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Downregulation of RLIP76 is associated with vincristine
resistance in human colorectal cancer HCT-8/VCR cells
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Abstract. RLIP76 is an anti-apoptotic transporter, partici-
pating in the multi-specific drug transport and resistance.
In the absence of chemotherapy drugs, the knockout or
inhibition of RLIP76 leads to pronounced tumor regres-
sion. RLIP76 transports anthracycline and vinca alkaloid
drugs and mediates the resistance to these drugs. However,
functions of RLIP76 in drug resistance colorectal cancer
remain unclear. HCT-8 and the vincristine (VCR)-resistant
colorectal cancer cell line HCT-8/VCR (HCT-8/V) were used
in the present study. The effects of RLIP76 knockdown by the
lentivirus were examined in cultured cells, including growth,
apoptosis, invasion, and signaling pathways by qRT-PCR,
western blot analysis and Transwell assay. The relative level
of RLIP76 in HCT-8 and HCT-8/V was assessed by western
blot analysis, finding RLIP76 was overexpressed in HCT-8/V.
Then, HCT-8/V cancer cells were transfected with lentivirus
encoding RLIP76-specific siRNA (KD) and the control (NC),
and no significant difference of RLIP76 level between the NC
cells and cells without transfection was found, but the relative
mRNA level decreased to 0.277+0.016 and protein level also
reduced in KD cells. Cell functions changed after RLIP76
knockdown in HCT-8/V. The ICs, of VCR decreased from
164.4+1.734 to 13.95+2.008 (xg/ml) (P<0.05) in cell culture.
The cell number reduced from 329.67+20.23 to 176.33+2.52
(P<0.05) in migration assay and from 294.67+30.07 to
153+22.11 (P<0.05) in invasion assay. Moreover, apoptotic
proteins, including cleaved-caspase-8, cleaved-caspase-9,
cleaved-Parp and Bax increased. The phosphorylation level of
Erk also reduced significantly. The present study showed that
RLIP76 is a key effector of cancer cell survival, invasion, and
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migration and possibly an important target to improve drug
resistance and tumor treatment.

Introduction

Colorectal cancer is the leading, and second leading cause
of death in developed and developing countries, respectively.
The survival rate of colorectal cancer patients has increased
due to the early diagnosis and treatment strategies (1).
However, the 5-year survival rate still remains at less than
60% (2). For colorectal cancer, surgery is the primary treat-
ment method. While during the later phases, for example,
the node-positive stage III, adjuvant chemotherapy is
necessary (1). Vincristine (VCR) is widely used in tumor
treatment. However, in colorectal cancer chemotherapy
treatment, the development of acquired multidrug-resistance
(MDR) to conventional chemotherapeutics has been the
main restriction (3,4). MDR is associated with decrease of
drug accumulation in cell due to active energy-dependent
efflux of drugs or metabolites (5-8). Given this premise,
novel treatment strategies which could help overcome MDR,
as well as increase tumor cell response to chemotherapy
drugs are greatly needed.

RLIP76 is a 76-kDa splice variant, which was encoded
by the human gene RALBPI (18p11.22). It is a Ral-interacting
protein of 76 kDa, also known as RalBP1. It was identified
as a Ral GTPase effector protein that connects the Ral with
Rho pathways originally (9-11). This protein participates in the
ATP hydrolysis-dependent movement of substances, including
glutathione conjugates (GS-E) and chemotherapy drugs, out
of cells (12-14). GS-Es are toxic to the cells and need to be
transported out of cells in order to keep cells from death. As
a result, RLIP76 mediates resistance to its substrates, which
range from weakly cationic compounds, such as doxorubicin
(DOX), vinblastine (VBL), vincristine (VCR), vinorelbine
(VRL) (15-17), colchicine, sunitinib and sorafenib (11,18), to
anionic metabolites, including glutathione conjugates of elec-
trophiles (19). Knockout of RLIP76 with targeting antibodies
or antisense molecules can be able to increase the sensitivity to
radiation and chemotherapy of tumors and cause solid tumors
regression in non-small cell lung cancer, colorectal carci-
nomas (20), prostate cancer (21), and B16 melanomas (22) in
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mice and pancreatic cancer (23), glioblastoma (24) in human.
One of the mechanisms is that knockout of RLIP76 increased
cellular accumulation of chemotherapy drugs.

Most early studies concentrated on research of the trans-
port functions of RLIP76, whereas growing evidence has
shown that RLIP76 is necessary in a variety of cellular func-
tions, such as mitosis, proliferation, differentiation, apoptosis
and endocytosis (25-27). It takes part in the formation of
multi-functional protein complexes, like the mitotic spindle
and the receptor signaling complexes of EGF, TGF-f, insulin
and clathrin-dependent endocytosis (28-30) and determine
the rate of receptor-ligand signaling. RLIP76 exists in many
human tissues, including liver, heart and ovary, but overex-
pressed in various types of cancer cells, including lung and
ovarian carcinomas and melanomas (16,31,32). Blocking
RLIP76 with targeting antibodies or knockout RLIP76 with
antisense results in apoptosis in many types of cancer cells
in vitro (11,18,33-37), and sensitivity to apoptosis on RLIP76
depletion in malignant cells is greater than in non-malignant
cells (22). RLIP76 belongs to Ras family and transmits signals
from Ral to the downstream protein, cdc42. Activation of the
Rho family G-protein cdc42, has been shown to induce apop-
tosis (38). RLIP76 is also involved in various cellular signaling
pathways, such as PI3K/Akt and Erk signaling pathway which
regulates resistance to chemo-radiotherapy and basal survival in
a variety of cancers (25-27). Phosphorylation of Erk and PI3K
is markedly and consistently decreased in all human kidney
cancer cell lines due to RLIP76 deletion (13). These data show
that RLIP76 is a potential target for tumor treatment, but the
roles of RLIP76 in colorectal cancer, especially in multidrug
resistance (MDR) of colorectal cancer are still unknown.

In the present study, we verified RLIP76 level in MDR
cancer cells and cancer cells without drug resistance. Then,
the function of RLIP76 on chemotherapy, migration, invasion,
apoptosis and signaling pathway was detected after knock-
down of RLIP76. Our findings provide important insights into
VCR resistance and highlight RLIP76 as a novel molecular
target that can be specifically inhibited to sensitize colorectal
cancer cells to VCR.

Materials and methods

Cell culture and reagents. The human colorectal cancer HCT-8
cell line and the MDR HCT-8/V cell line were obtained from
Nanjing KeyGen Biotech. Co., Ltd (Nanjing, China). Cells
were grown in RPMI-1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM glutamine,
100 p/ml penicillin, and 100 ng/ml streptomycin (Invitrogen,
Carlsbad, CA, USA) at 37°C in a 5% CO, humidified atmo-
sphere. HCT-8/V cells were routinely maintained in a medium
containing 1000 ng/l VCR (vincristine sulfate; Dalian Meilun
Biotech Co., Ltd., Dalian, China) and incubated in a drug-free
medium for at least a week before use.

Drug sensitivity was determined by Cell Counting kit-8
(CCK-8). Cells were counted and plated into 96-well plates at a
density of 3x10° (1.2 pl) cells/well. The VCR used was dissolved
with RPMI-1640 medium and then diluted at different concen-
trations including 5, 10, 50, 100, 200, 500 and 1000 ug/ml with
RPMI-1640 medium supplemented with 10% FBS, 2 mM gluta-
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mine, 100 u/ml penicillin and 100 ng/ml streptomycin. Cells
were cultured overnight and then were cultured in the medium
at various concentrations of VCR for 48 h, then 20 ul of CCK-8
(Beyotime Institute of Biotechnology, Haimen, China) was
added to each well, following incubation for 4 h at 37°C. Each
solution was subjected to spectrophotometry at 450 nm in a
Multiskan Ascent microplate reader (Thermo Fisher Scientific,
Vantaa, Finland). The drug sensitivity is expressed as the half
maximal inhibitory concentration (ICs,) for each of the cell
lines, which represents the concentration of the drug that caused
a 50% reduction in the absorbance at 450 nm relative to the
untreated cells (control). GraphPad Prism 5 was used to calcu-
late the ICs,. In cell proliferation assay, 5x10° cells were plated
into 96-well plates. Each well contained medium supplemented
with 10% FBS. The cultures were stained using a Cell Counting
kit-8 at various time-points.

Transwell assay. Cell migration and invasion were detected by
a Transwell assay. Cells were starved overnight in serum-free
medium, trypsinized, and washed three times in RPMI-1640
medium without FBS. For migration, 8.76 ul cells (1x10°) were
seeded into the upper chambers in 200 yl serum-free media
without Matrigel membrane. In addition, the lower chambers
were loaded with 600 u1 RPMI-1640 supplemented with 10%
FBS. After 24 h, the cells in the upper chambers that had not
migrated were removed with a cotton swab. For the invasion
assay, colorectal cancer cells (2x10°) were seeded into the upper
chambers with a Matrigel (8-ym pore size; BD Biosciences, San
Jose, CA, USA) membrane and after 48 h, the cells in the upper
chambers that had not migrated were removed with a cotton
swab. The cells on the lower surface of the membrane were
fixed in formaldehyde and stained with hematoxylin staining
solution. Then, the cells were counted and photographed.

Western blot analysis. The total protein was extracted
from the cancer cells, and the proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Crude fraction containing 40 mg of proteins
were subjected to SDS-PAGE and proteins were transferred
onto PVDF membrane. The detection of B-actin (1:10,000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) on the
same membrane was used as the internal control. Specific
antibodies for RLIP76 (ab133549; monoclonal, 1/10,000-
1/50,000; Abcam, Cambridge, MA, USA), caspase-3 (#9662;
1:1,000, polyclonal; Cell Signaling Technology, Danvers, MA,
USA), caspase-8 (#9746; 1:1,000; monoclonal; Cell Signaling
Technology), caspase-9 (#9508; 1:1,000; monoclonal; Cell
Signaling Technology), PARP (#9542; 1:1,000; monoclonal;
Cell Signaling Technology), phosphorylated Erk (#4370;
1:2,000, monoclonal; Cell Signaling Technology) and Erk
(#4695; 1:1,000, monoclonal; Cell Signaling Technology)
were used for the immunodetection of the corresponding
proteins. Subsequently, HRP-conjugated secondary antibodies
(1:10,000; Beijing Zhongshan Golden Bridge Biotechnology
Co., Ltd., Beijing, China), followed by enhanced chemilumi-
nescence (Millipore Corp., Billerica, MA, USA), were used.
The same amount of protein was used each time.

Lentiviral infection and stable cell line selection. The lenti-
virus that encoded RLIP76-specific sShRNA and the scrambled
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Figure 1. Knockdown of RLIP76 and ICy, of VCR. (A) Schematic representation of RLIP76. There are different domains of RLIP76 including ATP binding
domain, GS-E binding site, Ral binding domain and POB1 binding domain (48). (B and C) Comparison of RLIP76 levels in HCT-8 and HCT-8/V by western
blot analysis. Higher RLIP76 expression occurred in HCT-8/V. (D and E) Western blot analysis demonstrated that RLIP76 decreased in HCT-8/V after
transfection (‘P<0.05) on protein level. (F) Quantitative RT-PCR demonstrated that RLIP76 decreased in HCT-8/V after transfection "P<0.05) on RNA level.
Data are means + standard deviations of values from triplicate experiments. (G) Cells were cultured with different concentration of VCR. The absorbance value
was measured after 48 h. Results of CCK-8 demonstrated the ICy, of HCT-8/V to VCR after transfection ('P<0.05).

shRNA lentivirus were generated by GenomeDitech Co., Ltd.,
Shanghai, China. MDR colorectal cancer cells (HCT-8/V)
were infected with recombinant shRNA that was specific
for RLIP76 lentiviral stocks or scrambled shRNA lentiviral
stocks. qRT-PCR and western blot analysis were used to select
stable RLIP76 knockdown cell lines (KD) and the control cell
lines (NC). The lentiviral vectors expressed the green fluores-
cent protein, which allowed for the measurement of infection
efficiency in the transfected cells.

Quantitative RT-PCR (qRT-PCR) analysis. The total cellular
RNA was extracted with the TRIzol (Takara Bio, Dalian,
China) reagent and reverse transcribed to cDNA according to
the manufacturer's protocols. The qPCR products were
detected with SYBR-Green (Takara) in a LightCycler® 480
Real-Time PCR System (Roche Diagnostics). The S-actin

gene was amplified as an internal control. The primers for
RLIP76: 5'-ggCATgAAgTgTgAAggCATCTAC-3' and 5'-CT
CgCAAATACTgCTTCAgCAAAC-3' were used for gPCR.

Statistical analysis. The data were evaluated with a two-tailed
unpaired Student's t-test or with a two-tailed paired Student's
t-test. Values with P<0.05 were considered to be statistically
significant.

Results

RLIP76 is overexpressed in HCT-8/V. RLIP76 contains ATP
binding domain, GS-E binding site, Ral binding domain and
POBI binding domain, which indicates it may play a role in
proliferation, metastasis, ATP-dependent transport and apop-
tosis (Fig. 1A). Vincristine (VCR) is one of the substrates of
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Figure 2. (A-C) Migration and invasion. The number of cells that migrated across the membrane without or with the cold Matrigel coating. Cell migration
decreased from 329.67+20.23 to 176.33+2.52 ("P<0.05) and cell invasion reduced from 294.67+30.07 to 153£22.11 ("P<0.05). (D) Migration and invasion assay
were performed to compare with HCT-8. The migration and invasion levels did not decrease similarly to HCT-8 after the RLIP76 knockdown.

RLIP76. The level of RLIP76 was detected by western blot
analysis, and the HCT-8/V cell line exhibited higher expres-
sion compared with that of the HCT-8 cell line (Fig. 1B andC;
P<0.05).

RLIP76-specific shRNA decreases RLIP76 expression in
HCT-8/V. Lentiviral vector-mediated RNA interference tech-

nology was used to infect the HCT-8/V cells with the negative
control (NC) and RLIP76-specific shRNA lentivirus (KD) to
generate stable cell lines. Transfection of HCT-8/V cells with
RLIP76-specific shRNA lentivirus (KD) markedly downregu-
lated the RLIP76 protein levels compared with NC cells to
0.264+0.106 as determined by western blot analysis (Fig. 1D
and E; P<0.05). No significant difference of relative RLIP76
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Figure 3. RLIP76 regulated proliferation and apoptosis through Erk pathway. (A) Cells were plated into 96-well plates. The cultures were stained using a
Cell Counting kit-8 at various time-points. The KD cells showed obvious decrease of growth compared with the NC cells, especially at the 48 h time-point
("P<0.05). (B) The level of caspase-3 in KD cells was markedly decreased compared with the controls, whereas the levels of Bax, cleaved-PARP, cleaved-
caspase-8 and cleaved-caspase-9 increased in western blot analysis. (C and D) In KD cells, the level of phosphorylated Erk decreased ('P<0.05) whereas the

unphosphorylated Erk remained constant.

mRNA level was found by qRT-PCR between cells without
transfection and the NC cells. However, relative RLIP76
mRNA level decreased to 0.277+0.016 (P<0.05) in KD cells
(Fig. 1F).

RLIP76 knockdown decreases the ICs, of VCR in HCT-8/V.
MDR cells often have decreased intracellular drug accumula-
tion because RLIP76 could transport VCR; thus, we verified
the capacity of the RLIP76-specific shRNA lentivirus to
enhance the sensitivity to VCR of HCT-8/V. The IC, of VCR
in HCT-8/V cells decreased from 164.4+1.734 to 13.95+2.008
(pg/ml) (P<0.05) in KD cells (Fig. 1G and Table I).

Knockdown of RLIP76 decreases the migration and invasion
of HCT-8/V cells. To assess the effect of RLIP76 knockdown
on HCT-8/V cell migration and invasion, we performed the
in vitro migration and invasion assays of KD HCT-8/V cells
and the NC. Cells that migrated across the membrane were

Table I. Effect of RLIP76 knockdown on VCR cytotoxicity in
HCT-8/V cells.

Cell line ICs, of VCR (pg/ml)
HCT-8/V NC 164.4+1.734
KD 13.95+2.008

The IC;, of VCR was significantly reduced after RLIP76 knockdown.

quantified after incubation for 24 h and 48 h respectively. Cell
migration decreased from 329.67+20.23 to 176.33+2.52 (P<0.05)
and cell invasion reduced from 294.67+30.07 to 153+22.11
(P<0.05), suggesting that RLIP76 knockdown significantly
suppressed the migration and invasion of colorectal cancer cells
(Fig. 2A-C). Before this, we performed another Transwell
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Figure 4. A model of RLIP76 functions. RLIP76 is a member of Ras family, as a result it can interact with Erk and Akt signaling pathways. RLIP76 can also
transport GS-E and chemotherapy drugs, which may relate to drug resistance of cancer. RLIP76 plays an important role in cancer cells proliferation, apoptosis

and metastasis.

assay compared with HCT-8 in migration and invasion. The
migration and invasion level did not decrease similarly to
HCT-8 even though the RLIP76 was knocked down (Fig. 2D).

RLIP76 knockdown decreases growth and increases apoptosis
of HCT-8/V cells through downregulating Erk phosphoryla-
tion. We performed a CCK-8 assay to investigate the biological
function of RLIP76 on cell proliferation. Knockdown of
RLIP76 decreased the growth of cancer cells (Fig. 3A; P<0.05).
Apoptosis is a process of programmed cell death that occurs
in multi-cellular organisms. In the present study, we analyzed
the expression levels of Bax, caspase-3, PARP, caspase-8 and
caspase-9 by western blot analysis. We found that the protein
levels of caspase-3 decreased, whereas the Bax, cleaved-PARP,
cleaved-caspase-8 and cleaved-caspase-9 increased in KD
cells compared with the control (Fig. 3B).

The MAPK signaling pathways are well-known as impor-
tant signaling pathways for cancer cell growth. To identify
the potential molecular mechanisms of RLIP76 knockdown
in HCT-8/V cell proliferation and apoptosis, we analyzed the
expression levels of signaling proteins by western blot analysis
and found that RLIP76 knockdown markedly reduced the
phosphorylated-Erk from 75.8+3.02 to 50.8+7.02% (P<0.05),
however, Erk protein level remained constant (Fig. 3C and D).

Discussion

Colorectal cancer is one of the most common causes of
cancer- related deaths in developed countries (39). For
colorectal cancer, chemotherapy is a vital prevention
and treatment method. Even though significant advances
have been achieved in recent years, resistance to chemo-
therapy is still a major problem (40). The main reasons for
chemotherapy failure are insufficient intratumoral drug
concentration, intrinsic overexpression of drug efflux trans-

porters in tumor cells and tumor microenvironment-related
factors (9,41,42). The present study used wild-type, HCT-8 and
MDR colorectal cancer cells, HCT-8/VCR, to investigate the
molecular mechanisms and cellular behavior involved in VCR
resistance. A significant finding of the present study was that
RLIP76 knockdown could reduce ICs, of HCT-8/V to VCR.
We developed a model to describe the functions of RLIP76,
which shows that RLIP76 may play a role in chemotherapy
drug transportation, cancer cell apoptosis, proliferation and
metastasis (Fig. 4).

Sui et al (43) used VCR to prove that INK or COX-2
inhibition increased intracellular VCR accumulation and the
sensitivity to VCR in HCT-8/V cells. In addition, in the present
study, we showed that RLIP76 is overexpressed in MDR cancer
cells compared to the wild-type cancer cells on protein level
and knockdown of RLIP76 significantly also reduced ICs, of
HCT-8/V to VCR. The higher resistance to VCR in HCT-8/V
as compared with the HCT-8 cells is associated with a higher
RLIP76-mediated efflux of VCR in HCT-8/V. Knockdown
of RLIP76 with shRNA sensitizes HCT-8/V to VCR. On the
contrary, MDR is a phenotype exhibited by many cancers to
develop resistance to the cytotoxic effects of many structurally
divergent cytotoxic agents. Accumulation defective MDR is
mediated by various transporter proteins such as MRP and
Pgp (44-46). However, RLIP76, a stress-responsive, stress-
protective ATP-dependent transporter, also plays an important
role in chemotherapy agents and glutathione conjugate (GS-E)
transport. Knockout of the mouse homolog of RLIP76 leads
to 80% loss of transport capacity for GS-E, and markedly
increased sensitivity to stress, xenobiotics, as well as ionizing
radiation (11).

Apoptosis can be initiated via one of two pathways. In the
intrinsic pathway, the cell undergoes cellular stress, whereas
in the extrinsic pathway, apoptosis is caused by signals
from other cells. Both pathways activate initiator caspases
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to activate executioner caspases, which consequently induce
cell death by indiscriminately degrading proteins. Several
studies have reported that RLIP76 depletion can increase the
apoptosis induced by chemotherapy drugs by suppressing
cellular transport (21). In the present study, we also found that
RLIP76 knockdown in HCT-8/V cells without chemotherapy
significantly increased apoptosis as compared with controls.
We carried out western blot analysis to detect apoptosis
proteins, including caspase-3, caspase-8, caspase-9, Parp and
Bax, finding that knockdown of RLIP76 decreased caspase-3,
increased cleaved-caspase-8, cleaved-caspase-9, cleaved-Parp
and Bax, which implies a functional interaction between
RLIP76 and the caspase pathways in colorectal cancer. This
observation is consistent with previous findings that RLIP76
deletion or inhibition in animal models causes rapid, complete,
and sustained regression of malignancy in human xenografts
(20). The apoptotic effect of RLIP76 maybe related to Ras as
it is also a member of the Ras family. As Ras is a upstream
protein of Erk, a relationship between RLIP76 and Erk may
exist. In addition, Erk signaling represents a primary axis of
a signal relay pathway that determines the basal survival and
resistance to apoptotic effects. Therefore, in the present study,
we investigated the interaction of Erk and RLIP76. Knockdown
of RLIP76 reduced the phosphorylation level of Erk and as a
result, it can enhance the effects of some chemotherapy drugs
which target Erk pathways, such as sunitinib, sorafenib and
temsirolimus.

Invasion and migration are features that result in poor
prognosis in colorectal cancer (47). In the present study, we
found that RLIP76 knockdown significantly suppressed the
invasiveness and migration of KD HCT-8/V colorectal cancer
cells compared with the control cells.

Our findings show that RLIP76 is overexpressed in MDR
colorectal cancer cells, and RLIP76 is a very important
anticancer target that functions as an anti-apoptosis protein
necessary for the survival of cancer cells. It also regulates the
important signaling pathways of cancer cells, such as down-
regulating phosphorylation level of Erk. Though further study
is still needed, RLIP76 is an important target to improve drug
resistance and tumor treatment.
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