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A retroviral vector system was developed to study the retrotransposition of RNAs lacking all cis-acting
sequences required for normal retroviral replication. Our experiments indicate that such RNAs can be
encapsidated in retroviral proteins, reverse transcribed, and integrated to form functional cDNA genes in
infected cells. The frequency of this process, however, was approximately 8 orders of magnitude less than that
of normal retroviral replication. The efficiency was limited at each step in this process. Investigation of seven
cDNA genes by Southern blot analysis revealed that all of them were truncated at either the 3' or the 5' end
or both. These truncations are not seen with natural cDNA genes and raise the question of retroviral
involvement in their formation.

The discovery of reverse transcription as a key step in
retroviral replication (1, 28) led to the proposal that the flow
of genetic material into the genome via RNA intermediates
plays a role in various biological processes and evolution
(25, 26). Data supporting this hypothesis were obtained over
the past decade by the molecular cloning and DNA sequenc-
ing of many eucaryotic genes. It appears that more than 10%
of the mammalian genome consists of sequences that origi-
nated by retrotransposition of cellular RNAs (2, 4, 21, 27,
34). These types of sequences comprise retroviral and retro-
viruslike sequences (including retrotransposons), highly and
middle-repetitive DNA elements (for example, long and
short interspersed nucleus repeat sequences), and cDNA
pseudogenes of protein-coding genes (4, 21, 29, 31, 34).
Reverse transcription of retroviral RNAs and probably of

retrotransposons is mediated by proteins and cis-acting
sequences encoded by these elements. Retroviral cDNA
synthesis is primed by a tRNA which hybridizes to a specific
tRNA primer binding site. A polypurine tract primes second-
strand DNA synthesis, and a viral integrase and a viral
attachment site guarantee high efficiency of integration (19,
30). As a consequence of integration, short direct repeats are
generated in the chromosomal DNA at the site of insertion
(17).
No specific trans- or cis-acting sequences for retrotran-

sposition are known to be present in pseudogenes of normal
protein-coding genes or many repetitive DNA elements.
Thus, the mechanism of formation of these sequences is
unknown, and the evidence for retrotransposition is only
circumstantial. The hypothesis of retrotransposition for
some of these sequences is based on the findings that the
structure of some cDNA pseudogenes reflects the structure
of mature (spliced) RNAs and contains poly(A) sequences.
Moreover, many of these sequences are flanked by direct
repeats apparently formed in the course of DNA integration
(2, 21, 27, 29, 34). Usually, one of these direct repeats abuts
the 5' end of the mature RNA transcript sequence.
To investigate whether retroviral proteins could have

participated in the retrotransposition of mRNAs, we con-
structed a retroviral vector system to study this process. We
find that RNA without retroviral cis-acting sequences can be
encapsidated in retroviral proteins, reverse transcribed, and
integrated to form a functional cDNA gene. The frequency
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of this gene transfer, however, is about 8 orders of magni-
tude less than that of an RNA with all retroviral cis-acting
sequences.

MATERIALS AND METHODS
Nomenclature. All vectors used in this study were derived

from spleen necrosis virus (SNV), an avian reticuloendothe-
liosis virus. Plasmid constructions are indicated by the letter
p (e.g., pRD17) to distinguish them from virus (e.g., RD17)
derived from the plasmids. Hygromycin (HY) is the hy-
gromycin B phosphotransferase gene isolated from pLg89
(7). Hygror (hygromycin resistant) refers to the phenotype.

Plasmid constructions. All plasmids (Fig. 1) were con-
structed by standard cloning procedures (14) and were
derived from pJD220HY, pJD220SVHY (5), pTK1 (15, 32),
pJE189, and pME142 (10, 23) in several sequential cloning
steps. Cloning strategies and detailed restriction enzyme
maps of these vectors are available upon request. JD214HY
has all the cis-acting sequences required for normal retrovi-
ral replication. The viral protein-coding sequences are re-
placed by the hygromycin resistance gene (7), the expression
of which is driven by the SNV long terminal repeat (LTR)
promoter. In pJD220SVHY the U3 region of the right LTR
(except for 10 base pairs at the 5' end) was substituted by an
XhoI linker (U3-). Earlier studies have shown that U3
sequences are required for polyadenylation of the retroviral
RNA (5). Thus, the polyadenylation sequence of the simian
virus 40 (SV40) late genes (35) was introduced at the 3' LTR
of this vector.
pRD17, pRD18, and pRD19 are similar to pJD220SVHY.

The hygromycin resistance gene, however, is placed in the
opposite orientation to the retroviral sequences. Gene
expression is controlled by the internal promoters as well as
by an internal polyadenylation signal (derived from the
herpes simplex virus type 1 thymidine kinase [tk] gene [15,
32]), the orientation of which is the same as that of the
hygromycin resistance gene. pRD17 and pRD18 differ by the
combination of the internal promoters. A bacterial suppres-
sor tRNA gene (supF) (22) was inserted between the hy-
gromycin resistance gene and the polyadenylation signal to
facilitate cloning of integrated proviruses (20).

Cells. D17 C3A2 dog helper cells and D17 dog cells were
grown as previously described (5). The helper cells (C3A2)
were derived from D17 cells and supply all retroviral pro-
teins essential for viral replication without production of
replication-competent helper virus (33). Selection for Hygror
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FIG. 1. Structure of retroviral vectors. All vectors are based on
SNV and contain SNV LTR and encapsidation (E) sequences.
Plasmid sequences are not shown. Arrows indicate the orientation
of the genes. Abbreviations: hygro, hygromycin resistance gene;
SV40, promoter of SV40 early genes; ter, polyadenylation signal of
the SV40 late genes; U3-, U3-deleted LTR of SNV; ter 2 and tk-pro,
polyadenylation sequence and promoter of the thymidine kinase
gene of herpes simplex virus type 1, respectively; MLV-U3, U3
promoter of Moloney murine leukemia virus LTR; supF, suppressor
tRNA gene of Escherichia coli. The scale (in kilobase pairs) is given
at the top.

cell colonies was done in the presence of hygromycin B at 80
,ug/ml.

Transfections and infections. Cells were transfected by the
polybrene-dimethyl sulfoxide method (11). Virus titers were
determined as described previously (5) without freezing and
thawing the virus solutions. To remove cells, the virus
solutions were centrifuged for 10 min at 3,000 x g, and the
upper half of each solution was carefully removed and used
for infections. Step 3 infections were done with 0.5 ml of
undiluted supernatant medium obtained from step 2 helper
cells.

Southern blots. Experiments were performed by standard
techniques (14, 24). All blots shown were hybridized with a
purified hygromycin probe isolated from pJD220SVHY.
RNA isolation, Northern analysis, and RNA dot blots.

Cellular RNAs were purified by standard techniques (14).
For viral RNA isolation, tissue culture supernatant medium
(obtained from confluent cultures) was centrifuged at 10,000
x g for 10 min to remove cells, and RNA was isolated from
a pellet obtained by centrifugation at 100,000 x g (90 min) by
phenol extraction and ethanol precipitation (14). Northern
(RNA) and dot blots were performed by standard techniques
(14).

RESULTS

Our experimental design is outlined in Fig. 2. Helper cells
were transfected with vector DNAs, selected for Hygror,
and passaged. These cells contain DNA like that in the
plasmid. Virus was collected from confluent cultures. Fresh
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FIG. 2. Experimental protocol. A retrovirus vector (pRD17) is

shown at the top (step 1). After transfection DNA of this structure
is in step 1 cells. The structure of the DNA provirus formed from the
transcript (starting at the left LTR) of this vector is shown in the
middle (step 2). This provirus would not have LTR U3 sequences (5)
and would only be transcribed by the internal promoters. If this
transcript were encapsidated, reverse transcribed, and integrated
(step 3), it could be expressed from the remaining internal promoter.
Polyadenylation of this transcript will depend on the presence of a
poly(A) signal in the chromosomal DNA. Abbreviations are as in the
legend of Fig. 1.

helper cells and D17 cells were infected, and virus titers
were determined for each construct (Table 1, step 2),
JD214HY gave the highest titer. The titer of JD220SVHY
was reduced by a factor of approximately 20 compared with
that ofJD214HY, probably as a result of the difference of the
promoter strengths and/or interference between the SNV
and SV40 promoters (9). The titers of RD17 and RD19 were
reduced by a factor of approximately 50 compared to that of
JD220SVHY. This finding might reflect the presence of
anti-sense RNAs (6) and/or disturbance of RNA transcrip-
tion starting from the left LTR caused by the internal
promoters working in the opposite direction. The titers of all
viruses on D17 cells were 20- to 50-fold higher than those on
helper cells as a result of lack of superinfection interference
(12).
To determine the rate at which the hygromycin resistance

gene could be transferred by an RNA lacking all retroviral
cis-acting sequences, supernatant medium was harvested
from confluent step 2 cultures containing about 5 x 102 step
2 helper cell (C3A2) clones (in the following referred to as
mass infection), and fresh D17 cells were infected. Approx-
imately 1 Hygror colony per ml of supernatant medium
(average of 30 plates tested for each) was obtained with
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TABLE 1. Virus titers at steps 2 and 3"

Virus titers

Virus Step 2 Step 3,

C3A2 cells D17 cells D17

JD214HY 5 x 105 2 x 107 5 x 107
JD220SVHY 3 x 14 1X 106 ND
RD19 7 x 102 2 x 104 ob
RD17 7 x 102 2 x 104 1
RD18 2 x 102 8 x 103 1

a Helper cells (C3A2) and D17 cells were infected with viruses harvested
from transfected C3A2 helper cells. Titers at step 2 (see text) (expressed as
hygromycin resistance transforming units per milliliter of tissue culture
supernatant medium) were determined as described previously (5). Virus
titers of all step 3 RD viruses were determined by infecting 30 dishes of D17
cells with 0.5 ml of supernatant medium harvested from step 2 mass-infected
confluent C3A2 helper cells. Colonies were counted 3 weeks after infection.
ND, Not determined.

b <0.06.

RD17 and RD18. However, no colonies could be detected
from RD19-infected cells, probably reflecting the lack of a
step 3 internal promoter. The titers derived from JD214-
infected helper cells were in the same range as those
obtained from JD214HY-transfected helper cells (Table 1,
step 3).
To study this gene transfer in detail, experiments were

performed with single step 2 helper cell colonies. Helper
cells were infected with virus from step 1 cells as described
above and were selected for hygromycin resistance. Single
step 2 clones were isolated and analyzed for the structure of
the integrated provirus. During the construction of pJD-
220SVHY, the deleted U3 sequences were replaced by an
XhoI linker, which is duplicated in the left LTR during
formation of the step 2 provirus (Fig. 2) (5). Thus, the gene
structure of the promoterless LTR provirus formed from all
U3- pRD vectors could be monitored by Southern blot
analysis of XhoI-digested chromosomal DNAs. Most of the
cell clones investigated contained the expected proviral
structure (Fig. 3A and Table 2). Northern blot analysis of
RNAs isolated from step 2 cells showed bands of the
predicted sizes (Fig. 3B), confirming that RNA transcription
from step 2 proviruses was initiated and terminated as
expected.

Infectivity studies performed with supernatant media har-
vested from confluent cultures of such step 2 clones revealed
that 16 of 22 RD17-infected clones and 2 of 3 RD18-infected
clones transferred hygromycin resistance (Table 2). The
total number of step 3 colonies derived from each clone
ranged from one to six per 3 ml of supernatant medium (data
not shown). The average frequency of the Hygror transfer
was identical to that obtained from mass-infected cell cul-
tures (compare Tables 1 and 2). One colony was obtained
with supernatant medium from 1 of 10 RD19 step 2 clones.
No Hygror transfer was observed when fresh D17 cells were
infected with supernatant media taken from step 2 D17 cells
(RD17, RD18, and RD19 mass infections and single-cell
colonies) superinfected with a wild-type retrovirus (reticu-
loendotheliosis virus A; data not shown).
A common feature of all step 3 colonies was very slow

colony growth. To quantify this behavior, we measured the
growth rate of 6 step 2 clones and 16 step 3 clones starting at
day 13 after infection (Fig. 4 and data not shown). At this
time all cells had died in uninfected control cultures. Ten of
the step 3 clones died within the third week after infection.
The other six colonies grew very poorly compared with step
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FIG. 3. Analysis of DNA and RNA from step 2 helper cell
clones. The hypothetical structure of a step 2 provirus (RD17) and
the RNAs transcribed from it are shown at the top. The sizes of the
bands expected by XhoI digests of chromosomal DNAs from RD18
and RD19 proviruses are 4.1 and 3.3 kilobase pairs, respectively.
The sizes of RNAs transcribed from RD18 and RD19 are 2.3 plus 1.6
kilobases and 1.6 kilobases, respectively. (A) Southern blot analysis
of XhoI-digested chromosomal DNAs isolated from single step 2
colonies infected with RD17, RD18, and RD19. (B) Northern blot
analysis of RNAs isolated from RD18-, RD17-, and RD19-infected
step 2 cells. The filters were hybridized with a hygromycin resis-
tance gene-specific probe.

2 clones. Reduction of the hygromycin concentration re-
sulted in a large increase in cell growth in two of these six
clones after another week. When the hygromycin concen-
tration was increased, the four slow-growing colonies died,
whereas growth of the other two colonies was not affected.
The poor growth of the step 3 clones indicates poor expres-
sion. The low final survival indicates that the lack of retro-
viral cis-acting sequences hampers formation and/or integra-
tion of a functional gene.
To study the structure of the cDNAs formed in step 3

clones, 31 step 3 RD17 and RD18 clones were grown up after

TABLE 2. Transfer of the hygromycin gene from individual
step 2 helper cell clonesa

No. of clones Fraction of clones Avg titer' at
Virus with intact

provirusb/total transferrng Hygror step 3

RD19 5/5 1/10 0.04
RD17 16/23 16/22 1
RD18 8/9 2/3 1

" Step 2 helper cell clones were investigated for the presence of the
predicted proviral structure. Supernatant medium was harvested from each
individual clone, and five dishes of D17 cells were infected with 0.5 ml of
supernatant medium.

b XhoI digestion gave the predicted size band.
Titers are expressed as in Table 1.
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FIG. 4. Growth of step 2 and step 3 colonies. D17 cells were
infected with virus harvested from transfected helper cells (-,
average size of 6 colonies) and with virus harvested from infected
step 2 helper cells (0). Arrows: a, all cells dead in control cultures;
b, reduction of the hygromycin concentration to 20 ±Lg/ml; c,
increase of the hygromycin concentration to 60 ,ug/ml. The sizes of
the colonies were measured with an ocular grid.

hygromycin selection was removed 3 weeks after infection.
Chromosomal DNAs were isolated and analyzed by South-
ern blots. If full-length cDNA copies were generated, diges-
tion of the chromosomal DNAs with BamHI and BglII would
generate defined bands (Fig. 5A). SacI digestion should
result in DNA fragments of various lengths, because no
sequences recognized by this enzyme are located within the
postulated RNA transcripts.

Southern blots revealed that six step 3 clones did not have
the expected BamHI-BglII band and therefore contained
truncated cDNA genes missing some sequences from the 3'
and/or 5' end (Fig. 5). One clone had two separate insertions
of the hygromycin resistance gene (Fig. SB, lane b). Sacl
digestion of DNAs from these clones resulted in bands of
different lengths as expected. Digests of DNAs from RD17-
derived clones with EcoRI plus SphI and from RD18-derived
clones with EcoRI showed defined 500-base-pair bands in all
digests (data not shown). Thus, 5'-end deletions did not
include the SV40 or tk promoters which are located on these
fragments (downstream of an SphI or EcoRI site in RD17 or
RD18, respectively; Fig. 6). Further restriction enzyme
mapping by double digestions with HindIII-BamHI, BgiII-
XbaI, and HindIII-XbaI revealed that six of the seven
integrates contained a complete hygromycin resistance gene
(defined HindIII-XbaI fragment; Fig. 6). Sequences 3' of the
hygromycin resistance gene were missing in the seventh
integrate (Fig. 6, map b). Five integrates were truncated at
the 3' end (fragments resulting from a BglII-XbaI digest were
bigger than expected; data not shown). Three integrates
contained the BamHI site located 35 bases downstream of
the initiation ofRNA transcription from the Moloney murine
leukemia virus promoter (23). Thus, they could contain all
sequences up to the 5' end. Rehybridization of the filters
used in these analyses with SNV LTR or gag-pol-specific
probes confirmed that the Hygror transfer was mediated
without retroviral sequences (data not shown).

(Four other clones showed the BamHI-BglII pattern as
predicted for a full-length integrated retrotranscript [data not
shown]. Moreover, the SacI digest of DNA from these
clones resulted in bands corresponding to the length of a
SacI-digested step 2 provirus. Further investigations of
these clones indicated that two of them contained SNV
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FIG. 5. Structure of step 3 cDNA genes. (A) Restriction enzyme
cleavage site map of a step 2 provirus (RD17). The arrow below
indicates the RNA containing the internal promoter transcribed
from this integrate. A full-length step 3 retrotranscript generated
from this RNA would contain the BgIII and BamHI cleavage sites.
The sizes of the bands obtained from a step 2 RD18 provirus were
2.4 (BglII-BamHI) and 2.8 (Sacl) kilobase pairs. (B) Southern blot of
BamHI-BgII- and SacI-digested DNAs extracted from different
step 3 colonies. Lanes: M, control DNA of a parental step 2 RD18
provirus digested with the same enzymes; a through f and a' through
f', DNAs from different clones digested with BglII-BamHI and Sacl,
respectively. The Sacl digest of RD17 (lane b) contained two large
bands with approximately the same mobility. The filters were
hybridized with a hygromycin resistance gene-specific probe.

sequences and, thus, were derived from recombinant retro-
viruses. The other two clones [including the only clone
derived from RD19] probably originated from unexpected
transcripts driven by cellular promoters outside of the step 2
provirus [data not shown]. Such transcripts might contain
some retroviral cis-acting sequences [encapsidation, primer-
binding site].)
No hygromycin resistance gene was detected in the other

21 step 3 clones. When these clones were put back under
hygromycin (60 ,ug/ml) selection, all cells died within 12 days
(data not shown). This finding further indicates that integra-
tion of the hygromycin resistance gene retrotranscript was
inefficient, in agreement with the growth rate of step 3 clones
(Fig. 4).
To study the efficiency of the other steps involved in this

transfer of nonretroviral mRNAs, RNA transcription and
encapsidation were measured. RNAs were extracted from
step 2 cells and from particles harvested from supernatant
media of these cells and were subjected to RNA dot-blot
analysis (Fig. 7). The results of this experiment showed that
the SNV LTR promoter is about 1 order of magnitude
stronger in helper cells than the SV40, tk, and Moloney
murine leukemia virus U3 promoters as estimated by the
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FIG. 6. Restriction enzyme cleavage site map of step 3 cDNA
genes. Theoretical full-length step 3 cDNA genes of RD17 and RD18
are shown above the map of step 3 RD17 (a and b) and RD18 (d, c,

e, f) clones. Restriction enzyme sites were determined by double
digests of chromosomal DNAs and Southern analysis (see text).
Dashed lines represent restriction enzyme sites present in the cDNA
genes as shown at the top. Indented rectangles indicate that cDNA
sequences end in these regions.

intensity of the RNA dots (8). Encapsidation of the internal
hygromycin resistance gene transcripts of RD17, RD18, and
RD19 was reduced by a factor of at least 104. Encapsidation
of RD19 RNA was more efficient than that of RD17 and
RD18. This finding agrees with earlier investigations that
showed that efficiency of encapsidation is increased with
decreasing length of RNA (J. E. Embretson, Ph.D. thesis,
University of Wisconsin, Madison, 1986).

DISCUSSION
A retroviral vector system was developed to study the

formation of cDNA genes (Fig. 1 and 2). A gene unit
(promoter[s], hygromycin B phosphotransferase gene, 3'
RNA-processing site) was introduced into helper cell gen-
omes with a retroviral vector that loses its U3 LTR promoter
after one round of replication (Fig. 2, step 2) (5). Thus, RNA
transcription is driven only by the internal promoters, and
RNA transcripts stop at the internal 3' RNA processing site.
Thus, these RNAs do not contain the cis-acting sequences
required for normal retroviral replication. Following the
experimental design outlined in Fig. 2, infectivity studies
with media harvested from step 2 mass infections and from
individual step 2 clones showed that Hygror could be trans-
ferred to D17 cells by the medium from infected helper cells
(Tables 1 and 2). No Hygror transfer could be obtained with
supernatant media harvested from step 2 D17 cells which
lacked retroviral helper functions or which expressed a

homologous replication-competent retrovirus (reticuloendo-
theliosis virus A) (data not shown). This data establishes that
the Hygror transfer is dependent on retroviral proteins and
the absence of homologous retroviral RNA competing for
encapsidation.

The efficiency of the Hygror transfer by RD17 and RD18
was compared with that of a retroviral vector (JD214HY)
containing all retroviral cis-acting sequences required for
retroviral replication. Studies with step 2 mass infections
and individual cell clones showed that this nonretroviral
RNA transfer was more than 7 orders of magnitude less
efficient than that of normal retroviral replication (Tables 1
and 2). Moreover, formation of stable integrated functional
cDNA genes occurred only in about 30% of Hygror clones
(see below and Fig. 4). Decreased levels of RNA transcrip-
tion and encapsidation reduced the efficiency of retrotran-
sposition by 1 and 4 orders of magnitude, respectively (Fig.
7). With these data it may be estimated that successful
reverse transcription of a nonviral RNA into a functional
cDNA gene was reduced by a factor of 10-2. This estimation
is drawn from the finding that the overall formation of a
stable integrated functional cDNA gene was reduced by a
factor of 10-8, and that RNA transcription, encapsidation,
and integration limited this process by factors of about 10-1,
10-4, and 10-1, respectively. However, since we selected
for functional cDNA genes, the frequency determined is
underestimated. For example, we have previously shown
that the absence of a functional poly(A) sequence reduces
the efficiency of transfer by a factor of 5 (5).

Step 2 and 3 clones were analyzed for the structure of
integrated hygromycin resistance genes. Southern blot anal-
ysis of chromosomal DNAs purified from isolated step 2
clones established that a promoterless LTR proviral struc-
ture was formed as predicted, and RNAs were transcribed
from the internal promoters as expected (Fig. 3).

Investigation of 31 RD17 and RD18 step 3 clones indicated
that 21 separate clones did not contain an integrated copy of
the hygromycin resistance gene. Since they had survived
more than 3 weeks of hygromycin selection (Fig. 4), we
hypothesize that in these clones step 2 transcripts were
reverse transcribed and transiently expressed without inte-
gration. We hypothesize that the product from a single
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FIG. 7. Dot-blot analysis of RNAs from step 2 cells. RNAs were

isolated from step 2 helper cells and from viruses harvested from
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unintegrated cDNA gene was distributed to progeny cells,
giving rise to small colonies. The extrachromosomal copies
of these retrotranscripts were lost during further cell divi-
sions in the absence of selection. This hypothesis is sup-
ported by the finding that att- SNV proviruses produce
progeny virus in the absence of integration (18). SNV
sequences were detected in two other step 3 clones, indicat-
ing that a recombinant retrovirus had been formed, although
the parental step 2 cells contained a provirus as predicted
(Fig. 3A; RD18, right lane). Two step 3 clones (including the
clone derived from RD19) contained unexpected integrates,
probably a result of RNA transcription in step 2 cells from a
promoter outside the provirus.

In six clones cDNA genes with the predicted structure
were found. The structure of these genes strongly suggests
that they were derived from transcripts starting at the MLV
promoters of RD17 and RD18 (Fig. 5 and 6). This conclusion
is drawn from the finding that no step 2 proviral sequences
outside of these transcription units were detectable in these
step 3 clones by restriction enzyme digestions. Hybridiza-
tions with SNV LTR- or gag-pol-specific probes established
that the Hygror transfer in these clones was not mediated by
a recombinant retrovirus.
While this work was in progress, it was shown that a cell

line containing an encapsidation-defective avian sarcoma
provirus retrotransposed an introduced neomycin mRNA.
The formation of retrotransposed neomycin-resistant cell
clones was the result of abnormal initiations of RNA tran-
scription in the parental helper cell line, resulting in tran-
scripts containing an internal (the original) promoter (13). In
our studies, the formation of Hygror cell clones was shown
to be dependent on the presence of an internal promoter
(SV40 or tk) driving hygromycin resistance gene expression.
This conclusion is based on Southern blot analysis (Fig. 6)
and the finding that RD19 (which has no second internal
promoter)-infected step 2 cells could not transfer Hygror,
although RNAs transcribed from this provirus were encap-
sidated with higher efficiency than RD17 and RD18 RNAs
(Fig. 7).

In addition, our data show that the predicted cDNA genes
investigated were truncated at either the 3' or 5' end or both.
Five integrates did not contain the BglII site, which is
located about 140 bases upstream of the start of the poly(A)
tail of the step 2 RNA. 3'-end truncation even included
hygromycin-resistance-coding sequences in one integrate
(see below). Thus, these cDNA genes do not contain poly(A)
sequences like many natural cDNA pseudogenes. Four of
seven integrates did not contain the BamHI site located 35
base pairs downstream of the 5' end of step 2 RNAs. The
truncations could reflect the lack of specific primers for the
synthesis of the first and second cDNA strands. Alterna-
tively, the truncations could reflect the lack of terminal att
sequences, resulting in unspecific integrations. In our exper-
iments, we selected for the formation of functional cDNA
genes containing an active promoter, a full-length hygromy-
cin resistance gene, and a polyadenylation signal on the
chromosomal DNA adjacent to the integrate. Thus, forma-
tion of nonfunctional (even more truncated) cDNA genes
almost certainly occurred much more frequently. However,
such integrates were not detected, except in one clone which
contained an additional functional cDNA gene.

In summary, our data show that retroviral proteins can
contribute to the genesis of cDNA genes. However, the
finding that none of the cDNA genes represented a full-
length copy of the original RNA raises the question whether
the formation of cDNA pseudogenes [with poly(A) se-

quences] and analogous repetitive DNA elements was me-
diated by retroviruses. Cellular enzymes (derived and mod-
ified from ancient retroviruses or progenitors of retroviruses)
might be involved (3, 16). Molecular cloning and DNA
sequencing of the integration sites of the cDNA genes
described here will give more insight into this process.
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