MOLECULAR AND CELLULAR BIOLOGY, Mar. 2002, p. 1488-1494
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.5.1488-1494.2002

Vol. 22, No. 5

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Embryonic Lethality Caused by Apoptosis during Gastrulation in Mice
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ADP-ribosylation factor (ARF)-related protein 1 (ARFRP1) is a membrane-associated GTPase with signif-
icant similarity to the family of ARFs. We have recently shown that ARFRP1 interacts with the Sec7 domain
of the ARF-specific guanine nucleotide exchange factor Sec7-1/cytohesin and inhibits the ARF/Sec7-dependent
activation of phospholipase D in a GTP-dependent manner. In order to further analyze the function of
ARFRP1, we cloned the mouse Arfrpl gene and generated Arfrpl null-mutant mice by gene targeting in
embryonic stem cells. Heterozygous Arfrpl mutants developed normally, whereas homozygosity for the mutant
allele led to embryonic lethality. Cultured homozygous Arfrpl null-mutant blastocysts were indistinguishable
from wild-type blastocysts. In vivo, they implanted and formed egg cylinder stage embryos that appeared
normal until day 5. Between embryonic days 6 and 7, however, apoptotic cell death of epiblast cells occurred
in the embryonic ectoderm during gastrulation, as was shown by histological analysis combined with terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling. Epiblast cells that would normally dif-
ferentiate to mesodermal cells detached from the ectodermal cell layer and were dispersed into the proamniotic
cavity. In contrast, the development of extraembryonic structures appeared unaffected. Our results demon-

strate that ARFRP1 is necessary for early embryonic development during gastrulation.

ADP-ribosylation factors (ARFs) are GTP-binding proteins
that are involved in multiple steps of membrane trafficking and
regulation of phospholipase D (PLD) (5, 15, 20, 24, 29).
ARFRP1 (ARF-related protein 1), previously designated ARP
(25), is a membrane-associated 25-kDa GTPase with remote
similarity to ARF and ARF-like protein (33 and 39% identical
amino acids to ARF1 and ARF-like 3, respectively). ARFRP1
contains all characteristic sequence motifs involved in nucleo-
tide binding and GTP hydrolysis. Compared with other
GTPases, guanine nucleotide exchange of recombinant
ARFRP1 is slow but GTPase activity is high in the absence of
an activating protein. In contrast to ARF and ARF-like pro-
teins, ARFRP1 lacks the N-terminal myristoylation motif (gly-
cine 2) necessary for membrane association. However,
ARFRP1 is predominantly located in the plasma membrane
and is absent from the cytosol (25), whereas ARF proteins
shuttle between membranes and the cytosol, depending on the
bound nucleotide (3). Previous studies have suggested that
ARFRP1 is involved in a pathway inhibiting the ARF-con-
trolled activity of PLD (26). ARFRP1 binds the ARF-specific
nucleotide exchange factor Sec7-1/cytohesin in a GTP-depen-
dent manner and inhibits the ARF/Sec7-dependent activation
of PLD. In addition, transfection of HEK-293 cells with a
constitutively active mutant of ARFRP1 inhibited the PLD
stimulation induced by muscarinic acetylcholine receptor-3
and the translocation of ARF from the cytosol to membranes.

ARF and ARF-like proteins are highly conserved through-
out the evolution of eukaryotes (29). In yeast, five members of
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the ARF-family have been identified (9, 14, 21, 22). The closest
relative of ARFRP1 is yARF-like protein 3 (yARL3), with
43% identical amino acids (14). Disruption of the yA4ri3 gene
resulted in enhanced cold sensitivity of growth and in retarded
processing of alkaline phosphatase and carboxypeptidase Y at
the nonpermissive temperature. Thus, it was suggested that
yARL3 is involved in protein transport between endoplasmic
reticulum, Golgi, and vacuole (14).

In order to characterize the function of ARFRP1 in a mam-
malian organism, we generated mice with a targeted disruption
of the Arfipl gene. It is shown here that homozygosity for the
transgene causes embryonic lethality at gastrulation and apo-
ptosis of ectodermal cells that would normally differentiate and
form the mesodermal cell layer.

MATERIALS AND METHODS

Library screening and DNA sequencing. Genomic clones of Arfipl were iso-
lated by screening a 129 SvJ mouse genomic library (Lambda FIX II Vector;
Stratagene, La Jolla, Calif.) with a cDNA probe derived from the rat ARFRP1
c¢DNA. Two clones were isolated and sequenced after fragmentation by sonica-
tion or digestion with restriction enzymes and subcloning into pUCI8 and
pGEM—5Zf(+). Sequencing was performed in both directions (Thermo-seque-
nase fluorescent-labeled primer cycle sequencing kit; Amersham Life Science,
Little Chalfont, Bucks, United Kingdom) with the aid of an automated sequencer
(LI-COR, Lincoln, Neb.).

Gene targeting. For generation of the targeting vector, a 5.6-kb clone in
pGEM—5Zf(+) was used. The 595 bp containing exons 2 and 3, encoding the
start codon, the PM1-PM3, and the G1 motifs, was replaced by a 1.1-kb neomy-
cin resistance cassette introducing a diagnostic Stul site. The targeting vector was
linearized with NotI, and embryonic stem (ES) cells (129 SvJ) were transfected
by electroporation. Cells were subsequently cultured in the presence of 400 pg of
G418/ml for 12 days. A total of 288 neomycin-resistant ES clones were picked,
and their genomic DNA was isolated and digested with Stul. For the identifica-
tion of homologous recombinants, Southern blots were performed with a 3’
external probe generated with a PCR fragment containing intron 4 (primers,
5'-GCAAAAGGAACCTGGAACTG-3" and 5'-CTGAAAGTGCTCAACTCA
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GG-3"). Two ES cell clones that had incorporated the targeting vector by ho-
mologous recombination were injected into C57BI/6J blastocysts and subse-
quently were transferred into a pseudopregnant foster mouse. Male chimeric
mice were mated with C57BI/6] females. Genomic DNA was isolated from tail
biopsies, digested with Stul, and analyzed by Southern blotting with the 3’
external probe or by PCR with primers for amplification of both the Arfipl and
the neo gene (primer 1 [ARFRP1, 200 bp], 5'-GGTCCACAACCCAGCTGAC-
3'; primer 2 [Neo, 440 bp], 5'-CGAGGATCTCGTCGTGCCC-3'; primer 3
[ARFRPI reverse], 5'-CCCAAAACATGAGACGAGCCTTCC-3").

Northern blot analysis. RNA was prepared from liver, kidney, and testis as
described previously (4). Samples (15 pg) of total RNA were separated by
electrophoresis on 1% (wt/vol) agarose gels containing 3% (vol/vol) formalde-
hyde and were transferred onto nylon membranes (Hybond N*; Amersham-
Pharmacia, Freiburg, Germany). Probes of the ¢cDNA of rat ARFRP1 were
generated with the Klenow fragment of DNA polymerase I and [a-**P]dCTP by
random oligonucleotide priming. The nylon membranes were hybridized at 42°C,
and blots were washed twice with 0.8% SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate) containing 0.1% sodium dodecyl sulfate.

Immunochemical detection of ARFRP1 in membranes from different tissues.
Tissues (liver, kidney, and testis) were homogenized and centrifuged for 10 min
at 600 X g. The supernatant was centrifuged at 200,000 X g at 4°C for 1 h.
Resuspended membrane proteins (20 png) were separated by sodium dodecyl
sulfate-14% polyacrylamide gel electrophoresis and were transferred onto ni-
trocellulose. Immunochemical detection was performed with a polyclonal anti-
serum against recombinant ARFRP1 (25). Bound immunoglobulin was detected
with '*I-protein A.

In vitro culture of blastocysts. Arfrpl ™/~ mice were intercrossed in a 12-h
mating period. At embryonic day 3.5 (E3.5), blastocysts were flushed from the
uteri of plugged females and were cultured individually as described previously
(12). After a resting period of 2 days, photographs were taken every 24 h. After
6 to 8 days in culture, the genotypes of the blastocysts were determined by PCR.

Histological analysis. Uteri from females plugged in a 12-h mating period
were isolated at E5.5, 6.5, 7.5, and 8.5. Uteri were fixed in 4% paraformaldehyde,
dehydrated, and embedded in paraffin. Serial sections (5 wm) were stained with
hematoxylin and eosin.

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) assays. Apoptotic cells were detected in paraffin sections of mouse
embryos of E5.5 to 8.5 with the aid of a TdT-FragEL DNA fragmentation
detection kit (Oncogene Research Products, Boston, Mass.) according to the
manufacturer’s protocol. Sections were counterstained with methyl green.

RESULTS

Targeted disruption of the Arfrp1 gene. Two genomic clones
(13.5 kb and about 21 kb) comprising the total Arfipl gene
(accession number AJ413952) were isolated from a 129 SvJ
library. The targeting construct was generated by exchange of
exons 2 and 3, coding for the translation start and the essential
nucleotide binding motifs PM1-PM3 and G1, for a neomycin
resistance cassette. The construct (Fig. 1A) contained 3,015 bp
of the 5’ flanking region and 1,963 bp of intron 4.

Transfection of ES cells with the targeting construct yielded
four homologous recombinants in 288 transformants. Homol-
ogous recombination was ascertained by Southern blot analysis
with an external probe (Fig. 1B). Injection of recombinant ES
cells into blastocysts of C57BL/6 mice resulted in the genera-
tion of chimeric mice that were mated with C57BL/6 mice. F,
mice carrying the transgene were interbred and yielded
Arfrpl™'" and ArfipI 7'~ mice with a frequency of 1:1.9 but
yielded no ArfipI '~ mutants out of 94 offspring (Fig. 1B).
This result indicates that homozygous disruption of Arfipl
results in embryonic lethality.

ARFRP1 is expressed during embryonic development. In
order to determine the ARFRP1 expression during embryonic
development, a Northern blot analysis was performed with
embryos of different stages. Figure 2 illustrates the time course
of ARFRP1 expression between 4.5 and 18.5 days post-coitum
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FIG. 1. Targeted disruption of the Arfipl gene by homologous re-
combination. (A) Disruption strategy for Arfipl showing the wild-type
allele, the targeting construct, and the targeted Arfip! allele. The neo
cassette was inserted into the RsrII and Avall sites of exon 2 and intron
3, introducing a diagnostic Stul site. Relevant restriction sites are
shown (A, Avall; N, Ncol; R, Rsrll; S, Stul). The position of the 3’
probe for Southern blot analysis is indicated. (B) Southern blot of
several ES cell clones; DNA was digested with Stul and analyzed with
the 3’ probe. The arrow depicts a clone that incorporated the targeting
vector by homologous recombination; this clone was used for injection
into blastocysts. (C) Southern blot analysis of Stul-digested DNA from
neonate tails after hybridization with a 3’ probe. The positions of the
wild-type allele (5.8 kb) and the targeted allele (3.5 kb) are indicated.

(p.c.). ARFRP1 mRNA was already detected during early em-
bryogenesis at day 4.5 p.c., increased during gastrulation and
neurulation (E7.5 and 8.5), and remained high throughout
embryogenesis, except for a decline at late stages of gestation
(E17.5 and 18.5).

Phenotype of heterozygous Arfrpl mutants. Mice heterozy-
gous for the Arfipl deletion were phenotypically normal and
showed no difference in the development of body weight over
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FIG. 2. Expression of ARFRP1 during embryonic development.
Northern blots generated with total RNA (20 wg) from mouse embryos
at different ages were purchased form Seegene (Seoul, Korea) and
were hybridized as described in Materials and Methods with a cDNA
of ARFRP1 (upper panel). Comparable amounts of RNA are present
in each lane, as judged from ethidium bromide staining (lower panel).
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FIG. 3. Expression of ARFRPI1 in tissues from Arfipl*/* and
ArfipI*'~ mice. Immunochemical detection of ARFRP1 in mem-
branes of testis, liver, and kidney from Arfipl */* and ArfipI ™/~ mice.
Tissues of the indicated animals were homogenized, and 20 pg of the
centrifuged (200,000 X g) pellet were analyzed in Western blots with
an antiserum raised against recombinant ARFRP1.

a time course of 6 months (data not shown). There was no
difference in ARFRP1 mRNA (data not shown) and protein
levels in liver, kidney, and testis between wild-type mice and
Arfrpl™'~ mutants (Fig. 3), indicating that the deletion of one
allele did not reduce expression of ARFRP1.

Characterization of Arfrpl~/~ blastocysts. No viable
Arfrpl '~ neonates were identified when heterozygous mice
were intercrossed, indicating that homozygosity for the Arfipl
mutation causes embryonic lethality. To investigate the growth
of Arfipl mutant embryos, blastocysts (E3.5) from heterozy-
gous matings were individually cultured in vitro, and outgrowth
was monitored for 6 to 8 days. At the end of the experiment,
genotypes of the blastocysts were determined by PCR (Fig.
4B). Among 32 cultured blastocysts obtained from 4 litters,
ArfrpI*'*, Arfrpl ™'~ , and Arfipl /'~ blastocysts were identified
at a ratio of 12:16:4. As is shown in Fig. 4A, the morphology of
Arfipl 7'~ blastocysts was indistinguishable from that of
Arfrpl™'" and ArfipI™'~ blastocysts, with the trophoblast
spreading out on the culture dish and a proliferating inner cell
mass on top. This result indicates that Arfipl '~ blastocysts
were generated and that disruption of Arfipl did not alter the
growth of stem cells or the development of the blastocysts.

Deletion of Arfrpl results in embryonic lethality at the gas-
trulation stage (E6.5 to 7.5) and prevents differentiation of
embryonic ectoderm. In order to determine the time point of
death of Arfipl ’~ mutants, a histological analysis of uteri
from heterozygous intercrosses was performed at different
days of gestation. At ES5.5 all embryos appeared normal (Table
1). At E6.5 to 8.5 about 25% of the embryos exhibited striking
abnormalities (Table 1). In whole-mount preparations of em-
bryos at E7.5, the egg cylinder of Arfipl '~ mutants was mark-
edly reduced in size, whereas the ectoplacental cone appeared
unaffected (Fig. 5A). In contrast, wild-type and heterozygous
embryos were indistinguishable (Fig. 5A and B).

MoL. CELL. BIOL.

Histological analysis of abnormal embryos revealed massive
defects before and during gastrulation (Fig. 6). At E6.5, ab-
normal embryos could be recognized by profound alteration of
the distal part of the egg cylinder. Rounded pyknotic cells were
found within this area of the egg cylinder in the proamniotic
cavity, and some of these were only loosely attached to the
ectodermal cell layer (Fig. 6A and B, lower panels). In con-
trast, the proximal extraembryonic part of the embryo ap-
peared normal. In order to determine whether the morpho-
logically abnormal cells within the proamniotic cavity were
apoptotic, TUNEL assays were performed with sections adja-
cent to those stained for histological examination. This analysis
demonstrated that the pyknotic epiblast cells in the area of the
primitive streak region were TUNEL positive and therefore
were apoptotic. In contrast, normal egg cylinder stage embryos
showed the typical organization with the outer epithelial layer,
the visceral endoderm, and an inner epithelial sheet, the prim-
itive ectoderm (Fig. 6A and B, upper panels). The proximal,
extraembryonic endodermal cells are characterized by a co-
lumnar morphology with apical vacuoles, whereas the distal,
embryonic endodermal cells have no vacuoles and show a
squamous appearance. The ectoderm reveals marked differ-
ences between the embryonic and extraembryonic parts as
well, with a much thicker epithelial organization of the distal
embryonic cells (Fig. 6B, upper panel).

At E7.5, histological differences between control and mutant
embryos were even more pronounced. Sagittal sections exhib-
ited defects in the embryonic ectodermal cell layer and accu-
mulation of dead cells within the amniotic cavity (Fig. 6C,
lower panels). Transversal sections confirmed this observation
and demonstrated that the abnormal embryo was disorganized;
ectoplacental and exocoelomic cavities had not formed (Fig.
6D, lower panels). In contrast, normal primitive streak stage
embryos exhibited well organized ectoderm, endoderm, and
mesoderm and developed the ectoplacental, exocoelomic, and
amniotic cavities (Fig. 6C, upper panels). The transversal sec-
tions demonstrated that the embryonic mesodermal layer was
formed between the ectodermal and endodermal layer on the
primitive streak side in control embryos (Fig. 6D, upper pan-
els).

DISCUSSION

The present study demonstrates that ARFRP1 is essential
for embryonic development. Our data indicate that Arfipl '/~
blastocysts are generated and that Arfipl ~/~ embryos undergo
uterine implantation, induce uterine decidualization, and de-
velop into egg cylinders. The embryonic lethality of the
Arfrpl '~ mutants was specifically associated with the inability
of the egg cylinder to gastrulate properly at E6.5 (Fig. 6). At
this early stage of gastrulation, morphogenetic movements, cell
proliferation, and differentiation convert the embryonic por-
tion of the egg cylinder, the epiblast, into the three germ layers:
ectoderm, mesoderm, and endoderm. Epiblast cells are re-
cruited to a transient embryonic structure called the primitive
streak at the future posterior pole of the embryo, thereby
establishing the anterior-posterior axis (1, 30). At the primitive
streak, epiblast cells undergo an epithelial-to-mesenchymal
transition, generating the mesoderm and definitive endoderm;
Arfrpl '~ embryos are defective in this process. The epithelial
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FIG. 4. Growth of Arfipl ™", Arfipl™'~, and Arfrpl =/~ blastocysts in culture. Blastocysts were isolated, cultured, and genotyped as described
in Materials and Methods. (A) Genotyping of blastocysts after 8 days of culture with PCR. PCR was performed on genomic DNA of blastocysts
with a combination of three primers (two forward primers [1 and 2] and one reverse primer [3]). Primer 1 recognizes sequences in the third intron
of Arfipl and is specific to the wild-type ArfipI allele. Primer 2 recognizes sequences of the neo resistance gene and is thus mutant allele specific.
Primer 3 corresponds to sequences in exon 4. The PCR product of the wild-type allele was 200 bp, and the product of the mutant allele was 440
bp. (B) Outgrowth of Arfipl ™", Arfrpl*/~, and Arfrpl '~ blastocysts after the indicated days in culture. TG, trophoblast giant cells; ICM, inner

cellular mass.

organization of the epiblast is disturbed and no mesodermal
cells form. Instead, apoptotic cells accumulate in the proam-
niotic cavity. At this point we cannot determine whether these
cells consist of mesendodermal cells which leave the primitive
streak in the wrong direction, i.e., towards the dorsal side of
the embryo, or whether they represent dying epiblast cells
prior to the epithelial-mesenchymal transition.

The targeted inactivation of two other genes, Rac-1 and
B-catenin, produced very similar phenotypes. Rac-1-deficient
embryos exhibit apoptotic cells in the space between the em-
bryonic ectoderm and endoderm at the primitive streak stage
(28). Rac-1 is a member of the Rho family of GTPases which
has been shown to promote the reorganization of filamentous
actin into lamellipodia and membrane ruffles and to be in-
volved in the establishment of cell adhesion structures (13).

Moreover, Rac-1 has been implicated in the invasion and me-
tastasis of lymphoma cells (17, 23).

Like Arfipl '~ embryos, B-catenin knockout embryos
showed cells that detached from the embryonic ectodermal cell
layer at E7.0 p.c. (11). B-Catenin is known to regulate cell-cell
adhesion via interaction with the cytoplasmic domain of E-
cadherin and a-catenin (27). In addition, B-catenin functions
as a component in the Wnt signaling pathway, which is in-
volved in the regulation of development, cellular proliferation,
and differentiation (18).

The similar phenotypes of Rac-1~'~, B-catenin™'~, and
Arfrpl '~ embryos suggests that ARFRP1 might be involved in
the alteration of the cytoskeleton required during gastrulation.
Our previous data showing that ARFRP1 inhibits the ARF-
regulated PLD activation appears consistent with this hypoth-

/—
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FIG. 5. Comparison of Arfipl™'*, Arfip1™'~, and Arfrpl '~ embryos. Morphological analysis of Arfrpl mutant embryos. Whole-mount prep-
aration at E7.5. We analyzed 11 embryos at E7.5 and identified Arfipl ™/, ArfrpI*/~, and Arfipl =/~ mutants at a ratio of 1:7:3. epc, ectoplacental

cone; eee, extraembryonic ectoderm; ee, embryonic ectoderm.

esis (26). PLD hydrolyzes phosphatidyl choline to generate
phosphatidic acid and choline in response to a variety of sig-
nals, hormones, neurotransmitters, and growth factors (7, 8). It
has been found that agonist-induced PLD stimulation can pro-
voke changes in cell morphology through cytoskeletal rear-
rangements. Lysophosphatidic acid (LPA)-induced PLD acti-
vation has been shown to increase the amount of F-actin
leading to an activation of actin polymerization (10). In por-
cine aortic endothelial cells, PLD activation results in the for-
mation of stress fibers (6). The reduction of endogenous PLD
activity by expression of an inactive PLD mutant caused a
selective loss of the stress fiber response of LPA (16). In

TABLE 1. Histological analysis of embryos from
ArfipI ¥/~ intercrosses”

No. of specimens with phenotype:

Stage

Normal Abnormal
ES5.5 11 0
E6.5 10 3
E7.5 9 5
E8.5 8 1

@ Uteri from pregnant Arfipl */~ females that had been mated with Arfipl */~
males were fixed and embedded in paraffin. Serial sections were stained with
hematoxylin and eosin or were used for detection of apoptotic cells by TUNEL
staining. Embryos were considered abnormal when clusters of TUNEL-positive
cells were found within the proamniotic or amniotic cavity (see Fig. 6).

addition, it has been shown that the cytoskeletal protein B-ac-
tin inhibits PLD activity by direct binding, suggesting that the
agonist-induced translocation of ARF to the membrane might
activate the repressed activity of PLD by the actin cytoskeleton
(22). Since ARFRP1 inhibits the ARF-stimulated PLD activa-
tion (26), one might speculate that a lack of ARFRP1 as a
negative regulator of PLD results in alterations of the cytoskel-
eton.

Cell migration is an essential process in embryonic devel-
opment and is thought to be integrin dependent (2). There
is indirect, circumstantial evidence that ARFRP1 might be
involved in the regulation of integrin-mediated cell matrix
adhesion. Overexpression of cytohesin-1, a protein that in-
teracts with ARFRP1 in a GTP-dependent manner (26), in-
creases P2-integrin-dependent binding of Jurkat cells
to ICAM-1 (19). Thus, it is conceivable that the deletion of
the Arfrpl gene results in defects of integrin-mediated cell
adhesion and that this defect results in the failure of dividing
epiblast cells to integrate properly into the ectodermal cell
layer.

In summary, we present evidence that targeted inactivation
of Arfrpl results in defective gastrulation, enhanced cell death
within the embryonic ectoderm, and a defect in mesendoderm
development. We speculate that ARFRP1 plays a critical role
in cytoskeletal reorganization or adhesion-dependent morpho-
genetic processes.
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FIG. 6. Apoptotic cell death in Arfipl mutant embryos during gastrulation. Histological analyses of Arfrpl mutant embryos. Serial sagittal (A
and C) and transversal (B and D) sections of E6.5 (A and B) and of E7.5 (C and D) were prepared and stained with hematoxylin and eosin (H/E)
or used for TUNEL assays as described in Material and Methods. ac, amniotic cavity; ecc, extracoelomic cavity; ee, embryonic ectoderm; eee,
extraembryonic ectoderm; eem, extraembryonic mesoderm; een embryonic endoderm; em, embryonic mesoderm; epc, ectoplacental cone; epca,

ectoplacental cavity; pac, proamniotic cavity.
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