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Letter

Ultraconserved elements in insect genomes: A highly
conserved intronic sequence implicated in the
control of homothorax mRNA splicing

Evgeny A. Glazov,'* Michael Pheasant,'* Elizabeth A. McGraw,? Gill Bejerano,> and

John S. Mattick'>

"ARC Special Research Centre for Functional and Applied Genomics, Institute for Molecular Bioscience and 2Department of
Zoology & Entomology, School of Integrative Biology, University of Queensland, Brisbane, QLD 4072, Australia; 3Department of
Biomolecular Engineering, University of California Santa Cruz, Santa Cruz, California 95064, USA

Recently, we identified a large number of ultraconserved (uc) sequences in noncoding regions of human, mouse, and
rat genomes that appear to be essential for vertebrate and amniote ontogeny. Here, we used similar methods to
identify ultraconserved genomic regions between the insect species Drosophila melanogaster and Drosophila pseudoobscura,
as well as the more distantly related Anopheles gambiae. As with vertebrates, ultraconserved sequences in insects appear
to occur primarily in intergenic and intronic sequences, and at intron-exon junctions. The sequences are
significantly associated with genes encoding developmental regulators and transcription factors, but are less frequent
and are smaller in size than in vertebrates. The longest identical, nongapped orthologous match between the three
genomes was found within the homothorax (hth) gene. This sequence spans an internal exon—intron junction, with the
majority located within the intron, and is predicted to form a highly stable stem-loop RNA structure. Real-time
quantitative PCR analysis of different hth splice isoforms and Northern blotting showed that the conserved element is
associated with a high incidence of intron retention in hth pre-mRNA, suggesting that the conserved intronic element
is critically important in the post-transcriptional regulation of hth expression in Diptera.

[Supplemental material is available online at www.genome.org and http://www.imb.uq.edu.au/groups/mattick/

drosophila_uc/.]

Evolutionary conservation of DNA sequences between related or
distant biological species is usually believed to reflect conserva-
tion of protein structure and function or of important cis-acting
regulatory elements. Indeed, many homologous proteins carry-
ing out evolutionarily conserved functions display a high degree
of identity of their protein-coding nucleotide sequences. How-
ever, in such cases, nucleotide sequence identity very rarely
reaches 100%, due to the accumulation of synonymous and
other types of substitutions.

Recently, we identified almost 500 sequences equal to or
longer than 200 bp that showed 100% identity between ortholo-
gous regions of the human, rat, and mouse genomes (Bejerano et
al. 2004; Woolfe et al. 2005). These ultraconserved elements (uc-
elements) are widely distributed in the genome, and are highly
conserved among mammals and birds, and in many cases, fish.
Shorter ultraconserved elements are even more common (around
5000 = 100 bp, and around 50,000 = 50 bp), as are elements
with slightly less than 100% identity (M. Pheasant and ].S.
Mattick, unpubl.). Most uc-elements are located in intergenic
sequences, often distant from known protein-coding sequences,
or in introns, often overlapping splice junctions, and are signifi-
cantly associated with genes encoding developmental regulators,
transcription factors, and RNA-binding proteins (Bejerano et al.
2004). These associations suggest a regulatory role that is fiercely
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conserved and therefore presumably essential to vertebrate and
amniotic ontogeny. While there is some experimental support
for this possibility (Woolfe et al. 2005), the precise biological
functions and mechanism of action of these uc-elements remain
to be determined.

In this study, we examined whether uc-elements can also be
identified in invertebrate metazoan species by comparing the
sequenced genomes of two fruitfly species, Drosophila melanogas-
ter and Drosophila pseudoobscura, and the mosquito Anopheles
gambiae. All three species belong to the order of Diptera, which
diverged from their nearest common ancestor around 330 mil-
lion years ago (Gaunt and Miles 2002). The divergence time be-
tween modern Drosophila and Anopheles species is estimated to be
around 250 million years (Fig. 1; Gaunt and Miles 2002), com-
parable to the divergence time between human and birds (Kumar
and Hedges 1998). The two Drosophila species are estimated to
have diverged around 25-30 million years ago (Powell 1996),
allowing significant changes in genomic DNA sequences to occur
(71% identity in alignable regions, covering ~60% of the ge-
nome) (Richards et al. 2005), comparable to those between hu-
mans and rodents (69% identity in alignable regions, covering
40% of the genome) (Waterston et al. 2002), which diverged
earlier, but have longer generation times than insects.

We identified all identical nongapped matches longer than
50 bp between the genomes of the mosquito and two fruitflies.
Excluding one snRNA sequence (snRNA:U6), the longest match
(92 bp) between all three insect genomes was found at an exon-
intron junction within the homothorax gene (Table 1). The hth
gene (Pai et al. 1998) encodes a homeodomain-containing
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Figure 1. Summary of phylogenetic relationships of insect species ad-
dressed in this study. The tree structure and estimated divergence times
are derived from data presented in M.W. Gaunt (Gaunt and Miles 2002)
and J.R. Powell (Powell 1996).

protein, which belongs to the MEIS protein family (Steeman et al.
1997), members of which have been shown to be involved in
various developmental processes and neoplastic transformations
(Moskow et al. 1995; Kurant et al. 1998; Mercader et al. 1999;
Maeda et al. 2001; Bessa et al. 2002; Van Auken et al. 2002;
Wernet et al. 2003). Analysis of the structure and expression of
the ultraconserved element suggests that it is involved in regu-
lation of hth expression level via formation of putative RNA sec-
ondary structure and intron retention.

Results

Identification of ultraconserved sequences in insects

Table 1 shows the numbers of sequences that are conserved by
length categories between D. melanogaster and D. pseudoobscura,
and between these species and A. gambiae, as well as their posi-
tion relative to annotated noncoding RNAs, known or predicted
exons of protein-coding genes, introns, and intergenic regions.
We found over 23,000 sequences of 50 bp or more that are
100% conserved between D. melanogaster and D. pseudoobscura,
covering over 1.5 Mb of genomic sequence. These sequences ap-
pear to be mainly located in inter-
genic sequences and introns, and al-

as well as the nearest genes, left and right, within 5 kb, for the
intergenic uc-elements. Intronic and intergenic sequences are en-
riched for genes with GO terms related to transcription factors
(4.2-fold enrichment, P<2 X 107'? and 3.2-fold enrichment,
P <1 X 10?2, respectively), which is similar to earlier findings
in vertebrate genomes (Bejerano et al. 2004; Woolfe et al. 2005;
Table 2). The transcription factor enrichment is up to 7.7-fold for
genes with intronic uc-elements =80 bp. By comparison, genes
with exonic or splice site uc-elements longer than 80 bp are en-
riched for ion channel/transporter activity GO annotations (6.8-
fold enrichment, P < 3 X 10~ '3); of the 10 genes associated with
the longest of these uc-elements, seven encoded neurological ion
channels/transporter proteins affecting neurological function
(Table 3). Interestingly, six of these genes have been shown to
have extensive RNA editing at multiple sites (Hanrahan et al.
2000; Hoopengardner et al. 2003), suggesting a possible link be-
tween these phenomena. Not surprisingly, uc-elements are also
significantly associated with the GO biological process terms
morphogenesis, organogenesis, and behavior.

The genes containing the highest density of uc-elements in-
clude genes encoding RNA-binding proteins, homeotic develop-
mental regulators (homothorax, Ultrabithorax, fruitless, and cut), and
genes involved in neural development and function (Supplemental
Table 1). The gene with the most uc-elements enclosed within its
borders encodes the Drosophila bruno paralog Bru-3. It is remarkable
that the total length of the 168 uc-elements within the Bru-3 gene
is 11.2 kb, which is over five times longer than its protein-coding
sequence (2.1 kb). Additionally, there is a cluster of 102 uc-
elements within the 96 kb upstream of the transcription start site
of Bru-3, totaling nearly 18 kb of ultraconserved sequence in the
~220-kb region encompassing this gene.

Although many of the genes with the highest number of
uc-elements are also amongst the longest genes in the Drosophila
genome, there was no general correlation between the length of
the transcription unit and number of associated uc-elements. For
example, the gene encoding SNF4A-y (72 kb) has no uc-elements,
whereas the relatively short gene encoding Glu-RI (11 kb) has 14
uc-elements.

though we cannot rule out the possi- Table 1. Ultraconserved genomic sequences among insects
bility that some of them may overlap Number of uc-elements
unrecognized exons, this distribution .
is similar to that observed for uc- Splice site
elements in vertebrates (Bejerano et Total . . o .
al. 2004). The number of exact Category size (bp) Total ncRNA Intergenic Exonic Y% ibp Intronic
matches of S0 bp between these ge-  p. mel./D. ps.
nomes (based on 76% identity over = 50 bp 1,524,657 23,699 291 14,487 2,070 1037 31% 5814

it ali = 80 bp 293,630 3,076 46 1,854 250 287 32% 639
their alignable sequences) that would =100 98190 841 8 477 83 133 319 140
be expected by random chance is — P ' >

= 150 b 9,234 52 8 11 32 32% 1

105, and the number over 80 bp is = 200 bg 2,362 1 4 7 260/2
0.02, indicating that the vast major- D. mel./A. gam.
ity of these matches have been pre- =50 bp 8,297 126 90 1 30 3 532/0 2
served by purifying selection. In ad- D zmi? /gp s./A. gam 1,238 14 12 ! T87%
dition, the distribution of the .2 56 bF.)p A9 ’ 5,944 87 76 1 7 2 69% 1
matches changes with increasing = 80 bp 1,022 12 1 1 87%

length, with the majority of the long-
est matches located at splice sites.
We examined the Gene Ontol-
ogy (GO) molecular function annota-
tions for the genes harboring exonic,

splice site, and intronic uc-elements,  exon.

The numbers of sequences that are conserved between D. melanogaster (D. mel.) and D. pseudoobscura (D.
ps.), and between these species and A. gambiae (A. gam.) are shown. ncRNA sequences include tRNAs,
snRNAs, snoRNAs, and some unknown noncoding RNAs. Sequences that overlapped an exon were clas-
sified as exonic if they overlapped by at least 95%, and otherwise as “splice site.” % ibp indicates an
average percentage of base pairs located within intron. Intronic sequences do not overlap any annotated
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Table 2. The 10 known genes harboring the largest intronic
ultraconserved sequences between D. melanogaster and D.
pseudoobscura

Size of
uc-element

Gene Molecular function (bp)
RhoGAPp190 Rho GTPase activator activity 160
Awh (Arrowhead) Homeobox transcription factor 144
acjé (abnormal

chemosensory

jump 6) Homeobox transcription factor 144
CG16791 Unknown function 143
caup (caupolican) Homeobox transcription factor 139
sif (still life) Rho guanyl-nucleotide exchange 138

factor activity

CG14521 Immunoglobulin-like protein 134
svp (seven up) COUP transcription factor 134
Ubx (Ultrabithorax) Homeobox transcription factor 132
nAcRalpha-34E (nicotinic

Acetylcholine

Receptor_34E) lon-channel 131
hh (hedgehog) Endopeptidase activity 131

The full list of uc-elements can be found at http://www.imb.uq.edu.au/
groups/mattick/drosophila_uc/.

Several recent studies have demonstrated that a significant
portion of the cis-regulatory modules in Drosophila genomes re-
side within conserved regions (Bergman et al. 2002; Emberly et
al. 2003; Berman et al. 2004). To assess the extent to which tran-
scription-factor binding sites impact on conservation of the se-
quences identified in this study, we compared the manually cu-
rated set of D. melanogaster transcription-factor binding sites
available as the “FlyReg” track on the UCSC genome browser
(Bergman et al. 2004) with our set of uc-elements. We found that
only 19 of the 23,699 uc-sequences longer than 50 bp contain
any “FlyReg” annotation. The small proportion (~0.06%) of overlap
of the two data sets suggests that conservation of these transcrip-
tion-factor binding sites only makes a minor contribution to the
conservation of longer sequences present in the uc-elements data
set.

MicroRNAs (miRNAs) play critical roles in Drosophila devel-
opment and are known to be conserved over large evolutionary
distances (Aravin et al. 2003; Brennecke et al.
2003; Lai et al. 2003). We found that 17 of the
total of 78 miRNAs in the D. melanogaster

al. 1997). The Meis1 gene was originally identified as a proto-
oncogene involved in neoplastic transformation of hematopoi-
etic cells (Moskow et al. 1995). hth orthologs have been also
identified in worms (Van Auken et al. 2002), amphibians (Stee-
man et al. 1997), and mammals (Moskow et al. 1995; Steeman et
al. 1997).

HTH/MEIS proteins have been shown to be involved in sev-
eral key developmental processes during embryonic develop-
ment, including the regulation of nervous system differentiation
in Drosophila (Kurant et al. 1998) and Xenopus (Maeda et al.
2001). Drosophila hth has also been reported to be involved in eye
development (Bessa et al. 2002) and photoreceptor cell-fate de-
termination (Wernet et al. 2003), and the role of HTH/MEIS pro-
teins in limb development has been shown to be evolutionarily
conserved in fruit fly, chicken, and mouse (Mercader et al. 1999).

Analysis of the hth ultraconserved sequence

Alignment of the conserved sequence from the D. melanogaser
hth gene to the orthologous genomic regions from D. pseudoob-
scura and A. gambiae revealed that the 92-bp identical match
between the three insect genomes extends to 186 bp between the
two Drosophila species (Fig. 2A). To gain more information about
the nature and the extent of the observed evolutionary conser-
vation, we searched NCBI Genome Trace Archive for sequence
similarities with the ultraconserved sequence of the D. melano-
gaster hth exon-intron junction against the genomes of other
Drosophila species, and the honey bee (Apis mellifera). We found
that the orthologous sequences from D. simulans and D. yakuba,
which diverged from D. melanogaster ~2.5 and 5 million years
ago, respectively (Powell 1996), have 100% identity with D. me-
lanogaster sequence over a 312 bp genomic fragment (data not
shown).

D. virilis, which diverged from D. melanogaster around 40-60
million years ago (Gaunt and Miles 2002) shows a similar pattern
of conservation to that of D. pseudoobscura, which is separated
from D. melanogaster by ~25-30 million years (Fig. 2A).

Interestingly, both D. virilis and D. pseudoobscura show some
synonymous nucleotide substitutions in the adjacent protein-
coding exon sequence, but do not have any mismatches in the
conserved intronic fragment (Fig. 2A). In A. gambiae, which di-
verged from the Drosophila lineage ~250 million years ago,

Table 3. The 10 genes harboring the largest ultraconserved sequences between D.
melanogaster and D. pseudoobscura overlapping with exons and splice sites

miRNA registry (Griffiths-Jones 2004) are pre-

Molecul Size of uc-
sent in our set of uc-elements =50 bp (Table 4).  Gene fl:)ni:it:;r Location elelrfweer(:t l(j;p)
Two of these miRNA genes are also detectable
in the A. gambiae genome. The presence of para (paralytic) lon channel Splice site (12 ibp) 246
such a large portion of the known miRNA Rd1 (Resistant to dieldriny on <h | EP“C? site (92 ibp) ;zg
: esistant to dieldrin on channe xonic

genes in our ultraconserved data set suggests eag (ether-a-go-go) lon channel Exonic 524
that this approach may also help to identify g4 "(shaker) lon channel Splice site (44 ibp) 216
novel miRNA genes. Splice site (13 ibp) 204

We then examined the sequences that are CZZ}gClh%riog‘tfgc(tqr 2) _ Transcription factor  Splice site (26 ibp) 211

. nAcRalpha- nicotinic

exactly. conserved »between Drosophila and the Acetylcholine Receptor_34E) lon channel Exonic (3" UTR) 209
mosquito A. gambiae (Table 1). The longest se- ¢ (small conductance
quences that are conserved in all three ge- calcium-activated potassium
nomes are located within a snRNA:U6 gene channel) lon channel Exonic _ 203
cluster (85, 88, and 93 bp), and at the intron—  P° (couch potato) RNA binding Spl!ce site (43 !bp) 202

junction of the homothorax (hth) gene (92 slo (slowpoke) lon channel Splice site (25 ibp) 200
exon junc 8 hth (homothorax) Transcription factor  Splice site (149 ibp) 197

bp). The hth gene encodes for a homeodomain

containing protein (Pai et al. 1998), which be-
longs to the MEIS protein family (Steeman et

ibp indicates the number of base pairs located within the intron. The full list of uc-elements can
be found at http://www.imb.uq.edu.au/groups/mattick/drosophila_uc/.
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Table 4. The list of miRNA genes present within the set of
ultraconserved sequences between D. melanogaster and D.
pseudoobscura longer than 50 bp

Length
of the
MicroRNA Genomic location uc-element Reference
dme-mir-125 Downstream of CG10283 113 1
dme-mir-307 Intron of Mmp2 (CG1794) 92 1
dme-mir-9a Intergenic 89 1
dme-mir-100 Downstream of CG10283 86 1
dme-mir-2b-2  Intron of Spi (CG10334) 86 1
dme-mir-2a-2 Intron of Spi (CG10334) 83 1
dme-mir-279 Upstream of CG31044 75 1
dme-mir-280 Intergenic 69 2
dme-mir-iab-4*  Within iab-4 RNA 63 1
dme-bantam Intergenic 59 1
dme-mir-219 Intergenic 59 2
dme-mir-9c* grp intron (CG17161) 58 1
dme-mir-287 Intergenic 55 2
dme-let-7 Intergenic 54 1
dme-mir-277 Downstream of Fmr1 54 1
(CG6203)
dme-mir-289 Intron of bru-3 (CG12478) 53 2
dme-mir-288 Intergenic 50 2

microRNAs marked with an asterisk were also found in the Anopheles
genome. References are (1) Aravin et al. 2003, (2) Lai et al. 2003. The full
list of uc-elements can be found at http://www.imb.uq.edu.au/groups/
mattick/drosophila_uc/.

there are only three nucleotide substitutions over the 138-bp
sequence within the intron. These data clearly indicate that this
intronic sequence is under strong selective constraint, which is
greater than that in the adjacent protein-coding sequence. On
the other hand, despite the fact that we successtully identified a
sequence with a high degree of similarity to the Drosophila hth
protein-coding sequence in the A. mellifera genome, we were un-
able to find any significant similarity in the adjacent intron (Fig.
2A). This observation suggests a tight link between primary se-
quence conservation and the function of this intronic element,
and that this is relevant to the Diptera, but not to the Hymenop-
tera.

One possibility is that the conservation of the intronic se-
quence might be due to formation of a pre-mRNA secondary
structure, which we assessed using the MFOLD 3.1 nucleic acids
structure prediction program (Zuker 2003). The structures pre-
dicted by MFOLD using sequences from D. melanogaster and A.
gambiae are shown in Figure 2B. Interestingly, we found that
nucleotide substitutions present in A. gambiae did not affect the
overall structure prediction, suggesting a compensatory nature of
these mutations. An important observation is that the predicted
RNA hairpin structure includes the donor splice site of the intron
and a small portion of the adjacent exon (Fig. 2B). Extension of
the folding sequence up to 800 nucleotides in either the 5’ or 3’
direction along the gene did not alter the prediction of the pu-
tative hairpin structure, indicating its local thermodynamic sta-
bility. In contrast, no similar or strong secondary structure is
predicted by MFOLD for the orthologous A. mellifera sequence
(data not shown).

Analysis of hth RNA expression

To determine the effect that the putative hairpin structure might
have on hth pre-mRNA splicing at this splice site, we used real-
time PCR to examine different hth RNA splice isoforms (Fig. 3).
To quantify the total transcriptional output from the hth locus,

we designed a pair of primers (tF/tR) spanning two constitutive
coding exons that are present in all known hth RNA transcripts
(Fig. 2C). Another pair of primers (sF/iR) were directed at se-
quences flanking the ultraconserved splice site. The position of
the sF forward primer within the constitutive coding exon en-
sured that sF/iR pair would detect the presence of the conserved
intronic element. As a control for the splicing of the hth mRNAs,
two pairs of primers (sF/sR and cF/cR) were designed to detect the
spliced form of one of the known hth transcripts (Fig. 2C). sF/sR
pair detects a homothorax isoform that terminates at the alter-
native exon 7’ (GenBank accession BT010238), and thus, lacks
the sequence encoding a homeodomain present in other tran-
scripts. cF/cR pair spans across the constitutive exons present in
all other known transcripts (GenBank accessions AF026788,
AF036584, AF035825, and AF0328635) thus providing data of rela-
tive abundance of these transcripts to the total transcriptional
output and the BT010238 transcript.

Previous studies (Rieckhof et al. 1997; Kurant et al. 1998),
have shown that hth RNAs are present in relatively high abun-
dance at early stages of Drosophila development, so we decided to
examine the splicing pattern of the hth transcripts during these
stages. Surprisingly, we found that hth transcripts that retained
the conserved intronic element constitute the majority of the
total hth RNA pool (Fig. 3). Intron-retained hth RNAs were at least
10 times more abundant than any of the previously recorded hth
transcripts, which were difficult to detect in Northerns, but were
quantifiable by PCR.

These data led us to conclude that the putative hairpin
structure present in the hth pre-mRNA transcripts could be in-
volved in the regulation of hth splicing by blocking the donor
splice site and causing intron retention. To explore this hypoth-
esis further, we performed Northern blot hybridization using
exon- and intron-specific DNA probes (Fig. 2C). A membrane
hybridized with 3?P-labeled intron-specific probe (probe II) is
shown in the Figure 4A. Two major bands of ~4.5 and 7.5 kb were
detected using this probe. The same hybridization pattern was
observed after stripping the membrane and reprobing it with the
exon-specific probe I (Fig. 4B). Remarkably, both of the detected
bands were longer than any of the known spliced hth transcripts
(Supplemental Table 2). Together, these results strongly indicate
that the retained intron is present in the majority of hth steady-
state RNAs.

Discussion

The results shown here indicate that highly conserved noncod-
ing sequences also occur in insect genomes, although they are
smaller and fewer in number than those observed in vertebrates
(Bejerano et al. 2004). It should be noted however, that while the
divergence time between D. melanogaster and D. pseudoobscura is
less than that between humans and rodents, and the divergence
time between Drosophila/Anopheles is similar to that between
mammals and birds, analysis of the Drosophila and Anopheles ge-
nomes has revealed that these two insects have diverged signifi-
cantly faster than vertebrates, presumably due to a greater num-
ber of generations and differential substitution rates (Waterston
et al. 2002; Zdobnov et al. 2002). This may account, at least in
part, for the existence of fewer sequences conserved between
them. Nevertheless, as with the mammalian genomes (Bejerano
et al. 2004), we found biases between different classes of the
uc-elements and their GO annotation. Similarly to mammalian
uc-elements, the Drosophila intronic and intergenic uc-elements
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1

A mel. GTACACGAGTTATGCGATALCTTCTGTCATCGGTATATATCGTGTTTAAAGGGTAALATGCCAATAGATTTAGTGATCGACGAACGGGACACCACCARLAC
PS. GTACACGAACTGTGCGACAACTTCTGTCACCGCTATATATCGTGTTTAAARGGGTAARATGCCAATAGATTTAGTGATCGACGAACGGGACACCACCALAC
Vir. GTGCATGAACTATGCGATAATTTCTGTCATCGATATATCTCATGTTTAAAGGGTARAATGCCAATAGATTTAGTGATTGACGAACGGGACACCACCALLC
gam. GTGCATGAACTGTG TGATAATTT TIGCCATCGATATATATCGTGTTTAAAGGGTAARATGCCAATAGATTTAGTGATTGACGAACGGGACACCACCALAC
mel. GTGCACGAATTGTGCGACALCTTCTGCCACCGGTAC ATCAGCTGCTTGAAGGGGAARATGCCTATAGACCTAGTGATCGACGAC AGAGAGAGCTCGALAC

Y

mel. CACCGGAGTTGGG—-——--ATCGGCGRACGGAGAAGGGCGCAGCAACGCCGACTCCACATCGCACACCGATGGAGCTAGTACACCAGACGT Tat gagt ac
ps. CACCAGRACTCGG—— —TTCGGCAAATGGTGAGGGACGGAGTAACGCCGACTCCACATCGCACACCGATGGAGCTAGTACACCAGACGT Tyt gagt ac
vir. CACCAGAATTAGG—- ~TTCAGCAAATGGTGAAGGAAGAAGTAATGCCGATTC AACATCGCACACCGATGGAGCTAGTACACCAGACGT Tyt gagt ac
gam. CACCAGRATTAGG————-—CGGTGCCAATGGCGAGGGTAGAAGTAATGC AGATTC AACATCGCATAC TGATGGAGCTAGCACACCAGACGT Tt gagt ac
mel. CGCCCGAGATGGGGAACGGTTTEGACGGTGGCGGGC CGAGGAGCACCGCGGACAGCACCAGCCACACGGACGGAGC MAGCACGCCGGACGT Cytgagt ac

mel. ceccettegogggagecacatggtectatat tgyogagetacaatgeggt gotgeaccecatgt togtagtacgataacgacet tot tgraaaaasgaagc oy
psS. ccccttegogggagcacatggtectatattgycgagetacaatgeggt ggtgeaccoatgttogtagtacgatancy oLty gaagcgy
vir. ccecttogogggagoacatggtectatat tgycgagetacaatgcyggtggtgcaccoatgticgtagtacgataacgacct et tgrasaaacgaagcyy
gam. ccoot tegegygagcac atggtectatat tyycgagctacaatycyot got gracceatyt tegtagtacgac tat gRc Ct Lot totasnaac gaagc oy
mel. cteaccategtogtottattatesgracyacgcgat Cactecctaccat CacCactaccaccatcac caccatcaccaccagagccagaacaataatasc

mel. gtgetcacaatgecetygyattaaatygaat 338
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Figure 2. (A) Alignment of five orthologous fragments of the hth gene from various insects. The species are Drosophila melanogaster (D. mel.),
Drosophila pseudoobscura (D. ps.), Drosophila virilis (D. vir.), Anopheles gambiae (A. gam.), and Apis melifera (A. mel.). The conserved intronic sequence
is shown in lowercase; uppercase represents the adjacent constitutive exon 6. The donor splice-site consensus is underlined. Black arrowheads show the
start and end of the predicted hairpin fold region in the first four species. (B) RNA hairpin structures of the highly conserved intronic sequence predicted
by MFOLD 3.1. The donor splice-site consensus is marked by the bracket. Splice-site positions are indicated by black arrowheads. Open arrows show
substituted nucleotides in the A. gambiae sequence. (C) Splicing diagram of the hth gene (not shown to scale). Gray and white boxes represent
protein-coding and noncoding exons, respectively. Straight lines connect constitutively spliced exons. Angled lines show sites of alternative splicing. The
transcript BT010238 terminates at the exon 7’. Positions of primers used in real-time PCR are indicated by arrows. The fragment amplified by tF/tR
(HTH-t) primer pair is present in all hth RNA transcripts, and thus, detects total transcriptional output of the hth gene. The fragment amplified by sF/sR
(HTH-s) primer pair detects the presence of spliced hth mRNA (GenBank accession BT010238). The fragment amplified by sF/iR (HTH-i) primer pair spans
the border of the constitutive exon and the adjacent intron, and thus detects the presence of intron-retained hth RNA isoforms. A fragment amplified
by cF/cR (HTH-c) primer pair is present in all hth RNA transcripts except BT010238, and thus, detects abundance of the remaining hth transcripts. The
enlarged portion of the diagram shows the position of the ultraconserved element (thick black line) and the location of DNA probes used in RNA-blot
hybridization.

are enriched for genes with GO terms related to transcription
factor activity, and thus, we suggest that they are likely to be a
general feature of the genetic programming of the ontogeny of
complex organisms via as-yet-unknown mechanisms. Given this
prediction, these elements should be less abundant in the sim-
pler metazoa. Indeed, this is the case in nematodes where con-
served sequences occur mainly in exons, with no significant bias
toward regulatory proteins (M. Pheasant and J.S. Mattick, un-
publ.).

A functional bias in the GO annotation is also present in the
uc-elements overlapping exons and splice sites, although it is
different between vertebrate and insect genomes. In mammalian
genomes, this class is enriched for RNA-binding GO terms
(Bejerano et al. 2004), whereas in insects, it has significant over-
representation of ion channel/transporter activity annotations.

Moreover, this class includes the longest uc-elements in insects.
As noted above, we found that seven of the 10 genes associated
with the longest uc-elements encode ion channels/transporter
proteins (Table 3), six of which undergo extensive RNA editing
(Hanrahan et al. 2000; Hoopengardner et al. 2003). The latter
may partly explain the high level of conservation in this class of
uc-elements, as RNA adenosine deaminases (ADARs) require the
presence of double-stranded RNA as a substrate (Bass 2002). Thus,
a strong selection constraint may apply to the primary RNA se-
quence involved in intramolecular duplex formation that can be
appropriately recognized by ADARs. Conservation of secondary
structure is also important for miRNA precursor processing (Denli
et al. 2004).

Similarly, the high level of conservation of the intronic se-
quence in the homothorax gene is likely due to selective pressure
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Figure 3. Relative quantification of hth splice variants by real-time PCR.
The diagram shows the relative quantification of hth mRNA splice vari-
ants. Black bars represent relative abundance of the HTH-t amplicon,
reflecting total transcriptional output from the hth gene. Relative abun-
dance of the intron-retained and spliced BT010238 transcripts is shown
as white and dark-gray bars, respectively. Light-gray bars demonstrate
the relative abundance of the other known RNA isoforms detected by the
cF/cR primer pair. Mean and standard deviation were calculated based on
six independent values obtained in two experiments performed in tripli-
cate. Note, the abscissa is a log scale.

to maintain putative RNA secondary structure around the donor
splice site, in this case, apparently to regulate splicing rather than
RNA editing. However, since the processes of alternative splice-
site selection and RNA editing can be closely related (Bass 2002),
we cannot rule out the possibility of RNA editing in the homo-
thorax gene, although we did not detect any A-to-G substitution
around the conserved splice site in the sequenced hth cDNAs
prepared from mixed stage embryos (data not shown). In the
honey bee, the function of the RNA hairpin structure appears to
have been lost (or was not present in the common ancestor of the
Diptera and the Hymenoptera), since the nucleotide sequence of
the orthologous intronic fragment has diverged, except for a few
nucleotides representing the donor splice site consensus (Weir
and Rice 2004; Fig. 2A).

A role for secondary structure in pre-mRNA splicing was first
proposed almost 20 years ago (Solnick 1985). However, artifi-
cially introduced secondary structures were examined in that
study, and despite the success of these proof-of-concept experi-
ments, their biological relevance has remained uncertain. Due to
the fact that systematic identification of RNA secondary struc-
tures was and still is a challenging task, there have been relatively
few studies addressing this issue. Goguel et al. (1993) have shown
that in yeast, even a 6-bp long hairpin structure inserted at the 5’
splice site could reduce splicing efficiency, while insertion of a
15-bp long hairpin structure led to almost complete inhibition of
splicing. These authors showed that sequestration of splicing oc-
curs at the early stage of U1l ribonucleoprotein complex assem-
bly. The first example of an effect of a naturally occurring intra-
molecular RNA duplex on pre-mRNA splicing efficiency was
demonstrated by Blanchette and Chabot (1997), who showed
that an 84-nucleotide duplex-forming region covering the 5’
splice site decreases splicing efficiency and is associated with a
reduction in the assembly of Ul-dependent spliceosomal com-
plex.

By comparison, the putative hairpin structure identified in
our study covers 135 nucleotides, 96 of which are paired, sug-
gesting that a similar mechanism is used in the homothorax tran-
scripts, in that the thermodynamically stable hairpin structure
predicted to be formed around the donor splice site would block
access of the Ul RNP complex assembly, resulting in intron re-

tention. The intron-retained hth transcripts constitute the major-
ity of the total hth steady-state RNA pool during Drosophila em-
bryogenesis.

Considering the abundance of the intron-retained tran-
scripts, we were surprised that their existence has not been re-
ported previously. Analysis of the published studies on hth ex-
pression has led us to the following observations. The hth mRNA
expression data are largely derived from in situ hybridization
experiments, which utilized various nucleic acid probes (Rieck-
hof et al. 1997; Kurant et al. 1998; Inoue et al. 2002; Prpic and
Tautz 2003), usually directed against the coding part of the hth
transcript. This means that while providing valuable information
about the pattern of expression of the homothorax gene, the in
situ hybridization experiments did not distinguish between al-
ternatively spliced or/and intron-retained transcripts. Interest-
ingly, Kurant et al. (1998) have published an RNA-blot hybrid-
ization similar to the one presented in the Figure 4. As in our
experiment, two major hth transcripts of ~4.0-4.5 kb and 6.0-6.5
kb were detected (Kurant et al. 1998). However, the authors did
not comment on why the detected transcripts appeared to be
substantially longer than expected from the length of the known
hth cDNAs. Based on our RNA-blot hybridization data, we suggest
that the transcripts detected in the work of Kurant et al. (1998)
are the same as those shown in Figure 4. The discrepancy in
length between known hth cDNA clones and the observed length
of the hybridized bands can be explained by the presence of an
1869-bp long retained intron in these transcripts. Thus, we con-
clude that intron retention is a key component of the regulation
hth splicing in vivo.

A similar role of pre-mRNA secondary structure affecting
splicing has been found for the 3’ acceptor spice site in other
genes (Coleman and Roesser 1998; Hefferon et al. 2004). Block-

o
R O ol ©
I 10 ) -
L ri] it w

Figure 4. Expression analysis hth transcripts. (A,B) RNA-blot hybridiza-
tions of 10 pg of total RNA prepared from several stages of Drosophila
development. The stages of embryo development are indicated as fol-
lows: 2-3 h post-laying (E2-E3), 5-6 h post-laying (E5-E6), 9-12 h post-
laying (E9-E12), 18 h post-laying (E18), first instar larvae (L1), and third
instar larvae (L3). (A) A membrane hybridized with the intron-specific
probe Il. (B) The same membrane hybridized with the exon-specific
probe | after stripping. The positions of 0.24-9.5 kb RNA Ladder bands
are indicated on the right. (C) shows a photograph of the ethidium bro-
mide-stained gel with Drosophila ribosomal RNAs.
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ing the acceptor splice site via intramolecular duplex formation
caused skipping of the subsequent exon in rat Calcitonin/CGRP
(Coleman and Roesser 1998) and human CFTR RNA transcripts
(Hefferon et al. 2004). Interestingly, in the latter case, a degree of
secondary structure seemed to be needed for proper splice-site
selection, as removal of the whole duplex-forming region also
caused exon skipping. Duplex and/or secondary structure forma-
tion inside of an intron has been shown to be important for
mutually exclusive exon selection in fibroblast growth factor re-
ceptor 2 (Muh et al. 2002; Baraniak et al. 2003), as well as for
exon inclusion in mouse and human fibronectin (Buratti et al.
2004) and YLS8A yeast transcripts (Howe and Ares 1997). In ad-
dition, two recently published studies on a genome-wide scale
have demonstrated that intron retention is common (Galante et
al. 2004; Ner-Gaon et al. 2004). Another comparative genomic
study has shown that alternative splicing is often associated with
a high level of nucleotide sequence conservation (Philipps et al.
2004). Pre-mRNA secondary structure formation seems to play a
vital role in regulation of gene expression by influencing the
exon composition of the spliced mRNA via splice-site selection
and by controlling the level of functional mRNA via intron re-
tention. Although some generality in these mechanisms is be-
coming evident the molecular nature of the involved compo-
nents, and how these secondary structures may be resolved to
allow productive splicing for protein synthesis, remains to be
determined.

Methods

Identification of ultraconserved elements

A mirror of the UCSC genome browser and database (Kent et al.
2002; Karolchik et al. 2003; http://genome.ucsc.edu/) was created
with the D. melanogaster Release 3.2 genome sequence and an-
notations (dm1, March 2004) (Celniker and Rubin 2003; Gelbart
et al. 2003), the D. pseudoobscura genome assembly (dp2, August
2003) (http://www.hgsc.bcm.tmc.edu/projects/drosophila/) (Ri-
chards et al. 2005), and the Anopheles gambiae MOZ2 draft ge-
nome sequence (anoGaml, February 2003) (Holt et al. 2002).
Pairwise “AXT” (Kent et al. 2003) alignments for dm1/dp2 and
dm1/anoGam1 were scanned to identify 100% conserved re-
gions. The fraction of uc-elements annotated as coding, intronic,
and intergenic were determined using the UCSC “BDGP Genes”
and “RefSeq” data (Pruitt and Maglott 2001; Karolchik et al.
2003).

Percent identity of alignable regions between genomes was
calculated using the “axtAndBed” and “axtCalcMatrix” (Karol-
chik et al. 2003) programs.

The calculation of expected number of the uc-elements was
performed as follows. First, we calculated the fractional identity
(Base Id) of the alignable sequence between D. melanogaster and
D. pseudoobscura genomes as the total number of aligned identi-
cal bases/total number of aligned identical bases + total number
of aligned substituted bases. Then, the expected number of uc-
elements of length L = N; = Genome Length X (Base Id)".

Accession numbers

The FlyBase accession number of the Drosophila homothorax gene
is CG17117. The Ensembl (http://www.ensembl.org/) accession
number of the homothorax othologous gene in Anopheles gambiae
is ENSANGG00000022368. The Ensembl accession number
of the orthologous homothorax gene in Apis mellifera is
ENSAPMGO00000006561. The NCBI Trace Archive (http://www.

ncbi.nlm.nih.gov/Traces/trace.cgi?) accession number of the
Drosophila virilis trace used in sequence alignment is
ti_471898326.

Gene Ontology enrichment and P-values

Gene Ontology (GO) annotations were taken from the UCSC GO
database (June 2004) (Camon et al. 2004; Harris et al. 2004).
FlyBase (Gelbart et al. 2003) gene identifiers were used to make
sure a gene was counted only once where there were multiple
transcript isoforms. A Perl script and SQL code (M. Pheasant,
unpubl.) were created to calculate enrichment of GO terms and
“Fisher’s Exact” P-values against a background of all GO anno-
tated FlyBase identifiers in the UCSC Known Genes database. For
significance, we required at least twofold enrichment, P < 10~ '°,
and at least 10 associated FlyBase genes in the uc-elements
sample.

Drosophila embryo collection

D. melanogaster Oregon Red wild-type flies were used in all experi-
ments. Flies were reared on a standard cornmeal diet (Sigma) at
25°C with a 12-h light/12-h dark cycle. Embryos were collected
using standard procedures for synchronized development
(Rothwell and Sullivan 2000). In brief, flies were transferred to
the embryo collection bottles and were allowed to lay eggs on
apple juice medium for 40 min. The first two batches of eggs were
discarded to ensure that all laid eggs were synchronous. The laid
eggs were incubated at 25°C for variable times. After the incuba-
tion period, embryos were harvested, snap frozen in the liquid
nitrogen, and subsequently stored at —80°C until RNA extrac-
tion.

RNA isolation and cDNA synthesis

Total RNA was extracted from several developmental stages of
Drosophila embryos using TRIZOL reagent (Invitrogen) following
the manufacturer’s protocol. The RNA concentration and purity
were determined photometrically by measuring absorbance at
260 nm and A260/A280 ratio (Smart-Spec 3000, BioRad). For
cDNA synthesis, 1 pg of total RNA was treated with DNase I (In-
vitrogen) and then utilized as a template for randomly primed
reverse transcription using Omniscript Reverse Transcriptase Kit
(QIAGEN), according to the manufacturer’s instructions. The re-
sulting cDNA was diluted 1:25 (v/v) with nuclease-free water. A
total of 5 pL of the cDNA was used as a template for quantitative
real-time PCR.

Quantitative real-time PCR

Relative abundance of different splice isoforms of the hth RNA
transcripts was determined by real-time PCR using SYBR Green
RCR Master Mix (Applied Biosystems) according to manufac-
ture’s protocol. The PCR amplification was performed on the ABI
PRISM 7700 sequence-detection system (Applied Biosystems) in a
final volume of 25 pL using standard cycling parameters (2 min,
50°C; 10 min, 95°C; 30 sec, 95°C; 1 min 60°C, with the latter two
steps repeated for 45 times). Primers for the real-time PCR reac-
tion were designed using Vector NTI 9.0 software package (Invit-
rogen), following primer design guidelines given in the SYBR
green PCR Master Mix and RT-PCR protocol (Applied Biosys-
tems). The melting temperatures of all primers were between 58
and 62°C. All primers were purchased from Proligo (Proligo Aus-
tralia Pty Ltd).

The primers used for detection of total transcriptional out-
put from the hth locus were as follows:

tF §'-TCATGTATCGCCGGTCGGTAATCA-3’;
tR §'-CAAAAGCGGGAATAGCGGATGTT-3".
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The primers used for detection of the spliced hth transcript
BT010238 were as follows:

sF 5'-GCAGCAACGCCGACTCCACA-3';
SR §'-GCATAGGTCTCCTCCAGCGGTGA-3'.

The reverse primer used in combination with the sF to detect
intron-retained hth transcripts was as follows:

iR 5'-GGGTGCACCACCGCATTGTA-3'.

The primers used for detection of transcriptional output from the
hth locus excluding BT010238 transcript were as follows:

cF-5'-CCGGCGATTGTATTCCTCAGTCTT-3';
cR-5'-CCTCTCCACTTCCTATGCTGGCATT-3".

Primers for the 18S ribosomal RNA were as follows:

18S-F 5'-CTTATGGGACATGTGCTTTTATTAGGCTAA-3’;
18S-R 5'-AAAGTTGATAGGGCAGACATTTGAAAGA-3'.

The final optimized concentration of primers was 100 nM for hth
amplicons and 300 nM for 18S ribosomal RNA amplicon, which
was used as an endogenous control and normalization standard.
The absence of inter- and/or intramolecular duplex formation
between primers was confirmed in a control real-time PCR reac-
tion lacking template. Relative quantification was performed as
described in ABI Prism 7700 Sequence Detection System User
Bulletin #2 (Applied Biosystems) according to Comparative C;
Method. In brief, threshold cycle (C;) values of experimental
samples were normalized to corresponding C values of the 18S
ribosomal RNA control, and then quantified relative to the
sample with the maximal C; value (calibrator). All real-time PCR
reactions were done in triplicates. The results were confirmed in
two independent experiments.

Northern blot hybridization

For RNA-blot hybridization, 10 pg of total RNA was loaded onto
an 0.8% (w/v) denaturing agarose gel containing 50% (v/v) of
formaldehyde. After electrophoretic separation, RNA was trans-
ferred on a Hybond* membrane (Amersham Life Sciences). Blot-
ted RNA was UV cross-linked to the membrane using a Stra-
talinker 1800 apparatus (Stratagene). Random primed *?P-labeled
DNA probes were prepared as follows. DNA fragments were la-
beled with [a-*?P]dCTP (3000 Ci/mmol, Perkin Elmer) using a
rediprime-II random prime labeling system (Amersham Pharma-
cia). Unincorporated nucleotides were removed using a Micro-
Spin G-50 Column (Amersham Pharmacia) according to the
manufacturer’s instructions. Hybridization was carried out using
ULTRAhyb hybridization buffer (Ambion) according to manufac-
ture’s recommendations.

Primers used for amplification of DNA probe fragments were
as follows:

Probe I: PI-F 5'-GCAGGTACACGAGTTATGCGATAA-3';
PI-R 5'-GTCTGGTGTACTAGCTCCATCGGT-3’;

Probe II: PII-F 5'-GTGAGTACCCCCTTCGCGGGAGCAC-3;
PII-R 5'-ACAGTGTGCAGCAACATTCATTTC-3'.

After post-hybridization washes, membranes were exposed to a
Phosphorlmager screen (Amersham Pharmacia). The probe was
removed by pouring boiling 0.5% (w/v) SDS onto the membrane
and letting it cool to room temperature.
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