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Multidrug resistance (MDR) of tumor cells attenuates the efficacy of anticancer drugs and has become the main reason 
for chemotherapy failure. It is indispensable to establish an effective way to reverse multidrug resistance. Our previous work 
has shown that downregulation of the ERK/MAPK signaling pathway activity can reverse the drug resistance of resistant 
cells. Furthermore, the effect of signal transduction is strongly associated with lipid rafts. The drug resistance is reversed 
successfully after lipid rafts are destroyed by heptakis(2,6-di-O-methyl)-β-cyclodextrin (MβCD). However, reversal of the 
drug resistance is not associated with downregulation of ERK1/2 expression. Cell membrane permeability may increase 
when lipid rafts are destroyed by MβCD, causing the reversal of drug resistance due to an increased drug accumulation in 
cytoplasm. To minimize the influence of MβCD on the cell membrane structure, we selected flotillin, a marker protein of 
lipid rafts, as the target molecule to further investigate the mechanism of changes in drug resistance after destruction of 
lipid rafts. The effect of flotillin on the reversal of drug resistance was examined using RNA interference (RNAi) in a retro-
viral system in human drug resistant strains of colorectal cancer cell line HCT-15. The results demonstrate that flotillin-1 
downregulation by RNAi (Flot1-RNAi) reduced the drug resistance, caused cell cycle arrest and decreased the expression 
of ERK1/2; however, apoptosis was not significantly affected. Knockdown of flotillin-2 by RNAi (Flot2-RNAi) had effects 
similar to those of Flot1-RNAi except that the effects on ERK1/2 expression and apoptosis were different. Screening of 
multiple pathways indicated that the PI3K/Akt signaling pathway was closely related. This experiment demonstrates an 
association between PI3K and drug resistance through the activation of PI3K and suggests that PI3K may play a key role 
during the development of resistance in CRC. The results reveal that the levels of IRS-1 and PI3K proteins in the Flot1-
RNAi and Flot2-RNAi groups were significantly downregulated. Knockdown of flotillins by RNAi reduced the resistance of 
HCT-15/ADM cells; and the results on Akt pathway indicate a decrease in resistance after lipid raft destruction. These data 
confirm that knockdown of flotillin reduces the resistance of HCT-15/ADM cells and the mechanism may be relevant to the 
PI3K/Akt pathway. Additionally, flotillin may be used as a potential target for chemotherapy in the treatment of colorectal 
cancer. 
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Colorectal cancer (CRC) is one of the common malig-
nant carcinomas in the world [1]. Currently, excision 
combined with chemotherapy remains the most signifi-
cant approach of the CRC treatment. Unfortunately, this 
approach frequently fails because of drug resistance [2]. 
Thus, it is important to identify the mechanisms involved in 
drug resistance, to identify potential targets for diagnostic 
or therapeutic strategies.

Membrane molecules span across the cell membrane 
and transmit signals from the external environment to 
the inside of cells and their distribution on the cell surface 

is non-uniform. Membrane lipid rafts are the specialized 
domains in cell membranes that can be selectively enriched 
in certain proteins and bind the proteins, functioning as the 
physical platforms for protein-protein interactions [3–6]. 
Lipid rafts play important roles in a number of biological 
processes including transmembrane signal transduction, 
endocytosis, lipid and protein sorting [4, 7–11]. In recent 
years, several scientists suggested that lipid rafts are associ-
ated with drug resistance [12–14].

Flotillin-1 and -2, also known as Reggie-2 and -1, respec-
tively, are two highly conserved homologous isoforms of 
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the lipid raft-associated proteins originally described in the 
retinal ganglion cells during axon regeneration [15, 16]. 
Flotillins participate in various cellular processes, such as 
signal transduction, endocytosis, T cell activation and inter-
action with the cytoskeleton [17–20]; however, it is unclear 
whether these mechanisms function in the resistant CRC 
cells.

The ERK1/2 cascade is the most widely studied module 
of the mitogen-activated protein kinase (MAPK) signaling 
pathways [21, 22]. Our previous study demonstrated that 
ERK1/2 activity is upregulated in resistant cells [23]. A 
number of studies indicated that the ERK1/2 signaling 
pathway is associated with drug resistance. Increased resis-
tance of MCF7 tumor cells to doxorubicin is linked to activa-
tion of ERK1/2 signaling pathway and increased expres-
sion of MDR and p-gp [24]. After PD98059 treatment, the 
sensitivity to MDR was significantly increased and the drug 
reversed the resistance in human lymphoma cells [25].

The phosphoinositide 3-kinase (PI3K)/Akt signaling 
pathway may be closely associated with cell growth, survival 
and apoptosis [26]. PI3K is mainly activated via three 
pathways: 1) it directly binds to the phosphorylated receptor 
tyrosine kinase (RTK); 2) insulin receptors bind to the 
insulin receptor substrates (IRS-1) [27]; 3) it binds to the 
GTP-bound form of Ras. PI3K is activated by various growth 
factors and cytokines to produce phosphatidyleinositol 
(3,4,5)-triphosphate, PtdIns(3,4,5)P3, which in turn activates 
a number of important downstream proteins [28–31]. Akt, a 
serine-threonine protein kinase, is a central player in tumor 
development [32] and the characteristic downstream target 
of PI3K. The activity of PI3K/Akt family has been involved 
in the regulation of cell apoptosis, cell cycle and tumor devel-
opment [33]. Recent evidence indicates that phosphoryla-
tion of Akt induces drug resistance in several tumors, such 
as ovarian cancer [34], breast cancer [35] and hepatocellular 
carcinoma [36]. The aim of the present study was to knock-
down flotillin expression to investigate whether flotillins 
influence the multidrug resistance of resistant CRC cells.

Materials and methods

Cell culture. Human colorectal cancer cell line HCT-15 
was obtained from the Institute of Cell Biology, Chinese 
Academy of Sciences. The cells were pulsed with high–
concentrations of doxorubicin (ADM) for an extended 
period of time and the half-inhibitory concentration (IC50) 
was calculated by assessing the sensitivity to various concen-
trations of ADM by the Cell Titer 96R AQueous One Solution 
(MTS) (Promega Biotech Co., USA). Human embryonic 
kidney cell line 293FT was obtained from Central Labora-
tory of Zhongshan Hospital affiliated with Xiamen Univer-
sity. HCT-15 and 293FT cells were cultured in RPMI 1640 
(Gibco; Thermo Fisher Scientific, USA) containing 10% fetal 
bovine serum (FBS; HyClone, USA), 100 U/ml penicillin and 
100 μg/ml streptomycin (Invitrogen; USA).

Lentiviral packaging vector. The lentiviral backbone 
plasmid PGLV3 was provided by Shanghai GenePharma 
Co. The PMD and PSPA plasmids were provided by Cai Bo, 
a laboratory affiliated with Zhongshan Hospital of Xiamen 
University. PGLV3 is capable of expressing the green fluores-
cent protein (GFP) reporter through the CMV promoter. 
Additionally, PGLV3 includes the H1 RNA polymerase III 
promoter of the shRNA insert that initiates the expression of 
siRNA providing for continuous interference.

Construction of lentiviral vectors. The target genes, 
flotillin-1 (NM_005803. 3) and flotillin-2 (NM_004475. 
2) were retrieved from the NCBI (National Center for 
Biotechnology Information) website, and a Blast search was 
performed to determine the validity of the sequence. Finally, 
we selected a shRNA sequence for each isoform: 833-851 of 
flotillin-1 (Flot1-RNAi) and 604-622 of flotillin-2 (Flot2-
RNAi). Scrambled shRNA sequence (5’- GATCCGTTCTCC-
GAACGTGTCACGTTTCAAGAGAACGTGACACGTTC-
GGAGAACTTTTTTG-3’) was used as a control (Con). The 
lentiviral vector PGLV3 was cut with two enzymes, BamHI 
and EcoRI (Thermo; Thermo Fisher Scientific) and ligated 
by T4 ligase (Thermo; Thermo Fisher Scientific), the concat-
enated product was transformed into E. coli DH5α (Tiangen 
Biotech Co), and sequenced to extract the recombinant 
interference plasmid.

The shRNA-containing lentiviruses (Con, Flot1-RNAi and 
Flot2-RNAi) were generated by co-transfecting the 293FT 
cells by Turbofect with the transfer and packaging vectors: 
shRNA-PGLV3, PMD and PSPA. After 48 h the superna-
tants containing lentiviruses including Con, Flot1-RNAi and 
Flot2-RNAi were harvested.

Infection with lentivirus. HCT-15 cells in the logarithmic 
growth phase were seeded in six-well plates and cultured 
overnight; then, the cells were infected with recombinant 
lentiviruses. After 24 h, the percentage of GFP-positive cells 
was estimated using a fluorescence microscope to determine 
the infection efficiency. After 96 h post infection, 2 μg/ml 
puromycin was added to select the stable transformants.

Western blot analysis. The infected cells were scraped on 
ice and collected by centrifugation. Lysis buffer was freshly 
prepared and added to the infected cells and incubated for 30 
min. Cell extracts were prepared by centrifugation and the 
protein concentrations were determined by using a protein 
analysis kit (BCA). Equal amount of protein (30 μg) was 
boiled for 10 min before SDS-PAGE separation. Separated 
proteins were transferred to polyvinylidenedifluoride 
(PVDF) membranes (Millipore, Bedford, USA) at 300 mA for 
1 h and the membranes were blocked in TBST buffer with 5% 
nonfat milk. Anti-flotillin-1, anti-flotillin-2 (Abcam, USA), 
anti-ERK1/2, anti-p-ERK1/2 (Cell Signaling Technology, 
USA), anti-IRS-1, anti-PI3K (Wanleibio, China) and anti-
GAPDH (Abways, XiaMen YiRu Biotechnology, China) were 
diluted 1:10 000, 1:4 000, 1:1 000, 1:1 000, 1:300, 1:1 000 and 
1:7 000, respectively and incubated at 4 °C for 12 h. Secondary 
antibodies (Jackson ImmunoResearch Laboratories, Inc., 
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West Grove, PA, USA) were incubated for 1 h at room 
temperature on a shaker and the membrane was washed three 
times for 5 min with TBST. Protein bands were visualized 
by using WesternBright ECL (WesternBright ECL; USA).

Drug susceptibility test of ADM in drug resistant cells. 
According to the Cell Titer 96 AQueous One Solution Cell 
effort assay kit instructions, the cells were plated at density 
of 3 000 cells per well in 96-well microtiter plates and periph-
eral wells were filled with PBS to reduce the edge effect. 
Plates were incubated overnight at 37 °C in a humidified 
incubator containing 5% CO2; then the cells were carefully 
washed three times with PBS. To investigate the drug resis-
tance of resistant cells, the parental cells and resistant cells 
were exposed to various concentrations of ADM (0, 0.25, 
1, 4, 16 or 64 μg/ml). Each drug concentration was tested 
in 5 replicates. After conventional culture for 24 h, the cells 
were washed with PBS and 100 μl fresh complete culture 
medium was added; then, 20 μl MTS solution was added to 
each well at a ratio of 5:1 in the dark and incubated 2 h. The 
OD of each well was determined at 490 nm. If the differ-

ence between two wells was greater than 5%, the data were 
considered as invalid. The cell proliferation inhibition rate 
was calculated by the following equation: cell prolifera-
tion inhibition rate = 1 – (experimental group OD – blank 
control group OD) / (negative control group OD – blank 
control group OD). The half-maximal inhibitory concentra-
tion of the drug (IC50) was estimated by the SPSS software.

Cell apoptosis analysis. Cells in logarithmic growth 
phase were plated in 6-well plates at 1 x 106 cells per well. 
Cells treated with 1 μg/ml ADM for 24 h, digested by 
trypsin without EDTA and collected. The cells were washed 
twice with cold PBS and then resuspended in 1x Annexin 
V binding solution (Dojindo Molecular Technologies, 
Shanghai, China) at a concentration of 1×106 cells/ml; then, 
5 μl Annexin V-633 conjugate and 5 μl propidium iodide 
(PI) solution were added to the cell suspension in the dark. 
Samples were incubated for 15 min at 37°C. 1× Annexin V 
binding solution was added (400 μl) and samples were assayed 
by flow cytometry (Beckman Coulter, USA) within 1 h.

Cell cycle analysis. The infected Con, Flot1-RNAi and 
Flot2-RNAi cells were plated into 6 well plates at a density of 
106 cells/well and cultured for 24 h. The cells were harvested 
by trypsinization, fixed with 95% ethanol overnight at 4 °C 
and resuspended in PI. DNA content was detected by a flow 
cytometer. The relative proportion of cells in the cell cycle 
phase fraction was determined according to flow cytometry 
data.

Statistical analysis. All experiments were performed 
in triplicate and data are shown as mean ± standard devia-
tion where applicable. Statistical analysis was performed by 
using the GraphPad Prism 5 and SPSS version 17. 0 software. 
Student’s t-test, ANOVA and post hoc Student-Newman-
Keuls variance test were used for the statistical analyses; and 
p<0.05 was considered statistically significant.

Results

HCT-15/ADM cells exhibit stable drug resistance. The 
ADM IC50 values in the HCT-15 and HCT-15/ADM cells 
were 0.2±0.013 μg/ml and 3.516±0.26 µg/ml, respectively 
and the resistance index of HCT-15/ADM cells was 17.58. 
The results are shown in Figure 1 and Table 1. The data 
indicate that the difference in IC50 values between parental 
cells and resistant cells is significant (p<0.001), indicating 
that HCT-15 cells exhibited stable chemoresistance.

Knockdown of flotillins in resistant colorectal cancer 
cells by shRNA. To knockdown flotillin expression, a lenti-
viral vector system containing shRNAs was directed against 
the flotillin gene. Additionally, GFP was incorporated as a 
reporter gene. After a single exposure of HCT-15/ADM cells 
to the constructed lentivirus, a high percentage (more than 
90%) of the infected cell expressed GFP 96 h after infection 
(Figure 2A). These results indicated that the highly efficient 
and stable lentiviral vector targeting the flotillins gene was 
successfully constructed.

Table 1. ADM IC50 in HCT-15 and HCT-15/ADM cells.
Cell line IC50 (ADM μg/ml) Resistance Index (RI)
HCT-15 0.2±0.013
HCT-15/ADM 3.516±0.26 17.58***

***p<0.001, IC50 inhibitory concentration; ADM, adriamycin.

Table 2. ADM IC50 in CRC resistant cells treated with Con, Flot1-RNAi 
and Flot2-RNAi.

Cell line IC50 (ADM μg/ml) Reverse fold
HCT-15/ADM + Con 3.456±0.215
HCT-15/ADM + Flot1-RNAi 2.507±0.026 1.38**
HCT-15/ADM + Flot2-RNAi 1.57±0.073 2.2**

**p<0.01; ***p<0.001.

Figure 1. Increased drug resistance of HCT-15/ADM cells to ADM com-
pared to HCT-15 cells. The HCT-15 and HCT-15/ADM cells were in-
cubated with 0, 0.25, 1, 4, 16 or 64 μg/ml ADM for 24 h. At the end of 
incubation, the cell survival rates were determined by the Cell Titer 96 
AQueous One Solution Cell effort assay in three independent experi-
ments performed in five replicates; the proliferation inhibition rate was 
calculated. Results are reported as the mean ± standard deviation.
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sensitivity of the cells to ADM and the inhibition of prolifera-
tion rate, compared with Con cells (Figure 3). The IC50 of 
each group of cells was calculated by SPSS. The IC50 values of 
each group of the cells in HCT-15/ADM cell lines were: Con 
3.456±0.215; Flot1-shRNAi 2.507±0.026; and Flot2-shRNAi 
1.57±0.073; the drug reversal index values were 1.38 and 2.2, 
respectively (Table 2).

Knockdown of flotillin-2 protein promoted apoptosis 
and knockdown of flotillin-1 had no significant influence. 
To confirm the effect of flotillins on cell apoptosis, Annexin 
V-633 double staining of HCT-15/ADM cells was used after 
lentiviral infection. Flotillin-2 knockdown increased the 
number of apoptotic cells (early apoptosis and late apoptosis) 
by 2.1-fold compared with that in control (Figure 4) and 
knockdown of flotillin-1 had no significant effect. Hence, 

shRNA downregulated flotillin expression in resistant 
colorectal cancer cells. The effect of the flotillin-specific 
RNAi-expressing lentivirus on the expression of flotillins was 
examined by western blot analysis in HCT-15/ADM cells. 
As shown in Figure 2B, the protein levels of flotillins were 
dramatically reduced in Flot1-RNAi and Flot2-RNAi groups. 
These data demonstrated that the expression of flotillins was 
efficiently downregulated by RNAi in resistant CRC cells.

Knockdown of flotillin-1 or flotillin-2 proteins can 
reverse drug resistance in the drug resistant cells. After 
the knockdown of flotillin-1 and flotillin-2 in HCT-15/ADM 
cells, cell sensitivity to ADM increased, IC50 decreased, cell 
resistance decreased and drug resistance was reversed. Flot1-
RNAi and Flot2-RNAi cells were treated with repeated doses 
of ADM (0, 0.25, 1, 4, 16 or 64 μg/ml); ADM decreased the 

Figure 2. Knockdown of flotillin-1 and flotillin-2 by shRNA in HCT-15/ADM cells. Fluorescence microscopy assay of lentiviral infection efficiency 
in HCT-15/ADM (A) cells (magnification 40×). Western blot showing a decrease in flotillin-1 and flotillin-2 protein levels in HCT-15/ADM (B) cells 
by Flot1-RNAi and Flot2-RNAi. Con: cells infected with non-silencing shRNA; Flot1-RNAi: cells infected with flotillin-1 shRNA; Flot2-RNAi: cells 
infected with flotillin-2 shRNA.

Figure 3. After flotillin knockdown, drug resistance was reduced. A) HCT-15 + Con and HCT-15 + Flot1-RNAi cells were incubated with 0, 0.25, 1, 4, 
16 or 64 μg/ml ADM for 24 h. B) HCT-15 + Con and HCT-15 + Flot2-RNAi cells were also incubated with 0, 0.25, 1, 4, 16 or 64 μg/ml ADM for 24 h. At 
the end of incubation, the cell survival rates were determined by MTS in three independent experiments performed in five replicates; the proliferation 
inhibition rate was calculated. Results are reported as the mean ± standard deviation.
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the data indicate that flotillin-2 inhibition induced a strong 
proapoptotic effect in resistant CRC cells.

Knockdown of the flotillin protein significantly 
increased cell cycle arrest. To evaluate the effect of 
downregulation of flotillins on cell cycle distribution, the PI 
staining analysis was performed by using a flow cytometer 
(Figure 5A). As shown in Figure 5B, percentage of cells in the 
G2/M phase was dramatically decreased in the Flot-RNAi 
group compared to that in the Con group. These data indicate 
that downregulation of flotillin expression can induce signifi-
cant cell cycle arrest.

Expression of flotillin protein was upregulated in the 
drug resistant strains and flotillin knockdown the expres-
sion of PI3K, IRS-1 and ERK1/2 proteins in resistant 
colorectal cancer cells. The expression of flotillin-1 and 
flotillin-2 in parental cells and resistant cells was detected by 
western blot. The results showed that expression levels were 
significantly higher than those in the parental colorectal 
cancer cell lines (Figures 6A–B). Then, the expressions levels 
of PI3K, IRS-1 and ERK1/2 in HCT-15/ADM RNAi cells 
were detected by western blotting. The results showed that 

expression was downregulated compared with that in the 
control group (Figures 6C–D). Knockdown of flotillin-1 
reduced the expression levels of phosphorylated ERK1/2 in 
resistant CRC cells, compared with that in the control group 
(Con group); however, knockdown of flotillin-2 induced 
upregulation (Figures 6E–F).

Discussion

Multidrug resistance of tumor cells remains the main 
obstacle of cancer chemotherapy despite numerous advances 
in the treatment of colorectal cancer. Therefore, reversing 
multidrug resistance is a key factor in tumor treatment. 
Multiple signal pathways regulate cellular drug resistance. 
Modulation of cellular drug resistance and related signaling 
pathways may be a novel therapeutic target in resistant CRC 
cells.

Our previous studies have demonstrated that downregu-
lation of the ERK/MAPK signaling pathway activity could 
reverse the drug resistance of resistant cells [37] and that 
the signal transduction mainly involved lipid rafts [9, 10]. 

Figure 4. Knockdown of flotillin-2 protein promoted apoptosis and knockdown of flotillin-1 had no significant influence. A) The apoptosis of HCT-
15/ADM + Con, HCT-15/ADM + Flot1-RNAi and HCT-15/ADM + Flot2-RNAi cells was induced by 1 mg/l ADM for 24 h. B) Columns represent the 
means of the average percentage of apoptosis (B2 + B4) in each group of three replicate experiments; error bars indicate standard deviation (x axis 
represents the APC-A; y axis represents the PE-A).

Figure 5. Effect of flotillin silencing on cell cycle progression in HCT-15/ADM cells. A) The changes in cell cycle distribution in HCT-15/ADM (Con, 
Flot1-RNAi and Flot2-RNAi) cells. B) Columns represent the means of the average percentage of cells in each group of three replicate experiments; 
bars indicate standard deviation.
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Although the resistance of drug resistant cells was decreased 
after the lipid rafts were destroyed, the ERK1/2 signaling 
pathway was abnormally upregulated. Based on the results, 
two hypotheses were proposed; 1) the alteration in drug resis-
tance is related to lipid rafts destruction by MβCD accom-
panied by severe membrane damage leading to increased 
inward and outward permeability [13]; 2) there may be 
additional important mechanisms that may have an effect 
on the colorectal cancer resistance. In this study, the effect of 
permeability was bypassed by the use of lentivirus-mediated 
RNAi to knockdown flotillin expression and to investigate 
the role of flotillins, their impact on the ERK1/2 signaling 
pathway and to determine whether flotillin can influence the 
multidrug resistance of resistant CRC cells.

Expression of flotillins in the drug resistant strains was 
significantly higher than in the parental strains of colorectal 
cancer cell lines. To determine the role of flotillin in drug 
resistance and the levels of the ERK1/2 signaling pathway, 
flotillin-1 and flotillin-2 expression was silenced in resistant 
CRC cell lines HCT-15 by using lentivirus-mediated RNAi. 
Our results revealed that the drug resistance was reversed. 
The drug RI values after knockdown of flotillin-1 and 
flotillin-2 were 1.38 and 2.2, respectively; the knockdown 
of flotillin-1 downregulated the pERK1/2 levels without 
affecting the levels of total ERK1/2; however, knockdown of 
flotillin-2 induced upregulation of the expression of pERK1/2 

without affecting total ERK1/2. A similar phenomenon was 
observed in the case of flotillin-2 knockdown and lipid raft 
destruction. Additional important mechanisms may impact 
the resistance of colorectal cancer; however, permeability 
cannot be ruled out.

Abnormal changes in the ERK1/2 signaling pathway may 
be caused by a negative feedback through other signaling 
pathways. The screening of multiple pathways demonstrated 
that the PI3K/Akt signaling pathway was closely related 
according to one of our unpublished studies. We conducted 
this study of the activation mode of PI3K to prove that the 
PI3K/Akt signaling pathway is indeed functional. The expres-
sion levels of IRS-1 and PI3K were examined by western blot. 
The IRS-1 and PI3K levels in the Flot1-RNAi and Flot2-RNAi 
groups were dramatically downregulated compared with 
those in the Con. Therefore, the changes in the drug resis-
tance of resistant CRC cells after lipid raft destruction may 
be related to increased apoptosis and cell cycle arrest after 
suppression of the PI3K/Akt signaling pathway. Thus, we 
suggest that the ERK1/2 signaling pathway is one of the thera-
peutic targets for drug resistance; however, additional major 
pathways may impact resistance after lipid raft destruction, 
e.g., the PI3K/Akt signaling pathway. Therefore, future studies 
of these types of biomolecular interactions are warranted.

In summary, we demonstrated that knockdown of flotillin, 
the markers of lipid raft, effectively inhibits drug resistance of 

Figure 6. Expression levels of flotillin, PI3K and IRS1 were increased in HCT-15/ADM cells and the expression levels of PI3K, IRS-1 and ERK1/2 pro-
teins in infected cells. A) Flotillin-1 and flotillin-2 protein expression in HCT-15 and HCT-15/ADM cells. B) PI3K and IRS1 protein expression in HCT-
15 and HCT-15/ADM cells. C) The expression of PI3K and IRS-1 in the knockdown cells. D) The expression levels of total ERK1/2 and phosphorylated 
ERK1/2 in the knockdown cells (all data were compared with GAPDH as a reference).
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resistant CRC cells. The mechanism of flotillin action may be 
relevant to the PI3K/AKT signaling pathway. Understanding 
the precise role played by flotillin in resistant CRC cells will 
increase our knowledge of the biology of resistant CRC cells 
and may enable development of a novel therapeutic strategy 
via suppression of flotillin.
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