Korean J Physiol Pharmacol 2018;22(6):617-625
https://doi.org/10.4196/kjpp.2018.22.6.617

KIPP

Original Article

The Nedd8-activating enzyme inhibitor MLN4924 suppresses
colon cancer cell growth via triggering autophagy

Yongzhu Lv'*, Bing Li"*, Kunna Han', Yang Xiao®, Xianjun Yu', Yong Ma', Zhan Jiao', and Jianjun Gao'*

'Department of General Surgery, 210 Hospital of Chinese People’s Liberation Army, Dalian 116021, °Department of Gynecology and Obstetrics, Affiliated
Zhongshan Hospital of Dalian University, Dalian 116001, China

ARTICLE INFO

Received October 29,2017
Revised April 27,2018
Accepted May 10,2018

*Correspondence
Jianjun Gao
E-mail: gaojianjun210@163.com

Key Words
Autophagy
Cell growth
Colon cancer
MLN4924
Neddylation

ABSTRACT Neddylation is a post-translational protein modification process. MLN4924
is a newly discovered pharmaceutical neddylation inhibitor that suppresses cancer
growth with several cancer types. In our study, we first investigated the effect of
MLN4924 on colon cancer cells (HCT116 and HT29). MLN4924 significantly inhibited
the neddylation of cullin-1 and colon cancer cell growth in a time and dose-depen-
dent manner. MLN4924 induced G2/M cell cycle arrest and apoptosis in HCT116 and
HT29 cells. Moreover, MLN4924 also triggered autophagy in HCT116 and HT29 cells
via suppressing the PI3K/AKT/mTOR pathway. Inhibiting autophagy by autophagy
inhibitor 3-MA or ATG5 knockdown reversed the function of MLN4924 in suppress-
ing colon cancer cell growth and cell death. Interestingly, MLN4924 suppresses colon
cell growth in a xenograft model. Together, our finding revealed that blocking ned-
dylation is an attractive colon cancer therapy strategy, and autophagy might act as a
novel anti-cancer mechanism for the treatment of colon cancer by MLN4924.

*These authors contributed equally to
this work.

INTRODUCTION

Colon cancer involves aberrant growths in the appendix, colon
and rectum and is the third most commonly seen malignancy
and one of the most common causes of cancer-related death in
worldwide [1]. Despite the remarkable development in preven-
tion, diagnostic techniques and improvements in chemotherapy,
the median overall survival period of colon cancer patients with
metastatic is only 24 months [2,3]. Therefore, it is urgent to de-
velop new therapeutic agents and anticancer targets to improve
the treatment of colon cancer. Accumulating evidence demon-
strated that autophagy is an important cellular process in cancer
cell survival and cell death [4]. Autophagy is a conserved homeo-
static mechanism of lysosomal degradation that characterized
by formation of double or multi-membrane vesicles in cytosol

(autophagosomes). These autophagosomes, encapsulating bulk
cytoplasm and organelle, mature by fusing with the endocytic
compartments and then fusing with lysosomal compartment to
form autolysosomes, in which the cargo is degraded by acidic
lysosomal hydrolases [5]. It has been well documented that au-
tophagy is involved in colon cancer cells proliferation, migration,
invasion and chemotherapy sensitivity [6].

Neddylation adds the ubiquitin-like molecule NEDD8 to sub-
strates and thus regulates their conformation, localization, stabil-
ity and function [7]. Cullin-family proteins are well-known sub-
strates of neddylation that are scaffolds of multi-unit cullin-RING
E3 ligase (CRL) complexes [8,9]. NEDDS8 conjugation to cullins
induces conformational changes and activation of CRL to ubig-
uitin/proteasome-dependently degrade a number of proteins that
are crucial for inhibiting cell proliferation and survival (such as
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p21 and p27) [8,10]. Therefore, the inactivation of CRL, through
inhibiting neddylation pathway, has been a therapy strategy for
suppressing the growth of cancer cells [11,12].

MLN4924 is a newly discovered pharmaceutical neddylation
inhibitor and developed as an anti-cancer drug [13]. MLN4924
efficiently blocks neddylation of cullins, resulting in inactiva-
tion of CRLs [8]. Accumulation of CRLs substrates induces DNA
damage response, cell cycle arrest, apoptosis and senescence in
several cancer types, including liver cancer, gastric cancer, osteo-
sarcoma and colon cancer [10,14,15]. Recently, accumulating evi-
dence suggests that autophagy may be involved in the induction
of cancer cell proliferation and survival upon cellular stress [16].
However, it remains unclear whether autophagy responds upon
inhibition of neddylation and regulates cell growth in colon can-
cer. In the present study, it’s showed that MLN4924 significantly
inhibited neddylation of cullin-1 and cell growth in colon cancer.
MLN4924 effectively induced G2/M cell cycle arrest and apopto-
sis in a time-dependent manner. Moreover, MLN4924 also trig-
gers autophagy via inhibiting PI3K/Akt/mTOR pathway. The in-
hibition of autophagy reversed MLN4924-induced cell growth in
colon cancer cells. Our findings provide evidence that MLN4924
might be used as a novel class anti-cancer agent in the treatment
of colon cancer.

METHODS
Cell line and cell culture

Colon cancer cell lines, HCT116 and HT29, were purchased
from American Type Culture Collection (ATCC, USA). Cells
were cultured in Dulbecco’s Modified Eagle’s medium (GIBCO,
USA) containing 10% fetal bovine serum (FBS, Hyclone, USA)
and 1% penicillin-streptomycin solution (Beyotime, China), in a
humiliated incubator with 5% CO, at 37°C.

Cell treatment

MLN4924 (Sigma, USA) was dissolved in DMSO to make a
stock solution and further diluted to a corresponding concentra-
tion with complete culture medium. The final DMSO concen-
tration was less than 0.01% (v/v). HCT116 and HT29 cells were
treated with 0.3 uM MLN4924 for different time periods (12, 24,
48 h) or different concentration of MLN4924 (0, 0.01, 0.3, 1, 3 and
10 uM) for 24, 48 or 72 h. For inhibition of autophagy, cells were
treated with 3-MA or co-treated with MLN4924 (0.3 uM) for 24,
48 or 72 h. Then the cells were used for corresponding experi-
ments.

5-Bromo-2-deoxyuridine (Brdu) assay

BrdU cell proliferation ELISA kit (Abcam, USA) was used for
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BrdU assay. Briefly, HCT116 and HT29 cells were seeded in 96-
well culture plates for 24 h. After different treatments, cells were
incubated with 10 pM BrdU for 2 h at 37°C. When the incubation
period ended, the cells were fixed and denatured DNA by fixing
solution, then incubated with anti-BrdU antibody for 1 h at room
temperature (RT). After washed with PBS, cells were incubated
with HRP-conjugated secondary antibody for 1 h at room tem-
perature. Subsequently, cells washed with PBS and incubated with
TMB solution. Finally, after color developed and then added the
stop solution and measured the OD value in each well at 450 nm.

Clone formation assay

To determine colony formation, HCT116 and HT29 cells were
cultured in complete medium and seeded in a 6-well culture plate
(containing 1,000 cells) and cultured with MLN4924 (0.3 uM)
for 14 days. Then, cells were stained with 0.1% crystal violet and
counted by light microscopy. Three independent experiments
were performed.

Flowcytometry analysis

For cell cycle assays, after being treated with MLN4924 (0.3
uM) for 48 h, HCT116 and HT29 cells were harvested and fixed
in 70% ethanol overnight at 4°C and stained with PI solution (50
ug/ml, sigma) containing RNase (10 pg/ml, sigma) for 30 min at
room temperature. Then cell cycle was determined by BD FAC-
SAria™ flow cytometry (Becton Dickinson, San Jose, CA, USA).

For apoptosis assays, after being treated with MLN4924 (0.3
uM) for 12, 24 or 48 h, HCT116 and HT29 cells were harvested
with 0.25% trypsin without EDTA, washed twice with cold PBS
and re-suspended in 500 pl binding buffer. Then cells were in-
cubated with 5 pl annexinV-FITC (40 ug/ml, Becton Dickinson)
and 5 pl propidium iodide (40 pg/ml) in the dark for 10 min at
room temperature and detected by the flow cytometry.

Fluorescence microscopy

HCT116 and HT29 cells were transfected with mRFP-GFP-
tagged LC3 vector (a gift from Yoshimori [17]) using lipo2000
(Invitrogen, USA). Then, after different treatments, a confocal
microscope (Olympus, Japan) was used for the detection of au-
tophagy. Quantification of autophagic vacuoles was analyzed by
calculating the number of LC3 puncta from three fields contain-
ing more than 5 randomly selected microscopy-captured images,
each comprising between 2 and 8 cells. Autophagosomes were
detected as RFP+GFP+ (yellow dot), while mature, autolysosomal
organelles were detected as REP+GFP (red-only dot) [18,19].

Transmission electron microscopy

For ultra-structural analysis, transmission electron microcopy
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(TEM) was performed. After different treatments, HCT116 and
HT?29 cells were fixed and embedded. Thin sections (90 nm) were
cut and analyzed at 80 kV with a JEOL 1200EX transmission
electron microscope. Autophagosomes were defined as double
membrane vacuoles measuring 0.1 or 2.0 um.

Lentiviral constructs and stable cell lines

The following lentiviral constructs were purchased from Santa
Cruz: ATG5 shRNA (sc-41445-V) and noncoding shRNA (sc-
108080). Lentiviral particles were used to directly infect HCT116
and HT?29 cells, and then stable clones were selected using puro-
mycin (Sigma). The selected cell populations were subjected to
western blot to determine the silencing efficiency.

Western blot

Western blotting was conducted as previously described with
some modifications [20]. After different treatments, cells were
harvested using scraper and lysed in RIPA (Beyotime, China).
Cell lysates were centrifuged at 14,000xg for 15 min at 4°C and

A HCT116

supernatants was subjected to western blotting analysis. Proteins
(20 to 100 pg) were loaded on 8-15% SDS-PAGE and transferred
to nitrocellulose membrane (Applygen Technologies Inc. Beijing,
China). The membranes were blocked with 5% non-fat milk in
TBST for 2 h and incubated with primary antibodies (anti-p-H2A,
anti-T-H2A, anti-p-CHK2, anti-T-CHK?2, anti-p21, anti-p27, anti-
caspase-3, anti-PARP, anti-LC-3, anti-cullin-1, anti-ATG5, anti-
p62, anti-p-70S6K, anti-p-mTOR, anti-p-AKT and anti-GAPDH
antibodies, Santa cruz, USA). After being washed three times
with TBST, the membranes were incubated for 1 h with corre-
sponding horseradish peroxidase-conjugated secondary antibod-
ies (Santa cruz, USA). The blots were detected using ECL Western
Blot Substrate kit (Biotech, USA). The load protein was normal-
ized to GAPDH. The blots were quantified by Image] software
(National Institute of Mental Health, Bethesda, MD, USA).

Animal experiments
Mice were randomly divided into two groups (ten mice per

group): (a) vehicle treatment, (b) intraperitoneal administration
with MLN4924 (60 mg/kg) three times a week. At five-day inter-
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Fig. 1. MLN4924 inhibits the neddylation of cullins-1 and the cell proliferation in colon cancer cells. (A) MLN4924 inhibits cullins-1 neddylation.
HCT116 and HT29 cells were treated with vehicle or 0.3 uM MLN4924 for 12, 24 or 48 h. The expression of cullins-1 and cullins-1-nedd8 was de-
termined by western blot. GAPDH was used for loading control. (B) HCT116 and HT29 cells were treated with vehicle or different concentration of
MLN4924 for 24, 48 or 72 h. The cell proliferation was measured by BrdU assays. (C) MLN4924 inhibited cell clonogenic ability. HCT116 and HT29 cells
were seeded in 6-well culture plate at 1000 cells per well and treated with vehicle or MLN4924 for 14 days, followed by crystal violet staining and
colony counting. The statistical analysis results were shown in the right panels. All values were represented as means+SD calculated from three inde-

pendent experiments. ***p<0.001.
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vals, mice were examined for tumor growth or survival. Tumor
diameter was measured with a caliper, and tumor volume was
calculated based on the following formula: volume=(greatest
diameter)x(smallest diameter)’/2. Six weeks after treatment, mice
were sacrificed, and tumor sections (5 um) were subject to either
hematoxylin-eosin (H&E) staining or terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. TUNEL-
positive (brown staining) cells were characterized as apoptotic
cells, and 10 randomly selected microscopic fields in each group
were examined to calculate the ratio of TUNEL-positive cells.
Surviving mice were sacrificed under anesthesia. The animal
experiment was conducted at 210 Hospital of Chinese People’s
Liberation Army (Dalian, China), complying with the national
guidelines for the care and use of laboratory animals. All animal
experiments were approved by the experimental animal ethics
committee of 210 Hospital of Chinese People’s Liberation Army.

Statistical analysis

Data were presented as means+SD of at least three indepen-
dent experiments and statistically analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s multiple comparison
test or an independent sample t-test using the SPSS Statistics 19.0
software. The level of significance was based on the probability of
p<0.05, p<0.01 and p<0.001.
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RESULTS

MLN4924 inhibits the neddylation of cullins-1 and
cell proliferation in colon cancer cells

As Nedd8-Activating Enzyme Inhibitor, MLN4924 could ef-
fectively inhibit neddylation of cullins [13]. Therefore, we first
confirmed the effect of MLN4924 on cullins-1 neddylation using
western blot analysis. As shown in Fig. 1A, 0.3 uM MLN4924
completely blocked neddylation of cullins-1 in HCT116 and HT29
cells. We next determined the ability of MLN4924 to inhibit cell
proliferation by treating HCT116 and HT29 with different con-
centrations of the drug (0.01, 0.1, 0.3, 1, 3, 10 uM ) for 24 to 72 h.
The proliferation of HCT116 and HT29 was significantly sup-
pressed by MLN4924 in a dose and time-dependent manner (Fig.
1B). Moreover, MLN4924 also notably suppressed the colongenic
ability of these cells (Fig. 1C).

MLN4924 induces G2/M cell cycle arrest and
apoptosis in colon cancer cells

It was reported that MLN4924 could enhance radiation or
chemotherapy-induced colon cancer cell apoptosis, cell cycle
arrest and DNA damage response [21,22]. Similarly, our results
showed that MLN4924 induced DNA damage response in colon
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Fig. 2. MLN4924 induced G2 cell cycle arrest and apoptosis in colon cancer cells. HCT116 and HT29 cells were treated with vehicle or 0.3 uM
MLN4924 for 12, 24 or 48 h. The expression of p-H2A, T-H2A, p-CHK2, T-CHK2, p21 and p27 was determined by western blot. (B) HCT116 and HT29
cells were treated the same as in (A) and were analyzed by FACS after staining with propidium iodide for cell cycle analysis at 24 h. (C) HCT116 and
HT29 cells were treated the same as in (A) and analysis of apoptosis by FACS using AnnexinV/Pl double-staining at 12, 24 or 48 h. (D) HCT116 and
HT29 cells were treated the same as in (A). The expression of cleaved caspase-3 and cleaved PARP was determined by western blot. All values were
represented as means+SD calculated from three independent experiments. **p<0.01, ***p<0.001.
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cancer cells, reflecting in appearance phosphorylation of H2A
and CHK2. As the substrates of CRL, p21 and p27 expression was
significantly up-regulated during the MLN4924 treatment (Fig.
2A). The flow cytometry results showed that MLN4924 effec-
tively triggered G2/M cell cycle arrest and apoptosis in HCT116
and HT29 cells (Figs. 2B and C). Correspondingly, the increase
of cleaved caspase-3 and cleaved PARP also confirmed that
MLN4924 induced apoptosis in colon cancer cells (Fig. 2D).

MLN4924 induces autophagy in colon cancer cells

Whether MLN4924 triggers autophagy in colon cancer cells
remains unclear. We thus performed the ultra-structural analysis
by transmission electron microscope. As shown in Fig. 3A, the
double-membraned autophagosome was observed in MLN4924
treated cells rather than control cells. Western blot results showed
a time-dependent conversion of LC3 I to LC3 II and decrease of
p62, two classic measurements of autophagy [23]. To elucidate
the role of MLN4924 in promoting the autophagic process, a tan-
dem fluorescent GFP-mRFP-LC3 marker was utilized to analyze
autophagosome maturation [18]. Autophagosomes show red and
green fluorescence, while autolysosomes show only red fluores-
cence, due to the fact that GFP lost its fluorescence from deprot-
onation in the acidic lysosomes. Therefore, autophagosomes dis-
play yellow dot (REP+GFP+), and maturation of autophagosome
displays a dramatic increase in the number of red fluorescence-
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only autolysosomes (RFP+GFP-, red dot). As shown in Fig. 3C,
an increase of red-only dot fluorescence was observed in both
HCT116 and HT?29 cells treated with MLN4924, indicating that
MLN4924 effectively enhanced autophagosome maturation in
colon cancer cells.

The PI3K/Akt/mTOR pathway contributes to MLN4924
triggered autophagy

PI3K/Akt/mTOR pathway is a classic modulator of autophagy
[24]. Hence, the key proteins in the pathway were investigated. Af-
ter MLN4924 treatment, the expression of p-AKT, p-mTOR and
p-70S6K decreased in a time-dependent manner in HCT116 and
HT29. Data demonstrated that MLN4924 induced colon cancer
cell autophagy via activating PI3K/Akt/mTOR pathway (Fig. 4).

Autophagy is involved in MLN4924-induced cell
growth inhibition and cell death in colon cancer cells

To further investigate the role of autophagy in colon cancer
cell growth and cell death, we first utilized autophagy inhibitor
3-MA to block the autophagy process and then determined the
cell proliferation under MLN4924 treatments. BrdU assay results
showed that MLN4924 effectively inhibited cell proliferation both
in HCT116 and HT?29 cells; and co-treated with 3-MA, MLN4924
significantly reduced the inhibition effect (Fig. 5A). Moreover, we
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Fig. 3. MLN4924 induced autophagy in colon cancer cells. (A) HCT116 and HT29 cells were treated with vehicle or 0.1 uM MLN4924 for 48 h, then
they were analyzed by transmission electron micrograph (TEM), the black arrows indicated the autophagosomes. (B) HCT116 and HT29 cells were
treated with vehicle or 0.3 uM MLN4924 for 12, 24 or 48 h. The expression of LC3 and p62 was determined by western blot. GAPDH was used for load-
ing control. (C) HCT116 and HT29 cells were transfected with GFP-mRFP-LC3 vector then they were treated with vehicle or 0.3 uM MLN4924 for 24 h.
Images were took with a confocal microscope and the merged region enclosed within the white square has been enlarged in the right panel.
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Fig. 5. Autophagy is involved in MLN4924-induced cell growth inhibition in colon cancer cells. (A) HCT116 and HT29 cells were treated with
3-MA (3 mM) in the absence or presence of 0.3 uM MLN4924 for 24, 48 or 72 h, the cell proliferation was measured by BrdU assays. (B) HCT116 and
HT29 cells were treated the same as in (A) for 48 h, The expression of LC3, p62, cleaved caspase-3 and cleaved PARP was determined by western blot.
GAPDH was used for loading control (C) HCT116 and HT29 cells were treated the same as in (A) for 48 h, double stained with Annexin V/PI and ana-
lyzed by FACS. (D-F) HCT116 and HT29 cell lines with stable depletion of ATG5 were treated with vehicle or 0.3 uM MLN4924 for 48 h. (D) The cell pro-
liferations was measured by BrdU assays. (E) The expression of ATG5, cleaved caspase-3 and cleaved PARP was determined by western blot. GAPDH
was used for loading control. (F) Double stained with Annexin V/PI and analyzed by FACS. All values were represented as means + SD calculated from

three independent experiments. ***p<0.001.
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evaluated whether the suppression of autophagy, using pharma-
cological and genetic inhibition, would interfere with MLN4924-
induced apoptosis. Figs. 5B and C show that pretreatment with
3-MA significantly decreased MLN4924-induced apoptosis in
HCT116 and HT29 cells compared with MLN4924 alone. 3-MA
alone did not induce apoptosis in HCT116 and HT29 cells. Fig. 5B
demonstrates that 3-MA treatment decreased the accumulation
of LC3II and inhibited p62 degradation in HCT116 and HT29
cells treated with MLN4924. In addition, MLN4924-induced
Caspase-3 and PARP cleaved in HCT116 and HT29 cells were
profoundly attenuated by treatment with 3-MA (Fig. 5B). Simi-
lar results were observed in the data of FACS analysis (Fig. 5C).
Then, we blocked the autophagy pathway via lentivirus suppress
of autophagy gene ATGS5 to evaluate cell proliferation. As shown
in Fig. 5D, both HCT116 and HT?29 cell lines with stable depletion
of ATG5 (shATG5@ and shATG5®) attenuated the MLN4924-
induced inhibition of cell proliferation. In addition, colon cancer
cell lines with stable depletion of ATG5 that displayed decreased
apoptosis after a 48 h MLN4924 treatment are compared with
cells stably infected with lentivirus targeting control shRNA by
western blot in Fig. 5E. Similar results were obtained by FACS
analysis (Fig. 5F). Efficient knockdown of ATG5 in HCT116 and
HT?29 cells were attested by western blot (Fig. 5E). In summary,
inhibiting autophagy pharmacologically and genetically attenuat-
ing MLN4924-induced apoptosis, suggests that autophagy may
play an important role in supporting the full development of
apoptosis phenotype induced by MLN4924 in colon cancer cells.

MLN4924 suppresses colon cell growth in a xenograft
model

We further examined the effect of MLN4924 on colon cell
growth in xenograft derived from HCT116 and HT29 cells.
MLN4924 markedly abrogated the progression of established tu-
mors as compared with controls (Fig. 6A, p<0.05). Further histo-
logic examination and TUNEL stain of harvested tumors showed

MLN4924

HE ' TUNEL

increased inflammatory cell infiltration and cell death in tumors
treated with MLN4924 (Fig. 6B). No weight loss was observed in
control mice injected with MLN4924, indicating that this treat-
ment was well tolerated (data not shown).

DISCUSSION

Colon cancer is the third most common malignancy and one
of the most common causes of cancer-related death in worldwide
[1]. Overcoming multidrug resistance is a crucial clinical issue
also a critical challenge in colon cancer therapy even after surgi-
cal resection. Therefore, it’s urgent to develop novel anti-cancer
drugs for colon cancers. Recently, blocking protein neddylation
pathway has emerged as an attractive anti-cancer approach. As
a NAE Inhibitor, MLN4924 shows anti-proliferation, apoptotic
and autophagic effects in multiple cancer types via inhibiting
the neddylation pathway. In this study, we investigated the anti-
colon cancer activities of MLN4924 and revealed the underlying
mechanism. We showed that MLN4924 significantly inhibited
cell growth in colon cancer. MLN4924 also effectively induced
cell cycle arrest, apoptosis and autophagy. The trigger of autopha-
gy by MLN4924 is associated with inhibition of PI3K/Akt/mTOR
pathway. Moreover, inhibition of autophagy reversed MLN4924-
induced cell growth inhibition and cell death in colon cancer
cells. Our findings provide evidence that MLN4924 might act as a
novel anti-cancer agent in the treatment of colon cancer.

Numerous research findings demonstrated that neddylation is
hyper-activated in cancers leading to elevated global neddylation
of substrates, including cullins, to promote the ubiquitin-depen-
dent degradation of tumor suppressors and facilitate carcinogen-
esis and cancer development [12]. Therefore, inhibition of cullins
neddylation by the NAE inhibitor MLN4924 leads to accumula-
tion of tumor suppressive CRL substrates, and triggers inhibition
of tumor growth and metastasis [13,25]. For instance, in liver
cancer and gastric cancer, utilization of MLN4924 effectively sup-

B

2000 2000
~+Control HEIS ~Control RSy

1500 | -=-pLN4924 1500 | u 11 NagD4

Fax *xx 1000 THK pn
S RRRERE
500 *%

0

1000

500

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Fig. 6. MLN4924 suppresses colon cancer cell growth in mouse tumor xenograft. Six weeks old female nude mice bearing HCT116 and HT29
tumors were randomly divided into two groups (ten mice per group): (A) vehicle control, (B) intraperitoneal administration with MLN4924 (60 mg/kg)
three times per week. (A) Tumor volumes were measured at 5-day intervals for 40 days and expressed as the meanz SD (n=10) in tumor volume-time
curves. (B) six weeks after treatment, tumor tissue samples from each treatments group was subjected to either hematoxylin-eosin (H&E) staining or
TUNEL assay.
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pressed cancer cell growth and migration by inducing apoptosis
and cell cycle arrest [14]. In colon cancer, MLN4924 sensitized co-
lon cancer cells to radiation by enhancing radiation-induced G2/
M arrest and apoptosis and DNA damage response [22]. However,
the role of MLN4924 in colon cancer cell death and autophagy is
not totally understood. In the present study, cullin-1 neddylation
was effectively inhibited by MLN4924 as expected. MLN4924
inhibited cell proliferation and the clonogenic ability in colon
cancer cell lines HCT116 and HT29 (Fig. 1). Similarly, our find-
ings also confirmed that MLN4924 triggered cell cycle arrest and
apoptosis, accompanied by a series of DNA damage response and
cell cycle and apoptosis-associated proteins expression change.
Moreover, the TEM and confocal microscopy results showed that
MLN4924 acted as an inducer of autophagy in colon cancer cells
(Fig. 3).

Autophagy is an intracellular degradative process in which
damaged organelles and long-lived proteins are degraded for
maintaining cellular homeostasis [26]. The hallmark of autophagy
is the formation of double- or multi-membrane autophagosomes
that fuses with lysosomes for the degradation of its contents
[27]. Autophagy happens in multiple biological processes [4,28].
Although many signaling pathways are reported to regulate au-
tophagy process, the PI3K/AKT/mTOR pathway is a classic nega-
tive regulator of autophagy. Kinase mTOR is a component of two
mTOR complexes, mMTORCI and mTORC2. mTORCI is a major
negative regulator of autophagy and PI3K/AKT pathway is an
major upstream modulator of mMTORCI [24]. Our study revealed
that MLN4294-induced autophagy is mediated by inactivation
of PI3K/AKT/mTOR pathway (reflected by decreased levels of p-
AKT, p-mTOR and p-7056K) (Fig. 4).

Besides PI3K/AKT/mTOR pathway, autophagy process is tight-
ly regulated by a series of core autophagy-related (ATG) proteins
[29]. During autophagy, LC3I is converted to lapidated LC3II
and associated with autophagic membrane. ATGS is essential for
the conversion of LC3I to LC3II and for the location of LC3II to
autophagosomes [30]. 3-MA is a frequently-used autophagy in-
hibitor that suppresses the activity of PI3K and the formation of
pre-autophagosome [31]. Therefore, to further explore the role of
autophagy in MLN4924-induced colon cancer cell growth inhibi-
tion, we blocked autophagy with 3-MA or knockdown ATG5 and
then assessed cell proliferation and apoptosis. Interestingly, after
blocking autophagy, the inhibition effect of MLN4924 on colon
cancer cell growth was reversed, indicating that this inhibition
effect was attributed to autophagy. However, the MLN4924-in-
duced autophagy was considered as self-protective mechanism in
several cancer cells, including liver cancer and breast cancer [32].
The biological role of autophagy in regulation of cell survival in
response to cellular stress is controversial. Some studies indicated
that autophagy primarily serves as a pro-survival mechanism
against cellular stress while others showed that autophagy could
cause autophagic cell death [33,34]. Thus, in colon cancer cell,
MLN4924-induced autophagy eventually caused autophagic cell
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death, resulting in cell growth inhibition. In this study we provid-
ed evidence that MLN4924 markedly abrogated the progression
of established tumors. Our data suggested that MLN4924 may
represent a promising therapeutic approach in colon cancer.
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