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Avian erythroblastosis virus (AEV) induces primarily erythroblastosis when
injected intravenously into susceptible chickens. In vitro, the hematopoietic target
cells for transformation are the erythroblasts. Occasional sarcomas are also
induced by intramuscular injection, and chicken or quail fibroblasts can be
transformed in vitro. The transforming capacity of AEV was shown to be
associated with the presence of a unique nucleotide sequence denoted erb in its
genomic RNA. Using a simplified procedure, we prepared radioactive comple-
mentary DNA (cDNAaev) representative of the erb sequence at a high yield.
Using a cDNAaev excess liquid hybridization technique adapted to defective
retroviruses, we determined the complexity of the erb sequence to be 3,700 ± 370
nucleotides. AEV-transformed erythroblasts, as well as fibroblasts, contained two
polyadenylated viral mRNA species of 30 and 23S in similar high abundance (50
to 500 copies per cell). Both species were efficiently packaged into the virions.
AEV-transformed erythroblasts contained additional high-molecular-weight
mRNA species hybridizing with cDNAaev and cDNA5 but not with cDNA made
to the helper leukosis virus used (cDNArep). The nature and the role, if any, of
these bands remain unclear. The erb sequence had its counterpart in normal
cellular DNA of all higher vertebrate species tested, including humans and fish
(1 to 2 copies per haploid genome in the nonrepetitive fraction of the DNA).
These cellular sequences (c-erb) were transcribed at low levels (1 to 2 RNA copies
per cell) in chicken and quail fibroblasts, in which the two alleged domains of
AEV-specific sequences corresponding to the 75,000- and 40,000-molecular-weight
proteins seemed to be conserved phylogenetically and transcribed at similar low
rates.

Among avian retroviruses, avian defective leu-
kemia viruses (DLVs) form a group of highly
oncogenic RNA viruses inducing acute leuke-
mias with a short period of latency in susceptible
birds and also occasional sarcomas or carcino-
mas (8).

Recently, the seven available independent iso-
lates of DLVs have been assigned to three sub-
groups based on the types of malignant he-
mopathy that they induce in vivo and on the
differentiation phenotype of hematopoietic cells
that they transform in infected bone marrow
cells in vitro (3, 8). (i) Avian erythroblastosis
virus (AEV) causes erythroblastosis in vivo and
induces the proliferation of erythroblast-like
cells. It also induces sarcomas at the site of
injection (24). (ii) The four avian myelocyto-
matosis-type viruses (MC29, CMII, OK10, and
MH2) induce the proliferation of macrophage-
like transformed cells, and some of them induce
carcinomas in vivo (10, 19, 20). (iii) The avian
myeloblastosis viruses (AMV and E26) induce

myeloblastosis in vivo and transform myelo-
blast-like cells in vitro (6). Studies on the genetic
content of DLVs have documented the following
common properties. All DLVs contain avian leu-
kemia virus (ALV)-related nucleotide sequences
in different amounts (28 to 77%) (25) but are
deleted in genes necessary for viral replication
(31) and therefore are replication defective and
require a helper ALV for their propagation in
cultured cells (8). None of these viruses contain
sequences homologous to the transforming gene
src of avian sarcoma virus (ASV) (4, 25, 27, 28).
Instead, they contain one of three different se-
quences inserted within the ALV-related se-
quences, which correlate with the capacity of a
given virus strain to transform erythroblasts,
macrophage-like cells, or myeloblasts (25, 31).
These sequences have been termed erb, mac,
and myb, respectively. As published previously
(25, 26, 31), these unique sequences have their
counterpart in the normal cellular DNA. Thus,
DLVs seem to be recombinants between an
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ALV-related vector and normal chicken cellular
DNA sequences which confer to these viruses
their oncogenicity.

In this paper we describe extensively the se-
lection and properties of a radioactive DNA
complementary to the specific sequences (erb)
ofAEV (cDNAaev). We established the complex-
ity of the cDNAaev to be 3.7 ± 0.37 kilobases,
using a method adapted from Young et al. (37).
This cDNA enabled us to determine unambig-

uously the size of the AEV genomic RNA and
its products of transcription in some AEV-in-
fected cells. Our results are consistent with the
hypothesis that the viral erb sequences contain
two different genes, one coding for the 75,000-
molecular-weight (75K) gag-erb polyprotein (12,
15, 23; H. Beug, G. Ramsay, S. Saule, D. Ste-
helin, M. J. Hayman, and T. Graf, in B. Fields,
R. Jaenisch, and F. Fox, ed., Animal Virus Ge-
netics, ICN- UCLA Symposium on Cell andMo-
lecular Biology, vol. 18, in press) and the other
coding for a 40K protein as shown previously by
in vitro transcription of AEV RNA (15, 21, 36).
AEV-transformed erythroblasts contain addi-
tional mRNA species hybridizing with cDNAaev
and related to ALV sequences that are packaged
into the virions. These species are not seen in
AEV-transformed uncloned fibroblasts or eryth-
roblasts and may represent occasional read-
through molecules extending into cellular se-
quences.
Normal avian DNA contains sequences (c-

erb) related to cDNAaev (25). The moieties in
cDNAaev corresponding to both the 75K and the
40K proteins are conserved in quail DNA and
transcribed at similar levels. It is unclear that
this is the case in more distantly related species.
Nevertheless, cDNAaev-related sequences are at
least partially present in the DNAs of humans
and fish at a similar frequency of 1 to 2 copies
per haploid genome.

MATERIALS AND METHODS
Cells and viruses. Viruses were grown on C/E

chicken fibroblasts prepared from 11-day fertile eggs
(Brown Leghorn; Institut Gustave Roussy, Villejuif,
France). AEV nonproducer NP 75 chicken fibroblasts
(11) and AEV (Rous-associated virus type 2 [RAV-
2])-producing 6C2 and 9D4 erythroblasts and non-
producing NP A6C1 erythroblasts, prepared with ts34
AEV (7), were obtained from T. Graf and H. Beug,
AEV nonproducer NP ATla rat fibroblasts (22) were
obtained from K. Quade. The transformation-defec-
tive Prague B strain (td PrB) of ASV was obtained
originally from R. Junghans. All other viruses used in
these studies have been described elsewhere (29).
RNA extraction. Viral 50 to 70S RNA was ex-

tracted from viruses harvested from culture medium
clarified from cell debris. Viruses were suspended in
STE buffer (0.1 M NaCl, 0.001 M EDTA, 0.02 M Tris)

containing 200 ,ug of proteinase K per ml and 1%
sodium dodecyl sulfate (SDS). After 5 min of digestion
at 37°C, the RNA was extracted twice with an equal
volume of STE buffer-saturated phenol. RNA was
precipitated from the aqueous phase by the addition
of 2 volumes of 95% ethanol at -20°C, collected by
centrifugation (10,000 x g, 10 min, 4°C), and dissolved
in STE buffer before preparative sucrose gradient
centrifugation. The 50 to 70S RNA was separated
from rRNA by sedimentation through a 15 to 30%
sucrose gradient made in STE buffer in an SW41 rotor
at 40,000 rpm for 3.5 h at 4°C. The 50 to 70S peak was
detected by UV absorption at 260 nm, pooled, and
precipitated by the addition of 2 volumes of cold
ethanol.

Cellular RNAs were extracted as previously de-
scribed (28).
DNA extraction. Chicken embryos were homoge-

nized in 10 ml ofTE buffer (0.02 M Tris-hydrochloride
[pH 7.5], 0.01 M EDTA) per embryo at 0°C for 60 s
with an Ultra-Turrax homogenizer (Scientific Instru-
ments Ltd., London, England). The mixture was then
adjusted to 1% with SDS and 50 jg/ml with proteinase
K. Tissue culture cells (106 cells per ml) were sus-
pended in TE buffer containing 50,ig of proteinase K
per ml and 1% SDS. After incubation overnight at
37°C, the DNA was extracted twice with STE buffer-
saturated phenol. The final aqueous phase was made
0.2 M in sodium acetate, and the DNA was precipi-
tated by 2 volumes of 95% ethanol. The DNA was
spooled out, washed with 95% ethanol, and air dried.
This DNA was dissolved overnight in TE buffer at a
concentration of 1 to 2 mg/ml and then treated with
pancreatic RNase (100 ,Lg/ml; Sigma Chemical Co.,
St. Louis, Mo.). After 1 h at 28°C, the DNA was
sonicated and incubated overnight in 0.3 M NaOH at
37°C. The mixture was adjusted to neutral pH by the
addition of 3 M HCl in the presence of phenol red
indicator and extracted by STE buffer-saturated
phenol as described above. The DNA was then ethanol
precipitated and dissolved in TE buffer (5 to 10 mg/
ml) before UV spectral analysis. The ratio of absorb-
ance at 260 nm to that at 280 nm was more than 1.9
for all DNAs tested.
Preparation of virus-specific cDNA's. Repre-

sentative radioactive cDNA's were synthesized on a
70S viral RNA template with fragmented calf thymus
DNA primer (34), using the exogenous AMV reverse
transcriptase (J. Beard, Life Science Inc., through the
auspices of the Office of Program Resources and Lo-
gistics, National Cancer Institute). The reaction mix-
ture (for 3H, 1 ml; for 3P, 100 ,pl) contained the
following: 20,ug of viral RNA per ml, 0.05 M Tris (pH
8.1), 0.02 M dithiothreitol, 8 mM MgCl2, 0.05 M KCI,
100 jg of actinomycin D (Rh6ne-Poulenc) per ml, 2.5
mg of DNA primer per ml, 280 U of AMV polymerase
per ml, 0.4 mM concentration each of dGTP, dATP,
and dCTP, and 0.15 mM [3H]TTP (60 Ci/mmol, 10
mCi; International Chemical Nuclear, Irvine, Calif.) or
0.002 mM [32P]TTP (350 Ci/mmol, 0.5 to 1 mCi; New
England Nuclear Corp., Boston, Mass.). The reaction
was allowed to proceed for 45 min at 41°C and was
terminated by the addition of 1% SDS (final concen-
tration). After the reaction mixture had been digested
with 100 yg of proteinase K per ml for 15 min at 37°C,
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200 ug of yeast RNA per ml was added. The nucleic
acids were then extracted once with phenol-STE
buffer and precipitated with 2 volumes of ethanol at
-20°C. The specific activities-of the probes comple-
mentary to the td PrB genome (cDNArep) were as
follows: [32P]cDNA, 5 x 108 cpm/,ug; [3H]cDNA, 4.8
x 107 cpm/,ug. The cDNA's were sonicated and sedi-
mented through 5 to 20% (wt/vol) sucrose gradients
made in 0.9 M NaOH-1 M NaCl-0.01 M EDTA for 24
h at 37,000 rpm in an SW41 rotor at 240C. The cDNA's
ranged in size from 3 to 10S, with a peak at 5S. A size
pool of 4 to 7S was used throughout the studies de-
scribed below. cDNA..r, was prepared as described
previously (29), cDNA5 (strong stop) was prepared by
the method of Friedrich et al. (5), and cDNAgpc was
prepared by the method of Tal et al. (33).

Nucleic acid hybridization. Standard hybridiza-
tion reaction mixtures (stringent conditions) contained
0.6 M NaCl, 2 mM EDTA, 0.02 M Tris (pH 7.4), 500
pg of calf thymus DNA per ml as carrier, 2,000 cpm
(0.04 ng) of [3H]cDNA or 2,000 cpm (0.005 ng) of
[32P]cDNA, and appropriate RNAs or DNAs in large
excess. Hybridizations were conducted in glass capil-
laries at 680C, and the extent of annealing was ana-
lyzed by digestion with S1 nuclease (17), prepared by
the method of Sutton (32).

Determination of T,., For the determination of
thermal denaturation (Tm), erythroblast 6C2 DNA or
normal chicken DNA (final DNA concentration of 10
mg/ml) was hybridized with AEV-specific [3H]cDNA
to reach a Cot of 2 x 104 mol-s liter-'. The samples
were diluted to a final concentration of 0.3 M NaCl,
and 20,000 cpm of [nP]cDNArep, preannealed with
normal chicken DNA, was added as an internal con-
trol. Samples were then divided into 10 aliquots and
incubated in a water bath at different temperatures
for 10 min. The percentage of cDNA remaining an-
nealed to the particular cellular DNA at each defined
temperature was determined by S1 nuclease digestion.
The self-annealing of the cDNA was not subtracted
(1 to 3%), and all hybridization values were normalized
by using a correction factor corresponding to 100% of
plateau hybridization of the cDNA with its homolo-
gous RNA.
Complexity ofcDNA.,. We determined the com-

plexity of cDNA.v by using a method adapted from
Young et al. (37), based on the fact that the complexity
of a given radioactive cDNA can be defined experi-
mentally by the Cot1/2 of the hybridization kinetics
established between this cDNA in excess and its ho-
mologous nonradioactive RNA. Under these condi-
tions, the Cot1/2 depends only on the complexity of the
cDNA and is independent of any RNA heterogeneity
in the hybridization reaction. One essential condition
is to be in cDNA excess. To control this absolute
requirement, we set the experimental procedure as
follows. The hybridization kinetics were established
by varying the time of hybridization of samples con-
taining each, in addition to [3H]cDNA in excess and
cold RNA homologous to [3H]cDNA, [nP]cDNA rep-
resentative of the RNA genome 100 times less concen-
trated than the [3H]cDNA.

Thus, with [3H]cDNA, we constructed a Cot curve,
and with [nP]cDNA as an internal control, we con-
structed a Crt curve which allowed us to estimate

accurately theRNA concentration in the hybridization
reaction.
We standardized our system by determining the

complexity of a known [3H]cDNA (cDNAgpc) prepared
and purified by the method of Tal et al. (33), except rd
Bryan ASV 60 to 70S RNA was used to select the
single-stranded cDNA (ss-cDNA). We similarly used
[3H]cDNA,e.

Hybridizations were conducted in capillaries at
680C in 0.6M NaCl. See the legend to Fig. 2 for details.

Gel electrophoresis of RNA. Polyadenylated
RNA was prepared from AEV-transformed cells as
described elsewhere (35). The RNA was treated with
glyoxal and submitted to electrophoresis on agarose
gels as previously described (16, 18, 31). RNAs sepa-
rated by size were then transferred to activated dia-
zobenzyloxymethyl paper by the method of Alwine et
al. (1), and the northern blots were hybridized with
different [nP]cDNA's as described previously (1, 16,
18, 31).
We used an original washing procedure of ours

(unpublished data). After a 10-min wash in 2x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-
lx Denhardt buffer, the blots were cleaned of cDNA's
by mild sonication in 0.1x SSC-0.1% SDS during 1 to
3 mm (Pons sonicator, 100W, 40 kHz; Bioblock, Stras-
bourg, France).
The hybrids were scored by autoradiography, using

Kodak XR-1 X-ray film with Du Pont Lightning-Plus
screens at -70°C.

RESULTS
Preparation of cDNAev We adopted the

following substractive hybridization strategy to
purify cDNAaev. [3H]DNA complementary to
the 50 to 70S RNA of AEV (RAV-2)-producing
6C2 cloned chicken erythroblasts was synthe-
sized as described above. The 4 to 7S cDNA size
pool (30% of the total cDNA, 9.6 ,ug) obtained
after centrifugation through an alkaline sucrose
gradient was hybridized to 78 ,ug of RAV-2 70S
RNA under nonstringent conditions (1.2 M
NaCl, 6000) to reach a Crt of 25 mol.s liter-'
and a Cot of 4 mol.s liter-' (Table 1). The ss-
cDNA was separated from hybrids by chroma-
tography on hydroxyapatite. The ss-cDNA
eluted from the column (7 ug) was completely
sensitive to Si nuclease as tested on an aliquot,
did not hybridize to helper 70S RAV-2 RNA
(Crt 2 10 mol-s liter-l), but hybridized to AEV
(RAV-2) RNA (Crt 2 11 mol.s liter-l) with a
plateau at 50% hybridization, indicating that 50%
of the ss-cDNA was not virus-hybridizable
cDNA (Table 1).
The ss-cDNA was then hybridized to AEV

(RAV-2) 50 to 70S RNA under stringent condi-
tions (0.6 M NaCl, 680C; final Crt = 4.5 mol-s
liter-1), and the hybrids were treated prepara-
tively with S1 nuclease (15 min, 5000) to digest
the ss-cDNA which was not AEV specific. Pro-
teinase K (100lg/ml), EDTA (0.01 M), and SDS
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TABLE 1. Purification of cDNA a""

Si resistance
(%) after hy-

% Of bridization
cDA gx cpmx tal with:cDNA 10~ 10 total_cDNA_

cDA AEV RAV
(RAV -2
-2)

Total 32 1.6 100
4to 7S 9.6 0.48 30 67 37
ss after hydroxy- 7 0.35 21.8 50 <3

apatiteb
as after Si diges- 3.5 0.176 11 88 <3

tiOnc

'The data represent recoveries during the preparation of
the [3H]cDNA..,, that was used in our experiments. Similar
results were obtained for the preparation of [nP]cDNA.,!v that
was used in experiments shown in Fig. 3.

b A total of 9.6 pg of cDNA was hybridized to 78 pg ofRAV-
2 70S RNA in 1.2 M NaCl at 60°C at a final Crt of 25 moles
liter-', and ss-DNA was separated from hybrids by chroma-
tography on hydroxyapatite (see text).

CA total of 7 pg of cDNA was hybridized to 33 pg of AEV
(RAV-2) 50 to 70S RNA in 0.6 M NaCl at 68°C at a final Crt
of 4.5 mol.s liter-'. as-DNA was digested with S1 nuclease
(see text), and the cDNA was recovered from hybrids by
treatment with 0.3 N NaOH (12 h at 370C to hydrolyze RNA)
and ethanol precipitation after neutralization with HCI. Dur-
ing the procedure, the selected cDNA's were tested for their
hybridization capacities at plateau Crt values to AEV (RAV-
2) RNA or RAV-2 RNA, as scored by the percentage of
radioactivity rendered resistant to S1 nuclease.

(1%) were then added, and the mixture was
incubated at 37°C for 15 min. The hybrids were
phenol extracted once, treated with alkali (0.3 N
NaOH for 12 h at 37°C) to eliminate the viral
RNA, neutralized with HCl, and ethanol precip-
itated (-20°C, 12 h). After this step, 11% of the
starting cDNA was recovered as ss-cDNA (Ta-
ble 1) and was denoted cDNAaev.

Specificity of cDNAev. The specificity of
cDNAaev was documented more precisely by hy-
bridizing cDNAaev and cDNArep to viral 50 to
70S RNAs. No residual hybridization of
cDNA.ev with RAV-2 RNA could be detected
(Fig. la), indicating the efficiency ofthe selection
procedure. On the contrary, the kinetics with
AEV (RAV-2) RNA from the 6C2 erythroblasts
was as expected (Fig. lb), showing that cDNAaev
had maintained its hybridization qualities, with
a maximum plateau value of 88%. A similar
curve was obtained with cDNAre indicating a
favorable ratio of AEV RNA to MAV-2 RNA of
near 1:1 for the viruses produced by these cells.
A possible drawback to our strategy for pre-

paring cDNA.ev was that we might coselect for
cellular sequences specific to erythroblasts that
could be encapsidated with the virus or uniden-
tified viral sequences unrelated to AEV and
present in this clone. This possibility would pre-
dict that some sequences in cDNA.e, would not
hybridize with the viral RNA in another non-

erythroblastic AEV-transformed cell clone.
Thus, we tested the cellular RNA from an in-
dependently prepared clone (NP 75) of chicken
fibroblasts nonproductively transformed by
AEV. Figure lc shows that, indeed, the same
plateau value was reached with cDNAaev, con-
firming the purity of this probe, whereas the
curve obtained with cDNArep, with similar ki-
netics, indicated less than 30% homology of the
AEV genome with cDNArep.
We further analyzed the distribution of

cDNA80,-related sequences among a variety of
avian retroviruses, using stringent hybridization
conditions at high Crt values (24 mol.s liter-l).
None of the viruses tested, except AEV (RAV-
2), showed any annealing above background
(Table 2). Thus, we concluded that cDNA5e, was
specific for viral nucleotide sequences found so
far only in AEV.
Complexity of cDNAa.V. Complexities of

cDNA probes are usually determined by mea-
suring the percentage of labeled viral RNA ren-
dered resistant to RNase by the cDNA present
in excess. The precision of this method becomes
unsatisfactory when the complexity of the
cDNA represents only a small part of the viral
RNA, which is often the case for a defective
retrovirus obtained with sometimes a severalfold
excess of helper virus. We thus used an altema-
tive method to determine the complexity of
cDNAaev. The validity of this method is first
documented here by using cDNA probes of
known complexities.

Following the experimental procedure ofusing
Cot curves in cDNA excess as described by
Young et al. (37), modified for better accuracy
as we described above, we determined the com-
plexities of well-characterized probes such as
cDNArep and cDNAgpc as a test for the precision
of this method. Figure 2a shows the kinetics
between [3H]cDNArep in slight excess and td
PrB ASV RNA, on the one hand (Cot curve),
and [32P]cDNArep in a negligible amount with
the same RNA, on the other hand (control Crt
curve). Figure 2 clearly shows that these condi-
tions yielded a Cot1/2 value of 1.6 x 10-2 mol.s
liter-', corresponding to the expected complexity
of 8,000 + 800 nucleotides of the viral RNA and
matching the Crtl/2 value. The almost equimolar
ratio of viral RNA and [3H]cDNAr.p would pre-
dict a plateau value of the Cot curve of near 90%.
In fact, the observed value was lower (60%). This
was probably due to the fact that the RNA
might have been slightly degraded upon long
incubation times; it also could mean that
[3H]cDNArep was not absolutely representative
or not able to hybridize all along the RNA
molecules. Nevertheless, the Cot1/2 value does
not seem to be affected detectably by these
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FIG. 1. Hybridization ofcDNAav after the Sl nuclease selection step. [3H]cDNAa,, (0) and [32P]cDNA,p
(0) were hybridized under stringent (0.6M NaCI) conditions to dilutions of viral RNAs in a volume of8 Al for
15 h at 68°C. The extent ofhybridization was measured by digestion with Sl nuclease. (a) Hybridization with
RAV-2 RNA; (b) hybridization with AEV (RAV-2) RNA; (c) dilutions of total cellular RNA extracted from a
clone (NP 75) of chicken fibroblasts nonproductively infected withAEV were hybridized to both probes in 0.6
M NaCI at 68°C for 25 h in 7 fd (0.075 mg of RNA at the highest Ct). Hybridization was measured by
resistance of the cDNA's to hydrolysis with Sl nuclease.

TABLE 2. Hybridization of viral 50 to 70S RNAs to
cDNA,.P and CDNAaEVa

Hybridization of cDNA(/A)
Viral RNAs cDNA rep cDNAaev

RAV 0 91 3
RAV 1 79 4
RAV 2 80 3

ALV RAV49 80 3
RAV5O 86 3
td.877 83 2
td.PrB 100 3

nd. e 77 94 4

ASV nd.Pr 100 3
cz ~~~~86 4

rdBry 70 2

AEV (RAV2) 86 100(88)
MC29IRAV2) 89 5
MH 2 (RAV 3) 89 6

DLVI OK10 IRAV2) 100 3
CM U (CM-AV) 76 3
AMV 84 3
E 26 ERAV 2) 89 4

a Hybridization reactions were performed in solu-
tion under conditions of RNA excess as described in
the text. [uP]cDNArp was included in each reaction
mixture as a standard (final COt 2 4 mol.s liter-'). The
values for the percent cDNA's in hybrids were nor-
malized to 100% for the final extent of reaction with a
homologous RNA: 80% for cDNArp with td PrB and
88% for cDNA..v with AEV (RAV-2).

parameters and proves the validity of this
method, provided that the 3H probes have been
selected to exclude small pieces (<4S) that
would affect the kinetics. Similar experiments
are shown for [3H]cDNAgpc in excess over td

PrB RNA in Fig. 2b. The Cot1/2 value found was
4.5 x 10-3 mol.s liter-' and thus corresponded
to a complexity of 2,250 + 200 nucleotides, a
value which agrees with other determinations
(13, 33). As expected, the Cot1/2 value did not
vary when the ratio of cDNA to RNA was
increased (Fig. 2c), but the plateau value was
then lower and the precision was somehow af-
fected.
Using this procedure for [3H]cDNAaev, we

found (Fig. 2d) a Cot1/2 value of 7.5 x 10-3 mol.
s liter-1, which corresponded to a complexity of
3,700 ± 370 nucleotides. If one adds the 2,200 ±
200 nucleotides of ALV-related sequences de-
tected in the AEV genomic RNA (25) to the
3,700 ± 370 nucleotides of the specific sequence,
the AEV genomic RNA should be 5,900 ± 600
nucleotides long. These numbers are in good
agreement with the size of the AEV genomic
RNA as determined by northern blotting (30S)
and described below and with the results ob-
tained by analysis of heteroduplex molecules
formed between a long cDNA (cDNA PrC) and
the AEV genomic RNA (14).
Sizes of AEV-specific RNAs in infected

celis. The strategy of transcription of the AEV
provirus was analyzed to determine whether we
could detect a difference in the relative level of
transcription or in the sizes of viral transcripts
in erythroid versus fibroblastic transformed
cells.
We thus performed northern blots with poly-

adenylic acid-containing total cell RNA from the
following AEV-transformed cells: a chicken er-
ythroblast clone (9D4) producing AEV (RAV-2)
(the virus produced here was also tested); a
chicken erythroblast nonproducer clone (NP

VOL. 38, 1981



414 SAULE ET AL.

d
a

4,,

o N~~~~~~~~~~~~~o
* I r II1111 r~~~~~~~~~~~1|41|4 . 1-3 o1

|91 ~~/ a1°'
l,f / -.,,,..I..,,£ f-

0 6~~~~~~~i I o

Crt Y)3"MXSX-lC
_4 is-t--31 100

b 100~~~~~

//10----
6

0~~~~~~~~~~~~~~~/ 0

/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I
=50 I I~~~~~~~~~~~~~~~~~~5

C/I

ls-410-3 10-1 (MXSCot 10' 3 1-2 'o, i Cot(x cl

10-2 10-1 103 laS2

FIG. 2. Determination ofcDNA complexities. (a) Complexity of cDNArep. A total of 39,0X0 cpm (0.82 ng) of
[3H]cDNA,,p (A) and 2,000 cpm (0.005 ng) of[32P]cDNA,p (A) were hybridized to 0.73 ng of td PrB RNA in
each sample (10 ,d). The times of incubation ranged from 210 s to 64 h. Hybridization was measured by
resistance to Sl nuclease. (b and c) Complexity ofcDNAgpc at two different values ofcDNA excess. (b) A total
of 24,000 cpm (0.37 ng) of[3H]cDNAgpc (0) and 2,000 cpm (0.005 ng) of[32P]cDNArep (0) were hybridized as
in (c) to I ng of td PrB RNA in each sample (2 ,ul) (gpC = 25% of viral RNA sequences). (c) A total of 17,000
cpm (0.31 ng) of[3H]cDNAgpc (0) and 2,000 cpm (0.005 ng) of[32P]cDNA,p (0) were hybridized to 0.29 ng of
td PrB RNA in each sample. The times of incubation ranged from 225 s to 32 h for each curve. Hybridization
was measured by resistance to Sl nuclease. All values were normalized to a final extent of hybridization of
75% for both 3H and 32P probes (factor, x1.33). (d) Complexity of cDNA,,., The Cot curve was constructed as
follows. Samples contained 44,000 cpm (0.92 ng; *) of[ H]cDNAe, 2,000 cpm (0.005 ng; O) of[32P]cDNAep,
and 0.8 ng ofAEV (RAV-2) RNA in 10 ,il (0.6M NaCl, 68°C). The Cot values were obtained by varying the
time of incubation from 225 s to 37 h. Percent values were corrected by the factors x1.14 for [3H]cDNA,,,, and
x1.18 for [32P]cDNArep.

A6C1); and two nonproducer fibroblast clones of species also hybridized with [32P]cDNA.., (Fig.
chicken (NP 75) and rat (NP ATla). The results 3, lane b), but the 34S species that corresponded
are shown in Fig. 3. For clone 9D4, three mRNA to the RAV-2 helper RNA did not. In addition,
species of 34, 30, and 23S were detected with two other RNA species ofhigh molecular weight
[32P]cDNArep (Fig. 3, lane a). The 30 and 23S (31 and 32S) were detected wtih [32P]cDNA..,.
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FIG. 3. Sizes of AEV-coded RNAs. Total cellular polyadenylic acid-containing RNAs were run on 1%
agarose gels, transferred to activated diazobenzyloxymethyl paper, and hybridized with [32P]cDNA,ep (lanes
a and e), cDNAa,, (lanes b, f, h, and i), or cDNA5 (lanes c and g). The following AEV-transformed cells were
tested: chicken erythroblast clone 9D4 (lanes a, b, and c) and the AEV (RA V-2) that itproduces in the culture
fluid (lane d, with cDNAa,e); chicken erythroblast nonproducer clone NP A6C1 (lanes e, f, and g); chicken
fibroblast clone NP 75 (lane h); and rat fibroblast clone NP ATlJa (lane i).

These bands also hybridized to cDNA5 (Fig. 3,
lane c), indicating their viral origin or viral in-
duction. Interestingly, all of these sequences
were found in the viral RNA from the culture
fluid (Fig. 3, lane d), indicating that they were
probably efficiently packaged into the virions.
This matter was not analyzed further.
The complicated pattem of cDNAaev-related

mRNA species in clone 9D4 raised the question
oftheir relevance to erythroblast transformation
by AEV. We thus analyzed another clone of
similar origin but a nonproducer, NP A6C1. Only
three mRNA species (23, 30, and 33S) were seen
with cDNArep (Fig. 3, lane e), cDNAaev (Fig. 3,
lane f), or cDNA5 (Fig. 3, lane g). The band at
27S (Fig. 3, lane f) could not be reproduced in
subsequent blots and thus represented an arti-
fact. Thus, only the 30 and 23S species are
shared between the two erythroblast clones
tested, and it is unclear whether the other spe-
cies observed play any role in the transformation
of erythroblasts by AEV. Certainly, the
cDNAaev-related 30 and 23S species seemed to
be sufficient to transform chicken or rat fibro-
blasts (Fig. 3, lanes h and i, respectively), and no
obvious variation in the relative abundance of
these species was observed in the four AEV-
transformed clones tested, although the rat cells
contained about 10-fold-fewer AEV-related
RNA copies per cell (unpublished data of K.
Quade and us).
Cellular origin of the nucleotide se-

quences related to cDNAaev. We have shown
previously that cDNAaev annealed under strin-
gent reaction conditions (0.6 M NaCl, 6800) to
DNA from normal chickens, as well as to DNA
from other birds phylogenetically diverged from
chickens and to DNA from mammalian species
and fish (25, 31). For the latter species, the
percent annealing was low, and the copy number

per cell was not known. We thus decided to
analyze more closely the kinetics of these an-
nealings. The Cot curves constructed (Fig. 4)
with the DNAs of human placenta (Fig. 4a) and
salmon sperm (Fig. 4b) indicated that in both
cases 1 to 2 copies of cDNAaev-related sequences
were present per haploid genome (Cotl/2 = 3.5
x 103 mol-s liter-'). The hybridization kinetics
allowed us to exclude the possibility of nonspe-
cific hybridization, since in the same experiment,
the cDNArep used as a negative control did not
hybridize (Fig. 4). The plateau value observed
(7%) reflected the phylogenetic distance ofmam-
mals and fish from chickens, but significant an-
nealings were detected even under our stringent
conditions (0.6M NaCl, 680C, Si nuclease treat-
ment).
Tm studies. We previously reported that

AEV-specific sequences (v-erb) are transduced
from nornal cell DNA (c-erb) and might repre-
sent a cellular gene involved in the normal hem-
atopoietic cell differentiation process (9, 25, 31).
To establish the relatedness between cellular

AEV-related sequences and viral AEV-specific
sequences, we determined the Tm curve of the
cDNAa.v hybridized with the normal c-erb se-
quences in chicken DNA and the Tm curve of
the cDNAaev hybridized with the viral AEV se-
quences present in the DNA of 6C2 chicken
erythroblasts. In each experiment, [32P]cDNArep
preannealed with normal chicken DNA was
added as an internal standard. As shown in Fig.
5, the v-erb sequences and their alleged progen-
itor c-erb sequences are not totally homologous.
These results are very similar to those found
previously for the src gene of ASV (30) and the
mac-specific sequences of MC29 and their cel-
lular equivalents (26).
Transcription of cellular AEV-related se-

quences in normal cells. The RNA of unin-
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FIG. 4. AEV-specific sequences present in the DNAs ofhumans (a) and salmon (b ). A total of200 pg (4 to
6S) of denatured DNA was hybridized (25 ,il) with 2,000 cpm of cDNA's per point (3H 0.04 ng; 32p} 0.005 ng)
under stringent conditions (0.6M NaCi, 68°C, SI nuclease treatment) at increasing Cot values to a final Cot
of40,000 mol .s liter-'. Symbols: 0, [3H]CDNAaev; 0, [32P]cDNArep.

sa

0

u

c

a

Sw
a

30

c

.

*

0

O

40 50 60 70 80 90 100

Temperature rC]
FIG. 5. Tm profiles. The DNAs were annealed to

[3H]cDNAae,, the Tm values were determined as de-
scribed in the text, and the values were corrected for
the final extent of reaction for each probe with a

homologous RNA. A duplex preformed between
[32P]cDNA,cp andnormal chickenDNA was included
in each Tm series as an internal control. Symbols:
O-0, cDNA,, to normal chicken DNA; 0-- 0,

control; 0-*, cDNA. to AEV-infected erythro-
blast DNA; 0- 0, control.

fected chicken fibroblasts contains 1 to 2 copies
per cell of cDNAaev-related sequences (25). In
these experiments, the plateau value of the Crt
curves was near 100%, indicating that most or
all of these sequences were present in the
chicken DNA and transcribed. We now know
that cDNA..e detects probably two different
moieties of the specific AEV sequences corre-
sponding to the 75 and 40K virus-coded proteins
(12, 21, 36). This raised the questions of whether
both domains were conserved phylogenetically
and whether they were transcribed at similar
frequencies. We thus conducted a similar exper-
iment in quail.
RNA extracted from normal quail embryo

fibroblasts was hybridized to different cDNA's
under stringent reaction conditions. The kinetics
of hybridization are shown in Fig. 6. cDNAaev
showed extensive homology (over 90%) to the
quail fibroblast RNA, with kinetics similar to
those presented here for a comparison with
cDNAg.r In contrast, cDNArp did not hybridize
to more than 5%. We thus concluded that both
domains represented in cDNAev are conserved
in quail DNA and that both are transcribed at
a frequency of 1 to 2 copies per cell in quail, as
well as in chicken, fibroblasts.

DISCUSSION
Viral erb sequence. We have been able to

prepare a cDNA (cDNAaev) representing the
specific, ALV-unrelated nucleotide sequences
contained in the AEV genome. An efficient and
simplified purification procedure that produces
cDNAa.v in only two selection steps, allowing an
optimized yield (11% of the starting radioactiv-
ity) with no detectable residual hybridization

. . . . . . ..
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FIG. 6. Transcription of the cellular AEV-related
specific sequences in normal quail fibroblasts. Total
RNA was extracted from normal quail embryo fibro-
blasts and hybridized (30 id) at increasing Crt values
(varying the RNA concentration up to 10 mg/ml)
under stringent conditions (0.6M NaCI, 68°C) with
different cDNA's (2,000 cpm each per point). The
extent ofhybridization was measured by Sl nuclease
digestion. Synbols: *, [3HJcDNA..; 0, [32p1_
cDNA,,p; x, [3H]cDNAsr.

with ALV RNA, has been designed.
Complexity measurements of cDNA's repre-

senting parts of viral genomes have used the
protection of labeled viral RNA by cDNA excess

liquid hybridization (27). Such determinations
are not accurate for defective viral genomes.
Indeed, the specific RNA annealed represents
only a small fraction of the labeled RNA, which
consists mostly of helper RNA usually in sever-
alfold excess over the defective genomic RNA.
We thus adapted the method of Young et al.
(37) to deduce the complexity of the specific
[3H]cDNA directly from the Cot1/2 value deter-
mined in cDNA excess liquid hybridization. Un-
der these conditions, the measure is then inde-
pendent of any helper RNA excess, provided
that the cDNA is driving the reaction kinetics.
Such conditions were conveniently monitored
by including in the reaction mixture a control
cDNA ([3P]cDNArEp) made to the helper RNA
by using a different radioactive label. The con-

centration range of viral RNA can then be care-

fully determined to ensure hybridization kinetics
in which Cot1/2 < Crtl,2 and Cot1/2 is indicated by
the 3H counts and Crtl/2 is indicated by the 32p

counts. If such conditions are fulfilled, the pla-
teau value of the Cot curve is lower than the
maximum expected under RNA excess condi-
tions, an additional intemal control for the
cDNA excess requirement in such studies.
The validity of our modification was tested by

determining the complexities of [3H]cDNA's
prepared to whole ALV RNA and also to the
well-characterized env gene of an ALV. Mea-
sured complexities were 8.0 + 0.8 and 2.25 ± 0.2
kilobases, respectively, values that are in agree-
ment with published data (13, 33). The complex-
ity of 3.7 ± 0.37 kilobases that we determined
for cDNAaev agrees with the value of 3.25 ± 0.33
kilobases for the continuous stretch seen by Lai
et al. (14) with heteroduplex mapping. Thus, the
adapted method indicated here, although some-
how complicated to describe but in fact easy to
use, has proven to be a method of choice for
determining more accurately the complexities of
cDNA probes made to specific parts of defective
viral genomes. It remains to be documented
whether a highly unusual guanine-plus-cytosine
content in such sequences would significantly
modify the precision of such determinations.
Among all of the avian retroviruses tested

(ALVs, ASVs, and DLVs), only AEV contains
the erb sequences. Other viruses have been re-
ported to induce occasionally erythroblastosis
(8); thus, they must contain other transforming
genes or act by a different mechanism. If other
viruses that cause acute erythroid leukemias are
isolated in the future, it will be of interest to
determine whether their genomes show relat-
edness with cDNAaev.
Two sizes ofAEV-coded RNAs. Total poly-

adenylic acid-containing cellular RNA was
tested in different types of cells by northern
blotting for AEV-related sequences. RNAs from
AEV nonproducer chicken fibroblasts show two
distinct erb-related species: a 30S genomic RNA
and a 23S subgenomic RNA. Such species are
also found in mammalian fibroblastic cells non-
productively transformed by AEV, as well as in
the RNA of chicken erythroblast clones produc-
tively or nonproductively transformed by AEV.
Both species were also detected by cDNArp and
cDNA5', indicating that the 23S species probably
represents a spliced viral mRNA. Surprisingly,
both species are packaged efficiently into mature
virions.
These results have several important impli-

cations. (i) There are two AEV-coded mRNA's
in all tested AEV-transforned cells. (ii) Their
sizes are identical as tested by northern blot-
tings, indicating a similar, if not identical, proc-
essing in mammalian versus avian fibroblasts on
the one hand and in hematopoietic target cells
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versus nonhematopoietic cells on the other
hand. (iii) The 23S species could correspond to
a spliced mRNA containing the 5' leader linked
to the 3' half of the erb sequence next to the
A&env-c-polyadenylic acid-containing ALV-re-
lated sequences seen by heteroduplex mapping
(14) and in our studies (31; unpublished data).
This virion-packaged mRNA is a good candidate
for the AEV-specific 40K polyprotein reported
by other investigators (15, 21, 36) by in vitro
translation of AEV RNA, in addition to the gag
fusion 75K polyprotein.

Additional virus-coded bands are seen with
cDNAaev and cDNA5' in some infected cells.
They may represent read-through transcripts
into cellular sequences due to a leaky termina-
tion signal at the 3' right-end long terminal
redundancy, as recently suggested by Benz et al.
(2). Such additional bands seem to be more
abundant in clones producing virus (this study
and our unpublished data) and could be ex-
plained by new postcloning intergrations ofcom-
plete or partial viral DNA copies. The role, if
any, of such bands in the transformation process
of erythroblasts has not been investigated fur-
ther in our studies. We also cannot exclude the
alternate possibility of viral promoters inducing
the transcription of some c-erb sequences.

c-erb sequence. We previously showed that
normal cellular DNAs of avian and mammalian
species contain nucleotide sequences (c-erb) re-
lated to cDNAa.v (25, 31). A cellular origin of the
c-erb sequences was indicated by a hybridization
plateau decreasing with the phylogenetic dis-
tance from chickens to the species tested, as was
found also for the cellular equivalents of the
specific sequences of other transforming viruses
(25, 26).
The small number of hybrids observed with

nonavian DNA, though, demanded closer stud-
ies. In this paper, we showed that indeed there
was a significant slope in the Cot curve obtained
with cDNAaev and the DNA of humans or fish
(Fig. 4), indicating the presence of 1 to 2 copies
ofthese sequences per haploid genome, as shown
previously in chicken DNA (25). The important
implication of these results is that it should now
be possible, using cDNAaev, to isolate human
molecular clones from a human DNA library
inserted in a A phage.

It is most likely that AEV was formed by
recombination of an ALV-related vector virus
with the c-erb sequence from chickens or a spe-
cies close to chickens. This is indicated by the
small value of mismatching observed between
the v-erb and the chicken c-erb sequences (3 to
4°C in our experiments) compared with similar
experiments performed with other avian DNAs.
These results are similar to those obtained pre-

viously for the src gene ofASV (30) and the mac
sequences ofMC29 (26) and their cellular equiv-
alents. Such a divergence of a low percentage of
bases probably reflects the increased capacity of
the viruses to accumulate mutations because
nonlethal mutations are efficiently selected in
the viral progeny. Repeated cycles of infection
and transformation could lead to the selection
of mutations that would enhance the transfor-
mation activity of the erb gene or could extend
its target cell specificity. In such a way, the
structural comparison of normal cellular genes
and their equivalents acquired by retroviruses
could represent a suitable experimental ap-
proach to the problem of eucaryotic gene evo-
lution.

Transcription experiments performed with to-
tal cellular RNA extracted from normal quail
embryo fibroblasts and hybridized with cDNAaev
show that most or all of the sequences of
cDNAaev are found in the cellular RNA, al-
though at a very low level (1 or 2 copies per cell).
Similar results were obtained previously for
chicken fibroblasts (25) and indicate that: (i) the
c-erb sequences corresponding to the specific
genetic information coding for both the p75 and
the p40 viral polyproteins are transcribed in
normal cells; (ii) similar mechanisms of tran-
scription are operating in chicken and quail fi-
broblasts; (iii) these sequences are tightly con-
trolled by the cellular machinery and kept to a
low level of expression. Whether the c-erb se-
quences have any role to play in fibroblasts or in
any other non-hematopoietic or hematopoietic
normal cell functions remains to be shown.
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