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Abstract. Lung cancer has one of the highest mortalities of 
any cancer worldwide. Triptolide (TP) is a promising tumor 
suppressor extracted from the Chinese herb Tripterygium 
wilfordii. Our previous proteomics analysis revealed that 
TP significantly interfered with the ribosome biogenesis 
pathway; however, the underlying molecular mechanism 
remains poorly understood. The aim of the present study was 
to determine the molecular mechanism of TP's anticancer 
effect by investigating the association between ribosomal 
stress and p53 activation. It was found that TP induces 
nucleolar disintegration together with RNA polymerase I 
(Pol I) and upstream binding factor (UBF) translocation. TP 
interrupted ribosomal (r)RNA synthesis through inhibition of 
RNA Pol I and UBF transcriptional activation. TP treatment 
increased the binding of ribosomal protein L23 (RPL23) to 
mouse double minute 2 protein (MDM2), resulting in p53 
being released from MDM2 and stabilized. Activation of p53 
induced apoptosis and cell cycle arrest by enhancing the acti-
vation of p53 upregulated modulator of apoptosis, caspase 9 
and caspase 3, and suppressing BCL2. In vivo experiments 
showed that TP significantly reduced xenograft tumor size 
and increased mouse body weight. Immunohistochemical 
assays confirmed that TP significantly increased the p53 level 
and induced nucleolus disintegration, during which nucleolin 

distribution moved from the nucleolus to the nucleoplasm, and 
RPL23 clustered at the edge of the cell membrane. Therefore, 
it was proposed that TP induces ribosomal stress, which leads 
to nucleolus disintegration, and inhibition of rRNA transcrip-
tion and synthesis, resulting in increased binding of RPL23 
with MDM2. Consequently, p53 is activated, which induces 
apoptosis and cell cycle arrest.

Introduction

According to statistics from the World Health Organization, 
the mortality of lung cancer in 2018 was ~1.8 million world-
wide, accounting for 18.4% of total cancer deaths (1), resulting 
in lung cancer being one of the deadliest malignant tumors 
worldwide. Non-small cell lung cancer (NSCLC) accounts 
for ~80% of deaths from lung cancer (2). In NSCLC cells, the 
mechanism of cell death regulation is seriously unbalanced, 
leading to uncontrolled cancer cell proliferation (3). Therefore, 
inducing cancer cell death is the primary focus of clinical lung 
cancer treatment (4). Currently, the side effects and toxicity of 
chemotherapy and radiotherapy have created a bottleneck in 
clinical curative treatments (5). Therefore, there is an urgent 
need to discover alternative reagents or novel strategies to treat 
lung cancer.

Tripterygium wilfordii Hook F is a promising antitumor 
Chinese herb with the ability to regulate disease by promoting 
blood circulation, improving blood stasis and detoxifying 
harmful metabolites (6). Triptolide (TP), a lactone compound 
with a unique diterpene and triperoxide structural form, 
is the major biologically active component extracted from 
the root, stem, rhizome and leaf of Tripterygium wilfordii 
Hook F (7). TP has previously been applied to treat rheuma-
toid arthritis and nephritis due to its immunosuppressive and 
anti‑inflammatory actions (8). Recently, studies have revealed 
that TP effectively represses the growth of multiple tumor cells 
by inhibiting cell proliferation, and inducing apoptosis both 
in vivo and in vitro (9). The heterogeneity of tumors in different 
organs makes it necessary to explore the unique mechanisms 
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of specific tumors for targeted therapy. Our previous results 
showed that TP inhibits NSCLC cells by blocking the cell cycle 
and inducing apoptosis (10), and an isobaric tags for relative 
and absolute quantitation-based proteomics analysis revealed 
that the ribosome biogenesis pathway was significantly altered 
in TP-treated NSCLC cells (11).

Ribosome biogenesis has attracted increasing attention in 
molecular research over the past decade due to its beneficial 
role in controlling the translation of all proteins in the cell, and 
thus governing cell growth and proliferation. The nucleolus, 
a subnuclear unit of the nucleus, contains ribosomal (r)DNA 
genes, which are transcribed by RNA polymerase I (Pol I), 
resulting in a single transcript known as 47S pre-rRNA (12). 
47S-pre-rRNA is initially processed into 45S rRNA and further 
spliced into 18S rRNA (13). The upstream binding factor (UBF), 
together with RNA Pol I, constitutes an important component 
of the pre-initiation complex that participates in the initiation 
of ribosome biogenesis (14). UBF binds to the whole length 
of the rDNA transcript units and is implicated in the control 
of the elongation process (15). When cells are subjected to 
stress, the nucleolus acts as a sensor for cellular stress signals, 
resulting in the recruitment of ribosomal proteins (RPs) to 
mouse double minute 2 protein (MDM2), thereby disrupting 
the interaction between p53 and MDM2 (16). As a result, p53 
is no longer degraded by MDM2-mediated ubiquitination, 
which further induces cell cycle arrest or apoptosis (16). In 
addition, TP inhibits the activity of RNA Pol I (17), suggesting 
that TP may be involved in regulating ribosome biogenesis. 
However, the underlying mechanism remains unclear. Thus, 
it was hypothesized that perturbation of ribosome biogenesis 
may be related to TP-induced apoptosis in NSCLC cells. The 
aim of the present study was to determine the effect of TP on 
ribosome biogenesis in A549 cells, and reveal the molecular 
mechanisms mediating TP-induced apoptosis and cell cycle 
arrest for improved utilization of TP in lung cancer therapy.

Materials and methods

Cell culture. Human lung cancer A549 cells (cat. no. CCL-185™; 
American Type Culture Collection) were cultured at 37˚C 
in a humidified atmosphere with 5% CO2 in Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Thermo Fisher 
Scientific, Inc.) and 1% penicillin-streptomycin (Thermo 
Fisher Scientific, Inc.). The cell line was authenticated using 
short tandem repeat profiling and mycoplasmas were tested to 
confirm that the cells were free of contamination.

Chemicals. TP (≥98%) and actinomycin D (Act D, 20 ng/ml) 
were obtained from Sigma-Aldrich (Merck KGaA). These 
drugs were aliquoted upon delivery, stored at 100 µg/ml in 
DMSO at ‑80˚C, and diluted to the indicated concentrations 
using serum-free culture medium when used. Cells were 
treated with Act D for 36 h prior to relevant experiments.

Cell cycle, apoptosis and proliferation. Cells were treated with 
TP at 12.5, 50 and 100 ng/ml for 36 h. Apoptosis, cell cycle 
and cell viability were detected according to the manufac-
turer's instructions. For apoptosis, 5x105 cells were collected 
with EDTA-free trypsin, washed with cold PBS, incubated 

with 5 µl Annexin V-FITC and 10 µl propidium iodide (PI; 
20 µg/ml) at room temperature for 15 min in the dark, and 
analyzed by a FACS Canto II instrument (BD Biosciences); 
the apoptotic rate was calculated as the sum of early + late 
apoptotic cells.

For cell cycle analysis, 5x105 cells were fixed with absolute 
ethanol at ‑20˚C overnight, washed with cold PBS, incubated 
with 5 mg/ml RNase at 37˚C for 30 min, stained with 5 mg/ml 
PI in the dark at room temperature for 30 min, and last analyzed 
by a FACS Canto II. Flow cytometry data were analyzed with 
FlowJo 7.6 software (FlowJo LLC).

For cell viability, 3x103 cells were seeded in 96-well plates 
and cultured with 100 µl DMEM. Cell Counting Kit-8 solution 
(Dojindo Molecular Technologies, Inc.) was incubated with 
cells at 37˚C for 3 h. Absorbance at 450 nm was measured, and 
cell viability was evaluated according to the manufacturer's 
instructions.

Reverse transcription‑quantitative PCR (RT‑qPCR). TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was 
used to extract total cellular RNA. RT was conducted using 
a PrimeScript RT reagent kit (Takara Bio, Inc.) according 
to the manufacturer's instructions. Amplification of 
45S and 18S rRNA was performed using a C1000 Thermal 
Cycler detection system (Bio-Rad Laboratories, Inc.) in 
triplicate using 1 ng of cDNA, 125 nM forward and reverse 
primer and 25 µl 2X SYBR® Premix Ex Taq™ (Takara 
Bio, Inc.) in a 50-µl reaction. The reaction parameters were 
95˚C for 1 min, followed by 42 cycles of 95˚C for 15 sec, 
56˚C for 25 sec and 72˚C for 30 sec. The following primers 
were used: 45S forward, 5'-GCG GAA CCC TCG CTT 
CTC-3' and reverse, 5'-CTC CGT TAT GGT AGC GCT GC-3'; 
18S forward, 5'-CTC TCC GGA ATC GAA CCC TGA-3' and 
reverse, 5'-CGA CGA CCC ATT CGA ACG TCT-3'; and GAPDH 
forward, 5'-AGCCACATCGCTCAGAACAC-3' and reverse, 
5'-GAGGCATTGCTGATGATCTTG-3'. The relative mRNA 
expression levels were quantified using the 2‑∆∆Cq method (18); 
GAPDH was used as the internal reference.

Immunoprecipitation (IP) assay. Cells were washed and scraped 
with cold PBS, centrifuged at 16,000 x g at 4˚C for 15 min, 
and suspended in IP lysis buffer (Cell Signaling Technology, 
Inc.). Protein concentrations were measured using a bicincho-
ninic acid (BCA) protein assay kit (Thermo Fisher Scientific, 
Inc.). Protein (100 µg) was incubated with anti-MDM2 (1:100; 
cat. no. 86934; Cell Signaling Technology, Inc.) or IgG (1:500; 
cat. no. sc-2025; Santa Cruz Biotechnology, Inc.) antibodies 
mixed with 500 µl of TBS-0.5% Tween 20 (TBST) along with 
10 µl of Dynabeads protein G on a rotating platform at 4˚C 
overnight. Protein beads were then washed three times with 
0.6 ml of ice-cold TBST buffer. A micropipette was used to 
remove the last traces of buffer. Antibody-protein complexes 
were eluted with 1X SDS sample buffer, electrophoresed and 
subjected to western blotting.

Western blot analysis. TP-treated cells were collected with 
Cell Lysis Buffer (cat. no. 9803S; Cell Signaling Technology, 
Inc.) supplemented with phenylmethanesulfonylfluoride fluo-
ride (cat. no. 8553S; Cell Signaling Technology, Inc.) at the 
indicated times. The BCA assay kit was used to determine 
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the protein concentrations. Proteins (30 µg) were denatured in 
boiling water for 10 min and fractioned by using SDS-PAGE 
with 10% denaturing acrylamide gels. The fractioned proteins 
were transferred to polyvinylidene fluoride membranes. The 
blotted membranes were blocked with 5% nonfat milk in 
TBST for 1 h at room temperature, followed by incubation 
with the diluted primary antibodies against MDM2 (1:1,000; 
cat. no. 86934, Cell Signaling Technology, Inc), phosphorylated 
(p)-p53 (1:1,000; cat. no. 2521; Cell Signaling Technology, Inc), 
cleaved (c)-caspase 9 (1:1,000; cat. no. 20750; Cell Signaling 
Technology, Inc), c-caspase 3 (1:1,000; cat. no. 9664; Cell 
Signaling Technology, Inc), GAPDH (1:1,000; cat. no. 5174; 
Cell Signaling Technology, Inc.), RPL23 (1:3,000, 
cat. no. ab241088; Abcam), p53 (1:5,000; cat. no. 10442-1-AP; 
ProteinTech Group, Inc.), p53 upregulated modulator of apop-
tosis (1:1,000; PUMA; cat. no. 55120-1-AP; ProteinTech Group, 
Inc.) and BCL2 (1:1,000; cat. no. 12789-1-AP; ProteinTech 
Group, Inc.) at 4˚C for overnight. The membranes were then 
incubated with horseradish peroxidase-conjugated secondary 
antibody (1:2,000; cat. nos. 7076 and 7074; Cell Signaling 
Technology, Inc.) for 1.5 h at room temperature. Enhanced 
chemiluminescence reagents (EMD Millipore) were used 
to visualize the immunoreactive proteins, and densitometric 
analysis was performed by using ImageJ v1.8.0 software 
(National Institutes Of Health).

Immunofluorescence assay. Cells were seeded into confocal 
microscopy dishes, treated with 50 ng/ml TP for 24 h and fixed 
in 4% paraformaldehyde at room temperature for 20 min. Next, 
0.2% Triton X-100 was used to permeabilize the membranes. 
The prepared cells were washed with cold PBS and blocked 
with 3% bovine serum albumin (BSA; Sigma-Aldrich; Merck 
KGaA) at room temperature for 30 min. Primary antibodies 
against nucleophosmin (B23; 1:200; cat. no. ab15440; Abcam; 
or 1:100; cat. no. 10306-1-AP; ProteinTech Group, Inc.), 
RNA Pol I (1:100; cat. no. sc-48385; Santa Cruz Biotechnology, 
Inc.), UBF (1:100; cat. no. sc-13125; Santa Cruz Biotechnology, 
Inc.) and nucleolin (NCL; 1:1,000; cat. no. 14574; Cell 
Signaling Technology, Inc.) were added and incubated at 4˚C 
overnight. Dylight™ 488 (green) or 594 (red)-conjugated 
secondary antibodies (1:500; cat. nos. A23210 and A23420; 
Abbkine Scientific Co., Ltd.) were applied for 1 h at room 
temperature. DAPI (Thermo Fisher Scientific, Inc.) was used 
to counterstain the nuclei. Immunofluorescent images of 
the prepared cells were viewed under a fluorescence laser‑ 
scanning confocal microscope (magnification, x63; Carl Zeiss 
AG) in 20 randomly selected fields.

Incorporation of 5‑fluorouridine (5‑FU) into rRNA. Cells 
were seeded on coverslips and incubated with DMEM for 
adherence. Then, 50 ng/ml TP was used to stimulate the 
cells for 24 h. Next, 2 mM 5-FU (Sigma-Aldrich; Merck 
KGaA) was incubated with the cells growing on coverslips 
at room temperature for 15 min. The processes of washing, 
fixation and membrane permeabilization were performed as 
described in the Immunofluorescence assay section. Specific 
monoclonal antibodies recognizing halogenated uridine 
(1:400; cat. no. B8434; Merck KGaA) and NCL (cat. no. 14574; 
Cell Signaling Technology, Inc.) were used to incubate with 
the prepared cells at 4˚C overnight. Dylight‑conjugated 

secondary antibody incubation, nuclear counterstaining and 
immunofluorescent imaging were conducted as previously 
described.

Chromatin IP(ChIP) analysis. ChIP assays were performed 
according to the manufacturer's instructions (EZ ChIP™ kit; 
cat. no. 17‑371; EMD Millipore). Briefly, the prepared cells 
were cross-linked with 1% formaldehyde for 10 min at room 
temperature. The unreacted formaldehyde was quenched 
using 0.125 M glycine. The cells were washed with cooled 
PBS containing protease inhibitor cocktail II included in the 
kit for 5 min, and then scraped and pelleted. The cell pellets 
were lysed in 1% SDS lysis buffer. Sonication (pulse for 5 sec, 
pause for 9 sec, cycle 23 times) on wet ice (0˚C) was conducted 
for DNA fragmentation. An aliquot of the sheared lysate was 
preserved at 4˚C until use as an input control. Sheared lysate 
(100 µl) was diluted with dilution buffer and incubated with 
anti-UBF (1:50; cat. no. sc-13125; Santa Cruz Biotechnology, 
Inc.) and anti-RNA Pol I antibodies (1:50; cat. no. sc-48385; 
Santa Cruz Biotechnology, Inc.) on a rotating rack at 4˚C for 
overnight. The immunocomplexes containing DNA, protein 
and antibodies were captured using protein A-agarose. 
Immunocomplexes conjugated with beads were eluted using 
elution buffer including 1% SDS and 100 mM NaHCO3 
and reverse cross‑linked at 65˚C overnight. DNA fragments 
were collected, and UBF and RNA Pol I enrichment in the 
rDNA promoter were amplified using RT‑qPCR as previously 
described. The primers for augmenting the rRNA promoter 
DNA were as follows: Forward, 5'-CGA TGG TGG CGT TTT 
TGG-3' and reverse, 5'-CCG ACT CGG AGC GAA AGA TA-3'. 
The negative control comprised the same assay conducted 
using a human normal IgG antibody (cat. no. sc-2025; Santa 
Cruz Biotechnology, Inc.

Animal studies. A549 cells (5x106) were injected subcutane-
ously into 10 4-week-old male BALB/cAnNCr-nu/nu nude 
mice (18-22 g; Sippr-BK Laboratory Animal Co., Ltd.). All 
mice were fed with standard mouse irradiated food and tap 
water ad libitum, and maintained under conditions of 25˚C and 
50% humidity with a 12-h light/dark cycle. After 3 weeks, the 
mice were randomly divided into two groups of five, receiving 
subcutaneous TP (1.5 mg/kg) or saline (mock) injections every 
day for 5 weeks. The body weight and tumor volume were 
measured every 2 days. The tumor volume was calculated as 
(length x width x width)/2. Then, all mice were euthanized 
using carbon dioxide in according with the Guidelines for 
Euthanasia of Rodents Using Carbon Dioxide issued by the 
National Institutes of Health. After euthanasia, death was 
further verified by cardiac arrest and cadaveric rigidity. 
The animal experiments were approved by the Animal 
Experimentation Ethics Committee of the Tongde Hospital of 
Zhejiang Province.

Terminal deoxynucleotidyl‑transferase‑mediated dUTP 
nick end labeling (TUNEL) assay. TUNEL assays were 
performed to investigate the apoptotic cells in tumor tissues 
using an in situ cell death detection kit obtained from Roche 
Diagnostics. Tumor tissue was fixed with a mixture of 70% 
alcohol, formaldehyde and glacial acetic acid (16:1:1) at 4˚C 
for 24 h, and paraffin‑embedded tumor sections (5‑µm) were 
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dewaxed and rehydrated. Proteinase K was applied at 37˚C 
for 25 min. Membranes were dissolved at room temperature 
for 20 min. Then, TdT and dUTP were mixed at 1:9 and the 
mixture incubated with tissues at 37˚C for 2 h. DAPI solution 
was used to stain nuclei in the dark at room temperature for 
10 min. A fluorescence microscope was used to observe and 
photograph the apoptotic cells. Positive cells were marked by 
green fluorescence. TUNEL‑positive cells and total cells in 
sections were measured using ImageJ v1.8.0 software.

Immunohistochemistry. The tissue samples (5 µm) were 
deparaffinized and rehydrated. A timer-controlled water 
bath was used to conduct heat-induced antigen retrieval 
at 98˚C for 20 min. TBS plus 0.025% Triton X‑100 
was used to wash the slides with gentle agitation. The 
slides were then blocked with 10% BSA in TBS at room 
temperature for 2 h. Primary antibodies against p53 (1:150; 
cat. no. 2527; Cell Signaling Technology, Inc.), RPL23 (1:50; 
cat. no. 16086-1-AP; ProteinTech Group, Inc.) and NCL 

(1:400; cat. no. 14574; Cell Signaling Technology, Inc.) 
were incubated with the samples overnight at 4˚C, and 50 µl 
horseradish peroxidase-conjugated secondary antibody 
(cat. no. 8114S; Cell Signaling Technology, Inc.) was used 
to recognize the primary antibody at room temperature for 
1 h. The tissues were then stained with 3,3'-diaminoben-
zidine and subsequently hematoxylin at room temperature 
for 4 min, and the samples were observed under a light 
microscope (magnification, x40) in 20 fields of vision and 
quantified by ImageJ v1.8.0 software.

Statistical analyses. Experiments were performed in triplicate 
at least three times, independently. Data are presented as 
the mean ± standard deviation. One-way, two-way or mixed 
ANOVA followed by Tukey's, Dunnett's or Sidak's multiple 
comparisons test, or Student's t-test in GraphPad Prism 6 
(GraphPad Software, Inc.) were used to analyze the statistical 
significance between groups. P<0.05 was considered to indi-
cate a statistically significant difference.

Figure 1. TP inhibits the survival of A549 cells. (A) Flow cytometry analyses of A549 cells treated with various concentrations (12.5, 50 and 100 ng/ml) of TP 
for 36 h using double staining with Annexin V and PI.
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Figure 1. Continued. TP inhibits the survival of A549 cells. (B) A549 cells were treated with the indicated concentrations of TP for 36 h, stained with PI and 
analyzed via flow cytometry for cell cycle analysis. Quantification of (C) apoptosis and (D) cell cycle analysis. Data are presented as the mean ± SD of three 
independent experiments. (E) A549 cells in 96-well plates were treated with the indicated concentrations of TP (12.5, 50 and 100 ng/ml) for 24, 36 and 48 h. 
Cellular growth was measured using a Cell Counting Kit-8 assay. Data are presented as the mean ± SD of three independent experiments. Data were analyzed 
using one- or two-way ANOVA followed by Dunnett's multiple comparisons test. **P<0.01, ***P<0.001, ****P<0.0001. TP, triptolide; PI, propidium iodide.
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Results

TP induces apoptosis and cell cycle arrest in A549 cells. The 
effects of TP were first determined on A549 cells. An Annexin 
V/PI staining‑based assay with fluorescence‑activated cell 
sorting was performed to analyze the population of apoptotic 
cells. The results showed that TP increased the apoptotic 
index in a dose-dependent manner (Fig. 1A). The percentage 
of apoptotic cells gradually increased with increasing TP 
concentration, from 4.1±1.34% in control cells to 12.3±1.72, 
26.2±2.16 and 45.8±3.28% in TP-treated cells (Fig. 1C). Then, 
PI staining was performed to analyze the cell cycle (Fig. 1B). 
TP caused the G0/G1 fraction to decrease from 48.6±3.56% in 
control cells to 14.9±1.22% in 100 ng/ml TP-treated cells, and 
the G2/M fraction increased from 14.2±2.42% in the control 
to 19.2±2.68% (12.5 ng/ml TP), 25.2±3.11% (50 ng/ml TP) and 
38.9±3.62% (100 ng/ml TP; Fig. 1D). These results indicated 
that TP arrested A549 cells at the G2/M phase. Then, the 
effect of TP on cell viability was evaluated. As presented in 

Fig. 1E, TP induced a marked dose-dependent reduction in 
cell viability; increasing the duration of treatment from 24 h 
to 48 h significantly enhanced this inhibition.

TP induces nucleolar RNA Pol I and UBF translocation and 
nucleolar disintegration. The expression and distribution of 
Pol I in the nucleus was investigated. Cells were treated with 
a negative control, TP, or a positive control, Act D, for 36 h. 
Act D is a well-characterized nucleolar disruptor (19). The 
prepared cells were dually stained with antibodies against the 
RNA Pol I antigen and B23; B23 is associated with ribosome 
biogenesis and nucleolar ribonucleoproteins (20). As presented 
in Fig. 2A, endogenous RNA Pol I was present primarily in 
the nucleolus in the control cells. Treatment with TP and 
Act D resulted in abnormal nuclear morphology and nucleolar 
disintegration, and faint traces of RNA Pol I were observed 
in TP-treated cells. For UBF, robust protein expression was 
observed in almost all nucleoli in the negative control cells; 
TP and Act D induced nucleolar disintegration and further 

Figure 2. TP induces nucleolus disintegration and suppresses ribosomal DNA transcription factors. A549 cells (2x104) were seeded on coverslips were treated 
with TP (50 ng/ml), Act D (20 ng/ml) or DMSO for 24 h, fixed and stained with (A) anti‑Pol I or (B) anti‑UBF antibodies; B23 was used to stain the nucleoli. 
Data are presented as the mean ± SD of three independent experiments. Pictures were captured under a confocal microscope (magnification, x63). Data 
were analyzed using one-way ANOVA combined with Dunnett's multiple comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. TP, triptolide; Act D, 
actinomycin D; B23, nucleophosmin; Pol I, RNA polymerase I; UBF, upstream binding factor.
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Figure 3. TP reduces rRNA synthesis and suppresses rRNA processing. (A) A549 (2x104) cells were seeded on coverslips and first treated with TP (50 ng/ml) or 
Act D (20 ng/ml) for 24 h; newly synthesized RNA was labeled with 5-FU for 15 min before the cells were harvested, and Alexa Fluor-conjugated monoclonal 
antibodies were used to mark 5-FU-labeled RNA. NCL was used to stain the nucleoli, and DAPI was used to counterstain the nuclei. Images were captured 
under a confocal microscope (magnification, x63). A549 Cells (1x107) treated with TP (50 ng/ml, 24 h) were subjected to chromatin immunoprecipitation 
assays for (B) Pol I and (C) UBF occupancy of the promoter region of 45S rRNA. (D) Reverse transcription-quantitative PCR analysis was used to evaluate 
45S and 18S expression. Data are presented as the mean ± SD of at least three independent experiments, and were analyzed using one-way ANOVA combined 
with Dunnett's multiple comparisons test or two-way ANOVA combined with Sidak's multiple comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
TP, triptolide; Act D, actinomycin D; r, ribosomal; NCL, nucleolin; Pol I, RNA polymerase I; UBF, upstream binding factor; 5‑FU, 5‑fluorouridine.

Figure 4. TP increases the binding of RPL23 with MDM2 and activates p53 and p53-regulated proteins. (A) Cell lysates of TP-treated cells (5x106) were 
immunoprecipitated with anti-MDM2 antibodies, followed by immunoblotting with anti-MDM2, p53 and RPL23 antibodies. For each lysate, 20% of the 
quantity used for IP was loaded as an input control. (B) Cell lysates from 5x106 A549 cells receiving various treatments for 48 h were subjected to western 
blot analysis with the indicated antibodies; GAPDH was used as an internal control. (C) Densitometric analysis of protein expression. Data are presented 
as the mean ± SD of at least three independent experiments. Data were analyzed using one-way ANOVA combined with Tukey's multiple comparisons test. 
***P<0.001, ****P<0.0001 vs. control. TP, triptolide; MDM2, mouse double minute 2; RPL23, ribosomal protein L23; PUMA, p53-upregulated modulator of 
apoptosis, C-Cas, cleaved caspase; p, phosphorylated; IP, immunoprecipitation.
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diffused the distribution of UBF throughout the nucleus rather 
than being focused in the nucleolus (Fig. 2B). The RNA Pol I 
and UBF relative fluorescent intensities were significantly 
reduced in the TP-treated cells.

TP interrupts rRNA synthesis and rRNA processing. 
Burger et al (21) demonstrated that the disintegration of 
nucleolar structures is related to rRNA synthesis. Therefore, 
immunofluorescence assays were performed to detect whether 
TP plays a role in the process of RNA synthesis. NCL, a 
multifunctional protein that mainly regulates ribosome 
biogenesis and transcription, was used as a control to evaluate 
the integrity of the nucleoli. The results in Fig. 3A revealed 
that TP treatment significantly reduced the incorporation of 

5-FU into nascent rRNA, suggesting that TP treatment inhib-
ited rRNA synthesis. The ChIP assay demonstrated that TP 
treatment caused significant dissociation of Pol I and UBF 
from the promoter region of the rDNA in a dose-dependent 
manner (Fig. 3B and C); these results were consistent with 
the decreased localization of RNA Pol I and UBF observed in 
Fig. 2A and B. 45S rRNA is the transcriptional product driven 
by Pol I and UBF, and maturation of the primary transcript 
leads to the generation of 18S rRNA (16). RT-qPCR analysis 
was performed to determine the effect of TP on primary rRNA 
transcript 45S and modified 18S. The results in Fig. 3D showed 
that TP significantly reduced the expression of 45S pre‑rRNA 
in a dose-dependent manner, and the expression of 18S expres-
sion was also significantly impaired. This result indicated that 

Figure 5. TP inhibits the growth of A549 xenografts in nude mice and induces apoptosis. (A) Representative xenograft tumors from mice treated subcutane-
ously with TP or saline control. (B) Tumor volume and (C) body weight of control and TP-treated mice were recorded every 2 days. (D) Tumors from the two 
groups were analyzed using TUNEL assays, and increased dUTP expression indicated apoptotic cells. (E) Quantification of fluorescence intensity. Data are 
presented as the mean ± SD. The statistical differences between groups were analyzed using Student's t-test or mixed ANOVA combined with Sidak's multiple 
comparisons test. **P<0.01. TP, triptolide.
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TP inhibited rRNA synthesis by inhibiting Pol I and UBF, thus 
further interfering with rRNA processing.

TP induces apoptosis and cell cycle arrest by increasing the 
binding of RPL23 to MDM2. When ribosome biogenesis is 
interrupted, RPs may not be used for ribosome biogenesis 

and can bind to MDM2, which inhibits MDM2 from medi-
ating p53 degradation (22,23). To determine whether there 
are intrinsic links between TP-induced ribosome biogenesis 
disorder and cell survival inhibition, A549 cells were treated 
with TP or a positive control, and co-IP assays were carried 
out with an anti-MDM2 antibody to pull down the associated 

Figure 6. TP induces ribosomal stress in A549 xenografts. (A) Protein levels of p53, NCL and RPL23 in xenografts from control and TP-treated animals as 
determined via immunohistochemistry. Quantification of the levels of (B) p53, (C) NCL and (D) RPL23. Data are presented as the mean ± SD. Student's t‑test  
was used to analyze the difference between two groups. *P<0.05. TP, triptolide; NCL, nucleolin; RPL23, ribosomal protein L23.
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proteins. The results showed that TP treatment increased the 
binding of RPL23 to MDM2 and reduced the binding of p53 
to MDM2 (Fig. 4A). These results suggested that there may 
be competitive binding of RPL23 and p53 to MDM2. The 
increased binding of RPL23 to MDM2 led to reduced binding 
of p53, resulting in decreased MDM2-mediated degradation 
of p53.

p53 stabilization can evoke signaling events involved in 
cell survival, such as apoptotic and cell cycle pathways (24). 
As shown in Fig. 4B and C, TP treatment induced increases 
in p-p53, and activation of caspase 9 and caspase 3. Reduced 
levels of BCL2 were also induced by TP and the positive 
control. These results suggested that TP induced apoptosis and 
cell cycle arrest via p53 activation.

TP suppresses tumor growth by inducing ribosomal stress 
in vivo. To further validate the effects of TP on A549 cell 
survival, A549 xenografts were implanted in nude mice. 
BALB/c mice were injected subcutaneously on their right limb. 
At 3 weeks later, the mice were divided randomly into two 
groups of five mice. Each group was treated with saline or TP 
once a day for 4 weeks. The results showed that TP treatment 
notably inhibited tumor growth from day 13 (Fig. 5A and B). 
Moreover, the body weights of the TP-treated mice were 
significantly higher than that of the control group (Fig. 5C). 
TP treatment induced enhanced expression of dUTP, which 
binds mainly to the terminal 3-OH of fragmented DNA, indi-
cating that apoptosis in TP-treated xenografts was markedly 
activated (Fig. 5D and E). Consistent with the in vitro experi-
ments, immunohistochemistry revealed robust p53 expression 
in response to TP administration (Fig. 6A and B). In the control 
xenografts, NCL was found predominantly in the nucleolus; 
however, TP treatment caused it to disperse to the nucleus 
(Fig. 6A), suggesting that the nucleolus was disrupted. NCL 

and RPL23 exhibited nearly the same expression intensity 
between the two groups (Fig. 6C and D); however, TP treat-
ment resulted in RPL23 being more likely to be located at the 
edge of the cell membrane (Fig. 6A).

Discussion

The nucleolus is a pressure sensor that contains various 
proteins involved in ribosome synthesis (25). B23, NCL, 
RNA Pol I and UBF are the main sensory proteins located 
in the nucleoli (16). In the present study, it was found that 
B23, NCL, RNA Pol I and UBF were located primarily in 
the nucleolus in control-treated NSCLC cells, whereas in 
the TP-treated cells, the nucleolar structure disappeared, 
and B23, NCL, RNA Pol I and UBF were translocated and 
dispersed throughout the nucleus. Downregulation of NCL 
is involved in cell cycle arrest, growth inhibition and apop-
tosis (26). Inhibition of B23 in atypical teratoid or rhabdoid 
tumors arrests the cell cycle at G1 phase (27), suggesting that 
reduced expression and abnormal distribution of NCL and B23 
induced by TP are implicated in cell cycle arrest, apoptosis and 
growth inhibition. These results are consistent with previous 
findings that ribosomal stress caused by acrolein induced 
nucleolar disintegration and nucleolus-related molecule 
translocation (16).

The abnormal distribution and expression of sensory proteins 
inevitably leads to abnormal ribosomal rRNA synthesis (28,29). 
rRNA synthesis is the first step of ribosome biogenesis in the 
nucleolus. RNA Pol I and UBF are essential members of the 
pre-initiation complex that promotes the initiation of rDNA 
promoter transcription (30). Disrupting the binding ability of 
UBF and RNA Pol I to the rDNA promoter decreases rDNA 
transcription and rRNA synthesis (31). Previous studies have 
reported that TP is a known inhibitor of RNA polymerase I; 

Figure 7. Schematic diagram of the mechanism of TP-induced lung cancer cell inhibition via ribosomal stress initiation. TP induces nucleolus degradation and 
inhibits 45S rRNA synthesis by reducing the binding of Pol I and UBF to the rDNA promoter. The 18S rRNA degraded by TP disrupts ribosomal synthesis, 
resulting in the liberation of RPL23. The combination of RPL23 with MDM2 activates p53, which drives apoptosis, growth inhibition and cell cycle arrest. 
TP, triptolide; Pol I, RNA polymerase I; UBF, upstream binding factor; RPL23, ribosomal protein L23; MDM2, mouse double minute 2; NCL, nucleolin; B23, 
nucleophosmin; PUMA, p53-upregulated modulator of apoptosis; C, cleaved; p, phosphorylated; r, ribosomal.
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therefore, it was hypothesized that the inhibition of rRNA 
synthesis by TP in the present study was a result of suppression 
of RNA Pol I. It was shown that TP reduced UBF1 expression 
in the nucleoli and reduced UBF1 binding to rDNA, which 
exacerbated the decrease in rRNA synthesis. In addition, the 
TP-mediated reduction in the expression of precursor 45S rRNA 
also significantly reduced the level of 18S rRNA, which is 
a processed product from precursor 45S rRNA. 18S rRNA 
participates in the biogenesis of the 60S ribosome subunit (32), 
suggesting that TP is involved in disruption of the 60S ribosome 
subunit. This is consistent with our previous proteomics analysis 
showing that TP treatment significantly downregulated proteins 
involved in ribosome processing (11).

Disruption of ribosome biogenesis evokes signaling 
pathways that lead to cell cycle arrest, cellular senescence or 
apoptosis (16). The recruitment and binding of RPs to MDM2 
increases significantly after ribosome biogenesis is disrupted; 
therefore, p53 is freed from MDM2 and no longer degraded by 
MDM2-mediated ubiquitination, leading to p53 activation (33). 
In the present study, it was found that ribosomal stress induced 
by TP cascaded via disintegrating the ribosomal structure, 
inhibiting rRNA biogenesis and freeing RPL23. Consequently, 
the released RPL23 robustly and competitively combines 
with MDM2 to cause the dissociation and activation of p53, 
consistent with previous observations that RPL23 activates 
p53 in response to ribosomal perturbation (23). Activated p53 
further causes cleavage of caspase 9, which is implicated in 
the activation of caspase cascades by cleaving and activating 
caspase 3 (16). In the present study, increased levels of both 
c-caspase 3 and c-caspase 9 were observed following TP treat-
ment. The increase in p53 phosphorylation was associated with 
an increase in PUMA, which is expressed at very low levels 
under normal conditions (34,35). The increase in PUMA levels 
further promoted cellular apoptosis via feedback interactions 
with p53 (36). In addition, the reduction in BCL2 levels suggested 
that the apoptosis induced by TP is mitochondria-dependent, 
consistent with a previous report that TP treatment activated 
the mitochondrial apoptosis pathway (10).

Disturbances in ribosome synthesis can lead to cell 
cycle arrest through the retinoblastoma protein pathway and 
p53-dependent pathway (37,38). In the present study, it was 
found that TP induced disturbances in ribosome synthesis, 
suggesting that cell cycle arrest in lung cancer cells induced 
by TP could be attributed, at least in part, to disturbances 
in ribosome synthesis. Protein synthesis by ribosomes is a 
major metabolic event that regulates proliferation and cellular 
growth. TP-induced inhibition of rRNA synthesis may result 
in abnormal lung cancer cell proliferation, consistent with 
reports that ribosome heterogeneity impairs global protein 
synthesis and normal growth (39). The MDM2-p53 axis is 
a key signaling pathway that regulates the tumor cell cycle, 
proliferation and apoptosis (40). Downregulation of MDM2 
and p53 ubiquitination promotes the proliferation and cisplatin 
chemoresistance of cancer cells (41). Zhou et al (42) reported 
that activating the RPL40-MDM2-p53 pathway induced cell 
cycle arrest and apoptosis. In the present study, it was found 
that TP inhibited cell cycle, induced apoptosis and activated 
the p53-MDM2 pathway, indicating that the inhibitory effect 
of TP on lung cancer cells may be related to the activation of 
the p53-MDM2 pathway.

Numerous studies have reported that ribosome synthesis 
disorder induces the suppression of cancers (22,43). TP has 
also been shown to markedly induce lung cancer cell apoptosis 
via multiple mechanisms (8,10); however, the mechanism by 
which TP inhibits lung cancer by inducing disordered ribo-
somes has not been reported. The present findings are the first, 
to our knowledge, to show that TP induced apoptosis, cell cycle 
arrest, and suppression of cell proliferation and tumor growth 
via nucleolar disintegration and rRNA synthesis inhibition, 
potentially via the ribosome-RPL23-MDM2-p53 signaling 
pathway (Fig. 7). Additional research into the mechanisms of 
TP's effects on ribosomal biosynthesis is required; however, 
these results could lead to the development of anticancer thera-
peutic strategies involving the use of TP.
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