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Parvoviruses are known to interfere with cellular transformation and carcinogenesis. Since infecting
adeno-associated virus (AAV) frequently integrates its DNA into the cellular genome, we analyzed whether this
integration influences the transformed phenotype of the human tumor cell line HeLa. Analysis of three
independent HeLa cell clones with integrated AAV DNA (EIA-3x, HA-16, and HA-28) revealed the following
phenotypic changes of these cells: (i) reduced growth rate, (ii) increased serum requirement, (iii) reduced
capacity for colony formation in soft agar, (iv) reduced cloning efficiency on plastic, (v) elevated sensitivity to
genotoxic agents (N-methyl-N'-nitro-N-nitrosoguanidine, 7,12-dimethylbenz[alanthracene, human tumor ne-
crosis factor alpha, UV irradiation [256 nml, and heat [42°C1), and (vi) reduced sensitivity to the cytolytic effect
of parvovirus H-1. Reduced growth rate and enhanced sensitivity to gamma irradiation were also observed in
vivo when tumors from AAV DNA-containing HeLa cells were transplanted into nude mice. This alteration of
the biological properties of HeLa cells was independent of the number ofAAV genomes integrated, the physical
structure of integrated AAV DNA, and the transcnption ofAAV genes. Integration of AAV DNA was found
to occur preferentially on the long arm of chromosome 17 in the three HeLa cell clones analyzed. These findings
demonstrate that genomic integration of AAV DNA can alter the biological properties of human tumor cells.

The human helper virus-dependent parvovirus adeno-
associated virus (AAV) has been shown to interfere with
tumorigenesis at different stages of tumor development (for a
review, see references 45 and 46). AAV interferes with
adenovirus-induced tumors in hamsters (19, 30, 38) and
reduces the growth of hamster tumors derived from cell lines
transformed by adenoviruses or herpesviruses (18, 42). AAV
can inhibit the transformation of cells induced by adenovirus
(11), bovine papillomavirus (27), or the ras oncogene (29).
Cellular and molecular studies revealed similar effects of
AAV on cells in culture: AAV infection was shown to inhibit
carcinogen- or virus-induced mutagenicity (53) as well as the
selective DNA amplification mediated by these initiating
agents (24, 52, 54, 55, 62). In addition, preferential killing of
carcinogen-treated cells and of cells derived from malignant
human tumors by infection with AAV has been demon-
strated (1, 25).
AAVs infect humans without known pathological conse-

quences (5-7, 17, 26). However, AAV may also play a
tumor-suppressive role in humans. It appears from seroepi-
demiological studies that individuals with high antibody
titers to AAV are less prone to develop cancer (22, 37, 57).
This finding seems to be most significant for cervical cancer.

It has been observed that infection of cultured cells of
human origin by AAV frequently results in integration of the
viral DNA into the host cell genome (13, 23, 28, 34). Recent
reports suggest that the integration occurs preferentially into
chromosome 19 of human cell lines (32, 33, 51).

It is not known under what circumstances AAV DNA is
integrated into the genome of infected cells in vivo or in
which cell types or organs AAV is able to establish a latent
infection. In view of the serological studies suggesting a
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tumor-protective effect (see above), we analyzed whether
genomic integration of infecting AAV DNA can modify the
properties of the human cervical carcinoma cell line HeLa.
This study is also interesting in view of various in vitro
systems in which infection of cells with AAV interferes with
a variety of events linked to transformation or with tumor
development in laboratory animals (see above).

MATERIALS AND METHODS

Cells. HaCaT cells (9), HeLa cells, and HeLa-derived
cellular clones were maintained in Dulbecco's modified
Eagle's minimal essential medium (DMEM) supplemented
with 5% fetal calf serum (FCS) plus antibiotics and grown at
5% CO2 in a humidified atmosphere.

Virus. AAV type 2 (AAV-2) was prepared from adenovi-
rus type 2- and AAV-2-infected HeLa cells. Cultures show-
ing complete (adenovirus type 2-induced) cytopathic effect
(CPE) were treated by three freeze-thaw cycles. Supernatant
containing virus was incubated at 56°C for 1 h to inactivate
helper virus.

Chemicals. N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG)
was purchased from Serva, Heidelberg, Germany. 7,12-Di-
methylbenz[a]anthracene (DMBA) was obtained from Sig-
ma, Munich, Germany. Both chemicals were dissolved in
dimethyl sulfoxide (Merck, Darmstadt, Germany).

Establishment of latently infected cell clones. Semiconfluent
HeLa cell monolayers were inoculated with AAV-2 at a
multiplicity of infection (MOI) of 10 infectious units per cell
(virus was incubated at 56°C for 1 h to inactivate adenovirus;
see above). After adsorption for 1 h at 37°C, the medium was
replenished and the cells were incubated for 2 days, until
they reached confluence. Cells were harvested and split 1:4.
After reaching semiconfluence, monolayers were superin-
fected with AAV-2 as above. Two days after the second
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infection, cells were seeded onto 96-well microplates at a
concentration of one cell per well. To test for the presence of
AAV-2 in the outgrowing cell clones, aliquots of cells were
transferred to Gene-Screen filters (dispersed-cell assay [61])
and exposed to denaturing buffer (48). DNA was immobi-
lized by baking the filter at 80°C for 1 h. Screening for
positive clones was done by hybridization with [a-32P]dTlP-
labeled, cloned AAV-2 DNA (see below).
DNA probes. Cloned wild-type AAV-2 DNA, cloned hu-

man papillomavirus type 18 (HPV-18) DNA, and cloned p53
cDNA as well as cloned ,-actin DNA were radiolabeled with
[a-32P]dTTP by nick translation (44) or with [a-32P]dCTP by
the random primer technique (21).

Analysis of DNA. High-molecular-weight cellular DNA
was extracted with phenol-chloroform-isoamyl alcohol (48).

Restriction enzyme cleavage was performed as recom-
mended by the supplier. Enzymes were obtained from
Boehringer-Mannheim (Mannheim), Biolabs (Schwalbach),
Pharmacia (Freiburg), and BRL (Eggenstein-Leopoldshafen)
(all in Germany). Digested DNA was analyzed by electro-
phoresis through 0.7% agarose gels in Tris-borate-EDTA
electrophoresis buffer (TBE). DNA was transferred to nylon
membranes (Gene-Screen; Du Pont-NEN, Dreieich, Ger-
many) (56). DNA immobilized on nylon membranes was
hybridized with radiolabeled [CX-32P]TTP (Amersham,
Braunschweig, Germany) DNA probes (15). Hybridization
was performed in 50 mM NaPi (pH 7.6)-7% sodium dodecyl
sulfate (SDS)-1 mM EDTA at 68°C for 16 h with gentle
agitation. Southern blots were autoradiographed after three
washing steps at 68°C in 1% SDS-50 mM NaPi (pH 7.2)-i
mM EDTA for 20 min.

Analysis of RNA. From HeLa cells and the cellular clones
HA-3x, HA-16, and HA-28, as well as from clones superin-
fected with adenovirus and treated with cytotoxic agents
(see below), cytoplasmic RNA was prepared by the acid
guanidinium thiocyanate-phenol-chloroform extraction tech-
nique (15). Polyadenylated [poly(A)+] mRNA was prepared
from 5 x 107 cells with the Fast Track mRNA Isolation Kit
(Invitrogen, San Diego, Calif.).
RNA was separated by electrophoresis through a 1%

agarose gel in morpholinepropanesulfonic acid buffer
(MOPS [48]), blotted to nylon membranes (GeneScreen; Du
Pont-NEN, Dreieich, Germany), and probed with radiola-
beled probes as indicated above.

Preparation of metaphases. Metaphase chromosomes were
prepared by the standard air-drying technique. Semiconflu-
ent monolayers were growth-arrested by colcemide (Serva)
at a final concentration of 0.1 mg/ml of medium for 1.5 h,
treated with a hypotonic KCI solution (0.075 M) for 20 to 30
min, fixed in methanol-acetic acid (3:1, vol/vol) for 30 min
with several changes of fixative, and dropped onto slides.
Freshly prepared slides were stained after thermal pretreat-
ment at 95°C by the trypsin-Giemsa method (59).

Analysis of chromosomes was done on photographed
metaphases. At least 15 spreads were analyzed per cell line,
and 50 cells were examined for total chromosome number.

In situ hybridization. Cellular clones containing AAV-2
DNA and HeLa cells (control) were treated with 0.1 mg of
colcemide per ml of medium for 2 h prior to fixation.
Metaphase spreads on glass slides were made by the con-
ventional Carnoy B fixation method (acetic acid-ethanol-
chloroform) after hypotonic treatment with 0.075 M KCl at
37°C for 30 min. The preparations were washed in 70%
ethanol at 4°C for at least 24 h, dehydrated in graded ethanol
steps (80, 90, and 100%), and air-dried. Prior to denaturation
and hybridization, the chromosome spreads were treated
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FIG. 1. (A) Slot-blot analysis of persisting AAV-2 DNA in indi-
vidual cell clones HA-3x, HA-6, HA-12, HA-14, HA-16, HA-17,
HA-20, HA-23, HA-26, and HA-28. Cellular DNA (500 ng) was
applied to nitrocellulose filters with a slot-blot apparatus. Hybrid-
ization with radiolabeled AAV-2 DNA indicates the relative number
of integrated virus genomes per cell. The DNA in the slots in the first
lane was diluted 1:10 in the second lane and 1:100 in the third lane
for quantitation. (B) Southern blot of clone HA-16. High-molecular-
weight cellular DNA (10 p.g per lane) was cleaved with five different
enzymes cutting within the genome of AAV-2 (KpnI, BamHI,
EcoRI, HindIll, and HincII) and three noncutting enzymes (BglII
plus XbaI and EcoRV plus XbaI). DNA was separated by agarose
gel electrophoresis, blotted onto a nylon membrane, and hybridized
with [a-32P]dTTP-labeled AAV-2 DNA. The analysis shows that
AAV-2 DNA is integrated head-to-tail in this cellular clone. Single-
cutting enzymes (HindIll and BamHI) produced a unique fragment
of 4.6 kb (as expected), indicating no gross rearrangements of the
AAV genomes. Cleavage with noncutting enzymes resulted in large
fragments (>23 kb), indicating the integrated state.

with 100 ,ul of DNase-free RNase (200 ,ug/ml; Oncor, Gaith-
ersburg, Md.) in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015
M sodium citrate) under a coverslip at 37°C for 1 h. After
three consecutive washings in 2x SSC for 5 min each,
metaphases were postfixed with 4% formaldehyde in phos-
phate-buffered saline (PBS)-50 mM MgCl2 for 10 min at
room temperature, washed three times for 5 min each with
PBS, and dehydrated. Cloned wild-type AAV-2 DNA and
cloned p53 cDNA, as well as cloned HPV-18 DNA and
"painting" probes (specific for chromosomes 17 and 19),
were biotinylated with the BioNick labeling system (BRL
Life Technologies, Eggenstein-Leopoldshafen, Germany).
Nick translation was performed with biotin-14-dATP in a
nick translation mixture (50 ,ul) containing 1 ,ug of DNA, 2.5
U of DNA polymerase I, 0.0355 U of DNase I, 0.02 mM
dTTP, 0.02 mM dCTP, 0.02 mM dGTP, and standard nick
translation buffers. The reaction mixture was incubated at
16°C for 1 h. The reaction was terminated by adding 5 ,ul of
stop buffer (0.1% bromophenol blue, 0.5% dextran blue, 0.1
M NaCl, 20 mM EDTA, 20 mM Tris-HCl [pH 7.8]). Unin-
corporated nucleotides were separated from the labeled
DNA probe by column chromatography with Bio-Gel P-60
(Bio-Rad, Richmond, Calif.) in a 1-ml plastic syringe plugged
with siliconized glasswool. The Digoxigenin labeling of
AAV-2 DNA was performed by the oligolabeling technique
with the Dig-labeling kit from Boehringer, Mannheim, Ger-
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FIG. 2. (A) In situ hybridization with AAV-2 DNA, p53 cDNA, and chromosome 17-specific satellite DNA of a metaphase of clone HA-3x.
The large signal within the centromeric region of four chromosomes indicates the chromosome 17-specific centromeric sequences (large single
arrows). The small signals at the distal part of the short arms of two chromosomes show the position of the p53 gene (small double arrows).
(A p53-specific signal is visible on another chromosome 17 but is out of focus in this photograph; p53-specific signals never lit up on all of the
four chromosomes 17 in HeLa cells.) Only one of four chromosomes identified as 17 reveals a signal with AAV DNA, indicating integration
at the telomeric region of the long arm (large open arrows). (B) In situ hybridization with the AAV-specific probe and detection with
FITC-labeled avidin on a prophase of HA-16 cells. The double signals point towards two integration sites within the telomeric area of the q
arm of one chromosome. (C) In situ hybridization of a metaphase of HA-3x cells with the AAV-specific probe labeled with Digoxigenin and
simultaneously with a chromosome 19-specific painting probe labeled with biotin. Detection was done with rhodamine-conjugated antibodies
and avidin-FITC complex, respectively. Two photographs were superexposed with different emission filters. The low stringency necessary
in simultaneous labeling for the painting probe gives rise to additional signals and repetitive DNA sequences on other chromosomes. Small
arrows indicate the position of AAV-2 DNA integrated into host DNA, comparable to panel A. The positions of chromosomes 19 visible by
use of the painting probe are indicated with carets.

many. Biotinylated chromosome 17-specific human alpha
satellite DNA was obtained from Oncor.

Denaturation and hybridization were performed directly
with the hybridizing solution (see below) on the slide under
a siliconized coverslip sealed with glass coverslip sealant
from Oncor. Biotin-labeled probes were denatured and hy-
bridized in the presence of 50% deionized formamide-0.5 x
Denhardt's solution (Serva)-10% dextran sulfate-100 ,ug of
sonicated salmon sperm DNA per ml-2x SSC in a final
concentration of 250 ng/ml. Then, 20 ,ul of the solution was
added to each slide. Chromosomal and probe DNA were
denatured by placing the slides onto a heated plate for 4 to 6
min at 92 to 94°C. After denaturation, the slides were
incubated in a moist chamber (2x SSC and 50% formamide)
for 16 h at 42°C. In a first step, hybridization with the
AAV-2-specific probe and p53-specific probe was per-
formed, followed by detection and mounting as described
below. The slides were screened with a fluorescence micro-
scope (see below) for specific signals. In a subsequent
procedure, the slides were immersed in PBS at 37°C for at
least 12 h to remove the coverslips and the sealant. This was
followed by fixation in cold ethanol (-20°C) for 1 h. After
being air-dried, the slides were hybridized with the chromo-
some 17-specific probe (chromosome 17-specific satellite
DNA) (Oncor) as described above. With the second detec-
tion procedure (see below), the fixed biotin-avidin com-
pounds specific for AAV-2 and p53 were increased in their
intensity.

Biotinylated painting probes (chromosomes 17 and 19) and
fixed chromosome preparations were denatured separately
and hybridized together for 16 h (35, 43).

In situ detection. Washing and detection were done with
the chromosome in situ kit obtained from Oncor. After
removal of the sealing glue, preparations were transferred to
postwashing solution (2x SSC, 56% deionized formamide)
and incubated for 20 min at 43°C with occasional agitation.
During this washing step, the coverslips fall off the slides.
After two additional washings in 2x SSC (pH 7.0) at 37°C,
each for 5 min, the slides were immersed in BPD buffer (from
the kit) at room temperature. Slides were drained but not
allowed to dry and then incubated with 60 ,ul of blocking
buffer 1 for 5 min at room temperature, sealed with a flexible
plastic coverslip to avoid distortion of the preparations by
removal. Incubation with 60 ,u of fluorescein isothiocyanate
(FITC)-labeled avidin was carried out under the same cov-
erslips in a moist chamber (2x SSC) at 37°C for 20 min. After
removal of the coverslips, the slides were washed three
times in BPD buffer at room temperature for 2 min. Before
the following amplification step with a biotin-antiavidin
antibody, the slides were again incubated with a blocking
reagent (60 ,ul) for 5 min at room temperature. The incuba-

tion with 60 ,ul of FITC-labeled avidin for 20 min in a moist
chamber (2x SSC) was followed by three washes with BPD
buffer for 2 min each. The slides were then again incubated
with 60 ,ud of blocking buffer, sealed with a plastic coverslip,
for 5 min at room temperature. Excess liquid was tapped off,
and 60 ,ul of avidin-FITC-labeled antibiotin complex was
added to each slide, sealed with a plastic coverslip, and
incubated at 37°C in a moist chamber for 20 min. After
removal of the coverslips, the slides were washed in BPD
buffer at room temperature three times for 2 min each.
Before being mounted with Antifade (18 ,ul per slide; Oncor),
the slides were counterstained with propidium iodide diluted
in BPD buffer to a final concentration of 100 ng/ml for 5 min.

After simultaneous hybridization with painting probes and
Digoxigenin-labeled AAV-2 DNA, the slides were washed
four times for 5 min each in 50% formamide-2x SSC at 450C.
Then the slides were transferred to a Coplin jar containing
0.1x SSC warmed to 60°C. After three washes for 5 min
each, the slides were equilibrated in BPD buffer. Detection
was performed either with FITC-avidin (Dianova, Hamburg,
Germany) or with rhodamine-antidigoxygenin antibody
(Boehringer). In the case of rhodamine, we used 4',6-
diamidino-2-phenylindole as a counterstain.

Preparations were examined with a DIALUX 22/22 EB
microscope (Leitz, Wetzlar, Germany) with epi-illumination
from an HBO 200-W mercury arc (Osram). The FITC
fluorescence was visualized with a BP 450-490 excitation and
an LP 515 emission filter combination with an RKP 510
dichroic mirror. For the red propidium iodide fluorescence,
a BP 530-560 excitation and an RKP 580 emission filter
combination with a 580-nm dichroic mirror were used.
Photographs were taken on AGFA-P800/1600 films (24 by 36
mm) with exposure at ASA 1600.
Treatment with cytotoxic and genotoxic agents. HeLa and

HA-3x, HA-16, and HA-28 cells were seeded on 100-mm
plastic petri dishes at a concentration of 105 cells per dish.
After 8 h, MNNG or DMBA was added to the medium at a
final concentration of 50 or 20 mM, respectively. Similarly,
cells were treated with recombinant human tumor necrosis
factor alpha in a final concentration of 500 ng/ml or were
incubated at 42°C for 45 min. Cultures were then incubated
at 37°C in a humidified atmosphere with 5% CO2. Phase
contrast micrographs were taken at the times indicated in the
figure legends.

Colony-forming ability. The plating efficiency of HeLa
cells and AAV DNA-containing HeLa-derived clones was
determined by plating 100 or 500 cells of treated (as above)
or untreated cultures and counting the number of outgrowing
clones after fixation with 4% formaldehyde and staining with
crystal violet (Fluka, Buchs, Switzerland).

Soft-agar cloning. A 2% stock solution of soft agar (Bacto
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FIG. 3. (A) Representative G-banded karyotype of cells of the HA-3x clone, illustrating the presence of 14 marker chromosomes along
with 4 structurally abnormal chromosomes (last row). (B) Representative G-banded karyotype of the HA-16 cell clone, showing 12 marker
chromosomes along with 3 structurally abnormal chromosomes. The arrows indicate a chromosomal deletion, del(12)(pll:), regularly found
in both clones and in the parental HeLa cell line.

Agar; Difco, Hamburg, Germany) in water was autoclaved
for 15 min at 121°C. The agar was cooled down to 45°C.
DMEM, twofold-concentrated (2x) DMEM, and FCS were

warmed to 45°C. The "base layer" was prepared by adding
25 ml of 2x DMEM, 30 ml of DMEM, 20 ml of FCS, and 25
ml of agar stock solution (2%); 15 ml of this base layer (0.5%
agar) was poured into 10-cm petri dishes. The dishes were

placed with the lids open under a laminar flow hood for 15
min and for another 15 min with closed lids in a 4°C room to
allow the agar to solidify. Then 500 cells (suspended in 0.8 ml
of DMEM without FCS) were added to 1.2 ml of the base
layer mix. The cell suspensions (0.3% agar) were carefully
laid onto the basal agar. Prior to incubation in an incubator
(5% CO2, 37°C), the dishes were allowed to cool at room
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FIG. 4. (A) Rescue of infectious AAV-2 particles from cellular clones with integrated AAV-2 DNA. Parental HeLa cells and HeLa cells
coinfected with AAV-2 and adenovirus type 2 (ad2) served as positive controls (AAV-2, MOI = 10 PFU/cell; ad2, MOI = 100 PFU/cell). The
cellular clones HA-3x, HA-6, HA-16, and HA-28 as well as the parental HeLa cell line were infected with ad2 (1 PFU/cell). After completion
of CPE, cells were harvested, disrupted by freezing and thawing, and then centrifuged. Supernatants were incubated at 60°C for at least 1 h
to inactivate adenovirus, and aliquots were diluted from 10-1 to 10-15. Aliquots were inoculated onto HeLa cells in 96-well plates together
with adenovirus (MOI = 10 PFU/cell). After reaching complete CPE, cells were harvested and transferred to a nitrocellulose filter with a

dot-blot apparatus. After immobilization, denaturation, and renaturation, filters were hybridized with radiolabeled AAV-2 DNA. The lane
with the supernatant from HeLa cells shows no positive dots, as does the fourth lane with the supernatant from HeLa cells superinfected with
adenovirus (control). Supernatants from HeLa cells coinfected with AAV-2 and adenovirus as a helper generated infectious AAV-2 particles,
as shown by the positive dots in the second lane. Of the cellular clones with integrated AAV-2 DNA, only HA-16 produced infectious AAV-2
particles after infection with adenovirus. (B) Northern blot analysis of cells of clone HA-16, of the parental HeLa cell line, and of the
keratinocyte cell line HaCaT. A total of 5 x 107 cells of each cell line were lysed in guanidinium thiocyanate. Poly(A)+ mRNA was prepared
with the Fast Track mRNA Isolation Kit. Samples of RNA (10 ,ug each) were separated by electrophoresis through a 1% agarose gel in MOPS
buffer at 60 V for 5 h. RNA was transferred to a Gene-Screen, immobilized, and hybridized with [a-32P]dTTP-labeled AAV-2 DNA (left
BamHI fragment of the viral genome) (left blot), followed by probe removal and rehybridization with [a-32P]dT1P-labeled HPV-18 DNA (right
blot). Size markers indicate the size of the human 28S rRNA (upper marker; 4,850 bases) and 18S rRNA (lower marker; 1,850 bases). Among
all the clones tested, only in HA-16 cells could AAV RNA be detected (after exposure for 7 days). The size of the RNA fragment, about 4.2
kb, suggests transcription of the early (rep 78) RNA of AAV-2. HeLa cells (uninfected parental cell line) show no signal, nor does the negative
control (HaCaT cells). Rehybridization with radiolabeled HPV-18 DNA revealed basal transcription of the HPV-18 E6 and E7 open reading
frames characteristic of HeLa cells. (HaCaT cells contain no known viral DNA.) (C) Northern blot analysis of the cellular clones HA-3x,
HA-16, and HA-28 and of HeLa cells 12 h after superinfection with adenovirus type 2 as the helper virus. From each cell line, 106 cells were
harvested, and total cellular RNA was extracted by the acid-guanidinium-thiocyanate-phenol-chloroform extraction method. RNA (10 ,ug)
was separated by agarose gel electrophoresis (1% agarose) in MOPS buffer, blotted onto a nylon membrane (Gene-Screen), and hybridized
with [a-32PP]dTTP-labeled AAV-2 DNA. The markers represent 4.805 kb (human 28S rRNA) and 2.0 kb (human 18S rRNA). After exposure

for 12 h, strong signals of RNA (4.2 kb) were detectable in the HA-16 lane. Even after extended exposure (7 days), no signals were detected
on blots of RNA of the other cell lines. At the time of RNA extraction (12 h after adenovirus infection), no HPV-18 transcription could be
found in the cell lines (host cell shut-off by adenovirus).

temperature. The size and number of colonies were deter-
mined after 3 weeks.
Rescue of infectious AAV-2 particles. To determine

whether AAV-2 could be rescued from its integrated state in
HA-3x, HA-16, and HA-28, cells were superinfected with
adenovirus type 2 (1 PFU per cell). After completion of
adenovirus-induced CPE, the cells were disrupted by freez-
ing and thawing. After centrifugation, the supernatant was

incubated at 60°C for 1 h to inactivate helper virus. Aliquots
were diluted from 10-1 to 10-15 and inoculated on 96-well
plates together with adenovirus (MOI, 10 PFU per cell).
After CPE was complete, the cells were harvested and
transferred to nitrocellulose filters (Schleicher & Schull,
Dassel, Germany) with a dot-blot apparatus (Minifold-1;
Schleicher & Schull). The presence of AAV-2 progeny

particles was determined by hybridizing the filters (dis-
persed-cell assay) with radiolabeled AAV-2 DNA.
Growth of HeLa cells and AAV DNA-containing HeLa-

derived clones in nude mice. Female immunodeficient (nude)
mice (CD1 nu/nu, 7 weeks old), purchased from Charles
River WIGA (Sulzfeld, Germany), were housed (five per

cage) in isolators and received normal food and water. For
each experimental protocol (control and irradiation; see

below), five animals were examined. Cells (106 in 100 ,ul of
PBS) of HeLa, HA-3x, HA-16, and HA-28 from exponen-

tially growing cell cultures were injected subcutaneously
into the right flank of the animals.
The region of the animals where tumors were growing was

exposed to gamma rays 2 weeks after inoculation of cells (10
Gy; source to surface distance, 70 cm) with a Gammatron II

I.

I
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FIG. 5. Plating morphology of HeLa[AAVj] clones. Cell clones containing AAV DNA revealed reduced growth rate and smaller colonies.

Photographs were made of colonies stained with crystal violet after plating onto petri dishes for elucidation of plating efficiency (see Table
1). The micrographs show a comparison between colonies of HeLa and HA-16 cells after growth for 6 days. Colonies of HA-16 (b) and HA-3x
(c) cells show altered growth behavior compared with colonies of HeLa cells (a). The intercellular space between cells of the AAV
DNA-containing clones is enlarged, whereas colonies of HeLa cells are formed by very tightly growing cells.

(Siemens, Munich, Germany). Prior to irradiation, the ani-
mals were anesthesized with Ketavet (0.3 mg per animal)
(Parke-Davis, Berlin, Germany) and Rompun (1.5 mg per
animal) (Bayer, Leverkusen, Germany). Nonirradiated ani-
mals were kept as controls.
The growth rate of tumors was determined by weekly

measuring of two diameters of individual tumors. After 48
days, the animals were killed, and tumor tissue was removed
and frozen in liquid nitrogen. From these samples, DNA and
RNA were extracted and processed as described above.

RESULTS

Physical analysis of integrated AAV-2 DNA in HeLa cells.
From HeLa cells infected with AAV-2 and passaged twice
before being seeded as single cells, 50 colonies were isolated
which were analyzed by the dispersed-cell assay (61) for the
presence of AAV DNA. Figure 1A shows that different
numbers of AAV genomes were present in the clones. Three
of 11 positive cellular clones were analyzed further: HA-28,
with one copy of AAV DNA, and HA-3x and HA-16, both
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with more than 10 copies. The copy number was confirmed
by Southern blot analysis of DNA from the cell clones (data
not shown). In addition, AAV DNA-negative clones con-
firmed by Southern blot analysis were assayed for growth
behavior (see below).

Restriction enzyme analysis of DNA from HA-28, HA-3x,
and HA-16 (Fig. 1B, HA-16 as an example) revealed the
presence of AAV DNA in an integrated state. Analysis by
double digestion with restriction enzymes showed that the
integration pattern is head-to-tail in HA-3x and HA-16. The
restriction pattern of HA-28 revealed the loss of one cleav-
age site for SmaI at one of the terminal repeat sequences. It
is known that integration of AAV DNA is frequently accom-
panied by alterations within the viral terminal repeats (31).
Four more clones (HA-12, HA-14, HA-17, and HA-23),
which have not yet been analyzed in detail, could be shown
to have AAV DNA molecules in an integrated state which
was different for all clones (i.e., no consistent pattern in
restriction enzyme analysis). None of the clones revealed
episomal AAV DNA (data not shown).

In view of the reported site-specific integration of AAV
DNA (32, 33, 51) we performed in situ hybridization on
metaphase spreads to analyze the integration site of the
AAV DNA in the HeLa cell clones (designated HeLa[AAV1]
clones). In situ hybridization with AAV-specific probes of
metaphases of HA-3x, HA-16, and HA-28 revealed that most
molecules of AAV DNA had integrated at the distal part of
the long arm of chromosome 17. The chromosomal location
was confirmed by subsequent hybridization of the same
metaphase with chromosome 17- and chromosome 19-spe-
cific probes (centromeric region and painting probe, respec-
tively) as well as by additional hybridization with a probe
specific for the p53 gene, which is located at the short arm of
chromosome 17 (4, 39, 40) (Fig. 2A, HA-3x). Interestingly,
in situ hybridization with p53 DNA revealed p53-specific
sequences only at three of the four chromosomes 17 present
in HeLa cells (Fig. 2A). In situ hybridization on chromo-
somal spreads with prophase and metaphase chromosomes
pointed to at least two integration sites of AAV DNA, in
accordance with the number of offsize signals in Southern
blots of HA-3x and HA-16 DNA.(Fig. 2B,HA-16). Similarly,
in accordance with Southern blot analysis of clone HA-28
indicating integration of only one genome of AAV, in situ
hybridization of metaphases of these cells resulted in a
rather weak signal on 17q (data not shown). In order to
exclude translocation of chromosome 19-specific sequences
to chromosome 17, we performed double in situ hybridiza-
tion with AAV DNA and chromosome 19-specific painting
probes. There are problems in hybridization and washing
conditions when using AAV DNA (few copies integrated)
and a painting probe containing repetitive sequences simul-
taneously because repetitive regions of other chromosomes
also become labeled. In spite of this "background" problem,
it is clear from Fig. 2C that signals from the chromosome
19-specific painting probes always lit up at chromosomal
structures distant from AAV signals, supporting the finding
of an association of AAV DNA with chromosome 17.

In view of the finding of integration of AAV DNA into
chromosome 17 in all three HeLa[AAVj] clones, we per-
formed cytogenetic analyses to ascertain the individuality of
the clones. Karyotype analysis of cells from early passages
of HA-3x and HA-16 confirmed the independent origin of the
clones. The cells of the HA-3x clone (Fig. 3A) displayed an

average chromosome number of 74 (70% of the metaphases),
with variations from 66 to 75. The 15 marker chromosomes
observed were present at one copy per cell, with the

TABLE 1. Plating efficiency of HeLa-derived cellular clones
containing AAV-2 DNA compared with that of

cells of the parental HeLa cell linea

No. of No. of outgrowing colonies (mean + SD)
cells
plated HeLa HA-3x HA-16 HA-28

100 81.5 + 1.5 78.5 ± 3.5 13.0 + 5.0 48.0 + 6.0
500 407.5 ± 42.4 324.3 ± 60.3 126.0 ± 78.4 200.0 ± 2.5

a Reduced plating efficiency of AAV-2 DNA-containing HeLa-derived
cellular clones HA-16 and HA-28. Cells of semiconfluently growing HA-3x,
HA-16, HA-28, and HeLa cell cultures were harvested and seeded at 100 and
500 cells onto 10-cm plastic petri dishes. Cultures were grown at 37C in 5%
CO2 humidified atmosphere for 7 days. Cells were then fixed with 4%
formaldehyde and stained with crystal violet, and the mean number of
outgrowing colonies from three different experiments was determined.

exception of marker chromosome 9 (frequently three cop-
ies). The chromosome number of HA-16 cells (Fig. 3B) was
67 (average; 56% of the metaphases), varying from 66 to 69,
with 12 marker chromosomes. Marker chromosomes were
found in a single copy except for marker chromosome 7.
(HA-28 could be distinguished from HA-3x and HA-16 by
Southern blot analysis, as described above. It is interesting
that karyotype analysis revealed two chromosomes 19,
whereas in in situ hybridization [Fig. 2C], three chromo-
somal structures were labeled with the chromosome 19-
specific painting probes. Apparently, some rearranged se-
quences of chromosome 19 were not detectable in
conventional karyotype analyses.)

Additional evidence for the individuality of HeLa[AAVj]
clones is presented by the following results.

Transcription from integrated AAV DNA and rescue of
infectious virions. It has been reported by others (13, 23, 33,
41, 49, 50) that integrated AAV DNA can be rescued to yield
infectious virions by superinfection with helper virus. Super-
infection of HA-3x, HA-16, and HA-28 with adenovirus type
2 revealed different rescuability of the integrated genomes
(Fig. 4A). HA-16 efficiently produced infectious AAV parti-
cles after infection with adenovirus, whereas no rescue of
AAV infectivity could be obtained from adenovirus-infected
HA-28 or HA-3x cells. This suggests deletions within the
AAV DNA molecules in HA-28 (see above) and HA-3x,
which in HA-3x were not detectable by restriction enzyme
analysis.
Northern (RNA) blot analyses of AAV-specific mRNAs

[poly(A)+-selected transcripts] in the three HeLa[AAVi]
clones demonstrated AAV-specific transcripts only in HA-16
(Fig. 4B). This is reflected also by the enhanced transcript
levels observed after superinfectfon with adenovirus (Fig.
4C). The size of the transcript as well as the probe used for
detection (left part of the AAV genome [1,045-bp BamHI
fragment]) indicates transcription of early genes. However,
AAV transcripts were not found after superinfection of
HA-3x and HA-28 clones with adenovirus (Fig. 4B).

Biological properties of HeLa cells with integrated AAV
DNA. In order to investigate whether integration of AAV
DNA has biological consequences, we analyzed several
cytological aspects of the HeLa[AAVi] clones.

(i) Growth properties of HeLa[AAV1] clones. Comparing
the growth kinetics of HeLa cells and HeLa[AAVi] clones
revealed a slightly but constantly reduced growth rate.
Among cells seeded at the same density, differences in the
doubling of the cell populations were evident after a few
passages. The kinetics revealed a constant reduction of the
slope of the growth curve compared with that of HeLa cells
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(data not shown). Two HeLa-derived clones which were
negative for AAV DNA after selection displayed the same
growth properties as the parental nonclonal HeLa cells (data
not shown). The reduction of the growth rate for He-
La[AAVj] clones was also evidenced by the different sizes of
colonies from cells seeded at low density (500 cells per 10-cm
dish) compared with the sizes of colonies of the parental
HeLa cells (after 7 days of growth) (Fig. 5A and B).
Microscopically, colonies of HeLa[AAVj] clones revealed in
addition an altered growth pattern, displaying increased
intercellular space (Fig. 5A and B). Furthermore, the cloning
efficiency was reduced for HA-16 and HA-28; however,
HA-3x was an exception when numbers of colonies were
considered (Table 1). The growth rate of cells of clone
HA-3x was found to be reduced similar to that of cells of
clones HA-16 and HA-28 when the smaller size of colonies
compared with HeLa cell colonies was considered (Fig. SC).
Similarly, the ability to form colonies in semisolid medium
was reduced (<50%) in all three HeLa[AAVj] clones com-
pared with the parental HeLa cell line (data not shown). In
addition, HA-3X, HA-16, and HA-28 were not able to
replicate at a serum concentration of 0.5% in the growth
medium, in contrast to HeLa cells (data not shown).

(ii) Sensitivity of HeLa[AAV1J clones to genotoxic stress. The
most striking biological change in HeLa cells after integra-
tion of AAV DNA was the sensitivity of these cells to
genotoxic agents. At concentrations of the carcinogens
MNNG (50 mM) and DMBA (20 mM) at which HeLa cells
were not affected, AAV DNA-containing cells died within 1
day after treatment (Fig. 6). Similarly, irradiation with UV
light (10 J/m2) or exposure to 42°C for 30 min led to
premature cell death of HeLa[AAVj] clones compared with
HeLa cells (Fig. 6). Similar results were obtained after
irradiation with gamma rays (data not shown). Furthermore,
treatment with tumor necrosis factor alpha killed the He-
La[AAVj] clones at doses (500 ng/ml) which were not toxic
for cells of the HeLa line (data not shown). In addition, we
could not find any increased sensitivity of cells of AAV
DNA-negative clones (HA-14, HA-21, and HA-26) to treat-
ment with MNNG and UV irradiation. After treatment with
these agents, no enhancement of AAV transcription or
amplification of AAV DNA could be found (data not shown).

(iii) Sensitivity of HeLa[AAVil clones to parvovirus H-1. It
has been reported that malignant transformation sensitizes
cells to the lytic effect of the autonomous parvoviruses H-1
and minute virus of mice (11, 12, 16, 47). Hence, sensitivity
to these viruses might be considered a marker for the
transformed phenotype. Therefore, we tested the sensitivity
of HeLa[AAVj] clones to H-1 infection. It could be shown
that HeLa[AAV1] clones displayed CPE from H-1 later than
HeLa cells. HeLa cells were killed within 2 days, whereas
HeLa[AAVj] clones were not lysed until 4 days after infec-
tion with H-1 (data not shown).

(iv) Properties of HeLa[AAVJ clones in vivo. In order to
check these in vitro findings, we inoculated HeLa cells as
well as HeLa[AAVj] clones (HA-3x and HA-16) into nude
mice. As shown in Fig. 7, tumors established from HeLa
[AAViJ clones grew more slowly than HeLa-derived tumors
and were highly susceptible to irradiation with gamma rays.
The reduced growth rate and enhanced susceptibility to
genotoxic stress in vivo parallel the in vitro findings de-
scribed above.

Southern blot analysis of DNA extracted from tumor
tissues from irradiated and nonirradiated animals revealed
no gross rearrangements of the integrated AAV DNA during
growth in vivo. Similar to the results in cell culture, AAV
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FIG. 7. Growth in vivo of tumors from HeLa cells (x) and from

AAV DNA-containing HeLa cell clones HA-3x (-+-) and HA-16
(0). (A) Cells (5 x 105 in 100 ,ul of PBS) were injected subcutane-
ously into nude mice at day 0. Tumor growth was elucidated by
measuring two diameters of each tumor to determine the tumor size.
(B) To analyze the sensitivity of cells with integrated AAV DNA to
cytotoxic agents in vivo, tumors from one group of animals were
irradiated with gamma rays (10 Gy) at day 14. After irradiation, cells
with integrated AAV DNA displayed an increased sensitivity to
gamma rays.

transcripts could not be detected (Northern blot analysis) in
tumor tissues of animals and were not induced by irradiation
(data not shown). This again parallels our findings in cell
culture (see above).

Transcription of HPV-18 in HeLa[AAV1l clones. HeLa cells
contain integrated HPV-18 DNA (8). The expression of these
viral genes is linked to the transformed phenotype of this
cervical carcinoma cell line (58). Therefore, we analyzed
whether integration of AAV DNA into the genome of HeLa
cells would influence the arrangement of DNA or the expres-
sion of HPV. The integration pattern of HPV-18 DNA was
found to be unchanged (data not shown), and transcription of
HPV genes was not altered in the cells with integrated AAV
DNA (Fig. 8A). The level and pattern of transcripts of HPV
found in HeLa cells and in HeLa[AAVi] clones also re-
mained unchanged after treatment of HeLa[AAVi] clones
with the genotoxic agents mentioned above (Fig. 8B).

DISCUSSION

We report here the consequences of integration of AAV
DNA into the human cervical carcinoma cell line HeLa.
HeLa-derived cellular clones containing AAV DNA (HeLa
[AAVi] clones) are downregulated in their growth properties
in vitro as well as in vivo. HeLa[AAVi] clones grow more
slowly and require higher serum levels than the parental
HeLa cells, paralleling findings on AAV-infected normal and
malignant human cells (1, 3). The reduced growth rate was
confirmed by in vivo experiments showing reduced growth
of tumors established from these clones (in immunodeficient
nude mice) compared with tumors from the parental HeLa
cells. In addition, HeLa-derived clones with integrated AAV
DNA were found to be sensitized to the effects of genotoxic
influences: enhanced cell killing (compared with the HeLa
cell line) could be observed after treatment of the He-
La[AAVi] clones with MNNG or tumor necrosis factor alpha
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FIG. 8. Northern blot analysis of transcription of HPV-18 in the
HeLa-derived clones with AAV-2 DNA integrated in the genome
compared with that in parental HeLa cells and in cells of the human
keratinocyte line HaCaT (negative control). Total cellular RNA was
extracted by the acid guanidinium thiocyanate-phenol-chloroform
extraction technique. RNA (10 ,ug per lane) was separated by
electrophoresis through a 1% agarose gel in MOPS buffer, blotted to
a nylon membrane (Gene-Screen), and probed with radiolabeled
HPV-18 DNA. Markers indicate the size of human 28S rRNA (4.805
kb) and human 18S rRNA (2.0 kb). (A) Compared with the relative
amounts of RNA loaded onto the gel (ethidium bromide staining of
the gel; left), the hybridization signals revealed no alteration of
HPV-18 transcription after integration of AAV DNA into the
genome of HeLa cells. (B) Northern blot analysis of total cellular
RNA of the HeLa-derived cellular clones HA-16 and HA-3x, 8 h
after treatment with MNNG (50 mM) and DMBA (20 mM). RNA
was extracted by the acid guanidinium thiocyanate-phenol-chloro-
form extraction method. Ten micrograms of RNA from each sample
was separated through a 1% agarose gel in MOPS buffer, blotted to
a nylon membrane (Gene-Screen), and hybridized with [a-32P]
dTTP-labeled HPV-18 DNA and subsequently with [a-32P]dTTP-
labeled ,B-actin DNA to compare the amounts of RNA loaded per
track. Markers indicate the positions of human 28S rRNA (4.805 kb)
and human 18S rRNA (2.0 kb). Hybridization reveals no alteration
of HPV-18 transcription after treatment with the drugs.

and irradiation of the cells with UV light or gamma rays as
well as by short incubation of the cells at 42°C (heat shock).

It has been shown that AAV-2 infection can lead to
perturbation of the cell multiplication sequence by inducing
cell cycle arrest in the G2 phase (2, 3, 60). Possibly, some
stages of the cell cycle are disturbed in AAV DNA-contain-
ing cells. This might involve prolongation of stages in which
cells are particularly sensitive to genotoxic stress. Also,
tumors derived from HeLa[AAVj] clones displayed an en-
hanced sensitivity to gamma irradiation compared with
tumors established from HeLa cells. The alteration of
growth properties and the sensitization to (genotoxic) stress
seem to be independent of the number of integrated AAV

DNA copies or of efficient transcription and expression of
parvoviral genes. There is no significant expression of AAV
genes (as detectable by Northern blot and Western immu-
noblot analysis) either in vitro or in vivo in the AAV
DNA-containing clones (with the exception of a very weak
transcription of the rep gene in HA-16). Also, after treatment
with cytotoxic agents, expression of AAV genes was not
induced. It might be possible that integrated AAV DNA
structures play a role in the alteration of biological properties
of the clones described here. It has been shown that AAV
DNA (especially sequences of the AAV origin of replication
[oni] and of the terminal repeats) can interact with cellular
factors. By Southwestern (DNA-protein) blot analysis, four
different nuclear proteins with increased affinity to the on
region or specific regions within the terminal repeats ofAAV
DNA could be identified after treatment with MNNG (63).
These finding were confirmed by band shift analysis. Dirsch-
nabel reports a comparable affinity of simian virus 40 core on
and sequences of the regulatory region of c-myc for these
DNA-binding proteins (20). It might therefore be possible
that DNA-binding proteins play a role in the phenotypic
alterations of cells containing AAV DNA.

It will be necessary to clarify the significance of our
observation that AAV DNA is integrated essentially at sites
on the long arm of chromosome 17 (in the three repre-
sentative cellular clones HA-3x, HA-16, and HA-28).
Whether this points to integration sites in HeLa cells involv-
ing specific genes is currently under investigation. Integra-
tion into chromosome 17 is at variance with the results of
other reports on frequent integration of AAV DNA in
chromosome 19 in different human cell lines (32, 33, 51). It
has not been reported whether these cells also show pheno-
typic alterations. Hence, the available data probably point to
preferential rather than to specific (unique) integration sites
for AAV (possibly depending on the infection protocol and
the cell lines investigated).
Our observations on tumor cells with integrated AAV

DNA hint to a partial reversion of the transformed pheno-
type (e.g., enhanced serum requirement, increased space
between attached cells, reduced colony formation in semi-
solid medium, and reduced tumor growth in animals) accom-
panied by an enhanced sensitivity to toxic agents. This is
further stressed by a reduced sensitivity of HeLa[AAVj]
clones to the cytolytic effect of parvovirus H-1. The permis-
siveness of cultured cells to H-1 CPE seems to indicate a
transformed phenotype of the cells (11, 12, 16, 45).

Serological findings suggest a reduced cancer risk for
individuals latently infected with AAV (see the introduc-
tion). Considering the enhanced sensitivity of HeLa[AAVj]
clones to genotoxic stress in vitro and in vivo, it is tempting
to speculate that populations of cells with integrated AAV
DNA emerging after natural infection would be more sensi-
tive to genotoxic hits. Such hits are supposed to take place
sequentially in a cell on its way to full tumorigenic transfor-
mation (36). According to our observation, cells with inte-
grated AAV DNA would possibly be killed preferentially by
genotoxic events, thus reducing the probability of such cells
becoming transformed. To substantiate this hypothesis, it
will be necessary to establish whether integration of AAV
DNA also occurs in natural infections and whether specific
target cells or organs can be identified.

Sensitization of cells to genotoxic stress has also been
observed shortly after infection of culture cells with AAV (2,
25). Whether this phenomenon involves integration of AAV
DNA remains to be determined. In addition, it will be
necessary to investigate whether infection of tumor cells in
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vivo leads to integration of AAV DNA. Since integration of
the DNA of this nonpathogenic virus influences the growth
rate of tumors as well as enhances the sensitivity of tumor
cells to "toxic" treatment or irradiation, this could give rise
to novel concepts in cancer treatment.
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