
Vol:.(1234567890)

Ann Surg Oncol (2023) 30:6898–6910
https://doi.org/10.1245/s10434-023-13779-8

ORIGINAL ARTICLE – TRANSLATIONAL RESEARCH

Functional Analysis and Clinical Importance of ATP1A1 in Colon 
Cancer

Shutaro Sumiyoshi, MD1, Atsushi Shiozaki, MD, PhD1 , Toshiyuki Kosuga, MD, PhD1, 
Hiroki Simizu, MD, PhD1, Michihiro Kudo, MD, PhD1, Jun Kiuchi, MD, PhD1, 
Tomohiro Arita, MD, PhD1, Hirotaka Konishi, MD, PhD1, Shuhei Komatsu, MD, PhD1, 
Yoshiaki Kuriu, MD, PhD1, Takeshi Kubota, MD, PhD1, Hitoshi Fujiwara, MD, PhD1, 
Yukiko Morinaga, MD2, Eiichi Konishi, MD, PhD2, and Eigo Otsuji, MD, PhD1

1Division of Digestive Surgery, Department of Surgery, Kyoto Prefectural University of Medicine, Kyoto, Japan; 
2Department of Surgical Pathology, Kyoto Prefectural University of Medicine, Kyoto, Japan 

ABSTRACT 
Background. Na+/K+-ATPase α1 subunit (ATP1A1) 
exhibits aberrant expression in various types of cancer. 
Moreover, its levels in specific tissues are associated with 
the development of cancer. Nevertheless, the mechanism 
and signaling pathways underlying the effects of ATP1A1 
in colon cancer (CC) have not been elucidated, and its 
prognostic impact remains unknown.
Methods. Knockdown of ATP1A1 expression was 
performed in human CC cell lines HT29 and Caco2 using 
small interfering RNA. The roles of ATP1A1 in various 
biological processes of cells (i.e., proliferation, cell 
cycle, apoptosis, migration, and invasion) were assessed. 
Microarray analysis was utilized for gene expression 
profiling. Samples obtained from 200 patients with CC 
who underwent curative colectomy were analyzed through 
immunohistochemistry.
Results. ATP1A1 knockdown suppressed cell proliferation, 
migration, and invasion and induced apoptosis. The results 
of the microarray analysis revealed that the upregulated or 
downregulated gene expression in ATP1A1-depleted cells 
was related to the extracellular signal-regulated kinase 

5 (ERK5) signaling pathway [epidermal growth factor 
receptor (EGFR), mitogen-activated protein kinase kinase 
5 (MAP2K5), mitogen-activated protein kinase 7 (MAPK7), 
FOS, MYC, and BCL2 associated agonist of cell death 
(BAD)]. Immunohistochemical analysis demonstrated a 
correlation between ATP1A1 expression and pathological T 
stage (p = 0.0054), and multivariate analysis identified high 
ATP1A1 expression as an independent predictor of poor 
recurrence-free survival in patients with CC (p = 0.0040, 
hazard ratio: 2.807, 95% confidence interval 1.376–6.196).
Conclusions. ATP1A1 regulates tumor progression through 
the ERK5 signaling pathway. High ATP1A1 expression is 
associated with poor long-term outcomes in patients with 
CC.

Colon cancer (CC) has the third highest incidence 
rate among cancers globally.1 In recent years, important 
advances have been achieved in surgery and chemotherapy. 
Nevertheless, tumor recurrence after curative resection is 
common in patients with CC, leading to a high mortality 
rate. Therefore, it is imperative that the molecular 
mechanisms involved in CC are elucidated. Also, there is 
an urgent need for the discovery of appropriate therapeutic 
targets.

The membrane-bound protein  Na+/K+-ATPase (NKA) is 
a member of the P-type ATPase family. It is composed of 
four α-subunits, three β-subunits, and an isoform of FXYD 
protein.2 The protein generates an electrochemical gradient 
across the plasma membrane. This is achieved through the 
transportation of three sodium and two potassium ions 
out and into the cell, respectively; this process requires a 
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molecule of ATP.3 NKA plays a role in multiple cellular 
functions, such as cell junction, adhesion, motility, apoptosis, 
and signal transduction.4–6 It is aberrantly expressed and 
exhibits altered activity in various types of human cancer; 
thus, NKA has been identified as a novel potential target 
for anticancer therapy.7,8 Nevertheless, the dysregulation of 
NKA has shown variation between different types of cancer, 
and the roles of these subunits in the development of cancer 
remain unclear.

The catalytic  Na+/K+-ATPase α1 subunit (ATP1A1) con-
tains binding sites for  Mg2+, ATP,  Na+,  K+, and ouabain.9 
The clinical significance of ATP1A1 has recently been dem-
onstrated in numerous types of cancer (e.g., non-small-cell 
lung cancer,10 renal clear cell carcinoma,11 glioblastoma,12 
melanoma,13 hepatocellular carcinoma,14 and esophageal 
squamous cell carcinoma).15 We have previously reported 
that ATP1A1 expression in gastric cancer cells affects cell 
proliferation, apoptosis, migration, and invasion, as well as 
prognosis.16 However, the mechanism and signaling path-
ways underlying the effects of ATP1A1 in CC have not been 
elucidated, and its prognostic impact remains unknown.17 In 
this study, we examined the involvement of ATP1A1 in the 
regulation of oncogenesis-related genes in CC and sought 
to determine its clinical importance.

METHODS

Cell Lines and Antibodies

Human CC cell lines SW480, SW620, HT29, HCT116, 
RKO, Caco2, DLD1, and LoVo were utilized in this study 
(Riken Cell Bank, Tsukuba, Japan). These cells, except 
for Caco2, were cultured in Roswell Park Memorial 
Institute (RPMI)-1640 medium (Nacalai Tesque, Kyoto, 
Japan) supplemented with 10% fetal bovine serum, 100 
U/ml penicillin, and 100 μg/ml streptomycin at 37 °C in 
a humidified incubator with 5%  CO2. Caco2 cells were 
cultured in minimum essential medium (Nacalai Tesque) 
under the same conditions as the other cell lines. A 
monoclonal anti-ATP1A1 antibody (Abcam, Cambridge, 
UK) was used in the immunohistochemical (IHC) analysis 
and western blotting. A mouse monoclonal anti-actin beta 
(ACTB) antibody (A5441; Sigma–Aldrich, St Louis, MO, 
USA) was used as internal control.

Real‑Time Reverse Transcription‑Polymerase Chain 
Reaction (RT‑PCR)

Isolation of total RNA was carried out using an RNeasy 
kit (Qiagen, Valencia, CA, USA). Quantitative real-time 
PCR (Applied Biosystems, Foster City, CA, USA) and 
TaqMan Gene Expression Assays (Applied Biosystems) 
were used to evaluate messenger RNA (mRNA) expression. 

The levels of ATP1A1 (Hs00933601_m1), epidermal 
growth factor receptor (EGFR; Hs01076090_m1), 
mitogen-activated protein kinase kinase 5 (MAP2K5; 
Hs00177134_m1), mitogen-activated protein kinase 7 
(MAPK7; Hs00611114_g1), BCL2 associated agonist of 
cell death (BAD; Hs00188930_m1), FOS (Hs04194186_s1), 
and MYC (Hs00153408_m1) (Applied Biosystems) genes 
were measured. For each gene, the expression levels were 
normalized to those of the internal control gene ACTB 
(Hs01060665_g1; Applied Biosystems). All experiments 
were performed thrice.

Western Blotting

Mammalian Protein Extraction Reagent (M-PER) 
lysis buffer (Pierce Biotechnology, Rockford, IL, 
USA) supplemented with protease inhibitors (Pierce 
Biotechnology) was used to harvest the cells. The 
concentration of proteins was determined using a modified 
Bradford assay (Bio-Rad, Hercules, CA, USA). Cell lysates 
were subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis to separate the proteins. Subsequently, 
the proteins were transferred onto polyvinylidene difluoride 
membranes (GE Healthcare, Piscataway, NJ, USA). This was 
followed by incubation with antibodies at 4 °C for 24 h. 
Band densities were quantified using an Amersham Imager 
680 (GE Healthcare).

Transfection of Cells with Small Interfering RNA (siRNA)

HT29 and Caco2 cells were transfected with 12 nmol/l 
ATP1A1 siRNA (Stealth RNAi siRNA #HSS100791; 
Invitrogen, Carlsbad, CA, USA) using the Lipofectamine 
RNAiMAX reagent (Invitrogen). After 24 h, the medium 
was replaced with fresh medium. The control siRNA (Stealth 
 RNAiTM siRNA Negative Control; Invitrogen) provided was 
used as a negative control.

Cell Proliferation Assay

HT29 and Caco2 cells were seeded in six-well plates (1.2 
and 1.5 ×  105 cells/well, respectively) and cultured at 37 °C 
in a humidified incubator with 5%  CO2. The transfection of 
cells with siRNA was performed 24 h after seeding. Trypsin-
ethylenediaminetetraacetic acid was used for cell detachment 
48 and 72 h following transfection with siRNA. Finally, the 
cells were counted using a hemocytometer.

Cell Cycle Assay

For the detection of the cell cycle phase, fluorescence-
activated cell sorting of HT29 and Caco2 cells was performed 
72 h after transfection with siRNA using a BD Accuri C6 
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Plus Flow Cytometer (Becton–Dickinson Biosciences, San 
Jose, CA, USA). Trypsin-ethylenediaminetetraacetic acid 
and 0.2% Triton X-100 were utilized for cell detachment; the 
cell nuclei were stained using propidium iodide (PI) RNase 
staining solution (Becton–Dickinson Biosciences). Flow 
cytometry was performed with a BD Accuri C6 Plus Flow 
Cytometer (Becton–Dickinson Biosciences) to evaluate the 
cell cycle distribution in ≥ 1 ×  104 cells.

Apoptosis Assay

At 72 h after transfection with siRNA, HT29 
and Caco2 cells were harvested and stained with 
fluorescein isothiocyanate-conjugated annexin V and 
phosphatidylinositol using the ANNEXIN V-FITC Kit 
(Beckman Coulter, Brea, CA, USA). The proportions of 
early and late-stage apoptotic cells were determined using 
a BD Accuri C6 Plus Flow Cytometer (Becton–Dickinson 
Biosciences).

Wound Healing Assay

The siRNA-transfected HT29 and Caco2 cells were 
incubated. Subsequently, after the cells reached confluency, 
an incision-like line simulating a wound was performed 
with a pipette tip. Washes with medium were carried out 
for the removal of suspended cells and debris. Monitoring 
of wounds was conducted every 8 h, and cell-free areas 
were analyzed with BZ-X800 (Keyence, Osaka, Japan). All 
experiments were performed thrice.

Assessment of Overexpression

HT29 and Caco2 cells were transfected with either 
the control plasmid (V79020; Thermo Fisher Scientific, 
Waltham, MA, USA) or the ATP1A1 plasmid (OHu15960C; 
GenScript, Piscataway, NJ, USA) using the Lipofectamine 
3000 reagent (Invitrogen). In the proliferation assay, HT29 
and Caco2 cells were seeded in six-well plates (1.2 and 
1.5 ×  105 cells/well) and cultured at 37 °C in a humidified 
incubator with 5%  CO2.

Microarray Analysis

Transfection of HT29 cells with either control or siRNA 
for ATP1A1 was performed. Extraction of total RNA was 
achieved with an RNeasy kit (Qiagen, Hilden, Germany). 
The RNA quality was evaluated using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 
For the preparation of biotinylated complementary DNA 
(cDNA), 100 ng of total RNA and an Affymetrix GeneChip 
WT PLUS Reagent Kit (Thermo Fisher Scientific, Waltham, 

MA, USA) were used. This was followed by fragmentation 
and biotinylation of 2 µg of cDNA. Thereafter, the 
biotinylated cDNA was hybridized to the Human Clariom S 
Array through an Affymetrix GeneChip Hybridization Oven 
645 (Thermo Fisher Scientific). Ingenuity Pathway Analysis 
software (Ingenuity Systems, Inc., Redwood City, CA, USA) 
was used for microarray data analysis.

Patients and Primary Tissue Samples

Primary tumor samples were extracted from 200 patients 
with CC, who had undergone curative colectomy from 2008 
to 2014 at the Division of Digestive Surgery, Department of 
Surgery, Kyoto Prefectural University of Medicine, Kyoto, 
Japan. Samples were obtained from patients treated with 
curative intent. All patients were stage II or III, and all 
underwent R0 resection. Patients with distant metastasis or 
synchronous/metachronous cancers, as well as those who 
had undergone colectomy with combined resection, or an 
emergency operation, were excluded from the analysis. 
The patients underwent colon resection and lymph node 
dissection according to the guidelines established by the 
Japanese Society for Cancer of the Colon and Rectum.18 
Tumor staging was conducted using the International 
Union Against Cancer tumor, node, and metastasis 
(TNM) classification system (8th edition).19 This study 
was performed in accordance with the ethical standards 
of the Kyoto Prefectural University of Medicine and the 
Declaration of Helsinki. All patients provided written 
informed consent prior to surgery. The protocol of this study 
was approved by the Ethical Review Board of the Kyoto 
Prefectural University of Medicine (Approval Number: 
ERB-C-1178-1).

IHC Analysis

Paraffin-embedded tissue sections (thickness: 4 
μm) were stained through the avidin-biotin-peroxidase 
complex method using a Vectastain ABC Elite Kit (Vector 
Laboratories, Burlingame, CA, USA). The prepared slides 
were incubated with the anti-ATP1A1 antibody (dilution: 
1:5000) at 4 °C overnight. A semi-quantitative analysis of 
ATP1A1 expression was performed based on the staining 
intensity and percentage of stained cells. The intensity of 
cytoplasmic staining was scored as follows: 0 (no staining), 
1 (weak), 2 (moderate), and 3 (strong). The proportion of 
stained cells was scored using a scale from 0 to 1.0 according 
to the stained area in the cancerous tissue. Analysis was 
performed by manual scoring of whole tumor cells by a 
pathologist and a surgeon. IHC scores were calculated as 
the maximum product of intensity and proportion scores 
(scale: 0–3.0).
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Statistical Analysis

Analysis of categorical variables was carried out 
using chi-squared and Fisher’s exact tests. Unpaired 
continuous data were analyzed using Student’s t-tests. 
The Kaplan–Meier method was used to produce survival 
curves, and the log rank test was utilized for the detection 
of statistically significant differences. The Cox proportional 
hazards model was employed for the multivariate analysis 
of factors affecting survival. The p values < 0.05 denoted 
statistically significant differences. JMP software version 10 
(SAS Institute, Cary, NC, USA) was utilized for all statistical 
analyses.

RESULTS

ATP1A1 Expression in CC Cell Lines

ATP1A1 expression in CC cell lines SW480, SW620, 
HT29, HCT116, RKO, Caco2, DLD1, and LoVo was 
examined using quantitative RT-PCR and western 
blotting (Fig. 1a, b). Among these, HT29 and Caco2 (both 

specifically expressing ATP1A1) were used to confirm the 
siRNA efficiency. HT29 and Caco2 cells transfected with 
the siRNA showed decreased mRNA and protein levels of 
ATP1A1 (Fig. 1c, d). ATP1A1 mRNA levels increased in 
HT29 and Caco2 cells transfected with the ATP1A1 plasmid 
(Supplementary Fig. 1).

ATP1A1 Regulated the Proliferation and Cell Cycle of CC 
Cells

Knockdown of ATP1A1 was carried out in HT29 and 
Caco2 cells. Significantly fewer cells were transfected with 
ATP1A1 siRNA versus control siRNA (Fig. 2a). Moreover, 
in the overexpression analyses, the overexpression of 
ATP1A1 increased the proliferation of HT29 and Caco2 
cells (Supplementary Fig. 1). According to the cell cycle 
analysis, following the knockdown of ATP1A1 in HT29 and 
Caco2 cells, the number of cells in the sub-G1 phase had 
increased in both cell lines (Fig. 2b).
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FIG. 1  ATP1A1 mRNA and protein expression in CC cells. a 
Quantitative RT-PCR revealed mRNA expression in CC cells. 
b Western blotting showed ATP1A1 expression in CC cells. c 
Transfection with ATP1A1 siRNA reduced the levels of ATP1A1 
mRNA in HT29 and Caco2 cells. Data are presented as the mean ± 
SEM. n = 3. *p < 0.05 versus control siRNA. d Transfection with 

ATP1A1 siRNA reduced the levels of ATP1A1 protein in HT29 and 
Caco2 cells. ACTB, actin beta; ATP1A1, Na+/K+-ATPase α1 subunit; 
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polymerase chain reaction; SEM, standard error of the mean; siRNA, 
small interfering RNA
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FIG. 2  ATP1A1 regulated the proliferation, cell cycle, survival, 
migration, and invasion of CC cells. a Downregulation of ATP1A1 
expression reduced the proliferation of HT29 and Caco2 cells. 
Cells were counted at 48 and 72 h after transfection with siRNA. b 
Downregulation of ATP1A1 expression increased the number of 
cells in the sub-G1 phase in HT29 and Caco2 cells. Cells transfected 
with control or ATP1A1 siRNA were stained with PI and analyzed 
using flow cytometry. c Downregulation of ATP1A1 expression 
increased the proportions of early and late-stage apoptotic HT29 

and Caco2 cells. Following transfection with control or ATP1A1 
siRNA, the cells were stained with PI and annexin V and subjected 
to flow cytometric analysis. d Downregulation of ATP1A1 
expression inhibited wound closure in HT29 and Caco2 cells. Data 
are presented as the mean ± SEM. n = 3. *p < 0.05 versus control 
siRNA. ATP1A1, Na+/K+-ATPase α1 subunit; CC, colon cancer, 
Cont., control; FITC‑A, fluorescein isothiocyanate-antibody; PE‑A, 
phycoerythrin-antibody; PI, propidium iodide; SEM, standard error of 
the mean; siRNA, small interfering RNA
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ATP1A1 Regulated the Survival of CC Cells

The induction of apoptosis through transfection of 
HT29 and Caco2 cells with ATP1A1 siRNA was assessed. 
At 72 h after transfection, the proportions of early stage 
(annexin V-positive and PI-negative) and late-stage (annexin 
V-positive and PI-positive) apoptosis were significantly 
increased in ATP1A1-depleted HT29 and Caco2 cells 
(Fig. 2c).

ATP1A1 Controlled the Migration and Invasion of CC 
Cells

The effects of ATP1A1 knockdown on the migratory and 
invasive abilities of CC cells were also examined. The results 
of the wound healing assay revealed that the downregulation 
of ATP1A1 expression led to inhibition of wound healing in 
both HT29 and Caco2 cells (Fig. 2d).

Gene Expression Profiles in ATP1A1‑depleted CC Cells

The results of the microarray analysis revealed that 
the depletion of ATP1A1 in HT29 cells resulted in > 1.7-
fold alterations in the expression of 2175 genes compared 
with negative controls. Among those, the expression of 

983 and 1192 genes was upregulated and downregulated, 
respectively. Table 1 includes 20 genes that exhibited the 
greatest upregulation or downregulation of gene expression 
in ATP1A1-depleted HT29 cells. The Ingenuity Pathway 
Analysis revealed that ‘Cancer’ and ‘Organismal Injury 
and Abnormalities’ were the most common ‘Disease and 
Disorders’ associated with the identified genes in ATP1A1-
depleted HT29 cells. Notably, ‘Cell Death and Survival’ and 
‘Cellular Development’ were the most commonly recorded 
‘Molecular and Cellular Functions’ (Supplementary 
Table 1).

Signaling Pathways and Molecular Mechanisms Regulated 
by ATP1A1 in CC cells

According to the IPA, the ERK5 signaling pathway was 
among the canonical pathways most commonly affected by 
ATP1A1 knockdown (Supplementary Fig. 2). Figure 3a 
provides an illustration of the ERK5 signaling pathway. We 
subsequently sought to validate the results of the microarray 
analysis. To this end, quantitative RT-PCR was performed to 
further examine the expression of several genes involved in 
the ERK5 signaling pathway. In HT29 and Caco2 cells, the 
mRNA expression of EGFR, MAP2K5, MAPK7, FOS, and 
MYC was lower in cells with ATP1A1 knockdown versus 

TABLE 1  Twenty genes exhibiting the greatest alterations in expression in HT29 cells after knockdown of ATP1A1

ATP1A1, Na+/K+-ATPase α1 subunit

Gene symbol Gene ID Gene name Fold change

Upregulated genes
IFI6 TC0100013445.hg.1 Interferon alpha inducible protein 6 17.949
ERP27 TC1200010023.hg.1 Endoplasmic reticulum protein 27 12.656
VGLL1 TC0X00008534.hg.1 Vestigial like family member 1 12.136
HMGCS2 TC0100015476.hg.1 3-hydroxy-3-methylglutaryl-CoA synthase 2 10.156
ACY3 TC1100011348.hg.1 Aminoacylase 3 9.921
IFITM3 TC1100009657.hg.1 Interferon induced transmembrane protein 3 9.733
IFITM1 TC1100012949.hg.1 Interferon induced transmembrane protein 1 9.691
NRSN2 TC2000006442.hg.1 Neurensin 2 9.557
PLAAT4 TC0900009770.hg.1 Phospholipase A and acyltransferase 4 9.462
SLC38A11 TC0200014800.hg.1 Solute carrier family 38 member 11 9.184
Downregulated genes
DHRS9 TC1500008470.hg.1 Dehydrogenase/reductase 9 −34.817
ARRDC4 TC1300007137.hg.1 Arrestin domain containing 4 −12.958
LINC01559 TC1200009994.hg.1 Long intergenic non-protein coding RNA 1559 −12.334
TNS4 TC1700010625.hg.1 Tensin 4 −12.080
AKAP12 TC0600009862.hg.1 A-kinase anchoring protein 12 −11.545
C4BPB TC0100011397.hg.1 Complement component 4 binding protein beta −10.272
VSIG1 TC0X00008080.hg.1 V-set and immunoglobulin domain containing 1 −9.810
TXNIP TC0100015598.hg.1 Thioredoxin interacting protein −9.145
RGCC TC1300006979.hg.1 Regulator of cell cycle −9.081
SLCO4A1 TC2000008023.hg.1 Solute carrier organic anion transporter family member 4A1 −8.812
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those transfected with control siRNA. In contrast, the mRNA 
expression of BAD exhibited an inverse pattern (Fig. 3b). 
The same study was conducted using samples extracted from 
patients. The mRNA expression levels of EGFR, MAP2K5, 
MAPK7, FOS, and MYC were decreased in samples with 
low ATP1A1 in IHC, and the mRNA expression levels 
of BAD were increased compared with those with high 
ATP1A1 expression (Supplementary Fig. 3).

IHC Analysis of ATP1A1 in CC Primary Tissue

The IHC analysis of samples extracted from 200 patients 
indicated that ATP1A1 protein was primarily expressed 
in the cell membrane and cytoplasm of epithelial cells in 
non-cancerous areas. In cancerous areas, ATP1A1 protein 
was expressed on the membrane and cytoplasm of tumor 
cells, and the staining intensity was dependent on ATP1A1 
expression levels (Fig. 4a–d). Figure 4e–h show the semi-
quantitative analysis of ATP1A1 expression based on the 
staining intensities and proportions of positive tumor cells; 
the mean IHC score was 1.63 (range: 1.0–2.6). An IHC score 
of 1.6 was set (according to the median score) as the optimal 
cut-off value for the prediction of overall survival and 
recurrence-free survival (RFS). The classification of patients 
into high- and low-ATP1A1 expression groups was  based 
on this cut-off value. Potential correlations between ATP1A1 
expression and clinicopathological factors of 200 patients 
were subsequently investigated (Table 2). The levels of 
ATP1A1 were only correlated with the pathological T (pT) 
stage (p = 0.0054) (Supplementary Table 2). The prognostic 
impact of ATP1A1 expression in patients with CC following 
curative resection was also assessed. The 5-years overall 
survival rate in the high- and low-ATP1A1-expression 
groups was 78.93% and 86.12%, respectively (p = 0.1314) 
(Fig. 4i). Furthermore, the 5-years RFS rate was 69.14% 
and 88.88%, respectively (p = 0.0010) (Fig. 4j). The 5-years 
RFS rates by stage were 77.33% and 90.57% for stage II (p 
= 0.0554) and 58.85% and 86.49% for stage III (p = 0.0076) 
(Fig. 4k). As shown in Table 3, the univariate analysis 
identified lymphovascular invasion, pT and pathological 
N categories, and ATP1A1 expression after colectomy 
as significant prognostic factors of RFS. Similarly, the 
multivariate analysis identified lymphovascular invasion, 
the pT category, and ATP1A1 expression as independent 
prognostic factors (Table 3).

DISCUSSION

In this study, ATP1A1 knockdown in CC cells exerted 
tumor-suppressive effects. Therefore, ATP1A1 may play 

a critical role in the regulation of proliferation, survival, 
migration, and invasion of CC cells. According to the 
microarray analysis, knockdown of ATP1A1 suppressed 
the ERK5 signaling pathway in CC cells. Furthermore, 
IHC analysis revealed an apparent relationship between high 
ATP1A1 expression and poor long-term survival in patients 
with CC following curative resection. Based on these results, 
ATP1A1 may be involved in the progression of CC.

ATP1A1 is a subunit of NKA, a membrane pump 
with a low intracellular  Na+/K+ ratio, cellular volume, 
and osmolarity. Apart from its involvement in numerous 
processes (e.g., ion transport, membrane potential 
generation, and nutrient uptake), NKA has been linked 
to signal transduction, cell junction, cell adhesion, and 
migration.20 Aberrant expression of ATP1A1 has been 
reported in various types of cancer.10–16 In the current 
analysis, knockdown of ATP1A1 led to inhibition of CC 
cell proliferation, survival, migration, and invasion; this 
is in agreement with findings reported in a previous study 
on gastric cancer.16 The results of in  vivo experiments 
have also demonstrated that the tumorigenic potential of 
hepatocellular carcinoma was markedly decreased following 
transfection with ATP1A1-shRNA.14 Furthermore, it has 
been reported that the treatment of certain cells with specific 
inhibitors of NKA results in the activation of multiple 
signaling pathways, such as the MAPK signaling cascade 
and phosphatidylinositol-3 kinase (PI3K) pathway.21,22 It 
has been shown that the mechanisms by which ATP1A1 
affects tumorigenesis and metastasis also influence  K+ 
homeostasis. This leads to cell apoptosis or necrosis,21,22 as 
well as cell growth, migration, and invasion, by influencing 
the migration of fibroblast growth factor 2 (FGF2) from the 
cytosol to the extracellular space and the PI3K signaling 
pathway.23 Collectively, these findings demonstrate that 
ATP1A1 is associated with poor prognosis in cancer. This 
conclusion is in accordance with the data derived from a 
functional analysis of ATP1A1 in  vitro, as well as the 
results of the IHC analysis, which associate high ATP1A1 
expression with poor prognosis in CC.

In this investigation, the microarray analysis highlighted 
that the ERK5 signaling pathway is suppressed in CC cells 
after ATP1A1 knockdown (Fig.  3a). For the validation 
of these findings, quantitative RT-PCR was employed 
to determine the levels of genes associated with the 
ERK5 signaling pathway (Fig. 3b). MAPK cascades are 
frequently deregulated in cancer, and ERK5 is a major 
MAPK subfamily.24 ERK5 is activated by MAP2K5/
MEK5; in turn, it induces the downstream activation of 
numerous transcription factors, as well as other effectors. 
These factors regulate multiple critical cellular events, such 
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as proliferation, differentiation, transcriptional regulation, 
survival, and apoptosis.25,26 MEK5/ERK5 signaling 
abnormalities occur in many types of cancer, including 
CC.27,28 Importantly, their relationships with the induction 
of cell proliferation, apoptosis, tumor angiogenesis, and 
metastasis are attracting considerable research attention.29,30 
However, the complete cellular and molecular mechanisms 
of the MEK5/ERK5 cascade in colorectal cancer remain to 
be elucidated. This is the initial evidence linking ATP1A1 to 

the ERK5 signaling pathway in CC. These findings provide 
insight into this ATP1A1-mediated signaling pathway.

This is the first investigation demonstrating the 
clinicopathologic and prognostic importance of ATP1A1 
expression in tissue samples obtained from patients with 
CC. Seligson et al.11 determined the expression of ATP1A1 
in 317 samples of renal clear cell carcinoma; according to 
their data, ATP1A1 levels were associated with the tumor 
grade. Also, high ATP1A1 expression significantly and 
independently predicted disease-specific death, the pT 
stage, metastasis status, and tumor grade. Nakamura et al.16 
measured the levels of ATP1A1 in 192 samples of gastric 
cancer; their analysis showed that high ATP1A1 expression 
was related to venous invasion, the pT stage, and poor 
long-term outcomes. Consistent with previous data, in 
our analysis high ATP1A1 levels were associated with the 
pT stage of CC and may promote T stage (Supplementary 
Table 2). ATP1A1 expression was associated with prognosis 
regardless of adjuvant chemotherapy (Supplementary 
Fig. 4). In vitro experiments showed that ATP1A1 plays 
an active role in the development of colorectal cancer; the 
results of our IHC analysis corroborated this conclusion. 
As shown in Fig. 4j and Table 3, high ATP1A1 expression 
was identified as a significant predictor of poor prognosis in 
the multivariate analysis. Furthermore, in a stage-by-stage 
study, high ATP1A1 expression was associated with poor 
prognosis, and the group with high ATP1A1 expression at 
stage II tended to have a worse prognosis than the group 
with low ATP1A1 expression at stage III (Fig. 4k). These 
results suggest that ATP1A1 expression is associated with 
CC and may be used to identify high-risk stage II and low-
risk stage III.

The limitations of this study should be mentioned. The 
investigation involved a retrospective IHC analysis, which 
may have been affected by selection bias. Moreover, this was 
a single-center study with a small cohort of patients with 

FIG. 3  Regulation of signaling pathways by ATP1A1 in CC cells. 
a Signaling map of ‘ERK5 signaling’ and top-ranking canonical 
pathways associated with the knockdown of ATP1A1 in HT29 
cells according to microarray analysis and Ingenuity Pathway 
Analysis. Red and green indicate genes with increased and decreased 
expression, respectively, versus reference levels. Blue indicates 
predicted inhibition. b Quantitative RT-PCR was used to verify the 
gene expression. Quantitative RT-PCR was used to compare the 
expression of six genes linked to the ERK5 signaling pathway (i.e., 
EGFR, MAP2K5, MAPK7, BAD, FOS, and MYC) in ATP1A1-
depleted HT29 cells with that recorded in cells transfected with 
control siRNA  (red circles in a). Data are presented as the mean 
± SEM. n = 3. *p < 0.05 versus control siRNA. ACTB, actin beta; 
ATP1A1, Na+/K+-ATPase α1 subunit; BAD, BCL2 associated 
agonist of cell death; CC, colon cancer; Cont, control; CREB, cAMP 
responsive element binding protein; CTF1, cardiotrophin 1; EGFR, 
epidermal growth factor receptor; EGF, epidermal growth factor; 
ELK4, ETS transcription factor ELK4; ERK5, extracellular signal-
regulated kinase 5; FOSL1, FOS like 1; FOXO3, forkhead box O3; 
GAB1, GRB2 associated binding protein 1; GNAQ, G protein subunit 
alpha q; GPCR, G protein-coupled receptor; H2O2, hydrogen 
peroxide; IL6ST, interleukin 6 cytokine family signal transducer; 
MAP2K5, mitogen-activated protein kinase kinase 5; MAPK7, 
mitogen-activated protein kinase 7; NGF, nerve growth factor; 
NTRK1, neurotrophic receptor tyrosine kinase 1; PTPN11, protein 
tyrosine phosphatase non-receptor type 11; Rsk, ribosomal protein 
S6 kinase; RT‑PCR, reverse transcription-polymerase chain reaction; 
SEM, standard error of the mean; SGK1, serum/glucocorticoid 
regulated kinase 1; SH2D2A, SH2 domain containing 2A; siRNA, 
small interfering RNA; WNK1, WNK lysine deficient protein kinase 1

◂
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FIG. 4  ATP1A1 protein 
expression in CC tissues and 
survival analysis according to 
the ATP1A1 levels. a HE stain-
ing of non-cancerous colonic 
tissue. Original magnifica-
tion: ×400. b IHC analysis of 
primary human CC samples 
with an anti-ATP1A1 antibody; 
positivity for ATP1A1 protein 
was detected in the basolateral 
side of epithelial cells in the 
non-cancerous colonic tissue. 
Original magnification: ×400. c 
HE staining of CC tissue. Origi-
nal magnification: ×400. d IHC 
analysis of primary human CC 
samples with an anti-ATP1A1 
antibody; positivity for ATP1A1 
protein was detected at the cell 
membrane and cytoplasm of 
tumor cells from CC tissue. 
Original magnification: ×400. 
e–h IHC analysis of primary CC 
samples with an anti-ATP1A1 
antibody. Photomicrographs 
with examples of intensity 
scores 0 (e), 1 (f), 2 (g), and 3 
(h) are provided. Original mag-
nification: ×100. i Patients were 
classified into the low- (n = 90, 
blue line) or high-(n = 110, red 
line) ATP1A1 expression group. 
The 5-years overall survival rate 
tended to be lower in the former 
group versus the latter group 
(log-rank test, p = 0.1314). j 
The 5-years recurrence-free 
survival rate was significantly 
lower in the former group 
versus the latter group (log-
rank test, p = 0.0010). k The 
5-years recurrence-free survival 
rate by stage according to 
ATP1A1 expression. In stage 
II, the high ATP1A1expression 
group tended to have a worse 
prognosis, whereas in stage III, 
the high ATP1A1expression 
group had a significantly poorer 
prognosis. ATP1A1, Na+/K+-
ATPase α1 subunit; CC, Colon 
cancer; HE, Hematoxylin and 
eosin; IHC, Immunohistochemi-
cal
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CC. A large prospective cohort study should be conducted 
to validate these findings and determine their applicability 
to clinical practice.

In summary, this investigation revealed that ATP1A1 
is involved in the proliferation, apoptosis, migration, and 
invasion of CC cells. In addition, it was shown that ATP1A1 
influenced the levels of genes linked to the ERK5 signaling 
pathway. Moreover, high ATP1A1 expression was identified 
as a predictor of poor prognosis in CC. Further investigation 
is warranted to elucidate the molecular mechanisms 
underlying the effects of ATP1A1. Nevertheless, the 

evidence indicates the potential prognostic importance of 
ATP1A1 and its value as a new target for the treatment of 
CC.

SUPPLEMENTARY INFORMATION The online version 
contains supplementary material available at https:// doi. org/ 10. 1245/ 
s10434- 023- 13779-8.

TABLE 3  Prognostic factors 
of CC identified through the 
univariate and multivariate 
analyses

ATP1A1, Na+/K+-ATPase α1 subunit; CC, colon cancer; CI, confidence interval; HR, hazard ratio; 
IHC, immunohistochemistry; pN, pathological N stage; pT, pathological T stage; RFS, recurrence-free 
survival;  C, cecum;  A,  ascending colon;  T, transverse colon; D, descending colon; S, sigmoid colon; 
pap,  papillary adenocarcinoma; tub,  tubular adenocarcinoma; por,  poorly differentiated adenocarcinoma; 
sig, signet ring cell carcinoma; muc, mucinous adenocarcinoma
a Kaplan–Meier method; the log-rank test was used to detect statistical significance
b The Cox proportional hazards model was utilized in the multivariate analysis
* p < 0.05: significantly different

Variables n = 200 Univariatea Multivariateb

5-years 
RFS rate 
(%)

HR 95%CI p value HR 95%CI p value

Sex
Male 103 76.24 1 0.466–1.567 1 0.411–1.502
Female 97 80.22 0.861 0.6245 0.794 0.2705
Age (years old)
< 65 70 74.07 1 0.410–1.391 0.3458 1 0.365–1.334
≥ 65 130 80.44 0.748 0.695 0.2705
Tumor location
C,A,T 98 79.32 1 0.494–1.652 0.7490 1 0.684–2.537
D,S 102 77.10 1.103 1.307 0.4181
Histological type
tub1, tub2, pap 180 79.06 1 0.626–3.630 0.3213 1 0.659–4.573
por, sig, muc 20 70.00 1.651 1.875 0.2210
Lymphovascular invasion
Negative 55 90.65 1 1.442–10.207 0.0010* 1 1.377–9.264
Positive 145 73.46 3.448 3.189 0.0040*
Adjuvant chemotherapy
No 119 82.02 1 0.845–2.818 0.1533 1 0.569–3.146
Yes 81 72.74 1.541 1.350 0.4929
pT
pT1-3 153 85.34 1 2.209–7.389 <0.0001* 1 1.783–6.494
pT4 47 54.80 4.046 3.403 0.0003*
pN
pN0 117 83.57 1 1.031–3.468 0.0370* 1 0.827–4.562
pN1-3 83 70.71 1.878 1.953 0.1260
ATP1A1 IHC score
< 1.6 90 88.88 1 1.583–6.630 0.0010* 1 1.376–6.196
> 1.6 110 69.14 3.097 2.807 0.0040*

https://doi.org/10.1245/s10434-023-13779-8
https://doi.org/10.1245/s10434-023-13779-8
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