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ABSTRACT ARTICLE HISTORY
Breast cancer is a common type of cancer among female cancer patients and the main cause of Received 29 May 2018
cancer-related deaths. During the last decades, targeted therapies for breast cancer have been Revised 31 July 2018
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inhibitor, has performed antitumor activity by inactivating the cullin-RING ligases and causing KEYWORDS

the accumulation of their substrates to induce apoptosis in a number of studies. In this study, we Breast cancer; targeted
found that MLN4924 activates the AKT pathway in both HER2-positive and triple-negative breast therapy; neddylation;
cancer (TNBC) cell lines. Given that AKT signaling is responsible for tumor progression and drug MLN4924; AKT inhibitor; MK-
resistance in some types of cancers, we hypothesized that the AKT inhibitor may synergistically 2206

enhance the tumor suppression capability in breast cancer by MLN4924. To demonstrate the

sensitizing effect, MK-2206 was chosen as the adjuvant treatment, and cell growth, migration and

apoptosis were detected. The results showed that MLN4924 treatment inhibited cell growth and

migration and induced apoptosis in both SK-BR3 and MDA-MB231 breast cancer cell lines. More

importantly, the combined treatment of MLN4924 and MK-2206 indeed caused stronger cytotoxi-

city and inhibition of migration and a much higher induction of apoptosis compared with

MLN4924 treatment alone. Our study provides the proof-of-concept evidence for strategic drug

combination of MLN4924 with an AKT inhibitor for maximal killing of breast cancer cells via the

enhancement of apoptosis.

Introduction frequently happens in cancer and other human
diseases and contributes to disease progression,
cancer metastasis, and drug resistance. Thus, tar-
geting abnormal protein degradation in cancer is
considered as an attractive approach for effective
cancer treatments and is validated by the FDA
approval of Bortezomib, the first class of general
proteasome inhibitors. The UPS targets proteins
for degradation via a three-step enzymatic process
catalyzed by a cascade of enzymes, including ubi-
quitin-activating enzyme (E1), ubiquitin-conjugat-
ing enzyme (E2), and ubiquitin ligase (E3). Among
the three enzymes, E3 ligase is responsible for the
transfer of ubiquitin from E2 to the recognized
and recruited target protein, of which cullin-
RING ligases (CRLs) are the largest family [5].
As an activated E3 ligase, the cullin protein must
be covalently modified by a single molecule of
NEDDS8, a process known as neddylation, in
which NEDDS is activated by the NEDD8-activat-
ing enzyme (NAE) and conjugated to the cullin

Breast cancer is one of the most common cancers
and the leading cause of cancer death among
female cancer patients [1]. Chemotherapy plays a
crucial role in primary treatment for patients with
locally advanced or metastatic breast cancer.
Although it achieves significant efficacy as a first-
line treatment, a vast majority of patients inevita-
bly develop drug resistance in subsequent lines of
treatment [2]. Thus, development of novel targeted
therapeutic agents that sensitize breast cancer to
chemotherapy will be extremely important for
overcoming drug resistance to improve therapeu-
tic outcomes [3,4].

The ubiquitin-proteasome system (UPS) con-
trols protein homeostasis by spatiotemporal degra-
dation of numerous proteins with key regulatory
roles in a vast array of biological processes, such as
cell cycle progression, signal transduction, and cell
death. Failure to control protein degradation
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protein via a three-step enzymatic process like
ubiquitination [6,7].

MLN4924, a first-in-class NAE inhibitor, binds
to NAE and creates a covalent NEDD8-MLN4924
adduct to inhibit NAE enzymatic activity [8].
Given that cullin neddylation, a process catalyzed
by NAE, is required for CRL E3 ligase activity, by
blocking cullin neddylation, MLN4924 inactivates
CRL E3, causes accumulation of CRL E3 substrates
and suppresses tumor cell growth both in vitro
and in vivo by inducing apoptosis, senescence
and autophagy [5,6,9]. Few studies have demon-
strated the antitumor activity of MLN4924 in
HER2- and estrogen receptor (ER)-positive breast
cancer cell lines [10,11]. With promising preclini-
cal efficacy, MLN4924 has undergone a series of
Phase I/II clinical trials against a number of
human malignancies [6,9]. However, cancer cells
developed MLN4924 resistance either through the
development of heterozygous mutations in the
NAEPB subunit of NAE or another unknown
mechanism [12].

Here, we report that MLN4924 activates the
AKT pathway in a feedback manner to promote
survival signaling in both HER2-positive and tri-
ple-negative breast cancer (TNBC) cell lines. We
hypothesized that the AKT inhibitor could
enhance the tumor suppressive activity of
MLN4924 in breast cancer. MK-2206 is the first
allosteric potent inhibitor of all three isoforms of
AKT at nanomolar concentrations [13]. It can be
given orally and has demonstrated antitumor
activity in various cancer cell lines, such as breast
cancer, leukemia and multiple myeloma [14-16].
MK-2206 also has been advanced to a series of
Phase I/II clinical trials against a number of
human malignancies, including HER2 positive or
negative breast cancer [17,18]. Therefore, MK-
2206 was chosen as the adjuvant therapy of
MLN4924 to test our hypothesis. In the present
study, HER2-positive and TNBC cell lines, SK-BR3
and MDA-MB231, were treated with MLN4924
alone or in combination with MK-2206. The
synergistic effects were investigated by detecting
cell growth, migration and apoptosis. Indeed, the
combination therapy enhanced the tumor suppres-
sive ability of MLN4924 by inhibiting the AKT
pathway, thus providing a promising targeted
therapeutic strategy for breast cancer.

Materials and methods
Cell lines and chemicals

Breast cancer cell lines SK-BR3 and MDA-MB231
were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. In addition, the cells were cultured
in a cell incubator at 37°C with 5% CO,. MLN4924
was purchased from Apexbio (B1036) and MK-
2206 from Selleck (S1078). For drug treatment,
subconfluent cells were incubated with MLN4924
and MK-2206 at various concentrations for var-
ious periods of time as indicated.

Western blotting

Cells were cultured in 60-mm dishes and treated
with the indicated concentration of MLN4924 and
MK-2206. Cells were then harvested with a cell
scraper and lysed in NP-40 lysis buffer with pro-
teasome and phosphatase inhibitors on ice for
30 min, followed by centrifugation at 13,600 rpm
for 25 min at 4°C. After protein concentration was
measured by the BCA Protein Assay Kit (Thermo,
23,225) according to the manufacturer’s instruc-
tions, the samples were subjected to SDS-PAGE
and transferred to nitrocellulose (NC) membranes
(GE, 10,600,001). After blocking with 5% nonfat
powdered milk (Sangon, A600669), the mem-
branes were incubated with primary antibodies at
4°C overnight and corresponding secondary anti-
bodies at room temperature for 2 h the following
day. At last, bands visualized using
SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo, 34,580) with Medical X-ray
Processor (Carestream). Primary antibodies were
used as follows: against p-AKT (S473) (4060),
t-AKT (4691), p-S6K1(T389) (9234), p-ERK
(T202/Y204) (9101), t-ERK (9107), PARP (9542),
Caspase 3 (9665), MMP2 (87,809), MMP7
(71,031), MMP9 (13,667), vimentin (5741) (Cell
Signaling  Technology), NEDDS8 (ab81264)
(Abcam), t-S6K1 (sc-230) (Santa Cruz) and
ACTIN (A5441) (Sigma).

were

Cell viability and clonogenic survival assays

SK-BR3 and MDA-MB231 cells were plated in
triplicate in 96-well plates at 3000 cells per well.



Cells were treated with MLN4924 alone at various
concentrations for 72 h or in combination with
MK-2206 for 48 h. Cell viability was evaluated by
the ATP-lite 1step Luminescence Assay System
according to the manufacturer’s instructions
(PerkinElmer). A total of 300 cells were plated in
0.1% gelatin (Sigma, V900863)-coated 60-mm
dishes and treated with the indicated drugs the
following day. After 7 days, the cells were stained
with the Coomassie brilliant blue solution for
20 min and then flushed with running water.
After air drying, the cell colonies were photo-
graphed for colony counting.

Migration assays

Cell migration ability was measured by a wound
healing assay and a transwell migration assay.
After drug treatment, the cells were incubated in
serum-free medium for 12-18 h. For the wound
healing assay, the cells were photographed at 0 h,
24 h and 48 h after a pipette tip was used to
scratch across the plate. For the transwell assay,
the cells were harvested and seeded in the upper
chamber at 1 x 10° per well with serum-free med-
ium. The bottom well contained medium with
10% FBS. After 24 h, the cells were fixed with 4%
paraformaldehyde for 15 min and stained with
0.1% crystal violet (Aladdin, C110703) for
20 min. Cells in 5 random fields of view were
photographed and counted.

Flow cytometry

Cells were cultured in 6-well plates and treated
with MLN4924 alone or in combination with
MK-2206. After 48 h, the cells were harvested
with 0.05% trypsin (Gibco) and centrifuged at
1000 x g for 5 min. Cells were then washed with
PBS and stained using the Annexin V-FITC apop-
tosis detection kit (Beyotime, C1063), followed by
flow cytometry. Cells with Annexin V-positive
staining were considered as apoptotic cells.

DNA fragmentation assay

Cell were cultured in 100-mm dishes and treated with
drugs for 48 h. Then, cells were lysed in 600 pL lysis
buffer (5 mM Tris-HCI, pH 8.0, 20 mM EDTA and
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0.5% Triton X-100) for 1 h on ice. Genomic DNA was
purified by phenol-chloroform extraction. DNA sam-
ples were then analyzed by agarose gel electrophoresis
at 80 V on a 1.8% agarose (Invitrogen, 75,510-019) gel
containing GelRed (Biotium, 41,003). After 1.5 h, the
gel was photographed by Gel Doc XR+ System
(Bio-Rad).

Statistical analysis

All data are expressed as the mean + SEM from three
independent biological replicates. A student t-test was
used with SPSS 20.0 (IBM Armonk). Values of
p < 0.05 were considered to be statistically significant.

Results
AKT signaling pathway is activated by MLN4924

Increasing evidence shows that activation of the PI3K/
AKT pathway is associated with decreased sensitivity
to chemotherapeutic agents and contributes to che-
motherapeutic resistance [19]. To determine if the
PI3K/AKT pathway is involved in MLN4924 resis-
tance, we first examined AKT activation after treating
human breast cancer cells SK-BR3 and MDA-MB231
with MLN4924 at various concentrations. Indeed, the
AKT signaling pathway is activated by MLN4924, as
reflected by increased AKT phosphorylation on S473
after MLN4924 treatment in a dose-dependent
manner in both SK-BR3 and MDA-MB231 cells
(Figure 1(a)). We next determined the precise time
course of AKT activation upon MLN4924 exposure
for up to 48 h in SK-BR3 and MDA-MB231 cells.
MLN4924 remarkably activated AKT (increased
phosphorylation of AKT), starting as early as 12 h in
SK-BR3 cells and reaching the peak at 48 h (Figure 1
(b)). Given that the abnormal activation of PI3K/AKT
signaling pathway occurs frequently in human breast
cancer [20] and is associated with chemotherapeutic
resistance [21], we hypothesized that AKT inhibitors
may sensitize breast cancer to MLN4924 treatment.

AKT inhibitor MK-2206 enhances the suppression
of growth in breast cancer cells by MLN4924

Given that MK-2206, the first allosteric inhibitor
against all three isoforms of AKT, has been
advanced to Phase I/II clinical trials against
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Figure 1. AKT signaling pathway is activated by MLN4924 treatment.

(a) SK-BR3 and MDA-MB231 cells were incubated with various concentrations of MLN4924 (0, 10, 25 and 50 nM) for 24 h, followed by
western blotting using antibodies against p-AKT (5473), t-AKT and NEDD8. ACTIN was used as a loading control. The levels of p-AKT
(S473) were quantified and expressed as fold change, compared with the control. (b) SK-BR3 and MDA-MB231 cells were treated
with MLN4924 (1 uM) for different time periods (0, 12, 24, 36, and 48 h).

HER?2 positive or negative breast cancer, we chose
MK-2206 to verify our hypothesis: the sensitizing
effect of AKT inhibitor to MLN4924. First, we
treated SK-BR3 and MDA-MB231 cells with var-
ious concentrations of MK-2206. The activity of
AKT was significantly decreased at 0.15 uM, as
reflected by decreased AKT phosphorylation,
whereas the activation of S6K1 and ERKI1/2
remained unchanged, indicating the selective tar-
geting of AKT by MK-2206 (Figure 2(a)). In addi-
tion, there was no significant cytotoxicity at up to

5 uM of MK-2206 (24 h and 48 h), or up to
1.25 uM (72 h) (Figure 2(b)). These data suggest
that MK-2206 is an ideal AKT inhibitor with high
potency against AKT and minimal cytotoxicity at
approximately 0.1 ~ 1.25 uM. Thus, 0.1 ~ 1.25 uM
of MK-2206 was chosen for the following drug
combination experiments. Cells were exposed to
MLN4924 only at various concentrations or in
combination with MK-2206 (100 nM) for 48 h.
The ATP-lite assay showed that cell viability
decreased with the increase of MLN4924
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Figure 2. AKT inhibitor MK-2206 enhances the suppression of growth in breast cancer cells by MLN4924.

(a) SK-BR3 and MDA-MB231 were treated with indicated concentrations of MK-2206. After 24 h, cells were obtained for
western blotting using the indicated antibodies. (b) Cells were treated with the indicated concentrations of MK-2206 for
24 h, 48 h, and 72 h, followed by the ATP-lite assay. (c) Cells were treated with the indicated concentrations of MLN4924
for 72 h and in combination with MK-2206 (100 nM) for 48 h.

concentration, suggesting its antitumor activity
(Figure 2(c)). Compared with the MLN4924-only
group, cell viability of the combination group
(MLN4924+MK-2206) decreased more. The ICs,
values of the combination group were significantly
reduced from approximately 300 nM to 150 nM in
SK-BR3 cells and from approximately 290 nM to
190 nM in MDA-MB231 cells. These results indi-
cated that MK-2206 can sensitize breast cancer
cells to the MLN4924 treatment.

AKT inhibitor MK-2206 enhances the suppression
of survival in breast cancer cells by MLN4924

Given that AKT acts as a critical regulator of cell
survival, we next determined whether MK-2206

could enhance the suppression of survival in
breast cancer cells by MLN4924. SK-BR3 cells
were treated with MLN4924 (0, 100, and
200 nM) alone or in combination with MK-2206
(100 nM) for 7 days, followed by a clonogenic
assay to evaluate cell survival. MLN4924 treat-

ment significantly reduced the numbers of
forming colonies, indicating the suppression of
cell survival by MLN4924 (Figure 3(a)).

Furthermore, compared with the MLN4924-only
group, colony formation of the combination
group (MLN4924+MK-2206) was remarkably
reduced (column 4 vs. 3; column 6 vs. 5)
(Figure 3(b)). Taken together, MK-2206 synergis-
tically suppresses breast cancer cell survival with
MILN4924.
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Figure 3. AKT inhibitor MK-2206 enhances the suppression of survival in breast cancer cells by MLN4924.

A total of 300 cells were seeded in triplicate in 60-mm dishes and treated with different concentrations of MLN4924 (0, 100, 200 nM)
alone or in combination with MK-2206 (100 nM). After 7 days, colonies were stained (a) and counted (> 50 cells in a colony) (b). Rate
of colony formation (%) = colony number/300*100% (mean+ SEM, n = 3). **p < 0.01.

AKT inhibitor MK-2206 enhances the suppression
of migration in breast cancer cells by MLN4924

In addition, the activation of AKT is essential for many
events during metastasis including the escape of can-
cer cells from the tumor environment, in which AKT
upregulates matrix metalloproteases (MMPs) to med-
iate matrix degradation [22]. Next, we explored the
synergistic effect of MK-2206 with MLN4924 on can-
cer cell metastasis. To evaluate the ability of cell migra-
tion, a wound healing assay and a transwell migration

assay were performed. As shown in Figure 4(a), at 48 h
following drug treatment, 1) MK-2206 alone had
minimal, if any, effect on cell migration; 2)
MLN4924 alone remarkably inhibited cell migration;
and 3) compared to MLN4924 alone, the combination
group significantly suppressed cell migration.
Furthermore, the transwell migration assay also
showed that remarkably fewer cells passed through
the polycarbonate membrane, considered as the
migrated cells, in the combination group than the
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Figure 4. AKT inhibitor MK-2206 enhances the suppression of migration in breast cancer cells by MLN4924.

(a) Cells were seeded in 6-well plates and treated with MLN4924 (1 uM) for 24 h, followed by MK-2206 treatment (1 puM) for 24 h.
After serum starvation for 12-18 h, the cells were photographed at 0 h, 24 h and 48 h after a pipette tip was used to scratch across
the well. Data were shown as the relative wound area normalized to the control (meanz SEM, n = 3). (b) Cells (1x10%) were treated
with the indicated agents and then seeded into the upper chamber containing serum-free medium. After 24 h, cells were fixed and
stained, followed by photography and counting (mean+ SEM). (c) Cells were treated with the drugs for 48 h, followed by western

blotting using the indicated antibodies. *** p < 0.001.

MLN4924 group (Figure 4(b)). Meanwhile, the levels
of MMPs (MMP2, 7, and 9), migration markers, and
vimentin, a mesenchymal marker, were further
decreased in the combination group, compared with
those in the MLN4924-only group (Figure 4(c)).
Taken together, MK-2206 could enhance the suppres-
sion of cell migration induced by MLN4924.

AKT inhibitor MK-2206 enhances the induction of
apoptosis induced by MLN4924

Given that apoptosis is a well-known mechanism for
MLN4924-induced suppression of cell growth,
finally, we determined whether MK-2206 could
synergistically induce cell apoptosis with MLN4924.
First, SK-BR3 and MDA-MB231 cells were treated
with various concentrations of MLN4924 with or
without MK-2206. FACS analysis showed the follow-
ing: 1) MK-2206 alone had no effect on cell apoptosis,

and 2) the combination group induced remarkably
more apoptosis than MLN4924 treatment alone, as
reflected by a much higher percentage of Annexin V
+ population in the combination group (Figures 5(a,
b), left panel, a representative FACS profile; and right
panel, the percentage of Annexin V+ population,
n = 3). Then, DNA fragmentation assay also showed
that the induction of apoptotic DNA fragmentation,
a key feature of apoptosis, in the combination group
is more evident than that in the MLN4924-only
group (Figure 5(c)). Finally, increased cleavage of
PARP and Caspase 3 in the combination group was
also enhanced, compared with the MLN4924-only
group (lane 4 vs lane 3, lane 6 vs lane 5, lane 8 vs
lane 7), in both SK-BR3 and MDA-MB231 cells
(Figure 5(d)). Meanwhile, MK-2206 significantly
blocked AKT activation induced by MLN4924 treat-
ment, as evidenced by the change of phosphorylated
AKT on S473 (Figure 5(d)). Taken together, these
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Figure 5. AKT inhibitor MK-2206 enhances the induction of apoptosis induced by MLN4924.

(a, b) Cells were treated with MLN4924 (0, 0.3, and 1 pM) alone or in combination with MK-2206 (1 puM). After 48 h, the cells were
harvested and stained using the Annexin V-FITC apoptosis detection kit. Cells with Annexin V* staining located in the right upper
and lower quadrants were considered as apoptotic cells (meant SEM, n = 3). (c) Cells were treated with the drugs for 48 h, followed
by DNA extraction. Then, DNA samples were analyzed by agarose gel electrophoresis and were photographed. (d) Cells were
incubated with various concentrations of MLN4924 (0, 0.1, 0.3, and 1 uM) for 24 h, followed by MK-2206 (0.5 or 1 uM) or DMSO for
24 h. Cells were harvested for western blotting using indicated antibodies.

data demonstrate that MK-2206 synergistically
enhances the induction of apoptosis induced by
MILN4924.

Discussion

Breast cancer is characterized by a high prevalence in
women and various molecular subtypes that are asso-
ciated with the reaction to treatment and patient prog-
nosis [23,24]. At present, targeted therapy for breast
cancer is mainly based on the amplified RTK path-
ways, such as HER2 and EGFR [25]. However, thera-
pies targeting RTKs are limited by mutations in the

kinases and their downstream targets. Thus, the dis-
covery of novel targeting therapies for breast cancer is
receiving much attention.

MILN4924 is a novel potent small molecule inhibi-
tor of NEDD8-Activating Enzyme (NAE) [26] and has
proved its antitumor activity in HER2-and estrogen
receptor (ER)-positive breast cancer cell lines
[10,11,27]. An obvious advantage of MLN4924 over
Bortezomib, the first FDA-approved general protea-
some inhibitor for the treatment of relapsed/refractory
multiple myeloma [28,29], is that MLN4924 selec-
tively inhibits the degradation of a specific set of
cellular proteins regulated by CRL E3 ligases (limited



cytotoxicity), whereas Bortezomib blocks the degrada-
tion of all proteins through 26S proteasome (higher
cytotoxicity) [29]. However, cancer cells developed
MLN4924 resistance through the development of het-
erozygous mutations in the NAEP subunit of NAE
[12]. Here, we found that AKT activation may also
contribute to MLN4924 resistance.

Previous studies showed that highly increased levels
of phosphorylated AKT were discovered in trastuzu-
mab-resistant HER2-positive breast cancer cells and
proteasome inhibitors treating HER2-positive and
TNBC cell lines [30,31], which partially explains the
occurrence of drug resistance and unsatisfactory clin-
ical efficacy. This suggests that AKT inhibitors may
overcome trastuzumab resistance or sensitize breast
cancer cells to proteasome inhibitors. Indeed, strategic
drug combination with agents inhibiting AKT activa-
tion significantly enhances the tumor suppression
efficacy of the abovementioned targeted therapies
[30,31]. In our study, we found that MLN4924 acti-
vates the AKT pathway in a feedback manner to
promote survival signaling in both HER2-positive
and TNBC cell lines, which may contribute to
MLN4924 resistance. We further validated that a
highly selective AKT inhibitor, MK-2206, synergisti-
cally boosts the antitumor activity of MLN4924 via the
inhibition of cell growth and migration and the induc-
tion of apoptosis.

The mechanism of AKT activation by MLN4924, as
a potential cause of drug resistance, may be involved in
its complex interaction with the mammalian target of
rapamycin (mTOR). The mTOR pathway is com-
posed of two complexes, mMTORC1 and mTORC2,
which are structurally and functionally distinct. By
stimulating the phosphorylation of S6K1 and
4E-BP1, mTORC1 mainly promotes cell growth,
while mTORC2 promotes cell proliferation and survi-
val by phosphorylating and activating AKT [32].
DEPTOR is a natural inhibitor of both mTORCI
and mTORC2 [33] and a physiological substrate of
the CRL1FT™P E3 ligase [34-36]. MLN4924, serving as
an inhibitor of CRL E3 ligases, causes the accumula-
tion of DEPTOR to block the activity of mTORCI in
dose- and time-dependent manners in SK-BR3 and
MDA-MB231 cells [27]. It is worth noting that AKT
can be activated by relieving the feedback inhibition
from S6K1 to PI3K, known as crosstalk between
mTORC1 and mTORC2 [37]. Thus, increased
DEPTOR induced by MLN4924 treatment may
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activate AKT in a feedback manner by inhibiting
mTORC1, which needs to be further proved by future
studies, such as a rescue experiment by depletion of
DEPTOR. Interestingly, a previous study showed that,
under serum-free conditions, MLN4924 can directly
activate AKT at low concentrations through the
induction of EGFR dimerization [38]. Taken together,
the mechanism of AKT activation by MLN4924 may
include 1) feedback activation through mTORCI inhi-
bition by accumulation of DEPTOR during late-stage
MILN4924 treatment and 2) direct activation by pro-
moting EGFR dimerization during early-stage
MLN4924 treatment.

In summary, our study demonstrates the following:
1) MLN4924 acts as a potent antitumor therapy in not
only HER2-positive but also TNBC cell lines, 2)
MILN4924 activates the AKT pathway as a pro-survi-
val signal, and 3) combination with the AKT inhibitor
MK-2206 synergistically enhances the tumor suppres-
sion capability of MLN4924. Thus, our study provides
the proof-of-concept evidence for the strategic drug
combination of MLN4924 with an AKT inhibitor for
maximal tumor suppression via the inhibition of
growth and migration and the enhancement of
apoptosis.
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