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Abstract. Colorectal cancer (CRC) is one of the deadliest 
malignant tumors worldwide and its prevalence is increasing in 
South Korea. The efficacy of combined treatment with natural 
product‑derived and chemotherapy agents including curcumin 
combined with 5‑fluorouracil, resveratrol combined with 
cisplatin and epigallocatechin‑3‑gallate (EGCG) combined 
with cisplatin in preventing cancer progression and killing 
cancer cells has emerged. The Akt and Hippo signaling path‑
ways serve a key role in colorectal tumor growth; however, the 
exact role of the crosstalk between Akt and Hippo signaling 
pathways in CRC remains poorly elucidated. The combined 
effect of UA and DOX on the cell proliferation, apoptosis, 
migration and cell cycle of CRC cells were investigated 
by performing Cell proliferation assay, a soft agar colony 
formation assay, flow cytometry, wound healing assay and 
western blotting assay. Subsequently, the expression of AKT 
and Hippo signaling pathway‑associated proteins were also 
assessed by western blot assay. Moreover, a xenograft nude 
mouse model was constructed to verify the effects of UA and 
DOX on the tumorigenesis of HCT116 cell in vivo. The present 
study reported that ursolic acid (UA) strongly enhanced the 
antitumor action of doxorubicin (DOX) via blocking the 
Akt/glycogen synthase kinase‑3β (Gsk3β) signaling pathway 
and activating tumor‑suppressive Hippo signaling (mamma‑
lian Ste20‑like kinase 1 and 2, salvador family WW domain 
containing protein 1 and MOB kinase activator 1), thereby 
downregulating downstream effector yes‑associated protein 
1 (Yap) and connective tissue growth factor (CTGF) protein 

expression levels in CRC cells. Furthermore, The PI3K inhib‑
itor LY294002 further suppressed Akt activity and enhance 
the function of Hippo pathway‑associated proteins in DOX + 
UA treated cells; this effect led to subsequent oncogenic Yap 
and CTGF inhibition following combined treatment, whereas 
Akt activator SC79 exerted an opposite effect in CTGF 
expression. In vivo, treatment with UA combined with DOX 
markedly suppressed the progression of CRC without any 
toxic effects on a xenograft mouse model by disrupting Akt 
signaling and activating the Hippo signaling pathway. These 
results demonstrated that UA and DOX treatment successfully 
induced Akt/Gsk3β inactivation via Hippo signaling pathway 
activation to promote Yap degradation, resulting in the inhibi‑
tion of colorectal tumorigenesis. In conclusion, these findings 
suggested that combination therapy with UA and DOX may be 
more effective than DOX alone. UA may be a novel anticancer 
strategy and could be considered for investigation as a comple‑
mentary chemotherapy agent in the future.

Introduction

Colorectal cancer (CRC) is the third most common malignancy 
worldwide (1,2). Morbidity due to CRC has been decreasing, 
primarily due to screening; however, the 5‑year survival rate 
has not exhibited much change and the mortality rate has 
increased due to late diagnosis and failures in understanding 
the molecular pathogenesis of advanced CRC (3). Standard 
treatments for CRC have always been surgery, radiotherapy, 
immunotherapy and chemotherapy which may be used in 
combination to treat patients (4). Notably, more efficacious 
and novel approaches are required to improve the clinical 
outcomes in patients with CRC.

Ursolic acid (UA) is a natural product present in plants, 
including apples, bilberries, cranberries, elder flower, pepper‑
mint, lavender, oregano, thyme, hawthorn and prunes (5,6), 
which has been reported to have chemotherapeutic effects 
against numerous types of cancer, including CRC (7‑11). UA 
demonstrates pharmacological properties that affect cancer 
development, including cytotoxic  (12,13), antitumor  (8,14) 
and anti‑metastatic activity  (15,16). UA has been reported 
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to regulate signaling pathways, including STAT3 signaling 
pathway  (17), TGF‑β1/ZEB1 signaling pathway  (18) and 
AMPK signaling pathway (19), to exert these antitumor effects, 
including inhibition of proliferation (20), promotion of apop‑
tosis (21,22), modulation of cell cycle arrest (23,24), suppression 
of epithelial‑to‑mesenchymal transition (EMT)  (8,25,26) 
and induction of autophagy (22,27,28). However, the precise 
underlying mechanisms of UA remain unknown.

Doxorubicin (DOX), an anthracycline chemotherapeutic 
agent, is one of the most effective chemotherapy drugs used to 
treat numerous types of cancer including breast, lung, gastric, 
ovarian, thyroid, non‑Hodgkin's and Hodgkin's lymphoma, 
multiple myeloma, sarcoma and pediatric cancers  (29‑34). 
DOX exerts its cytotoxic activity through DNA damage by 
inhibiting DNA topoisomerase II and generating reactive 
oxygen species (32,35). DOX is the first‑line anticancer agent 
used to treat numerous types of cancer; however, the wide‑
spread clinical use of DOX is limited by severe dose‑dependent 
toxicity, such as renal toxicity (36), cardiotoxicity (37), hepa‑
totoxicity (38) and neurotoxicity (39). Therefore, minimizing 
DOX toxicity should be considered in clinical applications.

The Hippo/yes‑associated protein 1 (Yap) signaling 
pathway is a highly conserved adjuster of histogenesis, cell 
fate regulation and organ size  (40), which serves essential 
roles in tumorigenesis, including cell proliferation, apoptosis, 
viability and migration (41). The core upstream units of the 
Hippo pathway are mammalian Ste20‑like kinase (Mst) 1/2 and 
large tumor suppressor kinase 1/2, which form a complex that 
inhibits the nuclear translocation of Yap by phosphorylating Yap 
in the cytoplasm (42). Yap is a transcriptional co‑activator that 
serves a crucial role in sustaining intestinal homeostasis (43). 
Hippo signaling pathway inactivation and Yap hyperactiva‑
tion have been reported to be associated with common human 
malignancies, including lung cancer (44), gastric cancer (45), 
breast cancer (46), liver cancer (47), gliomas (48) and pancreatic 
cancer (49). Previous studies have demonstrated that the Hippo 
signaling pathway promotes stem cell properties and intestinal 
tumorigenesis (50‑52). Mst1/2 downregulation in the intestinal 
epithelium has been shown to induce activation of Yap, and may 
contribute to tumor proliferation and metastasis (53). Moreover, 
the overall and disease‑free survival rates of patients with 
CRC with Yap upregulation have been shown to be markedly 
decreased (54,55). There is accumulating evidence that shows 
that the PI3K/Akt/mTOR signaling pathway is a key survival 
pathway that is unconventionally activated in numerous types 
of malignant tumor, including CRC  (56,57). Furthermore, 
aberrant Akt signaling pathway activation has been reported 
to suppress the Hippo signaling pathway, leading to increased 
tumorigenesis (58,59). However, the association between the 
Akt and Hippo signaling pathways, and its implications for the 
use of combined treatment with first‑line chemotherapy (DOX) 
and a natural anticancer product (UA) remain unclear in CRC. 
Therefore, the present study aimed to evaluate the therapeutic 
effects of an anticancer herbal component‑based drug in combi‑
nation with chemotherapy in CRC cells.

Materials and methods

CRC cell lines and culture conditions. The human colon cancer 
HCT116 cell line (cat. no. 10247) and CRC HT‑29 cell line (cat. 

no. 30038) originating from colorectal adenocarcinoma (60) 
were purchased from the Korean Cell Line Bank (Korean Cell 
Line Research Foundation) and were authenticated by Procell 
Life Science & Technology Co., Ltd. using STR analysis. The 
two cell lines were cultured in RPMI‑1640 (cat. no. 23400‑021; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (cat. no.  S001‑07; Welgene Co., Ltd.), 1% 
penicillin‑streptomycin (cat. no. P4333‑100ml; Sigma‑Aldrich; 
Merck KGaA) in a humidified chamber at 37˚C under 5% 
CO2. UA (purity, >95%; cat. no. 10072) was purchased from 
Cayman Chemical Company. DOX hydrochloride (purity, 
98‑100%; cat. no. D1515‑10MG) and SC79 (AKT activator) 
(purity, ≥97%; cat. no. 305834‑79‑1) were purchased from 
Sigma‑Aldrich; Merck KGaA. LY294002 hydrochloride (AKT 
inhibitor) (purity, ≥98%; cat. no. 934389‑88‑5) was purchased 
from LKT Laboratories, Inc. Following pre‑treatment with 
AKT inhibitor LY294002 (1 µM) for 2 h or AKT activator 
SC79 (5 µM) for 2 h, UA + DOX combination treatment was 
applied for 48 h.

Cell proliferation assay. A total of 1x104 HCT116 cells or 
HT‑29 cells were seeded onto 96‑well plates and treated with 
DOX (500 nM, 1, 1.5, 2 µM), UA (5, 10, 15, 20 µM) or DOX 
(1.5 µM) with or without UA (15 µM) for 48 h at 37˚C under 
5% CO2. In the control group, no pretreatment was added. To 
the DMSO group, similar amounts of DMSO were added as 
to the DOX group (0.2 µl per well). In the combination group, 
DOX (1.5 µM) and UA (15 µM) were administered simul‑
taneously. Subsequently, 10 µl EZ‑Cytox (DoGenBio Co., 
Ltd.) was added and incubated for 2 h at 37˚C. Finally, the 
absorbance at 450 nm was assessed using a microplate reader 
(Epoch Microplate Spectrophotometer; BioTek Instruments, 
Inc.; cat. no. VT 05404). Cell proliferation is presented as the 
percentage relative to untreated cells (control group).

Soft agar colony formation assay. Briefly, a base layer 
containing 1% agar (micro agar, cat. no. M1002.1; Duchefa 
Biochemie B.V.) and a top layer containing 0.7% agar (Agarose 
SPI, cat. no. A1203.01; Duchefa Biochemie B.V.) were inocu‑
lated with 1x105 cells per well. The medium, supplemented 
with UA (15 µM) and/or DOX (1.5 µM), was changed three 
times/week and 6‑well plates were incubated for 14 days at 
37˚C under 5% CO2. Colonies were defined as >30 cells, were 
counted manually and were observed using an IX71 fluores‑
cence microscope (Olympus).

Cell cycle and apoptosis assay. HCT116 and HT‑29 cells 
(2.5x105) were seeded onto 6‑well plates and treated for 48 h at 
37˚C with UA (15 µM) and/or DOX (1.5 µM). Propidium iodide 
(cat. no. P4170; Sigma‑Aldrich; Merck KGaA) and Annexin-V-
FITC Assay kit (BD Biosciences) were used to stain the cells 
for 30 min at room temperature in the dark according to the 
manufacturer's protocols. BD Accuri C6 Flow Cytometer (BD 
Biosciences) was used to assess the cell apoptosis. Acquisition 
and analysis of the data were performed using BD Accuri 
CFlow software (version, 1.023.1; BD Biosciences). Cells that 
were considered viable were FITC Annexin V and PI nega‑
tive; cells that were in early apoptosis were FITC Annexin V 
positive and PI negative; and cells that were in late apoptosis 
or already dead were both FITC Annexin V and PI positive.
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Wound healing assay. HCT116 and HT‑29 cells (2x106) were 
seeded onto a 6‑well plate with RPMI‑1640 containing 10% 
FBS. In order to reduce the risk of cell proliferation, 90‑100% 
confluent HCT116 or HT‑29 monolayers were incubated with 
RPMI‑1640 containing 1% FBS, the DNA synthesis inhibitor 
mitomycin C (5 µg/ml) (cat. no. 10107409001; Sigma‑Aldrich; 
Merck KGaA) 6 h prior to the scratch assay (61‑63). A 200‑µl 
pipette tip was used to scrape a straight line and cells were 
treated with UA (15 µM) and/or DOX (1.5 µM) for 48 h at 
37˚C. The wound width in five random views was quantified at 
0, 24 and 48 h to assess the effect of UA (15 µM) and/or DOX 
(1.5 µM) on cell migration. Images were captured with an IX71 
inverted fluorescence microscope (Olympus Corporation). 
Migration was calculated as follows: Migration (%)=[(0 h 
mean scratch distance ‑24 or 48 h mean scratch distance)/0 h 
mean scratch distance] x100. The mean scratch distance can 
be calculated between the scratches in each of the five random 
views. The cell migration rate was assessed using Image‑Pro 
Plus 6.0 software (Media Cybernetics, Inc.).

Western blotting. Western blot analysis was performed as 
described previously (64). Briefly, proteins were extracted 
from HCT116 cells, HT‑29 cells and animal tumor tissues 
using RIPA lysis and extraction buffer containing protease 
and phosphatase inhibitors (Intron Biotechnology, Inc.). The 
supernatant was centrifuged at 16,100 x g for 30 min at 4˚C. 
After centrifugation, protein quantification was performed 
using Pierce™ Rapid Gold BCA Protein Assay kit (cat. 
no. A53225; Thermo Fisher Scientific Inc.). The standard 
curve was used to determine the protein concentration of 
each sample. An equal amount of total protein (30 µg/lane), 
and 10 µl DokDo‑MARK Broad‑Range Protein Ladder (cat. 
no. EBM‑1032; ELPIS‑BIOTECH, Inc.) or 10 µl Enhanced 
3‑color High Range Protein Marker (cat. no. PM2610; SMOBIO 
Technology, Inc.), were separated by SDS‑PAGE on 8 and 
10% gels and transferred onto 0.45 µm PVDF membranes (cat. 
no. 1620174; Bio‑Rad Laboratories, Inc.). The membranes were 
blocked using 5% skimmed milk in TBS ‑0.1% Tween‑20 (cat. 
no. 9005‑64‑5; Sigma‑Aldrich; Merck KGaA) for 1 h at room 
temperature. The membranes were then incubated overnight 
at 4˚C with primary antibodies purchased from Cell Signaling 
Technology, Inc. as follows: GAPDH (1:1,000; cat. no. 2118S), 
cleaved‑poly (ADP‑ribose) polymerase 1 (PARP; 1:1,000; cat. 
no. 9541S), cleaved caspase‑9 (1:1,000; cat. no. 9501S), PARP 
(1:1,000; cat. no. 9542S), caspase‑9 (1:1,000; cat. no. 9502S), 
E‑cadherin (1:1,000; cat. no.  5296S), cyclin D1 (1:1,000; 
cat. no. 2922), cyclin‑dependent kinase (CDK) 4 (1,000; cat. 
no. 2906), CDK6 (1,000; cat. no. 3136s), Akt (1:1,000; cat. 
no. 9272), phosphorylated (p)‑Akt (1:1,000; cat. no. 9271S), 
Gsk3β (1:1,000; cat. no.  12456S), p‑Gsk3β (1:1,000; cat. 
no. 9322S), Mst1 (1:1,000; cat. no. 3682S), Mst2 (1:1,000; 
cat. no.  3952S), salvador family WW domain containing 
protein 1 (Sav1; 1:1,000; cat. no. 3507), MOB kinase activator 
1 (Mob1; 1:1,000; cat. no.  3863S), p‑Mob1 (1:1,000; cat. 
no. 8699), Yap (1:1,000; cat. no. 4912) and p‑Yap (1:1,000; cat. 
no. 4911S). Primary antibodies against Ras association domain 
family member 1 (Rassf1A; 1:1,000; cat. no.  sc‑58470), 
urokinase‑type plasminogen activator (uPA; 1:1,000; cat. 
no. sc‑14019), matrix metallopeptidase 9 (MMP‑9; 1:1,000; cat. 
no. sc‑6840), c‑Myc (1:1,000; cat. no. sc‑40) and connective 

tissue growth factor (CTGF; 1:1,000; cat. no. sc‑14939) were 
purchased from Santa Cruz Biotechnology, Inc. Membranes 
were then incubated with anti‑mouse (1:2,000; cat. no. 7076; 
Cell Signaling Technology, Inc.), anti‑goat (1:2,000; cat. 
no. AF109; Novus Biologicals, Inc.) or anti‑rabbit (1:2,000; 
cat. no. 7074S; Cell Signaling Technology, Inc.) horseradish 
peroxidase-conjugated secondary antibodies for >2 h at 4˚C. 
The enhanced HRP substrate luminol reagent was used to 
visualize the bands (Amersham; Cytiva). Immunoreactivity 
was detected using Fusion Fx7 (Vilbe, Lourmat). Films were 
exposed at multiple time points to ensure images were not 
saturated. ImageJ (version 1.52; National Institutes of Health) 
was used to semi‑quantify the blot images.

Establishment of a HCT116 xenograft model. The animal 
experiments were approved by the Institutional Animal Care 
and Use Committee of Jeonbuk National University (approval 
no. CBNU2017‑0001; Jeonju, South Korea) under National 
Institutes of Health guidelines  (65). The present study 
was performed in compliance with the Animal Research: 
Reporting of In Vivo Experiments guidelines 2.0 (66). The 
present study was performed according to the guidelines on 
the welfare and use of animals in cancer research (67). Male 
SPF/BALB/c nu/nu immunodeficient mice were purchased 
from Orient Bio Inc. Athymic nude mice (age, 4  weeks; 
weight, 20±3 g; n=20) were acclimated to the animal housing 
conditions for 1  week. Mice were housed in an experi‑
mental animal facility under standard laboratory conditions 
(20-25˚C, 40-60% humidity, 12-h light/dark cycle) with free 
access to food and water. HCT116 cells (1x107) in 100 µl 
Matrigel (Corning Matrigel Basement Membrane Matrix; 
cat. no. 356234; Corning, Inc.) were injected into the flank 
area of the mice. After inoculation, HCT116 tumor‑bearing 
animals were assigned to four groups (n=5/group) as follows: 
i) vehicle; ii) UA; iii) DOX; and iv) UA + DOX and housed 
in individually ventilated cages with litter and nesting mate‑
rial. The mice in the vehicle group were administered 20 µl 
sterile DMSO twice weekly. The mice in the UA group were 
treated with 10 mg/kg/day UA in 100 µl PBS. The mice in 
the DOX group were administered 2 mg/kg DOX in 20 µl 
DMSO twice weekly. The mice in the DOX + UA combi‑
nation group were administered 2  mg/kg DOX in 20  µl 
DMSO twice weekly and 10 mg/kg/day UA in 100 µl PBS. 
All agents were administered via intraperitoneal injection. 
The average volume of the tumors was calculated as follows: 
Tumor volume=width2 x length/2. The body weight of mice 
was monitored every 2 days. Mouse welfare was assessed 
daily and palpable tumors were assessed every other day. 
All mice could reach food and water, and all had a fairly 
normal gait. Mice moved freely in the cage with normal body 
and tail position and in a forward motion; the abdomen of 
the mice was soft with a mild resistance to pressure when 
touched and abdominal distention was not observed in the 
mice following injection of the drugs. All mice demonstrated 
a slightly curved back and did not have a hunched position 
when sitting or during rest. One mouse had bite wounds on 
the tail and back; however, blood stains were absent in the 
cage and the mouse was separated to an individual cage on 
day 13. Wounds were locally disinfected daily until healed 
and the mouse was isolated until the end of the procedure. 
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All mice had no ocular or nasal discharge. When the skin 
of the neck of the mice was pinched, one mouse in the 
control group demonstrated poor skin turgor and the tumor 
diameter of this mouse reached 2 cm on day 22. The poor 
turgor indicated that this mouse was dehydrated and all mice 
were sacrificed on day 22. Mice were placed in a chamber 
with 4% isoflurane (cat. no. 1349003; Sigma‑Aldrich; Merck 
KGaA) until animals lost consciousness and CO2 (50% of 
the chamber vol/min) was used to euthanize the mice. Death 
was confirmed by loss of heartbeat, toe reflex, muscle tone, 
breathing and corneal reflex, and rigor mortis; subsequently, 
tumor tissues were harvested.

Assessment of serum biochemical biomarkers. Serum concen‑
trations of aspartate aminotransferase (AST; cat. no. 10103; 
Asan Pharmaceuticals Co., Ltd.), alanine aminotransferase 
(ALT; cat. no. 10102; Asan Pharmaceuticals Co., Ltd.), blood 
urea nitrogen (BUN; cat. no. K024‑H1; Arbor Assays LLC 
Co., Ltd.) and creatinine (cat. no. KB02‑H1; Arbor Assays 
LLC Co., Ltd.) were determined using commercial kits.

Histopathology and immunohistochemistry staining. At the 
end of the animal experiment, mouse tumor tissue samples 
were embedded in 10% formaldehyde at 4˚C for 24 h, sliced 
into 4‑µm sections and stained using hematoxylin and eosin 
(H&E) following a standard protocol for histopathological 
examination  (68). For immunohistochemistry staining, 
sections from mouse tumor tissue were prepared according 
to the manufacturer's protocol using the Rabbit HRP/DAB 
Detection IHC kit (cat. no. ab64261; Abcam). Samples were 
deparaffinized with xylene, rehydrated with a descending 
ethanol series l (100, 95, 90, 80 and 70% ethanol) at room 
temperature for 5 min and subjected to antigen retrieval 
by boiling samples in decreasing concentrations of EDTA 
buffer (pH 9.0) at 120˚C for 2 min, followed by cooling to 
room temperature for 30 min. Slides were blocked using 
hydrogen peroxide blocking buffer (supplied in the kit) for 
15  min to quench endogenous peroxidase and 10% goat 
serum (cat. no. 16210064; Thermo Fisher Scientific, Inc.) 
at room temperature for 30 min each. Slides were washed 
with PBS and incubated with rabbit anti‑Ki‑67 (1:100; cat. 
no. PA5‑16785; Invitrogen; Thermo Fisher Scientific, Inc.) 
primary antibodies overnight at 4˚C and biotinylated goat 
anti‑rabbit IgG and streptavidin peroxidase (cat. no. ab64261; 
Abcam) at room temperature for 2 h. Slides were washed 
with PBS and counterstaining was performed using 100 µl 
diaminobenzidine at room temperature for 1 min and suffi‑
cient hematoxylin to cover the slides at room temperature 
for 1 min. Histopathological assessment and immunohis‑
tochemistry staining analysis were performed using a light 
microscope.

Statistical analysis. In vitro experiments were performed in 
triplicate. The number used for animal experiments was n=5. 
Data analysis was performed using GraphPad Prism 8 soft‑
ware (GraphPad Software, Inc.). One-way ANOVA followed 
by Tukey's post hoc test was used to assess differences among 
≥3 groups. The data are presented as the mean  ±  SEM. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

UA enhances DOX‑mediated inhibition of CRC cell 
proliferation. In the present study, the anti‑proliferative effects 
of UA and DOX were assessed by cell proliferation assay to 
evaluate cytotoxicity. The UA and DOX concentrations used 
in the in vitro experiments were based on the cell proliferation 
assay results. Following 48 h of exposure, UA or DOX mark‑
edly inhibited the cell proliferation of both HCT116 and HT29 
cells in a concentration‑dependent manner compared with the 
control (Fig. S1). DOX (1.5 µM) treatment of HCT116 cells 
caused significant cell proliferation suppression compared 
with in the control group (Fig. 1A). The UA (15 µM) + DOX 
(1.5 µM) combination treatment significantly inhibited cell 
proliferation compared with in the UA and DOX groups. 
HT‑29 cell proliferation was significantly decreased (75‑85% 
after 48 h) by co‑treatment compared with either agent alone. 
These data suggested that cell proliferation was significantly 
suppressed by the combination of UA + DOX compared with 
either agent alone. Subsequently, a soft agar colony formation 
assay was performed using CRC cells to assess the effect of 
combination treatment on colony formation. UA + DOX mark‑
edly decreased the size and significantly decreased the number 
of colonies compared with each drug alone in both CRC cell 
lines (Fig. 1B).

UA enhances DOX‑induced CRC cell apoptosis. Flow cytom‑
etry was used to assess the apoptotic status of cells following 
treatment with different drugs. It has been reported that the 
sub‑G1 phase is characterized by apoptosis induction  (69). 
The proportion of cells in sub‑G1 phase was significantly 
increased following treatment with the combination of 
15 µM UA + 1.5 µM DOX compared with the control and 
either agent alone (Figs. 1C and S2A). PI/FITC assay results 
demonstrated that the combination treatment significantly 
induced apoptosis compared with the control and either agent 
alone (Fig. 1D). Furthermore, western blotting demonstrated 
markedly decreased caspase‑9, significantly decreased PARP, 
and significantly increased cleaved caspase‑9/caspase‑9 and 
cleaved‑PARP/PARP protein expression levels following 
treatment with the combination of 15 µM UA + 1.5 µM DOX 
compared with the single treatments in HCT116 and HT‑29 
cells (Fig.  1E). These data were consistent with the flow 
cytometry results. The present study indicated that combina‑
tion treatment triggered the apoptosis of CRC cells.

UA enhances DOX‑mediated suppression of CRC cell 
migration via EMT signaling pathway inhibition. Distant 
cancer cell metastasis is a key step that includes migration, 
invasion and EMT, which represents an advanced malignancy 
stage (70). The migratory ability of CRC cells, as demon‑
strated using wound healing assay, was significantly decreased 
following treatment with the combination of UA + DOX 
compared with UA or DOX alone (Fig. 2A). Investigation of 
EMT‑associated regulators was performed using western blot‑
ting. The protein expression levels of E‑cadherin, an epithelial 
marker, were markedly increased, whereas the protein expres‑
sion levels of mesenchymal markers (MMP‑9 and uPA) were 
significantly decreased in the combination groups in both 
cell lines compared with the control and either agent alone 
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(Fig. 2B). These data demonstrated that combination treatment 
with UA + DOX may have inhibited cell migration via disrup‑
tion of the EMT process.

Combination treatment with UA + DOX increases the 
proportion of CRC cells in G1 phase. In the present study, 
flow cytometry was used to assess cell cycle progression. The 
results suggested that UA did not affect G1 phase in HCT116 
and HT29 cell lines, whereas cell accumulation in G1 phase 
was markedly increased following DOX treatment compared 
with in the control group. Furthermore, combination treat‑
ment with UA + DOX in HCT116 and HT‑29 cells further 
induced G1 phase arrest, followed by a marked decrease in 
the number of cells in G2 phase compared with in the control 
group (Figs. 3A and S2B). Western blotting demonstrated 
that cyclin‑dependent kinase (CDK)4/6 and cyclin D1 protein 
expression levels, which are essential for DNA synthesis (71), 
were significantly downregulated following combination 
treatment compared with in the control group (Fig.  3B). 
Collectively, these data indicated that UA further enhanced 
DOX‑mediated cell cycle arrest in the G1 phase in HCT116 
and HT‑29 cell lines.

UA enhances DOX‑mediated downregulation of Akt signaling 
pathway‑associated proteins in CRC cells. Growing 
evidence has indicated that overactive PI3K/Akt signaling 

serves a crucial role in cell migration and proliferation, as 
well as apoptosis inhibition  (72‑74). In the present study, 
the protein expression levels of p‑Akt, p‑Gsk3β and c‑Myc 
were assessed using western blotting to evaluate the effects 
of UA and DOX treatment on the Akt signaling pathway. The 
combination treatment of UA + DOX significantly decreased 
the protein expression levels of p‑Akt and c‑Myc, which is 
downstream of the Akt signaling pathway (75), compared 
with the control, whereas the total level of Akt remained 
unchanged (Fig. 4). Consistently, p‑Gsk3β (S9) expression 
levels were markedly decreased by combination treatment 
compared with UA or DOX alone (Fig.  4). Collectively, 
these results demonstrated that combination treatment with 
UA + DOX exerted anticancer effects by inhibiting the Akt 
signaling pathway.

UA enhances DOX‑mediated activation of the Hippo 
pathway in CRC cells. Guo et al (76) reported that Rassf1A 
directly binds to Mst1 and Mst2, inhibiting tumorigenesis 
by activating the Hippo signaling pathway. Therefore, the 
effect of combined treatment on the expression levels of 
Rassf1A and Hippo signaling pathway‑associated proteins 
were assessed using western blotting. Mst1 and Mst2 activate 
downstream tumor suppressor Sav1, which also serves a key 
role in the Hippo pathway  (77). The expression levels of 
Rassf1A, Mst1/2, Sav1 and the ratio of p‑Mob1/Mob1 were 

Figure 1. Continued.
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all significantly elevated following combination treatment 
compared with UA or DOX treatment alone in both CRC 
cell lines (Fig. 5A and E). Furthermore, the protein expres‑
sion levels of p‑Yap, which is the inactivated form of Yap, 
were significantly induced by combined treatment compared 
with the control. However, Yap protein expression levels 
were significantly decreased compared with the control. 

Furthermore, combination treatment significantly suppressed 
the protein expression levels of CTGF, which is a target 
of Yap  (78), compared with the control (Fig.  5B and F). 
Collectively, these results indicated that UA + DOX combined 
treatment may inhibit Yap‑induced CRC progression by 
activating the Hippo signaling pathway. Subsequently, the 
effects of an Akt inhibitor (LY294002) and activator (SC79) 

Figure 1. Effect of UA and DOX on the proliferation, colony formation and apoptosis of HCT116 and HT‑29 CRC cells. (A) Human CRC cells in logarithmic 
growth phase were treated with UA (15 µM) and DOX (1.5 µM) for 48 h. Inhibitory effects on cell proliferation were assessed using cell proliferation assay. 
(B) Colony formation assay. UA + DOX significantly inhibited colony formation in colon cancer cells compared with the control after 2 weeks. (C) Proportion 
of cells in sub‑G1 phase increased following treatment with UA + DOX. (D) HCT116 and HT‑29 cells were collected to assess apoptotic rate using FITC/PI 
double‑positive staining following UA + DOX treatment. (E) Following CRC cell treatment with UA (15 µM) or DOX (1.5 µM) for 48 h, apoptosis‑associated 
c‑PARP, PARP, c‑Caspase‑9 and Caspase‑9 expression was semi‑quantified using western blotting. Values were normalized to GAPDH. *P<0.05, **P<0.01 vs. 
control; #P<0.05, ##P<0.01. vs. UA/DOX.. Scale bar, 500 µm. CONT, control; DMSO, dimethyl sulfoxide; UA, ursolic acid; DOX, doxorubicin; CRC, colorectal 
cancer; PARP, poly (ADP‑ribose) polymerase 1; PI, propidium iodide; ns, not significant; c‑, cleaved.
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on the Hippo pathway were assessed to evaluate the crosstalk 
between the Hippo and Akt pathways. LY294002, a PI3K 
inhibitor, restricts downstream Akt signaling activity (79). 
LY294002 markedly decreased the ratio of p‑Akt/Akt 
while activating the Hippo pathway compared with control 
group (Fig.  5C  and  G). The expression levels of Hippo 
pathway proteins Rassf1A, Mst1 and Sav1 demonstrated no 
significant difference following SC79 treatment. Notably, 
combination treatment of LY294002 + UA + DOX signifi‑
cantly inactivated Akt signaling activity as demonstrated by 
significantly increased protein expression levels of Rassf1A, 
Mst1/2 and Sav1 compared with the UA + DOX treatment 
group. LY294002 + UA + DOX treatment also enhanced the 
expression of p‑Yap while significantly increasing the ratio of 
p‑Yap/Yap and decreasing the expression of its target CTGF 
(Fig. 5D and H). Collectively, these results demonstrated that 
combination treatment of LY 294002 + UA + DOX resulted 
in the inhibition of Akt activity together with Hippo signaling 
pathway activation.

UA enhances DOX‑mediated antitumor activity in an HCT116 
xenograft mouse model. Based on the aforementioned in vitro 
data, the anti‑CRC effects of UA and DOX were evaluated 
in xenograft tumor tissue in vivo. A concentration of 15 µM 
UA was used to assess whether a low concentration of UA 
enhanced the action of DOX. DOX concentration was selected 
using half maximal inhibitory concentration values (data not 
shown). The data from in vitro experiments suggested that 
cell proliferation was significantly suppressed by the combi‑
nation of 15 µM UA + 1.5 µM DOX compared with UA or 
DOX treatment alone. Certain previous studies reported that 
administration of UA (12.5 mg/kg daily) or UA (10 mg/kg for 
5 consecutive days) significantly inhibited tumor growth in 
CRC xenograft mouse models (80,81). Our previous study also 
demonstrated that UA treatment (10 mg/kg daily) suppressed 
tumor growth in an esophageal cancer xenograft mouse 
model, and did not impair liver or kidney function (64). Other 
previous studies have reported that DOX (2 mg/kg/week) or 
DOX (5 mg/kg every 2 days for a total of five times) treatment 

Figure 2. Effects of UA and DOX on migration and the EMT pathway in HCT116 and HT‑29 CRC cells. (A) Migration of CRC cells was assessed using a 
wound healing assay following treatment with 15 µM UA or 1.5 µM DOX or a combination. The cell migration ability was significantly inhibited when treated 
with the combination at 24 and 48 h. (B) Western blotting was used to semi‑quantify EMT pathway‑associated protein expression levels of E‑cadherin, uPA 
and MMP‑9 following UA and DOX treatment for 48 h in HCT116 and HT‑29 CRC cells. Values were normalized to GAPDH. *P<0.05, **P<0.01 vs. control, 
#P<0.05, ##P<0.01. vs. UA/DOX. CONT, control; UA, ursolic acid; DOX, doxorubicin; MMP‑9, matrix metallopeptidase‑9; uPA, urokinase‑type plasminogen 
activator; ns, not significant; EMT, epithelial‑to‑mesenchymal transition.
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suppressed mouse CRC xenografts in vivo (82,83). Therefore, 
based on the concentration used in other studies, experimental 
dosages of 10 mg/kg UA for 5 consecutive days and 2 mg/kg 
DOX twice a week were selected for the CRC xenograft mouse 
model. Previous studies have recommended human DOX 
dosage to be 60‑75 mg/m2 as a single intravenous injection 
administered at 21‑day intervals, with a lifetime cumulative 
dose limit of 550 mg DOX/m2 body surface area (84,85). For 
body surface normalization, human values were corrected 
for the mean body surface area of 1.62 m2 (60 kg) and mouse 
values were corrected for the mean body surface area of 
0.07 m2 (20 g) (86). Therefore, the mouse equivalent dose was 
determined using the following equation: Mouse equivalent 
dose (mg/kg)=human dose (mg/kg) x (human Km/mouse Km) 
where the Km factor for each species was constant [human Km, 
37; mouse Km, 3; Km is estimated by dividing the average body 
weight (kg) of species to its body surface area (m2)] (87). Based 
on recommended human DOX dosage, the mouse equivalent 
dose was 19.98‑24.975 mg/kg. In the present study, low dose 
DOX (2 mg/kg, twice/week) treatment with a cumulative dose 
of <10 mg/kg notably inhibited tumor growth in the CRC 
xenograft mice model (data not shown).

In the present study, levels of the biochemical markers 
ALT, AST, BUN and creatinine were assessed in mouse serum 
to evaluate the organ toxicity of UA and DOX. UA and DOX 
treatment did not significantly affect the ALT, AST, BUN or 

creatinine level between the four groups (Fig. 6A‑D). This 
result indicated that the doses of UA and DOX did not impair 
liver or kidney function. As presented in Fig. 6E, the weight 
of most of the tumor‑bearing mice remained unchanged 
throughout the study period, with only three mice losing 
<5% of their weight in the vehicle and UA treatment groups. 
UA and DOX treatment alone significantly decreased tumor 
weight (Fig.  6F), tumor size (Fig.  6G) and tumor volume 
(Fig. 6H) compared with in the vehicle group. UA and DOX 
treatment demonstrated notable inhibition of tumor growth 
compared with the control group in the xenograft model. 
Furthermore, a marked different histology was demonstrated 
using H&E staining (Fig. 6I). Aggressive tumor cell prolifera‑
tion with a high nucleus/cytoplasm ratio was observed in the 
control group, whereas the combination of UA + DOX treat‑
ment induced lymphocyte infiltration around tumor cells and 
increased the areas of apoptosis (Fig. 6I). Moreover, immuno‑
histochemistry staining demonstrated that expression of the 
proliferation marker Ki‑67 in the UA + DOX treatment group 
was lower than that in the control group, which suggested 
that the combination of UA + DOX suppressed tumor growth 
and development in vivo. Tumor samples were harvested and 
western blot analysis was performed to assess the molecular 
mechanisms underlying the effects of combination treatment 
in vivo. The combination treatment significantly decreased 
the p‑Akt/Akt ratio compared with UA or DOX alone while 

Figure 3. Effect of UA and DOX on cell cycle distribution in HCT116 and HT‑29 CRC cells. (A) UA and DOX were applied to CRC cells to assess cell cycle 
distribution. (B) Cell cycle‑associated protein (CDK and cyclin D1) levels were assessed by western blotting following combination treatment for 48 h in the 
HCT116 and HT‑29 cell lines. Values were normalized to GAPDH. *P<0.05, **P<0.01 vs. control, #P<0.05, ##P<0.01. vs. UA/DOX. CONT, control; UA, ursolic 
acid; DOX, doxorubicin; CRC, colorectal cancer; CDK, cyclin‑dependent kinase; ns, not significant.
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markedly activating the Hippo signaling pathway compared 
with UA or DOX alone (Fig. 6J‑L). Collectively, these in vivo 
results demonstrated that UA augmented the antitumor effects 
of DOX via inactivation of Akt and activation of the Hippo 
signaling pathway in the mouse xenograft model.

Discussion

The precision of CRC diagnosis has improved in recent 
years; however, CRC is the fourth most commonly diagnosed 
and the third deadliest cancer worldwide (88). The primary 
biological characteristics of metastatic CRC are tumor cell 
proliferation and migration, and this type of cancer has limited 
therapeutic options and is thus associated with a higher risk 
of mortality (89,90). With rapid development of molecular 
genetic analysis of human metastatic CRC, treatments that 
target specific signaling pathways, including TGF‑β (trans‑
forming growth factor‑β)/SMAD (91), Wnt/β‑catenin (92), 
EGFR‑related pathway (93) and VEGF/VEFGR pathway (94) 

have been reported as a potential approach for CRC 
therapy (95). Studies on the anticancer efficacy of UA (96,97) 
or DOX (98) have been performed; however, to the best of the 
authors' knowledge, the effects of UA on the efficacy of DOX 
in human CRC cells have not been reported. The present 
study demonstrated that UA and DOX served a key role in 
the crosstalk between the Hippo and Akt signaling pathways, 
resulting in the inactivation of tumorigenesis in colon cancer 
cells.

In this study, HCT116 and HT‑29 were used because 
HCT116 is a highly aggressive cell line with little or no capacity 
to differentiate, whereas HT‑29 has an intermediate capacity to 
differentiate into enterocytes and mucin‑expressing lineages. 
The HCT116 cell line was originally isolated from a colon 
primary tumor (99,100) and the HT‑29 cell line originated 
from a colorectal adenocarcinoma (60). Ahmed et al  (101) 
assessed the genetic mutation status of the HCT116 and 
HT‑29 cell lines. It was reported that HT‑29 exhibited defi‑
cient TP53 expression, whereas HCT116 had gained a KRAS 

Figure 4. Effect of UA and DOX on the Akt signaling pathway. Protein expression levels of Akt, p‑Akt, Gsk3β, p‑Gsk3β and c‑Myc was assessed using western 
blotting following UA, DOX or combination treatment for 48 h. Values were normalized to GAPDH. *P<0.05, **P<0.01 vs. control, #P<0.05, ##P<0.01. vs. UA/
DOX. CONT, control; UA, ursolic acid; DOX, doxorubicin; ns, not significant; p, phosphorylated; Gsk3β, glycogen synthase kinase‑3β.
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Figure 5. Continued.
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Figure 5. Expression levels of Hippo signaling pathway‑associated downstream proteins following inhibition or activation of Akt expression. Expression 
levels of (A) Hippo pathway‑associated proteins, and (B) Yap, p‑YAP and CTGF were assessed by western blotting. Western blotting was performed to 
assess the expression levels of (C) Akt signaling pathway‑associated proteins and (D) Hippo signaling pathway‑associated proteins. Expression levels of 
Hippo pathway‑associated proteins (E) Rassf1A, Mst1/2, Sav1, Mob1 and p‑Mob1; and (F) Yap, p‑YAP and CTGF following UA and DOX treatment were 
semi‑quantified using ImageJ. Expression levels of (G) Akt signaling pathway‑associated proteins p‑Akt and Akt, Hippo signaling pathway‑associated proteins 
Rassf1A, Mst1/2, Sav1, Mob1 and p‑Mob1; and (H) Yap, p‑YAP and Y CTGF following Akt activator and inhibitor, and UA and DOX treatment were 
semi‑quantified using ImageJ. Values were normalized to GAPDH. *P<0.05, **P<0.01 vs. control, #P<0.05, ##P<0.01. vs. UA/DOX. CONT, control; UA, ursolic 
acid; DOX, doxorubicin; Yap, yes‑associated protein 1; Mob1, MOB kinase activator 1; Mst, mammalian Ste20‑like kinases; CTGF, connective tissue growth 
factor; Sav1, salvador family WW domain containing protein 1; Rassf1A, Ras association domain family member 1; p, phosphorylated; ns, not significant.
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Figure 6. In vivo effects of UA and DOX on a HCT116 xenograft mouse model. A xenograft mouse model was established on day 0 and was treated with 
DMSO, UA, DOX or UA + DOX on days 6‑22. On day 22, all mice were sacrificed and samples were harvested. (A) ALT, (B) AST, (C) BUN and (D) creatinine 
levels were assessed. (E) Body weight was assessed in tumor‑bearing mice following treatment. (F) Final tumor weight and (G) representative tumor images 
were obtained at the end of the experiment. (H) The tumor volume was monitored every two days. (I) Tumor sections were stained using H&E and Ki‑67 
for immunohistochemistry analysis. (J) Western blotting was performed to assess the expression levels of Akt signaling‑associated proteins in tumor tissue. 
(K) Western blotting was performed to assess the expression levels of Hippo signaling‑associated proteins in tumor tissue. (L) The expression levels of Akt 
and Hippo signaling‑associated proteins were semi‑quantified using ImageJ. GAPDH was used as the internal control. *P<0.05, **P<0.01 vs. control, #P<0.05, 
##P<0.01. vs. UA/DOX. UA, ursolic acid; DOX, doxorubicin; H&E, hematoxylin and eosin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; 
BUN, blood urea nitrogen; Yap, yes‑associated protein 1; Mob1, MOB kinase activator 1; Mst, mammalian Ste20‑like kinases; CTGF, connective tissue growth 
factor; Sav1, salvador family WW domain containing protein 1; Rassf1A, Ras association domain family member 1; p, phosphorylated; ns, not significant.
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mutation  (101), which resulted in constitutive stimulation 
of the KRAS signaling pathway. KRAS signaling pathway 
activation has a high oncogenic potential and a very aggres‑
sive nature (102). For these reasons, the use of HCT116 and 
HT‑29 cell lines enabled the comparison of a broad spectrum 
of features, which were characteristic of these types of cells. 
Furthermore, this allowed the present study to evaluate the 
therapeutic effects of an anticancer herbal component‑based 
drug in combination with chemotherapy in CRC.

In the present study, UA and DOX significantly inhibited 
the proliferation, colony formation and migration of the human 
CRC HCT116 and HT‑29 cell lines. It has been reported that 
DOX can arrest the cell cycle in G1 phase in human CRC 
cells  (103). Furthermore, cell cycle‑associated regulators, 
such as CDKs and cyclins, dysregulation of which result in 
uncontrolled cellular proliferation and malignancy, are regu‑
lated by DOX (104). The present study demonstrated that UA 
enhanced DOX‑mediated upregulation in the G1 population 
of CRC cells. Apoptosis, a form of programmed cell death, 
is a promising target for anticancer therapy (105). Numerous 
treatments with natural products, such as herbal compounds, 
have been evaluated for their ability to induce cell apoptosis 
in CRC (106‑109). Previous studies have assessed whether cell 

apoptosis is induced by UA in cancer, such as CRC and breast 
and esophageal cancer, via different mechanisms (27,110,111). 
The present study demonstrated that combined UA + DOX 
treatment promoted CRC cell late apoptosis and increased 
the sub‑G1 apoptotic fraction as assessed by FITC/PI staining 
and flow cytometry. UA + DOX promoted cleavage of PARP 
and activated caspase‑9, which also suggested that combina‑
tion treatment enhanced the effect on programmed cell death, 
compared with each drug alone.

The Akt signaling pathway serves a key role in tumori‑
genesis, and regulates cancer cell proliferation, migration and 
apoptosis (72). Overactivated PI3K/Akt signaling has been 
reported in numerous types of cancer, including CRC (112‑114). 
Akt signaling pathway activation upregulates the expression 
of downstream genes c‑Myc and cyclin D1 (115). Moreover, 
accumulating studies have reported that the Akt signaling 
pathway serves an important role in EMT and metastasis by 
inhibiting E‑cadherin expression and upregulating the mesen‑
chymal marker vimentin (116,117). Gsk3β is the downstream 
regulator of Akt signaling in malignant cells. Akt signaling 
inhibition has been reported to induce apoptosis via inhibi‑
tion of Gsk3β (Ser9) by phosphorylation (118). Furthermore, 
there have been increasing reports that have suggested that 

Figure 7. Schematic diagram. Combination treatment of UA + DOX results in tumorigenesis inhibition, mediated by targeting Akt/Gsk3β signaling and 
activating tumor‑suppressive Hippo signaling, thereby inducing degradation of p‑Yap in CRC cells. Combination of UA + DOX therapy reduced proliferation 
and promoted apoptosis in CRC cells by activating Akt‑mediated effects of the mitochondrial pathway. Following combined UA + DOX treatment, LY294002 
further inhibited Akt activity activating Hippo signaling pathway. Mob1, MOB kinase activator 1; Mst, mammalian Ste20‑like kinases; CTGF, connective 
tissue growth factor; Sav1, salvador family WW domain containing protein 1; Rassf1A, Ras association domain family member 1; p, phosphorylated; Gsk3β, 
glycogen synthase kinase‑3β; PARP, poly(ADP‑ribose) polymerase 1; UA, ursolic acid; DOX, doxorubicin.
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cyclin/CDKs, which act as the master regulator for cell cycle 
progression (119), are modulated by Gsk3β (120,121). In the 
present study, DOX markedly inhibited the protein expression 
levels of p‑Akt and combination treatment further attenu‑
ated the activity of the Akt signaling pathway. These results 
demonstrated that the therapeutic effect primarily occurred via 
downregulation of the Akt signaling pathway and decreased 
the p‑Gsk3β (S9) expression level following combined treat‑
ment in CRC cells. Consistent with these results, in  vivo 
results demonstrated that UA and DOX treatment caused 
marked necrosis and morphological changes, and significantly 
decreased tumor volume compared with UA or DOX alone in 
the HCT116 xenograft tumor model. Moreover, the combina‑
tion treatment at the dosage used in the present study did not 
significantly affect liver or kidney function, as evaluated by 
the detection of biochemical marker levels. Cardiotoxicity is 
the primary limitation of DOX‑based chemotherapy (122). In 
a recent study, early protein markers of DOX toxicity were 
detected in mice treated with DOX at cumulative doses of 
≥12 mg/kg (123). In the present study, low‑dose DOX (2 mg/kg 
twice/week) treatment with a cumulative dose of <10 mg/kg 
was used and the heart was not assessed. However, serological 
analysis demonstrated that the dosage of UA and DOX did 
not significantly impair liver or kidney function. Therefore, 
these data suggested that UA and DOX treatment inhibited 
tumor progression without any toxicity to the liver or kidney 
at the endpoint of the animal experiment. Furthermore, the 
p‑Akt/Akt protein expression levels were decreased in UA and 
DOX‑treated xenograft animal tissue, which demonstrated 
that UA enhanced the efficacy of DOX by targeting the Akt 
signaling pathway, thus indicating that UA + DOX may serve 
as a potential therapeutic strategy for CRC.

The tumor‑suppressive Hippo/Yap signaling pathway has 
attracted attention following reports that inhibits tumorigen‑
esis (124‑126). Activation of the Hippo/Yap signaling pathway 
primarily involves tumor suppressors (the Mst1/2 kinase 
cascade) and the following downstream regulators: following 
downstream regulators: Yap, transcriptional coactivator with 
PDZ postsynaptic density protein (TAZ), Drosophila disk 
large tumor suppressor and zonula occludens‑1 protein‑binding 
motif  (127). It has been reported that tumor suppressor 
dysfunction and Yap activity overactivation can induce carci‑
nogenesis, cancer proliferation and metastasis (128,129). Our 
previous study demonstrated that UA significantly upregulated 
the protein expression levels of tumor suppressors associated 
with the Hippo signaling pathway, such as Rassf1A, Mst1, 
Mst2 and Sav1 (130). In agreement with the aforementioned 
study, the present study demonstrated that DOX treatment 
stimulated the Hippo signaling pathway and UA markedly 
enhanced DOX‑mediated activation of the Hippo signaling 
pathway both in vivo and in vitro and the activity of Yap was 
significantly inactivated by combination treatment in CRC 
cells. Numerous studies have reported the crosstalk between 
the Akt and Hippo/Yap signaling pathways in numerous types 
of cancer (131‑136). For example, Akt has been reported to 
phosphorylate Mst1 and inhibit its activity, thereby preventing 
cell apoptosis (137). Upstream tumor suppressor phosphatase 
and tensin homolog inactivation has been reported to promote 
the PI3K/Akt signaling pathway in a Hippo pathway‑dependent 
manner in human gastric cancer (136). Akt hyperactivation 

may inhibit the Hippo pathway and stabilize downstream 
transcriptional factor Yap/TAZ, thereby maintaining liver 
homeostasis (131). Previous studies regarding the Mst2 kinase 
reported that phosphorylation of Akt prevents Rassf1A binding 
and decreases Mst2 kinase activity (138,139). Rassf1A is a 
Hippo signaling pathway regulator that is highly silenced in 
human gastric (130), esophageal (140), lung (141), breast (142) 
and liver cancer (143). Akt signaling inhibition using a PI3K 
inhibitor can demethylate the promoter of Rassf1A and 
increase the protein expression levels of Rassf1A, resulting in 
Hippo signaling pathway activation (144,145). Therefore, inhi‑
bition of Akt is important for regulating the Hippo pathway on 
multiple levels. Notably, the present study indicated that the 
Akt signaling pathway was associated with the Hippo pathway 
and crosstalk occurred in CRC. There was no significant differ‑
ence between UA + DOX combination treatment and SC79 + 
UA + DOX combination treatment in the expression levels of 
Akt/p‑Akt and Hippo pathway proteins (Rassf1A, Mst1 and 
Sav1). The PI3K inhibitor LY294002 was used to assess the 
effects of the Akt signaling pathway and its association with 
the Hippo signaling pathway and UA and DOX‑mediated anti‑
cancer effects. LY294002 further suppressed p‑Akt expression, 
and induced Mst1/2, Sav1 and p‑Yap expression, which led to 
decreased CTGF protein expression levels following UA and 
DOX combination treatment. In agreement with the in vitro 
data, the in vivo data demonstrated that the protein expression 
levels of p‑Akt were significantly decreased, whereas Hippo 
pathway‑associated protein expression levels (Rassf1A, Mst1, 
Mst2, Sav1, Mob1 and p‑Mob1) were markedly increased in 
UA and DOX‑treated xenograft mouse tumor samples.

In conclusion, these data indicated that Hippo signaling 
pathway stimulation may rely on Akt signaling pathway inhi‑
bition, with UA and DOX combination treatment effectively 
arresting tumor growth and metastasis, and triggering apop‑
tosis in CRC cells. To delineate the molecular mechanisms 
and assess whether Akt directly or indirectly binds with tumor 
suppressors that serve a key role in the Hippo signaling pathway 
and affect the activation of downstream factors following 
UA and DOX treatment, a more in‑depth study is required. 
Collectively, the present study demonstrated that a natural 
product‑derived agent (UA) enhanced chemotherapy (DOX) 
outcomes by targeting PI3K/Akt signaling and activating the 
Hippo signaling pathway (Fig.  7), thus demonstrating the 
potential of UA in combination with DOX as a novel, more 
efficient strategy for CRC treatment.
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