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Objectives: Calotropin (CTP), a natural product isolated from Calotropis gigantea, has

been identified as a potential anticancer agent. In this study, we aimed to investigate the

effect CTP on colorectal cancer and the role of Yes-associated protein (YAP) in CTP-

inhibited cell proliferation.

Methods: Cell viability and cell proliferation were detected by MTT and BrdU assay.

Western blotting and immunofluorescence were performed to determine CTP-induced YAP

dephosphorylation and nuclear localization. Western blotting, siRNA transfection and RT-

PCR analysis were carried out to investigate the mechanisms of CTP-mediated YAP activa-

tion. The anti-tumor activities of CTP were observed in mice tumor models.

Results: We demonstrated that CTP inhibits the proliferation of colorectal cancer cells both

in vitro and in vivo. Moreover, we showed that CTP activates YAP in colorectal cancer cells.

Mechanistically, CTP promotes LATS1 degradation via the ubiquitination/proteasome path-

way, resulting in YAP dephosphorylation and nuclear localization, leading to induce YAP

target genes expression in colorectal cancer cells. Inhibition of YAP activity enhances CTP-

mediated inhibition of cell proliferation, suggesting that YAP plays a protective role in CTP-

induced antiproliferative effect.

Conclusion: Our results demonstrate that CTP markedly inhibits tumor growth and acti-

vates a protective role of YAP in colorectal cancer cells, indicating that combination of CTP

and YAP targeting drugs may be a promising strategy for colorectal cancer treatment.
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Introduction
Calotropin (CTP) is one of the cardenolides isolated from Calotropis gigantea that

exhibits significant cytotoxicity against several cancer cells. CTP induces cell cycle

arrest through decreasing the expression levels of CDK1 and CDK2 and promotes

apoptosis by regulating the cytotoxic T lymphocyte-associated antigen - mediated

TGFβ/ERK signaling pathway in lung cancer cells.1,2 CTP also promotes apoptosis

via downregulating the expression levels of antiapoptotic proteins in K562 cells.3 In

colon cancer cells, CTP inhibits cell growth through inhibition of Wnt signaling

pathway.4 Although this promising anticancer activities, the mechanisms responsi-

ble for the CTP-induced tumor growth inhibition remain unknown.

In recent years, the Hippo pathway has gained great interest as being a central

player in regulating many aspects of tumor biology.5,6 Core components of the

mammalian Hippo pathway contain a kinase cascade of MST1/2 (mammalian

STE20-like kinase 1 and 2) and LATS1/2 (large tumor suppressor 1 and 2).7

When the Hippo pathway is activated by upstream signals, MST1/2 phosphorylate
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and activate LATS1/2. Activated LATS1/2 subsequently

phosphorylates and inhibits Yes-associated protein (YAP)

and TAZ (WW domain-containing transcription regulator

1) translocation into the nucleus, interaction with the

TEAD family of transcription factors and activation of

downstream genes (eg CTGF, CYR61).8,9 AS a major

downstream effector of the Hippo pathway, YAP is impor-

tant for cell proliferation and survival. As dysregulation of

YAP is associated with several types of cancer such as

breast, liver and colon cancer, YAP has been considered as

a promising and important therapeutic target.10,11

CTP has been identified as a potential anticancer agent.

However, the molecular mechanisms involved remain

poorly understood.

Materials and methods
Cell culture, agents and antibodies
Human colorectal cancer cell lines HT-29 and HCT116

cells were purchased from the American Type Culture

Collection. All cell lines were cultured in RPMI-1640

supplemented with 10% FBS (Gibco), 100 U/mL penicil-

lin (Sigma) and 100 μg/mL streptomycin (Sigma) at 37°C

in an atmosphere containing 5% CO2. CTP was gifted

kindly from Hao-Fu Dai professor. The purity of CTP

was proved to be ≥95% by chromatographic analysis.

CTP was dissolved in DMSO and stored at −20°C for

experimental use in this study. MG132, cycloheximide

and verteporfin were obtained from MedChemExpress.

The following antibodies were used in this study: LATS1

was purchased from Cell Signaling Technology; phos-

phorylated and total forms of YAP, and Goat Anti-Rabbit

IgG H&L (Alexa Fluor ® 488) were purchased from

Abcam.

Cell viability assay
Cells were cultured in 96-well plates overnight and then

exposed to CTP (0–10 µM) for 24 hrs. The cell viabilities

were determined by MTT assay. Briefly, 10 μL of MTT

was added to each well. After 4 hrs of incubation, the

medium was removed and 200 μL of dimethylsulfoxide

was added to dissolve the crystal formazan dye. The

absorbance was measured at 570 nm on an enzyme-

linked immunosorbent assay reader.

BrdU assay
BrdU signaling was assayed using a BrdU Cell

Proliferation Assay Kit (Abcam, ab126556). Briefly, cells

were cultured in 96-well plates and exposed to CTP (0.1

and 0.2 µM) for 24 hrs. Subsequently, 10 μM BrdU was

added to each well, and samples were incubated for 12 h at

37°C. BrdU signaling was determined by measuring the

absorbance at 450 nm.

Western blot
Cells were harvested and lysedwith radioimmunoprecipitation

assay buffer. Protein concentrations were quantified by using

a BCA protein assay kit (Thermo, 23227). Proteins were size

fractionated by 10% SDS-PAGE and transferred to polyviny-

lidene fluoride membranes. After blocking, the membranes

were incubated with primary antibodies at 4°C overnight and

then incubated with secondary antibodies at room temperature

for 2 hrs. Target proteins were examined using enhanced

chemiluminescence reagents (WBKLS0100; Merck

Millipore).

RT-PCR analysis
Total RNAwas isolated using TRIzol reagent (Thermo Fisher

Scientific). cDNAwas prepared from1mg of total RNA, using

reverse transcriptase and random hexamers from RevertAid

First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).

Quantitative real-time PCR was performed by mixing cDNA,

gene-specific primers and IQ SYRB Green Supermix and

detected by Mx3005P QPCR System (Agilent). The 2-pCt

method was used to quantitate fold changes by normalizing

to GAPDH. Primers for RT-qPCR were as follows: Human

CTGF: 5‘-AAAAGTGCATCCGTACTCCCA-3‘ and 5‘-

CCGTCGGTACATACTCCACAG-3‘; Human CYR61: 5‘-

AGCCTCGCATCCTATACAACC-3‘ and 5‘-TTCTTTCAC-

AAGGCGGCACTC-3‘; Human LATS1: 5‘-ACCGCTTC-

AAATGTGACTGTGATGCCACCT-3‘ and 5‘-CTTCCTTG-

GGCAAGCTTGGCTGATCCTCT-3‘; Human GAPDH: 5‘-

GAGCGAGATCCCTCCAAAAT-3‘ and 5‘-GGCTGTTGT-

CATACTTCTCATGG-3‘.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde at room tem-

perature for 30 mins, washed 3 times with PBS and then

incubated with 0.1% Triton X-100 for permeabilization;

non-specific receptors on cells were blocked for 30 mins

with 5% BSA. Cells were stained with anti-YAP antibody

(Abcam, ab52771) overnight at 4°C and then incubated

with Alexa Fluor 488–conjugated goat anti-rabbit IgG

(Abcam, ab150077) at room temperature for 1 hr. Nuclei

were stained with DAPI. Images were captured using

confocal laser scanning microscopy (Olympus, FV1000).
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Animal models
All animal experiments complied with the National Institutes

of Health (USA)’s Guide for the Care and Use of Laboratory

Animals (NIH Publication No 8023, revised 1978), and all

studies were approved by the Institutional Animal Care and

Treatment Committee of Hainan Medical College. HT-29

tumor models were established in BALB/c immunodeficient

nude mice at 6–8 weeks of age. When the tumor volumes

reached 100mm3, mice were randomly divided into 2 groups

and each tumor model was injected with CTP (50 mg/kg) or

vehicle (DMSO), respectively, through the tail vein once

every 2 days. Animals were sacrificed after 3 weeks.

Tumor tissues were isolated and frozen in liquid nitrogen or

fixed in 10% formalin immediately.

Statistical analysis
Statistical analysis was performed using GraphPad Prism

6.0 (GraphPad Software). Comparisons between the two

groups were performed by the Student’s t-test. Statistical

significance was defined as *P<0.05, **P<0.01 and

***P<0.001.

Results
Calotropin inhibits the growth of

colorectal cancer cells both in vitro and

in vivo
To examine the effect of CTP on colorectal cancer cells,

human colorectal cancer cell lines HT-29 and HCT116 were

treated with various concentrations of CTP for 24 hrs, fol-

lowed by MTT assay. As shown in Figure 1A, CTP markedly

suppressed colorectal cancer cell proliferation in a dose-

dependentmanner in both cell lines. Consistently, BrdU assays

showed that there were a significantly lower percentage of

BrdU-positive cells in CTP-treated cells in a dose-dependent

manner (Figure 1B and C). In addition, CTP significantly

suppressed cell proliferation in colorectal cancer cells, as

shown by reduced colony formation (Figure 1D–F).

Collectively, these results demonstrate that CTP inhibits the

proliferation of colorectal cancer cells in vitro. To evaluate the

effect of CTP on colorectal cancer growth in vivo, BALB/c

nude mice were inoculated with HT-29 cells and treated with

CTP or vehicle. As shown in Figure 1G, CTP treatment

significantly decreased the rate of tumor growth compared to

that in the control group. Consistently, tumor weight was

reduced in CTP-treated mice compared with those treated

with control treatment (Figure 2H). In addition, the size of

CTP-treated tumors was much smaller than that of the control

group (Figure 1I). Taken together, these data suggest that CTP

inhibits the growth of colorectal cancer both in vitro and

in vivo.

YAP is activated in calotropin-treated

colorectal cancer cells
To address whether the Hippo pathway is involved in CTP-

inhibited cell proliferation in colorectal cancer cells, we first

detected the phosphorylation status of YAP, a major down-

stream effector of the Hippo pathway. As shown in

Figure 2A–C, CTP treatment promoted YAP dephosphory-

lation at S127 in colorectal cancer cells. As expected, CTP

treatment induced YAP nuclear localization in colorectal

cancer cells (Figure 2D and E). After translocation into

the nucleus, YAP interacts with the TEAD family of tran-

scription factors and activates of downstream genes (eg

CTGF, CRY61).9,12 Consistent with this observation, CTP

treatment strongly induced the expression of CTGF and

CRY61, as measured by quantitative RT-PCR (Figure 2F

and G). Collectively, these data demonstrated that CTP

enhances YAP dephosphorylation and nuclear localization

and promotes YAP target genes expression in colorectal

cancer cells.

Calotropin promotes degradation of

LATS1
Although YAP transcriptional activity is regulated by several

mechanisms, as a key downstream effector of the Hippo

pathway, YAP is regulated directly by LATS1/2 kinases.

Phosphorylation by LATS1/2 at S127 sequesters YAP in

the cytoplasm by promoting its binding to 14–3-3

proteins.7,13,14 Therefore, we investigated whether LATS1

kinase is involved in CTP-induced YAP activation in color-

ectal cancer cells. As shown in Figure 3A and B, LATS1

expression was significantly decreased upon CTP treatment.

To determine the mechanism underlying the regulation of

LATS1 by CTP, we performed quantitative RT-PCR analysis

after 24 hrs of CTP treatment. The results showed that there

were no significant changes in mRNA levels of LATS1,

suggesting that transcription regulation might not account

for the decreased LATS1 expression upon CTP treatment

(Figure 3C). Thus, we next examined whether LATS1 was

degraded through the ubiquitination/proteasome pathway. As

shown in Figure 3D and E, CTP treatment shortened the half-

life of endogenous LATS1 protein. Moreover, we demon-

strated that downregulation of LATS1 protein caused by CTP

was reversed by treating cells with the proteasome inhibitor
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MG132 (Figure 3F and G). Collectively, these results indi-

cated that CTP promoted LATS1 degradation through the

ubiquitination/proteasome pathway.

Inhibition of YAP activity enhances

calotropin-inhibited cell proliferation in

colorectal cancer cells
To determine whether YAP is involved in CTP-mediated

inhibition of cell proliferation, we performed MTT and

BrdU assays to detect cell viability and cell proliferation

upon treatment with YAP inhibitor. As shown in Figure 4A

and B, inhibition of YAP by Verteporfin (VP), a YAP

inhibitor, resulted in significant lower cell viability than

CTP treatment alone. Consistently, similar results were

observed by BrdU assay (Figure 4C and D). Furthermore,

knockdown of YAP by using siRNAs enhanced TCP-

inhibited cell proliferation (Figure 4E and F). These find-

ings suggested that CTP-induced YAP activation plays

Figure 1 Calotropin inhibits cell proliferation in colorectal cancer cells. (A) Cell viability was measured using an MTT assay in HT-29 and HCT116 cells treated with the

indicated concentrations of CTP for 24 hrs. (B and C) Cells were treated with the indicated concentrations of CTP for 24 hrs, and the degree to which CTP inhibited cell

proliferation was measured using BrdU labeling. (D–F) Cell proliferation was measured by colony formation assay in HT-29 and HCT116 cells treated with the indicated

concentrations of CTP and grown for 7 days. (G–I) BALB/c nude mice were inoculated with HT-29 cells and treated with CTP or vehicle. Tumor volumes were measured at

indicated time points (G). Tumor weights at time of sacrifice (H). Images of isolated tumors derived from CTP-or vehicle-treated mice (I). **P<0.01, ***P<0.001.
Abbreviations: CTP, calotropin; CrtL, control.
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a protective role against CTP-induced inhibition of cell

proliferation in colorectal cancer.

Discussion
Natural products have been the major resource of compounds

of value to medicine. CTP is one of the natural products

isolated fromCalotropis gigantea that exhibits potential anti-

cancer activities. In this study, we demonstrated that CTP

markedly suppresses cell proliferation in colorectal cancer

cells. We also showed that CTP induces YAP activation

through downregulation of LATS1, and Inhibition of YAP

activity enhances CTP-inhibited cell proliferation in color-

ectal cancer cells, suggesting that YAP plays a protective role

in suppressing CTP-inhibited cell proliferation.

Dysregulation of Hippo pathway componentsis often

correlated with aberrant cell growth and tumor formation of

human cancers.15,16 As a downstream effector, YAP plays

a key role in Hippo pathway to control cell proliferation.

Elevated expression and nuclear localization of YAP have

been frequently observed in human cancers such as lung

cancers, colon cancers and breast cancers,6,10 where it pro-

motes cell proliferation and tumor growth, acting as

a powerful tumor promoter. But in some circumstances,

YAP restricts cell expansion and play a possible suppressor

function.17 In this study, we demonstrated that CTP activates

YAP, and inhibition of YAP activity enhances CTP-inhibited

cell proliferation in colorectal cancer cells, suggesting that

YAP promotes cell proliferation against CTP agent pressure.

Figure 2 YAP is activated in calotropin-treated colorectal cancer cells. (A) Immunoblot analysis of phosphorylation of YAP (S127) in HT-29 and HCT116 cells treated with

the indicated concentrations of CTP for 24 hrs. Total YAP expression served as internal controls. (B and C) ImageJ densitometric analysis of the p-YAP/β-actin ratios from

immunoblots. (D) HT-29 cells treated with CTP for 24 hrs, and YAP subcellular localization was determined by immunofluorescence staining for endogenous YAP (green)

along with DAPI for DNA (blue). (E) Quantitative analysis of YAP nuclear translocation. (F and G) CTGF and CYR61 mRNA expression in cells treated with the indicated

concentrations of CTP for 24 hrs were evaluated by RT-qPCR. *P<0.05, **P<0.01, ***P<0.001.
Abbreviations: CTP, calotropin; CrtL, control.
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Although YAP transcriptional activity is regulated by

several mechanisms, in most tumor cell types, the activity

of YAP is mainly regulated by the Hippo pathway. In the

Hippo pathway, LATS1/2 directly phosphorylates YAP for

its cytoplasmic retention and proteasomal degradation, and

depletion of LATS1/2 promotes YAP dephosphorylation

and nuclear localization.7,8 Consistent with these observa-

tions, we demonstrated that CTP induces YAP activation by

promoting LATS1 degradation via the ubiquitination/protea-

some pathway. Downregulation of LATS1 enhances YAP

dephosphorylation and nuclear localization and stimulates

YAP target genes expression in colorectal cancer cells.

Post-translational modifications of LATS kinases are

involved in several mechanisms. Differential phosphorylation

of LATS1/2 affects their stability. LATS1 phosphorylation by

NUAK1 reduces its protein levels, whereas KIBRA stabilizes

LATS2 by augmenting its phosphorylation.18,19 Moreover,

both LATS kinases are clients of the molecular chaperone

HSP90 and inhibition of HSP90 reduces LATS1/2

stabilization.20 Otherwise, LATS protein stability is regulated

also through ubiquitination by a number of E3 ligases.21,22 But

in this study, detailed mechanism on CTP causing LATS1

destabilization needs further study.

Conclusion
We demonstrated that CTP inhibits the proliferation of

colorectal cancer cells both in vitro and in vivo. We

showed that CTP induces YAP activation through

Figure 3 Calotropin promotes degradation of LATS1. (A) Immunoblot analysis of LATS1 in HT-29 and HCT1160 cells treated with CTP for 24 hrs. (B) ImageJ densitometric

analysis of the LATS1/β-actin ratios from immunoblots. (C) LATS1 mRNA expression in cells treated with the indicated concentrations of CTP for 24 hrs was evaluated by

RT-qPCR. (D) Immunoblot analysis of LATS1 in cells treated with CTP for 24 hrs in the presence of cycloheximide (CHX). (E) At each time point, the intensity of LATS1 was

normalized to the intensity of β-actin first and then to the value at the 0-hr time point. (F) Immunoblot analysis of LATS1 in cells treated with CTP for 24 hrs in the presence

and absence of MG132. (G) ImageJ densitometric analysis of the LATS1/β-actin ratios from immunoblots. **P<0.01, ***P<0.001.
Abbreviation: CTP, calotropin.
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downregulation of LATS1, and inhibition of YAP activity

enhances CTP-inhibited cell proliferation in colorectal

cancer cells. Our findings suggest that CTP is a potential

anticancer agent against colorectal cancer, and the com-

bined use of YAP inhibitors may be a promising strategy

for CTP-mediated anticancer therapy.
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