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Abstract

Wnt/B-catenin (CTNNB1) signaling is crucial for the prolif-
eration and maintenance of intestinal stem cells (ISC), but
excessive activation leads to ISC expansion and eventually
colorectal cancer. Thus, negative regulators are required to
maintain optimal levels of Wnt/B-catenin signaling. Aminoa-
cyl-tRNA  synthetase-interacting multifunctional proteins
(AIMP) function in protein synthesis, but have also been
implicated in signaling cascades affecting angiogenesis, immu-
nity, and apoptosis. In this study, we investigated the relation-
ship between AIMP2 and Wnt/f-catenin signaling in a murine
model of intestinal homeostasis and tumorigenesis. Hemizy-
gous deletion of Aimp2 resulted in enhanced Wnt/B-catenin

Introduction

The intestinal epithelium self-renews every 3 to 5 days through
its highly proliferative compartment, the crypt of Lieberkiihn.
Intestinal stem cells (ISC) expressing leucine-rich repeat-contain-
ing G-protein-coupled receptor 5 (LGR5) residing at the bottom
of crypts generate all types of cells in the intestinal epithelium (1).
Cryptal mesenchymal cells and Paneth cells (PC) constitute the
ISC niche and support the maintenance of ISCs by producing
factors such as EGF, Notch, and Wnt (2).

Wnt/B-catenin signaling plays a pivotal role in homeostatic
self-renewal of ISCs (3). Binding of Wnt ligands to its receptors,
Frizzled and low-density lipoprotein receptor-related protein 5/6
(LRP5/6) activate a signaling cascade inhibiting the B-catenin
destruction complex, which contains axis inhibition protein
(AXIN), adenomatous polyposis coli (APC), and glycogen syn-
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signaling, increased proliferation of cryptic epithelial cells, and
expansion of ISC compartments. In an Apc™™* background,
Aimp2 hemizygosity increased adenoma formation. Mechanis-
tically, AIMP2 disrupted the interaction between AXIN and
Dishevelled-1 (DVL1) to inhibit Wnt/B-catenin signaling by
competing with AXIN. Furthermore, AIMP2 inhibited intestinal
organoid formation and growth by suppressing Wnt/f-catenin
signaling in an Aimp2 gene dosage-dependent manner. Collec-
tively, our results showed that AIMP2 acts as a haploinsufficient
tumor suppressor that fine-tunes Wnt/B-catenin signaling in the
intestine, illuminating the regulation of ISC abundance and
activity. Cancer Res; 76(15); 4559-68. ©2016 AACR.

thetase kinase 33 (GSK3p). B-catenin subsequently accumulates
and translocates to the nucleus, forming a complex with T-cell-
specific transcription factor/lymphoid enhancer-binding factor
family to control target gene expressions (4), which supports the
maintenance, proliferation, and differentiation of ISCs.
Disruption of Wnt/B-catenin signaling leads to ISC depletion
and crypt degeneration (5, 6). Conversely, constitutive activation
of Wnt/B-catenin signaling in the intestinal epithelium drives
excessive cell proliferation and tumor formation (7). Approxi-
mately 80% of human sporadic colorectal tumors are caused by
mutations in the APC gene, and mice lacking the Apc gene in ISCs
develop severe polyposis (8). These studies suggest that the
activity of Wnt/B-catenin signaling should be tightly regulated,
albeit ISCs require Wnt/B-catenin signaling to maintain their
stemness. Interestingly, despite abundant sources of Wnt ligands
at the crypt base (9), Wnt/B-catenin signaling is not fully activated
in ISCs. Recently, Koo and colleagues reported that the RNF43
and ZNRF3 E3 ligases ubiquitinate Wnt receptors and inhibit
Wnt/B-catenin signaling (10). Importantly, Rnf43/Znrf3 com-
pound-mutant mice show increased intestinal proliferation and
eventually develop adenomas that phenocopy the Apc-mutant
mice (8), suggesting that inhibition of Wnt/f-catenin signaling by
RNF43 and ZNRF3 is critical for suppressing ISC proliferation.
Nevertheless, Rnf43/Znrf3-mutant adenomas showed low-grade
characteristics, including smaller adenoma size and less abrogated
epithelial structure when compared with Apc-mutant mice. These
differences suggest that additional regulatory mechanisms exist
between the Wnt receptor and the B-catenin destruction complex.
The aminoacyl-tRNA synthetases (ARS) are catalytic enzymes
that attach specific amino acids to their corresponding tRNAs.
Eight different ARSs form the multi-tRNA synthetase complex
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associating with three nonenzymatic ARS-interacting multifunc-
tional proteins (AIMP), AIMP1, AIMP2, and AIMP3, which sta-
bilize the assembly of ARSs into the multi-tRNA synthetase
complex (11). Despite "housekeeping" functions of ARSs and
AIMPs in protein synthesis, accumulating evidence indicates they
have noncanonical functions beyond protein synthesis (12). For
instance, after genotoxic stress, AIMP3 translocates to the nucle-
us activating p53 through the activation of the kinases ataxia
telangiectasia mutated (ATM) and ATM- and Rad3-related
(ATR; ref. 13). Some ARSs and AIMPs, such as tyrosyl-tRNA
synthetase and AIMP1, are secreted as extracellular signaling
factors controlling angiogenesis and immune responses
(14, 15). AIMP2 is also involved in other signaling pathways
besides amino-acylation. Genetic disruption of Aimp2 results in
neonatal lethality by defects in lung differentiation (16). It has
also been reported that AIMP2 induces apoptosis by promoting
the degradation of TNF-receptor associated factor 2 (TRAF2)
and the activation of p53 in response to DNA damage (17, 18).
Interestingly, the activity of AIMP2 seems highly sensitive to
Aimp2 gene dosage, suggesting that the level of AIMP2 is
important for its roles as a signaling modulator (19).

Here, we investigated the effect of AIMP2 haploinsufficiency in
the intestinal epithelium and tumorigenesis using mouse models
and an organoid culture system. We found that hemizygous
deletion of the Aimp2 gene enhanced the initiation of intestinal
adenoma formation in ApcM™* mice. AIMP2 was highly
expressed in the crypt compared with the villus, and hemizygous
deletion of Aimp2 led to the expansion of ISCs and PCs, which
constitute the ISC compartment. Consistently, the expression of
Wt target genes were markedly increased in Aimp2 ™/~ intestines
compared with Aimp2*/*. At the mechanistic level, AIMP2 bound
to Dishevelled (DVL) and disrupted DVL-AXIN interaction,
thereby inhibiting Wnt/B-catenin signaling. Importantly, in vitro
and organoid formation analyses using Aimp2*/*, Aimp2*/~, and
Aimp2~'~ mouse embryonic fibroblasts (MEF) and intestinal
epithelial cells (IEC), respectively, showed that the activity of
Wnt/B-catenin signaling negatively correlated with Aimp2 gene
dosage. Collectively, our results reveal a pivotal role for AIMP2 in
fine-tuning of Wnt/B-catenin signaling activity in the intestinal
epithelium.

Materials and Methods
Mice

The Apc™™* and the Lgr5-EGFP-IRES-CreERT2 (Lgr5-EGEP)
mice were purchased from Jackson Laboratories. The generation
of Aimp2-mutant mice has been described elsewhere (20). The
Aimp2-mutant mice had been backcrossed at least eight times
onto the C57BL/6) backgrounds. Apc™™™* mice were interbred
with Aimp2™/~ mice to generate Aimp2 */*:ApcM™/* and Aimp2t/
ApcM™* littermates. All animal experiments were performed in
accordance with the guidelines of Seoul National University
Institutional Animal Care and Use Committee.

Histopathologic analysis

For assessment of polyposis in Apc™™™* mice, intestine seg-
ments were subdivided into four segments (duodenum, jejunum,
ileum, and colon), flushed with PBS, and opened longitudinally
onto 3 mm paper or embedded in paraffin wax. The tissues were
fixed overnight at 4°C in 4% paraformaldehyde. Adenomas were
stained with methylene blue and analyzed with the aid of dis-
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secting microscope (Zeiss). For detailed histologic analysis, sec-
tions were stained with hematoxylin & eosin (H&E) or periodic
acid-Schiff (PAS)/hematoxylin (H).

Immunofluorescence

The intestinal tract was flushed with cold PBS, followed by 4%
paraformaldehyde at 4°C, and embedded in paraffin wax for
sectioning. The sections (4 wm) were stained with indicated
primary antibodies. For detailed information, including primary
antibody, see the Supplementary Materials and Methods.

Intestinal epithelium and crypt isolation

Intestinal epithelium and crypt isolation were performed as
described previously (21). Briefly, the fragment (4 cm) of the
ileumn was rinsed with PBS. The fragments were cut into pieces and
placed into 50-mL conical tubes filled with cold PBS containing
20 mmol/L EDTA to isolate intestinal epithelium. For detailed
information, see the Supplementary Materials and Methods.

Cell culture and in vitro reporter assay

All cell lines were obtained from the ATCC in 2015. Upon
receipt, cells were frozen, and individual aliquots were taken into
culture, for analysis within <10 passages. HCT116, HelLa, HEK,
and MEF cells were cultured in medium (HCT116: RPMI 1640,
Hela, HEK, and MEF: DMEM) supplemented with 10% FBS
(HyClone), 100 U/mL penicillin, and 100 pg/mL streptomycin
in an atmosphere of 95% air and 5% CO, at 37°C. ATCC checks
the authenticity of these cell lines using short tandem repeat
analyses. For reporter assays, cells were transfected with the
indicated plasmids. siRNA to AIMP2 was designed and synthe-
sized by Dharmacon (Thermo Scientific). Luciferase activity was
measured using the Dual Luciferase Reporter Assay Kit (Promega).

Coimmunoprecipitation

Coimmunoprecipitation was performed as described previous-
ly (17). The cells were lysed in protein lysis buffer (0.1% NP-40,
25 mmol/LTris, 0.5 mmol/LEGTA, 10 mmol/L NaCl, 0.5 mmol/L
MgCl,, 1 mmol/L EDTA, proteinase/phosphatase inhibitor cock-
tail). The lysates were centrifuged at 12,000 rpm for 30 minutes.
The supernatants were immunoprecipitated overnight at 4°Cwith
a normal IgG antibody (Santa Cruz Biotechnology) or a specific
mAb, which was preincubated with Protein A/G agarose beads.
Beads were washed six times with cold protein lysis buffer. The
precipitates were separated by SDS-PAGE. After the proteins were
transferred to a polyvinylidene difluoride membrane, coimmu-
noprecipitation was assessed by immunoblotting.

Organoid culture

Organoid culture has been described previously (22). In brief,
freshly isolated crypts were pelleted in Matrigel (BD Biosciences).
After Matrigel polymerization, organoid growth medium was
added. For detailed information, see the Supplementary Materials
and Methods.

Statistical analysis

Statistical significance was determined by applying Student ¢
test or ANOVA to raw values from at least three independent
experiments. ANOVA was used to evaluate the dependence of a
parameter on Aimp2 gene dosage. Data are as the mean 4+ SEM.
*, P < 0.01 was considered statistically significant.
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Results

Hemizygous deletion of Aimp2 in Apc™™* mice results in
enhanced tumor burden

To investigate whether AIMP2 haploinsufficiency affects intes-
tinal tumorigenesis, we crossed Aimp2 ™/~ mice with Apc™™/* mice
(23). Interestingly, Aimp2™/~:Apc™™"/* mice exhibited significant-
ly reduced survival rates when compared with Aimp2+/*:ApcMi/+
mice (Fig. 1A). Consistently, methylene blue staining of whole
intestinal tracts showed that the number of polyps significantly
increased in both genders of 20-week-old Aimp2™/~:Apc™™* mice
(average 98.4 polyps per mouse) than in Aimp2™/*:ApcMin/+
littermates (average 62.4 polyps per mouse; Fig. 1B and Supple-
mentary Fig. S1A). Polyp counting on intestinal segments includ-
ing duodenum, jejunum, ileum, and colon showed general
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Figure 1.

AIMP2 acts as a haploinsufficient tumor suppressor in ApcM"”/+ mice. A, Kaplan-
Meier survival graph of Aimp2™/+:Apc™~ (n = 24) and Aimp2+/~:Apc™™+
(n =17) littermates. The P value is based on the log-rank test. B and C, polyp
numbers in 20-week-old Aimp2t/*:Apc™™* (n = 23) and Aimp2t/~:Apc ™t
(n = 24) whole intestines (B) and different intestinal segments (C) Duo,
duodenum; Jej, jejunum; lle, ileum; Col, colon. D, methylene blue staining of the
ileums. The polyps are circled with white dashed lines. E, size distribution of
polyps in Aimp2t/*:Apd™+ (n = 6) and Aimp2+/~:Apd™t(n = 4) intestine.
F, numbers of ACF in 6-week-old Aimp2™/+:Apc™™* (n = 5) and Aimp2*/~:
Apc”””/*(n = 5) intestine. One of every five consecutive sections was examined.
ACF were quantified in 10 sections. G, H&E staining of small intestines from
7-week-old mice. Polyps are circled with black dashed lines. Student ¢ test was
applied, and data are the mean £ SEM. *, P < 0.01.
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increase of polyp formation in Aimp2*/~:Apc™™" intestine
(Fig. 1C). The polyps in Aimp2™/~:Apc™™/*+ mice were notably
larger than those in Aimp2™/*:Apc™™* mice (Fig. 1D and Sup-
plementary Fig. S1B). Remarkably, about 50% of the polyps in
Aimp2™~:Apc™™* mice had a diameter larger than 2 mm, com-
pared with 24% of the polyps in Aimp2™*:Apc™™/* mice (Fig. 1E).
Although the size of the polyps increased in Aimp2*/~:ApcM™*
mice, invading tumors were not detected, even in moribund
Aimp2*/~:Apc™™* mice (data not shown).

To investigate whether the increase in polyp number and size in
Aimp2™~:Apc™™* mice were due to earlier tumor initiation, we
examined tumor initiation by counting aberrant crypt foci (ACF),
the preneoplastic lesions of intestinal tumors (24). Histologic
analysis of the whole small intestine from 6-week-old mice
showed that the number of ACF increased in Aimp2*/~:ApcMi/*
mice (average 18.9 + 3.1 per section) than that in Aimp2™/":
ApcM™* mice (average 11.5 + 3.6 per section; Fig. 1F and
Supplementary Fig. S1C). Consistently, large tumors were readily
observed in 7-week-old Aimp2™/~:Apc™™/* mice, but not in the
littermate controls (Fig. 1G and Supplementary Fig. S1D), indi-
cating that Aimp2™~:Apc™™* mice had accelerated tumor for-
mation. Collectively, these results suggest that AIMP2 acts as a
haploinsufficient tumor suppressor in intestinal tumorigenesis.

Hemizygous deletion of Aimp2 increases proliferation in
the crypts

To investigate a role of AIMP2 in IECs, we examined the
expression pattern of AIMP2 in intestine. At embryonic day
18.5, AIMP2 was highly expressed at the intervillus region of
Aimp2 /" intestine but not in Aimp2~/~ (Fig. 2A), indicating
that the antibody is specific to AIMP2. In the adult intestine,
AIMP2 was highly expressed in the crypt, where it predomi-
nantly localized in the cytosol (Fig. 2B). Consistent with
immunohistochemical detection of AIMP2 in crypt, Aimp2
mRNA expression in the crypt fractions was about 2.5-fold
higher than that in the villus fractions (Fig. 2C), suggesting that
AIMP2 functions in the crypts.

Because loss of heterozygosity (LOH) in Apc mice is a
stochastic event (25), intestinal tumor formation in Apc™™* mice
depends on the proliferation rate of IECs, including ISCs in which
LOH should occur (8). Therefore, we examined whether hemi-
zygous deletion of Aimp2 affected the proliferation of IECs,
including ISCs. The lengths of the crypt and villus were increased
in heterozygous Aimp2 ™/~ mice compared with Aimp2*/* (Fig. 2D
and Supplementary Fig. S2A and $2B). The number of Ki67 ™" cells
increased in the Aimp2™/~ cypts (Aimp2*/*: 17.8 £ 4.7 vs.
Aimp2™/7: 27.4 + 4.9 per crypt; Fig. 2E and F). To confirm these
results, we injected mice with bromodeoxyuridine (BrdUrd)
2 hours before sacrifice and counted BrdUrd-labeled cycling cells.
As expected, the number of BrdUrd™ cells significantly increased
in the Aimp2*/~ crypts (Aimp2™/*:12.3 £ 3.1 vs. Aimp2™/7:19.5 +
4.4 per crypt; Fig. 2G and H and Supplementary Fig. S2C).

Notably, AIMP2 is also highly expressed in the bottom of the
colonic crypts (Supplementary Fig. $2D). The number of Ki67 ™"
cells was also increased in the Aimp2*/~ colon (Aimp2™/*:10.7 +
1.9vs. Aimp2*/7:17.7 + 3.2 per crypt; Supplementary Fig. S2E and
S2F). TUNEL and cleaved caspase-3 staining revealed that apo-
ptosis of IECs is not affected when AIMP2 is reduced (Fig. 2 and ]
and Supplementary Fig. S2G and S2H). Taken together, these
results suggest that AIMP2 inhibits the proliferation of IECs in the
crypts throughout the intestine.

Min/+
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AIMP?2 restricts the expansion of ISCs and their niche

To investigate which types of cells are increased in Aimp2™/~
intestine, we performed qRT-PCR analysis. The expression levels
of goblet and enteroendocrine cell markers (Gob5 and Chga) were
comparable in Aimp2*/~ and Aimp2*/* mice (Fig. 3A). Consis-
tently, PAS/H and chromogranin A (ChgA) staining showed that
the frequency of goblet and enteroendocrine cells was not altered
in Aimp2™/~ mice (Supplementary Fig. $21-S2L). However, PC
markers (Mmp7 and Lyz) and ISC markers (Lgr5, Olfm4, and Msil)
were significantly increased in Aimp2™/~ intestines compared with
Aimp2™'* (Fig. 3A), suggesting that PCs and ISCs are expanded in
Aimp2™/~ mice.

To determine whether hemizygous deletion of Aimp2
resulted in the expansion of the ISC compartment, we per-
formed PAS/H staining and immunohistochemistry for lyso-
zyme. Consistent with the mRNA expression, the number of
PCs markedly increased in Aimp2*/~ intestines (5.6 + 1.3 per
crypt) compared with Aimp2™/" (3.6 + 0.7 per crypt; Fig. 3B
and C). To directly assess the number of ISCs, we crossed
Aimp2 ™"/~ mice with Lgr5-EGFP mice (1). Immunohistochem-
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ical analysis showed that EGFP" ISCs in the crypts markedly
increased in Aimp2*/~:Lgr5-EGFP mice (Aimp2™/*: 33 + 0.5
vs. Aimp2*/~: 5.7 + 1.3 per crypt). Moreover, the number of
BrdUrd *:EGFP" ISCs significantly increased in the Aimp2*/~:
Lgr5-EGFP crypts (Aimp2+/™: 0.9 4+ 0.4 vs. Aimp2*/~: 2.5 £ 0.7
per crypt; Fig. 3D and E), showing that two alleles of Aimp2
are required to suppress the expansion of ISC compartments
in the crypt.

AIMP2 inhibits Wnt/B-catenin signaling in the
intestinal epithelium

To investigate the mechanism by which AIMP2 restricts the
expansion of the ISC compartment, we first examined the target
genes of known AIMP2-associated signaling pathways (16-18)
such as FBP (Usp29 and Cdknla), NF-xB (Tnf, Gadd45b, and
Ciap2), and p53 (Puma, Wip1, and Phlda3; refs. 26-28). However,
there were no significant differences in the expressions between
the Aimp2*/~ and Aimp2*/™ intestine (data not shown), suggest-
ing that the phenotype in Aimp2*/~ intestine may not be caused
by alteration of previously reported signaling.
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Figure 3.

Expansion of intestinal stem cell compartment in Aimp2+/’ mice. A, mMRNA
expressions of different intestinal cell lineage markers in 6-week-old Aimp2+/*
(n=4)and Aimp2+/’ (n = 5) intestinal epithelium. B, PAS/H staining and
immunohistochemical staining of Lysozyme in ileums. The crypts are outlined
by black or white dashed lines. C, quantification of lysozyme™ cells in Aimp2+/*
(n=3)and Aim,oZ*/’ crypts (n = 3). D and E, immunohistochemical staining
(D) and quantification (E) of GFP and BrdUrd in 6-week-old Aimp2*/+:Lgr5-
EGFP (n = 3) and A/'mp2+/’:Lgr5—EGFP (n = 3) ileums. The GFP™ ISCs are
outlined by white dashed lines. Arrowhead and arrow indicate BrdUrd :GFP™
ISCs and BrdUrd":GFP™ ISCs, respectively. At least 30 well-oriented crypts
were analyzed on 3-4 slides per mouse. Scale bar, 50 pm. Student ¢ test was
applied, and data are the mean 4+ SEM. *, P < 0.01.

At the crypt base, Wnt/B-catenin signaling governs the main-
tenance of ISCs and PCs, and uncontrolled activation of Wnt/
B-catenin signaling leads to the expansion of ISC compartments
(10, 29). Because the number of ISCs and PCs increased in
Aimp2*'~ mice, we investigated whether Wnt/B-catenin signaling
was enhanced in the Aimp2*/~ intestine. Consistent with
increased levels of Wnt/B-catenin target genes (Axin2, C-myc,
Cd44; Fig. 4A), immunohistochemical analysis also showed that
CD44 and C-MYC-expressing cells markedly increased in
Aimp2™~ crypts (Fig. 4B and C). Moreover, increased protein
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levels of nonphosphorylated B-catenin, AXIN2, and NKD1 also
showed the enhanced Wnt/B-catenin signaling in Aimp2*/~ IECs
(Fig. 4D and E), suggesting that AIMP2 inhibits Wnt/B-catenin
signaling.

AIMP2 binds with DVL to interrupt Dvl-Axin interaction

To investigate how AIMP2 inhibits Wnt/B-catenin signaling, we
performed an in vitro binding assay with the major components of
the canonical Wnt pathway. Intriguingly, we found that DVL
bound to AIMP2 (Supplementary Fig. S3A), and confirmed with
coimmunoprecipitation experiments in HCT116 cells (Fig. 5A).
We then examined whether AIMP2 colocalized with DVL. Ectopic
expression of AIMP2 alone showed its diffused localization in the
cytoplasm. However, coexpression of AIMP2 with DVL1 led to
colocalization of AIMP2 with DVL1 as a puncta (Fig. 5B). To
identify the AIMP2 interaction domain in DVL, we performed
domain mapping with intact DVL1 and two DVL1 mutants,
ADEP-DVL1 and ADIX-DVL1. We found that the DIX domain of
DVL1 bound to AIMP2 (Supplementary Fig. S3B). As DIX domain
is crucial for DVL-AXIN interaction (30, 31), the binding of
AIMP2 and DVL might disrupt the interaction between DVL1
and AXIN. To test this possibility, we performed coimmunopre-
cipitation. As expected, coexpression of AIMP2 markedly inhib-
ited the DVL1-AXIN1 interaction (Fig. 5C). Importantly,
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Figure 4.

Increased Wnt/B-catenin signaling in A/‘mpz”’ mice. A, mRNA expressions of
Wnt/B-catenin target genes in 6-week-old Aimp2*/* (n = 6) and Aimp2*/
(n = 6) intestinal epithelium. B and C, immunohistochemical staining of CD44
(B) and C-MYC (C) in ileums. D and E, immunoblotting (D) and quantitative
densitometry (E) of whole-cell extracts from 6-week-old Aimpz”+ (n=4)and
Aimp2+/’ (n=4) IECs. The crypts are outlined by white dashed lines. Scale bar,
50 um. Student t test was applied, and data are the mean + SEM. *, P < 0.01.
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endogenous AIMP2 also interacted with endogenous DVL1, and
reduction of AIMP2 significantly increased the DVL1-AXIN1
interaction in MEFs (Fig. 5D and E). We confirmed the endoge-
nous interaction by coimmunoprecipitation using freshly isolated
Aimp2*'* and Aimp2™/~ IECs (Fig. 5F and G). These results suggest
that AIMP2 disrupts DVL-AXIN interaction by competing with
AXIN.

AIMP2 inhibits Wnt/B-catenin signaling

Because AIMP2 inhibited the DVL-AXIN interaction, we tested
whether AIMP2 negatively regulated Wnt/B-catenin signaling.
Overexpression of AIMP2 inhibited the activity of TOPflash, a
reporter for Wnt/fB-catenin signaling (Fig. 6A), the expression of
the Wnt/B-catenin target genes, AXIN2 and NKD1 (Supplemen-
tary Fig. S3C), the accumulation of non-phosphorylated B-cate-
nin, and the induction of AXIN2 and NKD1 after Wnt3a stimu-
lation (Fig. 6B). Conversely, AIMP2 knockdown (Supplementary
Fig. S3D and S3E) further augmented Wnt3a-mediated increase of
the TOPflash activity (Fig. 6C), the accumulation of nonpho-
sphorylated B-catenin and the target gene expressions (Fig. 6D
and Supplementary Fig. S3F). Consistently, ablation of Aimp2 in
MEFs (Supplementary Fig. S3G and S3H) increased the accumu-
lation of nonphosphorylated B-catenin, the induction of target
genes and the TOPflash activity with or without Wnt3a stimula-
tion (Fig. 6E and Supplementary Fig. S31 and S3J). Blockade
of Wnt ligand secretion by a porcupine inhibitor, IWP4 (32),
revealed that the increased Wnt/B-catenin signaling in Aimp2~/~
MEFs depends on Wnt ligand administration (Supplementary Fig.
$3K), suggesting that Aimp2~/~ MEFs were more sensitive to Wnt
ligands than Aimp2*/* MEFs. Taken together, these results show
that AIMP2 inhibits Wnt/B-catenin signaling by disrupting the
interaction between DVL and AXIN.

Previous studies suggested that AIMP2 is involved in ubi-
quitination-dependent degradation of TRAF2 and p53 (17, 18)
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by the direct interaction. Thus, we tested whether AIMP2
modulates the Wnt/B-catenin signaling by ubiquitination of
DVL1. When DVL1 was overexpressed alone or with AIMP2,
there was no significant difference in DVL1 level (Fig. 5A-C).
Moreover, the protein levels of DVL1 in MEFs and Aimp2™*/™,
Aimp2™*/~, and even Aimp2~/~ IECs were comparable, suggest-
ing that the inhibitory role of AIMP2 on Wnt/B-catenin sig-
naling may not depend on DVL1 degradation (Supplementary
Fig. S4A-S4C). We also observed that other potential ubiqui-
tination targets, TRAF2 or p53 (18, 19), were unaffected by
reduction of AIMP2 in IECs (Supplementary Fig. S4D-S4G),
indicating that the role of AIMP2 in intestine was specific to the
Wnt/B-catenin signaling.

As AIMP2 associates with several E3 ligases such as IAP-1 (17)
and MDM?2 (18), we further tested whether AIMP2 affects the
ubiquitination of B-catenin independently of destruction com-
plex. When Hela cells were treated with GSK-3B inhibitor
(CHIR99021), AIMP2 overexpression did not induce the ubiqui-
tination of B-catenin. In contrast, AIMP2 readily induced the
ubiquitination of B-catenin when cells were stimulated with
Wnt3a (Fig. 6F), suggesting that AIMP2 inhibits upstream of
GSK-3B in Wnt/B-catenin signaling. Consistently, in the presence
of CHIR99021, TOPflash activity (Fig. 6G and H) and AXIN2
mRNA expression (Supplementary Fig. S4H and S41) were not
affected by AIMP2 level. Therefore, we concluded that the regu-
latory role of AIMP2 in Wnt/-catenin signaling is mainly depen-
dent on the disruption of DVL-AXIN interaction, not the direct
ubiquitination.

Aimp2 gene dosages modulate the sensitivity of
Wnt/B-catenin signaling

On the basis of the data from the Aimp2*/~ intestine, we
speculated that Aimp2 gene dosage is important for inhibitory
role of AIMP2 in Wnt/B-catenin signaling. Indeed, compared
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Figure 6.

AIMP2 inhibits Wnt/B-catenin signaling. A and B, TOPflash analysis (A) and immunoblotting (B) of whole-cell extracts from HelLa cells transfected with empty
vector (EV) or AIMP2 expression vector, and treated with Wnt3a for 24 hours. € and D, TOPflash analysis (C) and immunoblotting (D) of HeLa cells transfected with
scramble (Scr) or AIMP2 siRNAs and treated with Wnt3a for 24 hours. E, immunoblotting of whole cell extracts from AimpZ*/+ and A/'mpZ’/’ MEFs treated
with Wnt3a for 24 hours. F and G, Hel a cells were transfected with plasmids as indicated, and protein was immunoprecipitated using anti-B-catenin antibody and
immunoblotted using indicated antibodies (F). Black arrowheads, 100 kDa. The TOPflash activity of Hela cells (G) or Aimpz”+ and A/'m,oZ’/’ MEFs (H) were
measured in the absence or presence of GSK-3f inhibitor (CHIR99021, Stemgent). I, dose-response curve to Wnt3a of MEFs. The cells were pretreated with
porcupine inhibitor (IWP4, Stemgent) for 24 hours and stimulated with Wnt3a for 12 hours. A, C, G, and H, Student ¢ test was applied, and data are the mean + SEM.
*, P< 0.01. 1, ANOVA on effective concentration (ECsp) value was applied, and data are the mean & SEM. *, P < 0.01. At least three independent experiments

were performed.

with Aimp2™/*, Aimp2*/~ MEFs showed increased TOPflash
activity and expressed higher levels of Axin2 and Nkdl. In
addition, the increase was further augmented in Aimp2~/~ MEFs
(Supplementary Fig. S3I and S3]J), suggesting that hemizygous
expression of AIMP2 is insufficient to inhibit Wnt/B-catenin
signaling. To further examine the dosage effect of AIMP2, we
measured effective concentration (ECso)of Wnt3a using MEFs.
As expected, the ECs, significantly decreased when Aimp2
dosage reduced (Fig. 6I)

To confirm the dosage effects of AIMP2 in Wnt/B-catenin
signaling, we performed organoid formation assays (22) in the
presence of Roof plate-specific spondin 1 (R-spondin-1) using
IECs from E18.5 Aimp2t/*, Aimp2™/~, and Aimp2~/~ mouse
embryos. Binding of R-spondin-1 to LGR4/5 inhibits the RNF43
and ZNRF3 E3 ligases and activates Wnt/B-catenin signaling in
ISCs (33). On day 3 of culture, the formation of intestinal
organoids was negatively correlated with Aimp2 gene dosage,
especially at very low concentrations of R-spondin-1 (Fig. 7A and
B). However, in the absence of R-spondin-1, no living organoids
were present, regardless of genotype, suggesting that AIMP2 plays

www.aacrjournals.org

an inhibitory role in Wnt/B-catenin signaling downstream of
RNF43 and ZNRF3.

Consistently, the expression of Wnt/f-catenin target genes and
ISC markers (Fig. 7C), the growth (Supplementary Fig. S5A and
S5B) and the proliferation (Fig. 7D and E) of organoids were
negatively correlated with the Aimp2 gene dosage. Together, these
results support the idea that AIMP2 inhibits the activity of Wnt/
B-catenin signaling in IECs in a gene dosage-dependent manner.

Discussion

Because an adequate level of Wnt/B-catenin signaling activity is
critical for maintaining ISCs, it is important to understand the
mechanism that the Wnt/B-catenin signaling activity is regulated
in the intestine. Here, we show that AIMP2 binds to DVL, a key
component of the Wnt/B-catenin signaling pathway and inhibits
the interaction between DVL and AXIN. The inhibitory effect of
AIMP2 on Wnt/B-catenin signaling is negatively correlated with
the Aimp2 gene dosage. Intriguingly, hemizygous expression
of AIMP2 in the intestine was insufficient for proper control of
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Wnt/B-catenin signaling activity, which is pivotal in maintaining
an adequate ISC pool size in the crypts. Collectively, our data
show that AIMP2 is an important regulator that controls the
activity of Wnt/B-catenin signaling, the ISC populations, and
eventually the tumorigenesis in the crypts.

In the intestinal crypts, PCs and cryptal myofibroblasts have
been considered the major sources of canonical Wnt ligands
(2, 9). However, a recent study showed that Wnt ligands
produced by unknown cellular sources are sufficient to support
ISCs in the absence of PCs and myofibroblasts (34), indicating
that intestinal crypts are awash with Wnt ligands. Despite the
surplus Wnt ligands in the crypts, Wnt/B-catenin signaling is
not fully activated in ISCs and transit-amplifying (TA) cells,
suggesting that a number of negative regulators restrict the
activation of Wnt/B-catenin signaling. Recently emerged Wnt
agnonist, R-spondins likely diffuse from their unknown cellu-
lar source to activate Wnt/B-catenin signaling in surrounding
epithelial cells, including ISCs. In the current study, we
found that the expression of AIMP2 negatively correlated with
sensitivity to R-spondin-1, suggesting that AIMP2 prevents
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unwanted activation of ISCs by regulating the activity of
Wnt/B-catenin signaling.

Various receptors, such as receptor tyrosine kinase receptors,
Toll-like receptors, and TNF receptors, require high-order assem-
blies of intracellular signaling factors (35). Because signalosome
formation requires oligomerization, the receptors show a sigmoi-
dal response to ligand concentration, reducing biologic noise or
unwanted activation. Wnt ligand-receptor binding also leads to
the clustering of Frizzled and LRP6 and the polymerization of
DVL. DVL self-assembles through its DIX domain and forms
interaction platforms for low-affinity binding partners such as
AXIN (31). In our study, AIMP2 competed with AXIN for binding
to the DIX domain of DVL. Intriguingly, the activity of Wnt/
B-catenin signaling negatively correlated with the Aimp2 gene
dosage, suggesting that AIMP2 expression level is crucial for
regulation of the interaction between DVL and AXIN. Competi-
tion with AXIN might create a sharp sigmoidal response to Wnt
ligands in the presence of R-spondin-1, which would provide a
mechanism for reducing biologic noise or unwanted activation of
Wnt/B-catenin signaling in cryptic epithelial cells.
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Why do Aimp2*/~ cypts exhibit haploinsufficiency? AIMP2
serves as a scaffolding protein for the assembly of several different
ARSs into the multi-tRNA synthetase complex (11). If AIMP2 is
predominantly trapped in multi-synthetase complexes, a limited
amount of "free" AIMP2 is available to participate in nontransla-
tional activities, such as interacting with FBP, p53, and TRAF2
(16-18). Thus, in Aimp2+/ ~ mice, the amount of AIMP2 could be
insufficient to support its noncanonical functions as a signaling
modulator. Our data suggest another mechanism for AIMP2
haploinsufficiency, in which AIMP2 modulates Wnt/B-catenin
signaling in the intestine by interfering with the DVL-AXIN
interaction. On the other hand, recent studies have reported that
PARKIN degrades AIMP2 in dopaminergic neurons and that
disruption of PARKIN results in the accumulation of AIMP2,
potentially causing neurodegenerative disease (36, 37). Overall,
these observations raise the intriguing possibility that the cellular
level of AIMP2 is important in various pathophysiologic contexts.

The key cellular events promoting tumor initiation include
uncontrolled cell proliferation. LOH of Apc, a process directly
linked to tumor initiation in Apc™™" mice can occur in highly
proliferative cells due to dysregulated cell cycle (25, 38). Thus, the
expanded ISC compartment and IEC proliferation might be
responsible for increased tumorigenesis in Aimp2t/~:ApcMn/t
mice. These findings are consistent with earlier report using
AOM/DSS colitis-associated tumor model with increased num-
ber of polyps in the Aimp2*/~ colon (19). Furthermore, the
increased ACF in Aimp2*/~:Apc™™™ mice suggests that intestinal
AIMP2 is essential for inhibiting adenoma initiation. Collectively,
our current study revealed a critical role of AIMP2 in modulating
intestinal Wnt/B-catenin signaling and tumorigenesis. Disruption
of DVL-AXIN interaction by AIMP2 fine-tunes the Wnt/B-catenin
signaling activity in intestinal crypts. Our observation will provide
a better understanding of regulation of intestinal Wnt signaling
and tumorigenesis.
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