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Axitinib blocks Wnt/g-catenin signaling and directs
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Oncogenic mutations of the Wnt (wingless)/g-catenin pathway are
frequently observed in major cancer types. Thus far, however, no ther-
apeutic agent targeting Wnt/p-catenin signaling is available for clinical
use. Here we demonstrate that axitinib, a clinically approved drug, strik-
ingly blocks Wnt/g-catenin signaling in cancer cells, zebrafish,
and Apc™™* mice. Notably, axitinib dramatically induces Wnt
asymmetry and nonrandom DNA segregation in cancer cells by promot-
ing nuclear p-catenin degradation independent of the GSK3p (glycogen
synthase kinase3)/APC (adenomatous polyposis coli) complex. Using a
DARTS (drug affinity-responsive target stability) assay coupled to 2D-
DIGE (2D difference in gel electrophoresis) and mass spectrometry, we
have identified the E3 ubiquitin ligase SHPRH (SNF2, histone-linker,
PHD and RING finger domain-containing helicase) as the direct target
of axitinib in blocking Wnt/g-catenin signaling. Treatment with axitinib
stabilizes SHPRH and thereby increases the ubiquitination and degrada-
tion of B-catenin. Our findings suggest a previously unreported mecha-
nism of nuclear p-catenin regulation and indicate that axitinib, a clinically
approved drug, would provide therapeutic benefits for cancer patients
with aberrant nuclear -catenin activation.
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NT (wingless)/p-catenin signaling is an evolutionarily con-

served pathway and is essential for development in nearly
all tissues and organ systems. In adulthood, WNT/B-catenin sig-
naling is required for adult stem cells (ASCs) to maintain tissue
homeostasis, regeneration, and injury repair (1). In the signaling
cascade, a key step is the degradation of p-catenin by the Axin/
GSK3p (glycogen synthase kinase 3p)/APC (adenomatous polyposis
coli) destruction complex (2). Cancer genome sequencing has
revealed frequent mutations of APC and CTNNBI (catenin beta 1)
in major tumors, and most of these mutations are predicted to result
in aberrant activation of WNT/f-catenin signaling.

During the last decade, a number of Wnt inhibitors have been
reported; however, only a few have moved to phase I or phase II
clinical trials (1), possibly because of the general obstacles inherent
in new drug development; this impediment can be avoided by the
identification of novel therapeutic targets of already approved
drugs with well-characterized bioactivity and safety profiles. An-
other possible problem is that many of these inhibitors target the
Wnt signaling at or upstream of the Axin/GSK3p destruction
complex, whereas most of the Wnt pathway mutations (4PC and
CTNNBI) in cancer patients are downstream of that level. For
therapeutic purposes, it is critical to develop drugs targeting down-
stream of the destruction complex, ideally at the end of the
pathway.

A major challenge in targeting Wnt/B-catenin signaling is to
distinguish cancer cells from the long-term repopulating ASCs
required for maintaining tissue homeostasis (3). It has been
supposed that a fundamental difference between them is the type
of cell division: ASCs divide asymmetrically under steady-state
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conditions to maintain population size and tissue homeostasis,
whereas symmetric division is advantageous for neoplastic trans-
formation and excessive expansion of malignant cells leading to
uncontrolled tumor growth (4, 5). Emerging evidence indicates
the critical role of defective asymmetric division in tumor initi-
ation and progression (5). In particular, the loss of asymmetric
division contributes to the oncogenic role of mutant APC in
hyperplasia and tumorigenesis as well as in the activation of Wnt/
B-catenin signaling (6). Therefore, forcing a switch from sym-
metric to asymmetric division in cancer cells could allow cancer
therapy without damaging normal tissue homeostasis.

Our goal was to discover clinically approved drugs that block
Whnt/p-catenin signaling downstream of the destruction complex.
We supposed that desirable drugs would be able to inhibit Wnt
signaling stimulated by GSK3p inhibitor and mutant p-catenin. To
visualize Wnt inhibition, we used fluorescent reporters to monitor
the Wnt/B-catenin activity upon drug treatment in vitro and
in vivo. Finally, chemo-proteomic approaches were used for
global and unbiased identification of the target proteins of the
Wnt inhibitor.

Significance

The Wnt (wingless)/B-catenin signaling pathway is an attractive
target for cancer therapy. However, known Wnt inhibitors are
still far from clinical use. Here we report that the clinically ap-
proved drug axitinib strongly inhibits Wnt/g-catenin signaling
in vitro and in vivo. In particular, a phenotype of Wnt inhibition
called “Wnt asymmetry” was revealed in axitinib-treated cancer
cells. The identification of E3 ubiquitin ligase SHPRH (SNF2,
histone-linker, PHD and RING finger domain-containing helicase)
as the functional target implies that axitinib blocking of Wnt
signaling is independent of genetic mutations that are frequently
observed in cancer patients. Collectively, our results suggest a
mechanism of nuclear p-catenin regulation and highlight axitinib
as a promising therapeutic agent for cancer patients with aber-
rant Wnt/p-catenin signaling.
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Fig. 1. Axitinib inhibits Wnt/g-catenin signaling in zebrafish. (A) Chemical
structure of axitinib. (B) Zebrafish embryos at 6 h post fertilization (hpf) were
treated with 6BIO and axitinib at the indicated concentrations, and the eyeless
phenotype was assessed 24 h later. n = total number of assessed embryos over
four independent experiments. Embryos that died during treatment (n =0, 4, 2,
0, 1, and 2 in the groups from left to right) were excluded from assessment.
(C, Left) Representative images at 28 hpf of TCF-GFP transgenic zebrafish embryos
treated with DMSO or axitinib (5 uM) for 2 d. n = 40 in each group; no embryos
died. (Right) Representative images at 76 days post fertilization (dpf). The mid-
dle-hindbrain boundary (white arrows) and caudal fin mesenchyme are enlarged
at the left and right, respectively. (D) Representative images of tailfin re-
generation in TCF-GFP transgenic zebrafish (13 wk, n = 5 fish per group) treated
with DMSO or axitinib (5 uM) for 6 d post amputation (dpa). Scale bars, 200 um.
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Results

Axitinib Targets Wnt/p-Catenin Signaling in Vitro and in Vive. To
target Wnt/B-catenin signaling downstream of the destruction com-
plex, we used a specific GSK3 inhibitor, 6-bromoindirubin-3'-oxime
(6BIO), to activate Wnt signaling (7) (Fig. S1.4 and B). In a screen of
460 Food and Drug Administration (FDA)-approved drugs, axitinib
showed the strongest inhibition of 6BIO-stimulated TOPFlash ac-
tivity (Fig. 14 and Fig. S1 C-E). To visualize Wnt inhibition, we
used a lentiviral Wnt 7TGC reporter containing a T-cell factor
(TCF) promoter driving GFP and a SV40 promoter driving mCherry
(Fig. S1F) (8). In prostate EPT1 cells, TCF-GFP was silenced but
was strongly activated by 6BIO, and this GFP activation was signif-
icantly blocked by additional treatment with axitinib (Fig. S1G). A
similar observation was obtained in EPT1 cells harboring a 7TC
(TCF-mCherry) reporter derived from 7TGC (Fig. S1 F and G).
Axitinib also blocked the Wnt signaling in 293FT cells overexpressing
mutated B-catenin lacking the N-terminus (AN47) or with mutations
at Ser33A/Ser37A/Thr41A/Ser45A (4A), which are resistant to
GSK3p phosphorylation-mediated degradation (Fig. S1H).

In zebrafish embryos, abnormal activation of Wnt/p-catenin
signaling generates an eyeless phenotype (9). As predicted, 6BIO
at 1 uM readily induced the loss of eyes in all the treated embryos,
but this eyeless phenotype was dose-dependently and totally res-
cued by cotreatment with axitinib (Fig. 1B). In transgenic zebrafish
carrying a Wnt reporter TCF-GFP (10), embryos exposed to axi-
tinib for 3 d showed significantly shorter body length and thinner
tails as well as a decrease in TCF-GFP expression in the midbrain—
hindbrain boundary and in fin mesenchymal cells where Wnt
signals are required during development (Fig. 1C) (11, 12).

Axitinib Blocks Wnt Signaling in Cancer and Tissue Regeneration.
Colon cancer SW480, HCT116, and RKO cells harbor mutant
APC (Wnt activated), CTNNBI (Wnt activated), and neither
mutation (Wnt inactivated), respectively (Fig. S24). As expected,
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the TOPFlash activities in SW480 and HCT116 cells were signifi-
cantly repressed by axitinib treatment (Fig. S2B). In SW480-7TGC
cells, axitinib dose-dependently increased the proportion of TCF-
GFP cells (Fig. S2 C and D). Notably, most of these TCF-GFP'™
cells were induced to apoptosis, as marked by high Hoechst labeling,
because of chromatin condensation and fragmentation (Fig. S2D). In
soft agar assay, colonies formed in SW480 and HCT116 cells but not
in RKO cells, suggesting that colony formation of colon cancer cells
is dependent on Wnt/B-catenin signaling (Fig. S2E). Significantly,
axitinib strongly and dose-dependently inhibited colony growth of
both SW480 and HCT116 cells (Fig. S2E). Profiling gene expression
in axitinib-treated SW480 cells revealed that 7 of the top 10 repressed
genes are direct targets of Wnt (Fig. S2F) (13). Examination of the
entire list of genes that are direct Wnt targets revealed that more
than 25% were significantly repressed by axitinib, but none was up-
regulated (Fig. S2 G and H), indicating that axitinib-repressed genes
in SW480 cells have a Wnt/p-catenin signaling signature.

Apc™™* mice spontaneously generate adenomas because of
mutant Apc. The strong increase of f-catenin in all the adenomas
demonstrates that Wnt/p-catenin signaling is highly relevant to
tumor initiation and expansion in Apc™™* mice (Fig. S34). Treat-
ment with axitinib at 50 mg/kg daily for 5 wk significantly decreased
the number of both multivillus adenomas and microadenomas in the
small intestine (Fig. S3B). Importantly, obviously less and weaker
staining of the proliferation marker Ki67 was found in axitinib-
treated adenomas (Fig. S3C). We also tested axitinib in Apc-deleted
murine organoids that grow independently of R-spondin because of
p-catenin activation (14). Consistently, axitinib strongly inhibited the
growth of Apc-mutant organoids (Fig. S3D).

Wnt/B-catenin signaling is required to maintain crypt integrity
and intestinal homeostasis (15). Unexpectedly, no obvious change
in mucosa organization or crypt size and density was found in the
normal small intestine of axitinib-treated mice (Fig. S3E). In
contrast to the decrease of Ki67 in adenomas, comparable regular
and uniform distribution of Ki67* cells was found in axitinib-
treated normal intestine (Fig. S3E). In adult transgenic zebrafish,
it has been established that Wnt/B-catenin signaling is activated by
tailfin resection (16). Strikingly, the tailfin regrowth and TCF-GFP
activation were completely inhibited in all fish treated with axitinib
at 5 pM for six consecutive days (Fig. 1D). However, the regular
and uniform incorporation of the mitotic marker BrdU in the
crypts suggests the normal proliferative status of axitinib-treated
intestine (Fig. S3F). Collectively, these data support the idea that
axitinib strongly inhibits Wnt signaling in tumor growth and tissue
regeneration with minor effect on adult tissue homeostasis.

Axitinib Directs Asymmetric Cell Division. We hypothesized that
axitinib affects cell division because cell division is largely sym-
metric, leading to uncontrolled growth in tumor and to tissue
repair in resected tailfin, whereas it is mainly asymmetric,
maintaining tissue homeostasis, in normal intestine (4, 17). To
assess cell division, SW480-7TGC cells were synchronized and
plated singly before drug treatment. Fluorescence imaging
revealed that up to 10% of axitinib-treated paired cells showed
unequal TCF-GFP expression, but this unequal expression was
never found in DMSO-treated control cells (Fig. 24), suggesting
a switch from symmetric cell division (SCD) to asymmetric cell
division (ACD) in terms of Wnt signaling activity. Live-cell im-
aging indicates that paired cells with unequal Wnt signals are
derived from single cells (Fig. S44). This phenomenon, which we
called “Wnt ACD,” was examined further in prostate cancer
EPT3-7TGC cells with low Wnt signaling. Consistently, Wnt
ACD was readily found in paired cells cotreated with 6BIO and
axitinib but never in cells treated with 6BIO alone (Fig. S4B).
Wnt ACD also was observed in SW480-7TC cells in which TCF-
mCherry marks Wnt activity (Fig. S4C). To characterize Wnt
ACD functionally, we examined the proliferation marker Ki67 in
SW480-7TC cells. Consistent with the induction of apoptosis in
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Fig. 2. Axitinib directs ACD. Microscope images and quantitation of paired
cells treated with DMSO or 5 pM axitinib. (A) SW480-7TGC cells were treated
for 24 h to detect TCF-GFP expression. (B) SW480 cells were treated for 72 h
for the EdU label-release assay. (C) SW480 cells were treated for 24 h for
B-catenin (B-cat) staining. **P < 0.01. n = total paired counted cells over
three independent experiments. Scale bars, 20 pm.

TCF-GFP"" cells (Fig. S2D), less frequent and less intense Ki67
staining was observed in TCF-mCherry'” cells (Fig. S54), fur-
ther indicating that proliferation in SW480 cells is dependent on
Whnt signaling.

The observation of Wnt ACD encouraged us to assess nonran-
dom DNA segregation that is a well-established feature in stem cell
ACD (18). We examined the chromosome segregation in axitinib-
treated SW480 cells using an EdU (5-ethynyl-2’-deoxyuridine) label-
release assay in which only newly synthesized DNA is labeled during
cell division (Fig. S4D). Dramatically, around 15% of the paired
cells exhibited unequal EdU labeling (EdU ACD), which was never
found in control cells (Fig. 2B). EQU ACD was absent in HCT116
cells with activated Wnt signaling and in RKO cells with silenced
‘Wnat signaling but increased significantly in axitinib-treated HCT116
cells (Fig. S4F). In RKO cells, pretreatment with 6BIO was re-
quired for EQU ACD induction by axitinib (Fig. S4E), indicating
that axitinib-induced nonrandom DNA segregation is dependent on
the inhibition of Wnt signaling.

Axitinib-induced ACD is further supported by immunofluo-
rescence staining of p-catenin in axitinib-treated SW480 cells:
Nearly 19% of paired cells displayed unequal distribution of
nuclear p-catenin (p-catenin ACD) (Fig. 2C). To investigate the
associations among EdU ACD, Wnt ACD, and f-catenin ACD,
we performed EdU and f-catenin staining in SW480-7TC cells.
Significantly, daughter cells with higher Wnt signaling preferably
inherited the EdU-unlabeled DNA (Fig. S5B), and cells
expressing higher levels of p-catenin exclusively showed stronger
Whnt activity and frequently showed negative EdU staining (Fig.
S5 C and D). The tight association between nonrandom DNA
segregation and Wnt ACD implies cell-intrinsic reprogramming
of SW480 cells by axitinib. Given that the loss of ACD is critical
for tumor initiation and progression (4, 19, 20), the reestablish-
ment of ACD in cancer cells by axitinib could potentially be a
mechanism of tumor suppression.

Axitinib Promotes Nuclear p-Catenin Degradation Independent of
GSK3p/APC. The observed f-catenin ACD raises the possibility
that axitinib depletes nuclear p-catenin. Western blots confirmed
the dose- and time-dependent decrease of f-catenin in axitinib-
treated SW480 cells (Fig. S64). In the presence of the protea-
some inhibitor MG132, axitinib failed to reduce p-catenin but
increased its ubiquitination (Fig. S6B). Additional treatment
with the nuclear export inhibitor leptomycin B demonstrated the
nuclear location of fB-catenin degradation (Fig. S6C). Notably,
reduced f-catenin also was observed in axitinib-treated murine
adenomas (Fig. S6D). As expected, knockdown of p-catenin
readily induced Wnt and EdU ACD (Fig. S6 E and F), indicating
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that axitinib directs ACD by promoting the degradation of nuclear
B-catenin.

The N-terminal residues Ser45/Thr41/Ser37/Ser33 of p-catenin
are required for GSK3p phosphorylation and -transducin re-
peats containing protein (3-TrCP) ubiquitination in the presence
of APC (21). Mutations of these residues are predominant in
cancer patients and are sufficient to induce tumorigenesis (22).
In APC mutant SW480 cells axitinib reduced the non-phospho
(active) p-catenin (Ser33/37/Thr41l) (ABC), GSK3p phospho-
B-catenin (Ser33/Ser37/Thr41), CK1 phospho-p-catenin (Ser45),
and B-catenin-4A with mutations in Ser45/Thr41/Ser37/Ser33
(Fig. S6 G and J), indicating that GSK3p, APC, and p-TrCP are
not involved in axitinib-promoted p-catenin degradation. In
contrast, the tankyrase inhibitor IWR1 promotes f-catenin
degradation by stabilizing Axin but does not reduce the total
B-catenin in APC mutant DLD cells (23). Of note, the tankyrase
inhibitor XAV939 depletes total B-catenin in SW480 cells (24).
In the present study, both tankyrase inhibitors decreased wild-
type B-catenin but not the N-terminal mutant p-catenin in 293FT
cells (Fig. S6H) and failed to reduce total p-catenin significantly
or to induce Wnt ACD in SW480 cells (Fig. S6 H and I). Our
data support the notion that in APC-truncated cells (e.g., SW480
cells) the Axin-bound p-catenin fails to be ubiquitinated and
degraded (21). Independent of GSK3f and p-TrCP, p-catenin
can be degraded by the E3 ubiquitin ligase TRIM33 that targets
phosphorylated Ser715 or the autophagy protein LC3 that tar-
gets residues W504/1507 (25, 26). Both possibilities were ruled
out because axitinib reduced f-catenin with mutations of all
these residues (Fig. S6J/), suggesting that an undescribed mecha-
nism of axitinib induces p-catenin degradation.

Identification of the Proteins Directly Binding Axitinib. Axitinib is a
known inhibitor of multireceptor tyrosine kinases, especially vas-
cular endothelial growth factor receptors (VEGFRs) (Fig. S7A4)
(27). However, all the established tyrosine receptor kinase targets
are silenced in SW480 cells (Fig. S7B). In addition, three other
VEGEFR inhibitors did not show Wnt inhibition (Fig. S7 C and D).
Importantly, the loss of VEGFR1 does not reduce f-catenin, and
VEGEFR inhibitors block the regenerative angiogenesis but not
tailfin regrowth in zebrafish (28, 29), suggesting that axitinib inhibits
Wnat signaling independently of VEGFRs in vitro and in vivo.

To identify the proteins that bind directly to axitinib, we used a
label-free small-molecule target-identification strategy called
“DARTS” (drug affinity-responsive target stability), in which the
potential target proteins are stabilized by binding to small mole-
cules and thus can be protected and enriched following proteolysis
(30). After pronase proteolysis, SW480 DARTS samples were
resolved in 2D-DIGE (2D difference in gel electrophoresis); 11
spots appeared, with strikingly differential intensities; all were
stronger in axitinib-treated samples (Fig. 34 and Fig. S8 A-C),
supporting the strategy of protecting protein targets by binding to
small molecules. Mass spectrometry analysis of these spots iden-
tified a number of proteins (Fig. S8D). As is consistent with the
results shown in Fig. S7B, no receptor tyrosine kinase was detected
in these spots.

Considering that axitinib inhibits Wnt signaling by promoting
nuclear p-catenin turnover, proteins with nuclear localization
and activities connected with protein degradation were priori-
tized for follow-up. According to the literature, SHPRH (SNF2,
histone-linker, PHD and RING finger domain-containing heli-
case), MYCBP2, and BIRC6 are known ubiquitin ligases, but
only SHPRH is well recognized as a nuclear protein that is critical
for DNA repair (31).

Western blot analysis of the DARTS samples confirmed the
mass spectrometry data and revealed the stabilization of SHPRH
by axitinib at lower concentrations (Fig. S8E). Independent
evaluation of the direct binding of axitinib and SHPRH was
performed by microscale thermophoresis (MST), an all-optical
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Fig. 3. Identification of proteins binding directly to axitinib. (A) 2D-DIGE
images of the DARTS samples. SW480 protein lysates were incubated with
axitinib (150 pM) or an equal volume of DMSO and were digested with
pronase before 2D-DIGE. (B) MST analysis of axitinib binding to GFP-SHPRH
(four replicates) or free GFP (negative control; two replicates) in SW480 cell
lysates. The fitted binding curve gives a K4 of 10.4 + 3.3 uM. (C) Western
blots of intact cell CETSA samples. SW480 cells were incubated with axitinib
(10 pM) or an equal volume of DMSO for 2 h at 37 °C followed by heating at
the indicated temperatures. Cells were lysed, and the soluble portion was
analyzed using Western blot. The abundance of SHPRH normalized to
GAPDH is shown.

approach measuring the directed motion of GFP-tagged proteins
in temperature gradients (32, 33). SW480 cell lysates containing
GFP-tagged SHPRH or free GFP as a control were incubated
with axitinib briefly (less than 1 min) before MST assay. As
expected, a robust binding curve was observed in the GFP-
SHPRH sample with a K4 at 10.4 + 3.3 pM (Fig. 3B). Of note, in
another experiment the Ky value of human interferon gamma
and the antibody determined by MST was 16 times higher in cell
lysates than PBS buffer (32, 33), implying that the Ky of axitinib
and purified SHPRH could be at the nanomole level. In addi-
tion, axitinib at 10 pM significantly increased the stability of
SHPRH in an intact living cell-based cellular thermal shift assay
(CETSA) assay (Fig. 3C) (34), supporting the physical interac-
tion of axitinib with SHPRH in vivo.

SHPRH Is Required for Axitinib-Induced p-Catenin Degradation. Given
that SHPRH is an E3 ubiquitin ligase (31), we hypothesized that
SHPRH is involved in axitinib-induced p-catenin ubiquitination
and degradation. Indeed, in SW480 cells transfected with GFP-
tagged SHPRH, obviously lower f-catenin expression was observed
in cells overexpressing SHPRH (Fig. 44). Western blotting con-
firmed that, similar to axitinib treatment, SHPRH reduced not only
endogenous f-catenin but also B-catenin with the 4A or AN47
mutations or lacking the C terminus (AC) (Fig. 4B and Fig. S94).
In a dose—course experiment, a clear decrease in p-catenin was
observed when the GFP-SHPRH was three times higher than en-
dogenous SHPRH (Fig. S9B). To test the ubiquitin ligase depen-
dence, we created catalytically inactive SHPRH by replacing the
conserved cysteine 1432 in the RING domain to alanine (C1432A)
(35). As expected, much less decrease in p-catenin was observed in
SW480 cells overexpressing mutant SHPRH (Fig. 4C). When cells
were treated with the proteasome inhibitor MG132, wild-type but
not mutant SHPRH strongly increased the ubiquitination level of
p-catenin (Fig. 4C).

The same readout of p-catenin turnover suggests that axitinib
positively regulates SHPRH. The simplest explanation for the
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mechanism could be that axitinib increases SHPRH expression.
Examination of the DNA microarray data did not find any
change in SHPRH mRNA in axitinib-treated cells. However, in
the presence of the protein biosynthesis inhibitor cycloheximide,
treatment with axitinib clearly increased the half-life of SHPRH
(Fig. S9C), suggesting that axitinib positively regulates SHPRH
protein stability. To assess the role of SHPRH in axitinib-
induced f-catenin degradation, we depleted SHPRH in SW480
cells by siRNAs (Fig. S9D). As expected, SHPRH knockdown
not only increased the level of f-catenin protein but also blocked
the axitinib-mediated decrease in p-catenin (Fig. 4D). Consis-
tently, axitinib failed to increase the ubiquitination of B-catenin
in SHPRH-knockdown cells (Fig. 4E). Collectively, these data
demonstrate that SHPRH is required for axitinib’s degradation
of B-catenin.

SHPRH Negatively Regulates Wnt/p-Catenin Signaling. We further
assessed the effect of SHPRH on Wnt signaling activity. In SW480
cells, TOPFlash activity was significantly repressed by overexpression
of SHPRH (Fig. 54). In SW480-7TC cells Wnt signaling is marked
by TCF-mCherry expression, and transfection of GFP-tagged
SHPRH clearly reduced TCF-mCherry expression (Fig. 5SB). Nota-
bly, in SW480 cells stably overexpressing GFP-tagged SHPRH, un-
equal TCF-mCherry intensity was readily observed in paired cells
(Fig. 5C), indicating that Wnt ACD also is induced by SHPRH.
Interestingly, overexpression of SHPRH strongly inhibited the col-
ony growth of SW480 cells (in which Wnt is activated) but not of
RKO cells (in which Wnt is inactivated) (Fig. 5D). Of note, much
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SHPRH or control GFP vector for 24 h. Endogenous p-catenin was reduced in
cells overexpressing SHPRH. Experiments were performed in triplicate with
high reproducibility. Scale bar, 20 pm. (B) Overexpression of GFP-SHPRH or
axitinib treatment in SW480 cells reduced p-catenin in wild-type cells and in
cells with the indicated mutations. FL, full length. (C) SHPRH increases the
ubiquitination and turnover of p-catenin. SW480 cells were transfected with
GFP (control, Ctrl) or with wild-type or mutant (MT) GFP-SHPRH for 24 h
(Upper) and in addition were treated with MG132 (20 pM) for 6 h (Lower). C,
control. (D) Western blots of SW480 cells transfected with siRNAs and
treated with axitinib (5 uM) as indicated for 24 h. C, control; 73, si-SHPRH-73;
75, si-SHPRH-75. (E) Ubiquitination assay of p-catenin. SW480 cells were
transfected with control (C) or SHPRH (73) siRNAs for 24 h and were treated
with MG132 (20 pM) together with DMSO or axitinib (5 uM) for 6 h. The
quantification of ubiquitylated p-catenin is shown in C and E.
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Fig. 5. SHPRH negatively regulates Wnt signaling. (A) TOPFlash assay of
SW480 cells transfected with wild-type or mutant (MT) GFP-SHPRH, non-
transfected control (control) or empty vector (vector). (B) Representative mi-
croscope images of TCF-mCherry expression in SW480-7TC cells transfected
with the indicated vectors. Cells were seeded singly on new plates 24 h later,
and images were captured after 10 h. In some dividing cells plasmids were lost
cells during cell division. (C) SW480-7TC cells were transfected as indicated for
24 h and passaged twice in 6 d. Paired cells retaining plasmids (marked by GFP
expression) in both daughter cells were imaged and scored for the TCF-
mCherry expression. **P < 0.01. Scale bar, 20 pm. (D) Representative images
(Left) and quantification (Right) of colony formation in SW480 cells over-
expressing wild-type or mutant (MT) SHPRH for 2 wk. Colony growth was
quantified by measurement of ODsgy. The graph presents the normalized
ODsg ratios of experiments performed in triplicate. *P < 0.05.

less Wnt inhibition, Wnt ACD, and colony growth inhibition were
observed in SW480 cells overexpressing mutant SHPRH (Fig. 5).

Finally, we examined the SHPRH-affected transcription in
SW480 cells by DNA microarrays. Comparison of the genes
changed in SW480 cells with axitinib treatment and SHPRH
transfection revealed a striking overlap (56%) of the top 400
repressed genes (Fig. SOF). Importantly, many of these com-
monly repressed genes, e.g., AXIN2, NKDI, and LGR6, are di-
rect Wnt targets (Fig. S9F), further indicating that SHPRH is a
functional target of axitinib in Wnt inhibition.

Discussion

Axitinib is a marketed VEGFR inhibitor used for treatment of
renal cell carcinoma (27). In this study, we have demonstrated
strong inhibition of Wnt/p-catenin signaling by axitinib inde-
pendent of VEGFRs in vitro and in vivo, suggesting that the
clinical use of axitinib might be expanded to cancer patients with
aberrant nuclear p-catenin accumulation in tumor biopsies. The
identification of SHPRH as the functional target of axitinib in
blocking Wnt signaling and the identification of the newly
reported target BCR-ABL1 (36) strongly support the notion
that, although drugs are intended to be selective, many effective
drugs bind to multiple molecules rather than to single targets,
and this polypharmacology probably is therapeutically essential
(37). Notably, another axitinib-binding protein, MED23, is also
relevant to Wnt signaling (Fig. S8D); shRNA knockdown of
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MED?23 in SW480 cells decreased TOPFlash activity but not the
B-catenin level (Fig. S8 F and G), suggesting an alternative
mechanism of Wnt inhibition.

Although the concentrations required to inhibit Wnt signaling and
direct ACD in cultured cells are much higher than the approved (i.e.,
nanomole) potencies on the primary targets of axitinib (27), we did
not observe significant toxicity of axitinib at 5 pM (the concentration
required for Wnt inhibition) in Wnt-inactivated EPT1 and RKO
cells. In fish embryos, the shorter body length and thinner tail could
be explained by the inhibition of Wnt signaling (Fig. 1C). In adult fish
(13 wk), no clear defect or morphology change was observed
upon treatment with axitinib (5 uM) for 6 d (Fig. 1D). In ApcMin/+
mice, axitinib inhibited intestinal adenoma growth and decreased
the B-catenin at a dose (50 mg-kg™"-d™") that is comparable to the
ED;, dose (30 mg/kg, twice daily) required for the inhibition of
VEGFR?2 in mice (27). For therapeutic purposes, it will be im-
portant to evaluate Wnt inhibition in patient samples at the clin-
ically used dose. On the other hand, axitinib at higher concentrations
potentially targets more proteins; therefore it is necessary to examine
the roles of other binding proteins in axitinib-mediated Wnt inhibi-
tion and ACD systematically.

An intriguing observation in the present study is that a small
molecule induces ACD by promoting p-catenin turnover in
SW480 cells. In addition to its well-defined roles in cell adhesion
and Wnt signaling, p-catenin is also critical in the microtubule
array organization, bipolar mitotic spindle establishment, and
centrosome separation during mitosis and cell division (38, 39). It
would be reasonable to speculate that the decrease in p-catenin
alters its behavior in spindle orientation and consequently leads to
ACD. A unique advantage of axitinib as an ACD inducer could be
that symmetrically dividing cells are more susceptible to axitinib
than asymmetrically dividing cells. Cancer cells divide symmetri-
cally to achieve uncontrolled growth, whereas most normal ASCs
divide asymmetrically to maintain tissue homeostasis; this differ-
ence provides an opportunity for axitinib to target tumors selec-
tively, with less effect on adult tissue homeostasis. For normal
ASCs dividing symmetrically in a neutral drift process, the axitinib-
mediated switch from SCD to ACD might allow the ASCs to
maintain the stem-cell pool continuously by ACD. However, ASCs
will be affected by axitinib if SCD is required to expand the stem-
cell pool following injury or disease (4, 40), as shown by the
inhibited tailfin regrowth in adult zebrafish (Fig. 1D).

The human SHPRH gene is located in the chromosomal re-
gion 6q24; the observed loss of heterozygosity in a number of
cancer types, including skin, prostate, ovarian, breast, cervical,
pancreas, and liver, suggests a suppressor role for SHPRH in
cancer development and progression (41). The tumor suppressor
role of SHPRH is further supported by the depletion of nuclear
B-catenin in cancer cells overexpressing SHPRH. In addition, our
data show that SHPRH protein is stabilized by axitinib in cancer
cells. It would be interesting to assess whether the mechanism is
direct or indirect, e.g., whether binding of axitinib changes the
interaction of SHPRH and other proteins that might be required
for SHPRH modification and turnover. Because SHPRH is a
nuclear ubiquitin ligase, axitinib regulates SHPRH and therefore
blocks Wnt/p-catenin signaling at the end point of the pathway
and would be effective against oncogenic Wnt/p-catenin signal-
ing independent of the mutant genes.

Materials and Methods

Wnt ACD Assay. Cells containing 7TGC or 7TC reporter were synchronized at
the G1/S phase by double thymidine block (18 h exposure, 9 h release, and
15 h exposure) and were plated singly in new plates. DMSO or axitinib (5 pM)
was added immediately after seeding; 16 h later the images were captured
by BioTek Gen5 version 2.06 software, and the intensity of TCF-GFP or TCF-
mCherry in paired cells was quantified using the histogram tool of Photoshop
software. Wnt signaling was considered to be unequal when paired cells had
intensity ratio higher than 2.
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Apc™™* Mice Study. C57BL/6-Apc™™* 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 Military
Medical University, Shanghai, China in compliance with the guidelines of the in-
stitutional Animal Care and Use Committee. After 1 wk of acclimation, 10 Apc™™+
male mice (7 wk of age) were randomly divided into two groups with similar
average weight. Mice were administered vehicle control (0.5% carboxymethyl-
cellulose/H,0-HCI, pH 2-3) or axitinib at 50 mg/kg by oral gavage daily for five
consecutive weeks. The mice were weighed weekly and monitored daily for
any signs of illness. The mice were killed on the last day of the treatment. The
small intestines were dissected, washed in PBS, fixed in 4% (vol/ivol) PBS-
buffered formaldehyde, and embedded in paraffin using standard procedures.

DARTS Assay. The DARTS assay was performed according to the protocol
previously described (25). To prepare DARTS samples for mass spectrometry
analysis, 1 x 107 SW480 cells were lysed in 2.4 mL M-PER (Pierce, 78501)
buffer containing freshly added protease inhibitors. After centrifugation
and the addition of 10x TNC buffer [S00 mM Tris-HCI (pH 8.0), 500 mM Nadcl,
100 mM CaCl,], lysates were equally divided between two tubes for in-
cubation for 1 h at room temperature with 20 pL DMSO or 10 mM axitinib.
Incubated samples were digested with 4.2 mg/mL pronase at room
temperature for 30 min. Digestion was stopped by adding protease in-
hibitors (11836153001; Roche), and samples were stored at —80 °C for proteomics
analysis.
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Statistical Analysis. For mice and adult zebrafish experiments, no statistical
methods were used to predetermine sample size, but animals in each group were
selected randomly. The sample size (n) of each experiment is indicated in the
relevant figure legends. All experiments using cultured cells and zebrafish em-
bryos were repeated at least with three biological replicates. A two-tailed Stu-
dent’s t 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 as
the mean + SD of the replicated experiments. P values are indicated in figure
legends, and differences were considered significant at *P < 0.05 and **P < 0.01.
In our observations, all measured data were normally distributed, and the var-
iance was similar between the groups that were statistically compared.
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