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Abstract

A proliferation-inducing ligand (APRIL) is highly expressed in colorectal cancer (CRC) tissues and cell lines. However, the
biological functions and precise signals elicited by APRIL in CRC have not been fully understood. Here, we used small
interfering RNA to selectively deplete APRIL and to determine its tumorigenic effects in a CRC cell line SW480 both in vitro
and in vivo. Knockdown of APRIL in SW480 cells was associated with modulation of cell proliferation as well as reduction of
cell migration and invasion in vitro. Moreover APRIL-knockdown SW480 cells displayed markedly inhibited tumor growth
and decreased metastasis to the liver in immunodeficient mice upon subcutaneous injection. Importantly, we observed that
downregulation of APRIL in SW480 cells resulted in greatly decreased activity of phosphoinositide 3-kinase (PI3K)/Akt
pathway. In addition, we observed that recombinant human APRIL mediated activation of the PI3K/Akt pathway in CRC cells
resulting in induced expression of important cell cycle proteins and matrix metalloproteinases in a PI3K/Akt dependent
manner. This was concurrent with marked cell growth viability as well as increased cell migration and invasion. Together,
these compelling data suggest that APRIL-induced tumorigenesis and metastasis of CRC cells may be accomplished through
activation of the PI3K/Akt pathway. These findings may lead to a better understanding of the biological effects of APRIL and
may provide clues for identifying novel therapeutic and preventive molecular markers for CRC.
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Introduction

Colorectal cancer (CRC) is a major public health problem in the

United States and globally. In the United States, it is the third

most common cancer and the third leading cause of cancer

mortality if men and women are considered separately [1].

Occurrence of metastases due to tumor progression is the cause of

the majority of cancer-related deaths. Despite much progress in

diagnostic and therapeutic methodology, the prognosis for CRC

patients remains poor. Recently, advances in molecular biology

have led to an increased knowledge of the mechanisms underlying

CRC development. Recent large-scale sequencing and other

genomic analyses of human colorectal tumors indicate that there

are up to 80 nonsilent mutations in each tumor and that individual

tumors have different mutations. Although the mutations are

many and varied, classification of common and rare mutations

revealed that 38 pathways are disrupted with particular frequency,

and many of these pathways intersect with phosphoinositide 3-

kinase (PI3K) signaling [2]. The PI3K signaling pathway plays an

essential role in cancer cell proliferation, survival, metabolism,

motility and invasion. It is frequently deregulated in CRC cells,

making it an attractive therapeutic target [2,3,4]. Upregulated

cytokines, growth factors, and their receptors observed in CRC

cells via PI3K probably represent a principal contribution to

tumorigenesis.

APRIL (a proliferation-inducing ligand, also known as TRDL-

1, TALL-2, and TNFSF13), is a member of the tumor necrosis

factor (TNF) superfamily, with homologous structure and function

to several other cytokines in this family. It was discovered as a

cytokine over-expressed by transformed cells and could stimulate

cellular proliferation [5,6]. APRIL is predominantly expressed by

tumor tissues such as colon carcinoma, pancreatic cancer, gastric

cancer, and by normal immune cells such as B cells, monocytes,

macrophages, dendritic cells, neutrophils, epithelial cells, T-cells

and by some non-immune cells such as osteoclasts. Recent studies

have analyzed the tumor-promoting role of APRIL in patients

with hematological malignancies or with solid tumors. Aberrant

expression of APRIL and the subsequent activation of pro-survival

pathways may allow the survival of several hematological

malignancies [6,7,8,9]. In solid tumor cells, studies have been

restricted to the proliferation or survival activity implicated in the

natural growth of tumors, which is consistent with the current

concept that inflammatory reactions constitute an important part

of tumor development [5,10,11]. There are different opinions
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about the secretion of APRIL produced by tumor cells or by

tumor-infiltrating cells. Mhawech-Fauceglia et al [10] demon-

strated that tumor-infiltrating neutrophils present in the stoma

rather than the tumor cells, were the major source of APRIL. This

is in contrast to a recent study by V Lascano et al [12], who

demonstrated that APRIL produced by both tumor and non-

tumor cells had a clear tumor-promoting effect in colorectal

tumorigenesis. However, downstream signaling cascades activated

by APRIL that may be involved in tumor formation have yet to be

characterized. We recently confirmed that APRIL is overex-

pressed in digestive system carcinomas, specifically in the colon

and pancreas [13,14,15]. APRIL is more highly expressed in

tumors than in normal colon, and APRIL-knockdown inhibited

the migration and invasion of colorectal cancer cells in vitro [16].

Furthermore, serum APRIL levels measured by ELISA in patients

with pancreatic cancer suggested that APRIL has a positive

diagnosis and prognosis value for pancreatic cancer [15]. These

preliminary studies indicate that APRIL may have an important

role in carcinogenesis and tumor progression.

The present study investigated the role of APRIL in colorectal

carcinogenesis and characterized APRIL-mediated signal trans-

duction. Human CRC cell lines and immunodeficient mice were

used to evaluate the effects of knockdown of APRIL on key

features of the carcinogenic and metastatic process. We assessed

the role of APRIL in cell proliferation, cell cycle, migration and

invasion in CRC cell lines and identified the related molecular and

cellular components. Using these CRC cells and xenograft model

tissues, we suggest that APRIL could be related to tumorigenesis

and metastasis. Moreover, we observed that APRIL stimulation

mediated PI3K/Akt pathway signals involved in the regulation of

cell cycle and invasion of carcinoma cells.

Materials and Methods

Ethics statement
The study protocols were approved by the Animal Care and

Research Ethical Committee, College of Medicine, Nantong

University. All animal work was conducted according to relevant

guidelines (Contract 2010-0089). All the patients gave their written

informed consent to participate in the study.

Patients and tissue specimens
CRC tissues were collected from surgical resection specimens of

eight patients who had not undergone radiotherapy or chemo-

therapy in the Affiliated Hospital of Nantong University between

April 2008 and May 2009. Their ages ranged from 45 to 71 years,

with a mean age of 56.9 years. The male: female ratio was 5: 3.

The diagnosis was confirmed histologically in all cases. Tissue

specimens were immediately processed after surgical removal.

Protein was analyzed in eight snap-frozen tumorous and adjacent

nontumorous tissue samples that were stored at 280uC.

Cell culture and reagents
All human CRC cell lines (SW480, HT-29, Colo-205, HCT-

116) were obtained from the Academy of Life Science, Shanghai,

China and were maintained in Dulbecco’s modified Eagle’s

medium (DMEM; Invitrogen, San Diego, CA) supplemented with

10% fetal bovine serum (FBS; Hyclone, Logan, USA) and

antibiotics (100 mg/ml streptomycin and 100 U/ml penicillin) at

37uC in a humidified incubator containing 5% CO2. Human

umbilical vein endothelial cells (HUVEC) were obtained from

Fmgbio, Shanghai, China and were maintained in DMEM/F12

(Gibco). GM6001, LY294002 were purchased from Chemicon

(Temecula, CA, USA). Rapamycin was obtained from Sigma.

Recombinant human APRIL (rhAPRIL) was purchased from

PeproTech Inc. (USA).

Enzyme-linked immunosorbent assay (ELISA) for
detection of secreted APRIL

CRC cell lines were cultured at 37uC in 5% CO2 in DMEM

with 0.5% FBS for 72 h. Cell culture supernatants were collected

and the concentration of APRIL was measured using a human

APRIL ELISA kit (R&D, MN, USA), according to the manufac-

turer’s instructions. The concentration of APRIL was calibrated

from a dose response curve based on reference standards. The

experiment was repeated three times.

Transfection and generation of stable cell lines
Knockdown SW480 cells were generated using short hairpin

RNA directed against human APRIL gene (shAPRIL) constructed

in pGCsi/H1/Neo/GFP plasmid vector (Genechem, Shanghai,

China). Two pairs of chemically-synthesized shAPRIL were

denoted as sh637 and sh1750 [17]. A plasmid carrying a

nontargeting control (NTC) sequence was used as a shRNA

control (shNTC). Transient transfections were performed as

previously described [14]. At 48 h post-transfection, cells were

harvested and subjected to proliferation assay, cell cycle analysis,

invasion and migration assays and APRIL mRNA levels were

determined by reverse-transcription (RT)-PCR. For stable trans-

fections, the recombinant vectors were transfected with lipofecta-

mine 2000 (Invitrogen) and stable transfectants were selected with

600 mg/ml G418. G418-resistant transfectants were cloned to

establish cell lines and analyzed by RT-PCR for APRIL mRNA

expression. Stable transfected SW480 cells were prepared for

animal experiments.

Semiquantitative RT-PCR
Total RNA isolation from cultured cells at 80% confluency

using TRIzol (Invitrogen), generation of cDNA using Super-

ScriptTMIII (Fermentas, USA) according to standard protocols,

and subsequent PCR was carried out with the following primer

pairs (59–39): APRIL, ACTCTCAGTTGCCCTCTGGTTG and

GGAACTCTGCTCCGGGAGACTC; MMP-2,

GATGCCGCCTTTAACTGG and TCAGCAGCCTAGC-

CAGTCG; MMP-9, GCACCACCACAACATCACCTAT and

CACAACTCGTCATCGTCGAAA; TIMP-1, CAGAAGT-

CAACCAGACCACCT and ATTCCTCACAGCCAACAGTG;

GAPDH, ACGCATTTGGTCGTATTGGG and TGATTTTG-

GAGGGATCTCGC. GAPDH was screened as the control

housekeeping gene. The PCR products were run on a 1.5%

agarose gel, stained with ethidium bromide and visualized by UV

illumination. Bands were quantified by densitometry using ImageJ

software (http://rsb.info.nih.gov/ij/).

Cell proliferation assay
Cell proliferation assays in vitro were performed using a Cell

Counting Kit-8 (CCK-8; Donjindo, Japan) according to the

manufacturer’s instructions. shAPRIL SW480 cells, shNTC

SW480 cells and nontransfected SW480 cells were seeded in 96-

well plates in DMEM with 0.5% FBS at a density of 46103 cells/

well. APRIL-stimulated HCT-116 cells were seeded in 96-well

plates in DMEM that contained 0.5% FBS in the presence of

100 ng/ml rhAPRIL, 400 ng/ml rhAPRIL, 800 ng/ml rhAPRIL

or PBS (control group). Cells in each group were plated in

triplicate. At 24, 48, 72 and 96 h, the optical density at 450 nm

wavelength which correlates to the number of viable cells was
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measured and the results were expressed as mean of A450 6

SEM.

Cell cycle analysis
For cell cycle analysis, APRIL-stimulated cells were cultured

with rhAPRIL for 24 h, and shAPRIL cells were harvested 48 h

after transfection. Cells were then washed with PBS, fixed in 70%

ethanol for an hour at 4uC and then incubated with 1 mg/ml

RNase A for 30 min at 37uC. Subsequently, cells were stained

with propidium iodide (PI, 50 mg/ml) (Becton Dickinson, San Jose,

CA) in PBS, 0.5% Tween-20, and analyzed using a Becton

Dickinson flow cytometer BD FACScan (San Jose, CA) and Cell

Quest acquisition and analysis programs.

Western blot analysis
Protein lysates were separated by 10% SDS-PAGE and

transferred onto nitrocellulose membranes. The membranes were

blocked with TBS containing 0.1% Triton X-100 and 5% nonfat

milk incubated with primary antibodies. The primary antibodies

were anti-human APRIL (BD, NJ, USA), anti-pAkt, anti-Akt, anti-

mTOR, anti-p-mTOR (Cell Signaling), anti-c-myc, anti-cyclin

D1, anti-CDK4, anti-p-Rb anti-b-actin (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA). HRP-conjugated mouse immunoglobulin

was used as the secondary antibody. Signal detection was carried

out with an ECL system (Amersham Pharmacia, Piscataway, NJ).

Bands were quantified by densitometry using ImageJ software.

Integrated density values of phosphorylated proteins were

normalized to total protein for each sample. Unstimulated or

untransfected cells were given a value of 1.0, and the level of

phosphorylation in all other samples was normalized to this value.

Invasion and migration assays
Tumor cell invasion was measured by examining cell invasion

through Matrigel (BD, USA)-coated polycarbonate filters (8-mm

pore size) using Transwell invasion chambers (Costar, VWR

Albertslaund, Denmark). Briefly, after 48 h of transfection, SW480

cells including shAPRIL transfected cells and shNTC transfected

cells were trypsinized, and 105 cells suspended in 100 ml DMEM

with 0.5% FBS were plated in the upper chamber. For the APRIL-

stimulated HCT-116 cell invasion assay, parallel experiments were

performed in the presence of rhAPRIL at a concentration of

100 ng/ml in 0.5% FBS media in the upper chamber. The lower

chamber contained 600 ml DMEM medium with 10% FBS. After

incubation at 37uC in 5% CO2 incubator for 72 h, cells on the

upper surface of the filter were removed by wiping with a cotton

swab. Migration assays with 106 cells per well incubated for 48 h

were performed using the same procedure but with uncoated

polycarbonate filters. Where indicated, cells were plated onto the

inserts with GM6001, or the same volume of DMSO (Sigma).

GM6001 at a concentration of 10 mM in 0.5% FBS media

dissolved in DMSO was added to the media to inhibit MMPs in

cell invasion assays. Cells attached to the bottom surface of the

membrane were stained with 0.1% crystal violet and then counted

by microscope. Cells were examined, counted and photographed

at 1006 magnification under an inverted microscope. Five

different fields were counted per filter in each group and each

experiment was repeated in triplicate. The means of five individual

fields selected at random were obtained for each well.

Measurement of MMP-2 and MMP-9 production
MMP-2 and MMP-9 activities were determined using a

quantitative sandwich enzyme immunoassay technique. CRC

cells were seeded into 96-well plates at a concentration of 46103

cells per well in DMEM with 0.5% FBS for three days. The levels

of secreted MMP-2 and MMP-9 in the culture supernatants were

determined by ELISA. The assay was conducted using the

Quantikine MMP-2 and MMP-9 kits (R&D, MN, USA) according

to the instruction manuals. The levels of MMP-2 and MMP-9

were quantified from standard curves. The assay allows quanti-

fication of the active as well as the total protein. Each assay was

performed in triplicate. This method has been validated against

zymography by R&D Systems.

Animal experiments
All animal experiments were performed with eight-week-old

athymic female BALB/c nu/nu mice. Animals were divided into

three groups, n = 10 per group. Untransfected SW480 cells,

shNTC stably transfected SW480 cells and shAPRIL (sh637)

stably transfected SW480 cells (26106 in 100 ml of PBS) were

injected subcutaneously into the right flank of each mouse. Tumor

growth was monitored externally using a vernier caliper every five

days, until 40 days post-injection. Tumor volume was calculated

using the following formula: p/66length6width2. Seven weeks

after injection, mice were sacrificed by cervical dislocation.

Tumors were removed and APRIL expression of tumor tissues

was analyzed by western blot and immunohistochemistry. Livers

and lungs were excised and fixed in 4% paraformaldehyde for

24 h. Metastatic foci on the hepatic surface were counted

macroscopically aided by a surgical telescope and were confirmed

microscopically. Then tumor tissues and metastatic tissues were

paraformaldehyde fixed, paraffin embedded and cut into slices.

The sections were stained with hematoxylin and eosin or by

immunohistochemical staining. Primary antibodies were against

human APRIL, MMP-2, MMP-9 (BD, NJ, USA), Ki-67, cyclin

D1, CDK4, p-Rb (Santa Cruz Biotechnology), p-Akt, p-mTOR

(Cell Signaling) and Ki-67 (Abcam, Cambridge, UK) for

immunohistochemistry studies.

Statistical analysis
Results were expressed as mean 6 SEM. Statistical analysis was

performed by analysis of variance (ANOVA). Liver metastasis data

analysis was performed using Poisson distribution events test.

Differences were considered to be significant when P,0.05.

Results

Expression of APRIL is upregulated in CRC tissues and cell
lines

We investigated whether APRIL expression was upregulated in

tissues by examining specimens from eight CRC cancer patients

using western blot analysis. APRIL expression at the protein level

was highly elevated in all CRC tissues tested compared with

adjacent normal tissues (Fig. 1A). This suggests a possible role for

APRIL in cancer development or progression in the colon. APRIL

mRNA was detected at relatively higher levels in a variety of

human CRC cell lines compared with human umbilical vein

endothelial cells, although the levels of APRIL differed. APRIL

was detected at relatively higher levels in SW480 and HT-29 cells

and was intermediately expressed in Colo-205 cells. APRIL

expression was weakly detected in HCT-116 cells (Fig. 1B). The

human colon cancer cell lines HCT-116 and SW480 were chosen

as a model system for our research. To reduce APRIL expression,

we developed two short hairpin RNAs (shRNA) termed sh637 and

sh1750 [17] which were directed against the human APRIL gene

(shAPRIL) and caused significant reduction of APRIL expression

compared with nontargeting control transfected (shNTC) and

nontransfected cells. Following shRNA transfection, substantial
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knockdown of the APRIL transcript was observed in SW480 cells

at both the mRNA (Fig. 1C) and protein (Fig. 1D) levels. APRIL

expression measured by ELISA in CRC cell culture supernatants

demonstrated that the cell lines secreted different levels of soluble

APRIL, which confirmed that APRIL is a secreted protein (Fig. 1

E).

The biological impact of APRIL on colorectal cancer cells
To analyze the activities of APRIL on CRC, we examined the

effects of APRIL knockdown and APRIL stimulation on cell

proliferation, migration and invasion in the human CRC cell lines

HCT-116 and SW480. CCK-8 assay cell growth viability was

determined 24, 48, 72 and 96 h after transfection and APRIL

stimulation. We observed a significant decrease in cell growth

viability in sh637 transfected SW480 cells (P,0.05; Fig. 2A), and a

significantly increased cell growth viability in rhAPRIL (400 ng/

ml, 800 ng/ml) stimulated HCT-116 cells (P,0.05; Fig. 2B)

compared with respective controls. To explore the role of APRIL

in CRC cell invasion and metastasis, we performed cell migration

and invasion assays, which were considered important in vitro

properties associated with the malignancy of cells. CRC cells

transfected with sh637 or stimulated with rhAPRIL (100 ng/ml)

significantly affected the number of migrating and invading cells

attached to the bottom surface of the membrane, compared with

control cells (P,0.05; Figs. 2D and E). Knockdown of APRIL

resulted in significant suppression of cell migration and cell

invasion of a reconstituted basement membrane (Matrigel), while

rhAPRIL (100 ng/ml) treatment dramatically increased CRC cell

migration and invasion. Our MTT assays showed that treatment

with 100 ng/ml rhAPRIL did not noticeably increase the

proliferation of HCT-116 cells (Fig. 2C), suggesting that APRIL

induced cell migration was not associated with increased cell

proliferation. Proliferation and invasion assays were also per-

formed in sh1750 transfected SW480 cells, and the results were

consistent with sh637 transfected cells (data not shown). Taken

Figure 1. APRIL expression is upregulated in CRC tissues and human CRC cell lines. (A) Western blot analysis of APRIL in eight pairs of
colorectal tumors (T) and adjacent normal tissues (N). #1–8 indicates patients’ numbers. b-actin was used as an internal control. (B) Semiquantitative
RT-PCR analysis of APRIL expression in four human CRC cell lines (SW480, HT-29, Colo-205 and HCT-116). HUVECs were used as a negative control and
GAPDH was an internal control. (C) SW480 cells were transfected with shRNA directed against nontargeting control (shNTC) or human APRIL gene
(sh637, sh1750), and after 48 h, APRIL mRNA level was determined by semiquantitative RT-PCR. GAPDH was an internal control. (D) SW480 cells were
transfected with shNTC or shAPRIL, and after 48 h, APRIL protein levels were determined by western blot. b-actin was an internal control. (E) CRC cell
lines and shAPRIL-transfected SW480 cells were cultured for 72 h, and supernatants were collected and assessed for secreted APRIL by ELISA.
doi:10.1371/journal.pone.0055298.g001
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Figure 2. APRIL knockdown or rhAPRIL stimulation regulates cell proliferation, migration and invasion in the CRC cell lines. (A)
shAPRIL transfection significantly reduced cell viability assayed by CCK-8 in SW480 cells as compared with the nontransfected and shNTC transfected
controls. The data represent means 6 SEM; *P,0.05 compared with shNTC. (B) rhAPRIL (400 ng/ml or 800 ng/ml) stimulation significantly enhanced
cell viability in HCT-116 cells compared with nonstimulated cells; *P,0.05. (C) Treatment with 100 ng/ml rhAPRIL did not significantly increase the
proliferation of HCT-116 cells. (D and E) Cell motility through uncoated filters (migration) and through Matrigel-coated filters (invasion) in the
shAPRIL-transfected SW480 cells, rhAPRIL-stimulated HCT-116 cells and their respective controls. Cells were stained with crystal violet, visualized with
microscopy, and counted. (D) The number of cells that had invaded was counted in five representative low power (6100) fields (LPFs) per Transwell
insert. All determinations were performed at least in triplicate in three independent experiments. Numbers represent means 6 SEM. *P,0.05 versus
controls. (E) Representative example of D. Scale bar, 40 mm.
doi:10.1371/journal.pone.0055298.g002
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together, these results strongly suggest that APRIL plays an

important role in tumorigenesis and metastasis of CRC cells.

APRIL-knockdown inhibits tumor growth and metastasis
of SW480 cells in vivo

As APRIL affected tumor cell growth and invasion in vitro, we

next examined whether APRIL influenced the behavior of tumors

in vivo in nude mice BALB/c, which are immunodeficient and

susceptible to tumor formation and metastasis. Mice were injected

subcutaneously in the right flank with non transfected SW480,

shAPRIL (sh637) transfected SW480 or shNTC transfected

SW480 cells. Tumor growth was significantly reduced in mice

injected with APRIL-knockdown (shAPRIL) SW480 cells

(P,0.05) compared with mice injected with siRNA control

(shNTC) and non-transfected (control) cells (Fig. 3A, B and C).

Total numbers of metastatic liver nodules (.0.5 mm) in individual

mice were counted under a surgical telescope. Total numbers of

metastatic nodules are shown in Table 1. Metastatic liver nodules

were confirmed histologically and representative hematoxylin and

eosin stained images are shown in Fig. 3D. No lung metastases

were found in any of the three groups. When compared with

nontransfected and shNTC transfected SW480 cells, APRIL-

knockdown SW480 cells showed reduced metastasis to the liver in

nude mice (Table 1, Fig. 3D). Liver metastatic nodules were

observed in the nontransfected SW480 group (n = 89) and shNTC

SW480 group (n = 78), whereas three nodules were found in the

APRIL-knockdown SW480 group (P,0.05) (Table 1). Though the

shNTC group formed fewer metastatic nodules than nontrans-

fected group, this was not statistically significant (P.0.05). These

results suggest that APRIL plays a key role in the carcinogenic and

metastatic process of SW480 cells in vivo.

APRIL stimulates the PI3K/Akt pathway in CRC cells
The PI3K/Akt pathway has been reported to play a critical role

in cell proliferation, migration and invasion of various cancer

types. Moreover, the TNF superfamily members APRIL and B-

cell-activating factor (BAFF), upon engagement with their

receptors, have recently been shown to activate the PI3K/Akt

pathway in malignant B cells [18,19]. Thus, we determined

whether the PI3K/Akt pathway was involved in the APRIL-

mediated cellular response in solid tumor cells. Akt is a substrate

for PI3K, and the mammalian target of rapamycin (mTOR) is a

major downstream effector of Akt. We evaluated the effect of

APRIL-knockdown on the PI3K/Akt pathway in SW480 cells by

measuring the phosphorylation profile of Akt and mTOR.

APRIL-knockdown reduced the phosphorylation of Akt and

mTOR in SW480 cells by western blot (Fig. 4A). We also

examined whether APRIL influenced Akt and mTOR phosphor-

ylation in vivo. In mouse tumor tissues with APRIL knock down,

decreased p-Akt and p-mTOR protein content was observed by

immunohistochemistry (Fig. 3F, upper panel). We next investigat-

ed the effects of APRIL stimulation on the PI3K/Akt pathway in

HCT-116 cells. Increasing concentrations of rhAPRIL in HCT-

116 cells stimulated the phosphorylation of Akt and mTOR,

detected 3 h after APRIL stimulation in a dose-dependent manner

(Fig. 4B). Subsequently, pretreatment with LY294002, a synthetic

inhibitor of the p110 catalytic subunit of PI3K, was used to

investigate the possible involvement of PI3K in APRIL-mediated

Akt and mTOR phosphorylation in CRC cells. Pretreatment of

HCT-116 cells with LY294002 significantly inhibited APRIL-

induced Akt and mTOR activity, suggesting that Akt and mTOR

phosphorylation in response to APRIL was PI3K dependent

(Fig. 4C).

APRIL mediated cell proliferation of CRC cells by inducing
Akt and mTOR activation through the PI3K/Akt pathway

Because proliferation of cancer cells is regulated by the cell

cycle, we next determined which phase of the cell cycle was altered

in APRIL-knockdown cells by flow cytometry with PI staining. As

shown in Fig. 5A, APRIL-knockdown SW480 cells were arrested

in the G1 phase 48 h after transfection and the percent of G0/Gl

phase cells significantly increased, suggesting that APRIL-knock-

down prevented entry of cells from G1 to S phase of the cell cycle.

To further understand how APRIL-knockdown prevented S-phase

entry of cells, we examined the effect of shAPRIL transfection on

the expression of c-myc, cyclin D1, CDK4 (critical regulators of

the G1/S transition) and p-Rb. We observed a reduction of c-myc,

cyclin D1, CDK4 and p-Rb by knockdown of APRIL (Fig. 5C),

which suggested that these factors could be involved in APRIL

regulation of cell proliferation. In mouse tumors with knock down

of APRIL, we observed decreased APRIL protein content by

immunohistochemistry and western blot (Fig. 3E), and decreased

cell proliferation (cyclin D1, CDK4, p-Rb and Ki-67) (Fig. 3F,

lower panel), suggesting that reduced tumor growth observed by

APRIL knockdown could be the result of APRIL regulation of cell

proliferation. Because PI3K/Akt activation in G1 phase is

required for c-myc stabilization and S-phase entry of cells [20],

we determined whether APRIL-mediated regulation of cell-cycle

regulatory proteins was PI3K and Akt dependent. We confirmed

rhAPRIL could induce cell cycle progression by significantly

increasing the proportion of cells in the S, G2M phase and the

expression of c-myc, cyclin D1, CDK4, p-Rb proteins in

comparison with untreated cells (Fig. 5B and D). Simultaneously,

we investigated the effect of PI3K/Akt inhibition on APRIL-

induced cell cycle progression of SW480 cells, which were

pretreated with the PI3K inhibitor, LY294002, before APRIL

stimulation. We found that activation of p-Akt and p-mTOR by

APRIL was completely blocked by the PI3K inhibitor LY294002,

accompanied with significant inhibition of c-myc, cyclin D1,

CDK4 and p-Rb expression (Fig. 5E). This suggests that APRIL-

induced Akt and mTOR activity is directly regulated through the

PI3K/Akt pathway. To determine whether APRIL-mediated cell-

cycle regulatory protein expression was mTOR dependent,

APRIL-stimulated cells were treated with the mTOR inhibitor,

rapamycin, and mTOR inhibition prevented the up-regulation of

cell-cycle regulatory proteins stimulated by APRIL (Fig. 5F).

Collectively, these results suggest that APRIL-induced cell

proliferation is dependent on both the PI3K and Akt pathways.

APRIL knockdown inhibited the invasiveness of SW480
cells by decreasing the expression and activity of MMPs

Invasion is a key process of cancer cell metastasis. Secreting

proteolytic enzymes, including matrix metalloproteinases (MMPs)

degrade extracellular matrix (ECM) and basement membranes.

MMPs have recently been shown to be related to colorectal

tumorigenicity and metastagenicity. To explore whether the

suppressed invasiveness of shAPRIL cells was mediated by MMPs,

we examined the requirement of MMP activity for APRIL-

mediated invasion. shNTC and shAPRIL cells were treated with

the MMP inhibitor GM6001 and analyzed for invasion ability

with transwell chambers. Fig. 6A showed that GM6001 signifi-

cantly reduced APRIL-induced invasion in shNTC (P,0.05), but

not in shAPRIL treated cells, supporting a functional link between

APRIL and MMPs activity. To dissect the mechanism of MMPs in

APRIL mediated cell invasion, two key members of the MMP

family, secreted MMP-2 and MMP-9, were measured by ELISA.

We also evaluated the mRNA expression of MMP-2, MMP-9 and
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TIMP-1 by RT-PCR. As shown in Fig. 6B and Fig. 6C, shAPRIL

transfection decreased MMP-2 and MMP-9 secreted protein and

mRNA expression in SW480 cells, compared with control cells.

MMPs are regulated by their specific inhibitors, called tissue

inhibitors of MMPs (TIMPs). The balance between the levels of

activated enzymes and free TIMPs determines the overall MMP

activity. Maintenance of this equilibrium is essential, and any

disturbance in the balance is a critical determinant of proteolysis

and tissue invasion. TIMP-1 expression was upregulated in APRIL

knockdown SW480 cells (Fig. 6C). Therefore, APRIL might alter

the balance between MMPs and TIMP-1 to facilitate CRC cell

invasion. Xenograft model tissues specimens stained for MMP-2

and MMP-9 demonstrated decreased expression in the APRIL-

knockdown group (Fig. 3F, upper panel). Taken together, the

decrease in MMP activity may account for the inhibited

invasiveness of SW480 cells with APRIL-knockdown.

Down-regulation of PI3K/Akt mediated MMP expression
by APRIL knockdown in CRC cells

PI3K/Akt is strongly associated with tumor progression, and

PI3K/Akt-mediated cell signals induce the expression of MMPs

[21,22,23,24]. In this experiment, we focused on whether Akt

functioned as an essential kinase in APRIL induced MMP

expression in SW480 cells. The gelatinolytic activity in APRIL

knockdown cells and rhAPRIL stimulated cells was determined by

ELISA. As shown in Fig. 6B and Fig. 7A, the expression of MMP-

2 and MMP-9 was decreased in APRIL-knockdown SW480 cells,

and after treatment with various concentrations of rhAPRIL, the

expression levels of MMPs were increased in SW480 cells in a

dose-dependent manner. To determine whether APRIL controls

MMP expression in a PI3K-dependent or mTOR-dependent

manner, we tested the effects of LY294002 or rapamycin

treatment on MMPs expression. The expression of MMPs was

examined in either SW480 cells treated with rhAPRIL+LY294002

or rhAPRIL+rapamycin. Treatment of cells with LY294002

concomitantly for 24 h dramatically decreased the expression of

MMP-2 and MMP-9, indicating that APRIL-mediated induction

of gelatinolytic activity was strongly associated with Akt activation

(Fig. 7B). To determine whether modulation of MMP production

depended on mTOR activation, we treated cells with rapamycin

and measured MMPs by ELISA. As shown in Fig. 7C, rapamycin

had a slight effect on the APRIL-mediated induction of MMP-9

activity. Taken together, these results demonstrate that Akt

phosphorylation is involved in the APRIL-mediated modulation

of MMPs production.

Discussion

APRIL, initially identified in several cell types derived from

solid tumors or solid tumors themselves, provides a proliferation/

survival signal to solid tumor cells [5]. However, whether APRIL

expression has a role in malignancy and prognosis is not yet clear.

Here, we assessed the role of APRIL in the biological behavior of

CRC and characterized the signaling mechanisms by which the

specific biological process occurred. Knockdown of APRIL in

colorectal cancer cells in vitro and in BALB/c nude mice in vivo

inhibited malignancy, tumor growth and metastasis in the liver.

We also provide mechanistic insight into how APRIL, via

activation of the PI3K/Akt pathway, mediates these processes

by demonstrating that: (i) APRIL stimulates the PI3K/Akt

pathway in CRC cells; (ii) APRIL-mediated regulation of cell-

cycle regulatory proteins is PI3K and Akt dependent; (iii) PI3K/

Akt has a role in mediating the effects of APRIL on invasiveness,

potentially by increasing MMP-2 and MMP-9 expression (Fig. 8).

Several studies have shown that the dysregulation of APRIL

enhances tumor cell survival. APRIL mediates a survival/

proliferation signal to lymphoma cells, and was substantiated

clinically as patients harboring high levels of APRIL expression in

chronic lymphocytic leukaemia and diffuse large B-cell lymphoma

had a worse prognosis [7,25]. Reports on APRIL expression in

solid tumor lesions are controversial. Our findings demonstrated

that APRIL was upregulated in CRC tissues compared with

normal tissues and various CRC cell lines express APRIL at

various levels. As the SW480 cell line has high expression of the

APRIL gene and RNA interference (RNAi) has been widely

employed as an experimental tool in studying gene function, RNAi

targeting APRIL was used to silence APRIL gene expression in

SW480 cells. Alterations of CRC cell biology were analyzed from

different aspects. Our study showed that APRIL knockdown

inhibited cell proliferation and induced G0/G1 phase arrest. We

observed that APRIL knockdown decreased c-myc, cyclin D1,

CDK4 and p-Rb expression. Cyclin D1 is a key regulator

governing normal cell cycle progression and its cell cycle-

dependent activity is mainly mediated through binding and

activating CDK4. Activation of CDK4 leads to hyperphosphor-

ylation of the Rb protein. Phosphorylated Rb protein releases

bound E2F transcription factor and allows the cell cycle to

progress. C-myc is an important transcription factor that regulates

the expression of various cell cycle proteins such as cyclins, cdks,

and the E2F family of proteins [26]. The deregulated cell cycle

control of normal epithelial cells leading to uncontrolled prolifer-

ation is one of the major features of tumor progression. In SW480

cells, APRIL knockdown causes G0/G1 phase arrest at least

partially through the down-regulation of c-myc, cyclin D1, CDK4

and p-Rb expression. Therefore, the elevated expression of APRIL

in CRC may cause deregulated cell cycle control leading to

Figure 3. APRIL knockdown increases tumor growth and promotes metastasis in vivo. (A) Nude mice were subcutaneously injected in the
right flank with control cells, shNTC transfected cells and shAPRIL (sh637) transfected cells. (B) A sample tumor from each group is shown. (C)
Tendency of tumor growth after injection in nude mice in different groups. Tumor volume was measured by vernier caliper in cm3. (D) Total numbers
of metastatic liver nodules (.0.5 mm) in individual mice were counted under a surgical telescope. Representative hematoxylin and eosin staining of
4-mm sections of livers from shAPRIL and shNTC groups are shown. Arrow indicates tumor nodules. Scale bar, 100 mm. (E) Western blot and
immunohistochemistry of APRIL in tumors of nude mice from each group. (F) Immunohistochemical analysis of p-Akt, p-mTOR, Ki-67, cyclin D1, CDK4,
p-Rb, MMP-2 and MMP-9 in tumors from nude mice injected with shNTC or shAPRIL SW480 cells. Scale bar, 40 mm.
doi:10.1371/journal.pone.0055298.g003

Table 1. Liver Metastasis of SW480 Cells in Nude Mice BALB/
c.

Group
Total number of
mice

Number of mice
with metastasis

Number of
metastatic foci

Control 10 9 89

shNTC 10 8 78

shAPRIL 10 2 3 *

*P,0.05 when compared to shNTC and Control groups.
Statistical analysis was performed with Poisson distribution events test.
doi:10.1371/journal.pone.0055298.t001
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uncontrolled proliferation, which might be a possible cause of

CRC carcinogenesis.

Given the involvement of APRIL in CRC cell proliferation, a

key process in cancer, our next objective was to evaluate the

function of APRIL in other steps of oncogenesis. Here we showed

that APRIL clearly modulates cell migration, invasion and the

expression of MMPs by use of RNAi. MMPs, a family of zinc-

dependent endopeptidases, are crucial in ECM degradation

associated with tissue repair, cancer cell invasion, metastasis and

angiogenesis. Among MMPs, the type IV collagenases, such as

MMP-2 and MMP-9, are considered to be associated with tumor

cell invasion and migration during carcinogenesis [27]. Increased

MMP-9 expression is associated with advanced Dukes stage and

distant metastasis in colorectal cancer [28]. Here, we demonstrat-

ed that APRIL knockdown suppressed MMP-2 and MMP-9 gene

expression and secretions, and increased the gene expression of

TIMP-1. In addition, we found that APRIL induced cancer cell

invasion in a MMP(s)-dependent manner, since the general MMP

inhibitor GM6001 appeared to significantly inhibit the invasion of

nontargetted sequence transfected cells but not the APRIL knock

down cells. Our data demonstrated that MMPs regulated by

APRIL could be involved in CRC cell invasion.

Our in vivo results strongly supported the in vitro data. The

evaluation of CRC tumorigenesis and metastasis in vivo using our

xenograft model seems to be a physiological approach to generate

‘‘primary tumors’’ and lead to spontaneous metastasis to other

organs. After injection of APRIL knockdown SW480 cells in nude

mice, a significant decrease in tumor growth was observed with

respect to controls. Immunohistochemistry analysis of tumors

strongly indicated that APRIL was involved in tumor growth and

tumorigenesis, as shown by the decreased cyclin D1, CDK4, p-Rb

and Ki-67 expression with APRIL knockdown cells. To determine

whether APRIL contributed to tumor cell invasion and metastasis,

we examined several related markers in tumor tissues and counted

metastatic nodules on the surfaces of livers in the BALB/c

xenograft model. APRIL knockdown significantly reduced the

tumor invasion capabilities, as shown by decreased MMP-2 and

MMP-9 expression. We also found that APRIL knockdown in

SW480 cells inhibited the formation of metastatic tumor nodules

in nude mice liver. Given that MMP expression is associated with

increased invasion in human CRC, APRIL might elicit metastatic

properties by enhancing MMP-2 and MMP-9 production. Thus,

reduced liver metastasis with APRIL knockdown could be due, in

part, to APRIL regulation of MMPs expression.

Figure 4. APRIL stimulates the PI3K/Akt pathway in CRC cells. (A) SW480 cells were transfected with shAPRIL (sh637) and shNTC for 48 h and
analyzed for Akt and m-TOR phosphorylation by western blot. (B) HCT-116 cells were treated with the indicated concentrations of rhAPRIL for three
hours and were analyzed for expression of phosphorylation of Akt and mTOR. (C) HCT-116 cells were treated with the indicated doses of LY294002 for
24 h, and then stimulated with rhAPRIL (400 ng/ml) for three hours, and analyzed for Akt and mTOR phosphorylation. The phosphorylation of Akt
and mTOR was determined by SDS-PAGE and western blotting. Densitometric values are listed below each blot.
doi:10.1371/journal.pone.0055298.g004
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The underlying mechanism that connects APRIL stimulation to

tumor-promoting activity in CRC cell lines is an active area of

investigation. CRC is believed to arise and progress as a result of

cumulative genetic and epigenetic changes in tumor cells, where

certain mutations appear at consistently high frequencies and at

particular stages of disease progression. Growing evidence shows

that PI3K, Akt, and their upstream and downstream molecules are

commonly altered in human cancers and are important for

tumorigenesis and metastasis. Constitutive genomic studies indi-

cate that PI3K/Akt signaling is one of the most frequently

deregulated pathways in CRC [2]. Recent studies have shown that

the active form of PI3K is an oncogene, and that amplifications

and mutations of PI3K are commonly found in many kinds of

human cancers. PI3K may transmit oncogenic signals to Akt to

regulate tumorigenesis through several downstream targets.

Overexpression and activation of Akt regulates cell proliferation

and tumor growth by increasing cell-cycle progression, which

plays an important role in carcinogenesis. Akt blocks FOXO-

mediated transcription of cell-cycle inhibitors, promotes G1 to S

phase transition and stabilizes c-myc and cyclin D1 through the

activation of NF-kB pathway and GSK-3b/b-catenin-signaling

axis [29,30]. In addition, it has also been demonstrated that Akt

can regulate mTOR to control protein synthesis and cell

proliferation, which is associated with carcinogenesis. One of the

critical downstream gene targets of the PI3K/Akt/mTOR

pathway is cyclin D1, which associates with CDK4 and CDK5,

leading to Rb phosphorylation and subsequent progression of the

cell into S phase. Abnormalities of PI3K/Akt upstream molecules

are common in cancer and this cascade has a role in tumorigenesis

and metastasis. Our studies suggest that APRIL stimulation up-

regulates cyclin D1, c-myc, CDK4 and Rb phosphorylation in a

PI3K/Akt-dependent manner. The ability of APRIL or BAFF to

Figure 5. APRIL regulates the cell cycle and cell cycle regulatory proteins of SW480 cells through PI3K/Akt pathway. Cell cycle profiles
of shAPRIL (sh637) transfected SW480 cells (A), or rhAPRIL stimulated SW480 cells (B) were examined by flow cytometry with propidium iodide
staining and cell numbers were counted according to DNA content of G0/G1, S and G2/M phases. The cell cycle distribution was from three
independent experiments, and shows the percentage of G0/G1 and S+G2/M cells after shAPRIL transfection or rhAPRIL stimulation. Western blot of c-
myc, cyclin D1, CDK4, p-Rb, p-Akt, p-mTOR and b-actin in SW480 cells 48 h after shAPRIL transfection (C) or rhAPRIL stimulation (D). SW480 cells were
treated with the indicated doses of LY294002 (E) or rapamycin (F) for 24 h, and then stimulated with rhAPRIL (400 ng/ml) for 12 h, and analyzed for
expression of c-myc, cyclin D1, CDK4, p-Rb. Densitometric values are listed below each blot.
doi:10.1371/journal.pone.0055298.g005

Figure 6. shAPRIL (sh637) inhibited the invasiveness of SW480 by decreasing the expression and activity of MMPs. (A) shNTC or
shAPRIL cells were treated with 10 mM GM6001 or DMSO (control), and analyzed for their invasion ability with Matrigel coated transwell chambers.
The invasion assay was performed three times independently. (B) At 48 h post-transfection, secreted MMP-2 and MMP-9 in the culture supernatants
were determined by ELISA. (C) At 48 h post-transfection, cells were harvested and MMP-2, MMP-9 and TIMP-1 mRNA levels were determined by
semiquantitative RT-PCR 48 h post-transfection. GAPDH was an internal control. Bars represent means 6 SEM from three independent experiments;
*P,0.05 compared with shNTC.
doi:10.1371/journal.pone.0055298.g006
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modulate cell cycle protein expression has been documented in

hematological malignancies, where stimulation of cells with

APRIL or BAFF resulted in upregulation of cyclin-D1 and Rb

[9,18]. Our observations in CRCs are also consistent with these

previous studies, and this may be one mechanism by which APRIL

overexpression results in solid tumor development. Previously,

Figure 7. APRIL controls MMP-2 and MMP-9 expression in a PI3K-dependent manner. (A) SW480 cells were treated with indicated
concentrations of rhAPRIL for 48 h and secreted MMP-2 and MMP-9 in the culture supernatants were determined by ELISA. SW480 cells were
stimulated with APRIL (100 ng/ml) for 48 h, followed by incubation with the indicated doses of LY294002 (B) or rapamycin (C) for another 24 h, and
analysis of secreted MMP-2 and MMP-9 was performed. Bars represent means 6 SEM from three independent experiments. *P,0.05 compared with
cells treated with rhAPRIL.
doi:10.1371/journal.pone.0055298.g007
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PI3K was shown to be essential for MMP production in several

cell lines [22,23,24,30], indicating a significant role for PI3K in

tumor progression. Epidemiological studies and animal studies

revealed that PI3K activates MMP-2, MMP-9, and Urokinase-

type plasminogen activator (uPA), leading to destruction of the

ECM [31,32] PI3K activity was higher in metastatic cells

compared to non-metastatic cancer cells. Increased levels of

MMPs are also due to the activation of the Akt/IKK/NF-kB

pathway and Akt/GSK-3b/b-catenin axis [30,33]. However, it

remains unknown as to whether APRIL stimulates PI3K pathway

and the activation of PI3K is involved in APRIL-mediated MMPs

expression in CRC. In our study, we demonstrated that APRIL

stimulation via PI3K/Akt pathway played a critical role in CRC

cell invasion. The invasion-promoting action of APRIL in CRC

cells was mediated by a cellular pathway involving PI3K, Akt,

MMP-2, MMP-9 and TIMP-1. The precise mechanism by which

APRIL activates PI3K is a matter for further investigation, but

may be through its interaction with its receptor, transmembrane

activator and cyclophilin ligand interactor (TACI) or B-cell

maturation antigen (BCMA), which is associated with TNFR-

associated factor (TRAF) proteins. TRAF has recently been shown

to be important in TNF-mediated PI3K activation [9,18]. The

tumor-promoting ability of APRIL can be abrogated in APRIL-

expressing carcinoma cell lines in immune-deficient mice with

soluble BCMA-Fc, which blocks APRIL binding to the high

affinity receptors BCMA [34]. Previously we showed that APRIL

binding to heparin sulphate proteoglycans (HSPGs) was essential

for APRIL mediated tumor-promoting ability in SW480 cells, and

heparin could prevent this effect [17]. HSPG-APRIL interactions

in CRC indicated that HSPGs may act as a direct receptor or

alternatively that HSPGs provide a platform for a yet to be

identified receptor [12]. Further work is required to address how

APRIL-receptor interactions convey effective signaling for the

promotion of cell proliferation and migration.

The in vitro data obtained from the experimental manipulation

of CRC cell line SW480 and the in vivo data from the nude mouse

studies indicate that APRIL, via activation of the PI3K/Akt

signaling pathway, induces significant changes in cellular behavior,

such as tumor cell proliferation, invasion and metastasis.

Therefore, APRIL may be a potential novel molecular target for

human CRC, and combined therapies that target both the APRIL

and PI3K/Akt pathway may have clinical significance for the

treatment of CRC.
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