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Effect of autophagy inhibition on cell viability and cell cycle
progression in MDA-MB-231 human breast cancer cells
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Abstract. Atg7 is an autophagy-related gene, and is involved
in two ubiquitin-like conjugation systems in the process of
autophagy. It is well established that 3-methyladenine (3Ma) is
an autophagy inhibitor. The present study aimed to investigate
the effect of autophagy inhibition on the cell viability and cell
cycle progression of human breast cancer cells. MDA-MB-231
human breast cancer cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) with high glucose, then divided
into six groups. The six groups included the three fundamental
groups as follows: The control group (untreated); the starva-
tion group (high-glucose DMEM replaced with glucose-free
minimal essential medium); and the starvation 3Ma group
(maintained in glucose-free culture medium and treated
with the autophagy inhibitor 3Ma). The three fundamental
groups were further divided into Atg7 siRNA-transfected and
non-transfected groups. The cell viability and apoptosis of
each group was determined by MTT assay and flow cytom-
etry. The results of the current study demonstrated that Atg7
deficiency alone had no statically significant effect on the cell
viability of MDA-MB-231 human breast cancer cells, while
3Ma reduced the cell viability and its effect was potentiated by
Atg7 deficiency. Atg7 deficiency was more intense than 3Ma
in the promotion of apoptosis and cell arrest in G,/G,-phase
in the absence of glucose and its effect was reduced by 3Ma.
In conclusion, 3Ma and Atg7 may be involved in different
pathways in the process of autophagy. Inhibition of autophagy
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may influence the cell viability and cell cycle through different
pathways in MDA-MB-231 human breast cancer cells.

Introduction

Autophagy is a conserved process (1-3) that degrades the
cytoplasmic contents with lysosomal enzymes (4-7). It is a
physiological function required for normal animal develop-
ment and survival in metabolic stress. The autophagy program
is activated when the organism suffers stress due to starvation.
Recent studies indicate that autophagy has important impli-
cations during cancer initiation and progression. Autophagy
functions as a protective mechanism. This mechanism (8-10)
is utilized by normal cells and cancer cells, so autophagy
is considered to have varied roles in the development and
treatment of cancer (11-13). There are two ubiquitin-like conju-
gation systems for autophagy, the Atgl2 and Atg8 conjugation
systems. Atg7 is important in the process of autophagy as
this El enzyme can activate Atgl2 and Atg8. Currently, it is
unclear how Atg7 functions in breast cancer. It is well estab-
lished that 3-methyladenine (3Ma) (14-16) is an autophagy
depressor. However, little is understood regarding the effect
of autophagy inhibition on cell viability and the cell cycle in
breast cancer, or if the mechanisms of 3Ma and Atg7 are asso-
ciated. In order to investigate the effect of autophagy inhibition
on MDA-MB-231 human breast cancer cells in the present
study, different cell models were designed and the changes in
the cell cycle and viability of the cells were assessed by flow
cytometry and MTT assay, respectively.

Materials and methods

Cell culture and model establishment. MDA-MB-231
human breast cancer cells were cultured at 37°C in
high-glucose Dulbecco's modified Eagle's medium (DMEM)
(Gibco-BRL, Carlsbad, CA, USA) with 10% fetal bovine
serum, 100 U/ml penicillin and 100 pg/ml streptomycin
(Gibco-BRL). All cultures were maintained at 37°C in a
humidified atmosphere with 5% CO,. When cells reached
~80% confluence, cells were seeded into 96-well plates at
a density of 1.0x10* cells/well to a total of 200 pl/well and
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were incubated for 24 h in routine culture. They were then
divided into groups. The three groups without Atg7 siRNA
transfection were as follows: The control (untreated) group;
the starvation (S) group (replaced high-glucose DMEM with
no-glucose minimal essential medium and maintained for
4 h); and the S+3Ma group (starvation group treated with
0.05 mM/1 3Ma). The other three groups were obtained by
transfecting Atg7 siRNA into half the cells of each of the
three fundamental groups, and were denoted as follows: The
Atg7(-) group (controls with Atg7-siRNA transfection); the
S+Atg7(-) group (starvation group treated with Atg7-siRNA);
and the S+Atg7(-)+3Ma group (starvation group treated with
0.05 mM/1 3Ma, following transfection with Atg7-siRNA for
4 h). Each group was repeated in three different wells under
identical conditions.

Atg7 siRNA transfection. In the Atg7-deficiency models, Atg7
siRNA (RiboBio, Guangzhou, China) was transfected into
the corresponding groups with Lipofectamine™ RNAiMAX
Transfection reagent (Invitrogen, Life Technologies, Carlsbad,
CA, USA). Isolation of total RNA and cDNA synthesis were
performed with TRIzol® reagent and a cDNA Synthesis kit
purchased from Takara Biotechnology (Dalian, China). All
steps were implemented in accordance with the manufacturer's
instructions. The Atg7 mRNA levels were detected by quan-
titative polymerase chain reaction (QPCR) and transfection
efficiency reached >70%. The sequences of the Atg7 primers
[Sangon Biotech (Shanghai) Co.,Ltd.,Shanghai,China] were as
follows: Human Atg7: F, 5'-CTTTTTGCCAACATCCCTG-3'
and R, 5-GGTCTCTGGTTGAATCTCCT-3"; human fB-actin
primers: F, 5-GAAGATCAAGATCATTGCTCCT-3' and R,
5-"TACTCCTGCTTGCTGATCCA-3'". gqPCR reaction condi-
tions were as follows: 2 min at 94°C, 40 cycles of 20 sec at
94°C, 16 sec at 54°C and 30 sec at 72°C . The control group
was transfected with negative-control siRNA. Following
transfection for 4 h, the medium was removed from all
groups and the cells were washed twice with 0.01 mol/l
phosphate-buffered saline (PBS). The cells were then recul-
tured in high-glucose DMEM. The morphological changes in
the cells were observed with an inverted microscope at 24 h
after transfection (Eclipse TE2000-E; Nikon, Tokyo, Japan).

Cell viability assay. Cell viability was measured by MTT
(M-2128; Sigma-Aldrich, St. Louis, MO, USA) method
according to the manufacturer's instructions. All groups were
detected at 6, 12,24, 48 and 72-h time points.

Flow cytometry assay. MDA-MB-231 cells were seeded into
6-well plates at a density of 5x10* cells/ml with a total of
2 ml/well then treated individually based on the aforemen-
tioned groups. The cells were harvested after 24-h incubation,
and then they were fixed in 70% precooled ethanol for 1 h.
Following two washes with PBS, the cells were centrifuged
and resuspended in 1 ml PBS (0.01 mol/l), then stored at 4°C
overnight. The cells were stained in PBS containing 50 ug/ml
RNase and 100 pg/ml propidium iodide in the dark at room
temperature for 30 min. Flow cytometry (FACSCanto II; BD
Biosciences, San Jose, CA, USA) was used to analyze the cell
cycle and levels of apoptosis with BD FACSDiva software
(BD Biosciences).
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Figure 1. Comparison of Atg7 mRNA expression prior to and following
Atg7 interference. The measurements of Atg7 mRNA expression were
repeated 12 times independently by qPCR with $-actin as the reference
gene. Transfection efficiency reached >70%. Data are expressed as the
mean + standard deviation. qPCR, quantitative polymerase chain reaction.

Statistical analysis. All data were analyzed using GraphPad
Prism software, version 5.01 (GraphPad, San Diego, CA, USA).
The cell viability detected by the MTT method was assessed
by two-way repeated measures analysis of variance with
Bonferroni post-hoc tests. P<0.05 was considered to indicate
a statistically significant difference. The data are expressed as
the mean =+ standard deviation of experiments performed in
triplicate.

Results

Transfection efficiency. The measurement of Atg siRNA
transfection efficiency was repeated 12 times independently by
gPCR with B-actin. Relative Atg7 mRNA expression levels are
presented in Fig. 1 compared with levels in the control group,
and the transfection efficiency reached >70%.

Cytomorphological changes vary between groups inhib-
ited by 3Ma and groups with Atg7 deficiency. Following
24-h transfection with Atg7 siRNA, the cells exhibited
more protuberances. In addition, the cells congregated and
adhered to the wall of the culture plate more easily [control
vs. Atg7(-); S vs. S+Atg7(-); S+3Ma vs. S+Atg7(-)+3Ma]. On
the contrary, in the S+3Ma and S+Atg7(-)+3Ma groups, the
cell mass died and cell quantity markedly reduced. The cells
were not easily observed with the microscope. Furthermore,
the cells appeared more round and did not easily adhere to
the wall of culture plate following 3Ma treatment (Fig. 2).

3Ma treatment reduces viability of MDA-MB-231 cells while
Atg7 deficiency does not. Cell viabilities of all groups at
different time points (6, 12, 24, 48 and 72 h) were analyzed
(Fig. 3). The percentage cell viability was not significantly
different between Atg7 siRNA-transfected groups and
untransfected groups at any time point (P>0.05). 3Ma treat-
ment did not significantly affect cell viability at the 6 and
12 h time points in any groups (P>0.05). In cells without
Atg7 deficiency, the 3Ma treatment led to significantly
reduced viability at 48 and 72 h (P<0.001, S vs. S+3Ma);
whilst in Atg7-deficient cells, 3Ma treatment led to a
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Figure 2. Cytomorphological changes in groups at the 24-h time point. In the Atg7(-), S+Atg7(-) and S+Atg7(-)+3Ma groups, the cells exhibited more protuber-
ances and congregated or adhered to the wall of culture plate more easily compared with the control, S and S+3Ma groups. Compared with the other groups,
in the S+3Ma and S+Atg7(-)+3Ma groups, the cell mass died and the cells appeared more round and did not easily adhere to the wall of culture plate following
3Ma treatment. 3Ma, 3-methyladenine; S, starved; Atg7(-), Atg7 siRNA transfected.
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Figure 3. The cell viability of each group at different time points. Cell viabilities in all groups at five time points [(A) 6 and 12 h; (B) 24, 48 and 72 h] were
analyzed by two-way repeated measured analysis of variance with Bonferroni post-hoc tests. Data are expressed as the mean + standard deviation of experi-
ments performed in triplicate. Atg7 siRNA transfection did not significantly affect the cell viability of any groups at any time points (P>0.05). 3Ma did not
significantly affect cell viability of any groups at the 6 and 12 h time points (P>0.05). In the comparison with the S group, 3Ma without Atg7 deficiency reduced
the cell viability at 48 and 72 h (""P<0.001). In the comparison with the S+Atg7(-) group, 3Ma in combination with Atg7 deficiency reduced the cell viability
at 24 and 48 h ("P<0.01) and 72 h (P<0.001). 3Ma, 3-methyladenine; S, starved; Atg7(-), Atg7 siRNA transfected.

significant reduction in viability at 24, 48 (P<0.01) and 72 h
(P<0.001) [S+Atg(-) vs. S+Atg7(-)+3Ma]. When comparing
the difference between the effects of Atg7 deficiency and
3Ma treatment, the S+3Ma group exhibited lower cell
viability compared with the S+Atg7(-) group at 24 and 48 h
time points (P<0.01) and at the 72 h time point (P<0.001)
(Fig. 3B).

Effects of Atg7 siRNA interference and 3Ma treatment on
apoptosis and cell cycle in MDA-MB-231 cells. The cells
in the SubG,-phase represent cells undergoing apoptosis

(Fig. 4). Atg7 siRNA transfection led to increased percent-
ages of cells in apoptosis and in the G,/G,-phase; while the
percentage of cells in the S-phase reduced [P<0.001, S vs.
S+Atg7(-)]. In the untransfected cells, 3Ma treatment led
to an increase in percentage of cells in apoptosis (P<0.01)
and in the G /G,-phase (P<0.001), while the percentage in
the S-phase decreased (P<0.001) (S vs. S+3Ma). However,
in the Atg7 deficient cells, 3Ma led to reduced levels of
apoptosis and S-phase cells, while there was an increased
percentage of cells in the G,/G,-phase [P<0.001, S+Atg7(-)
vs. S+Atg7(-)+3Mal].
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Figure 4. (A) Percentages of cell number in different cell cycle phases. Cells

in the SubG,-phase represent the cells undergoing apoptosis. Compared with the

groups prior to transfection with Atg7 siRNA, the percentages of cells in apoptosis and G,/G,-phase were increased in all starvation groups with transfection,

while those in the S-phase decreased. This pattern was also observed in the
group, the percentages of cells in apoptosis and S-phase were reduced, whil

P

S+3Ma group, in comparison with the S group. However, in the S+Atg7(-)+3Ma
e those in G(/G,-phase were increased in comparison with the S+Atg7(-) group.

P<0.001 and “P<0.01 calculated with two-way repeated measures analysis of variance in GraphPad Prism version 5.0 software. (B) Flow cytometry maps

of each group analyzed by FACSDiva software at 24 h after transfection of Atg7-siRNA.

Discussion

Following analysis of the cellular morphology of the groups,
autophagy inhibition by Atg7 deficiency functions to
maintain the adhesion of MDA-MB-231 cells, however, another
autophagy inhibitor, 3Ma, functions to deprive the adhesion of
MDA-MB-231 cells.

The results of the cell viability assay indicated that transfec-
tion of Atg7-siRNA had no significant effect on the survival of

MDA-MB-231 human breast cancer cells. This result supports
those of previous clinical studies. Chang et al (17) reported
that the loss of Atg7 or Atg3 function did not influence cellular
processes during intestinal cell death and they hypothesized
that there is an Atg7- and Atg3-independent autophagy pathway
which is used in certain cells. Qin et al (18) systematically
screened 14 functional polymorphisms in six autophagy-related
genes including Atg7 and identified no association of Atg7 gene
variants with the risk of breast cancer in a Chinese population.
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In the current study, the results of the flow cytometry
revealed that autophagy inhibition by transfection of Atg7
siRNA increased the percentages of cells in apoptosis and
G,/G,-phase, while it reduced the percentage of cells in
S-phase in the starvation groups. The cell cycle was arrested
in the G,/G,-phase. These results support the theory that Atg7
deficiency inhibits proliferation and promotes apoptosis in
MDA-MB-231 human breast cancer cells; however, no effect
of Atg7 deficiency on cell viability was observed.

The results of the present study imply that the effect of
autophagy inhibition by Atg7 deficiency is not sufficient to
reduce cell viability, or that there is another pathway that
counteracts its effect on cell viability. Thus, the effect of Atg7
in the breast cancer requires further study. Compared with
the control cells, the two factors of starvation and Atg7 defi-
ciency each reduced the percentage of cells in apoptosis and
G,/G,-phase and elevated the percentage of cells in S-phase.
This implies the effect of Atg7 deficiency on the cell cycle may
associate with glucose starvation. The data supports a study
by Balmer ez al (19) which indicated that low glucose-induced
apoptosis with inhibition of autophagy may lead to cell death
in 661W photoreceptor cells. Ramirez-Peinado er al (20)
hypothesized that autophagic flux induced by other stimuli
is inhibited in the absence of glucose. Data from the present
study suggest the inhibition of autophagy by Atg7 deficiency
may promote apoptosis and cell cycle arrest in the G,/G,-phase
under conditions of glucose starvation. Following Atg7 siRNA
transfection without the glucose starvation, the percentage of
cells in the S-phase increased while those in apoptosis reduced.
Further study is required to validate these results, and confirm
the lack of effect by Atg7 deficiency on cell viability.

According to the results of the current study, inhibition of
autophagy by Atg7 deficiency promotes apoptosis and inhibits
cell proliferation in cells maintained in low-glucose medium
but does not influence the viability of these cells.

As another method of autophagy inhibition, 3Ma has an
opposing functional effect to Atg7 deficiency on the cellular
morphology. Treated by 3Ma, the cells became rounder and
aggregated less easily. The autophagy inhibitor 3Ma was
found to reduce the viability of breast cancer cells. With Atg7
deficiency, the P-value related to the effect of 3Ma was larger
than that without Atg7 deficiency and was significant at an
earlier time point (significant difference at 24-h time point).
Therefore, the present study provides reasonable grounds to
infer that Atg7 deficiency may potentiate the effect of 3Ma on
cell viability (but it may also be counteracted by 3Ma). The
data from the present study demonstrated that an interaction
existed between the method of autophagy inhibition occurring
following 3Ma treatment and that occurring in Atg7 deficiency.

A number of studies indicate that 3Ma (21-23) potentiates
the effects of anticarcinogens by inhibiting autophagy and
increasing apoptosis. It has been suggested that 3Ma may be a
good therapeutic strategy for use in drug-resistant cancer cells.
The current study produced a similar result; 3Ma increased
apoptosis in MDA-MB-231 human breast cancer cells. As
an autophagy inhibitor, 3Ma significantly increased the
percentage of the cells in apoptosis and the G,/G,-phase while
it reduced the percentage of cells in the S-phase. This effect of
3Ma on the cell cycle resembled that of Atg7 deficiency, indi-
cating that the two methods of autophagy inhibition by 3Ma
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treatment and Atg7 deficiency can each promote apoptosis and
cell arrest in the G,/G,-phase. However, in combination with
Atg7 deficiency, 3Ma reduced the effect of Atg7 deficiency
alone on apoptosis and cell arrest in G,/G,-phase. Therefore,
3Ma may abrogate the effect of Atg7 deficiency on the cell
cycle to a certain extent; whereas, with regards to cell viability,
Atg7 deficiency had no influence and 3Ma treatment led to a
significant reduction.

The current study confirmed that 3Ma treatment or Atg7
deficiency can exert effects on the cell cycle to promote apop-
tosis and cell arrest in G,/G,-phase in MDA-MB-231 human
breast cancer cells.

In conclusion, the current study indicated an interaction
between the mechanism of autophagy inhibition following 3Ma
treatment and that occurring in response to Atg7 deficiency.
3Ma strongly reduced the viability of MDA-MB-231 human
breast cancer cells and the effect of 3Ma was potentiated by
Atg7 deficiency. In the present study, the absence of glucose
was demonstrated to be important on the effect of Atg7 defi-
ciency on the cell cycle. However, Atg7 deficiency did not cause
changes in cell viability. Atg7 deficiency may not be sufficient
to reduce the cell viability or it is possible that there is another
pathway that counteracts its effect on cell viability. Whether
affecting cell viability or the cell cycle, there exists negative
interaction between mechanisms occurring in Atg 7 deficiency
and those following 3Ma treatment.

Overall, Atg7 appears to be involved in a different pathway
to 3Ma in the process of autophagy. Inhibition of autophagy
may influence cell viability and the cell cycle through different
pathways in MDA-MB-231 human breast cancer cells.
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