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Abstract: Colorectal cancer (CRC) is a common malignant tumor worldwide. The solute carrier family 25 member
18 (SLC25A18) transports glutamate across the inner mitochondrial membrane and involves some non-tumor dis-
eases, yet little is known about its role in malignancy. Here, we studied the function and mechanism of SLC25A18
in CRC. We conducted a bioinformatic analysis of the Cancer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO) databases to identify the correlation of SLC25A18 expression with clinic-pathological characteristics. Function
experiments were implemented to estimate the variation of aerobic glycolysis and cell proliferation due to in vitro
and in vivo up- or down-regulation of SLC25A18. Immunohistochemical staining of SLC25A18 was performed on
a tissue microarray of 106 patients with primary or metastatic CRC to evaluate its predictive and prognostic value.
SLC25A18 expression was low in the CRC samples and was negatively correlated with stage, age and serum carci-
noembryonic antigen levels. High expression of SLC25A18 indicated longer disease-free survival time after surgery.
Exogenous overexpression of SLC25A18 decreased glucose consumption, lactate production, intracellular ATP con-
centration and cell proliferation and abrogated expression of CTNNB1, PKM2, LDHA and MYC. Inhibition of Wnt/(3-
catenin restored SLC25A18-repressed cellular activities. SLC25A18 clinically predicted a longer survival time after
surgery or medicine treatment. These results showed that increased SLC25A18 expression inhibits Warburg effect
and cell proliferation via Wnt/B-catenin cascade, and suggest a better prognosis after treatment.
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Introduction medicine therapy [6-9]. Several genes have
been associated with CRC and a strong family
history of CRC along with the presence of mul-
tiple polyps is an important genetic factor in
the progression of CRC. Consequently, under-

standing the genetic process of the cancer

About 1.5 million people have a history of inva-
sive colorectal cancer (CRC) in the United
States and over 1.2 million patients are living
with CRC in 2019 [1, 2]. CRC is also the se-

cond most commonly diagnosed malignancy
in Europe and the cause of tumor-related dea-
th in Europeans [3, 4]. In China, there were
about 0.37 million newly diagnosed CRC cas-
es, and about 0.19 million patients died of
CRC in 2015 [5]. Advances in comprehensive
therapeutic measures including surgery, che-
motherapy and molecular therapy, have pro-
longed survival time or provided cure for some
CRC patients. However, a large proportion of
patients still suffer disease relapse or progres-
sion, following radical resections or effective

recurrence and metastasis is of critical impor-
tance.

Human solute carrier families (SLCs), also kn-
own as mitochondrial transporter protein family
[10], mediate solutes translocation from cyto-
plasm to mitochondria and are involved in met-
abolic reactions [11, 12]. SLC25A18 is a mem-
ber of SLC25A family [13, 14], of which the
mitochondrial carrier system is comprised [15].
Located on chromosome 22g11.21, SLC25A18
acts as a transporter of glutamate as well as H*
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Table 1. Clinicopathological characteristics of
619 CRC cases from COAD and READ subsets
in TCGA database

Number of

Clinic pathological characteristics cases (%)

SLC25A18 expression
High expressed 227 (36.7)
Low expressed 392 (63.3)
Primary Site
Colon 449 (72.5)
Rectal 159 (25.7)
Missing 11 (1.8)
Histological type
Colon Adenocarcinoma 387 (62.5)

Colon Mucinous Adenocarcinoma 62 (10.0)
Rectal Adenocarcinoma 146 (23.6)
Rectal Mucinous Adenocarcinoma 13(2.1)

Missing 11 (1.8)
Gender

Male 329 (53.2)

Female 290 (46.9)
Ethnicity

White 292 (47.2)

Non-White 78 (12.6)

Missing 249 (40.2)
Pathologic T stage

T1and T2 125 (20.2)

T3 and T4 493 (79.6)

Missing 1(0.2)
Pathologic N stage

NO 351 (56.7)

N1 and N2 266 (43.0)

Missing 2(0.3)
Pathologic M stage

MO 459 (74.2)

M1 88 (14.2)

Missing 72 (11.6)
Microsatellite instability

MSI 11 (1.8)

MSS 105 (17.0)

Missing 503 (81.3)
Residual tumor

RO 451 (72.9)

R1 and R2 42 (6.8)

Missing 126 (20.4)
Survival status

Alive 554 (89.5)

Dead 64 (10.3)

Missing 1(0.2)
1549

Vascular invasion

Yes 132 (21.3)

No 405 (65.4)

Missing 82 (13.3)
Lymphatic invasion

Yes 228 (36.8)

No 330 (53.3)

Missing 61 (9.9)
Perineural invasion

Yes 60 (9.7)

No 171 (27.6)

Missing 338 (54.6)
Tumor deposits

Yes 49 (7.9)

No 244 (39.4)

Missing 326 (52.7)
KRAS Mutation

Yes 31(5.0)

No 31(5.0)

Missing 557 (90)
BRAF Mutation

Yes 3(0.5)

No 32 (5.2)

Missing 584 (94.4)
Mismatch repair protein present

Yes 64 (10.3)

No 407 (65.8)

Missing 148 (23.9)

across the inner mitochondrial membrane [16-
18]. SLC25A18 is high expressed in the brain,
liver and testis with relatively low expression in
the breast, lung, colon and other tissues [19].
SLC25A18 has been implicated in diseases
such as cat eye syndrome, cutis laxa and ma-
turity-onset diabetes of the young. Mutated
SLC25A18 is the cause of autosomal reces-
sive disorder citrullinemia [20, 21]. Although
SLC25A18 is found in low expression in tu-
mors compared with normal tissues [22], its
role in CRC has not been investigated.

More than sixty years ago, Warburg proposed
that cancer cells are distinguished from normal
cells by their increased glucose utilization and
lactate production even in the presence of oxy-
gen and properly functioning mitochondria,
which is later known as the Warburg effect
[23]. Robert A. Weinberg [24] summarized that
cancer cells widely feature energy reprogram-
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Table 2. The relationship between SCL25A18 expression and clinicopathological characteristics of
CRC cases from the TCGA database

Expression level of SLC25A18 mRNA

Clinic pathological characteristics - Number of cases P-value
High (%) Low (%)

Gender
Male 213 (34.4) 116 (18.7) 619 0.4369
Female 179 (28.9) 111 (17.9)

Primary Site
Colon 290 (47.2) 163 (26.5) 615 0.5102
Rectal 99 (16.1) 63 (10.2)

Histological type
Colon Adenocarcinoma 248 (40.8) 139 (22.9) 608 0.4629
Colon Mucinous Adenocarcinoma 41 (6.7) 21 (3.5)
Rectal Adenocarcinoma 86 (14.1) 60 (9.9)
Rectal Mucinous Adenocarcinoma 10 (1.6) 3(0.5)

Ethnicity
White 130 (35.1) 162 (43.8) 370 0.8831
Non-White 34 (9.2) 44 (11.9)

Pathologic T stage
Tl and T2 96 (15.5) 29 (4.7) 618 0.0004"
T3 and T4 295 (47.7) 198 (32)

Pathologic N stage
NO 234 (37.9) 117 (18.9) 617 0.0401™
N1 and N2 156 (25.2) 110 (17.8)

Pathologic M stage
MO 301 (55.0) 158 (28.9) 547 0.8844
M1 57 (10.4) 31(5.7)

Microsatellite instability
MSI 5 (4.3) 6 (5.2) 116 0.9869
MSS 48 (41.4) 57 (49.1)

Residual tumor
RO 307 (62.3) 144 (29.2) 493 0.1595
R1 and R2 33(6.7) 9 (1.8)

Survival status
Alive 355 (57.4) 199 (32.2) 618 0.3243
Dead 37 (6.0) 27 (4.4)

Vascular invasion
Yes 82 (15.3) 50 (9.3) 537 0.7824
No 257 (47.9) 148 (27.6)

Lymphatic invasion
Yes 160 (28.7) 68 (12.2) 558 0.0113™
No 197 (35.3) 133 (23.8)

Perineural invasion
Yes 23 (10.0) 37 (16.0) 231 0.4105
No 76 (32.9) 95 (41.1)

Tumor deposits
Yes 24 (8.2) 25 (8.5) 293 0.8540
No 116 (39.6) 128 (43.7)

KRAS Mutation
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Yes 13 (21.0)

No 11 (17.7)
BRAF Mutation

Yes 1(2.9)

No 6 (17.1)
Mismatch repair protein present

Yes 36 (7.6)

No 296 (62.8)

18 (29.0) 62 0.6020
20 (32.3)

2 (5.7) 35 0.5460
26 (74.3)

28 (5.9) 471 0.0072"*
111 (23.6)

Clinical data were investigated using chi-square test. P < 0.05; "**P < 0.01; """"P < 0.001.

ming of the regulators of “aerobic glycolysis”.
Here, we studied the association between the
SLC25A18 expression and clinical treatment
outcomes in CRC patients. We used informa-
tion from TCGA and GEO databases, immuno-
histochemical examination of patients trea-
ted in our center, and in vitro and in vivo mo-
dels to investigate the role and signal trans-
duction of SLC25A18 in tumor aerobic glycoly-
sis. Our findings implicate SLC25A18 as a
novel therapeutic target for CRC.

Materials and methods
Bioinformatics investigation of SLC25A18

To assess the expression level and clinical
prognosis of SLC25A18 in CRC, we used a
GEPIA (Gene Expression Profiling Interactive
Analysis) (http://gepia.cancer-pku.cn/index.ht-
ml) and an UALCAN (Analyze, Integrate, Dis-
cover) (http://ualcan.path.uab.edu/index.html)
online tools based on The Cancer Genome
Atlas (TCGA) project of colon adenocarcinoma
(COAD) and rectum adenocarcinoma (READ)
(https://portal.gdc.cancer.gov) for bioinformat-
ic investigation. Gene array expression data
GSE14333 was downloaded from the GEO
database (Gene Expression Omnibus) (http://
www.ncbi.nlm.nih/gov/geo), which included
290 cases from surgically resected specimens
of CRC. The patients enrolled in survival analy-
sis were divided into high or low expression gr-
oup according to the cut-off point of median
transcripts per million (TPM) expression level
and were compared by Log-rank test. The clini-
cal pathological characteristics of cases from
TCGA were further examined by R 3.6.1 (https://
www.r-project.org) with TCGAbiolinks package.

Gene set enrichment analysis (GSEA)
To determine the biological function and sig-

naling pathway associated with SLC25A18 in-
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volving, a gene set enrichment analysis (GSEA
version 2.3.3, http://www.broadinstitute.org/
gsea/) was implemented. Pre-defined gene
set were retrieved from the Molecular Signa-
tures Database, MSigDB (http://software.broa-
dinstitute.org/gsea/msigdb). The thresholds
for significance were determined by permuta-
tion analysis (1000 permutations) with default
settings. False Discovery Rate (FDR) was then
calculated. If the FDR score is less than 0.05,
the gene set is considered significantly en-
riched.

Patients’ recruitment and tissue samples

There were 106 cases of recurrence or meta-
static CRC from Zhongshan Hospital affiliated
to Fudan University included in this study. All
study cases had been pathologically diagnos-
ed as colorectal or metastatic hepatic caner.
The survival outcome and other clinic-patholog-
ical information such as gender, age, primary
tumor location, RAS/RAF mutation status we-
re recorded and presented in Table 3. This
study was approved by the Institutional Review
Board of Zhongshan Hospital affiliated to Fudan
University. An informed consent was signed by
all patients who agreed to participate in the
studies.

Immunohistochemical (IHC) staining and
evaluation

Tissue samples of patients with CRC were fixed
in 10% formaldehyde, embedded in paraffin,
cut into 4 to 7 um sections and attached onto
glass slides. Tissues were deparaffinized with
xylene, hydrophilized and unmasked following
routine immunohistochemical procedure. The
slides were blocked with 3% bovine serum al-
bumin (BSA), and immune-stained with primary
antibodies anti-SLC25A18 (Proteintech, China,
17348-1-AP) at a dilution of 1:100 in a humidi-
fied box at 4°C overnight. Then, the slides were
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Table 3. Characteristics of patients from a
tissue microarray containing 106 primary or
metastatic CRC tissues samples

Number of

Clinic pathological characteristics Cases (%)

Primary tumor site

Colon 63 (59.4)

Rectum 43 (40.6)
Colon location

Right 31(29.2)

Left 75 (70.8)
Gender

Male 74 (69.8)

Female 32(30.2)
Age

<60 59 (565.7)

> 60 47 (44.3)
Initial stage

Advanced 56 (52.8)

Recurrence 50 (47.2)
Survival statues

Death 50 (47.2)

Alive 56 (52.8)
Primary tumor resection

Radical 56 (52.8)

Palliative 50 (47.2)
RAS status

Mutated 58 (54.7)

Non mutated 48 (45.3)
RAF status

Mutated 7 (6.6)

Non mutated 99 (93.4)
Anti EGFR therapy

Yes 43 (40.6)

No 63 (59.4)
Anti-angiogenesis therapy

Yes 56 (52.8)

No 50 (47.2)
Total 106 (100)

washed three times and incubated in the sec-
ondary antibody (1:400, Long ISLAND, BIOTEC
CO., LTD, Shanghai, China) for 30 min at the
room temperature. Thereafter, the slides were
stained by 3,3’-diaminobenzidine (DAB) and
counterstained by hematoxylin. Antigen-antibo-
dy complexes were visualized by micrograph
analysis system (NIKON, Japan). Images of high
cellularity area were taken and evaluated by
color deconvolution with ImageJ software (Na-
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tional Institutes of Health, Bethesda, MD). The
intensity of the stain in cytoplasm was record-
ed as following: “negative” = 0O; “weak” = 1;
“moderate” = 2 and “strong” = 3. The percent-
age of positively stained cells in a section was
recorded as 0% = 0, 1-24% = 1; 25-50% = 2;
51-75% = 3 and 76-100% = 4. The immunos-
taining score of was defined as the product of
its intensity score obtained by adding individu-
al positive percentage scores. Low SLC25A18
expression referred to the immunostaining
score < 6, while high SLC25A18 expression
referred to the immunostaining score > 6.

RNA extraction, cDNA synthesis, and reverse
transcription-quantitative polymerase chain
reaction (RT-qPCR)

For RT-gPCR examination, total RNA from the
cell or tissue samples was extracted with
TRIzol reagent (Invitrogen, USA), dissolved in
RNAse-free H20 and preserved at -80°C.
cDNA was synthesized from each 1 yg RNA
samples by Fermentas Reverse Transcription
kit, followed by RT-PCR reactions on a real-
time detector (ABI, ABI-7300, USA) using a
SYBR Green PCR kit (Thermo, #K0223). The
detailed steps were carried out as follows:
pre-denaturation at 95°C for 10 min followed
by 40 cycles of denaturation at 95°C for 15
sec, annealing at 60°C for 45 sec and elonga-
tion at 60°C for 60 sec. The primer sequen-
ces of SLC25A18 and GAPDH were: SLC25-
A18 forward, 5-GTGTTCCCCATCGACTTGG-3’;
SLC25A18 reverse, 5-CACGACCTGGCACATC-
CC-3’; GAPDH forward, 5-AATCCCATCACCAT-
CTTC-3' and GAPDH reverse, 5-AGGCTGTTG-
TCATACTTC-3. The relative quantification of
gene expression result was calculated by
ACT-method and expressed as 2-ACT with set-
ting glyceraldehyde-3-phosphatedehydrogena-
se (GAPDH) as the endogenous control.

Protein extraction, western blotting analysis,
and antibodies

For western blotting assays, cell lysates were
arranged from cell lines with RIPA lysis buffer
kit (JRDUN Biotechnology, Shanghai, China),
and the protein concentrations were quanti-
fied with a BCA protein quantification kit (Ther-
mo, Fisher Scientific, China). Equal amounts of
protein (20 ug for cell samples and 50 g for
tissue samples) were separated onto sodium
dodecyl sulfate polyacrylamide gel electropho-
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resis (SDS-PAGE) and transferred to a polyvi-
nylidene difluoride (PVDF) membrane. Mem-
brane was incubated overnight at 4°C in pri-
mary antibodies diluted at 1:1000 in TBST buf-
fer. Target proteins, include SLC25A18 (Prote-
intech, Wuhan, China, 17348-1-AP), B-catenin
(Cell Signaling Technology, Danvers, MA, #95-
87), c-Myc (Abcam, Cambridge, MA, Ab32072),
PKM2 (Abcam, Ab137852), LHDA (Abcam,
Ab125683), TCF4 (Affinity, DF6275), TCF1 (Af-
finity, DF7180), AKT1 (Cell Signaling Technolo-
gy, Danvers, MA#2938), p-AKT1 (Cell Signaling
Technology, #9081), and GAPDH (Cell Signal-
ing Technology, #5174). The membrane was
washed three times for 5 min each in TBST
buffer to remove unbound primary antibodies.
Incubation with HRP-conjugated goat anti-
rabbit secondary antibodies 1gG-HRP (Beyo-
time, Shanghai, China, AO208, A0216) for 60
min at room temperature was followed by
another three washes with TBST buffer. Finally,
blot signals were visualized by Tanon High-sig
ECL (Tanon Science and Technology Co., Ltd.,
Shanghai, China). The expressing amount of
each protein was semi-quantitatively identifi-
ed and the densities of blots for all proteins
were normalized to GAPDH.

Cell Lines and culture

Five colorectal cancer cell lines (HCT116,
HS675.T, LOVO, SW480, SW620) and one nor-
mal gastrointestinal epithelial cell line (HIEC)
were purchased from the Cell Bank of Chinese
Academy of Sciences. HCT116, HS675.T and
SW620 cell lines were cultured in RPMI-1640.
LOVO and SW480 cell lines were cultured in
DMEM containing 10% fetal bovine serum and
1% double antibiotics (penicillin and strepto-
mycin), and maintained in a humidified incuba-
tor with 5% CO, at 37°C.

Lentivirus construction and cell transduction

In order to knockdown of SLC25A18, three
human siRNA sequences (RNAi 1, GGCAGA-
GGTTCTTACCGAA; RNAi 2, GGATGCAGCGGAA-
CCTGAA; RNAi 3, GCGTTGTAGTGCTACCTCA) we-
re synthesized by Genewiz Company (Shang-
hai, China) and cloned into a pLKO.1 vector.
The DNA coding region (cDNA) of SLC25A18
(NM_031481.3) was also synthesized and cl-
oned into a pLVX-Puro vector at EcoRl/BamHI
restriction sites. The integrity of relevant core
plasmids was verified by DNA sequencing (Ma-
jorbio, Shanghai). Next, the constructed plas-
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mids (pLKO.1-shSLC25A18, pLVX-Puro-SLC25-
A18i) and viral package plasmids (psPAX2,
pMD2G) were co-transfected into 293T cells
to generate relevant lentivirus; supernatants
were collected after 48 h of infection. HS675.T,
SW620, HCT116 and LOVO cell lines were
seeded into 6-well plates overnight before
transduction. After that, SW620 and HS675.T
cell lines were infected with lentivirus conta-
ining SLC25A18-shRNAs or lenti-vector (NC)
supernatants, while HCT116 and LOVO cell lin-
es were treated with lenti-oeSLC25A18. Lenti-
virus at a multiplicity of infection (MOI) of 5
was added to cells at 70% confluency. After 48
h infection, the expression levels of SLC25A18
mRNA and protein were checked by RT-PCR
and western blotting.

Cell proliferation detection

The cell proliferation rate was assessed by
cell counting kit-8 (CCK-8) assay. Cells were
plated onto 96-well microplates at a density of
1 to 5 x 102 cells per well, allowed to attach
overnight in a humidified 5% CO, incubator at
37°C, and were observed periodically. At O h,
12 h, 24 h and 48 h after transfection, cells
were treated with CCK-8 and incubated for 1 h
at 37°C. The absorbance value (optical density,
OD) of each well was measured at 450 nm by a
microplate reader (Perlong, Beijing).

Glucose uptake analysis

For detection of glucose consumption, the fluo-
rescent glucose analog 2-((7-nitro-2,1,3-ben-
zoxadiazol-4-yl) amino)2-deoxyglucose (2-NB-
DG) (K682-50, Biovision) was used to assess
cell glucose uptake. Cells were seeded and
incubated for 24 h. Culture medium was re-
moved replaced with phosphate buffer solu-
tion (PBS) containing 100 pmol/L of the fluor-
escent glucose analog 2-NBDG for another
one hour. Free 2-NBDG was washed out with
cold PBS twice. Cells were then lysed with
0.25% trypsin-EDTA (Solarbio, China) and stain-
ed with 5 mg/mL propidium iodide (PI) for 30
min at 37°C, prior to detection by flow cyto-
metry.

Extracellular lactate colorimetric assay

The extracellular lactate level, as the end prod-
uct of glycolysis, was measured using Lacta-
te Colorimetric Assay Kit (Jiancheng Bioeng-
ineering, Inst, Nanjin), according to the manu-
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facturer’s protocol. For this, cells were seeded
in 6-well plates, incubated and deproteinized.
The optical density was measured at 450 nm.
The standard curve (nmol/well vs. OD 450 nm)
was plotted. Lactate concentrations were cal-
culated according to the formula offered by
the kit manufacturer as following: Lactic acid =
(ODtest-oDzero)/(oDstandard-ODZero) x standard sam-

ple concentration x sample dilution factor
(gort/L).

Intracellular ATP assay

Intracellular ATP levels were measured with
ATP Assay Kit (Jiancheng Bioengineering, Inst,
Nanjin), according to manufacturer’s instruc-
tions. In brief, cells were treated with ATP
releasing reagent and then transferred to a
flat white bottom 96-well plate. The optical
density was measured at 636 nm. The stan-
dard curve (nmol/well vs. OD 636 nm) was
plotted and the ATP calculated using the for-
mula provided by the kit manufacturer: ATP =
(ODtest-oDcontrol)/(oDstandard-ODZero) *x standard
sample concentration x sample dilution factor/
protein concentration (gort/L).

In vivo assay of tumor growth and aerobic gly-
colysis in xenograft nude mice

A total of twelve female BALB/c nude mice
with 4 to 6-week-old and 18 to 20 g of weight,
were obtained from Shanghai Experimental
Animal Center (Shanghai, China). Mice were
raised in specific-pathogen-free (SPF) condi-
tions and were divided randomly into two gr-
oups of six. These nude mice were subcutane-
ously injected with 5 x 10°% HCT116 cell line
transduced with lenti-vector or lenti-oeSL-
C25A18. After subcutaneous injection, the nu-
de mice were raised in cages, bred with water
and feed. Lengths (L) and widths (W) of subcu-
taneous tumors were measured with a vernier
caliper every 3 days after tumor formation.
Then the mice were killed one month later and
photographed. The tumors were taken out, wei-
ghed, and recorded. And the tumor volumes
were calculated by the following formula: vol-
ume = (length x width?) x 0.5. The tumor tis-
sues were also formalin-fixed, paraffin-embed-
ded, and hematoxylin-eosin (H&E) stained to
evaluate SLC25A18 expression. The tumor
lysates were assessed for SLC25A18 mRNA
and protein expression levels by RT-PCR and
western blotting respectively. All xenograft ex-
periments were approved by the Animal Ex-
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periments Ethics Committee of Zhongshan
Hospital, Fudan University.

Statistical analysis

Data were recorded as the mean + standard
deviation (SD). The survival analysis was con-
ducted using Kaplan Meier method and Log-
rank test. Clinical data were investigated using
chi-square test. A T-test was adopted to com-
pare the two groups of data. Pairwise com-
parisons of the above single-factor groups were
conducted by one-way ANOVA, and multiple
comparisons were conducted by Dunnett’s
test. Two-way ANOVA was used for pairwise
comparison of the above two factors, and
Dunnett’s test was used for multiple compari-
sons. Data were also analyzed by rank sum
test and Spearman correlation test. The P-va-
lue less than 0.05 was considered signifi-
cant.

Results

SLC25A18 presents as a tumor inhibitor and
its downregulation suggests a worse clinical
outcome

SLC25A18 mRNA level expresses low in CRC:
To explore unreported genes positively or ne-
gatively related to patient prognosis, CRC ca-
ses from TCGA (COAD and READ) and GEO
(GSE14333) databases were retrieved. Accor-
ding to the bioinformatics analysis, SLC25A18
was expressed lower levels in colon cancer
samples than normal samples from TCGA data-
base (Tumor, vs. normal, 275, vs. 41, P < 0.01)
or TCGA combined with GTEx databases (Tu-
mor, vs. normal, 275, vs. 439, P < 0.001); the
median Log, (TPM+1) for SLC25A18 mRNA
expression in colon tumor samples and normal
samples was 0.233, vs. 0.303 and 0.202, vs.
1.263. Further, we found that SLC25A18 was
also expressed lower in rectal cancer samples
in TCGA database (Tumor, vs. normal, 92, vs.10,
P < 0.01) or TCGA combined with GTEx data-
bases (Tumor, vs. normal, 92, vs. 318, P <
0.001); the median Log, (TPM+1) for SLC25A-
18 mRNA expression in rectal tumor samples
and normal samples was 0.225, vs. 0.462 and
0.202, vs. 1.263, respectively (Figure 1A).
Additional investigation suggested that SLC-
25A18 expression was low in thirty-one mat-
ched tumor-para samples of patients with
CRC (0.288, vs. 0.472, P < 0.0001, Figure 1B).
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Figure 1. SLC25A18 expression in colorectal cancer (CRC) and indicates unfavorable clinicopathological charac-
teristics and prognose. A, B. SLC25A18 mRNA levels in CRC tissue were lower than not only normal tissue in colon
adenocarcinoma (COAD) (N, =275, N = 41)and rectum adenocarcinoma (READ) (N, = =92, N = 10)
subsets from TCGA and GTEx (N = 318) database, but also in matched para-tumor tissues (N = 31). C, D.
SLC25A18 exhibited low expression in individual colon and rectum adenocarcinoma stages compared to normal
tissue samples. E, F. SLC25A18 expression is negatively related to some clinical characteristics such as age and
pretreatment serum carcinoembryonic levels (CEA). G, H. CRC patients with low expression of SLC25A18 exhibited
a shorter disease-free survival time after receiving a radical surgery treatment, especially for those people with right
colon cancer according to a cohort from GSE14333.
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Low SLC25A18 mRNA level is related to ag-
gressive clinic-pathological characteristics

We used an online tool, UALCAN, to demon-
strate that SLC25A18 was downregulated in
colon (Figure 1C) and rectal (Figure 1D) can-
cer cases of Stage | to IV when compared to
normal cases individually. To further study
the relationship between SLC25A18 expres-
sion and clinic-pathological characteristics, a
total of six hundred and nineteen cases with
449 colon cancer cases from COAD and 159
rectal cancer cases from READ were down-
loaded from TCGA datasets and listed in Table
1. When regrouped by median expression va-
lue, low expression of SLC25A18 were found
associated with advance pathologic T stage (X2
= 12.34, P = 0.0004), N stage (X*> = 4.18, P =
0.0407), more lymphatic invasion (X? = 6.42, P
=0.0112) and mismatch repair protein present
(X2 = 7.21, P = 0.0072) (Table 2). SLC25A18
expression level was negatively related to age
(r =-0.09, P = 0.02, Figure 1E) and pretreat-
ment serum carcinoembryonic antigen (pre-
CEA) level (r =-0.05, P = 0.04, Figure 1F)

Low SLC25A18 mRNA level indicates shorter
disease-free survival time after radical surgery
resection

A survival survey for patients who experienc-
ed radical primary tumor resection was per-
formed. According to GSE163333 dataset,
patients with low SLC25A18 expression ex-
perienced a shorter disease-free survival
(HR = 0.38, P = 0.0019, Figure 1G), especially
for that suffering right colon malignant disea-
se (HR = 0.24, P = 0.0156, Figure 1H), which
suggested that low SLC25A18 expression indi-
cated a higher recurrence risk.

SLC25A18 weakens the Warburg effect in CRC
by attenuating cell glucose consumption, lac-
tate production and ATP content

To identify the function of SLC25A18 in CRC
cells, we investigated the aerobic glycolysis by
means of glucose uptake assays, lactate pro-
duction assays and ATP content assays. After
evaluation of primary expression level (Figure
2A), HCT116, LOVO, SW620 and HS675.T with
comparatively low or high SLC25A18 expres-
sion were selected to establish SLC25A18
overexpression or silencing cell models, res-
pectively. The efficiency of overexpression and
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knockdown was confirmed by RT-PCR and
western blotting (Figure 2B, 2C). Flow cyto-
metric data indicated lower glucose uptake in
HCT116 and LOVO, in contrast to SW620 and
HS675.T, which demonstrated higher glucose
uptake (Figure 2D). SLC25A18 overexpressi-
on decreased lactate production in HCT116
(2.534 + 0.008 vs. 6.447 + 0.034 mmol/ug,
P = 0.0003) and LOVO (7.936 + 0.313 vs.
2.210 + 0.991 mmol/pg, P = 0.0062). How-
ever, silencing SLC25A18 increased lactate
levels in SW620 (13.590 + 0.268 vs. 7.162 +
0.175 mmol/pg, P = 0.0015) and HS675.T
(13.870 + 0.456 vs. 7.344 + 0.294 pmol/ug,
P = 0.0046) (Figure 2E). Increase in ATP by
aerobic glycolysis was observed in HCT116
(37.083 + 9.320 vs. 115.435 + 5.064 pmol/
gprot, P = 0.0161) and LOVO (45.274 + 6.553
vs. 137.467 + 12.476 pmol/gprot, P = 0.0106)
with overexpression of SLC25A18, while its si-
lencing resulted in lower ATP levels in SW620
(214.563 + 18.339 vs. 118.507 + 7.017 pmol/
gprot, P < 0.0001) and HS675.T (202.406 +
9.891 vs. 107.572 + 11.509 umol/gprot, P <
0.0001) (Figure 2F).

SLC25A18 suppresses CRC cell proliferation

To examine the influence of SLC25A18 on CRC
cell growth, we used CCK-8 assays. As shown
in Figure 2G, upregulation of SLC25A18 inhib-
ited cell proliferation and its downregulation
promoted cell growth after 72 h of infection,
implying that SLC25A18 can inhibit CRC prolif-
eration in vitro.

SLC25A18 negatively regulates genes related
to the Warburg effect as well as Wnt/B-catenin
signaling pathway

As suggested by Figure 3A, the protein level
of pyruvate kinase M2 (PKM?2), lactic dehydro-
genase kinase-A (LDHA), myc proto-oncogene
(MYC) and phosphorylated AKT serine/threo-
nine kinasel (pAKT1) were decreased or in-
creased when SLC25A18 was overexpressed
or knocked down respectively, which indicated
that SLC25A18 may impede cell aerobic gly-
colysis and proliferation of CRC. To survey the
SLC25A18-mediated biological process and si-
gnaling pathways in CRC progression, a GSEA
analysis was performed on the CRC cases in
TCGA database, stratified by SLC25A18 medi-
an expression level. We found that gene sets,
such as FEVR_CTNNB1_TARGETS_DN, HALL-

Am J Cancer Res 2020;10(5):1548-1567



SLC25A18 inhibits Warburg effect and proliferation

HCT116 LOVO

-
o
]
.
H

CAPDH | ———

100  1.00 1.00 1.00 1.00

Increasing fold of SLC25A18 mRNA
e & © o o =
Reletive SLC25A18 mRNA level lvs)
(% of control)
o ES @ 0
T 1 1 I
I;
®
g
Y
z
e
- o
g a"%
o L
]
o 6\(
8
o F G
@
L
e %,
&
- %
3

HCT116 LOVO
S R & & S & @
& A o K & «° o N
&g @ & & d‘# & & d@“‘
<
sLers s ol e
017 057 015 0.39 098
G“"""—
1.00 1.00 1.00 1.00 1.00 1.00
HCT116 HSE75.T LOVO SW480 SWE20 HIEC
C SW620 HS675.T
169 ,—| |—|
% 1.24 é_.@"‘ ?.3;'(" ‘:g'"’ v._s:"‘ ?..\wq’ v:y"’
Z = & o n}ldf-‘ \S;& & o \551? &'ﬁ’ \S;ﬁ’
os- & §F FF F F oy P
gz SLczonts [ —————
= 0.4 051 055 032 020 034 098 098 058 030 074
: oo
K]
€ 0l 100 100 100 100 1.00 100 100 100 100 1.00
é‘\ o v— ?- ,}‘\0 v-.g ’Ir v- SW620 HS675.T
d e ¢°> R n:>
,‘5\9 {9\5" ,Q.oc' & ,g,\oc' ,;_,\9
< L) o o o @
D 500 — E 250— peey e
e Lt kR
400 £ 200-
3
k-]
= 300 £ 150
0 5 o
| 3 —_ e
S 200 § 100
g F
& 100 g 501
o o
& N
4“&0':3’?'
Cd
HCT116 Lovo SW620 HS675.T HCT116 Lovo SW620 HS675.T
F G
3.0 HCT116
g -&- Vector
g T 2.5 #- SLC25A18
$ g LOVO
2 2.0 —*— Vector
< 3 +~ SLC25A18
2 g 157 SW620
8 g -®- SiNC
£ 1.0+ -®- siSLC25A18 -1 and -2
<« 0.5 HS675.T
- + SiSLC25A18 -1and -2
N ~#- §iNC
0.0 T T T T
0 24 48 72
Time (Hour)

HCT116 LOVO SWe20 HS675.T
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SLC25A18 mRNA and protein in human CRC cell lines (HCT116, HS675.T, LOVO, SW480, SW620) and intestinal
epithelial cell line (HIEC) were examined by RT-PCR and western blotting. B, C. The mRNA and protein levels of
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SLC25A18 were checked after 48 hours of infection with lentivirus to confirm the overexpressing and silencing
efficiency in CRC cell lines, respectively. D-F. After transfection, flow cytometry analysis, extracellular lactate colori-
metric test, and intracellular ATP content detection suggested a decrease in glucose uptake, lactate production, ATP
generation, and an increase in that when SLC25A18 was overexpressed or silenced, respectively. G. Subsequently,
CCK-8 assays at 0, 24, 48, and 72 h revealed the attenuation of cell viability and proliferation in HCT116, LOVO and
enhancement of that in SW620 and HS675.T. All experiments were conducted in triplicates. Data are presented as
mean + SD. **, P < 0.05; *** P < (0.001; **** P <1 x 10% ***** P <1 x 10°.
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Figure 3. SLC25A18 negatively regulates genes expression related to aerobics glycolysis, cell proliferation, and
Wnt/B-catenin cascade. (A) Western blotting verified a negative protein level of genes such as MYC, PKM2, LDHA,
AKT1 and pAKT1 which are involved in cell aerobics glycolysis and cell proliferation when SLC25A18 was overex-
pressed or knocked down. (B) Gene set enrichment analysis implied a negative relationship between highly ex-
pressed SLC25A18 and the enrichment of CTNNB1 target genes and Wnt/B-catenin Signaling (HALLMARK_ WNT_
BETA_CATENIN_SIGNALING, REACTOME_SIGNALING_BY_WNT) in patients with CRC from the TCGA database, (C)
which was also verified by western blotting. All experiments were conducted in triplicates.

MARK_WNT_BETA_CATENIN_SIGNALING and
REACTOME_SIGNALING_BY_WNT, were signifi-
cantly enriched in samples with low express-
ed SLC25A18 or blue module (Figure 3B). We-
stern blotting results showed that protein le-
vels of catenin beta 1 (CTNNB1) and its tar-
gets, transcription factor 4 and 1 (TCF4,
TCF1), were negatively regulated by SLC25A18
(Figure 3C).

SLC25A18 exerted functions depends on Wnt/
B-catenin signaling pathway

To confirm biological effect of SLC25A18, we
repeated the previous functional experiments
after treating HS675.T with SLC25A18 knock-
down with 20 pmol/L Wnt signaling pathway
inhibitor (dickkopf inhibitor 1, DKK1) for 24 h.
As shown in Figure 4A-D, DKK1 decreased of
cell glucose uptake, lactate production, and
ATP levels, and weakened cell proliferation,
reversing the enhancement of these functions
propagated by SLC25A18 knockdown. The pro-
tein levels of initially upregulated genes were
also found decreased in the presence of DKK1
(Figure 4E). These results unraveled a mecha-
nism of SLC25A18 actions that controls aero-
bic glycolysis and cell proliferation through the
Wnt/B-catenin signaling pathway in CRC.

SLC25A18 inhibits colorectal cancer aerobic
glycolysis in xenograft nude mice

To confirm the effect from SLC25A18 upre-
gulation in vivo, transduced HCT116 were
injected subcutaneously to establish the mice
xenograft models. The tumors generated in all
nude mice with macroscopically lager tumor
mass at the injection site (Figure 5A). The
tumor volume (214.71 + 74.09 vs. 609.76 +
134.87 mm?, P < 0.0001) and weight (0.14 +
0.04 vs. 0.38 £ 0.07 g, P < 0.0001) were
smaller in SLC25A18 overexpressed group at
about thirty-three days (Figure 5B and 5C).
The increase in expression of SLC25A18 was
verified in tissues by IHC staining evaluated for
positive area (1141 + 339.5 vs. 682.3 + 110.8
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x 0.095 um?, P = 0.0004) (Figure 5D), as well
as in tumor masses by RT-PCR (Figure 5E)
and western blotting (Figure 5F). The protein
levels of CTNNB1, MYC, PKM2, LDHA were al-
so assessed as shown in Figure 5F. These
results indicated that SLC25A18 reduced tu-
mor progression possibly by attenuating aero-
bic glycolysis in CRC.

SLC25A18 upregulation in CRC patients who
experience a longer survival time after surgery
treatment or drug therapy

To identify the relationship between SLC25-
A18 expression and patient’s prognosis after
surgery or medicine treatment, IHC staining
and evaluation were performed in a tissue
microarray containing 106 primary or meta-
static CRC tissues samples (Table 3). The
cohort was divided into two groups according
to immunostaining scores of SLC25A18 (Ta-
ble 4). The representative IHC staining photo-
graphs of primary colorectal or metastatic he-
patic tissues samples are shown in Figure
6A. We observed a negative expression rela-
tionship between SLC25A18 and genes involv-
ing cell stemness or aerobic glycolysis: SOX6 (r
=-0.2515, P = 0.0108) and MYC (r = -0.3253,
P = 0.0009) (Figure 6B; Table 5) in patients
with advanced or recurrence disease. A series
of survival analyses (Figure 6C-G) indicated
that patients with high expression of SLC25A-
18 may experience a longer overall survival
even if they received palliative surgery treat-
ment (HR = 0.45, 95% CI: 0.23 to 0.89, P =
0.0361) as well as palliative systemic chemo-
therapy containing Bevacizumab (HR = 0.44,
95% Cl: 0.22 to 0.86, P = 0.0307).

Discussion

Colorectal cancer is a common malignant tu-
mor in western and eastern countries [1, 5].
Despite a median overall survival time of about
30 months, especially for advanced patients,
the cause of disease recurrence and metasta-
sis is not fully understood [25]. Characterization

Am J Cancer Res 2020;10(5):1548-1567
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Figure 4. SLC25A18 exerts the functions
involving cell aerobics glycolysis and pro-
liferation depending on Wnt/B-catenin
cascade. A-D. Functional assays were per-
formed again and revealed that the Wnt/3-
catenin cascade inhibitor-DDK1 reserves
the phenotype of glucose uptake, lactate
production, ATP content, and cell prolif-
eration in HS675.T with SLC25A18 knock-
down. E. CTNNB1, TCF4, and TCF1 which
were primarily upregulated, decreased af-
ter treated by 20 umol/L of DDK1 for 24
h. All experiments were conducted in tripli-
cates. Data are presented as mean * SD.
*% P <0.05; *** P <0.001; **** P<1
x 104, ***** P <1 x 10°.
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Figure 5. SLC25A18 attenuates CRC aerobic glycolysis in the xenograft tumor model. A. Representative photo-
graphs show subcutaneous tumor formation after implantation of HCT116 transduced with lenti-vector or lenti-
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0eSLC25A18. B, C. Tumor volume and tumor weight decreased significantly in the lenti-oeSLC25A18 group. D.
Positive area of SLC25A18 IHC staining was evaluated. E. RT-PCR assay confirmed the SLC25A18 expression in
mRNA level. F. Western blotting assay confirmed the protein level expression of SLC25A18 as well as CTNNB1, MYC,
PKM?2, LDHA related to aerobic glycolysis. ***, P < 0.001; **** P < 1 x 10“.

Table 4. Clinicopathological characteristics of advanced patients who receive anti-EGFR or angiogen-

esis target therapy and SLC25A18 expression

Expression level of SLC25A18

Clinic pathological characteristics Number of Cases (%) based on IHC score P-value
high (%) low (%)

Primary tumor site 0.1566
Colon 61 (59.8) 31 (50.8) 30 (49.2)
Rectum 41 (40.2) 15 (36.6) 26 (63.4)

Colon location 0.2806
Right 30 (29.4) 16 (53.3) 14 (46.7)
Left 72 (70.6) 30 (41.7) 42 (58.3)

Gender 0.8532
Male 70 (68.6) 32 (45.7) 38 (54.3)
Female 32 (31.4) 14 (43.8) 18 (56.3)

Age 0.0034"
<60 57 (55.9) 33 (57.9) 24 (42.1)
> 60 45 (44.1) 13 (28.9) 32(71.1)

Initial stage 0.7482
Advanced 55 (53.9) 24 (43.6) 31(56.4)
Recurrence 47 (46.1) 22 (46.8) 25 (53.2)

Survival statues 0.0001"*
Death 48 (47.1) 12 (25.0) 36 (75.0)
Alive 54 (52.9) 34 (63.0) 20 (37.0)

Primary tumor resection 0.7482
Radical 55 (563.9) 24 (43.6) 31 (56.4)
Palliative 47 (46.1) 22 (46.8) 25 (53.2)

RAS status 0.0222™
Mutated 57 (55.9) 20 (35.1) 37 (64.9)
Non-mutated 45 (44.1) 26 (57.8) 19 (42.2)

RAF status 0.3625
Mutated 7(6.9) 2(28.6) 5 (71.4)
Non-mutated 95 (93.1) 44 (46.3) 51 (53.7)

Anti EGFRT therapy 0.1064
Yes 40 (39.2) 22 (55.0) 18 (45.0)
No 62 (60.8) 24 (38.7) 38 (61.3)

Anti-angiogenesis therapy 0.049™
Yes 55 (53.9) 20 (36.4) 35 (63.6)
No 47 (46.1) 26 (55.3) 21 (44.7)

Total 102 (100) 46 (45.1) 56 (54.9)

Clinical data were investigated using chi-square test. TAbbreviations:
0.01; ""P < 0.001.

of the biological processes and molecular
mechanisms of cancer is a key focus of active
investigations. According to the Warburg ef-
fect, cancer cells consume significantly more
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EGFR: Epidermal growth factor receptor; P < 0.05; "*P <

glucose than normal cells, which means that
glycolysis is still the main source of energy-
ATP, even though under aerobic conditions
[26-28]. As a core hallmark of cancer, metabol-
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Figure 6. Increased SLC25A18 expression is related to a favorable prognosis in patients with CRC. A. SLC25A18,
SOX6, MYC, ERBB2 and FOXO3A were examined in an immunohistochemical based tissue microarray containing
106 primary colorectal or metastatic hepatic cancer tissues. B. SLC25A18 expression level was negatively related

1563

Am J Cancer Res 2020;10(5):1548-1567



SLC25A18 inhibits Warburg effect and proliferation

to some genes involving regulating aerobic glycolysis, such as SOX6, MYC. C-G. A series of survival analyses by log-
rank test indicated that patients with high expression of SLC25A18 might experience a longer survival time even if
they had palliative primary resection as well as palliative systemic chemotherapy containing molecular target drug-
Bevacizumab. Data are presented as mean + SD. **** P < 1 x 10

Table 5. Analysis of the correlation between SLC25A18
expression and other genes by Spearman correlation test

pluripotency. Activation by the binding
of ligand protein Wnt and membrane

SLC25A18 expression level

receptor Frizzled decreases degrada-

Genes Spearman correlation 5% Cl Pvalue tion of .B-catenm apd contributes to

— B-catenin transfer into the nucleus,
SOX6 -0.2515 -0.4299~-0.0541  0.0108 where it induces the expression of a
MYC -0.3253 -0.4932~-0.1339 0.0009™" series of genes regulating the cell cy-
ERBB2 -0.1065 -0.3002~0.0956 0.2867 cle, apoptosis and epithe|ia|_mesen_
FOXO3A -0.0446 -0.2425~0.1569  0.6562 chymal trans differentiation [39-44].

P < 0.05; P < 0.001.

ic reprogramming is a way for cancer cells sur-
vival after surgical resection as well as medi-
cine administration, which causes treatment
failure in clinical practice [29]. Targeting cancer
metabolism is also a new therapeutic strategy
[30].

Recently, members of the SLC25 family have
been wildly considered as promotors of onco-
genesis and disease progression [13, 31-34],
especially SLC25A22, a paralog gene of SLC-
25A18. Knock-down of SLC25A22 in KRAS
mutated colon cancer could inhibit cell prolif-
eration, invasion and migration in vitro and
reduce the tumor mass growth and metastas-
is in xenograft models [35]. SLC25A22 facili-
tates aspartic acid biosynthesis and contrib-
utes to cell proliferation and apoptosis in an
aspartate amino transferase 1 dependent
manner [36]. Also, SLC25A22 contributes to
malignant phenotype in gallbladder cancer and
osteosarcoma [37, 38]. However, the role of
SLC25A18 in CRC has never been reported. In
this study, we demonstrated that upregulation
of SLC25A18 impeded cell glucose consump-
tion and reduced lactic acid content as well
as ATP production in HCT116 and LOVO.
Overexpression of SLC25A18 also inhibited
cell proliferation. Loss of function experiments
suggested the opposite results in SW620 and
HS675.T. The results of experiments in xeno-
graft mice model were consistent with those in
cell lines. Therefore, SLC25A18 presents as a
novel therapeutic target in CRC.

The canonical Wnt/p-catenin signaling path-
way is involved in developmental biology of the
cell and is considered a regulator of cell fate
specification, cell proliferation and stem cell

1564

The disturbances between Wnt cas-

cade and energy metabolism in os-

teoblasts and cardiac fibroblasts lead
to osteoporosis [45] and chronic fibrosis after
myocardial infarction [46]. Upregulation of
Wnt/B-catenin signaling pathway causes aero-
bic glycolysis not only in non-malignant condi-
tions such as neurodegenerative diseases [47]
and mineral bone disorders [48], but also in
many cancer diseases. Vallee [49] described
angiogenesis and energy metabolism under
normoxic conditions via Wnt/B-catenin in glio-
mas. Chin [50] indicated that Lrp5, a typical
Wnt signaling receptor, has important role in
glucose uptake and growth in breast cancer.
Pate [51] found that inhibition of Wnt signaling
reduced glycolytic metabolism and shrunk
colon tumor. In this study, we found that overex-
pressing SLC25A18 resulted in decrease in
expression of B-catenin as well as enzymes
that activate the Warburg effects as LDHA,
PKM2, while knockdown of SLC25A18 incre-
ased protein level of these genes. Moreover,
the inhibitory effect of SLC25A18 on the level
of glucose uptake, lactic acid content, ATP pro-
duction, and cell proliferation was reversed by
Dickkopf inhibitor 1 (DKK1). These results sug-
gested that the phenotype induced by SLC-
25A18 is dependent on Wnt/B-catenin signal-
ing pathway.

In fact, how SLC25A18 regulating the down-
stream genes expression directly remains un-
known. It is revealed that SLC25A22, also
named Glutamate/H+ Symporter 1, is transcri-
bed directly by MYC in colorectal cancer and
promotes cell proliferation and invasion by in-
tracellular synthesis of aspartate [35]. Alth-
ough our study demonstrated that SLC25A18
regulates the expression of MYC and the activ-
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ity of Wnt signaling pathway, we speculate that
SLC25A18 may exert a biological function by
affecting the downstream metabolic network
and resulting in inhibition of the oncogenesis
and tumour development instead of acting as
a signaling transduction. On the other hand,
Riester [52] demonstrated that a failure of dif-
ferentiation is the cause of stem cell-like me-
tabolism (that is, aerobic glycolysis). Trosko
[53] indicated that “stem cell theory” and the
“re-programming” theory contribute to the ex-
planation of oncogenesis, and emphasized th-
at cancer cells have as few mitochondria as
normal adult stem cell and feature persistent
metabolism by the Warburg pathway. In this
study, we identified a negative co-expression
relationship between SLC25A18 and stem cell
like related genes such as SOX6, MYC. In sup-
port, clinical data of patients with CRC form
TCGA database and GSE14333 dataset and
found that SLC25A18 was lowly expressed in
CRC tissues with good clinical prognosis. The
same results were confirmed in our own cohort
of CRC patients. We suppose that inhibition of
the Warburg effect and repression of stem
cell characteristics by targeted expression of
SLC25A18 may also serve as a therapeutic
strategy of cancer.

In summary, our study revealed for the first
time that SLC25A18 is downregulated in CRC
tissues and presents as a biomarker of good
response to anti-tumor treatment in patien-
ts with CRC. In vivo and in vitro gain- and
loss-of-function experiments suggested that
SLC25A18 inhibits cell aerobic glycolysis as
well as proliferation, and especially relies on
Wnt/B-catenin signaling pathway. The poten-
tials of SLC25A18 acts as a promising target
in cancer therapy warrants further study.
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