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ABSTRACT Chronic inflammation plays important roles in cancer initiation and pro-
gression. Resolving chronic inflammation or blocking inflammatory signal transduc-
tion may prevent cancer development. Here, we report that the combined low-dose
use of two anti-inflammatory drugs, aspirin and triptolide, reduces spontaneous lung
cancer incidence from 70% to 10% in a mouse model. Subsequent studies reveal
that such treatment has little effect on resolving chronic inflammatory conditions in
the lung, but it significantly blocks the NF-�B-mediated expression of proliferation
and survival genes in cancer cells. Furthermore, triptolide and aspirin induce distinct
mechanisms to potentiate each other to block NF-�B nuclear localization stimulated
by inflammatory cytokines. While aspirin directly inhibits I�B kinases (IKKs) to phos-
phorylate I�B� for NF-�B activation, triptolide does not directly target IKKs or other
factors that mediate IKK activation. Instead, it requires p53 to inhibit I�B� phosphor-
ylation and degradation. Triptolide binds to and activates p38� and extracellular
signal-regulated kinase 1/2 (ERK1/2), which phosphorylate and stabilize p53. Subse-
quently, p53 competes with I�B� for substrate binding to IKK� and thereby blocks
I�B� phosphorylation and NF-�B nuclear translocation. Inhibition of p38� and ERK1/2 or
p53 mutations could abolish the inhibitory effects of triptolide on NF-�B. Our study de-
fines a new p53-dependent mechanism for blocking NF-�B survival pathways in cancer
cells.
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Cancer arises due to abnormally acquired genome instability, unlimited proliferation
potential, resistance to growth inhibition and cell death, and an aberrant stromal

microenvironment, all of which are characterized as cancer hallmarks (1). A remarkable
feature of chronic inflammation is that it is able to trigger the expression of most of
these cancer hallmarks (1). Inflammation from persistent bacterial or viral infection,
environmental exposure, or genetic defects results in the proliferation and recruitment
of immune cells, such as macrophages, to inflamed tissue sites (2, 3). These cells
overexpress and secrete proinflammatory cytokines, such as tumor necrosis factor
alpha (TNF-�), interleukin-1� (IL-1�), and IL-6, which promote cell proliferation and cell
survival (2, 3). TNF-�, IL-1�, and IL-1�, upon binding to their cognate receptors, initiate
signaling cascades that lead to the activation of transcription factors such as NF-�B (4).
For instance, the binding of TNF-� to its receptor, TNF1R, triggers a conformational
change in the receptor, recruiting proteins, including TRAF2/5 and RIP1. The subse-
quent ubiquitination of RIP1 by the cellular inhibitor-of-apoptosis proteins c-IAP1 and
c-IAP2 and other E3 ubiquitin ligases leads to the recruitment of the I�B kinase (IKK)
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complex (5). The IKK complex consists of two kinase components, IKK� and IKK�, and
one regulatory component, IKK� (NEMO) (6). In addition, IL-1� and IL-1� bind to the
IL-1 receptor (IL-1R) and recruit the adaptor proteins MyD88, IRAK4, and IRAK1, leading
to the activation of the E3 ubiquitin ligase TRAF6. Activated TRAF6, together with the
ubiquitin-conjugating enzyme E2 Ubc13/Uev1A heterodimer, catalyzes the synthesis of
unanchored K63-linked polyubiquitin chains (5). These free polyubiquitin chains then
function as secondary messenger-like molecules and bind to TAB2, the structural
subunit of the TAK1 kinase complex, leading to the dimerization or oligomerization of
the TAK1 complex and its autophosphorylation and activation (5). Activated TAK1
phosphorylates the IKK kinase complex. In both the TNF-� and IL-1 signaling pathways,
activated IKKs then phosphorylate I�B�, leading to its ubiquitination and subsequent
degradation by the proteasome (5). After I�B� degradation, NF-�B becomes free to
translocate into the nucleus to mediate the expression of target genes. NF-�B activation
has been shown to be a key molecular event during the development of chronic
inflammation-associated cancer (7–9).

The causal roles of chronic inflammation in cancer initiation and progression pro-
vided the foundation for targeting inflammation-associated signaling pathways in
cancer prevention and treatment (3, 10). Many anti-inflammatory chemicals are derived
from natural sources and may be useful, either alone or in combination with other
agents, as anticancer therapeutics. One such chemical is triptolide, a diterpenoid
epoxide derivative of the anti-inflammatory herb Tripterygium wilfordii (thunder god
vine). Triptolide has been used to treat rheumatoid arthritis and other inflammatory
diseases in China for many years (11). Recent studies have shown that triptolide can kill
multiple types of cancer cells in vitro with high potency (12–14). Furthermore, an animal
study showed that triptolide can inhibit tumor formation and the growth of pancreatic
cancer cells in a mouse xenograft model (15). Therefore, we tested triptolide alone and
in combination with other putative anti-inflammatory agents to identify novel chemo-
therapeutic strategies.

In this study, we used an inflammation-associated spontaneous-cancer mouse
model developed in our laboratory (9) to test candidate anti-inflammatory therapies for
a role in preventing cancer. We discovered that triptolide, when combined with
acetylsalicylic acid (aspirin) in low-dose dual therapy, dramatically blocked cancer cell
proliferation in vitro and tumor formation in vivo. This effect was greater than expected
based on the modest effects of either triptolide or aspirin alone. Combined therapy
robustly blocked the expression of NF-�B-mediated proliferation and survival genes
without resolving immune cell infiltration or cytokine production. Further mechanistic
studies allowed us to shed light on how these two compounds potentiate the sup-
pression of inflammation-induced NF-�B pathways in cancer cells. Consistent with
previous findings, aspirin can inhibit I�B� phosphorylation and degradation. Surpris-
ingly, we also found that triptolide blocked TNF-�- and IL-1�-induced NF-�B nuclear
translocation in a p53-dependent manner. Via high-throughput computer- and phos-
phoprotein array-based screening assays, we discovered that triptolide activates extra-
cellular signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase
(MAPK) signaling, which subsequently phosphorylates p53, leading to p53 stabilization
and nuclear accumulation at a low dosage, which is nontoxic to normal cells. Our work
demonstrates novel mechanisms for triptolide that, when combined with aspirin, lead
to potent NF-�B inhibition and cancer suppression.

RESULTS
Low doses of triptolide and aspirin potentiate each other to suppress cancer

development. We previously developed a chronic inflammation-associated lung can-
cer mouse model via the knock-in of a Fen1 (flap endonuclease 1) mutation (E160D),
thereby modeling the Fen1 mutations that have been identified in human lung cancer
and other cancer patients (9). We predicted that compounds that suppress inflamma-
tion or block inflammation-induced NF-�B survival pathways may be able to prevent
and/or stop spontaneous lung cancer development. To test this hypothesis, we fed the
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E160D mutant with triptolide or the traditional anti-inflammatory compound aspirin
individually or in combination. A total of 63.3% of untreated control E160D mice (19 out
of 30) developed lung adenomas and adenocarcinomas (Fig. 1A). Aspirin and triptolide
reduced the lung cancer frequency by 14% (P � 0.09) and 42% (P � 0.02), respectively.
Interestingly, the combined administration of aspirin and triptolide reduced the num-
ber of tumor-bearing mice by 84%, reducing the tumor incidence to 10% (P � 0.002)
(Fig. 1A). This effect was substantially greater than the predicted additive effect based
on administration. Analysis of variance (ANOVA) (two factors with replication) indicated
a significant interaction between aspirin and triptolide, with a P value of �0.0001.
However, combined treatment with low-dose aspirin-triptolide did not reduce the
levels of T cell infiltrates or CD68� monocytes/macrophages (Fig. 1B), suggesting that
low-dose aspirin-triptolide did not resolve chronic inflammation in the lung. Instead,
they might directly suppress tumor cell survival and growth. Supporting this hypoth-
esis, we observed that the combined use of triptolide and aspirin significantly inhibited
tumor growth of grafted Lewis lung carcinoma cells in mice (Fig. 1C and D).

To further investigate how triptolide and aspirin together suppress lung cancer
development in mice, we compared the gene expression profiles for E160D mice (10

FIG 1 Low-dose triptolide and aspirin suppress lung cancer development. (A) Spontaneous tumor incidence in
E160D FEN1 mutant mice that were gavage fed with triptolide (1 mg/kg body weight) and/or aspirin (4 mg/kg body
weight) (n � 30 for each group). The tumor incidence in each group was determined by anatomic and
histopathologic analyses. P values were calculated by two-sided Fisher’s exact test. (B) Representative images of
H&E staining and IHC staining of macrophages in lung tissue sections from mice without or with aspirin (4 mg/kg
body weight) and triptolide (1 mg/kg body weight) feeding for 2 months. Bars, 50 �m. The white arrows and red
arrows in the H&E-stained images indicate lung adenocarcinoma and T cell infiltrates, respectively, in lungs treated
or not treated with aspirin-triptolide. Monocytes/macrophages were detected by using anti-CD68 antibody. (C and
D) Tumor burdens in Lewis lung carcinoma-grafted mice not treated or treated with triptolide and/or aspirin (n �
10 for each group). (C) Mean tumor sizes � standard errors of the means for each group of mice during treatments.
(D) Tumor weight of each mouse at the terminal stage. P values were calculated by Student’s t test.
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months old) that were either untreated or treated with aspirin, triptolide, or aspirin-
triptolide for 2 months, when chronic inflammation was present but no adenomas were
detectable. We conducted Ingenuity Pathway Analysis on significantly upregulated
genes (fold change [treatment versus control] of �1.5 and P value of �0.05) or
downregulated genes (fold change [treatment versus control] of �0.67 and P value
of �0.05) to identify the pathways that were affected by aspirin, triptolide, or the
combination of aspirin and triptolide. A low dose of aspirin alone significantly down-
regulated genes related to inflammatory responses (3 genes) and the cell survival
pathway (9 genes). Upstream regulator analysis revealed that vascular endothelial
growth factor (VEGF) signaling was predicted to be inhibited by aspirin alone (P � 0.05).
Similarly, a low dose of triptolide alone significantly downregulated the genes respon-
sible for inflammation responses (4 genes), cell survival (5 genes), and cancer (6 genes).
TNF-� signaling was predicted to be inhibited by triptolide (P � 0.05). Intriguingly, the
administration of low-dose aspirin-triptolide downregulated 265 cancer-related genes.
Of these cancer-related genes, 74 and 155 genes were associated with cell survival and
cell growth and proliferation, respectively. Upstream regulator analysis pointed to an
inhibition of the cell proliferation and survival pathways that are mediated by TNF-�,
IL-1�, transforming growth factor � (TGF-�), and VEGF in the lungs of mice treated with
triptolide and aspirin (P � 0.05) (Fig. 2A). The transcription factors NF-�B, SP1, and HIF1
were major downstream nodes in these downregulated signaling pathways, controlling
the expression of genes that regulate cell proliferation and survival (Fig. 2A). Consistent
with the microarray data, immunohistochemical staining for NF-�B revealed a nuclear
staining pattern in the lung tissues of control E160D mice but a cytoplasmic NF-�B
staining pattern in the lung tissues of aspirin-triptolide-treated mice, indicating that
NF-�B was inactive (Fig. 2B). In addition, we found that aspirin-triptolide effectively
blocked the TNF-�-induced nuclear translocation of NF-�B (Fig. 2C). These data suggest
that low-dose aspirin-triptolide does not effectively reduce the levels of proinflamma-
tory cells, such as T cells and macrophages, nor does it decrease the overall levels of
proinflammatory cytokines in the lung. However, combined treatment might inhibit key
downstream transcription factors such as NF-�B to block the induction of cell prolifer-
ation and survival pathways by these proinflammatory cytokines in precancerous and
cancer cells (Fig. 2D).

Triptolide and aspirin block cytokine-induced NF-�B nuclear translocation and
activation. We then investigated the impact of low-dose aspirin-triptolide on NF-�B
activation by proinflammatory cytokines in human lung cancer cells. In H460 cells not
stimulated by TNF-� or IL-1�, NF-�B was located in the cytoplasm (Fig. 3A), and
triptolide or aspirin had little effect on the status of NF-�B (data not shown). In H460
cells stimulated by TNF-� or IL-1�, NF-�B translocated into the nuclei, but pretreatment
of cancer cells with triptolide for 16 h inhibited I�B degradation (Fig. 3A) and impaired
NF-�B nuclear translocation in response to TNF-� or IL-1� (Fig. 3A to C). Interestingly,
unlike triptolide, aspirin effectively blocked IL-1�-induced but only mildly inhibited
TNF-�-induced I�B� degradation and NF-�B nuclear translocation in H460 lung cancer
cells (Fig. 3A to C). However, when the cells were treated with both triptolide and
aspirin, there was a potentiation effect on NF-�B nuclear translocation (Fig. 3A to C),
because ANOVA (two factors with replication) indicated a significant interaction be-
tween aspirin and triptolide, with P values of 0.0001 and 0.027 for the IL-1� and TNF-�
induction assays, respectively. A similar observation was made with sodium salicylate,
an aspirin derivative that does not inhibit Cox-2.

Triptolide blocks TNF-�-induced NF-�B nuclear translocation in a p53-dependent
manner. Next, we addressed the critical issues of how triptolide and aspirin can
individually inhibit NF-�B nuclear translocation and how they potentiate each other
when combined. To investigate the impact of aspirin and triptolide on IKK activation,
we used the cell-free TRAF6-depedent IKK activation assay system (16) to monitor the
phosphorylation of I�B�. As a positive control, the addition of TRAF6 to the cytoplasmic
fraction (S100) of cell extracts activated IKK�, leading to I�B� phosphorylation (Fig. 3D,
lane 2). Meanwhile, either aspirin or sodium salicylate, the main metabolite of aspirin in
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FIG 2 Low-dose triptolide and aspirin suppress NF-�B survival pathways. (A) Downregulation of inflammatory cytokine-induced
genes in lung tissues of mice treated with the combination of aspirin and triptolide. Ingenuity Pathway Analysis was conducted
on the microarray gene expression data to determine the molecular pathways and predicted activated and inactivated upstream

(Continued on next page)
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cells, inhibited I�B� phosphorylation (Fig. 3D and F). This finding is consistent with data
from a previous study implying that aspirin and salicylate are IKK� inhibitors (17).
However, triptolide, even at nonpharmacological concentrations (millimolar), did not
directly inhibit I�B� phosphorylation (Fig. 3E). The addition of both triptolide and
sodium salicylate to the reaction mixture did not potentiate the suppression of I�B�

phosphorylation (Fig. 3F). Therefore, this indicates that triptolide does not directly
inhibit IKK action or upstream factors that mediate IKK activation and instead inhibits
NF-�B and potentiates the effect of aspirin through another mechanism.

This observation raises a critical question: how does triptolide inhibit NF-�B nuclear
translocation and activation? We found that the inhibition of TNF-�-induced NF-�B
nuclear translocation by triptolide was dependent on the status of the p53 gene.
Triptolide effectively blocked TNF-�-induced NF-�B nuclear localization in cancer cells
with the wild-type (WT) p53 gene, including in H460 and HeLa human cancer cells, but
it had greatly reduced efficacy in blocking TNF-�-induced NF-�B nuclear localization in
p53-null cancer cells, such as the H1299 and PC3 cancer cell lines (Fig. 4A to D).
Furthermore, the expression of the exogenous WT p53 protein in PC3 cells restored the
ability of triptolide to inhibit NF-�B nuclear localization (Fig. 4D). These findings imply
that a low dose of triptolide induces a previously unknown p53-dependent mechanism
for the suppression of NF-�B activation and target gene expression. Consistent with this
hypothesis, we observed that triptolide treatment increased p53 protein levels at
nanomolar ranges in a dose-dependent manner (Fig. 4E). On the other hand, treatment
of cells with low doses of triptolide did not increase the p53 mRNA level (Fig. 4F). These
findings suggested that triptolide stabilizes p53 proteins. Since p53 is also a substrate
of IKK� (18), it may compete with I�B� for substrate binding to IKK�, thus inhibiting
I�B� phosphorylation. To test this hypothesis, we used purified recombinant proteins
to reconstitute 32P-based IKK�-mediated phosphorylation reaction mixtures of p53
or/and I�B�. In the reaction mixture containing p53 or I�B� as the substrate, IKK�

effectively phosphorylated p53 (Fig. 4G, lanes 1 and 2) or I�B� (Fig. 4G, lane 3).
However, in the reaction mixture containing both p53 and I�B�, the level of phosphor-
ylated p53 or I�B� was reduced (Fig. 4G, lanes 4 and 5), supporting our hypothesis that
p53 and I�B� compete with each other for binding to IKK�. In addition, we observed
weak autophosphorylation of IKK� (Fig. 4G, lane 6), but p53 or I�B� had no effect on
IKK� autophosphorylation. Western blotting further confirmed that p53 can block IKB�

phosphorylation by IKK� in vitro (Fig. 4H). To further test if p53 inhibited I�B�

phosphorylation, we disrupted the p53 gene in WT p53-containing H460 lung cancer
cells (Fig. 5A). We observed considerably higher levels of I�B� phosphorylation and
ubiquitylation in p53-null H460 cells than in parent WT p53-containing H460 cells, both
prior to and after TNF-� treatment (Fig. 5B). Furthermore, Western blotting and
immunofluorescence staining consistently revealed that triptolide effectively inhibited
TNF-�-induced I�B� phosphorylation and degradation and blocked NF-�B nuclear
localization in H460 parent cells at nanomolar ranges in a dose-dependent manner, but
it failed to do so in p53-null H460 cells (Fig. 5C to F). Consistently, p53-null H460 and
PC3 cancer cells were more resistant to triptolide than were WT p53-containing H460
and PC3 cancer cells (Fig. 6). These findings clearly implicate a role of p53 in I�B�

FIG 2 Legend (Continued)
transcription regulators. The upstream transcription regulators are predicted by the activation z score (a z score of greater than zero
is defined as activated, and a z score of less than zero is defined as inactivated). The top inactivated upstream transcription
regulators (red nodes) and the corresponding downregulated genes (blue, yellow, green, light blue, and gray circles) for the
combined aspirin-triptolide (4 mg/kg and 1 mg/kg body weight, respectively; 2-month gavage) treatment group versus the control
group are shown. Solid lines indicate the activation of the transcription factor, and dotted lines indicate the induction of gene
expression. (B) Representative IHC images of NF-�B in lung tissue sections of E160D mice that were untreated or treated with
aspirin-triptolide (TPL). Brown, NF-�B; blue, nuclei. (C) Representative immunofluorescence staining of NF-�B in primary E160D lung
adenocarcinoma cells. Cells were untreated or pretreated with aspirin or triptolide overnight and stimulated with TNF-� (10 ng/ml)
for 30 min. NF-�B (red) was detected with an anti-NF-�B antibody. The nuclei (blue) were stained with DAPI. (D) Comparison of
gene expression profiles in different groups of mice suggests that aspirin and triptolide potentiate each other to block
proinflammatory cytokine-induced NF-�B survival pathways.
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phosphorylation and degradation, and by stabilizing p53, triptolide blocks the nuclear
translocation of NF-�B.

Triptolide activates p38� and ERK1/2 to phosphorylate and stabilize p53 for
blocking NF-�B nuclear localization. We then sought to address how triptolide
induces p53 stabilization for blocking I�B phosphorylation and NF-�B nuclear localiza-
tion. Because triptolide was previously found to bind to xeroderma pigmentosum type

FIG 3 Triptolide and aspirin potentiate each other in inhibiting TNF-�/IL-1�-mediated NF-�B signaling. (A) TNF-�-induced I�B�
degradation and NF-�B nuclear localization were examined by immunofluorescence staining. H460 cells were untreated or
treated with 50 nM triptolide and/or 10 mM aspirin for 16 h. The cells were then treated with 2 ng/ml TNF-� or IL-1� for 30
min and subjected to immunofluorescence staining. Green, I�B�; red, NF-�B; blue, nucleus; pink, nuclear NF-�B. Bars, 20 �m.
(B and C) Quantification of TNF-�-induced (B) and IL-1�-induced (C) NF-�B nuclear localization in H460 cells treated or not
treated with aspirin and triptolide. Cells with clearly nuclear NF-�B staining were scored. Values are the means � standard
errors of the means of data from at least three independent experiments. In each experiment, more than 100 cells were
analyzed. All P values were calculated by using two-sided Student’s t tests. (D to F) Triptolide does not inhibit IKK activation
in the cell-free system. The S100 fraction of Jurkat T cell extracts was preincubated with recombinant TRAF6 and the indicated
concentrations of aspirin (ASA) (D), triptolide (E), and sodium salicylic acid (NaSal) or sodium salicylic acid and triptolide (F) for
15 min, and ATP was then added to initiate the IKB� phosphorylation reaction at 30°C for 60 min. The reaction products were
then immunoblotted with anti-I�B� antibody.
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FIG 4 Effective triptolide inhibition of I�B� phosphorylation and NF-�B nuclear localization in cancer cells requires WT p53. (A
to C) Triptolide impairs TNF-�-induced I�B� degradation and NF-�B nuclear translocation in H460 and HeLa (WT p53) but not
H1299 (p53-null) human cancer cells. Human cancer cells were untreated or treated with 50 nM triptolide for 16 h. The cells
were then stimulated with 2 ng/ml TNF-� for 30 min and subjected to immunofluorescence staining. Green, I�B�; red, NF-�B;
blue, nucleus; pink, nuclear NF-�B. Bars, 20 �m. (D) Representative images of I�B� and NF-�B staining in PC3 (p53-null) cells
and PC3 cells stably expressing exogenous WT p53 in response to TNF-� treatment (2 ng/ml for 30 min). Bars, 20 �m. (E)
Triptolide treatment increases the p53 protein level in H460 cells in a dose-dependent manner. H460 cells were treated with
0, 5, 10, 20, and 50 nM triptolide for 24 h. Whole-cell extracts were prepared, and the p53 protein level was determined by
Western blotting. (F) Quantitative PCR to measure the p53 mRNA level in H460 cells treated with 0, 5, 10, 20, and 50 nM
triptolide for 24 h. The mRNA level of �-actin was used as an internal control for normalization. The normalized p53 mRNA level
in the untreated control was arbitrarily set to a value of 1, and the relative p53 mRNA level in other groups was calculated by
comparing the normalized p53 mRNA level to that of the control. (G) IKK�-mediated phosphorylation of p53 and I�B�.
Recombinant p53 (25 or 125 ng) and/or I�B� (25 ng) was mixed with recombinant IKK� (25 ng) in kinase buffer containing
6.25 �M cold ATP and 0.5 �Ci [32P]ATP in a total volume of 10 �l. The reaction was carried out at 30°C for 30 min. The 32P-labeld
proteins, including p53, I�B�, IKK�, were resolved by 8% SDS-PAGE and detected by autoradiography. (H) Reinstitution of I�B�
phosphorylation by IKK� in the absence or presence of p53. Purified recombinant I�B� (25 ng) was incubated with 0, 25, or
125 ng purified p53 in a total volume of 10 �l for 5 min on ice. The active form of recombinant IKK� (25 ng) was then added.
The reaction was carried out at 30°C for 15 min. Phosphorylated I�B� was detected by Western blot analysis. The assay was
repeated at least three times.
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B (XPB), which is a subunit of RNA polymerase II, and to play an important role in
transcription and nucleotide excision repair (19); a possible mechanism is to induce
DNA damage and activate ATR, which was previously shown to phosphorylate p53 at
the S37 residue and stabilize p53 (20). We observed that a low dose of triptolide

FIG 5 Knockout of p53 in H460 cells abolishes triptolide inhibition of I�B� phosphorylation and degradation and triptolide
blocking of NF-�B nuclear translocation. (A) Western blot analysis to confirm p53 levels in parent and knockout H460 cells
treated or not treated with triptolide (50 nM for 16 h) or nutlin3 (1 �M for 16 h). (B) I�B� phosphorylation in H460 parent and
p53 knockout mutant cells in response to TNF-�. The cells were pretreated with 30 �M MG132 for 1 h, followed by stimulation
of cells with TNF-� for 5 or 10 min. Whole-cell extracts were prepared, and total and phosphorylated I�B� were detected by
Western blot analysis. (C and D) Western blotting showing that triptolide inhibits TNF-�-induced I�B� degradation and NF-�B
nuclear translocation in H460 (WT p53) (C) but not p53-null H460 mutant (D) lung cancer cells. Parent H460 or p53-null H460
mutant cells were untreated or treated with 50 nM triptolide for 16 h. The cells were then stimulated with 10 ng/ml TNF-� for
5, 10, and 20 min. Cytoplasmic or nuclear extracts of the cells were prepared, and total phosphorylated I�B� and nuclear NF-�B
were detected by Western blot analysis. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (E and F) Immunofluorescence
staining showing that triptolide inhibits TNF-�-induced I�B� degradation and NF-�B nuclear translocation in H460 parent cells
but not p53-null H460 mutant cells. The cells were untreated or treated with 50 nM triptolide for 16 h. The cells were then
stimulated with 10 ng/ml TNF-� for 30 min and subjected to immunofluorescence staining. (E) Representative images. Green,
I�B�; red, NF-�B; blue, nucleus; pink, nuclear NF-�B. Bars, 20 �m. (F) Quantification of cells with nuclear NF-�B. Values are the
means � standard errors of the means of data from at least three independent experiments. In each experiment, more than
100 cells were analyzed.
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induced �H2AX foci, an indicator of DNA damage, in approximately 30% of the cells
(Fig. 7A). However, triptolide caused p53 stabilization in all cells (Fig. 7A). In addition,
the knockdown of ATR in H460 cells did not considerably abolish triptolide-induced p53
stabilization (data not shown). Thus, while low-dose triptolide-induced DNA damage
contributes to p53 stabilization, there must be a new mechanism that plays the primary
role in p53 phosphorylation and stabilization. To identify new target proteins of
triptolide and to reveal the mechanism by which triptolide causes p53 stabilization, we
employed the ligand-protein inverse docking (INVDOCK) strategy to screen the
Brookhaven Protein Data Bank (PDB). We found that triptolide binds to a wide spectrum
of transferases, including kinases, nucleotide binding proteins and modifiers, and
acetyltransferases. Of these potential targets, the tyrosine kinases and serine/threonine/
protein kinases (STKs) (Pfam accession number PF00069) were highly enriched (P �

0.0023), including MAPK14 (p38�) (Fig. 7B). Further molecular docking analysis sug-
gested that triptolide binds at a site near the highly conserved ATP pocket of the kinase
domain of p38� or the other STKs (Fig. 7C, top). The model structure of triptolide
binding to the p38�-ATP complex showed that triptolide can form hydrogen bonds
with the T106 residue in the ATP binding pocket of p38�, resulting in a stable
triptolide-p38�-ATP complex (Fig. 7C, bottom).

The molecular docking results suggested that triptolide might bind to kinases and
modulate their activities. We then determined the impact of triptolide on kinases in
H460 cells using the Phosphor Explorer array, which evaluates the protein levels of
kinases and the corresponding phosphorylated substrates. We found that in triptolide-
treated H460 cells, the levels of the kinases p38� (MAPK14), CSNK2A1, IGF1R, glycogen
synthase kinase 3� (GSK3�), and FAK1, which were identified as potential triptolide
targets by INVDOCK, were considerably increased (�2-fold) compared to those in
untreated controls (Fig. 7D). It is unclear how triptolide binding would affect the overall
protein levels of these kinases. One possibility is that the binding of triptolide to kinases
enhances their stabilities. In further support of a kinase-mediated mechanism of
triptolide action, the levels of a number of phosphorylated proteins, including p53,
which are the substrates of these kinases, including p38� and ERK1/2, were increased
in triptolide-treated H460 cells (Fig. 7E).

These data suggested that triptolide might activate p38� and ERK1/2 to phosphor-
ylate p53 for its stabilization. The phosphorylation of p53 at N-terminal serine residues

FIG 6 p53 is critical for triptolide to suppress proliferation and survival of cancer cells. (A) Survival rates
of H460 (WT p53) and H460 (p53-null) lung cancer cells in the absence or presence of different
concentrations of triptolide. (B) Survival rates of PC3 (p53-null) and PC3 prostate cancer cells comple-
mented with exogenous WT p53 in the absence or presence of different concentrations of triptolide. In
both panels, live cells were counted after 4 days of incubation in DMEM with or without the indicated
concentrations of triptolide. The survival rate of untreated cells was arbitrarily set to a value of 1. The
survival rate of other cells treated with triptolide was calculated by comparing the total number of live
cells to that of the untreated controls. Experiments were repeated three times independently. Values are
means � standard deviations.
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FIG 7 Triptolide stabilizes and activates p38� and ERK1/2 kinases. (A) Triptolide induces �H2AX DNA damage foci in a subset
of cells but p53 stabilization in all cells. H460 cells were treated or not treated with triptolide (50 nM for 16 h) and costained
with antibodies against p53 and �H2AX (S139). Red, �H2AX (S139); green, p53; blue, nucleus. Bars, 20 �m. (B) List of the top
potential targets of triptolide searched by INVDOCK. CDK2, cyclin-dependent kinase 2. (C) Molecular docking of triptolide to
MAPK14 (p38�) (PDB accession number 2GFS). (Top) Overall docking structure. The green area shows the surface of the
active site of p38�. The space-filling model molecule is triptolide. (Bottom) Detailed model structure of triptolide binding to
the p38�-ATP complex. Blue, backbone structure of p38�; orange, triptolide molecule; red, ATP molecule; green, key
residues that coordinate with triptolide or ATP. The hydrogen bond is indicated by the dotted yellow line. (D and E) Effects
of triptolide on kinase signaling. The levels of kinases and the corresponding phosphorylated protein substrates in total cell
extracts from H460 cells that were untreated or treated with triptolide (50 nM for 16 h) were measured by an antibody array.
The protein level for the untreated control was arbitrarily set to a value of 1. Values are the averages of data from two arrays.
A phosphorylated protein substrate with a relative level of �2 in triptolide-treated cell extracts was scored as a triptolide-
enhanced phospho-substrate. (D) Kinases with a relative level of �2 and at least one corresponding enhanced phospho-
substrate in triptolide-treated H460 cell extracts. Red indicates the kinases identified by both INVDOCK and antibody array
analyses. (E) Relative levels of phosphorylated protein substrates of ERK1/2 or p38� in triptolide-treated H460 cell extracts.
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was previously shown to disrupt its interaction with the E3 ubiquitin ligase MDM2,
which mediates p53 degradation and stabilizes the p53 protein (21). In addition, p53
phosphorylation has been shown to be critical for inducing its oligomerization, stabi-
lization, and nuclear localization (22). Previous studies demonstrated that p38� directly
phosphorylates p53 or activates PRAK to catalyze p53 phosphorylation at the S37
residue (23, 24). ERK1/2 has been shown to phosphorylate and activate p53 in response
to many stress conditions (23). Supporting our hypothesis, we revealed that triptolide
induced the phosphorylation and activation of p38� and ERK1/2 (Fig. 8A and B), and
the activation of these two kinases coincided with p53 stabilization (Fig. 8A). To test if
p38� and/or ERK1/2 mediates p53 phosphorylation/stabilization, we pretreated H460
cells with the p38� inhibitor SB203580 (25) and the MEK inhibitor U0126 (26), which
blocks ERK1/2 phosphorylation and activation. We found that either SB203580 or
U0126 alone partially blocked triptolide-induced p53 phosphorylation and stabilization
in H460 cells (Fig. 8C and D). However, the combination of both drugs blocked p53
phosphorylation and stabilization in more than 95% of H460 cells (Fig. 8C and D).
Furthermore, we found that the p53 Ser37A mutant, which abolishes p53 phosphory-
lation, failed to be stabilized by triptolide in cells (Fig. 8E). These findings support the
hypothesis that triptolide activates p38� and ERK1/2 to phosphorylate and stabilize
p53. Next, we addressed if p38�- and ERK1/2-mediated p53 Ser37 phosphorylation and
stabilization are critical for triptolide to block NF-�B nuclear localization. We observed
that the addition of SB203580 and U0126 abolished the effects of triptolide on blocking
the nuclear localization of NF-�B (Fig. 8F). Similarly, the p53 Ser37A mutation also
resulted in an abolishment of the inhibitory effect of triptolide on NF-�B nuclear
translocation (Fig. 8G). These results suggest that p38� and ERK1/2 are likely to be the
direct intracellular targets of triptolide, leading to p53 phosphorylation and stabiliza-
tion, decreased NF-�B nuclear localization, and decreased cell proliferation.

DISCUSSION

We present a promising regimen for the prevention and treatment of inflammation-
associated cancers such as lung cancer, which is the leading cause of cancer deaths
worldwide. Effective therapies to improve survival are needed (27). A potentially
important strategy to reduce lung cancer-related mortality is to prevent lung cancer
from developing in high-risk populations or to reduce its recurrence after treatment of
early-stage cancer. Because of the causal role of chronic inflammation in lung cancer
development (28, 29), anti-inflammatory molecules have been tested for chemopre-
vention of lung cancer (30, 31). However, effective strategies for the prevention and
treatment of lung cancer remain to be developed. In particular, NF-�B has proven to be
a promising drug target, but prior anti-NF-�B therapies have not been successful due
to off-target effects and toxicity. Aspirin and triptolide were previously found to inhibit
NF-�B activity. Aspirin has been tested in clinical trials as a chemoprevention agent for
colon and breast cancers (32–34). In this study, we discovered that within a low dosage
range, the anti-inflammatory molecules aspirin and triptolide individually only moder-
ately inhibited lung cancer development in mice. However, the strategy of combining
low doses of aspirin and triptolide is promising, as this combination displays strong
potentiation and high efficacy. Therefore, this suggests that the combined administra-
tion of low doses of anti-inflammatory drugs is a feasible and effective way to prevent
lung cancer. Similar strategies may also be applied to the chemoprevention of other
inflammation-associated cancers such as colon cancer and prostate cancer. Because
triptolide can simultaneously activate p53 and inhibit NF-�B, it has the potential to treat
human cancer. Indeed, triptolide has been shown to inhibit pancreatic cancer cell
survival and tumor formation in mice (13, 15). It is currently in clinical trials for
pancreatic cancer treatment. Our study suggests that triptolide may be an effective
chemotherapeutic agent for the treatment of lung cancer, while aspirin may potentiate
triptolide’s efficacy. In addition, we consider that the activation of p53 signaling and
blocking of NF-�B-mediated survival pathways by triptolide may also sensitize lung
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FIG 8 ERK1/2- and p38�-mediated p53 phosphorylation and stabilization are responsible for triptolide inhibition of
NF-�B nuclear localization. (A) Coimmunofluorescence of phosphorylated ERK1/2 (T202/Y204)/p53 and phosphorylated
p38� (T180/Y182)/p53 in H460 cells treated with triptolide (0 or 50 nM for 16 h). Red, phosphorylated ERK1/2; green,
p53; blue, nucleus. (B) Western blotting of phosphorylated ERK1/2 and p38� in H460 cells treated with triptolide (0 or
500 nM for 2 or 4 h). (C and D) H460 cells were pretreated with the MEK inhibitor U0126 (10 �M), the p38� inhibitor
SB203580 (10 �M), or both for 2 h and treated with 20 nM triptolide for 16 h. (C) Representative immunofluorescence
staining images of p53 (green) and phosphorylated p53 (S37) (red) in H460 cells. (D) Quantification of phosphorylated
p53-positive cells. (E) The Ser37A p53 mutation abolishes triptolide-induced p53 stabilization. Shown is costaining of
total p53 and phosphorylated p53 (S37) in PC3 cells stably expressing exogenous WT or S37A p53 proteins. Red,
phosphorylated p53; green, p53; blue, nucleus. (F) Inhibition of p38� and ERK1/2 abolishes triptolide’s function to block
NF-�B nuclear localization. H460 cells that were treated with drugs, as indicated in panels C and D, were stimulated with
TNF-� (2 ng/ml for 30 min) and nuclear NF-�B and detected by immunofluorescence. The number of cells with clear
nuclear NF-�B was quantified. (G) Nuclear NF-�B staining in TNF-�-untreated and treated PC3 cells stably expressing
exogenous WT or S37A p53 proteins. The number of cells with clear nuclear NF-�B was quantified. In both panels
F and G, values are the means � standard errors of the means of data from at least three independent experiments,
each using �100 cells. All P values were calculated by using two-sided Student’s t tests.
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cancer cells to conventional chemotherapy such as cisplatin and paclitaxel. Thus, it may
be used as an adjuvant component for conventional chemotherapy.

Our study further defines the mechanisms by which aspirin and triptolide effectively
suppress cancer development. It is known that the initiation of cancer cells results in
oncogenic stress, leading to DNA damage responses, the activation of cell cycle
checkpoint regulators such as p53, and, subsequently, senescence and apoptosis (35,
36). Cancer cells at least partly depend on the expression of cellular survival genes to
counteract oncogenic stress, and the expression of these survival genes is controlled by
transcription factors such as NF-�B (37, 38). NF-�B activation has been shown to be a
key molecular event during the development of chronic inflammation-associated can-
cer (7–9). We show that aspirin and triptolide effectively block p65/NF-�B nuclear
translocation in response to inflammatory cytokines, reduce the levels of total and
phosphorylated p65/NF-�B, and consequently shut down a major linkage between
chronic inflammation and cancer development. First, by blocking NF-�B, aspirin and
triptolide together suppress proinflammatory TGF-�-, IL-1�-, TNF-�-, and VEGF-mediated
cytokine signaling pathways in lung tissues. Consequently, these anti-inflammatory
drugs inhibit the expression of genes controlling cell viability, proliferation, and angio-
genesis, which are critical for promoting tumor growth. Second, aspirin and triptolide
suppress the NF-�B-mediated expression of antiapoptosis proteins such as survivin in
cancer cells, thus disrupting an important mechanism for the cells to escape apoptosis.
Furthermore, the activation of p53 and the upregulation of its target genes, such as
p21, may also contribute to the effects of aspirin-triptolide on cancer suppression.

Triptolide was previously implicated as an inhibitor of NF-�B (39–41), but the
underlying molecular mechanism remains unclear. Our present study has defined the
molecular mechanism by which triptolide inhibits NF-�B, and aspirin greatly potenti-
ates this inhibitory effect (Fig. 9). We show that triptolide, at nanomolar concentrations,
effectively inhibits I�B� degradation and NF-�B nuclear translocation. However, trip-
tolide does not directly act on the processes of I�B� phosphorylation and NF-�B
nuclear translocation. Instead, it executes its inhibitory function on NF-�B via p53. We
have revealed that triptolide indeed activates p38� and the ERK1/2 kinases to phos-
phorylate p53, which subsequently results in the stabilization of p53 (Fig. 9). The
requirement for phosphorylated p53 in triptolide action is demonstrated by the fact
that the abolishment of p53 phosphorylation by ERK1/2 and p38� inhibitors allows
TNF-�-induced NF-�B nuclear translocation in the presence of triptolide. In addition,
both triptolide-activated ERK1/2 and p38� are likely to be important, because the
blocking of either kinase only partially restores TNF-�-induced NF-�B nuclear translo-
cation. The molecular mechanism revealed in our study explains a previously reported
observation that triptolide inhibition of NF-�B transcription activity required a func-
tional p53 gene (40). In addition, the observation that triptolide inhibits NF-�B action
in a p53-dependent manner is consistent with data from previous studies indicating
that p53 may affect NF-�B activity (42) and that mutated p53 is linked to aberrant NF-�B
activation, which contributes to inflammation-associated colon cancer (43). Further-
more, aspirin, which was originally found to modify and inactivate the inflammation
mediator Cox-2 (44), has also been shown to directly inhibit IKK� activity and the
subsequent activation of NF-�B (17). Altogether, by directly inhibiting IKK� activity,
which mediates I�B� phosphorylation and degradation, and by inducing the p53-
dependent stabilization of I�B�, the combined use of low-dose aspirin-triptolide effec-
tively inhibits the nuclear translocation of NF-�B in response to proinflammatory
cytokines and blocks the inflammation-promoted proliferation and survival of cancer
cells.

Our data also shed light on the molecular targets of triptolide and at least partly
explain the multiple biological activities of this potent anti-inflammatory and anticancer
compound. Results from our comprehensive screening for triptolide targets by the
INVDOCK strategy reveal that triptolide potentially binds to various proteins that
contain an ATP binding motif. Further structural analysis of the triptolide-p38� kinase
complex indicates that triptolide binds to the active site of p38�, near the ATP binding
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site, without competing with ATP for binding to p38�. The binding of a small molecule
to the ATP binding pocket of kinases could modulate kinase activity as an agonist or an
antagonist (for a recent review, see reference 45). Our biochemical data suggest that
triptolide stabilizes the kinase targets identified by INVDOCK and phosphorylates the
downstream protein substrates. However, triptolide may also work as an inhibitor of
kinases, ATPases, or other transferases. A recent study suggests that the binding of
triptolide to the TAB1/TAK1 complex inhibits its kinase activity (46). Another study
shows that triptolide binds to XPB, inhibits its ATPase activity, and subsequently
suppresses de novo RNA synthesis and nucleotide excision repair (19). Our molecular
docking data showing that triptolide may bind to acetyltransferases also support the
previous finding that triptolide can act as an acetyltransferase inhibitor (47). Thus,
triptolide can potentially bind to a wide spectrum of proteins that contain ATP binding
motifs and change their enzymatic activities; this explains why triptolide is able to affect
many cellular processes and have potent cytotoxicity. Nevertheless, at low concentra-
tions, triptolide may primarily bind to the high-affinity target to activate p38�, ERK1/2,
and, subsequently, p53 to block NF-�B activation. Therefore, by combining triptolide
with aspirin and its derivatives, we have identified a candidate anticancer regimen that
uses low therapeutic doses and may bypass the safety and efficacy problems that are
typically associated with high-dose single-agent therapies. This novel therapeutic
strategy could greatly improve the prevention and treatment of inflammation-associated
cancers.

MATERIALS AND METHODS
Animal studies. FEN1 E160D mice (129S1 genetic background), which are prone to developing

inflammation-associated lung cancer, were in-line bred and housed in the Animal Resource Center at City

FIG 9 Schematic graph elucidating the therapeutic targets of aspirin and triptolide for chemoprevention
of inflammation-associated lung cancer and other cancers. Inflammatory cytokines such as TNF-�, IL-1�,
and IL-1� bind to their receptors to activate the IKK complex, which phosphorylates I�B�, the inhibitory
subunit of NF-�B. Degradation of phosphorylated I�B� results in the nuclear translocation of p65 NF-�B
and the induction of the gene expression of cell proliferation and survival genes. However, aspirin
directly inhibits the phosphorylation of I�B� by the IKK complex, and triptolide activates p38� and
ERK1/2 to phosphorylate and stabilize p53, which also blocks the phosphorylation of I�B� by the IKK
complex. Together, triptolide and aspirin effectively block inflammation-induced NF-�B-mediated pro-
liferation and survival signaling.
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of Hope. All experimental protocols involving animals were approved by the Research Animal Care and
Use Committee of City of Hope in compliance with Public Health Service policies of the United States and
China and all other federal, state, and local regulations. To test the efficacy of aspirin and triptolide in
suppressing lung cancer development, E160D mice (10-month-old males and females; n � 30 for each
group) were randomly divided into untreated, aspirin-treated (4 mg/kg body weight), triptolide-treated
(1 mg/kg body weight), and aspirin (4 mg/kg body weight)-triptolide (1 mg/kg body weight)-treated
groups. Aspirin was purchased from Sigma (St. Louis, MO), and pharmaceutical-grade triptolide was
purchased from Shanghai Fudan Fuhua Pharmaceuticals Ltd. (Shanghai, China). The aspirin solution
and/or the triptolide suspension was administered to mice by gavage 5 days a week for 2 months. After
an additional 4 months, the mice were euthanized and subjected to anatomic analysis to assess
abnormalities, including tumor formation in major organs. Lung adenomas and adenocarcinomas were
analyzed by routine histopathology analysis at the Department of Pathology at City of Hope in a blind
fashion. For the mouse Lewis lung carcinoma-grafted mouse model, 1.0 � 106 mouse Lewis lung
carcinoma cells were subcutaneously injected into WT mice (8 weeks old). The mice were randomly
divided into a control and three treatment groups (n � 10 for each group). From the third day
postgrafting, the mice were administered an aspirin solution (4 mg/kg body weight) and/or a triptolide
suspension (1 mg/kg body weight) by gavage for 4 weeks. From the second week post-tumor grafting,
the tumor size for each mouse was measured by using the ellipsoid volume formula (1/2 � height �
width � length) (48). At the end of the experiment, the tumors were dissected and weighed.

Cell culture, drug treatment, and cell proliferation assays. Cancer cells, if not otherwise specified,
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. PC3 cancer cells were cultured in RPMI 1640 supplemented
with 10% FBS and 1% penicillin-streptomycin. For drug treatments, triptolide (Lingonberry Group, Hei
Long Jiang, China) (purity of �98% as determined by high-performance liquid chromatography [HPLC]),
aspirin and sodium salicylate (Sigma, St. Louis, MO) (purity of �99%), U0126 (Cell Signaling Technology,
Danvers, MA) (purity of �99%), or SB203580 (Santa Cruz Biotechnologies, Santa Cruz, CA) (purity
of �98%) was dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM or RPMI 1640 to a specific
concentration, and the pH value of the medium was adjusted. Cells were incubated with medium
containing the drugs for the indicated times and further processed. The cell proliferation rate was
analyzed as described previously (49, 50). Briefly, H460, H460 p53 knockout, or PC3 cancer cells were
seeded onto 6-cm dishes. The cells were grown in medium at 37°C and counted by using a hemacy-
tometer every day for 4 days. The cell proliferation rate is expressed as the increase in the cell number
in a given time period.

Establishment of p53-null H460 mutant cells by CRISPR. Clustered regularly interspaced short
palindromic repeat (CRISPR) oligonucleotides (forward primer CACCGAGGGAAGCGTGTCACCGTCG and
reverse primer AAACCGACGGTGACACGCTTCCCTC) were designed by using the CRISPR design tool
(http://crispr.mit.edu/) and subcloned into the pSpCas9(BB)-2A-Puro(pX459) CRISPR gene targeting
vector (51). The vector was transfected into H460 cells, which were briefly selected with puromycin (1
�g/ml) for 24 h. The selected clones were expanded and verified for the p53 homozygous knockout by
Western blot analysis.

Microarray gene expression analysis. For microarray analysis, E160D mice were untreated or
treated with aspirin and/or triptolide for 2 months and immediately euthanized. Total RNA was extracted
from the lung tissues isolated from age-matched untreated, aspirin-treated, triptolide-treated, or aspirin-
triptolide-treated E160D mice (n � 3 for each group) by using the Qiagen RNeasy kit (Qiagen). The
GeneChip mouse gene 1.0-ST array (Affymetrix, Santa Clara, CA) was used to define gene expression
profiles from the samples. Synthesis and labeling of cDNA targets and hybridization and scanning of
GeneChips were carried out by the Integrative Genomics Core Facility at City of Hope according to
protocols that we described previously (36). Raw intensity measurements of all probe sets were
background corrected, normalized, and converted into expression measurements by using Affymetrix
expression console v1.1.1. The Bioconductor “LIMMA” package was then used to identify genes differ-
entially expressed between the drug-treated and untreated (control) E160D mouse groups. Genes with
significantly different expression levels were selected by using a cutoff of a P value of �0.05 and a fold
change of �1.5. Ingenuity Pathway Analysis was used to identify the pathways and upstream transcrip-
tion regulators of the groups of genes that were upregulated or downregulated. A pathway or an
upstream transcription regulator is defined as activated if its activation z score is greater than zero and
as inactivated if its z score is less than zero.

In vitro assay of cell-free TAK1-IKK activation. A cell-free in vitro TRAF6-based TAK1-IKK activation
assay was performed according to previously reported protocols (16). Briefly, total cellular proteins were
extracted from Jurkat T cells, and the supernatant was collected after centrifugation at 100,000 � g for
1 h at 4°C (termed S100). To analyze the effects of aspirin, sodium salicylate, or triptolide, the S100 cell
extract (10 to 15 �g total protein) and purified recombinant TRAF6 (120 ng) were incubated with various
concentrations of these chemicals in a total volume of 10 �l in reaction buffer (50 mM Tris-Cl [pH 7.4],
5 mM MgCl2, 0.5 mM dithiothreitol [DTT]). The mixture was incubated on ice for 15 min, and ATP (final
concentration, 2 mM) was then added to initiate the reaction. After further incubation at 30°C for 1 h, the
reaction was stopped by the addition of 5� SDS sample buffer and boiling at 95°C for 5 min. The reaction
products were separated by 10% SDS-PAGE and immunoblotted by using antibodies against I�B� (Cell
Signaling Technologies).

Reconstitution of I�B� phosphorylation by IKK�. Purified recombinant I�B� (Sino Biological Inc.)
was preincubated with purified recombinant p53 (R&D Systems) in the presence of reaction buffer (50
mM Tris-Cl [pH 7.4], 5 mM MgCl2, 0.5 mM DTT, 2 mM ATP). Recombinant IKK� (EMD Millipore) was added
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to the mixture to initiate the kinase reaction. In the kinase assay using [32P]ATP, a mixture of 5 �M cold
ATP and 0.5 �Ci [32P]ATP rather than 2 mM ATP was used. After incubation at 30°C for a specific time,
the reaction was stopped by the addition of 2� SDS sample buffer and boiling at 95°C for 5 min. The
reaction products were separated by 10% SDS-PAGE and immunoblotted by using antibodies against
I�B� and phospho-I�B� (S32) (Cell Signaling Technologies).

Immunofluorescence staining. For the NF-�B nuclear localization assays, cells (on coverslips) with
or without various pretreatments with aspirin, sodium salicylate, triptolide, U0126, and/or SB203580 for
14 h were stimulated with TNF-�, IL-1�, or IL-1� for 30 min. To costain for I�B� and NF-�B, the cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked with the Image iT FX
signal enhancer (Invitrogen), and incubated (1.5 h at room temperature) with the indicated primary
antibodies. Antibodies against I�B� (1:100) and NF-�B (1:200) were obtained from Cell Signaling
Technology. The cells were then washed with phosphate-buffered saline (PBS) and incubated (1 h at
room temperature) with the corresponding secondary antibodies (1:200; Invitrogen). The slides were
washed with PBS, counterstained with 4=,6-diamidino-2-phenylindole (DAPI), and analyzed with a
fluorescence microscope (AX70; Olympus). The same immunofluorescence staining protocol was used to
detect p53 or phosphorylated p53 at different sites, phosphorylated p38� (T180/Y182), and phosphor-
ylated ERK (T202/Y204) in cells with different treatments. All these antibodies were obtained from Cell
Signaling Technology and were used at a 1:200 dilution.

Virtual screening of triptolide targets by INVDOCK and pathway enrichment analysis. The
potential protein targets of triptolide were computationally screened against a Brookhaven PDB-derived
protein cavity database by INVDOCK, an inverse docking tool developed previously by Chen and Zhi (52).
In the present study, the search was limited to protein entries derived from mammals. Triptolide was
docked to sites inside each protein cavity, starting from known ligand binding sites of the protein. The
other interior sections of proteins would be used if triptolide failed to dock with known ligand binding
sites. To save central processing unit (CPU) time, the program was designed to search for and record the
first successful dock within each cavity. To avoid redundancies, all cavity entries were subjected to
screening unless the related proteins had been identified as potential targets. Finally, we considered
proteins with crystal structures of a �2.5-Å resolution, which is a measure of the quality of the crystal
structure. To reduce the false-positive prediction rate from this method, the docking results for triptolide
were refined by domain and pathway enrichment analyses. In the present study, the list of potential
targets of triptolide was analyzed with a functional annotation protocol provided by DAVID Bioinfor-
matics Resources (version 6.7). The whole Brookhaven PDB database was used as a background data set
during the enrichment analysis to avoid bias caused by well-studied proteins.

Molecular docking of triptolide in complex with holo-ATP-p38�. Crystal coordinates of active
p38� in complex with ATP were obtained from data reported under PDB accession number 2GFS (53).
We used the Surflex-Dock program, a program widely used to calculate protein-ligand interactions as
well as to efficiently predict active conformations (54). The Protomol-based method, an object-oriented
molecular dynamics simulation approach, and an empirical scoring function in Surflex-Dock were used
to dock triptolide into the binding site of holo-ATP-p38�. The Protomol was generated by using a
non-ligand-based approach. During the Protomol generation process, two parameters, Protomol_bloat
and the Protomol_threshold, are critical for the formation of an appropriate binding pocket. Protomol-
_bloat determines how far the site should extend from a potential ligand, and Protomol_threshold
determines how deep the atomic probes that are used to define the Protomol can penetrate into the
protein. Default values of a Protomol_bloat value of 0 and a Protomol_threshold value of 0.5 were
sufficient to obtain reasonable binding pockets for triptolide docking to holo-ATP-p38�. The default
values of all the other parameters were also assigned. The docking score was calculated by using the
Surflex-Dock scoring function, considering the factors important in the ligand-receptor interaction,
including the hydrophobic, polar, repulsive, entropic, and solvation terms. The highest-scoring confor-
mation of a potent compound, based on the Surflex-Dock scoring functions, was selected as the final
bioactive conformation.

Phosphor Explorer antibody array analysis. For the protein antibody array analysis, H460 cells
were treated with triptolide (50 nM for 16 h). Total proteins were extracted from cells in a pool from three
independent experiments for the treated and control groups using an antibody array assay kit (Full Moon
Biosystems, Sunnyvale, CA). The Phosphor Explorer antibody array (Full Moon Biosystems) was used to
define the protein phosphorylation profile, according to the supplier’s instructions. The array was
scanned by using the Agilent microarray scanner (Agilent Technologies, Santa Clara, CA), and the data
were extracted and analyzed by using Agilent Feature Extraction software (Agilent Technologies). The
downstream protein substrates of a protein kinase were based on data from a database provided by the
PhosphoNetworks website (http://www.phosphonetworks.org/) and other sources (55, 56).

Histopathology. We fixed tissues in 10% formalin and stained the tissue sections with hematoxylin
and eosin (H&E) or by immunohistochemistry (IHC). For IHC, paraffin-embedded 5-�m tissue sections
were deparaffinized, rehydrated, and stained with specific antibodies against NF-�B (Santa Cruz Biotech-
nology Inc.) and CD68 (Abcam). All H&E and IHC assays were performed by the City of Hope Pathology
Core according to standard protocols.

Accession number(s). The microarray data have been deposited in the GEO database under
accession number GSE99514.
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