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ABSTRACT Complementary DNA (cDNA) specific for
chick globin mRNA sequences fails to hybridize to total
RNA extracted from chicken fibroblasts. After infection by
Rous sarcoma virus, RNA complementary to globin cDNA is
detectable in 100-500 copies per cell. Infection of fibroblasts
with the transformation defective (td) deletion mutant of
Rous sarcoma virus leads to normal virus production, but not
to host cell transformation or accumulation of RNA se-
quences complementary to globin cDNA. Our evidence
shows that the globin genes activated by Rous sarcoma virus
are those specified by embryonic chick red cells; adult-spe-
cific globin sequences were not detected.

When Rous sarcoma virus (RSV) transforms chick fibro-
blasts, a large number of phenotypic changes occur in the
host (1). It is not clear whether these changes involve many
cellular gene products or only a few, nor whether these
changes require the activation of inactive genes of the host
cell, the modification of cellular gene products already
being synthesized, neither, or both.
One way of measuring the genetic complexity of transfor-

mation is to see how many protein differences occur be-
tween normal and transformed cells (2). However, as usually
employed, this technique can only resolve at most 200 of
perhaps 10,000 cellular gene products, and usually cannot
distinguish between the synthesis of new proteins and the
modification of old ones. A more direct way of measuring
the complexity of the cellular response to viral transforma-
tion is by DNA-RNA hybridization. In polyoma transforma-
tion of 3T3 cells (3), an analysis performed under conditions
of RNA excess demonstrated a 50% increase in the amount
of DNA protected by RNA sequences that were transcribed
after polyoma transformation.

Although RSV has enough genetic information to code for
four to five proteins, the phenotypic changes associated with
RSV transformation appear to be under the control of one
viral gene (4). How the product of this gene, the so-called
"one" (4) gene, could be responsible for so many seemingly
unrelated changes in host function is not known. One ex-
treme possibility is that this viral gene activates the entire
host genome. As a first step toward testing this hypothesis,
we ask whether a specific cellular gene, the globin gene, be-
comes activated after RSV transformation.

MATERIALS AND METHODS
Cell Isolation, Growth, and Virus Infection. Embryonic

erythroid cells were isolated from the circulating blood of 3
to 5-day-old White Leghorn chicken embryos by vein punc-
ture. Adult erythroid cells were isolated from the circulation
of phenylhydrazine-induced anemic White Leghorn chick-

Abbreviations: RSV, Rous sarcoma virus; Crot, initial concentration
of total ribonucleotide (moles of nucleotide/liter) X time (seconds);
tm, temperature at which 50% of the DNA * RNA hybrid denatures.

ens. Fibroblasts were dissected from the region of the devel-
oping breast muscle of 11-day-old virus-free (SPAFAS)
chicken embryos, and plated at a density of 106 cells per ml
in 100 mm collagen-coated tissue culture dishes. Cultures
were fed every day with Eagle's basic medium (GIBCO)
that contained 10% fetal calf serum, 1% penicillin-strepto-
mycin, 1% fungizone, and 2% supplemental vitamins. Cells
were subcultured by removing medium from the tissue cul-
ture dish, washing twice with phosphate-buffered saline
(GIBCO), and incubating in the same buffer containing
0.1% trypsin for 10 min at 37'. After incubation, cells were
pipetted from the tissue culture dishes and 10% fetal calf
serum was added to the suspension. Cells were then pelleted
by centrifugation in a Sorvall table top centrifuge for 5 min
at 1500 rpm, and plated as above. Secondary cultures were
infected with the Prague strain B of RSV or the transforma-
tion-defective Prague strain of RSV (td) (gifts of R. Eisen-
man) by incubation of purified virus (5 X 106 focus-forming
units) with a suspension of 107 fibroblasts per ml for 1 hr at
370. The suspensions were shaken frequently, and cells were
seeded at a density of 1 X 106 cells per ml in collagen-coated
dishes. Addition of medium was as above. Transformation
was assayed according to morphological criteria (1). All cul-
tures were grown in the absence of dimethylsulfoxide.

Isolation of Total Cellular RNA. All extractions were
performed in autoclaved glassware at room temperature; so-
lutions were pretreated with diethylpyrocarbonate. After
five subcultures, cells were washed several times with the
phosphate-buffered saline and lysed by gentle homogeniza-
tion in 20 volumes of 0.15 M NaCl, 0.05 M Na acetate (pH
5.1), and 0.3% sodium dodecyl sulfate. The lysate was ex-
tracted three times with equal volumes of phenol-chloro-
form (1:1) and several additional times with chloroform-iso-
amyl alcohol (24:1). The resultant aqueous phase was made
0.1 M with respect to NaCl, and the nucleic acid was precip-
itated overnight at -20° with 2 volumes of ethanol. The nu-
cleic acid was recovered by centrifugation for 60 min at
11,000 rpm in the HB-4 head of a Sorvall RC-5 centrifuge.
The resultant pellet was resuspended in 10 mM Tris-HCl
(pH 7.4), 5 mM MgCl2 and incubated at 370 for 15 min with
10 Aig/ml of RNase-free DNase I (Worthington). After etha-
nol precipitation, the DNase digestion was repeated. After a
final ethanol precipitation, the pellet was resuspended in 10
mM NaCl, 10 mM Tris-HCl (pH 7.4), and the amount of
RNA was determined at OD260 in a Zeiss spectrophotometer
(1 mg/ml of RNA = 24 OD26O).

Synthesis of Globin cDNA. Globin mRNA was isolated
(5) from reticulocyte polyribosomes obtained from phen-
ylhydrazine-treated, anemic White Leghorn chickens. The
polyribosomal RNA was repeatedly centrifuged through
isokinetic sodium dodecyl sulfate-sucrose gradients, and a
single 9-lOS peak was recovered. This 9-lOS species was
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further purified by electrophoresis through 2.8-20% expo-
nential, acrylamide gels. The RNA recovered from -these
gels was extracted with hot phenol and treated with RNase-
free DNase I (Worthington). DNase was eliminated by an

additional phenol extraction. This RNA directed the synthe-
sis of adult chicken globin chains in a heterologous cell-free
system (5).
The cDNA was synthesized under conditions similar to

those described by Imaizumi et al. (6). A 100 gl sample con-

tained 50 mM Tris-HCI (pH 8.1), 1.5 mM 2-mercaptoetha-
nol, 10 mM KC1, 0.1 mM dATP, 0.1 mM dGTP, 0.1 mM
dTTP, 0.1 mM [3H]dCTP (27 Ci/mM), 2 ug of globin
mRNA, 5.0 ,ug of actinomycin-D, 0.6 gg of (dT)12 18, and 2
,Mg of avian myeloblastosis virus polymerase. Incubation was
for 1 hr at 370 and was halted by the addition of 0.1% sodi-
um dodecyl sulfate (final concentration). The reaction mix-
ture was passed through a column containing 2 ml of Sepha-
dex G-50 over 0.3 ml of Chelex. The excluded cDNA was

adjusted to 0.2 M NaOH and incubated at 70° for 10 min.
This material was layered onto a 5-20% alkaline sucrose gra-
dient and centrifuged at 40 for 14 hr at 40,000 rpm in a SW
50.1 rotor of a Beckman ultracentrifuge. The sedimentation
value of the cDNA was about 7 S. The pooled peak was neu-

tralized with 2 M acetic acid and precipitated overnight at
-20° with 2 volumes of ethanol in the presence of 10 ,g of
Escherichia coli tRNA. The cDNA was recovered by cen-

trifugation at 11,000 rpm in the HB-4 head of a Sorvall Rc-5
centrifuge, resuspended in 10 mM TrisHCl (pH 7.4), and
stored at -20°. The specific activity of this cDNA was ap-
proximately 107 cpm/,ug.

Specificity of Globin cDNA Probe. The specificity of the
cDNA (complementary DNA) probe for globin has pre-
viously been demonstrated (5). At 65°, 95% of the probe
forms S, nuclease-resistant hybrids with template globin
mRNA at a Crot of 5.6 X 10-4 (5). When reacted with
total RNA isolated from chick blastoderms, fibroblasts, or

muscle cells, no hybridization of the probe above back-
ground was detected, even at a Crot which would permit de-
tection of less than 10 globin mRNA molecules per cell (5).
On the basis of this biological assay, we concluded that our

cDNA probe is specific for globin mRNA sequences. We
presume that any oligonucleotides which might be common
to globin mRNA and non-globin mRNA species (7) are too
short to form stable hybrids in our hybridization conditions.

Although the cDNA was prepared from adult globin
mRNA, it can be used to detect the presence of globin
mRNA in embryonic erythroid cells (5). This is not surpris-
ing in view of recent work (8) demonstrating that several
globin chains are shared by the adult and embryonic chick-
en erythroid cells; in addition, many of the tryptic peptides
of the unshared globin chains are identical. Approximately
70-75% of the cDNA made from adult reticulocytes is pro-
tected from nuclease digestion by globin mRNA from primi-
tive embryonic erythroid cells (5). After formation of hy-
brids between the cDNA and embryonic red cell RNA and
subsequent treatment with'S1 nuclease, the cDNA probe was

reisolated and sedimented through a 5-20% alkaline sucrose

gradient. Fifty percent of the cDNA molecules sedimented
at about 7 S, indistinguishable from that of the unhybridized
cDNA probe (data not shown). Embryonic red cell RNA,
therefore, protects the entire length of 50% of the cDNA
molecules. This supports the peptide analysis which demon-
strates that embryonic erythrocytes have several globin poly-
peptide chains in common with the adult erythrocytes. Pre-
sumably, the protected cDNA that becomes cleaved (but not

digested to trichloroacetic acid soluble material) by Si corre-

sponds to the similar tryptic peptides found in globin chains
not shared by adult and embryonic red cells (8). We con-

clude that although our cDNA is specific for adult globin
mRNA sequences, it will crossreact with the homologous
globin sequences synthesized by embryonic erythrocytes.
Our analysis does not exclude the possibility of contamina-
tion by a non-globin, poly(A)-containing, 9-10S polysome-
bound RNA that is made in red cells but not made in fibro-
blasts, muscle cells, or blastoderms. However, when the ki-
netic complexity obtained from the hybridization of puri-
fied a-chain globin mRNA with its cDNA is used as a stan-
dard (9), the Crot i of our probe-template reaction (5.6 X
lo-4; see above) reveals a sequence complexity of about
1000 bases. This complexity corresponds to two to three glo-
bin mRNA species, consistent with the number of globin
chains in the adult chicken erythrocyte (8).

RESULTS
Globin mRNA accumulates in RSV transformed
fibroblasts
cDNA was made against globin mRNA from adult reticulo-
cytes. As discussed in Materials and Methods, this cDNA is
an excellent probe for globin mRNA isolated from embryon-
ic red cells, inasmuch as the adult and embryonic erythro-
cytes have several globin chains in common (8). In addition,
other globin chains represented in the cDNA population are

unique to the adult cells. As shown in Fig. 1, about 94% of
the cDNA probe is protected from Si nuclease digestion by
RNA isolated from adult reticulocytes, whereas approxi-
mately 71% of the probe is protected by RNA isolated from
embryonic red cells. Addition of adult RNA after the em-

bryonic RNA reaches saturation results in a new saturation
plateau of about 94% (data not shown). The difference in
Crot 'A of these reactions indicates that the concentration of
globin sequences is lower in embryonic cells. This probably
reflects the fact that our embryonic erythroid population
consists mainly of erythroblasts, whereas the adult popula-
tion consists mainly of reticulocytes. the difference in satura-
tion levels reflects the fact that about 23% of the cDNA pop-
ulation contains sequences found only in adult globin
mRNA. When reacted with total RNA isolated from unin-
fected fibroblasts, no protection of the globin cDNA is de-
tected (Fig. 1). At the Crot to which this experiment was car-

ried, (log Crot = 4), we would be able to detect a concentra-
tion of globin mRNA 10-5 to 10-6 of that present in eryth-
roid cells. Thus, uninfected chicken fibroblasts do not con-
tain a detectable steady-state level of globin mRNA.
When annealed with total RNA from RSV infected fibro-

blasts, over 70% of the globin cDNA is protected at satura-
tion (Fig. 1). The Crot 'k of this reaction indicates that RSV
infected fibroblasts contain about 10-2 to 10-3 of the con-
centration of globin mRNA found in chicken erythroid cells.
To determine whether the binding of the probe was a func-
tion of globin sequences contained in the viral genome, we
reacted the probe with purified RSV RNA. As indicated in
Fig. 1, no globin mRNA sequences were detected in the
viral RNA. Thus, infection with RSV renders detectable in
fibroblasts globin mRNA sequences which were not detect-
able before infection. As a preliminary approach to the
question of whether globin genes become activated in all
cells or in only a small number of cells in the population, we

used the benzidine reaction as a cytological stain for hemo-
globin. In over 1000 cells examined in each of several cul-
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FIG. 1. Hybridization kinetics of Hb-specific cDNA with various RNA populations. Hybridizations were conducted under conditions in
which RNA was in excess. RNA samples in 0.3 M NaCl, 50 mM Tris-HCl (pH 7.4), and 0.1% sodium dodecyl sulfate were denatured by heat-
ing at 1000 for 5 min and then annealed at 650 with 1000 cpm of [3H]deoxycytidine-labeled globin cDNA per 5 gl of reaction mixture. Hy-
bridizations were conducted in polypropylene tubes overlayed with paraffin oil. RNA concentrations and times of incubation ranged from
10-3 Atg/ml and 1.8 min to 10 mg/ml and 94.5 hr. At appropriate times, 10 Mul aliquots of the reaction mixtures were pipetted into 400 Mul of 30
mM Na acetate (pH 4.5), 0.15 M NaCl, 1 mM ZnSO4, and 10 ,g of denatured salmon sperm DNA; 200 gl of the above were immediately pre-
cipitated with trichloroacetic acid, and the other half was incubated with partially purified Si nuclease (a gift from V. Vogt) at 450 for 40
min. Percentage of hybridization was determined by comparison of the trichloroacetic acid precipitable radioactivity remaining after SI di-
gestion to trichloroacetic acid precipitable radioactivity in the undigested samples. Si background (cpm remaining after Si digestion of self-
annealed cDNA) was subtracted from each-hybridization determination. Background ranged from 2 to 6%. The percentage of hybridized
cDNA is plotted according to Britten and Kohne (16); Crot = mol of ribonucleotide X sec/liter. 0, Total RNA from adult red blood cells
(RBC); *, total RNA from embryonic red blood cells; *, total RNA from RSV transformed embryonic chick fibroblasts; 0, total RNA from
embryonic chicken fibroblasts infected with transformation defective RSV; o, total RNA from virus-free chick fibroblasts; A, RSV-RNA.

tures of control and RSV transformed fibroblasts, we detect-
ed no benzidine positive cells. The more sensitive techniques
of cloning and in situ hybridization may resolve this ques-
tion.

Is the appearance of globin sequences in infected fibro-
blasts a function of viral infection and replication per se, or
is this phenomenon specifically correlated with the trans-
forming properties of RSV? To test this, we reacted the
probe with total RNA from cells infected with a transforma-
tion defective (td) RSV. The genome of this virus lacks the
"onc" gene (4), but contains those genes necessary for host
cell infection and viral production. As Fig. 1 illustrates, no
hybridization of the probe is detected when the cDNA is
reacted with total RNA from td-RSV infected cells, even
though the mutant replicates and produces normal numbers
of virus particles (Fig. 2). We conclude that the detection of
globin mRNA in RSV transformed cells is a function of the
transformed state rather than a manifestation of viral infec-
tion and replication. Finally, we have not been able to detect
globin polypeptide chains in infected cells as analyzed on
15% sodium dodecyl sulfate acrylamide gels. However, since
this type of analysis is not very sensitive, an immunological
approach may be better.
Absence of those sequences unique to adult globin
mRNA
Fig. 1 shows that RNA obtained from RSV infected fibro-
blasts saturates about 71% of the cDNA probe. Similarly,
RNA from embryonic red cells saturates about 71% of the
cDNA probe, whereas RNA from adult red cells saturates
about 94% of the probe. As discussed earlier, the difference
in saturation between embryonic and adult red cell RNA
represents sequences in the cDNA population that are
unique to adult globin mRNA. The similar saturation values
between RNA from RSV infected fibroblasts and RNA from
embryonic red cells led us to question whether only embry-
onic globin sequences were activated in RSV transformed fi-
broblasts. It is very difficult to accumulate enough pure glo-
bin mRNA from embryonic cells for the preparation of an

embryonic cDNA probe. Consequently, we approached this
question by adding embryonic red cell RNA to a hybridiza-
tion mixture that contained RNA from RSV transformed fi-
broblasts as well as the labeled cDNA probe. If RSV acti-
vates adult-specific as well as embryonic globin mRNAs,
then in these hybridization conditions more than 71% and
possibly as much as 94% of the probe should be saturated. If,
however, RSV activates only the embryonic globin mRNAs,
then only 71% of the probe should be saturated. Fig. 3 shows
that 71% of the probe was saturated. This is consistent with
the hypothesis that those globin sequences that are unique to
the adult are not activated during RSV transformation of
chick fibroblasts. These observations also imply that several
embryonic globin mRNAs may be activated. This could cor-
respond to about four to five different polypeptide chains
(8). Finally, the reason for the activation of only the embry-
onic globin genes is not known; at present we cannot rule out
the possibility that this is a consequence of using embryonic
fibroblasts in our experiments.

Stability of hybrids
To determine the stability of the hybrids formed between
RNA from RSV infected fibroblasts and the globin cDNA,
we heated the hybrid to the specified temperature for 10
min, cooled to 00, and then treated with Si nuclease as de-
scribed in the legend to Fig. 4. The hybrid between globin
cDNA and either adult red cell RNA, embryonic red cell
RNA, or RSV transformed fibroblast RNA melts with a
sharp transition and a tm of about 830 (Fig. 4). The same tm
is observed when the hybrid between the template adult glo-
bin mRNA and cDNA is denatured. These experiments indi-
cate that the hybrids formed during the reannealing reac-
tions shown in Fig. 1 are very stable ones.

DISCUSSION
The experiments reported here demonstrate that globin
mRNA is not detectable in normal, uninfected chick fibro-
blasts; however, upon transformation by RSV, chick fibro-
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FIG. 2. Equilibrium density gradient sedimentation of virus
particles. After five subcultures [3H]uridine (20 gCi/ml) was added
to the medium of RSV transformed fibroblasts, fibroblasts infect-
ed with transformation defective RSV (td), and control uninfected
fibroblasts. Ten milliliters of medium was collected from the vari-
ous cultures and centrifuged for 10 min at 10,000 rpm in the
HB-4 head of a Sorvall RC-5 centrifuge in order to remove cells
and cellular debris. The supernatant was then centrifuged for 30
min at 30,000 rpm in an SW 50.1 rotor in a Beckman ultracentri-
fuge. The 30,000 rpm pellet was washed several times with phos-
phate-buffered saline and resuspended in 200 Ml of 5% sucrose in
0.01 M Tris.HCl (pH 7.4), 0.1 M NaCl, and 1 mM EDTA; 75 ,l of
this suspension was then layered onto a 15-60% sucrose gradient in
the above suspension buffer and centrifuged for 60 min at 50,000
rpm in a SW 60 rotor. Fractions were collected from the top of the
gradient with a Buchler Auto-Densiflow apparatus. Density was

calculated from the refractive index. 13, Control fibroblasts; O, td
infected fibroblasts; A, RSV transformed fibroblasts; 0, density
(g/cm3). For cultures infected with RSV or RSV(td), roughly equal
amounts of radioactivity were incorporated into virions.

blasts are stimulated to accumulate embryonic globin RNA
sequences. We shall assume that this reflects the activation
of these genes, although we cannot rule out the possibility
that transformation leads to the stabilization of globin RNA
which is normally synthesized by fibroblasts, but is usually
degraded very rapidly. In contrast, the successful infection
and replication of a transformation defective RSV mutant
carrying a deletion of the "onc" gene resulted in no activa-
tion of the globin genes. Thus, there appears to be a very
strict correlation between the presence of the "onc' gene,
host cell transformation, and the activation of embryonic
globin gene transcription. Clearly, this is paradoxical be-
cause it is not at all obvious how globin gene transcription
could be involved in transformation, although the presence
of Hb mRNA sequences in cells transformed by the Friend
virus (10) may be a precedent for this type of effect.

As discussed above and by others (11, 12), some form of
generalized activation of host functions is a very reasonable
strategy for transforming viruses. The problem that use of
RSV confronts is how to alter a large number of cellular ac-
tivities (1, 2, 13-15) given the restraints imposed by the
small amount of genetic material contained in the "onc"
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FIG. 3. Kinetics of annealing globin cDNA and an RNA mix-
ture containing RNA from RSV-transformed fibroblasts and em-

bryonic erythroid RNA. RNA isolation, hybridization conditions,
and analysis of hybrid formation by S1 digestion are described in

Fig. 1. The RNA mixture contained 1 part total RNA from embry-
onic erythroid cells and 9 parts total RNA from RSV transformed
fibroblasts (-). RNA concentrations and times of incubation
ranged from 0.1 mg/ml and 1.8 min to 10 mg/ml and 75 hr. The
dashed lines are curves taken directly from Fig. 1, showing the hy-
bridization kinetics for adult red blood cells, embryonic red cells,
and RSV transformed fibroblasts.

gene. To do this, the virus may be usurping some general
cellular program; consequently, the activation of the globin
genes would be symptomatic of this event. However, the
failure to detect adult-specific globin RNA sequences clearly
indicates that the virus does not indiscriminately activate all
host cell genes.
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FIG. 4. Si melting curves of cDNA hybridized with globin
RNA from adult erythroid cells, embryonic erythroid cells, and
RSV transformed fibroblasts. Total RNA from adult red blood
cells (RBC) (0), embryonic red blood cells (ci), and RSV trans-
formed fibroblasts (A) was annealed with globin cDNA to satura-
tion. Aliquots (10 Ml) of the hybridization mixtures were heated to
the indicated temperatures for 10 min and assayed for hybrid for-
mation by digestion with Si nuclease as described in Fig. 1. The
curves are normalized to the respective saturation values obtained
after reannealing at 650.
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Note Added in Proof. Consistent with the finding that the adult-
specific globin mRNA is not activated by RSV, we have also found
that RNA complementary to another adult-specific cDNA-that
for ovalbumin -is also not present in RSV transformed fibroblasts.
Finally, most of the activated embryonic globin RNA is found on

free polysomes after RSV transformation.
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