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Capture of cellular mRNA by mobile elements has been an evolutionary catalyst for the
spread of genes and a cause of cancer development. Here we present evidence that an orphan
gene, FAMS8A1 (family with sequence similarity 8), was captured by a retrovirus, followed by
multiple retrotransposition events, during primate evolution between 45 and 58 million years
ago. This represents the first record of cellular mRNA transduction in humans. The human
gene is localized on chromosome 6p23 with five related pseudogenes (FAMSA2P-A6P), each
inserted within a human endogenous retrovirus (HERV). Only the functional FAMSA1 gene
is expressed and displays a ubiquitous mRNA and a testis-specific transcript present in the
haploid phase of spermatogenesis. The structural features of the FAMS8A1 pseudogenes
include two short sequences of similarity between the FAM8A1 mRNA and the HERV
sequences at both the 5’ and 3’ integration sites. These hallmarks suggest an alternative model
to account for the capture of FAMS8A1 cellular mRNA by HERV-K, involving illegitimate
recombination events at the two sites of sequence similarity during reverse transcription.
Unlike previous models, which assume at least one step of retroviral integration in the
genome, our model is consistent with in vitro observations showing that multiple template
switches occur among packaged viral transcripts. This leads to the speculation that, in some
cases, cellular mRNAs may have been captured through similar processes involved in the
retroviral life cycle.
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INTRODUCTION

During evolution, 10-40% of the mammalian genome may
have arisen by retrotransposition events or been derived from
mobile elements [1-3]. This retrotransposition process can be
achieved by different mechanisms involving retroviruses or
other repetitive elements present in the genome and through
capture of cellular mRNAs by retroviruses, a process termed
transduction [4]. Among the repetitive elements, human
endogenous retrovirus (HERV) constitutes about 8% of
human DNA [5,6]. It shows the same basic genome organi-
zation as exogenous infectious retroviruses, possessing
regions with sequence similarity to the long terminal repeats
(LTRs) and major open reading frames (ORFs) of retro-
viruses—namely, gag (encoding viral core proteins), pol
(encoding reverse transcriptase), and env (encoding envelope
proteins). ERVs are encoded within the genomes of all higher

eukaryotes and apparently arose from the infection of germ
cells by exogenous retrovirus [7]. These infections generally
occurred in the distant past and most ERVs have undergone
inactivating mutations or deletions over time. However, some
HERV-K (K denotes a lysine tRNA primer binding site)
encode functional forms of several viral proteins [5,8]. The
HERV-K family is represented in the human genome by 8000
more or less full-length proviruses and solitary LTRs [6,7,9].
Their biological relevance remains largely unknown but the
capacity of HERV to undergo the cycle of retrotransposition
may represent a source of mutation in humans.

Here, we present evidence indicating that an orphan
human gene, FAM8A1 (family with sequence similarity 8;
originally called AHCP for autosomal highly conserved pro-
tein), was captured by a retrovirus during primate evolution
through a process that resembles oncogene transduction [4].
This gene, localized on chromosome 6p23, produced multi-
ple, closely related, processed pseudogenes (FAMSA2P-A6P),
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FIG. 1. Sequence, organization, and conservation of FAM8A1. (A) Alignment of human and mouse FAM8A1 protein. Sequences in boxes are putative internal
membrane domains. Exon-intron junctions are indicated by arrowheads. (B) Genomic organization of FAM8A1 in different species. (C) Zoo blot. For each sam-
ple, 10 g of EcoRI-digested DNA was used and the membrane was hybridized with human probe FAMSA1 FI1R1. m, Male; f, female.

each inserted in HERV-K sequences. Considering the hall-
marks of FAM8A1 pseudogene insertion within the HERV,
we suggest an alternative model of cellular mRNA transduc-
tion that involves two illegitimate recombination events dur-
ing reverse transcription. In addition, the presence of differ-
ent FAMSA1 pseudogenes suggests that this retroelement
(ERV + FAMSA1 pseudogenes) has been copied and inserted
in different places in the genome by retrotranscription. This
is the first record of cellular mRNA transduction in humans,
but other genes may be captured by this process during the
HERYV life cycle, representing a potential cause of mutation
and disease.

RESULTS

Isolating the FAMSA1 Gene

We cloned FAMSA1 with the p12f probe of the human Y chro-
mosome [10]. In this probe, we identified FAM8A4P, a retro-
transcribed pseudogene of FAM8A1. To characterize the func-
tional gene, we sequenced the human expressed sequence tag
(EST) clone 647960 from the IMAGE consortium presenting
similarity with the pseudogene. We obtained the full-length
cDNA by 5’ rapid amplification of cDNA ends (RACE)

polymerase chain reaction (PCR) on human testis RNA. This
4.7-kb FAM8A1 cDNA contained a single 1242-bp ORF pre-
dicted to encode a 413-amino-acid protein with a molecular
mass of 44 kDa (Fig. 1A). We identified the genomic structure
of FAM8A1 by long-range PCR. The size of the human gene
is about 12 kb, containing five exons (Fig. 1B).

Evolutionary Conservation of the FAMSA1 Genes

We hybridized a zoo blot with the cDNA probe and
observed positive signals in all animals (Fig. 1C). However,
we observed male-specific bands, corresponding to
FAMB8A4P, only in humans and chimpanzees. The complete
sequence of the mouse protein has revealed a highly con-
served carboxy-terminal domain of the protein encoded by
the last four exons (162/163 conserved amino acids) and a
less conserved amino-terminal domain encoded by the first
exon (57% identity and several gaps). The N-terminal part
is a proline-rich polypeptide (about 17% prolines) without
a consensus signal peptide. The C-terminal part contains
four putative internal membrane domains conserved in both
species. Comparison of the FAM8A1 sequence with other
protein sequences in the database shows homology with
putative proteins from Caenorhabditis elegans (F48B9.8) and
Drosophila melanogaster (CG8237) and the gene is present in

GEeNoMiIcs Vol. 78, Numbers 1-2, November 2001

39

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.



Article

doi:10.1006/ geno.2001.6642, available online at http:/ /www .idealibrary.com on IDEAL

the genome of the actinopterygian Tetraodon nigroviridis
(033K23). Homologous cDNA is also present in an EST
library from zebrafish olfactory rosettes (AW233323) and
fertilized egg from the ascidian Halocynthia roretzi
(AV382432). However, there is no homology to ESTs from
plants and unicellular organisms. Finally, using the
Genebridge 4 radiation hybrid panel [11], we localized
human FAMS8A1 on chromosome 6p23 in a 2-cM region
between D65274 and D65285 (logarithm of odds > 3.0). In
the mouse, the orthologous gene corresponds to the DNA
segment D13Pasl previously localized on chromosome 13
(26 cM) with a polymorphic Sacl site between Mus spretus
and C57BL/6 mice [12]. The C. elegans F48B9.8 gene is local-
ized on the X chromosome and the D. melanogaster CG8237
gene is localized on chromosome 2R 44F9-F10.

Expression of the FAMSA1 Gene

By northern blot analysis, we detected a transcript of about
5.5 kb in all human tissues tested; an additional mRNA of
about 1.6 kb was present in a high amount only in testis
(Fig. 2A). We observed the same profile with mouse tissues
(Fig. 2B). In situ hybridization of mouse testis shows that
FAMS8AT mRNA is strongly expressed in round spermatids
(Fig. 2C).

Sequence analysis of both human and mouse cDNAs has
shown that the shorter testis-specific transcript of FAMSA1
results from a different polyadenylation site at the 3" end of
the mRNA (Fig. 2D). The poly(A) site used for the testis-spe-
cific transcript is not the canonical site AAUAAA, but
AUUAAA conserved in the mouse mRNA. In male germ
cells, many mRNAs do not have AAUAAA but are efficiently
polyadenylated [13].

Characterization of Human FAMS8A1 Pseudogenes
The FAMS8A1 family consists of a minimum of five pseudo-
genes localized on chromosomes 2 (FAMS8A3P), 6p21
(FAMSAS5P), 6q23 (FAMS8A6P), 11 (FAMSA2P), and Y
(FAMB8A4P). These pseudogenes are inserted in a retrovirus
with similarity to the consensus sequence of HERVK14
flanked by two LTR14A of 344 bp (Fig. 3A). HERVK14 and
LTR14A correspond to the nomenclature used by the repbase
database [14]. HERVK14 codes for gag, pro, and pol proteins
and shares on average 65% nucleotide identity with the
reported members of HERVK-superfamily (HERVK10,
HERVKCH4). The site of FAMS8A1 pseudogene insertion within
the HERV sequence is common to all FAMSA1 pseudogenes
along the genome. Using the consensus sequence of
HERVK14 as a standard, FAM8A1 pseudogenes are inserted
at nucleotide 363, creating a 1466-bp deletion of the gag gene.
At both 5’ (S1) and 3’ (S2) insertion sites, there are sequence
similarities between the consensus HERVK14 and the
FAMSA1 mRNA (Fig. 3A). All retroposons contain different
deletions of the pol gene. The 3" ends of FAMSA1 pseudo-
genes are downstream from the testis-specific poly(A) site,
which indicates that pseudogenes originate from the ubiqui-
tous transcript instead of from the testis-specific mRNA.
None of the FAMSA1 pseudogenes contain a complete
FAMS8A1 ORF. To determine whether the pseudogenes were
transcribed, we used a panel of cDNAs from different
human tissues to amplify putative FAM8A1 pseudogene
transcripts. We performed several PCRs with different sets
of primers; an example of two PCR experiments is presented
in Fig. 3B. Primers used for PCR1 are located in the FAM8A1
pseudogene sequence and should amplify FAM8A1 pseudo-
gene transcripts as well as the functional FAMSAT mRNA.
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FIG. 2. Characteristics and expression of human and mouse FAMSAT mRNA. (A) Northern blot analysis of human FAMS8AT mRNA. (B) Northern blot analysis
of mouse FAM8AT mRNA. m, Male; f, female. (C) In situ analysis of FAMSAI in mouse testis. Slides were hybridized with the mouse antisense (C) or sense
(inset) FAM8A1 F1R1 probe. (D) Sequences of the 3’ end of the testis and the ubiquitous transcripts in human and mouse.
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FIG. 3. Characteristics, expression, and phylogeny of FAMSA1 pseudogenes. (A) Genomic organization of FAM8A1 pseudogenes. Each pseudogene was inserted
in a retrovirus with similarity to HERVK14 flanked by two LTR14A. S1 and S2 correspond to sites of similarity between FAM8AT mRNA and HERV sequences.
Open arrows correspond to the putative ORF. PCR1 and PCR2 indicate positions of primers used for expression analysis. (B) RT-PCR analysis of the functional
gene and related pseudogenes. PCR1 should amplify FAM8A1 pseudogenes and FAM8AT mRNAs. PCR2 is specific to the FAM8A1 pseudogenes. (C) Bio-NJ
tree of exon 1 sequences by using the Tajima and Nei substitution rate [38]. Values at the node are percent bootstraps for 1000 samplings. Black bar shows the
presence of a strong synapomorphic signature. FAM8A3P, FAMSA5P, FAMSAG6P, FAM8A2P, and FAMSA4P are located in human genomic clones under acc.

nos. AC007394, AC026010, AL121970, AC022882, and AC002992, respectively.

For PCR2, the reverse primer is located in the flanking
HERV sequences and so is specific for the potential FAMSA1
pseudogene transcripts. As expected, with genomic DNA,
the positive amplification of both PCRs indicates the pres-
ence of the retrotranscribed pseudogenes in the genome.
However, direct sequence and restriction enzyme analysis
of all the reverse transcription (RT) PCR1 products revealed
a homogenous sequence identical to the functional gene. In
addition, we could not amplify the PCR2 product by using
the cDNA as template. These results indicate that only the
gene localized on chromosome 6p23 is expressed in normal
human tissues.

Phylogenetic Relationship Among the FAM8A1
Pseudogene Sequences

A BLAST search reveals that the flanking retroviral sequences
are related to HML (human endogenous MMTV (mouse
mammary tumor virus)-like) retrovirus. To define the family
of the HERYV flanking the FAMS8A1 pseudogenes, we included
in the HML phylogeny a 265-bp sequence corresponding to
the pol gene [15]. HERVK14 retrovirus and the retroviral part
of FAMSA1 pseudogenes clustered in 99% of the replicates
with HML-1 sequences (data not shown). Sequences corre-
sponding to exon 1, showing the highest substitution rate,
have been used for FAMSA1 pseudogene phylogeny. In the
FAMSATI tree (Fig. 3C), two nodes are well supported. First,
the monophyly of FAMS8AL1 is observed in 95% of the repli-
cates; second, FAMSA5P and FAM8AGP clustered together in

80% of the replicates. The grouping of FAM8A4P, FAMSA5P,
and FAMSAGP sequences is not well supported (42%) but
these three sequences shared a strong synapomorphic signa-
ture (20 bases deleted), which makes their monophyly very
likely. However, the relative positions of FAMSA3P and
FAMS8A2P are not well supported and remain unresolved. In
further analyses, both solutions will be systematically tested.
The maximume-likelihood tree gives rise to the same conclu-
sion and the relative positions of FAMS8A3P and FAMSA2P do
not significantly change the likelihood of the tree (analysis
using PAML 1.3) [16].

Date of FAM8A1 Pseudogene Spread

Using different sets of primers, we were able to amplify
FAMS8A1 pseudogenes in the Old World monkey family
(genuses Macaca, Cercopithecus, and Papio). However, we
could not amplify FAM8AI pseudogenes by using DNA
from capuchin, a New World monkey (four independent
samples: two males and two females). To trace the phy-
logeny of retroviruses, Johnson and Coffin provide a method
based on the divergence of their LTRs [17]. However, this
method is unsuitable in our case because the 3’ LTR is sub-
ject to recombination. The log-likelihood of a tree using only
primate autosomal FAMSA1 pseudogene sequences is
-1850.4 with and -1843.7 without a molecular clock; the dif-
ference is not statistically significant (LRT test, x*> = 13.34, 9
degrees of freedom, P > 0.1). The presence of a molecular
clock cannot be rejected. The divergence date between
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FIG. 4. Sequence analysis of FAM8A1 and FAMSA1 pseudogenes. (A) Substitution rate for human versus mouse functional genes. (B) Substitution rate for the
different FAMSA1 pseudogenes. Substitution rates based on the Tajima and Nei method (TN’K) are calculated by using a 20-base window. The presence of CpG
along the sequences is indicated by lines. (C) Flanking retroviral sequences of the five FAMSA1 pseudogenes and HERVK14-Y and HERVK14-7 that exhibit two

indels [I1] and [I12], showing evidence of recombination.

Hominoidea (genus Homo) and Cercopithecoidea is 31 mil-
lion years [18,19]; consequently, the spread of FAMS8AI
pseudogenes is estimated to have occurred 44.86 million
years ago (MYA). This date is coherent with the observation
that FAMSA1 pseudogenes do not exist in Platyrrhini (New
World monkeys), which diverged from Catarrhini (Old
Wold monkeys) 57.5 MYA [19]. Thus, the capture and ampli-
fication of the cellular FAM8AT mRNA probably occurred
during the major waves of HERV-K expansion, which hap-
pened after the New World monkey and before the Old
World monkey branching [7].

Substitution Pattern and Evidence for Gene

Conversion in FAMSA1 Pseudogene Sequences

When mouse and human functional genes were compared,
exons 2-5 seem to be more conserved than exon 1, based on
substitution pattern (Fig. 4A). Two different phenomena
could account for this observation: (1) the first exon is less
functionally constrained; or (2) the first exon is more sus-
ceptible to mutations. To discern between these possibili-
ties, we calculated two series of substitution rates by using
a 20-base sliding window, one with the mouse and human
functional FAMSA1 sequences (Fig. 4A) and another with
the nonfunctional FAM8A1 sequences (Fig. 4B). Correlation
of the substitution rate for each homologous position in the
alignment between functional and nonfunctional FAM8A1
sequences was highly significant (r = 0.365, P < 0.0001). This
correlation indicates that a difference in mutation rate is suf-
ficient to explain the differences in substitution rate
observed between exons 1 and 2-5 of the functional genes.
These differences are probably due to the occurrence of a

CpG island located within exon 1 generating mutational
instability.

A phylogeny of the retroposons can be obtained with
their internal FAM8A1 pseudogene sequences (Fig. 3C), but
the phylogeny becomes unresolved when flanking ERV
sequences are added. The lack of resolution of a tree with
complete sequences (FAM8A1 pseudogene + ERV) is due to
the very low substitution rate in most sequences (Fig. 4B),
but it could also result from recombination events between
the flanking retroviral sequences and other HERVK14
sequences among the genome. To detect such events, we
tested whether the base partition along the FAMSA1 pseudo-
gene sequences is compatible with the phylogeny inferred
from exon 1 (Fig. 3C), which is considered to be the true
phylogeny. Two regions were detected as being incompati-
ble with the exon 1 phylogeny (P < 0.05). These sequences
have been checked and evidence of gene conversion has
been detected. For example, the insertion (I1) observed in
FAMS8AZ2P is absent in all other FAM8A1 pseudogene
sequences and matches exactly an insertion found in a
HERVK14 sequence located on the Y chromosome (Fig. 4C).
The absence of the insertion is found in several other
HERVK14s —for example, a sequence located on chromo-
some 7. In this case, the ancestral state cannot be determined
because the position of the FAMSA2P sequence is ambigu-
ous (Fig. 3C), but, whatever the solution, at least one recom-
bination event is necessary. The second insertion (I2) is also
observed in FAMSA2P and HERVK14-Y as well as in
FAMS8AG6P and a second event of recombination is necessary
to explain such a repartition.
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FIG. 5. Model for FAMS8AT1 transduction showing postulated events in the cre-
ation of FAM8A1 pseudogenes. FAM8A1 mRNA and HERVK14 undergo ille-
gitimate recombination during reverse transcription. The first strand switch
of the reverse transcription growing point from the retrovirus to the cellular
FAMB8AT mRNA is located at the site with nucleotide identity S2. The second
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DISscusSION

Two different mechanisms are involved in the formation of
retrotranscribed pseudogenes. First, it has been shown that
retroviral proteins can encapsidate RNAs that do not contain
retroviral cis-acting sequences [20,21]. Such RNAs are
reversed transcribed and inserted into the genomes of
infected target cells to form cDNA genes. Investigations of
such cDNA genes have shown that they are truncated at both
the 3’ and the 5’ ends, do not contain a poly(A) tract, and are
not flanked by direct repeats [21]. However, most processed
pseudogenes contain the full-length mRNA and a poly(A)
sequence and are flanked by direct repeats. For these pseudo-
genes, LINE elements rather than ERVs are implicated [22].
The formation of FAMSA1 pseudogenes cannot be
accounted for by either of these previous mechanisms but can
be referred to the well-known phenomenon of transduction.
Capture of cellular mRNA by retroposons has been charac-
terized in different species such as rodents and birds but, to
our knowledge, has never been observed in humans [4]. In the

human genome, only two examples of retroviruses have been
found to contain an extra ORF in addition to gag, pol, and env
genes. First, a doubly spliced HERV-K has been shown to
encode K-Rev, a functional homologue of the HIV-1 Rev pro-
teins [23]. However, this protein is of viral origin. Second,
some HERV-K also encode a dUTPase located within the gag
gene and expressed through a ribosomal frameshift. This gene
is also of viral origin [24].

Two different hypotheses, referred to as the DNA and
RNA models, have been proposed to illustrate the capture of
cellular mRNA in retrovirus [25-27]. Both models assume
that the 5’ virus/cellular gene recombination occurs at the
DNA level and results from random integration of a DNA
provirus at the 5’ region or within an intron of the cellular
gene. Considering the 3’ recombination, the models diverge.
The DNA model predicts that 3’ recombination occurs
between viral and cellular DNA [27]. Thus, transduction results
from a second genomic integration of a complete retrovirus 3’
of the coding region of the cellular gene. By contrast, the RNA
model requires the formation of a chimeric viral/cellular RNA.
This hybrid RNA results either from transcription of DNA after
a deletion that fuses 5’ viral sequences to cellular sequences or
from readthrough transcription. Then, 3’ recombination results
from a strand switch of the reverse transcription growing point
from an infectious retrovirus to the chimeric RNA [25]. This sin-
gle template switch usually occurs at a site with a small stretch
of sequence homology [28].

Interestingly, two stretches of similarity between the
HERVK14 and the FAM8A1 mRNA are present 5’ and 3’ of
FAMSA1 pseudogene insertion sites (Fig. 3A). This suggests a
simple alternative hypothesis to account for FAMSA1 trans-
duction (Fig. 5). Our model does not require the necessary step
shared by the DNA and RNA models, which consists of retro-
virus integration at the 5’ end or within an intron of the target
gene. On the contrary, transduction would take place at the
RNA level only (Fig. 5). FAM8A1 mRNA, expressed from its
own promoter, might undergo illegitimate recombination with
a wild-type HERVK14 mRNA during reverse transcription.
The first strand switch of the reverse transcription growing
point from the retrovirus to the cellular FAM8AT mRNA
should be located at the 3" end of FAMSAI at the site with
nucleotide similarity (S2) as in the RNA model. A second
strand switch is predicted to occur at the 5’ site of similarity
(S1). Extension of this DNA would produce the capture of cel-
lular mRNA surrounded by retroviral sequences on both sides.
Finally, after integration, retroposition events account for
amplification of the FAMSA1 pseudogenes within the genome.

This copackaging model was established exclusively on the
basis of sequence and phylogenetic analyses of the FAMSA1
pseudogenes. However, unlike the RNA model, this model
requires only one additional strand switch. Multiple template-
switching events have been shown to occur during retroviral
recombination at a frequency higher than expected by chance
[29]. Furthermore, we tested a similar model in vitro and recom-
bination between the two templates occurred with an appar-
ent frequency of 10~ to 107 per replication cycle in the absence
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of homology between the two recombining partners. This fre-
quency increased at least 100-fold if homology was provided
at the site of recombination [30]. Thus, we suggest that some
cellular mRNA transduction events may now be reinterpreted
under this new hypothesis by systematically checking poten-
tial short stretches of 5" and 3’ sequence similarity between the
target mRNA and the retrovirus. Furthermore, other cellular
mRNAs may have been captured by this process and the com-
plete genome sequence of different organisms will be useful for
detecting such events.

The monophyly of FAM8A1I pseudogenes indicates that
duplication of the pseudogenes arose from one ancestral retro-
poson (FAMS8A1 pseudogene + ERV)—that is, they did not
result from novel retrotranscription events involving the func-
tional FAM8A1 gene. Moreover, the different FAMSA1 pseudo-
genes were produced by retroposition rather than by genomic
duplications. This is indicated by the fact that the genomic
sequences flanking the LTRs are clearly unrelated and by the
existence of 5-bp repeats, still present on both sides of the com-
plete retroposon FAMSAG6P on chromosome 6q23. These
repeats are the universal signature of a transposition [4].

Sequence analysis of the different retroelements (ERV +
FAMS8A1 pseudogene) compared with other HERV-K along
the genome revealed different recombination events within the
flanking retroviral sequences. Gene conversion of retroviral
sequences with endogenous sequences has been observed in
vitro with retrovirus vectors deleted for the U3 region of the 3’
LTR [31]. This mechanism, resulting in a sequence similarity
of the flanking retroviral sequences that is greater than the
internal FAMSA1 pseudogene sequences, illustrates the con-
certed evolution of repetitive DNA in eukaryotes [32,33].
Homogenization of repetitive sequence arrays within a species
is thought to take place via the mechanism of molecular drive
and probably involves unequal chromatid (or chromosome)
exchange, gene conversion, or transposition. In this study, with
FAMS8A1 pseudogenes and their flanking retroviral sequences,
one can observe the concerted evolution of the repetitive
sequences (ERV) compared with independent evolution of the
low-copy sequences (FAMSA2P-A6P).

Transduction is known to give rise to oncogene formation
[4]. However, there is no evidence that FAM8AI is a cellular
oncogene and that captured FAM8A1 pseudogenes are onco-
genic. Northern blot and RT-PCR analyses have shown that
none of the identified FAM8A1 pseudogenes appear to be tran-
scribed in normal human tissues. In particular, FAM8A1
pseudogene transcripts were not detectable in liver and lung,
in contrast to the high expression of some retroviruses of the
HML-1 family in those organs [15]. However, the possibility
that individual FAMSA1 pseudogenes could be reactivated
during cancerogenesis cannot be excluded.

MATERIALS AND METHODS

DNA and RNA analysis. DNA and total RNA were prepared from the differ-
ent animal tissues by standard procedures. Southern and northern blots were

done as described [34]. Total RNAs were extracted and reverse transcribed
with the Gene Amp RNA PCR kit (Perkin-Elmer Corp). The last four exons of
FAMS8A1 cDNA were amplified with primers FAM8AIF1 (5'-AGGCAGGCA-
GAGAATATGTTATTCC-3') and FAMSAIR1 (5'-GGATACTGATGGC-
CTTGATAC-3'). After 35 cycles of PCR (95°C, 30 s; 50°C, 30 s; 72°C, 1 min),
amplification products were used as a probe. The probe was labeled with
[32P]dCTP using a random priming kit (Boehringer Mannheim). Sequencing
was done with fluorescently labeled Tag dideoxy terminator reaction mix and
determined with a 373A automated DNA sequencer (Applied Biosystems). In
situ hybridization was done as described [35].

Localization of FAMS8A1. FAM8A1 was mapped with the Genebridge 4 radi-
ation hybrid panel [11]. Two PCR products were amplified by using primers
in the 3" UTR of the FAM8A1 cDNA (FAM8AITHO29, 5'-CTGCAGTTCC-
CTCTCGTAATG-3'; FAMSAITHO2S, 5'-TGTTGTCACAGTTTTAAACGT-3")
or in intron 1 of FAM8A1 (DL2THOL1, 5'-TCTATATGCCATGTATTGAGC-3";
DL2THO4, 5-CAGGCTTGTATCTTGACTCTG-3'). The primers amplify
human FAM8A1-specific products of 954 and 186 bp, respectively. The condi-
tions of the PCR were 35 cycles of 30 s at 94°C, 30 s at 60°C, and 2 min at 72°C
with 50 ng of DNA.

Sequence analysis. All sequences were analyzed with the Repeat masker pro-
gram (http:/ /ftp.genome.washington.edu/ cgi-bin/RepeatMasker). Sequences
were aligned by using ClustalX 1.64 [36] and further checked by hand.
Phylogenetic relationships between the sequences were analyzed by two meth-
ods: BIO-NJ algorithm of tree reconstruction [37] using Tajima and Nei genetic
distance [38] and maximume-likelihood using DNAML from Phylip package
3.573c [39].

To date the major spread of FAM8AI pseudogenes in primate lineage,
pseudogenes were amplified from different primate DNA with primers
FAMB8AIF1 and FAMSAIR1 (acc. nos. AF315790, AF315791, AF315792,
AF315793, AF315794, AF315795, and AF315796).

A maximum-likelihood tree with molecular clock was produced and tested
with the likelihood ratio test against a tree without a clock [40]. For this test,
only sequences with nearly equal evolutionary rates are required. Therefore,
functional FAMS8A1 sequences have been removed, as their evolutionary rate
is lower than that of FAM8A1 pseudogenes. FAM8A4P has also been discarded
as its evolutionary rate is higher because of its presence on the Y chromosome
[41].

Gene conversion among the FAM8A1 pseudogenes was detected with the
PLATO package [42]. A sliding window is moved along the alignment, and for
each position the likelihood of the base partition is established and tested
against the true phylogeny as a null hypothesis. If the partition is significantly
different, that part of the alignment is checked manually to detect recombina-
tion events. For this purpose, six complete HERVK14 sequences have been
extracted from the human genome database (acc. nos. K02774.1, AC003100,
AC025593.3, AC021560, HS249C1, and AC068828). All sequence alignments
performed in this study are available on request.
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