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Small molecule promotes b-catenin citrullination
and inhibits Wnt signaling in cancer
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Yi Qu1–3, Jan Roger Olsen1, Xing Yuan4, Phil F Cheng5, Mitchell P Levesque5, Karl A Brokstad6 ,
Paul S Hoffman7, Anne Margrete Oyan1,3, Weidong Zhang2,4*, Karl-Henning Kalland1,3,8* & Xisong Ke1,2*
Wnt (wingless)/b-catenin signaling is critical for tumor progression and is frequently activated in colorectal cancer as a result
of the mutation of adenomatous polyposis coli (APC); however, therapeutic agents targeting this pathway for clinical use are
lacking. Here we report that nitazoxanide (NTZ), a clinically approved antiparasitic drug, efficiently inhibits Wnt signaling independent of APC. Using chemoproteomic approaches, we have identified peptidyl arginine deiminase 2 (PAD2) as the functional
target of NTZ in Wnt inhibition. By targeting PAD2, NTZ increased the deamination (citrullination) and turnover of b-catenin
in colon cancer cells. Replacement of arginine residues disrupted the transcriptional activity, and NTZ induced degradation
of b-catenin. In Wnt-activated colon cancer cells, knockout of either PAD2 or b-catenin substantially increased resistance to
NTZ treatment. Our data highlight the potential of NTZ as a modulator of b-catenin citrullination for the treatment of cancer
patients with Wnt pathway mutations.

A

ccumulation of nuclear β-catenin is a key step in canonical
Wnt signaling and is tightly controlled by the destruction
complex containing Axin, GSK3β and APC (adenomatous
polyposis coli)1. In cancer patients, APC and CTNNB1 (β-catenin
coding gene) are among the most frequently mutated genes in major
tumor types, including colorectal cancer2, lung adenocarcinoma3,
prostate cancer4, hepatocellular carcinoma5, medulloblastoma6 and
endometrial carcinoma7. Notably, most of these mutations generate truncated APC, abolishing the ubiquitination and degradation
of Axin-bound β-catenin1, or mutant β-catenin that is resistant to
GSK3β phosphorylation and thus to subsequent degradation. Both
eventually lead to aberrant accumulation of nuclear β-catenin and
activation of oncogenic WNT/β-catenin signaling8,9.
Although it has been known for more than 20 years that Wnt/βcatenin signaling is one of the most attractive targets for cancer
therapy and a number of Wnt inhibitors have been reported, they
are still not ready for clinical use. Many of these compounds, including Porcupine inhibitors (in Phase II clinical testing) and tankyrase
inhibitors, target the Wnt signaling pathway upstream of the destruction complex10, and are therefore not likely to be effective against
oncogenic Wnt signaling activated by the most frequent mutations
(APC or CTNNB1) in major cancer types11. Therefore, depletion of
β-catenin in APC or CTNNB1 mutated cancer cells is critical for
therapeutic effects on Wnt/β-catenin signaling mutant cancers.
In the present study, we report that the antiparasitic drug NTZ,
which is US Food and drug administration (FDA)-approved for use
in humans, inhibits Wnt/β-catenin signaling independent of GSK3β
and APC. In contrast to previously reported Wnt inhibitors, NTZ
blocks Wnt/β-catenin signaling through a distinct target, PAD2, an
enzyme catalyzing protein citrullination. We further demonstrated
that treatment with NTZ stabilizes PAD2, thus increasing the citrullination and turnover of β-catenin in cancer cells. Our work indicates that the increase of β-catenin citrullination by a small molecule
is a promising strategy for blocking Wnt signaling in cancer.

RESULTS
NTZ blocks Wnt/b-catenin signaling in vitro and in vivo

In a screening of FDA-approved drugs using the TOPFlash (TCFoptimal promoter luciferase) assay (Supplementary Table 1),
NTZ (1) showed significant inhibition of Wnt signaling, activated by the GSK3 inhibitor 6-bromoindirubin-3′-oxime (6BIO)12
(Fig. 1a,b). To visualize Wnt inhibition, we labeled 293FT cells
with a lentiviral Wnt reporter, 7TGC, containing a TCF4 promoterdriven GFP and an SV40 promoter-driven mCherry13. As expected,
treatment with 6BIO dramatically increased the expression of GFP,
but not mCherry, in 293FT-7TGC cells, and this GFP activation was
substantially blocked by additional NTZ treatment (Supplementary
Results, Supplementary Fig. 1a,b). NTZ also blocked Wnt signaling in 293FT cells overexpressing β-catenin resistant to GSK3β
phosphorylation (Supplementary Fig. 1c), demonstrating that
NTZ inhibition of Wnt/β-catenin signaling is downstream of the
destruction complex.
We assessed the effects of NTZ on Wnt-activated human
colon cancer cells harboring mutant APC (SW480) and CTNNB1
(HCT116). We first knocked out CTNNB1 using a GFP-tagged Cas9
sgRNA construct (Supplementary Fig. 2a–c)14. However, only two
HCT116, and no SW480, clones were obtained in ten 96-well plates
because of decreased colony formation (Supplementary Figs. 2d,e
and 3a), confirming the critical role of β-catenin in Wnt-activated
cancer cells15. Of note, NTZ caused much less growth inhibition in
HCT116 cells with CTNNB1 deletion (Supplementary Fig. 3b).
In SW480-7TGC cells, TCF-driven GFP is stably and highly
expressed following multiple passages. Notably, more than 5% of
dividing cells showed unequal GFP expression upon treatment with
NTZ, but not with control small molecules (Fig. 1c), indicating that
NTZ induces asymmetric cell division in terms of Wnt signaling
(Wnt asymmetry)16,17. To examine the effect of NTZ on β-catenin
direct target genes in SW480 cells18, we profiled the mRNA transcription, and observed that 35% of genes, including AXIN2, ID2,
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Figure 1 | NTZ inhibits Wnt/b-catenin signaling. (a) Chemical structure of nitazoxanide (NTZ). (b) TOPFlash and FOPFlash assays of 293FT cells
treated with 6BIO and NTZ at the indicated concentrations for 24 h. Data shown are normalized to Renilla luciferase activities in three independent
experiments. Error bars represent mean values ± s.d. for this and all following experiments. P values were determined by a two-tailed Student
t-test; *P < 0.05; **P < 0.01. (c) Representative images (top) and quantitation (bottom) of NTZ-induced Wnt asymmetry. SW480 cells were stably
transduced with 7TGC vector and purified on the basis of GFP expression. Cells were singly plated and treated with DMSO or NTZ (10 μM) for
24 h before assessment of TCF-GFP expression in paired cells. Two unrelated small molecules, mitoxantrone (MIT) and doxorubicin (DOX), were
used for negative controls. n = total counted paired cells over three independent experiments. P value was determined by a two-tailed Student
t-test; **P < 0.01. Scale bar, 20 μm. (d) Heatmap of repressed β-catenin direct target genes in NTZ- (10 μM) treated SW480 cells. Among the
162 β-catenin direct target genes, 155 were found in our array. (e) Counts of intestinal microadenomas (micro) and macroadenomas (macro) in
Apcmin/+ mice treated with vehicle (0.5% carboxymethylcellulose/H2O·HCl, pH 2–3) or NTZ at 200 mg/kg per day for 5 weeks (5 mice per group).
Post-hoc power analysis indicates that both macroadenomas (0.84) and microadenomas (0.83) exceeded the minimum power threshold of 0.8.
(f) Representative immunohistochemistry staining of β-catenin in intestinal adenoma (white traingles) of Apcmin/+ mice. Scale bars, 100 μm.

WNT6, WNT11, CDX2 and ZNRF3, were significantly repressed in
NTZ-treated SW480 cells (Fig. 1d).
We further evaluated NTZ in a murine model for familial adenomatous polyposis, Apcmin/+ mice, which spontaneously generate
tumors19. A strong β-catenin increase in all intestinal adenomas
confirmed the high relevance of Wnt/β-catenin signaling for tumor
progression in Apcmin/+ mice (Supplementary Fig. 4a). In contrast to
control mice harboring numerous intestinal adenomas, the numbers
of both microadenomas (in single villus) and macroadenomas (in
multiple villi) were dramatically decreased in mice treated with NTZ
at a dose comparable to the clinical dose adjusted for body surface
area20 (Fig. 1e). In addition, a clear reduction of β-catenin was found
in NTZ-treated adenomas (Fig. 1f), supporting NTZ inhibition of
oncogenic Wnt signaling in vivo. Notably, NTZ treatment did not substantially reduce body weight or induce a clear change in the normal
intestinal morphology in terms of mucosa organization, crypt–villus
architecture or density (Supplementary Fig. 4b,c).

NTZ depletes b-catenin independently of GSK3b or APC

To further study the decrease of β-catenin in NTZ-treated mice,
we examined β-catenin expression in cultured cells. Immunoblots
confirmed the NTZ dose-dependent decrease of β-catenin in 6BIOstimulated 293FT cells and APC mutant colon cancer cells (Fig. 2a and
2

Supplementary Fig. 5a,b). As a control, another signaling molecule,
STAT3, was left unchanged by NTZ treatment (Supplementary
Fig. 5b). Reduction of β-catenin by NTZ appeared to be at the protein level, as it can be blocked by proteasome inhibitor MG132, and
no decrease of CTNNB1 mRNA was found in NTZ-treated cells
(Fig. 2b), which is further supported by a pulse chase assay (Fig. 2c).
Unexpectedly, NTZ clearly decreased the ubiquitination level of
β-catenin (Fig. 2d), suggesting that NTZ-mediated β-catenin degradation is a proteasome-dependent, but ubiquitination-independent,
process. Reduction of β-catenin was also visualized in SW480 cells.
Consistent with Wnt asymmetry, a significant increase in unequal
β-catenin staining (β-catenin asymmetry) was observed in NTZtreated dividing cells (Fig. 2e). Induction of Wnt/β-catenin asymmetry by NTZ could be of therapeutic advantage considering the
prevalence of symmetric division in malignant cells compared to
the asymmetric division seen in normal stem cells21.
Because the Axin destruction complex is inactivated in SW480 cells1,
β-catenin degradation in NTZ-treated SW480 cells should be independent of GSK3β or APC. To confirm this, we transfected 293FT cells with
β-catenin-ΔN47 or β-catenin-4A, which are resistant to GSK3β phosphorylation and APC-involved ubiquitination22. NTZ treatment significantly
reduced both mutant β-catenin variants (Fig. 2f), supporting the theory
that NTZ-reduced β-catenin is a process independent of GSK3β or APC.
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Figure 2 | NTZ promotes b-catenin degradation. (a) Immunoblotting
analysis of β-catenin in 293FT cells treated with 6BIO (1 μM) and NTZ for
24 h. GAPDH was used as protein loading control. (b) Immunoblotting
(left) and RT-PCR (right) analyses of β-catenin (CTNNB1) expression in
SW480 cells. For immunoblotting, cells were pretreated with DMSO or
NTZ (10 μM) for 16 h before additional MG132 (20 μM) treatment for 6 h.
For RT-PCR, cells were treated with NTZ or MG132 for 12 h, and data are
representative of triplicated experiments. (c) Pulse-chase assay of βcatenin. Nascent β-catenin in SW480 cells was labeled before DMSO
(D) or 10 μM NTZ (N) treatment, which was detected by TAMRA antibody
(Online Methods). (d) NTZ decreases β-catenin ubiquitination. SW480
cells were treated with NTZ (10 μM) and MG132 (20 μM) as indicated for
6 h before immunoprecipitation (IP) and immunoblotting (IB).
(e) Representative immunofluorescent images (top) and quantitation
(bottom) of β-catenin asymmetry. Single SW480 cells were treated with
DMSO or NTZ (10 μM) for 24 h. Two unrelated compounds mitoxantrone
(MIT) and doxorubicin (DOX) were used as negative controls. n = total
counted paired cells over three independent experiments. Scale bar, 20 μm.
(f) Immunoblots of 293FT cells transfected with HA-β-catenin (WT),
-β-catenin-4A (4A) or β-catenin-ΔN47 (ΔN47). Four hours after
transfection, cells were treated with NTZ (10 μM) for 24 h. P values in b
and e were determined by a two-tailed Student’s t-test; **P < 0.01, n.s., not
significant. Full blot images for a–f are shown in Supplementary Figure 18.

NTZ inhibits b-catenin signaling by targeting PAD2

To our knowledge, no direct target of NTZ has been reported previously in human cells. To identify NTZ target proteins that may
account for the inhibition of Wnt signaling, we first profiled the proteins that bind directly using DARTS (drug affinity responsive target
stability) with the principle that small-molecule binding proteins are
protected and enriched during proteolysis23. Resolving DARTS samples by 2D–DIGE (two-dimensional difference in gel electrophoresis)
revealed six peptide spots with different intensities between DMSOand NTZ-treated SW480 cell lysates, all of which were enriched by
NTZ (Fig. 3a and Supplementary Fig. 6). MS analysis of these spots
identified a list of putative direct binding proteins (Fig. 3a).
To see whether these candidate targets are involved in NTZ depletion of β-catenin, we overexpressed them in Wnt-inactive 293FT cells

Figure 3 | PAD2 is the direct target of NTZ. (a) Examination of
NTZ-protected proteins in SW480 cell lysates by DARTS, 2D–DIGE
and MS assays. The full images of the 2D–DIGE assays are shown in
Supplementary Figure 6. Detected proteins in assigned spots with top
intensity ratios between NTZ- and DMSO-treated samples are marked.
(b) Microscale thermophoresis (MST) analysis of the binding affinity of
NTZ and PAD2. NT-647 fluorescent dye-labeled PAD2 (25 nM) was mixed
with serially diluted NTZ. Graph shows duplicated experiments (blue and
brown dots). (c) Immunoblot analysis of CETSA samples. SW480 cells
with overexpression of PAD2 were incubated with NTZ (10 μM) or equal
volume of DMSO at 37 °C for 2 h before being heated at the indicated
temperatures. Cells were lysed, and the soluble proportions were analyzed
using immunoblotting with indicated antibodies. Full blot image for c is
shown in Supplementary Figure 18.

and Wnt-activated SW480 cells (Supplementary Fig. 7a). As determined by an antibody against the active form of β-catenin, none of
these candidates increased β-catenin in 293FT cells, and only PAD2
reduced β-catenin in both cell types (Supplementary Fig. 7b).
Immunofluorescence staining confirmed the decrease of β-catenin
in SW480 cells transfected with the GFP-tagged PAD2 construct
(Supplementary Fig. 7c). Consistently, RT-PCR revealed repression
of the Wnt target genes AXIN2 and ASCL2 (Supplementary Fig. 7d),
supporting the inhibition of Wnt signaling in SW480-PAD2 cells.
Similarly to NTZ treatment, overexpression of PAD2 strongly reduced
β-catenin-4A or β-catenin-ΔN47 in 293FT cells (Supplementary
Fig. 7e), suggesting that the decrease of β-catenin is independent
of GSK3β/APC as well. On the other hand, shRNA knockdown of
PAD2 in SW480 cells blocked the NTZ-mediated decrease of
β-catenin and TOPFlash activity (Supplementary Fig. 7f,g),
supporting PAD2 as a functional target of NTZ in Wnt inhibition
and β-catenin degradation.
We further knocked out PAD2 in SW480 cells (Supplementary
Fig. 8a,b) and evaluated the effect on NTZ inhibition of cell
growth. In contrast to the failed CTNNB1 deletion clone formation
(Supplementary Fig. 3a), the clonogenic growth of GFP-positive
SW480 cells was similar to that of parental cells, and two PAD2
deletion clones were identified among 15 colonies (Supplementary
Fig. 8c,d). Interestingly, cells with PAD2 deletion grew a little bit
faster than wild-type cells and had reduced cell contact inhibition
(Supplementary Fig. 9a,b). Notably, the clonogenic growth of PAD2
deletion clones was less sensitive to NTZ treatment (Supplementary
Fig. 9c), further supporting PAD2 as a functional target of NTZ in
SW480 cells.
To verify the DARTS and MS data, we first determined the direct
binding between NTZ and PAD2 by microscale thermophoresis
(MST) assay24. Expectedly, NTZ readily bound to PAD2 with a
Kd estimated in the low micromolar range, although binding was
detectable even at nanomolar concentrations (Fig. 3b). A cellular
thermal shift assay (CETSA) allowed detection of physical binding
of small molecules to target proteins in intact living cells25. Indeed,
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incubation of SW480 cells with NTZ for 2 h significantly increased
the thermal stability of PAD2 (Fig. 3c), confirming the binding of
NTZ to PAD2 in vitro and in vivo.
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PAD2 directly interacts with and citrullinates b-catenin

Motivated by the decrease of β-catenin by PAD2, we next studied
whether β-catenin is a direct target of PAD2 by performing coimmunoprecipitation (Co-IP) in SW480 cells. PAD2 was readily
detected in the precipitates using an antibody against endogenous
β-catenin, but was not seen in mouse IgG control samples (Fig. 4a).
Reciprocally, when we performed anti-FLAG immunoprecipitation in SW480 cells overexpressing FLAG-tagged PAD2, endogenous β-catenin was readily detected as well (Fig. 4a), supporting
the physical interaction between PAD2 and β-catenin in vivo. The
direct binding of PAD2 and β-catenin was also validated by MST
assay with an estimated Kd of 324 nM (Fig. 4b).
PAD2 is an enzyme that catalyzes the conversion of the protein
arginine residue to citrulline. This post-translational modification is
called deamination, or citrullination26. As determined by immunoblotting with an anti-citrulline antibody, the citrullination level was
very low in 293FT and SW480 cells and was strongly increased by
overexpressing PAD2 (Fig. 4c). To determine whether β-catenin is
the substrate of PAD2, we performed immunoprecipitation, which
revealed a significant increase of citrullinated β-catenin in SW480
cells overexpressing PAD2 (Fig. 4d). Notably, additional citrullinated
proteins around 100–120 kDa were detected in β-catenin immunoprecipitates (Fig. 4d). To further characterize β-catenin citrullination, we performed an in vitro citrullination assay by incubating
recombinant purified human β-catenin and PAD2, and detected a
PAD2 dose-dependent increase of β-catenin citrullination (Fig. 4e).
Calcium titrations revealed a dramatic increase of β-catenin citrullination in the presence of 200 μM calcium (Fig. 4f). We also determined β-catenin citrullination by MS. In 17 sequenced peptides,
two (R18 and R698) out of six nonredundant arginine residues were
found to be citrullinated in PAD2-treated β-catenin (Fig. 4g and
Supplementary Table 2). In addition, we identified another arginine (R550) in β-catenin immunoprecipitated from NTZ-treated
SW480 cells (Fig. 4g and Supplementary Table 3), demonstrating
the direct binding and citrullination of β-catenin by PAD2 in vitro
and in vivo.
Previous studies have indicated that the full catalytic activity of
PAD2 is dependent on tryptophan 348 (W348) and cysteine 647
(C647)27,28, which were replaced by alanine in a mutant PAD2 (mutPAD2, W348A/C647A; Supplementary Fig. 10a). As expected, we did
not observe any increase in citrullination of whole proteins or β-catenin
in SW480-mutPAD2 cells (Fig. 4d and Supplementary Fig. 10b).
Consistently, overexpression of mutPAD2 did not change the β-catenin
protein level in SW480 cells (Supplementary Fig. 10b), demonstrating
the requirement of PAD2 enzyme activity for β-catenin turnover.
As protein citrullination is usually extensive29, it is very likely
that only a subset of citrullinated arginine residues of β-catenin
was detected by MS because of the low sequence coverage. To fully
investigate the potential consequence of β-catenin citrullination, we
created a mutant β-catenin in which all 39 arginine residues were
replaced by lysine residues. This mutant β-catenin was no longer
degraded upon NTZ treatment (Fig. 4h). In addition, replacement
of arginine residues significantly reduced the transcriptional activity of β-catenin, and this low transcriptional activity was not further
reduced by NTZ treatment (Fig. 4i), suggesting that arginine citrullination is required for β-catenin degradation by NTZ and probably
disrupts the transcriptional activity of β-catenin.

NTZ stabilizes PAD2 and increases protein citrullination

We next determined whether NTZ affects β-catenin citrullination
by targeting PAD2. Indeed, similar to the overexpression of PAD2, a
striking increase of the overall citrullination was observed in SW480
4

cells treated with NTZ at 10 μM for 6 h (Fig. 5a and Supplementary
Fig. 10c). NTZ-induced citrullination was also observed in 293FT
and HCT116 cells (Supplementary Fig. 10d). However, NTZ
failed to increase protein citrullination in cells with knockdown of
PAD2 (Fig. 5a). In accordance with this, NTZ treatment increased
β-catenin citrullination in wild-type cells, but not in PAD2 knockdown cells (Fig. 5b), supporting the requirement of PAD2 for NTZinduced β-catenin citrullination.
Considering that PAD2 is a calcium-dependent enzyme, we
hypothesized that NTZ induces protein citrullination by increasing
the enzyme activity, calcium sensitivity or protein level of PAD2.
We first predicted the binding interface between NTZ and PAD2.
According to the principle of DARTS, the drug-binding domain
will typically remain protected against proteolysis23. Mapping the
detected PAD2 peptides revealed a frequently detected region (residues 138–175) in the N-terminal immunoglobulin-like domain-2
(ref. 28; Supplementary Fig. 11a,b). Interestingly, this region contains the binding sites of calcium 3–5 (Supplementary Fig. 5c),
which act as a ‘calcium switch’ to control the overall calcium dependence of the enzyme28. However, an in vitro citrullination assay
did not reveal a change in the calcium dependence of NTZ-treated
PAD2 (Supplementary Fig. 11d). In addition, we found a significant change in β-catenin citrullination by PAD2 in the presence of
up to 50 μM NTZ (Supplementary Fig. 12a), suggesting that NTZ
does not regulate calcium sensitivity or PAD2 enzyme activation.
On the other hand, NTZ treatment clearly and dose-dependently
increased PAD2 at the protein, but not the mRNA, level (Fig. 5c).
In the presence of the protein synthesis inhibitor cycloheximide (CHX), NTZ significantly extended the half-life of the PAD2
protein (Fig. 5d), suggesting the stabilization of PAD2 by NTZ. In
Apcmin/+ mice, PAD2 staining was weaker in adenomas relative to
adjacent normal tissues, whereas it was comparable between tumor
and normal tissues in NTZ-treated mice (Supplementary Fig. 12b).
Examination of the small intestines revealed a clear and consistent
increase in protein citrullination in NTZ-treated Apcmin/+ mice
(Supplementary Fig. 12c), demonstrating that NTZ treatment stabilizes PAD2 and increases citrullination in vitro and in vivo.
It is established that NTZ is rapidly metabolized to tizoxanide
(TIZ) upon oral administration. Notably, TIZ also stabilized PAD2
at a level similar to NTZ (Supplementary Fig. 13). In vitro, NTZ
spontaneously hydrolyzes to TIZ once it is dissolved in water
and reaches equilibrium in 10 h (Supplementary Fig. 14a–c). In
SW480 cells, NTZ was completely metabolized to TIZ in 30 min
(Supplementary Fig. 14d,e). The rapid metabolism of NTZ indicates that its metabolite TIZ was the main contributor in cellular
studies done using NTZ.
PAD2 is a calcium-dependent enzyme, and NTZ raises cytosolic Ca2+ levels in mammalian cells30. To determine whether the
increase in calcium contributed to protein citrullination and
PAD2 stabilization in NTZ-treated cells, we used the ionophore
ionomycin as a control. In SW480 cells, 1 μM ionomycin plus 200
μM calcium increased cytosolic calcium to a level comparable to
NTZ or TIZ (Supplementary Fig. 15a), although the protein
citrullination level was much lower in cells treated with ionomycin plus calcium than those treated with NTZ (Supplementary
Fig. 15b). In addition, ionomycin and calcium did not regulate
PAD2 stability (Supplementary Fig. 15c). These data suggest
that the ability to increase cytosolic calcium could be critical
and is probably the prerequisite for NTZ-induced protein citrullination, as it is a calcium-dependent process; however, calcium
increase alone is not sufficient for reaching the full level of protein citrullination in NTZ-treated cells, and further stabilization
of PAD2 is required.
PAD2 belongs to a family with four active members. In SW480
cells transfected with individual PAD constructs, NTZ treatment
did not significantly change the stabilities of PAD1, PAD3 or PAD4

nature chemical biology | Advance online publication | www.nature.com/naturechemicalbiology

article

Nature chemical biology doi: 10.1038/nchembio.2510
in the presence of CHX (Supplementary Fig. 16a). To examine the
effects of NTZ on PAD activity, we first determined the treatment
time of NTZ before the increase of citrullination was observed in
wild-type cells. In cells overexpressing PADs, treatment with NTZ
for a short time increased protein citrullination in all cells, and cells

a

overexpressing PAD2 showed the strongest change (Supplementary
Fig. 16b). We assumed that the overall slight increase of citrullination could be caused by increased calcium by NTZ (Supplementary
Fig. 15a), whereas in SW480-PAD2 cells, stabilization of PAD2 further increased protein citrullination.
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Figure 4 | PAD2 directly binds to and citrullinates b-catenin. (a) SW480 cells (top) alone or with overexpression of FLAG-tagged PAD2
(bottom) were immunoprecipitated and blotted using the indicated antibodies. (b) MST assay of PAD2 binding to β-catenin (top). PAD2 (25 nM)
was mixed with serially diluted β-catenin. BSA (bottom) was used as a negative control. FNorm, normalized fluoresence. (c) Examination of protein
citrullination in 293FT and SW480 cells transfected with human PAD2 plasmids for 24 h. (d) Immunoblots of immunoprecipitated β-catenin from
control SW480 cells (C) or from those overexpressing wild-type (W) or mutant (M) PAD2. (e) Immunoblots of recombinant β-catenin and PAD2
incubated at 37 °C for 1 h. (f) Calcium-dependent β-catenin citrullination. PAD2 (40 ng) and β-catenin (200 ng) were incubated with calcium at indicated
concentrations. (g) Spectrum of citrullinated β-catenin peptides. Left and middle, PAD2-treated recombinant β-catenin (sequence coverage, 17.6%);
right, endogenous β-catenin immunoprecipitated from NTZ-treated SW480 cells (10 μM; sequence coverage, 13.1%). The x axis indicates mass and y axis is
intensity. Symbols a, b and y represent ions generated by MS/MS and used for making the call. Red “R”s indicate citrullinated arginine residues. (h) SW480
cells stably expressing FLAG-tagged wild-type (WT) and mutant (39R/K) β-catenin were treated with NTZ for 24 h before immunoblotting. (i) TOPFlash
assay of 293FT cells transfected with WT and mutant (39R/K) β-catenin and treated with DMSO or 10 μM NTZ for 24 h. Data shown are normalized to
Renilla luciferase activities in three independent experiments. Cells transfected with empty vector and treated with DMSO for 24 h were considered as
control (Ctrl). P value was determined by a two-tailed Student t-test; **P < 0.01. Full blot images for a, c–f and h are shown in Supplementary Figure 19.
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GAPDH

Figure 5 | NTZ stabilizes PAD2 and increases protein citrullination.
(a) Immunoblots of SW480 cells following NTZ treatment and transfections
as indicated. Cell lysates were blotted with antibodies against citrulline
and GAPDH separately. (b) Immunoblot analysis of β-catenin citrullination.
SW480 cells were treated with 10 μM NTZ and transfected with shPAD2
or negative control vector for 24 h, or treated with 20 μM MG132 for 6 h.
β-catenin was immunoprecipitated and blotted with antibodies against
citrulline and β-catenin separately. In a and b, shCtrl and shPAD2 are cells
transfected with shRNA control plasmid and PAD2-shRNA plasmid, respectively.
In b, cells treated with DMSO for 24 h were considered as control (Ctrl).
(c) Immunoblotting (left) and RT-PCR (right) analysis of PAD2
expression in SW480 cells treated with 10 μM NTZ for 24 h. The RT-PCR
data are representative of triplicated experiments, and statistical difference
was determined by a two tailed Student’s t-test; n.s., not significant.
(d) Immunoblots of SW480 cells overexpression PAD2. Cells were treated
with DMSO or NTZ (10 μM) for 6 h together with cycloheximide (Chx, 50 μg/ml)
at indicated times. Full blot images for a–d are shown in Supplementary Figure 20.

PAD2 inhibits the growth of Wnt-activated cancer cells

Because PAD2 negatively regulates β-catenin signaling, we next
assessed the role of PAD2 in Wnt-activated cancer cells by clonogenic assay, revealing strong growth inhibition in SW480 cells
overexpressing wild-type, but not mutant, PAD2 (Supplementary
Fig. 17a). In addition, overexpression of PAD2 inhibited colony
formation of wild-type HCT116 cells, but to a lesser extent than in
CTNNB1 deletion clones (Supplementary Fig. 17b). In soft agar,
Wnt-inactivated RKO cells formed loose cell clusters and died in
a few days, whereas SW480 and HCT116 formed large and compact spheres, which were much smaller in CTNNB1 deletion clones
(Fig. 6a), indicating the requirement for Wnt/β-catenin signaling in
the anchorage independent growth of colon cancer cells. Similarly,
overexpression of PAD2 strongly inhibited the soft agar colony
formation of both SW480 and HCT116 cells, but not the HCT116
CTNNB1 deletion clones (Fig. 6a).
We further profiled the PAD2 affected gene expression. Notably,
up to 45% of repressed genes and 26.8% of activated genes in
NTZ-treated cells were consistently changed in SW480-PAD2 cells
(Fig. 6b), further supporting PAD2 as the functional target of NTZ.
Similarly to NTZ, PAD2 repressed the expression of 40% (62/155)
of β-catenin direct target genes, including AXIN2, ZNRF3, CDX2,
LGR6, NKD1 and WNT11 (Fig. 6c).
We next evaluated the effects of PAD2 in organoids derived
from mouse intestinal crypt progenitor cells31. In contrast to
wild-type ‘crypt-like’ organoids, in which growth requires the
external Wnt signal activator R-spondin, organoids with genetic
deletion of whole Apc or the exon 3 of Ctnnb1 grow as compact
sphere structures independent of R-spondin31. In lentivirally transduced organoids, cells containing the GFP-tagged PAD2 showed
6

significantly lower abilities in sphere formation, proliferation and
viability (Fig. 6d,e and Supplementary Fig. 17c,d). In organoids,
PAD2-overexpressing cells were significantly depleted in culture
medium without R-spondin (Fig. 6f and Supplementary Fig. 17e),
indicating that PAD2 blocks Wnt/β-catenin-dependent cell growth.

DISCUSSION
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In this study we have identified NTZ as a novel inhibitor of Wnt/βcatenin signaling in cancer. NTZ was initially developed as an antiprotozoal drug and was approved for the treatment of the intestinal
parasites Cryptosporidium parvum and Giardia lamblia32. Although
NTZ has been extensively studied and exhibits a broad spectrum
of activities against bacteria, viruses, parasites and cancers33, little
was previously known about the direct targets of NTZ in human
cells. In the present study, by using chemoproteomic approaches we
have identified a number of candidate direct-binding proteins of
NTZ including PAD2, ENOA, CEP89, CALR, RNF115 and IKZF1.
Although not all of these are addressed in the present study, some are
potentially connected to the reported effects of NTZ. For instance,
ENOA is a promoter binding protein and transcriptional repressor of c-Myc that is downregulated in NTZ-treated cancer cells34,35.
In addition, ENOA expression is increased in hepatitis C virusrelated hepatocellular carcinoma, and NTZ is as an agent against
hepatitis C36. CALR is upregulated by the hepatitis B virus and
enhances virus replication37, whereas NTZ is an inhibitor of hepatitis B virus replication38. CALR is also critical for the host–parasite
interaction39. It will be interesting to verify the role of these NTZ
direct binding proteins in different contexts.
Although the mechanism was not clear, emerging evidence suggests that NTZ is a potential anti-cancer drug35,40–42. Notably, many
of these data were obtained in colorectal cancer35,40,42, a tumor type
that frequently has Wnt pathway aberrations11. In the present study,
we have demonstrated that NTZ strongly inhibits Wnt/β-catenindependent growth. Notably, NTZ depletes β-catenin in cancer cells
with mutant APC or CTNNB1, suggesting the potential benefits of
NTZ treatment for cancer patients that have Wnt pathway mutations.
A key finding in the present study is that PAD2 directly citrullinates and decreases β-catenin. Regulation of substrate stability by citrullination has been previously reported43,44. Considering
that protein citrullination is usually quite extensive29, and the loss
of the positive charge of arginine residues causes the disruption of
intramolecular (ionic) interactions, we assume that citrullination,
analogously to oxidization of proteins, facilitates the presence of lessordered (unfolding) regions and renders proteins more vulnerable
to proteasome association and proteolytic degradation45,46, which is
supported by our data that replacement of the arginine residues significantly disrupted NTZ mediated β-catenin degradation (Fig. 4h).
However, the limitation of the 39R/K strategy in the study should
be noted, as it is not likely that all 39 arginines are PAD2 substrates.
Whether these changes were solely due to citrullination still needs to
be clarified. Nevertheless, PAD2 citrullination mediated β-catenin
degradation provides a unique opportunity to deplete abnormally
accumulated β-catenin in Wnt-activated cancer cells.
Notably, another Wnt/β-catenin signaling component, GSK3β, is
also a substrate of citrullination and is stabilized by PAD4 (ref. 43).
Given that GSK3β is a negative regulator of Wnt/β-catenin
signaling, PAD4 citrullination and stabilization of GSK3β implies that
PAD4 potentially inhibits Wnt signaling, showing the same results
as PAD2 citrullination of β-catenin. Aside from β-catenin depletion,
there could be other mechanisms for Wnt signaling regulation by citrullination; for example, citrullination potentially affects β-catenin
interaction with associated proteins because of the loss of net positive charge. Alternatively, direct citrullination of β-catenin-associated
proteins (Fig. 4d) could regulate Wnt/β-catenin signaling as well.
An important issue to be clarified is the underlying mechanism
of PAD2 stabilization by NTZ. We first observed PAD2 stabilization
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Figure 6 | PAD2 inhibits the growth of Wnt activated cancer cells. (a) Representative images of colonies of indicated cells grown in soft agar for 5 d (left)
or 14 d (middle). The colony growth of SW480, HCT116 and the CTNNB1 mutant clones (M11and M32) overexpressing PAD2 was quantified by Trypan
blue staining and OD590 nm (right). Data represent three independent experiments. Scale bars: left, 200 μm; middle, 1,000 μm. (b) Venn diagram shows
commonly affected genes following treatment with NTZ and overexpression of PAD2 in SW480 cells. P values were calculated using a Fisher’s exact
test. (c) Heatmap of repressed β-catenin direct target genes in SW480 cells overexpressing PAD2. (d) Quantitation of sphere formation. Apc(VilCreER Apcfl/fl)
organoids with overexpression of PAD2 or control vector (Ctrl) were dissociated to single cells and seeded at equal density. Organoids with diameters of
more than 100 μm were counted 3 d later. Data show percentage of PAD2 spheres compared to control cells in triplicated experiments. (e) Representative
images of the growth of Apc(VilCreER Apcfl/fl) organoids with overexpression of PAD2 or control vector. Scan bar, 200 μm. (f) Representative images of Apc(VilCreER
Apcfl/fl)
organoids containing a subpopulation with overexpression of GFP-tagged PAD2. Organoids were grown in complete medium (left) and changed to
medium without R-spondin for 1 d (right). P values in a and d were determined by a two-tailed Student t-test; *P < 0.01.

in the DARTS assay consistent with the principle that ligand
saturation increases the resistance against proteolysis of the target
protein. Although the fate of the target protein in vivo is much more
complicated, the underlying mechanism of PAD2 stabilization in vivo
could be due to allosteric effects considering the following data:
(1) the NTZ binding region is predicted at the Ca3–5 binding sites
according the DARTS and MS data, and (2) there is significant conformational transition of PAD2 protein between apo and holo forms
upon binding of calcium to Ca3–5 binding sites28. It will be interesting

to verify whether NTZ binding regulates conformational change of
PAD2 and the proteasome susceptibility.
In summary, our results present a novel β-catenin regulation by
PAD2 citrullination and highlight the potential of NTZ as a modulator of β-catenin citrullination for the treatment of cancer patients
with Wnt pathway mutations.
Received 7 July 2016; accepted 2 October 2017;
published online 30 October 2017
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Methods

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version
of the paper.
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ONLINE METHODS

PAD2-sgRNA1- R: AAACCTCGCGCAGCATCCTCCCCGC;
PAD2-sgRNA2- F: CACCGAGCCCTTCACCTTCAAGTGG;
PAD2-sgRNA2- R: AAACCCACTTGAAGGTGAAGGGCTC.
gRNA oligonucleotides were cloned in pL-CRISPR.EFS.GFP vector (#57818;
Addgene) using BsmBI restriction digestion14. gRNA 1 and 2 constructs
were equally mixed and transfected into cells with Lipofectamine 3000 for
2–3 d to allow sufficient gene editing, the top 3% GFP-positive cells were
purified using a Sony SH800 Cell Sorter (Sony Biotechnology) and plated in
96-well plates at the density of one cell per well; the remaining sorted cells
were grown for 3 d before freezing and primer validation. To detect DNA
deletion, primers were designed to target the external region of the fragment
to be deleted (CTNNB1external F: ATGTTGTGGTGAAGAAAAGAGAGT;
CTNNB1 external R: AGGCCCTTGAGGAAAAACTGA; PAD2
external F: CCCACTGCGAGAGGACTG; PAD2 external R:TGG
CCCAGCTATTTTCAGCA), in which only DNA with deletion can be amplified because the fragment in wild-type DNA is too large to be PCR amplified. PCR product amplified by Taq DNA Polymerase and external primers
were cloned into pC2.1 vector (Invitrogen) for DNA sequencing. To screen
deletion clones, single-cell-derived colonies in 96-well plates were divided
into two wells for PCR and passaging, respectively. Genomic DNA was prepared using QuickExtract DNA Extraction Solution (Epicenter), and each
clone was PCR amplified using primers detecting external (Ext) and internal
(Int) region (CTNNB1 internal F: TGGAAGGTCTCCTTGGGACT,CTNNB1
internal R: GGGATGGTGGGTGTAAGAGC, PAD2 internal F: AGTCT
CGCTGGGAAGTGGAA, PAD2 internal R: GGGCGGACTGATTTCTTGGT),
respectively. The temperature steps for both primers were 96 °C for
5 min, which was followed by 30 cycles of 96 °C for 30 s, 55 °C for 30 s and 72 °C
for 1 min. Positive clones were further confirmed by DNA sequencing
and immunoblotting.

Cell lines, cell culture, cell transfection and lentiviral transduction. SW480
(#CCL-228) HCT116 (#CCL-247) and RKO (#CRL-2577) cells were obtained
from the American Type Culture Collection (ATCC) and maintained according to the supplier’s recommendations. DLD1 and Colo320 cells were obtained
from the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences (SIBS, CAS). 293FT cells were purchased from Life Technologies.
Leibovitz’s L-15 medium for SW480 cells, McCoy’s 5A medium for HCT116
cells, Eagle’s minimum essential medium for RKO cells and Dulbecco’s modified eagle’s medium for 293FT, RPMI-1640 Medium for DLD1 and Colo320
cells were purchased from Lonza. Mycoplasma contamination was ruled out in
all cell lines using the MycoAlert Mycoplasma Detection Kit (Lonza).
For transient transfection, Lipofectamine 3000 (Life Technologies) was
used according to the recommended protocol. Care was taken to minimize
the variation of transfection among wells or flasks. For stable transfection,
SW480 cells were transfected with pcDNA3.1 vector containing FLAG-tagged
wild-type or mutant (39R or 39K) β-catenin, and 2 d later cells were selected
with 800 μg/ml G418(Thermo Fisher Scientific); culture medium was changed
every 2 d to allow colonies to grow for 8 d, and the expression of FLAG-tagged
β-catenin was confirmed by immunoblots. For lentiviral transduction, lentiviral vector 7TGC, pLenti-PAD2 or pLenti-GFP together with packaging
plasmids pMD2.G and pCMVR8.74 were co-transfected into 293FT cells.
Culture medium was replaced 5 h later. On the second day viral supernatants
were collected, filtered through a 0.45-μm filter and incubated with cells of
interest for 2 h. GFP expressing cells were purified by fluorescence-activated
cell sorting (FACS Aria; BD Biosciences).

TOPFlash assay. TOPFlash assay was performed in a 96-well plate. For each
well, cells were transfected with 0.22 μg TOPFlash and 0.02 μg pRL-SV40P
using Lipofectamine 3000. For the drug screening assay, 293FT cells in 96-well
plates were treated with GSK3β inhibitor 6BIO (1 μM) or together with 460
FDA-approved drugs (10 μM) for 24 h before TOPFlash assay. For co-transfection with other plasmids, 0.1 μg additional DNA was used. The luciferase
activity was measured 24 h later by using Dual-Glo Luciferase Assay System
(#E2940; Promega) according to the recommended protocol. The TOPFlash or
FOPFlash activity was normalized to Renilla luciferase signals.

Chemicals and plasmids. The FDA Approved Drug Screening Library (#L1300),
nitazoxanide (#S1627, purity 99.06%), mitoxantrone (S2485) and doxorubicin
(S1208) were purchased from Selleckchem, and tizoxanide (#13693, purity
≥95%) was purchased from Cayman Chemical. MG132 (#M7449), ionomycin
(#I3909) and cycloheximide (#C4859) were purchased from Sigma-Aldrich,
and 6BIO (#ALX-430-156-M001) was purchased from Enzo Life Sciences.
Super 8× TOPFlash (#12456), Super 8× FOPFlash (TOPFlash mutant;
#12457), pRL-SV40P (#27163), 7× Tcf-eGFP//SV40-mCherry (7TGC; #24304),
pLenti-PGK-GFP (#19070), FLAG-tagged β-catenin-ΔN47 (#19287), FLAGtagged β-catenin-4A (#S33A/S37A/T41A/S45A; #24204), pMD2.G (#12259),
pCMVR8.74 (#22036), and mEmerald-tagged calreticulin (#54023) were
obtained from Addgene. HA-tagged β-catenin was a gift from A. Greenhough
at the University of Bristol, UK. pEGFP-CEP89 was a gift from B. Michel,
Institut Curie, France; HA-tagged RNF115 was a gift from R. Serra-Moreno,
Texas Tech University, USA; FLAG-tagged IKZF1-GFP was a gift from
W. Kaelin, Harvard Medical School, USA; and ENOA-GFP was a gift from
F. Novelli, Turin University, Italy. FLAG-PAD2-IRES-EGFP, pIRES2-EGFP
and pLenti-PAD2-GFP were gifts from S.A. Coonrod at Cornell University,
USA. FLAG-tagged Mutant (39R/K) β-catenin, PAD1, PAD3 and PAD4 constructs were produced and sequencing confirmed by GenScript. PAD2-shRNA
plasmid (#TRCN0000051447) and nontargeting control shRNA plasmid
(#SHC202) were obtained from Sigma.
QuickChange multiple site-directed mutagenesis kit (Stratagene) was used
to generate enzymatic inactive PAD2 according to the recommended protocol.
Oligonucleotides for mutation of W348 and C647 were 5′-cctaaaccgaggcgatct
gcagatccaggatgaaattgagtttgg-3′ and 5′-ctgggggaagtccctgcaggcaccaacgtccgcag
gaagccc-3′, respectively. The mutations were confirmed by restriction enzyme
PstI digestion.

CRISPR–Cas9 genomic DNA deletion. The ARM repeats of CTNNB1 and the
whole protein coding region of PAD2 were deleted in SW480 and HCT116
cells using CRISPR–Cas9 technology. Two guide RNAs (gRNA 1 and 2) were
designed flanking the fragments to be deleted. Sequences of the gRNA oligonucleotides were:
CTNNB1-sgRNA1-F: CACCGATGCAATGACTCGAGCTCAG
CTNNB1-sgRNA1-R: AAACCTGAGCTCGAGTCATTGCATC;
CTNNB1-sgRNA2- F: CACCGTCACTCTAGGAATGAAGGTG;
CTNNB1-sgRNA2- R: AAACCACCTTCATTCCTAGAGTGAC;
PAD2-sgRNA1- F: CACCGCGGGGAGGATGCTGCGCGAG;
doi:10.1038/nchembio.2510

Soft agar colony formation assay and clonogenic assay. Soft agar colony
formation assay was performed using the Cell Transformation Assays kit (#
CBA-130; Cell BioLabs) according to the recommended protocol. Cells were
assayed in 96-well plates in triplicates and medium was replaced every 3 d.
For clonogenic assay, cells were seeded in six-well plates at the density of 3,000
cells per well, and medium with or without compounds was changed every 3 d.
At the last day of experiment, soft agar spheres and cell colonies were fixed
with 4% formaldehyde for 10 min and 0.4% Trypan blue solution (Thermo
Fisher Scientific) for 30 min; plates were washed with tap water before imaging
and quantification of OD590 using Cytation 5 Cell Imaging Multi-Mode Reader
(Bio-Tek Instruments).
Organoid culture. Mouse mutant Apc(VilCreER Apcfl/fl) and Ctnnb1 (VilCreERCa
tnblox(ex3)/lox(ex3)) intestinal organoids were obtained from O.J. Sansom, Cancer
Research UK Beatson Institute, UK. Organoids culture and passaging were
performed according to the protocols previously described31. Briefly, organoids were suspended in Growth Factor Reduced Matrigel (#356231; Corning)
and cultured in Advanced DMEM/F12 (#12634-028; Invitrogen) containing
1% B-27 (#12587-010; Invitrogen) and 0.1% BSA. Organoids were seeded in
the 24-well plate at a density of 70–100 organoids/50 μl Matrigel per well.
Lentiviral transduction of organoids was performed according to the protocols
previously described47.
Apcmin/+ mice study. C57BL/6-Apcmin/+ mice were obtained from the Model
Animal Research Center of Nanjing University (Nanjing, China). Mice were
housed and fed a standard rodent diet at the Animal Facility of the Second
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Military Medical University (Shanghai, China) in compliance with the institutional guidelines of the Animal Care and Use Committee. After 1 week of
acclimation, a total of 10 Apcmin/+ male mice (7 weeks of age) were randomly
divided into two groups with similar average weight. Mice were administered
with vehicle control (0.5% carboxymethylcellulose/H2O·HCl (pH 2–3) or
nitazoxanide at 200 mg/kg by oral gavage daily for 5 consecutive weeks. Mice
were weighed weekly and monitored daily for any signs of illness. Mice were
sacrificed at the last day of the treatment. The small intestines were dissected,
washed in PBS, fixed in 4% PBS-buffered formaldehyde and embedded in paraffin using standard procedures. After immunohistochemical staining, investigators were blinded when counting the intestinal adenomas.
Immunofluorescence (IF), hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining. IF, H&E and IHC staining were performed
according to the protocols previously described48. Primary antibodies and
dilutions used for IHC were β-catenin (#ab16051; 1:1,000; Abcam) and
PAD2 (#ab50257; 1:100; Abcam). Histologic images were captured using the
Qcapture Suite software with a Qimaging Exi Blue camera attached to a Leica
DMIRBE microscope.
Drug affinity responsive target stability (DARTS) assay. DARTS assay was
performed according to the protocol previously described23. Briefly, 1 × 107
SW480 cells were lysed in 2.4 ml M-PER buffer (#78501; Pierce) containing
freshly added protease inhibitors (#11836153001; Roche,). Cell lysates were
centrifuged at 18,000g for 10 min at 4 °C. The supernatant was transferred to
a new tube containing 10× TNC buffer (500 mM Tris–HCl (pH 8.0), 500 mM
NaCl, 100 mM CaCl2), and lysates were equally divided between two tubes
for incubation 1 h at room temperature with 17 μl DMSO or NTZ (10 mM),
respectively. Incubated samples were proteolyzed with 4.2 mg/ml pronase
(#10165921001; Roche,) at room temperature for 30 min. Digestion was
stopped by adding protease inhibitors, and samples were stored at −80 °C.
Two-dimensional difference gel electrophoresis (2D–DIGE) and mass spectrometry. For 2D-DIGE, 10 volumes of 2-D cell lysis buffer (30 mM Tris–HCl,
pH 8.8, containing 7 M urea, 2 M thiourea and 4% CHAPS) were added to the
DARTS samples, and the original buffer was replaced using 3 kDa MWCO spin
columns. Samples treated with DMSO and NTZ were labeled with Cy3 and
Cy5, respectively. The labeled samples were mixed well before being loaded into
strip holders. IEF and SDS–PAGE were performed following the protocol provided (Amersham BioSciences). Gel image scans were carried out immediately
following the SDS–PAGE using Typhoon TRIO (GE Healthcare). The scanned
images were then analyzed by Image QuantTL software (GE Healthcare) and
subjected to in-gel analysis and cross-gel analysis using DeCyder software version 6.5 (GE Healthcare). The ratio of the protein differential retained was
obtained from in-gel DeCyder software analysis.
The spots of interest were picked up by Ettan Spot Picker (GE Healthcare)
and digested in-gel with modified porcine trypsin protease (Trypsin Gold,
Promega). To identify the peptides, MALDI-TOF (MS) and TOF/TOF (tandem
MS/MS) were performed on a 5800 mass spectrometer (AB Sciex). MALDI-TOF
mass spectra were acquired in reflectron positive ion mode, averaging 2,000
laser shots per spectrum. TOF/TOF tandem MS fragmentation spectra were
acquired for each sample, averaging 2,000 laser shots per fragmentation spectrum on each of the 5–10 most abundant ions present in each sample (excluding
trypsin autolytic peptides and other known background ions). For database
search, both the resulting peptide mass and the associated fragmentation
spectra were submitted to GPS Explorer version 3.5 equipped with MASCOT
search engine (Matrix science) to search the database of National Center for
Biotechnology Information nonredundant (NCBInr) or Swiss Protein database.
Searches were performed without constraining protein molecular weight or
isoelectric point, with variable carbamidomethylation of cysteine and oxidation
of methionine residues, and with one missed cleavage allowed in the search
parameters. Candidates with either protein score confidence interval (C.I.%)
or Ion C.I.% greater than 95 were considered significant.
Cellular thermal shift assay (CETSA). Intact cell CETSA was performed
according to the protocol previously described25. Briefly, SW480 cells were
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seeded equally in 2 T75 flasks and incubated with 10 μM NTZ or an equal
volume of DMSO, respectively, at 37 °C for 1 h. After trypsination and PBS wash,
cells were resuspended in 450 μl PBS containing freshly added protease inhibitors and equally divided between seven tubes. Cells in each tube were heated
at indicated temperatures for 3 min and kept at room temperature for 3 min.
Heated cells were lysed by three cycles of freezing in liquid nitrogen (1 min)
and thawing in water at room temperature (1 min). The cell lysates were centrifuged at 20,000g for 20 min at 4 °C. The soluble fractions were isolated for
immunoblotting analysis.
In vitro binding assays. The binding affinity of PAD2 to NTZ, and β-catenin
(#SRP5172, Sigma) was determined by microscale thermophoresis (MST).
Briefly, after the buffer was exchanged to remove DTT and glycerol, the human
recombinant PAD2 protein (#SRP0327, Sigma) was labeled with fluorescence
by using NT647-labeling kit. The assays were performed in buffer containing
50 mM HEPES (pH 7.5), 10 mM CaCl2, 50 mM NaCl, 5 mM DTT and 0.05%
Tween-20. After a short incubation, the samples were loaded into MST NT.115
standard glass capillaries. No sticking to the capillary walls and no sample
aggregation were confirmed before measurement. In the MST experiments the
concentration of NT-647 labeled PAD2 was kept constant, while the concentration of ligand (NTZ or β-catenin) was serially diluted. In total, 16 titration
series of ligands were prepared and mixed with labeled PAD2 to a final concentration at 25 nM. Fluorescence was analyzed in the Monolith NT.115 device
(NanoTemper Technologies). The MST power and excitation power were 20%
and 75%, respectively.
Co-immunoprecipitation (Co-IP). Co-IP was done following the protocol
of Dynabeads Co-Immunoprecipitation Kit (#14321D; Life Technologies,).
Briefly, 600 mg SW480 cells were harvested by using 0.25% EDTA free trypsin
(#15050-065Gibco). After saving 2% samples for input control, cell lysates were
equally divided between 3 tubes, incubated with 3 mg Dynabeads and 21 μg
mouse IgG (#I5381; Sigma), primary antibody against β-catenin (#ab22656;
clone 12F7; Abcam), ubiquitin (#ab7254; clone Ubi-1; Abcam) or FLAG
(#F1804, clone M2, Sigma). Input controls and proteins pulled down with individual antibodies were examined by immunoblotting.
Immunoblotting. The protocols and reagents for sample preparation and
immunoblotting have been described previously48. To prepare protein samples
from 10 μm thick formalin-fixed, paraffin-embedded (FFPE) mouse intestines,
tissues were de-paraffinized by xylene and rehydrated with a graded series of
ethanol (95%, 75%, 50% and 0%). Proteins were extracted by a series of incubation (on ice for 5 min, 100 °C for 20 min and 80 °C for 2 h) in buffer (20 mM
Tris–HCl with 2% (w/v) SDS; pH 9) followed by centrifugation at 14,000 × g for
20 min to remove the insoluble pellets. For immunoblotting, we used the following primary antibodies and dilutions: β-catenin (#ab16051; 1:2,000; Abcam);
GAPDH (#ab181602; clone EPR16891; 1:20,000; Abcam); hemagglutinin (HA;
#ab9134; 1:2,000; Abcam); GFP (#ab290; 1:1,000; Abcam), ENOA (#ab155102;
1:1,000; Abcam), CALR (#ab2907; 1:2,000; Abcam), PAD2 (#ab50257; 1:200;
Abcam); FLAG (#F1804; clone M2; 1:1,000; Sigma); non-phospho-(active)
β-catenin (Ser33/37/Thr41; #4270; 1:1,000; Cell Signaling Technology).
Reverse transcription and real-time quantitative PCR (RT-qPCR). RT-qPCR
was performed as previously described48. TaqMan Universal PCR Master Mix
(#4304437) and TaqMan assays used for human AXIN2 (#Hs00610344_m1),
CTNNB1 (#Hs00355045_m1), PAD2 (#Hs01042505_m1), ASCL2 (#Hs00270888_
s1) and ACTB1 (#Hs99999903_m1) were obtained from Life technologies.
Citrullination assay and mass spectrometry. For in vitro citrullination assay,
recombinant purified human PAD2 (SRP0327, Sigma) and GST-tagged
human β-catenin (#SRP5172, Sigma) were incubated with reaction buffer
(50 mM HEPES (pH 7.5), 5 mM DTT, 10 mM CaCl2, 50 mM NaCl) at 37 °C
for 1 h. Protein citrullination was determined by Immunoblotting using AntiCitrulline (Modified) Detection Kit (#17-347B; EMD Millipore) according to
the recommended protocol.
For identification of protein citrullination by MS, control and PAD2
treated β-catenin were resolved in SDS–PAGE gel, proteins were visualized
doi:10.1038/nchembio.2510
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by Coomassie Blue, bands with a molecular weight of 120k Da were cut and
DTT was added to a final concentration of 10 mM and incubated at 60 °C
for 30 min, which was followed by cooling down to room temperature.
Iodoacetamide was then added to a final concentration of 15 mM and incubated in the dark for 30 min at room temperature. The proteins were then
digested by Glu-C (Promega) overnight at 37 °C. Nano-LC–MS/MS was carried out using a Dionex Ultimate 3000 (Milford, MA). Mobile phase solvents
A and B were 0.1% TFA (v/v) in water and 0.1% TFA (v/v) in 80% acetonitrile,
respectively. Tryptic peptides were loaded into a μ-Precolumn Cartridge and
separated on an acetonitrile gradient (ranging from 5% to 60%) on a Nano LC
column. Fractions were collected at 20-s intervals followed by MS analysis on
AB SCIEX TOF/TOF 5800 System (AB SCIEX). Mass spectra were acquired
in reflectron positive ion mode. TOF/TOF tandem MS fragmentation spectra
were acquired for each ion, averaging 4,000 laser shots per fragmentation
spectrum. For database search, both of the resulting peptide mass and the
associated fragmentation spectra were submitted to GPS Explorer workstation
equipped with MASCOT search engine (Matrix Science) to search a protein
database containing the sequences of β-catenin (NP_001091679.1). Searches
were performed without constraining protein molecular weight or isoelectric point, with variable citrullination of arginine, carbamidomethylation of
cysteine and oxidation of methionine residues, and with one missed cleavage
also allowed in the search parameters.
NTZ hydrolysis and metabolism assays. For hydrolysis assay, 10 μM NTZ was
dissolved in DMSO or in ultrapure water at different times. For metabolism
assay, SW480 cells were treated with DMSO or 10 μM NTZ for 30 min, cells
were frozen in liquid nitrogen and washed with PBS once before preparation
of the cell lysates by freezing/thawing for three cycles. Cell lysates were centrifuged at 20,000g for 10 min, and the supernatant was used for the following
assay. Both NTZ hydrolysis and metabolism were determined by LC–Q-TOF–
MS analysis using an Agilent-1290 LC system coupled with an Agilent-6520
Q-TOF mass spectrometer equipped with an electrospray ionization (ESI)
source (Agilent Technologies). An Eclipse plus C18 column (1.8 μm; 3.0 mm
× 100 mm; Agilent Technologies) was applied to analyze cell lysate samples.
The mobile phase consisted of solvent A (ultrapure water contains 0.1% formic acid, v/v) and solvent B (acetonitrile), programed as follows: 0–6 min,
5–100% B; 6–7 min, 100% B; 7–11 min, 100–5% B. There was a 4 min of preequilibration step between individual runs, the column temperature was set
to 35 °C, the flow rate was 0.3 ml/min and the sample injection volume was
10 μl. The ESI–MS spectra were operated in negative ionization modes. The
following parameters were used for the mass detection: ñow rate of drying gas,
5 L/min; gas temperature, 325 °C; pressure of nebulizer gas, 30 psig; capillary
voltage, 3,900 V; fragmentor voltage, 175 V; skimmer voltage, 65 V; scan range,
m/z 60–1,200.
Cytosolic calcium measurement. Cytosolic calcium was determined using calcium indicator Fluo-3 a.m. (#S1056; Beyotime) according the recommended
protocol. Briefly, cells were trypsinized and washed three times with PBS in
the absence of calcium or magnesium. Cells were incubated with Fluo-3 a.m. at
4 μM for 30 min at 37 °C followed by PBS wash two times and further incubation for 20 min. Fluo-3 loaded cells were treated with DMSO or compounds
for 10 min before measuring the fluorescence emission at 525 nm by flow
cytometry. For compound-treated sample, the mean value of the fluorescence
level was normalized to the DMSO-treated sample. All samples were measured
in triplicates.
Nonradioactive pulse-chase assay. The nonradioactive pulse-chase assay
mainly includes four parts: nascent protein labeling, immunoprecipitation
(IP) of protein of interest (for example, β-catenin), click-iT reaction of the
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IPed protein, and detection of the nascent protein of interest by immunoblotting. For nascent protein labeling, SW480 cells at 90% confluency were
washed once with warm PBS, and incubated with methionine-free RPMI
medium (#A1451701; Thermo Fisher Scientific) at 37 °C for 40 min to deplete
methionine reserves. Cells were further incubated with 40 μM methionine
analog L-homopropargylglycine (HPG; #C10186; Thermo Fisher Scientific)
instead of the traditional 35S methionine. One hour later cells were washed
three times with PBS to remove the unlabeled HPG before adding complete
normal medium and after NTZ treatment. For IP, cells were harvested in
lysis buffer (1% SDS in 50 mM Tris–HCl, pH 8.0) with protease inhibitors.
When cells were treated for different times, each lysate was stored on ice until
the final time point and then all samples were used for IP during the same
time period. The IP experiment was performed using Dynabeads Protein G
(#10004D; Thermo Fisher Scientific) and antibody against β-catenin (#MA110056; Thermo Fisher Scientific) following the recommended procedures. The
immunoprecipitated β-catenin was further labeled with Tetramethylrhodamine
(TAMRA) Azide (#T10182; Thermo Fisher Scientific) via a copper-catalyzed
reaction between Azide and HPG using the Click-iT reaction buffer kit
(#C10276; Thermo Fisher Scientific). The TAMRA Azide-labeled protein
was detected by standard immunoblotting using an antibody against TAMRA
(#MA1-041; Thermo Fisher Scientific). Of note, the molecular weight (MW) of
detected protein should be a bit larger than expected, and the increased MW
should be the molecular weight of TAMRA Azide (555 Da) multiplied by the
number of methionine residues in the labeled protein, and this labeled protein
probably is not recognized by the normal antibody due to the integration of
TAMRA Azide.
DNA microarray. Genome wide transcription profiling using Agilent 44k
DNA microarray (#G4112F and #G4845A, Agilent Technologies) has been
described previously48. Raw data were imported and analyzed in J-Express software (http://www.molmine.com). DNA microarray data have been deposited
into the ArrayExpress database under accession number E-MTAB-4452.
Statistical analysis. Post-hoc power analysis with a minimum power of 0.8 was
used to evaluate the tumor repression in the mouse experiments. The delta is
the difference in the means of microadenomas and macroadenomas between
the two groups (vehicle vs NTZ treatment) and s.d. is the s.d. of all the observations. All experiments using culture cells were repeated at least with three
biological replicates. A two-tailed Student’s test was performed to evaluate the
statistical difference for all pairwise comparisons. Fisher’s exact test was used
to analyze the proportions or calculate the probability of overlap between gene
lists. Pooled data are represented by the mean and error bars (s.d.) of the replicated experiments. P values are indicated in figure legends and significant
differences were considered when *P ≤ 0.05 and **P ≤ 0.01.
Data availability. DNA microarray data have been deposited into the
ArrayExpress database under accession number E-MTAB-4452. All other data
supporting the findings of this study are available within the paper (and its
supplementary information) or are available from the corresponding authors
on reasonable request.
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