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Apc is a gene associated with familial adenomatous polyposis coli
(FAP) and its inactivation is a critical step in colorectal tumor
formation. The protein product, adenomatous polyposis coli (APC),
acts to down-regulate intracellular levels of B-catenin, a key signal
transducer in the Wnt signaling. Conditional targeting of Apcin the
neural crest of mice caused massive apoptosis of cephalic and
cardiac neural crest cells at about 11.5 days post coitum, resulting
in craniofacial and cardiac anomalies at birth. Notably, the apo-
ptotic cells localized in the regions where B-catenin had accumu-
lated. In contrast to its role in colorectal epithelial cells, inactivation
of APC leads to dysregulation of B-catenin/Wnt signaling with
resultant apoptosis in certain tissues including neural crest cells.

he Apc gene encoding a tumor suppressor protein, adeno-

matous polyposis coli (APC), is known to be responsible for
familial adenomatous polyposis coli (FAP), an autosomal-
dominant inherited disorder characterized by multiple colorectal
tumors (1, 2). Because Apc mutations are also frequently iden-
tified in sporadic colorectal tumors (3), the functional loss of
APC is likely to be a key process in the colorectal tumorigenesis,
especially during the early stages of tumor development. Indeed,
conditional targeting of Apc in the colorectal epithelium initi-
ated colorectal adenoma formation in mice (4).

The biological function of APC is not fully understood,
however it is thought to be a multifunctional protein and plays
an important role in the regulation of growth, differentiation,
and/or migration of epithelial cells (5). Overexpression of APC
can block cell cycle progression from Goy/G; to S phase in NIH
3T3 cells (6). APC concentrates near the ends of microtubules
that extend into actively migrating regions of epithelial cell
membrane (7), and recently it was suggested that APC might
regulate the actin cytoskeleton through Asef, a novel APC-
binding protein (8). Moreover, the nuclear export function of
APC has been reported by Rosin-Arbesfeld ef al. (9).

Accumulating evidence has indicated that APC acts as a
negative regulator of the Wnt signaling cascade through down-
regulation of B-catenin (10, 11). Functional loss of APC causes
stabilization and accumulation of B-catenin (12), allowing it to
form a complex with Tcf/Lef transcription factors to activate Tcf
target genes (13-15). Mutant mice lacking certain Wnt functions
exhibited abnormal phenotypes involving embryonic induction,
cell polarity, and cell fate determination in various tissues during
development (16-20). In particular, injection of mRNA for
B-catenin or that encoding a mutant form of Tcf-3 into zebrafish
embryos affected the Wnt signaling and resulted in abnormal
development of lateral and medial neural crest cells (21).

To elucidate the function of APC in mammalian neural crest,
in the present study we generated mutant mice harboring Apc
disrupted specifically in the neural crest by using the Cre-loxP
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recombination system. We found that the mutant mice displayed
severe craniofacial and cardiac defects due to massive apoptosis
in the neural crest during development, highlighting the differ-
ential functions of APC in the neural crest and colorectal
epithelial cells.

Materials and Methods

Genotyping. Genotypes of mice or mouse embryos were deter-
mined by PCR of tail DNA or yolk sac DNA as described (4).

Skeleton Study. Skin-removed and eviscerated embryos at 18.5
days post coitum (dpc) were fixed in 95% ethanol for 5 days and
stained in Alcian Blue 8GX (Sigma) solution for 1 day. They
were then washed in 95% ethanol, cleared in 1% KOH (potas-
sium hydroxide), and counterstained in Alizarin Red (Sigma) in
2% KOH for 3 h, before being cleared in 2% KOH for 3 days,
treated serially with 80:20, 60:40, 40:60, and 20:80 mixtures of 2%
KOH and glycerol, and stored in the 20:80 mixture.

Histology and Immunohistochemistry. The embryos were trimmed,
fixed in Bouin, embedded in paraffin, and sectioned at 5 um
thickness. The sections were stained in hematoxylin/eosin.
Schwann cells in peripheral nerves were counted under the
microscope on four or five sections from each of three indepen-
dent wild-type or mutant mice. The number of dorsal root
ganglia (DRG) neurons was counted on six or more sections of
DRG at the thoracic level from each mouse. For immunohisto-
chemistry, embryos at 11.5 dpc were fixed in 4% paraformal-
dehyde/PBS at 4°C overnight. Fixed embryos were washed in
PBS, incubated serially in 12, 15, and 18% sucrose, embedded in
OCT compound, and sectioned at 7 um thickness. The sections
were washed in PBS-TN (0.01% Triton-X/0.02% sodium azide
in PBS), blocked with 10% normal horse serum in PBS at room
temperature for 1 h and then incubated with primary antibody
at 4°C overnight. The primary antibodies used were anti-$3-
catenin mouse monoclonal Ab (1:50, Transduction Laboratories,
Lexington, KY). The sections were again washed in PBS-TN and
B-catenin immunoreactivities were visualized by incubation with
secondary antibodies (FITC-labeled anti-mouse IgG1, 1:50) at
room temperature for 1.5 h. For paraffin-embedded samples,
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Table 1. Genotype analysis of offspring of P0-Cre/Apc38°5/+ male mice X CAG-CAT-Z/Apc>805/+ female mice

Genotype
Stage PO-Cre Apct/*  PO-Cre Apc5805*  P0O-Cre Apc5805/580S  Apct/t  Apc5805+  Apc>805/5805  Total
11.5 dpc 7 12 5 6 5 7 42
15.5 dpc 6 9 3 7 6 5 36
18.5 dpc, post 6 19 3 6 13 4 51
natal day 0
4 weeks 13 28 0 15 33 16 105

embryos were fixed in 10% neutral buffered formalin, embedded
in paraffin, and sectioned at 5 wm thickness. The sections were
deparaffinized and epitope retrieval was performed by autoclave
in 10 mM citrate buffer pH 6.0. After treating in hydrogen
peroxide, the sections were incubated with primary antibody,
visualized by VECTASTAIN Elite ABC kit (POD; Vector
Laboratories), and counterstained in hematoxylin. The primary
antibodies used were anti-B-catenin rabbit polyclonal Ab
(1:1200, H102, Santa Cruz Biotechnology).

X-gal Staining. Mouse embryos were fixed in 4% paraformalde-
hyde/PBS on ice for 2-3 h. They were washed in PBS, and
stained in X-gal solution (0.1 M phosphate buffer/2 mM MgCl,/
0.01% sodium deoxycholate/0.02% Nonidet P-40/5 mM potas-
sium ferricyanide/5 mM potassium ferrocyanide/20 mM
TrissHCl/1 mg/ml X-gal) at 37°C overnight. After staining, some
embryos were refixed and frozen in OCT compound, and
cryostat sections (10 wm) were taken for microscopic analysis.

Terminal Deoxynucleotidyltransferase-Mediated dUTP Nick End La-
beling (TUNEL). An In Situ Cell Death Detection Kit (Fluores-
cence or POD; Boehringer Mannheim) was used in accordance
with the manufacturer’s instructions. TUNEL-positive cells were
counted in five sections from each of three independent control
or mutant embryos for the experiments shown in Fig. 3. For the
experiments to elucidate p53 involvement on apoptosis,
TUNEL-positive cells were counted within the region where
B-catenin had accumulated from three sections of each of two
independent embryos. TUNEL-positive cells in DRG were
counted in eight or more sections from each mouse.

In Situ Hybridization. /n situ hybridization was done as de-
scribed (22).

Results and Discussion

To address the role of Apc in neural crest cell development,
site-specific gene targeting was conducted using the Cre-loxP
recombination system. For neural crest-specific ablation of Apc,
Apc 8% mice carrying a pair of loxP genes, inserted into introns
flanking exon 14 of Apc (4), were mated with Protein 0 (P0)-Cre
transgenic (Tg) mice that express Cre recombinase specifically in
neural crest-derived cells (23). PO-Cre Tg mice harbors the Cre
gene driven by the promoter of PO glycoprotein, a cell adhesion
molecule of the Ig superfamily. In these Tg lines, Cre is expressed
in tissues derived from neural crest cells, such as spinal dorsal
root ganglia, sympathetic nervous system, enteric nervous sys-
tem, mesenchyme located within the outflow tract of the heart,
and ventral craniofacial mesenchyme at stages later than 9.0 dpc
(23). Cre expression in Apc®8%S mice results in the premature
termination of the APC protein at codon 580 (4). PO-Cre/
Apc¥9S'+ mice were born without any apparent abnormal phe-
notype. To generate Apc homozygous mutants with PO-Cre,
PO-Cre/Apc3395/+ mice were crossed with Apc’59S™ mice carry-
ing a CAG-CAT-Z transgene (24), in which loxP-flanked
chloramphenicol acetyltransferase (CAT) gene is inserted
between the ubiquitously active cytomegalovirus immediate
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early enhancer-chicken B-actin hybrid (CAG) promoter and a
LacZ gene. Cre-mediated excision of CAT gene induces condi-
tional activation of LacZ gene. This reporter system allows us to
trace Cre expression and to identify cells or tissues where target
gene is deleted in vivo.

As shown in Table 1, no mutants (P0-Cre/Apc’5053895) were
found among 105 offspring at 4 weeks of age, irrespective of the
presence of CAG-CAT-Z. When genotyping was carried out at
postnatal day 0 (or 18.5 dpc), three mutants were identified
among 51 offspring (5.9%). These mice exhibited severe cranio-
facial defects and died immediately after birth (Fig. 1 A-C). As
shown in Fig. 1 A-C, the frontonasal region and both upper and
lower jaws were severely malformed, and their tongues were
prolapsed. Skeletal studies confirmed that the craniofacial de-
fects were due to a disturbance in the achordal skeletogenesis
(Fig. 1 D and E; refs. 25 and 26). Development of almost all of
the bones derived from the cephalic neural crest was affected, to
various degrees. The nasal, jugal, presphenoid, and frontal
bones, in particular, were completely or partially missing. The
remaining bones, including the maxillary, palatine, basisphe-
noid, alisphenoid, and mandibullar bones, and the tympanic ring,
were significantly malformed but to a lesser degree (Fig. 1 D and
E). Among the neural crest derivatives, only the parietal bone
remained intact. The skeletal abnormalities were confirmed by
histological analysis (data not shown). In contrast, skull bones of
non-neural crest origin, such as the exoccipital and basioccipital
bones, were not affected in the mutants (Fig. 1 D and E).

We next carried out a morphological examination of the hearts
of the mutants at 15.5 dpc, because neural crest cells are known
to populate the cardiac outflow tract and proximal great vessels
(27, 28). As expected, Cre expression was detectable in mesen-
chyme located within the corresponding regions of PO-Cre mice
(23). Five of the seven mutants exhibited ventricular septal
defects (VSD) and one also had a persistent truncus arteriosus
(PTA) (Fig. 1F). As with the cephalic defects, the cardiac
anomalies were observed exclusively in the mutants, indicating
that these phenotypes were due to the homozygous disruption of
Apc in cephalic and cardiac neural crest cells.

To analyze the process of neural crest development in the
mutants, embryos at 9.5 and 11.5 dpc were stained with X-gal to
trace Cre expression (Fig. 2 A, B, D, and E). At 9.5 dpc, Cre
expression was detectable in the frontonasal mass, trigeminal
ganglia, and branchial arches. The otocyst, a non-neural crest
derivative, also was stained with X-gal, suggesting that there was
leaky Cre expression in this cell type. However, there was no
significant difference in the staining pattern between the mu-
tants and their heterozygous littermates carrying PO-Cre at this
stage (Fig. 2.4 and D). The mutants became distinguishable at
11.5 dpc by the presence of defects in the frontonasal mass
(indicated by arrow in Fig. 2E). Their heterozygous littermates
carrying PO-Cre revealed intense X-gal staining in the corre-
sponding region (Fig. 2B). Despite intense staining with X-gal,
the development of the branchial arch at 11.5 dpc appeared to
be normal, but at 15.5 dpc all mutants exhibited extensive defects
in the craniofacial region derived from the first branchial arch
including the lower jaw (indicated by arrow in Fig. 2F).
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PO-Cre / Apc %895"* po-Cre / Apc 5805/580S

Fig. 1.

% .

Wild type PO-Cre / Apc 5805/580S

Craniofacial and cardiac defects in mutant mice (P0-Cre/Apc>805/5805) (A and B) Lateral (A) and frontal (B) views of a wild-type littermate (Left) and a

mutant (Right) at birth. (C) Lateral views of faces of a wild-type littermate (Left) and a mutant (Right). (D) Lateral views of skeletal preparations of a
P0-Cre/Apc>895/+ mouse (Left) and a mutant (Right) at 18.5 dpc. Part of the frontal bone is abnormal in mutants (arrow). fr, frontal; pr, parietal; eo, exoccipital;
md, mandibullar bone. (E) Ventral views of skeletal preparations of a PO-Cre/Apc®895+ mouse (Left) and a mutant (Right) at 18.5 dpc. n, nasal; mx, maxillary; j,
jugal; ps, presphenoid; bs, basisphenoid; as, alisphenoid; tr, tympanic ring; bo, basioccipital bone. (F) Coronal sections of the trunk of PO-Cre/Apc>8%5* mice and
mutants at 15.5 dpc. A ventricular septal defect (VSD) is shown in the heart of a mutant (arrow in Upper Right). The aorta and pulmonary artery are still adjoined
and the pulmonary artery comes directly from the truncus arteriosus (arrow in Lower Right) in another mutant. RV, right ventricle; LV, left ventricle; Ao, aorta;

PA, pulmonary artery. [Scale bars, 1 mm (A-E) and 0.5 mm (F).]

The craniofacial and cardiac defects in the mutants could be
due to impaired proliferation, retarded migration, and/or aug-
mented apoptosis of neural crest cells. We evaluated the pro-
liferation potential and apoptosis in cells of the ventral cranio-
facial mesenchyme, first branchial arch, and cardiac outflow
tract in mutant embryos at 11.5 dpc. Levels of 5-bromo-2’-
deoxyuridine (BrdUrd) incorporation in these tissues were in-
distinguishable between the mutants and their heterozygous
littermates (data not shown), indicating that the growth potential
of the cells was unlikely to be affected. In contrast, TUNEL
staining revealed a significant increase in the number of apo-
ptotic cells in the tissues of the mutants (Fig. 3 M—R). The first
branchial arch and cardiac outflow tract in particular had
clusters of TUNEL-positive cells (Fig. 3 P and R). In the ventral
craniofacial mesenchyme, extensive apoptosis was detectable
within the tissues derived from the cephalic neural crest, but not
in non-neural crest derivatives such as skin and olfactory epi-
thelium (Fig. 3N). LacZ staining confirmed Cre expression in
the regions where apoptotic cells were present (Fig. 3 A-F).
These findings strongly suggest a close link between functional
loss of APC and apoptosis of neural crest cells, leading to the
craniofacial and cardiac defects.

Hasegawa et al.

APC is known to control the Wnt signaling through down-
regulation of B-catenin (5). To further elucidate mechanisms of
apoptosis induced by Apc inactivation, we examined the expres-
sion of B-catenin in cephalic and cardiac neural crest cells of
embryos at 11.5 dpc by immunohistochemistry (Fig. 3 G-L).
Accumulation of B-catenin was evident in the ventral craniofa-
cial mesenchyme, first branchial arch, and cardiac outflow tract
of mutant embryos (Fig. 3 H, J, and L). In branchial arch and
cardiac outflow tract, B-catenin was accumulated exactly in the
region where TUNEL-positive cells were clustered (Fig. 3 J, L,
P, and R). On the other hand, apoptotic cells were rather
scattered in ventral craniofacial mesenchyme, but localized
exclusively within the region where B-catenin were also accu-
mulated (Fig. 3 H and N). No B-catenin accumulation was found
in any tissues of the heterozygous littermates carrying PO-Cre
(Fig. 3 G, I, and K). Because the expression of B-catenin mRNA
was revealed to be ubiquitous throughout the branchial arch by
in situ hybridization (Fig. 4), the loss of APC may result in the
B-catenin accumulation at posttranslational levels in certain cells
of the branchial arch. In a wild-type mouse embryo, neural
crest-derived cells committed to bone and cartilage tissues,
identifiable by the presence of collagen type 2al (Col 2al)
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9.5 dpc 11.5 dpc 15.5 dpc

Fig. 2.  Embryonal development of mutant and P0-Cre/Apc>8%/+mice. Ap-
pearance of P0-Cre/Apc®8%5/+ embryos (A-C) and mutants (D-F) at various
developmental stagesindicated below the panels. Embryosat9.5and 11.5dpc
were stained with X-gal. In 11.5 dpc P0-Cre/Apc5895/+ embryos, frontonasal
mass, trigeminal ganglia, branchial arches, and DRG were positive for LacZ.
Fnm, frontonasal mass; Tg, trigeminal ganglia; Ba, branchial arch; Ot, otocyst;
DRG, dorsal root ganglia. (Scale bars, 0.5 mm.)

mRNA (29), were linearly distributed in the central area of the
bilateral branchial arches (Fig. 4). In the mutants, however, Col
2al-positive cells at the corresponding area of the branchial arch
were missing and replaced by apoptotic cells. In contrast, the
number and distribution of MyoD-positive cells (30), non-neural
crest derivatives, remained unaffected on the medial region of
the first branchial arch (Fig. 4). These data suggested that neural

Ventral craniofacial

Branchial arch

P0-Cre
Apc 580S/580S

Fig. 4. Collagen type 2a1-positive cells are lost and enter into apoptosis in
the first branchial arch in the mutant mice. In situ hybridization for B-catenin,
collagen type 2a1 (Col2a1), and MyoD on sections of the first branchial arch of
wild-type (Left) and mutant mice (Right). (Scale bars, 0.1 mm.)

Wild type

crest derived cells committed to bone and cartilage tissues might
suffer apoptosis caused by the loss of Apc function.

Neural crest cells are multipotent stem cells and give rise to a
variety of other cell-types, including peripheral nerves, Schwann
cells, and melanocytes (31). However, no defects other than the
craniofacial and cardiac anomalies were observed in the mu-
tants. As shown in Fig. 54, Schwann cells also appeared to be

Cardiac outflow tract

mesenchyme
PO-Cre P0-Cre PO-Cre P0-Cre PO-Cre P0-Cre
Apc 58055808 Apc 580S/+  pApc 5808580 Apc 580S/+  ppc 580S/5805

T

TUNEL

Fig. 3.

Apoptosis and B-catenin accumulation in neural crest-derived tissues of mutant mice. Cre expression confirmed by LacZ staining (A-F), B-catenin

immunoreactivity (G-L), and TUNEL stains (M-R) of the sections of ventral craniofacial mesenchyme (VCM), branchial arch (BA), and cardiac outflow tract (COT)
from mutant and PO-Cre/Apc8%5* embryos at 11.5 dpc are shown. Apoptotic cells are clustered in the branchial arch and cardiac outflow tract in one mutant
(arrows in P and R). The number of apoptotic cells in VCM, BA, and COT of PO-Cre/Apc8%5/+ mice was 32.4 = 5.9, 6.2 = 3.0, and 30.6 + 19.1, respectively, and
in mutants was 107.6 = 15.8, >200, and 65.4 =+ 21.4, respectively (mean = SD, n = 3). B-catenin accumulated in TUNEL-positive cell-clustered regions (arrows

in Jand L). (Scale bars, 0.1 mm.)
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TUNEL

L — /2

wild ty P0-Cre
Apc 5805/580S

Fig. 5. Apoptosis and morphological appearance of Schwann cells and DRG
inmutant mice. (A) Peripheral nerves in the legs of wild-type (Left) and mutant
mice (Right) at 15.5 dpc. The number of Schwann cells in peripheral nerves at
18.5dpcis 34.0 = 11.5 in wild-type mice and 37.5 = 1.9 in the mutants (mean =
SD, n = 3).(B) LacZ expression (Cre expression) and TUNEL in 11.5 dpc DRG. The
number of LacZ-positive cells per DRG is 176.5 = 23.9 in heterozygotes, and
50.1 + 27.7 in the mutants (mean = SD, n = 3). The number of apoptotic cells
per DRG is 8.2 = 5.6 in heterozygotes, and 19.9 * 9.9 in mutants (mean = SD,
n = 3).(C) Whole views of DRG from 15.5 dpc wild-type (Left) and mutant mice
(Right). The number of DRG neurons at 18.5 dpc is 116.7 = 10.8 in wild-type
and 105.8 + 14.7 in the mutant mice (mean * SD, n = 3). [Scale bars, 25 um (A)
and 50 um (B and Q).]

histologically normal. In the DRG of mutant embryos at 11.5
dpc, despite strong expression of Cre, cells aligned normally and
their gross appearance was indistinguishable from that of the
heterozygous embryos (Fig. 2 B and E). Examination of DRG
with TUNEL and X-gal staining showed that the number of

Hasegawa et al.

Fig. 6. Effects of p53 deficiency on phenotypes of conditional mutants. (A)
Frontal (Left) and lateral (Right) views of a PO-Cre/Apc>805/5805 /n53+/+ (Upper)
and a P0-Cre/Apc5805/5805 /p53 =/~ (Lower) at birth. (B and C) B-catenin accumula-
tion (Left) and TUNEL (Right) in branchial arch (B) and cardiac outflow tract (C) of
mutant mice on p53 heterozygous (Upper) or homozygous (Lower) background.
Yellow arrows indicate accumulation of B-catenin. (Insets) Magnified views of
apoptotic lesions (yellow box). The number of TUNEL-positive cells within the
region where B-catenin was accumulated in branchial arch is 48.4 + 1.9 in
PO-Cre/Apc>805/5805 /|n53+/~ and 50.7 + 4.7 in PO-Cre/Apc>805/5805 /p53~/~ (mean +
SD, n = 2, P < 0.05). In cardiac outflow tract, the number is 96.7 = 1.9 in
PO-Cre/Apc>805/5805 /|n53+/~ and 76.2 + 7.3 in PO-Cre/Apc>805/5805 /n53~/~ (mean +
SD, n = 2, P < 0.05). [Scale bars, 1 mm (A) and 0.25 mm (B and C).]

apoptotic cells was increased and the number of Lac Z-positive
cells was reduced in the mutants at 11.5 dpc compared with the
heterozygous embryos (Fig. 5B). The number of DRG cells in
the mutants, however, had reached a level equivalent to that of
wild-type mice at 15.5-18.5 dpc (Fig. 5C), and so it is likely that
APC functions to suppress apoptosis in DRG neurons during
development, but its functional loss is not sufficient to result in
neuronal anomalies in the mutants.

Damalas et al. (32) reported that overexpression of B-catenin
resulted in the accumulation of a transcriptionally active p53
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tumor suppressor protein, through interference with its proteo-
lytic degradation. p53 is known to become activated in response
to a variety of cellular stressors including DNA damage and
hypoxia, and induces growth arrest and/or apoptosis (33). It is
therefore conceivable that inactivation of Apc and the subse-
quent accumulation of B-catenin may qualify as a stress signal,
triggering p53 activation, and leading to apoptosis in the cephalic
and cardiac neural crest cells. To elucidate the involvement of
pS3 in the apoptosis observed in neural crest derived tissues, we
first examined the expression of p53 protein. However, no p53
immunostaining was detected in branchial arch and cardiac
outflow tract of mutants (data not shown). We next generated
conditional mutants on p53 knock-out background (PO-Cre/
Apc80555805 |n53~/=) by crossing them with p53 mutants (34).
These mice displayed similar phenotypes to mutants carrying
wild-type p53 allele (Fig. 6 A-C) and the numbers of TUNEL-
positive cells in neural crest-derived tissues of these mice were
comparable to those of p53 heterozygous mutants (P0-Cre/
Apc 80515805 [p53+/7). These data strongly indicate that the apo-
ptosis of neural crest-derived cells induced by the loss of Apc was
not mediated by p53.

It is well known that accumulated B-catenin forms Tcf/Lef
transcription factor complexes, resulting in the activation of
Tcf/Lef target genes (13-15). Interestingly, Ahmed et al. (35)
found neuronal apoptosis during retinal development in Dro-
sophila, devoid of the Drosophila homolog of APC (D-APC) and
either reduction of Armadillo (Arm) activity by replacing one
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