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ABSTRACT hrl, an Ela (0-4.5 map units) host range mutant
of type 5 adenovirus (Ad5), transformed a cloned rat embryo fi-
broblast (CREF) cell line at about a 5-fold higher frequency than
wild-type (wt) AdS when cells were cultured at 370C. However, if
the cells were infected with hrl and maintained at 320C morpho-
logical transformation did not occur. When infected cells were
shifted from 320C to 37C 2 wk postinfection, the frequency of
transformation by 6 wk was identical to that of cells grown con-
tinuously at 37TC, whereas cultures shifted from 370C to 320C 2 wk
postinfection displayed a >96% reduction in morphological trans-
formation. hrl-transformed cells had a fibroblastic morphology as
contrasted with the typical epithelioid morphology of wt Ad5-
transformed cells, but hrl- and wt AdS-transformed cells had sim-
ilar saturation densities, growth rates, and agar cloning efficien-
cies when assayed at 37"C. However, when cells transformed by
hrl at 37C were grown at 320C, they had a saturation density close
to that of normalCREF cells and grew at a lower efficiency in agar
than wt-transformed cells. DNA transfer/hybridization analysis
of two hrl-transformed cloned cell lines, A2 and B3, indicated that
A2 cells contained a complete integrated copy of the AdS genome,
whereas in B3 cells only part of the Ad5 genome was integrated.
RNA transfer and RNA/DNA filter hybridization analyses indi-
cated that the types of viral messenger RNAs and the relative
amounts of RNA transcribed were similar in the A2 and B3 cell
lines when they were grown at 32°C and 37C. Indirect immu-
nofluorescence, with antisera from hamsters bearing Ad-induced
tumors, indicated a temperature dependence in staining-i.e., cells
grown at 37°C or shifted from 32°C to 37°C contained intense, par-
ticulate staining in the nuclear region, whereas the staining was
decreased significantly in cells cultured at 32°C and in cells shifted
from 37C to 32°C. These findings indicate that the gene product
affected by the hrl mutation is cold sensitive and is essential for
the expression of the characteristics that identify the transformed
cell.

Recent studies that employ host range (1, 2) and host range dele-
tion (3) mutants of Ad5 suggest that the Ela [0-4.5 map units
(m.u.)] and Elb (4.5-11.5 m.u.) transcriptional units are in-
volved in the initiation and maintenance of stable transforma-
tion of rodent cells. Direct evidence for an involvement of this
region of AdS in transformation also has come from experiments
in which the Ela or Ela + Elb region of Ad5 DNA has been
transferred into recipient cells by Ca2+-mediated DNA trans-
fection (4-6). A problem in determining the significance of the
transformation data has been the low frequency of transfor-
mation and the lack of consistent results when different cell types
were used (1, 3, 7). For example, Jones and Shenk (3) were un-
able to obtain transformation of primary rat embryo or rat em-
bryo brain cells with the deletion mutant d1313 (a mutant with

a deletion of 2,350 base pairs between 3.5 to 10.5 m.u.), whereas
Shiroki et at (7) obtained a similar transformation frequency with
d1313 and wild-type (wt) Ad5 when they used the established
3Y1 rat cell line.
We have recently isolated a cell line (CREF) from a single cell

clone of the F2408 Fischer rat embryo fibroblast cell line. These
CREF cells have the great advantage in that they are trans-
formed by wt Ad5 at > 150-fold higher frequency than early pas-
sage rat embryo cells (8, 9). This report presents the results of
a study of the interaction between CREF cells and hrl virus
(10), a host range mutant of AdS with a single base-pair dele-
tion in Ela at position 1,055 (11, 12). Graham et aL (1) originally
reported that hrl was unable to transform rat embryo cells or
rat embryo brain cells but induced an abnormal transformation
of rat kidney cells with a higher efficiency than wt Ad5. Initial
attempts to establish foci of hrl-transformed rat kidney cells
into cell lines were unsuccessful (1). However, by passaging en-
tire cultures containing both normal and transformed cells, Ruben
et al (13) were able to establish and characterize hrl-trans-
formed rat kidney cell lines. The present study of hrl resulted
from the recent observation of Ho and Williams (personal com-
munication) that hrl and hr2 are cold sensitive for initiation of
transformation. By using CREF cells we have been able to di-
rectly isolate hrl-transformed foci at 37°C and utilize biological
and molecular methods to characterize single-cell transformed
clones. This manuscript reports that hrl transforms CREF cells
at 37°C with a higher frequency than wt Ad5 and that hrl is cold
sensitive for the establishment as well as for the maintenance of
the transformed phenotype in CREF cells although DNA in-
tegration, transcription, and mRNA production are unchanged
after a shift of transformed cells to the nonpermissive temper-
ature.

MATERIALS AND METHODS

Cell Cultures. CREF cells (9) were grown in Dulbecco's
modified Eagle's medium (DME medium) containing 5% fetal
bovine serum, and 293 cells (14) were grown in DME medium
containing 10% bovine serum. Both stock cultures were main-
tained at 37°C in a 5% C02/95% air humidified incubator.

Viruses. wt Ad5 was propagated and assayed in cultures of
KB cells at 37°C as described (15). hrl was a gift from Jim Wil-
liams and was propagated and assayed in 293 cells (10).

Viral Transformation Assays. Transformation assays were
performed as described with slight modifications (8, 9). CREF
cells were seeded at 8 x 105 cells per 5-cm plate in DME me-
dium with 5% fetal bovine serum at 37°C, and 24 hr later cells
were infected with 10 plaque-forming units/cell of wt Ad5 or

Abbreviations: m.u., map unit(s); wt, wild-type; DME medium, Dul-
becco's modified Eagle's medium.
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hrl. After viral adsorption for 2 hr, cells were resuspended and
seeded at 105 cells per 5-cm plate at 37°C or 32°C. Seventy-two
or 96 hr after viral infection and replating, cultures were shifted
to DME medium containing decreased (0.1 mM) Ca2' with 5%
fetal bovine serum (low Ca + medium). Cells were refed with
low Ca2' medium twice a week and transformed foci were scored
after 6 wk. At various times between 24 hr and 3 wk after in-
fection, mock-infected and virus-infected cultures were shifted
from 37°C to 32°C or vice versa, and all plates were fixed and
stained 6 wk after infection and replating.

Cloning of hrl-Transformed Cells and Studies of Their
Growth Characteristics. Two transformed foci were isolated and
then cloned by seeding 50 or 100 cells per 60-mm plate. Well-
separated clones were isolated by using the steel cloning cyl-
inder technique (16). The two clones (A2 and B3) were grown

into cell lines and compared at 37°C and 32°C with the parental
CREF cells and a wt Ad5-transformed, cloned CREF cell line
(wt-3A) with respect to their saturation density in low Ca2' me-

dium and cloning efficiency in agar. The techniques used to
evaluate these parameters have been described (17).
DNA Isolation and Transfer Hybridization After Agarose

Gel Electrophoresis. High molecular weight DNA was ex-
tracted from transformed cells as described (18). Ten micro-
grams of transformed cell DNA was digested with 25 units of
appropriate restriction endonuclease (New England BioLabs),
and the digests were fractionated by electrophoresis in 0.6%
agarose gels in 90 mM Tris-HCI/90 mM boric acid/2.5 mM
Na2EDTA. The DNA fragments then were transferred from the
gels to nitrocellulose sheets (19, 20) and were hybridized to an

adenovirus, nick-translated, 32P-labeled probe as described
(21).
RNA Analyses. Poly(A)+ cytoplasmic RNA was isolated from

approximately 107 clone A2 and B3 cells and 293 cells as de-
scribed (22, 23). Virus-specific poly(A)+ species were identified
by fractionating denatured RNAs (5 ,g) on agarose/formal-
dehyde gels (24) and transferring the RNAs to nitrocellulose
filters (25), followed by hybridization with nick-translated, 32p_
labeled (21) adenovirus Ela- (0-4.5 m.u.) or Elb- (4.5-11.0
m.u.) specific DNA probes.

Total RNA from monolayers of clones A2 and B3 and 293 cells
was labeled for 12 hr with 5 mCi (1 Ci = 3.7 X 1010 Bq) of
[32P]orthophosphate (Amersham) in medium containing one-tenth
the normal concentration of phosphate, supplemented with 10%
dialyzed calf serum. Cytoplasmic and nuclear RNAs were iso-
lated and hybridized to nitrocellulose filters containing aden-
ovirus Ela- or Elb-specific DNA fragments as described (26).

Immunofluorescent Staining. hrl-transformed CREF clones
A2 and B3 and 293 cells were grown on 1.5-cm glass coverslips,
fixed with acetone, treated with antisera from hamsters bearing
tumors induced by AD2+ND4-transformed cells, and stained
with fluorescein isothiocyanate-conjugated rabbit anti-IgG. After
counterstaining with rhodamine, stained cells were visualized
by using an Olympus microscope with an ultraviolet light source.

RESULTS

Effect of Temperature on Morphological Transformation
of CREF Cells by hrl. Infection of CREF cells with the AdS
host range mutant hrl, followed by replating of the infected cells
at 32°C and growth for 6 wk at 32°C, resulted in the absence of
discrete, morphologically transformed foci (Fig. 1 and Table 1).
However, ifCREF cells were infected with hrl and were grown
for 6wk at 37°C, a 5-fold higher frequency of transformation was
observed in comparison with wt AdS-infected cultures (Table 1).
The cells in hrl-transformed foci were morphologically fibro-
blastic, whereas wt Ad5-transformed foci usually contained ep-
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FIG. 1. Effect of temperature on transformation of CREF cells by
the host range type 5 adenovirus mutant hrl. CREF cells were infected
with 10 plaque-forming units/cell of hrl and reseeded at 105 cells per
60-mm plate. Cultures then were incubated at: (A) 320C for 6 wk; (B)
370C for 6 wk; (C) 37°C for 2 wk and then 320C for 4 wk; (D) 320C for
3 wk and then 370C for 3 wk.

ithelioid cells. When hrl-infected cultures were shifted from
32TC to 37TC 24 hr-2 wk after infection, the frequency of trans-
formation was similar to that observed in cultures grown con-
tinuously at 37TC (Table 1). However, a reduction by approxi-
mately 50% in transformation was observed if 32TC cultures were
shifted to 37TC 3 wk postinfection, probably because 6 wk were

Table 1. Effect of temperature on transformation of CREF cells
by wt Ad5 and hrl viruses

Transformation
Experimental Incubation Foci per
condition,0C* period, wk plate, no.t Frequency
wt Ad5
32 6 17 ± 4 1.7 x 10-4
37 6 21 ± 5 2.1 x 10-4

hrl
32 6 0 <1 x 10-5
37 6 106 ± 9 1.1 x 10-3
32-37 1+5 134±11 1.3x10-3
32-37 2+4 110± 8 1.lx1 0-3
32 37 3 + 3 56 ± 7 5.6 x 10-4
37- 32 1+5 0 <1 X10-5
37-32 2+4 4± 1 4 x 10-5
37 32 3+3 18± 4 1.8x 10-4

* CREF cells were infected with 10 plaque-forming units/cell ofwtAd5
or hrl and after 2 hr of viral adsorption at 370C cells were resus-
pended and reseeded at 105 cells per60-mm plate at 370C or 32°C. Cul-
tures then either were maintained continuously for 6 wk at the in-
dicated temperature or were shifted from 370C to 320C or vice versa
1, 2, or 3 wk postinfection. All cultures were fixed and stained 6 wk
after viral infection.

tFoci per plate is the mean number of transformed colonies or foci ±
SD per 105 cells.
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required for the maximal number of transformed foci to appear.
If the reverse temperature shift was made-i. e., cultures were
shifted from 37°C to 32°C-the number of foci was decreased
and the degree of reduction was greatest the sooner after in-
fection that cultures were shifted (Table 1). When plates con-

taining hrl-transformed foci were shifted from 37°C to 32°C, 2
or 3 wk after infection at 37°C the majority of transformed foci
flattened by 4-7 days after the temperature shift and only a few
small foci were detectable when cultures were stained at the
completion of the 6-wk assay (Fig. 1 and Table 1).

ViralDNA Integration, RNA Transcription, and Tumor An-
tigen Expression in hrl-Transformed CREF Cells. The pattern
of viral DNA integration in chromosomal DNA of two hrl-
transformed CREF cell lines grown for 2 wk at 37°C or 32°C was
studied by cleavage with Xba I or HindIII followed by DNA
transfer hybridization analysis (19). Cloned cell line A2 ap-

peared to contain a complete copy of the Ad5 genome colinearly
integrated, whereas cell line B3 appeared to be missing certain
regions of the Ad5 genome (Fig. 2). Similar results were ob-
tained when HindIII was used (data not shown). In both hrl-
transformed cell lines viral DNA integration remained un-

changed when cells were grown at 37°C or 32°C.
Viral RNA production in cell lines A2 and B3 cultured at 32°C

or 37°C was determined by RNA transfer (24, 25) hybridization
and filter (26) hybridization analysis. Total cytoplasmic poly(A)+
RNA extracted from A2 or B3 cells contained three messages

Clone A2 Clone B3
32°C 373C MI 32-C 37C

FIG. 2. Analysis of Xba I digests of DNA from two cloned hrl-

transformed cell lines. A2 and B3 were grown for 2 wk at 370C or 320C

prior toDNA extraction. Ten micrograms of cellular DNA was cleaved
with Xba I and the fiagments were separated by electrophoresis in 0.6%
agarose, transferred to nitrocellulose sheets by blotting, and hybrid-
ized to Ad5 DNA labeled with 32P by nick-translation (18, 19, 21). Cel-
lular DNA sequences hybridizing to Ad5 DNA were detected by au-

toradiography. LaneM contains 10 pg from uninfected CREF cells and
5 genome equivalents of Ad5 DNA per diploid cell genome.

Table 2. RNA transcribed from Ela and Elb regions in 293 and
hrl-transformed cells at 320C and 370C

Total RNA, counts*

Temperature, Cytoplasmic Nuclear
Cell line 0C Ela Elb Ela Elb

hrl A2 32 2,646 3,474 3,257 3,774
hrl A2 37 2,428 3,915 3,362 3,483
hrl B3 32 2,659 3,321 3,890 3,960
hrl B3 37 2,445 3,872 4,105 4,185
293 32 4,646 4,535 3,880 3,872

* RNA was extracted from transformed cells labeled for 12 hr with
[32P]orthophosphate. Labeled RNA was separated into cytoplasmic
and nuclear species and was hybridized to Ad2 Ela (0-4.5 m.u.) or
Elb (4.5-11.0 m.u.) DNA filters. All counts shown are total counts
hybridized, which have been corrected for background, determined
by hybridizing labeled RNA to filters containing pBR322 DNA and,
for efficiency of hybridization, determined with [3H]thymidine-la-
beled Ad2 DNA.

of 13 S, 12 S, and 9 S, which hybridized to an Ela (0-4.5 m.u.)
Ad5 probe, and two messages of 23 S and 9 S, which hybridized
to an Elb (4.5-8 m.u.) Ad5 probe (data not shown). The species
of RNA produced in the hrl-transformed cells were identical in
cells grown at 32TC or 37TC. Filter hybridization studies, per-
formed by immobilizing a 0- to 4.5- or 4.5- to 11-m. u. AdS DNA
fragment on nitrocellulose filters and hybridizing with 32P-la-
beled cytoplasmic or nuclear RNA, indicated that transcription
again was similar in A2 and B3 cells cultured at 32TC or 370C
(Table 2).

Indirect immunofluorescence with immune serum from
hamsters bearing tumors induced by Ad2ND4-transformed cells
was used to determine if differences were apparent when A2
and B3 cells were grown at 37TC or 32TC. hrl-transformed cells
grown continuously at 37TC contained intense nuclear partic-
ulate staining, whereas the same cells cultured continuously at
32TC had decreased fluorescence. When cells were shifted from
320C to 370C, the strong particulate nuclear staining developed
by 24-48 hr. Similarly, shifting cells from 370C to 320C resulted
in a decreased staining by 72-96 hr (data not shown).

Expression of the Transformed Phenotype in hrl-Trans-
formed CREF Cells. In prior studies it was shown that satu-
ration density and cloning efficiency in agar were two pheno-
typic characteristics that were useful in distinguishing untrans-

Table 3. Properties of uninfected, wt Ad5-transformed and hrl-
transformed CREF cells grown at various temperatures

Saturation
density, cells x Cloning efficiency in

1056/cm2* agar, %t
Cell line 370C 320C 370C 320C

CREF 1.2 0.7 <0.001 <0.001
Ad5wt-3A 3.2 2.9 45 ± 2 38 ± 2
Ad5hrl-A2 3.4 1.1 69 ± 6 16 ± 3
Ad5hrl-B3 3.6 1.4 79 ± 5 14 ± 1

* Approximately 10' cells were seeded per 35-mm plate. Cells were
refed with low Ca2+ medium every 3 or 4 days and when cultures
reached confluency cell numbers were determined by using a model
Zf Coulter Counter. Saturation densities represent the maximal cell
densities obtained in confluent cultures.

t Ajar cloning efficiency was determined as follows: approximately
10, 104, or 105 cells in low Ca2" medium were prepared in 0.4% Noble
agar and were seeded at 370C or 320C on 0.8% agar base layers pre-
pared in the same medium. Plates were fed once a week with 2-3 ml
of 0.4% agar in low Ca2+ medium and colonies >0.15 mm were
counted after 21 days. Each value is the mean ± SD of four plates.
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formed from Ad5-transformed CREF cells (9). As summarized
in Table 3, both A2 and B3 had saturation densities similar to
those ofwt Ad5-transformed CREF cells (wt-3A) when assayed
at 370C, but the saturation density of the hrl-transformed
cloned cells was lower, when they were grown at 32TC, ap-
proaching that of untransformed CREF cells. Similarly, both
A2 and B3 cells grew extremely well in agar, actually exceeding
the cloning efficiency of wt-3A, when they were assayed at 37PC,
whereas at 320C the cloning efficiencies of these cells were de-
creased by 77% and 82%, respectively, in comparison with as-
says performed at 37TC (Table 3). In addition, the final sizes of
colonies growing in agar were much smaller in hrl transform-
ants grown at 32TC as compared with the cells cultured at 37TC.
This is in contrast to wt transformed cells that exhibit similar
sizes at both temperatures.

DISCUSSION
Although it contains a mutation in the Ela region of the genome
(1, 12), the host range mutant of Ad5, hrl, can still transform
sufficiently sensitive cells, such as baby rat kidney (1) or CREF
(9) cells, at a relatively high frequency. The discovery that hrl
is cold sensitive to transformation, as described in this com-
munication, helps to identify a gene product involved in ad-
enovirus transformation and opens an approach to the investi-
gation of its function.

Previous studies showed that incomplete transformation of
rodent cells can be effected by a fragment of DNA that only en-
compasses the Ela region of the genome (0-4.5 m. u.) (4-6, 27).
The Ela region is the initial portion of the viral DNA to be tran-
scribed, and from these transcripts are derived 13S, 12S, and
9S mRNAs; the latter mRNA only appears during the late phase
of infection (for a review, see ref. 28). How the proteins encoded
in the Ela region serve to orchestrate early transcription and
produce transformation is still uncertain. By using a series of
engineered mutations, it has become apparent that the gene
products encoded in the 12S and 9S mRNAs are dispensable and
that transversions, deletions, or insertions affecting only the 13S
mRNA produce host range mutants that are defective in trans-
formation and viral replication (29, 30).

Studies with hrl should lead to a clearer definition of the
transforming function of the Mr 51,000 protein translated from
the 13S mRNA. hrl has a single base-pair deletion of nucleotide
1,055, causing a shift in the reading frame, which in turn pro-
duces the nonsense triplet TGA 11 codons downstream at nu-
cleotides 1,085-1,088 (12). As a consequence of the stop codon
produced, a truncated protein of Mr 28,000 is made in place of
the Mr 51,000 acidic protein synthesized in wt virus-infected
cells (12). It should be noted that the mutation in hrl occurs
within the introns of those transcripts that are processed into
12S and 9S mRNAs so that the Mr 48,000 protein translated from
the 12S mRNA in wt virus-infected and transformed cells can
be made. However, despite the presence of the Mr 48,000 pro-
tein, hrl is defective in viral replication in nonpermissive cells
and produces an incomplete transformation phenotype (1, 10).

It is important to note that, according to its DNA nucleotide
sequence, hrl contains a nonsense mutation (11, 12). However,
hrl acts as a conditionally lethal, cold-sensitive mutant, which
is usually attributed to a missense mutation. Thus, at 37°C hrl
transforms more CREF cells than does wt virus, whereas at 32°C
foci of transformed cells do not appear; but after a shift of tem-
perature from 32°C to 37°C transformed foci appear at the usual
frequency, even if incubated at 32°C for 2 wk before the tem-
perature shift. Moreover, foci of transformed cells flatten and
the phenotypic expression of the transformed cells recedes when
the temperature is shifted from 370C to 32TC. Indeed, the al-

ternative appearance and disappearance of transformed foci can
be produced indefinitely by shifting temperature.

It may be argued that only a limited segment consisting of 138
nucleotides of the Ela region was subjected to sequence anal-
ysis (12) and that, because hrl was produced by treatment of
virus with nitrous acid, a general mutagen, a second mutation,
a missense mutation, may be present. To test this argument, a
mutant was constructed that contains a 5-base-pair deletion at
coordinate 2.85: the resulting deletion resulted in a host range
mutant which, like hrl, is cold sensitive for transformation (un-
published data). Therefore, it seems likely that the single base-
pair deletion in hrl is in fact the mutation responsible for the
coldssensitive, transformation phenotype. These data imply that
the truncated Mr 28,000 protein of hrl can still effect transfor-
mation at 37TC, but that its reaction, possibly with Elb gene
products and cellular components, is ineffective at 32TC be-
cause its altered structure decreases its binding constant and
therefore does not permit effective associations at the lowered
temperature. It may be further concluded that the Mr 51,000
acidic protein encoded in the Ela region is essential not only to
establish but also to maintain the phenotypic expression of
transformation.

Note Added in Proof. A study of Ho et aL (31) describing the cold-sen-
sitive transformation phenotype of hrl has appeared.
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