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Abstract. Overexpressed in lung cancer 1 (OLC1) is a 
potential oncogene overexpressed in human lung cancer 
and in other types of malignant tumor. The elevated expres-
sion of OLC1 contributes to tumor genesis and progression. 
However, the mechanisms regulating the expression of 
OLC1 remain unclear. In the present study, using lung 
and esophageal cancer cell lines, it was demonstrated that 
OLC1 was a short-lived, cell cycle-dependent protein regu-
lated through the anaphase-promoting complex/cyclosome 
(APC/c)-ubiquitin pathway by directly interacting with 
the APC2 subunit. Through the action of two co activator 
proteins, cadherin 1 (Cdh1) and cell-division cycle protein 20 
(Cdc20), the OLC1 protein was ubiquitinated and degraded. 
Following treatment with a proteasome inhibitor, OLC1 
protein levels were elevated. Inversely, the upregulation of 
Cdh1 and Cdc20 facilitated OLC1 degradation. By inducing 
point mutations of the assumed degradation motif of OLC1, 
it was revealed that an intact destruction (D)-box was neces-
sary. As expected, the D-box-mutated OLC1 exhibited a 
higher capacity for promoting cell growth and clone forma-
tion. Collectively, these findings indicate that the expression 
of the candidate oncogene OLC1 is cell cycle-dependent and 

is regulated by an APC/c mediated ubiquitin-proteasome 
pathway.

Introduction

The occurrence and development of malignant tumors is a 
complicated process, and numerous oncogenes and tumor 
suppressor genes are involved. Overexpressed in lung cancer 
1 (OLC1) is a relatively novel candidate oncogene, which 
was originally discovered by Yuan et al (1) using suppression 
subtractive hybridization. It was identified that OLC1 was more 
highly expressed in squamous cell lung tumors compared with 
normal bronchial epithelial cells, and that it promoted tumor 
formation in nude mice. Similarly, it was also demonstrated that 
OLC1 was up regulated in human esophageal carcinoma and 
contributed to the proliferation of esophageal cancer cells (2).

The OLC1 gene was first designated as increased sodium 
tolerance 1 (IST1), which has also been identified and 
studied in non-lethal yeast mutants (3,4). It encodes a protein 
that participates in the disassembly of endosomal sorting 
complexes (5,6). It was reported that the human IST1 gene, 
now known as OLC1, may serve a significant function in cyto-
kinesis in mitosis, as demonstrated in HeLa cells (7). As it is 
highly conserved and vital for organisms ranging from yeast to 
humans, studying the mechanisms that control OLC1 expres-
sion may provide a greater insight into its physiopathological 
function in human tumor genesis and progression.

A preliminary investigation indicated that OLC1 maybe 
degraded through the ubiquitin proteasome pathway and that 
cigarette smoke condensate (CSC) may affect this degrada-
tion (8). Through a bioinformatics analysis of the OLC1 
protein, destruction (D)-box motif (amino acid sequence, 
RXXLXXXXN) was identified at amino acids 12‑20. This 
motif is essential for the recognition and subsequent degradation 
of the protein by the anaphase-promoting complex/cyclosome 
(APC/c) (9,10). As the destruction of APC targets is regulated 
by two activators, cell-division cycle protein 20 (Cdc20) and 
cadherin 1 (Cdh1) (11-13), these activators are also predicted 
to govern the degradation of OLC1. Previous studies regarding 
this topic predominantly focused on the effects of CSC on 
OLC1 stability (8), whereas the present study explores the 
in-depth mechanism by which OLC1 is degraded through the 
ubiquitin proteasome pathway.
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In the present study, it was revealed that OLC1 interacted 
with the APC/c through the APC2 subunit, assisted by two 
coactivator proteins, Cdh1 and Cdc20. The up regulation of 
Cdh1 and Cdc20 accelerated OLC1 degradation, whereas the 
down regulation of Cdh1/Cdc20 resulted in OLC1 protein 
accumulation. In addition, the D-box sequence was char-
acterized, as this motif was a critical determinant of OLC1 
degradation. Mutations of the D-box motif enhanced OLC1 
protein stability and induced an increase in cell growth and 
colony formation.

Materials and methods

Cell lines, cell culture and synchronization procedures. A 
stable OLC1-overexpressing cell line KYSE150/GFP-OLC1 
and its null control cell line KYSE150/GFP were constructed 
as previously described (2). H1299 human lung carcinoma cells 
were purchased from the American Type Culture Collection 
(Manassas, VA, USA). KYSE150/GFP, KYSE150/GFP-OLC1 
and H1299 cells were cultured in RPMI-1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; HyClone; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml 
penicillin, 100 µg/ml streptomycin and 400 µg/ml G418 in a 
humidified atmosphere with 5% CO2 at 37˚C.

To synchronize the cells at the G0 phase, the cells were 
incubated in RPMI-1640 medium without serum for 72 h. The 
cells were transferred into fresh RPMI-1640 medium with 
serum for subsequent incubation. Then cells were collected 
every 2 h.

For G2/M phase arrest, cells were incubated with 
400 ng/ml nocodazole (Sigma-Aldrich; Merck KGaA, 
Darmstadt, Germany) for 16 h. Following nocodazole treat-
ment, cells were transferred into completeRPMI-1640 medium 
as described, and collected every 2 h.

Reverse transcription polymerase chain reaction (RT‑PCR). 
Total RNA was extracted from treated KYSE150/GFP cells with 
TRIzol reagent (Thermo Fisher Scientific, Inc.), and RNA (6 µg) 
was reverse-transcribed according to the manufacturer's protocol 
(Super Script™ First-Strand Synthesis System for RT-PCR kit; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). For PCR 
amplification, 1 µl cDNA solution was used as a template. The 
primer sequences used for the 435-bp OLC1 product were as 
follows: Forward, 5'-ACA GTG GGA GAG AGC ACG TT-3' and 
reverse, 5'-GCA CCT TGT CCT TTC TCT GC-3'. The sequences 
for the 299-bp GAPDH product were as follows: Forward, 
5'-GCT GAG AAC GGG AAG CTT GT-3' and reverse, 5'-GCC 
AGG GGT GCT AAG CAG-3'. The thermo cycling conditions for 
OLC1 are: 94˚C for 5 min, 94˚C for 30 sec, 58˚C for 30 sec, 72˚C 
for 1 min, 30 cycles, and 70˚C for 7 min. The thermo cycling 
conditions for GAPDH are: 94˚C for 4 min, 94˚C for 30 sec, 58˚C 
for 30 sec, 72˚C for 30 sec for 20 cycles, and 70˚C for 4 min.

Protein stability experiments. In order to identify the half-life 
of OLC1, the protein synthesis inhibitor cycloheximide (CHX; 
Sigma-Aldrich and Merck KGaA, Darmstadt, Germany, 
100 µg/ml) was added to the cell culture, and cells were collected 
at a range of time intervals. In order to ensure the effect of 
the proteasome on OLC1 degradation, MG132, a proteasome 

inhibitor, was added to the cell culture. The cells were incubated 
with CHX alone or with CHX and 20 µM MG132 for a range 
of durations (4, 8, 12 and 16 h), or with CHX and a range of 
MG132 concentrations (5, 10 and 20 µM). For each experiment, 
dimethyl sulfoxide (DMSO) was used as a control.

Immunoprecipitation and western blot analyses. Cells were 
harvested by washing twice with PBS and scraping away the 
cells, which were lysed in a lysis buffer on ice for 40 min. The 
composition of the lysis buffer was as follows: PBS, 2 µg/ml 
aprotinin, 2 µg/ml leupeptin, 1% NonidetP-40 and 100 µg/ml 
phenylmethylsulfonyl fluoride. The lysates were harvested via 
centrifugation at 4˚C at 16,000 x g for 20 min, and the super-
natants were extracted to collect complete protein samples.

For immunoprecipitation, 500 µg total cellular protein 
lysate was incubated with ~2 µg of the indicated antibodies, 
including OLC1 rabbit anti-human polyclonal antibody 
(ready for use), which was prepared and purified using the 
purified recombinant glutathione-S-transferase-OLC1 by 
Wuhan Sanying Biotechnology, Wuhan, China (1) and actin 
mouse anti-human monoclonal antibody (ready for use; 
cat. no., sc-8432; Santa Cruz Biotechnologies, Santa Cruz, 
CA, USA) at 4˚C for 6 h and then incubated with 20 µl 
A/G-agarose beads (Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) overnight at 4˚C. Next, immune complexes was 
harvested via centrifugation at 4˚C at 1,000 x g for 5 min 
and washed 7-8 times with 1% Nonidet P-40. The immuno-
complexed proteins were then subjected to a western blot 
analysis.

For the western blot analysis, 80-100 µg cellular protein 
was resolved via 10% SDS-PAGE and transferred to 
Immobilon‑P polyvinylidene fluoride membranes (Millipore, 
Bedford, MA, USA). Then the membranes were incubated 
in PBS containing 5% nonfat milk at room temperature for 
30 min to block nonspecific binding. Next the membranes 
were incubated at 37˚C for 2 h with the following antibodies: 
OLC1 (dilution, 1:100; Wuhan Sanying Biotechnology, 
Wuhan, China), APC2 (dilution, 1:500; cat. no., sc-517022), 
cyclin A (dilution, 1:500; cat. no., sc-271682), cyclinD1 
(dilution, 1:500; cat. no., sc-246), cyclin E (dilution, 1:500; 
cat. no., sc-247), actin (dilution, 1:1,000; cat. no., sc-8432), 
GFP (dilution, 1:500; cat. no., sc-9996) (all from Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA), Cdc20 (dilu-
tion, 1:2,000; cat. no., NB100-59828; Novus Biologicals, 
LLC, Littleton, CO, USA,) ubiquitin (dilution, 1:1,000; 
cat. no., U5379; Sigma Aldrich; Merck KGaA) and Cdh1 
(dilution, 1:1,000; cat. no., C7855; Sigma Aldrich; Merck 
KGaA) and cyclin B1 (dilution, 1:250; cat. no., 554178; BD 
Biosciences, Franklin Lakes, NJ, USA). The membranes 
were washed in PBS with 0.1% Tween 20 five times and then 
incubated at room temperature for 1 h with a goat anti-mouse 
(cat. no., sc-2005) or goat anti-rabbit (cat. no., sc-2004) horse-
radish peroxidase-conjugated secondary antibody (the two 
antibodies were diluted at 1:1,000 and were purchased from 
Santa Cruz Biotechnology, Inc.). Next the membranes were 
washed five times, and antibody reactivity was visualized 
using a FUJIFILM LAS-4000 machine. Images were edited 
using Multi‑Gauge Fujifilm (version 3; Fujifilm Life Science, 
Tokyo, Japan) and Photoshop CS software (Adobe Systems, 
Inc., San Jose, CA, USA).
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Cell protein ubiquitination assay. Cultured cells were treated 
with 20 µM MG132 or DMSO. Then cells were collected 
andlysed on ice for 30 min with thelysis buffer. Then the lysates 
were centrifuged at 16,000 x g for 20 min at 4˚C. In each immu-
noprecipitation reaction, as described previously, 500 µg total 
cellular protein lysate was incubated with 10 µl of the indicated 
antibody. Then the immune complexes were pulled down and 
analyzed with western blotting. Using an anti-ubiquitin anti-
body, the polyubiquitinated OLC1 protein was probed.

Plasmid mutation and cell transfection. pEGFP-N1 and 
pEGFP-N1-OLC1 plasmids were supplied by Professor 
Shujun Cheng of the Chinese Academy of Medical Sciences 
and Peking Union Medical College (Beijing, China). 
pCMV-Myc-Cdh1 and pCMV-Myc-Cdc20 plasmids were 
provided by Professor James Hsieh of Washington University 
(Seattle, WA, USA) and pCMV-3 plasmids were obtained 
from the State Key Laboratory of Molecular Oncology 
(Beijing, China).

In order to identify the specific sequences that acted 
as potential degradation signals for OLC1, a generated 
D-boxsite-directed mutation construct, pEGFP-N1-mut-OLC1, 
was produced in conjunction with Shanghai Gene Chem Co., 
Ltd. (Shanghai, China). For cell transfection, H1299 cells were 
seeded onto 35-mm plates 1 day prior to transfection to allow 
cells to reach 95% confluence at the time of transfection. To 
prepare each plate, 10 µl Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) and 4 µg plasmid DNA were 
added to 500 µl RPMI-1640 medium without antibiotics. The 
solutions were mixed lightly, left to stand for 20 min at room 
temperature, diluted with 3 ml RPMI-1640 medium without 
antibiotics, and added to the plates to stand for 6 h at 37˚C. Next, 
4 ml RPMI-1640 medium from each plate was exchanged for 
an equal volume of RPMI-1640 medium supplemented with 
10% FBS, and plates were incubated for an additional 48 h. 
Cells were then harvested.

Small interfering RNA (siRNA) construction and cell 
transfection. siRNA for Cdh1 and Cdc20 were constructed 
by Jikai Biotechnology, Inc. The Cdh1 siRNA sequence was 
5'-UGA GAA GUC UCC CAG UCA GdTdT-3' and the Cdc20 
siRNA sequence was 5'-AAA CCT GGC GGT GAC CGC TAT-3'.

For cell transfection, H1299 cells were seeded onto 35-mm 
plates 1 day prior to transfection to allow the cells to reach 
70% confluence at the time of transfection. To prepare each 
plate, 4 µg siRNA and 10 µl Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) were added to 500 µl 
RPMI-1640 medium without antibiotics. The solutions were 
mixed gently, sitting for 20 min at room temperature, diluted 
with 3 ml RPMI-1640 medium without antibiotics and added 
to the plates to sit for 6 h at 37˚C. Next, 4 ml RPMI‑1640 
medium from each plate was exchanged for an equal volume 
of medium with 10% FBS, and plates were incubated for 48 h. 
Cells were then harvested.

Cell proliferation assay and colony formation. Cells in 
the exponential growth phase were seeded at a density of 
3,000 cells per well in 12-well plates, in triplicate. Cells were 
then counted every 24 h for 5 days to produce a growth curve. 
All experiments were repeated three times.

At 24 h after transfection, cells transfected with each 
specific plasmid were seeded in RPMI‑1640 with 10% FBS 
and 400 µg/ml G418 at a density of 1,000 cells per well in 
six-well plates in triplicate. After 14 days, the cells were 
washed with PBS, fixed in cold methanol and stained with 
0.5% crystal violet for 10 min at room temperature. Colonies 
with more than 50 cells were counted. All experiments were 
repeated three times.

Statistical analysis. SPSS version 11.5.0 (SPSS, Inc., Chicago, 
IL, USA) was used to perform all statistical analyses. A 
Student's t-test was used for comparison between two groups. 
The differences between multiple groups were analyzed using 
a one‑way analysis of variance and Fisher's least significant 
difference test as a post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

OLC1 expression is cell cycle‑dependent. To explore 
whether the expression of OLC1 is associated with cell cycle 
progression, two cell cycle synchronization approaches were 
adopted in order to detect the OLC1 protein expression in 
KYSE150/GFP cells. By means of serum starvation, cells were 
synchronized at the G0 phase. Cells were arrested at the mitotic 
phase with the microtubule inhibitor nocodazole. Cells were 
subsequently collected every 2 h, and the expression of OLC1 
protein was analyzed with western blot assays. The expression 
of cyclin B1, D1, A and E were analyzed to assess cell cycle 
progression. As presented in Fig. 1A, following serum starva-
tion, OLC1 protein was highly expressed during most of the 
G0/G1 phase, remained at relatively low levels at the S phase 
and demonstrated a slightly elevated level in the G2/M phase. 
Similar results were obtained in the experiments performed 
using no codazole to synchronize cells at the mitotic phase 
(Fig. 1B). In an additional experiment, the mRNA expression 
of OLC1 was examined, which demonstrated relatively little 
change throughout the whole cell cycle (Fig. 1C). In conclu-
sion, these observations indicate that OLC1 protein expression 
is cell cycle-dependent and that it is primarily regulated via 
post‑translational, and not transcriptional, modification.

OLC1 protein is short‑lived and its stability is regulated by 
the ubiquitin proteasome pathway. Considering that the OLC1 
protein expression was determined to be cell cycle-dependent, 
similar to the cyclins, the half-life of OLC1 protein was not 
expected to be long. Following treatment with the protein 
synthesis inhibitor CHX for a range of times, the half-life of 
OLC1 was analyzed. OLC1 protein expression decreased to 
~50% at 8 h of CHX treatment compared with the expression 
observed at 0 h and in the untreated control cells (Fig. 2A), 
suggesting that OLC1 protein has a rapid turnover rate. Given 
that 80-90% of intracellular proteins are degraded by the 
ubiquitin proteasome pathway, it was predicted that OLC1 
protein stability may be regulated though this mechanism. 
Therefore, the selective proteasome inhibitor MG132 was 
used to treat KYSE150/GFP and KYSE150/GFP-OLC1 cells 
with or without CHX, which was followed by an analysis of 
endogenous and exogenous OLC1 protein expression. The 
addition of different concentrations of MG132 resulted in 
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an increase in OLC1 expression compared with cells treated 
only with CHX. Similarly, with increasing MG132 treat-
ment times, OLC1 protein expression levels were increased 
accordingly (Fig. 2B and C). This suggests that OLC1 protein 
degradation is regulated by the ubiquitin proteasome pathway. 
Subsequently, immune precipitation as says with an anti-OLC1 
antibody was performed to further confirm this. Ubiquitin 
was detected in the OLC1 immuno complex, and as expected, 
the amount present was increased following the addition of 
MG132 (Fig. 2D).

OLC1 protein is degraded by APC/c. The OLC1 protein 
sequence was analyzed and a D-box motif was identified 
(amino acids 12-20; Fig. 3A). In the process of ubiquitina-
tion and degradation of proteins, D-box motifs are often the 
recognition sites for the E3 ligase of the APC/c (7,8). Thus, 
it was hypothesized that the E3 ligase of APC/c may facili-
tate OLC1 ubiquitination. In the APC/c, APC2 is the most 

important subunit, as it acts as the connector with the target 
protein. Therefore, the interaction between OLC1 with APC2 
was examined. The results demonstrated that OLC1 directly 
interacts with APC/c through its APC2 component (Fig. 3B), 
which indicates that OLC1 protein ubiquitination and degrada-
tion are mediated by the APC/c pathway.

The activation of APC/c also requires the associa-
tion with proteins containing tryptophan aspartate. Cdc20 
(termed Fizzy in Drosophila) and Cdh1 (Fizzy-associated in 
Drosophila) have been identified as two of these activators, 
and have been demonstrated to activate APC/c E3 ligase 
and stimulate substrate degradation. These two proteins may 
directly interact with the APC/c and serve important functions 
as limiting, substrate‑specific activators of APC‑dependent 
proteolysis (11,12). To confirm whether Cdh1 or Cdc20 were 
required for OLC1 protein degradation, Cdh1 and Cdc20 
expression was transiently up regulated individually in H1299 
cells; it was revealed that the increase of each protein resulted 
in a reduction in OLC1 protein expression (Fig. 3C). On the 
contrary, the down regulation of the endogenous Cdh1 or 

Figure 2. OLC1 protein expression with CHX and MG132 treatment. 
(A) Following treatment with 100 µg/ml CHX, KYSE150/GFP cells were 
collected for western blot analysis of OLC1 protein expression at the indi-
cated times. KYSE150/GFP and KYSE150/GFP-OLC1 cells were co-treated 
with CHX (100 µg/ml) and MG132 at (B) different concentrations (5, 10 
and 20 µM MG132) or (C) for different lengths of time (4, 8, 12 and 16 h) 
with 20 µM MG132, with the DMSO, negative control and MG132-negative 
groups collected for analysis after 16 h of treatment. Results are representa-
tive of three independent experiments. (D) With (+) or without (-) treatment 
with 20 µM MG132, KYSE150/GFP-OLC1 cells were incubated for 16 h, 
collected and lysed for IP with an anti-OLC1 antibody. Ubiquitins were 
detected in the immunocomplex, and the presence of OLC1 was verified. 
IP with an anti-actin antibody was used as a negative control. OLC1, over-
expressed in lung cancer 1; CHX, cycloheximide; IP, immunoprecipitation.

Figure 1. Expression of OLC1 throughout the cell cycle. (A) Using serum 
starvation, KYSE150/GFP cells were synchronized at the G0 phase. 
Following release, cells were collected every 2 for 24 h. The protein expres-
sion of OLC1, cyclin D1, cyclin A and actin was analyzed using western 
blot analysis. (B) Using 0.4 µg/ml nocodazole, KYSE150/GFP cells were 
synchronized at the mitotic phase. Following release, cells were collected 
every 2 for 24 h. The protein expression of OLC1, cyclin B1, cyclin D1, 
cyclin A, cyclin E and actin was analyzed using western blot analysis. 
(C) Using reverse transcription polymerase chain reaction, the mRNA 
expression of OLC1 and GAPDH were detected. OLC1, overexpressed in 
lung cancer 1.
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Cdc20 via siRNAs resulted in the increased expression of 
OLC1 (Fig. 3D and E). From the above results, it was posited 
that Cdh1 and Cdc20 are involved in the process of OLC1 
degradation.

Mutated D‑box domains interfere with OLC1 protein 
degradation and accelerate cell growth and colony forma‑
tion. In the present study, the analysis of the OLC1 protein 
sequence revealed that it contained a D-box (amino acids 
12-20). Generally, substrates containing a D-box or KEN-box 
domain are recognized by the APC/c E3 ligase, assisted by 
Cdc20 and Cdh1 (11,12). Therefore, it was hypothesized that 
the D-box domain mediated the ubiquitination-dependent 
destruction of OLC1 proteins. The conserved D-box motif 
was point-mutated, as presented in Fig. 4A, and it was 
assessed whether this mutation had an effect on OLC1 protein 
stability. H1299 cells were co-transfected with D-box-mutated 
GFP-OLC1 (GFP-mut-OLC1) and different concentrations of 
Cdh1 or Cdc20 expression vectors. As expected, the increased 
expression of Cdh1 and Cdc20 did not promote the degrada-
tion of the mutated OLC1, suggesting that the identified D‑box 
motif was the critical sequence required for OLC1 ubiquitina-
tion and the subsequent degradation (Fig. 4B).

Previous studies have demonstrated that OLC1 is an onco-
genic protein, as the induced overexpression of OLC1 results 
in anchorage-independent growth in vitro and malignant trans-
formation in vivo. Additionally, OLC1 has been identified as 
overexpressed in multiple types of malignant tumor, including 
in lung cancer and esophageal squamous carcinoma (1,2). 
Thus, additional experiments were performed to confirm if 

the cells with mutated OLC1 may exhibit more malignant 
characteristics. First, a cell growth assay was performed; the 
growth curve revealed that H1299 cells expressing OLC1 with 
a mutated D-box grew significantly faster compared with 
those expressing wild-type OLC1 (Fig. 4C). This indicated 
that the D-box mutated OLC1 exhibited a greater capacity 
to facilitate cell growth. Colony formation assays were also 
conducted; the cells expressing mutant OLC1 developed a 
significantly higher number of colonies compared with the 
control cells (Fig. 4D and E). These results indicated that the 
mutated D-box motif was not recognized by APC/c E3 ligase, 
affecting the subsequent degradation of the OLC1 protein. 
Overall, non-degradable OLC1 presents a greater oncogenic 
capacity compared with wild-type OLC1.

Discussion

The OLC1 gene is located in chromosome 16q22.2. When it 
was first identified in non‑lethal yeast mutants in 1999, it was 
named the IST1 gene (14). In yeast, IST1 participates in the 
multi vesicular body (MVB) sorting pathway, in which certain 
membrane proteins are sorted into the lumen of the vacuole 
for their eventual degradation (15,16). The gene product 
of IST1/OLC1 in different organisms is highly conserved, 
including between yeast and humans. In humans, a previous 
study identified that OLC1 was essential for cytokinesis, 
another membrane scission event that is topologically similar 
to MVB formation, and that the depletion of OLC1 resulted 
in the accumulation of multinucleated cells (7). Cytokinesis 
is the last stage of the cell cycle, where a cell divides into two 

Figure 3. OLC1 protein is degraded by the APC/c. (A) Analysis of the OLC1 protein sequence indicated that it contains a destruction box at the site of amino 
acids 12-20, which may be recognized by APC/c. (B) To investigate whether OLC1 may bind directly to the components of the APC/c, KYSE150/GFP-OLC1 
cells were collected, lysed and subjected to IP. The presence of actin, OLC1 and APC2 in the immunocomplex were verified. (C) Different concentrations 
(2, 4 and 8 µg) of Myc-Cdh1/Cdc20 expression or mock vectors were transiently transfected into H1299 cells for 48 h. Then OLC1, Myc-Cdh1 and Myc-Cdc20 
protein expression were evaluated. Actin was included as a loading control. Different concentrations (20, 50 and 100 nM) of (D) Cdh1 or (E) Cdc20 or mock 
siRNA were transiently transfected into H1299 cells for 48 h. Then OLC1, Cdh1 and Cdc20 protein expressions were evaluated. Actin was included as a 
loading control. OLC1, overexpressed in lung cancer 1; APC/c, anaphase-promoting cyclosome complex; IP, immunoprecipitation; Cdh1, cadherin 1; Cdc20, 
cell-division cycle protein 20; siRNA, small interfering RNA.



ZHANG et al:  UBIQUITIN-DEPENDENT DEGRADATION OF OLC1 BY APC/c2644

daughter cells, passing the same amount of genetic material 
to each daughter cell. Therefore, abnormal cytokinesis will 
result in the uneven distribution of the chromosomes in the 
cell, inducing cell genome instability and potentially leading 
to the development of a tumor (17,18).

A previous study regarding OLC1 studied it from another 
angle; the OLC1 gene was identified as a potential oncogene, 
that was highly expressed in lung cancer, in 2008 (1). It was 
identified that the over expression of OLC1 was associated 
with smoking history in patients with lung cancer, and that 
this overexpression induced tumor formation in athymic mice, 
whereas the knockdown of OLC1 increased apoptosis and 
decreased colony formation. It was also revealed that cigarette 
smoke may increase OLC1 protein expression at the cellular 
level (8). Previous studies have revealed that the OLC1 protein 
is highly expressed in numerous malignant tumor types, 
including esophageal squamous cancer, colorectal cancer, 
breast cancer and ovarian cancer. Furthermore, high expres-
sion levels of OLC1 are associated with a poor prognosis in a 
number of these cancer types (2,19-21).

However, until the present study, few studies focused 
on the molecular regulatory mechanism controlling OLC1 
expression. Given the critical function of OLC1 from yeast to 
humans, studying how OLC1 is regulated may provide further 
insight into human tumor genesis. In the present study, it was 

demonstrated that OLC1 protein may be cell-cycle-dependent 
with a short half-life, and that it may be degraded through the 
APC/c-mediated proteasome pathway.

Two approaches for cell cycle synchronization were 
conducted in order to study the expression pattern of OLC1 
during the entire cell cycle. Given that the expression of 
numerous other cyclins fluctuates in different phases of the 
cell cycle, cyclins A, B1, D1 and E were examined to determine 
the dynamic changes in OLC1 expression in the cell cycle. 
The OLC1 protein exhibited higher expression levels during 
the G0/G1 phase compared with the other phases, whereas the 
mRNA expression levels of OLC1 demonstrated little change 
across the entire cell cycle. In conclusion, the expression of 
OLC1 is regulated through post-transcriptional mechanisms 
during the cell cycle.

Mammalian cells contain two distinct major proteolytic 
pathways. One important non-lysosomal mechanism for the 
degradation of intracellular proteins is the ubiquitin-prote-
asome pathway (22,23). Ubiquitin and ubiquitin ligase 
post-translationally modify the abundance of target proteins, 
including oncogenes or tumor suppressor genes, and thereby 
alter their effect. For example, the Akt signaling pathway has 
many important biological functions, while its deregulation is 
associated to the development of numerous types of malignant 
tumors in humans. Although previous studies have primarily 

Figure 4. Mutated D-box domains interfere with OLC1 protein degradation and accelerate cell growth and colony formation. (A) A schematic representation 
of the D-box degradation signal within OLC1. Numbers denote amino acid numbers where the D-box lies, and the conserved sequence motif is annotated. The 
mutation scheme for the OLC1 D-box is indicated. (B) H1299 cells were co-transfected with 4 µg OLC1 (D-box mutant) plasmids and different concentrations 
of human Myc-Cdh1/Cdc20 expression vectors for 48 h. OLC1, Cdh1 and Cdc20 protein expression were evaluated using western blot analysis. Actin was 
probed as a loading control. (C) H1299 cells were transfected with 4 µg pEGFP-N1, pEGFP-N1-OLC1 or pEGFP-N1-mut-OLC1. Mean values with standard 
deviations were calculated to produce a cell proliferation curve. The results were obtained in three independent experiments. *P<0.05 vs. wild-type OLC1. 
(D) A colony formation assay of H1299 cells was performed following transfections of a mutated or wild-typeOLC1 expression vector for 24 h and (E) the 
number of colonies were counted. The results were obtained from three independent experiments. *P<0.05 vs. control cells. OLC1, overexpressed in lung 
cancer 1; D-box, destruction box; Cdh1, cadherin 1; Cdc20, cell-division cycle protein 20.
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focused on Akt phosphorylation, other post-translational 
modifications to Akt, including ubiquitination, have been 
demonstrated to serve an important function in Akt activation. 
A previous study revealed that a cancer-associated Akt muta-
tion within the Akt PH domain (E17K) was identified in a range 
of human cancer types, including colon and breast cancer. Akt 
E17K mutants displayed enhanced Akt ubiquitination, contrib-
uting to Akt hyperactivation and constitutive Akt membrane 
recruitment, suggesting a potential role for Akt ubiquitination 
in cancer (24). MDM2 is an E3 ubiquitin ligase with strong 
clinical relevance due to its ability to regulate the tumor 
suppressor p53. By recruiting an E2 ubiquitin-conjugating 
enzyme, MDM2 facilitates the export of p53 from the nucleus 
to the cytoplasm, and targets p53 for ubiquitin-dependent 
proteasome degradation (25).

Similar to the processes revealed for other oncogenes and 
tumor suppressor genes, ubiquitin-mediated proteolysis was 
determined as an important regulator of OLC1 protein expres-
sion. In the present study, it was demonstrated that the expression 
of OLC1 was elevated following treatment with MG132, a 
proteasome inhibitor. OLC1 protein degradation decreased, 
and increased ubiquitin was ligated to OLC1 proteins following 
MG132 treatment. All these results indicate that OLC1 degra-
dation must be regulated by the ubiquitin-proteasome pathway.

A previous study has demonstrated that the interactions 
between OLC1 and other proteins are involved in a range of 
biological processes, including MVB biogenesis, cytokinesis 
and enveloped virus budding (16). In mammalian cells, the 
complete function of OLC1 is required for efficient abscission 
during cytokinesis (5). Additionally, in the process of cytoki-
nesis, the E3 ligase APC/c mediates the ubiquitin-dependent 
proteolysis of cell-cycle-regulating proteins (26,27). Thus, we 
hypothesized that APC/c may function as an E3 ligase for OLC1 
ubiquitination. In a further study, it was revealed that there was 
a conserved D-box motif of RVNLRLVINR within the OLC1 
protein sequence, which is a conserved and well-recognized site 
for E3 ligase APC/c in a number of ubiquitinated substrates (28). 
Additionally, co activators containing tryptophan aspartate are 
also required to assist the activation of APC/c. Two of these 
proteins have been identified as Cdc20 and Cdh1 (13,29). Usually, 
Cdc20 targets D-box-containing substrates, whereas Cdh1 may 
interact with either the D-box or KEN box of proteins (11,30). 
Consistent with this, in the present study, immune precipita-
tion as says revealed that OLC1 may directly bind to APC/c 
through the subunit APC2, and either Cdc20 or Cdh1 up regula-
tion induced decreased OLC1 expression. Likewise, cells with 
Cdc20 and Cdh1 down regulated via siRNA exhibited OLC1 
protein stabilization. Furthermore, mutations to the OLC1 
D‑box significantly reduced OLC1 degradation. Collectively, it 
was confirmed that the APC/c mediated ubiquitin‑proteasome 
pathway regulated the degradation of OLC1.

Using constructed wild-type and D-box-mutated OLC1 
plasmids, functional experiments were performed. Growth 
curve and colony formation assays demonstrated that the 
overexpression of the non-degradable OLC1 protein not only 
facilitated cell growth, but also enhanced the clone-forming 
capability of the cells. These findings reveal that the destruction 
of the degradation domain results in the abnormal accumula-
tion of the OLC1 mutant, which could not be degraded through 
the APC/c-mediated ubiquitin-proteasome pathway. These 

malignant cell phenotypes support the idea that OLC1 exhibits 
on cogenic properties.

In conclusion, these findings have the potential to make 
important contributions in clarifying the mechanism of the 
APC/c-mediated destruction of the candidate oncogene OLC1.
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