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A putative murine homologue of the Drosophila polyhomeotic gene, named rae28, has been
isolated from a genomic library of 129/SV mouse and its structural organization has been
analyzed. rae28 is a single gene of approximately 22 kb long and consists of 15 exons. Its
5 -flanking region lacks typical transcriptional regulatory sequences, such as TATA and
CCAAT boxes, but contains GC-rich sequences and seven putative binding sites for a
transcription factor, Spl. One major transcription start point has been determined. The
overall exon-intron organization suggested that three different Rae28 mENAs are generated
through alternative splicing. Furthermore, the rae28 gene has been located on the R-
positive F3 band of mouse chromosome 6 by the direct R-banding fluorescence in situ
hybridization methods.

Key words: embryogenesis, F9 cell, genomic organization, nucleotide sequence, polycomb
group genes.

In Drosophila, the polycomb group (Pc-G) genes are re-
quired for maintenance of correct spatial and temporal
expression of homeotic genes during development, presum-
ably through regulation of the high order chromatin struc-
ture (1, 2). The molecular mechanisms regulating embryo-
genesis and morphogenesis have been suggested to have
been conserved from Drosophila to mammals (3, 4). The
mammalian homologues of Drosophila Pc-G genes hitherto
identified are the bmi-1 (5), mel-18 (6), and M33 genes (7).
Recently, we reported that one of the retinoic acid (RA)-
inducible cDNAs isolated from mouse embryonal car-
cinoma F9 cells, named Rae28, encodes a novel protein
sharing several characteristic motifs and highly homol-
ogous regions with a Drosophila polyhomeotic protein (8,
9). Based on these structural features, the rae28 gene was
presumed to be a murine homologue of the Drosophila
polyhomeotic gene (9). Studies on mammalian homologues
of the Drosophila Pc-G genes should provide clues for
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Abbreviations: ESTs, expressed sequence tagB; FISH, fluorescence in
situ hybridization; Pc-G, polycomb group; DMEM, Dulbecco's modi-
fied Eagle's medium; RA, retinoic acid; RAREs, retinoic acid-respon-
sive elements; Rae28, retinoic acid early-inducible cDNA clone 28;
rae28, gene corresponding to Rae28 cDNA; RAE28, protein coded by
rae28; lxSSC, 0.15 M NaCl-0.015 M sodium citrate, pH 7.6; tsp,
transcription start point(s).

elucidating the molecular mechanisms underlying mam-
malian morphogenesis and embryogenesis. As the first of
studies on the roles of the rae28 gene in mouse develop-
ment, we analyzed its structural organization in this work.

MATERIALS AND METHODS

Screening of Genomic Clones—A mouse 129/SV geno-
mic library constructed from liver DNAs in the A. FIX II
vector (Stratagene) was screened by plaque hybridization
under stringent conditions, using 32P-labeled Rae2819
cDNA (9) as a probe. The positive phage clones were
purified, and analyzed by restriction mapping and sequenc-
ing.

DNA Sequencing Analysis—The genomic DNA frag-
ments that hybridized to the Rae2819 cDNA probe were
subcloned into a pBluescript II KS plasmid (Stratagene),
and then their sequences were determined by the dideoxy
chain termination method (10, 11) and the cycle sequence
method, using a 373A automated DNA sequencer (Perkin
Elmer, Applied Biosystems Division).

Cells—Mouse embryonal carcinoma F9 cells were main-
tained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 15% fetal calf serum, and were induced
to differentiate by treatment with 10"" M RA (Sigma) (12).

Primer Extension Analysis—The 16 mer complementary
to the sequence of the 3' portion of exon 1 from nucleo-
tide + 114 to +129, 5'-CTTCGCGCCCGGCTCC-3' (see
Fig. 4B), was end-labeled using [ y-32P] ATP and T4 polynu-
cleotide kinase. The labeled oligonucleotide was annealed
to total cellular RNA (25 ng) extracted from F9 cells
treated with RA for 3 h by the acid guanidium thiocyanate-
phenol-chloroform method (23). The extension reaction
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was carried out with avian myeloblastosis virus reverse
transcriptase (Life Science) at 42"C for 60 min. The ex-
tended product was analyzed by running on a 6% sequencing
gel alongside a dideoxy sequencing ladder generated using
the same primer and a genomic DNA fragment subcloned
into a pBluescript II KS plasmid.

Zoo Blot Analysis—High molecular weight DNAs were
extracted from human peripheral polymorphocytes, mouse
liver, chicken embryos, Xenopus liver, Drosophila Schnei-
der cells, and yeast {14). These DNAs were digested with
EcoBI, separated on a 0.8% agarose gel and then transfer-
red to a Nylon membrane, Hybond-N (Amersham). The
blots were hybridized with the "P-labeled 3'-side probe of
Rae2819cDNA at 55'C and subsequently washed with 2 X
SSC at the same temperature. Bands were visualized by
autor adiogr aphy.

Fluorescence In Situ Hybridization (FISH) Method—The
R-banded chromosome slides were denatured and dehy-
drated in a 70-85-100% ethanol series. The 16-kb genomic
DNA fragment, derived from clone R5 (Fig. IB), was
labeled by nick translation with biotin 16-dUTP (Boehrin-
ger Mannheim). The probe was hybridized on the denatur-
ed slides overnight at 37"C. After washing, the slides were
incubated under coverslips with fluoresceinated avidin at
1:500 dilution in 1% BSA/4XSSC and then stained with
0.75 /^g/ml propidium iodide. Excitation at wavelengths of
450-490 nm (Nikon filter set B-2A) and near 365 nm (UV-
2 A) was performed for observation of the R-banding and G-
banding patterns, respectively (15, 16).

Exon Intron Exon
3' 5' 3' 5'

1 GGGCGCGAAG GTAACCGGGC // TTCTCTCTAG GGCTTGAGT 2

2 AGCAGTGCAG CTGAGGCTCA // TGTCTTCTAG GCTCTGCAA 3

3 CAGGTGAGAG GTCAGCAGCG // CCTTGAACAG GCCACGATT 4

(3a TGTCCAGCAG GTGAGAGGTC)

4 CCCAGCCCTC GTGACTACTG // TACTCTGCAC ATGAATCTC 5

5 TGTATCTGCG CTAACTCACA // CTCCTCCCAC GCCACAGCT 6

6 TGCAGATCAG GTCAGTGGCA // TATCTTCCAG GTGCAGAAC 7

7 ATTAGCTCAG CTAAGOTGTC // TCACACATAG CCACATACA 8

8 CTGCCGGGTA GTATGCTAGT // TTCCTCTTAG GAAAAGCCC 9

9 AGTCTTGGAG CTTiAnTAmT // TL.'ITITI'CAG AGAAAGCTG 10

10 GCCTTTTCCG GTCAGGGCAG // TCTCGAGCAG OTGGGATGT 11

11 CCCTCTGTAG GTAAGTGATG // G'lTlTCCAAG TTAGAGAAG 12

12 GTGCAAAGAG GTACTGCGCC // TCATCTGTAG GTACAATGT 13

13 CGCCATCGGG GTCAGCTGCT // TCCTCTCAAG CAAGACGAC 14

14 CTTCTCTGCA GTACGAGGTG // TTCCTTITAQ GCTGCCAAG 15

Fig. 2. Nucleotide sequences of the predicted splice junctions
of the rae28 gene. The locations of exon and intron sequences are
indicated. 5' and 3' indicate the predicted termini of each exon and
intron, and the numbers on either side of the figure indicate the exon
numbers. In parenthesis is the nucleotide sequence at the alternative
splice junction predicted at the 3' boundary of exon 3. The nucleotide
sequences are underlined at the splice junctions of the 5' and 3'
boundaries of intron 9, where alternative splicing was predicted.
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Fig. 1. Structural organization of the rae28 gene. (A) Schematic
presentation of Rae2819 cDNA. The numbers indicate the nucleotide
numbers of Rae2819 cDNA (9). The 5'-side probe was a 0.3 kb £coRI-
Sali fragment and the 3'-side probe a 1.5 kb PvuU-EcoBl fragment
(9). Two sequences were used for the database search: one was a
5'-side sequence covering nucleotide +1 to +1191, and the other a
3'-side sequence covering nucleotide +1491 to +3290. The symbols
are as follows: open boxes, untranslated regions; shaded boxes, coding

5kb

regions; solid box, sequence encoding the glutamine-rich region. (B)
Genomic DNAs carried by three A. clones, restriction map, and
complete exon/intron organization of the rae28 gene. The numbers
represent exon numbers. Restriction sites: E, .EcoRI; B, BamHI; H,
Hi/idlll; S, Sail; P, Pstl. The symbols are as follows: Se, serine-rich
region; Q, glutamine-rich region; Ac, acidic amino acid-rich region; Z,
single zinc finger; Ba, basic amino acid-rich region. The other symbols
are the same as in (A).
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RESULTS AND DISCUSSION

Structure and Sequence of the rae28 Gene—Rae2819
cDNA, one of the full-length Rae28 cDNAs, contains
sequences encoding a glutamine-rich region (Fig. 1A) (9).
Southern blot analysis of mouse genomic DNAs with this
cDNA as a probe showed smear bands (data not shown),
probably due to the cross hybridization with various genes
encoding proteins with glutamine-rich regions (17). So, we
prepared the following two DNA fragments, which lack the
sequences encoding the glutamine-rich region, and used
them as probes: one covers the 5'- side, and the other the 3'-
side (Fig. 1A) (9). A genomic library of 129/SV mouse was
screened using these two probes and a series of X phage
clones was isolated. Three of the isolates overlapped and
comprised a genomic DNA covering the entire rae28 gene
(Fig. IB). The inserts of the clones hybridized with the
cDNA probes were subcloned into pBluescript II KS, and
then subjected to further fine restriction mapping and
sequence analysis (14). The restriction map and alignment
of the cloned DNAs are shown in Fig. IB. The exon-intron
junctions were determined precisely by comparing the
genomic sequences with that of the Rae2819 cDNA,
because it corresponds to one of the major transcripts of the
rae28 gene (9). The overall exon-intron organization of the
rae28 gene is schematically shown in Fig. IB. It consists of
15 exons and spans approximately 22 kb. All the major

bands detected on Southern blot analysis (9) were compat-
ible with this restriction map, indicating that rae28 is a
single gene. The genomic organization of the rae28 gene is
different from that of the Drosophila polyhomeotic gene,
because in Drosophila, two duplicated highly homologous
polyhomeotic genes are arranged as a tandem repeat in a
single chromosomal locus (18).

The first ATG initiation codon is located 45 bp down-
stream from the 5' end of exon 2, and the surrounding
sequences fulfill Kozak's rule (data not shown) (19). This
codon corresponds to the putative translation initiation
codon found in Rae2819 cDNA (9). The deduced RAE2819
protein contains five characteristic motifs (9). Interesting-
ly, each these motif is encoded by a different exon, i.e., the
serine-rich region is encoded by exon 2, the glutamine-rich
region by exon 8, the acidic amino acid-rich region by exon
9, the single zinc finger by exon 12, and the basic amino
acid-rich region by exon 13 (Fig. IB).

The nucleotide sequences of all the exon-intron junctions
fulfill the GT-AG rule (Fig. 2) (20). We previously isolated
three different Rae28 cDNAs, i.e., Rae2803, Rae2819, and
Rae2821 cDNAs (9). The structure of the rae28 gene
suggested that the Rae2803 and Rae2821 cDNAs corre-
spond to mRNAs generated through alternative splicing
(Fig. 3A): Rae2803 cDNA corresponds to mRNA generated
through alternative splicing generating a seven-nucleotide
insert between exons 3 and 4, and deletion of exon 6 (Fig.
3B); Rae2821 cDNA corresponds to mRNA which retains

(A) corresponding
cDNAs

Rae2819

Rae2803

Rae2821

(B) • TCCAQCAQOCCACOATT • Rae2819cDNA

Exon 3 Intron 3 • cttccccttaaacfiaOCCACOATT • Exon 4

•TCCAQCAQ

Fig. 3. Alternative splicing of the rae28 gene transcripts. (A)
Three different splicing patterns were proposed to explain the genera-
tion of the Rae2819, Rae2803, and Rae2821 cDNAs. The symbols are
as follows: open boxes, untranslated regions; dotted boxes, coding
regions; solid boxes, exons generated through alternative splicing. The
numbers represent exon numbers. (B) The nucleotide sequences of the
exon-intron junctions of intron 3 and the alternative splicing predicted

CCACOATT- Rae2803 and Rae2821 cDNAs

in the 3' region of exon 3. The nucleotides in exon and intron regions
are represented by capital and lower-case letters, respectively. The
conserved nucleotide sequences in the splicing sites are indicated by
underlines. The predicted splicing is shown by dotted lines, and the
seven-nucleotide insert between exons 3 and 4 is enclosed by an open
box.
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intron 1, the same seven-nucleotide insert and intron 9
(Fig. 3B). These two cDNAs presumably encode truncated
forms of the RAE28 protein, due to the existence of stop
codon(s) in their open reading frames.

Exon 15 contains two putative polyadenylation signals:
one, AATAAA, at 172 bp and the other, ATTAAA, at 717
bp downstream from the stop codon (data not shown) (21).

Characterization of the 5'-Flanking Region—To deter-

P GATC

(*>

c
T
C
C
C
A
C
C

o
c
G
C
c

-1389
-1329
-1269
-1209
-1149
-1089
-1029
-969

-909

-849

-789

-729

-669
-609
-549
-489

-429

-369

-309

-249

-189

-129

-69

-9

ctagaagcctectaaagatcttactttacggagatctggctataccaattaagagaggga
gttgaaacaaacacaaatgcatcaatttataatgagaatgcctctcccccccccccctta
aatacaaattaattacacctgggttttcaatctagagtgggctcaagaaaacaactaatt
atggctgaggttagcaaaagatacaaatcccagctattatcacaaggtaacaccctacgg
caggtaaaaggttaaggagagcagctgtctttgctaacaatgctctggtttaaaaaaaaa
aaaagcttccaagagtggccagcacacagtaggtgttctaagagctctgagagactgaga
ataattaaatcctgttaaatttgtgttgcaaataaaacgggcctcccccaccatatgctc
agccttcccaaaggcagcaccattgttcatctctttacaccccgccttttccattgtttt

Spl
gggcgttgtgattctttcacgtgtgcgtgtgacttaaagagattccgaagcacacaatca

accctaacatcacaaacttaaatattattcaaaacaaattgcttcaaattcctocttttt
CREB

aatqaactqctqcttctaacqqqttcaqtttctqtqcggcqttgtttcccqccttcttqq
Myb Spl

agttggggcgagggattaaacactcagcattctctcgccgttccctctatctcaaagttt
Spl

ttcttttctcctcttcccttccctttgctctatttcctttcacaggccgtcgtttctcaa
gggtctttgtccgcttcctccctctgtgcctgctggtccctttgatcctttctttcgagc
ccctattcccagaagctgcagaaaataccttctttttttccccccctttcacgtcacttc
cctcccctctccccatctccctctcttctccaaqqtqaqtccccctctaaagqccaacac

GAGA
tttcttaqacqtctqctttcaqacqqcqaqcqqaattcqaaqaqaqaqaaqqqqqqaaqa

GAGA
aaggaggagaaagagagccagagccagggggagaaaagaaaaagaaaaacaaacaaaaaa

aaccccactcgggcctagagcgcggaggccggggagcagcgtcgccatggcaacgggcgc
AP2 Myb

cgacagaagcgagggacgcgcgcgagggcggcgcgggagggggcgggccggagaggggtc
Spl Spl

qqctqccccaaaaqcacctccccqcaqccccctccccqccqacccqcqcccccqqcctcq
AP2Ets-1 AP2 Spl AP2

qccccccaccctcqcqqcqqqqcaqqaaqtgacaggcccgcgcgaqcccccqqcctggcq
AP2 Ets-1 AP2

gacgcggcgcggccagcacccggacggcgggaggggcggggagcggcggccgcgccgggc
Spl

acctCCCacCGCGCCTGGGCCCCCGCCCCTCCAGGAAGGGGAGGAGCCGCGCCGCCGCCG
'-•tsp site

GTCCGGAGCCGGGCGCGAftGataaccanncnccnr:

Fig. 4. Identification of tsp
and the nucleotide sequence
of the 5'-flanking region. (A)
Primer extension analysis of the
5'-end region of the rae28 gene.
The extension products are pre-
sented with the sequence lad-
ders. Lanes G, A, T, and C are
sequence ladders, and lane P,
primer extension products. The
arrow on the right indicates the
major extension product. (B)
The nucleotide sequence of the
5'-flanking region. The major tsp
is indicated by a bent arrow. The
exon sequence is represented by
capital letters. The potential
binding sites for the transcrip-
tion factors (AP2, Ets-1, Spl,
etc.) are underlined. The boxed
sequence was used as a primer
for primer extension analysis.
The nucleotide sequence is num-
bered relative to the major tsp
at + 1 . The nucleotides up-
stream from the tsp are nega-
tively numbered.
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Structure of the rae28 Gene 801

mine the transcription start point(s) (top), we performed
primer extension analysis (Fig. 4A) (22). The primer
shown in Fig. 4B was labeled at its 5' end, hybridized with
total cellular RNA extracted from F9 cells treated with RA
for 3 h, and then extended with reverse transcriptase (9).
One strong and several faint bands were detected, the
strong band corresponding to the mRNA starting from
nucleotide -130 (Fig. 4A).

Sequencing analysis revealed that the 5'-flanking region
contains neither a TATA box nor a CCAAT box. It contains
GC-rich regions and apparently contains a large number of
CpG dinucleotides: 86% of the nucleotides from position
- 1 to - 3 0 0 are GC (Fig. 4B). The 5'-flanking region
contains putative binding sites for the following transcrip-
tion factors: seven Spl sites (23), six AP2 sites (24), two
Ets-1 sites (25), two Myb sites (26), two GAGA sites (27),
and one CREB site (28) (Fig. 4B). Although transcription of
the rae28 gene is transiently induced during RA-mediated
F9 cell differentiation (9), we could not detect any se-
quences homologous to RA-responsive elements (RAREs)

kb

10
9
8
7

2 -
1.6 -

05 -

Fig. 5. Zoo blot analysis of the rae28 gene. The species of each
DNA is shown at the top of the lane and the lengths of size markers
at the left.

in its 5'-flanking region, from nucleotide —1 to —1389
(29).

Zoo Blot Analysis of the rae28 Gene—Since the deduced
RAE28 protein shared several characteristic structures
with a Drosophila polyhomeotic protein (9), we examined
whether or not the rae28 gene has been conserved during
evolution. High molecular weight DNAs were prepared
from man, mouse, chicken, Xenopus, Drosophila, and
yeast. These DNAs were subjected to zoo blot analysis
under low stringency conditions, using the 3'-side probe of
Rae2819 cDNA (Fig. 1A). As shown in Fig. 5, we detected
one to several discrete bands, not only in mouse, but also in
man, chicken and Drosophila DNAs. These results suggest
that the rae28 gene has been conserved during evolution.

Human Expressed Sequence Tags (ESTs) Showing
Similarities to Rae2819 cDNA—We performed a database

Fig. 6. Chromosomal localization of the rae28 gene on R-
banded chromosomes. Left panel: a representative R-banded
metaphase spread after in situ hybridization with a rae28 genomic
probe. The arrows indicate hybridization signals of both alleles on
chromosome 6. Right panel: a G-banded diagram of the same
metaphase spread.

TABLE I. Human ESTs showing similarities to Rae2819 cDNA.
GenBank AC #•
R15428
T52131

N41621

T09455
R12754

H69928

Source of cDNA library'
Infant brain
Fetal spleen

Placenta, 8 to 9 weeks

Infant brain
Infant brain

Olfactory epithelium

Blastn scores*
1094
854

582

534
152

246

P"
3.1e""
2.96-71

7.9e-70

Lie"14

4.4e-"

4.0e-M

Homologous regions of Rae2819 cDNAe

2120-2399
2183-2437, 2494-2520
2527-2546
2929-3056, 3058-3100
3109-3161, 3209-3289
2878-3100
3067-3100, 3109-3161
3209-3256
3209-3289

ID (%0
87

83

85
70

79
76

'Sequences showing similarities to Rae2819 cDNA were searched for in the non-redundant nucleic acid sequence database and the database of
ESTs (= DBEST), using the BLAST program mail server (30) at either the National Center for Biotechnology Information, USA, or the Human
Genome Center, Institute of Medical Science, The University of Tokyo, Japan, and the GenBank accession numbers of the matched human ESTs
are shown. These searches were made from February 1-3, 1996. The sources of mRNAs used to prepare the cDNA libraries are shown. TJlastn
scores and dPoisson p-values are shown. The p-value, <0.0l, is considered statistically significant. The nucleotide positions of the Rae2819
cDNA showing similarities to each human EST are indicated. The percentage of identical nucleotides per total nucleotides present within the
homologous region is shown.
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search using the BLAST program (30) and the following
two parts of the Rae2819 cDNA sequence: one covering the
5'-side sequence, and the other the 3'-side sequence (Fig.
1A). Six human ESTs showed significant similarities to the
3'-side sequence, suggesting that they are human counter-
parts of the Rae28 cDNA (Table I). Moreover, these results
suggest that the human counterpart(s) of the rae28 gene is
transcribed in infant brain, fetal spleen, placenta, and
olfactory epithelium. A similar search using the 5'-side
sequence did not reveal any homologous sequences.

Chromosomal Mapping of the rae28 Locus—Chromo-
somal assignment of the mouse rae28 gene was carried out
by the R-banding fluorescence ire situ hybridization (FISH)
method, using a 16-kb genomic DNA fragment prepared
from clone R5 as a probe (Fig. IB). As shown in Fig. 6, the
signals were localized to the R-positive F3 band of chromo-
some 6, which indicated that the rae28 gene consists of a
single genetic locus (15). This locus is syntenic to human
chromosome 12pll-pl3 (31).

In conclusion, the rae28 gene is a conserved single gene
consisting of 15 exons, which is located in the F3 region of
chromosome 6. Three different mRNAs may be generated
through alternative splicing. Although expression of the
rae28 gene is inducible with RA (9), RAREs were not found
in its 5' flanking region. It remains to be elucidated whether
the expression of the rae28 gene is regulated by RA
indirectly or there are RAREs in a region other than the
5'-flanking region examined.

At present there is no mutant of the rae28 locus. To
elucidate the physiological function of the gene, examina-
tion of rae28-deficient mice, generated by targeted muta-
genesis, is now in progress in our laboratory.

We wish to thank Dr. T. Yasunaga and K. Sumitomo for their help in
the computer analyses, and M. Ohara for the helpful comments. We
also thank the National Center for Biotechnology Information, USA,
and the Human Genome Center, Institute of Medical Science, The
University of Tokyo, Japan, for providing access to the network
BLAST server.
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