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ABSTRACT

As part of an investigation into the effects of
endogenous retroviruses on adjacent genes, we have
isolated a cDNA clone derived from the human
teratocarcinoma cell line NTera2D1 representing a
chimeric transcript in which an endogenous retrovirus-
like element, RTVL-H, has been spliced to downstream
cellular sequences. The 5' terminus of this clone,
termed AF-5, occurs one bp downstream of the
predicted transcriptional start site in the RTVL-H long
terminal repeat (LTR). AF-5 contains an open reading
frame of 689 amino acids beginning within RTVL-H
sequences that has two domains of homology with
phospholipase A2 (PLA2). These domains, of
approximately 120 amino acids each, are 30-38%
identical to secreted PLA2s and contain sequence
features of both group I and 11 enzymes. The
corresponding AF-5 transcript is 2.5 kb and is derived
from a single copy novel gene termed PLA2L. Southern
analysis indicates that the RTVL-H element is normally
present in human DNA upstream of the PLA2L gene.
RTVL-H/PLA2L chimeric transcripts were detected in
two independent teratocarcinoma cell lines but not in
several other cell lines or primary human tissues.
Characterization of additional cDNA clones and PCR
analysis indicates that multiple RTVL-H/PLA2L
alternatively spliced transcripts are expressed. No
evidence has been found for transcription from a non-
LTR promoter. These findings strongly suggest that the
endogenous LTR promotes expression of the human
PLA2L gene in teratocarcinoma cells.

INTRODUCTION

Retrotransposons and endogenous retroviruses, like other
transposable elements, are causative agents of genetic change
residing within otherwise stable genomes. Their insertion into
the genome can physically disrupt and inactivate cellular genes
or can alter expression of adjacent genes due to effects imposed
by the transcriptional control sequences carried by the LTRs of

the element. The mutational capabilities of retrotransposons in
organisms such as Drosophila and yeast are well documented
(1,2) and numerous examples of inactivation or altered regulation
of genes by murine retrotransposons or endogenous retroviruses
have also been reported (reviewed in 3,4). Many of the murine
examples have been found in somatic cells (i.e. cell lines or

tumors) where insertion near a growth regulatory gene contributes
to a measurable phenotype such as altered growth or malignant
transformation (5,6). However, germ line events in which
insertion of an element altered or abolished expression of an

adjacent gene have also been reported in mice (7-9).
It has become evident in the last decade that the genomes of

humans and other primates also harbor thousands of LTR
containing elements that resemble retrotransposons or endogenous
retroviruses (for reviews see 10,11). The abundance of these
sequences raises the possibility that some are involved in adjacent
gene expression, either because of recent rearrangements or

because they have evolved to play that role. As one way of
assessing the effects that endogenous retroviruses or related
elements may have in humans, we have undertaken a study to
identify and characterize heterologous cellular transcripts or genes
that utilize an endogenous LTR as a transcriptional promoter.
For this study we have focussed on the RTVL-H family of
elements (12,13) for two primary reasons: First, RTVL-H
elements and related solitary LTRs are dispersed and present in
high copy numbers (approximately 1000 each) in the human
genome (14). Second, RTVL-H LTRs can drive expression of
a reporter gene (15) and promote high levels of endogenous
RTVL-H transcripts in normal placenta (16,17) and in various
transformed human cells, most notably teratocarcinoma cell lines
(16). Thus there is a large pool of potentially functional RTVL-
H LTRs in the genome that could act to control adjacent cellular
gene expression.

In a previous report, we used a differential hybridization
screening strategy to isolate several RTVL-H-cellular chimeric
cDNA clones from an NTera2Dl cDNA library having a

structure consistent with transcriptional initiation from within a

solitary LTR or the 3' LTR of an intact element (18). We have
now modified this screening method to detect cDNAs derived
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from transcripts initiating within the 5' LTR and splicing into
a downstream cellular exon. Here we describe NTera2Dl cDNA
clones representing LTR initiated transcripts that have spliced
into a novel cellular gene with homology to phospholipase A2.
Results presented in this report suggest that the expression of
this gene in teratocarcinoma cells is driven by the RTVL-H LTR.

MATERIALS AND METHODS
Library screening
A XgtlO cDNA library constructed from polyA+ RNA from
NTera2Dl cells (19) was provided by Drs. Maxine Singer and
Ronald Thayer (20). The library was differentially screened using
standard procedures (21) with the probes shown in figure la.
The U3 and U5 specific probes were described previously (18).
Probe 6, a 265 bp NcoI/OxaNl fragment mapping 140 bp 3'
to the RTVL-H splice donor site, and probe 7, a 210 bp
BglI/HindlI fragment mapping just 3' to an observed cluster
ofRTVL-H splice acceptor sites, were isolated from RTVL- H2
(13). All probes were radioactively labelled by the random primer
method (22). Hybridization conditions were: 65°C in 6xSSC
(1 xSSC is 0.15 M NaCl, 0.015 M Na citrate), 1 xDenhardt's
solution (1 xDenhardt's solution is 0.02% ficoll, 0.02% bovine
serum albumin, 0.02% polyvinyl pyrrolidone), 1% sodium
dodecyl sulphate (SDS). Post hybridization washes were at 65°C
in 3 x SSC, 1% SDS. Phage clones of interest were plaque
purified and cDNA inserts were subcloned into plasmid vectors.

Southern and Northern analysis
For Southern blot analysis, DNA was digested with restriction
enzymes, electrophoresed in 0.8-1 % agarose gels, and
transferred to Zetaprobe (Biorad) membranes by standard
methods (21). Genomic Southerns used 4 Ag DNA per lane and
were hybridized as described previously (18). For Northern
analysis, total cellular RNA was isolated by guanidinium
isothiocyanate preparation (23). RNA was electrophoresed in 1%
agarose wick gels containing 0.66 M formaldehyde, using
2 xMOPS buffer (0.04 M 3-[N-morpholino] propanesulphonic
acid, 0.01M sodium acetate, 2mM EDTA pH 7.0) at lV/cm and
transferred to Zetaprobe membranes in 10 xSSC. Hybridizations
were at 65°C in S xDenhardt's, 1.5 xSSPE (0.27M NaCl, 15mM
Na H2PO4, 1.5mM EDTA), 1% SDS in the presence of 500
,ug/ml denatured salmon sperm DNA and denatured probe at
2-6x 106 cpm/ml. Final post hybridization washes were at 50°C
in 0.lxSSC, 0.5% SDS. Probes used are described in the
appropriate figure legend.

DNA sequencing and computer analysis
Fragments were subcloned and sequenced using a modification
of the dideoxy chain termination method (24). The sequence
shown in figure 2 was determined on both DNA strands or at
least twice on the same strand. Sequences were analyzed using
software provided by the Genetics Computer Group (GCG) (25).

Polymerase chain reaction (PCR) analysis
PolyA+ RNA from different sources was reversed transcribed
using random hexamers as primers and Moloney-murine
leukemia virus reverse transcriptase. Conditions for the 30 !,d
reaction volume were: 2 ,g RNA, 100 ng random hexamers,
200 units reverse transcriptase, 30 units RNasin, 830 ,uM dNTPs
in 50 mM Tris-HCl pH8, 60 mM KCI, 3mM MgCl2, 10 mM
dithiothreitol, 100 gg/ml bovine serum albumin. The reaction

was carried out for 1 hour at 40°C, followed by an inactivation
step of 5 min. at 950C (26). One sixth of the cDNA reaction
was used in PCR with various primers shown in Figures 2 and
5c. PCR conditions per 50 1l reaction volume were: 20 mM Tris
pH 7.5, 50 mM KCl, 2.5 mM MgCl2, 0.01% bovine serum
albumin, 250 AM dNTPs, 1.25 units Taq DNA polymerase, and
20 picomoles each primer. PCR cycle parameters were: 2 min,
95°C, lx; 30 sec, 940C, 30 sec, 500C, 1 min, 720C, 30x;
2 min, 720C, 1 x (27). Portions of the reactions were
electrophoresed and gels were either blotted and hybridized or
fragments were excised, purified using Geneclean (Bio 101) and
subcloned into plasmid vectors for sequencing.

RESULTS AND DISCUSSION
Identification of a chimeric spliced RTVL-H/cellular cDNA
clone
Our laboratory has previously identified a variety of spliced
RTVL-H transcripts in NTera2Dl cells that utilize a single 5'
splice donor site located 150 bp downstream of the 5' LTR and
a cluster of splice acceptor sites found 1.8-2 kb 3' to the donor
site (16). The finding of these spliced transcripts suggests that
chimeric transcripts promoted by an LTR in which the RTVL-
H element has been spliced to an exon of a downstream gene
may exist in teratocarcinoma cells (see figure la). Such splicing
events could occur via deletion or mutation of the RTVL-H splice
acceptor sequences, or conversely, by mutation involving
sequences controlling splicing of the downstream gene. The only
RTVL-H specific sequences that chimeric transcripts of this type
should contain would be the LTR subregions R and U5, which
by definition lie 3' to the transcriptional initiation site (28), and
the internal region 5' to the splice donor site (see figure la). To
identify such transcripts, we screened an NTera2D1 cDNA
library (250,000 phage) for cDNA clones that hybridized with
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Figure 1. A) Strategy for isolating chimeric spliced cDNAs. An endogenous
retroviral element, RTVL-H, with its 2 LTRs (subdivided into U3, R & US)
is shown 5' to a hypothetical gene containing 3 exons (striped boxes). A possible
transcript initiating in the 5' LTR and splicing into the gene is illustrated. An
NTera2Dl cDNA library was screened with the probes shown as white and black
boxes and clones positive only for the U5 probe and internal probe 1 were chosen
for further analysis. S.D., splice donor site; S.A., splice acceptor site. B) The
5' terminal sequence of one clone, AF-5, compared to the consensus RTVL-H
element. The clone begins 1 bp 3' to the LTR CAP site and homology with RTVL-
H extends as expected to the splice donor site. The 3 dots indicate 200 bp of
homology with RTVL-H.
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an RTVL-H internal probe 5' to the splice donor site (probe 1
in figure la) and with a U5 specific probe, but which did not
hybridize with a U3 specific probe or with probes 6 or 7, mapping
downstream of the RTVL-H splice donor and splice acceptor sites
respectively (figure la).
We identified several phage clones that met this criteria,

however, most of these clones were subsequently shown to
hybridize very weakly with probe 7 and were not characterized
further. One 2.4 kb phage clone that hybridized only to probe
1 and the U5 probe was purified and sequenced. Figure lb is
a comparison of the 5' region of this clone, termed AF-5, and
relevant regions of an RTVL-H consensus sequence. This figure
illustrates that the clone begins in an RTVL-H LTR one bp
downstream of the expected transcriptional initiation site. The
homology with RTVL-H extends to the 5' splice donor site and
terminates precisely at the G residue shown, as expected in a
spliced transcript. This structure strongly suggests that AF-5 is,
indeed, the product of a chimeric splicing event between an
RTVL-H element and an unrelated exon.

Clone AF-5 is derived from a novel phospholipase A2 related
gene
The complete nucleotide sequence of clone AF-5 and the deduced
amino acid sequence (689 amino acids) encoded by its open
reading frame (ORF) are shown in figure 2. The ORF shown
begins at an ATG within the LTR sequence (position 101) and

continues in frame into the non-RTVL-H AF-5 sequence where
it terminates at position 2167. The ATG within the LTR is not
in a favorable context for translation initiation (29) but a more
favorable one occurs at position 416 and is bracketed. Clone AF-5
contains a 253 bp 3' noncoding region, and is not polyadenylated,
suggesting that this clone is a 3' truncation of a larger transcript.
A search of the PIR database for proteins with homology to the
predicted amino acid sequence of AF-5 revealed two PLA2 like
domains witiin the putative AF-5 protein (underlined in figure
2a). Further Genbank and PIR database searches revealed no
other significant similarities to known sequences. Because the
gene from which the AF-5 cDNA was derived has similarity to
PLA2, we have elected to designate it PLA2L for PLA2 like
gene.
PLA2s are a diverse family of enzymes that hydrolyze the sn-2

fatty acyl ester bond of phospholipids to produce free fatty acids
and lysophospholipids (30). PLA2s are abundant in mammalian
pancreatic juices and in the venom of snakes and bees, where they
play a digestive role (30). They also occur in trace amounts in
many cell tpes and perform a variety of biological functions, such
as controlling phospholipid metabolism, regulating membrane
fluidity, and initiating arachidonic acid release during the onset
of inflammation (31). Interestingly, there is some evidence that
PLA2 plays a significant role in the pathogenesis of chronic
inflanmnatory disorders such as rheumatoid artritis and psoriasis
(32). Extracellular forms of PLA2 from a variety of sources have
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Figure 2. DNA and predicted amino acid sequence of cDNA clone AF-5. RTVL-H sequences are boxed with the R & U5 subregions of the LTR indicated. An
ORF of 689 a.a. begins within the LTR at position 101 but an ATG in a more favorable context for translation initiation occurs at position 416 and is bracketed.
The two domains of homology with PLA2 are underlined. Numbered arrows shown above and below the sequence indicate the 5 PCR primers used in Figure 6.
Primers 4 and 5 are the reverse complement of the sequence shown.
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Figure 3. Amino acid comparison of the two PLA2L domains to other PLA2 sequens. Human group I-pancreatic (50); cobra group I-naja naja atra (51); human
group 11-non pancreatic (52); viper group 11-bids caudalis (53). The 26 amino acids shown below are conserved in all active group I and I[ PLA2s (39). Black
boxes highlight identities of the PLA2L domains to other PLA2 s. Dots show residues found in both PLA2L domains but not in other PLA2s. Arrows indicate positions
that distinguish group I and 11.

been characterized and genes encoding several have been cloned
and sequenced (33-36). However, none of the PLA2 genes or
cDNA clones examined have a repeated structure similar to
PLA2L. Indeed, the structure of PLA2L appears as iftwo complete
PLA2 related genes are contained within it. Secreted PLA2s are
small (120-145 aa) rigid proteins in which the key active site
residues and the alignment of cysteines are highly conserved. This

alignment of C residues is strictly maintained in the PLA2L
domains (see figure 3) suggesting that a PLA2L encoded protein
would also be secreted. In addition a 23 amino acid sequence
beginning with a potential initiator M at amino acid position 106
(bracketed in figure 2) fits predictions for a signal sequence
reasonably well (37).

Secreted PLA2s have been classified as belonging to group I
or group II based on the positioning of certain C residues (38,39).
Figure 3 is an amino acid sequence comparison of the two
PLA2L repeats with human pancreatic PLA2 (group I), human
nonpancreatic PLA2 (group II) and two other randomly chosen
PLA2s from snake venom. While homology extends throughout,
the most striking similarity of both repeats to the PLA2s is in
the calcium binding loop (residues 25-49) and in the absolute
conservation of cysteines. Below the alignment is shown 26
conserved amino acids that have been found in all active group
I and II PLA2s (39). The PLA2L domains contain most of these
amino acids but differ in certain positions, such as D49 which
is thought to-be a critical residue for enzymatic function (40).
These domains have not yet been tested to determine if one or

both encode PLA2 activity. However, the maintenance of the
PLA2L long open reading frame, despite the apparent ancient
origin of the PLA2 duplication (see below), suggests that it is
functionally important.

PLA2L 5'

PLA2L 3'

human pancreatic

rat pancreatic

Chinese cobra

sea krait

human non-pancreatic

XI |rat non-pancreatic

horned viper

rattlesnake

honeybee

Figure 4. Dendogram of a multiple amino acid sequence comparison of PLA2s.
Lengths of the horizontal branches are proportional to the differences between
sequences. Sequences included are those shown in figure 3 and the following:
rat pancreatic (54); sea krait (55); rat non-pancreatic (56); rattlesnake (57);
honeybee (58).

The PLA2L domains are distinct from group I and II PLA2s
As mentioned above, secreted PLA2s have been classified into
group I or group II based on sequence differences, in particular
on the positioning of certain C residues (38,39). In addition, from
an alignment of 40 PLA2 sequences (39), it is clear that there
are several other amino acid positions that distinguish group I
and II PLA2s. These are marked by arrows in figure 3. It is
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Figure 5. A) Northern analysis of total RNA from several cell lines using probe
A. NTera2Dl and Teral-human teratocarcinoma; K562-human leukemia;
Hela-human cervical carcinoma; Cosl-monkey SV40 transformed fibroblast.
B) Rehybridization to probe B. (Rehybridization to a j3-actin probe is shown below
panel A). C) Map of AF-5, showing the RTVL-H/cellular splice junction (sj),
the PLA2 homologous regions and restriction sites used for the isolation of probe
A, a 587 bp HincII/ApaI fragment, and B, a 318 bp BbsI fragment. H, HincdI;
A, ApaI; B, BbsI. Arrows labeled 1-5 show locations of PCR primers used
in Figure 6.

apparent that the two PLA2L domains have features characteristic
of both group I and ]I (figure 3). Both domains have the group
I specific C1I and C78 and a two amino acid gap at positions
110-111. However, both also have C51 which is group II

specific. The 5' domain has F46 characteristic of group II but
V38 and a lack of C134 which are both features of group I. The
3' domain has group I specific L41 and A98 but possesses C134
which is a hallmark of group II enzymes. Both domains also have
a C at position 18 and several other residues in common (marked
in figure 3) that do not occur in any other PLA2 aligned by
Davidson and Dennis (39). Thus the PLA2L domains cannot be
definitively placed into either known group.

This conclusion is supported by the results of a global multiple
sequence comparison of the PLA2L domains and several
mammalian and snake PLA2s (figure 4). The dendogram shown
in figure 4 was generated by the GCG program pileup and is
not a true phylogenetic tree. However, the lengths of the
horizontal branches are proportional to the number of sequence
differences. It can be seen that such an analysis places the PLA2L
domains on a separate branch. Interestingly, assuming that the
PLA2L domains were generated by a duplication event, they have
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Figure 6. PCR of cDNA synthesized from polyA+ RNA from NTera2Dl,
Teral or K562 cells. AF-5 cDNA is included as a positive control. Primers used
for each reaction are shown below each panel. (See figures 2 & Sc for locations
of primers.) Panel A was hybridized to probe A and panel B to probe B.

diverged substantially from one another. At the protein level they
are 37% identical and at the nucleotide level they are only 50%
identical. There is no detectable homology at the nucleotide or
protein level in the regions surrounding these domains indicating
that, if the length of the original duplication extended beyond
the PLA2 homologous regions, sequence divergence has erased
any record of it. The extreme age of the duplication and the fact
that the two domains have features of both group I and II PLA2s
raises the possibility that the PLA2L gene may represent a
precursor of the genes encoding the two groups.

Expression of PLA2L related transcripts
To analyze the expression of PLA2L transcripts, Northern
analysis using total cellular RNA from NTera2Dl, Teral (an
unrelated human teratocarcinoma cell line), K562, Hela and
Cos-l cells was performed using probe A indicated in figure Sc.
The results are shown in figure Sa. Of the lines tested, expression
of transcripts hybridizing to this probe was detectable only in
the teratocarcinoma cell lines, with much higher levels in Teral
cells where transcripts of approximately 9.4, 5.2, 3.8, and 2.5
kb were observed. The Northern blot shown in the right panel
of figure 5a was next rehybridized with probe B (see figure 5c)
specific for the 5' PLA2-like domain. Figure Sb shows that this
probe hybridizes only to the 2.5 kb transcript in Teral cells.
These results suggest that the 2.4 kb AF-5 cDNA is a 3' truncated
clone of the 2.5 kb transcript detected by both probes. The
structure of the larger transcripts that hybridize only to probe
A is also of interest and will be addressed below.
To confirm that RTVL-H/cellular chimeric transcripts are

expressed in teratocarcinoma cells, RNA-PCR analysis was
performed using polyA+ RNA from NTera2Dl, Teral and
K562 cells with primers shown in figures 2 and Sc. The position
of primer 1 is within the RTVL-H sequence just 5' to the splice
donor site and primer 2 spans the RTVL-H-cellular junction. Each
of these primers was used in conjunction with primer 4 (located
at the 5' end of the first PLA2 like domain) to amplify the 5'
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Figure 7. Structure of cDNA clones and PCR products. The top line shows the
RTVL-H element with its LTRs and locations of known splice donor (SD) and
splice acceptor (SA) sites. Boxes represent exons or groups of exons in the PLA2L
gene. The ? denotes that the relative genomic order of the final 2 groups of exons
is not known. Structures of the AF-5 cDNA and 3 other NTera2Dl cDNAs are
shown as are structures of several PCR clones generated using primers 1 and
4 or 2 and 4. PCR clone P1-P4-a was derived from Teral while the rest were
from NTera2Dl. Thick lines show RTVL-H sequences and thin lines are non-
RTVL-H sequences. Asterisks are stop codons. A potential splice acceptor site
identified in the read-through cDNA, AF-8, is indicated. The 100 bp NdeI/AlwNI
probe (stred box) and the StyI (S) and XmnI (X) restiction sites used for Southern
analysis are shown below clone AF-8.

region of the transcript. Figure 6a shows the products of these
amplification reactions hybridized to probe A. Both sets of
primers amplify fragments that are the same size as in clone AF-5
in the two teratocarcinoma cell lines. Interestingly, however,
several other hybridizing fragments of different sizes were also
observed. No hybridizing PCR fragments were detectable from
K562 poly A+ RNA. The cluster of fragments seen in the
NTera2Dl and Teral reactions suggest that a set of RNAs that
differ slightly in size are expressed. These results also indicate
that the patterns of expression in the two independent
teratocarcinoma cell lines are very similar if not identical although
the Northern results indicated that the overall level of expression
is higher in Teral.
PCR was also performed using primers 3 and 5 that bracket

the PLA2 related domains. In this case, a single hybridizing
amplified fragment of the same size as in the cDNA AF-5 was
observed in the teratocarcinoma cell lines (figure 6b). No
equivalent fragment was amplified from K562 mRNA which
agrees with the Northern analysis indicating that related
transcripts are not expressed in these cells.
To determine if PLA2L is expressed in normal human tissues,

we hybridized probe B to a Northern blot of polyA+ RNAs
from 8 primary adult tissues (pancreas, kidney, muscle, liver,
lung, placenta, brain, heart) obtained from a commercial source
(Clonetech). No hybridizing bands were observed indicating that
expression of this gene is low or absent in these tissues. In
previous work we have shown by Northern analysis that RTVL-H
sequences in general are expressed in placental amnion and
chorion while expression was not detectable in decidua or villus
(16). Therefore, RNA-PCR was also performed with primer pairs
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Figure 8. Southern analysis of the PLA2L locus. A) Human DNAs digested with
EcoRI and hybridized to probe B (figure 5c). 1, NTera2Dl; 2, Teral; 3-4,
two normal individuals. B) Human DNAs digested with StyI/XmnI and hybridized
to the 100 bp NdeI/AlwNI probe (figure 7). 1, NTera2Dl; 2, Teral; 3-8, six
normal individuals.

1 and 4 and 3 and 5 on total RNA samples from these four
placental tissues to look for expression of this gene. We were
generally unable to detect amplified transcripts with either primer
set even after hybridization to the appropriate probe and
autoradiography for several days. However, in two instances
(primers 1 and 4 using villus cDNA and primers 3 and 5 using
decidua cDNA) very faint hybridizing fragments of the expected
size were observed (data not shown). It is therefore possible that
the gene is expressed at very low levels in some placental tissues
but since we did not detect transcripts in the same tissue using
both primer pairs, the significance of this finding is as yet unclear.
Thus, to date we have found definitive evidence for PLA2L gene
expression only in the teratocarcinoma cell lines.

Alternative splicing of the PLA2L gene
One explanation for the amplification of different sized fragments
as shown in figure 6a is that expression of this locus may involve
alternative splicing. The observation that probe A detects
transcripts on a Northern blot that are not detected by the probe
within the 5' PLA2-like domain (figure 5a & b) also raises the
possibility of alternative splicing. To investigate this possibility,
we rescreened the NTera2Dl cDNA library with probe A and
isolated three additional cDNA clones. Hybridization analysis
of these clones revealed that two of them contained RTVL-H
sequences and that none of the three contained the PLA2-like
domains. Sequencing of these clones and comparisons to the AF-5
cDNA sequence revealed evidence for alternative splicing as
diagrammed in figure 7 and as will be discussed below. In
addition to characterizing these cDNA clones, we also subcloned
and sequenced several PCR generated fragments from the
reactions shown in figure 6a. The structures of these fragments
are compared to each other and to the cDNA clones in figure
7. This comparison also indicates that alternative splicing occurs
and is the explanation for the heterogeneity in size of the PCR
fragments.

.... .... .... ... .... __ ...... .. _. _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~a Al
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The top line in figure 7 shows the genomic locus with the
RTVL-H element and the PLA2L exons or blocks of exons that
we can deduce from comparisons of the different cDNA
sequences. All clones have a 390 bp region in common shown
as box II in figure 7. This segment is likely a single exon or
group of exons that is always found together. Downstream of
this segment is a region a three small putative exons which are
found in various combinations in the different sequences.
Following the second of these exons (box IV), the three additional
cDNA clones, AF-6, 7 and 8 differ completely from AF-5 and
the PCR clones as diagrammed in the figure. They do not contain
the PLA2-like domains and instead splice into a different region.
This region, labeled VII, is shown 3' to region VI containing
the PLA2-like segments but we cannot rule out the possibility
that the genomic order of regions VI and VII may actually be
reversed. The 5' terminus of clone AF-6 occurs within the RTVL-
H 5' LTR 87 bp downstream of the 5' terminus of AF-5. The
transcript corresponding to AF-6 utilized the RTVL-H splice
donor site but spliced into an upstream exon (box I) that is not
present in clone AF-5. The 5' end of clone AF-7 terminates within
the 390 bp segment (box II).
Clone AF-8 is of interest because its 5' terminus occurs within

the interior of the RTVL-H element as shown. Thus this clone
most probably represents a 5' truncated transcript that initiated
within the 5' LTR but then failed to use the RTVL-H splice donor
site and was not polyadenylated in the 3' LTR. Sequence analysis
of this clone revealed a potential splice acceptor site
CCTCCCTGAAG/G located 270 bp downstream of the 3' LTR
and corresponding to the beginning of the exon labeled I present
in cDNA clone AF-6 and PCR clones Pl-P4-a and b. The
availability of clone AF-8 has allowed us to isolate a probe which
should be adjacent to the RTVL-H element in genomic DNA
(striped box in figure 7) that we have used to examine the genomic
arrangement of the locus in different individuals (see below).
The termini of the PCR clones is of course fixed by the primers

used to generate them but alternative splicing is again apparent.
Figure 6a (left panel) shows that four primary fragments were
amplified from teratocarcinoma RNA using the RTVL-H/cellular
junction primer 2 and primer 4. Sequencing of PCR clones
P2-P4-a-d which correspond to the four fragments revealed that
their size differences are due to the variable presence of exons
m, IV and V (figure 7). Use of primer 1 which lies entirely within
RTVL-H gives even a more complex pattern (figure 6a, right
panel). Thus far, two clones generated using primers 1 and 4
have been sequenced, Pl-P4-a and b. They both include exon
I, not found in AF-5. In addition, the transcript corresponding
to clone Pl-P4-a utilized known splice donor and splice acceptor
sites within the RTVL- H element but then used a previously
unknown cryptic splice donor site located 86 bp 3' to the RTVL-H
splice acceptor site. The inclusion of the short internal RTVL-H
segment would add further size complexity to the resulting
transcripts. Although we have not yet sequenced PCR clones
representing all of the fragments shown in figure 6a, it is likely
that they represent additional splicing variations localized to the
5' region of the PLA2L gene. Interestingly, since primers 3 and
5 which flank the PLA2 domains amplify a single fragment, it
appears that variations due to splicing do not occur in this region
of the gene. However, the Northern results (figure 5) and the
structures of cDNA clones AF-6,7 and 8 indicate that alternative
splicing does produce transcripts that lack the PLA2 like
domains altogether.

The PCR that generated the clones diagrammed in figure 7
was not quantitative so it is not known which spliced forms are
most commonly produced in the teratocarcinoma cell lines. The
Northern results using probe B (figure 5) indicate that one or
more RNAs of approximately 2.5 kb are most abundant in Teral
cells. Since exons I, HI, IV and V are small in size (249, 154,
83 and 93 bp respectively), the 2.5 kb band could well be a
mixture of different spliced forms. Interestingly, while PCR
clones Pl-P4-b and P2-P4-a-d all have an ORF throughout,
Pl-P4-a contains an in frame termination codon in its short
internal RTVL-H segment (figure 7). This suggests that at least
some of the alternatively spliced forms would be unable to encode
a putative PLA2L protein. The structures of cDNAs AF-6, 7
and 8 are further evidence of abberant splicing. None of them
contain the PLA2 related regions and AF-6 and 7 include exon
IV but not exon Im resulting in the fusion of a different reading
frame and a termination codon in exon IV. It is quite possible
that the presence and use of the RTVL-H promoter and splicing
signals induces downstream splicing variations that would not
occur if a non-LTR 'cellular' promoter of the PLA2L gene was
being used.

Southern analysis of the PLA2L locus
To determine if PLA2L homologous sequences are present in
a single or multiple copies in the genome, Southern blot analysis
of several human DNA samples was first performed with probe
B indicated in figure Sc. Figure 8a shows that this probe
hybridizes to a single EcoRI fragment of 8.0 kb suggesting that
the PLA2L locus is unique. To ascertain if the RTVL-H element
is normally present upstream of this locus, we next performed
genomic Southern analysis using a 100 bp NdeI/AlwNI probe
(striped box in figure 7) located between the 3' LTR and the splice
acceptor site in clone AF-8. As mentioned above, this fragment
should be adjacent to the RTVL-H element in genomic DNA.
This probe should hybridize to a 900 bp StyI/XmnI genomic
fragment if the RTVL-H element is present (see figure 7).
Figure 8b shows that a StyI/XmnI fragment of the expected size
was detected in DNA from NTera2Dl and Teral and from all
6 unrelated nonnal human DNAs tested. This result indicates
that the RTVL-H element is a normal part of the PLA2L gene
locus in humans.

Involvement of the RTVL-H element in PLA2L gene
expression
Several observations suggest that the RTVL-H LTR promotes
expression of the PLA2L gene in teratocarcinoma cells. First,
both of the cDNA clones that were isolated using a non-RTVL-
H PLA2L region probe and that are sufficiendy long to assess
(clones AF-6 and 8) begin within RTVL-H sequences. Second,
the 5' termini of clones AF-5 and 6 are consistent with promotion
from within the 5' LTR and splicing into the PLA2L gene. Third,
from the sequence of the 3' LTR in clone AF-8, we have
determined that the LTRs of this RTVL-H element belong to
subtype I, the most common of the three LTR subtypes we have
distinguished on the basis of sequence differences (41). Northern
analysis using subtype specific probes has indicated that
expression of type I LTRs occurs mainly in teratocarcinoma cell
lines, with highest levels in Teral cells, whereas the other
subtypes have somewhat different patterns of expression (D.
Wilkinson and D. Mager, unpublished data). Therefore, the
apparent restriction of PLA2L gene expression to the
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teratocarcinoma cell lines, again with higher levels in Teral cells,
is consistent with transcriptional regulation by the RTVL-H LTR.
Fourth, although the structure of clone AF-8 suggests that the
RTVL-H insertion occurred within an intron, we have found no
evidence for utilization of a non-LTR upstream promoter. Such
a promoter could well exist but its function may be suppressed
by proximity of the LTR promoter and the latter's activation in
teratocarcinoma cells. In this regard, it would be of interest to
analyze the structure and expression of the PLA2L locus in a
non-primate species since the RTVL-H family is specific to
primates. In addition, while this RTVL-H element appears to be
fixed in homo sapiens, it would be of interest to examine this
locus in other primates to determine the evolutionary age of the
insertion.

General role of human retrotransposons in genetic variation
We have shown here that an endogenous LTR appears to play
a role in the transcriptional regulation of a novel PLA2 related
gene in humans. The possible biological significance of this
occurance will be interesting to explore once more is known about
the function of the PLA2L gene. While this study and our
previous one (18) represent directed screens for transcripts
promoted by LTRs, they are not the first reports that implicate
human retrotransposons in the control of adjacent genes. In
searching for genes specifically expressed in a cell line derived
from a prostate metastasis, Liu and Abraham isolated a cDNA
representing a spliced transcript between an RTVL-H element
and a downstream cellular gene (42). In that case, splicing
occurred from the same RTVL-H splice donor site as reported
here to the second exon of the calbindin gene. Furthermore, there
is evidence for protein expression from the RTVL-H/calbindin
ORF initiating at the same ATG in the LTR that begins the
RTVL-H/PLA2L ORF shown in figure 2. It has been suggested
that RTVL-H induced deregulation of the calbindin gene may
have contributed to the metastatic phenotype of the cell line (42).
However, it is unknown whether the RTVL-H element is
normally present upstream of the calbindin gene or whether it
is a somatic insertion specific to the prostatic cell line. In another
report, it has been shown that transcripts initiating in the 5' LTR
of the single copy human endogenous retrovirus ERV-3, (also
termed HERV-R, 10), splice into a cellular Kruppel-related zinc
finger gene (43,44). These spliced transcripts are abundant in
placental chorionic villi but interestingly are not expressed in
choriocarcinomas (45). In addition, recent evidence indicates that
enhancer elements within an endogenous retrovirus are required
for the normal tissue-specific expression of the human salivary
amylase genes (46). Finally, instances of endogenous LTRs
providing polyadenylation signals to cellular transcripts have also
been reported (41,47,48). Thus it is evident that human
retrotransposons or endogenous retroviruses, like those of other
species, represent a large reservior of 'mobile mutagens' that
can impact upon genes near which they reside. While insertions
of retrotransposons can clearly be detrimental, their ability to
alter gene regulation without destroying pre-existing gene function
also provides a mechanism for the rapid acquisition of variation
in evolution. Indeed, a recent study has found evidence that the
presense of Ty retrotransposons in yeast is evolutionarily
beneficial (49). It is tempting to speculate that the actions of
retrotransposons in general may be an important avenue for
evolutionary adaptive change.
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