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ABSTRACT In Drosophila a number of genes important in
establishing segmentation patterns and in determining segment
identities have been shown to carry the homeobox sequence.
Over 30 murine homeobox genes have been cloned, many on
the basis of sequence homology to Drosophila prototypes. Here
we report the cloning and sequencing of 10 new and 6 previ-
ously known homeobox genes by screening a murine genomic
library with a 768-fold degenerate oligonucleotide correspond-
ing to the most conserved 8-amino acid motif in the recognition
helix of the homeodomain. Eight of these new homeobox genes
have been chromosomally mapped. Four genes do not belong
to any of the known homeobox gene clusters but instead map
to new locations on chromosome 1 (single gene) and chromo-
some 5 (three genes). Sequence comparisons indicate that two
of these are very closely related and represent a distinct new
category ofhomeobox genes. The remaining four mapped genes
reside in previously established murine homeobox gene clus-
ters. Specifically, two map to the cluster HOX-1 on chromo-
some 6 and one each to HOX-3 and HOX-4 on chromosome 15
and 2, respectively. The ratio of newly identified homeobox
genes to the previously characterized murine homeobox genes
suggests that there remain several uncharacterized homeobox
genes in the murine genome.

Molecular and genetic analyses in Drosophila have identified
sets of genes that are crucial in pattern formation (reviewed
in ref. 1). A distinguishing feature of one group of these genes
is the presence of a 180-base-pair region, the homeobox, that
encodes the 60-amino acid homeodomain (2). There is in-
creasing evidence from transcription and transfection studies
that homeobox genes can trans-regulate their own transcrip-
tion as well as that of other homeobox genes via homeo-
domain-mediated sequence-specific DNA binding (3, 4).
Moreover, it is believed that homeobox genes control the
temporal and spatial expression patterns of arrays of yet
unidentified target genes (1, 3, 4).

Interestingly, the homeodomain amino acid residues are
conserved across species including nematodes, annelids,
arthropods, vertebrates, and plants (1, 5-7), implying func-
tional constraints for their retention (1, 8). The high degree of
conservation has aided in identifying and isolating homo-
logues of Drosophila homeobox genes from different phylo-
genetic species by cross-hybridizing Drosophila homeobox
sequences.
Over 30 murine homeobox (Hox) genes have been identi-

fied, with most of these genes organized in four clusters on
four different chromosomes (reviewed in refs. 9 and 10).
Presumably the four HOX clusters arose by duplication of an
ancestral cluster during the evolution of the vertebrate lin-
eages (11, 12). In addition to the four clusters of Hox genes,
other somewhat divergent Hox genes including Hox-7 (13,

14), Cdx (15), Evx (16), and the En (17) types have been found
individually dispersed on different chromosomes of the mu-
rine genome. Most of the Hox genes have been isolated by
hybridization with other Hox gene probes and/or by isolation
of overlapping genomic clones. However, because of the
degeneracy of the genetic code, even homeobox genes spec-
ifying very similar amino acid sequences may fail to cross-
hybridize. For example, early Southern hybridization exper-
iments failed to detect the presence of any homeobox genes
in the genome of nematodes (8, 18), although a subsequent
screening with a degenerate oligonucleotide probe revealed
the presence of about 60 such homeobox genes (5). To
identify previously uncharacterized murine Hox genes we
screened a mouse genomic library with a degenerate oligomer
corresponding to a highly conserved motif in the homeo-
domain. Our screening has led to the sequencing of the
homeodomain region of ten novel Hox genes and suggests
that there are many yet unidentified Hox genes in the murine
genome.§

MATERIALS AND METHODS
Genomic Screening. A 768-fold degenerate 23-mer oligo-

nucleotide (H23) was used to screen a commercially available
adult mouse DBA/2J genomic DNA library in A phage
EMBL-3 (Clontech) for murine Hox genes. About 3 x 105
plaques representing approximately one haploid murine ge-
nome equivalent sequences were plated. To increase the
signal-to-noise ratio, the plaques were amplified on bacteria-
impregnated nitrocellulose filters (19), processed, and hy-
bridized with labeled H23 oligonucleotide (specific activity,
109 cpm/,ug) for 60-80 hr at 42°C. The filters were washed in
3 M tetramethylammonium chloride/50 mM Tris/0.2 mM
EDTA, pH 8.0, at ambient temperature, 37°C, and 56°C for
30 min each (20). DNA isolation, restriction enzyme diges-
tion, agarose gel electrophoresis, dot blot, Southern blot
transfer, and dideoxy sequencing were performed as de-
scribed (21).
Chromosomal Mapping, Probes, and Restriction Fragment

Length Polymorphisms (RFLPs). Interspecific backcross
progeny were generated by mating (C57BL/6J x Mus spre-
tus) F1 females and C57BL/6J males. A total of 205 N2
progeny were obtained; a random subset of these N2 mice
were used to map each of the new Hox loci. The Hox probes
and RFLPs used for mapping were as follows. For the Hox
clones 49h, 61h, 13h, 20h, 23h, 9t, l5h, and 71h the respective
probe segments 2.0-kilobase (kb) HindIII, 1.1-kb EcoRI-
HindIll, 1.7-kb EcoRI, 1.1-kb EcoRI, 2.6-kb EcoRI, 1.8-kb
EcoRI-HindIII, 1.1-kb BamHI-Xba I and 3.3-kb BamHI
detected hybridizing fragments of 11.0, 6.5, 7.0, 2.0 and 1.2,

Abbreviations: Hox, murine homeobox; RFLP, restriction fragment
length polymorphism; TMAC, tetramethylammonium chloride.
tTo whom reprint requests should be addressed.
§The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. A38809 to I38809 and A38810).
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7.8 and 3.2, 9.0 and 7.0, 3.3 and 0.7, and 14 kb in C57BL/6J
genomic DNA and segments of 5.8, 4.5, 14.0, 13.1, 8.8, 5.3,
5.6, and 11.0 kb in M. spretus DNA digested with Xba I, Pst
I, Bgl I, Bgl II, BamHI, Sac I, Pst I, and Xba I, respectively.
The chromosomal positions of several loci used herein

have not yet been reported for our interspecific backcross.
These include endothelial leukocyte adhesion molecule 1
(Elam) on chromosome 1, multidrug resistance 1 (Mdr-1) and
erythropoietin (Epo) on chromosome 5, and Hox-3.1 on
chromosome 15. The probes and RFLPs used to map these
loci were as follows. The Elam probe, a 3.5-kb human cDNA
(22), identified fragments of 2.9, 2.1, and 1.4 kb (B6) and 2.5,
1.6, and 1.4 kb (S) in Taq I-digested DNA. The Mdr-1 probe,
a 4.7-kb hamster cDNA (23), identified fragments of 22.0 kb
(B6) and 8.0 kb (S) in Bgl I-digested DNA. The Epo probe,
a 1.0-kb mouse cDNA (24), identified fragments of8.2 kb (B6)
and 6.6 kb (S) in Xba I-digested DNA. The Hox-3.1 probe, a
350-base-pair (bp) segment (25), identified fragments of 1.0
and 0.5 kb (B6) and 1.4 and 0.2 kb (S) in Msp I-digested DNA.
Finally, the Pdgfa probe, a 906-bp mouse cDNA segment,
identified fragments of 3.4, 2.4, 1.9, 1.2, and 0.5 kb (B6) and
4.8, 2.8, 1.9, and 0.5 kb (S) in Pvu II-digested DNA. This
locus mapped proximal to Epo on chromosome 5.
Recombinant distances were calculated (26) using the

computer program SPRETUS MADNESS developed by D. Dave
and A. M. Buchberg (National Cancer Institute, Frederick,
MD). Gene order was determined by minimizing the number
of recombinant events required to explain the allele distri-
bution patterns.

RESULTS AND DISCUSSION
Optinizing Washing Conditions to Select Hox Genes. A

768-fold degenerate 23-base oligonucleotide (H23) corre-
sponding to a highly conserved 8-amino acid motif in the
recognition helix of most homeodomains was synthesized
(Fig. 1A). H23 and its reverse complement detected only Hox
genes at 0-3 mismatches when the Microgenie data bank
(Beckman) was searched. With 4 mismatches, however, exon
three of a non-homeobox gene, the murine thymidylate
synthase gene (27), was selected.
To optimize hybridization and washing conditions for

preferentially selecting Hox genes over non-Hox genes, we
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FIG. 1. (A) Sequence of the 23-base, 768-fold degenerate oligo-
nucleotide (H23) corresponding to the highly conserved 8-amino acid
motif of homeodomain proteins. (B and C) Various amounts (103 to
1 or 10-1 ng) of Hox-2.2 (p611), En-2 (pl2rt), and pUC linearized
DNAs in 10ll were spotted on nitrocellulose membrane, processed,
and hybridized to H23 oligonucleotide at 37TC. Washing was in 3 M
TMAC at 530C, 560C, or 580C.

equivalently dot-blotted various concentrations of linearized
p611, a recombinant plasmid containing the homeobox region
ofthe Hox-2.2 gene (0 mismatch) and pUC, a non-homeobox-
containing plasmid as a negative control (Fig. 1B). The pUC
DNA contains a region of H23 homology with 5 mismatches.
The dot blots were processed, hybridized to H23, and then
washed in 3 M TMAC to allow an empirical determination of
the duplex melting temperature on the basis of unit length as
opposed to base composition (20). Test washes were at 530C,
560C, and 58TC. When washed at 530C, 100 ng of pUC DNA
retained a hybridization signal, albeit about 50 times less
intense in comparison to the signal from an equivalent
amount of Hox-2.2 DNA (Fig. 1B). However, washing in 3 M
TMAC at 560C completely eliminated this nonspecific hy-
bridization but still allowed selection of Hox genes with a
single mismatch as demonstrated by hybridization of pl2rt, a
recombinant plasmid containing the homeobox region of the
murine En-2 gene (Fig. 1C). Since more stringent washing
(580C) resulted in a weaker signal, we chose to wash the blots
at 56TC.

Identification of Murine Hox Genes. We screened approx-
imately one haploid genome equivalent of a murine genomic
library with H23. This degenerate oligomer would detect
known murine homologs ofAntp, cad, Dll, Dfd, lab, ftz, msh,
ro, scr, and zen types ofDrosophila Hox genes at 0 mismatch
and en, eve, bcd, and H2.0 types at a single mismatch.
However, it would not be expected to detect diverse Hox
genes, including murine homologs of ct (up to 5 mismatches),
prd (up to 6 mismatches), and POU (up to 8 mismatches)
types or Hox genes that are interrupted by an intron in the
8-amino acid motif.
We isolated 70 positive clones that were twice plaque-

purified. To facilitate Phagescript (Stratagene) subcloning
and sequencing, approximately 0.2- to 1.0-kb Hae III, Hinfl,
and Taq I DNA fragments that hybridized with the H23
oligonucleotide were identified. A total of 29 clones were
randomly selected for sequencing. The sequence analysis
indicated that all the clones carried 0-2 mismatches with the
degenerate oligonucleotide probe. Twelve of the 29 se-
quenced clones proved to be duplicates, with the remaining
17 distinct clones falling into three broad categories. Six
clones represented previously characterized murine Hox
genes. These clones contained nucleotide sequences identi-
cal to En-2 and Hox-2.1, -2.4, -3.1, -3.2, and 4.1 genes, thus
confirming the effectiveness of the degenerate oligonucleo-
tide hybridization/washing conditions in identifying genuine
Hox genes. In addition, 10 of the clones sequenced appeared
to be novel murine Hox genes and a single clone an artifact.
Sequence analysis indicated that all the clones representing

novel Hox genes encoded amino acid sequences with con-
siderable homology to the homeodomain consensus se-
quence. This was particularly evident in the 7 clones that
contained sequences corresponding to the entire homeodo-
main (Fig. 2A). All of these clones showed identity to the
consensus sequence at a minimum of 19 of 21 amino acid
positions that are known to be highly conserved. And at other
conserved positions, conservative changes were observed.
Moreover, another large conserved block, of 7 amino acids,
(L/R)ELE(K/R)EF, present in helix 1 occurred in all the
full-length homeodomains at positions 14-20. These obser-
vations strongly suggest that these seven clones represent
true Hox genes. Based upon sequence similarity these ho-
meodomains could be further arranged into four distinct
groups (Fig. 2A).
For three clones (lSh, 71h, and 60h) there was no signifi-

cant amino acid sequence homology to the consensus home-
odomain 5' of the region complementary to H23. Neverthe-
less, analysis of the data indicates that these are also true Hox
genes (Fig. 2A). These three loci carry in-frame splice
acceptor consensus sequences at the junctions where homol-
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FIG. 2. (A) Alignment of deduced
homeodomain sequences (amino acids
in single-letter code) of 11 clones with
the consensus sequence (C.S.). The
consensus sequence was obtained by
comparative analysis of 83 different ho-
meodomain sequences (2). Invariant
residues (stars), conserved residues,
and the positions of variable residues
(dashes) are shown. The positions of
four a-helices identified by NMR spec-
troscopy (28) are shown at the top. Dots
represent amino acids identical to the
conserved residues in the consensus
sequence. The positions of introns in
clones 15h, 60h, and 71h are indicated
(<). Related homeodomains are paired
together. Also, six previously charac-
terized Hox genes (En-2 and Hox-2.1,
-2.4, -3.1, -3.2, and 4.1) were identified
in the screening. Clone 39h, selected at
2-base mismatch, appeared to be an
artifact. Chemically similar amino acids
(S and T; I, V, and L; F and Y; and R
and K) among the pairs are indicated by
a plus sign and dissimilar exchanges are
shown by open circles. (B) Comparison
of homeodomain sequences of the
clones to the related murine and human
homeodomain sequences. Homeo-
domain sequence of murine paralogs
13h (Hox-3.8) and 20h (Hox-1.9) are
compared with their human cognate
genes (29, 30); 55t (Hox-3.7) and its
paralog 61h (Hox-1.8) are compared
with their respective human cognate
sequences (29, 30); 49h (Hox-4.3) is
compared with independently de-
scribed Hox-4.3 (31), with its paralogs,
Hox-2.4 (32) and Hox-3.1 (25), and with
the human cognate, 4E (29, 30). Chem-
ically similar amino acids (S and T; D
and E) among the heterologous cognate
pairs are indicated by a plus sign and
dissimilar exchanges are shown by
open circles. (C) Sequence comparison
of 23h (Gsh-J) and 9t (Gsh-2) homeo-
domains with other murine homeo-

Hox-1.9 domains. The total number of amino
acid residues that are identical or chem-

27[39] ically similar (shown in brackets) in
pairwise comparisons are indicated.
References are in parentheses.

ogy is lost, suggesting the presence of introns within these
Hox sequences. The splice acceptor sequence observed for
60h (NTAG/G) is relatively more common than that found in
15h (NAAG/G) (36). Although final confirmation of these
splice sites must await comparison of the genomic sequences
with their respective cDNAs, nevertheless it is interesting
that the previously characterized homeodomains of the
Drosophila lab (37), DlI (38), AbdB (39), and NK-J (40) genes
and Caenorhabditis elegans ceh-2 and ceh-7 genes (5) are
interrupted by an intron prior to the same position-46 valine
as clones 60h and 15h. The remaining Hox locus (71h) was
least homologous to the degenerate oligonucleotide probe.
Selected at 2-base mismatch, this clone had only 6 residues
in common with the 8-amino acid motif (Fig. 2A). Appar-
ently, the nucleotide sequence corresponding to the first 2
residues encompasses the splice acceptor site (NCAG/G).
Although an intron disrupts the 8-amino acid motif, the locus
was probably selected due to a fortuitous match between
intronic sequences and H23. Based on the acceptor site, the
intron of 71h was present before the valine-48 codon, as is
noticed in the homeodomains of C. elegans ceh4, ceh-8, and

ceh-14 (5); murine Evx-J and -2 (15), and their Xenopus
homologue, XHox3 (41). The presence of introns in these
three loci permitted sequence comparison to only the car-
boxyl quarter of the homeodomain, which nonetheless did
show a high degree of similarity to the consensus sequence
(Fig. 2A). This terminal portion of the homeodomain con-
tained all four invariant residues (tryptophan, phenylalanine,
asparagine, and arginine at positions 48, 49, 51, and 53,
respectively) and several highly conserved residues as well as
less conserved residues that collectively form the two tightly
linked a-helices implicated in sequence-specific DNA bind-
ing (28). For all three loci either the conserved residues were
preserved or their conservative replacements were found,
within and flanking the 8-amino acid motif. For example in
71h, a valine was present instead of isoleucine at position 47
and in 60h, an arginine replaced lysine at position 57. More-
over, most of the amino acid residues present at the variable
positions have been noted in other homeodomains. Collec-
tively these observations suggest that these loci represent
bona fide Hox sequences. The analyzed homeodomain re-
gions for Hox loci 15h, 60h, and 71h are nevertheless too

A
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23h:
9t:

15h:
71h:
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Gsh-1
Gsh-2
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small (<16 amino acids) for us to make any conclusive
statements about their relatedness to any of the previously
established groups. Finally, only a single clone (39h) out of
the 29 clones sequenced was not a Hox gene, as it lacked
significant open reading frame, did not encode one of the
invariant amino acids, and did not show homology to the
homeodomain consensus sequence outside of the 8-amino
acid motif. The high percentage (97%) of genuine Hox genes
selected suggests that degenerate oligomer hybridization may
be the method of choice in identifying members of multigene
families from complex mammalian genomes.
Comparison of the seven full-length homeodomains de-

scribed above with the various types of previously charac-
terized homeodomains suggests that 23h and 9t represent a
new subfamily of Hox genes (Fig. 2A). The homeodomain
sequences of 23h and 9t are closely related to each other (2
mismatches), but show 20-33 mismatches in pairwise com-
parisons with other, previously sequenced homeodomains
(Fig. 2C). Nevertheless, it is interesting that the 23h and 9t
homeodomains are approximately as similar to the Antp
homeodomain of Drosophila, with 37 of 60 amino acids
identical, as the new HOX cluster-associated Hox genes
reported in this paper, which have 29-39 of 60 amino acids
identical.
On the other hand, the homeodomain sequences of61h and

20h were completely identical to those of two adjacently
placed human homeobox genes, IH and II, respectively (29)
(Fig. 2B). Furthermore, the homeodomains of 13h and 55t
were highly homologous (98% amino acid identity) to those
of two other adjacently placed human homeobox genes, 3H
and 3I, respectively (30). This indicated that these newly
identified murine Hox genes are cognates of previously
described human homeobox genes. Because of the high
degree of similarity between the homeodomains of murine
and human Hox genes and the congruence in the overall

structural organization of murine and human Hox gene
clusters, one could tentatively assign the newly identified
Hox sequences to equivalent positions on the murine HOX
clusters, placing 61h and 20h within HOX-1 and placing 55t
and 13h within HOX-3 (Fig. 3A).
Hox clone 49h showed significant homology (98%) to

human homeobox gene 4E (29) (Fig. 2B) allowing tentative
assignment of this locus to the Hox4.3 position, paralogous
to Hox-2.4 (32) and Hox-3.1 (25). As expected between
paralogous genes, the 49h homeodomain is highly homolo-
gous to murine Hox-2.4 (95%) and Hox-3.1 (93%). Surpris-
ingly, the 49h homeodomain showed higher homology to its
human cognate 4E (29) than to the Hox4.3 cDNA sequence
published in 1990 (31). The sequence presented herein more
closely matches the consensus for this paralogous group at
two highly conserved amino acid positions (Fig. 2B), sug-
gesting that the observed discrepancies are not merely the
result of strain differences.
Chromosomal Mapping of the Hox Genes. The cluster

assignments ofall these clones, except 55t and 60h, have been
confirmed by chromosome mapping. Single-copy sequences
from these clones were hybridized to an interspecific back-
cross panel derived by crossing C57BL/6J and M. spretus.
This panel has been typed for over 675 loci that are well
distributed among all the autosomes as well as the X chro-
mosome (45). C57BL/6J and M. spretus DNAs were digested
with several restriction endonucleases and analyzed by
Southern blot hybridization for informative RFLPs with each
of the Hox probes. The strain distribution pattern of each
RFLP in the interspecific backcross mice was then deter-
mined and used to position the Hox genes on the interspecific
map (Fig. 3).
Four of the Hox loci cosegregated with known Hox genes,

consistent with cluster assignments based on sequence sim-
ilarities to human Hox genes. These loci included clone 49h,
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FIG. 3. (A) Structural organization of the four murine and human (in parentheses) HOX clusters (not drawn to scale). Murine and human
Hox genes are designated according to the proposed nomenclature (42, 43). The genes on the HOX clusters are vertically aligned to highlight
13 groups (I-XIII) of paralogous genes. Stippled circles indicate the murine Hox genes characterized in this study. Both 20h and 61h map to
the HOX-1 cluster, whereas single-copy sequences from 13h and 49h map to HOX-3 and HOX-4, respectively. Clone 55t is tentatively assigned
to the HOX-3 cluster on the basis of extensive sequence similarity to its human cognate, 3 (30). Circles with a dot represent previously known
murine Hox genes identified in our screening, open circles indicate other sequenced murine and human Hox genes, and semicircles indicate
positions of human Hox genes for which a corresponding mouse gene has not yet been described (29, 30). Human cognates of murine Hox-1.5,
-1.6, and -3.6 are yet to be identified. (B) Linkage maps showing the chromosomal locations offour Hox loci (Gsh-1 to 4) that did not cosegregate
with any of the known murine Hox genes. The Hox loci were mapped by interspecific backcross analysis. The number ofrecombinant N2 animals
typed plus the recombinant distance in centimorgans (+ 1 standard error) is shown for each pair of loci on the left of the chromosome maps.
Where no recombinants were found between loci, the 95% confidence limit of the recombinant distance is given. The positions of loci on human
chromosomes are shown to the right of the chromosome maps. The Ren-2, Ly-5, and At-3 loci have been positioned on chromosome 1 (44)
whereas En-2, D4S43 (an anonymous DNA marker), Kit, Alb, and Gus have been localized on chromosome 5 (13).

HOX-4
(HOX4)
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Developmental Biology: Singh et al.

A



10710 Developmental Biology: Singh et al.

which cosegregated with Hox4.2 on chromosome 2; clones
20h and 61h, which cosegregated with Hox-1.3 on chromo-
some 6; and clone 13h, which cosegregated with Hox-3.1 on
chromosome 15. Based on the chromosomal mapping and
sequence similarity to the preassigned human Hox genes, the
murine Hox loci 61h and 20h were designated Hox-1.8 and
Hox-1.9 respectively; similarly, Hox loci 13h and 49h were
designated Hox-3.8 and Hox4.3; respectively, and Hox locus
55t was tentatively designated Hox-3.7. The remaining five
Hox clones, 9t, 23h, 15h, 71h and 61h, were designated Gsh-1
to Gsh-5 (genomic screening homeobox), respectively.
Chromosomal mapping of Gsh-1 to Gsh4 indicated that

none of these loci cosegregated with any of the previously
known Hox genes, again consistent with sequence compar-
ison data. The chromosomal positions ofthese four dispersed
Hox loci are shown in Fig. 3B. Alignment of the interspecific
map with the composite map provided by GBASE (The
Jackson Laboratory) failed to identify any known mouse
mutations that map in the vicinity of the Hox loci with a
phenotype consistent with what might be expected for a
defect in a Hox gene.
The cloning ofonly a fraction (about 20%) ofthe previously

identified Hox genes indicates that only a subset of total Hox
genes that are recognizable by the degenerate probe have
been characterized in this screen. However, it is noteworthy
that the ratio of new to previously characterized Hox genes
identified with the degenerate probe is about 1.7, and at least
four of these novel Hox genes reside at chromosomal posi-
tions other than the four main clusters of murine Hox genes.
If this degenerate oligonucleotide screen has indeed selected
a random subset of all Hox genes present in the genome, then
at least 15 yet-undiscovered Hox genes that are complemen-
tary to our probe remain to be isolated.
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