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Vacuole membrane protein 1 (VMP1) is an autophagy-related protein and identified as a key regulator of
autophagy in recent years. In pancreatic cell lines, VMP1-dependent autophagy has been linked to posi-
tive regulation of apoptosis. However, there are no published reports on the role of VMP1 in autophagy
and apoptosis in colorectal cancers. Therefore, to address this gap of knowledge, we decided to interro-
gate regulation of autophagy and apoptosis by VMP1. We have studied the induction of autophagy by
starvation and rapamycin treatment in colorectal cell lines using electron microscopy, immunofluores-
cence, and immunoblotting. We found that starvation-induced autophagy correlated with an increase
in VMP1 expression, that VMP1 interacted with BECLIN1, and that siRNA mediated down-regulation of
VMP1-reduced autophagy. Next, we examined the relationship between VMP1-dependent autophagy
and apoptosis and found that VMP1 down-regulation sensitizes cells to apoptosis and that agents that
induce apoptosis down-regulate VMP1. In conclusion, similar to its reported role in other cell types,
VMP1 is an important regulator of autophagy in colorectal cell lines. However, in contrast to its role in
pancreatic cell lines, in colorectal cancer cells, VMP1-dependent autophagy appears to be pro-survival
rather than pro-cell death.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Colorectal cancer (CRC) is one of the most common digestive
cancers worldwide. Although the prognosis of CRC has improved
in recent years because of combined therapy, the prognosis of ad-
vanced CRC with lymphatic metastasis remains poor because there
is no efficacious therapy for advanced CRC [1]. Resistance to che-
motherapy is a vital problem associated with poor prognosis and
problems with treatment [2]. Substantial evidence indicates that
autophagy is a mechanism contributing to chemoresistance in
colorectal cancer cells [3].

Autophagy is an evolutionarily conserved process that plays a
role in the turnover of old organelles and proteins to obtain energy.
The role of autophagy in tumors is contradictory. There is evidence
describing the different roles of autophagy depending on the type
of tumor [4–8]. In colorectal cancer cells, more evidence tends to
describe autophagy as a pro-survival tumor cell behavior, enhanc-
ing the aggressiveness of tumor cells and their ability to adapt to
apoptotic stimuli, starvation or anti-tumor drugs [9,10].

Autophagy is regulated by specific genes known as ATGs
(autophagy-related genes). Many ATG proteins have been identi-
fied, including vacuole membrane protein 1 (VMP1), which is very
active in acinar cells during acute pancreatitis [11]. VMP1 interacts
with BECLIN1 through its target lipid kinase Vps34/PI3KC3 to
assemble a class III PI3K complex, which positively regulates the
formation of autophagosomes.

To date, several reports have demonstrated anti-tumor func-
tions of VMP1. In hepatocellular carcinoma, VMP1 has been shown
to inhibit proliferation and metastasis [13], and in pancreatic cell
lines, inhibition of VMP1 decreased apoptosis [14]. Though there
is evidence that in non-small lung cancers, expression of VMP1
has been linked to poor prognosis [12]. To our knowledge, a pro-
tumorigenic role of VMP1 has not been reported in colorectal
cancer.

Given the lack of any report on the role of VMP1 in colorectal
cancers, we decided to test how VMP1 regulates autophagy and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.12.090&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.12.090
mailto:372710369@qq.com
mailto:505339704@qq.com
http://dx.doi.org/10.1016/j.bbrc.2013.12.090
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


1042 Q. Qian et al. / Biochemical and Biophysical Research Communications 443 (2014) 1041–1047
apoptosis in this type of cancer. We used several different colorec-
tal cancer cell lines to confirm whether autophagy occurs in these
cells when under stress or autophagic-inducing conditions and to
determine whether VMP1 regulates autophagy in these cells by
interacting with BECLIN1. This is the first report investigating the
role of VMP1 in colorectal cancer and the first one to demonstrate
a pro-survival (and presumably pro-tumorigenic) role of the gene.
2. Methods and materials

2.1. Cells and culture conditions

SW480 cells were cultured in Leibovitz’s L-15 medium (Invitro-
gen, Carlsbad, CA, USA) with 10% FBS at 37 �C in a humidified atmo-
sphere of 5% CO2. The cells were treated with etoposide (Sigma–
Aldrich, Shanghai, China) at 5 lg/ml or the apoptosis-inducing
agent staurosporine (Sigma–Aldrich, Shanghai, China) at 2 lM, un-
less otherwise indicated. Rapamycin (Invitrogen, Carlsbad, CA,
USA) was used as indicated. All of the agents were dissolved in
DMSO.
2.2. RNA interference

VMP1-siRNA#1 (described previously [12]) and VMP1-siRNA#2
(sense: 50 GGCAUCGUCAAAGCAUUGUTT 30, antisense: 50 ACA-
AUGCUUUGACGAUGCCTT 30) were purchased from Genepharma
(Genepharma, Shanghai, China). The cells were transfected with
100 pmol VMP1 siRNA in six-well plates using Lipofectamine RNAi
max (Invitrogen, Carlsbad, CA, USA). Negative control siRNA was
transfected under the same conditions. Then, the cells were plated
at 20 � 104 cells per well in six-well plates and cultured with the
indicated agents. The changes in protein levels were measured
by Western blotting at 48 h after transfection.
2.3. Western blot analysis

Western blotting was performed as previously described [13].
Anti-VMP1, anti-BECLIN1, anti-LC3, anti-cleaved PARP, anti-
cleaved Caspase-3, anti-pro Caspase-3, and anti-b-actin antibodies
were purchased from Cell Signaling Technology (Danvers, MA,
USA). The band intensity was semi-quantified by BandScan soft-
ware (Bio-Rad, Shanghai, China) after digitizing with a V300 scan-
ner (Epson, Tokyo, Japan).
2.4. Immunofluorescence staining

The cells were fixed in 4% paraformaldehyde for 10 min and
then washed with PBS for 5 min. The slides were immersed in
100 lg/ml digitonin for 15 min at room temperature and then
washed. Next, the cells were incubated with an anti-LC3 antibody
(MBL, Nagoya, Japan) and washed extensively. FITC-conjugated
anti-rabbit IgG (MBL, Nagoya, Japan) was added to the cells, and
the cells were washed again. Autophagosomes were examined
using a fluorescence microscope (Nikon Eclipse TE200 microscope,
Nikon, Inc., Melville, NY, USA).
2.5. Cell viability assays

Cell viability assays were performed as previously described
[14]. Each assay was performed in triplicate, and the average
absorbance was calculated.
2.6. Apoptosis analysis

An annexin-V-PE Apoptosis Detection kit (Invitrogen, Carlsbad,
CA, USA) was used to measure apoptosis. The cells were washed
with PBS and resuspended in 1 � Binding Buffer at a concentration
of 1 � 106 cells/ml. Subsequently, 5 ll of annexin-V-PE and 5 ll of
PI were added to 100 ll of the cell suspension and incubated for
15 min in the dark. After incubation, 400 ll of 1 � Binding Buffer
was added. The analyses were performed using a FACScan flow
cytometer (Beckman Instruments, Fullerton, CA, USA).
2.7. Electron microscopy

SW620 cells were cultured in serum-free medium for 2, 4 or 8 h.
The cells were fixed with 2% paraformaldehyde-2% glutaraldehyde
in 0.1 ml/L phosphate buffer (pH 7.4), followed by 1% osmium
tetroxide. After dehydration, thin sections were stained with ura-
nyl acetate and lead citrate for observation using a JEM 100 CX
electron microscope (JEOL, Peabody, NY, USA).
2.8. Co-immunoprecipitation assays

The supernatants from lysates of colorectal cancer cells were
incubated with anti-sera bound to protein A-Sepharose beads
(Amersham Bioscience) for 2 h at 4 �C and washed extensively.
Bound proteins were eluted with 100 mM glycine–HCl, pH 2.5, pre-
cipitated by 5% trichloroacetic acid, washed with ice-cold acetone
and resuspended in SDS sample buffer.
2.9. Statistical analysis

Statistical analysis was performed by SPSS (SPSS Inc., Chicago,
USA). Statistical significance was determined using Student’s t-test.
A p-value equal to or less than 0.05 was considered significant.
3. Results

3.1. Serum deprivation-induced autophagy is associated with an
upregulation of VMP1 in colorectal cancer cell

To confirm that serum starvation or rapamycin treatment
would induce autophagy in colorectal cancer cells, SW480 cells
were treated will serum-free medium or rapamycin and were
examined by transmission electron microscopy (TEM). Starvation
and rapamycin treatment strongly induced autophagy as judged
by formation of autophagosomes in Fig. 1A. The microtubule-asso-
ciated protein 1 light chain 3 (LC3) is a homologue of Apg8p for
autophagy in yeast, which is a marker of autophagy formation.
The C-Terminal fragment of LC3 is cleaved immediately to yield a
cytosolic form called LC3-I. A subpopulation of LC3-I is further con-
verted to an autophagosome-associating form, LC3-II, which can be
detected by Western blot [15]. Immunoblots were used to measure
the levels of LC3 protein. As shown in Fig. 1B and C, the incubation
of SW480 cells with serum-free media or rapamycin was associ-
ated with an increase in the ratio of LC3-II /LC3-I. We observed that
the VMP1 levels increased during induction of autophagy and were
positively correlated with time (starvation) and with rapamycin-
dependent induction of VMP1 protein expression in a dose-depen-
dent manner (Fig. 1D and E).

These data show that autophagy is triggered by starvation and
rapamycin and that VMP1 is associated with autophagy.



Fig. 1. Autophagy is induced by starvation in SW480 cells. (A) Electron micrographs of starvation-induced (12 h) or rapamycin-induced (100 nM) autophagy in SW480 cells.
(B) Western blot of LC3 after serum-free induction at indicated time points. Right: quantitation of the expression data. (C) Western blot of LC3 after rapamycin treatment at
the indicated concentrations. Right: quantitation of the expression data. (D and E) VMP1 Western blot and its quantification in SW480 cells after serum-free or rapamycin
treatment as indicated. The data represent the means ± SD from three independent experiments.

Q. Qian et al. / Biochemical and Biophysical Research Communications 443 (2014) 1041–1047 1043
3.2. VMP1 expression is decreased during apoptosis induced by
staurosporine

Various pro-autophagic proteins also play a role in promoting
apoptosis [16,17]. The net effect of these opposing cellular pro-
cesses may ultimately serve to inhibit or promote autophagy,
thereby leading to cell death or survival. Therefore, we decided
to investigate the relationships between VMP1 and apoptosis in
colorectal cancer cell lines. First, we established an apoptotic mod-
el for SW480 using staurosporine. As shown in Fig. 2A, cleaved Cas-
pase-3 and cleaved PARP, inducers of apoptosis, were activated
after treatment with staurosporine for different lengths of time.
Simultaneously, a decrease in the protein levels of VMP1 in the
presence of staurosporine was observed (Fig. 2B). However, we
did not observe changes in the levels of BECLIN1, which has been
reported by others to decrease during apoptosis [18,19]. Next, we
used a different dose to treat SW480 cells (Fig. 2C and D). Both
time-dependent and dose-dependent VMP1 downregulation were
observed in SW480 cells. Thus, the evidence suggests that VMP1
may play a role during the apoptotic process in colorectal cancer
cells.

3.3. Serum deprivation leads to cell death when VMP1 is inhibited

VMP1 is an ATG protein with recently reported autophagy-re-
lated apoptosis in pancreatic cancer cells [20]. However, based
on our evidence of the down-regulation of VMP1 during apoptosis,
we hypothesized that VMP1 is a negative regulatory factor for
apoptosis in colorectal cell lines. To verify this hypothesis, we
knocked down VMP1 in SW480 cells using siRNA (Fig. 3A and B).
SW480 cells were more sensitive to inducers of apoptosis
(Fig. 3C and D) and that the cell viability was markedly reduced



Fig. 2. VMP1 is downregulated when apoptosis is activated. (A and B) Western blot and corresponding optical density quantification of pro-caspase-3, cleaved caspase-3,
cleaved PARP, VMP1, and BECLIN1 after treatment with staurosporine for 2 or 8 h. (C and D) Western blot and corresponding optical density quantification of pro-caspase-3,
cleaved caspase-3, cleaved PARP, VMP1 and BECLIN1 after treatment with 0.5 or 2 lM staurosporine. The data represent the means ± SD from three independent experiments.
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in the nutrient-starved VMP1 siRNA group (Fig. 3E) compared to
the nutrient-starved negative siRNA-treated control group. These
results indicate that VMP1 may be an anti-apoptotic factor in colo-
rectal cell lines. On the other hand, to further confirm the promo-
tion function of VMP1 in autophagy, untreated SW480 cells and
siVMP1 cells were cultured in serum-free medium. Immunofluo-
rescent staining for LC3 revealed that VMP1 knockdown signifi-
cantly reduced autophagosome formation (Fig. 3F and G). These
data suggest that VMP1 has a pro-autophagic function in colorectal
cell lines.

3.4. VMP1 triggers autophagy through binding to BECLIN1

The BECLIN1-Class III PI3K complex is thought to initiate auto-
phagocyte formation, and an association between BECLIN1 and
VMP1 has been demonstrated in non-colorectal cancer cell lines



Fig. 3. VMP1 downregulation suppresses autophagy and sensitizes to apoptosis. (A and B) Western blot analysis and optical density quantification of VMP1 levels in SW480
cells after transient transfection with negative control and VMP1-siRNA oligonucleotides. (C and D) Flow cytometry analysis of apoptosis rates of transduced SW480 cells
VMP1 or noncoding siRNA SW480 cells treated with indicated concentrations of staurosporine (2 lM, 6 h) or etoposide (5 lg/ml, 24 h). (E) Cell viability of SW480 cells
cultured in serum-free medium for 12 or 24 h as determined using an MTT assay. The data represent the means ± SD of three independent experiments (p < 0.05). (F) Staining
for LC-3 of SW480 cells treated under nutrient-deprivation. (G) Quantitation of data in 3F (10,000 cells were counted per experiment). Size bars represent 5 nm. The data
represent the means ± SD of three independent experiments.
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[12]. However, whether this association can be also observed in
colorectal cancer cells has not been investigated. Therefore, we ob-
served the mechanisms by which VMP1 affects autophagocyte for-
mation. We investigated whether endogenous VMP1 interacts with
endogenous BECLIN1 in the induction of autophagy in colorectal
cancer cells.

Co-immunoprecipitation assays were used to study the interac-
tion of endogenous VMP1 and endogenous BECLIN1 in SW480
cells, as shown in Fig. 4A–D. We observed an increase in VMP1-BE-
CLIN1 complex protein levels in serum-starved or rapamycin-trea-
ted cells compared to normal SW480 cells. These findings
confirmed the hypothesis that VMP1 binds to BECLIN1 to promote
autophagy.

Taken together, our discoveries are: (1) confirmation of VMP1
as a regulator of autophagy in colorectal cancer cell lines; and (2)
the first report of a pro-survival role of VMP1-mediated autophagy
in colorectal cancer cell lines.
4. Discussion

VMP1 is a promoter of autophagy in many cell types [12], but
the role of VMP1 in colorectal cancer is unknown. In this study,
we focused on investigating the function of VMP1 in autophagy
and apoptosis. Similar to its role in other cell lines, in colorectal
cancer cell lines, VMP1 is involved in induction of autophagy; in
contrast to pancreatic cell lines, VMP1-dependent autophagy is a
pro-survival mechanism. Additionally, our results indicate that
VMP1 induces autophagy in colorectal cancer cells by interacting
with BECLIN1.

Autophagy is believed to play a role in determining cell fate by
degrading old organelles, recycling cellular components and
responding to stressful cellular conditions [21]. The relationship
between cancer and autophagy has been extensively studied in re-
cent years [22,23]. Our data are consistent with work by Sato et al.,
who showed that autophagy is activated in colorectal cancers



Fig. 4. VMP1 interacts with BECLIN1 in SW480 cells. (A and B) Immunoblots of
SW480 cell immunoprecipitates from cells that were serum starved for 12 h (A) or
treated with 100 nM rapamycin (B). Cell lysates were immunoprecipitated with
anti-VMP-1 antibodies and immunoblotted for VMP1 and BECLIN1. (C and D)
Immunoblots of SW480 cell immunoprecipitates from cells that were serum
starved for 12 h (C) or treated with 100 nM rapamycin (D). Cell lysates were
immunoprecipitated with anti-BECLIN1 antibodies and immunoblotted for VMP1
and BECLIN1. The data are representative of three independent experiments.
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in vitro and in vivo and that autophagy could contribute to the sur-
vival of cancer cells in their microenvironment [10]. In our study,
TEM analysis showed that autophagy was induced when cancer
cells were starved.

Previous studies have indicated that VMP1 regulates autophagy
in HeLa, PANC-1, MIAPaCa-2, 293T and NIH3T3 cells [12,20], but
the function of VMP1 in colorectal cancer cells has not been inves-
tigated. Our study demonstrated that starvation induced VMP1
expression in colorectal cancer cells and that knockdown of
VMP1 in these cells suppressed autophagy in response to starva-
tion. These results suggest that VMP1 is a crucial factor for the ini-
tiation of starvation-induced autophagy in colorectal cancer cell
lines.

In this study, we determined that the VMP1-BECLIN1 pathway
for activating autophagy that has been described in other cell types
is conserved in colorectal cancer cells. BECLIN1 is believed to be a
physiologically conserved protein that is believed to be essential
for autophagy that interacts with PI3KCIII/Vps34 and other co-fac-
tors such as VMP1 to initiate autophagy [24]. BECLIN1 has also
been reported to act as a tumor promoter in colon cancer [25],
and a previous study has suggested that VMP1 regulates autoph-
agy in HeLa, PANC-1, and AR42J cells by activating BECLIN1 [26].
Our co-immunoprecipitation results demonstrated that VMP1
and BECLIN1 interact when colorectal cancer cells are treated with
rapamycin or are serum-starved, suggesting that VMP1 regulates
autophagy by interacting with BECLIN1 to induce autophagosome
formation. Although this interaction has been described in other
cell types, the interaction of VMP1 and BECLIN1 in autophagy path-
ways in colorectal cancer cells has not been reported previously.
Understanding how autophagy is induced in these cell lines could
contribute to a better understanding of the mechanisms underly-
ing chemoresistance in colon cancer.

When we induced apoptosis in colorectal cancer cell lines using
staurosporine, we did not find a significant reduction in BECLIN1
levels, but we did observe a reduction in VMP1. These results sug-
gest that VMP1 may be an independent factor regulating apoptosis.
To confirm that VMP1 protein levels decrease in response to apop-
totic stimuli, we exposed several colorectal cancer cell lines to dif-
ferent doses of staurosporine. Our results demonstrate that a
decrease in VMP1 protein levels is a common event in colorectal
cell lines during apoptosis. This pattern suggests that VMP1 could
be an important negative regulator of apoptosis in colorectal
cancer.

Previous studies have reported that the VMP1-autophagy path-
way promotes apoptosis in pancreatic cancer cells [20]. However,
with the evidence of the downregulation of VMP1 during apopto-
sis, we hypothesized VMP1 might negatively contribute to apopto-
sis in colorectal cancer cells. SW480 cells were cultured with
staurosporine and etoposide, and VMP1 was knocked down with
siRNA. Our results demonstrate that SW480 cells were more sensi-
tive to staurosporine- or etoposide-induced apoptosis when VMP1
was knocked down, and VMP1 inhibition resulted in a significant
reduction in cell viability under nutrient deprivation. These results
suggest that VMP1 plays a pro-survival role in colorectal cell lines.

Our study confirms that VMP1 is an important factor in path-
ways regulating tumor cell survival in colorectal cell lines. How-
ever, there are still questions surrounding the function of VMP1
in the regulation of autophagy and apoptosis in these cells. We re-
vealed one pathway of VMP1-related autophagy, but other path-
ways may exist in colon cancer cells. Additionally, the
mechanism by which VMP1 inhibits apoptosis has not been fully
elucidated in these cell lines. There are reports that a dynamic
interaction exists between VMP1 and BCL-2 at the mitochondria
that could regulate apoptosis [27]. Additionally, it is known that
apoptosis can regulate autophagy and that autophagy can inhibit
apoptosis [28,29], but the detailed mechanisms concerning the
regulation of these two pathways in colon cancer cells are not fully
understood. Future studies in animal models with colon-specific
overexpression or knockdown of VMP1 are needed to confirm that
VMP1 plays a key role in the regulation of autophagy and apoptosis
in colon cancer cells in vivo.

In conclusion, this is the first study to examine the role of VMP1
as a regulator of autophagy and apoptosis in colorectal cancer cell
lines. We demonstrated that VMP1 is a key pro-survival factor in
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colorectal cancer cell lines that acts to promote autophagy by bind-
ing to BECLIN1 and inducing the BECLIN1-autophagy program. We
also demonstrated that knockdown of VMP1 makes colorectal can-
cer cells more susceptible to apoptosis, suggesting that VMP1 may
be an important negative regulator of apoptotic pathways in these
cells. Future studies are needed to explore the detailed mecha-
nisms linking the regulation of autophagy and apoptosis in these
cancer cells, and in vivo animal studies are needed to explore the
role VMP1 in the pro-survival pathways that contribute to colorec-
tal cancer tumor growth, survival, and chemoresistance.
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