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Background: Deregulation of Cyclin D1 and cell cycle progression plays a critical role in

tumorigenesis. The natural compound piperlongumine (PL) exhibits potential anticancer

effects in various cancer models, but the underlying mechanism needs further elucidation.

Methods: The inhibitory effect of PL on colorectal cancer (CRC) cells was determined by

anchorage-dependent and -independent assays. The protein level of Cyclin D1 was examined

by immunoblot (IB) and immunohistochemical staining (IHC). The mRNA level was

determined by qRT-PCR. Phosphorylation of histone H3 was analyzed by immunofluores-

cence (IF). The cell cycle was examined by flow cytometry. The in vivo antitumor effect was

validated by the xenograft mouse model.

Results: Cyclin D1 was overexpressed in CRC tissues and cells, and was required for

maintaining cell growth, colony formation, and in vivo tumorigenesis. PL decreased the

protein level of c-Fos, which eventually reduced the transcriptional activity of AP-1 and the

mRNA level of Cyclin D1. Mechanism study showed that PL impaired EGF-induced

activation of ERK1/2 and Akt signalings, which resulted in a reduction of c-Fos transcrip-

tion. Furthermore, PL reduced the half-life of c-Fos and caused the ubiquitination-dependent

degradation of c-Fos. Finally, the in vivo antitumor effect of PL on CRC cells was examined

using a xenograft mouse model.

Conclusion: Our data indicate that PL is a promising antitumor agent that deserves further

study for CRC treatment.
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Introduction
Colorectal cancer (CRC) is one of the most common types of human malignancies.

Each year, nearly 9% of cancer-related deaths were caused by CRC.1,2 Currently,

the surgery treatment remains the mainstay of treatment for early cases. However,

most CRC patients are frequently diagnosed at an advanced stage, and metastasis is

the major reason to cause therapy failure.3,4 Although the fluorouracil (5-FU) based

systemic chemotherapy and the combination with radiotherapy or targeting therapy

increased the overall survival rate of CRC patients, the outcome has not improved

at a satisfactory rate over the past decades. The majority of the patients receiving

chemotherapy will eventually experience tumor recurrence due to drug resistance,

and this has become a key barrier for the clinical treatment of colorectal cancer.5,6
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Thus, revealing the underlying mechanism of colorectal

tumorigenesis and identify novel therapeutic targets are

necessary for the development of effective therapies for

CRC patients.

Cell cycle progression is regulated by two families of

proteins called cyclins and cyclin-dependent kinases

(CKDs). Cyclins bind with CDKs and form complexes

to activate the kinase activity of CDKs and phosphorylate

the downstream target proteins that are required for cell-

cycle progression and transition.7 Previous reports have

shown that the induction of Cyclin D1 and the subsequent

interaction with CDK4/CDK6 is a rate-limiting step for

cell cycle progression in the early G1 phase. Given the

crucial role of Cyclin D1 for cell cycle regulation, it’s not

surprising that Cyclin D1 is overexpressed in human

cancers.8 Previous studies revealed that highly expressed

Cyclin D1 promoted tumor cell growth and correlated

with poor prognosis in human lung cancer,9 colorectal

cancer,10 gastric cancer,11 and liver cancer.12 The expres-

sion of Cyclin D1 is tightly regulated at multiple levels,

including transcriptional, translational, and post-

translational. A panel of transcription factors, such as

AP-1, NF-κB, epidermal growth factor receptor

(EGFR), and Egr1, have been identified to be required

for Cyclin D1 transcription in various tumor models.8,13

Targeting the transcription or translation of Cyclin D1 is

considered as a promising anti-tumor strategy for clinical

treatment.

In this study, we showed that Cyclin D1 is highly

expressed in human CRC tumor tissues and cell lines.

Knockout of Cyclin D1 attenuated the malignant pheno-

type of CRC cells both in vitro and in vivo. Importantly,

we found a natural compound, piperlongumine (PL), sup-

pressed CRC cells by inhibition of AP-1-mediated Cyclin

D1 expression. We investigated the anti-tumor effect of PL

in CRC cells and revealed the underlying mechanism.

Materials and Methods
Reagents and Antibodies
The natural product piperlongumine (>99%) was pur-

chased from Selleck Chemicals (Houston, TX). The pri-

mary antibodies against Cyclin D1, c-Jun, Jun B, Jun D,

Fos B, Fra1, c-Fos, p-EGFR Tyr1068, p-ERK1/2, β-actin,

and p-Akt were obtained from Cell Signaling Technology,

Inc. (Beverly, MA). The anti-ki67 antibody for

Immunohistochemical was a product of Abcam

(Cambridge, United Kingdom). The jetPEI (Qbiogene,

Inc., Montreal, Canada) was used for plasmid transfection

according to the manufacturer’s instructions.

Cell Culture
Human colorectal cancer cells, including LOVO, SW480,

HCT116, HT29, HCT8, SW620, and the immortalized

colorectal epithelial cells FHC and CCD 841, were pur-

chased from American Type Culture Collection (ATCC,

Manassas, VA). All cells were maintained in a humidified

incubator with 5% CO2 at 37°C following the ATCC

protocols. Cell culture medium, fetal bovine serum

(FBS), and antibiotics were purchased from Invitrogen

(Grand Island, NY). All cells were subjected to myco-

plasma analysis every two months.

Immunoblotting
The immunoblotting (IB) was performed as described

previously.14 Briefly, the whole-cell extract (WCE) was

prepared with the RIPA buffer (Thermo Fisher, Waltham,

MA) supplied with protease inhibitors and concentrated by

BCA protein assay. A total of 30 μg WCE was mixed with

loading buffer and boiled at 95°C for 5 min, followed by

SDS-PAGE electrophoresis and electrotransfer. The non-

fat milk (5%) was used for membrane blocking at room

temperature for 30 min, and the membrane was incubated

with the primary antibody at 4°C overnight. After incuba-

tion with anti-rabbit/mouse IgG HRP second antibody, the

target protein was visualized by chemiluminescence.

MTS Assay
MTS assay was performed as described previously.15

Human colorectal cancer cells were suspended and seeded

(2×103/well/100 μL) into 96-well plates. After 24 h, the

cells were treated with various concentrations of piperlon-

gumine and maintained for 72 h. Cell viability was exam-

ined by MTS assay (Promega, Madison, WI) following the

standard protocol provided.

Soft Agar Assay
The soft agar assay was performed as described

previously.16 Briefly, the agar base in a 6-well plate was

prepared with 3 mL of Eagle’s basal medium containing

0.6% agar, 10% FBS, and various dose of piperlongumine.

Human colorectal cancer cells were suspended and

counted at the concentration of 8000 cells/mL in 1 mL

of Eagle’s basal medium containing 0.3% agar, 10% FBS,

and piperlongumine overlaid into a 6-well plate with 0.6%

agar base. The cells were maintained in a 5% CO2
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incubator at 37 °C for 2 weeks. The colony number was

counted using the microscope.

Construct the Knockout Stable Cell Line
The CRISPR-Cas9-mediated gene knockout was per-

formed as described previously.17 Briefly, the sgRNAs

(#1, GTTCGTGGCCTCTAAGATGA, #2, GAAGCGTGT

GAGGCGGTAGT) targeting Cyclin D1 were used for

stable cell construction. Briefly, the CRC cells were trans-

fected with Cyclin D1 sgRNA and selected by 1μg/mL

puromycin for three weeks. Single colony was chosen for

further study.

Flow Cytometry
The flow cytometry was performed as described

previously.18 Briefly, the cells were treated with piperlon-

gumine or DMSO control as indicated. Cells were centri-

fuged and then suspended at a concentration of 1×106

cells/mL with PBS. The Propidium Iodide staining buffer

containing RNAse was added to the cell suspension and

incubated for 15 min in the dark at room temperature. The

cells were suspended with PBS and analyzed by FACSort

Flow Cytometer (BD, San Jose, CA, USA).

Immunofluorescence (IF)
The IF analysis was performed as described previously.19

Briefly, HT29 cells were treated with the compound for 24

h and fixed in 4% paraformaldehyde and permeabilized in

0.5% Triton X-100 for 30 minutes. The cells were blocked

with 50% goat serum albumin in PBS and incubated with

p-histone H3 Ser10 antibody in a humidified chamber

overnight at 4°C, followed by incubation with the second

antibody at room temperature for 40 min. DAPI was used

for counterstaining. The stained cells were viewed and

captured with the fluorescence microscope.

qRT–PCR
RNA was isolated using the RNAstormTM RNA isolation

kit and converted into cDNA. qRT–PCR assay was per-

formed by mixing equal amounts of cDNAs, iQ SYBR

Green Supermix and Cyclin D1 (Forward, TCTACA

CCGACAACTCCATCCG; Reverse, TCTGGCATTTTGG

AGAGGAAGTG) or c-Fos (Forward, GCCTCTCTTAC

TACCACTCACC; Reverse, AGATGGCAGTGACCGTG

GGAAT) primers. All real-time data were normalized to

β-actin.

Dual Reporter Assay
The dual-luciferase reporter assay was performed as

described previously.20 Briefly, the renilla luciferase repor-

ter construct pRL-SV40 plasmid was co-transfected with

the pGL3-Basic control or the pGL3-AP-1 (#40,342,

Addgene) construct into human colorectal cancer cells.

The compound, piperlongumine, was added to the cell

culture medium and maintained for another 24 h. The

cell lysates were collected following the standard protocol

and subjected to dual reporter assay using the Dual-

Luciferase reporter assay kit (#E1910; Promega,

Madison, WI, USA).

Clinical Tissue Sample Collection
Colorectal cancer patients were diagnosed by the

Department of Pathology at The Third Xiangya Hospital

following the WHO guidelines. All subjects provided writ-

ten informed consent for entry into this study, a total of 40

cases of primary adenocarcinomas and adjacent non-tumor

tissues were collected.

In vivo Tumor Growth
The in vivo animal study was approved by the Institutional

Animal Care and Use Committee (IACUC) of Central

South University (Changsha, China). HT29 (1 × 106/

100 μL) cells in RPMI-1640 were injected into the right

flank of 6-week-old female athymic nude mice. Mouse

body weight was recorded, and the tumor volume was

determined by vernier caliper every two days.

Piperlongumine treatment was initiated when tumor

volume reached 100 mm3. The piperlongumine admini-

strated group was given an i.p. injection of piperlongumine

at a dose of 10 mg/kg every two days, whereas the control

group was administered the vehicle control. Tumor

volume was calculated following the formula of A × B2

× 0.5, wherein A is the longest diameter of the tumor, B is

the shortest diameter, and B2 is B squared. The mouse was

euthanized by CO2 and tumor mass was dissected.

Immunohistochemical Staining (IHC)
The tissues from xenograft tumors were fixed in 10%

neutral-buffered formalin and subjected to immunohisto-

chemical staining as described previously.21 Briefly, the

tissue slides were deparaffinized, followed by rehydration

using various concentrations of ethanol. Antigen retrieval

was performed by boiling the slides with the sodium

citrate buffer (10 mM, pH 6.0) for 10 min. The slides
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were incubated with 3% H2O2 in methanol for 10 min to

quench the endogenous peroxidase. After washing with

PBS, slides were blocked with 50% goat serum albumin

in PBS for 1 h at room temperature and incubated with

primary antibody at 4°C overnight. Tissue slides were then

incubated with the second antibody at room temperature

for 45 min and visualized with DAB substrate.

Hematoxylin was used for counterstaining.

Statistical Analysis
The statistical analysis was conducted with GraphPad

Prism 5 (San Diego, CA). The Student’s t-test or one-

way ANOVA was used to evaluate the difference between

tested groups, and a probability value of p< 0.05 was used

as the criterion for statistical significance. The experiment

was performed triplicate, and all quantitative data are

expressed as mean ± sd.

Results
Cyclin D1 Is Overexpressed in CRC

Tumor Tissues and Required for

Maintaining of Tumorigenic Properties of

CRC Cells
To investigate the function of Cyclin D1 in CRC cells, we

first examined the protein level of Cyclin D1 in 40 cases of

paired CRC tissue and adjacent non-tumor tissues. The

result showed that Cyclin D1 is highly expressed in CRC

tumor tissues when compared to that of the matched adja-

cent non-tumor tissues (Figure 1A). Moreover, the IB data

indicated that Cyclin D1 is upregulated in all tested CRC

cell lines, including LOVO, SW480, HCT116, HT29,

HCT8, and SW620 (Figure 1B). The two sgRNAs target-

ing Cyclin D1 decreased the protein level of Cyclin D1 in

HCT116 and HT29 cells. Furthermore, the MTS data

revealed that depletion of Cyclin D1 in HCT116 and

HT29 cells significantly reduced cell viability (Figure

1C). We next determined the colony formation efficacy

of Cyclin D1 deficient and proficient CRC cells. As shown

in Figure 1D, knockout of Cyclin D1 reduced the colony

number and colony size of HCT116 and HT29 cells. To

validate the crucial oncogenic role of Cyclin D1 in CRC

cells, we performed the in vivo xenograft mouse model.

The results indicated that knockout of Cyclin D1 signifi-

cantly delayed the in vivo growth of the HCT116-

sgCyclin D1 (Figure 1E–G) and HT29-sgCyclin D1

(Figure 1H–J) cells, as the tumor volume and tumor size

of the sgCyclin D1 xenograft tumors were significantly

reduced when compared to that of the sgCtrl expressing

stable cells. These results demonstrate that Cyclin D1 is

highly expressed in CRC tissues and cell lines, and knock-

out of Cyclin D1 suppresses the malignant phenotype of

CRC cells, indicating that targeting Cyclin D1 is

a promising strategy for CRC prevention and therapy.

Piperlongumine (PL) Inhibits the Growth

of CRC Cells
Previous reports showed that the natural product, piperlon-

gumine (Figure 2A), suppresses a panel of human cancer

cells.22 However, the anti-tumor effect of PL in CRC cells,

and the underlying mechanism remains elusive. Our data

indicated that PL exhibited a negligible impact on the cell

viability of immortalized colorectal epithelial cells (Figure

2B), indicating that PL is well-tolerated in non-tumor

colorectal epithelial cells. To determine the anti-tumor

activity of PL on CRC cells, we examined the cell viability

of PL-treated HCT116, HT29, and SW620 cells. Our result

showed that PL significantly decreased cell viability of all

these tested CRC cells in a dose-dependent manner (Figure

2C), and the inhibitory ratio of PL on CRC cells was

promoted from 20% to 60% (Figure 2C). We then tested

the colony formation of CRC cells using the soft agar

assay. The data revealed that PL significantly reduced the

colony number of CRC cells in soft agar. Moreover, 2 μM
of PL reduced the colony number over 40% in HCT116,

HT29, and SW620 cells. The inhibitory efficacy of PL was

enhanced in a dose-dependent manner, and 10 μM of PL

reduced the colony number over 95% of all these exam-

ined CRC cells (Figure 2D). These data suggest that PL

inhibits the growth of CRC cells dose-dependently.

Piperlongumine Decreases the Cyclin D1

Protein Level Through Suppression of

c-Fos in CRC Cells
Phosphorylation of histone H3 on Ser10 is a protein mar-

ker for cell proliferation. The immunofluorescence result

indicated that treatment with PL significantly reduced the

population of histone H3 Ser10 positive cells (Figure 3A),

further confirmed that PL inhibited the growth of tumor

cells. The IB result revealed that the PL decreased the

protein level of Cyclin D1 in HT29, HCT116, and

SW620 cells dose-dependently (Figure 3B). Likewise,

the flow cytometry data showed that PL induced cell

cycle arrest at the G0/G1 phase (Figure 3C). To determine

the mechanisms of how PL reduced Cyclin D1 expression,
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Figure 1 Cyclin D1 is overexpressed in colorectal cancer (CRC) tissues and required for maintaining of tumorigenic properties of CRC cells. (A) The representative immunohis-

tochemical staining (IHC) results of Cyclin D1 in 40 cases of matched CRC patient tissues and adjacent non-tumor tissues. (B) IB analysis of Cyclin D1 expression in immortalized

colorectal epithelial cells andCRC cell lines. (C) Cell viability of HCT116 (left) andHT29 (right) cells expressing sgCtrl or sgCyclin D1. Top, IB analysis of Cyclin D1 expression. Bottom,

MTS analysis of cell viability. (D) Colony formation of HCT116 and HT29 cells expressing sgCtrl or sgCyclin D1. Scale bar, 200 μm. (E–G) In vivo tumor growth of HCT116 cells

expressing of sgCtrl or sgCyclin D1. The tumor volume (E), the image of the tumor mass (F), and the weight of the tumormass (G) of HCT116 xenograft tumors. (H–J) In vivo tumor
growth of HT29 cells expressing of sgCtrl or sgCyclin D1. The tumor volume (H), the image of the tumor mass (I), and the weight of the tumor mass (J) of HT29 xenograft tumors.

***p<0.001. For F and I, scale bar, 1 cm.
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we examined the mRNA level of CRC cells with PL

treatment. As shown in Figure 3D, the qRT-PCR results

revealed that the mRNA of Cyclin D1 was reduced sig-

nificantly in response to PL treatment, indicating that the

transcription of Cyclin D1 was suppressed. Previous

reports showed that the transcription factor, AP-1, is

required for Cyclin D1 expression in multiple human

cancer cells.13 Indeed, our data showed that PL slightly

decreased the protein level of c-Jun, but robustly reduced

the expression of Fos family member, c-Fos, in HCT116

and HT29 cells (Figure 3E). PL inhibited AP-1 luciferase

activity significantly, 10 μM PL reduced the activity over

70% in CRC cells (Figure 3F). As shown in Figure 3G and

H, transfection with c-Fos compromised PL-induced

Cyclin D1 downregulation. These results indicate that PL

decreases the Cyclin D1 protein level through

suppression of c-Fos in CRC cells.

Inhibition of Akt and ERK1/2 Signaling is

Required for PL-Induced c-Fos

Downregulation in CRC Cells
To determine the underlying mechanism of how PL

reduced c-Fos protein level, we examined the signaling

transduction of EGFR kinase in PL-treated CRC cells.

The IB data revealed that PL dose-dependently reduced

the phosphorylation of EGFR on Tyr1068. Consistently,

the activity of EGFR downstream kinases, Akt, and

ERK1/2, were inhibited (Figure 4A). We further exam-

ined the inhibitory effect of PL on EGF-induced EGFR

activation. As shown in Figure 4B, EGF promoted the

activation of EGFR signaling. However, the phosphory-

lation of EGFR, Akt, and ERK1/2 was suppressed with

PL pre-treatment. Furthermore, EGF increased the activ-

ity of EGFR signaling time-dependently, whereas PL

compromised this efficacy (Figure 4C). Furthermore,

treatment with the kinase inhibitors LY294002 and

PD98059, which can specifically reduce the activity of

Akt and ERK1/2 kinases, respectively, caused a robustly

decrease of c-Fos and Cyclin D1 in HT29 cells (Figure

4D). Importantly, the combination of LY294002 and

PD98059 nearly blocked the protein expression of c-Fos

and Cyclin D1 (Figure 4D). Consistently, the Dual-

reporter assay showed that treated with LY294002 and

PD98059 alone, or in combination, significantly reduced

the AP-1 luciferase activity (Figure 4E). Likewise, the

qRT-PCR result showed that the mRNA of Cyclin D1

was reduced with these inhibitors treatment (Figure 4F).

These results suggest that the expression of c-Fos and

Cyclin D1 in CRC cells is dependent on ERK1/2 and Akt

signaling. To better understand how PL regulates c-Fos

expression, we examined the mRNA level of c-Fos in PL-

treated HT29 cells. The result revealed that PL inhibited

c-Fos transcription dose-dependently (Figure 4G).

Interestingly, pretreated with proteasome inhibitor,

MG132, partially restored c-Fos protein level in PL-

treated HT29 cells (Figure 4H). In addition, PL shortened

the half-life of c-Fos from 40 min to 20 min (Figure 4I),

indicating that PL reduced c-Fos protein stability.

Overall, these results suggest that PL inhibited Akt and

ERK1/2 signalings, and decreased c-Fos expression by

suppression of mRNA transcription and reduction of pro-

tein stability.

Piperlongumine Suppresses in vivo Tumor

Growth
To further confirm the in vivo antitumor effect of PL on CRC

cells, we performed a xenograft mouse model using HT29

cells. Our data showed that PL significantly decreased the

growth of xenograft tumor, as the tumor volume of the

vehicle- and PL-treated group was 663 ± 121 mm3 and 267

± 48 mm3, respectively (Figure 5A). Moreover, the tumor

weight was reduced by over 60% in the PL-treated group

(Figure 5B and C). Our result revealed that treatment with PL

did not cause a significant bodyweight loss of tumor-bearing

mice (Figure 5D), indicating that PL is well-tolerated in

tumor-bearing mice. The IHC staining results indicated that

PL decreased the population of Ki-67 positive cells.

Consistently, the population of c-Fos and Cyclin D1 positive

cells was significantly decreased in PL-treated xenograft

tumors (Figure 5E and F), further confirmed that PL inhibited

in vivo tumor growth.

Discussion
Piperlongumine (PL) exhibits significant antitumor effect

in various human cancer models, including colorectal,23

lung,24 liver,25 and prostate cancer.26 Previous reports

revealed that PL inhibits the activity of multiple protein

kinases, attenuates angiogenesis and tumor invasion/

metastasis,27,28 and suppresses of glycolysis.24

Furthermore, treatment with PL induced autophagy-

dependent cell death of human cancer cells.29 PL enhanced

the tumor-killing effect of traditional chemotherapy and

radiotherapy and overcomes drug resistance in human

cancer cells.30,31 Although treatment with PL resulted in
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Figure 2 Inhibitory effects of piperlongumine (PL) on CRC cells. (A) The chemical structure of PL. (B) MTS assay analysis of the toxicity of PL on immortalized colorectal

epithelial cells. (C) MTS assay analysis of the inhibitory effect of PL on HCT116 (left), HT29 (middle), and SW620 (right) cells. (D) Soft agar assay analysis of the inhibitory

effect of PL on HCT116 (top), HT29 (middle), and SW620 (bottom) cells. *p<0.01, ***p<0.001. Scale bar, 200 μm.
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cell cycle arrest, the mechanism underlying such a role of

PL in CRC cells remains elusive. In the present study, we

found that PL dose-dependently suppressed the expression

of Cyclin D1 and caused cell cycle G0/G1 arrest in CRC

cells. Further study showed that PL-induced Cyclin D1

reduction was dependent on the suppression of AP-1

(c-Fos)-mediated transcription. Overexpression of c-Fos

restored the protein level of Cyclin D1 in PL-treated

CRC cells. Our data extend our understanding of the

antitumor mechanism of PL and suggest that a decrease

of the mRNA level of Cyclin D1 might offer a potential

antitumor strategy for CRC prevention and treatment.

Figure 3 Piperlongumine decreases the Cyclin D1 protein level through suppression of c-Fos in CRC cells. (A) HT29 cells were treated with PL for 24 h and subjected to

Immunofluorescence (IF) analysis with the histone H3 S10 antibody. (B) CRC cells were treated with PL for 24 h and subjected to IB analysis. (C) HT29 were treated with

PL for 24 h and subjected to cell cycle analysis by flow cytometry. (D) CRC cells were treated with PL for 24 h and subjected Cyclin D1 mRNA analysis by qRT-PCR. (E)
HT29 (left) and HCT116 (right) cells were treated with PL for 24 h and subjected IB analysis. (F) HT29 and HCT116 cells were co-transfected pGL3-AP-1 or pGL3-Basic

control reporter plasmid together with the renilla luciferase reporter construct pRL-SV40 for 24 h. Cells were then treated with PL for another 24 h and subjected to dual-

luciferase reporter assay. G and H, HT29 (G) and HCT116 (H) cells were transfected with c-Fos construct and treated with/without PL for 24 h, the whole-cell lysate was

subject to IB analysis. *p<0.01, ***p<0.001.
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Targeting cell cycle progression and mitosis is a highly

successful strategy for clinical antitumor treatment.7,32

A panel of chemotherapy drugs, such as taxol and vincris-

tine, which eliminates the tumors via directly induced cell

cycle arrest or enhances the tumor-killing effect of other

therapeutic agents, exhibit a significant antitumor efficacy

in clinical treatment.7 Currently, multiple small inhibitors

that specifically targeting the kinase activity of CDK4/

CDK6 are in clinical trials for both solid tumors and

hematological malignancies.33–35 Furthermore, various

cell cycle-related protein kinases, including Aurora A/B,

CDK7, and CDK1, are considered as potential antitumor

targets.7,36 Because the activation of CDK is dependent on

the expression of Cyclins, reduction of protein level of

Cyclin D1 transcriptionally is an alternative strategy for

CDK4/6 activity suppression. In addition, targeting both

Figure 4 Inhibition of Akt and ERK1/2 signaling is required for PL-induced c-Fos downregulation in CRC cells. (A) HT29 cells were treated with PL for 24 h and subjected

to IB analysis. (B) HT29 cells were starved with 0.1% FBS contained DMEM medium overnight, and pretreated with PL for 2 h. EGF (20 ng/mL) was added to the cell culture

medium for 1 h, the whole-cell lysate was collected and subjected to IB analysis. (C) HT29 cells were starved with 0.1% FBS containing DMEM medium overnight and

pretreated with PL for 2 h. EGF (20 ng/mL) was added to the cell culture medium and maintained for various time points, the whole-cell lysate was collected and subjected

to IB analysis. (D) HT29 cells were treated with LY294002/PD98059 alone, or combination for 24 h, the whole-cell lysate subjected to IB analysis. (E) HT29 cells were co-

transfected pGL3-AP-1 or pGL3-Basic control reporter plasmid together with the renilla luciferase reporter construct pRL-SV40 for 24 h. Cells were treated with inhibitors

as indicated in (D) and subjected to dual-luciferase reporter assay. (F) HT29 cells were treated with LY294002/PD98059 alone, or combination for 24 h, Cyclin D1 mRNA

level was analyzed by qRT-PCR. (G) HT29 cells were treated with PL for 24 h, c-Fos mRNA level was analyzed by qRT-PCR. (H) HT29 cells were treated with PL for 24 h,

the proteasome inhibitor MG132 was added to the cell culture medium and maintained for another 6 h. The cell lysate was subjected to IB analysis. (I) HT29 cells were

treated with/without PL for 24 h, cycloheximide (CHX) was added to the cell culture medium and maintained for various time points. The cell lysate was subjected to IB

analysis. ***p<0.001.
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Cyclins and CDKs to block cell cycle progression through

combination treatment is a promising antitumor strategy

that deserves further study.

The transcriptional factor AP-1 regulates gene expression

in response to various stimuli and stress.37 AP-1 is a dimeric

transcriptional regulator composed of proteins mainly

belonging to the Jun and Fos families. Previous reports

have shown that AP-1 is involved in the regulation of multi-

ple cellular events, such as proliferation, survivin, differen-

tiation, and apoptosis.37,38 Deregulation of AP-1 activity is

implicated in the tumorigenesis of both solid tumors and

lymphomas.39,40 Importantly, the proto-oncogene c-Fos is

the human homolog of the retroviral oncogene v-fos, which

is linked to cancer due to the in vitro neoplastic transforma-

tion of normal cells. Overexpression of c-Fos promotes pro-

liferation, angiogenesis, and survival of cancer cells.41,42

Furthermore, the high protein level of c-Fos is related to

drug resistance in different human cancer models.43,44 As

an “immediate-early” gene, the transcription of c-Fos is

induced in response to a panel of extracellular stimuli, such

Figure 5 PL suppresses the in vivo tumor growth of CRC cells. (A–C) The tumor volume (A), the image of tumor mass (B), and tumor weight (C) of HT29-derived xenograft

tumors treated with the vehicle control or PL. (D) The body weight of tumor-bearing mice treated with the vehicle control or PL. (E and F) IHC staining of Ki67, c-Fos, and

Cyclin D1 in HT29-derived xenograft tumors with the vehicle or PL treatment (E) and the qualification analysis (F) of IHC staining in (E). ***p<0.001. Scale bar, 25 μm.
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as growth factors. Previous studies have revealed that the

mitogen-activated protein kinases (MAPKs), such as the

Ras-Raf-MEK-ERK signaling, play a crucial role in growth

factors-induced c-Fos expression.45,46 Our data showed that

PL dose-dependently decreased AP-1 luciferase activity and

c-Fos expression. Further study revealed that PL-induced

c-Fos reduction is dependent on the suppression of Akt and

ERK1/2 signaling. The combination of Akt and ERK1/2

inhibitor blocked the expression of c-Fos in CRC cells.

Strikingly, treatment with PL decreased both mRNA and

protein levels of c-Fos, as the proteasome inhibitor MG132

partially restored c-Fos expression. Also, the CHX assay

showed that PL shortened the half-life of c-Fos from nearly

40 min to 20 min.

In summary, the present study identified PL as a novel

antitumor agent to regulate Cyclin D1 expression in CRC

cells. PL inhibited the activation of EGF-induced ERK1/2

and Akt kinases and decreased the protein level of c-Fos,

which eventually attenuated AP-1-mediated Cyclin D1

expression. This evidence might provide an alternative

option for the clinical combination treatment of PL for CRC.
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