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Abstract. The tumor suppressor gene p53 encodes a tran-
scription factor that regulates various cellular functions, 
including DNA repair, apoptosis and cell cycle progression. 
Approximately half of all human cancers carry mutations in 
p53 that lead to loss of tumor suppressor function or gain of 
functions that promote the cancer phenotype. Thus, targeting 
mutant p53 as an anticancer therapy has attracted considerable 
attention. In the current study, a small-molecule screen identi-
fied andrographlide (ANDRO) as a mutant p53 suppressor. 
The effects of ANDRO, a small molecule isolated from the 
Chinese herb Andrographis paniculata, on tumor cells 
carrying wild-type or mutant p53 were examined. ANDRO 
suppressed expression of mutant p53, induced expression of 
the cyclin-dependent kinase inhibitor p21 and pro-apoptotic 
proteins genes, and inhibited the growth of cancer cells 
harboring mutant p53. ANDRO also induced expression of 
the heat-shock protein (Hsp70) and increased binding between 
Hsp70 and mutant p53 protein, thus promoting proteasomal 
degradation of p53. These results provide novel insights into 
the mechanisms regulating the function of mutant p53 and 
suggest that activation of Hsp70 may be a new strategy for the 
treatment of cancers harboring mutant p53.

Introduction

The transcription factor p53 is activated in response to various 
stresses, including DNA damage, nutrient deprivation, onco-
gene activation and hypoxia  (1). p53 is a well-established 
tumor suppressor and ‘guardian of the genome’ that induces 
cell cycle arrest and apoptosis by activating downstream target 
genes (2). However, p53 is mutated in around half of all human 
cancers (3), leading to loss of its tumor suppressor activity and, 

in certain cases, gain-of-function activities (4) that promote cell 
proliferation, tumor development, and drug resistance (5,6). 
Thus, mutant p53 has become an important target for the 
development of anticancer treatments. A number of small 
molecule targeted to mutant p53 have been described, most 
of which promote the proteasomal or autophagic degradation 
of mutant p53 or restoration of wild-type p53 function. The 
current study identified andrographolide (ANDRO), a labdane 
diterpenoid isolated from the Chinese herb Andrographis 
paniculata, as a mutant p53 suppressor from a small-molecule 
screen, and investigated the effects of ANDRO on human 
cancer cell lines harboring mutant or wild-type p53. ANDRO 
suppressed the activity of mutant p53 and the growth of cancer 
cells via induction of the heat shock protein (Hsp) 70, resulting 
in enhanced proteasomal degradation of mutant p53. ANDRO 
also effectively reduced the growth of mutant p53 tumors in a 
mouse xenograft model.

Materials and methods

Cell lines and culture conditions. All cell lines were obtained 
from RIKEN BioResource Center (Tsukuba, Japan). PANC-1 
(human pancreatic cancer) and HCT116 (human colorectal 
cancer) were maintained in Dulbecco's modified Eagle's 
medium (DMEM; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany). HuCCT1 (human bile duct cancer) and MKN45 
(human gastric cancer) were maintained in RPMI-1640 
medium (Sigma-Aldrich; Merck KGaA). DMEM and 
RPMI‑1640 media were supplemented with 10% fetal bovine 
serum (Sigma-Aldrich; Merck KGaA) and 100 µg/ml kana-
mycin (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). The cell 
lines were maintained at 37˚C in a humidified atmosphere 
containing 20% O2 and 5% CO2.

Chemicals. ANDRO, acacetin, berberine, honokiol, 
pentamidine, 3-(5'-hydroxymethyl-2'-furyl)-1-benzyl inda-
zole (YC-1), and 2-mercaptoethanol (2-ME) were purchased 
from Sigma‑Aldrich (Merck KGaA). Noscapine and irino-
tecan (CPT-11) were obtained from Tokyo Chemical Industry 
Co., Ltd. (Tokyo, Japan). The compounds were dissolved in 
dimethyl sulfoxide (DMSO) and stored at -20˚C prior to use. 
For experiments, the compounds were diluted in medium to the 
appropriate doses immediately prior to use. These compounds 
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were used as indicated or at the following concentrations: 
ANDRO, 100  µM; acacetin, 100  µM; berbeline, 50  µM; 
honokiol, 50 µM; noscapine, 100 µM; pentamigine, 200 µM; 
YC-1, 100 µM; 2-ME, 30 µM.

Immunoblotting. Cells were plated in 60  mm dishes and 
allowed to grow to 60-70% confluence. The cells were then 
treated with the appropriate reagents for 18 h and lysed in 
lysis buffer consisting of 150 mM NaCl, 50 mM Tris-HCl 
(pH 7.6), protease inhibitor cocktail mix (Roche Diagnostic 
GmbH, Mannheim, Germany) and phenylmethylsulfonyl 
f luoride. Proteins (20-37.5  µg/well) were separated by 
SDS-polyacrylamide gel electrophoresis on 10% gels and elec-
troblotted onto Immobilon membranes (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). Membranes were blocked with 
5% non-fat milk in 150 mM NaCl, 25 mM Tris pH 7.5 and 
0.1% Tween-20 (TBS-T) and probed overnight at 4˚C with 
primary antibodies diluted 1:500-1:1,000 in the same buffer. 
Membranes were washed with TBS-T twice for 5 min each and 
then incubated with secondary antibody (1:1,000 dilution; goat 
anti-rabbit and goat anti-mouse IgG-horseradish peroxidase; 
cat nos. sc-2004 and sc-2005; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) for 30 min at room temperature. The blots 
were developed with enhanced chemiluminescence reagents 
(Amersham ECL Prime; GE Healthcare, Chicago, IL, USA) and 
analyzed with a Fujifilm LAS-3000 imaging system (Fujifilm 
Corporation, Tokyo, Japan). The primary antibodies were 
specific for: p53 (1:1,000 dilution; clone DO-1; cat no. sc-126), 
p21 (1:500 dilution; clone C-19; cat. no. sc-397), E3 ubiquitin-
protein ligase Mdm2 (1:1,000 dilution; MDM2; clone SMP14; 
cat. no. sc-965), E3 ubiquitin-protein ligase CHIP (1:500 dilu-
tion; CHIP; clone I-16; cat. no. sc-33264) signal transducer and 
activator of transcription-3 (STAT-3; 1:1,000 dilution; clone 
C-20; cat. no. sc-482) and Hsp40 (1:1,000 dilution; clone C-20; 
cat. no.  sc1800), all from Santa Cruz Biotechnology, Inc.; 
Bcl-2-binding component 3 (PUMA; 1:1,000 dilution; cat. 
no. 7467), caspase-3 (1:1,000 dilution; cat. no. 9662) and Hsp70 
(1:1,000 dilution; cat. no. 4873), all Cell Signaling Technology, 
Inc. (Danvers, MA, USA); phorbol-12-myristate-13-acetate-
induced protein 1 (NOXA; 1:1,000 dilution; cat. no. 114C307; 
Calbiochem; Merck KGaA); Hsp90 (1:1,000 dilution; cat. 
no.  AC88; Enzo Life Sciences, Inc., Farmingdale, NY, 
USA); cyclin D1 (1:1,000 dilution; cat. no. ab134175; Abcam, 
Cambridge, UK) and β-actin (1:1,000 dilution; cat. no. A2228; 
Sigma-Aldrich; Merck KGaA).

Total RNA extraction and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR) analysis. Total RNA 
was extracted using a Qiagen RNA extraction kit, converted to 
cDNA (37˚C for 15 min for RT, 98˚C for 5 min to terminate the 
reaction and 12˚C hold) using an iScript cDNA Synthesis kit 
(Bio-Rad Laboratories, Inc.), and analyzed by qPCR. The 
gene-specific primer sequences were: p53 forward, 5'-GCC 
CAACAACACCAGCTCCT-3 and reverse, 5'-CCTGGGCATC 
CTTGAGTTCC-3'; p21 forward, 5'-GGCGGCAGACCAGCA 
TGACAGATT-3' and reverse, 5'-GCAGGGGGCGGCCAGGG 
TAT-3'; PUMA forward, 5'-GACCTCAACGCACAGTAC 
GAG-3' and reverse, 5'-AGGAGTCCCATGATGAGAT TGT-3'; 
NOXA forward, 5'-ATTACCGCTGGCCTACTGTG-3' and 
reverse, 5'-GTGCTGAGTTGGCACTGAAA-3'; heat shock 

transcription factor  1 forward, 5'-GCCTTCCTGACCAA 
GCTGT-3' and reverse, 5'-AAGTACTTGGGCAGCACCTC-3'; 
Hsp40 forward, 5'-GGCTTCACCAACGTGAACTT-3' and 
reverse, 5'-CGCTTGTGGGAGATTTTCAT-3'; Hsp70 forward, 
5'-CAAGATCACCATCACCAACG-3' and reverse, 5'-TCG 
TCCTCCGCTTTGTACTT-3'; and Hsp90 forward, 5'-GCA 
GAAATTGCCCAACTCAT-3' and reverse, 5'-AAGGGT 
CTGTCAGGCTCTCA-3'. qPCR was performed using a CFX 
Connect™ Real-Time PCR Detection System with PrimePCR™ 
SYBR® Green Assay reagents (both from Bio-Rad Laboratories, 
Inc.) according to the manufacturer's instructions. After 
performing a denaturation step at 95˚C for 3 min, PCR amplifi-
cation was conducted with 45 cycles of 15 sec of denaturation at 
95˚C, 5 sec of annealing at 60˚C and 10 sec of extension at 72˚C. 
Expression of the gene of interest was normalized to β-actin 
forward, ACTCTTCCAGCCTTCCTTCC and reverse, 
GACAGCACTGTGTTGGCGTA, mRNA levels by 2-ΔΔCq 
method (7). All experiments were performed in triplicate.

Cell viability assay. Cell viability was determined using 
the Sulforhodamine B-based In Vitro Toxicology Assay kit 
(Sigma-Aldrich; Merck KGaA). Cells were seeded in 6-well 
plates and allowed to reach 60-70% confluency. Cells were 
then treated with ANDRO and incubated for a further 24 h. 
Cell staining and quantification of viability were performed 
according to the manufacturer's instructions. All experiments 
were performed in duplicate.

Immunoprecipitation. HuCCT1 and PANC-1 cells were 
seeded into 150 mm dishes. After 24 h, the cells were treated 
with ANDRO at 100 µM and incubated for 18 h. Cells were 
then lysed in lysis buffer as described above. The samples were 
centrifuged at 16,000 x g for 15 min at 4˚C, and the clarified 
cell lysates were removed and incubated overnight at 4˚C with 
15 µl Protein G plus/Protein A-agarose (cat. no. sc-2003) and 
1 µg anti-p53 antibody (clone DO-1; cat no. sc-126) (both from 
Santa Cruz Biotechnology, Inc.). The beads were then washed 
three times with lysis buffer. Aliquots of cell lysates (input) 
or immunoprecipitates were resolved by SDS-PAGE on 10% 
gels, transferred to nitrocellulose membranes, and probed with 
specific primary antibodies as described above.

Flow cytometry. Cell cycle analysis was performed by flow 
cytometry after staining of DNA with propidium iodide (PI). 
Cells were treated with DMSO or ANDRO at the indicated 
concentrations for 18 h, harvested by trypsinization, washed 
with PBS, and fixed in 70% ethanol overnight at 4˚C. The 
cells were centrifuged, washed twice with PBS, resuspended 
in 300 µl PBS containing 200 µg/ml of RNase (Wako Pure 
Chemical Industries, Ltd., Osaka, Japan), and incubated for 
30 min at 37˚C. PI (50 µg/ml) was then added and the cells were 
incubated in the dark for 30 min at 4˚C. Finally, the cells were 
analyzed using a FACSVerse flow cytometer (BD Biosciences, 
San Jose, CA, USA) and FlowJo 10.2 software (FlowJo LLC, 
Ashland, OR, USA).

RNA interference. Small interfering RNAs (siRNAs) were 
obtained from Santa Cruz Biotechnology, Inc. (siControl, cat. 
no. sc-37007; siHsp70, cat. no. sc-29352) and transfected into 
cells using Lipofectamine RNAiMax (Invitrogen; Thermo 
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Fisher Scientific, Inc.), according to the manufacturer's 
protocol.

Animal experiments. An animal experimental protocol was 
reviewed and approved by the Animal Care Committee of Saga 
University (Saga, Japan; permission no. 27-039-0). A total of 
60 female BALB/c mice (4-6 week-old) were purchased from 
Kyudo Co., Ltd. (Saga, Japan). The animals were maintained in 
an animal facility in a 12/12 h light/dark cycle in a temperature 
(20˚C) and humidity-controlled environment. Food and water 
were freely available. HuCCT1 (5x106) and MKN45 (7x106) 
cells were injected subcutaneously into the flanks of nude 
mice (n=6/group). Tumor size was monitored using a vernier 
caliper and the volume was calculated from the length (L) 
and width (W) using the formula: volume = L x W2 x π/6. 
Treatment was initiated when the tumor volume reached 
50 mm3. The mice were randomly divided into three groups 
as follows: i) Untreated control (DMSO in PBS); ii) ANDRO 
10 mg/kg; and iii) CPT-11 10 mg/kg. All treatments were 
administered three times per week by intraperitoneal (i.p.) 
injection. Body weights were also measured three times per 
week. After 11 days of treatment, the mice were euthanized. 
The average weight of the mouse at the time of purchase and 
sacrifice was 18.02±0.47 and 17.69±0.56 g, respectively.

Statistical analysis. Data are expressed as the mean ± standard 
deviation, and analyses were performed using JMP Pro 12 
software (SAS Institute, Inc., Cary, NC, USA). Differences 
between mean values were evaluated using two-way analysis 
of variance followed by Tukey's test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Identification of andrographolide as a mutant p53 suppressor 
and inducer of p53 target genes. The pancreatic cancer cell 
line PANC-1, which harbors mutant p53 R273H, was incu-
bated for 18 h with various small molecules to investigate 
their effects on the expression of p53. The compounds were 
tested in pilot experiments and the concentrations used 
were equivalent to the 50% inhibitory concentrations (i.e., 
induced the death of ~50% of PANC-1 cells in 18 h). Among 
the compounds tested, only ANDRO reduced the expression 
of mutant p53 protein (Fig. 1A). The structure of ANDRO 
is presented in Fig 1B. To examine the expression level of 
p53 in with different p53 mutation statuses, HuCCT1 (bile 
duct carcinoma; mutant p53 R175H), HCT116 (colon cancer; 
wild‑type p53), and MKN45 (gastric cancer; wild-type p53) 
cells were also used. Following treatment of the cells with 
ANDRO for 18 h, HuCCT1 cells also showed reduced mutant 
p53 protein levels, whereas expression of wild-type p53 
in HCT116 and MKN45 cells was increased (Fig. 1C). The 
expression of the p53-regulated proteins; p21, which is an 
inhibitor of cyclin‑dependent kinase activity and regulates 
cell cycle progression, and NOXA, which is pro-apoptotic 
protein, were also examined. Notably, ANDRO treatment also 
increased the level of these proteins in cells carrying mutant 
or wild-type p53 (Fig. 1C). The protein level of mutant p53 
was semi-quantified by measuring relative band intensity. The 
results demonstrated that the expression of mutant p53 protein 

was decreased by ANDRO in a concentration-dependent 
manner (Fig. 1D). Finally, mRNA levels of p21, PUMA and 
NOXA were also increased by ANDRO in a time-dependent 
manner in the mutant p53-expressing cells HuCCT1 and 
PANC-1. However, the mRNA level of mutant p53 showed no 
response to ANDRO (Fig. 1E).

Anticancer effects of ANDRO. To determine whether ANDRO 
affects cell cycle progression and/or apoptosis, the DNA 
profiles of PI-stained cells were analyzed by flow cytometry 
or the expression of cleaved caspase-3, a marker of apoptosis, 
was determined by immunoblotting (Fig. 2A and B). In the 
flow cytometric assay, treatment with ANDRO for 24  h 
induced arrest of HuCCT1 cells in the G1 phase (Fig. 2A). 
In addition, ANDRO enhanced the expression of cleaved 
caspase-3 (17 kDa) and decreased the expression of caspase-3 
(35 kDa) in HuCCT1 and PANC-1 cells in a dose-dependent 
manner (Fig. 2B). To verify the anticancer effect of ANDRO, 
cell viability was analyzed with a Sulforhodamine B assay. 
The effects of ANDRO were compared with that of the 
chemotherapeutic drug CPT-11 (irinotecan), which induces 
apoptosis in a wild-type p53-dependent manner. As presented 
in Fig. 3, CPT-11 effectively reduced the viability of cell lines 
harboring wild-type p53, however, it had only a limited effect 
on cell lines harboring mutant p53. By contrast, ANDRO was 
more cytotoxic towards cells expressing mutant p53 than those 
expressing wild-type p53 (Fig. 3).

ANDRO promotes degradation of mutant p53 via induction 
of Hsp70. To understand how ANDRO reduces the expression 
of mutant p53, it was hypothesized that ANDRO may desta-
bilize and/or promote the degradation of the mutant protein. 
The heat-shock proteins are known to directly bind to p53 
and regulate its conformation and stability by functioning 
as chaperones or co-chaperones  (8). Therefore, whether 
ANDRO affected the expression of these heat-shock proteins 
was examined. Indeed, HuCCT1 and PANC-1 cells treated 
with ANDRO exhibited increased expression of Hsp40 and 
Hsp70 mRNA levels (Fig. 4A), and all cell lines, regardless 
of their p53 status, exhibited increased levels of Hsp40 and 
Hsp70 protein following ANDRO treatment  (Fig.  4B). To 
determine whether ANDRO increased the binding of Hsp40, 
Hsp70, or Hsp90 to mutant p53, p53 was immunoprecipitated 
from control and ANDRO-treated cells and the presence of 
the heat-shock proteins were probed for by immunoblotting. 
More Hsp70 was bound to mutant p53 in ANDRO-treated 
than vehicle-treated HuCCT1 and PANC-1 cells (Fig. 5A), 
suggesting that Hsp70 may be involved in reducing mutant p53 
levels. Consistent with this, siRNA-mediated knockdown of 
Hsp70 reduced the ANDRO-induced suppression of mutant 
p53 levels and concomitantly increased the expression of p21 
in PANC-1 cells (Fig. 5B).

ANDRO induces proteasomal degradation of mutant p53. As 
ANDRO promotes the association of mutant p53 with Hsp70, 
it was subsequently determined whether the enhanced asso-
ciation influenced the stability/degradation of p53. For this, 
cells were incubated with MG132 (1 µM for 18 h), an inhibitor 
of proteasomal degradation. Notably, cells incubated with 
MG132 and ANDRO exhibited higher mutant p53 levels than 
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those treated with ANDRO, indicating that ANDRO reduced 
p53 levels by promoting its proteasomal degradation (Fig. 6A). 
MDM2 and CHIP are ubiquitin ligases known to target mutant 
p53 for proteasomal degradation (9). However, neither MDM2 
nor CHIP was induced by treatment of cells with ANDRO; in 
fact, MDM2 expression was marginally decreased (Fig. 6B), 
suggesting that other ubiquitin ligases may be responsible for 
the enhanced p53 degradation.

Notably, a previous study reported that ANDRO can 
induce p21 and apoptosis-associated genes via inactivation of 

STAT-3 (10). Indeed, the expression of STAT-3 and the cell 
cycle regulatory protein cyclin D1 were decreased by ANDRO 
treatment of mutant p53-expressing cells in a dose-dependent 
manner (Fig. 6C), suggesting that ANDRO may induce cell 
cycle arrest and apoptosis of mutant p53-expressing cells via 
STAT-3.

Antitumor effect of ANDRO in a mouse xenograft model. It 
was verified that the anticancer effects of ANDRO were also 
observed in vivo using a mouse xenograft model. HuCCT1 

Figure 1. Identification of ANDRO as a suppressor of mutant p53 and inducer of p53 target gene expression. (A) Expression of mutant p53 in PANC-1 cells 
treated with various small molecules. (B) Chemical structure of ANDRO. (C) Immunoblot analysis of p53 target gene expression in cells treated with ANDRO 
for 18 h. (D) The intensity of p53 band in three independent experiments was determined by densitometric scanning using ImageJ software and expressed 
relative to the control. (E) Reverse transcription-quantitative polymerase chain reaction analysis of p53, p21, PUMA, and NOXA mRNA levels after ANDRO 
treatment. Values are presented as the mean ± standard deviation of three independent experiments performed in triplicate. **P<0.01 vs. 0 h. DMSO, dimethyl 
sulfoxide; ANDRO, andrographolide; YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzyl indazole; 2-ME, 2-mercaptoethanol; mtp53, mutant p53; wt p53, wild-type 
p53; NOXA, phorbol-12-myristate‑13-acetate-induced protein 1.
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cells (mutant p53 R175H) and MKN45 cells (wild-type p53) 
were injected subcutaneously into the flanks of nude mice. 

When the tumors reached 50 mm3 the mice were treated with 
vehicle (DMSO in PBS), ANDRO (10 mg/kg), or CPT-11 

Figure 2. Anticancer effect of ANDRO on cancer cells harboring mutant p53. (A) Flow cytometric analysis of HuCCT1 cell cycle progression after treatment 
with 0, 25 or 50 µM ANDRO for 24 h. (B) Cleaved caspase-3 and caspase-3 protein levels in cells treated with ANDRO for 18 h. Quantitative analysis was 
performed on each western blotting by densitometric scanning using ImageJ software. mtp53, mutant p53; ANDRO, andrographolide.

Figure 3. Sulforhodamine B staining of cancer cells treated with various doses of ANDRO and CPT-11 for 48 h. CPT-1, irinotecan; ANDRO, andrographolide; 
mtp53, mutant p53; wt p53, wild-type p53.

https://www.spandidos-publications.com/10.3892/ijo.2018.4416
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(10 mg/kg) administered via i.p. injection three times per week 
for 11 days. On day 12, the tumor volumes of HuCCT1 were: 
352.8±86.8 mm3 (range, 256-445.5 mm3; maximum diam-
eter, 10 mm) in the DMSO group; 130.3±11.5 mm3 (range, 
126-147.9 mm3; maximum diameter, 7 mm) in the CPT-11 
group; and 58.8±8.8 mm3 (range, 45.6-75 mm3; maximum 
diameter, 6 mm) in the ANDRO group (Fig. 7A), indicating 
that ANDRO was more effective than CPT-11 in suppressing 
the growth of mutant p53-expressing HuCCT1 cells in vivo. By 
contrast, CPT-11 was more effective than ANDRO at reducing 
the wild-type p53-expressing MKN45 tumor volumes: 
425.7±124 mm3 (range, 256-650 mm3; maximum diameter, 
11 mm) in the DMSO control group; 131.3±26.5 mm3 (range, 
108-171.5 mm3; maximum diameter, 7 mm) in the CPT-11 

group; and 195.6±87.1 mm3 (range, 75-294 mm3; maximum 
diameter, 10 mm) in the ANDRO group on day 12 (Fig. 7A). 
Notably, no significant body weight loss was observed in any 
of the mouse groups during the treatment period (Fig. 7B).

Discussion

Several small molecule anticancer drugs have been reported 
to target mutant p53. Some of these, such as PRIMA-1 (11), 
MIRA-1  (12), NSC319726  (13), stictic acid  (14) and 
chetomin  (15), function by reactivating mutant p53, thus 
re-establishing downstream target gene expression, and 
induction of cell cycle arrest and apoptosis. Another group of 
small molecules act by inhibiting mutant p53 gain-of-function 

Figure 4. ANDRO induces mutant p53 degradation via Hsp70. (A) Reverse transcription-quantitative polymerase chain reaction analysis of HSF1, Hsp40, 
Hsp70, Hsp90 mRNA levels following treatment of cells expressing mutant p53 with ANDRO (100 µM). Values are presented as the mean ± standard deviation 
of three independent experiments performed in triplicate. *P<0.05, **P<0.01 vs. 0 h. (B) Heat-shock protein expression in cancer cells 18 h after treatment with 
ANDRO. Quantitative analysis was performed on each western blotting. mtp53, mutant p53; wt p53, wild-type p53; HSF1, heat shock transcription factor 1; 
Hsp, heat shock protein; ANDRO, andrographolide.
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Figure 5. Hsp70 is responsible for degradation of mutant p53 under ANDRO treatment. (A) Co-immunoprecipitation experiments show increased Hsp70 
binding to immunoprecipitated p53 upon ANDRO (100 µM) treatment of mutant p53-expressing HuCCT1 and PANC-1 cells for 18h. Input lysates and co-
immunoprecipitated proteins were analyzed by immunoblotting with the indicated antibodies. (B) Knockdown of Hsp70 impairs the degradation of mutant 
p53. Cells were transfected with control or Hsp70-specific siRNAs and treated with ANDRO (100 µM) for 18 h. mtp53, mutant p53; IgG, immunoglobulin G; 
IP, immunoprecipitated; ANDRO, andrographolide; Hsp, heat shock protein; si, small interfering RNA; Cont, negative control.

Figure 6. ANDRO induces proteasomal degradation of mtp53. (A) mtp53 protein levels in HuCCT1 and PANC-1 cells treated with MG132 (1 µM) and 
ANDRO (100 µM) for 18 h. Expression of (B) CHIP and MDM2, and (C) STAT-3 and cyclin D1 in mtp53 cancer cells after treatment with ANDRO for 
18 h. Quantitative analysis was performed on each western blotting. mtp53, mutant p53; ANDRO, andrographolide; CHIP, E3 ubiquitin-protein ligase CHIP; 
MDM2, E3 ubiquitin-protein ligase Mdm2; STAT-3, signal transducer and activator of transcription 3.
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activities. These include histone deacetylase inhibitors (16,17), 
NSC59984 (18), gambogic acid (19), disulfiram (20), geldana-
mycin (21) and spautin-1 (22).

ANDRO was used in the current study as a small molecule 
inhibitor of mutant p53. ANDRO, a diterpenoid lactone, is 
a naturally occurring compound isolated from the stem and 
leaves of a traditional Chinese herb, Andrographis paniculata, 
and is commonly used to treat respiratory infections, fever and 
diarrhea (23). Traditional Chinese herbs are gaining increasing 
attention as a source of anticancer agents, particularly as 
they are easy to obtain and have few, if any, side effects (24). 
Previous studies have demonstrated that ANDRO possesses 
anti-inflammatory (25,26), anti-asthmatic (27), anti-viral (28) 
and hepatoprotective (29) activities, in addition to its various 
anticancer effects (30,31). However, the effect of ANDRO on 
mutant p53 has not previously been investigated.

In the current study, it was demonstrated that ANDRO 
induces the degradation of mutant p53 via increased Hsp70 
expression. Several recent studies have also observed an 
association between heat-shock proteins and mutant p53 in 
cancer cells. Paradoxically, although Hsp70 contributes to the 
stability of mutant p53 (32), it may also be associated with 
the degradation of mutant p53 (33,34). In the present study, 
ANDRO increased the expression of Hsp70 and increased its 
binding to mutant p53. In addition, siRNA-mediated knock-
down of Hsp70 impaired the ANDRO-mediated reduction 
in mutant p53 levels. These results indicated that increased 
Hsp70 activity is one mechanism by which ANDRO promotes 
the degradation of mutant p53 protein.

Two major pathways are thought to be responsible for 
decreasing mutant p53 protein levels; namely, proteasomal 
and autophagic degradation  (22). The experiments with 
MG132 suggest that ANDRO acts via the proteasomal degra-
dation pathway. Although MDM2 and CHIP, E3 ubiquitin 
ligases known to target p53, were not induced by ANDRO, 
we hypothesize that another E3 ubiquitin-related protein may 
mediate the degradation of mutant p53 in this study. This 
possibility would be clarified by mass spectrometric analysis 
of p53-interacting proteins.

The current study demonstrated that ANDRO has anti-
cancer effects in vitro and in vivo. Although p21, PUMA, and 
NOXA are known to be induced by wild-type p53 protein, it 
was demonstrated here that they are also induced by ANDRO 
treatment of cells harboring mutant p53. One potential mecha-
nism of the increased p21 levels may be independent of p53. 
Zhang et al (35) previously reported that MDM2 is a negative 
regulator of p21. The data of the current study revealed that 
MDM2 was marginally decreased following ANDRO treat-
ment of mutant p53 cells. Another potential mechanism of 
p21 induction is via STAT-3 inactivation. Previous study has 
demonstrated that expression of p21 and apoptosis-associated 
proteins are regulated by STAT-3, and mutant p53 activates 
these proteins by suppressing the activity of STAT-3 and 
Akt (10). In the experiments of the present study, ANDRO 
inhibited STAT-3, suggesting a potential mechanism for its 
induction of p21 and apoptosis-associated proteins.

In the mouse xenograft model, ANDRO suppressed tumor 
growth irrespective of p53 mutational status, but the effect was 

Figure 7. ANDRO suppresses tumor growth in vivo. HuCCT1 and MKN45 (n=6/group) tumor xenografts were allowed to grow to 50 mm3 before the treat-
ment. DMSO, ANDRO, or CPT-11 were injected intraperitoneally three times per week. (A) Tumor volumes. (B) Change in body weight of mouse. Values 
are presented as the mean ± standard deviation. *P<0.05, **P<0.01. mtp53, mutant p53; DMSO, dimethyl sulfoxide; wt p53, wild-type p53; CPT-1, irinotecan; 
ANDRO, andrographolide.
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greater for mutant p53-expressing cells. As no significant body 
weight loss was observed in ANDRO-treated mice, ANDRO 
may be a potential treatment for mutant p53-expressing tumors, 
which constitute about half of all human cancers. In conclusion, 
the findings of the current study demonstrated that ANDRO 
induces the degradation of mutant p53 via activation of Hsp70.
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