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Previous studies revealed that Igf2 and Mpr/Igfor are imprinted in eutherian mammals and marsupials but not in
monotremes or birds. Igf2 lies in a large imprinted cluster in eutherians, and its imprinting is regulated by long-range
mechanisms. As a step to understand how the imprinted cluster evolved, we have determined a 490-kb chicken
sequence containing the orthologs of mammalian Ascl2/Mash2, Ins2 and Igf2. We found that most of the genes in this
region are conserved between chickens and mammals, maintaining the same transcriptional polarities and
exon-intron structures. However, HI9, an imprinted noncoding transcript, was absent from the chicken sequence.
Chicken ASCL2/CASH4 and INS, the orthologs of the imprinted mammalian genes, showed biallelic expression, further
supporting the notion that imprinting evolved after the divergence of mammals and birds. The HI? imprinting center
and many of the local regulatory elements identified in mammals were not found in chickens. Also, a large segment
of tandem repeats and retroelements identified between the two imprinted subdomains in mice was not found in
chickens. Our findings show that the imprinted genes were clustered before the emergence of imprinting and that
the elements associated with imprinting probably evolved after the divergence of mammals and birds.

[The sequence data described in this paper have been deposited in the DDB]/GenBank/EMBL data library under
accession nos. AP0O03795, AP003796, AP0O04717, ABIO1638, ABIOI639, ABIO1640, and ABIO1641.]

Genomic imprinting, a germ-line-specific epigenetic modifica- (Falls et al. 1999). However, the reasons for the evolution of im-

tion of the genome, causes parental-origin-specific expression of
a small subset of genes (up to a few hundred) in eutherian mam-
mals such as humans and mice (Tilghman 1999; Ferguson-Smith
and Surani 2001; Reik and Walter 2001). The imprinted genes
play crucial roles in embryonic development and growth regula-
tion (Solter 1988; Surani et al. 1990; Cattanach and Beechey
1997). They also affect behavior and several disease phenotypes
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printing is not well understood. Also, although CpG methylation
is clearly involved in the imprinting processes (Li 2002; Kaneda
et al. 2004), the precise mechanisms governing imprinting are
yet to be elucidated.

Recent studies revealed that Igf2, a paternally expressed gene
in eutherians, shows the same imprinted expression pattern in
marsupials (such as opossums) (O’Neill et al. 2000). However,
this gene is biallelically expressed in monotremes (such as platy-
puses and echidnas) and birds (such as chickens) (O’Neill et al.
2000; Nolan et al. 2001; Yokomine et al. 2001). Similarly, it was
shown that Mpr/Igf2r, a gene located on a different chromosome,
is maternally expressed in both eutherians and marsupials, but
biallelically expressed in monotremes and birds (Killian et al.
2000; Nolan et al. 2001; Yokomine et al. 2001). These results are
consistent with the conflict hypothesis of imprinting evolution
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A chicken

region orthologous to the

imprinted domain

(Moore and Haig 1991), which predicts that
imprinting would be favored by viviparous
animals.

A striking feature of the imprinted
genes is their tendency to form clusters,
which is most probably associated with the
mechanisms of imprinting. Igf2 is con-
tained in a large imprinted gene cluster (im-
printed domain) on Chromosome 7 in mice
and Chromosome 11 in humans (Reik and
Maher 1997). The human domain is respon-
sible for Beckwith-Wiedemann syndrome
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(BWS), an imprinting-associated fetal over-
growth syndrome. The domain is ~1 Mb in
size and contains 13 imprinted genes. Evi-
dence indicates that the domain is com-
posed of two subdomains, which are, re-
spectively, regulated by an imprinting cen-
ter (IC) (Leighton et al. 1995b; Caspary et al. 1998; Horike et al.
2000; Fitzpatrick et al. 2002). The sequence elements in the ICs
and many local regulatory elements involved in the allele-
specific expression of the genes are conserved between humans
and mice (Ainscough et al. 2000; Bell and Felsenfeld 2000; Hark
et al. 2000; Ishihara et al. 2000; Drewell et al. 2002).

In order to understand how the long-range imprinting
mechanisms evolved during mammalian evolution, it is impor-
tant to know the structural and functional properties of the or-
thologous region of nonimprinted vertebrate species. Chickens
provide an excellent model for such a comparative study because
they have been an important experimental system in many fields
of biology including developmental biology. In addition to the
easy access to the embryo, the increase in genomic resources is
enabling chicken research to contribute to the functional analy-
sis of the vertebrate genome (Brown et al. 2003).

Here we report the DNA sequence of a 0.5-Mb chicken re-
gion containing IGF2. This enables us for the first time to make
large-scale structural and functional comparisons of an im-
printed mammalian region with the orthologous region from an

Figure 1.

(AP004717)

Overview of the ASCL2/CASH4-IGF2 region on chicken Chromosome 5 and the or-
thologous region on mouse Chromosome 7. The locations of the chicken BAC clones that were
sequenced in this study are shown as horizontal bars. The DDBJ/GenBank/EMBL accession numbers
of the sequences are indicated in parentheses.

oviparous vertebrate species. We show that the chicken orthologs
of Ascl2/Mash2 and Ins2 are not imprinted, supporting the idea
that birds do not have genomic imprinting. We also show that
most of the elements involved in imprinting in humans and
mice are not present in chickens. The present work provides the
basis to study and understand how an imprinted region evolved
and how imprinting is regulated.

Results

Isolation and sequencing of chicken BAC clones

To isolate bacterial artificial chromosome (BAC) clones contain-
ing the chicken region orthologous to the imprinted Ascl2/
Mash2-Igf2-H19 region, a White Leghorn BAC library (Hori et al.
2000) was screened with a PCR-amplified IGF2 probe (Yokomine
et al. 2001). A total of six BAC clones were obtained (26D12,
90B1, 192C9, 283C3, 411E9, and 457F4). Based on the data from
sequence-tagged site (STS) content analysis and restriction fin-
gerprinting, the clones 26D12 and 192C9 were selected for large-
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Figure 2. Overall structure and gene arrangement of the chicken region. Arrangement of genes (boxes) is illustrated at the top of each panel.
Horizontal arrows or arrowheads above or below the genes indicate directions of transcription. Upward arrowheads indicate positions of CpG islands and
tandem repeats. Observed/Expected ratio of CpG dinucleotide per 100 bp and G+C content per 100 bp are graphically shown under the gene

arrangement.
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scale sequencing (Fig. 1). To isolate clones
extending to more 3’, an end probe was pro-
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two species. For example, a chicken region Figure 3. (Continued on next page)

spanning from CD81/TAPA1 to IGF2 (~140

kb) was three times smaller than the orthologous region in mice
(Figs. 1 and 2). The more compact organization of the chicken
region was due to shorter intergenic distances. The absence of the
210-kb region composed of tandem repeats and retroelements,
which was found between Th and Ins2 in mice (Shirohzu et al.
2004), was another reason for the more compact structure. In
contrast, the intergenic region between chicken IGF2 and
MRPL23/L23MRP (~223 kb) was twice as large as the correspond-
ing region in mice.

Identification and characterization of chicken CD81/ TAPAI,
PHEMX| TSSC6, MRPL23/ L23MRP, and LSPI

Chicken CD81/TAPA1, PHEMX/TSSC6, MRPL23/L23MRP, and
LSP1 were identified by making use of BLAST, GENSCAN, and a
large-scale sequence comparison program, PipMaker (Schwartz et
al. 2000). Figure 3 shows the results of PipMaker analyses, which
were particularly useful in detecting the new genes. The percent
identity plot studies highlighted the well-conserved exon regions
in the chicken sequence.

One of the genes newly identified was CD81/TAPA1, a gene
encoding a member of the transmembrane-4 superfamily. A 105-
bp region located at ~2.2 kb from the 5’-end of our chicken se-

quence showed a 78.2% similarity with the exon 1 sequence of
mouse Cd81/Tapal. This chicken exon contained an initiation
codon and an open reading frame, which codes for the first 22
amino acids (MGVEGCTKCIKYLLFVENFVEN) of the presumed
chicken CD81/TAPA1 protein (GenBank accession no.
AB101638). The amino acid sequence was identical with that of
the N-terminal part of human CD81/TAPA1, but there was one
amino acid difference (20V to I) when compared with the mouse
protein. We then examined the tissue distribution of CD81/
TAPA1 transcripts by RT-PCR and found that it is expressed ubig-
uitously just as in mice (Andria et al. 1991; data not shown).
Six evolutionarily conserved DNA segments were identified
in the 8-25-kb region of the chicken sequence (Fig. 3). The seg-
ments were 54.8%-64.9% identical in sequence with exons 2, 3,
4, 5, 6, and 7 of mouse Phemx/Tssc6, a transcript with potential
tumor suppressor activity (Paulsen et al. 2000). We then exam-
ined the presence of the transcripts in chicken tissues by RT-PCR
using two primer pairs. With the primers for exons 2 and 7, four
PCR products were detected in all embryonic stages and adult
tissues that we examined (Fig. 4A). The largest and most abun-
dant product (isoform 1) contained all the predicted exons (Gen-
Bank accession no. AB101639) (Fig. 4B). This transcript species
had a single open reading frame, and its deduced amino acid
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Gene — Exon [l utR [ RNAL ) Simple[

Other SINE > LINE1[D LINE2 HB LTR ED Other repeat B>
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were designed according to these EST se-
quences, and the middle part of the cDNA
was amplified and sequenced. The pre-
MIR dicted protein product of the chicken LSP1
cDNA (GenBank accession no. AB101641)
was 318 amino acids in size and displayed
34.8% and 36.5% identity with the human

Figure 3. Sequence comparison between chickens and mice from CD81/TAPAT to IGF2 (A) and ~ and the mouse ortholog, respectively (Fig.
from MRPL23/L23MRP to LSP1 (B). Percent identity plot analysis was done using the PipMaker ~6A,B). RT-PCR analyses revealed that
software using the chicken sequence as a reference. The order and arrangement of the chicken  chicken LSPI is highly expressed in lym-

genes are shown at the top. The dots and short horizontal bars correspond to the segments of
sequence conservation. The regions corresponding to the exons and introns of the chicken genes

are shown in green and yellow, respectively. Conserved sequences in
including those in introns, are circled.

sequence exhibited 45.6% and 42.2% identity with the human
and the mouse PHEMX/TSSC6 protein, respectively (Fig. 4C). The
second largest product (isoform 2) lacked the exon 6 sequence,
the third one (isoform 3) lacked exons 4 and 6, and the smallest
one (isoform 4) lacked exons 4, 5, and 6 (Fig. 4A). None of
these alternative-splicing events would cause a frameshift (Fig.
4B). With the primers for exons 3 and 6, two other alternative
splicing products were identified (isoforms 5 and 6). Both of
them lacked exon 5, but one (isoform 5) contained an additional
68-bp sequence from intron 3 (exon 3’) (Fig. 4A). This insertion
was predicted to cause a frameshift resulting in aberrant amino
acids and stop codons within the exon 4 region. Although mul-
tiple splicing variants have also been observed for mouse Phemx/
Tssc6 (Paulsen et al. 2000), the one corresponding to isoform 5
has not been reported.

The chicken ortholog of mammalian Mrpl23/L23mrp, a gene
encoding a putative mitochondrial ribosomal protein (Tsang et
al. 1995; Zubair et al. 1997), was located downstream of TNNT3/
TNT. This gene consisted of five exons as its mammalian ortho-
log. The predicted protein product of the chicken MRPL23/

phoid tissues such as the spleen (data not
shown). Expression was also detectable,
however, at a comparable level in the ovary
and at a lower level in the lung.

the noncoding regions,

Chicken ASCL2/ CASH4 and INS are not imprinted

Although it has been shown that chicken IGF2 is not imprinted
(O’Neill et al. 2000; Nolan et al. 2001; Yokomine et al. 2001), the
imprinting status of the other genes in this region is unknown.
ASCL2/CASH4 is of special interest because its mouse ortholog
Ascl2/Mash2 is imprinted to be silent on the maternal chromo-
some (Guillemot et al. 1995). However, its human ortholog
ASCL2/HASH2 does not appear to be imprinted (Miyamoto et al.
2002). INS is another interesting gene because its mouse and
human orthologs are imprinted in a tissue-specific way: they are
expressed from the paternal allele in the yolk sac but expressed
from both alleles in the pancreas (Giddings et al. 1994; Moore et
al. 2001).

To study the allelic expression status of ASCL2/CASH4 and
INS, as well as PHEMX/TSSC6 and TH, of which orthologs are not
imprinted in mammals, we looked for single nucleotide polymor-
phisms (SNPs) in their transcribed regions that can be used to
trace parental origin of the alleles. Comparisons of the PCR-
amplified genomic sequences from six different chicken lines
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Isoform 6

xon2
1 'CeTT'I‘CTACGCCGGCGTCTTCCTCAGCATGACCCTGATCCTCGCGGCCCTGC 51
1 F YA GV F L SMTTUL I L AATL 16
exon 3
52 TGAGCGCGGCCGCCACGGTGCGGGAGTCTCGGTGCCTCACGGCCACGGCAT 102
7L S A A ATV RESROCL TATA 33
103 TTTTCTGCTTTGCTCTGGCCTTCTGTGGGATGATACTAGCTCTCTGCTGGA 153
34 F F ¢ F A LAV FOCGMTIULA ATLTCW 50
exon 4
154 GATATGTGCACAGCACAGAGGTGGAGGACAGTATGCTGGATGTGTATGACC 204
51 R Y V H § T E V ED S M L DV Y D 67
205 TTGTGTATGAGGAGGTGAGGAGGAATGGCTCCAGCTCCAAGAGGCACGAGC 255
68 L V Y E E V R R N G 8§ 8§ § K R H E 84
exon 5
256 TGACTCTCATCCATGAAGTATTTCAGTGCTGTGGGAAGCACTCCCCACTTG 306
85 L T L I H E V F Q ¢ ¢ @ K H 8 P L 101
307 GAGACACAGCTGCTGTTCAGCACACGATGTGCCATCCTGGCACAGCATGGG 357
102G D T A AV Q H T M CH P G T AW 118
exon 6
358 CTGCTGGACA CTGCCTACAAGAGATACATGGCTTCCTGAAGAAGCACA 408
119 A A G Q D ¢ L Q E I H G F L K K H 135
exon 7
409 TGGGCTTTGTCTCCACGCTCCTGGGCATCACCATCGGCTTCACGATTTATG 459
23 M 6 F vs T L L 6 I T I G F T I Y 152
460 GGATGGTTCTGACTTCTTTCCTCTGGTTCTCCATCCACTTCAGCAACAACC 510
153 ¢ M V L T 8 F L W F s I H F S N N 169
511 TGGAGAGGAAAGGCAAATACACCTTGCGAGGAAG 544
170L E R K G K Y T L R G 180

Human 62 FSAGLSLVGLLTLGAVLSAAATVREAQGLMAGGFLCFSLA 101
Mouse 62 FYVGISLAGLLSLGAALSTI] 'IZVREAHGLMAAGFLQFALS 101

Chick 1 FYAGVFLSMTLILAAILSAAATVRESRCLTATAFFCFALA 40

Human 102 ECAQVQVVEWRLHSPTQVEDAMEDTYDLVYEQAMKGTSHV 141
Mouse 102 ECILVQVAFWRFYNPTQ DOAMKSPSSN 141

Chick 41 FCGMI LALCWRYVHS‘I‘E%SMLDWDLVYE EVRRNGSSS 80

Human 140 RRQELAAIQDV’FLCCGKKSPFSRLGSTEADL CQG--EEAR 179
Mouse 140 WWQELAVIQDTFLCCGKKSPFGLLVSTGAIMCQG— -REAM 179
Chick 81 KRHELTLIHEVFQCCGKHSPLGDTAAVQHTMCHPGTAWAR 120

Human 180 REDCLQGIRSFLRTHQQVASSLTSIGLALTVSALLFSS FL 219
Mouse 180 REDCLQSIRNVLWTH YSIASILTCTSLALTVYAMMLCAFL 219
Chick 121 GQDC,LQEIHGFLKKHMGFVSTLLGI TIGFTIYGMVLTSFL 160

Human 220 WEATRCGCSLDRKGKYTLTP 239
Mouse 220 WFAIHSYHGLDRKGRYSLTP 239
Chick 161 WFSIHFSNNLERKGKYTLRG 180

Figure 4. Structure and expression of chicken PHEMX/TSSC6. (A) RT-PCR analysis of chicken PHEMX/TSSC6 in whole chick embryos and adult tissues.
GAPD was used as a housekeeping control. Splicing variants, revealed by sequencing of the PCR products, are shown (isoforms 1-6). (B) Nucleotide
sequence and predicted amino acid sequence of chicken PHEMX/TSSC6 cDNA (isoform 1; GenBank accession no. AB101639). Arrowheads indicate the
positions of exon-intron boundaries. (C) Alignment of the predicted amino acid sequences of human (GenBank accession no. AF125569), mouse
(GenBank accession no. Aj279791), and chicken PHEMX/TSSC6. Amino acids conserved in more than two species are shaded.

uncovered at least three SNPs for each gene (Table 1). The
chicken lines with different SNP genotypes were reciprocally
crossed, and the RT-PCR products from resulting embryos were
sequenced. We first confirmed the biallelic expression of IGF2 in
four informative embryos recovered at day 5 of development (5-d
embryos) using the SNP identified previously (Fig. 7A; Yokomine
et al. 2001). We then found that ASCL2/CASH4 is biallelically
expressed in nine 1-d embryos (stage 5-6) and in the embryonic
membranes (chorion, allantoic membrane, and yolk sac) of 14
5-d embryos (Fig. 7B). We also demonstrated biallelic expression
of INS, PHEMX/TSSC6, and TH in all informative 5-d embryos (6,
11, and 8 embryos, respectively) (Fig. 7C-E). Biallelic expression
of INS was also detected in the embryonic membranes, including
the yolk sac, of nine 5-d embryos (Fig. 7C). Thus, all genes ex-
amined here, including ASCL2/CASH4 and INS, were not im-

printed, although we cannot exclude the possibility that they are
imprinted in limited tissues of the embryos or at other develop-
mental stages.

Absence of HI9 and Nctcl in chickens

In eutherian mammals, a maternally expressed imprinted tran-
script, H19, is located between Igf2 and Mrpl23/L23mrp, at about
one-third of the way from Mrpl23/L23mrp (Figs. 1 and 2). H19
does not code for a protein but is expressed at high levels in a
wide array of mesodermal and endodermal tissues. Approxi-
mately 17 kb 3’ to mouse H19, another noncoding transcript
called Nctc1 is present (Ishihara et al. 1998). Ncic1 is expressed in
the skeletal muscle and shows biallelic expression. No sequence
orthologous to H19 or Nctcl was found in the chicken sequence.
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exon 1 yoxon 2
1 GCGGCGGCCATGGCGGCGGTCGGCAAGAAGGCGEGTGTACCCCTTGTACCAG 51
1 M A AV G K KA VY P L Y Q 14

52 CTGGGTGGCCCCCAGCTGCGGATTTTCCGCCCCAACTTCTTCATGCTGGCG 102
15 L. ¢ ¢ P Q L R I F R P NF F M L A 31

103 GTGCGGCCCGGCGTGCCGCAGCCTGAGGACACCGTGCAGTTTCGCGTCTCT 153
32 VR P GV P Q P EDTV Q F R V 8 48
yexon 3
154 ATGGAAATGACAAAAGTGGATATCAAGAATTACCTTGAGAAAATCTATAAT 204
49 M E M T K V D I K N Y L E K I Y N 65
exon 4
205 GTGCCAAGTAGCTGCTGTGAGGACCAAGGATACAAGTATGGTGCAAACAAC 255
66 VvV P S § C C E D Q G Y K Y G A N N 82

256 AAGAGAAACCATAGGAATCAGAGAGTGAAGAAGCCAAGATTACAAGGTTGC 306

83 K R N H R N Q RV K K P R L Q G C 99
exon 5

307 CTACGTACAGCTGGGAAAACCTTTCAGTTTCCCAACCTATTTCCAGAGAAA 357

100 L. R T A G K T F Q F P N L F P E K 116

358 GAAGACTCGGAAGCTGAGGCCTTTGATGACTTCAGGAAGAAGTTCATGGAG 408
117 E D s E A E A F DD F R K K F M E 133

409 AAAGAGCAGCAGAGCCAGAAGGGTGACCCCAGACGAGGCGGAGTCCCCGAT 459
134 XK E Q Q S Q K 6 D P R R G G V P D 150

460 TGGTTTGGACTTTGA. .. 474
151 W F G L * 154

Human 1 MA---RNVVYPLYRLGGPOLRVFRTNFFIQLVRPGVAQPE 37
Mouse 1 MA---RNVLYPLYQLGGPOLRVFRTNFFIQLVRPGTAQPE 37
Chick 1 MAAVGKKAVYPLYQLGGPQLRIFRPNFFMLAVRPGVPQPE 40

Human 38 DTVQFRIPMEMTRVDLRNYLEGIYNVPVAAVRTR-VQHGS 76
Mouse 38 DTVQFRIPMEMTRVDLRNYLEQIYNVPVAAVRTR-VQHGS 76
Chick 41 DTVQFRVSMEMTKVDIKNYLEKIYNVPSSCCEDQGYKYGA 80

Human 77 NKRRDHRNVRIKKPDYKVAYVQLAHGQTFTFPDLFPEKDE 116
Mouse 77 NRRRDHKNVRIKKPDYKVAYVOLAHGOTFTFPDLFPEKDP 116
Chick 81 NNKRNHRNQRVKKP--RLQGRLRTAGKTFQFPNLFPEKED 118

Human 117 -SPEGSAADDLYSMLEEE-RQORQSSDPRRGGVPSWFGL 153
Mouse 117 RSPE--------- PLEEELPQORQSSDLRCPGIPSWFGL 146
Chick 119 -S-E-AEAFDDFRKKFMEKEQQSQKGDPRRGGVPDWFGL 154

Figure 5. Structure of chicken MRPL23/L23MRP. (A) Nucleotide se-
quence and predicted amino acid sequence of chicken MRPL23/L23MRP
cDNA (GenBank accession no. AB101640). Arrowheads indicate the po-
sitions of exon-intron boundaries. (B) Alignment of the predicted amino
acid sequences of human (GenBank accession no. BC027710), mouse
(GenBank accession no. U84902), and chicken MRPL23/L23MRP.

In fact, no transcript or exon-like sequence was found in the
223-kb chicken region between IGF2 and MRPL23/L23MRP by
BLAST search for ESTs or GENSCAN search for exons. While
Nctcl is not conserved even in mammals (e.g., humans do not
have this transcript), the existence of chicken H19 was previously
suggested by a zoo blot analysis (Brannan et al. 1990). The pos-
sibility that chickens have H19 somewhere else in the genome
remains to be investigated.

G+C content and CpG islands

It has been proposed that the imprinted genes of this domain
tend to possess two or more CpG islands upstream of and/or
within the gene (Onyango et al. 2000). The base composition and
CpG frequency of our chicken sequence were analyzed by the
computer software cpgplot (Larsen et al. 1992). The G+C content
was not much different from that of the corresponding mouse
sequence (46.5% vs. 47.1%), both of which were above the aver-
age G+C content of the vertebrate genomes (~40%). Thirteen
CpG islands were identified in the chicken sequence (Fig. 2; Table
2), according to the criteria by Gardiner-Garden and Frommer

(1987). Among these, three were associated with ASCL2/CASH4
and five with IGF2. Thus, the multiple CpG island rule may also
apply to the chicken orthologs, and it is clear that this is not
sufficient for imprinting.

Tandem repeats

Association with tandem repeats has been suggested to be a fea-
ture of mammalian imprinted genes (Neumann et al. 1995). In-
deed, tandem repeats have been shown to be associated with
functional imprinting at the mouse Impact and Rasgrf1 loci (Oka-
mura et al. 2000; Yoon et al. 2002).

A program called Tandem Repeat Finder (Benson 1999) was
used to identify tandem repeats. We identified three tandem re-
peats (CTR1-cTR3) with a unit size of 6 bp or more (Fig. 2; Table 3).
The repeat cTR3, a 14-time repetition of a 18-bp sequence, was
located in the 3'-flanking region of IGF2. The repeats cTR1 and cTR2
were located in the 5'-flanking region and the 3’ untranslated
region, respectively, of ASCL2/CASH4: The repeat cTR1 was a 26-
time repetition of a 16-bp sequence, and cTR2 was a 29-time
repetition of a 6-bp sequence (Table 3). Thus, although repeats
identical or very similar to cTR1-cTR3 were not present in mice,
the orthologs of imprinted genes tended to possess tandem repeats.

We recently reported that a 210-kb region between mouse
Th and Ins2 contains numerous tandem repeats, which could
serve either as a boundary between the two imprinted subdo-
mains or as a target for epigenetic chromatin modifications lead-
ing to imprinting (Shirohzu et al. 2004). No such tandem repeat
was detected in our chicken sequence.

The IC and differentially methylated regions (DMRs)

The key regulatory elements involved in imprinting are likely to
be conserved among imprinted species but may be absent from
nonimprinted species. Our results that the chicken genes of the
region are not imprinted provided a unique opportunity to in-
vestigate this possibility.

Previous studies showed that a 2.0-kb differentially methyl-
ated region (DMR) located 1.2 kb upstream of H19 serves as an IC:
it is essential for both silencing of paternal H19 and silencing of

Table 1. DNA polymorphisms

Polymorphism

Gene Location (position?) Line or breed®

PHEMX/TSSC6 Exon4  A—G(11,747) BPR, WL-D, WL-G, WL-HA

Exon 3’ T—C(21,082) BPR, WL-HA

C—T(21,098) OS

ASCL2/CASH4  Exon 1 C—T(29,316) BPR, WL-Cornell-P, WL-G
A—G (29,365) BPR, WL-Cornell-P, WL-G
C—T (29,406) BPR, WL-Cornell-P, WL-G
G—A (29,429) BPR, OS
A—G (29,450)  BPR, OS, WL-Cornell-P, WL-G
C—T(29,534) BPR, WL-G
T—C (29,563) BPR, WL-Cornell-P, WL-G
T—C (29,570) BPR, OS

TH Exon13 C—T(86,656) BPR
G—T (86,744) BPR, OS
G—A (86,848) WL-Cornell-P

INS Exon2  C—T(106,014) OS

G—A (106,015) BPR, WL-Cornell-P, WL-HA
G—T(106,047) OS

*The nucleotide position number is according to AP003796.

(BRP), Barred Plymouth Rock; (OS), Oh-Shamo; (WL-Cornell-P), Cor-
nell-P line of White Leghorn; (WL-D), D line of White Leghorn; (WL-G) G
line of White Leghorn; (WL-HA), HA line of White Leghorn.
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exon 1
ACTTCTGCTGAGCACAGGAGGAGCARAGAAGCGGCGGCAGCACCCTCTTGCATCATCCCT 60
CCGTGCTAGCCAGGAGGGGGTATGTCGGACCCCGAGGAGTGC CAGGAGGGTGCAGAAGGC 120

1 M s D P EE C Q E G A E G 13
exon 2

121 ACAGATCAAGTGGGAGATGAATCCTACCAGGAGAGCGAAAGGCTGACGGCACAGTGGAGC 180

14 T D Q VvV ¢ D E 8 ¥ Q E S E R L T A Q W S 33

o
e

181 GTGGAGGATGAGGAGGAAGCAGCACCAGAGAGGCGGCGGCGGGAGCGCGAGARACAGCTG 240
34 VvV E D E E E A AR ERURIRIRET REIK QL 53

241 AGATCCCAGGCAGAGGAGGGCTTCAATGGCACTGGCTCCTGCATGGAGAGTGCAGGCTCA 300
54 R S Q A EE G F N GTG S CMESAG 8 73
exon 3
301 GCACAGGAGAACCACTATGACTTTAAGCCCTCTGGGAACTCAGAACTGGAAGAGGATGAG 360
74 A Q ENH Y D F K P S G N S EVL EED E 93
exon 4
361 GGGTTCAGCGACTGGTCCCAARAGCTGGAGCAGCGCAAGCAGAGATCTCCACAACAGTCA 420
4 ¢ F § D W S Q KL E QR XK QR S P Q Q 8 113

421 TACGAAGAAGAGGACAGTGGTGTGAGGGAAGCAGAGGTCAAACTGGAGCAGATTCAGCTG 480
114 Y E E E D 8§ 6 V R E A E V K L E Q I Q L 133

481 GACCGGGAGGGCCTGGAAGAGGTCCAGGAGGAGATCCAGGAGGAGAATGTGGTTGTTAGG 540
134 D R E G L. E E V Q E E I Q E E N V V Vv R 153

541 GAGGAAGAGAGGCTGTGCCAGGAGGAAGAACATATCCCAGAGCAGCATGAGGAGGAGGRA 600

154 E E E R L C Q E E E H I P E Q # E E E E 173
exon 5

601 GARAGAGTCAAGCAGGAGGAGAAGAAGAGAAGGAGAAACGAAGAAGAAGAGACCCCTGAA 660

174 E R V X ¢ E E K K R R R N E E E E T P E 193

661 AAACGCCCAAAGGCCCCAAGCCCCACCAGCCTGGATGAGGAGGAGCTGTGCTCAGACCAC 720
14 X R P K A P § P T S L D E E E L ¢ 8§ D H 212
exon 6
721 ACTGCGGTGTGCTCCACCAAGATCACAGACAGAACTGAGTCTCTGAACCGTTCAATARAG 780
214 T AV C S T XK I T DRTE S L NI R § I K 233
exon7
781 AAAAGTAACAGCATAAAGAAGTCCCAGCCTCCTCTGCCTGTGTCCAAGATAGATGACAGA 840
234 X S N S I K K S Q P P L P V 8 K I DD R 253
exon 8
841 CTGGAGCAATACACACAAGCCATTGAGACATCCACAAAGGCTCCAAAGCCTGTCCGGCAG 900
254 L E Q Y T Q A I ET S T K AUPKP V R Q 273

901 CCCTCTCTTGACCTTCCCACCACCAGCATGATGGTAGCCAGCACAAAAAGCCTATTGGGA 960

274 P §$ L. D L P T T S M M V A 8§ T K § L L G 293
xon 9

961 GACTGGAGAGGTTGCTGCCCAATCTGCAGTGAAGACCCCAGCCTGCARGGATATTGTGGC 1020

294 D W R G C C P I ¢ S EDZP S L Q G Y C G 213

1021 TGGAGACATCGTGAGTAAAAGAAGCCTTTGGGAACAGAAGGGTAGTCCCAAACCTGAGAG 1080
214 W R H R E * 318
exon 10
1081 CAATATCAAGTCCACTCCTTCTGGCAAGAAGTACAAGTTTGTTGCGACGGGCCATGGCCA 1140
1141 GTACAAGAGGGTATTGATAGATGATGCTGCAGAGCAGTAGCGTGCCTGGAGAACCCACTA 1200
exon 11
1201 ACCAGCTGAGCTTGGTCCCGTCTCAATGCAATCCTCAATGCCATGACTTCCTCTGCTCCA 1260
1261 TAGARAGATAATCCAAGGATATTTCTCTTCTCCTGCCTGACGTCAGTTTGCTCCGGTACAG 1320
1321 CCTGACTCCTCTCGGGGTGAGCACACCCCGLGCT 1354

B Human 1 =zRzss==s MAEASSDPGAEEREELLGPTAQWSVEDEEEA 31
Mouse L =====- MNGPALLRRNASKRGLEKLLRLTTQWREEDEEEA 34
Chick 1 MSDPEECQEGAEGTDQVGDESYQESERLTAQWSVEDEEEA 40

Human 32 VHEQCQHERDRQLQAQD---EEGGGHVPERPK--QEMLLS 69
Mouse 35 AREQRQRERERQLQDQDKDKEDDGGHSLEQPG--QQTLIS 72
Chick 41 ARERRRREREKQLRSQAEEGFNGTGSCMESAGSAQENHYD 80

Human 70 LKPSEAPELDEDEGFGDWSQRPEQRQQHEGAQGALDSG-- 107
Mouse 73 LKSS---ELDEDEGFGDWSQKPEPROQQFWGNEGTAEGT-~- 107
Chick 81 FKPSGNSELEEDEGFSDWSQKLEQRKQRSPQQSYEEEDSG 120

Human 108 133
Mouse 108 126
Chick 121 VREAEVKLEQIQLDREGLEEVQEEIQEENVVVREEERLCQ 160

Human 134 DEVHLEELSLSKEGPGPEDTVQODNLGAAGAEEEQEEHQKC 173
Mouse 127 AKVHLEESNLSYREPDPED AVGGSGEAEEHLIR 159
Chick 161 EEEHIPEQHEEEEERVKQE EKKRRRNEEEETPE 193

Human 174 QQPRTPSPLVLEGTIEQSSPPLSPTTKLIDRTESLNRSIE 213
Mouse 160 HQVRTPSPLALEDTVELSSPPLSPTTKLADRTESLNRSIK 199
Chick 194 KRPKAPSPTSLDEEELCSDHTAVCSTKITDRTESLNRSIK 233

Human 214 KSNSVKKSQPDLPISKIDQWLEQYTQATETAGRTPKLARQ 253
Mouse 200 KSNSVKKSQPTLPISTIDERLQQYTQATESSGRTPKLSRQ 239
Chick 234 KSNSIKKSQPPLPVSKIDDRLEQYTQAIETSTKAPKPVRQ 273

Human 254 ASIELP--SMAVASTKSRWETGEVQAQSAAKTPSCKDIVA 291
Mouse 240 PSIELP--SMAVASTKTLWETGEVQSQSASKTPSCODIVA 277
Chick 274 PSLDLPTTSMMVASTKSLLGDWRGCCPICSEDPSLQGYCG 313

Human 292 GDMSKKSLWEQKGGSKTSSTIKSTPSGKRYKFVATGHGKY 331
Mouse 278 GDMSKKSLWEQKGGSKISSTIKSTPSGKRYKFVATGHGKY 317
Chick 314 -------- WRHRE 318

Human 332 EKVLVEGGPAP 342
Mouse 318 EKVLVDEGSAP 328

Figure 6. Structure of chicken LSP1. (A) Nucleotide sequence and predicted amino acid sequence of chicken LSPT cDNA (GenBank accession no.
AB101641). Arrowheads indicate the positions of exon—intron boundaries. (B) Alignment of the predicted amino acid sequences of human (GenBank
accession no. NM002339), mouse (GenBank accession no. NM019391), and chicken LSPT.

maternal Igf2 (Thorvaldsen et al. 1998). This IC contains multiple
binding sites for CTCF, a methylation-sensitive factor that medi-
ates chromatin insulator activity (Bell and Felsenfeld 2000; Hark
et al. 2000). Another putative CTCF-dependent insulator, which
may serve as an imprinted/nonimprinted boundary, was identi-
fied between H19 and Mrpl23/L23mrp (Ishihara and Sasaki 2002).
We therefore scanned the chicken sequence for potential CTCF
sites, from IGF2 to MRPL23/L23MRP. With the consensus se-
quence that previously identified putative insulators (Chao et al.
2002; Ishihara and Sasaki 2002), we found no potential CTCF
sites in this chicken region.

Mouse Igf2 has three DMRs, two of which are paternally
methylated: DMR1 upstream of the fetal promoter contains a GCF2-
binding site and acts as a methylation-sensitive silencer (Con-
stancia et al. 2000; Eden et al. 2001); DMR2 in the last exon
contains a methylation-sensitive activator (Murrell et al. 2001).
The function of the maternally methylated DMRO at the placenta-
specific promoter is currently unknown. Despite our careful ex-
amination, chicken IGF2 did not have a sequence similar to DMRO
or DMR1. However, since the 54-bp core of DMR2 is located within
the protein-coding region of the last exon (Murrell et al. 2001),

we were not surprised to find that it is conserved in chickens
(64.8% nucleotide identity). Among the eight differentially
methylated CpGs within the core, four were conserved in chickens.

Methylation status of the region corresponding to DMR2

Since the 54-bp core of Igf2 DMR2 was the only DMR conserved
in chickens, we were interested to know the methylation status
of the chicken sequence. By bisulfite methylation analysis, we
found that the overall methylation level at seven CpG sites
(among which four were conserved) of the region is 58% (65/
112), 62.5% (70/112), and 87.1% (122/140) in 5-d whole em-
bryos (where allelic expression of IGF2 was studied) (Fig. 7A), 7-d
whole embryos and peripheral blood, respectively (Fig. 8). Al-
though we were not able to distinguish between the parental
alleles because of the lack of SNPs, most of the sites were rather
uniformly methylated or unmethylated (Fig. 8), suggesting that
there is no allelic bias in methylation.

Other local regulatory elements

At about 40 kb 3’ to mouse Igf2, there is a conserved segment
called A6A4, which contains two DNasel-hypersensitive sites
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(Koide et al. 1994). A targeted deletion of this segment has led to
biallelic Igf2 expression in the brain and a relaxation of Igf2 im-
printing in the skeletal muscle, suggesting a tissue-specific si-
lencer activity (Ainscough et al. 2000; Jones et al. 2001). Also, two
DNA segments, termed H19 upstream conserved regions (HUCs),
have been shown to act as enhancers in a range of mesodermal
tissues (Drewell et al. 2002). However, we were not able to iden-
tify sequences similar to these in the chicken sequence between
IGF2 and MRPL23/L23MRP.

We previously identified 10 conserved noncoding segments
(CS1-10), which are located between H19 and Mrpl23/L23mrp
(Ishihara et al. 2000). It was shown by transgenic assays that
seven of them possess tissue-specific enhancer activities (Ishihara
et al. 2000). In fact, two were identical with the previously re-
ported endoderm-specific enhancers shared
by Igf2 and H19 (Leighton et al. 1995b). Al-
though we attempted to identify sequences A

Discussion

We have determined the sequence of a 0.5-Mb chicken region
orthologous to the imprinted Ascl2/Mash2-Igf2-H19 cluster on
mouse distal Chromosome 7 and on human Chromosome 11
(Reik and Maher 1997). The region was previously mapped to
chicken Chromosome 5 by fluorescent in situ hybridization (Yo-
komine et al. 2001). The determined sequence contained eight
previously reported genes/transcripts (ASCL2/CASH4, TH, INS,
IGF2, CIGF, TNNT3/TNT, TNI, and CTSD) and four newly iden-
tified genes (CD81/TAPA1, PHEMX/TSSC6, MRPL23/L23MRP, and
LSP1). Comparisons between the chicken and mouse sequences
revealed that most of the genes are conserved between the two
species, with notable exceptions of H19 and Nctc1. The conserved

5-day whole embryo

similar to the enhancers in the chicken
IGF2-MRPL23/L23MRP region, no signifi-
cant homology was detected. The tissue-
specific enhancers in chickens, if present,
may be much diverged from those in the
mammalian species.

BPR% X WL-Gd'
TCCCCEAGCOG

il

Conserved noncoding sequences

B 1-day whole embryo

WL-D? X BPRJ
TCCCCEAGCCG

il

5-day embryonic membrane

Having established that most regulatory el-
ements identified in mammals are not
conserved in chickens, we asked whether
there are any noncoding homologies (ex-
cluding the promoters) between mice and
chickens. A PipMaker analysis revealed
several conserved noncoding sequences
(Fig. 3). Table 4 summarizes those that
showed highest sequence identities (>50%)
over 50 bp.

There were three conserved noncoding C

WL-CP@ X WPJ'
CCCCHTGACA

!

5-day whole embryo

WP X WL-CPJ"
TGACA

WL-CP® X WPT"
CCCOAHT GACA

WP X WL-CPJ"
CCCOMHTGACA

MM ¥

CCCO%%

5-day embryonic membrane

sequences in the intergenic region between
ASCL2/CASH4 and TH (Fig. 3; Table 4). The
sequences were 51 bp to 179 bp in size, and
their identity to the corresponding mouse
sequence ranged from 66.7% to 75.0%. The
findings suggest that ASCL2/CASH4, TH, or
both are regulated by evolutionarily con-
served distant control elements. Conserved
noncoding sequences were also identified
in introns (Fig. 3; Table 4). MRPL23/L23MRP
had a conserved 175-bp sequence in intron D

WL-D® X BPRG
AAGCCIGAAGC

0S@ XWPJ' WP X0sd
AAGCCIGAAGC — AAGOCHGAAGC

BPR® X WL-DJ"
AAGCCEGAAGC

2, which showed 58.0% identity with the
corresponding 182-bp mouse sequence.
TNNT3/TNT had two conserved intronic se-
quences: a 64-bp sequence in intron 2 was
65.6% identical with the corresponding
mouse sequence; a 90-bp sequence in in-
tron 5 was 60.0% identical with its mouse
homolog. LSP1 had two conserved se-
quences in intron 10: a 327-bp and a 154-bp
sequence, which, respectively, showed
51.6% and 64.6% identity with their mouse
homolog. All these intronic similarities are
most probably involved in the regulation of
the relevant genes.

WL-D® X BPRJ
CTGGAZGTGTA

[t

Figure 7.

5-day whole embryo E 5-day whole embryo
BPRE X WLGJ' WL DQXBPH@ BPHQXWLGo"
CTGGAZGTGTA TTGTGZGGCTT  TTGTGIGGCTT

Dl B

Imprinting status of chicken IGF2 (A), ASCL2/CASH4 (B), INS (C), and the control genes
PHEMX/TSSC6 (D) and TH (E). Biallelic expression was revealed in informative embryos and em-
bryonic membranes including the yolk sac by RT-PCR and sequencing. The SNPs used to distin-
guish the parental alleles were 1242A/G for IGF2 (Yokomine et al. 2001), 29365A/G for ASCL2/
CASH4, 106015G/A for INS, 11747A/G for PHEMX/TSSC6, and 86744G/T for TH. In B and D, the
data for the other strand are shown. Three additional SNPs confirmed the biallelic expression of
ASCL2/CASH4 (data not shown).
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Table 2. CpG islands

Gene Location Length (bp)
CD81/TAPAT Intron 1 206
ASCL2/CASH4 Upstream 304
Upstream 773
Upstream ~ exon 1 551
IGF2 Upstream 223
Upstream 906
Upstream 321
Intron 1 252
Exon 3 363
MRPL23/L23MRP Upstream ~ exon 1 234
LSP1 Intron 1 491
Intron 1 312
CTSD Upstream ~ exon 1 442

genes maintain the same gene order, exon-intron structures, and
transcriptional polarities.

Among the conserved genes, ASCL2/CASH4 was of special
interest since its mammalian ortholog Ascl2/Mash2 is only ex-
pressed in diploid trophoblast cells and required for development
of the placenta (Guillemot et al. 1994). Chicken ASCL2/CASH4 is
most probably involved in neural development (Henrique et al.
1997), and thus the gene provides a good example of functional
diversification during vertebrate evolution. The role in neural
development is not unexpected because the members of this ba-
sic helix-loop-helix transcription factor family are often in-
volved in neural development in many species.

Having identified the genes/transcripts of the chicken re-
gion, we examined whether the orthologs of the mammalian
imprinted genes show imprinted expression patterns. We found
that chicken ASCL2/CASH4 and INS are not imprinted in devel-
oping embryos or in the embryonic membranes, including the
yolk sac. Together with the previous data that chicken IGF2 and
MPR1 are not imprinted (O’Neill et al. 2000; Nolan et al. 2001;
Yokomine et al. 2001), our findings support the idea that ge-
nomic imprinting does not exist in chickens. This is consistent
with the conflict theory (Moore and Haig 1991), or the kinship
theory (Wilkins and Haig 2003), which states that imprinting
evolved as a result of conflicting interests between the paternal
and maternal genes over allocation of maternal resources to the
offspring. The theory predicts that imprinting would be more
favored by viviparous species than oviparous species.

Thus, the sequence reported here for the first time enabled
us to compare in detail a mammalian imprinted region with its
orthologous region from a nonimprinted vertebrate species. The
presence of the same gene cluster in the imprinted and nonim-
printed species suggests that the imprinting of the genes in this
cluster evolved on a domain basis, but not on a gene-by-gene
basis. Several sequence elements involved in imprinting and
long-distance regulation of the cluster have been identified in
mice and humans. We found that such elements of the region,
including the H19 IC, DMRs, and HUCs, are not conserved in
chickens. The only exception was the 54-bp core of Igf2 DMR2,
which is a part of the protein-coding region, but it did not show
allele-specific differential methylation in chickens. Thus, it is
likely that the IC and other local regulatory elements involved in
the imprinted expression of the genes evolved after the diversi-
fication of mammals and birds.

In this connection, it is interesting that not only the H19 IC
but also H19 itself was not found in the chicken sequence. Mam-
malian H19 encodes no protein, and a germ-line deletion of

mouse H19 and its IC showed that their sole function may be to
imprint Igf2 and Ins2 (Leighton et al. 1995a). It is therefore
tempting to speculate that H19 and the linked IC were acquired
by horizontal gene transfer in an ancestral species of mammals
and caused imprinting. A possible link between parasitic DNA
and imprinting was discussed previously (Barlow 1993; Yoder et
al. 1997). Alternatively, the common ancestor of mammals and
birds might have had this gene. Then this nonessential gene was
lost in birds while it acquired a new function (imprinting) in
mammals.

It is also noteworthy that chickens lack the large cluster of
tandem repeats and retroelements, which we recently identified
in the mouse genome between Th and Ins2 (Shirohzu et al. 2004).
Approximately 46% of the 210-kb mouse region consists of ret-
roelements such as LINE-1 and IAP with 30% of the remaining
being tandem repeats and, despite the heterochromatin-like se-

54-bp core

1819 20 21 2 23 2 5
Mouse CGCGGEACGCCTGCGCAGAGGCCTGCCTECCCTCCTGCETACCCECCEGAETCG
Chicken CTCGCAGCGGCTGCAGCGGGAGGTGCCAGGCATCCTGCGTGCCCGTCEGTACCS
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Figure 8. Bisulfite methylation analysis of the chicken /IGF2 region ho-

mologous to the 54-bp core of the mouse DMR2. CpG dinucleotides are
underlined. The mouse CpG sites are numbered according to Murrell et
al. (2001). Filled circles indicate methylated sites and open circles un-
methylated sites. There is no indication for allelic difference in DNA meth-
ylation.
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Table 3. Tandem repeats

Position Unit size (bp) Consensus sequence Copy number
Chicken cTR1 26,747-27,120% 16 TGGCCATGGGGTTGAG 26
cTR2 29,282-29,776% 6 TGGGGT 29
cTR3 139,920-140,195° 18 AGC(G/A)TG(G/A)TGGCCTCCATC 14

“The nucleotide position numbers are according to AP003796.

quence composition, this region shows asynchronous replication
between the parental chromosomes. Whether this repeat-rich re-
gion has any biological function remains to be tested, but the
presence of a similar retroelement-rich region in humans (be-
tween ASCL2/HASH2 and TH) and the lack of its equivalence in
chickens suggest a functional correlation.

Recently, Walter and Paulsen (2003) found that many im-
printed genes, including those in the BWS cluster, have im-
printed as well as nonimprinted paralogs, which are often linked
to the other imprinted clusters. This finding has led them to
propose that duplications as well as translocations and transpo-
sitions dispersed the imprinted genes and clusters throughout
the genome. Since we showed that the same gene cluster is con-
served in mammals and chickens, such dynamic events that af-
fect the gene arrangement must have occurred prior to the emer-
gence of imprinting. It is likely that many regulatory elements,
noncoding RNA genes, and retroelements were then brought
into the cluster during early mammalian evolution and eventu-
ally caused imprinting in a common ancestor of eutherians and
marsupials.

Methods

Isolation and sequencing of BAC clones

Chicken BAC clones 26D12 and 192C9 were obtained from a
White Leghorn library (Hori et al. 2000) with a PCR-amplified
probe from the last coding exon of chicken IGF2 (primers: 5'-
GAGAGCTTCCAGAAGCCATCTC-3’ and 5'-GCCCAACTGTCCC
TTCGTAAGT-3’) (Yokomine et al. 2001) by colony hybridization.
Then a 192C9-end STS (primers: 5'-CATGAGAAGTGACTTTCTG
AAGCC-3" and 5'-CCTGTCCCTGTGTTGCAGATGAG-3’) was
used as a probe to isolate 27B1 and 161D9. Chicken STS primers
used to assess the STS content of the BAC clones were TH, 5'-AG
AGGACTGGCTTCCAGCTCCG-3" and 5'-CTGGGAGAACTGG
GCAAACGTCT-3'; INS, 5'-GGCTCTCTGGATCCGATCAC-3’ and
5'-GGCTGCTCGACATCCCGTCG-3'; TNNT3/TNT, 5'-GAGG
AAAAGGCACGGAGAGAGG-3' and 5'-CTTTGCCAGATAGCTG
CTGTATGA-3'. A combined shotgun (Fleischmann et al. 1995)
and nested-deletion (Hattori et al. 1997) strategy was adopted to
sequence the BAC inserts as described (Hattori et al. 2000). Se-
quence data were assembled by Phred-Phrap and Sequencher
software (Gene Codes).

Sequence data analysis

Database homology search and gene predictions were performed
with BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and GENSCAN
(http://genes.mit.edu/GENSCAN.html), respectively. CpG is-
lands were predicted by using cpgplot (http://bioweb.pasteur.fr/
seqanal/interfaces/cpgplot.html). Large-scale DNA sequence
alignment was performed with Advanced PipMaker (http://nog.
cse.psu.edu/pipmaker/). To eliminate spurious matches resulting
solely from low and high complexity repeats, we masked the
reference sequence using RepeatMasker (http://repeatmasker.

genome.washington.edu/cgi-bin/RepeatMasker) before perform-
ing the PipMaker analysis. Tandem Repeats Finder (http://c3.
biomath.mssm.edu/trf.html) was used to identify tandem repeats
in the sequence.

RT-PCR

For tissue distribution analysis, alternative splicing analysis, and
allelic expression analysis, reverse transcription of total RNA
from whole chick embryos and adult tissues was performed using
M-MLV reverse transcriptase (GIBCO BRL) according to the
manufacturer’s protocol. PCR was carried out under the follow-
ing conditions: 30 cycles of 94°C for 30 sec, appropriate anneal-
ing temperature for 30 sec, and 72°C for 30 sec, with a final
extension at 72°C for 5 min. The annealing temperature was
65°C for CD81/TAPA1, 70°C for PHEMX/TSSC6, 68°C for TH,
65°C for MRPL23/L23MRP and 60°C for LSP1. The primers used
were CD81/TAPA1, 5'-TTGGCCTCAGACCGGGAGCTG-3' and
5'-GATGAAGTTGAAGACGAAGAGCAG-3'; PHEMX/TSSC6 exons
2/7, 5'-TTTCTACGCCGGCGTCTTCCTCA-3" and 5'-CTTCCT
CGCAAGGTGTATTTGCCT-3'; PHEMX/TSSC6 exons 3/6, 5'-TTT
GCTCTGGCCTTCTGTGGGATG-3’ and 5'-CGTGGAGACAAA
GCCCATGTGCTT-3'; TH, 5'-TGTGTCTGAGAGCTTCAGTGA
TGC-3' and 5'-GAAGCTGGCTTTCAGTAAAGCAGG-3'; MRPL23/
L23MRP, 5'-ACCCCTTGTACCAGCTGGGTGG-3' and 5'-AACT
GCACGGTGTCCTCAGGCT-3'; LSP1, 5'-ATTGCTCCAGTCTGT
CATCTATC-3' and 5'-GCAGAGGAGGGCTTCAATGGCA-3'.
ASCL2/CASH4 and INS cDNAs were amplified by nested PCR.
First PCR was carried out under the following condition: 10
cycles of 94°C for 30 sec, appropriate annealing temperature for
30 sec, and 72°C for 30 sec, with a final extension at 72°C for 5
min. The annealing temperature was 68°C for ASCL2/CASH4 and
65°C for INS. The primers used were ASCL2/CASH4, 5'-
GAGGAGCAGGAACTGCTGGATTTC-3’ and 5'-GCTGTGGAA
GACCATAGGAATCGA-3'; INS, 5'-AACCAGCTATGCAGCTGCC
AACC-3’ and 5'-GAGTAAGTGTATGTCTGTGCCCGC-3'. Using
an aliquot of the products as a template, a second PCR was done
for 30 cycles with the same parameters. The primers used were
ASCL2/CASH4, 5'-ACCAGCTGGCTTGGGAGCTACTGA-3’ and
5'"-CCAATGCCTTTGACAACCTGTTGG-3'; INS, 5'-GGAGAG
CGTGGCTTCTTCTACTC-3' and 5'-GAGTAAGTGTATGTCTGTG
CCCGC-3'.

Table 4. Conserved noncoding sequences

Size in
Size mouse  ldentity
Gene Location (bp) (bp) (%)
ASCL2/CASH4 Downstream 10 kb 115 119 68.3
Downstream 15 kb 51 52 75.0
Downstream 18 kb 179 167 66.7
MRPL23/L23MRP  Intron 2 175 182 58.0
TNNT3/TNT Intron 2 64 64 65.6
Intron 5 90 87 60.0
LSP1 Intron 10 327 303 51.6
Intron 10 154 161 64.6
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Identification of SNPs and allelic expression analysis

To identify SNPs within the transcribed regions, PCR primers
were designed to amplify the exons of each gene. The primers
were PHEMX/TSSC6 exons 3 and 3', 5'-ACCTCTCAAGAGTCGA
GCAGCTC-3" and 5'-TGCTCTAGCTTTAACCAGGCTTGC-3';
PHEMX/TSSC6 exon 4, 5'-TGGCAAAAGGCTGGTTCTGGAGG-3'
and 5'-TGTCACAGGCACTTCTGTTTCTGTA-3'; PHEMX/TSSC6
exon 5, 5'-TGTTGTCACACAACCTAAACACGT-3' and 5'-ATA
GCATGGTAGGCACCTGCTTAG-3'; PHEMX/TSSC6 exon 6, 5'-TT
CCATGGTGGAGGCCATCACCA-3’ and 5'-CATCCTCTGCA
GACTGGAACTCAT-3"; ASCL2/CASH4 exon 1, 5'-ACC
AGCTGGCTTGGGAGCTACTGA-3" and 5'-GCTGTGGAAGACC
ATAGGAATCGA-3'; TH exon 13, 5'-ACTACGCAGCACATATC
AAGAGGC-3" and 5'-GAAGCTGGCTTTCAGTAAAGCAGG-3';
INS exon 1, 5'-TCACGTCAAAGGAGCTGAGGGAC-3’ and 5'-GG
ACATTCCTTGTGTCACCATCAAA-3’; INS exon 2, 5'-CAGCTC
TTCACTTACACACCTGGT-3’ and 5'-GTGGTGTCCCCTCCACAA
GAAAC-3'. PCR was done using genomic DNA as a template un-
der the following condition: 30 cycles of 94°C for 30 sec, 65°C for
30 sec, and 72°C for 30 sec, with a final extension at 72°C for 5
min. PCR products were purified using Microcon TM-100 (Milli-
pore) and sequenced using BigDye Terminator Cycle Sequencing
Ready Reaction Kit (PE Applied Biosystems) and the ABI 377 DNA
Sequencer.

Following appropriate crosses, total RNA was obtained from
F, embryos or the tissues from F, individuals heterozygous for
the SNP. Allelic expression status of PHEMX/TSSC6 was examined
by sequencing the RT-PCR products amplified with the primer set
“exons 3/6.” Since this primer set amplifies multiple alternative
splicing products, the RT-PCR product from the most abundant
isoform, isoform 5, was purified and sequenced. Allelic expres-
sion status of ASCL2/CASH4, TH, and INS was examined by se-
quencing the RT-PCR products amplified with the primers de-
scribed in the “RT-PCR” section.

Bisulfite methylation analysis

For analysis, 1 pg of DNA isolated from peripheral blood was
subjected to bisulfite methylation analysis (Frommer et al. 1992).
The bisulfite treatment was carried out with EZ DNA Methylation
Kit (Zymo Research). Semi-nested PCR was preformed to amplify
the chicken region homologous to the DMR2 of mouse Igf2. The
primers were bisIGF2-P1, 5'-GTGTTGATATTGTGTTGTTTTTT
TTTTT-3'; bisIGF2-P3 (outer), 5'-CCACCCCTCCTTACTTATAT
CATTT-3’; bisIGF2-P2 (inner), 5'-TAACTTCCTCAACTACTTACA
ACCC-3'. PCR was carried out under the following conditions:
first round of amplification: 5 cycles of 95°C for 1 min, 50°C for
2 min, and 72°C for 3 min; and 25 cycles of 94°C for 1 min, 50°C
for 2 min, and 72°C for 2 min, with a final extension at 72°C for
7 min. Second round of amplification: 25 cycles of 94°C for 30
sec, 65°C, and then reduced by 0.5°C for each later cycle for 30
sec; and 72°C for 30 sec and 10 cycles of 94°C for 30 sec, 55°C for
30 sec, and 72°C for 30 sec; with a final extension at 72°C for 5
min. PCR products were gel-purified using QIAquick (QIAGEN),
cloned using TOPO TA Cloning System (Invitrogen), and se-
quenced using BigDye Terminator Cycle Sequencing Ready Re-
action Kit (PE Applied Biosystems) and ABI 377 DNA Sequencer.
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