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Background: The mutation rate of the tumor protein P53 (TP53) has been reported to be greater than 
50% in non-small cell lung cancer (NSCLC), and gain-of-function (GOF) mutations in unfolded P53 
(TP53R175H and TP53Y220C) have been associated with poor prognosis. However, the best treatment for 
patients with NSCLC harboring unfolded mutant P53 (mutp53) remains unclear. Triptolide is a natural 
compound derived from Tripterygium wilfordii that has shown a strong antitumor effect in a variety of 
cancers. Our study aimed to explore the GOF mutations in unfolded mutp53 (TP53R175H and TP53Y220C) 
and to clarify the molecular mechanisms by which triptolide regulates the degradation of unfolded mutp53 
proteins in NSCLC.
Methods: Two unfolded proteins harboring TP53R175H and TP53Y220C mutations were selected to explore 
their functions in NSCLC progression. NCI-H1299 cells (TP53-null) were transfected with wild-type 
TP53 (TP53WT), TP53R175H, or TP53Y220C genes and treated with triptolide or a vehicle. Wound healing and 
transwell assays were performed to measure cell migration and invasion in vitro. Lung metastasis models 
were constructed through tail vein injection of mutant cells into BALB/c nude mice to evaluate the effect 
of triptolide on metastasis in vivo. Western blotting, quantitative real-time polymerase chain reaction  
(qRT-PCR), immunoprecipitation, and dual-luciferase reporter assays were performed to explore the 
relevant molecular mechanisms.
Results: Our study revealed that triptolide treatment reduced TP53R175H levels and that the TP53Y220C 
mutation enhanced the invasion and migration of NCI-H1299 cells. Mechanistically, triptolide promoted 
TP53R175H and TP53Y220C protein proteasomal degradation mediated through the E3 ligase murine double 
minute 2 (MDM2) by directly interacting with heat shock protein 70 (HSP70). Moreover, by upregulating 
HSP70 transcription, triptolide contributed to the protein degradation of the GOF mutp53.
Conclusions: Our study reports, for the first time, the mechanism underlying triptolide-regulated protein 
degradation of TP53R175H or TP53Y220C, which offers new insight into developing a better therapeutic strategy 
for patients with NSCLC who express the unfolded mutp53 GOF protein.
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Introduction

Lung cancer is most common cause of cancer-related death, 
accounting for 18.4% of cancer deaths worldwide (1). 
Among the two histological subtypes of lung cancer, non-
small cell lung cancer (NSCLC) accounts for approximately 
85% of the incidence rate worldwide (2). According to 
data obtained from The Cancer Genome Atlas (TCGA) 
database, 41.8% of cancer patients have altered tumor 
protein P53 (TP53) (3), and the mutation rate of TP53 in 
NSCLC is 50%, which suggests that mutant P53 (mutp53) 
plays an important role in NSCLC progression. 

TP53, which encodes the tumor-inducing protein P53, is 
one of the most tumor suppressor genes (4,5). Functionally, 
p53 binds directly to chromatin and plays an important role in 
regulating the cell cycle, apoptosis, autophagy and DNA repair 
in response to damaging factors (6). However, mutations 
of TP53 usually alter the structure of the DNA-binding 
domain (preventing protein folding) or affect the residues 
directly in contact with DNA by causing folding error, and 
missense mutations in the DNA-binding domain often 
lead to changes in the three-dimensional structure of p53, 
leading to a dominant-negative phenotype with a diminished 
ability to transactivate target genes (7). Mutated p53 proteins 
alter cellular programs that accelerate tumor progression 
and metastasis by physically recruiting other transcription 
factors, reprogramming cell behavior, promoting cancer 
cell survival and proliferation, invasion and migration, stem 
cell renewal, chemoresistance, and matrix remodeling, 
exhibiting gain-of-function (GOF) features (8-12). A growing 
body of literature suggests that TP53 mutations in lung 
cancer are associated with increased resistance to cancer 
therapy and poorer survival prognosis (6), thus, mutp53 is 
a promising therapeutic target. Many natural or naturally 
derived antitumor drugs [curcumin (13), artemisinin (14),  
capsaicin (15)] have begun to play increasingly important 
roles in clinical cancer treatment (16).

Triptolide is an epoxy diterpene lactone that has 
been extracted from Tripterygium wilfordii, a vine widely 
distributed in southern China that has been used 
for centuries to treat inflammation and autoimmune  

diseases (17). Triptolide has a strong killing effect on 
breast (18), prostate (19), pancreatic (20), gastric (21), and 
colon (22,23) cancer cells but is limited in the clinic due 
to toxicity. Study has indicated that triptolide inhibits the 
migration and proliferation of fibroblasts from ileocolonic 
anastomosis of patients with Crohn’s disease by regulating 
the microRNA (miRNA) miR-16-1/heat shock protein 
70 (HSP70) pathway (24). However, the mechanism of 
triptolide action in the treatment of metastatic NSCLC 
with mutp53 expression is still unclear.

HSPs are sensors and regulators of conformational 
protein equilibrium that maintain the activity, stability, and 
integrity of the cell proteome and intracellular transport for 
overall dynamic cellular balance (19,25-29). Under normal 
circumstances, HSP90 binds to P53 to inhibit murine 
double minute 2 homolog (MDM2) promotion of P53 
protein ubiquitination and degradation. However, study 
has shown that the unfolded mutp53 protein or inhibited 
HSP90 activity causes the unstable unfolded mutp53 to 
bind preferentially to HSP70, which can promote mutp53 
degradation by the proteasome (30).

In this study, we discovered a previously unknown 
mechanism by which triptolide leads to rapid and selective 
depletion of unfolded mutp53 proteins through the 
ubiquitin-proteasome system. Using short hairpin RNA 
(shRNA)-mediated gene knockdown, we found that HSP70 
plays a significant role in the triptolide regulation of 
TP53R175H/Y220C mutant expression in NCI-H1299 cells. In 
summary, our study showed that triptolide can specifically 
degrade unfolded mutp53 proteins and holds the potential 
to become a specific therapeutic drug targeting unfolded 
mutp53 in NSCLC. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
22-312/rc).

Methods

Cell lines, cell culture, and reagents

Human lung epi thel ia l  NCI-H1299 (TP53-nul l ) 
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and HEK-293T cells were purchased from Shanghai 
Fuheng Biological (Shanghai, China). All cell lines were 
authenticated by short tandem repeat (STR) profiling 
identification. New cell batches were thawed every  
3–4 months for use in these experiments. NCI-H1299 
cells were maintained in RPMI-1640 (Corning Inc., 
Corning, NY, USA) medium, and HEK-293T cells were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM; 
Corning). Both media contained 10% fetal bovine serum 
(FBS; Corning) and 1% penicillin/streptomycin (Solarbio, 
Beijing, China), and all cells were maintained at 37 ℃ in 
a humidified chamber with 5% CO2 and passaged twice 
weekly. The agent triptolide was purchased from MCE 
(New Jersey, USA) and used at a concentration of 30 nM 
(the dose selection of triptolide refers to the previous 
experimental research in this laboratory (31). After pre-
experiment, the drug concentration and drug action time 
of 30 nmol, which has no killing effect on cells and has 
the most obvious effect, are selected). MG132 was used 
at a concentration of 20 µM, and nutlin-3A was used at a 
concentration of 20 µM. Matrigel was purchased from BD 
(356234, Franklin Lakes, NJ, USA).

Plasmids

To overexpress TP53, a plasmid expressing wild-type P53 
(wtp53) was purchased from WZ Biosciences Inc (Shandong, 
China). The polymerase chain reaction (PCR) product was 
cloned into a pENTER (WZ Biosciences Inc., Shanghai, 
China) vector backbone. The cytomegalovirus (CMV)-
TP53Y220C/R273H/H179L/R248Q/H193R plasmid was generated with 
a Quick Mutation™ Plus site-directed mutagenesis kit 
(D0208S, Beyotime Biotechnology, Shanghai, China) using 
CMV-wtp53 as a template. Products were validated by 
Sanger sequencing to authenticate the mutations and ensure 
the quality of the constructs. Plasmids were transfected into 
NCI-H1299 cells using Lipofectamine 3000TM (Invitrogen, 
Waltham, MA, USA) according to the manufacturer’s 
instructions. The sequences of the mutant plasmids are 
listed in Table S1.

Lentivirus construction and cell transfection

The TP53R175H plasmid was purchased from the Miaoling 
Plasmid Platform (miaolingbio.com). To knock down 
HSP70 expression, 3 fragments targeting the sequences 
shHSPA1A-1 (GGA TCC AGT GTT CCG TTT), 
shHSPA1A-2 (GTC AGT TCT CAA TTT CCT GTG), 

and shHSPA1A-3 (GCC ATC TTA CGA CTA TTT 
CTT) were synthesized by TSINGKE BioTech (Qingdao, 
China), and shHSP70 was constructed through annealing, 
restriction digestion, and enzyme linking and subcloned 
into a pGIPZ vector. After sequencing verification, the 
lentiviruses were cotransfected in a shHSP70/TP53R175H 
plasmid with the packaging plasmids pSPAX2 and 
pMD2G. Cell transfection was performed with Hitrans 
GP (GeneChem, Shanghai, China) in accordance with the 
manufacturer’s protocols, and clones were selected with 
puromycin (1–2 µg/mL) 10–14 days after transfection.

RNA extraction and quantitative real-time polymerase 
chain reaction (qRT-PCR)

Total RNA was extracted from cell lines using trizol 
(Invitrogen). For qRT-PCR, 1 µg of RNA was directly 
reverse transcribed using an lnRcute lncRNA First-Strand 
complementary DNA (cDNA) synthesis kit [with genome 
DNase (gDNase);  KR202, TIANGEN BIOTECH 
Co., Ltd., Beijing, China] containing oligo(dT) primers, 
and RNA expression was evaluated by qRT-PCR with 
an lnRcute lncRNA qPCR kit (SYBR Green, FP402-
02, TIANGEN BIOTECH) and a QuantStudio 5 Real-
Time PCR System (Thermo Fisher Scientific, Waltham, 
MA, USA). Human primers were used in this study. Beta-
actin (ACTB) was used as the internal control, and the fold 
change in target gene expression was calculated by the delta 
delta Ct method. All data are mean ± standard deviation 
(SD). Each experiment was repeated at least 3 times (32,33). 
The primers are listed in Table S2.

EdU assay

For the 5-ethynyl-2'-deoxyuridine (EdU) staining (C0078S, 
Beyotime Biotechnology) analysis, 4×103 cells were seeded 
on a 96-well plate and incubated overnight. Then, an EdU 
working solution was added, and the cells were fixed with 
4% paraformaldehyde for 15 minutes at room temperature. 
According to the dye manufacturer’s protocol, after washing 
and blocking the cells with 3% bovine serum albumin 
(BSA) and 0.3% Triton X-100, 1X Hoechst was used to 
stain nuclei. Images were captured using a fluorescence 
microscope (DMi8 Inverted fluorescence microscope, Leica 
Microsystems, Wetzlar, Germany). The percentage of EdU-
positive cells was calculated as follows: (EdU-stained cells/
Hoechst-stained cells) × 100%. All data are mean ± SD. 
Each experiment was repeated at least 3 times (32,33).

https://cdn.amegroups.cn/static/public/TLCR-22-312-Supplementary.pdf
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Wound healing assay

A cell suspension was prepared and diluted to the 
appropriate concentration {[3–7]×105 cells/mL}, and then 
110 µL of the cell suspension was added to each well 
containing a culture insert (80460, ibidi, Martin Reid, 
Germany) and incubated overnight at 37 ℃ in a humidified 
chamber with 5% CO2. When the cell growth density 
reached approximately 95%, sterile tweezers were used 
to grab 1 side of the insert (which had been scratched to 
create a wound). Subsequently, it was removed, and was 
placed quickly in the serum-free medium. The width of the 
wound was photographed using microscopy (100X, CKX53, 
Olympus, Shanghai, China), and the changes in width were 
calculated using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA), with the results normalized 
to those of the control group. All data are mean ± SD. Each 
experiment was repeated at least 3 times (32,33).

Cell migration and invasion assays

In summary, 4×104 cells were suspended in 200 µL of serum-
free medium and added to the upper chamber of each insert, 
which was coated with Matrigel, and 600 µL of medium 
supplemented with 10% FBS was added to the lower 
chamber of each insert. After incubation for 48 hours at 37 ℃ 
with 5% CO2, the cells were fixed with 4% paraformaldehyde 
and methanol and stained with 1% crystal violet. The cells 
that passed through the insert membrane were counted 
under an inverted microscope (CKX53, Olympus). The 
migration experiment was performed in the same way as the 
invasion experiment except for the incubation time which was  
24 hours and for the inserts which were not covered in 
Matrigel. All data are mean ± SD. Each experiment was 
repeated at least 3 times (32,33).

Luciferase reporter assay

NCI-H1299 cells were seeded in 6-well plates and 
cotransfected with a mixture of 2.5 µg of p-Renilla 
luciferase-thymidine kinase (pRL-TK), PLG3-basic 
luciferase and P53 mutation plasmids. After 48 hours of 
incubation, the cells were treated with triptolide (30 nM 
for 0, 12, 24, 36, or 48 hours), and then firefly and Renilla 
luciferase activities were quantified with a dual-luciferase 
reporter assay kit (Promega, Madison, WI, USA) and a 
Cytation 5 Cell Imaging Multi-Mode Reader (BioTek 
Instruments, Winooski, VT, USA). The results were 

normalized using the internal TK signal. All data are mean 
± SD. Each experiment was repeated at least 3 times (32,33).

Western blot analysis

Cells  were lysed in  RIPA lys is  buffer  (Beyot ime 
Biotechnology), and 20 µg of protein was separated via 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to a polyvinylidene 
difluoride (PVDF) membrane (Millipore, Billerica, MA, 
USA). After blocking with 5% milk and incubation with 
primary antibodies against TP53 (1:1,000, Santa Cruz 
Biotechnology, Dallas, TX, USA), HSP70 (1:1,000, 
Proteintech, Wuhan, China), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH, 1:5,000, Cell  Signaling 
Technology, Beverly, MA, USA), and ACTB (1:5,000, 
ABclonal Technology, Wuhan, China) at 4 ℃ overnight, 
the membranes were incubated with secondary antibodies 
(1:5,000) at room temperature for 1–2 hours. Then, the 
bands were examined with an Immobilon™ western 
chemiluminescent horseradish peroxidase (HRP) substrate 
(Millipore) and an Anon 5200 system (Tanon Science & 
Technology Co. Ltd., Shanghai, China). GAPDH or ACTB 
was used as the loading control.

Immunofluorescence analysis

NCI-H1299R175H/Y220C (1×105) cells were seeded into confocal 
dishes for 24 hours and then divided into control group and 
triptolide (30 nM, 24 hours) treatment group. The treated 
cells were fixed with 4% paraformaldehyde for 15 minutes 
and then permeabilized with 0.5% Triton-100 at room 
temperature for 20 minutes. After blocking with goat serum 
for 30 minutes at room temperature, 2 diluted primary 
antibodies (anti-TP53, mouse, 1:200 and anti-HSP70, 
rabbit, 1:200) were incubated overnight at 4 ℃. Fluorescent 
secondary antibody and 4',6-diamidino-2-phenylindole 
(DAPI) were added on the second day for confocal imaging.

TCGA database

Sample information was acquired from TCGA. Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis and Gene Set Enrichment Analysis (GSEA) 
were performed with the Bioconductor “clusterProfiler”  
package (34) and SangerBox analysis tools (http://sangerbox.
com/Tool). The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). 

http://sangerbox.com/Tool
http://sangerbox.com/Tool
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Lung metastasis models

Animal experiments were performed under project 
license (No. KYLL-2018(KJ)A-0046) granted by the 
Ethics Committee for Animal Experimentation of The 
Second Hospital of Shandong University, in compliance 
with Institutional Animal Care and Use Committee 
guidelines. Sixteen male BALB/c nude 4-week-old mice 
were purchased from Vital River Research Animal Services 
(Beijing, China) and raised in a specific pathogen-free (SPF) 
environment with adequate food and water (light-dark cycle:  
12–12 hours, 22–25 ℃), and the litter was replaced every 
3 days. For the metastatic cancer model, the TP53R175H 
cells [2×106 cells in 100 µL of phosphate buffered saline 
(PBS)] were injected into the tail vein of the nude mice 
(5–6 weeks old, male, 18–20 g). One week later, the mice 
were randomly allocated into 2 groups (8 mice per group) 
and then subjected to treatment. The reagents were 
intraperitoneally injected as follows: (I) 100 µL solvent 
[PBS/dimethyl sulfide (DMSO) =19:1]; and (II) triptolide 
(0.6 mg/kg). The body weight of the mice was measured 
every 3 days to determine whether triptolide had toxic 
effects. If the weight loss exceeded 20% or the mice become 
unable to eat, euthanasia was performed. Ten weeks after 
the first injection, the mice were sacrificed by continuous 
inhalation with 30% CO2 for 5 minutes, and the lung tissues 
were removed and divide into 2 parts. One part was fixed in 
10% paraformaldehyde buffer for further analysis, and the 
other part was stored at −80 ℃ for later use.

Statistical analysis

Data were analyzed using a Student’s t-test with GraphPad 
7.0 (GraphPad Software Inc., San Diego, CA, USA). Each 
experiment was repeated at least 3 times. All results are 
presented as the means ± SD. A P value less than 0.05 was 
considered statistically significant.

Results

TP53R175H/Y220C proteins significantly promoted NCI-H1299 
cell proliferation, migration, and invasion 

Many recent studies have shown that mutp53 is associated 
with human cancer cell invasion and migration (26-29). 
We first investigated whether unfolded mutp53 acted 
as a tumor-promoting gene in human NSCLC cells. 
Specifically, after overexpressing TP53R175H/Y220C (Figure 1A  
and Figure S1A), NCI-H1299 cells exhibited enhanced 

migratory capacity, as demonstrated by the wound healing 
assay (PWT =0.0209, PY220C =0.0444, PR175H =0.0127) and EdU 
(PWT =0.0352, PY220C =0.0078, PR175H =0.0073) experiment 
results (Figure 1B,1C and Figure S1B,S1C). Moreover, 
the transwell assay demonstrated that TP53R175H/Y220C  
significantly promoted NCI-H1299 cell migration (PWT 
=0.0006, PY220C =0.0007, PR175H =0.0021) and invasion (PWT 
=0.0002, PY220C =0.0036, PR175H =0.0034) in comparison 
to the control  and TP53 WT cel l s  (Figure  1D  and  
Figure S1D).  Notably,  the results  indicated that  
TP53R175H/Y220C promoted NSCLC cell proliferation and 
metastasis in vitro. To assess the in vivo effect of unfolded 
mutp53 on lung metastasis, a lung metastasis mouse model 
was generated. At the end of the animal study, 14 mice were 
included and completed (n=7 per group). Two animals were 
excluded, including 1 mouse with weight loss that exceeded 
20% and another that became unable to eat. The nude mice 
were injected with mutp53R175H overexpressing cells (which 
we had constructed with lentivirus carrying the TP53R175H 
mutant; Figure S1E and treated with triptolide, which has 
no toxic effects on mice (Figure S1F), and fewer metastatic 
foci were generated in the mice treated with triptolide than 
in the untreated mice (Figure 1E). In addition, the transwell 
assay demonstrated that triptolide had the same effect  
in vitro as it did in vivo (Figure 1F).

Triptolide specifically degraded unfolded GOF mutp53 
proteins

We found that the natural compound triptolide could 
inhibit the metastasis of mutp53-expressing NSCLC 
cells. To investigate the effect of triptolide on unfolded 
mutp53 proteins, we constructed mutp53-expressing 
cells (Figure S1G) and discovered that triptolide caused 
a rapid and sustained decrease in the levels of unfolded 
GOF mutp53R175H/Y220C/R179L proteins, which are usually 
stably expressed in NSCLC (Figure 2A and Figure S1H). 
Interestingly, in contrast to the considerable effect on 
mutp53R175H/Y220C/R179L expression, triptolide exerted a 
negligible influence on the level of wtp53 protein in 
NSCLC cells (Figure 2B and Figure S1H). Furthermore, 
NSCLC treatment exhibited minimal effects on the other 
frequently observed folded GOF mutp53 protein (R248Q, 
H193R; Figure 2C and Figure S1H) but did cause folded 
mutp53R273H protein degradation in the NCI-H1299 cell 
line (Figure 2D and Figure S1H). Therefore, we believe 
that triptolide specifically degraded unfolded mutp53 
proteins and selectively degraded folded mutp53 proteins. 

https://cdn.amegroups.cn/static/public/TLCR-22-312-Supplementary.pdf
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To explore the mechanism by which triptolide leads to 
the rapid degradation of unfolded mutp53 proteins, we 
performed confocal microscopy and found that triptolide 
caused mutp53R175H/Y220C protein translocation from the 
nucleus to the cytoplasm, which induced the degradation of 
the mutp53 protein (Figure 2E).

Triptolide induced mutp53R175H/Y220C through proteasome 
degradation mediated by the MDM2 ubiquitin ligase

To determine whether triptolide regulates wtp53 and mutp53 
expression at the transcriptional level or posttranscriptional 
level, we treated NCI-H1299 cells with triptolide and the 
proteasome inhibitor cycloheximide (CHX). The results 
showed that triptolide caused a reduction in the half-life of 
stable mutp53R175H/Y220C proteins (Figure 3A). Interestingly, in 

contrast to the effect on mutp53R175H/Y220C proteins, triptolide 
exerted a negligible influence on the level of wtp53 proteins 
in NSCLC cells (Figure 3B), indicating that the effect of 
triptolide on mutp53WT/R175H/Y220C was posttranslational. 
Because triptolide caused increased mutp53R175H/Y220C 
degradation, we sought to determine whether the effect 
was mediated by the proteasome. The proteasome inhibitor 
MG132 rescued mutp53R175H/Y220C proteins from triptolide-
induced degradation (Figure 3C and Figure S2A, PR175H 
=0.0428, PY220C =0.0009), suggesting that the protein is 
targeted by the proteasome for degradation. To confirm 
this result, we ectopically expressed His-tagged ubiquitin  
(His-Ub) in NCI-H1299 cells, and treatment with triptolide 
caused ubiquitination of mutp53R175H/Y220C (Figure 3D). 
Because MDM2 played a vital role in the degradation of the 
mutp53 protein, nutlin3 was used to detect the mechanism 
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Figure 1 TP53R175H/Y220C can significantly promote the proliferation, migration, and invasion of NCI-1299 cells. (A) Human NCI-H1299 cells 
were transfected with mutp53 plasmids as shown by WB analysis. (B) EdU assays were performed with cells transfected with the indicated 
plasmids. Scale bar, 100 µm. (C,D) The migratory and invasive capacities of cells transfected with the indicated plasmids were determined by 
wound healing (the extent of cell healing was observed under a microscope at 0, 12 and 24 h. Scale bar, 250 µm) and transwell assays (cells 
were stained with crystal violet. Scale bar, 5 µm). (E) Tail vein injection of mutp53R175H cells significantly promoted tumor metastasis, which 
was reversed by triptolide (30 nM). Lung metastatic nodules were stained with HE. Scale bar, 250 µm and 100 µm. (F) Triptolide (30 nM) 
reversed NCI-H1299 cell migration and invasion abilities induced by mutp53R175H/Y220C (cells were stained with crystal violet. Scale bar, 50 µm). 
Similar results were obtained in 3 independent experiments. TP53, tumor protein P53; ACTB, beta-actin; mutp53, mutant TP53; WB, western 
blotting; EdU, 5-ethynyl-2'-deoxyuridine; TPL, triptolide; +, treatment with triptolide; −, treatment without triptolide.
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Figure 2 Triptolide specifically degrades unfolded GOF mutp53. (A-D) Human NCI-H1299 cells were treated with triptolide (30 nM) 
after transfection with the indicated plasmids, and mutp53 protein levels were detected by WB analysis performed at various time points. 
(E) NCI-H1299R175H cells and NCI-H1299 cells transfected with the mutp53Y220C plasmid were seeded in confocal dishes and treated with 
triptolide for 24 hours until the cell density reached 50–60%. Then, the cells with unfolded mutp53 proteins were assessed via confocal 
microscopy. Scale bar, 10 µm. Similar results were obtained with 3 independent experiments. GOF, gain of function; mutp53, mutant TP53; 
TP53, tumor protein P53; WB, western blotting; TPL, triptolide; DAPI, 4',6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; ACTB, beta-actin; HSP70, heat shock protein 70; +, treatment with triptolide; −, treatment without triptolide.

by which the mutp53 protein was degraded and to determine 
whether this mechanism was mediated by the MDM2 E3 
ubiquitin ligase. The results indicated that triptolide-induced 
mutp53R175H/Y220C protein degradation (PR175H =0.0121, PY220C 
=0.0339) was mediated by the MDM2 ubiquitin ligase  
(Figure 3E and Figure S2B).

Triptolide regulated the HSP70-mediated degradation of 
unfolded GOF mutp53 proteins 

The stability of mutp53 is inseparable from the interaction 
of its molecular chaperones, including HSP70 and  
HSP90 (35). Previous experiments have shown that 
HSP90 can bind to folded mutp53 proteins, inhibiting 
MDM2 promotion of TP53 ubiquitination and resulting 
in increased stability of these mutp53 proteins (36,37), 
leading to their cellular accumulation. However, HSP70 
can specifically interact with unfolded mutp53R175H/Y220C  
proteins and target them for degradation (30). To further 

study the mechanism by which HSP70 influences triptolide 
regulation of unfolded mutp53 protein degradation, 
we treated mutp53 with triptolide in a dose-dependent 
manner. We found that HSP70 expression was significantly 
increased with triptolide treatment of unfolded mutp53-
expressing cells but not with that of wtp53-expressing cells 
(Figure 4A). To determine whether HSP70 is specifically 
required for triptolide-induced unfolded mutp53 protein 
degradation, we used 3 shRNAs to target HSP70 and 
determined the transfection efficiency by western blotting 
(WB; Figure 4B). We noticed that shHSP70 partially 
reversed triptolide-induced mutp53R175H/Y220C degradation 
[PR175H(sh70-1/2/3) =0.0232/0.0295/0.0101, PY220C(sh70-1/2/3) 
=0.0232/0.1412/0.0410] (Figure 4C and Figure S2C). 
In addition, transwell assays were performed to identify 
the roles of HSP70 in mutp53R175H/Y220C expressing 
NSCLC cell metastasis [PY220C(sh70-1/2) =0.002/0.0011, 
PR175H(sh70-1/2) =0.0442/0.0224] and migration [PY220C(sh70-1/2) 
=0.0269/0.0097, PR175H(sh70-1/2) =0.002/0.0011] (Figure 4D 

https://cdn.amegroups.cn/static/public/TLCR-22-312-Supplementary.pdf
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Figure 3 Triptolide induces mutp53R175H/Y220C via proteasome degradation mediated by MDM2 ubiquitin ligase. (A,B) NCI-H1299R175H cells 
and NCI-H1299 cells transfected with mutp53Y220C/WT plasmids were treated with CHX (20 µM) and triptolide (30 nM) at the indicated 
times, and mutp53 protein levels were detected by WB analysis. (C,D) NCI-H1299R175H cells and NCI-H1299 cells transfected with 
mutp53Y220C plasmid were treated with MG132 (20 µM) and Nutlin3 (20 µM) with or without triptolide for 24 hours, and mutp53 protein 
levels were then detected by WB analysis. (E) NCI-H1299R175H/Y220C cells transfected with HA-WT expression plasmid were treated with 
proteasome inhibitor MG132 (20 µM) or triptolide (30 nM) for 12 hours. The protein levels of mutp53 and HSP70 in the cell lysates were 
determined by WB analysis. Mutp53R175H/Y220C ubiquitination in response to MG132 and triptolide treatment for 12 hours was determined 
by immunoblotting with an anti-HA antibody. Similar results were obtained with 3 independent experiments. Mutp53, mutant TP53; 
TP53, tumor protein P53; CHX, cycloheximide; TPL, triptolide; WB, western blotting; MDM2, murine double minute 2 homolog; 
WT, wild type; HSP70, heat shock protein 70; HA-WT, hemagglutinin-wild type; IgG, immunoglobulin G; IP, immunoprecipitation; 
IB, immunoblotting; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACTB, beta-actin; +, treatment with triptolide; −, treatment 
without triptolide.

and Figure S2D,S2E). These data indicated that triptolide 
regulated the HSP70-induced degradation of unfolded 
GOF mutp53 protein.

NCI-H1299R175H influenced mitogen-activated protein 
kinase (MAPK) pathway activation

Previous experiments have shown that mutp53R175H 
enhances the proliferation, migration, and invasion of 
NCI-H1299 cells in vitro and in vivo. To further explore 
the downstream genes affected by mutp53R175H, we used the 
University of California, Santa Cruz (UCSC) Xena (https://
xena.ucsc.edu/) website to download lung adenocarcinoma 
data from TCGA. Online SangerBox tools were used to 

identify mutp53R175H and TP53STOP samples (which indicated 
that TP53 does not undergo transcription) from more 
than 500 lung adenocarcinoma samples. More than 20,000 
differentially expressed genes were identified through a 
volcano map analysis, and these differentially expressed 
genes were further assessed using KEGG pathways and 
GSEA. We found that these differentially expressed 
genes may be involved in regulating the MAPK pathway  
(Figure  5A,5B ) ;  therefore ,  we se lected some key 
differentially expressed genes in the MAPK signaling 
pathway for verification and assessed the treatment effects 
of triptolide on their expression. The results showed 
that the treatment effects on the protein kinase CAMP-
activated catalytic subunit alpha (PRKACA) (P=0.0159), 
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Figure 4 HSP70 regulates the triptolide-induced degradation of unfolded GOF mutp53 proteins. (A) Human NCI-H1299 cells were treated 
with triptolide (30 nM) after transfection with the indicated plasmids, and HSP70 protein levels were detected by WB analysis at specific time 
points. (B) HSP70-knockdown constructs (#1, #2, and #3) were stably transfected into NCI-H1299 cells. The knockdown efficiency of the 
HSP70 gene was assessed by measuring protein expression through WB analysis. (C) Mutp53 protein levels in NCI-H1299-shHSP70 cells 
transfected with R175H and Y220C plasmids with or without triptolide (30 nM) treatment were detected by WB analysis. (D) The invasive 
and migratory abilities of NCI-H1299 (shHSP70-treated) cells after transfection with the indicated plasmids with or without triptolide  
(30 nM) treatment were determined by transwell assays (cells were stained with crystal violet. Scale bar, 50 µm). Similar results were obtained 
with 3 independent experiments. HSP70, heat shock protein 70; ACTB, beta-actin; NC, non-specific control; GOF, gain of function; WB, 
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fibroblast growth factor 22 (FGF22) (P<0.0001), and 
mitogen-activated protein kinase kinase kinase 8 (MAP3K8) 
(P=0.0223) genes were consistent with the enrichment 
results and that triptolide reversed the cellular effects 
induced by mutp53R175H (Figure 5C,5D) (PPRKACA =0.0479, 
PFGF22 <0.0001, PMAP3K8 =0.002). These findings suggested 
that mutp53R175H might play a cancer-promoting role by 
regulating the MAPK signaling pathway. Furthermore, 
shHSP70 reversed the effects induced by p53R175H 
expression (Figure 5D).

Triptolide increased HSP70 promoter activity in a time-
dependent manner

We verified that there was no direct upstream or 

downstream relationship between HSP70 and TP53 
(Figure 6A). To explore the mechanism by which triptolide 
increases HSP70 expression in NSCLC, we first analyzed 
the UCSC Genome Bioinformatics Site (http://genome.
ucsc.edu/). We found that enriched levels of differentially 
expressed HSP70 overlapped with H3K4me1/3 (histone 
H3 lysine 4 monomethyl and histone H3 lysine 4 trimethyl) 
and H3K27Ac (Histone H3 acetylated lysine 27) peaks 
at the HSP70 promoter (Figure 6B). Next, the luciferase 
reporter gene driven by HSP70 promoter was transfected 
into H1299R175H/Y220C cells to evaluate the up-regulation 
of HSP70 mRNA transcription by triptolide. As shown 
in Figure 6C,6D, triptolide treatment increased HSP70 
promoter activity (PR175H =0.0012, PY220C =0,0034) in a time-
dependent manner. Taken together, these data confirmed 

http://genome.ucsc.edu/
http://genome.ucsc.edu/
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Figure 5 NCI-H1299R175H influences the MAPK pathway. (A) GSEA showed that in response to NCI-H1299R175H expression, gene sets were 
significantly enriched in the MAPK pathway. (B) Heatmap showing differentially expressed genes in the MAPK pathway. (C,D) Real-time 
PCR was performed to detect the mRNA levels of key genes in the MAPK pathway in NCI-H1299R175H cells (normal/shHSP70) with or 
without triptolide treatment, and ACTB was used as the internal control. Similar results were obtained with 3 independent experiments. *, 
P<0.05. MAPK, mitogen activated protein kinase; GSEA, Gene set enrichment analysis; PCR, polymerase chain reaction; mRNA, messenger 
RNA; ACTB, beta-actin; TPL, triptolide; sh70-1/2/3, lentiviruses knock down of HSP70; +, treatment with triptolide; −, treatment without 
triptolide.

that triptolide caused mutp53R175H/Y220C protein degradation 
by increasing HSP70 expression, which was mediated by 
increased HSP70 promoter activity.

Discussion

In this study, we showed that the expression of GOF 
mutp53R175H/Y220C proteins can enhance the invasion, 
migration, and proliferation abilities of NSCLC cells. 
At the same time, we found that triptolide can increase 
the transcriptional activity of HSP70, thereby increasing 
its protein expression, specifically degrading unfolded 
GOF mutp53 proteins, selectively degrading folded GOF 
mutp53 proteins, and ultimately inhibiting the progression 
of NSCLC. Therefore, we believe that a strategy to 
achieve targeted depletion of mutp53 proteins holds high 
therapeutic potential.

Previous studies have shown that GOF mutp53 proteins 
in a mouse model of NSCLC are associated with a high 
frequency of cell metastasis and invasion (20,21), TP53 is 
the most commonly mutated gene in human cancers. It 

encodes a transcription factor with a tumor-suppressing 
function, which it realizes by binding directly to the 
DNA-binding domain of a target gene, thereby limiting 
the accumulation of reactive oxygen species, promoting 
autophagy, and preventing stem cell self-renewal and other 
cellular processes. Moreover, a high frequency of TP53 
mutations has been found in certain tumor types, such as 
head and neck cancer (67%), esophageal gland cancer (65%) 
and lung squamous cell carcinoma (84%) (38). In lung 
cancer-related studies, it was found that TP53 mutation can 
be used as a prognostic factor in patients with local-stage 
NSCLC (stage I–IIIA) (39), and patients with TP53 and 
EGFR co-mutation have relatively shorter PFS (progression 
free survival) compared with patients without TP53 gene 
mutation and resistance to EGFR tyrosine kinase inhibitors 
is also relatively high (40,41). Especially in the high TMB 
(tumor mutation burden) population, regardless of PD-L1  
expression, the PFS of immunotherapy combined with 
immunotherapy was superior to chemotherapy, that is, the 
higher the tumor TMB, the more neoantigens produced 
by the tumor, the stronger the T cell and antitumor 
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Figure 6 Triptolide increases HSP70 promoter activity in a time-dependent manner. (A) Upstream and downstream P53 and HSP70 
relationship verification. (B) Analysis of The UCSC Genome Bioinformatics Site (http://genome.ucsc.edu/) showed high enrichment of 
H3K4me1/3 and H3K27Ac at the HSP70 promoter. (C,D) Real-time PCR was performed to detect the HSP70 in NCI-H1299R175H/Y220C 
mRNA levels in cells treated with triptolide (30 nM) at specific time points, and ACTB was used as the internal control. The luciferase 
reporter gene driven by the human HSP70 promoter was inserted into a pGL3-basic vector, and the pRL-TK plasmid was transiently 
transfected into NCI-H1299R175H/Y220C cells treated with triptolide. The luciferase activity was evaluated. Similar results were obtained with 3 
independent experiments. *, P<0.05. HSP70, heat shock protein 70; ACTB, beta-actin; TP53, tumor protein P53; mRNA, messenger RNA; 
ACTB, beta-actin; UCSC, University of California, Santa Cruz; PCR, polymerase chain reaction; pRL-TK, p-Renilla luciferase-thymidine 
kinase.

responses, the more PD-L1 treatment works better (42). 
Besides, French researchers reported that TP53 mutation 
status was associated with overall survival (OS) benefit 
in advanced NSCLC patients treated with immune 
checkpoint inhibitor (ICI), so after PD-L1, TMB gradually 
emerging as potential markers to predict the efficacy of 
immune checkpoint therapy (43), specific TP53 mutants 
also have potential as biomarkers for ICIs in NSCLC in 
future studies (44). Besides, in silico simulation data can 
provide insights into structural changes of NSCLC cells 
which enable invasion, migration, and proliferation (45). 
In lucking of structural data in silico modeling may give 
better view of altering the hydrogen-bonding network in 
the DNA-binding surface due to mutp53, compromising 
the direct contacts to DNA backbone phosphates due 
to the shorter lateral chains. Studies have shown that 
GOF mutp53 proteins participate in the occurrence and 
development of many malignant tumors by enhancing 
cell proliferation and tumor formation, invasiveness, 

and angiogenesis, promoting the tumor cell epithelial-
mesenchymal transition, and endowing cancer cells with 
stem cell characteristics (46-50). Recently, statins have been 
shown to degrade mutp53 proteins through the mevalonate 
pathway, and zinc-pentahydroxyphenone compounds have 
been shown to reactivate wtp53 activity. However, most of 
these “reactivators” are still in the preclinical testing stage 
(51-53). In addition, the specific mechanism of triptolide-
induced GOF mutp53 degradation is not fully understood 
and needs to be further explored.

Herein, we reported the use of the NCI-H1299 cell 
line (TP53-null) to construct R175H lentivirus-expression 
cells and transiently transfected Y220C plasmid cells to 
verify how a natural compound called triptolide influences 
mutp53 protein function in NSCLC. We showed that 
triptolide exerts different effects on the levels of wtp53 and 
unfolded mutp53R175H/Y220C protein expression in NSCLC 
cells (Figure 2A,2B). Specifically, triptolide treatment 
results in rapid degradation of unfolded mutp53 proteins, 
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whereas it has a negligible effect on the half-life of wtp53 
proteins. Although folded mutp53R248Q/H193R proteins are 
not affected by triptolide treatment, the level of folded 
mutp53R273H proteins is decreased after triptolide treatment  
(Figure 2C,2D), and the degree of this effect is consistent 
with that observed for unfolded mutp53 proteins, 
providing evidence for the specific degradation of unfolded 
mutp53 proteins and the selective degradation of folded 
mutp53 proteins by triptolide. Our results indicate that 
triptolide regulates unfolded mutp53 protein degradation 
through distinct mechanisms involving nuclear export, 
ubiquitination, and targeted degradation by the proteasome 
(Figure 2E). In our experiment, nutlin-3A rescued the 
triptolide-induced degradation of mutp53R175H/Y220C proteins 
(Figure 3C,3E). We also confirmed that mutp53 protein 
degradation is mediated by the ubiquitin ligase MDM2. 
We observed that mutp53 directly interacts with HSP70 
and is important for mutp53 protein stabilization. Our 
results suggest that triptolide upregulates HSP70 protein 
expression, inducing unfolded mutp53 protein degradations 
in a ubiquitin-proteasome pathway-dependent manner 
(Figure 3C,3E), although we cannot rule out the possible 
effects of other underlying mechanisms.

When we introduced a shRNA targeting HSP70, we 
observed increased unfolded mutp53 protein expression in 
NSCLC cells, indicating that HSP70 plays an important 
role in triptolide-induced degradation of unfolded mutp53 
proteins (Figure 4C). Although we identified HSP70 as 
an intermediate carrier for triptolide in the regulation 
of unfolded mutp53 protein expression, other reports 
have suggested that HSP40 can modulate HSP70 
ATPase activity, causing the substrate polypeptide 
bound by fold-inducing HSP70/HSP40 to promote 
local mutp53 DNA-binding domain unfolding, which 
causes TP53 dissociation through its DNA-binding 
loop and leads to a potential conformational change 
in wtp53 (54). Similarly, in 2019, a research team at 
the Kalodimos Lab of St. Jude Children’s Research  
Hospital (55) found that the binding of HSP70 and HSP40 
replaced the unfolded substrate and that HSP40 activity 
was changed after it was bound to HSP70, thereby further 
regulating the binding and release of the substrate. Therefore, 
we speculate that the degradation of mutp53R175H/Y220C may 
be closely related to HSP40 (HSP40 can regulate several 
intracellular proteins and signaling pathways) (56). In our 
study, we also found that the triptolide-mediated degradation 
of mutp53R175H/Y220C proteins is similar to the natural 
degradation of wtp53 proteins and depends on MDM2. 

This suggests that triptolide may induce a HSP70-mediated 
conformational change in mutp53R175H/Y220C mutants, rendering 
them similar to the wtp53 protein and thus leading to their 
ubiquitination and degradation. These possible roles played by 
HSP40 are the subjects of future research.

In summary, our study revealed that triptolide suppresses 
NSCLC cell invasion and migration by increasing HSP70 
transcriptional activity and promoting the degradation 
of unfolded mutp53 protein, which identifies a new 
therapeutic opportunity for patients with TP53 mutations. 
Our results not only demonstrate triptolide-mediated 
inhibition of unfolded mutp53-induced NSCLC cell 
invasion and migration but also offer novel insights into the 
mechanisms underlying the therapeutic effects of triptolide. 
The specific degradation effect of triptolide on unfolded 
mutp53 proteins is expected to make triptolide a specific 
therapeutic drug for the treatment of NSCLC characterized 
by unfolded mutp53, providing early treatment for 
NSCLC patients with TP53 GOF mutation, thereby 
inhibiting NSCLC disease progression. TP53 mutation 
is an independent prognostic factor for NSCLC, and its 
specific treatment strategy will pave the way for effective 
individualized treatment of cancer patients.
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Figure S1 Statistical analysis diagrams of Figures 1-3. (A) Bar graph shows the effect of transfecting P53 mutant plasmid. (B) Bar graph 
shows the percentage of EDU positive cells transfected with P53 mutant plasmid. (C) Bar graph showing percent wound healing in cells 
transfected with p53 mutant plasmid. (D) Bar graph shows the percentage of migrating and invasive cells transfected with p53 mutant 
plasmid. The line graph in (E) shows the changes of HSP70 and P53 protein expression after TPL (30 nM) treatment. (F) Line graph 
showing no toxic effects of TPL in mice. (G,H) Human NCI-H1299 cells were transfected with mutp53 plasmids as shown by western blot 
analysis. Similar results were obtained with three independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001. TPL, triptolide; HSP70, heat 
shock protein 70; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; EdU, 5-ethynyl-2'-deoxyuridine; TP53, tumor protein P53; PCR, 
polymerase chain reaction.
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Figure S2 Statistical analysis diagrams of Figures 2-4. (A,B) Bar graph shows the NCI-H1299R175H cells and NCI-H1299 cells transfected 
with mutp53Y220C plasmid were treated with MG132 (20 μM) and Nutlin3 (20 μM) with or without triptolide for 24 h, and mutp53 protein 
levels were then detected by western blot analysis. (C) Mutp53 protein levels in NCI-H1299-shHsp70 cells transfected with R175H and Y220C 
plasmids with or without triptolide (30 nM) treatment were detected by western blot analysis. (D,E) The Invasive and migratory abilities 
of NCI-H1299 (shHsp70-treated) cells after transfection with the indicated plasmids with or without triptolide (30 nM) treatment were 
determined by transwell assays. Similar results were obtained with three independent experiments. *, P<0.05. TPL, triptolide; DMSO, 
dimethyl sulfoxide; sh70-1/2/3, different lentiviruses knock down HSP70; PCR, polymerase chain reaction; TP53, tumor protein P53.
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Table S1 Construction of primers for TP53 mutation sites

Point mutation primers Forward primer (5' to 3') Reverse primer (5' to 3') 

Y220C GTGTGGTGGTGCCCTGTGAGCCGCCTGAGGT ACCTCAGGCGGCTCACAGGGCACCACCACAC

R273H GAACAGCTTTGAGGTGCATGTTTGTGCCTGTCCTG CAGGACAGGCACAAACATGCACCTCAAAGCTGTTC

H193R TGGCCCCTCCTCAGCGTCTTATCCGAGTGGA TCCACTCGGATAAGACGCTGAGGAGGGGCCA

H179L GGCGCTGCCCCCACCTTGAGCGCTGCTCAGA TCTGAGCAGCGCTCAAGGTGGGGGCAGCGCC

R248Q TGGGCGGCATGAACCAGAGGCCCATCCTCAC GTGAGGATGGGCCTCTGGTTCATGCCGCCCA

TP53, tumor protein P53.

Table S2 Primer sequence

PCR primers name Forward primer (5' to 3') Reverse primer (5' to 3')

TP53 ACCTATGGAAACTACTTCCTGAAA CTTCTTTGGCTGGGGAGAGG

FGF22 GACTCTACACCGTGGACTGC CTGTGAGGCGTAGGTGTTGT

MAP3K8 GTTCAAATGACCGAAGATG TACAGGTAGGAGGGATAGG

PRKACA CAGCGGCAGAGATCTTGGG GTTCCCGGTCTCCTTGTGTT

HSP70 AGCTGGAGCAGGTGTGTAAC CAGCAATCTTGGAAAGGCCC

ACTB GGACTTCGAGCAAGAGATGG CCACGTCACACTTCATGATGG

PCR, polymerase chain reaction; TP53, tumor protein P53; FGF22, fibroblast growth factor 22; MAP3K8, mitogen-activated protein kinase 
kinase kinase 8; PPKACA, protein kinase CAMP-activated catalytic subunit alpha; HSP70, heat shock protein 70; ACTB, beta-actin.
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