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ABSTRACT
The anaphase promoting complex/cyclosome (APC/C), a cell cycle-regulated E3 ubiquitin ligase, is
responsible for the transition from metaphase to anaphase and the exit from mitosis. The
anaphase promoting complex subunit 10 (APC10), a subunit of the APC/C, executes a vital
function in substrate recognition. However, no research has reported the connection between
APC10 and cancer until now. In this study, we uncovered a novel, unprecedented role of APC10 in
tumor progression, which is independent of APC/C. First, aberrant increase of APC10 expression
was validated in non-small cell lung cancer (NSCLC) cells and tissues, and the absence of APC10
repressed cell proliferation and migration. Of great interest, we found that APC10 inhibition
induced cell cycle arrest at the G0/G1 phase and reduced the expression of the APC/C substrate,
Cyclin B1; this finding is different from the conventional concept of the accumulation of Cyclin B1
and cell cycle arrest in metaphase. Further, APC10 was found to interact with glutaminase C (GAC),
and the inhibition of APC10 weakened glutamine metabolism and induced excessive autophagy.
Taken together, these findings identify a novel function of APC10 in the regulation of NSCLC
tumorigenesis and point to the possibility of APC10 as a new target for cancer therapy.
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Introduction

Autophagy, an evolutionarily conserved cellular
process, catabolizes cytoplasmic proteins and
damaged organelles to maintain cellular homeos-
tasis [1,2]. A low level of basal autophagy is
required for cells to sustain the normal turnover
of cellular proteins and organelles [3]. In regard to
cancer, autophagy plays a dual role; it either func-
tions in tumor suppression or tumor progression
[4]. In the presence of amino acids, autophagy is
repressed through signaling of the mammalian
target of rapamycin complex 1 (mTORC1), in
which the mTORC1 complex interacts with the
Unc-51-like kinase 1 (ULK1) kinase complex and
directly phosphorylates the ULK1 subunits to inhi-
bit ULK1 kinase activity [5–9]. During amino acid
starvation, mTORC1 signaling is repressed and
autophagy is induced to provide amino acids for
cell survival [10,11]. Glutaminase, the first and the
rate-limiting enzyme in glutaminolysis, is crucial

for glutamine metabolism. Glutaminase C (GAC),
an important isoform of glutaminase, has been
demonstrated to be crucial for cancer initiation
and progression [12–14]. When glutamine meta-
bolism is abolished by inhibiting GAC, mTORC1
signaling is repressed, leading to the induction of
autophagy [15].

The anaphase promoting complex/cyclosome
(APC/C) is a cell cycle-regulated multimeric E3
ubiquitin ligase assembled from 13 individual sub-
units [16,17]. APC/C assembles polyubiquitin
chains on substrates for destruction by the 26S
proteasome [18]. APC/C activity needs two coac-
tivators, cdc20 and cdh1, which interact with the
APC/C and control different parts of the cell cycle
[19]. APC/C-cdc20 targets both securin and Cyclin
B1 for destruction, resulting in the metaphase-
anaphase transition. APC/C-cdh1 also regulates
the exit from mitosis and the maintenance of
early G1 phase [20–22]. In addition to its role in
the cell cycle, APC/C also has cell cycle-
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independent functions. It was reported that a new
centrosome-dependent activity of APC/C-cdc20
could control the morphogenesis of dendrites
[23]. A previous study proposed that APC/
C-cdh1 could regulate the bioenergetic and anti-
oxidant status of neurons by degrading the key
glycolytic enzyme PFKFB3 (6-phosphofructo-
2-kinase/fructose-2,6-bisphosphatase-3) [24]. The
APC/C is also involved in cancer progression.
Many studies have proposed that chemical inhibi-
tion of APC/C is a potential therapeutic strategy in
cancer [25–28]. In human primary multiple mye-
loma cells, the APC/C small molecule inhibitor
proTAME induced the accumulation of Cyclin
B1 and cell cycle arrest in metaphase [29].
A recent study found that inactivation of cdc20
resulted in replicative stress, cell cycle arrest and
cell death, suggesting that APC/C-cdc20 is
a promising target for anti-cancer therapy [30].
The anaphase promoting complex subunit 10
(APC10) is a core subunit of APC/C that is highly
conserved in humans [31]. APC10 genetically and
physically interacts with a series of subunits of the
APC/C [32] and is necessary for the ubiquitination
activity of APC/C by enhancing the affinity of the
APC/C for its substrate [33,34]. Mutation of
APC10 decreased the affinity of APC/C for its
substrate [35,36]. These studies support the notion
that APC10 plays an indispensable role as an APC/
C subunit, but the role of APC10 independent of
the APC/C remains unknown. In this study, we
found an unexpected role in non-small cell lung
cancer (NSCLC) cells that was independent of the
APC/C. APC10 was overexpressed in NSCLC cell
lines compared to human bronchial epithelial cell
lines. APC10 was shown to interact with GAC;
knocking down APC10 downregulated glutamine
metabolism to induce autophagy, resulting in
effective inhibition of the proliferation and migra-
tion of NSCLC cells.

Materials and methods

Reagents

Chloroquine (CQ) and DMSO were bought from
Sigma (C7698, D2650). Thymidine and nocodazole
were purchased from MedChemExpress (MCE, HY-

N1150, HY-13520). Four percent polyformaldehyde
was obtained from Solarbio (Solarbio, P1110). The
APC10 (base:A483-G, A486-C, A489-G, G492-A)mutant
plasmid was purchased from Tsingke. The antibody
against APC10 was ordered from OriGene
(TA319413). The mouse anti-β-actin antibody was
purchased from Proteintech (66009–1-lg). The
mouse anti-HA monoclonal antibody was ordered
from Thermo Fisher Scientific (26,183). The rabbit
polyclonal antibodies anti-LC3B, anti-ULK1,
anti-CDC25A, anti-V5, anti-RB1, anti-CDK1,
anti-CDC25C, anti-Cyclin B1, anti-VDAC, anti-
GAPDH and anti-TBP were purchased from
Proteintech (18725–1-AP, 20986–1-AP, 55031–1-AP,
14440–1-AP, 10048–2-Ig, 19532–1-AP, 16485–1-AP,
55004–1-AP, 10866–1-AP, 60004–1-Ig, 22006–1-AP).
The rabbit polyclonal antibodies anti-ULK1 (phospho
S758) and anti-GAC were purchased from Abcam
(ab156920, ab93434).

Cell culture

The NSCLC cell lines A549, H1299, H358, H292
and SPC-A1 were purchased from ATCC and cul-
tured in RPMI 1640 (Invitrogen, C11875500BT)
medium supplemented with 10% fetal bovine
serum (FBS) (Excell, FCS100). Human bronchial
epithelial (HBE) cells were cultured in airway
epithelial cell basal medium supplemented with
bronchial/tracheal epithelial cell growth kit
(ATCC). Human bronchial epithelial Beas-2b
cells were purchased from ATCC and cultured in
Dulbecco’s modified Eagle medium (DMEM, high
glucose; HyClone, SH30022.01B) supplemented
with 10% FBS. All cells were cultured at 5% CO2

at 37°C.

Patient samples

Fresh samples of human non-small cell lung can-
cer and paired normal tissues were kindly pro-
vided by Dr. Bentong Yu in the Department of
General Surgery from the First Affiliated Hospital
of Nanchang University. All samples were col-
lected with patients‘ informed consent. Samples
were immediately frozen and stored at -80℃
prior to western blot analyses.
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DNA constructs

Human APC10 expression plasmid was con-
structed by PCR with the following primers: 5′-
GCGAATTCGGATGACTACACCAAACAAGA-
C-3′ (forward) and 5′-GCGGTACCTCACCTTAT
TGAACGATACA-3′ (reverse). The construct was
cloned into the pCMV-HA vector using the
restriction enzymes EcoRI and KpnI and verified
by sequencing.

MTT assay

Cells were seeded in 96-well plates at 5000 cells per
well in 200 µl medium supplemented with 10%
FBS for 24 h. Then, the cells were treated with
autophagy inhibitor CQ at a final concentration of
20 μM for 48 h. The cells were next treated with
20 µl MTT (5 mg/ml) solution and incubated for
4 h at 37°C with 5% CO2. Then, the culture med-
ium was removed and 150 µl DMSO was added to
each well, and the cells were incubated on an end-
over-end shaker for 20 min. Finally, the absor-
bance at 570 nm was measured. Measurements
were done in triplicate.

Scratch wound healing assay and transwell
migration assay

For the scratch wound healing assay, the cells were
seeded in 6-well plates to form a confluent mono-
layer of 80–90% confluence. Then, a straight line
was drawn across the monolayer using 200 μl pipet
tips. After washing the wells three times with PBS,
fresh medium with 1% FBS was added, and the
initial lines were photographed using a microscope
(Olympus, IX71). Additional photos were taken at
the indicated time points.

The transwell migration assay was performed
using 8 µm pore size transwell chambers (Corning,
27117026). A total of 105 cells in 0.2 ml medium
containing 1% FBS was seeded in the upper cham-
bers. 500 μl RPMI 1640 supplemented with 10% FBS
was added in the lower chamber of the transwell
device. After incubation at 37°C for 10 h, the cells on
the upper surface of the membrane were removed.
Those on the lower surface of the membrane were
fixed with 4% formaldehyde for 30 min; then the
cells were stained with 2% crystal violet for 15 min

and washed with 1× PBS until the water was clear.
Finally, the cells were photographed using
a microscope (Olympus, IX71).

Crystal violet staining, colony formation assay
and saturation density assay

For the crystal violet staining assay, 3000 cells per
well were seeded in 24-well plates in 500 µl of
RPMI 1640 supplemented with 10% FBS. The
medium was changed every other day. At the
appointed times, the cells were fixed with 4% for-
maldehyde for 30 min and then stained with 2%
crystal violet. Then, the crystal violet was removed,
and 10% acetic acid was added. The dyes were
extracted, and the relative proliferation was deter-
mined by measuring the absorbance at 595 nm.

For the colony formation assay, 500 cells per
well were cultured in 6-well plates in RPMI 1640
supplemented with 10% FBS. The medium was
changed every other day. After 10 days, the cells
were fixed with 4% formaldehyde and then stained
with 2% crystal violet. Images were obtained using
a digital camera (Canon, EOS70D).

For the saturation density assay, 105 cells per
well were cultured in 12-well plates in RPMI 1640
supplemented with 10% FBS. The medium was
changed every other day. After 6 days, the cell
number was counted.

Gene overexpression and knockdown

For gene overexpression, the cells were transfected
with the indicated plasmids using the SuperFectin
DNA Transfection Reagent kit (Pufei, 2102–100),
and the transfection efficiency was determined by
western blot using the relevant antibodies.

For gene knockdown, siRNAs that target APC10
(HSS115911, HSS173597, HSS173598) were pur-
chased from Thermo Fisher (Cat. #1299001).
HSS115911 and HSS173597 were used for knocking
down APC10. The indicated siRNAs or Stealth
RNAiTM siRNA Negative Control from Thermo
Fisher Scientific were transiently transfected into
NSCLC cell lines using Superfectin II In Vitro
siRNA Transfection Reagent (Pufei, 2103–100).
The knockdown efficiency was determined by wes-
tern blot using the relevant antibodies.
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RNA purification and Q-PCR analysis

Total RNA of the NSCLC cell lines was extracted
using TRIzol reagent (Invitrogen, 15596–026).
The cDNA was synthesized using the Prime
Script RT reagent kit with gDNA Eraser
(Takara, RR047A). Q-PCR experiments were
conducted using SYBR Green Premix Ex Taq II
kit (Takara, RR820A). The relative amount of
mRNA expression of target genes was calculated
using the comparative Ct method and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) as
a control. The data were acquired using an ABI
Vii ATM 7 Real-Time PCR System instrument.
All Q-PCR reactions were performed in
triplicate.

Immunoprecipitation and western blot

NSCLC cells were lysed in NP-40 buffer (20 mM
Hepes, pH 7.4, 150 mM NaCl, 20 mM β-glycerol
phosphates, 1 mM Na orthovanadate, 20 mM NaF,
0.5% Nonidet P-40) supplemented with PMSF
(Dingguo, WB0181). Then, the cell lysates were cen-
trifuged at 10,000 × g for 20 min at 4°C. The super-
natants were precleared with protein G agarose
beads (Roche, 11243233001) for 1 h at 4°C. Then,
the supernatants were combined with the indicated
antibodies supplemented with protein G agarose
beads to incubate overnight at 4°C. On the second
day, the immunocomplexes were washed with lysis
buffer. The supernatants were suspended with
2× loading buffer and boiled for 10 min.

For western blotting, the proteins were sub-
jected to 10% SDS-PAGE and then transferred
to a PVDF membrane (Millipore, IPVH00010).
After blocking with 5% skim milk (BD, 232100)
at room temperature for 1 h, the membranes were
incubated with the indicated antibodies overnight
at 4°C. On the follow day, the membranes were
washed 3 times at room temperature with
1× TBST for 10 min each time and incubated
with secondary antibody at room temperature
for 1 h. After being washed 3 times at room
temperature with 1× TBST, the membranes were
stained with ECL western blot detection reagent
(TIANGEN, PA112-01). Proteins were then
visualized using a digital gel image analysis sys-
tem (TANON 5500).

Cell cycle synchronization

We followed the thymidine- and nocodazole-based
(Thy-Noc) synchronization protocol [37]. The cells
were seeded and attached by incubating 6-well
plates with 2 ml medium supplemented with 10%
FBS at 37°C in a humidified atmosphere with 5%
CO2 for 24 h. For the thymidine block, a 200 mM
thymidine stock solution was prepared by dissolving
145.2 mg thymidine powder in 3 mL H2O (or
equivalent amounts) and sterilizing the solution by
filtration through a 0.2 µm pore size filter. Slight
warming can help to dissolve the thymidine. Then,
20 µl of the freshly prepared 40 mM stock was added
to each 6-well plate (final concentration 2 mM). The
cells were incubated with thymidine in a humidified
atmosphere with 5% CO2 at 37°C for 20 h. To
release the cells from the thymidine block, the thy-
midine-containing growth medium was removed in
the afternoon of the following day; the cells were
washed twice with prewarmed 1× PBS, and 2 ml of
complete medium was added to each 6-well plate.
The cells were incubated for 5 h at 37°C in a humi-
dified atmosphere with 5% CO2. For mitotic cell
arrest, we added nocodazole to a final concentration
of 50 ng/ml. A stock solution was prepared by dis-
solving nocodazole powder in DMSO (e.g. 5 mg/ml)
and stored frozen at -20°C. Cells were incubated
with nocodazole for no longer than 10–11 h at 37°
C in a humidified atmosphere with 5% CO2. The
cells were released from nocodazole-mediated arrest
in early M phase.

Cell cycle analysis

The cells were seeded in 6-well plates with each
treatment. Then, the cells were harvested and
washed with 1× PBS, and 70% alcohol in PBS
was added to the cells on ice for 2 h; the cells
were washed with 1× PBS and resuspended with
400 µl guava cell cycle reagent (Millipore,
4700–0160) (PI:585/29). After incubation at 37°C
for 15 min, the cells were analyzed using a BD
FACS Jazz™ Cell Sorter (Becton Dickinson).

Immunofluorescence staining

The cells were cultured in 24-well plates for
18–24 h. Then, the cells were fixed with methanol
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at room temperature for 20 min and washed with
1 × PBS three times. After adding 0.1% Triton
X-100 (Sigma T8787-50) in PBS and incubating
at room temperature for 5 min, the cells were
blocked with 2.5% BSA in PBS for 1 h at room
temperature. The cells were then incubated with
the indicated antibodies for 1 h at room tempera-
ture. After rinsing with 1 × PBS, the cells were
incubated with the indicated rhodamine-
conjugated secondary antibody (Proteintech) for
1 h at room temperature in the dark. Then, the
cells were washed with 1× PBS three times and
mounted with DAPI Fluoromount-G mounting
medium (SouthernBiotech, 0100–20). The F-actin
of cells was stained with TRITC-phalloidin
(Sigma). The cell nuclei were counterstained with
DAPI Fluoromount-G mounting medium.
Immunofluorescence photographs were captured
using an Olympus IX83 inverted microscope and
processed with Olympus CellSens™ Microscope
Imaging Software.

Mitochondria isolation

A mitochondria isolation kit (QIAGEN, 37612)
was used to isolate mitochondria. Approximately
5 × 106 to 2 × 107 cells were collected and cen-
trifuged at 500 × g for 10 min at 4°C. Then, the
cell pellets were resuspended in 1 ml (<1 × 107

cells) or 2 ml (≥1 × 107 cells) ice-cold lysis buffer
and incubated in an end-over-end shaker for
10 min on ice. The cell lysates were centrifuged
at 1000 × g at 4°C for 10 min and the supernatants
were removed. The cell pellets were resuspended
in 1.5 ml ice-cold disruption buffer. The cell
lysates were centrifuged at 1000 × g at 4°C for
10 min. The supernatants were centrifuged at
6000 × g at 4°C for 10 min and the supernatants
were removed. The pellets containing mitochon-
dria were resuspended in 100 μl of storage buffer.

Extraction of cytoplasmic and nuclear proteins

For the extraction of cytoplasmic and nuclear pro-
teins, we used the Nuclear and Cytoplasmic
Extraction Kit (CWBIO Cat. #CW0199S) accord-
ing to the manufacturer’s protocol.

Measurement of glutamic acid and ammonia

Cells were cultured in 100 mm dishes in RPMI 1640
supplemented with 10% FBS. The supernatants were
collected, and the cell pellets were ultrasonically lysed
using an Ultrasonic Processor (Qsonica). For gluta-
mic acid measurement, we used the Glutamic Acid
Measurement Kit (Nanjing Jiancheng Bioengineering
Institute, Cat. #A074) according to themanufacturer’s
protocol. For ammonia measurement, we used the
Blood Ammonia Assay Kit (Nanjing Jiancheng
Bioengineering Institute, Cat. #A086) according to
the manufacturer’s protocol.

Statistical analysis

All experiments were performed in triplicate. All
the data were expressed as the mean ± SD.
ANOVA, and paired t-tests were used to make
statistical comparisons. P < 0.05 was considered
to be statistically significant.

Results

APC10 is overexpressed in NSCLC cell lines and
located in the cytoplasm

Lung cancer is the most common cancer worldwide.
Based on tumor histology, lung cancer is classified as
small cell lung cancer (SCLC) and NSCLC [38].
Compared to SCLC patients, the response of
NSCLC patients to radiation and chemotherapy is
inefficient [39]. Thus, NSCLC treatment urgently
needs a new, more effective therapeutic strategy.
Until now, little has been known about the functions
of APC10 in NSCLC cells. We first examined the
expression of APC10 protein levels in NSCLC tissue
samples. The protein levels of APC10 in NSCLC
tissues were high compared to those in adjacent
normal tissues (Figure 1(a,b)). To profile the expres-
sion pattern of APC10 in NSCLC cell lines, we used
five NSCLC cell lines (A549, H1299, H358, H292
and SPC-A1) and two normal human bronchial
epithelial cell cultures (HBE and Beas-2b) to detect
the expression of APC10. Figure 1(c) shows that
APC10 protein levels were significantly higher in
NSCLC cell lines than in HBE and Beas-2b cells.
The location of APC10 in NSCLC cells is unclear.
In an effort to profile the location of APC10 in
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NSCLC cell lines, we performed immunofluores-
cence staining and found that APC10 was located
in the cytoplasm, especially in the perinuclear area
(Figure 1(d)). Next, we separated the cytoplasmic
proteins from nuclear proteins. Western blot indi-
cated that APC10 was located in the cytoplasm
(Figure 1(e)).

APC10 promotes the proliferation of NSCLC cells

We next examined the functions of APC10 in
NSCLC cells. The proliferation of NSCLC cells
was detected by crystal violet staining. As shown
in Figure 2(a), APC10 knockdown dramatically
retarded the growth of H1299 and H292 cells. To
further confirm the effect, we cotransfected cells

Figure 1. APC10 is overexpressed in non-small cell lung cancer and located in the cytoplasm. (a) The protein levels of APC10 were
determined by western blot using the paired, tumor-adjacent noncancerous lung tissues (normal, N) and human NSCLC tissues
(tumor, T) from 15 NSCLC patients (P1 – P15). (b) The expression of APC10 was quantified in these normal and tumor tissues. The
p value was calculated by paired t test. (c) The protein levels of APC10 in two normal lung cell cultures (Beas-2b and HBE) and five
NSCLC cell lines (H1299, H358, SPC-A1, A549 and H292) were detected by western blot. (d) The location of APC10 was detected by
immunofluorescence staining in five NSCLC cell lines (H1299, H292, A549, H358 and SPC-A1). Cells were stained with anti-APC10 (left
panel, red) and DAPI (middle panel, blue). The merged images are shown in the right panel. Scale bar = 50 µm, magnification:
200 × . (e) The nuclear and cytoplasmic fractions were separated and the location of APC10 was detected by western blot in H1299,
H292, H358 and SPC-A1 cells. TBP: TATA binding protein, GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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with APC10 siRNAs and a mutant APC10 plasmid
that resists APC10 siRNA mediated gene silencing.
We found that the growth caused by APC10 knock-
down was restored in H1299 and H292 cells (Figure
2(b)). Similar results were obtained in a colony
formation assay. The APC10 knockdown signifi-
cantly decreased colony formation by H1299 and
H292 cells (Figure 2(c)). Further, we overexpressed
APC10 in A549 cells. A saturation density assay
indicated that overexpression of APC10 promoted
the growth of A549 (Figure 2(d)).

APC10 knockdown inhibits the migration of
NSCLC cells

We next assessed the possible effects of APC10 on
the migration of NSCLC cells. A wound healing

assay was performed and showed that the migration
rate was markedly attenuated when H1299 and
H292 cells were transfected with APC10 siRNAs
(Figure 3(a,b)). To further confirm the effect,
a transwell assay was performed. The result showed
that the number of migrated cells was reduced
when H1299 cells were transfected with APC10
siRNAs (Figure 3(c)). An F-actin staining assay
also showed that the number of pseudopodia was
greatly reduced when APC10 was knocked down in
H1299 cells (Figure 3(d)).

APC10 knockdown arrests the cell cycle in the
G0/G1 phase

A previous study indicated that APC/C inhibition
induced a cell cycle arrest in metaphase and

Figure 2. APC10 promotes the proliferation of NSCLC cells. (a, b) H1299 and H292 cells were transfected with control (CTL) siRNAs or
APC10 siRNAs (a). H1299 and H292 cells were cotransfected with APC10 siRNAs and a mutant APC10 plasmid that resists APC10
siRNA mediated gene silencing (b). Cells were trypsinized, counted and seeded in 24-well plates with 3000 cells per well. At the
indicated times, cells were fixed and stained with crystal violet. Dye was extracted and detected via absorbance at 595 nm
wavelength. The data represent the averages of three independent experiments (mean ± SD). ***P < 0.001, ns: P > 0.05. (c) Colony
formation assay. H1299 and H292 cells were transfected with either control siRNA or APC10 siRNAs. Cells were trypsinized, counted
and seeded in 6-well plates with 500 cells per well. After 10 days, cells were fixed and stained with crystal violet. Representative
wells were photographed and shown. (d) Saturation density assay. A549 cells were transfected with HA-APC10. Cells were
trypsinized, counted and seeded in 12-well plates. After 6 days, cells were trypsinized and counted. The data represent the averages
of three independent experiments (mean ± SD). **P < 0.01.
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resulted in the accumulation of the APC/C sub-
strate, Cyclin B1 [29]. We next detected the effects
of APC10 knockdown on cell cycle progression.
First, we blocked H1299 cells in early mitosis fol-
lowing a synchronization protocol by thymidine
and nocodazole (Thy-Noc) treatment [37]. Then,
cells were transfected with APC10 siRNAs. After
24 h, we detected the effects of APC10 knockdown
on cell cycle progression by flow cytometry. As
seen in Figure 4(a,b), knockdown of APC10
induced cell cycle arrest in the G0/G1 phase. This
result was in contrast to the conventional concep-
tion that APC/C inhibition induces cell cycle arrest
in metaphase. We further examined the protein
levels (Figure 4(c)) of cell cycle-related genes in
H1299 cells with APC10 knockdown and found
that the protein expression patterns were consis-
tent with the cell cycle analysis. CDC25A is
required for progression from G1 to the S phase
of the cell cycle, and it was downregulated.

CDC25C, CDK1 and Cyclin B1 play roles in the
G2/M phase. Because the cell G2/M phase was
reduced, they were downregulated. RB1, as
a negative regulator of the cell cycle, prevents
cells from passing through the G1-S checkpoint,
so RB1 was upregulated. Importantly, the protein
levels of Cyclin B1 were clearly decreased that
were statistically significant (Figure 4(c,d)). To
further confirm the effect, we cotransfected
APC10 siRNAs and a mutant APC10 plasmid
that resists APC10 siRNA mediated gene silencing.
We found that the protein levels of Cyclin B1
caused by APC10 knockdown were restored in
H1299 cells (Figure 4(e)). The mRNA levels of
cell cycle-related genes in H1299 cells with
APC10 knockdown were consistent with the cell
cycle analysis (Supplemental Figure S1(a)). The
mRNA levels of Cyclin B1 were also decreased
when APC10 was knocked down. This further
confirmed that APC10 inhibition reduced, rather

Figure 3. The knockdown of APC10 inhibits the migration of NSCLC cells. (a, b) Scratch wound healing assay. H1299 and H292 cells
were transfected with either control (CTL) siRNA or APC10 siRNAs. The extent of cell migration was photographed at the indicated
times (Olympus, IX71, scale bar = 200 µm, magnification: 100×) (left). The transverse scratch wounds were re-examined and
analyzed using ImageJ software at different sites from each wound area at each time point. The results are presented as the mean ±
SD (right). **P < 0.01. (c) Transwell migration assay. H1299 cells were transfected with either control siRNA or APC10 siRNAs. Cells
were trypsinized, counted and seeded in transwell chambers at 24 h after transfection. After incubation for 10 h, the cells were fixed,
stained and photographed (scale bar = 200 µm, magnification: 100×). (d) F-actin staining assay. H1299 cells were transfected with
either control siRNA or APC10 siRNAs. After 48 h, cells were stained with DAPI as a nuclear marker and phalloidin. The merged
images are shown (scale bar = 50 µm, magnification: 200×).
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than increased, the expression of the APC/C sub-
strate, Cyclin B1. Therefore, these intriguing
results suggested that APC10 might possess new
functions independent of APC/C.

APC10 knockdown downregulates glutaminolysis
by decreasing GAC

We demonstrated that APC10 is located in the
cytoplasm (Figure 1(d,e)). To figure out the precise
molecular mechanism of APC10 in NSCLC, we
performed immunofluorescence staining using
markers specific for organelles in H1299 cells. We
found that the location of APC10 overlapped with
the marker specific for mitochondria (Figure 5(a)),
indicating that APC10 is located at the mitochon-
dria. To further confirm the result, we separated the
mitochondria and microsomal fraction (endoplas-
mic reticulum and plasma membrane) from the
cytosol of H1299 and H292 cells. Western blotting

indicated that APC10 was only located in mito-
chondria (Figure 5(b)). GAC is the key enzyme in
glutaminolysis, and GAC is located in mitochondria
[40]. In our previous study, we demonstrated that
GAC played an important role in the proliferation
and tumorigenesis of NSCLC [41]. We wondered if
APC10 could affect glutaminolysis. Figure 5(c,d)
show that APC10 coimmunoprecipitated with
GAC. To confirm that the interaction between
APC10 and GAC was independent of the APC/C
or other APC/C subunits, we examined the inter-
action of GAC with other APC/C subunits.
Anaphase promoting complex subunit 2 (APC2),
which binds to APC10, constitutes the catalytic
module of the APC/C. APC2 is a core APC/C
subunit involved in the substrate recognition step
and poly-ubiquitin chain extension [42]. Cell divi-
sion cycle protein 27 homologue (CDC27) is also
a core APC/C subunit involved in binding to sub-
strates and cofactors [43]. Therefore, we tested if

Figure 4. The knockdown of APC10 arrests cell cycle at the G0/G1 phase. (a, b) H1299 cells were synchronized in early mitosis. Cells
were then transfected with either control (CTL) siRNA or APC10 siRNAs. After 24 h, cell cycle analysis was done by flow cytometry (A).
The inserts show the quantification of the cell cycle analysis. The data represent the averages of three independent experiments
(mean ± SD). *P < 0.05, **P < 0.01 (b). (c) H1299 cells were transfected with either control siRNA or APC10 siRNAs. The protein levels
of cell cycle related proteins were checked by western blot. (d) The protein levels of Cyclin B1 were quantified by gray analysis. The
results are presented as the mean ± SD. *P < 0.05. (e) H1299 cells were cotransfected with APC10 siRNAs and a mutant APC10
plasmid that resists APC10 siRNA mediated gene silencing. The expression of Cyclin B1 was analyzed by western blot.
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Figure 5. The knockdown of APC10 downregulates glutaminolysis by decreasing GAC. (a) The subcellular location of endogenous APC10 was
detected by immunofluorescence staining in H1299 cells. Cells were stainedwithMito-Tracker Green (green), anti-APC10 (red) andDAPI (blue).
The merged image is shown in the right panel. Scale bar = 50 µm, magnification: 200 × . (b) Cytosol, PM (plasma membrane) and ER
(endoplasmic reticulum), andmitochondria were separated, and the location of APC10was detected by western blot in H1299 and H292 cells.
(c) H1299 cells were transiently transfected with a plasmid expressing HA-APC10. The immunoprecipitates were blotted with anti-HA or anti-
GAC antibodies. WCL: the whole cell lysate. (d) The immunoprecipitates of H1299 cells were blotted with anti-GAC or anti-APC10 antibodies.
(E, F) H1299 cells were transiently transfectedwith a plasmid expressing V5-GAC. The immunoprecipitates of the H1299 cells were blottedwith
anti-V5 and anti-APC2 (E) or anti-CDC27 (f) antibodies. (g) H1299 cells were transfected with either control (CTL) siRNA or APC10 siRNAs. After
48 h, the protein levels of GACwere detected bywestern blot. The GAC intensity was calculated by normalizing against β-actin. (h) H1299 cells
were transfected with either control siRNA or APC10 siRNAs. After 48 h, mitochondria were isolated. The protein levels of GAC in the
mitochondria were detected by western blot. The GAC intensity was calculated by normalizing against voltage dependent anion channel
(VDAC). (i, j) H1299 cells were transfected with either control siRNA or APC10 siRNAs. After 48 h, cells were collected and ultrasonically lysed.
The relative concentrations of ammonia (i) and glutamic acid (j) were detected. The data represent the averages of three independent
experiments (mean ± SD). *P < 0.05, **P < 0.01.
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APC2 or CDC27 could interact with GAC. Figure 5
(e,f) show that APC2 and CDC27 could not interact
with GAC. These results indicated that the interac-
tion between APC10 and GAC was independent of
APC/C. We next examined the effects of APC10 on
the expression of GAC. Figure 5(g,h) show that
knocking down APC10 reduced the expression of
GAC. Glutaminase is known to catalyze the forma-
tion of glutamate and ammonia from glutamine.
We therefore examined the effects of APC10 on
glutamine metabolism by measuring the concentra-
tion of ammonia and glutamate in H1299 cells.
Figure 5(i,j) show that the concentrations of ammo-
nia and glutamate in APC10 knockdown cells were
less than those in control cells. These findings
demonstrated that APC10 regulated glutamine
metabolism through interaction with GAC.

APC10 knockdown induces autophagy by
downregulating glutamine metabolism

A previous study indicated that mTORC1 signal-
ing is repressed to activate autophagy when the
conversion of glutamine to glutamate is abolished
[15]. This finding led us to explore if APC10 could
affect autophagy. During autophagy, microtubule-
associated protein 1 light chain 3 (LC3) is cleaved
to form LC3-I. LC3-I is easily activated and con-
jugated to the amino group of phosphatidyletha-
nolamine and bound to the autophagosome
membrane to form LC3-II (autophagy guideline).
This can be detected by observing the shift in
molecular weight on immunoblots. As shown in
Figure 6(a), we transfected APC10 siRNAs into
H1299 cells stably expressing microtubule-
associated protein 1 light chain 3 fused with
green fluorescent protein (GFP-LC3B). The LC3B
puncta were significantly increased when APC10
was knocked down. We further assessed the
expression levels of LC3-I/II in H1299 cells
(Figure 6(b)). APC10 knockdown decreased the
expression of LC3-Ⅱ; however, lysosome inhibition
by CQ increased the LC3-Ⅱ level in APC10 knock-
down cells compared with that in control cells.
These data indicated that APC10 knockdown
induced autophagy and increased the autophagic
flux. To elucidate if the autophagy induced by
APC10 knockdown was caused by the reduced
GAC level, we overexpressed GAC when APC10

was knocked down, and then detected the LC3-Ⅱ
level. Figure 6(c) shows that overexpressing GAC
could recover the reduced expression of LC3-Ⅱ
caused by APC10 knockdown. This result indi-
cated that the autophagy induced by APC10
knockdown was caused by the disturbance of glu-
tamine metabolism. To confirm whether APC10
induced autophagy by mTORC1-ULK1 signaling,
we assessed the protein levels of phosphor-ULK1
(S758) and total ULK1. As shown in Figure 6(d),
knockdown of APC10 caused a progressive reduc-
tion of phosphor-ULK1. This indicated that ULK1
was activated and autophagy was induced. In can-
cer, autophagy plays a dual role, either functioning
as a tumor suppressor or promoting tumor pro-
gression [4]. To confirm the role of autophagy
induced by knockdown of APC10, we added the
autophagy inhibitor CQ to H1299 cells with
APC10 knockdown and performed an MTT assay
(Figure 6(e)). We found that the growth caused by
APC10 knockdown was restored in H1299 cells
treated with CQ compared with that in control
cells. Collectively, these data revealed that APC10
knockdown induced autophagy by decreasing
GAC and downregulating glutamine metabolism.

Discussion

The APC/C is a cell cycle-regulated multimeric E3
ubiquitin ligase [16,17]. During mitosis and G1
phase of the cell cycle, the APC/C is activated to
regulate the transition from metaphase to ana-
phase and the exit from mitosis [20–22]. In recent
years, the APC/C has been reported to play new
cell cycle-independent functions in nonmitotic
cells and specifically in neuronal structure and
function [44]. APC10 is a core subunit of APC/
C. Previous studies have reported that APC10
plays a critical role in substrate recognition and
APC/C ubiquitination activity [32–36]. These stu-
dies indicated that APC10 plays an indispensable
role as an APC/C subunit when the APC/C exerts
its function normally. However, the role of APC10
independent of the APC/C has not been studied
yet. In this study, we focused on a new role of
APC10 independent of the APC/C in NSCLC cells.
We discovered that APC10 is overexpressed in
NSCLC cell lines and located in the cytoplasm.
We further characterized the biological functions
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of APC10 in the proliferation and migration of
NSCLC cells. The knockdown of APC10 signifi-
cantly inhibited the proliferation and migration of
NSCLC cells, and overexpressing APC10 pro-
moted the proliferation of A549 cells. A previous
study reported that APC/C inhibition induced
a cell cycle arrest in metaphase and resulted in
the accumulation of the APC/C substrate, Cyclin
B1 [29]. However, we performed flow cytometry to
analyze the cell cycle and found that APC10
knockdown arrested the cell cycle in the G0/G1
phase, not metaphase. We also detected the

protein levels of the APC/C substrate, Cyclin B1,
and found that the protein levels of Cyclin B1 were
reduced, not increased. These results indicated
that APC10 might possess a new role in NSCLC
cells independent of the APC/C. GAC, the first
and the rate-limiting enzyme in glutamine meta-
bolism, is involved in cancer initiation and pro-
gression [12–14]. We found that APC10 could
interact with GAC. The knockdown of APC10
decreased GAC protein levels and downregulated
glutamine metabolism. As a consequence, the con-
version of glutamine to glutamate was abolished.

Figure 6. APC10 knockdown induces autophagy by downregulating glutaminemetabolism. (a) H1299 cells stably expressing GFP-LC3Bwere
transfected with either control (CTL) siRNA or APC10 siRNAs and cultured for 48 h. Cells were photographed with fluorescence microscopy
(Olympus, IX71, scale bar = 50 µm,magnification: 200×) (left). The number of cells with GFP-LC3B puncta was counted and analyzed using the
image-pro program. ***P < 0.001 (right). (b) H1299 cells stably expressing GFP-LC3B were transfected with either control siRNA or APC10
siRNAs and treated or not treated with CQ. The expression of LC3 was analyzed by western blot. The LC3-II intensity was calculated by
normalizing against β-actin. (c) H1299 cells were cotransfected with the indicated siRNAs and V5-GAC plasmid or vector. The expression of
LC3 was analyzed bywestern blot. (d) H1299 cells were transfected with either control siRNA or APC10 siRNAs. The protein levels of phosphor-
ULK1 (p-ULK1 [S758]) and total ULK1 were detected bywestern blot. (e) H1299 cells were transfected with the indicated siRNAs and treated or
not treated with CQ. The MTT assay was used to assess the growth rate. The data represent the averages of three independent experiments
(mean ± SD). **P < 0.01.
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This further led to the induction of autophagy
through inhibition of the mTORC1-ULK1 axis.

In conclusion, we discovered a new role of
APC10 in NSCLC cells that was independent of
APC/C. We proved that APC10 was overexpressed
in NSCLC cells and patient tissues; such overex-
pression might be a promising biomarker for the
diagnosis of NSCLC. We also found that APC10
was a potential regulator for the proliferation and
migration of NSCLC cells. The molecular mechan-
ism was found to be the regulation of glutamine
metabolism by APC10 through interaction with
GAC, which induces autophagy. This function of
APC10 was independent of APC/C. However, the
precise mechanism by which APC10 regulates
GAC is still not clear. The changes of GAC expres-
sion level caused by APC10 may be the effect of
ubiquitination. Therefore, we will investigate the
precise mechanisms of how APC10 regulates GAC
in the next step. Regardless, our study, for the first
time, connected a cell cycle-related protein to glu-
tamine metabolism, and this work may shed new
light on exploring the regulatory mechanisms of
cancer metabolism.
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