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Exonization of Alu retroposons awakens public opinion, particularly when
causing genetic diseases. However, often neglected, alternative “Alu-
exons” also carry the potential to greatly enhance genetic diversity by
increasing the transcriptome of primates chiefly via alternative splicing.
Here, we report a 5 exon generated from one of the two alternative
transcripts in human tumor necrosis factor receptor gene type 2 (p75TNFR)
that contains an ancient Alu-SINE, which provides an alternative N-
terminal protein-coding domain. We follow the primate evolution over the
past 63 million years to reconstruct the key events that gave rise to a novel
receptor isoform. The Alu integration and start codon formation occurred
between 58 and 40 million years ago (MYA) in the common ancestor of
anthropoid primates. Yet a functional gene product could not be generated
until a novel splice site and an open reading frame were introduced
between 40 and 25 MYA on the catarrhine lineage (Old World monkeys
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including apes).
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The pleiotropic activities of the cytokine tumor
necrosis factor (TNF) are mediated by two dlstmct
membrane receptors, p55 and p75TNFR.! While
studying the transcriptional regulation of the
p75TNFR gene, a novel intracellular p75 receptor
isoform (icp75TNFR) was identified.> The two
isoforms are produced via alternative transcripts
generated from two start sites within the p75TNFR
gene and are differentially spliced. In mRNA 1II,
which encodes the icp75TNFR isoform, exon la
replaces exon 1 of mRNA I that contributes the
signal peptide and provides an alternative N
terminus derived from the center of an Alu element
instead (Figure 1).

Alu elements represent a primate-specific family
of short 1nterspersed elements (SINEs), Wthh as
such, propagate via an RNA intermediate.’ They are
about 300 bp in length and have an estimated copy
number of more than 10°/human genome. Inter-
spersed Alu sequences are present in numerous

Abbreviations used: MYA, million years ago; TNF,
tumor necrosis factor; SINE, short interspersed element;
OREF, open reading frame.
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transcripts of protein-coding genes.* Because they
often cause deleterious mutations or genetic
diseases, Alu element insertions are generally
regarded as disadvantageous or at most selectively
neutral. However, host genomes might also benefit
from Alu integrations, as they are implicated in
gene regulation and transcriptome variability and
versatility as exaptations.”®

In humans at least 5% of all alternatively spliced
exons within protein coding reglons contain
sequences from Alu elements.” Alu consensus
sequences have been shown to harbor up to ten
potential 5" splice 51tes (donor) and 13 potential 3’
splice sites (acceptor).” The vast majority of splice
sites (19 out of 23) is located on the antisense
strand.” Furthermore, the adenosine-rich regions of
Alu elements can provide, again in the opposite
orientation, pyrimidine-rich tracts that are import-
ant components of 3’ splice sites.® Consequently,
most Alu -containing exons (85%) involve the minus
strand.” In most instances, where an Alu element is
inserted within the protein-coding region, it results
in a shortened protein via frameshift or in-frame
stop codon.” In case of icp75TNER, the Alu element
that delivers the novel exon is located proximal to
the major transcript. Hence, a functional 3’ splice
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Figure 1. Structure of the p75TNFR gene (center) and the two p75TNFR mRNA splice variants. mRNA I and mRNA II
originate at the transcriptional start sites TSI and TSII, respectively. Introns are depicted as thin lines, 5 and 3’
untranslated regions (5' UTR and 3’ UTR) of the terminal exons as grey bars (intermediate thickness) and protein-coding
regions of exons as thick bars. The extracellular domain (ED), transmembrane domain (TM), and intracellular domain
(ID) are indicated. The part of exon 1 in mRNA I that contributes the signal peptide (SP) is highlighted in yellow. The
proximal portion of the gene is enlarged. A mammalian interspersed repeat (MIR, green) precedes the Alu Jo element
(blue), part of which contributes the ATG start codon of mRNA II (at the left border of the protein coding domain, shown
in red, of exon 1a). The right border of the exon la protein-coding domain (red) is determined by a 5’ splice site. The
differential splicing of the first exons of the alternative transcripts to exon 2 is indicated by the respective lines.

site is not required. The Alu element, however, upon the umq_lue and irreversible character of Alu

provides a functional ATG start codon and a 5 transposition, copies of the same element
splice site linking this Alu-derived 5’ exon via exon2  present in different taxa provide evidence of an
to the remainder of the open reading frame (ORF).  integration event that took place in the germ line of

Consistent with the observation that older Alu- a common ancestor. From the viewpoint of
subfamilies are over- represented in exons com-  phylogeny, orthologous sequences of the living

pared to younger ones, "the Alu element that gave  primates represent different evolutionary stages
rise to exon 1a is a member of the Alu Jo subfamlly, along the way to the human exon la. Thus, by
one of the oldest dimeric Alu subfamilies.” Since ~ comparative sequence analysis we reconstructed,
older elements accumulate mutational changes over  the evolution of exon 1a of p75TNFR. Using various
a longer period of time they have a higher chance of = sets of primers we obtained PCR amplicons
acquiring the changes required for exonization. representing all major primate clades. By sequenc-
We compared the human Alu sequence with a  ing, we confirmed the presence of the Alu Jo
consensus Alu Jo sequence and identified three  element in Catarrhini and Platyrrhini and its
alterations essential for creating a functional trans-  absence in Tarsius and Lemur (GenBank accession
lated 5’ exon (Figure 2(a)). An A—G transition at numbers AY548516-AY548527). Therefore, we
position 101 of the Alu Jo consensus sequence  assigned the integration event to the lineage leading
yielded the start codon ATG. A C—T transition at  to anthropoid primates after the Tarsioidea
position 188 generated the GT at the 5’ end of intron ~ diverged.
1, Wthh form part of a consensus splice donor Thus, an evolutionary scenario was delineated as
site.’’ A 7 bp deletion from positions 119 to 125 of  follows (Figure 2(b)): after the divergence of
the Alu Jo consensus enabled an ORF that includes tarsiers, an Alu Jo transposed upstream of the

the subsequent exons. p75TNFR gene in the common ancestor of all
The Alu Jo element is thought to have retroposed = anthropoids between 58 and 40 MYA. Following
into its genomic locus during early prlmate evol- the Alu insertion but before the platyrrhines’

ution at least 40 million years ago (MYA).” Based  divergence, an A—G transition occurred that

Biosystems) according to the manufacturer’s instructions. Sequences obtained from non-human primate species were
aligned to the human cDNA ortholog using Clustal W. Alu elements were detected and classified by the RepeatMasker
Server (Smit & Green, RepeatMasker at http://www.repeatmasker.org/). We verified reading frames and checked for
possible frame shifts and stop codons with the aid of the biological sequence alignment editor (BioEdit; available from
http:/ /www.mbio.ncsu.edu/BioEdit/bioedit.html). The results revealed that Alu insertion and start codon mutation
date back to a common ancestor of anthropoid primates. However, the splice site mutation and the ORF occurred after
separation of Old World and New World monkeys on the lineage leading to the Old World monkeys. The alternative
intracellular protein product of the p75TNFR gene can therefore potentially be expressed only in catarrhines but not in
platyrrhines and prosimians.
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(a)

Alu Jo RGCCGGGCGC GGTGGCTCAC GCCTGTAATC CCAGCACTTT GGGAGGCC-G AGGCGGGAGG ATCGCTTGAG ---------- 69
hicp75TNFR | GGCCGAGTGC AGTGGCTCAC ACCTATAATC CCAGCACCTT GGGAGGCCAG AGGCGGGAAG ATCACTTGAG GGTGGGAAGA |80

Alu Jo | —--——mm—- C CCAGGAGTTC GAGACCAGCC TGGGCAAC|ATAGCGAGAC CCCGTCTCTA CAAAAAATAC ARAAATTAGC |138
hicp75TNFR | ACACGTGAGC TCAGGAGTTC GAGACCAGCC TGGACAAC|AT(SGCGAAAC CCCATCTCTA7 bp del TAA AGaAaTcacc |f151

Alu Jo

hicp75TNFR || CTAGCATGGT GGCCCGAGCC TGTAGTCCCA GCTACTCGGG AGGCTGAG | (3T GGGAGGAT CGCTTGAGCG CAGGAGTTGG 229

|CGGGCGTGGT GGCGCGCGCC TGTAGTCCCA GCTACTCGGG AGGCTGAG | GCAGGAGGAT CGCTTGAGCC CAGGAGTTCG [216

Alu Jo AGGCTGCAGT GAGCTATGAT CGCGCCACTG CACTCCAGCC TGGGCGACAG AGCGAGACCC TGTCTCAAAA AAAAAAAAAA |296
hicp75TNFR | AGGCTGCAGT GAGCTATG-- ————=—-——=== =—————————— —— GGTGAAAG AGTGAGACCT TGTCTCAAAA AAAATTAAAA |285

Alu Jo AAARAA-- 302
hicp75TNFR | AATAAGAA 293

(b) )
icp75TNFR

Start codon

mya

Figure 2. Evolution of exon 1a of the p75TNFR gene. (a) Genomic evolution: alignment of part of the human p75TNFR
5’ gene with an Alu Jo consensus sequence demonstrates that exon 1a (red border) is derived from the center of an Alu
element (blue border). Three alterations yielding a start codon (ATG), a 5’ splice signal (GT), and an ORF (via a 7 bp del)
produced an exon that contributes an alternative N terminus to the remainder of the protein. (b) Phylogeny: comparative
sequence analysis of different primate genera permits mapping of the pivotal molecular events in addition to generation
of the alternative transcript onto the primate tree (topology and ages drawn from Goodman et al.'®). Genomic DNA was
extracted from tissue samples of representatives of all major primate clades. In each species, various sets of primers
derived from human and mouse cDNA sequences were tested for successful polymerase chain reaction (PCR)
amplification of the human exon 1a ortholog. A first PCR was performed with a forward primer specific to a conserved
human-mouse region and a reverse primer located in exon 1 to allow successful amplification even in evolutionarily
distant taxa. A second PCR was done with nested primers selected from the human sequence only, that amplified
fragments no longer than 600 bp in order to facilitate routine sequencing procedures. For standard gradient PCR
reactions (Taq polymerase kit, Qiagen; Biometra T Gradient Cycler) we used the following conditions: four minutes at
94 °C pre-denaturation, 36 cycles of 30 seconds at 94 °C denaturation, 40 seconds at primer specific annealing
temperature gradient and 60 seconds per 1 kb at 72 °C elongation (primers and annealing temperatures available from
the authors upon request). The PCR products were separated on a 1% (w/v) agarose gel (1% SeaKem, Biozym),
visualized by ethidium bromide staining and purified using the High Pure PCR Product Purification Kit (Roche).
Positive PCR products were directly sequenced with the AmpliTaq FS BigDye Terminator Kit (version 2.0; PE
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provided the potential start codon ATG. After the
divergence of New World monkeys and Old World
monkeys, but before the divergence of cerco-
pithecoids and apes, about 40 to 25 MYA, a C—T
transition yielded a potential splice donor site in
Old World monkeys. In the same lineage, seven
nucleotides of the Alu sequence were deleted,
which enabled an ORF. New World monkeys
show a range of variations at the respective loci
(e.g. varying lengths of oligo(A), CA-dinucleotides;
see GenBank entries) indicating that there has been
no selection pressure on this sequence. We are not
able to resolve the exact order of the C — T transition
and the 7 bp deletion because there are no living
links between the catarrhine and platyrrhine
lineages. Likewise, we cannot determine when the
alternative transcriptional start site (TS II) arose.

From a functional point of view these findings
indicate that the alternative exon la of human
p75TNFR might also be active in apes and cerco-
pithecoids. However, it cannot be active in New
World monkeys. Although they do have an ATG
that could serve as a start codon for translation, they
cannot produce a functional protein because they
are lacking the functional splice donor site of the
catarrhines and the ORF is interrupted by stop
codons or frameshifts. Thus, only the coincidental
occurrence of several key mutations permitted the
Alu sequence’s exonization.
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