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Although oxaliplatin serves as one of the first-line drugs prescribed for treating colorectal cancer (CRC), the 
therapeutic effect is disappointing due to drug resistance. So far, the molecular mechanisms mediating oxalipla-
tin resistance remain unclear. In this study, we found the chemoresistance in oxaliplatin-resistant HCT116 cells 
(HCT116/OXA) was mediated by the upregulation of ERCC1 expression. In addition, the acquisition of resis-
tance induced epithelial–mesenchymal transition (EMT) as well as the Slug overexpression. On the contrary, 
Slug silencing reversed the EMT phenotype, decreased ERCC1 expression, and ameliorated drug resistance. 
Further mechanistical studies revealed the enhanced Slug expression resulted from the activation of AKT/
glycogen synthase kinase 3b (GSK3b) signaling. Moreover, in CRC patients, coexpression of Slug and ERCC1 
was observed, and increased Slug expression was significantly correlated with clinicopathological factors and 
prognosis. Taken together, the simultaneous inhibition of the AKT/GSK3b/Slug axis may be of significance for 
surmounting metastasis and chemoresistance, thereby improving the therapeutic outcome of oxaliplatin.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common 
human malignant diseases worldwide with increasing 
incidence and leading rate of mortality. Annually, over 
1.2 million new cases of CRC are diagnosed and 608,700 
deaths have been documented1. As a frequently prescribed 
drug in the conventional chemotherapy for CRC patients, 
oxaliplatin exerts its cytotoxicity by generating intrastrand 
and interstrand DNA–platinum adducts, which inhibits 
gene transcription and leads to G2/M cell cycle arrest2. 
Despite its advantage in terms of overall survival rates, the 
acquired resistance against oxaliplatin has posed a con-
siderable challenge to clinical CRC treatment3. Therefore, 
elucidating the mechanisms underlying the chemoresis-
tance will be meaningful for exploring potential strategies 
to improve the therapeutic outcome of oxaliplatin.

Increasing evidence has indicated phenotypic and molec-
ular association between epithelial–mesenchymal transition 
(EMT) and chemoresistance4–6. Cancer cells are resistant to 
chemotherapy when acquiring EMT phenotype7,8. Slug, as a 
zinc finger transcription factor, controls EMT via binding to 
the E-box site in the promoter of E-cadherin and repressing 
its transcription9–11. In addition to the role in inducing EMT, 
Slug displays a broad spectrum of biological functions in 
cancer cells. Transient coexpression of Slug and Sox9 suf-
fices to convert differentiated luminal cells into mammary 
stem cells with long-term mammary gland-reconstituting 
ability12. Moreover, Slug leads to paclitaxel resistance by 
antagonizing p53-mediated apoptosis in ovarian cancer 
cells13. These observations illustrated the importance of 
Slug in sustaining the more aggressive phenotype.

The molecular mechanisms involved in the devel-
opment of resistance to platinum anticancer drugs are 
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extremely complicated, mainly including the blockage 
of apoptosis, enhanced DNA repair, reduced cellular 
accumulation, and intracellular inactivation14,15. Excision 
repair cross-complementation group 1 (ERCC1), a DNA 
repair protein, has been identified as one of the most piv-
otal factors, which induces resistance to platinum antican-
cer drugs via removing platinum-induced DNA adducts16. 
The correlation between ERCC1 and the poor response to 
platinum anticancer drugs has been implicated in a myriad 
of tumors16. For instance, high expression of ERCC1 con-
tributes to cisplatin treatment failure and is closely linked 
to the poor prognosis in patients suffering from lung cancer 
and ovarian cancer17,18. However, the mechanisms under-
lying ERCC1 expression are not yet clearly elucidated.

The present study validated that oxaliplatin-resistant 
CRC cells displayed EMT features, and a novel path-
way, AKT–glycogen synthase kinase 3b (GSK3b)–Slug–
ERCC1, was proved to maintain the aggressive phenotype 
for chemoresistant cancer cells. The findings disclosed 
in this article may be of significance in overcoming the 
oxaliplatin resistance 

MATERIALS AND METHODS

Chemicals and Reagents

Oxaliplatin was obtained from Sigma-Aldrich (St. 
Louis, MO, USA). LY294002, SB203580, BAY11-7082, 
and LiCl were obtained from Beyotime Biotechnology 
(Shanghai, China). The suppliers and catalog numbers for 
all primary antibodies used in the study are provided in 
Table 1. Horseradish peroxidase (HRP)-conjugated sec-
ondary antibody, Alexa Fluor 488/594-conjugated second-
ary antibody, 4¢,6-diamidino-2-phenylindole (DAPI), and 
TRIzol reagent were purchased from Invitrogen (Carlsbad, 
CA, USA). Lipofectamine 2000 was obtained from Life 
Technologies (Carlsbad, CA, USA). PrimeScript® RT 
reagent Kit and SYBR® Premix Ex TaqTM were products 
of TaKaRa (Dalian, China). Short hairpin RNAs (siRNAs) 
against human ERCC1 and Slug were obtained from 
GenePharma (Shanghai, China). The siRNA sequences 
are as follows: si-negative control, 5¢-UUCUCCGAAC 
GUGUCACGUTT-3¢ (sense) and 5¢-ACGUGACACGUU 
CGGAGAATT-3¢ (antisense); si-ERCC1-1, 5¢-GCCAAG 
CCCUUAUUCCGAUTT-3¢ (sense) and 5¢-AUCGGAAU 
AAGGGCUUGGCTT-3¢ (antisense); si-ERCC1-2, 5¢-GC 
GACGUAAUUCCCGACUATT-3¢ (sense) and 5¢-UAGU 
CGGGAAUUACGUCGCTT-3¢ (antisense); si-Slug-1, 5¢- 
CCCAUUCUGAUGUAAAGAATT-3¢ (sense) and 5¢-UU 
CUUUACAUCAGAAUGGGTT-3¢ (antisense); si-Slug-2,  
5¢-GAAUGUCUCUCCUGCACAATT-3¢ (sense) and 
5¢-UUGUGCAGGAGAGACAUUCTT-3¢ (antisense).

Cell Culture

The HCT116 and SW480 colorectal carcinoma cell 
lines were obtained from the Type Culture Collection 

of the Chinese Academy of Sciences (Shanghai, China). 
Oxaliplatin-resistant HCT116 cells HCT116/OXA were 
derived in our laboratory. Briefly, parental HCT116 cells 
were exposed to a series of stepwise increased concentra-
tions of OXA (1, 2, 4, 8, 12, 24, and 48 μM). HCT116 
cells were treated with 1 μM OXA for 48 h, and then 
changed with drug-free culture medium. After the cells 
returned to normal growth, the same concentration of 
OXA was added for induction. This process was repeated 
three times, gradually increasing the OXA concentra-
tion. HCT116/OXA cells were cultured in Dulbecco’s 

Table 1.  Antibodies Used in the Study

Antibody Catalog Supplier

b-Actin 66009-1-lg Proteintech Group
ERCC1 14586-1-AP Proteintech Group
ABCB1 13978T Cell Signaling Technology
ABCC1 BS7474 Bioworld Technology
ABCC2 24893-1-AP Proteintech Group
ABCC3 Ab3375 Abcam
ABCC10 Ab91451 Abcam
ABCC12 Ab91453 Abcam
ABCG2 BS3482 Bioworld Technology
BAX 50599-2-lg Proteintech Group
BCL-2 12789-1-AP Proteintech Group
GLUT1 Ab652 Abcam
HIF1a 20960-1-AP Proteintech Group
P27 25614-1-AP Proteintech Group
P53 10442-1-AP Proteintech Group
P65 66535-1-lg Proteintech Group
P38 MAPK 66234-1-lg Proteintech Group
KLF4 11880-1-AP Proteintech Group
LAT1 5347T Cell Signaling Technology
LC3I-II 2775 Cell Signaling Technology
PARP 9542T Cell Signaling Technology
E-cadherin 60335-1-lg Proteintech Group
Vimentin 60330-1-lg Proteintech Group
N-cadherin 22018-1-AP Proteintech Group
Fibronectin 15613-1-AP Proteintech Group
a-SMA 55135-1-AP Proteintech Group
Slug (for WB) 9585T Cell Signaling Technology
Slug (for IHC) sc-166476 Santa Cruz
Snail BS1853 Bioworld Technology
Twist 25465-1-AP Proteintech Group
ZEB1 21544-1-AP Proteintech Group
b-Catenin Sc-7963 Santa Cruz Biotechnology
STAT3 10253-2-AP Proteintech Group
p-AKT 4060T Cell Signaling Technology
GSK3b 22104-1-AP Proteintech Group
p-ERK 4370 Cell Signaling Technology
p-p65 3033 Cell Signaling Technology
p-p38 MAPK 4511S Cell Signaling Technology
p-GSK3b 9323T Cell Signaling Technology
Histone H3 A2348 ABclonal
AKT A7270 ABclonal
ERK 4695T Cell Signaling Technology
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modified Eagle’s medium (DMEM)/F12 culture medium 
with 2 μM OXA to maintain their resistance. The culture 
medium was changed to drug free 48 h prior to the cell 
used in the experiments. HCT116 cells were maintained 
in DMEM/F12 culture medium supplemented with 10% 
fetal calf serum (FBS). SW480 cells were maintained in 
DMEM culture medium with 10% FBS. The cells were 
cultured under a humidified 5% CO2 atmosphere at 
37°C in an incubator. MycoGuard™ Mycoplasma PCR 
Detection Kit (FulenGen, Guangzhou, China) was used 
to detected mycoplasma infection every 3 months. 

Transwell Migration Assay

Cells of different treatment groups (1 × 105/insert) sus-
pended in 150 μl of serum-free culture media were added 
into the upper chamber, while 600 μl of complete media 
was added to the lower chamber. After 24 h of incubation, 
the cells migrated to the lower side of the membrane were 
fixed in 4% paraformaldehyde for 20 min, stained with 
hematoxylin, and counted under an upright microscope 
(five fields per chamber). Each assay was carried out in 
triplicate and repeated in three independent experiments.

Cell Viability Assay

Cell viability was measured by using the cell counting 
kit-8 (CCK-8) agent. Briefly, cells of different treatment 
groups were seeded in 96-well plates at a density of 2 × 
104 cells/well and treated with different concentrations of 
oxaliplatin or cisplatin for 48 h. The 10-μl CCK-8 agent 
was added to each well, and the plates were incubated for 
2 h at 37°C. The absorbance was detected at 570 nm using 
a microplate reader. All experiments were performed in 
triplicate.

Quantitative Real-Time Polymerase Chain Reaction 
(RT-PCR)

Total RNA from cells of different treatment groups was 
purified using TRIzol reagent according to the manufac-
turer’s guidelines. Then 500 ng of mRNA was generated 
into complementary DNA (cDNA). Quantification of tar-
get genes and the reference [glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH)] gene was studied in triplicate 
on ABI-7500 (Applied Biosystems, Carlsbad, CA, USA). 
The specific primers used in the study are provided in 
Table 2. Following normalization to GAPDH gene, 
expression levels for target gene were calculated using 
the comparative threshold cycle (Ct) method. The DCt 
values were calculated according to the formula DCt = Ct 
(gene of interest) − Ct (GAPDH) in correlation analysis, 
and the 2−DDCt was calculated according to the formula 
DDCt = DCt (control group) − DCt (experimental group) 
for determination of relative. Data were presented as the 
mean ± standard deviation (SD) from three independent 
experiments.

Western Blotting (WB) Analysis

WB assay was performed as previously described7. 
Briefly, the cells of different treatment groups were 
lysed with WB and immunoprecipitation (IP) lysis buffer 
(Beyotime Biotechnology). Equal protein samples were 
loaded in SDS-polyacrylamide gels and then transferred 
onto polyvinylidene difluoride (PVDF) membranes. After 
blocking with 5% nonfat milk at room temperature for 2 h, 
the membranes were incubated with primary antibodies 
at 4°C overnight and then incubated with secondary anti-
bodies for 1.5 h at room temperature. Specific immune 
complexes were detected by chemiluminescence reagent 
(Life Technologies). Band intensity was quantified by 
densitometry analysis using Image-Pro Plus 4.5 software 
(Media Cybernetics Inc., Rockville, MD, USA).

Immunofluorescence

The cells of different treatment groups were seeded 
on chamber slides for 24 h, then washed with phosphate-
buffered saline (PBS), fixed with 4% paraformaldehyde 
for 15 min, and permeabilized with 0.5% Triton X-100 for 
10 min. After blocking with goat serum for 2 h at room 
temperature, cells were incubated with antibodies against 
E-cadherin, N-cadherin, vimentin, fibronectin, or Slug 
(1:100 dilution) at 4°C overnight. Slides were washed with 
PBS and incubated with Alexa Fluor 488- or Alexa Fluor 
594-conjugated secondary antibodies (1:1,000 dilution) for 
1 h at room temperature. Nuclei were stained with DAPI 
(10 μg/ml) for 10 min. Samples were examined with con-
focal laser scanning microscopy (Zeiss, Jena, Germany) to 
analyze expression and location of these molecules.

Nuclear/Cytoplasm Separation

Nuclear and cytoplasm fractions from cancer cells 
were obtained by using a nuclear/cytosol fractionation kit 
(BioVision, Milpitas, CA, USA), and WB analysis was 
done as described above.

Immunohistochemistry

Seventy-four CRC tumor tissues and 40 adjacent nor-
mal tissues were collected from Anhui Provincial Hospital. 
Sections cut from these tissues were subjected to deparaf-
finization/rehydration and antigen retrieval by boiling in 
0.01 M sodium citrate buffer for 30 min. The sections 
were blocked with 10% goat serum and then incubated 
with primary antibodies against Slug and ERCC11 at a 
1:200 dilution at 4°C overnight in a humidified chamber. 
After being washed with PBS, slides were incubated with 
HRP-conjugated antibody; DAB was used as substrate 
and Mayer’s hematoxylin was applied as counterstain. 
Throughout the above analyses, controls were prepared 
by omitting the primary antibodies.

The expression levels of Slug and ERCC1 were inde-
pendently evaluated by two pathologists. The tumor cells 
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with brown cytoplasm, nucleus, or membrane were con-
sidered positive. These cells were scored and then classi-
fied into the following four classes: none (0), weak brown 
(1+), moderate brown (2+), and strong brown (3+). The 
percentage of the stained tumor cells was divided into the 
following five classes: 0 for negative cells, 1 for 1%–25%, 
2 for 25%–50%, 3 for 50%–75%, and 4 for >75%. The 
multiplication (staining index) of the intensity and per-
centage scores was used to determine the result.

Proteomic Analysis

Cells were sonicated three times on ice using a 
high-intensity ultrasonic processor (Ningbo Scientz 
Biotechnology Co. Ltd., Zhejiang, China) in lysis buf-
fer (8 M urea, 1% protease inhibitor cocktail). After 
12,000 × g at 4°C for 10 min, protein concentration 
was determined with a BCA kit (Beyotime Institute of 
Biotechnology) according to the manufacturer’s instruc-
tions. For digestion, the protein solution was reduced 
with 5 mM dithiothreitol at 56°C for 30 min and alkylated 

with 11 mM iodoacetamide for 15 min at room tempera-
ture in darkness. Triethylammonium bicarbonate buffer 
(TEAB) was added to dilute samples. Finally, trypsin 
was added at a 1:50 trypsin/protein mass ratio for the 
first digestion overnight and a 1:100 ratio for a second 
4-h digestion. Subsequently, peptides were then desalted 
by a Strata X C18 SPE column (Phenomenex, Torrance, 
CA, USA), vacuum dried, dissolved in 0.5 M TEAB, and 
labeled based on the tandem mass tag kit. Briefly, 1 U 
of TMT reagent was dissolved in acetonitrile and added 
to peptides for incubation for 2 h at room temperature, 
followed by pooling, desalting, and drying by vacuum 
centrifugation. Agilent 300Extend C18 column [5-μm 
particles, 4.6-mm internal diameter (ID), 250-mm length] 
was used to fractionate peptides. Briefly, peptides were 
first separated with a gradient of 8% to 32% acetonitrile 
over 60 min into 60 fractions. Then they were combined 
into 18 fractions and subjected to vacuum drying. The 
peptides were dissolved in 0.1% formic acid (solvent A) 
and separated using EASY-nLC 1000 ultraperformance 

Table 2.  Primers Used in the RT-PCR Assay

Gene Forward Primer 5¢–3¢ Reverse Primer 5¢–3¢

ERCC1 CTGGAGGTGACCAAACTCATCTA AGTGGGCTTGGTTTTGGTCTGG
ABCB1 TGCTCAGACAGGATGTGAGTTG AATTACAGCAAGCCTGGAACC
ABCC1 GCCAAGAAGGAGGAGACC AGGAAGATGCTGAGGAAGG
ABCC2 TGGTGGCAACCTGAGCATAGG ACTCGTTTTGGATGGTCGTCTG
ABCC3 CTTAAGACTTCCCCTCAACATGC GGTCAAGTTCCTCTTGGCTC
ABCC4 GGTTCCCCTTGGAATCATTT AATCCTGGTGTGCATCAAACAG
ABCC5 ACCCGTTGTTGCCATCTTAG GCTTTGACCCAGGCATACAT
ABCC6 GTGGTGTTTGCTGTCCACAC ACGACACCAGGGTCAACTTC
ABCC10 ATTGCCCATAGGCTCAACAC AGCAGCCAGCACCTCTGTAT
ABCC11 GGCTGAGCTACTGGTTGGAG TGGTGAAAATCCCTGAGGAG
ABCC12 GGTGTTCATGCTGGTGTTTGG GCTCGTCCATATCCTTGGAA
ABCG2 TATAGCTCAGATCATTGTCACAGTC GTTGGTCGTCAGGAAGAAGAG
ERCC2 CTCAAGGAGCTGGCTAAGATGT CATAGGCCTTGTAGGTCTCCAG
XRCC1 CATCGTGCGTAAGGAGTGGGTG CCTGCTTCTCATAGAAGTTGAGC
Mcl-1 CGCCAAGGACACAAAGCC GTCTCGTGGTTGCGCTGC
BRCA-1 GCCAGAAAACACCACATCAC CAGTGTCCGTTCACACACAA
BRCA-2 CTCTGCCCTTATCATCGCTTTTC TTTTGCTGCTTCCTTTTCTTCCT
E-cadherin TACACTGCCCAGGAGCCAGA TGGCACCAGTGTCCGGATTA
Vimentin TGAGTACCGGAGACAGGTGCAG TAGCAGCTTCAACGGCAAAGTTC
N-cadheirn CGAATGGATGAAAGACCCATCC GGAGCCACTGCCTTCATAGTCAA
Fibronectin CCCAGACTTATGGTGGCAATTC AATTTCCGCCTCGAGTCTGA
MMP-2 GATAACCTGGATGCCGTCGTG CTTCACGCTCTTGAGACTTTGGTTC
MMP-9 GCCCTGGAACTCACACGACA TTGGAAACTCACACGCCAGAAG
a-SMA CAGGATGCAGAAGGAGATCA TCCACATCTGCTGGAAGGTA
Slug TTCGGACCCACACATTACCT GCAGTGAGGGCAAGAAAAAG
Snail GACCACTATGCCGCGCTCTT TCGCTGTAGTTAGGCTTCCGATT
Twist GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG
ZEB1 TACAGAACCCAACTTGAACGTCACA GATTACACCCAGACTGCGTCACA
ZEB2 TGACCTGCCACCTGGAACTCC ACTTGATGTGCTCCTTCAGTGATGTC
b-Catenin GCGTTCTCCTCAGATGGTGTC CCAGTAAGCCCTCACGATGAT
STAT3 ACATTCTGGGCACAAACACA CAGTCACAATCAGGGAAGCA
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
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liquid chromatography (UPLC; Thermo Fisher Scientific 
Inc., Waltham, MA, USA). The gradient was an increase 
from 6% to 23% solvent B (0.1% formic acid in 98% 
acetonitrile) over 26 min, 23%–35% in 8 min, climbing to 
80% in 3 min, and holding at 80% for the last 3 min at a 
constant flow rate of 400 nl/min. The peptides were sub-
jected to a nano electrospray ionization source followed 
by tandem mass spectrometry in Q Exactive Plus (Thermo 
Fisher Scientific Inc.) coupled online to the UPLC. The 
MS scan was set as 350, 800 m/z, and 70,000 resolution; 
the tandem mass spectrometry (MS/MS) scan was set as 
100 m/z and 17,500 resolution. The automatic gain con-
trol was set at 5E4, and the data-dependent acquisition 
procedure was applied to data acquisition.

Statistical Analysis

Results were expressed as mean ± SD of three indepen-
dent experiments unless otherwise specified. Data were 
analyzed by two-tailed unpaired Student’s t-test between 
any two groups. One-way analysis of variance (ANOVA) 
was used to assess the difference of means among groups. 
These analyses were performed using GraphPad Prism 
Software Version 5.0 (GraphPad Software Inc., La Jolla, 
CA, USA). A value of p < 0.05 was considered statisti-
cally significant.

RESULTS

ERCC1 Maintains the Resistance Phenotype 
of Oxaliplatin-Resistant CRC Cells

We first identified the resistance phenotype of 
HCT116/OXA cells. No difference existed between the 
proliferation rate of HCT116/OXA cells and that of the 
parent cells. According to Figure 1A, the IC50 values of 
oxaliplatin against HCT116/OXA and its parent cell line 
were 31.6 and 5.1 μM, respectively, thereby indicating 
the resistance of the former cell line against oxaliplatin. 
Moreover, HCT116/OXA also displayed cross-resistance 
to cisplatin, which exerted an IC50 value of 18.7 μM against 
this cell line, much higher than that against HCT116 cells 
(6.3 μM). To investigate the mechanism underlying oxali-
platin resistance, the expression of drug-resistant pro-
teins, including ATP-binding cassette transporters, DNA 
damage response proteins, and antiapoptosis proteins, in 
HCT116/OXA and its parent cell line was determined 
by TMT-based quantitative proteomic analysis. The 
results illustrated that several proteins were upregulated 
in HCT116/OXA cells, such as ERCC1, P53, ABCG2, 
etc. (Fig. 1B). Consistent with this, the upregulation of 
ERCC1 and the increased expression of ERCC1 gene 
were observed in WB assay and RT-PCR, respectively 
(Fig. 1C–E).

To validate the dominant role of ERCC1 overexpres-
sion in inducing drug resistance, the HCT116/OXA cells 
were transfected with the si-ERCC1, which significantly 

inhibited ERCC1 protein and gene expression according 
to Figure 1F and G. Importantly, the transfection with  
si-ERCC1 led to an enhancement in sensitivity of 
HCT116/OXA cells to oxaliplatin (si-NC: IC50 = 30.8 μM; 
si-ERCC1-1: IC50 = 18.4 μM; si-ERCC1-2: IC50 = 16.7 
μM) and cisplatin (siNC: IC50= 16.8 μM; si-ERCC1-1: 
IC50 = 8.3 μM; si-ERCC1-2: IC50 = 7.5 μM) (Fig. 1H). In 
addition, knockdown of ERCC1 enhanced sensitivity of 
HCT116 cells to oxaliplatin and cisplatin. Thus, our data 
demonstrated that upregulated ERCC1 expression played 
an important role in maintaining resistance phenotype.

HCT116/OXA Cells Acquire the EMT Phenotype

In terms of the morphology, HCT116/OXA cells dis-
played fibroblastoid feature, while the susceptible cells 
exhibited an epithelial cobblestone appearance (Fig. 2A). 
These morphological differences indicated the develop-
ment of EMT in resistant cells. As a result of the Transwell 
assay, HCT116/OXA cells exerted significantly enhanced 
migration capability compared with that of HCT116 cells 
(Fig. 2B). As illustrated by further WB assay, the epithe-
lial maker E-cadherin was significantly downregulated, 
while the mesenchymal markers vimentin, N-cadherin, 
fibronectin, and a-smooth muscle actin (a-SMA) were 
upregulated in HCT116/OXA cells (Fig. 2C). RT-PCR 
demonstrated the decrease in E-cadherin gene expres-
sion, as well as the increase in vimentin, N-cadherin, 
fibronectin, a-SMA, matrix metallopeptidase 2 (MMP2), 
and MMP9 gene expression (Fig. 2D). Moreover, the 
decrease in E-cadherin expression, as well as the increase 
in vimentin, N-cadherin, and fibronectin expression, was 
confirmed by immunofluorescence staining (Fig. 2E). 
In conclusion, these results demonstrated that HCT116/
OXA cells acquired EMT phenotype.

Slug Is Crucial for Aggressive Phenotype  
of HCT116/OXA Cells

The expression of an array of transcription factors 
was investigated to determine the one(s) mediating 
EMT of HCT116/OXA cells. According to WB assay, 
the upregulation of Slug, rather than Snail, Twist, ZEB1, 
STAT3, or b-catenin, occurred in HCT116/OXA cells 
(Fig. 3A). The upregulation of Slug mRNA expression 
was observed in RT-PCR (Fig. 3B). Considering tran-
scription factors commonly function in the nucleus, we 
next separated the nucleus from the cell for examin-
ing Slug expression. As shown in Figure 3C, the Slug 
expression in the nucleus of HCT116/OXA cells was 
significantly increased. The results from the laser scan-
ning confocal microscopy further confirmed that the 
nuclear translocation of Slug was increased in HCT116/
OXA cells (Fig. 3D). The role of Slug in maintain-
ing the aggressive phenotype of HCT116/OXA cells 
was investigated. Consequently, suppression of Slug 
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Figure 1.  Excision repair cross-complementation group 1 (ERCC1) maintains the resistance phenotype of HCT116/OXA cells. (A) 
HCT116 and HCT116/OXA cells were treated with increasing concentrations of OXA or cisplatin for 48 h. Cell counting kit-8 (CCK-8) 
assay was used to quantify the viable cells. (B) Heat map of the expression levels of 30 drug resistance relative proteins. (C, D) The protein 
expression of ERCC1, ABCB1, ABCC1, ABCC2, ABCC3, ABCC10, ABCC12, ABCG2, BAX, Bcl-2, GluT-1, HIF1a, KLF12, LAT1, 
LCI-II, P27, P53, and PARP in HCT116 and HCT116/OXA cells was examined by Western blotting (WB). b-Actin served as the load-
ing control. (E) The mRNA expression of ERCC1, ABCB1, ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC6, ABCC10, ABCC11, 
ABCC12, ABCG2, ERCC2, XRCC1, BRCA1, BRCA2, and Mcl-1 in HCT116 and HCT116/OXA cells was examined by quantitative 
real-time polymerase chain reaction (RT-PCR). (F, G) Expressions of ERCC1 protein (F) and mRNA (G) in HCT116/OXA cells trans-
fected with si-NC or si-ERCC1 for 24 h were detected by WB and quantitative RT-PCR, respectively. (H) HCT116/OXA and HCT116 
cells transfected with si-NC or si-ERCC1 for 24 h were treated with increasing concentrations of OXA or cisplatin for 48 h. CCK-8 assay 
was used to quantify the viable cells. Data represented as means ± standard deviation (SD) were from three independent experiments. 
*p < 0.05, **p < 0.01. OXA, oxaliplatin; si-NC, negative control siRNA; si-ERCC1-1, ERCC1 siRNA 1; si-ERCC1-2, ERCC1 siRNA 2.



AKT/GSK3b/Slug/ERCC1 PATHWAY MEDIATES OXALIPLATIN RESISTANCE IN CRC	 429

increased E-cadherin expression and decreased vimen-
tin, fibronectin, and ERCC1 expression at both mRNA 
and protein levels (Fig. 3E and F). Moreover, inhibition 
of Slug promoted the conversion from mesenchymal 
morphology to epithelial morphology (Fig. 3G), reduced 
migration ability (Fig. 3H), and enhanced sensitivity of 
HCT116/OXA cells to oxaliplatin (si-NC: IC50 = 29.9 

μM; si-Slug-1: IC50 = 13.1 μM; si-Slug-2: IC50 = 11.2 
μM) and cisplatin (si-NC: IC50 = 16.1 μM; si-Slug-1: 
IC50 = 10.4 μM; si-Slug-2: IC50 = 8.2 μM) (Fig. 3I). In 
addition, knockdown of Slug enhanced sensitivity of 
HCT116 cells to oxaliplatin and cisplatin. These results 
demonstrated that Slug was crucial for maintaining the 
aggressive phenotype.

Figure 2.  HCT116/OXA cells acquire epithelial–mesenchymal transition (EMT) phenotype. (A) Morphology of HCT116 and 
HCT116/OXA cells. (B) Transwell assay was performed to detect the migration of HCT116 and HCT116/OXA cells. (C) The protein 
expression of E-cadherin, vimentin, N-cadherin, fibronectin, and a-SMA in HCT116 and HCT116/OXA cells was examined by WB. 
(D) Quantitative RT-PCR was used to quantify E-cadherin, vimentin, N-cadherin, fibronectin, a-smooth muscle actin (a-SMA), 
matrix metallopeptidase 2 (MMP2), and MMP9 mRNA expression in HCT116 and HCT116/OXA cells. (E) The expression and cel-
lular localization of E-cadherin, vimentin, N-cadherin, and fibronectin were analyzed by immunofluorescence staining. Nuclei were 
visualized with 4¢,6-diamidino-2-phenylindole (DAPI) staining. Data represented as means ± SD were from three independent experi-
ments. **p < 0.01.
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Figure 3.  Slug is crucial for the aggressive phenotype of HCT116/OXA cells. (A, B) The protein (A) and mRNA (B) expression of 
Slug, Snail, Twist, ZEB1, b-catenin, and STAT3 in HCT116 and HCT116/OXA cells were examined by WB and quantitative RT-PCR, 
respectively. (C) The Slug expression in cytoplasm and nucleus in HCT116 and HCT116/OXA cells was examined by WB. (D) The 
cellar localization of Slug in HCT116 and HCT116/OXA cells was analyzed by immunofluorescence staining. Nuclei were visualized 
with DAPI staining. (E, F) Expression of Slug, E-cadherin, vimentin, fibronectin, and ERCC1 protein (E) and mRNA (F) in HCT116/
OXA cells transfected with si-NC or si-Slug for 48 h were detected by WB and quantitative RT-PCR, respectively. (G) HCT116/OXA 
cells were transfected with si-NC or si-Slug for 48 h; cell morphological changes are shown in the phase contrast image. (H) HCT116/
OXA cells were transfected with si-NC or si-Slug for 48 h; the migration capability was detected by Transwell assay. (I) HCT116/OXA 
and HCT116 cells transfected with si-NC or si-Slug for 24 h were treated with increasing concentrations of OXA or cisplatin for 48 h. 
CCK-8 assay was used to quantify the viable cells. Data represented as means ± SD were from three independent experiments. *p < 
0.05, **p < 0.01. si-Slug-1, Slug siRNA 1; si-Slug-2, Slug siRNA 2.



AKT/GSK3b/Slug/ERCC1 PATHWAY MEDIATES OXALIPLATIN RESISTANCE IN CRC	 431

AKT Pathway Plays an Important Role in Regulating 
the Aggressive Phenotype of HCT116/OXA Cells

The AKT, extracellular signal-regulated kinase (ERK), 
p38-mitogen-activated protein kinase (MAPK), and nuclear 
factor (NF)-kB pathways were detected by WB for their 
critical role in regulating EMT and chemoresistance. The 
results showed that the AKT pathway was hyperactivated 
in HCT116/OXA (Fig. 4A). In addition, the phospho-
rylation of GSK3b, a kinase located downstream of the 
phosphatidylinositol 3-kinase (PI3K)/AKT pathway, was 
significantly upregulated (Fig. 4A). On the contrary, the 
exposure of HCT116/OXA cells to LY294002, a PI3K/
AKT pathway inhibitor, culminated in the considerable 
downregulation of both pGSK3b and Slug (Fig. 4B). 
Additionally, LY294002 treatment decreased the migra-
tion capability of HCT116/OXA cells (Fig. 4C) and 
increased their sensitivity to oxaliplatin [dimethyl sulfox-
ide (DMSO): IC50 = 20.6 μM; LY294002: IC50 = 7.8 μM] 
and cisplatin (DMSO: IC50 = 13.7 μM; LY294002: IC50 = 
5.9 μM) (Fig. 4D). Taken together, these observations 

demonstrated that activated AKT signaling contributed 
to the aggressive phenotype of HCT116/OXA cells and 
increased Slug expression.

Oxaliplatin Promotes Expression and Nucleus 
Localization of Slug in CRC Cells

Following treatment with oxaliplatin for 0–6 h, Slug 
expression in HCT116 and SW480 cells was detected at 
both the mRNA and protein levels via RT-PCR and WB, 
respectively. As a result, oxaliplatin treatment upregu-
lated Slug mRNA expression in a time-dependent man-
ner, and this effect can be observed at 1 h postexposure 
(Fig. 5A). According to Figure 5B, the increase in pro-
tein level of Slug was observed at 4 h postexposure to 
oxaliplatin. Moreover, oxaliplatin treatment significantly 
increased Slug expression in the nucleus (Fig. 5C). This 
was further confirmed by the observation of increased 
Slug nuclear translocation in HCT116 cells with laser 
scanning confocal microscopy after oxaliplatin treat-
ment (Fig. 5D).

Figure 4.  AKT pathway is crucial for the aggressive phenotype of HCT116/OXA cells. (A) The protein expression of p-AKT, AKT, 
p-extracellular signal-regulated kinase 1/2 (ERK1/2), ERK1/2, p-p65, p65, p-p38-mitogen-activated protein kinase (MAPK), p38-
MAPK, p-glycogen synthase kinase 3b (GSK3b), and GSK3b in HCT116 and HCT116/OXA cells was examined by WB. (B) HCT116 
cells were treated with LY294002 (20 μM) for 24 h, and the expression of p-AKT, AKT, p-GSK3b, GSK3b, and Slug was examined 
by WB. (C) Transwell assay was performed to detect the migration of HCT116/OXA cells treated with LY294002 (20 μM) or dimethyl 
sulfoxide (DMSO) for 24 h. (D) HCT116/OXA cells were treated with LY294002 (20 μM) or DMSO for 24 h, and then treated with 
increasing concentrations of OXA or cisplatin for 48 h. CCK-8 assay was used to quantify the viable cells. Data represented as means 
± SD were from three independent experiments. *p < 0.05, **p < 0.01.
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Figure 5.  Oxaliplatin promotes expression and nucleus localization of Slug in colorectal cancer (CRC) cells. (A, B) HCT116 and 
SW480 cells were treated with OXA (25 μM) for the times indicated, and the protein (A) and mRNA (B) levels of Slug were examined 
by WB and quantitative RT-PCR, respectively. (C) HCT116 and SW480 cells were treated with OXA (25 μM) for 6 h, and the Slug 
expression in cytoplasm and nucleus was examined by WB. (D) The cellar localization of Slug in HCT116 treated with OXA (25 μM) 
for 6 h was analyzed by immunofluorescence staining. Nuclei were visualized with DAPI staining. Data represented as means ± SD 
were from three independent experiments. *p < 0.05, **p < 0.01. 
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Activation of AKT/GSK3b Signaling Is Involved in 
Oxaliplatin-Induced Slug Upregulation in CRC Cells

Oxaliplatin promoted the phosphorylation of AKT, 
ERK, p38-MAPK, and p65 in HCT116 and SW480 cells 
(Fig. 6A). To explore the specific pathway upregulating 
Slug expression, both cells lines were treated with BAY11-
7082 (NF-kB inhibitor), LY294002, or SB-203580 (p38 
inhibitor), and then with oxaliplatin. Following the drug 
treatment, Slug expression was determined by WB assay, 
which demonstrated LY294002 pretreatment resulted in 
the blockage of oxaliplatin-induced Slug upregulation 
(Fig. 6B). Hence, the PI3K/AKT pathway was responsible 
for this process. The activation of GSK3b via dephospho-
rylation was beneficial for Slug expression. Oxaliplatin 
promoted the phosphorylation of GSK3b in HCT116 and 
SW480 cells (Fig. 6A). On the contrary, LY294002 treat-
ment reversed oxaliplatin-induced p-AKT, p-GSK3b, 
and Slug expression (Fig. 6C). Furthermore, suppression 
of GSK-3b by LiCl increased Slug expression (Fig. 6D). 
Taken together, these findings demonstrated that oxali-
platin treatment led to the activation of AKT signaling, 
which inhibited GSK3b and, consequently, upregulated 
Slug expression.

Slug and ERCC1 Are Upregulated in CRC Tissues 
and Predict Poor Survival of Patients

To validate the correlation of Slug and ERCC1 with the 
survival of CRC patients, we examined their expression 
in 74 cases of CRC tumor samples and 40 cases of normal 
tissues. As illustrated by immunohistochemistry, tumor 
samples exhibited an increase in both Slug and ERCC1 
expression compared to the normal tissues (Fig. 7A–D). 
According to the bioinformatics analysis, the increased 
Slug mRNA expression was significantly correlated 
with the tumor size (Fig. 7E), lymph node metastasis 
(Fig. 7F), clinical stage grade (Fig. 7G), and Duke stage 
grade (Fig. 7H). CRC patients with increased expression 
of either Slug or ERCC1 displayed reduced overall sur-
vival (Fig. 7I–K). The results of Table 3 confirmed that 
Slug expression was significantly (p < 0.05) increased in 
higher-grade tumors. Importantly, we had observed the 
positive association of ERCC1 with Slug expression in 
CRC patients via immunohistochemistry (Fig. 8A and B) 
and the bioinformatics analysis (Fig. 8C). Collectively, 
both Slug and ERCC1 were upregulated in CRC tissues, 
which predicted poor survival of patients.

DISCUSSION

The existence of nonspecific and indistinct symp-
toms frequently delays the diagnosis of CRC, thereby 
rending the tumors nonresectable. Patients suffering 
from recurrent diseases after complete resection com-
monly need palliative treatment. However, a majority 

of patients achieve little or no benefit from adjuvant 
therapies, predominantly attributed to the development 
of chemoresistance2,19. Thus, there is a clear demand of 
effective strategies for addressing this issue. Elicited by 
the importance of oxaliplatin in CRC chemotherapy, we 
have recently undertaken the efforts to explore the mech-
anisms underlying the chemoresistance to this platinum 
anticancer agent.

Through mass spectrometry analysis and verifica-
tion, we had identified the upregulation of ERCC1 in 
oxaliplatin-resistant HCT116 cells. As was known, 
DNA damage resulting from oxaliplatin treatment can 
be reversed by the nucleotide excision repair pathways. 
Since ERCC1 was a crucial protein participating in these 
pathways and it was correlated with the poor response 
of various cancers to the platinum anticancer agents16,20, 
its role in mediating chemoresistance to oxaliplatin was 
studied in this research. After the knockdown of ERCC1, 
HCT116/OXA cells displayed enhanced sensitivity to 
both oxaliplatin and cisplatin. Although the knockdown 
of ABCG2, another multidrug-resistant protein slightly 
upregulated in HCT116/OXA cells, enhanced sensitiv-
ity of resistant cells to oxaliplatin and cisplatin (data not 
shown), the effect was less obvious than that caused by 
the knockdown of ERCC1. These experimental results 
demonstrated that the upregulation of ERCC1 expression 
was predominantly responsible for maintaining the resis-
tance phenotype of HCT116/OXA cells, while the over-
expression of ABCG2 merely played a subordinate role. 

Chemoresistance is commonly accompanied with metas-
tasis, thereby further neutralizing the therapeutic efficacy21,22. 
Mounting research has validated that drug-resistant cells 
tend to acquire EMT phenotype23,24. Consistent with 
this, HCT116/OXA cells were observed to acquire EMT 
phenotype and overexpressed Slug, a well-established 
transcription factor facilitating EMT25–27. On the con-
trary, silence of Slug gene reversed EMT phenotype of 
HCT116/OXA cells. Although other transcription factors, 
such as Snail, Twist, and ZEB1, were capable of inducing 
chemoresistance5,28–30, no significant overexpression of 
them was identified in HCT116/OXA cells. To our knowl-
edge, Slug contributed to the resistance against numerous 
antitumor drugs, as exemplified by EGFR inhibitors31. In 
particular, Slug also decreased sensitivity of CRC cells 
to 5-FU by suppressing miR14532. Similarly, our experi-
mental results revealed that Slug was crucial for the 
development of drug resistance in HCT116/OXA cells. 
As a result of the knockdown of Slug, the ERCC1 expres-
sion was reduced in the resistant cells. This indicated the 
correlation of Slug expression and ERCC1 expression. 
According to a recent study, Snail contributed to cisplatin 
resistance in head and neck cancer by directly binding 
to ERCC1 promoter and increasing its expression5. Upon 
analyzing its sequence, we had observed four potential 
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Slug binding sites on the ERCC1 promoter. Thus, it would 
be valuable to investigate whether Slug can directly bind 
to the ERCC1 promoter and promote its expression in a 
future study.

In our attempt to explore the signaling pathway medi-
ating EMT and chemoresistance, we found the AKT 

pathway was upregulated in drug-resistant cells. Despite 
their capability to modulate EMT and drug resistance in 
different cancer cells33–35, the upregulation of the ERK, 
NF-kB, and p38-MAPK pathways was not observed in 
this study. A recent study revealed that activation of IKKa 
by AKT induced Snail expression and promoted EMT36. 

Table 3.  Slug and ERCC1 Expression in Clinical and Pathological Characteristics of 74 Colorectal Cancer Patients

Variable Total

Expression of Slug in Cancer Expression of ERCC1 in Cancer

N Positive (n = 43) Negative (n = 31) p Value Positive (n = 44) Negative (n = 30) p Value

Age 0.102 0.126
<50 16 12 4 12 4
³50 58 31 27 32 26

Gender 0.378 0.199
Male 45 25 20 29 16
Female 29 18 11 15 14

Tumor size 0.512 0.376
<4 30 17 13 19 11
>4 44 26 18 25 19

Histological grade 0.005 0.320
I–II 61 31 30 35 26
II–III 13 12 1 9 4

Lymph node 0.057 0.476
Positive 33 23 10 19 14
Negative 41 20 21 25 16

Tumor stage 0.237 0.601
T1–T2 15 7 8 9 6
T3–T4 59 36 23 35 24

Figure 8.  The expression of Slug and ERCC1 is significantly relative in CRC patients. (A) Representative immunohistochemical 
staining of Slug and ERCC1 in three CRC tissue samples. (B) Correlation between Slug and ERCC1 protein in 74 CRC patients. (C) 
The Pearson correlation between Slug and ERCC1 in 290 CRC tissue samples in GSE14333 from the GEO database.
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Besides, AKT directly contributed to cisplatin resistance 
by regulating p53 action via the caspase-dependent mito-
chondrial death pathway37. Similarly, AKT signaling was 
proven to facilitate the development of chemoresistance 
in HCT116/OXA cells. The inhibition of AKT signaling 
by LY294002 dramatically inhibited the expression of 
Slug and enhanced the sensitivity of HCT116/OXA cells 
to oxaliplatin and cisplatin. The NF-kB, p38 MAPK, or 
ERK pathway may modulate EMT via affecting EMT 
transcription factor expression38–40. However, PI3K/AKT 
signaling rather than the aforementioned pathways was 
proven to mediate oxaliplatin-induced Slug upregulation. 
GSK3b, a downstream kinase of AKT, was character-
ized to be responsible for the subcellular location and 
expression of Slug40,41. Herein, we found that the activ-
ity of GSK3b was significantly reduced in HCT116/OXA 
cells and inhibition of GSK3b promoted Slug expression. 
Collectively, oxaliplatin treatment activated AKT signal-
ing, repressed GSK3b activity, and inhibited the expres-
sion of Slug in CRC cells. 

In summary, as revealed by this study, the activation 
of the AKT/GSK3b pathway upregulated Slug expression 
and further facilitated the development of resistance to 
oxaliplatin, as well as EMT. Hence, the simultaneous inhi-
bition of the AKT/GSK3b/Slug axis may be of significance 
for surmounting metastasis and chemoresistance, thereby 
improving the therapeutic outcome of oxaliplatin.
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