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Abstract

In most colorectal cancers, Wnt/b-catenin signaling is acti-
vated by loss-of-function mutations in the adenomatous polyposis
coli (APC) gene and plays a critical role in tumorigenesis.
Tankyrases poly(ADP-ribosyl)ate and destabilize Axins, a neg-
ative regulator of b-catenin, and upregulate b-catenin signaling.
Tankyrase inhibitors downregulate b-catenin and are expected
to be promising therapeutics for colorectal cancer. However,
colorectal cancer cells are not always sensitive to tankyrase
inhibitors, and predictive biomarkers for the drug sensitivity
remain elusive. Here we demonstrate that the short-form APC
mutations predict the sensitivity of colorectal cancer cells to
tankyrase inhibitors. By using well-established colorectal cancer
cell lines, we found that tankyrase inhibitors downregulated
b-catenin in the drug-sensitive, but not resistant, colorectal
cancer cells. The drug-sensitive cells showed higher Tcf/LEF
transcriptional activity than the resistant cells and possessed

"short" truncated APCs lacking all seven b-catenin-binding
20-amino acid repeats (20-AARs). In contrast, the drug-resistant
cells possessed"long"APC retaining twoormore20-AARs.Knock-
down of the long APCs with two 20-AARs increased b-catenin,
Tcf/LEF transcriptional activity and its target gene AXIN2 expres-
sion. Under these conditions, tankyrase inhibitors were able to
downregulateb-catenin in the resistant cells. These results indicate
that the long APCs are hypomorphic mutants, whereas they exert
a dominant-negative effect on Axin-dependent b-catenin degra-
dation caused by tankyrase inhibitors. Finally, we established
16 patient-derived colorectal cancer cells and confirmed that
the tankyrase inhibitor–responsive cells harbor the short-form
APC mutations. These observations exemplify the predictive
importance of APC mutations, the most common genetic alter-
ation in colorectal cancers, for molecular targeted therapeutics.
Mol Cancer Ther; 16(4); 752–62. �2017 AACR.

Introduction
Loss-of-function mutations in adenomatous polyposis coli (APC)

gene, a negative regulator of Wnt/b-catenin signaling, frequently
occur in colorectal cancer (1, 2). These APC mutations promote
tumorigenesis together with several common mutations, such as

those in KRAS, SMAD4, and TP53 (3, 4). APC functions as a
functional scaffold for the b-catenin destruction complex, which
is composed of b-catenin, Axin, casein kinase 1a and glycogen
synthase kinase 3b (GSK3b), and suppresses Wnt/b-catenin
signaling (5–10). In the destruction complex, APC and Axin
promote the ubiquitin-dependent proteasomal degradation of
b-catenin via casein kinase 1a- and GSK3b-mediated phosphory-
lation of b-catenin (8, 10). In genetically engineered mouse
models, APC mutation–derived activation of Wnt/b-catenin sig-
naling was shown to be required not only for promotion of
colorectal cancer but also for tumor maintenance (11, 12). These
observations indicate that the Wnt/b-catenin signaling pathway
is a rational therapeutic target for colorectal cancer. So far, how-
ever, this pathway lacks druggable molecular targets, which has
hampered the development of therapeutic drugs targeting
Wnt/b-catenin signaling.

Tankyrases (tankyrase-1/PARP-5a and tankyrase-2/PARP-5b)
are members of the PARP family (13–15). This unique class of
PARPs recognizes its binding partners via the multiple ankyrin
repeat cluster domain and poly(ADP-ribosyl)ates (PARylates)
them via the carboxyl terminal catalytic domain (13, 16, 17).
Tankyrases enhance Wnt/b-catenin signaling by PARylation and
subsequent destabilization of Axins (18, 19). Pharmacologic
inhibition of tankyrases causes accumulation of Axins, which in
turn facilitates degradation of b-catenin and suppresses the
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growth of several APC-mutated colorectal cancer cell lines
(18, 20–23). These observations suggest that tankyrase inhibitors
are promising drugs for colorectal cancer treatment. However,
colorectal cancer cells are not equally sensitive to tankyrase
inhibitors (22). Although appropriate stratification of patients
has profound implications for new drug development, predictive
biomarkers for sensitivity to tankyrase inhibitors remain elusive.
In this study, we demonstrate that a class of APC mutations
predicts the sensitivity of colorectal cancer cells to tankyrase
inhibitors.

Materials and Methods
Cell culture and proliferation assay

Human colorectal cancer cell lines COLO-320DM, SW403,
SW480, and DLD-1 were maintained in RPMI1640 medium
(Gibco, Life Technologies) supplemented with 10% FBS. RKO
cells were maintained in DMEM low glucose (Nacalai Tesque)
with10%FBS. These cell lineswereobtained fromATCC.HCT-15,
HCC2998, HT-29, KM12, and HCT-116 cells were maintained as
described previously (24). All cell lines were authenticated by
short tandem repeat profiling analysis (BEX) in 2016. Cell pro-
liferation was evaluated by the MTT assay (5-day drug treatment)
as previously described (25) or by colony formation assay (10-day
drug treatment). Normalization was done to cells treated with
DMSO as vehicle, which were defined as 100%. Final concentra-
tion of DMSO was constant and the same for all the treatments.

Plasmid construction
Total RNA was purified from COLO-320DM cells using the

RNeasy Kit (Qiagen) and used as a template to amplify the
truncated APC [amino acid (aa) 1–811] fragment by reverse
transcription-PCR. The primer sets were: 50-ATCGGATCCGCT-
GCCACCATGGAACAAAAGCTGATTTCTGAAGAAGATCTGGAA-
TTCGCTGCAGCTTCATATGATCAGTTGTTA-30 (forward) and 50-
ACACTCGAGATATGGTGAAAGGACAGTCATGTTGC-30 (reverse).
The forward and reverse primers contain BamHI and XhoI sites,
respectively. The PCR product was cloned into BamHI and XhoI
sites of the pLPC vector to generate the pLPC-APC811 plasmid.

Luciferase assay
Cells were transiently transfected with the b-catenin-responsive

reporter vectors pTcf7wt-luc (carrying seven repeats of the Tcf-
binding consensus sequence) or pTcf7mt-luc (carrying seven
repeats of a mutated Tcf-binding consensus sequence, to which
Tcf cannot bind; provided byDr. Kunitada Shimotohno,National
Center for Global Health and Medicine, via Riken BioResource
Center, Ibaraki, Japan) and phRLuc (Promega) by Lipofectamine
2000 reagent (Thermo Fisher Scientific) or by electroporation
using the Neon Transfection System (Thermo Fisher Scientific)
with two pulses for 20ms and 1,300 V each time. Luciferase assays
were performed using the Dual-Glo Luciferase Assay System
(Promega) and firefly and Renilla luminescence were measured
with a multifunctional reader Genios (Tecan).

Immunoblotting
Whole cell lysateswere prepared using lysis buffer (1%Nonidet

P-40, 150 mmol/L NaCl, 50 mmol/L Tris-HCl, pH 8.0) with 2%
(v/v) of protease inhibitor cocktail (Nacalai Tesque) and 1% (v/v)
of phosphatase inhibitor cocktail (Nacalai Tesque). Immunoblot-
ting was performed as previously described (17). The primary

antibodies were anti-tankyrase-1/2 (H350; Santa Cruz Biotech-
nology), anti-active b-catenin (8E7; Millipore), anti-phospho-
b-catenin (Ser33/37/Thr41; Cell Signaling Technology), anti-
Axin1 (C76H11; Cell Signaling Technology), anti-Axin2 (76G6;
Cell Signaling Technology), anti-GAPDH (6C5; Fitzgerald), anti-
APC (ALi 12-28; Santa Cruz Biotechnology) for detecting the
short APC (aa 1–811), and anti-APC (2504; Cell Signaling
Technology) for APC larger than 811 aa.

siRNA transfection
ON-TARGETplus (human CTNNB1 and nontargeting control)

and Silencer Select [APC (s1433: siAPC#1; s1434: siAPC#2;
s1435: siAPC#3) and negative control no. 1] siRNAs were pur-
chased from GE Healthcare Dharmacon and Thermo Fisher
Scientific, respectively. siRNAs were introduced into cells with
reverse transfection method using Lipofectamine RNAiMAX
Transfection Reagent (Thermo Fisher Scientific).

qRT-PCR
Total RNAswere purifiedwith the RNeasyMini Kit (Qiagen) and

cDNA were synthesized with the SuperScript III First-Strand Syn-
thesis SuperMix for qRT-PCR (Thermo Fisher Scientific). The
expression levels of AXIN2 or Naked1 (NKD1) mRNA were quan-
tified by real-time PCR analysis with the LightCycler 480 Real-Time
PCR System with Universal ProbeLibrary Probe #36 (Roche).
The primers were as follows: AXIN2, 50-CACACCCTTCTCCAATC-
CAA-30 (forward) and 50-TGCCAGTTTCTTTGGCTCTT-30 (reverse);
and NKD1, 50-TCTCGCCGGGATAGAAAAC-30 (forward) and 50-
TCTCGCCGGGATAGAAAAC-30 (reverse).

Immunofluorescence staining
Cells on glass coverslips were fixed with 2% formaldehyde/PBS

and permeabilized with 0.5% Nonidet P-40/PBS. Immunofluo-
rescence stainingwas performed aspreviously described (17)with
antibody against nonphosphorylated (i.e., active) b-catenin
(D13A1; Cell Signaling Technology). The nuclei were stained
with VECTASHIELD Antifade Mounting Medium with 40,6-dia-
midino-2-phenylindole (DAPI; Vector Laboratories).

Patients
Surgical specimens of colorectal cancer from 16 patients were

obtained between September 2013 and December 2015. Stan-
dard histopathologic analysis was performed to confirm the
diagnosis of malignancy and the histological subtype. For all
samples, total RNA and genomic DNA were isolated as described
below. Electronic medical records were retrospectively reviewed
to obtain clinical information in accordance with an institutional
review board (IRB)-approved protocol. The patients submitted
written informed consent for genetic and cell biological analyses,
which were performed in accordance with protocols approved by
the IRBs of the Japanese Foundation for Cancer Research (Tokyo,
Japan).

Establishment of patient-derived cancer cell lines
A few pieces of tumors from colorectal cancer patients were

obtained after surgical resection. Tumor pieces were immediately
placed in ice-cold culture medium with antibiotic-antimycotic
(Gibco). Tumor tissueswere cut into small fragments, andwashed
with ice-cold PBS supplemented with antibiotic–antimycotic.
Tumor pellets were enzymatically digested with collagenase/dis-
pase (Roche) and DNase I in StemPro ESC culture medium
(Invitrogen) for 30 to 60 minutes. After washing with
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antibiotic–antimycotic and 0.2% BSA-containing PBS, the cell
pellets were cultured in the StemPro ESC medium supplemented
with 10 mmol/L of Y-27632 to establish the patient-derived JC
(JFCR-Colorectal) cell lines. Before subsequent experiments, the
cells were subcultured until the coexisting stromal cells were
scarcely detected under the microscope.

Isolation of genomic DNA and total RNA and sequencing of
APC gene

Genomic DNA was isolated from cell pellets or fresh frozen
normal/tumor specimens using the DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer's protocol. The isolated
DNAwas processed on theMiSeq platform (Illumina, Inc.) with a
Haloplex custompanel (Agilent),which is designed todetectwell-
known cancer-associated somatic mutations. Somatic variants
were called using the Somatic Variant Caller (Illumina) and
annotated using the SureCall software tool (Agilent). Total RNA
was isolated from cell pellets or fresh frozen specimens using the
RNeasyMini Kit (Qiagen). Mutated APC cDNAswere PCR-ampli-
fied from cDNA synthesized from total RNA with oligo-dTs using
the KOD Plus Neo Kit (Toyobo Co., Ltd.) and bidirectionally
sequenced by the Sanger method.

Statistical analysis
Tukey–Kramer tests were performed to examine every combi-

nation of multiple experimental groups. Multiple regression
analysis was performed with sensitivities to tankyrase inhibitors
and existence of genetic mutations (APC, KRAS, PIK3CA, and
TP53), which were defined as dependent and independent vari-
ables, respectively.

Results
Tankyrase inhibitor–sensitive colorectal cancer cells retain
highly activated Wnt/b-catenin signaling

To identify molecular parameters that are associated with
cellular sensitivity to tankyrase inhibitors, we first evaluated the
growth-inhibitory effects of tankyrase inhibitors G007-LK,
IWR-1 and XAV939 (18, 20, 22) on nine established colorectal
cancer cell lines. COLO-320DM, SW403, HCC2998, DLD-1,
HCT-15, HT-29, and KM12 cells are APC-mutated, whereas
HCT-116 and RKO cells retain wild-type APC. As expected,
none of the inhibitors repressed the growth of HCT-116 or RKO
cells (Fig. 1A) because HCT-116 cells harbor a constitutively
active mutation in b-catenin (CTNNB1, deletion of Ser45, a
phosphorylation site of casein kinase 1a) and RKO cells have
no Wnt/b-catenin signal-related mutations. Among the rest of
the cell lines with APC-truncated mutations, COLO-320DM
and SW403 cells showed high sensitivity to the three tankyrase
inhibitors (Supplementary Table S1), whereas the other cell
lines were resistant.

We next examined transcriptional activity of Tcf/LEF, a down-
stream signaling component of the Wnt/b-catenin pathway,
using a Tcf/LEF luciferase reporter construct. Figure 1B shows
that COLO-320DM and SW403 cells exhibit high Tcf/LEF tran-
scriptional activity compared with the tankyrase inhibitor–resis-
tant cells. These transcriptional activities roughly correlated with
b-catenin dependency of the cells (Fig. 1C and D; Supplemen-
tary Fig. S1). Importantly, COLO-320DM and SW403 cell
growths were sensitive to b-catenin depletion, ensuring the
mode-of-action of tankyrase inhibitors. These observations so
far indicate that tankyrase inhibitor-sensitive colorectal cancer

cells possess three characteristic properties: (i) APC truncated
mutation, (ii) highly activatedWnt/b-catenin signaling, and (iii)
b-catenin–dependent cell growth.

Sensitivity to tankyrase inhibitors is coupledwith drug-induced
suppression of b-catenin signaling

Tankyrase promotes Axin degradation and thereby induces
b-catenin stabilization (18). Therefore, the pharmacodynamic
response of the tankyrase–Axin–b-catenin axis could be a clue
to determine the cellular sensitivity to tankyrase inhibitors. When
we examined the basal expression levels of tankyrase, Axins, and
active b-catenin in the colorectal cancer cell lines used, we did not
observe any correlation between their expression levels and
sensitivity to tankyrase inhibitors (Supplementary Fig. S2A–
S2C). b-Catenin is localized both in adherence junctions and in
the nucleus (26). In APC-mutated cell lines, subcellular localiza-
tion or expression levels of b-catenin did not correlate with
tankyrase inhibitor sensitivity (Supplementary Fig. S2D).We next
monitored the effect of tankyrase inhibitors on the tankyrase–
Axin–b-catenin axis. When nine colorectal cancer cell lines were
treated with G007-LK or IWR-1, accumulation of Axins (Axin2,
especially) and subsequent decrease of nonphosphorylated
b-catenin (i.e., active b-catenin) was detected in the inhibitor-
sensitive COLO-320DM and SW403 cells (Fig. 2A; Supplemen-
tary Fig. S1). In contrast, in tankyrase inhibitor–resistant cell lines,
protein levels of active b-catenin did not change after inhibitor
treatment. Consistent with these observations, in the inhibitor-
sensitive cells, tankyrase inhibitors efficiently suppressed the
highly activated Tcf/LEF activity (Fig. 2B) and mRNA expression
of AXIN2 and NKD1 (27, 28), two target genes of Wnt/b-catenin
signaling (Fig. 2C). However, in the inhibitor-resistant colorectal
cancer cells withAPCmutations (DLD-1,HCT-15,HCC2998, and
KM12 cells), the levels of Tcf/LEF activity and downstream gene
expressionwere relatively low and suppressive effects of tankyrase
inhibitors on these cells were less clear. Of note, in HCC2998,
HCT-15, and DLD-1 cells, tankyrase inhibitors caused Axin accu-
mulation but failed to downregulate b-catenin. These results
indicate that the pharmacodynamic effect of tankyrase inhibition
is not transmitted to b-catenin downregulation in these resistant
cell lines.

Mutation status of APC correlates with sensitivity to
tankyrase inhibitors

Previous studies have shown that mutations of APC gene occur
preferentially within the mutation cluster region (around aa
1282–1581) in colorectal cancers (2, 29–31). This results in APC
gene products that lack several or all of the seven 20-amino acid
repeats (20-AARs), which contribute to b-catenin binding and
degradation. We next focused on the relationship between the
positions of APCmutations and the cellular sensitivity to tankyr-
ase inhibitors. As shown in Fig. 3, we noticed that the cell lines
sensitive to tankyrase inhibitors harbored short, truncated APC
mutants that lacked all seven 20-AARs (referred to as "short APC"
hereafter), whereas the tankyrase inhibitor-resistant cell lines
retained longer APC mutants containing two or more 20-AARs
(referred to as "long APC" hereafter). We found that another
colorectal cancer cell line, SW480,which retained a single 20-AAR,
was resistant to tankyrase inhibitors (Supplementary Fig. S3A).
Supplementary Table S2 shows statistically significant correlation
between the short APC mutations and sensitivities to G007-LK
(P¼ 0.015) and IWR-1 (P < 0.001). Moreover, PIK3CAmutations
were correlated with sensitivities to IWR-1 (P ¼ 0.044) but not
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G007-LK (P ¼ 0.141). None of the other recurrent mutations in
colorectal cancers showed correlationwith the tankyrase inhibitor
sensitivity. These observations suggest that APC mutation status
could be a potential biomarker for prediction of tankyrase inhib-
itor sensitivity of colorectal cancer cells.

Long APC mutants block tankyrase inhibitor–induced
b-catenin degradation

As shown earlier, tankyrase inhibitor-resistant colorectal
cancer cell lines possess long APCs with two or more 20-AARs
and fail to downregulate b-catenin upon tankyrase inhibition.
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Figure 1.

Sensitivity of colorectal cancer cell lines to tankyrase inhibitors. A, MTT assay was performed with human colorectal cancer cell lines after 5-day treatment
with tankyrase inhibitors G007-LK, IWR-1, and XAV939 at indicated doses. B, Luciferase reporter assay was performed to evaluate the Wnt/b-catenin
signaling activity of each cell line. Relative light units (RLU) of pTcf7wt-luc-derived firefly luciferase activities (Luc) were determined by normalization
with those of the control Renilla luciferase (RLuc), and the firefly/Renilla RLU was further normalized with that of pTcf7mt-luc-transfected samples. C
and D, Antiproliferative effect of b-catenin knockdown. Cell lysates were prepared after 2 days of siRNA transfection and subjected to immunoblot
analysis with indicated primary antibodies (C). MTT assay was performed after five days of transfection (D). NC, nonsilencing control siRNA; CTNNB1, b-catenin
siRNA. Asterisk indicates statistical significance (�� , P < 0.01; � , P < 0.05, Tukey–Kramer test).
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To examine the functional involvement of the long APCs in
the resistance of b-catenin to tankyrase inhibitor-mediated
downregulation, we knocked down the expression of the long
APCs in these cells. We particularly focused on the three cell
lines expressing long APC with two 20-AARs, HCC2998,
HCT-15 and DLD-1 cells, because the signaling from Axin2
accumulation to b-catenin downregulation was prevented in
these cell lines. Depletion of the long APC resulted in elevation

of active b-catenin levels (Fig. 4A; Supplementary Fig. S1) and
downstream AXIN2 mRNA expression (Fig. 4B), although the
effects on active b-catenin and AXIN2 expression in DLD-1 cells
were not detected or detected only marginally, if any. These
observations support the notion that the long APCs that par-
tially retain several 20-AARs are hypomorphic mutants in
terms of the ability to suppress intracellular b-catenin levels.
Under long APC-depleted conditions, G007-LK–induced Axin2
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Figure 2.

Sensitivity to tankyrase inhibitors correlates with b-catenin downregulation. A, Immunoblot analysis. Cells were treated with G007-LK (1 mmol/L, top) or IWR-1
(10 mmol/L, bottom) for 16 hours. Cell lysates were prepared and subjected to immunoblot analysis. B, Luciferase reporter assays. Cells were treated
with indicated concentrations of G007-LK for 18 hours after transfection of the reporter vectors. Wild-type, pTcf7wt-luc; Mutant, pTcf7mt-luc. C, Quantitative
RT-PCR analysis of AXIN2 and NKD1 gene expression. Cells were treated with G007-LK (1 mmol/L) or IWR-1 (10 mmol/L) for 24 hours. Data were normalized
with b-actin expression. n.d., not detected. Asterisk indicates statistical significance (�� , P < 0.01; � , P < 0.05, Tukey–Kramer test).
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accumulation and was able to downregulate b-catenin. Mean-
while, SW480, which retained a single 20-AAR, was able to
downregulate b-catenin upon G007-LK treatment, and deple-
tion of this mutant APC did not affect b-catenin stability
(Supplementary Fig. S3B). Of note, in this cell line, the basal
level of active b-catenin was very high and significant amounts
remained even after the drug treatment, which would allow the
drug-resistant cell growth (Supplementary Fig. S3A). Immuno-
fluorescence staining confirmed that depletion of the long APC
with two 20-AARs led to accumulation of active b-catenin in the
cell nucleus, which was reversed by G007-LK (Fig. 4C). Similar
results were obtained when other APC siRNAs and IWR-1 were
used (Supplementary Fig. S4A and S4B). Knockdown of the
long APCs did not affect the cellular sensitivities to tankyrase
inhibitors (Supplementary Fig. S4C and S4D).

To investigate the functional difference of the short and long
APCs, we evaluated the influence of short APC expression on
tankyrase inhibitor–induced b-catenin degradation. Again,
knockdown of the endogenous long APC in HCC2998 cells
enabled G007-LK and IWR-1 to induce degradation of b-catenin
(Fig. 5A; Supplementary Fig. S5A, lanes 1, 2, 5, 6). Exogenous
expression of short APC (APC811, derived from COLO-320DM
cells) in the absence of the endogenous long APC in HCC2998
cells did not affect tankyrase inhibitor–induced b-catenin degra-
dation (Fig. 5A; Supplementary Fig. S5A, lanes 5–8). Ectopic
expression of the short APC in HCC2998 cells did not affect the
sensitivity to tankyrase inhibitors in the presence or absence of the
long APC (Supplementary Fig. S5C and S5D). Because the long
APC is a hypomorphic mutant, its depletion in HCC2998 cells
increased Tcf/LEF transcriptional activity (Fig. 5B). Consistent
with the results in Fig. 5A, ectopic expression of APC811 had

little influence on this reporter activity. In contrast, overexpression
or knockdown of APC811 in COLO-320DM cells did not affect
the levels of active b-catenin or Tcf/LEF activity (Fig. 5C and D;
Supplementary Fig. S5B). Tankyrase inhibitor–mediated degra-
dation of b-catenin in long APC-depleted HCC2998 cells
depended on Axin2 but not Axin1 (Fig. 5E). COLO-320DM cells
also required Axin2 for tankyrase inhibitor–mediated degrada-
tion of b-catenin, on which APC811 ('short' APC) had no effect
(Fig. 5F). Together, these observations indicate that the long APC,
but not the short APC, disturbs tankyrase inhibitor–induced
b-catenin downregulation (Supplementary Fig. S6).

Short APC mutations in patient-derived colorectal cancer cells
predict response to tankyrase inhibitors

To validate the short APCmutations as a potential biomarker
to predict tankyrase inhibitor sensitivity in more clinically
relevant cells, we established patient-derived cells (PDC) from
surgical specimens of colorectal cancer patients and analyzed
the sequence of the APC gene (Supplementary Fig. S7A). These
PDCs exhibited differential sensitivities to G007-LK and IWR-1
(Fig. 6A). On the basis of the cell growth inhibition rate, we
divided these cells into three groups: sensitive, intermediate,
and resistant (Supplementary Fig. S7B). Integrated analysis of
APC mutation status and tankyrase inhibitor sensitivity reveal-
ed that PDCs in the resistant group tended to possess long APC
mutants compared with the sensitive and intermediate groups
together (Supplementary Fig. S7C). Importantly, PDCs with
short APC mutants (20-AAR ¼ 0) were classified as sensitive/
intermediate, without exception (Fig. 6B). On the other hand,
PDCs with long APC mutants (20-AAR � 1) were either sen-
sitive/intermediate or resistant to tankyrase inhibitors with

lineCell APC
mutation

# of 
20-

AARs

APC gene product       20-AAR x 7

COLO-
320DM 0S811X

SW403
S1197X2

0
S1278X

HCC2998
R1450X

2
L665X

DLD-1 2G1417fs*2

HCT-15 2G1417fs*2

HT-29
E853X

3
T1556fs*3

KM12
N1819fs*7

11
WT

HCT-116 14WT

RKO 14WT

Figure 3.

Mutation status of APC in colorectal
cancer cell lines. "APC mutation"
column describes the amino acid
position of the APC mutation. X stands
for nonsense mutation, fs for
frameshift and WT for wild-type. The
numbers of 20-AARs in APC were
counted as a total of both alleles.
Schematic views of APC length and
20-AARs are shown in the "APC gene
product" column.
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comparable tendency. Collectively, these observations indicate
that the short APC lacking all 20-AARs could potentially be a
predictive biomarker for sensitivity of colorectal cancer cells to
tankyrase inhibitors. Colony formation assay of six PDCs gave
essentially similar results with MTT assay, although the cells
tended to be more sensitive to tankyrase inhibition in colony
formation assay because of longer drug exposure (Supplemen-
tary Fig. S8A). Knockdown of b-catenin inhibited the growth of
these PDCs to comparable extents with tankyrase inhibitors
although the tankyrase inhibitor–sensitive JC-35 was resistant
to b-catenin depletion presumably due to high basal level
expression of b-catenin and incomplete knockdown of the gene
(Supplementary Fig. S8B and S8C).

Discussions
In this study, we demonstrated that the colorectal cancer cell

lines that are sensitive to tankyrase inhibitors (COLO-320DMand
SW403 cells) highly depend on b-catenin signaling: they exhibit
(i) elevated Tcf/LEF transcriptional activities, (ii) higher expres-
sion of the downstream genes, and (iii) susceptibility to growth
inhibition by b-catenin knockdown. As reported previously
(18, 22), we confirmed that either the gain-of-function mutation
of theCTNNB1 gene (HCT-116 cells) or the absence ofmutations

in the Wnt/b-catenin pathway (RKO cells) could be rendered
as exclusion criteria for therapeutic application of tankyrase in-
hibitors in colorectal cancers.

Lau and colleagues classified colorectal cancer cells into either
tankyrase inhibitor-"sensitive" or "resistant" according to the
b-catenin signaling (i.e., TCF reporter activity and target gene
expression) but not cell proliferation (22). They have demon-
strated that response of b-catenin signaling to tankyrase inhibitors
does not necessarily correlate with the cell sensitivity to the drug-
induced growth inhibition or positions of APC mutations. In
HCT-15 cells, for example, (i) tankyrase inhibitors blocked b-cate-
nin signaling but did not inhibit the cell growth, (ii) APC
knockdown upregulated b-catenin signaling. These results are
consistent with our present results (Figs. 1A, 2B and C, 4B).
Meanwhile, the level of b-catenin signaling in HCT-15 cells was
not so high (Fig. 1B). We assumed that such a low level of
b-catenin signaling would not significantly affect the growth of
HCT-15 cells, if any. In fact, b-catenin knockdown did not inhibit
the growth of HCT-15 cells (Fig. 1D). In total, the observations by
Lau and colleagues (22) do not oppose our present conclusion
that positions of APC mutations correlate with sensitivities of
colorectal cancer cell growth to tankyrase inhibitors.

In colorectal cancer cells, activation of multiple driver path-
ways, such as Wnt/b-catenin, receptor tyrosine kinase (RTK)/RAS
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The long APC mutant is hypomorphic and suppresses G007-LK-mediated b-catenin degradation. Twenty-four hours after transfection with APC siRNA#1,
cells were incubated with G007-LK (1 mmol/L) for 16 hours. A, Immunoblot analysis. B, Expression level of AXIN2 mRNA evaluated by quantitative
RT-PCR analysis. AXIN2 expression is shown as relative value normalized with b-actin expression. NC stands for nonsilencing control siRNA. Asterisk
indicates statistical significance (�� , P < 0.01; � , P < 0.05, Tukey–Kramer test). C, Immunofluorescence staining of nonphosphorylated (i.e., active)
b-catenin.
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and PI3K/AKT, and p53 inactivation are not mutually exclusive
(4). In this study, we did not observe any significant correlation
between the sensitivity to tankyrase inhibitors and mutations in
PIK3CA, KRAS, BRAF, and TP53, although PIK3CA mutations
were correlated with sensitivity to one of the two inhibitors,
IWR-1. However, tankyrase inhibitor sensitivities ofAPC-mutated
colorectal cancer cell lines examined here were inversely corre-
lated with their sensitivities to regorafenib, a multitargeted kinase
inhibitor (32). Thus, COLO-320DMand SW403 cells are resistant
to regorafenib, whereas tankyrase inhibitor–resistant HT-29 cells
are sensitive to regorafenib. These observations suggest two
hypotheses: (i) responders to tankyrase inhibitors and those to
inhibitors of RTK pathways may not overlap; and (ii) colorectal
cancer patients who do not respond to either drug may obtain
benefit from combination therapy of tankyrase inhibitors and
RTK pathway inhibitors.

Tankyrase inhibitor-resistant colorectal cancer cells that had
mutant APCs with two or three 20-AARs did not allow Axin-

dependent b-catenin degradation caused by tankyrase inhibitors.
These long APC mutants would have a dominant negative effect
on the Axin-dependent b-catenin degradation because the siRNA-
mediated knockdown resumedb-catenin degradationupon expo-
sure to tankyrase inhibitors (Supplementary Fig. S6). Of note, a
previous study showed that the long APC mutant (APC1450)
forms a hetero-oligomer with the wild-type APC and exerts a
dominant-negative effect on APC interaction with a plus-end
microtubule-binding protein (EB1) and thus blocks the appro-
priate dynamics of microtubules (33). As APC requires its car-
boxyl terminal 284 residues (codons 2560-2843) to interact with
EB1 (34), all of the APC-mutated cell lines used in this study
should be lacking the EB1–APC interactions. Thus, diverse num-
bers of retained 20-AARs in APCmutantsmay not give differential
effects on EB1-mediated function of APC, if any.

Importantly, these long APC mutants occur most frequently
in colorectal cancers and are hypomorphic (29, 31). In fact,
colorectal cancers adopt the so-called "just right signaling" of the
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Long but not short APC represses
Wnt/b-catenin signal and its
knockdown sensitizes b-catenin to
tankyrase inhibitor-mediated
downregulation. A and C, Immunoblot
analysis of cell lysates. Cells were
transfected with the indicated siRNAs
directly after electroporation of
pLPC-APC811, an expression vector for
the short APC (APC811). Twenty-four
hours after transfection, cells were
treated with G007-LK (1 mmol/L)
for 16 hours. B and D, Luciferase
assay was performed 2 days
posttransfection of Tcf reporter
vectors, pLPC-APC811 and APC siRNA.
APC siRNA#3 was used for the
experiments in this figure. Asterisk
indicates statistical significance
(�� , P < 0.01, Tukey–Kramer test). ns,
not significant. E and F, Axin
dependency of b-catenin degradation
in G007-LK-treated cells. Cells were
transfected with indicated siRNAs and
treated with G007-LK (1 mmol/L) for
16 hours. Cell lysates were subjected
to Western blot analysis.
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Wnt/b-catenin pathway and prefer partially inactivated APC
mutants (29, 31). This unique property of APC mutations will
provide a second explanation for why the depletion of long APCs
restores b-catenin degradation by tankyrase inhibitors: the long
APCknockdownderepresses the target gene,AXIN2, and increases
its mRNA pool (Fig. 4B and Supplementary Fig. S4B), which
further enhances accumulation of Axin2 protein upon treatment
with tankyrase inhibitors and facilitates b-catenin degradation.
Axins serve as a master scaffold for the b-catenin degradation
complex and are the rate-limiting factor of b-catenin degradation
(35). In fact, overexpression of Axin in APC-mutated SW480 cells
causes a drastic reduction of the b-catenin level (36). These
observations support that tankyrase inhibitor-mediated accumu-
lation of Axin induces b-catenin degradation even in the absence
of APC, although the degradation efficiency might be reduced
by APC dysfunction (22).

COLO-320DM and SW403 cells, in which APC had no 20-
AARs, increased Axins and downregulated b-catenin upon treat-
ment with tankyrase inhibitors. Neither overexpression nor
knockdown of the short APC affected the Tcf/LEF transcriptional
activity or the Axin-dependent degradation of b-catenin. There-
fore, these APC mutants are not hypomorphic or dominant-
negative in terms of b-catenin regulation and response to tankyr-
ase inhibitors, respectively. We propose that short APC mutants
induce the highest activation of the b-catenin signaling and render
susceptibility to Axin-dependent degradation of b-catenin, both
of which contribute to the sensitivity to tankyrase inhibitors.
Consistent with our observations,Waaler and colleagues reported
that a tankyrase inhibitor JW55 efficiently blocks polyposis for-
mation in conditional Apc knockout mice (21). These mice
produce a short APC (1-580) mutant, which lacks all 20-AARs
and is classified as tankyrase inhibitor–sensitive, according to our
present study.

Our finding that PDCs with short APC mutants were either
sensitive or responsive to tankyrase inhibitors corroborates the
idea that APCwith complete deletion of seven 20-AARs could be a
predictive biomarker for the sensitivity to tankyrase inhibitors.
Although the number of established cell lines examined might
be small, we examined totally 25 different cells (9 established
cell lines and 16 PDCs). Among them, 8 cells were classified as
the short APC mutants without 20-AARs. Strikingly, all of these
short APC cells responded to two different tankyrase inhibitors,
G007-LK and IWR-1 (six were sensitive, two were intermediate,
and none were resistant). The antiproliferative effect of tankyrase
inhibitors on PDCs seems to be relatively weaker than the estab-
lished colorectal cancer cell lines. This could be a result of
relatively slower growth of the PDCs, particularly under the
serum-free culture conditions optimized for PDC culture.

Meanwhile, depletion of the long APCs retaining two or more
20-AARs did not affect the cellular sensitivities to tankyrase
inhibitors. These observations are consistent with that HCC2998
andHCT-15 cells were resistant to growth inhibition by b-catenin
knockdown (Fig. 1D). In case ofDLD-1 cells, tankyrase inhibitor–
mediated degradation of b-catenin gave less deleterious effect
than direct knockdown of b-catenin (Fig. 1D). This would be due
to that tankyrase inhibitors only partially downregulated b-cate-
nin in the mutant APC-depleted DLD-1 cells and the cells still
maintained significant amounts of b-catenin (Supplementary Fig.
S4A). Accordingly, we propose that APC mutations are potential
biomarkers but not functional determinants of tankyrase inhib-
itor sensitivities of colorectal cancer cells.

We could not define the long APC mutants retaining two or
more 20-AARs as exclusion criteria for application of tankyrase
inhibitors. APC regulates not only the stability of b-catenin
in the destruction complex but also regulates localization of
b-catenin with its nuclear localization and nuclear export
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Short APC mutations as a potential
predictive biomarker for the
sensitivity of PDCs to tankyrase
inhibitors. A, Effects of tankyrase
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inhibitors were analyzed by dot plots
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signals (37, 38). However, there was no general correlation
between the nuclear localization of b-catenin and sensitivity to
tankyrase inhibitors (H. Yoshida and N. Tanaka, unpublished
observations). A recent report showed that APC2 contributes to
the activity of the destruction complex upon tankyrase inhibi-
tion (39). Upon treatment with tankyrase inhibitors, tankyrase
and Axin bind each other to form an oligomer complex, which
is important for destabilizing b-catenin (40). These phenomena
may provide a key to solve the tankyrase inhibitor sensitivity of
PDCs with long APCs. Alternatively, tankyrase inhibitors may
exert their therapeutic effect through the blockade of other
functions of the proteins, including telomere maintenance,
mitosis, downregulation of the tumor suppressor PTEN, and
oncogenic YAP activation (41–44).

Although the Wnt/b-catenin pathway has been thought as a
less-druggable target for colorectal cancers, tankyrase inhibitors
are promising for blocking this signaling pathway. Our demon-
stration of APCmutations as a predictive biomarker for tankyrase
inhibitor sensitivity has a profound implication, because muta-
tions in this tumor suppressor gene are the most fundamental
molecular alteration in the complicated etiology of colorectal
cancers. Clarifying further mechanisms for the sensitivity to
tankyrase inhibitors, especially in the long APC-mutated colorec-
tal cancer cells, will enable the selectionof appropriate patients for
treatingwith tankyrase inhibitors and support thedevelopment of
tankyrase inhibitors.
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