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Reverse Transcription in the Eukaryotic Genome:
Retroviruses, Pararetroviruses, Retrotransposons,
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Recent studies indicate that >10% of the human and mouse genome appears to
consist of integrated DNA copies of RNA molecules. These sequences include
retroviruses, retrovirus-like DNAS, retrotransposons, and retrotranscripts and rep-
resent more than 500,000 separate integration events. The nature of the enzymes
used for the reverse transcription from RNA to DNA and for integration of the
DNA copies into chromosomal DNA is unknown. A major evolutionary effect of
these integrations would have been mutation. Thus, present-day organisms are
those that survived this mutational load.

Introduction
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Reverse transcription was first discovered as a key step in the replication of certdin
animal viruses now called retroviruses. Although it was suggested at that time that
reverse transcription is an important general biological process (Temin 1970, 19%!,
1974), evidence supporting this hypothesis has only recently been obtained (Tentin
1980; Temin and Engels 1984). Somewhat surprisingly, this evidence does not come
from discoveries of reverse transcriptase in normal cells but from analysis of the stric-
ture of various DNAs isolated by DNA cloning. The results of reverse transcriptién
and integration make up >10% of the human and mouse genomes, representing ovEBr
500,000 separate insertions of DNA into the chromosomes (table 1). g

Reverse transcription has now been found in retroviruses and pararetrowm@s
(hepatitis B-like viruses). The vertebrate genome contains DNA copies of retrovuﬁs
RNA as well as (1) DNAs with organizations similar to those of retrovirus DN:A
(retrotransposons) and (2) DNAs with some characteristics indicating that they ha'Ve
been transcribed from an RNA template (retrotranscripts).

Retrovirus Life Cycle
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To understand this conclusion about the important evolutionary role of reverse
transcription, we must examine some details of the retrovirus life cycle (Weiss et al
1982). At one level of description, retroviruses look and behave like other anmﬁl
viruses. That is, they have a medium-sized enveloped virion, and their life cycle c@
be divided into virus attachment and entrance into cells, an eclipse or latent peno‘?i,
and a period of virus formation and release. At another level of description, the structure
of the retrovirus replicative intermediate, the provirus, is like that of many cellular

1. Key words: retrovirus, reverse transcription, transposons, integration. Abbreviations: LTR = long
terminal repeat, PBS = primer binding site, PPT = polypurine track, E = encapsidation sequence, R = repeat,
IAP = intracisternal A-particle.
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Table 1
Number of Copies of Reverse Transcribed DNAs
per Genome
Type of Sequence Number
Endogenous retrovirus and retrovirus-like . .. ... 1,500
Retrotranscripts:
cDNA ... >1,000*
Small ........ ... ... ... 500,000
Large . ... ... .. 30,000

NOTE.—Data are approximate number of copies per genome of these different
sequences in the mouse. Definitions and references are cited in the text.
* Extrapolation from present findings. The number probably is > 10,000.
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movable genetic elements (fig. 1) (Temin 1981, 1982; Varmus 1982); that is, the £&t-
rovirus provirus has terminal inverted repeats embedded in terminal direct repeits
(two inverted repeats per direct repeat) and is integrated in many different sites in ﬁle
cell genome in a small direct repeat of the cell DNA. (The direct repeats in viral DINA
are called long terminal repeats or LTRs.) Thus, the viral sequences at the ends of gle
provirus are always constant, and the cell sequences next to the ends are differeht.

The exact nucleotides at the ends of the provirus, TG, . . . CA (and frequently soﬁie
other adjoining nucleotides) are also present in many eukaryotlc cellular movaﬁle
genetic elements. °

The actual process of transfer of information from RNA to integrated DNA§>y
reverse transcription in retrovirus replication is quite complex. The synthesis of ﬁle
unintegrated viral DNA intermediate involves two virus-encoded primers, PBS (prlrﬁer
binding site) and PPT (polypurine track), as well as a small terminal direct repeat@n
the viral RNA (r) (fig. 1). There are also two movements of newly synthesized DN:A
from one template position to another. In addition, a multifunctional viral protegp,
called reverse transcriptase, carries out reverse transcription and DNA-directed DNA
synthesis and has ribonuclease H activity. (The primer that binds to PBS is actually

tH
a cellular tRNA molecule and is not coded by the virus at all.) =
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FIG. 1.—Integrated retroviral DNA and retroviral RNAs. The zigzag line represents cellular DNA; the
zigzag arrow represents the direct repeat of cellular DNA formed on integration; the open boxes represent
terminal direct repeats (LTR = long terminal repeat); the short arrows above the LTRs represent the inverted
repeats; PBS = primary binding site; s.d. = splice donor; E = encapsidation sequence; gag, pol, and env are
three genes coding for viral internal proteins, polymerase and other enzymes, and viral envelope proteins;
int = the integrase portion of the pol gene; s.a. = splice acceptor; PPT = polypurine track (primer for second-
strand DNA synthesis). In viral RNA, r = repeated sequence; pbs = primer binding site; e = encapsidation
sequence; ppt = polypurine track; An = poly (A) track. Retrotransposons have similar LTRs but usually
no s.d., s.a., or env sequences.
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Integration of viral DNA involves several steps: the ends of linear, unintegrated
viral DNA are blunt-end ligated to each other, forming a closed circle containing the
approximately 20-bp viral attachment sequence required for virus integration at the
junction of the ends of the linear unintegrated DNA; the closed circle is opened near
the center of the attachment sequence; the central base pairs, TTAA, are lost; and a
few nucleotides of cellular DNA are duplicated. One of the proteins involved in the
integration, an endonuclease, is coded by the viral int gene, located at the 3’ end of
the pol gene (fig. 1) (Panganiban and Temin 1984). The origin of the ligase(s), DNA
polymerase, and endonuclease activities required in integration is unknown, although
the lengths of the direct repeats of cellular DNA are virus specific.

Transcription of viral DNA followed by processing to give viral genomic RN&
and mRNA:s is performed entirely by cellular proteins acting on viral sequences. The
viral control sequences include promoter, enhancer, poly (A) addition, possible teg-
minator, and splice-donor and splice-acceptor sequences (figs. 1 and 2). In additiof,
there are specific viral sequences, termed E, for encapsidation or packaging of the viral
genomic RNA (fig. 1). (It is relevant to the discussion below that the viral poly (A) is
removed during reverse transcription.)

Viral proteins are synthesized both from full-length and from spliced mRN@
(fig. 1). In the case of C-type retroviruses, the mRNA containing the coding sequenc§
for reverse transcriptase is translated as a read-through protein with the product §f
the 5' proximal gene, gag (see discussion of Tyl element below).

Retrovirus Vectors
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Most of the cis-acting sequences of retroviruses are at the ends. Thus, deletion
of internal protein-coding sequences forms defective retroviruses that can still replica%
in the presence of a source of viral proteins (Temin 1985). Such replication- defectl\ze
viruses occur naturally (e.g., most highly oncogenic retroviruses) or can be aruﬁcml@
constructed (e.g., most retrovirus vectors). These vectors can consist of only the vxrgj
LTRs, PBS, PPT, and encapsidation sequences, as well as a selectable marker. Stud§
of the replication of these vectors shows that untranslated intervening sequences, preser
in cellular coding genes included in the vector, are removed during virus replicatio§
as long as the viral encapsidation sequences are preserved (Temin 1985). =

Such vectors can only be passaged as infectious virus in the presence of eithera
helper virus or a cell expressing viral proteins, i.e., a helper cell. Thus, retrovir@
vectors are relevant to consideration of other passively transferred reverse transcrip§

(see below). >
>
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FIG. 2.—Retroviral long terminal repeat. AATGT and ACATT = the sequence of the inverted repeat
in an avian retrovirus (the AA and TT are lost on integration); attL and attR = the two portions of the
attachment sequence formed when they are ligated together; enh = enhancer; pro = promoter; cap site = the
position of the 5' end of viral RNA; poly (A) add = AATAA and the signal for poly (A) addition; stop = the
signal for the 3' end of transcribed viral RNA. The LTR of retrotransposons is similar, but the recognition
site for transposition is not yet defined.
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Endogenous Retroviruses

As was predicted from their life cycle, some retroviruses have infected the germ
line and become permanent residents of the animal genome. These endogenous ret-
roviruses are passed on to progeny organisms by Mendelian mechanisms. This origin
of endogenous retroviruses from exogenous retroviruses is most clearly apparent for
some mouse ecotropic retroviruses that have been recently acquired as germ-line genes
in the history of some inbred mouse strains (Buckler et al. 1982). It also is suggested
by the existence of some chickens with no endogenous avian leukosis viruses—whereas
most chickens have several endogenous proviruses in their chromosomes—and of
some mice with no mouse mammary-tumor viruses—whereas most mice have several
in their chromosomes. A laboratory model for infection of the mouse germ line h@
been developed by Jaenisch et al. (1981).

It is important to note that such germ-line infections can be mutagenic (Harbe@
et al. 1984; Hutchison et al. 1984). Both spontaneous and laboratory-produced mu=
tations are the result of retrovirus integration. The frequency of such mutations appears
to be in the range of what would be expected from insertions of the provirus equallg
at all sites in the genome.

Pararetroviruses or Hepadnaviruses
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Similarity to retroviruses is seen in pararetroviruses or hepadnaviruses, which a@
appear to use reverse transcription in replication but do not have an integrated repe
licative form (Summers and Mason 1982). These viruses include the various hepatiti
B viruses and cauliflower mosaic virus (Hull and Covey 1983; Marco and How!
1984; Miller et al. 1984; Volvitch et al. 1984). (Integrated copies of hepatitis B-virus
DNA are present in some hepatocellular carcinomas, but these are defective form§
not replicative intermediates [Dejean et al. 1984]; their role in tumor formation g
unclear.) Lentiviruses, a subfamily of retroviruses, may also replicate without mteg1
gration (Harris et al. 1984). 2

Thus, we can see two possible paths of evolution from retroviruses—(1) towargl
more independence from the cell genome in the pararetroviruses, which no longeE
integrate, and (2) toward more dependence on the cell genome in the endogenous
retroviruses, which usually no longer have a virion phase. That these paths represetg
actual evolution is supported by the nucleic-acid sequence homology between thg
retrovirus pol gene and the putative polymerase gene of the pararetroviruses and by,
the close sequence similarity between endogenous and exogenous retroviruses (Toﬁ
et al. 1983; Mandart et al. 1984). =

Laboratory models of retrovirus replication without integration have been mad@
with attachment site-negative or integrase-negative retroviruses and may provide ﬁ
model for this evolution (Panganiban and Temin 1984). In addition, a retrovirus
vector with a polyoma origin of replication may provide a model for later steps in the
origin of such pararetroviruses (Berger and Bernstein 1985).

Endogenous Sequences Similar to Replication-Competent Retroviruses

There are other sequences present in the cell genome related to retroviruses by
either nucleic-acid sequence homology or organization that do not have an exogenous-
virus counterpart.
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IAP Genes

The intracisternal A-particle (IAP) genes in mice and Syrian hamsters form a
large (1,000 copies per genome) family of proviruses that code for a noninfectious A-
type particle with a reverse transcriptase. These genes have been observed to transpose
when forming new proviruses in lymphoid cells, although this transposition may rep-
resent somewhat aberrant retrovirus-like integration (Hawley et al. 1984). Their PBS
is complementary to phenylalanine tRNA, which is different from the primer of all
known exogenous retroviruses. (Exogenous retroviruses use Trp, Pro, or Lys tRNA
primers.)

The origin of the IAP genes is unclear, since they have a high copy number-in
some species but are absent in related species (Syrian vs. Chinese hamsters). If tley
are endogenous retroviruses in the sense described above, the related exogencgps
retrovirus has disappeared and the difference in copy number relates to the extentgof
IAP gene activity in the germ line of different species. Alternatively, IAP sequenees
could be cellular movable genetic elements—that is, not evolved from an exogen&us
retrovirus.

VL30 Genes

VL30 genes code for an RNA that has cis-acting sequences recognized by magn-
malian C-type retrovirus proteins. VL30 genes have a structure like that of a retroviﬁas
provirus (Rotman et al. 1984). They form a fairly large family (100 copies per genorge)
of related genes in mice and rats whose RNA is encapsidated and reverse transcribgd,
the resulting DNA being integrated by mouse leukemia-virus proteins. They have
PBS’s complementary to Gly, Pro, and Gln tRNAs (Itin and Keshet 1985). car

So far no proteins specified by these VL30 sequences have been described. ThBS
VL30 DNA may be DNA sequences that, by mutation or recombination, have evolwced
cis-acting sequences that are recognized by proteins of exogenous murme-leukerma
retroviruses. Alternatively, they may be the descendants of long-extinct exogencms
retroviruses. These VL30 sequences can be amplified and spread by passage in virions
formed with the proteins of murine retroviruses. The wide distribution of the VIS0
sequences—a distribution wider than that of any endogenous retrovirus—may indiciie
their success in finding the general recognition features of retrovirus proteins. 2

eoe//:sdny

1senb

Endogenous Retrovirus-like Sequences

In addition, there are in the mouse and human genomes (the only ones thorouggly
studied) numerous sequences with LTRs, PBS, and PPT sequences and, sometimes,
some slight nucleic-acid sequence similarity to exogenous retroviruses. For example,
the human genome contains at least four different such elements (Mager and Henth(%n
1984; O’Connell et al. 1984; Steele et al. 1984). Two are reiterated approximately l@O
times per genome, and one is reiterated approximately 1,000 times per genome. There
is no evidence as to whether these retrovirus-like sequences are now capable of trans-
posing. Their origins are also obscure. As has been discussed above re IAP genes, an
ancient, long-extinct ancestral exogenous retrovirus can be postulated. Since one of
these families has a histidine tRNA PBS, another glutamine, and another arginine,
all of which are different from those in any sequenced exogenous retrovirus, the an-
cestral retroviruses, if they existed, must have been from extinct retrovirus species.
(As noted above, a VL30 sequence also has a glutamine tRNA PBS.) Alternatively,
these elements could have evolved from the cell genome and be cellular movable
genetic elements.
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Another family of repeated sequences (approximately 500 copies per genome in
mice) resembles solitary retrovirus LTRs (Wirth et al. 1984). They form a 4-bp direct
repeat of cell DNA on integration. Furthermore, these LTR-like sequences apparently
can recombine with exogenous retroviruses, perhaps indicating some sequence simi-
larity (Schmidt et al. 1984). In addition, there is evidence of other such retrovirus-like
elements from DNA sequences, protein, and electron-microscopic analyses (Jerabek
et al. 1984; Stumpf et al. 1984; Suni et al. 1984; Yanage and Szollosi 1984).

The frequency of these elements in the germ line (more than 1,500 copies per
genome of mouse and man) and the potential mutagenic effect of each integration
indicates that a severe mutagenic load would have been produced by the introduction
and amplification of these elements (also see Doolittle and Sapienza 1980; Orgel agd
Crick 1980). Thus, there would have been strong selection for mechanisms to contaol
this infection and/or amplification, although the nature of such controls is uncleat

Retrotransposons
Tyl Elements of Yeast
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Vertebrates are not the only eukaryotes with retrovirus-like elements in thgir
genomes. The well-characterized Tyl cellular movable genetic element of yeast @s
now been definitively shown to transpose through an RNA intermediate; for exam;ﬁc
increased transcription results in increased transposition, internal introns are remo@d
during transposition, and there is transfer of information from the 3’ parental L’ER
to the 5’ progeny LTR during transposition (Boeke et al. 1985). It also appears t@at
Tyl elements use retrovirus-like mechanisms for gene expression, e.g., expressionSof
a distal gene as a read-through fusion-product with the product of a proximal g@e
(like the expression of the retrovirus reverse-transcriptase gene mentioned aboge)
(Mellor et al. 1985). =

Overexpression of a modified Tyl element results in very slow growth of ye%st
cells. Most likely this slow growth is a result of the mutagenic effect of increased "@'l
insertions, indicating a genetic load like that discussed above for germ-line integratiofis.
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Copia-like Elements of Drosophila

Drosophila melanogaster contains numerous families of cellular movable geneaac
elements. One class of such elements has terminal inverted repeats embedded in ter-
minal direct repeats (LTRs). On the basis of similarities of organization, nuclelc-a@d
sequence, unintegrated intermediates, and even particles, several laboratories have
suggested that these elements transpose through an RNA intermediate (Arkhipovazet
al. 1984; Bayev et al. 1984; Flavell 1984; Inouye et al. 1984; Saigo et al. 1984). Altho@h
no definitive evidence has been published, this hypothesis seems reasonable in terms
of what has been discussed above. M

There also is some suggestion of retrovirus-like cellular movable genetic elements
in other organisms, including plants and protozoans (Hasan et al. 1984; Shepherd et
al. 1984). However, the evidence is less direct.

The existence of retrovirus-like cellular movable genetic elements raises the same
problem of origins as that of the endogenous sequences that are similar to replication-
competent retroviruses. One hypothesis is that all of these elements are similar to
endogenous retroviruses and arose from infection with exogenous retroviruses. The
presence of copia particles in Drosophila cells seems to support this hypothesis. How-
ever, the particles may be necessary for efficient reverse transcription, not a sign of
exogenous infection. (This hypothesis seems correct for intracisternal A-particles.) If
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the hypothesis of an infectious origin is correct, it raises questions concerning the
origin of these exogenous retroviruses and why they are now extinct. Another hypothesis
is that these elements are protoviruses, i.e., elements that have evolved from the cell
genome and have some virus properties but cannot form infectious virus particles. In
particular, some of these elements may not have an encapsidation sequence or genes
for virion structural proteins. In this respect they would be complementary to the
VL30 sequences, which have encapsidation sequences but apparently code for no
replicative enzymes. However, since there are endogenous retroviruses (see above)
and since exogenous retroviruses must have evolved from cells at some time (unless
they were the original genetic system), both hypotheses of origin of these sequences—
i.e., from cellular sequences and from exogenous retroviruses—are true in some cases.
The often unresolvable problem is, Which hypothesis is correct in the case of a
particular element?

Retrotranscripts

A large (10%) further fraction of the vertebrate genome seems to have been formed
by reverse transcription and integration (Bennett et al. 1984). This fraction includé
cDNA sequences from protein-coding genes, repeated DNAs homologous to commog
small RNAs, and other repeated-DNA families. The evidence for a role of reverg
transcription in the origin of these repeated sequences is entirely circumstantial, a
in some important respects the processes are different from those used by the elemeness
described above.

DNA is hypothesized to result from reverse transcription of RNA on the ba@s
of (1) its similarity to an expressed gene in a different chromosomal location and (2)
some or all of the following: direct repeats surrounding the DNA sequence (also chag
acteristic of DNA transposition), 3' poly (dA), and loss of intervening sequences (ﬁg
3). The loss of intervening sequences is most convincing, although it should be rg-
membered that retroviruses maintain the intervening sequence for the env gene becau@
it contains the viral encapsidation sequence. In addition, reverse transcription in ret
rovirus replication involves loss of the viral RNA poly (A) and formation of constar@,
virus-species-specific-sized direct repeats of cellular DNA on integration.
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cDNA Pseudogenes

These are apparent reverse transcripts of known genes. They have been describ%l
for a large number of different genes. For example, such cDNA or processed pseu-

GENE g
— O
7N AAAA RNA
cDNA GENE

DR DR
wwwwv-—':D-dAdAdAdAwwwww DNA
FiG. 3.—Formation of retrotranscript. The heavy line represents DNA; the open box represents the

coding sequence; the light line represents RNA; the dotted line represents the intervening sequence; DR
= direct repeat in surrounding chromosomal DNA; AAAA = poly (A); dAdAdAdA = poly (dA).
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dogenes have recently been described for chicken calmodulin (Stein et al. 1983); mouse
pS3 (Zakut-Houri et al. 1983); mouse ribosomal protein L7 (Klein and Meyuhas
1984); human dihydrofolate reductase (Anagnou et al. 1984); human argininosuccinate
synthetase (Freytag et al. 1984); rat cytochrome ¢ (Scarpulla 1984); mouse ribosomal
protein L30 (Wiedermann and Perry 1984); mouse, rat, and human glyceraldehyde
3-phosphate dehydrogenase (Piechaczyk et al. 1984); mouse myosin (Robert et al.
1984); mouse cytochrome ¢ (Limbach and Wu 1985); and mouse cytokeratin endo
A (Vasseur et al. 1985). They had been earlier described for some globins, immuno-
globulins, and tubulins (Ueda et al. 1982). The continued discovery of such genes
suggests that most protein-coding genes will be found to have a cDNA copy (Antoine
and Niessing 1984). All of these cDNA copies are pseudogenes, and the amountSbf
difference from the coding gene has been used as a measure of the time since the
c¢DNA pseudogenes were formed.

Genes for Small RNAs

Evidence, including 3’ poly (dA) and direct repeats, has been presented that many
small nuclear RNA pseudogenes—e.g., U1, U2, U3, U4, U6, and 7SL—are the resplt
of reverse transcription (approximately 1,000 copies per genome) (Reilly et al. 1982;
Bernstein et al. 1983; Ullu and Weiner 1984; Van Arsdell and Weiner 1984). M§st
of these pseudogenes seem to be truncated either at their 3’ ends or at their 5’ endls.
Furthermore, recent evidence indicates that Alu DNA, a short sequence presentoin
500,000 copies per genome and dispersed throughout the human and mouse genomes
(Schmid and Jelinek 1982), is also a partial reverse transcript of 7SL RNA (Ullu @d
Tschudi 1984).
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Other Repeated DNA Sequences

These are often separated into shorter and longer sequences, but this may notilbe
a meaningful separation (Singer 1982) (see below). The shorter sequences include ﬁle
Alu sequences of man (discussed above), the related B1 sequences of mouse, the §2
sequences of mouse and the related ID sequences of rat (Milner et al. 1984), and the
R sequences of mouse, which appear to be the 3’ end of the MIF-1 sequence (Benr@tt
and Hastie 1984) (discussed below). In total these shorter sequences are presentcat
more than 500,000 copies per mouse or human genome, about 3% of the genome. mAS
suggested above, they may be the reverse transcripts of functional RNAs. 8

The longer element (>6 kbp) is called MIF-1, BamHI, or L1 in mouse and Kgnl
in man (DiGiovanni et al. 1983; Meunier-Rotival and Bernardi 1984). It is present
in approximately 30,000 copies per genome and represents ~ 5% of the cell genonge.
It has a 3’ AATAAA followed by poly (dA) (which is characteristic of sequences codfgg
for the 3' end of mRNASs) and can be transcribed into poly (A) RNA. Different cop‘ies
have a relatively constant 3’ end and a variable 5’ end consistent with truncated reverse
transcription from the 3’ poly (A) (Voliva et al. 1984). There are direct repeats of 7-
12 bp in different copies. These elements can transpose (Katzir et al. 1985). Longer
copies may have a conserved open reading frame (Martin et al. 1984). If this open
reading frame coded for a transposase or reverse transcriptase or both, these elements
would be retrotransposons rather than retrotranscripts.

Mechanism of Reverse Transcription

There are several difficulties in understanding the origin of the retrotranscripts.
They do not appear to have the specific primers and repeats used in retrovirus reverse
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transcription—i.e., PBS, PPT, and R (fig. 1)—nor the constant termini of retroviruses
and retrotransposons (figs. 1 and 2). Thus, other primers are needed for both strands
of DNA synthesis, reverse-transcriptase activity is needed for DNA synthesis, and
some enzyme activities are needed for integration and formation of direct repeats. It
has been suggested that retrotranscripts might self-prime first-strand DNA synthesis
by formation of a hairpin loop (Van Arsdell and Weiner 1984). Although this hypothesis
might explain 3’ truncation, it would not explain the frequent persistence at the 3’
ends of AATAAA followed by poly (dA).

The origin of the reverse transcriptase used to synthesize retrotranscripts is also
unknown. It could be coded by a retrovirus or retrotransposon, or it could be a modified
cellular enzyme (Mondal and Hofschneider 1983). The reverse-transcriptase activggty
would either have to be present in germ cells or be brought in by infection. Evidence
has been presented that both env mRNA in somatic cells after infection and apparerﬁly
random RNAs encapsidated in a mutant retrovirus virion in disrupted virions can
be reverse transcribed with a tRNA primer (Spodick et al. 1984; Taylor agnd
Cywinski 1984).

The means of integration used by these sequences is also a problem. The retrovﬁ?us
integrase seems to have DNA sequence specificity (Panganiban and Temin 19803).
Furthermore, the size of the direct repeats surrounding retrovirus proviruses or ret%o—
transposon DNA is fixed for any one species of virus or type of retrotransposén
Retrotranscripts do not contain homologues of the retrovirus attachment sequenge
nor are the sizes of the direct repeats constant for any one element or gene. In additi@n,
the direct repeats surrounding retrotranscripts are usually much larger (5-19 bp) tlgm
those so far seen for retroviruses and retrotransposons (4-6 bp). These differenges
could indicate an abnormal activity of the integrase from a retrovirus or retfo-
transposon. Alternatively, the differences could be a consequence of the use of a celhﬁ’ar
enzyme, perhaps one with another primary activity.

Transcription of the RNA to be reverse transcribed is easier to understand. chy
merase II or III promoters and poly (A) addition signals are often present in possible
“parental” sequences of retrotranscripts. Transcription in the germ line or its embryogic
precursors would have to occur. Over evolutionary time, such transcription mlght
have occurred by chance.

q

Evolutionary Questions
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Two major evolutionary questions can be considered in addition to those discus§ed
already: What is the evolutionary relationship of the elements in the chromosomezto
the viruses? What is the evolutionary role of all of these sequences and the 1nﬂue$ce
on evolution of the processes that resulted in their existence? I\)

Most of the data about these elements are from nucleic-acid sequence analyﬁs.
More data about polymorphisms in different populations and species would be useful
in determining evolutionary pathways. However, the existence of all of these elements
and viruses suggests that the cellular genome may be involved in constant interchange
with exogenous elements; that is, there may have been repeated exchanges between
endogenous and exogenous sequences. If this hypothesis is true, the first question may
be undecidable. There may have been too much information transfer from chromo-
some to virus—as well as the reverse—to find intermediates and thus determine evo-
lutionary history.

One evolutionary effect of these sequences and their germ-line integrations must
have been mutation. Retroviruses integrate at random, and retrovirus and IAP insertion
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have been shown to be mutagenic. Repeated sequences have been found near almost
all genes. Both coding and controlling sequences are susceptible to interruption by
these elements. In addition, the elements frequently have their own controlling se-
quences, which could cause further mutations. Thus, present-day organisms are de-
scendants of those that survived this mutational load. Those organisms in which these
reverse transcribed sequences caused lethal or deleterious mutations would not have
survived. We cannot estimate the total number of integrations of reverse transcribed
DNA because now we only see the ones that did not cause lethal or deleterious mu-
tations.

It has also been suggested that the inserted sequences may have functional roles
in genomic organization, e.g., to prevent recombination, to maintain sequences By
gene conversion, or even to be control sequences (Erwin and Valentine 1984; KIGSS
et al. 1984; Schimenti and Duncan 1984; Martin et al. 1985). They also could h@e
been an intermediate in the formation of new genes by duplication and mutatm_fl.
However, there is no evidence for this hypothesis. Integration of reverse transcripts
does increase the genome size and thus reduces the probability that lethal or deleterious
mutations will result from integration of other elements. However, other mechanisfs
that might expand the genome seem simpler. g

Some of the mechanisms that organisms could have evolved to reduce the f&-
quency of such mutations or to control the mutational effect of these insertions are
(1) resistance to virus infection, (2) suppression of mutations induced by mtegratlgn
of reverse-transcribed DNA, (3) repression of element transcription in the germ lifte,
and (4) restriction of integration of exogenous DNA to certain regions in the genor@e
However, the large number of integrations of reverse transcripts present in the human
or mouse genome suggests that these integrations were a major cause of deathﬂbf
organisms during evolution. Rarely, perhaps, integration of reverse transcripts a@o
could have been a source of variation during times of rapid evolution, especmllygn
asexual or inbred species.
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