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The plant sesquiterpene lactone parthenolide inhibits
Wnt/(3-catenin signaling by blocking synthesis of the
transcriptional regulators TCF4/LEF1
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The Wnt/3-catenin pathway is essential for embryonic devel-
opment and homeostasis, but excessive activation of this path-
way is frequently observed in various human diseases, including
cancer. Current therapeutic drugs targeting the Wnt pathway
often lack sufficient efficacy, and new compounds targeting this
pathway are therefore greatly needed. Here we report that the
plant-derived natural product parthenolide (PTL), a sesquiter-
pene lactone, inhibits Wnt signaling. We found that PTL dose-
dependently inhibits Wnt3a- and CHIR99021-induced tran-
scriptional activity assessed with the T-cell factor (TCF)/
lymphoid enhancer factor (LEF) firefly luciferase (TOPFlash)
assay in HEK293 cells. Further investigations revealed that PTL
decreases the levels of the transcription factors TCF4/LEF1
without affecting 3-catenin stability or subcellular distribution.
Moreover, this effect of PTL on TCF4/LEF1 was related to pro-
tein synthesis rather than to proteasome-mediated degradation.
Of note, siRNA-mediated knockdown of RPL10, a ribosome
protein PTL binds, substantially decreased TCF4/LEF1 protein
levels and also Wnt3a-induced TOPFlash activities, suggesting a
potential mechanism by which PTL may repress Wnt/3-catenin
signaling. In summary, PTL binds RPL10 and thereby potently
inhibits the Wnt/B-catenin pathway.
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Since the first Wnt protein was identified 35 years ago, the
Wnt/B-catenin pathway has been well known for its essential
role in both embryo development and adult tissue homeostasis
(1). In the absence of Wnt signals, cytoplasm 3-catenin is phos-
phorylated by the Ser/Thr kinases GSK3 and CK1. The phos-
phorylated B-catenin is then recognized and ubiquitylated by
B-TRCP and subjected to proteasome-mediated degradation.
Upon binding of the Wnt proteins with the membrane receptor
Frizzled and LRP5/6, B-catenin is stabilized and shuttled into
the nucleus, where it binds to the transcriptional factor TCFs/
LEF1* and activates expression of various target genes. Ex-
cessive activation of Wnt/B-catenin signaling is frequently
observed in a wide range of tumors, such as colorectal cancer,
liver cancer, melanoma, prostate cancer, and breast cancer (2),
making this pathway an attractive target for cancer therapy.
Many efforts have been made to identify and develop drugs that
can modulate Wnt/B-catenin signaling, especially by target-
ing B-catenin and its downstream players (3). Methyl 3-{[(4-
methylphenyl)sulfonyl]amino}benzoate is a selective inhibitor
of Wnt/B-catenin signaling that has been found to bind to
B-catenin and induce its proteasome-mediated degradation
(4). PNU-74654 and iCRT3 are two other small molecules
that inhibit Wnt signaling by disturbing TCF4—-catenin
interaction (5, 6). ICG-001 has been found to compete with
CREB-binding protein for binding -catenin, thereby inhib-
iting Wnt signaling (7). Our laboratory recently reported
NCO043 as a Wnt signaling inhibitor by targeting CARF (col-
laborator of ARF) to disturb TCF4 and [3-catenin interaction
8, 9).

“The abbreviations used are: LEF, lymphoid enhancer factor; TCF, T-cell fac-
tor; CREB, cAMP-response element-binding protein; PTL, parthenolide;
CM, conditioned medium; CHIR, CHIR99021; CHX, cycloheximide; HA,
hemagglutinin; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; TAMRA, tetramethylrhodamine; Ctr, control;
DMAPT, dimethylamino-parthenolide.
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Figure 1. PTL inhibits Wnt/B-catenin signaling. A, chemical structure of PTL. B, PTL inhibits Wnt/B-catenin signaling in a dose-dependent manner.
HEK293 cells were transfected with TOPFlash plasmids. After 18 h of transfection, the cells were treated with DMSO or PTL for 1 h, followed by Wnt3a CM
or control (Ctr) CM plus the same dose of PTL for another 6 h and then lysed for luciferase assays. RLC, relative luciferase count. C, PTL inhibits Wnt target
gene expression. Expression of the Wnt target genes NKDT and Axin2 was determined by quantitative real-time PCR and normalized to GAPDH
expression. D, distinct effects of PTL and its derivates on TOPFlash reporter activity. HEK293 cells were treated with DMSO or 20 um PTL, PTL-1, PTL-2,
PTL-3, PTL-4, or PTL-5 in the presence of either the Ctr CM or Wnt3a CM. Data represent the mean = S.D. from one experiment. Each experiment was
repeated at least three times. **, p < 0.01; ***, p < 0.001; significant relative to vehicle control; ns, no statistical significance.

PTL, a sesquiterpene lactone, was first purified from the
shoots of the medicinal plant feverfew (Tanacetum parthe-
nium) (10, 11), which is a Chinese folk medical plant and has
been used to treat fever, headache, and arthritis for many years
(12). In recent years, it has attracted wide attention for its con-
siderable pharmacological activities, including antimicrobial,
anti-inflammatory, and especially anticancer effects (13). PTL
is well known for its activity of inhibiting NF-«B signaling and is
commonly used as an NF-«B inhibitor (14). However, the
mechanisms behind the anti-cancer effects of PTL have not
been completely understood. Some studies indicate that PTL
inhibits tumor growth by increasing reactive oxygen species
(ROS) (15, 16). PTL was also found to target epigenetic factors,
such as DNMT1 and HDACI, to inhibit tumor growth (17, 18).
Of note, in 2005, PTL was identified as the first small molecule
that selectively kills cancer stem cells while sparing normal
stem cells in acute and chronic myelogenous leukemia stem cell
models (19). After that, the selective killing of cancer stem cells
by PTL was also observed in a number of other cancers, such as
bone, breast, melanoma, mesenchyme, and prostate cancer
(20-25). On the other hand, Wnt/B-catenin signaling is well
recognized for its essential role in the maintenance and self-
renewal of embryonic and adult stem cells. However, it
remains unknown whether PTL may act on Wnt signaling to
inhibit tumor growth. In this work, through high-through-
put screening, we identified that PTL potently inhibits
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Wnt3a-induced TOPFlash activity. Further studies indi-
cated that PTL acts through reducing TCF4/LEF1 synthesis
via targeting RPL10.

Results
PTL inhibits Wnt/B-catenin signaling in HEK293 cells

In our high-throughput screening effort for small-molecule
compounds modulating Wnt signaling, we identified the small
molecule PTL (Fig. 14). Our results showed that PTL dose-
dependently inhibited Wnt3a conditioned medium (CM)-
induced TOPFlash activity in HEK293cells (Fig. 1B). Next we
examined the effect of PTL on the expression of Wnt target
genes. We treated HEK293 cells with PTL and then carried out
real-time PCR. As expected, PTL inhibited expression of the
endogenous Wnt target genes Axin2 and NKDI in a dose-de-
pendent manner (Fig. 1C). To further explore the structure—
activity relationship of PTL, we synthesized a series of PTL
derivatives and tested their effects on TOPFlash activity. We
found that PTL-4 and PTL-5 exhibited similar inhibitory effects
as PTL, whereas PTL-1, PTL-2, and PTL-3 lost the inhibitory
effect on TOPFlash reporter activity (Fig. 1D). These results
indicated that the «, 3-unsaturated lactone and the 1(10) double
bond of PTL might be the functional groups that are responsi-
ble for PTL inhibitory activity against Wnt signaling. Because
PTL-4 can undergo retro-Michael additions to regenerate the
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Figure 2. PTL does not affect 3-catenin stability and subcellular distribution. A, PTL inhibits CHIR-induced Wnt/B-catenin signaling in a dose-dependent
manner. HEK293 cells were treated with increasing doses of PTL with DMSO or 2 um CHIR. RLC, relative luciferase count. B, PTL inhibits TOPFlash activity in a
dose-dependent manner in SW480, Caco2, HCT116, and SW48 cells. Cells were treated with PTL for 24 h. TOPFlash (TOP) responds to Wnt signaling. FOPFlash
(FOP) does not respond to Wnt singling and was used as a control. C, PTL has no effect on B-catenin (3-cat) stability and subcellular distribution. HEK293 cells
were incubated with DMSO or two doses of PTL. After 1 h, cells were treated with control or Wnt3a CM containing the same dose of PTL for an additional 2 h.
The cells were then fractioned as described under “Experimental procedures,” and the samples were analyzed by Western blot analysis. Tubulin was used as a
cytosolic marker, and SP1 was used as a nuclear marker. The immunoblots were quantified by densitometry, and the values are given beneath each band. D,
immunofluorescence staining shows that PTL does not influence B-catenin protein levels and distribution. HEK293 cells were treated with 10 um of PTL for 1 h,
and then cells were incubated with control or Wnt3a CM containing the same dose of PTL for an additional 2 h. The cells were then fixed as described under
“Experimental procedures,” and the images were collected and analyzed by Opera. Scale bars = 50 wm. Data represent the mean = S.D. from one experiment.
Each experiment was repeated at least three times. *, p < 0.05; **, p < 0.01; ***, p < 0.001; significant relative to vehicle control.

parent molecule that is PTL, it was not surprising to find that “B-catenin destruction complex”. Next we wanted to investi-

PTL-4 inhibits Wnt/B-catenin signaling, as does PTL. gate the activity of PTL in the case of constant 3-catenin acti-

vation. For this purpose, we used the colon cancer cell lines
PTL does not affect B-catenin stability or subcellular Caco2 and SW480, which harbor adenomatous polyposis coli
distribution (APC) mutations, as well as HCT116 and SW48, which harbor

As mentioned before, B-catenin is the central player of [-catenin mutations. We transfected the plasmids of TOP-
canonical Wnt signaling, and its accumulation and nuclear Flash/FOPFlash to those colon cancer cells, followed by treat-
translocation are hallmarks for activation of the signaling path- ~ment with PTL. As shown in Fig. 2B, PTL efficiently inhibited
way. Thus, we wanted to ask whether PTL affects Wnt signaling  TOPFlash reporter activity in all four cell lines, indicating that
through regulating the accumulation of B-catenin. To answer PTL acts downstream of 3-catenin accumulation. To further
this question, we first tested the effect of PTL on TOPFlash examine the effects of PTL on 3-catenin activation, we treated
activity induced by a glycogen synthase kinase (GSK) inhibitor, HEK293 cells with two doses of PTL in the presence of either
CHIR99021 (26). We transfected HEK293 cells with TOPFlash  control conditioned medium or Wnt3a conditioned medium.
plasmids, and then we treated cells with 2 um CHIR, followed We then separated the cytosol and nucleus of the cells and
by PTL treatment for the TOPFlash activity test. As shown in  subjected them to Western blot analysis using 3-catenin/tubu-
Fig. 24, PTL showed similar inhibitory effects on TOPFlash lin/SP1 antibodies. As shown in Fig. 2C, PTL had no effect on
luciferase reporter activity regardless of CHIR treatment. This endogenous 3-catenin protein levels or its subcellular distribu-
result indicates that PTL functions downstream of the tion. Consistent with this result, in an immunofluorescence
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Figure 3. PTL decreases TCF4/LEF1 protein levels. A, PTL reduces TCF4 and LEF1 protein levels in a dose-dependent manner. HEK293 cells were incubated
with DMSO or two doses of PTL. After 1 h, cells were treated with control or Wnt3a CM containing the same dose of PTL for an additional 6 h. The cells were then
harvested and analyzed by Western blot analysis. The immunoblots were quantified by densitometry, and the values are given beneath each band. B-cat,
B-catenin. B, statistics of three independent experiments of the protein quantification in A. For each protein, the control group was normalized to 1 in both
controland Wnt3a CM stimulation. C, PTL reduces TCF4 and LEF1 protein levels in a time-dependent manner. HEK293 cells were stimulated by control or Wnt3a
CM for 6 h. During this time, control or Wnt3a CM containing 10 um PTL was exchanged for the cells every 2 h. PTL treatment time is indicated. The immunoblots were
quantified by densitometry, and values are given beneath each band. D, statistics of three independent experiments of the protein quantification in C. For each
protein, the control group was normalized to 1 in both control and Wnt3a CM stimulation. ns, no statistical significance. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

assay with a B-catenin-specific antibody, 3-catenin levels and
its subcellular distribution showed no differences between the
PTL-treated and control groups (Fig. 2D). These results further
confirm that PTL does not affect 3-catenin stability or subcel-
lular distribution.

PTL decreases TCF4/LEF1 protein levels

Our results above suggest that PTL acts downstream of
B-catenin accumulation and nuclear localization. Thus, PTL
very likely acts on the TCF/LEF1 transcriptional factors in the
nucleus. To test this possibility, we first examined whether PTL
affects TCF/LEF1 protein levels. The human TCF family has
four members: TCF1, TCF3, TCF4 and LEF1. Before testing the
effect of PTL on TCF family proteins, we measured the mRNA
levels of TCF1, TCF3, TCF4, and LEFI in HEK293 cells. We
found that the mRNA levels of TCF4 and LEFI are much higher
(nearly 40- to 50-fold) than that of TCFI and TCF3 (Fig. S2).
Therefore we carried out our further studies on TCF4 and
LEF1. HEK293 cells were cultured in control CM or Wnt3a CM
with 5 or 10 um PTL for 6 h. As shown in Fig. 3, A and B, both
TCF4 and LEF1 protein levels were reduced by PTL in a dose-
dependent manner regardless of Wnt stimulation. PTL also
reduced TCF4/LEF1 levels in a time-dependent manner (Fig. 3,
Cand D). In view of the significant differences in mRNA levels

5338 J Biol. Chem. (2018) 293(14) 5335-5344

of TCF family members, although the TCF1 and TCEF3 protein
levels in HEK293 cells were also decreased after PTL treatment,
PTL inhibition of Wnt signaling was mainly due to the decrease
of TCF4 and LEF1 (Fig. S3). However, there was no difference
between the levels of TCF4/LEF1 mRNAs before and after 10
uM PTL treatment in the control conditioned medium, indicat-
ing that PTL could not function by regulating the transcription
of TCF4/LEFI. Consistent with this, upon Wnt treatment,
TCF4 mRNA levels were also not affected by PTL treatment,
supporting that PTL does not function through affecting gene
transcription (Fig. S2). However, LEFI mRNA levels were
apparently reduced by PTL. This is due to the fact that LEF1 is
a target gene of Wnt signaling. Because PTL treatment leads to
inhibition of Wnt signaling, it was not surprising to find a
decrease of LEFI mRNA levels by PTL treatment. Thus, this
decrease of LEF1 mRNA levels is most likely due to inhibition of
Wnt signaling rather than a direct effect on LEFI transcription
by PTL.

PTL decreases TCF4/LEF1 levels by blocking protein synthesis

Because our data suggest that PTL does not act through
affecting gene transcription, we asked how PTL reduces TCF4/
LEF1 protein levels. One possibility is that PTL may facilitate
proteasome-mediated degradation of TCF4/LEF1 proteins.

SASBMB
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Figure 4. PTL decreases TCF4/LEF1 by blocking protein synthesis. A, PTL can still decrease TCF4 and LEF1 when blocking proteasome-induced degradation
with MG132. HEK293 cells were treated with DMSO or 20 um MG132 containing different doses of PTL for 6 h. Then cells were harvested and analyzed by
Western blotanalysis. B, PTL could not further decrease TCF4/LEF 1 levels when blocking protein synthesis using CHX. HEK293 cells were treated with 100 ng/ml
CHX or 100 wg/ml CHX containing 15 um PTL for the indicated time. Then cells were harvested and analyzed by Western blot analysis. The immunoblots were
quantified by densitometry, and the corresponding values are given beneath each band. C, PTL significantly reduces nascent TCF4. Nascent TCF4 in HEK293
cells was labeled after DMSO, 7.5 um PTL, 15 um PTL, or 100 ng/ml CHX treatment, which was detected by TAMRA antibody. /P, immunoprecipitation. D, PTL
significantly reduces nascent LEF1. Nascent LEF1 in HEK293 cells was labeled after DMSO, 7.5 um PTL, 15 um PTL, or 100 ng/ml CHX treatment, which was

detected by TAMRA antibody.

Therefore, we blocked proteasome-induced degradation by
using MG132. We treated HEK293 cells with 20 um MG132
followed by PTL treatment. We found that blocking protea-
some-induced degradation with MG132 does not affect PTL
activity in decreasing TCF4/LEF1 protein levels (Fig. 4A4), indi-
cating that PTL does not act through promoting TCF4/LEF1
degradation. Next we tested whether blocking protein synthesis
by using CHX affects the PTL activity of inhibiting Wnt signal-
ing. As shown in Fig. 4B, when protein synthesis process is
blocked by CHX, treatment with PTL could not further
decrease TCF4/LEF1 levels (Fig. 4B). To further address
whether PTL inhibits protein synthesis of TCF4 and LEF1, we
carried out a nonradioactive metabolic labeling assay. As shown
in Fig. 4, C and D, PTL significantly inhibits the protein syn-
thesis of both TCF4 and LEF1. Thus, we conclude that PTL
decreases TCF4 and LEF1 by blocking protein synthesis rather
than affecting TCF4/LEF1 protein stability.

RPL10 knockdown decreases TCF4/LEF1 protein levels

RPL10, a ribosome protein, was recently reported as a target
of DMAPT, which is a water-soluble analogue of PTL (27).
Chen et al. uncovered that DMAPT targets and decreases
RPL10, leading to reduced protein levels of p65 and IKKvy (27).
This mechanism is responsible at least partially for DMAPT
inhibitory activity against NF-«B (27). To test whether PTL
could bind to RPL10, we first synthesized biotinylated PTL (Fig.
5A) and confirmed that biotin-PTL dose-dependently inhibits
Wnt signaling, as does PTL (Fig. 5B). Next we overexpressed
HA-tagged human RPL10 in HEK293T cells and carried out a

SASBMB

pulldown assay using biotinylated PTL as the bait with or with-
out addition of unlabeled PTL. As shown in Fig. 5C, biotin-PTL
captured RPL10, and this binding could be competed off by free
PTL, supporting PRL10 as the target of PTL. To examine the
role of PRL10 in Wnt signaling, we deprived HEK293 cells of
RPL10 using the method of RNAI. As shown in Fig. 5D, knock-
down of RPL10 significantly reduced TOPFlash reporter activ-
ity. Moreover, RPL10 deprivation led to a marked decrease in
TCF4 and LEF1 levels (Fig. 5E). Our results, combined with the
findings of Chen et al., confirmed that PTL reduces TCF4/LEF1
protein levels by targeting the ribosome protein RPL10.

PTL inhibits proliferation of colon cancer cells

As mentioned before, overactivation of Wnt/B-catenin sig-
naling is closely related to tumor formation and progression.
One anecdote is colon cancer. More than 80% of colon cancers
harbor mutations in the scaffold protein APC and have overac-
tivated Wnt signaling (28). Thus, we used human colon cancer
cells to test the potential of PTL in cancer therapy. We found
that PTL significantly reduced TCF4 levels in the colon cancer
cell lines SW480, Caco2, and HT29 but has no apparent effects
on B-catenin levels in these cells (Fig. 64). Consistently, PTL
inhibited expression of the Wnt target gene NKDI in these
three colon cancer cell lines in a dose-dependent manner (Fig.
6B). A colony-forming assay also showed that PTL inhibited
colon cancer cell proliferation at a level similar to its inhibitory
activity toward Wnt signaling (Fig. 6C). These results demon-
strate the potential of PTL in the treatment of colon cancers
that are mostly driven by overactivated Wnt signaling.

J. Biol. Chem. (2018) 293(14) 5335-5344 5339
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by densitometry, and the values are given beneath each band. D, knockdown of RPL10 inhibits Wnt3a-induced TOPFlash activity. HEK293 cells were transfected
with the indicated siRNA on the first day using RNAIMAX, and 24 h later, cells were retransfected with TOPFlash plasmids using Lipofectamine 2000. After 18 h,
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levels. HEK293 cells transfected with the indicated siRNA were harvested. Half of the cells were evaluated for expression of endogenous proteins by Western
blot analysis using antibodies as indicated, and the other half of the cells were evaluated for mRNA levels of RPL10 by quantitative real-time PCR. The
immunoblots were quantified by densitometry, and the values are given beneath each band. Data represent the mean = S.D. from one experiment. Each
experiment was repeated at least three times. *, p < 0.05; **, p < 0.01; ***, p < 0.001; significant relative to vehicle control. NC, negative control.
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Figure 6. PTL inhibits proliferation of colon cancer cells. A, PTL reduces TCF4 levels in colon cancer cells. Colon cancer, SW480, Caco2, and HT29 cells were treated
with the indicated doses of PTL for 24 h, and then cells were harvested and analyzed by Western blot analysis. The immunoblots were quantified by densitometry, and
the values are given beneath each band. B-cat, B-catenin. B, PTL dose-dependently down-regulates NKDT mRNA in colon cancer cells. Colon cancer cells were treated
with the indicated doses of PTL for 24 h, and then the mRNA levels of NKDT were evaluated by quantitative real-time PCR. C, PTL inhibits colony formation of colon
cancer cells. Cells were treated with the indicated doses of PTL, with medium changes every 3 days until visible colonies formed. Data represent the mean = S.D. from
one experiment. Each experiment was repeated at least three times. **, p < 0.01; ***, p < 0.001; significant relative to vehicle control.

NADT/GAPDH

Discussion to identify and develop effective inhibitors against the Wnt sig-

The Wnt/B-catenin signaling pathway is one of the most naling pathway. However, successes in finding inhibitors of this
important pathways in development and is involved in many pathway are very limited, and so far, no drugs specific for Wnt
aspects of tumorigenesis. Considerable efforts have been made signaling have been approved for clinical applications. In this
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Figure 7. A model showing that PTL inhibits Wnt/B-catenin signaling.
Binding of Wnt protein with its receptors induces cytoplasmic p-catenin
(B-cat) to aggregate and translocate into the nucleus. In the nucleus,
B-catenin binds to TCF/LEF to induce Wnt target gene expression. When PTL
binds to RPL10, TCF/LEF levels are reduced, leading to inhibition of Wnt/3-
catenin signaling.

study, we found that PTL, a sesquiterpene lactone, exhibits
potent inhibitory activities against Wnt/B-catenin signaling.
Further mechanistic study showed that PTL reduced TCF4/
LEF1 synthesis by targeting RPL10 (Fig. 7).

TCF/LEF1 transcription factors are the downstream effec-
tors of Wnt/[B-catenin signaling. Recent genome-wide studies
in mammals and Drosophila suggest that all direct activation of
B-catenin target gene expression requires TCF/LEF1 as the
final effectors (29, 30). Moreover, the levels of TCF/LEF1 in
colon cancer cells are substantially increased compared with
normal tissues, and TCF4 expression is positively correlated
with a poor prognosis in resectable esophageal squamous cell
carcinoma (31, 32). Therefore, targeting TCF/LEF1 would be a
potentially effective way in reversing excessive activation of
Wnt/B-catenin signaling in these cancer cells. However, few of
the compounds have so far been reported to target TCF/LEF1.
Thus, our findings provide a valuable prototype for new thera-
peutic agents in treating tumors driven by overactivated Wnt
signaling.

RPL10, a component of the 60S ribosome, functions in pro-
tein synthesis, and its mutations have been found in T-cell
acute lymphoblastic leukemia patients (33). Here we found that
TCF4/LEF1 levels were significantly reduced by deprivation of
RPL10, but B-catenin levels were not affected. An interesting
question is whether the ribosome has selectivity in mediating
protein translation. Recently, Shi et al. reported that heteroge-
neous ribosomes tend to translate distinct subpools of mRNAs
genome-wide (34). Sendoel et al. reported that, during tumor
initiation, the translational apparatus is redirected toward non-
canonical upstream initiation sites, enhancing the translational
efficiency of oncogenic mRNAs (35). Thus, it is possible that
RPL10 may selectively regulate TCF4/LEF1 synthesis without
affecting B-catenin translation. Further studies are required to
investigate this possibility and address the mechanisms behind
how RPL10 regulates TCF/LEF synthesis.
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PTL has been reported to specially inhibit cancer stem cell
growth without killing normal tissue cells in leukemia and solid
tumors (13). Wnt/B-catenin signaling is known to be essential
for the maintenance of stem cells (1). Our work shows that PTL
inhibits colon cancer cell growth. Whether this inhibition of
colon cancer cell growth is caused by inhibition of Wnt/S-
catenin signaling in cancer stem cells also warrants further
study.

In summary, our study identifies PTL as a new inhibitor of
Wnt/B-catenin signaling by targeting RPL10 and blocking
TCF4/LEF1 synthesis. Given that DMAPT, a more hydrophilic
form of PTL, has been approved for clinical trial for hemato-
logic malignancies, our findings provide proof of concept for
the use of PTL as a potential drug for treating Wnt-driven
tumors.

Experimental procedures
Isolation of PTL, synthesis of biotin-PTL, and PTL derivatives

For isolation of PTL, air-dried powdered leaves of Magnolia
grandiflora (10.0 kg) were extracted with MeOH (20 liters X 3)
under reflux three times (4, 3, and 3 h, respectively) at 80 °C.
The combined MeOH extracts were concentrated in a vacuum
to give a crude residue (600 g) that was suspended in water. The
water layer was successively partitioned with ethyl acetate
(EtOAc) (10 liters X 3). The EtOAc portion (220 g) was repeat-
edly subjected to a silica gel column to get parthenolide (2.0 g).
The purity of parthenolide was greater than 95% as determined
by TLC and NMR spectra. Biotin-PTL and PTL derivatives
were synthesized as described in Fig. S1.

Antibodies and reagents

Antibodies for B-catenin (BD Transduction Laboratories),
TCF4 (Millipore), LEF1 (Cell Signaling Technology), SP1
(Sigma), tubulin (Sigma), actin (Santa Cruz Biotechnology), and
HA (Covance) were utilized in this study. Wnt3a CM and con-
trol medium were described previously (36). CHIR-99021 was
purchased from Selleckchem. MG132 and CHX were pur-
chased from Sigma-Aldrich. The full-length complementary
DNA of human RPL10 was generated by PCR from HEK293
complementary DNA libraries, cloned into the mammalian
expression vector pPCMV tagged with HA, and verified by DNA
sequencing. The siRNA sequences of RPL10 #1 and #2 were
5'-GGCCAAGUUAUCAUGUCCA-3" and 5'-CUGAUGC-
CAAGAUUCGCAU-3', respectively. The negative control
siRNA sequence was 5'-UUCUCCGAACGUGUCACGU-3'.

Cell culture, transfection, and reporter gene assay

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% FBS. HT29 and HCT116 cells were
maintained in McCoy’s 5A medium with 10% FBS. SW480 and
SW48 cells were maintained in Leibovitz’s medium with 10%
FBS. Caco2 cells were maintained in minimum Eagle’s medium
with 20% FBS. Mycoplasma contamination tests were per-
formed for all cells used in this study.

HEK?293 cells were transfected by Lipofectamine 2000 (Invit-
rogen) or RNAiMAX (Invitrogen) according to the manufactu-
rer’s instructions, whereas SW480, Caco2, HCT116, and SW48
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cells were transfected by Lipofectamine 3000 (Invitrogen). For
reporter gene assays, cells were seeded in 24-well plates. Each
well of HEK293 cells was transfected with 250 ng of plasmids in
total, including 30 ng of TOPFlash and 25 ng of GFP. The LacZ
plasmid was added to equalize the total amount of transfected
DNA. After 18 h, the cells were treated with Wnt3a conditioned
medium or control medium for another 6 h and then lysed for
luciferase assays. Each well of SW480, Caco2, HCT116, and
SW48 cells was transfected with 250 ng of plasmids in total,
including 50 ng of TOPFlash or FOPFlash, 50 ng of GFP, and
150 ng of LacZ. The cells were lysed for luciferase assays 24 h
after transfection. The GFP expression levels were determined
for normalization as described previously (37).

Drug treatment and Western blot analysis

Cells were treated with the indicated dose of drugs and
harvested with 2X loading buffer (0.3 m Tris-HCI, 10% SDS,
6% B-mercaptoethanol, 50% glycerol, and 0.05% bromphe-
nol blue). Then proteins were separated by SDS-PAGE and
blotted onto polyvinylidene difluoride membranes (Milli-
pore). Membranes were blocked with 5% nonfat dry milk for
1 h and then incubated with primary antibodies for 1 h at
room temperature or overnight at 4 °C. After being washed,
membranes were incubated for 1 h at room temperature with
the appropriate horseradish peroxidase—conjugated sec-
ondary antibodies (Thermo Scientific) for 1 h. Results were
visualized with Tanon 5200.

Cytosol and nucleus fractionation

HEK?293 cells were grown in 6-well plates, harvested with a
cell scraper into 1.5 ml of PBS, and spun at 700 X g for 10 min.
Then the cytosol and nucleus fractions were separated with a
nuclear and cytoplasmic extraction kit (CW0199S, CWBIO)
according to the manufacturer’s instructions.

Immunofluorescence staining

HEK293 cells were seeded into a 96-well plate to make 6000
cells/well. 48 h later, the indicated dose of PTL was added to the
wells for 1 h, followed by Wnt3a conditioned medium or con-
trol conditioned medium plus the same dose of PTL for an
additional 2 h. Then cells were fixed with 4% paraformaldehyde
(Alfa Aesar, 30525894) for 15 min and permeabilized with
PBST (PBS and 0.1% Triton-X100) for 20 min at room temper-
ature. The fixed samples were incubated with a primary
antibody against B-catenin overnight at 4 °C, followed by
Cy3-conjugated anti-mouse secondary antibody and 4’,6-di-
amidino-2-phenylindole. For each well, 10 random-field fluo-
rescence images were captured by the Opera LX high-content
confocal imaging system with a X20 Air-LUCPLFLN objective
(numerical aperture = 0.45, PerkinElmer Life Sciences) (38).

RT-PCR and quantitative real-time PCR

The total RNA was isolated with a TRIzol kit (Invitrogen).
Reverse transcription of purified RNA was performed using
oligo(dT) priming and Superscript III reverse transcriptase
according to the manufacturer’s instructions (Invitrogen).
Quantitative real-time PCR for Axin2, NKD1, and GAPDH was
performed with the TaKaRa SYBR Premix Ex Taq kit on the
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ABI PRISM 7500 system (Applied Biosystems). The primers
used were human-specific as follows: Axin2, 5'-AGTGTGAG-
GTCCACGGAAAC-3’ (forward) and 5'-CTTCACACTGCG-
ATGCATTT-3' (reverse); NKDI, 5'-GTCAACCACTCCCC-
AACATC-3' (forward) and 5'-AATGGTGGTAGCAGCCA-
GAC-3' (reverse); GAPDH, 5'-AGGTCGGAGTCAACGGAT-
TTG-3' (forward) and 5'-TGTAAACCATGTAGTTGAGG-
TCA-3' (reverse); RPL10, 5'-AGCTGCAGAACAAG GAG-
CAT-3' (forward) and 5'-GTGAAGCCCC ACTTCTTTGA-3’
(reverse).

Nonradioactive metabolic labeling assay

The nonradioactive metabolic labeling assay mainly includes
four parts: nascent protein labeling, immunoprecipitation of
the protein of interest (for example, TCF4), Click-iT reaction of
the immunoprecipitated protein, and detection of the nascent
protein of interest by immunoblotting (39). For nascent protein
labeling, HEK293 cells at 80 —90% confluency were incubated in
complete normal medium with the indicated dose of PTL or
CHX for 1 h. Then HEK293 cells were washed once with warm
PBS and incubated with methionine-free medium (Thermo
Fisher Scientific) together with PTL or CHX at 37 °C for 1 h to
deplete methionine reserves. Cells were further incubated with
methionine-free medium plus 40 uMm methionine analog -ho-
mopropargylglycine (Thermo Fisher Scientific) with PTL or
CHX for 4 h instead of the traditional [>**S]methionine. 4 h later,
cells were harvested in lysis buffer (1% SDS in 50 mm Tris-HCl
[pH 8.0]) with protease inhibitors. The immunoprecipitation
experiment was performed using protein A/G Plus—agarose
(Santa Cruz Biotechnology) and antibody against TCF4 (Milli-
pore) or LEF1 (Cell Signaling Technology), following the
recommended procedures. The immunoprecipitated TCF4
or LEF1 was further labeled with tetramethylrhodamine
(TAMRA) azide (Thermo Fisher Scientific) via a copper-cata-
lyzed reaction between azide and L-homopropargylglycine
using the Click-iT reaction buffer kit (Thermo Fisher Scien-
tific). The TAMRA-labeled protein was detected by standard
immunoblotting using an antibody against TAMRA azide
(Thermo Fisher Scientific). Of note, the molecular mass of
detected protein should be a bit larger than expected, and the
increased molecular mass should be the molecular mass of
TAMRA azide (555 Da) multiplied by the number of methio-
nine residues in the labeled protein, and this labeled protein is
probably not recognized by the normal antibody because of the
integration of TAMRA azide.

Biotin pulldown assay

HEK293T cells were transfected with HA-tagged RPL10
plasmids. After 24 h of transfection, the cells were lysed with
500 wl of lysis buffer (50 mm Tris-HCI, 150 mm NaCl, 1% (v/v)
Triton X-100, and 5 mm EDTA [pH 7.4]) containing proteinase
inhibitors and centrifuged at 16,000 X g for 15 min at4 °C. 20 ul
of the supernatant was used as the input by adding 20 ul of 2X
loading buffer, and the remaining 480 ul of supernatant was
mixed with biotin-PTL (10 um) together with streptavidin—
agarose (Novex, Carlsbad, CA) at 4 °C for 1 h. For competition
experiments, PTL (20 um) was added to the mixture. The beads
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were washed three times and resuspended in 40 ul of 2X load-
ing buffer.

Colony-forming assays

For colony formation assays, cells were seeded in 6-well
plates (1500 cells/well for Caco2 cells, 2000 cells/well for HT29
cells, and 1000 cells/well for SW480 cells). The cells were
treated with control (DMSO) or PTL with medium changes
every 3 days until visible colonies formed. At the end of the
experiment, cells were washed with PBS twice and fixed with
cold methanol for 30 min. After fixation, cells were stained with
2% crystal violet (25% methanol) at room temperature for 1 h.
After staining, the plates were rinsed with distilled water and
dried.

Statistical analysis

An unpaired Student’s ¢ test was used to evaluate the differ-
ence between the two treatments. p < 0.05 was considered to be
statistically significant, and a p < 0.01 was considered to be
extremely statistically significant. Statistical analyses were per-
formed using SYSTAT SigmaPlot 10.0 statistics software.
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