancer stemness factors in response to EIPA
treatment is crucial for optimizing therapeutic
strategies. Identifying the signaling pathways
and cellular processes involved could provide
new insights into the complex relationship
between cancer stem cells, immune check-
point molecules, and the tumor microenviron-
ment.
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Table S1. Antibody information used in this study

Target Company Catalog number
ALDH1A1 GeneTex International Corporation, Taiwan gtx123973
ALDH1A2 Proteintech Group, USA 13951-1-AP
ABCG2 ABclonal Technology, USA A5661
CDh44 Proteintech Group, USA 15675-1-AP
CD133 GeneTex International Corporation, Taiwan gtx102109b
PDL1 GeneTex International Corporation, Taiwan gtx104763
p-STAT3 (Tyr705) GeneTex International Corporation, Taiwan gtx118000
STAT3 GeneTex International Corporation, Taiwan gtx104616
BMI1 Cell Signaling Technology, USA 6964S
EZH2 BD Biosciences, USA BD612667
Oct4 Proteintech Group, USA 11263-1-AP
SOX2 Cell Signaling Technology, USA 23064S
Lamin B1 GeneTex International Corporation, Taiwan gtx103292
ao-tubulin Proteintech Group, USA 66031-1-1g
GAPDH GeneTex International Corporation, Taiwan gtx100118
Goat Anti-Mouse IgG antibody (HRP) GeneTex International Corporation, Taiwan gtx213111-01

Goat Anti-Rabbit IgG antibody (HRP)

GeneTex International Corporation, Taiwan

gtx213110-01
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Figure S1. Gene set enrichment analysis of SLCOA7 mRNA expression level in NSCLC dataset of TCGA database.
The median expression level of SLC7TA7 mRNA was used as the cutoff-value for distinguishing low or high groups.
Gene Set Enrichment Analysis was performed by GSEA software. A. Hallmark G2M checkpoint gene set; B. Hallmark
Epithelial-mesenchymal transition gene set. ES, enrichment score. FDR, false discovery rate.



