
Abstract. Background/Aim: SLC9A9 plays an oncogenic
role in esophageal squamous carcinoma and glioblastoma.
Herein, we showed an oncogenic function of SLC9A9 in
colorectal cancer (CRC). Materials and Methods: We
examined SLC9A9 expression in CRC specimens by
immunohistochemistry. In CRC tissues, the relationship
between SLC9A9 expression and clinicopathological factors
was further elucidated by quantitative real-time polymerase
chain reaction (qRT-PCR) and gene set enrichment analysis
(GSEA). In vitro, we performed knockdown and
overexpression experiments. Results: SLC9A9 was
overexpressed in CRC specimens. In clinicopathological
analysis of our cohort, high SLC9A9 expression increased
liver metastasis and was correlated with worse prognoses in
two cohorts. A significantly positive relationship between
SLC9A9 and EGFR was revealed. While knockdown of
SLC9A9 suppressed proliferation and anchorage-
independent growth, up-regulation of SLC9A9 promoted
proliferation and anchorage-independent growth in vitro.
Conclusion: SLC9A9 has an oncogenic function by being
related to EGFR signaling, suggesting SLC9A9 may be a
novel prognostic indicator and a therapeutic target in CRC.

Colorectal cancer (CRC) is one of the most common cancers
worldwide and the second leading cause of cancer-related
deaths in developed countries, with the majority of deaths
being attributed to distant metastasis (1). While the 5-year
survival rate of patients with local CRC is about 80%, that
of patients with cancer metastasis is still only 10-20% (2).

Therefore, it is necessary to identify a novel biomarker for
cancer progression and metastasis, one that could also be a
useful therapeutic target in CRC. 

The SLC9A9 gene, also called NHE9, belongs to the Na+/H+
exchanger superfamily. It localizes on recycling endosomes and
maintains homeostasis by electroneutral exchange of protons for
Na+ through membranes (3). It has been reported that loss of
function mutations in SLC9A9 is involved with autism (4, 5). 

Recently, several studies noted that the SLC9A9 gene
contributed to malignant diseases. High expression levels of
SLC9A9 are associated with a poor prognosis and cancer
progression in esophageal squamous cell carcinoma (6-8). In
glioblastoma, SLC9A9 is up-regulated and drives stemness
properties, proliferation and invasive growth of glioblastoma
cells by activating the EGFR signaling pathway (9). 

The role of the SLC9A9 gene has been elusive in CRC.
We hypothesized that SLC9A9 might promote the
progression of CRC. In the current study, we examined the
clinical attribution of SLC9A9 in CRC patients and whether
SLC9A9 promotes cancer progression.

Materials and Methods

Patients and samples. Cancerous tissues from a total of 140 CRC
patients were obtained during surgery. These samples were collected
and used in accordance with the institutional ethical guidelines of
Kyushu University after obtaining written informed consent from
each patient. All patients underwent resection of the primary tumor
at Kyushu University Hospital and affiliated Hospitals between 1992
and 2002. Adjuvant chemotherapy was not performed for any patient
of Union for International Cancer Control (UICC) stage III. All
patients were clearly identified as having CRC based on
clinicopathological findings. The median and mean follow-up were
35.6 and 45.0 months, respectively. Resected tissues were
immediately cut and stored in RNAlater (Ambion, Austin, TX, USA),
frozen in liquid nitrogen and kept at –80˚C until RNA extraction. 

Immunohistochemical analysis. CRC tissues were surgically removed,
embedded in paraffin and sectioned to a thickness of 5 microns. The
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sections were then stained with hematoxylin and eosin (HE) for
histological analysis. Immunohistochemical analysis was applied to
determine the expression of SLC9A9. A monoclonal rabbit anti-
SLC9A9 antibody (ab167157; 1:200; Abcam, Cambridge, UK) was
used as the primary antibody. 

CRC cell lines. Human CRC cell lines (COLO205, Caco-2, SW480
and HCT116) were provided by the Japanese Cancer Research Bank
(Tokyo, Japan). Cell lines were maintained in Dulbecco’s modified
Eagle’s media, RPMI-1640 or Minimum Essential Media
supplemented with 10% fetal bovine serum and antibiotics. All cells
were cultured as monolayers at 37˚C in a humidified atmosphere
containing 5% CO2.

SLC9A9 mRNA interference. SLC9A9-specific siRNA (silencer
predesigned siRNA) was purchased from Ambion. The siRNA
oligomer was diluted with Opti-MEM I Medium (Invitrogen, Carlsbad,
CA, USA). The diluted siRNA oligomer was mixed with
Lipofectamine RNAiMAX (Invitrogen) and incubated for 15 min at
room temperature. Diluted logarithmic growth phase CRC cells
without antibiotics were seeded at 5×105 per 2 ml in 6-well flat-bottom
microtiter plates or 5×103 cells per 100 μl in 96-well flat-bottom
microtiter plates. The cells were incubated in a humidified atmosphere
(37˚C and 5% CO2). The assay was performed after a 72-h incubation.

Establishment of stable SLC9A9-transfected CRC cells. To generate
SLC9A9 expression lentiviral vectors, we amplified the insert (full-
length human NM_173653.3) by polymerase chain reaction (PCR)
from human reference cDNA. Lentiviruses were produced by
transient transfection of HEK293T cells with pCMV-VSV-G-RSV-
Rev, pCAG-HIVgp and either CSII-CMV-SLC9A9 or CSII-CMV-
MCS (empty) plasmid DNAs (5’-BamH1 and 3’-Hpa1 sites) plus
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
protocol. Enhanced SLC9A9 expression was confirmed by
quantitative RT-PCR and Western blot analysis.

RNA preparation and reverse transcription (RT)-PCR. Total RNA
from frozen tissue specimens and CRC cell lines was extracted
using ISOGEN (Nippon Gene, Tokyo, Japan). cDNA was
synthesized from 8 μg total RNA with M-MLV reverse transcriptase
(Invitrogen).

Quantitative real-time PCR (qRT-PCR). Gene-specific
oligonucleotide primers were designed for PCR. The following
primers were used: SLC9A9: 5’-CCATGTTGACTTGGCTTCAG-3’
(sense) and 5’-GAGGGGTCCTCCTTCAGATT-3’ (antisense);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5’-
TTGGTATCGTGGAAGGACTCA-3’ (sense) and 5’-TGTCATCA
TATTTGGCAGGTT-3’ (antisense); EGFR: 5’-TTCCTCCC
AGTGCCTGAA-3’ (sense) and 5’-GGGTTCAGAGGCTGA
TTGTG-3’ (antisense). PCR amplification was performed in a
LightCycler 480 instrument (Roche Applied Science, Basel,
Switzerland) using the LightCycler 480 Probes Master kit (Roche
Applied Science), according to the manufacturer’s protocol. The
relative expression levels of these genes were obtained by
normalizing the amount of mRNA to that of GAPDH mRNA as an
endogenous control in each sample.

Immunoblotting analysis. Total protein was extracted from CRC cell
lines. Aliquots of total protein (40 μg) were electrophoresed on 10%

polyacrylamide gels and then electroblotted on nitrocellulose
membranes using Trans-Blot Transfer Medium (Bio-Rad
Laboratories, Hercules, CA, USA) at 0.4 A for 120 min. SLC9A9
protein was detected by using rabbit monoclonal antibodies
(ab167157, 1:2,000; Abcam). Each protein level was normalized to
the level of β-actin protein, which was detected by using
monoclonal antibodies (Cytoskeleton, Denver, CO, USA) at a
1:1,000 dilution. 

MTT assay. CRC cell proliferation was assayed by the 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay. Cells were cultured in 96-well flat-bottom microtiter plates
and an MTT assay kit from Roche Applied Science was used to
evaluate cell proliferation. 

Sphere formation assay. The sphere formation assay was performed
to assess anchorage-independent growth. Cell suspensions of each
cell line were plated on ultra-low adherent 10-cm dishes (Corning,
NY, USA) at 5×104 cells per dish in sphere formation medium (1:1
DMEM/F12 medium supplemented with epidermal growth factor
(EGF; R&D Systems, Minneapolis, MN, USA) and B-27
(Invitrogen)). After 7 days, the spheres were counted using the
ImageQuant LAS 4000 Mini system (GE Healthcare,
Buckinghamshire, UK).

Gene set enrichment analysis (GSEA). The associations between
SLC9A9 expression and previously annotated gene expression
signatures were analyzed by applying GSEA (10). We acquired CRC
expression profiles from the National Center for Biotechnology
Information Gene Expression Omnibus (GEO) database (accession
codes GSE21815), reported by us, and analyzed these expression
profiles using GSEA, as previously described (11, 12). 

Meta-analysis. We obtained CRC expression profiles and
information of survival rates from the Cancer Genome Atlas database
(TCGA) containing 593 samples and analyzed the association
between SLC9A9 expression and probability of survival rates (13).

Statistical analysis. Data from qRT-PCR analyses were analyzed
using JMP 5 software (JMP, Cary, NC, USA). The relationships
between SLC9A9 expression and clinicopathological factors were
analyzed using the Student’s t-test, chi-square test and analysis of
variance (ANOVA). Overall survival (OS) curves were plotted using
the Kaplan-Meier method measured from the day of surgery, while
the log-rank test was applied for comparison. According to SLC9A9
expression level, cases were divided into two groups by the
minimum p-value approach, which is a comprehensive method to
find the optimal risk separation cut-off point in continuous gene
expression measurements (14). 

Results

CRC tissues expression of SLC9A9. We investigated the
expression of SLC9A9 in CRC tissues and their adjacent
normal colon tissues obtained from 6 patients and liver
metastasis tissue with CRC using immunohistochemical
analysis. The analysis revealed that SLC9A9 was largely
positive in cancerous tissues (Figure 1A). SLC9A9
expression was primarily seen in the cytoplasm, on the cell
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membrane or both. However, the level of SLC9A9
expression in normal epithelium was far lower than that of
cancerous tissues. Furthermore, We also showed that

SLC9A9 was up-regulated in CRC cells of liver metastasis
(Figure 1B). The results supported that SLC9A9 might
contribute to malignancies in human CRC.    
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Figure 1. Images of immunohistochemical analysis for SLC9A9 in 6 CRC tissues and one liver metastasis tissue. A. The SLC9A9 expression in
tumor tissues was higher than that in normal tissues in 6 samples. Most staining occurred in cytoplasm and cell membrane of cancer cells; original
magnification, 40×, 200×. T: Tumor tissue. N: normal tissue. B. Immunohistochemical analysis of liver metastasis tissues revealed strong SLC9A9
expression in cytoplasm and cell membrane of cancer cells; original magnification, 40× (left), 200× (right).



SLC9A9 expression and clinicopathological characteristics.
We divided the 140 CRC patients of our clinical cohort into a
high-SLC9A9 group (n=65) and a low-SLC9A9 group (n=75),
according to the SLC9A9 expression level in tumor tissues.
Clinicopathological factors were analyzed in the high- and
low-SLC9A9 expression groups (Table I). The high-SLC9A9
group had significantly more liver metastases than the low-
SLC9A9 group. With regard to overall survival (OS), the high-
SLC9A9 group had a significantly poorer prognosis than the
low-SLC9A9 group (p=0.0042; Figure 2A). On multivariate
analysis, high-SLC9A9 expression was an independent
prognostic factor for poorer OS (hazard ratio (HR)=1.60; 95%
confidence interval (CI)=1.05-2.55; p=0.027; Table II).
Moreover, we analyzed OS from a public data set of 593 CRC
cases (TCGA). In accordance with our results, the OS of the
high-SLC9A9 group was significantly poorer than that of the
low-SLC9A9 group (p=0.0055; Figure 2B).

Expression of SLC9A9 correlated with EGFR signaling. In
order to investigate the oncogenic signaling that is associated
with SLC9A9, we applied GSEA to CRC cases (GSE21815).
Our analysis demonstrated that SLC9A9 was positively
associated with EGFR signaling in the CRC cohort (Figure
3A). In addition, we also confirmed a significantly positive
association between SLC9A9 and EGFR in our clinical
cohort of 140 CRC samples by qRT-PCR. These findings
supported that SLC9A9 might promote progression of CRC
in conjunction with EGFR signaling.

Inhibition of SLC9A9 expression with SLC9A9 siRNA in
CRC. To investigate the effect of inhibition of SLC9A9 in
CRC, we performed knockdown experiments in cell lines
(COLO205 and Caco-2) whose levels of SLC9A9 mRNA
were relatively high. The protein levels of SLC9A9 in cell
lines transfected with SLC9A9 siRNA were significantly
lower than those with negative control siRNA (Figure 4A).
The transfected cells were used to examine whether tumor
proliferation and anchorage-independent growth were
repressed. It was demonstrated that cell proliferation (Figure
4B) and sphere formation capacities (Figure 4C and D) were
significantly lower in SLC9A9 siRNA-transfected CRC cells
than in negative control siRNA-transfected CRC cells. 

Overexpression of SLC9A9 enhanced the growth of CRC cell
lines. To explore the influence of up-regulation of SLC9A9 on
CRC cells, we performed overexpression experiments in
SW480 and HCT116 cells, which exhibit relatively low
expression of SLC9A9. We confirmed by western blotting that
SLC9A9 protein expression was higher in cells transfected
with SLC9A9 cDNA than in mock-cells (Figure 5A). Next, we
performed MTT and sphere formation assays to assess the
influence on tumor proliferation and anchorage-independent
growth. Overexpression of SLC9A9 significantly promoted

cell proliferation (Figure 5B) and sphere formation of cancer
cells (Figure 5C and D). These results suggested that SLC9A9
might play a role in promoting the progression of CRC. 

Discussion

In the current study, we report the oncogenic role of
SLC9A9 in CRC. First, by immunohistochemical staining,
we ensured that SLC9A9 was up-regulated in primary CRC
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Table I. Relationships between SLC9A9 expression and clinicopathological
factors.

Factors                                               SLC9A9/GAPDH

                                           High expression   Low expression   p-Value
                                                    n=65                     n=75

Age
    ≤65                                            26                          28                 0.74
    >65                                            39                          47                    
Gender
    Male                                          45                          43                 0.14
    Female                                       20                          32                    
Histology
    Well, Moderate                         58                          72                 0.11
    Others                                         7                            3                     
Sizea
    <5 cm                                        34                          40                 0.92
    ≥5 cm                                        29                          33                    
Tumor location
    Right colon                               19                          27                 0.24
    Left colon                                  20                          14                    
    Rectum                                      26                          34                    
UICC TNM stage
    Ⅰ/Ⅱ                                              31                          38                 0.72
    Ⅲ/Ⅳ                                         34                          37                    
T category
    1, 2                                             17                          29                 0.11
    3, 4                                             48                          46                    
Lymph node metastasis
    Absent                                       33                          41                 0.64
    Present                                       32                          34                    
Liver metastasis
    Absent                                       56                          72               0.035b
    Present                                        9                            3                     
Lymphatic invasion
    Absent                                       32                          46                 0.15
    Present                                       33                          29                    
Venous invasion
    Absent                                       51                          59                 0.97
    Present                                       14                          16                    

The 140 colorectal cancer cases were divided into 2 groups according
to SLC9A9 mRNA expression levels in cancer tissues. High SLC9A9
expression was significantly associated with  liver metastasis (p=0.035).
UICC, Union for International Cancer Control; TNM, tumor, node,
metastasis. aInformation of 4 cases is unknown. bStatistically significant
(p<0.05).



tumors compared to the corresponding normal tissues. In
clinical samples, high level of SLC9A9 in CRC tissues was
an independent prognostic indicator for OS and significantly
involved with liver metastasis in our cohorts, which was
supported by the TCGA public database. Moreover, analysis
of qRT-PCR in our cohort and GSEA showed a concordant
relationship between EGFR and SLC9A9 expression. 

EGFR plays a central role in the development of diverse
epithelial tumors and provides key signals for tumor
progression in CRC (15-17). Since monoclonal antibodies,
such as cetuximab and panitumumab, can provide CRC
patients with significant clinical benefits (18-21), SLC9A9
might be an important biological molecule, in CRC, that is
closely associated with EGFR signaling. High expression of
EGFR is reported to have a strong correlation with liver
metastasis (22), which also agrees with our clinical data.

Consistent with the above, we showed that SLC9A9 acts
as an oncogene in CRC. Specifically, in vitro SLC9A9

Ueda et al: SLC9A9 as an Oncogene in CRC

2259

Figure 2. Kaplan–Meier survival curves for CRC patients as a function
of SLC9A9 expression level. A. A total of 140 CRC cases were classified
into two groups according to the SLC9A9 expression level. The survival
rate for patients in the high-expression group (n=65) was significantly
lower than that for patients in the low-expression group (n=75)
(p=0.0042). B. Kaplan-Meier overall survival curves for 593 patients
with CRC in the public database of TCGA. The survival rate for patients
in the high-expression group (n=297) was significantly lower than that
for patients in the low-expression group (n=296) (p=0.0055). 

Figure 3. The positive correlation between SLC9A9 and EGFR. A.
GSEA of inter-related SLC9A9 and EGFR expression using reference
gene sets in a CRC data set. B. Correlations between EGFR and
SLC9A9 expression levels were analyzed by qRT-PCR in 140 CRC
samples.
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Figure 4. Knockdown of SLC9A9 inhibited the proliferation and sphere formation of human CRC cells. A. Knockdown of SLC9A9 was confirmed
by western blotting in COLO205 and Caco-2 cells. B. Knockdown of SLC9A9 inhibited the cell proliferation of both COLO205 and Caco-2 cells.
*p<0.05. C. Knockdown of SLC9A9 repressed sphere formation of both COLO205 and Caco-2 cells. *p<0.05. D. Representative images of sphere
formation are shown. Scale bar, 100 μm (Lower).
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Figure 5. Overexpression of SLC9A9 increased cell proliferation and sphere formation by human CRC cells. A. SLC9A9 was stably enhanced in
HCT116 and SW480 cells. B. Overexpression of SLC9A9 enhanced the cell proliferation of both HCT116 and SW480 cells. *p<0.05. C.
Overexpression of SLC9A9 increased sphere formation by both HCT116 and SW480 cells. *p<0.05. D. Representative images of sphere formation
are shown. Scale bar, 100 μm (Lower).



overexpression enhanced tumor cell proliferation and
anchorage-independent growth of CRC cells. Kondapalli et
al. demonstrated that SLC9A9 can activate EGFR signaling
pathways in glioblastoma (9) Generally, the majority of
endocytosed EGFR is delivered to lysosomes and degraded
(23). However, increased SLC9A9 diverts endocytosed
EGFR trafficking away from lysosomes and then transfers
endocytosed EGFR to the cell membrane for recycling. This
process up-regulates EGFR expression on the membrane of
glioblastoma cells and activates downstream signaling of
EGFR. This report strongly supports our data, considering
that SLC9A9 induced cancer progression in CRC. 

We revealed that SLC9A9 was up-regulated in CRC tissues
compared to corresponding normal tissues by immuno -
histochemical analysis. However, it is not clear how SLC9A9
expression is regulated. A previous study demonstrated that in
hypermutated CRC, SLC9A9 is one of the frequent targets of
mutation (13). It is suggested that mutation of SLC9A9 may
lead to gain-of-function, which may up-regulate protein level of
SLC9A9 in CRC. Hereafter, genetic and epigenetic
mechanism(s) regulating SLC9A9 must also be investigated. 

In conclusion, the function of SLC9A9 is closely
associated with EGFR pathways and can promote
progression of CRC. SLC9A9 may be a prognostic indicator
and a useful therapeutic target in CRC. However, further
studies are necessary to disclose the mechanisms through
which SLC9A9 exerts its oncogenic effects in CRC.
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