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The fact that promoters are essential for the function of all genes presents the basis of the general idea that
retrotranspositions give rise to processed pseudogenes. However, recent studies have demonstrated that some
retrotransposed genes are transcriptionally active. Because promoters are not thought to be retrotransposed along with
exonic sequences, these transcriptionally active genes must have acquired a functional promoter by mechanisms that are
yet to be determined. Hence, comparison between a retrotransposed gene and its source gene appears to provide a unique
opportunity to investigate the promoter creation for a new gene. Here, we identified 29 gene pairs in the human genome,
consisting of a functional retrotransposed gene and its parental gene, and compared their respective promoters. In more
than half of these cases, we unexpectedly found that a large part of the core promoter had been transcribed, reverse
transcribed, and then integrated to be operative at the transposed locus. This observation can be ascribed to the recent
discovery that transcription start sites tend to be interspersed rather than situated at 1 specific site. This propensity could
confer retrotransposability to promoters per se. Accordingly, the retrotransposability can explain the genesis of some
alternative promoters.

Introduction

Retrotransposition is the molecular mechanism that
leads to the formation of processed pseudogenes in ge-
nomes of a wide range of species. In the process of retro-
transposition, a spliced mRNA is first reverse transcribed to
cDNA by endogenous reverse transcriptase activity, which
could be provided by LINE-1 in mammals, and randomly
inserted into a certain chromosomal region. Although sev-
eral possibilities have been proposed for the machinery in-
volved in this phenomenon, a decisive model has yet to be
demonstrated (Lewin 1983; Sharp 1983; Vanin 1985). For
instance, a single-stranded cDNA containing a poly(T)
head could be integrated via the hybridizing a poly(A) tract
in genomes. Subsequently, the DNA repair system might
synthesize the second strand to complete the double strand.
In any case, because transcription initiates downstream
from a core promoter region, the promoter is not thought
to be transcribed; hence, retrotransposed genes are gener-
ally transcriptionally inactive. In addition, the decreased
functional restraint means that these genes tend to accumu-
late mutations, thus becoming pseudogenes. A number of
studies have focused on these pseudogenes (Zheng et al.
2007) and on retroelements such as Alu and LINE-1 (Sellis
et al. 2007) in an attempt to determine their implication in
molecular evolution (Nouvel 1994; Yu et al. 2007).

It has been shown that the retroduplication of genes
can also generate new functional genes (Soares et al.
1985; Marques et al. 2005), as seen in segmental duplica-
tion (Bailey et al. 2002; Cheung et al. 2003; Ward and
Thornton 2007). Whereas almost all retrotransposition
events presumably result in processed pseudogenes or
are negatively selected, some of them must somehow result
in the acquisition of a new active promoter. One such ex-
ample is the human KLF14 gene, which encodes a member
of the Krüppel-like family of transcription factors (Parker-
Katiraee et al. 2007). It has been suggested that retrotrans-
position of the KLF16 gene posterior to the divergence

between eutherians and marsupials gave rise to this intron-
less gene. Its exclusive expression from the maternal allele
has been demonstrated in both human and mouse, suggest-
ing that the retrotransposed gene is undoubtedly tran-
scribed. Incidentally, it has also been suggested that
retrotransposition can cause distinctive gene expression
such as genomic imprinting (Yoder et al. 1997; Suzuki
et al. 2007).

To advance our knowledge of the evolutionary con-
struction of promoters, it is therefore crucial to assess the
degree of acquisition of regulatory sequences by retrodupli-
cated genes. A chimeric structure between a pre-existing
gene and part of the transposed coding sequence is often
found in retrotransposed genes (Long et al. 2003). Although
this seems to be a predominant mechanism for promoter
acquisition, in the present study, we sought to probe for
other possible processes that might explain the observations
described above. To this end, we set out to stringently iden-
tify plausible gene pairs consisting of a retrotransposed
gene and its source gene. LINE-1 was documented to be
transcribed from its internal promoter by RNA polymerase
III (Kurose et al. 1995). The present study was restricted to
RNA polymerase II promoters by using a 5# cap–dependent
method. After comparing the promoter regions of the se-
lected gene pairs with reference to our database of transcrip-
tion start sites (DBTSS; Yamashita et al. 2006), we
unexpectedly observed that core promoters are occasionally
transcribed along with their downstream exonic sequences.
This observation can be ascribed to the fact that the loca-
tions of transcription start sites (TSSs) fluctuate to some ex-
tent in most genes (Suzuki et al. 2001; Frith et al. 2008). If
a TSS upstream of the promoter region is used, a large part
of the core promoter may be transcribed. This idea could be
extended to the speculation that promoters per se have ret-
rotransposability, which might also explain the genesis of
alternative promoters at unrelated or distinct loci.

Materials and Methods
Identification of the 29 Gene Pairs

From 24,837 human RefSeq entries (September
2007), intronless genes and intron-containing genes were
selected to construct a BLASTN query set and the database,
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respectively. As described in Results and Discussion, his-
tone cluster genes, keratin-associated protein genes, proto-
cadherin genes, taste receptor genes, olfactory receptor
genes, and other G protein–coupled receptor genes were
precluded from analysis. As a result, 631 intronless genes
and 23,599 other genes were selected as the candidates for
retrotransposed genes and their source genes, respectively.
The BLASTN searchwas performedwith ‘‘-F F -e 0.01 -S 1’’
options. After selecting alignments whose scores were no
less than 500, we obtained 137 hits, which contain redun-
dancy. Manual curation finally organized these into the
29 gene pairs. Standard criteria (Gardiner-Garden and
Frommer 1987) were used to determine whether each gene
contains a CpG island.

Search of All Human cDNA Sequences for Similarity to
Unrelated Promoters

To find promoters that might be generated by a retro-
transposition of an unrelated gene, we performed a BLASTN
search using a database consisting of all human RefSeq
genes. From the DBTSS site, 32,122 promoter sequences,
including alternative promoters, were obtained for all hu-
man genes and used as the query set. The length of each
sequence was 301 bp, including region 100 bp upstream
and 200 bp downstream of the representative TSSs de-
fined in DBTSS. We selected hits whose aligned length
and sequence identity (found by BLASTN search, see below)
were above 100 bp and 80%, respectively. Self-hits were
also removed. Finally, those hits whose subjects contain
exon junctions or a polyadenylation site were accepted
for analysis.

Sequence Alignments

Final sequence alignments between 2 paralogous se-
quences were performed using ClustalW 1.83 (Thompson
et al. 1994). The sequence similarity between the
LDHAL6B and DKFZp686H1233 promoters were iden-
tified by BLAT (Kent 2002), available on the UCSC
Web site.

Results and Discussion

Retrotranspositions are particularly commonly ob-
served in mammalian genomes (Zhang et al. 2004; Marques
et al. 2005). To further investigate this phenomenon and to
utilize the DBTSS based on the oligo-capping method
(Maruyama and Sugano 1994), we decided to analyze
the human genome to identify gene pairs consisting of
a transcriptionally active retrotransposed gene and its
source gene. As a nonredundant protein-coding gene set,
we employed NCBI RefSeq (Pruitt et al. 2007) mRNAs
whose accession numbers begin with ‘‘NM_’’. We under-
took a strategy in which genes that appeared likely candi-
dates for retrotransposed genes were searched against
a database of the nonredundant gene set to identify their
parental genetic entities.

Among the RefSeq mRNA data set (24,837 sequen-
ces), intronless genes (1,242 genes) are good candidates
for having undergone retrotransposition. Although genes
that have few introns could also be considered as retrotrans-
posed genes (Soares et al. 1985), they might have arisen
from the chimeric rearrangements mentioned above. Be-
cause we intended to exclusively study promoter creation,
only intronless genes were taken into account. In addition,
intronless gene could in turn be a source of additional retro-
transposed genes. In this case, however, it becomes quite
difficult to distinguish these entities from those resulting
from segmental duplications, in which promoters are often
copied along with the transcribed region. To ensure that the
events studied there are indeed retrotranspositions, intron-
less genes were excluded as candidates for source genes.
Furthermore, some classes of gene families, for example,
olfactory receptor genes, tend to be highly clustered in cer-
tain chromosomal regions by segmental duplication. These
genes were therefore also excluded from our study (see
Materials and Methods for details) to simplify the analysis
and improve its reliability.

A total of 137 gene pairswere obtained fromaBLASTN
search (Altschul et al. 1997) consisting of 631 queries
against 23,599 subjects, using conservative criteria (see
Materials and Methods). These pairs included a number
of hits among mRNAs transcribed from the same locus
due to alternative splicing or usage of alternative promoters.
Moreover, the expression of certain intronless genes is un-
certain because their transcription cannot be confirmed
by the detection of splicing. We therefore defined transcrip-
tionally active genes, in addition to accreditation by
RefSeq, as genes that are supported by at least 1 oligo-
capped clone (Yamashita et al. 2006). In the database,
an expressed sequence tags (EST) that cannot be mapped
to a single locus due to the existence of extensive genomic
sequence similarity is discarded to maintain the reliability
of the information. We finally compiled a list of 29 gene
pairs that have undergone retrotransposition and that are
likely to have generated transcriptionally active retrocopies
in the human genome (table 1).

To investigate the core promoter architecture of retrodu-
plicated genes, we then sought to align the genomic sequen-
ces between the gene counterparts. The promoters were first
compared. If they were not aligned, the promoter of the retro-
transposed gene was compared with the protein-coding se-
quence (CDS) of its source gene. If they still did not align,
we then searched the human genome for sequences similar
to the core promoters of retrotransposed genes, in an attempt
to determine their origin. For the purpose of this study, we
loosely define a core promoter as a relatively short region sur-
rounding a cluster of TSSs, which is essential for recruitment
of the transcription complex and the initiation of transcription.
The 29 gene pairs were readily grouped into 1 of 4 categories
based on the way in which the new copies acquired their
promoters: I) the promoter of the source gene was transcribed,
reverse transcribed, and integrated along with its downstream
exonic region, thus becoming the new promoter; II) part of
the CDS of the source gene became the new promoter; III)
a promoter of an unrelated gene was copied and became
the new promoter; and IV) acquisition of the new promoter
could not be explained by sequence similarity (table 1).

1232 Okamura and Nakai



A genomic sequence alignment of PABPC1 and
PABPC3 (No. 10 in table 1)—2 genes that code for a
poly(A)-binding protein—is shown as an example of acqui-
sition type I (fig. 1). The intronless PABPC3 gene is thought
to have retrotransposed from the PABPC1 locus, which
contains more than 10 introns. Amino acid sequence iden-
tity and similarity between the 2 are 92% and 97%, respec-
tively. TSSs identified on the basis of oligo-capped clones
are shaded in the figure 1. For both genes, TSSs are inter-
spersed around promoter regions and even into protein-
coding regions, as indicated by boxes. A similar scattered
distribution of TSSs is observed in all genes classified into
this category. Sequence alignments of other pairs can be
seen in supplementary figure S1 (Supplementary Material
online). These data, as well as the frequency of each TSS,
can be retrieved from the DBTSS Web site (http://
dbtss.hgc.jp).

Conventionally, transcription of a gene has been be-
lieved to start at a specific site located at the most upstream
position of the transcript (fig. 2). To determine the total
length and TSS of a given cDNA, researchers typically em-
ploy techniques such as RACE, among others. Because
truncated cDNA fragments are common, shorter clones
are not generally considered as full-length cDNAs; how-
ever, the accumulation of full-length cDNA clones by
methods that recognize 5# cap structure demonstrates that
TSSs for a single gene exhibit a scattered distribution

around its promoter region (Suzuki et al. 2001; Carninci
et al. 2006; Frith et al. 2008) rather than being situated
at a single fixed site (Hampsey 1998). As seen in the case
of PABPC1 and PABPC3, such broad TSS regions were
notably observed in the source and retrotransposed gene
sets; averages of standard deviations were determined to
be 66 and 108 bp, respectively.

For the PABPC3 gene, 49 oligo-capped clones are de-
posited in DBTSS and mapped to show each TSS. The Re-
fSeq data entry of PABPC3 assumes the most upstream TSS
reported in DBTSS (9 sites are shown in fig. 1) as the work-
ing TSS of the gene, implying that the region from this
site to the first methionine codon is its 5# untranslated re-
gion (UTR). Beyond this 5# UTR, the upstream genomic
sequences are highly conserved between PABPC1 and
PABPC3, and there are a number of TSSs for PABPC1
(fig. 1). However, the most frequently used TSS, endorsed
by RefSeq, is located in a region further upstream where the
2 genomic sequences are no more aligned (85 bp upstream
from the region shown in fig. 1). Although the integration
boundary is unclear in some cases, it is likely that the retro-
transposed fragment was transcribed from a TSS that re-
sided in more upstream promoter region. A large part of
the core promoter of the source gene, that is, PABPC3, ap-
pears to have been transcribed, reverse transcribed, and then
integrated. Despite the high degree of observed sequence
similarity, all the TSSs of PABPC1 and PABPC3 except

Table 1
Gene Pairs Consisting of a Retrotransposed Gene and Its Source Gene

No.
Acquisition

Type

Source Gene Retrotransposed Gene

Name
Accession

No.
Chromosomal

Location
Number of
Clonesa Name

Accession
No.

Chromosomal
Location

Number of
Clonesa

1 I CTAGE5 NM_005930 14q13 21 CTAGE6 NM_001008747 7q35 1
2 I GK NM_000167 Xp21 26 GK2b NM_033214 4q13 43
3 I GLUDI NM_005271 10q23 32 GLUD2 NM_012084 Xq24 13
4 I GSPTI NM_002094 16p13 32 GSPT2 NM_018094 Xp11 102
5 I GUSB NM_000181 7q21 194 LOC441046 NM_001011539 4q31 2
6 I H3F3B NM_005324 17q25 122 LOC440093 NM_001013699 12p11 1
7 I HMGB1 NM_002128 13q12 90 HMG1L1b NM_001008735 20q13 20
8 I MORF4L1 NM_006791 14q24 154 MORF4b NM_006792 4q33 13
9 I NACA NM_005594 12q23 178 NACA2 NM_199290 17q23 1
10 I PABPC1 NM_002568 8q22 266 PABPC3 NM_030979 13q12 49
11 I PAPOLA NM_032632 14q32 126 PAPOLB NM_020144 7p22 18
12 I PDHA1 NM_000284 Xp22 135 PDHA2 NM_005390 4q22 1
13 I RAB6A NM_002869 11q13 304 RAB6C NM_032144 2q21 4
14 I RPL10 NM_006013 Xq28 207 RPL10L NM_080746 14q13 2
15 I TAF1 NM_004606 Xq13 14 TAF1L NM_153809 9p21 1
16 I TRAM1 NM_014294 8q13 46 TRAM1L1 NM_152402 4q26 20
17 II CTBP2 NM_001329 10q26 2 MGC70870 NM_203481 17 2
18 II WDR21A NM_015604 14q24 80 WDR21B NM_001029955 4p13 8
19 II WDR21A NM_015604 14q24 80 WDR21C NM_152418 8q21 17
20 III LDHAL6A NM_144972 11p15 1 LDHAL6B NM_033195 15q22 14
21 IV ACTB NM_001101 7p15 11,128 DKFZp686D0972b NM_001017992 5q11 1
22 IV BIRC4 NM_001167 Xq25 7 BIRC8 NM_033341 19q13 11
23 IV KLHL13b NM_033495 Xq23 40 KLHL9 NM_018847 9p22 240
24 IV PGK1 NM_000291 Xq13 482 PGK2b NM_138733 6p12 65
25 IV RANBP5b NM_002271 13q32 14 RANBP6 NM_012416 9p24 77
26 IV RRAGB NM_006064 Xp11 58 RRAGA NM_006570 9p22 105
27 IV TKTL1 NM_012253 XQ28 154 TKTL2 NM_032136 4q32 19
28 IV WDR42A NM_015726 1q22 54 WDR42Bb NM_001017930 Xp21 1
29 IV WDR5 NM_017588 9q34 8 WDR5B NM_019069 3q21 67

a Number of oligo-capped clones deposited in DBTSS.
b Genes that lack CpG islands around the promoter region.
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for 1 do not coincide with each other. A short region (ap-
proximately 50 bp long) in the retrotransposed fragment
functions as a core promoter for PABPC3, without a drastic
change in the nucleotide sequence. A similar structural pat-
tern was also seen in all the pairs grouped into category I;
most of the promoter of the source gene was retrotrans-
posed, and it functions as a new promoter of the retrodu-
plicated gene.

Gene pairs consisting of WDR21A and WDR21B/C
(Nos 18 and 19 in table 1) are an example of promoter ac-
quisition category II. All 3 genes encode a WD (tryptophan-
aspartate) repeat–containing protein. WDR21A is assumed
to be the source gene of retrotransposed genes WDR21B
and WDR21C. In fact, it is difficult to conclude that both
WDR21B and WDR21C were generated independently
via retrotransposition of WDR21A. It is also possible that
WDR21C was caused by segmental duplication of
WDR21B, or vice versa. Because the neighboring genes
(genomic context) surrounding WDR21B and WDR21C
are different, we deduced that there were probably 2 inde-
pendent retrotransposition events. An alignment of
WDR21A and WDR21C is shown in figure 3. In contrast
to the previous example, part of the protein-coding region
of the source gene functions as the promoter of WDR21C.
Because the 2 sequences do not align around the promoter
ofWDR21A, it is unlikely that the core promoter was retro-
transposed. WDR21C employs a downstream AUG codon
as its translation start sites. Its upstream coding sequence is

degenerated, but it might be transformed into a new pro-
moter. This is also the case with WDR21B, although the
sequences and TSS positions are different between
WDR21B and WDR21C (supplementary fig. S2, Supple-
mentary Material online). Due to a preferential affinity
of the transcription initiation complex to exons rather than
to introns, weak alternative exonic promoters have been
proposed (Carninci et al. 2006; Sandelin et al. 2007). It
might be important to consider these exonic promoters
in order to understand the evolutionary construction of
promoters.

In other gene pairs, promoter sequences could not be
aligned, unlike the observations for promoter acquisition
categories I and II. It seems that the acquisition of pro-
moters cannot be explained by sequence similarity for these
retrotransposed genes. In the case of the LDHAL6B gene
(No. 20 in table 1), however, the promoter is similar to
that of DKFZp686H1233 (accession number AL833331).
These 2 loci are mapped to human chromosomes 15 and
12, respectively. Hence, 1 of these promoters was gen-
erated from the other via either retrotransposition or in-
terchromosomal segmental duplication. If splicing was
seen in 1 of the 2, we could conclude that the event was a
retrotransposition.

In any case, the scattered distribution of TSSs seems to
enable the promoter to have retrotransposability per se, by
initiating transcription from an upstream TSS. This notion
could also explain the appearance of alternative promoters,

FIG. 1.—Sequence alignment of promoter regions of PABPC1 and PABPC3. Recent studies have demonstrated that TSSs are often interspersed
around promoter regions, as seen here for PABPC1 and PABPC3. Each TSS is shaded, and protein-coding sequences are indicated by boxes. The length
of the 5# UTR, which spans from 1 TSS to the first methionine codon, varies in each case. TSSs were observed even in coding sequences. Frequency of
each TSS is available in graphical format at the DBTSS Web site.
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which are found in more than half of all human genes
(Kimura et al. 2006). When a reverse-transcribed fragment
containing a core promoter is integrated around the 5# re-
gion of a gene, it is possible for this retrotransposed frag-
ment to function as a new promoter for the preexisting gene.
As mentioned above, this assumption appears to be sup-
ported by the fact that a chimeric structure between them
is often observed. A newly combined gene can be expressed
either with or without splicing. Because splice donor sites
are shorter than acceptor sites, it is possible that a transposed
sequence behaves as a donor to a downstream splice accep-
tor site that resides at the 5# end of an internal exon of the
preexisting gene.

Finally, to test the above assumption, we searched all
human promoters for evidence of retrotransposition. If
a promoter is produced by a retrotransposition, it may bear,
downstream, a processed sequence of its source locus. We
constructed a database consisting of 24,837 RefSeq cDNA
sequences for BLASTN analysis. For its query set, 32,122
promoters were collected from DBTSS, in which a 500-bp
interval was adopted as a reliable parameter to separate 2
discrete clusters of TSSs (Kimura et al. 2006). Because
it is difficult to discriminate alternative promoters from ca-
nonical promoters, all promoters were considered together
in this study. Using our strict conditions, 7 hits that contain
splice junctions only in subject were obtained (fig. 4 and
supplementary fig. S3, Supplementary Material online).
The 7 retrotranspositions occurred into different chromo-
somes, and the inserted cDNA fragment gave rise to

a new promoter in each case. The results appear to support
our hypothesis.

Conclusions

To rule out a possible contribution of segmental du-
plication to our observation, we first compiled intronless
genes and then searched for their parental genes bearing
introns. The gene pairs were likely generated by processed
retrotransposition, therefore offering a unique opportunity
to investigate how a new gene acquires its promoter. Be-
cause the accumulation of single-nucleotide substitutions
seems too slow to construct a functional promoter, a new
promoter is more likely to be a copy of another functional
promoter unit from somewhere else in the genome. As ex-
pected, we found that the LDHAL6B gene gained a copy of
another gene’s promoter, following the retrotransposition
from its parental gene, LDHAL6A. Nevertheless, this kind
of acquisition was just 1 of 29 events identified in this
study.

Although it is believed that retrotransposition involves
only exonic regions, the results of the present study high-
light the fact that promoter sequences can also be tran-
scribed and integrated (fig. 2). This phenomenon can be
ascribed to a recent finding that TSSs tend to be interspersed
around the core promoter rather than positioned at 1 or
a few specific sites. If an upstream TSS is employed, a large
part of the promoter region is indeed transcribed. More sur-
prisingly, as is seen in figures 1 and 3, the positions of TSSs
and expression levels inferred from numbers of clones
(table 1) are generally different between a retrotransposed
gene and its source gene despite of a high degree of sim-
ilarity between the 2 sequences.

All retrotranspositions that lead to a transcriptionally
active gene or an alternative promoter result from integra-
tion into either an intergenic region or an intron. This is
plausible because the total length of these regions greatly
exceeds that of exons and UTRs in the human genome.
Moreover, if such an integration event occurs into an exon
or a UTR, the affected gene might be disrupted by the in-
sertion and negatively selected. Other functional elements,
such as promoters, splice donors, and acceptors, would also
be intolerant to retrotransposition insertions. It is possible
that the appearance of an alternative promoter causes a
dominant-negative mutation. If an insertion occurs on
the opposite strand, it may generate an antisense transcript
that could be harmful. It is therefore likely that the inte-
gration sites per se have dramatically decided the fate of
the lineage; the individual or its offspring is negatively,
neutrally, or positively selected depending on the position
of the insertion. Evolutionarily, these retrotranspositions
had to have occurred in the germ line to be observed by
researchers.

Scattered TSSs are particularly commonly present in
CpG islands (Yamashita et al. 2005); indeed, 27 of the 29
source genes studied here have a CpG island in their 5# re-
gion (table 1). This frequency is much higher than the ratio
of genes that possess CpG islands in relation to all human
genes (Bird 1986; Yamashita et al. 2005). All the 17 source
genes classified into category I have a CpG island. It seems

FIG. 2.—Schematic representation of possible models of retrotrans-
position, showing conventional (A) and proposed (B) views of
retrotransposition. Ovals, arrows, and arrow heights indicate promoters,
TSSs, and their relative expression levels, respectively.
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that transcripts regulated by a CpG island tend to have an
increased ability to copy their promoters by retrotransposi-
tion. Nonetheless, not every retrotransposition generates
transcriptionally active genes. Whereas only transcribed
retrotransposed genes are selected and studied here, a large
number of processed pseudogenes have been cataloged
(Zhang et al. 2003). Most of them are transcriptionally in-
active, probably due to the absence of promoters. Even if an
operative promoter is present, these genes may be rendered
silent by the lack of appropriate enhancers, the presence of
insulators or silencers, DNA methylation, or chromatin
modifications.

We note that the KLF14 gene mentioned in the Intro-
duction was not detected in our study because the alignment
score, 198, between KLF14 (NM_138693) and KLF16
(NM_031918) is below our set threshold of 500. Relaxation
of this threshold would have allowed us to detect this pair.
However, conservative criteria can significantly reduce the
rate of false-positive discoveries. Indeed, these 2 genes are
too degenerated to align in their promoter regions, as is
shown that the retrotransposition is an ancient event
(Parker-Katiraee et al. 2007). In contrast to intronic and in-
tergenic sequences, protein-coding sequences have a high
CpG content (Okamura et al. 2006). Hence, splicing of pre-
mRNA molecule can condense the frequency of the CpG
dinucleotide and possibly create a novel CpG island that
generally escapes DNA methylation. This holds true for
KLF14, suggesting the existence of additional explanation
for promoter creation. Retrotranspositions may have been
occurring throughout eukaryotic evolution. In general, re-
cent events preserve the sequences and ancient events do

not, thereby rendering a quantitative analysis of this phe-
nomenon difficult and unreliable (Soares et al. 1985). How-
ever, our stringent analysis seems to suggest a high
frequency of promoter retrotransposition.

In the present study, we described the retrotranspos-
ability of promoters. As seen in some alternative promoters,
this phenomenon seems to have contributed to a wide
variety of transcripts in mammalian genomes. However,
9 pairs grouped into type IV could not be explained
by our hypothesis. Further investigation of such retrotrans-
posed genes and their parental genetic entities would
be necessary to determine how genes construct their
promoters.

Supplementary Materials

Supplementary figures S1–S3 are available at Molec-
ular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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FIG. 3.—Sequence alignment of promoter regions of WDR21A and WDR21C. The cDNA sequence is shown for the WDR21A gene. The region
consists of 4 exons, and the splice junctions are indicated by inverted triangles. It is reasonable to make this kind of alignment because introns are
generally precluded in retrotransposed genes. Each TSS is shaded, and protein-coding sequences are indicated by boxes. The TSS cluster of WDR21A
extends further upstream, where the 2 sequences are no longer aligned.
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