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Efficient Packaging of Readthrough RNA in ALV: 
Implications for Oncogene Transduction 

Readthrough viral transcripts are present at relatively high levels in cells infected with 
avian leukosis virus. It has been proposed that they can function as intermediates in the 
transduction of proto-oncogenes by retroviruses. It is shown here, by the analysis of 
viruses containing a mutation in the AAUAAA polyadenylation hignal, that read- 
through RNAs have the requisite properties to function as transduction intermediates: 
(i) readthrough RNAs were polyadenylated and packaged as efficiently as normal viral 
RNA, (ii) RNAs nearly 11.2 kilobases (3.5 kilobases larger than wild-type avian 
leukosis virus genomes) were present in virions of the mutant virus, and (iii) virus 
particles containing both readthrough and normal genomes were most likely infec- 
tious. 

I NTEGRATED PROVIRAL DNA OF RETRO- 

viruses is flanked by long terminal re- 
peats (LTRs) that contain transcrip- 

tional regulatory signals recognized by the 
host c:ell. Although identical in sequence, 
the LTRs are distinct in function. Viral 
transcription is initiated within the 5' (up- 
stream) LTR; cleavage and polyadenylation 
of viral transcripts occur within RNA de- 
rived from the 3' (downstream) LTR. Tran- 
scripts initiated within the 3' LTR (down- 
stream transcripts) are normally undetect- 
able ( I ) .  

Integration of proviral DNA in the vicini- 
ty of cellular proto-oncogenes can cause 
malignant disease in the host, due to the 
effects of viral trat~scriptional signals on the 
expression of adjacentcellular &nes. In avi- 
an leukosis virus (ALV)-induced erythro- 
blastosis, the expression of the proto-onco- 
gene c-erbB can be activated by readthrough 
transcripts, that is, viral RNAs that escape 
cleavage and polyadenylation at the normal 

site and thus extend into the downstream c- 
erbB gene (2). In ALV-induced lymphoma, 
expression of the c-myc gene is usually acti- 
vated by viral transcripts initiated within the 
3' LTR, that is, downstream RNAs (3). In 
addition, new ALV-related vimses that con- 
tain oncogenes are occasionally recovered 
from animals with ALV-induced malignan- 
cies (4, 5 ) .  

Proviral integration within or adjoining a 
proto-oncogene is thought to be an essential 
step in the acquisition of oncogenes by 
retroviruses. A multistep model has been 
proposed for oncogene capture as follows 
(6): (i) integration of proviral DNA within 
or upstream of a proto-oncogene, in the 
same transcriptional orientation; (ii) dele- 
tion of the 3' proviral DNA to fuse the 
proto-oncogene to the viral transcriptional 
unit; (iii) transcription of the deleted provi- 
rus to produce an RNA containing both 
viral and proto-oncogene sequences; (iv) 
packaging of the chimeric transcripts and 

normal viral genomes into virus particles; 
and (v) use of both molecules as templates 
during reverse transcription, that is, tem- 
plate switching (7), resulting in the forma- 
tion of a new provirus containing the onco- 
gene. Alternatively, oncogene transduction 
could be accomplished entirely at the RNA 
level, without a chromosomal deletion, by 
the generation and packaging into virions of 
readthrough transcripts that contain the 
proto-oncogene (8 ) .  This scheme requires 
(i) that readthrough transcripts be produced 
and efficiently packaged into infectious virus 
particles and (ii) that virus particles accom- 
modate readthrough RNAs of adequate 
size. In previous work we found read- 
through RNAs at high levels in infected 
cells, amounting to 15% of the total viral 
RNA (1). In this report we show efficient 
incorporation of readthrough RNAs into 
infectious virus. Furthermore, virions can 
accommodate RNAs nearly 1 1.2 kb in size, 
3.5 kb longer than the genome RNA of 
ALV. 

To characterize the biological effects of 
readthrough transcripts, we found it desir- 
able to increase their abundance. Thus, we 
introduced a point mutation into the poly- 
adenylation [poly(A)] signal of a DNA 
clone of Rous sarcoma vims (RSV) by 
means of oligonucleotide-directed mutagen- 
esis (Fig. 1). Infectious virus was recovered 
after transfection of turkey embryo fibro- 
blasts (TEF) with the mutant and wild-type 
DNAs, and was used to infect fresh TEF 
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Fig. 1. Introduction of a int mutation into the 
polyadenylation signal O ~ A L V .  M13sah5 con- 
tained a 328-bp fragment from the Eco RI site 
(nucleotide -53 relative to  the cap site of viral 
RNA) to the Pst I site (nucleotide 263) from 
pATV-8, a molecular clone of the Prague C strain 
of RSV (17), inserted into M13mp8 (18). A 16- 
base oligonucleotide was used to alter the poly- 
adenylation signal to AAUGAA, according to the 
method of Kunkel (19). The plasmid pSAH13 
contained a 5.2-kb fragment from the Xba I site 
(nucleotide 6861) to the Hind 111 site (nucleotide 
2740) from PAW-8 inserted into pGEh4lAE 
[pGEh41 (20), lacking the Eco RI site in the 
polycloning site]. The LTR-containing Eco RI to 
Hind I11 fragment from several clones of 
M13sah5 that had acquired the point mutation 

and from two wild-type clones were ligated indi- 
vidually to the large Eco RI to Hind 111 fragment 
from pSAH13 to create the pSAH14 series of 
plasmids, which contained the svc gene, LTR, and 
5' viral sequences on a 2.7-kb Sac I fragment. The 
remainder of the viral sequences were present on 
plasmid pNTRE4BASst, on a 6.6-kb Sac I frag- 
ment (21). The pSAH14 plasmids were digested 
with Sac I and ligated individually to Sac I- 
digested pNTRE4BASst. Infectious transforming 
virus was recovered from the mutant and wild- 
type constructions by transfection of the ligated 
DNAs onto TEF, by the 0-diethylaminoethyl 
(DEAE)-dextran method (14). Filled boxes indi- 
cate bacteriophage SP6 and T 7  promoters. Ab- 
breviations: X, Xba I; S, Sac I; E, Eco RI; H, 
Hind 111; P, Pst I. Not to scale. 

pGEM1AE 

ligation and tnns- 
~ N T R E ~ B A S S ~  fection onto TEF 

quence (Fig. 2B) (1 ). Analysis of total R N A  
from TEF infected with wild-type 
(W10.18) o r  mutant (M9.13) viruses re- 
vealed the presence of both correctly pro- 
cessed and readthrough viral RNAs (Fig. 
2A). In agreement with our  prior results, 
downstream RNA was not detected (1). 
Comparison of  the relative intensities of  the 
3' R N A  bands, corresponding to viral R N A  
cleaved at the normal poly(A) site, and the 

readthrough RNA bands shows that most o f  
the viral R N A  was correctly processed in 
cells infected with the wild-type virus (Fig. 
2A, lanes 5 to 8). However, in cells infected 
with the mutant virus, most of  the viral 
RNA was readthrough R N A  (Fig. 2 4  lanes 
9 to 12). The relative numbers of probe 
molecules in each band were calculated from 
their radioactivity (9). Taking the sum of the 
probe molecules in the 3' R N A  and read- 
through R N A  bands as a measure o f  the 
total viral RNA, readthrough R N A  
amounted to 16% of the viral R N A  in cells 
infected with the wild-type virus and 80% of  

from which cellular and virion RNAs were 
isolated. 

Viral RNAs polyadenylated at  the normal 
site can be distinguished from readthrough 
RNAs by protection from nuclease diges- 
tion of  a uniformly labeled probe comple- 
mentary to the viral U3-R-US-leader se- 

Total RNA Ilrion RNA 

Fig. 2. Nuclease protection analysis of virion and 
cellular RNA. (A) "P-labeled wild-type (WT) or 
mutant (M) probe RNAs were hybridized to total 
cellular RNA, virion RNA, or poly(A)+ cellular 
RNA from TEF infected with the wild-type 
(W10.18) or the mutant (M9.13) viruses, treated 
with RNase, and subjected to polyactylamide gel 
electrophoresis. Hybridizations were performed 
with 0.1-pmol of probe RNA and 0.3, 1.0, 3.0, 
and 10.0 pg of total RNA (lanes 5 to 8 and 9 to 
12, respectively), virion RNA isolated from 40, 
120, 400, and 1200 p1 of culture Supernatants 
(lanes 13 to 16 and 17 to 20, respectively), 
poly(A)+ RNA isolated from 0.6, 2.0, 6.0, and 
20.0 pg of total RNA from infected TEF (lanes 
21 to 24 and 25 to 28, respectively), and 20 pg of 
carrier yeast RNA (C, lanes 2 and 4). The probes 
were synthesized with SP6 RNA polymerase us- 
ing as templates the plasmids pSAH14-M9.13 or 
pSAH14W10.18 digested with Mst I1 (Fig. 1). 
Lanes 1 and 3 contained 0.001 pmol of undigest- 
ed probe RNA (P). Similar probes did not hy- 
bridize to RNA from uninfected TEF. Isolation 
of cellular RNA, synthesis of probe RNA, and 
nuclease protection analysis were performed as 
described (I). A band of 380 nucleotides present 
in all the lanes (except lanes 1 and 3) is an 
artifactual band derived from the template used 
for probe synthesis. It is more apparent in lanes 
21 to 28, for which a longer exposure is shown. 
The band of about 140 nucleotides results from 
competition between the probe RNA and the 
transfer RNA (tRNA) primer (22); rtRNA, 
readthrough RNA. (B) Structure of probe RNA 
and sizes of RNase-resistant probe fragments 
protected by viral RNAs. Solid bar, probe RNA 
complementary to viral RNA, open bar, nonviral 
sequence at the 5' end of the probe; wavy lines, 
cellular sequences in readthrough and down- 
stream RNAs; PB, primer binding site. 
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the viral RNA in cells infected with virus 
M9.13. However, the mutation did not 
greatly affect the overall level of viral RNA 
production. Comparison of the radioactivity 
in the 5' RNA bands, corresponding to 
both normal and readthrough RNAs, 
showed that the level of viral RNA in cells 
infected with virus M9.13 was about 55 to 
75% of that in cells infected with virus 
W10.18. Analysis with probes of different 
sizes and of independently isolated clones of 
the mutant and wild-type viruses yielded the 
same results. In addition, the phenotype and 
structure of the mutant viruses were con- 
firmed by direct analysis of virion RNA by 
ribonuclease (RNase) T1  oligonucleotide 
fingerprinting (1 0). 

In previous work we showed that read- 
through RNA in ALV-infected cells is poly- 
adenylated to the same extent as normal viral 
RNA (1 ). Analysis of poly(A) + RNA from 
TEF infected with viruses W10.18 or 
M9.13 confirmed this observation for the 
mutant virus as well (Fig. 2A). The ratios of 
the intensities of the readthrough RNA 
bands to the 3' RNA bands in the poly(A)+ 
RNA samples were very similar to the ratios 
in the corresponding total RNA samples, 
which indicated that readthrough RNA was 
polyadenylated as efficiently as normal viral 
RNA (11). 

These results demonstrated that the muta- 
tion in the AAUAAA polyadenylation signal 
caused the predicted phenotype. Viral RNA 
was synthesized and processed at nearly 
wild-type levels. However, the large major- 
ity was polyadenylated not at the usual site 
but at alternative sites most likely derived 
from the cellular DNA downstream of the 
integration site. 

Nuclease protection analysis of virion 
RNA indicated that readthrough RNA was 
packaged into virions as &ciently as nor- 
mally processed viral RNA. Readthrough 
RNA amounted to about the same fraction 
of the total viral RNA in virions as it did in 
infected cells, for virus M9.13 and virus 
W10.18 (Fig. 2A). Measurement of the 
radioactivity in individual bands (9) showed 
that readthrough transcripts amounted to 
20% of viral RNA in wild-type virus parti- 
cles and 86% of viral RNA in mutant viri- 
ons. This finding suggests, surprisingly, that 
if normal and readthrough RNAs were dis- 
tributed randomly in virions, then 32% of 
the wild-type virus particles may have con- 
tained both normal and readthrough RNAs 
(12). 

The size distribution of readthrough tran- 
scripts was examined by subjecting virion 
RNA and poly(A)+ RNA fiom infected 
cells to gel electrophoresis and hybridization 
analysis with a probe complementary to the 
virus leader region (Fig. 3). Poly(A)+ RNA 

Vlrlon Pohl(A)+ 
RNA cellular RNA 

-- 

The result suggests that virus particles con- 
taining both readthrough RNA and normal 
genomes were infectious, but that those 
containing only readthrough RNAs were 
not. If readthrough RNAs and normally 
processed genomes were distributed ran- 
domly in virus particles, then 64% of wild- 
type virions but only 2% of mutant virions 
would contain two normal genomes (12). 
Thus, if two normal genomes were required 
for infectivity, then the titers of the mutant 
viruses would have been at least 30-fold less 
than those of the wild-type viruses. 

To determine if the mutant virus stocks 
contained revertants that could account for 
the residual level of correct 3' processing, 
we analyzed the RNA of six clones of the 
mutant viruses, isolated by focus formation 
in soft agar. In five of the six clones read- 
through RNA amounted to about 80% of 
the total viral RNA; one clone was a rever- 
tant. Furthermore, the level of readthrough 
RNA remained the same after repeated cy- 
cles of infection and growth of the mutant 
virus. Thus, the residual correct processing 
was not due to revertants, and, although one 
revertant was found, revertants did not oc- 
cur and grow with sufficient frequency and 
speed to affect the phenotype of the popula- 
tion. 

Our prior observation that readthrough 
RNA is present at relatively high levels in 
ALV-infected cells suggested that read- 
through transcripts could function as inter- 
mediates in the transduction of oncogenes, 
as has been suggested (8). We show here 
that readthrough transcripts have the prop- 
erties required of transduction intermedi- 
ates: they are efficiently processed and pack- 
aged into infectious virus particles. Thus 
both recombination events needed for onco- 
gene transduction could occur at the RNA 
level: the 3' recombination by template 
switching during reverse transcription (7) 
and the 5' crossover by splicing or during 
reverse transcription (6). There is consider- 
able indirect evidence for illegitimate recom- 
bination during reverse transcription (8, 
16), and the transductions of c-erbB fie- 
quently observed in avian erythroblastosis 
are most likely examples of oncogene cap- 
ture by this mechanism (2, 5). 

VJV "NA - 
(1 1 2 kb) 

ne RNA 
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Fig. 3. Size fractionation of cellular and virion 
RNA. Virion RNA isolated from 400 pl of 
culture supernatant and poly(A)+ RNA isolated 
from 20 pg total RNA from TEF infected with 
the indicated viruses were subjected to electro- 
phoresis through a 0.4% agarose gel containing 
formaldehyde (23). The RNA was transferred to a 
nylon membrane and hybridized to a uniformly 
labeled RNA probe complementary to the viral 
leader region from the BstE I1 site (nucleotide 
103) to the Sac I site (nucleotide 255); VSV, 
vesicular stomatitis virus. 

from infected cells contained three viral spe- 
cies corresponding to genome RNA, env 
messenger RNA (mRNA), and m mRNA. 
However, the viral RNA species from cells 
infected with the mutant viruses were indis- 
tinct. The lower size limit for each svecies 
was discrete and the same as that for the 
corresponding species derived from the 
wild-type viruses, but the upper size limit 
was indistinct. with the intensitv of the band 
decreasing with increasing molecular 
weight. Thus, the polyadenylation mutation 
decreased the efficiency of 3' processing at 
the normal viral site, leading to the produc- 
tion of longer transcripts, which were poly- 
adenylated at downstream sites. Both full- 
length genome RNA and spliced subgeno- 
mic mRNAs were affected by the mutation. 
The effect of the mutation on the size distri- 
bution of viral RNAs is more obvious for src 
mRNA because of the increased resolution 
of smaller RNAs on the gel. 

Analysis of virion RNA showed that 
RNAs nearly 11.2 kb in size were packaged 
into the mutant virions (Fig. 3). The largest 
genome sizes reported for infectious avian 
retroviruses are about 10.2 kb (13, 14). 
Wild-type virions contained RNAs larger 
than genome length as well, but to a smaller 
degree. 
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Formation of Retinal Ganglion Cell Topography 
During Prenatal Development 

peripheral retina could be greater than that 
of the central retina, thereby diluting the 
peripheral population of ganglion cells to a 
greater degree. Such a pattern of retinal 
growth has been shown to occur in the 

A fundamental feature of the mammalian visual system is the nonuniform distribution 
of ganglion cells across the retinal surface. To understand the ontogenetic processes 
leading to the formation of retinal ganglion cell topography, changes in the regional 
density of these neurons were studied in relation to ganglion cell loss and the pattern of 
retinal growth in the fetal cat. Midway through the gestation period, the density of 
these neurons was only two to three times greater in the area centralis than in the 
peripheral retina, whereas shortly before birth this central-to-peripheral difference was 
nearly 20-fold. Age-related changes in the ganglion cell distribution were found not to 
correspond in time or magnitude to the massive loss of ganglion cells that occurs 
during prenatal development. Rather, the formation of ganglion cell density gradients 
can be accounted for by unequal expansion of the growing fetal retina-peripheral 
regions expand more than the central region, thereby diluting the peripheral density of 
ganglion cells to a greater degree. Nonuniform growth, in conjunction with diEeren- 
tial periods of neurogenesis of the different types of retinal cells, appears to be a 
dominant factor regulating overall retinal topography. These results suggest that the 
differential regional expansion of the fetal retina underlies the formation of magni- 
fication factors in the developing visual system. 

I N ANIMALS WITH HIGHLY DEVELOPED 

focal vision the distribution of ganglion 
cells across the retinal surface is striking- 

ly nonuniform. The density of ganglion cells 
peaks around the fovea or area centralis- 
the region of the retina specialized for focal 
vision-and declines sharply toward the pe- 
riphery (1). This central-to-peripheral gradi- 
ent in ganglion cell topography dominates 
retinotopic maps in the visual centers of the 
brain and is related to variations in measures 
of acuity across the visual field (2). 

The development of ganglion cell density 
gradients poses an intriguing problem be- 
cause regional specialization in the ganglion 
cell layer is reflected in the neuronal circuitry 
throughout the visual system. Early in devel- 
opment the regional distribution of gangli- 
on cells is relatively uniform (3-5), and the 
number of these neurons is much greater in 

the fetal retina than at maturity (6, 7). It has 
been proposed that differential ganglion cell 
death across the retina is responsible for 
the establishment of ganglion cell topogra- 
phy (3, 8). This would be the case if during 
ontogeny greater numbers of ganglion cells 
die in the peripheral retina than in the 
central retina. A substantial amount of cell 
death does occur during development of the 
mammalian retina. For instance, it has been 
estimated that in the cat five of six ganglion 
cells generated during fetal life are eliminat- 
ed by maturity (6). However, it remains to 
be determined whether such massive loss of 
neurons contributes significantly to the for- 
mation of retinal topography. 

An alternative explanation for the estab- 
lishment of ganglion cell topography is the 
nonuniform expansion of the growing reti- 
na. During ontogeny the growth of the 

postnatal cat (9 ) ,  and this process may also 
be a key factor in sculpting the distribution 
pattern of retinal ganglion cells during fetal 

In this study, we describe developmental 
changes in the distribution of ganglion cells 
across the retina of prenatal cats and relate 
these findings to ganglion cell loss and 
retinal growth. We show that a primordial 
area centralis is present early in development 
and that the progressive increase in the 
central-to-peripheral gradient in ganglion 
cell density results primarily from differen- 
tial expansion of the retina rather than gan- 
glion cell loss. 

Ganglion cell topography was examined 
in fetal cats ranging in age from day 35 of 
gestation (E35)-just after ganglion cell 
generation has ended (10) and after the - 
initial innervation of retinorecipient nuclei 
(11, 12)-to E62, about 3 days before birth. 
All surgical procedures were carried out 
under ase~tic conditions with the use of 1 to 
2% halothane in oxygen supplemented with 
30% nitrous oxide. To identify centrally 
projecting retinal ganglion cells, 2 to 15 p1 
of horseradish peroxidase or horseradish 
peroxidase conjugated to wheat germ agglu- 
tinin was injected bilaterally into the posteri- 
or thalamus and midbrain or into the optic 
chiasm. This retrograde labeling procedure 
was necessary because it is not possible to 
unequi\~ocall~~ differentiate ganglion cells 
from other cell types in the ganglion cell 
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