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Abstract: Background: Curcumin is a plant polyphenol with antitumor properties and inhibits the development of

colorectal cancer (CRC). However, as the molecular mechanism associated is still unclear, our study aimed to explore

the underlying molecular mechanisms by which curcumin inhibits CRC. Methods: HT29 and SW480 cells were

treated with curcumin or/and Doxycycline (DOX), and cell viability, colony forming ability, migration and invasion

were confirmed by cell counting kit-8 (CCK-8), colony forming, Transwell assays. And Yes-associated protein 1

(YAP) and PDZ-binding motif (TAZ) signaling-related genes or proteins were analyzed using reverse transcription

quantitative real-time PCR (RT-qPCR), western blot, and immunofluorescence assays. Then nude mice xenograft

tumor model was constructed, YAP and Ki67 expressions were tested by immunohistochemistry (IHC) staining.

Results: In our study, we proved that curcumin significantly inhibited the CRC cell viability, cell migration, and cell

invasion abilities. In addition, curcumin inhibited YAP and Transcriptional coactivator with TAZ or the YAP/TAZ

signaling axis in CRC cells. Further, in the nude mice model, curcumin treatment significantly decreased the size and

weight of xenotransplant tumors. Conclusion: Therefore, curcumin significantly inhibited CRC development and

invasion by regulating the YAP/TAZ signaling axis.

Abbreviations

CRC Colorectal cancer
YAP Yes-associated protein 1
TAZ PDZ-binding motif
DOX Doxycycline
CTGF Connective tissue growth factor
CCK-8 Cell counting kit-8
IHC Immunohistochemistry
RT-qPCR Reverse transcription quantitative real-time

PCR
SDS Sodium dodecyl sulfate
PAGE Polyacrylamide gel electrophoresis
PVDF Polyvinylidene difluoride

Introduction

Colorectal cancer (CRC) is one of the most common digestive
tract malignancies, with more than one million diagnoses
worldwide each year, and more than half of such patients
die from it [1,2]. Although the research on CRC has made
great progress in recent years, there is still a lack of effective
clinical treatments for CRC patients [3]. Therefore,
developing new therapeutic drugs for CRC has very
important clinical application values.

Curcumin is a plant polyphenol mainly derived from the
rhizomes of the genus Curcuma [4]. Curcumin has
documented various properties on tumor cells, including
anti-proliferative, anti-inflammatory, and antioxidant
activities [5,6]. Studies have shown that curcumin could
effectively inhibit the invasion and proliferation of human
cancers, such as Wilms tumor (WT), esophageal cancer, and
CRC [7–10]. Further, curcumin inhibits the occurrence and
development of CRC mainly through anti-inflammatory
mechanisms and anti-tumor-related pathways [11,12].
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Dysregulation of the Hippo signaling pathway can induce
development in various organs, such as in CRC, lung cancer,
liver cancer, gastric cancer, and breast cancer, to name a few.
For example, a mutation or abnormality of the Hippo
signaling pathway resulted in overexpression of Yes-
associated protein 1 (YAP) and PDZ-binding motif (TAZ)
and their accumulation in the nucleus promoted the
development and development of disease [13,14]. Few latest
studies found that elevated expression of YAP/TAZ or
nuclear enrichment of YAP/TAZ was observed in various
types of tumors [15–17]. In addition, the expression level of
YAP/TAZ is considered to be a new tumor molecular marker
and a potential therapeutic target. It can be also used as an
independent prognostic indicator in some malignant tumors
[18]. Previous studies also reported that curcumin interacts
with YAP/TAZ in prostate cancer [19]. Furthermore, a recent
analysis reported that curcumin inhibits the Hippo signaling
pathway via miR-30a-5p in CRC [20]. However, it is not yet
clear whether the inhibitory effect of curcumin on colorectal
carcinogenesis is related to the YAP/TAZ axis. Based on the
above studies, we hypothesize that curcumin inhibits CRC by
inhibiting the YAP/TAZ axis. Our data showed that the
inhibition of CRC by curcumin depended on the TAZ/YAP
axis. In addition, curcumin inhibited the TAZ/YAP axis by
phosphorylating YAP to prevent it from entering the nucleus.

Materials and Methods

Reagent details
Curcumin (SC0299), Trizol (R0016), Crystal Violet Staining
Solution (C0121), Immunol Fluorescence Staining Kit with
Alexa Fluor 555 (P0179), Cell Counting Kit-8 (C0039) and
Doxycycline (ST039A) were purchased from Beyotime
Biotechnology, Shanghai, China. Trans-well (SnapwellTM,
3407) was purchased from Corning Incorporated, New
York, USA. The following antibodies, anti-TAZ (ab110239),
anti-YAP (ab205270), anti-GAPDH (ab76523), anti-cMYC
(ab71676), anti-connective tissue growth factor (CTGF)
(ab209780), anti-Cyr61 (ab252421) and anti-Ki67 (ab92742)
we all purchased from Abcam Co., Ltd., Cambridge, UK.
HRP-labeled Goat Anti-Rabbit IgG was purchased from
Beyotime Biotechnology, Shanghai, China.

Cell culture
SW480, HT29, and HEK293 cells were purchased from
American Type Culture Collection (ATCC). While HT29
cells were maintained in the HT-29 medium (SNLM-069,
SUNNCELL Biotechnology Co., Ltd., Wuhan, China),
SW480 cells were maintained in the SW480 cell-specific
medium (CM-0223B, ProcellLife Science & Technology Co.,
Ltd., Wuhan, China) and HEK293 cells were maintained in
the HEK293 cell-special medium (CM-0001, Procell Life
Science & Technology Co., Ltd., Wuhan, China). All cells
were cultured in a cell incubator at humidified atmosphere
conditions of 37°C and 5% CO2.

Cell counting kit-8 (CCK-8)
After counting single-cell suspensions of HT29 and SW480
cells, 1000 cells per well were plated into 96-well plates.

Subsequently, curcumin was added at final concentrations of
0, 5, 10 or 20 μM for treatment. The cell viability of each
treatment group was measured using the CCK-8 kit at 24,
48, 72, and 96 h.

Colony formation assay
After HT29 and SW480 cells were digested into a single cell
suspension, 200 cells per well were seeded in a 6-well plate.
Curcumin was added at concentrations of 0, 5, 10 and
20 μM. After 2–3 weeks of cell culture, the cells were stained
with crystal violet staining solution, and the number of
colonies formed was subsequently counted.

Trans-well assay
After HT29 and SW480 cells were digested into single cell
suspensions, 200 µl of the cell suspension was added to the
Trans-well chamber with Matrigel (invasion) or Trans-well
chamber without Matrigel (migration). The concentration was
adjusted so that the number of cells in 200 µl of cell
suspension was 20,000. Subsequently, 600 µl of medium
containing 15% fetal bovine serum (FBS) was added to the
lower chamber of the 24-well plate and curcumin was added
at concentrations of 0, 5, 10 or 20 μM, respectively. After 24 h
of cell culture, the cells were stained with crystal violet staining
solution, and the number of cells was subsequently counted.

Western blotting
We used pre-cooled cell lysis buffer (P0013, Beyotime
Biotechnology, Shanghai, China) to lyse cells in each
curcumin treatment group and then centrifuged at 4°C at
12000 rpm for 15 min. After the protein concentration in
each group was detected, a total of 30–40 μg protein was
used to perform sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE). After the
electrophoretic separation, protein samples were transferred
to polyvinylidene difluoride (PVDF) membranes by electro-
transfer. These PVDF membranes were blocked with 5%
skimmed milk for 1 h at room temperature and then
incubated overnight at 4°C with the corresponding primary
antibodies mentioned above (1:500).

Reverse transcription quantitative real-time PCR (RT-qPCR)
The total RNA of cells of each treatment group was extracted
by the Trizol method. RT-qPCR was then performed using the
HiScript II One Step qRT-PCR SYBR Green Kit (Q221-01,
Vazyme, Nanjing, China) kit. The primer sequences for
Homo sapiens genes are shown below:

cMYC-Forward: 5′-CCTGGTGCTCCATGAGGAGAC-3′
cMYC-Reverse: 5′-CAGACTCTGACCTTTTGCCAGG-3′
CTGF-Forward: 5′-CTTGCGAAGCTGACCTGGAAGA-3′
CTGF-Reverse: 5′-CCGTCGGTACATACTCCACAGA-3′
Cyr61-Forward: 5’-GGAAAAGGCAGCTCACTGAAGC-3′
Cyr61-Reverse: 5′-GGAGATACCAGTTCCACAGGTC-3′
GAPDH-Forward: 5′-GTCTCCTCTGACTTCAACAGCG-3′
GAPDH-Reverse: 5′-ACCACCCTGTTGCTGTAGCCAA-3′

Immunofluorescence staining assay
SW480 cells on coverslips of different treatment groups were
fixed with fixative, and immunofluorescence experiments
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were then done according to the instructions of the Immunol
Fluorescence Staining Kit with Alexa Fluor 555 (P0179,
Beyotime Biotechnology, Shanghai, China).

Generation of the transfected engineered cell line
We transfected pSPAX2, pMD2.g, and pLVX-TetOne-YAP
plasmids into HEK293 cells according to the instruction of
the Lipo293FTM Transfection Reagent (C0518, Beyotime
Biotechnology, Shanghai, China). After 48 h of transfection,
the medium containing the recombinant virus was filtered
through a 0.22 μM filter, and the filtered virus solution was
used to infect SW480 cells with polyene (8 μg/mL). The
infected SW480 cells were screened with puromycin
(0.5 μg/mL) for 7 days before proceeding to subsequent
corresponding experiments.

In vivo xenograft model
All animal experimental protocols in this study were approved
by the Institutional Animal Care and Use Committee of
Shantou University School of Medicine (No. 20200921021).
All animal work was performed in strict accordance with
approved protocols. A total of 15 healthy BALB/c nude mice
(6–8 weeks old; Shanghai Model Organisms Center,
Shanghai, China) were housed in a pathogen-free
environment with a 12-h light/dark cycle. We
subcutaneously injected 1 × 106 SW480-tet cells into each
group of nude mice. The tumor volume was monitored on
7, 10, 13, 16, 19, 22, 25, and 28 days post-injection. After
28 days of injection, mice were euthanized with CO2, and
tumors were collected for subsequent assays.

Immunohistochemistry (IHC) assay
The tumor tissues of each group were fixed with 4%
paraformaldehyde, dehydrated with different concentrations of
ethanol, transparent with xylene II, and then immersed in wax.
After embedding in paraffin, the tissues were sectioned (4 μM
thick). Subsequently, sections were deparaffinized with xylene
and hydrated with gradient ethanol, and rinsed with distilled
water and PBS. After 10 min of peroxidase blocking, sections
were added with primary antibody (Abcam, 1:300) followed by
secondary antibody (Abcam, 1:400). After DAB coloration,
sections were counterstained by dropping hematoxylin
nucleating and dehydrated with gradient ethanol. After sealing
the slides, the samples were observed under a microscope.

Statistical analysis
Data presented in this study are the mean ± standard error
(SE) of three independent measurements. Data were
statistically analyzed by t-test, two-way analysis of variance
(ANOVA), and one-way ANOVA. The data analysis
software used in this research was GraphPad Prism 7.0.
Statistical significance was considered when the p-value <
0.05 (Note that *p < 0.05; **p < 0.01; ***p < 0.001).

Results

Curcumin suppresses the malignancy of CRC cells
We used curcumin at varying doses to treat human CRC cell
lines HT29 and SW480 to validate its potential as a CRC

treatment agent. We found that curcumin significantly
inhibited the cell viability and colony-forming ability of HT29
and SW480 cells in a dose-dependent manner (Figs. 1A–1D).

Then we also observed such a dose-dependent inhibitory
effect of curcumin on cell migration of HT29 and SW480
(Figs. 2A and 2B). In addition, curcumin could significantly
inhibit the invasion of HT29 and SW480 cells in a dose-
dependent manner (Figs. 2C and 2D). Our overall results
suggested that curcumin could suppress the malignancy of
CRC cells in vitro.

Curcumin inhibits the YAP/TAZ signaling axis in CRC cells
Previous studies have reported that when the Hippo signaling
pathway is mutated or abnormal, YAP/TAZ is overexpressed
and is accumulated in the nucleus. Subsequently, its ability to
promote cell proliferation is activated that promotes the
occurrence and development of tumors [13,14]. In addition,
some studies reported that curcumin can influence the YAP/
TAZ signaling axis [19,21]. Hence, we hypothesized that
curcumin may inhibit the viability, migration, and invasion
of CRC cells by affecting the YAP/TAZ signaling axis. As
shown in Figs. 3A and 3B, curcumin inhibited the
expression of TAZ and YAP in HT29 and SW480 cells in a
dose-dependent manner. In addition, curcumin also
significantly inhibited the transcription and protein
expression levels of genes downstream of the YAP/TAZ
signaling axis namely that of c-myc, CTGF, and Cyr61
(Figs. 3C–3F). Given that the phosphorylation of YAP can
cause YAP protein degradation and nuclear entry, we
examined the effect of curcumin on YAP phosphorylation
in HT29 and SW480 cells. Western blotting results showed
that curcumin could significantly inhibit the
phosphorylation of YAP (Figs. 3E and 3F). Further, as YAP
needs to enter the nucleus to transcribe downstream genes,
we examined the effect of curcumin on the entry of YAP
into the nucleus. As shown in Figs. 3G and 3H, curcumin
could significantly inhibit YAP nuclear entry in SW480
cells. Combining our observations, we found that curcumin
can inhibit the activation of the YAP/TAZ signaling axis in
CRC cells.

Malignant inhibition of CRC cells by curcumin depends on the
YAP protein
We further explored whether these inhibitory effects of
curcumin on CRC were caused by the inhibition of YAP
entry into the nucleus. We constructed SW480-tet-YAP cells
(hereinafter referred to as SW480-tet) with DOX
(Doxycycline)-induced YAP expression through the Tet-on
system for probing the same. As shown in Fig. 4A, DOX
could significantly increase the expression of YAP in SW480
cells. Further, the results of the CCK-8 assay showed that
the restoration of YAP expression could significantly rescue
the inhibition of SW480-tet cell viability by curcumin
(Fig. 4B). Colony forming assays and the trans-well assay
results showed that YAP could also rescue the curcumin-
induced diminishing of clone formation, cell migration and
cell invasion ability of SW480-tet cells (Figs. 4C–4G).
Furthermore, we also found that YAP could also rescue the
curcumin-induced suppression of the YAP/TAZ signaling
axis in SW480-tet cells (Figs. 4H and 4I). These
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FIGURE 1. Curcumin inhibits CRC cell proliferation. (A) Curcumin inhibited HT29 cell viability. HT29 cells (1 × 103) were treated with 0, 5,
10 and 20 µM of curcumin, and the cell viability was detected by the cell counting kit-8 (CCK-8) assay kit for indicated time points. (B)
Curcumin inhibited SW480 cell viability. SW480 cells (1 × 103) were treated with 0, 5, 10, and 20 µM curcumin, and the cell viability was
detected by the CCK-8 assay kit for indicated time points. (C) Curcumin inhibited the 2-D colony forming ability of HT29 and SW480
cells. HT29 and SW480 cells were treated with 0, 5, 10, and 20 µM curcumin for 48 h before the colony forming assay. (D) Details of the
clone formation assay of HT29 and SW480 cells. Each experiment was repeated three times; *p < 0.05; ***p < 0.001.

FIGURE 2. Curcumin inhibited the migration and invasion of CRC cells. (A) HT29 and SW480 cells were treated with 0, 5, 10, and 20 µM of
curcumin for 48 h before cells migration analysis using the trans-well chamber assay, scale bar: 100 μM, magnification: 100×. (B) Details of cell
migration detected in HT29 and SW480 cells. (C) HT29 and SW480 cells were treated with 0, 5, 10, and 20 µM of curcumin for 48 h before cells
invasion analysis using the trans-well chamber assay, scale bar: 100 μM, magnification: 100×. (D) Statistical analysis of cell invasion analysis of
HT29 and SW480 cells. Each experiment was repeated three times; ***p < 0.001.
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observations suggested that the suppression of CRC cell line
malignancy by curcumin is dependent on the YAP protein.

Curcumin inhibits the in vivo development of CRC
We next studied whether the inhibition of CRC by curcumin
was also seen in in vivo conditions. For this study, we
subcutaneously injected 1 × 106 SW480-tet cells into 6–8
weeks-old healthy nude mice. On the seventh day after
injection, mice were randomly divided into three groups

(five per group): the control group fed normal food, the
curcumin group fed normal food + curcumin gavage, and
the curcumin + DOX group fed DOX food + curcumin
gavage (Fig. 5A). We measured the tumor volume every
three days in all these group animals. As shown in Fig. 5B
curcumin treatment could significantly inhibit the tumor
growth rate of CRC, and this inhibition was rescued by
the expression of YAP. We then took out the xenografts
from these three groups of mice 28 days after injection

FIGURE 3. Curcumin inhibits the Yes-associated protein 1 (YAP) and PDZ-binding motif (TAZ) signaling axis in CRC cells. (A and B) HT29
and SW480 cells were treated with 0, 5, 10 and 20 µM curcumin for 48 h and the YAP/TAZ protein expression level was detected by Western
Blot assay; the indicated antibodies were added during Western Blot assay; HT29 (A) and SW480 (B) cells (C and D) HT29 and SW480 cells
were treated with 0, 5, 10 and 20 µM curcumin for 48 h and the YAP/TAZ signaling pathway downstream target gene mRNA expression levels
were detected by reverse transcription quantitative real-time PCR (RT-qPCR). The indicated gene mRNA expression levels were detected
during the qPCR assay in HT29 (C) and SW480 (D) cells; (E and F) HT29 and SW480 cells were treated with 0, 5, 10, and 20 µM
curcumin for 48 h and western blotting was done for the downstream target genes protein expression analysis of the YAP/TAZ signaling
pathway in HT29 (E) and SW480 (F) cells; the indicated antibodies were added during the western blotting assay; (G) SW480 cells were
treated with 0 and 20 µM curcumin for 48 h before the immunofluorescence assay to detect YAP protein cellular sub-localization, the
yellow arrow points to positive staining for YAP protein, scale bar: 50 μM, magnification: 200×; (H) Statistical analysis for the
immunofluorescence assay of YAP protein cellular sub-localization. Each experiment was repeated three times; ***p < 0.001.
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and found that curcumin treatment could significantly
inhibit the volume and weight of CRC tumors, and this
inhibition could be rescued by the expression of YAP
(Figs. 5C and 5D). Further, we observed no significant
changes in the body weight of mice during the
experimental period, indicating that neither curcumin nor
DOX food had toxic effects on the study animals
(Fig. 5E). Furthermore, IHC results showed that curcumin
treatment significantly inhibited the expression of the
proliferative makers (YAP and Ki67) in CRC tumor
samples, and this inhibition could be rescued by the

expression of YAP (Fig. 5F). Our overall observations
suggested that curcumin also inhibits the development
and development of CRC in vivo.

Discussion

As the third most commonly occurring cancer, CRC is a
highly complex and heterogeneous disease on a molecular
basis with frequent mutations that confer resistance to
conventional treatments [22,23]. Despite recent progress in
identifying therapeutic targets for CRC, there is a far unmet

FIGURE 4. CRC cell malignancy inhibition by curcumin depends on YAP. (A) SW480-tet cells were treated with 0 and 1 µg/mL of doxycycline
(DOX) for 48 h before YAP protein expression level detection by Western Blot assay in SW480-tet cells, indicated antibodies were added
during western blotting. (B) SW480-tet cells (1 × 103) were treated with 0, 20, and 20 M curcumin + 1 µg/mL DOX, the cell viability was
detected by the cell counting kit-8 (CCK-8) assay kit for indicated time points. (C) SW480-tet cells (1 × 103) were treated with 0, 20 and
20 µM curcumin + 1 µg/mL DOX for 48 h before the colony forming assay. (D) Analysis of the clone formation assays of SW480-tet cells
treated with 0, 20 and 20 µM curcumin + 1 µg/mL DOX. (E) SW480-tet cells were treated with 0, 20 and 20 µM curcumin + 1 µg/mL
DOX for 48 h before cells migration assays and cell invasion assays by the trans-well chamber assay, scale bar: 100 μM; magnification:
100×. (F and G) Analysis of the cell migration assay (F) and invasion assay (G) in SW480-tet cells. (H) SW480-tet cells were treated with
0, 20 and 20 µM curcumin + 1 µg/mL DOX for 48 h before detecting the mRNA expression level of the YAP/TAZ signaling pathway
downstream target genes by RT-qPCR in SW480-tet cells, indicated genes mRNA expression level were detected during the qPCR assay.
(I) SW480-tet cells were treated with 0, 20 and 20 µM curcumin + 1 µg/mL DOX for 48 h before detecting the protein expression level of
the YAP/TAZ signaling pathway downstream target genes by western blotting in SW480-tet cells, indicated antibodies were added during
the western blotting assay. Each experiment was repeated three times; *p < 0.05; **p < 0.01; ***p < 0.001.
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need in the clinical treatment of CRC. Current clinical
treatments have shown that drug resistance is one of the
major obstacles to treating CRC patients [24,25]. Therefore,
the development of new therapeutic CRC targets remains of
great importance to improve the clinical outcomes of CRC
patients. Previous studies have shown that curcumin has an
inhibitory effect on CRC. Our experimental results that
curcumin inhibited the cell viability, migration, and invasion

of CRC in a dose-dependent manner are also consistent
with such reports.

The Hippo signaling pathway in cells is a highly conserved
protein kinase cascade pathway that was discovered in recent
years. YAP is the core effector molecule in this signaling
pathway [26]. Recent studies have also confirmed that
activation of this pathway results in YAP phosphorylation,
which is retained in the cytoplasm and subsequently

FIGURE 5. Curcumin inhibits the in vivo development and development of CRC in mice. (A) Schematic diagram of our experimental design of
nude mice with xenograft tumors. (B) Tumor growth curves of mice fed with normal food (group control), mice fed with normal food + i.g.
curcumin (group curcumin) and mice fed with DOX food i.g. curcumin (group curcumin + DOX). The tumor growth was measured at
intervals of 3 days by measuring its diameter with a vernier caliper, n = 5. (C) Representative pictures of tumors from the control group,
curcumin group, and curcumin + DOX group mice; (D) Tumor weights of the control group, curcumin group and curcumin + DOX
group mice, n = 5. (E) The body weight of mice of the control group, curcumin group, and curcumin + DOX group mice, n = 5. (F)
Immunohistochemistry (IHC) staining for YAP and Ki67 on paraffin sections from the control group, curcumin group, and curcumin +
DOX group mice tumors, scale bar: 50 μM, magnification: 100×. Each experiment was repeated three times; *p < 0.05; **p < 0.01; ***p < 0.001.
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degraded [27,28]. Our experimental data suggest that curcumin
promotes the phosphorylation of YAP and prevents its entry
into the nucleus. This suggests that curcumin may activate
the Hippo signaling pathway through a particular
mechanism, which is our main research topic in future studies.

Nude mice are a crucial cancer research model widely
applied for tumor immunology studies and drug screening.
Therefore, constructing a CRC nude mouse transplantation
tumor model could further explore the therapeutic effects of
curcumin in vivo. Our study also confirmed that curcumin
could inhibit the growth of CRC in xenograft tumors in
nude mice.

In conclusion, this study demonstrates that curcumin
inhibits the YAP/TAZ signaling pathway by promoting YAP
phosphorylation and ultimately inhibits CRC tumorigenesis
(Graphical abstract). Our study also further clarified the
mechanism of curcumin in the treatment of CRC, laying an
experimental and theoretical basis for further elucidation of
the mechanism of curcumin in CRC treatment. This finding
has promising significance for promoting the application of
curcumin for treating CRC.
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