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ABSTRACT

snoRNAs are small protein-noncoding RNAs essential for pre-rRNA processing and ribosome biogenesis, and are encoded
intronically in host genes (HGs) that are either protein coding or noncoding. mRNAs of protein-noncoding HGs differ in their
nucleotide sequences among species. Although the reason for such sequential divergence has not been well explained, we
present evidence here that such structurally different HGs have evolved from a common ancestral gene. We first identified two
novel protein-noncoding HGs (mU50HG-a and mU50HG-b) that intronically encode a mouse ortholog of a human snoRNA,
hU50. The sequences of mU50HG mRNA differed from that of hU50HG. However, a chromosome mapping study revealed
that mU50HG is located at 9E3-1, the murine segment syntenic to human 6q15, where hU50HG is located. Synteny is a
phenomenon whereby gene orthologs are arranged in the same order at equivalent chromosomal loci in different species;
synteny between two species means it is highly likely that the genes have evolved from a common ancestral gene. We then
extended this mapping study to other protein-noncoding snoRNA-HGs, and found again that they are syntenic, implying
that they have evolved from genes of common ancestral species. Furthermore, on these syntenic segments, exons of adjacent
protein-coding genes were found to be far better conserved than those of noncoding HGs, suggesting that the exons of protein-
noncoding snoRNA-HGs have been much more fragile during evolution.
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INTRODUCTION

Small nucleolar RNAs (snoRNAs) are known to guide the
post-transcriptional modifications of ribosomal and other
RNAs. Such modifications are believed to play crucial roles
in RNA folding as well as RNA–RNA and RNA–protein
interactions. In addition, snoRNAs are thought to be
involved in epigenetic modification of genes (Kiss et al.
2004). Hundreds of snoRNAs have been identified in a
broad variety of organisms including yeast, plants, and

vertebrates. They are well conserved phylogenetically
among different species, suggesting their important phys-
iological role. The evolution of snoRNA has recently been
studied in detail. In nematodes, trans-duplication as well as
cis-duplication of snoRNA host genes (HGs) with insertion
of snoRNA genes close to the original loci are shown to
have occurred during the course of evolution (Zemann
et al. 2006). Luo and Li (2007) have suggested that a certain
proportion of H/ACA-related snoRNA sequences in pri-
mates have arisen after rodent/primate divergence. Also,
intronic snoRNA sequences are reportedly better conserved
than exonic sequences in non-protein-coding HGs (Tycowsky
et al. 1996; Weber 2006).

Most of the HGs of vertebrate snoRNAs are encoded
intronically. A large proportion of snoRNA-HGs are known
to encode proteins that operate in ribosomal biogenesis,
translation, or other nuclear/nucleolar functions (for
review, see Kiss 2002), while the remaining snoRNA-HGs
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are apparently protein noncoding (Tycowski et al. 1996;
Pelczar and Filipowicz 1998; Smith and Steitz 1998). A few
previous studies have compared the nucleotide sequences
of mRNAs of human protein-noncoding snoRNA-HGs.
Most of those studies demonstrated that the mRNA sequences
of HGs are not homologous between human and mouse,
while the intronically encoded snoRNAs are highly con-
served (Tycowski et al. 1996; Smith and Steitz 1998). The
only exception in this respect reported so far is the U87 HG,
which is sequentially similar between human and mouse
and is therefore speculated to have some functional activity
apart from production of U87 snoRNA (Makarova and
Kramerov 2005).

This marked diversity of HG mRNA among vertebrates
has not been well explained. Recent studies have assumed
that intronically encoded snoRNAs can be very mobile
genetic elements, that they are readily insertable into introns
of different genes, and that such mobility/insertability
would explain the diversity of HG sequences among dif-
ferent species (Smith and Steitz 1997, 1998; Weber 2006;
Zemann et al. 2006; Luo and Li 2007). However, none of
those studies have presented direct evidence that non-
coding HGs showing dissimilarity between mouse and
human are orthologs, i.e., having originated from an
identical ancestral gene and becoming separated during
evolution. Considering the potentially high mobility of
intronic snoRNA, it is still possible that such divergent HGs
were originally different, and that intronic snoRNAs were
inserted into the introns of these different HGs in a
retroposon manner.

We recently identified a new protein-noncoding HG,
human U50 snoRNA host gene (hU50HG), which introni-
cally encodes a human counterpart of U50 (Tanaka et al.
2000). The U50HG is a 59-top gene encoding box C/D-type
snoRNA U50 (Kiss-Laszlo et al. 1996) in its fifth intron.
Using hU50 snoRNA as a probe, we isolated a mouse U50
ortholog (mU50) and its HGs (mU50HG-a and mU50HG-b).
mU50 was shown to share high homology (86%) with
hU50. Meanwhile, intensive homology researches showed
that the exons of the mU50HGs did not share similarity
with hU50HG. Subsequent chromosome mapping, how-
ever, showed that the mU50HGs were located on mouse
chromosome 9E3.1, which is syntenic to human 6q15,
where hU50HG is located. Synteny between species means
that orthologous genes are located in the same order at
a particular gene/chromosome site (MacAndrew 2002;
Waterston et al. 2002; Sainz et al. 2006). Also, the syntenic
segment is defined as a region in which a series of landmark
genes shows a maximum degree of shared order on a given
gene/chromosome in different species. Thus, it is highly
likely that two genes showing synteny in two species are
derived from a common ancestral gene (MacAndrew 2002;
Waterston et al. 2002; Sainz et al. 2006). Thus, the above
results for mU50HGs suggest that U50HGs of different
species have evolved from common ancestral genes. There-

fore, to clarify whether a similar situation has arisen for
other snoRNA-HGs, we investigated four other noncoding
snoRNA-HGs, together with four coding HGs. For this
study, we used NCBI human and mouse genome databases,
since it is now possible to conduct detailed analysis of
segments showing synteny between humans and mice
(NCBI Human–Mouse Homology Map, http://www.ncbi.
nlm.nih.gov/Homology). The details are reported in this
study.

For the purpose of comparison of oligonucleotide
sequences as opposed to evolutionarily conserved sequen-
ces, the terms ‘‘similar’’ and ‘‘dissimilar’’ are used in this
study instead of ‘‘homologous’’ or ‘‘homology.’’ This is
because the terms homologous/homology have been used
to describe both evolutionarily identical genes and similar-
ity between sequences of the same species. Also, the term
‘‘ortholog’’ is used, instead of ‘‘homolog’’ to compare evolu-
tionarily identical genes. When using the NCBI BLAST 2
software package for comparison of nucleotide sequences
(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi), judg-
ment of similarity/dissimilarity was based on the default
level of the program. The identity of two sequences, when
judged to be similar, was expressed in terms of the
percentage of matched base pairs divided by total base
pairs (bp/total bp). Comparison of two sequences was
conducted on gene segments constituting both sequences
rather than the whole sequences. In other words, judgment
of similarity, as well as similarity in terms of percentage,
can be made when one pair of exons, or even part of the
exon pair, shares similarity for a certain length.

RESULTS AND DISCUSSION

Genomic structures and chromosomal localization
of mU50HGs

Southern blot analysis of the mouse genome using the
human U50 sequence as a probe demonstrated two bands,
suggesting the existence of two HGs (data not shown).
Successive cloning and sequencing of a mouse genomic
library identified one mU50 (accession number AB116376)
and two HGs (mU50HG-a, accession number AB116374;
and mU50HG-b, accession number AB116375). Indeed,
three identical mU50 sequences were detected in those two
host genes (one in mU50HG-a and two in mU50HG-b)
(Fig. 1). This mU50 sequence was found to share 86%
similarity with hU50 when compared using NCBI BLAST 2
software. mU50 contained two sequences complementary
to mouse 28S rRNA, along with the consensus sequences of
the box C/D-type snoRNAs. No other sequences similar to
mU50, as characterized by the presence of sequences com-
plementary to mouse 28S rRNA and the box C/D structure,
were detected on the NCBI and CERELA mouse genome
databases, suggesting that mU50 is the only ortholog of
hU50.
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mU50HG-a is 14.2 kb, bearing five exons (A1, A2, A3,
A4, A5; 96, 65, 75, 58, and 216 bp, respectively) and five
introns (257, 89, 354, 51, and 12,969 bp, respectively) (Fig. 1).
A TATA-like motif (TATAAA) and CAT-like box (CCAAT)
are present in the 59-upstream region of this gene. The GT-
AG rule was well preserved at each exon–intron boundary.
No obvious protein-coding frame was identified by the
BLAST ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.
html; data not shown).

The other HG, mU50HG-b, is 1.8 kb, containing five
exons, B1, B2, B3, B39, and B4. Again, a TATA-like motif
(TATAAA) and CAT-like box (CCAAT) are present in the
59-upstream region. The GT-AG rule was well preserved at
each exon–intron boundary. Again, no obvious protein-
coding frame was identified by the BLAST ORF Finder.
Significant sequence similarity was found between
mU50HG-a and mU50HG-b at exons B3 and B39 (88%),
A4 and B3 (94%), and A4 and B39 (95%), suggesting that
these two HGs share a common ancestral gene.

To determine the chromosomal loci of the mU50HG-a
and mU50HG-b genes, we conducted FISH analysis on
normal mouse metaphase spreads. The specific hybridization
signal for the mU50HG-a gene was detected on mouse
chromosome 9 at band E3.1, while that for the mU50HG-b
gene was detected on the same chromosome at band E1–E4.
Further two-color analysis using FITC (mU50HG-a, green)
and rhodamine (mU50HG-b, red) confirmed this result
(data not shown). Interestingly, on the Human–Mouse
Homology Map, these regions (mouse chromosome 9, band
E3.1) are syntenic with human chromosome 6q, where
hU50-HG is located (human 6q15). Here, synteny implies
orthologs to locate in the same order on equivalent chro-
mosomal loci of different species. In other words, genes in
synteny between two species are suggested to have evolved
from a common gene of their ancestor. Therefore, we
expected that similarities must exist between the hU50HG
and mU50HGs. However, the following result differed from
that expected.

mRNA sequences of hU50HG
and the two mU50HGs are dissimilar

The mRNA sequences of hU50HG and
the two mU50HGs were compared
using the NCBI BLAST 2 program,
which revealed that there are no ‘‘sim-
ilar’’ sequences between them. This is in
sharp contrast to the high (86%) simi-
larity between hU50 and mU50. To
explain this paradox, we hypothesized
that such protein-noncoding snoRNA
HGs, such as U50HG, have evolved
from an identical ancestral gene, and
while its snoRNA-coding intron is
important and thus well preserved, the
exons are biologically useless and there-

fore labile to mutational pressure during genetic evolution.
To confirm this idea, the following studies were conducted.

Protein-noncoding and protein-coding snoRNA host
genes are syntenic between human and mouse

Their mRNA sequences show similarity between human
and mouse for protein-coding genes but not for noncoding
genes. Since hU50HG and mU50HGs were assigned to
syntenic loci, we were interested in clarifying whether such
synteny between human and mouse exists for other
snoRNA-HGs. We studied eight snoRNA-HGs, four of
which were protein coding and four noncoding. All eight
genes were found to show perfect synteny (Table 1). Next,
the sequences of these human and mouse HGs were
determined. Interestingly, high similarities were noted for
all four protein-coding snoRNA-HGs, whereas no similar-
ities were found for the noncoding HGs (Table 1). This
result supported the hypothesis that such protein-non-
coding snoRNA HGs such as U50HG have evolved from
an identical ancestral gene, and that its snoRNA-coding
introns are well preserved, although their exons are very
fragile.

Protein-noncoding snoRNA-HGs are less well
conserved than protein-coding genes located
on the same chromosomal segment

Finally, to further substantiate our hypothesis, we studied
the sequence similarity of human and mouse UHG, a
protein-noncoding snoRNA-HG, and four coding genes
located in the same syntenic segment. Here, UHG, rather
than U50HG or other noncoding HGs, was selected
because as many as four coding genes—Nxf1, Stx5a, Slc3a2,
and Chrm1—are located in close proximity to UHG on the
same chromosomal segment (Fig. 2; the sequence similarity
of the corresponding human and mouse genes is shown in
Table 2), while the number of coding genes is lower in

FIGURE 1. Suggested genome structure of (A) mU50HG-a, (B) mU50HG-b, and (C) hU50HG.
(Boxes) Exons; (oblique-line boxes) snoRNA sequences.

Protein-noncoding snoRNA host gene
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H50HG. On the Human–Mouse Homology Map (http://
www.ncbi.nlm.nih.gov/Homology), the four coding genes
and UHG are located in the order cen–Nxf1–Stx5a–UHG–
Slc3a2–Chrm1–ter on human chromosome 11q12–13, and
in the reverse order on mouse chromosome 19A (Fig. 2).
When the sequences were compared, high similarity
between human and mouse was noted for all four coding
genes, unlike the UHG exons. Therefore, this result pro-
vided further support for the speculation that protein-
noncoding snoRNA-HGs are much more susceptible to
oligonucleotide sequence changes than are protein-coding
genes.

MATERIALS AND METHODS

Cloning of mouse genomic library

A library prepared from Sau3A partial digests of normal mouse
genomic DNA using the lDASH II phage vector (Stratagene) was a
gift from Y. Iwakura (Institute of Medical Science, University of
Tokyo). A cDNA library was constructed from poly(A)+ RNA of
MELgP3 cells using the lZIP-LOX phage vector (GIBCO BRL) in
accordance with the manufacturer’s instructions. Genomic DNAs
and cDNAs of two murine genes, mU50HG-a and mU50HG-b,
were isolated by plaque hybridization of 106 phage clones
according to the standard procedure.

Sequence analysis

Subcloned genomic DNA, cDNA, and PCR products were
sequenced with the use of a Thermo Sequence Fluorescent Labeled
Primer Cycle Sequencing kit (Amersham). The M13 forward and
M13 reverse primers were used for this sequencing. Sequence

ladders were electro-resolved on 6% urea-denatured polyacryl-
amide gel and sequenced using an Autosequencer SQ5500
(Hitachi).

cDNA 59-end amplification (59-RACE)

In order to identify the 59 terminals of the mU50HG-a and
mU50HG-b transcripts, a 59-RACE kit (Version 2.0; GIBCO BRL)

TABLE 1. Chromosomal loci and mRNA sequence similarity of human and mouse snoRNA host genes

SnoRNA

Chromosomal location of host gene (name, accession no.)a

In synteny?b
Sequence
similarityc ReferenceHuman Mouse

Protein non-coding host genes
U50, U509 6q15 (U50HG; AB017710) 9E3.1 (mU50HG-a, -b) Yes Dissimilar Tanaka et al. 2000
U22, U25–31 11q13 (UHG; U40580) 19A (Not termed; U40654) Yes Dissimilar Tycowski et al. 1994
U44, U47, U74–81 1q25.1 (GAS5, AF141346) 1H2.1 (Gas5; NM_013525) Yes Dissimilar Smith and Steitz 1998
U17a, U17b 1p36.1 (U17HG; AJ006834, 35) 4D2.3 (mU17HG; AJ006837) Yes Dissimilar Pelczar and

Filipowicz 1998
U19 5q31.2 (U19H; AJ224166–70) 18B2 (not termed) Yes Dissimilar Bortolin and Kiss 1998

Protein-coding host genes
U21 1p22.1 (RPL5; NM_000969) 5E5 (rpL5; NM_016980) Yes 91% Qu et al. 1994
U24, U36s 9q34 (RPL7a; NM_000972) 2A3 (rpL7a; NM_013721) Yes 88% Yon et al. 1993
U14 11p15 (RPS13; NM_001017) 7E1 (Rps13, AK012479) Yes 86% Kenmochi et al. 1998
E3 3q28 (EIF-4AII; NM_001967) 16B1 (eIF-4AII; NM_013506) Yes 93% Selvamurugan

et al. 1997

aNCBI accession number.
bDetermined by the NCBI Human–Mouse Homology Map (http://www.ncbi.nlm.nih.gov/Homology).
cReported mRNA sequences were compared by NCBI BLAST2 (http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html). On U19 host genes, the
longest putative transcripts were selected since the mouse host gene transcript is not determined.

FIGURE 2. A syntenic segment of human and mouse chromosomes
bearing UHG, a protein-noncoding snoRNA-HG and four protein-
coding genes. These five genes are arranged on this syntenic segment
in the same order and in reverse positions. The sequence similarity of
the corresponding human and mouse genes is shown in Table 2.
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was used. First-strand cDNA was synthesized from total RNA
using a common primer to mU50HG-a and mU50HG-b (59-AT
CTCACTGGTCAGCATTCA-39) in accordance with the manu-
facturer’s instructions. A homopolymeric tail was added to the 39

end of the cDNA using TdT and dCTP, and the dC-tailed cDNA
was amplified using the bridged anchor primer supplied with the
kit and the nested primers (59-ATTCTGTCGGAAGCTTTGGG-39

for mU50HG-a; 59-CTCGTAGCTGCTTTGAAGAC-39 for mU50HG-b).
After reamplification of the PCR product using the AUAP primer
supplied with the kit and specific nested primers (59-AGAATGAT
GAGCCATGGTCC-39 for U50HG-a; 59-GTCTCTTTCGGTGACT
CTAG-39 for U50HG-b), the 59-RACE product was cloned, using
an original TA cloning kit (Invitrogen), and sequenced.

PCR and RT-PCR

PCR and RT-PCR were used to complement the library study and
also to obtain probes for the two mU50HGs. PCR amplification
was performed using the mF8 forward primer (59-CTTTTTACG
ACGGAGCCTAA-39) and the mR13 reverse primer (59-CAATCA
CTGCCAGAATAAGG-39) for confirmation of the mU50HG-b
sequence; the p-014 forward primer (59-ACTTAGATCAAACT
GGCCTTACCA-39) and the p-015 reverse primer (59-AAAGGG
CAATTGCACTCACACACAT-39) for obtaining the U50HG-a
probe AD4.6; and the p-004 forward primer (59-TCCAAGGCG
CGCGCTCCCACGCGTTGCTTCATGAA-39) and the p-011 reverse
primer (59-AGGGGGCAGGTCCTCAGGTTTGGTAGCAAGTGCCT-
39) for obtaining the mU50HG-b probe BD0.9. In these reactions,
500 ng of mouse DNA was used as a template and amplified with
20 mM Tris-HCl (pH 9.0); 50 mM KCl; 1.5 mM MgCl2; 200 mM
each dATP, dCTP, dGTP, and dTTP; and 0.05 U/mL Taq poly-
merase (TAKARA). PCR was performed using 1 cycle at 94°C
for 60 sec, 30 cycles at 94°C for 30 sec, 56°C for 30 sec, 72°C for
60 sec, and 1 cycle at 72°C for 15 min.

RT-PCR was introduced to detect the mU50HG-b transcript.
cDNA was synthesized from 5 mg of total RNA extracted from
mouse spleen as the template, an oligo(dT) primer (59-GGCCAC
GCGTCGACTAGTACTTTTTTTTTTTTTTTT-39) (GIBCO BRL),
and reverse transcriptase (SUPER SCRIPT II). The PCR reaction
was performed with 2 mL of cDNA sample, mF4 forward primer
(59-GAGTAAATACAGATGCTCCGG-39), and mR11 reverse
primer (59-ATGGCTAAGAGCACTGATGC-39), under the con-
ditions described above.

Database search

For in silico analysis, two databases, the
NCBI genome database (http://www.ncbi.
nlm.nih.gov/index.html) and CELERA DIS-
COVERY SYSTEM were used initially for
sequence analysis of the human and mouse
genomes and cDNAs. The data were reeval-
uated and reinforced partially by the recent
NCBI database (http://www.ncbi.nlm.nih.
gov/index.html). Open reading frames were
searched with the use of the NCBI ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf/
gorf.html). The NCBI BLAST 2 software
package (http://www.ncbi.nlm.nih.gov/blast/
bl2seq/bl2.html) was used for comparison
of human and mouse cDNAs. In this analy-

sis, sequence similarity is expressed as a percentage, and when the
percent value is lower than a given threshold, the outcome is
indicated as ‘‘dissimilar.’’ Comparison of the two sequences was
done on a gene segment base, exon sequence mostly, and a
similarity by percent was shown when one segment/exon pair of
two mRNAs shared similarity. For genes whose cDNA sequences
have not been reported, the longest putative cDNA sequences
were selected and submitted for study. For analysis of chromo-
some synteny, the NCBI Human–Mouse Homology Map (http://
www.ncbi.nlm.nih.gov/Homology) was used.
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