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Abstract
Here, we aimed to investigate the carcinogenic effects of apolipoprotein C1 (APOC1) in prostate

cancer (PCa). APOC1 expression was evaluated in PCa and normal prostate specimens, and

lentivirus-mediated RNA interference was used to knockdown APOC1 in DU145 cells. The

effects of APOC1 silencing on cell proliferation, cell cycle arrest, and apoptosis were assessed.

APOC1 expression was much higher in PCa tissues than in normal tissues. Moreover, APOC1

silencing inhibited cell proliferation and colony formation, arrested cell cycle progression, and

enhanced apoptosis in DU145 cells. Additionally, APOC1 silencing decreased survivin, phospho-

Rb, and p21 levels and increased cleaved caspase-3 expression. These data supported the procar-

cinogenic effects of APOC1 in the pathogenesis of PCa and suggested that targeting APOC1may

have applications in the treatment of PCa.
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1 INTRODUCTION

In 2017, prostate cancer (PCa) is estimated to be the third leading

cause of cancer-related death among men in the United States of

America, second only to lung and colorectal cancers.[1] In China, the

rates of PCa-related morbidity and mortality have increased by 5%

within the last decade.[2] In 1941, Nobel Prize winners Huggins and

Hodges confirmed, for the first time, that androgen ablation ther-

apy had an obviously curative effect on PCa; thus, this therapeutic

approach has become a standard treatment for metastatic PCa.[3]

Unfortunately, almost all patients with PCa undergo a transition from

hormone-dependent to hormone-independent cancer and eventually

develop castration-resistant PCa (CRPC), which has an average sur-

vival time of only 18 months.[4–6] Currently, the treatment options for

CRPC are limited and primarily include radiotherapy or chemother-

apy, which can only temporarily extend the patient's life and does not

completely control or cure the disease. In recent years, biological-
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targeted therapy for CRPC has become a hot research topic. There-

fore, it is important to identify the CRPC-associated genes to improve

our understanding of this disease and identify novel therapeutic

targets.

Apolipoproteins, as important lipoproteins, are involved in sustain-

ing the lipoprotein structure, modulating the interplay between

lipoproteins and cellular receptors, and regulating the activi-

ties of enzymes associated with the metabolism of intravascular

lipoproteins.[7] Apolipoprotein C1 (APOC1), which is located on

chromosome 19, is the smallest apolipoprotein (only 6.6 kDa) and a

component of both triglyceride-rich lipoproteins and high-density

lipoproteins, which are important in the metabolism of plasma

lipoproteins.[8,9] Previous studies have shown that APOC1 is involved

in numerous biological processes, including cholesterol catabolism,

membrane remodeling, and dendritic reorganization, through its inter-

actions with apolipoprotein E (ApoE).[10,11] Additionally, APOC1 is

highly expressed in the liver, but only weakly expressed in the skin and
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fatty tissues in transgenic mice.[12,13] APOC1may disrupt the removal

of low-density lipoprotein (LDL) from the blood by suppressing the

uptake of LDL granules in the liver.[14,15] Several studies have shown

that APOC1 is related to the progression of multiple diseases, such as

diabetic nephropathy, type 1 or type 2 diabetes, Alzheimer's disease,

and glomerulosclerosis.[16–20] Moreover, Berbee et al. [21] reported

that the modulatory effects of APOC1 on inflammation decrease the

number of gram-negative bacteria and further prevent mice from

dying of sepsis.

Recent studies have shown that APOC1 may be associated

with the development of breast cancer, pancreatic cancer, and lung

cancer[15,22,23]; however, the role of APOC1 in PCa has not been

reported. Accordingly, in this study, we knocked down APOC1 expres-

sion in PCa cell lines using RNA interference (RNAi) technology and

then explored the effects of APOC1 on PCa in vitro.

2 MATERIALS AND METHODS

2.1 Reagents and antibodies

Ham's F12 medium and fetal bovine serum (FBS) were purchased

from Gibco (Carlsbad, CA, USA) and Biowest (Kansas City, MO,

USA), respectively. Dulbecco's modified Eagle's medium (DMEM) and

Roswell Park Memorial Institute-1640 (RPMI-1640) were purchased

from Hyclone (South Logan, UT, USA). Lentivirus packing vectors,

including the short hairpin RNA vector pGreenPuro shRNA Cloning

and Expression Lenti-vector, and pHelper plasmid Lentiviral Packag-

ing Mix, were from Hollylab (Shanghai, China) and Sigma (St. Louis,

MO, USA), respectively. TRIzol RNA isolation reagent and nuclease-

free water were obtained from Invitrogen (Carlsbad, CA, USA). IQ

SYBRGreenSupermixwas fromBio-Rad (Hercules, CA,USA).Moloney

murine leukemia virus reverse transcriptase (M-MLV RT) was pur-

chased fromPromega (Madison,WI, USA). 3-(4,5)-Dimethylthiahiazo(-

z-y1)-3,5-di-phenytetrazoliumromide (MTT) and crystal violet were

obtained from Sigma. Anti-APOC1 antibodies were from SAB (College

Park,MD,USA). Anti-survivin, anti-Rb, anti-phospho-Rb (Ser807/811),

anti-p-21, and anti-cleaved caspase-3 antibodieswere purchased from

Cell Signaling Technology (Danvers, MA, USA). Anti-glyceraldehyde 3-

phosphate dehydrogenase antibodies were from Proteintech (Rose-

mont, IL, USA). Goat anti-rabbit IgG-horseradish peroxidase was from

Santa Cruz Biotechnology (Dallas, TX, USA). Other chemical reagents

used in the experiments were all obtained from Sangon Biotech

(Shanghai, China).

2.2 Oncomine analysis

The publicly available Oncomine cancer microarray database

(www.oncomine.org) was used to determine the clinical value of

APOC1 expression in PCa. Four independent datasets, including Singh

Prostate, Liu Prostate, Lapointe Prostate, and Tomlins Prostate, which

contained a total of more than 300 samples, were applied to compare

APOC1 expression in PCa (199 cases) and normal specimens (125

cases). Furthermore, the correlation between APOC1 expression level

and Gleason score was analyzed in the Singh Prostate dataset (52 PCa

cases).

2.3 Cell culture

Human embryonic kidney cells (HEK293T; American TypeCultureCol-

lection [ATCC], Manassas, VA, USA) was maintained in DMEM supple-

mented with 10% FBS. DU145 and PC-3 PCa cells (ATCC) were cul-

tured in Ham's F12 medium supplemented with 10% FBS, and 22RV1

and LNCap PCa cells were maintained in RPMI-1640 supplemented

with 10% FBS. All cells were incubated at 37◦C in a humid atmosphere

containing 5%CO2.

2.4 Lentivirus construction and cell infection

We designed the following short hairpin (shRNA) sequences to

knockdown the expression of APOC1 (NM_001645): 5′-GCTGAAGGA

GTTTGGAAACAC-3′ (S1) and 5′-GACATTTCAGAAAGTGAAGGA-3′

(S2); the negative control shRNA sequence was 5′-TTCTCCGAA

CGTGTCACGT-3′. The annealed stem-loop-stem oligos were lig-

ated into the pGreenPuro vector through BamHI/EcoRI restriction

enzyme cutting sites to fabricate pGreenPuro-shAPOC1 (S1/S2)

and pGreenPuro-shCon. The recombinant plasmids were verified by

the sequencing. Then, the recombinant pGreenPuro-shRNA plasmid

and helper plasmid Lentiviral Packaging Mix were transfected into

HEK293T cells using Lipofectamine 2000 to prepare lentivirus accord-

ing to themanufacturer's directions.

DU145 cells were infected with recombinant lentivirus contain-

ing shAPOC1 (S1/S2) and negative control (shCon) at a multiplicity of

infection of 40 for 120 h. Then, the expression of green fluorescent

protein, whichwas contained in the vector, was observed through fluo-

rescencemicroscopy (Olympus, Tokyo, Japan) to evaluate the infection

efficiency.

2.5 Quantitative reverse transcription polymerase

chain reaction andWestern blot analysis

For quantitative reverse transcription polymerase chain reaction

(qRT-PCR) analysis, total RNAs were extracted from cells using TRIzol

reagent, and reverse transcription was performed to synthesize cDNA

using M-MLV RT according to the manufacturer's instructions. Subse-

quently, qRT-PCR analysis was carried out using SYBR Green with a

Bio-Rad Connet Real-Time PCR platform (Bio-Rad). The primers used

were as follows: APOC1 (forward: 5′-CGGTCCTGGTGGTGGTTCTG-

3′ and reverse: 5′-GTTTGATGCGGCTGATGAGTTCC-3′) and 𝛽-

actin (forward: 5′-GTGGACATCCGCAAAGAC-3′ and reverse:

5′-AAAGGGTGTAACGCAACTA-3′). For Western blot analysis, cells

were and lysed in 2× sodium dodecyl sulfate (SDS), and equal amounts

of protein were separated by SDS-polyacrylamide gel electrophoresis

on 10% gels and transferred to polyvinylidene fluoride membranes

(Millipore, Bedford, MA, USA). After blocking in 5% bovine serum

albumin, the membranes were sequentially probed with primary anti-

bodies, incubated with secondary antibodies, and detected using ECL

http://www.oncomine.org
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F IGURE 1 APOC1 expression was high in prostate cancer tissues and was related to Gleason score. (A) Four independent datasets from
Oncomine cancer database, including SinghProstate, Liu Prostate, Lapointe Prostate, and Tomlins Prostate, were analyzed to determine the differ-
ential expression of APOC1 between prostate cancer and normal tissues. (B) The association between APOC1 expression and Gleason score was
evaluated in Singh Prostate dataset. *P< 0.05

Plus Western Blotting Detection Reagents (Amersham, Pittsburgh,

PA, USA), as described previously.[24]

2.6 Cell proliferation assay

For MTT assays, cells infected with shAPOC1 (S1/S2) and shCon were

seeded at a density of 2.5× 103 cells/well in 96-well plates. After incu-

bation for 1–5 days, MTT (20 𝜇L, 5.0 mg/mL) was added to each well.

The cells were incubated for 4 h, followed by the addition of 100 𝜇L

acidic isopropanol overnight. The optical density was measured using

an EpochMicroplate Spectrophotometer (BioTek,Winooski, VT, USA).

For colony formation assays, cells infected with shAPOC1 (S1/S2)

and shCon were seeded at a density of 500 cells/well in 6-well

plates. After culturing for 2 weeks, cells were immobilized with 4%

paraformaldehyde and stained with crystal violet. Finally, the colonies

were observed and counted by light microscopy (Olympus).

2.7 Flow cytometry assay

For cell cycle assays, cellswereharvested, fixed in 70%ethanol, stained

in 500 𝜇L phosphate-buffered saline (PBS) containing 50 𝜇g/mL pro-

pidium iodide and 100 𝜇g/mL RNase A. After incubation, the cell cycle

distributionwasmeasured using a flow cytometer (Beckman, Brea, CA,

USA).

For cell apoptosis assays, cells were harvested, washed with PBS,

and then stained using an Annexin V-APC/7-AAD Apoptosis Assays

Kit (KeyGEN Biotech, Nanjing, China) according to the manufacturer's

instructions. Finally, apoptosis was analyzed by flow cytometry.
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F IGURE 2 Lentivirus-mediated shRNA successfully downregulated the expression of APOC1 in DU145 cells. (A) The expression level of APOC1
in four different PCa cell lines was determined byWestern blot assays. (B) Representative images of DU145 cells infected with shCon, shAPOC1
(S1), and shAPOC1 (S2). (C and D) Knockdown efficiency of APOC1mRNA was analyzed by quantitative real-time PCR. (E) Knockdown efficiency
of APOC1 protein was analyzed byWestern blotting. ***P< 0.001

2.8 Statistical analysis

GraphPad Prism software (version 6.0; La Jolla, CA, USA) was used to

carry out statistical analysis. The data are shown as means ± standard

deviations and analyzed using Student's t tests. ResultswithP values of

less than 0.05were considered statistically significant.

3 RESULTS

3.1 APOC1was highly expressed in PCa tissues and

was associatedwith Gleason score

First, we analyzed the expression level of APOC1 using data from the

Oncomine cancer database and found that APOC1 was significantly

upregulated in PCa tissues compared with that in normal tissues in all

four independent datasets, including Singh Prostate (P= 2.21E−5), Liu
Prostate (P = 4.53E−5), Lapointe Prostate (P = 5.06E−6), and Tomlins

Prostate (P = 9.45E−5; Figure 1A). Moreover, APOC1 expression was

significantly upregulated in PCa tissues with a Gleason score equal to

or greater than 7 in the Singh Prostate dataset (P< 0.05; Figure 1B).

3.2 Lentivirus-mediated shRNA successfully

knocked down the expression of APOC1 in DU145

cells

At the start of the study, we performedWestern blot analysis to detect

the expression level of endogenous APOC1 in different PCa cell lines,

including DU145, PC-3, 22RV1, and LNCaP cells, to choose a suitable

cell model. As shown in Figure 2A, APOC1was highly expressed in four
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F IGURE 3 Knockdown of APOC1 expression inhibited prostate cancer cell growth. (A) Proliferation curves of DU145 cells infected with shCon,
shAPOC1 (S1), and shAPOC1 (S2)were generated usingMTT assays. (B) Representative images of colony formation assays inDU145 cells infected
with shCon, shAPOC1 (S1), and shAPOC1 (S2). (C) Quantitative analysis of colony formation. **P< 0.01, ***P< 0.001

PCa cell lines, particularly DU145 cells. Therefore, DU145 cells were

used for subsequent analyses.

DU145cellswere then transfectedwith shConor shAPOC1(S1/S2),

and the transfection efficiency reached 90%, as detected by fluores-

cence microscopy (Figure 2B). Furthermore, the results of qRT-PCR

andWestern blot assays showed that APOC1 was dramatically down-

regulatedatboth themRNA (P<0.001; Figures2Cand2D) andprotein

levels (Figure 2E) in DU145 cells.

3.3 Knockdown of APOC1 expression inhibited PCa

cell growth

Wenext explored the effects ofAPOC1knockdownonPCa cell growth

by MTT and colony formation assays. The results showed that the cell

proliferation rates of shAPOC1 (S1) and shAPOC1 (S2) groups were

significantly lower than that of the shCon group (Figure 3A; P< 0.001).

Moreover, knockdown of APOC1 in DU145 cells obviously decreased
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F IGURE 4 Knockdown of APOC1 expression caused cell cycle arrest and apoptosis in prostate cancer cells. (A) Representative flow cytometry
images of the cell cycle distribution inDU145 cells infectedwith shCon, shAPOC1 (S1), and shAPOC1 (S2). (B)Quantitative analysis of the cell cycle
distribution. (C) Quantitative analysis of cells in sub-G1 phase. (D) Representative flow cytometry images of apoptosis in DU145 cells infectedwith
shCon, shAPOC1 (S1), and shAPOC1 (S2). (E) Quantitative analysis of apoptosis. *P< 0.05, **P< 0.01, ***P< 0.001

the size and number of colonies in comparison with that in the shCon

group (Figures 3B and 3C; P < 0.001). These results confirmed that

knockdown of APOC1 impaired PCa cell growth.

3.4 Knockdown of APOC1 expression caused cell

cycle arrest and apoptosis in PCa cells

We further investigated the effects of APOC1 knockdown on cell cycle

progression and apoptosis by flow cytometry. As shown in Figures 4A

and 4B, knockdown of APOC1 expression increased the percentage of

cells in G0/G1 and G2/M phases (P < 0.05, P < 0.01, P < 0.001, respec-

tively) but decreased the percentage of cells in S phase (P < 0.001).

Moreover, the percentage of cells in sub-G1 phase was signifi-

cantly higher in APOC1-knockdown groups than that in the control

group, indicating that downregulation of APOC1 promoted apoptosis

(Figure 4C; P < 0.01, P < 0.001, respectively). Consistent with this,

Annexin V-APC/7-AAD apoptosis assays revealed that 14.5% and

35.4% of DU145 cells in the shAPOC1 (S1) and shAPOC1 (S2) groups

were apoptotic, whereas only 6.3% of cells in the shCon group were

apoptotic (Figures 4D and 4E). These results suggested that knock-

down of APOC1 expression in DU145 cells arrested the cell cycle at

G2/M phase and enhanced apoptosis.
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F IGURE 5 Knockdown of APOC1 expression affected the expres-
sion levels of downstream proteins. (A) Survivin, Rb, phospho-Rb, p21,
and cleaved caspase-3 levels were analyzed by Western blotting in
DU145 cells infected with shCon, shAPOC1 (S1), and shAPOC1 (S2).
(B) Themodel forAPOC1-dependent regulationof downstreamsignal-
ing pathways

3.5 Knockdown of APOC1 expression affected the

expression levels of downstream proteins

Because knockdown of APOC1 expression induced cell cycle arrest

and apoptosis, we then examined which downstream signaling path-

wayswere regulated byAPOC1 silencing.Western blot assay revealed

that knockdown of APOC1 expression decreased survivin, phospho-

Rb, and p21 levels and increased cleaved caspase-3 expression

(Figure 5A). Therefore, knockdown of APOC1 expression regulated

survivin/Rb/p21/caspase-3 downstream signaling pathways in DU145

cells (Figure 5B).

4 DISCUSSION

In the current study, we found that APOC1 was overexpressed in PCa

specimens and that APOC1 expression was strongly associated with

Gleason score, suggesting that APOC1 may be a potential diagnostic

marker in PCa progression. Consistentwith these findings, APOC1has

been reported to be a promising serum marker for the diagnosis and

treatment of multiple cancers, such as gastric cancer,[25] pancreatic

cancer,[26] colorectal cancer,[27] thyroid carcinoma,[28] and non-small

cell lung cancer.[29]

Detection of alterations in proliferative ability is commonly used

to assess the effects of novel oncogenes in tumors. In this study, we

found that knockdown of APOC1 expression inhibited cell prolifera-

tion, arrested the cell cycle at G2/M phase, and promoted apoptosis in

DU145PCa cells in vitro. Similarly, Takano et al.[23] showed that inhibi-

tion of APOC1 expression suppressed cell survival and induced apop-

tosis in pancreatic cancer. Additionally, other apolipoproteins, such as

apolipoprotein J/clusterin (CLU) and ApoE, may also be involved in the

progression of human tumors. Trougakos et al.[30] showed that silenc-

ing of CLU suppressed cell growth and enhanced spontaneous apopto-

sis in osteosarcoma and PCa cells. Chen et al.[31,32] found that down-

regulation of ApoE that was closely associated with APOC1-induced

cell cycle arrest in G2 phase and apoptosis in ovarian cancer cells.

Survivin, a novel anti-apoptotic gene, has been shown tobe involved

in regulation of the cell cycle and apoptosis.[33,34] High expression of

survivin accelerates the G1 to S transition in the cell cycle and further

increases cell proliferation ability.[35] Furthermore, survivin, through

its interaction with the cell cycle regulator CDK4, induces the release

of p21 and phosphorylation of Rb and exerts its anti-apoptotic effects

by interacting with caspase-3, which could reduce DNA repair ability

and induce apoptotic cell death once activated.[36,37] Additionally, p21

is a critical cell cycle regulator and can suppress multiple cyclin/CDK

complexes, leading to dephosphorylation of Rb protein and thereby

inducing cell cycle arrest.[38] In our study, we found that APOC1 silenc-

ing decreased survivin, phospho-Rb, and p21 levels, but upregulated

cleaved caspase-3 expression. These findings suggested that knock-

down of APOC1 expression may mediate PCa cell survival, partly via

the regulation of survivin/Rb/p21/caspase-3 signaling pathways.

5 CONCLUSIONS

We found that APOC1 mediated cancer cell survival, cell cycle distri-

bution, and apoptosis by regulation of survivin/Rb/p21/caspase-3 sig-

naling pathways, suggesting that APOC1 may be an important molec-

ular event linked to PCa. Further studies are needed to elucidate the

functionofAPOC1 in vivo; such studiesmay facilitate thedevelopment

of novel therapeutics for PCa through targeting APOC1.
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