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BACKGROUND: Aberrant WNT/B-catenin signaling drives carcinogenesis. Tankyrases poly(ADP-ribosyl)ate and destabilize AXINs, 3-
catenin repressors. Tankyrase inhibitors block WNT/B-catenin signaling and colorectal cancer (CRC) growth. We previously reported
that ‘short’ APC mutations, lacking all seven B-catenin-binding 20-amino acid repeats (20-AARs), are potential predictive biomarkers
for CRC cell sensitivity to tankyrase inhibitors. Meanwhile, ‘Long’ APC mutations, which possess more than one 20-AAR, do not
predict inhibitor-resistant cells. Thus, additional biomarkers are needed to precisely predict the inhibitor sensitivity.

METHODS: Using 47 CRC patient-derived cells (PDCs), we examined correlations between the sensitivity to tankyrase inhibitors
(G007-LK and RK-582), driver mutations, and the expressions of signaling factors. NOD.CB17-Prkdc*®/) and BALB/c-nu/nu xenograft

mice were treated with RK-582.

RESULTS: Short APC mutant CRC cells exhibited high/intermediate sensitivities to tankyrase inhibitors in vitro and in vivo. Active (3-
catenin levels correlated with inhibitor sensitivity in both short and long APC mutant PDCs. PIK3CA mutations, but not KRAS/BRAF
mutations, were more frequent in inhibitor-resistant PDCs. Some wild-type APC PDCs showed inhibitor sensitivity in a -catenin-

independent manner.

CONCLUSIONS: APC/PIK3CA mutations and (3-catenin predict the sensitivity of APC-mutated CRC PDCs to tankyrase inhibitors.
These observations may help inform the strategy of patient selection in future clinical trials of tankyrase inhibitors.
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BACKGROUND

Colorectal cancer (CRC) is the third leading cause of cancer death
worldwide. Currently, cytotoxic and targeted drugs and immune
checkpoint inhibitors are used for the treatment of patients with
unresectable advanced or recurrent CRC [1]. However, the
efficacies of these approaches are limited. Therefore, new drugs
are needed to improve patient outcome.

WNT/B-catenin signaling plays an important role in carcinogen-
esis. In approximately 80% of CRCs, loss-of-function mutations in
APC tumor suppressor stabilize B-catenin and activate TCF/LEF-
mediated gene transcription [2, 3]. Therefore, WNT/B-catenin
signaling has been a rational therapeutic target for CRC.

Tankyrase poly(ADP-ribose) polymerase (PARP) regulates var-
ious cellular processes, including telomere maintenance, mitosis,
and cell motility [4-6]. In CRC, tankyrase supports cell proliferation,
enhancing WNT/B-catenin signaling by poly(ADP-ribosyl)ating

AXINs, which are negative regulators of B-catenin, and targeting
them for ubiquitin-dependent degradation [7-9]. Therefore,
tankyrase is a potential therapeutic target for CRC [10, 11]. Various
tankyrase inhibitors have been developed; these inhibitors cause
AXIN accumulation and subsequent p-catenin degradation.
Tankyrase inhibitors have been proven effective against CRC
xenograft tumors [12-17]. However, developing tankyrase inhibi-
tors as clinical drugs has remained challenging. First, not all APC-
mutated CRC cells are sensitive to tankyrase inhibitors [13], and
reliable biomarkers to predict drug sensitivity have not been
established. Second, because WNT/B-catenin signaling regulates
adult tissue homeostasis, such as intestinal stem cell maintenance,
tankyrase inhibitors could meet a narrow therapeutic window [18],
although recent two literatures have indicated that tankyrase
inhibitors show antitumor efficacy without significant intestinal
toxicity in mouse models [19, 20]. Therefore, it is important to
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identify predictive biomarkers for the response to tankyrase
inhibitors.

In APC protein, seven 20 amino acid repeats (20-AARs) play a
central role for B-catenin binding and degradation. We previously
demonstrated that CRC cell lines with truncation mutations in APC
that encodes a mutant protein lacking all the seven 20-AARs
(hereafter referred to as ‘short APC') were sensitive to tankyrase
inhibitors [21]. In CRC cells derived from a small cohort of patients,
the short APC type cells were sensitive to tankyrase inhibitors.
However, some ‘long APC' type patient-derived cells (PDCs), which
possess more than one 20-AAR, were also sensitive to tankyrase
inhibitors. Thus, long APC mutations cannot be an exclusion
criterion for tankyrase inhibitor sensitivity. Therefore, investigating
other biomarkers for drug sensitivity is required.

Here, using an expanded panel of 47 CRC PDCs, we evaluated
the correlation of sensitivity to tankyrase inhibitors with CRC driver
mutations. We also examined the expression levels and responses
of the related signaling factors.

METHODS

Chemical compounds

RK-582 was synthesized as described previously [16]. GO07-LK, BKM-120
and trametinib were purchased from Selleck Chemicals (Houston, TX, USA).

Cell culture and proliferation assay

CRC PDCs were established with approval from an institutional review
board of Japanese Foundation for Cancer Research and the written
informed consent of patients [21]. The cells were maintained in StemPro
ESC medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemen-
ted with 10 uM Y-27632 (Nacalai Tesque, Kyoto, Japan) and Antibiotic-
Antimycotic Solution (Thermo Fisher Scientific) [21]. SW480 cells were
purchased from American Type Culture Collection (Manassas, VA, USA).
Kato Il cells were obtained from Cell Resource Center for Biomedical
Research, Tohoku University (Miyagi, Japan). These cells were maintained
in RPMI-1640 medium (Gibco, Life Technologies, Paisley, UK) supple-
mented with 10% fetal bovine serum, and authenticated by short
tandem repeat profiling analysis (BEX, Tokyo, Japan) before the
experiments. Cells were routinely tested for mycoplasma contamination
by PCR with the primers 5-CACCATCTGTCACTCTGTTAACC-3’ and
5-GGAGCAAACAGGATTAGATACCC-3'. Cell proliferation was evaluated
using thiazolyl blue tetrazolium bromide (Sigma, St Louis, MO, USA), as
previously described [22]. Depending on the drug sensitivity, cells were
classified in three categories, sensitive, intermediate, and resistant as
follows: cells were defined as sensitive if the average of relative cell
numbers upon treatment with 0.33 to 3uM GO07-LK were <70%;
intermediate if >70% and <80%; and resistant if over 80%. Experiments
were repeated at least twice.

Genetic analysis of mutation status

Raw next-generation sequencing (NGS) reads were initially preprocessed
by removing lllumine adapter sequences and low-quality bases using
Trimmomatic-0.38 [23] with LEADING:20 TRAILING:20 SLIDINGWIN-
DOW:4:30 MINLEN:40. The quality-controlled paired-end NGS reads were
aligned against the UCSC hg38 human genome sequence by BWA-MEM
[24], and the obtained SAM file was converted to a BAM file by SAMtools
v1.8 [25]. Somatic mutations were detected using Mutect2 implemented in
GATK v4 [26, 27] by comparing tumor and matched normal sample data. In
this process, we conducted base quality score recalibration (BQSR) and
filtering of ambiguous mutations in accordance with the GATK best
practices workflows [28, 29]. Detected mutations were annotated by
Variant Effect Predictor (VEP) [30]. For the mutation call of APC gene, we set
up =5% variant allele frequency as cut-off value. As for the APC mutation
status, we also confirmed all the mutation in patient-derived cells (PDCs)
by Sanger method, as described previously [21].

Immunoblot analysis

Immunoblotting was performed as previously described [22]. The
antibodies used are listed in Supplementary Table 1. Signals were
quantitated using Image) software. Experiments were repeated at least
twice. The amount of loaded protein in each sample was confirmed by

staining membranes with 2% Ponceau-S/ 5% acetic acid solution (all the
data were shown in Supplementary Fig. 1).

Immunofluorescence staining

Cells on collagen-coated 96-well plates were fixed with 2% formalde-
hyde/phosphate-buffered saline (PBS) and permeabilized with 0.5%
Nonidet P-40/PBS. Immunofluorescence staining was performed as
previously described [21] with rabbit anti-non-phosphorylated (active)
B-catenin (Ser33/37/Thr41) (D13A1, Cell Signaling Technology, Danvers,
MA, USA). Nuclei were counterstained with VECTASHIELD antifade
mounting medium with 4/,6-dia-midino-2-phenylindole (DAPI; Vector
Laboratories, Newark, CA, USA). Images were captured using IX-71
(Olympus, Tokyo, Japan) or INCELL Analyzer 6000 (GE Healthcare Life
Sciences, Marlborough, MA, USA). Nuclear active B-catenin levels were
quantified using Developer Toolbox1.9.2 (GE Healthcare Life Sciences).
Experiments were repeated at least twice.

Xenograft mouse experiments

All animal procedures were carried out in the animal experiment room at
the Japanese Foundation for Cancer Research (JFCR) according to
protocols approved by the JFCR Animal Care and Use Committee. COLO-
320DM cells were suspended in Matrigel (Corning, Corning, NY, USA) and
HBSS in a 1:1 ratio (5.2x10° cells/100 uL/mouse) and were implanted
subcutaneously in the rear right flank of 6-week-old female NOD.CB17-
Prkdc*™/) mice (Charles River Laboratories Japan, Inc., Kanagawa, Japan).
The length (L) and width (W) of the tumor mass were measured, and the
tumor volume (TV) was calculated using the equation: TV = (Lx W?)/2.
When tumor volumes reached approximately 100 mm?®, mice were
randomly separated into groups of 10 animals with similarly sized tumors
on average, and treatment with either vehicle, 5 mg/kg or 20 mg/kg RK-
582 was initiated on the same day of grouping. The sample size was
determined based on our previous experiments [15, 16]. For intraper-
itoneal administration, dosing solution contained 15% DMSO, 17.5%
Cremophor, 8.75% ethanol, 8.75% PEG-40 hydrogenated castor oil and
50% PBS. Pharmacodynamic analysis was carried out with immunoblotting
as described above. Experiments with COLO-320DM xenograft tumors
were repeated with slight modifications three times. HCT-15 cells were
suspended in Matrigel and HBSS in a 1:1 ratio (5 x 106 cells/100 uL/mouse)
and were implanted subcutaneously in the rear right flank of 5-week-old
female BALB/c-nu/nu mice (Charles River Laboratories Japan, Inc). When
tumor volumes reached approximately 200 mm?®, mice were randomly
separated into groups of 6 animals with similarly sized tumors on average,
and treatment with vehicle or 20 mg/kg RK-582 was initiated on the same
day of grouping. Other detailed conditions and procedures are described
in Supplementary Methods.

Immunohistochemistry

The original cases for developing PDCs (JC-32, 35, 73, 79, 110, 288, 462, and
475 cells for tankyrase inhibitor-sensitive cells and JC-9, 33, 47, 55, 61, 63,
119, and 175 cells for resistant cells, respectively) were histologically
evaluated. Serial 5-mm thick tissue sections of the whole lesion were cut
from resected specimens fixed with 20% buffered formalin, and embedded
in paraffin, and then 4-um thick sections were prepared for staining. For
each case, representative sections including the largest tumor component
were selected by histologic assessment on hematoxylin-eosin (H&E)
staining. The sections were applied for immunohistochemistry with
following two antibodies: mouse monoclonal anti-B-catenin, clone: 14/
Beta-Catenin (1:3,000, BD Transduction Laboratories, Franklin Lakes, NJ,
USA); rabbit monoclonal anti-active (non-phospho)-B-Catenin, clone:
D2U8Y (1:2,000, Cell Signaling Technology). The staining procedures were
performed using an auto-stainer (Leica Bond-lll, Leica Biosystems). The
percentage of the positive staining areas for tumor nuclei were evaluated
by pathologist (MT).

Transcriptome analysis

Total RNA was extracted from JC-11, 21, 475, and JC-494 cells using a Fast
Gene RNA Basic kit (Nippon Genetics, Tokyo, Japan) and quantified using
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
cDNA microarray analysis was performed using the GeneChip Human
Genome U133 Plus 2.0 Array (Thermo Fisher Scientific). Data normalization
was performed using GeneSpring GX software (Agilent Technologies).
Gene set enrichment analysis (GSEA) (Broad Institute, Cambridge, MA, USA)
was performed on the website (http://software.broadinstitute.org/gsea/
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indexjsp). The gene expression data have been deposited in the Gene
Expression Omnibus (accession number GSE217758 and GSE232209).

Reverse transcription-quantitative PCR (RT-qPCR)

RNA was extracted as described above, and cDNA was synthesized using
SuperScript Il First-Strand Synthesis SuperMix for RT-gPCR (Life Technol-
ogies, Carlsbad, CA, USA). gPCR was done by a LightCycler 96 (Roche, Basel,
Switzerland). Primer sequences were as follows: c-myc forward primer: 5'-
GCTGCTTAGACGCTGGATTT-3', c-myc reverse primer: 5-TAACGTTGAGGG-
CATCG-3'.

Small interfering RNA (siRNA) transfection

Silencer Select siRNAs for SMYD2 [s32469(#1) and s32470(#2)], CDKN1A
(p21) [s415(#1), s416(#2), and s417(#3)], CTNNB1 (B-catenin) [s438] and
negative control siRNAs were purchased from Thermo Fisher Scientific.
siRNAs were transfected into cells using the Neon Transfection System
(Thermo Fisher Scientific) as previously described [21]. Experiments were
repeated twice.

Statistical analysis

Statistical significance was evaluated by Welch's t-test (when normality but
not equal variance was assumed) or Mann-Whitney test (when normality
was not assumed). For multi-group comparison, we used one-way analysis
of variance (ANOVA) followed by Tukey-Kramer post-hoc test (when
normality was assumed) or Kruskal-Wallis test (when normality was not
assumed). These analyses were done by GraphPad Prism (version 8 and 9).
For the experiments with multiple repeated measures, statistical sig-
nificance was evaluated by repeated ANOVA using Microsoft Excel with
Statcel 4 software.

RESULTS

Short APC as a biomarker for tankyrase inhibitor-sensitive
CRC cells

Our previous analysis with 16 APC-mutated CRC PDCs showed the
short APC mutations as a potential biomarker for sensitivity to
tankyrase inhibitors [21]. To validate this observation, we analyzed
additional 26 APC-mutated CRC PDCs. As shown in Fig. 1a, the
PDCs were classified into three categories: sensitive, intermediate,
and resistant to tankyrase inhibitors (G0O07-LK and RK-582), using
previously defined criteria [21]. The sensitivity patterns were
highly similar between these two structurally distinct inhibitors
[13, 16] (Fig. 1b), excluding the possibility that the growth
inhibition was caused through their off-target effects.

Genetic analysis (Table 1, Supplementary Table 2) revealed that
all the short APC PDCs (16 out of 16) exhibited high/intermediate
sensitivities to the tankyrase inhibitors, whereas the long APC
PDCs were sensitive/intermediate (16 samples) and resistant
(10 samples) (Fig. 1c). In short APC PDCs, such as JC-21 and JC-
73, GO007-LK and RK-582 caused AXIN2 accumulation and
decreased the levels of active B-catenin (Fig. 1d). Though AXIN2
is transcriptionally controlled downstream of f-catenin [13],
tankyrase inhibitor treatment continuously caused AXIN2 protein
accumulation and the decrease of active B-catenin even after
longer exposure of the agents (Supplementary Fig. 2). By contrast,
in JC-63, a tankyrase inhibitor-resistant long APC PDC, basal active
[3-catenin level was low. We also examined APC protein expression
in these PDCs. The data confirmed that the APC protein size
corresponded to the mutation status of APC gene in more than
half of the PDCs, while there were several PDCs that expressed
APC proteins with unexpected sizes (Supplementary Fig. 3).

We performed xenograft mouse model experiments with CRC
COLO-320DM and HCT-15 cell lines, which are classified into short
and long APC types, respectively. While COLO-320DM cells are
sensitive to tankyrase inhibitors, including RK-582, HCT-15 cells are
resistant to the inhibitors in culture [16, 21]. Consistent with such
data, RK-582 exhibited dose-dependent antitumor effects on
COLO-320DM but not HCT-15 xenograft tumors under tolerable
dosing in vivo (Supplementary Fig. 4). Pharmacodynamic
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evaluation of AXIN2 accumulation in both xenograft tumors
confirmed that RK-582 sufficiently inhibited tankyrase enzymes in
the tumors. These observations support that short APC type CRC
cancer cells are susceptible to the deleterious effect of tankyrase
inhibitors even in vivo. Meanwhile, we tried to establish the
patient-derived xenograft (PDX) models by using representative
PDCs. However, efficiencies of the tumor formation and growth
rates of the resulting tumors, if any, were too low to perform
extensive therapeutic experiments.

Active B-catenin predicts cell sensitivity to tankyrase
inhibitors

Because tankyrase inhibitors block CRC cell growth by degrading
-catenin [8, 31], we monitored the expression levels of WNT/B-
catenin pathway proteins. In the initial analysis of 16 APC-mutated
PDCs, the tankyrase inhibitor—sensitive cells expressed higher
levels of active B-catenin compared with the intermediate/
resistant cells (Fig. 2a). Tankyrase inhibitor-sensitive cells
expressed active f-catenin either at higher levels or in nuclei,
while nuclear active B-catenin levels were low in the resistant cells
(Fig. 2b and Supplementary Fig. 5). Further analysis of 42 cases,
including the above-mentioned 16 and additional 26 PDCs,
demonstrated that the levels of active B-catenin correlated with
the sensitivity to GO07-LK and RK-582 (Fig. 2c—e). Importantly, we
observed similar results with long APC type PDCs (Fig. 2f-h) and
found that PDCs with mutant APC shorter than 1400 amino acids
(aa) expressed higher levels of active B-catenin than those with
mutant APC longer than 1400 aa (Fig. 2i). These observations
indicate that active B-catenin may serve as a predictive biomarker
of tankyrase inhibitor-sensitive cells. We further tested the effect
of B-catenin knockdown (Supplementary Fig. 6A) and found that
B-catenin knockdown preferentially suppressed the proliferation
of the tankyrase inhibitor-sensitive PDCs (Supplementary Fig. 6B,
Q). These data provide additional proof that the colorectal cancer
cells with highly active pB-catenin could be preferentially
dependent their growth on WNT/B-catenin signaling.

To confirm the correlation of tankyrase inhibitor sensitivity with
WNT/B-catenin activity further, we examined total and active (3-
catenin levels in the original tumor tissues of the PDCs. As shown
in Fig. 3, significantly higher nuclear total and active B-catenin
levels were observed in the tissues from which the tankyrase
inhibitor-sensitive PDCs were derived. These data indicate that our
results with the PDCs would reflect the WNT/B-catenin activation
status in clinical settings.

[-catenin functions as a transcriptional regulator in the nucleus
[32]. Overall, tankyrase inhibitor-sensitive PDCs expressed higher
levels of nuclear active B-catenin (Supplementary Fig. 7A, B).
Nuclear localization of B-catenin is regulated by SMYD2, an
N-lysine methyltransferase [33]. We found that the amounts of
SMYD?2 positively correlated with those of nuclear active -catenin
(Supplementary Fig. 7C, D). In a tankyrase inhibitor-sensitive, short
APC type PDC (JC-39), SMYD2 depletion (Supplementary Fig. 8A)
decreased nuclear active B-catenin (Supplementary Fig. 8B). These
observations suggest that SMYD2 regulates the nuclear localiza-
tion of B-catenin, which promotes the proliferation of tankyrase
inhibitor-sensitive CRCs.

PIK3CA mutations but not KRAS/BRAF mutations are
associated with sensitivities to tankyrase inhibitors in APC-
mutated CRC cells

We next examined the genetic status of major CRC driver genes
(Table 1). We observed significantly high levels of PIK3CA
mutations in the inhibitor-resistant cells (Supplementary Table 3
and Fig. 4a). By contrast, there was no significant relationship
between drug sensitivity and KRAS, BRAF, and TP53 mutations. We
further examined AKT and extracellular signal-regulated kinase
(ERK) phosphorylation (i.e., activation) (Supplementary Fig. 9A)
and found that the levels of AKT phosphorylated at Ser-473
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Fig. 1 Colorectal cancer (CRC) patient-derived cells (PDCs) with ‘short’ APC mutations are sensitive to tankyrase inhibitors. a Cell viability
of CRC PDCs (expanded cohort with 26 patients) was evaluated by thiazolyl blue tetrazolium bromide (MTT) assay after 5-day treatment with
tankyrase inhibitors, G007-LK and RK-582, at indicated doses in triplicate. Experiments were repeated at least twice, and the average values
were plotted. Error bar indicates standard deviation. Depending on their sensitivity, cells were classified in three categories, sensitive,
intermediate and resistant, using criteria as described in Methods. b Correlation of PDC sensitivities to GO07-LK and RK-582. Structures of
G007-LK and RK-582 (left). Relative cell numbers upon 5-day treatment with 1 pM of the inhibitors were plotted [data were derived from (a)]
(right). R: Pearson’s correlation score. ¢ Correlation between APC length (truncated point) and sensitivity to GO07-LK in the 42 CRC PDCs,
including the initial and expanded cohorts of 16 and 26 patients, respectively, is shown by dot plot. Dotted line indicates the border of the
short and long APC mutants. 20-AAR: 20-amino acid repeat, aa: amino acid. d Effect of tankyrase inhibitors on the protein levels of WNT/f-
catenin pathway regulators in the inhibitor-sensitive and -resistant CRC PDCs. Cells were treated with GO07-LK and RK-582 (0.3 uM) for 24 h
and immunoblotting was performed. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression served as a loading control. For (a—c),
each experiment was performed at least twice, and reproducible results were obtained. For (d), experiments were performed twice, and
reproducible results were obtained.
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Table 1.

JC-
7

9
11
20
21
26
32
33
35
36
37
39
42
47
49
50
52
54
55
56
58
61
63
69
73
79
81
929
110
117
119
124
125
146
155
159
175
180
192
215
288
300
318
412
462
475
494

APC truncation point
R232X

WT

WT

P1483fs

Q886X

S$1347X

W553X

Q1303X

11164fs

R805X

T1556fs

R216X

S1356X

F1491fs

R302X, E1345X
K7365fs*25

L1342X, S1343fs
R876X

E1306X

T1023fs, E1554X
E1295X

E941X, T1459fs
Q1367X

WT

R499X

R876X

L1489X

Q1378X

L954X

11287Rfs*3
L1302Rfs*3
S1362Kfs*52
G1116Efs*6

K670X

Y935X, L1489Yfs*18
S1421Rfs*52
L665Ifs*8, R1450X
R216X

E633X, E1494X, Q1529X
WT

S299Tfs*7, R805X
Q264X, Q1429X
V830Gfs*12, T1556Nfs*3
S1465Wfs*3, T1556Nfs*3
R499X, E1295X
R653K?

WT

KRAS
WT
WT
WT
G13D
WT
WT
WT
Al146T
WT
Al146T
WT
G13D
G13D
G12v
WT
V7L
WT
G12D
Al146T
G12D
WT
G12D
WT
WT
WT
G12v
G12v
WT
WT
G12D
G13D
Q61L
WT
G12v
G12v
G12S
G12S
WT
WT
WT
G12C
G12D
WT
WT
WT
G12C
WT

All the APC sequence data were derived from the cultured cells.
“fs” means flameshift mutation. For example, “K7365fs*25” means that lysine 736 is altered to serine, starting with which the 25th is a termination codon.
*The next exon is skipped because of this mutation, causing frameshift from this sequence.
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Mutation status of typical cancer driver genes in colorectal cancer patient-derived cells.

BRAF
WT
V600E
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WT
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WT
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WT
WT
WT
WT
WT
WT
WT
WT
WT
V600E
V600E
WT
WT
V600E
V600E, D565A
WT
WT
V600E

PIK3CA
WT
WT
R357Q
WT
WT
WT
WT
H1047R
WT
K111N, R398H
E545K
WT
WT
H1047R
WT
WT
WT
WT
N1044K
WT
H1047R
N1044K
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
RI3W
WT
WT
E542K
R108C
WT
WT
WT

TP53
R273C
R156H
R175H
M2371
R306X
wT
C141Y
R273C, A138V
wWT
wT
R175H
wWT
wT
R248W
C238fs
L264Yfs*81
R213X
R273H
M246K
wT
R158H
wT
Y220C
S166X
H179dup
R282W
S241F
R175H
R273H
wWT
P152Rfs
G266R
W53X
R196*
wT
E171X
R175H
wT
E286K
R175H
P151S
Y220C
W53X
wT
Q192X
M246L
wT
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Fig. 2 Active B-catenin level marks tankyrase inhibitor-sensitive cells in the CRC PDCs with ‘long’ APC mutations. a Expression of the
WNT/p-catenin axis proteins in CRC PDCs (initial cohort of 16 APC-mutated cell samples) examined by immunoblot analysis. GAPDH
expression served as loading control. The numbers on the top of the blot represent the cell identification. b Immunofluorescence staining of
active (non-phosphorylated) p-catenin in CRC PDCs. Cells were fixed and stained with anti-non-phosphorylated (at Ser33/37/Thr41) p-catenin
antibody. Nuclei were counterstained with 4/,6-diamidino-2-phenylindole (DAPI). Representative data of tankyrase inhibitor-sensitive (JC-32,
JC-39) and -resistant (JC-33, JC-37) cells are shown; data for other cells are shown in Supplementary Fig. 5. ¢, d Correlation between sensitivity
to tankyrase inhibitors [GO07-LK (c) or RK-582 (d)] and active B-catenin level quantitated by immunoblot analysis in the combined cohort (c)
and in the expanded cohort (d). R: Pearson’s correlation score. e Expression levels of active p-catenin protein in the CRC PDCs based on G007-
LK sensitivity. Error bars indicate the minimum and maximum values. f, g Correlation between sensitivity to GO07-LK (f) or RK-582 (g) and active
B-catenin level in the long APC-type PDCs of the combined cohort (f) and expanded cohort (g). h Expression levels of active f-catenin in the
long APC-type CRC PDCs based on G007-LK sensitivity. In this graph, intermediate and resistant PDCs were merged because the number of
the intermediate group was too small. Error bars indicate the minimum and maximum values. i Correlation between active p-catenin level and
APC length (truncated point) in the long APC-type PDCs. For (a), experiments were performed twice, and reproducible results were obtained.
For other data, each experiment was performed at least twice, and reproducible results were obtained. For (e, h), statistical significance was
evaluated by Kruskal-Wallis and two-sided Mann-Whitney tests, respectively (since normality was not assumed), using GraphPad Prism
(version 9).
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Fig. 3 Tankyrase inhibitor sensitivity in the CRC PDCs correlates with B-catenin activation status in the original tumor tissues.
a, b Histological evaluation of the p-catenin activation status in the original CRC tissues from which PDCs were derived (JC-32, 35, 73, 79, 110,
288, 462, and 475 cells for tankyrase inhibitor-sensitive cells and JC-9, 33, 47, 55, 61, 63, 119, and 175 cells for resistant cells, respectively). The
sections were stained with mouse monoclonal anti-B-catenin, clone: 14/Beta-Catenin for total p-catenin and with anti-rabbit monoclonal anti-
non-phospho-p-catenin, clone: D2U8Y for active f-catenin. To evaluate the percentage of nuclear total (a, b) active -catenin-positive cells, the
positive staining areas for tumor nuclei were evaluated. Statistical significance was evaluated by two-sided Mann-Whitney test (since
normality was not assumed) using GraphPad Prism (version 8). Error bar indicates standard deviation. ¢ Representative data of active p-catenin
staining for tankyrase inhibitor-sensitive (JC-288, JC-462) and -resistant (JC-33, JC-47) cells.

(phospho-AKT) tend to be higher in PIK3CA mutant cells than the
wild-type cells among APC-mutated PDCs although PIK3CA
mutations were not necessarily associated with high phospho-
AKT levels (Fig. 4b). Phospho-AKT levels corelated with G0O07-LK
sensitivity in APC mutated PDCs and in all the PDCs, to a lesser
extent (Supplementary Fig. 9B). In contrast, ERK phosphorylated at
Thr-202/Tyr-204 (phospho-ERK) was widely detected in PDCs
regardless of tankyrase inhibitor sensitivity (Supplementary
Fig. 9A). These results suggest that the phosphatidylinositol-3
kinase (PI3K)-AKT pathway is associated with the resistance to
tankyrase inhibitors.

To determine the involvement of the PI3K-AKT pathway in
tankyrase inhibitor resistance, we examined the combinational
effect of GO07-LK with a PI3K inhibitor, BKM-120, in the PDCs with
high phospho-AKT. BKM-120 decreased the level of phospho-AKT
in JC-54 in a dose-dependent manner, whereas it had no effect in
JC-61 cells (Supplementary Fig. 10A). GO07-LK and BKM-120 had
an additive effect on JC-54 cell growth (Supplementary Fig. 10B).

We also examined the combinational effect of GO07-LK with a
MAPK/ERK kinase (MEK) inhibitor, trametinib, on phospho-ERK-
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positive PDCs. Under the conditions in which phospho-ERK was
decreased (Supplementary Fig. 10C), GO007-LK enhanced the
growth inhibitory effect of trametinib on JC-39, JC-49, and JC-61
(Supplementary Fig. 10D). In CRC SW480 cells, the MEK inhibitor
selumetinib upregulates fibroblast growth factor receptor 2
(FGFR2), and tankyrase inhibition attenuates this FGFR2 upregula-
tion [34]. Using trametinib and G007-LK, we reproduced these
results in SW480 cells (Supplementary Fig. 10E). In our PDCs,
however, FGFR2 was not induced by trametinib. These observa-
tions indicate that tankyrase inhibitors can enhance the anti-
proliferative effect of MEK inhibitors even in an FGFR2-
independent manner.

Tankyrase inhibitors affect wild-type APC CRC cells

While tankyrase enhances WNT/B-catenin signaling, it also
regulates other signaling pathways [4-6, 10]. We analyzed wild-
type APC CRC PDCs (APC-wild cells) and identified two (out of five)
cell lines, JC-11 and JC-494, that were highly sensitive to G007-LK
and RK-582 (GI50 values for GOO7-LK were less than 1 uM, and
those for RK-582 were less than 0.1 uM) (Fig. 5a). Meanwhile, JC-69
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Fig. 4 Frequency of oncogenic driver mutations in the tankyrase inhibitor-responsive and -resistant CRC PDCs with APC mutations.
a Comparison of PIK3CA, KRAS, BRAF, and TP53 mutation frequencies between the tankyrase inhibitor (GO07-LK)-responsive (sensitive/
intermediate) and -resistant PDCs. Pie charts were drawn on the bases of data in Table 1. b Correlation between phosphorylated (active) AKT
level and PIK3CA mutation status in the CRC PDCs, including the initial (16 patients) and expanded (26 patients) cohorts. Active AKT levels
normalized by GAPDH expression were quantified from immunoblot data (Supplementary Fig. 9). Each experiment was performed twice, and
reproducible results were obtained. Statistical significance was evaluated by two-sided Mann-Whitney test (since normality was not assumed)

using GraphPad Prism (version 8).

exhibited a weaker sensitivity to the inhibitors (GI50 values for
G007-LK were greater than 1pM, and those for RK-582 were
greater than 0.1 uM). Therefore, we focused on JC-11 and JC-494
for further analyses, which expressed only marginal amounts of
active B-catenin (Supplementary Fig. 11A) and low amounts of -
catenin target genes (Supplementary Fig. 11B, left). In JC-11 and
JC-494, tankyrase inhibitors did not significantly reduce B-catenin
levels (Fig. 5b) or p-catenin target gene expression [35]
(Supplementary Fig. 11B, right), suggesting a WNT/B-catenin-
independent effect. Intriguingly, while tankyrase inhibitors caused
accumulation of AXIN2 in APC-mutated PDCs (Fig. 1d), these APC-
wild PDCs exhibited accumulation of AXIN1 but not AXIN2 upon
the inhibitor treatment (Fig. 5b). Among other three wild-type APC
PDCs, JC-9 and JC-69 showed low active [3-catenin levels, whereas
JC-215 expressed high level (Supplementary Fig. 11A). In JC-215
cells, we detected mutations both in RNF43 (659 fs) and ZNRP3
(R245X) genes, which would lead to -catenin activation.
Tankyrase inhibitors also target YAP, PI3K/AKT, and MYC path-
ways [35]. In the APC-wild PDCs, tankyrase inhibitors did not affect
phospho-AKT or phospho-ERK (Supplementary Fig. 11C). Moreover,

tankyrase inhibitors did not affect YAP [36] signature gene
expression (Supplementary Fig. 11D), though PI3K/AKT-FOXO-
related genes were slightly induced (Supplementary Fig. 11E).
Gene Set Enrichment Analysis of the transcriptome data revealed
that tankyrase inhibitors negatively regulated MYC and E2F-related
pathway genes (Fig. 5¢ and Supplementary Fig. 11F). Tankyrase
inhibitors downregulated MYC protein in JC-11 but not in JC-494
cells (Fig. 5d). Downregulation of MYC signature gene expression
after treatment with tankyrase inhibitors was also observed in wild-
type APC JC-11 and JC-494 cells, while it was marginal in APC-
mutated JC-21 and JC-475 cells (Suppl. Fig. 12A). MYC mRNA
expression did not correlate with tankyrase inhibitor sensitivity in
the APC-mutated CRC PDCs (Supplementary Fig. 12B, C).

We next examined E2F-related cell cycle regulators and found
that RB phosphorylation at Ser-807/811 and cyclin D1 were
decreased whereas p21 was upregulated upon treatment with
tankyrase inhibitors in JC-11 cells (Fig. 5d). We also used three
different CDKNTA (p21) siRNAs and found that #1 and #3
attenuated p21 induction by tankyrase inhibitors. These siRNAs
partially counteracted the anti-proliferative effects of RK-582 on
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Fig. 5 Sensitivity of APC-wild CRC PDCs to tankyrase inhibitors and related molecular pathways. a Sensitivity of APC-wild PDCs to
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and reproducible results were obtained. For other data, experiments were performed at least twice, and reproducible results were obtained.
Statistical significance was evaluated by repeated ANOVA using Microsoft Excel with Statcel 4 software.
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JC-11 cells, although #1 did not show statistically significant
difference with the control cells (Fig. 5e, f). These results indicate
that tankyrase inhibitors suppress APC-wild CRC cell growth not
through WNT, PI3/AKT, or YAP blockade but partially, at least,
through inhibition of MYC- and E2F-related pathways.

DISCUSSION

Here we used an expanded cohort of CRC PDCs and confirmed
that short APC mutations are a predictive biomarker of response to
tankyrase inhibitors. Furthermore, active B-catenin may be an
additional biomarker for the inhibitor-sensitive PDCs, even those
with long APC. By contrast, tankyrase inhibitor-resistant PDCs
frequently possessed PIK3CA mutations, which correlated with
activated AKT. Given that B-catenin confers resistance to PI3K and
AKT inhibitors in CRCs [37], WNT/B-catenin and PI3K-AKT pathways
may share a compensational role in CRC cell survival and
proliferation. We previously reported that acquired resistance of
B-catenin-dependent CRC cells to tankyrase inhibitors involves
activation of mTOR signaling, which is part of the PI3K-AKT
pathway [31].

APC Min (multiple intestinal neoplasia) mouse has a mutant
allele of Apc at codon 850 [38]. This model seems to be highly
relevant and sensitive to tankyrase inhibition along with a
conditional model (580 aa) [39]. By contrast, Schatoff et al.
reported that such mutants do not respond to tankyrase inhibition
[40]. They reported that CRC cells harboring APC mutations within
the mutation cluster region, classified as the long APC mutations,
were sensitive to tankyrase inhibitors [40]. In our present study
with a larger number of clinically relevant CRC cells, 9 (out of 26)
PDCs with APC mutations in the mutation cluster region were
tankyrase inhibitor-resistant. This discrepancy could be in part
attributed to difference in the cell contexts, including the culture
conditions. Our results showed that tankyrase inhibitor-resistant
PDCs with long APC mutations frequently activated AKT and were
sensitive to BKM-120, a PI3K inhibitor. These observations suggest
that these PDCs depend on PI3K-AKT rather than the (-catenin
pathway.

The levels of active B-catenin are associated with the sensitivity
to tankyrase inhibitors even in long APC type PDCs. We previously
showed that long APC mutations are hypomorphic and the gene
products partially retain the ability to downregulate -catenin [21].
Intriguingly, even among the long APC type PDCs, the levels of
active B-catenin significantly differed: APC truncation locations
before approximately 1400 aa were associated with higher
expression levels of active -catenin. These observations suggest
that complete or partial retainment of the “catenin inhibitory
domain” between the second and third 20-AARs of APC
(1404-1466 aa) contributes to the lower levels of active fB-
catenin. The levels of phosphorylated glycogen synthase kinase 3-
B, which phosphorylates B-catenin for its ubiquitin-dependent
degradation, did not correlate with those of active 3-catenin (our
unpublished observation). We also confirmed that PDCs used in
the present study do not have driver or hotspot mutations in
CTNNB1. Meanwhile, a gain-of-function mutant allele of CTNNBT
(B-catenin lacking serine 45) confers resistance to tankyrase
inhibitors [31].

Tankyrase inhibitor-sensitive cells showed (1) high dependence
to B-catenin signaling, (2) short APC expression with highly
active B-catenin, and (3) lack of PIK3CA mutation. In cancer
cells, mutually exclusive activation of essential pathways is
observed and each essential mutation status as well as
dependence of cell proliferation on each pathway is closely
related with each other. We speculate that the dependency of
proliferation on the B-catenin pathway could be linked with the
highly activated -catenin status in the cells, which is caused by
short APC mutation, and possibly coupled with less mutation in

other related pathways such as PIK3CA mutation. In the APC
mutant PDCs that we analyzed here, the level of APC protein
expression could vary and the size of mainly expressed APC
protein could not reflect the location of mutation in APC gene in
several cells (Supplementary Fig. 3). This could be due to the
heterogeneity of mutant APC expression in cancer cell population
and to the possible difference of protein stability in each
truncated APC protein.

The MEK-ERK pathway was activated in many PDCs regardless
of their responsiveness to tankyrase inhibitors and KRAS/BRAF
mutations (Supplementary Fig. 9A and Table 1). Tankyrase
inhibition enhanced the antiproliferative effect of a MEK inhibitor
on PDCs, consistent with previous reports [34, 41]. Mechanistically,
we confirmed that MEK inhibition upregulated FGFR2 expression,
which was abrogated by tankyrase inhibition in SW480 cells [34].
However, MEK inhibition did not upregulate FGFR2 in our PDCs,
suggesting that other mechanisms contribute to the synergistic
effect in these cells.

We observed so-called “bell-shaped” dose responses to
tankyrase inhibitors in some PDCs (Fig. 1a). These phenomena
have been reproducibly observed in fractions of sensitive and
intermediate cells. Our preliminary results have indicated that
higher doses of tankyrase inhibitors did not cause feedback
activation of [B-catenin in these cells. Instead, the cells elicited
kinds of stress responses upon treatment with higher doses of the
inhibitors (unpublished observations). Meanwhile, biomarkers that
predict the cells with bell-shaped dose response remain to be
determined.

In conclusion, APC/PIK3CA mutations and active [-catenin
accumulation predict the efficacy of tankyrase inhibitors in CRC
cells. Furthermore, some wild-type APC CRC cells were also
sensitive to tankyrase inhibitors. Mechanistically, suppression of
MYC and E2F-related pathways may be involved in the growth
inhibition of wild-type APC cells. In fact, tankyrase PARsylates p21
and induces its degradation [42]. Consistently, we observed that
tankyrase inhibition increases p21 protein level in wild-type APC
cells. Since we and others are preparing for first-in-human clinical
trials of tankyrase inhibitors, our present study will facilitate more
precise patient selection in those clinical trials.

DATA AVAILABILITY

The gene expression data have been deposited in the Gene Expression Omnibus
(accession numbers: GSE217758, GSE232209). Other data generated or analyzed
during the current study are available from the corresponding author on reasonable
request.
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