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Abstract

The adenovirus E1A proteins are involved in the transcriptional acti-
vation of viral and cellular genes needed for controlling cell cycle and
virus replication. Undifferentiated embryonic carcinoma cells have the
ability to produce an E1A-like activity that can induce the expression of
E1A-targeted adenoviral and cellular genes in the absence of the E1A
products. Differentiated embryonic carcinoma cells lose the ability to
produce the E1A-like activity. In this study, we investigated the E1A-like
activity in cancer cellswith an adenovirushaving a mutated Elagene. The
mutation is generated by theinsertion of alarge DNA fragment in the Ela
gene and interrupts the COOH-terminal region of both the E1A 12S and
13S proteins. The Ela-mutated virus can efficiently replicate in HepG2
and Hep3B liver cancer cellsand produce high titers of virus. Replication
of the Ela-mutated virusinhibitstumor formation and destroystumorsin
vivo. The results obtained in this study imply that cancer cells may
produce an E1A-like activity to support the selective replication of mu-
tated virus in cancer cells. In addition, we found that although the
Ela-mutated virus could not replicate in Huhl.cl2 liver cells, the viral
DNA could amplify in the cells. This result suggests that replication of
adenoviral DNA is necessary, but not sufficient, for generating infectious
viral progeny and destroying tumor cells.

Introduction

The human adenovirus genome is composed of double-stranded,
linear DNA ~36 kb in size. The viral genes are divided into early (E)
and late (L) genes relative to the onset of viral DNA replication. The
E1 region contains two sets of genes, Ela and Elb, regulating cell
proliferation and apoptosis; the E2 genes encode three proteins di-
rectly involved in viral DNA replication. Adenoviral vectors have
been developed for the delivery of therapeutic genes into tumor cells
to enhance the ability of host immune systems against tumors, render
cancer cells sensitive to selective drugs, or replace the lost function of
cancer suppressor genes. The inability of replication-deficient adeno-
viruses to sufficiently transduce the bulk of tumor cells, adirect result
of tumor size and impenetrability, is a major obstacle to successful
cancer gene therapy. Tumor-selective replication of adenovirus is a
promising solution to the current problems in cancer gene therapy.

ONY X-015 (originally caled di1520; Ref. 1) contains adeletion in
Elb gene coding for the E1IB55K protein, which binds the tumor
suppressor protein p53 (2, 3). It was hypothesized that a virus without
E1B55K cannot interact with p53 and therefore was unable to repli-
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cate in p53 WT* cells but could replicate in tumor cells with already
dysfunctional p53 (4, 5). The mechanism for ONY X-015 replication
in cancer cells needs to be further studied because multiple reports
have suggested that ONY X-015 could replicate in both p53 WT and
mutated cells (for areview, see Ref. 6). In Phase |11 clinical trials,
the ONY X-015 virus was generally well tolerated at high doses, but
single-agent efficacy with the virus alone has been limited (7).

Adenovirus Ela is the first transcription unit to be expressed on
adenoviral infection of cells. The E1A proteinsareinvolved in diverse
cellular functions, including induction of the host cell to enter the S
phase of the cell cycle, protection of the infected cell from various
antiviral defenses, and transcriptional activation of viral genes needed
for viral DNA replication (8). There are two major Ela products, the
12S and 13S proteins. The E1A 13S protein contains three conserved
regions (CR1, CR2, and CR3), whereas the E1A 12S protein contains
two of the conserved regions (CR1 and CR2). Both E1A 12S and 13S
proteins bind to the pRb protein through CR1 and CR2 to release E2F
from the E2F-pRB complex (9, 10). The E2F is then free to activate
the viral E2 promoter and some cellular promoters for virus propa-
gation. Fueyo et al. (11) hypothesized that adenovirus with deleted
E1A CR2 would be able to replicate in cancer cells with disrupted
pRb function, while sparing the normal cells with functional pRb.
They constructed an adenovirus (AdA24) with deletion of a 24-bp
region in the CR2 and tested it with mutated and WT pRb cells. They
reported that AdA24 replicated in and lysed pRb-mutated cancer cells
with great efficiency.

In this study, we investigated the possibility of an adenoviral
E1A-like activity in cancer cells that may enhance virus-selective
replication. Shenk et al. (12) have demonstrated that Ela-deleted
adenovirus could replicate in Hela cells and release viral progeny
when cells were infected at high MOI. Undifferentiated embryonic
carcinoma F9 cells, as well as human cancer cells, have long been
recognized to allow a high level of uninduced expression of the heat
shock (hsp70) gene (i.e., HeLa cells) and harbor the E1A-like activity
(13). Glotzer et al. (14) recently showed that a heat-shock responseis
aspecific virus function for ensuring proper synthesis of viral proteins
and virus replication. Therefore, Ela-mutated viruses may replicate in
cancer cells that produce an E1A-like activity. To test the E1A-like
activity and selective replication of Ela-mutated adenovirusin cancer
cells, we have studied viral DNA replication, virion release, and tumor
repression with an adenovirus in which a large DNA fragment has
been inserted into the Ela gene. We found that the insertion-mediated
virus can replicate in liver cancer cells (HepG2 and Hep3B) as
efficiently as a WT adenovirus can. We also found that the mutant
failed to produce viral progeny in Huhl.cl2 liver cancer cells and in
other normal cells, but the viral DNA could be amplified in Huh1.cl2

4The abbreviations used are: WT, wild type; MOI, multiplicity of infection; PFU,
plague forming unit(s); IFU, infectious unit(s); Ad5, adenovirus type 5; CPE, cytopathic
effect.
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cells. This result implies that amplification of adenoviral DNA is
necessary, but not sufficient, for generating infectious viral progenies
and destroying tumor cells.

Materials and Methods

Cells, Plasmids, and Viral Vectors. 293 cells contain chromosome-inte-
grated adenovirus sequences extending from the left end to nucleotide 4344
(15). E2T is an E1 and E2a double-complementing cell line derived from the
293 cell line (16). Hep3B, HepG2, and Huhl.cl2 (17) are liver cancer cells
derived from human hepatocellular carcinoma. Both Hep3B and HepG2 were
obtained from the American Type Culture Collection (Rockville MD), and
Huhl.cl2 was a gift from Dr. T. Tamaoki (University of Calgary, Cagary,
Alberta, Canada). Hep3B is p53 negative, and HepG2 is a p53 WT cell line
(18). The p53 status for Huhl.cl2 has not been determined.

The pBHGES plasmid (19) contains adenovirus genomic DNA in plasmid
form. Plasmid pAE1spALl is an adenovirus shuttle plasmid with an E1 deletion
from 342 to 3523 bp (19). The above adenovirus plasmids were kindly
provided by Dr. F. Graham. Cotransfection of pBHGE3 and pAE1spAl plas-
mids into E2T cells resulted in an adenovirus with deletion of the entire E1
region designated AdAE1 (20). Adhz3 (AdFG140) was rescued from the
pFG140 plasmid (21) in 293 cells after transfection. The virus contains a
2.2-kb fragment inserted in the Xbal site, at 1339 bp counted from the left end
of the adenovirus genomic DNA (GenBank accession no. M73260). The
2.2-kb fragment is the backbone of pFG140 plasmid containing replication
origin and ampicillin marker for the plasmid replication and selection in
bacteria. The 2.2-kb fragment inserted in Adhz3 disturbs the sequence coding
for E1A 12S and 13S proteins (8). Adhz20 was rescued from pBZ66 plasmid
in E2T cells after transfection (16). Adhz20 contains a deletion of the entire
E2a open reading frame but is otherwise identical to Adhz3. The WT human
Ad5 was obtained from American Type Culture Collection. The four viruses
Ad5, Adhz3, Adhz20, and AJAEL are depicted in Fig. 1.

Virus Purification, Titer, and Structure Determinations. The vira-
infected cells were collected and underwent three rounds of freezing and
thawing to release vira particles. After serial dilution, virus titer was assayed
by measurement of IFU in 293 or E2T cells cultured in 96-well plates (22) or
PFU. Plague purification and assay were performed in six-well plates using
E2T cells as described previously. Plaques appeared ~5-7 days for WT
adenovirus and the E1-deleted Adhz3 and AJAEL and 7-10 days for the E1
and E2a double-deleted Adhz20. Purified viruses were amplified in 293 or E2T
cells for large preparation. Two days after infection, >90% cells showed
CPEs. Viruses were purified from these cells by two rounds of CsCl centrif-
ugation (23) and passed through desalting columns (Econo-Pac, 10 DG;
Bio-Rad, Hercules, CA). One pair of PCR primers, Ad401F (5'-CTCAGGT-
GTTTTCCGCGTTC) covering 401-420-bp sequences of the adenovirus
genomic DNA and Ad1370R (5'-CAGCTATCCGTACTACTATT) covering
1370-1351 bp, was used to confirm the E1 structure in the vectors.

Assessments of CPEs. Various cells were seeded onto six-well plates at
3 X 10° cells/well and cultured overnight. Subsequently, the cultures were
infected with the indicated viruses for 4 h, after which the medium and
unattached virus particles were removed. The cells were fed with fresh medium
and observed daily for CPE.

Viral DNA Replication Assay. The cells were divided into 10-cm dishes
at 2 X 10%dish. The next day, the cells were infected with virus at an MOI of
1. The cells were collected at different times after infection. Subsequently, the
DNAs were isolated from the cells for Southern blot analysis. DNA samples (5
ng each), digested with Kpnl, were added to 0.8% agarose gel for electro-
phoresis and transblotted to a Hybond-N* membrane (YA3609; Amersham
Pharmacia Biotech, Arlington Heights, IL). To prepare the probe for the
Southern blot, 100 ng of pBHG10 (19) DNA were aso digested with Kpnl,
denatured for 5 min in boiling water, and then cooled on ice for 5 min. The
reaction buffer, labeling reagent, and cross-linker were added to the DNA
following the protocol of the AlkPhos DIRECT kit (RPN 3690; Amersham
Pharmacia Biotech). The reaction was carried out at 37°C for 30 min. Prehy-
bridization was performed for 15 min at 55°C, with 0.125 ml of hybridization
buffer/cm?. The probe was added to the hybridization buffer at 10 ng/ml, and
hybridization was performed overnight at 55°C with gentle agitation. For
detection, the blot was drained after hybridization, and CDP-Star detection
reagent was added onto the blot membrane at 30 wl/cm? and kept at room
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Fig. 1. Structure of viruses. A, depiction of viruses. The 103-bp ITRs are located on the
left and right termini of the Ad genome. Open bars, Ela gene; hatched bars, E1b gene.
A\, insertion in the Ela gene. Dashed open bar, deletion of E2a open reading frame. B,
PCR analysis of insertion and deletion in the Ela gene of these viruses. Two PCR primers
(Ad-401F and Ad-1370R) that flank the insertion site were used for analysis of thisregion.
AdAE1 with deletion of Elaand E1b could not be amplified by PCR. Insertion of a2.2-kb
segment in Adhz3 and Adhz20 produced a PCR fragment of 3.17 kb. PCR reaction with
the WT Ad5 produced a 0.97-kb fragment.

temperature for 5 min. Then, the membrane was exposed to film for ~1 min
before development.

Animals. The animal studies were carried out at the animal facility of
Baylor College of Medicine in accordance with institutional guidelines. Male
athymic nude mice, 3 weeks old, were obtained from Harlan Sprague Dawley
(Indianapalis, IN). Animals had unlimited access to food and water and were
housed at a maximum of 5 mice/cage in a barrier care room. The mice were
used when they were 6 weeks old.

Mouse Tumor Model Studies. The antitumora efficacy of Adhz3 and
Adhz20 was tested in vivo. Hep3B cells were harvested from tissue culture
flasks with trypsin treatment. The viability of the cells at this point was
determined by trypan blue exclusion and was typically >95%. The cells were
then washed with serum-free medium and suspended at 1 X 107/ml in serum-
free medium. Cells (0.1-ml samples at 1 X 10°) were injected under the skin
of nude mice (6 weeks old). Tumor volume was determined by measuring
tumor size with calipers. When tumor size reached ~40 mm?® (~21 days),
1 X 10° PFU of Adhz3 or Adhz20 was injected directly into tumors (n = 10
for each group). After 3 days, a second injection with the same amount of virus
was delivered. The animals were sacrificed when the primary tumor reached
10% of body weight or at 3 months when the study was ended.

Results

Structure of Viruses. Adhz3 was rescued from plasmid pFG140
that contains an insertion of a 2.2-kb segment in the E1A region at
1339 bp of the Ad5 genome. Insertion in this region interrupts
trandation of the COOH terminus for both E1A 12S and 13S proteins
(8, 21). Adhz20 was rescued from plasmid pHZ66 with a deletion of
the E2a open reading frame (Fig. 1A). Except for the E2a deletion,
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Adhz20 isidentical to Adhz3. As E2a gene expression is essential for
viral replication, Adhz20 was amplified in E2a-complementing E2T
cells. TheWT Ad5 and avira vector ADAEL with the entire E1 region
deleted were also used in this study as controls (Fig. 1A).

Because of DNA sequence overlap in the E1 region between Ad
vector DNA and the complementing cellular DNA, propagation of the
E1-mutated vectorsin 293 cells may introduce E1 WT sequences into
the vectors through homologous recombination. Two PCR primers
(Ad-401F and Ad-1370R) that flank the insertion site of Adhz3 and
Adhz20 were designed for analysis of this region. All of these Ad
vectors contained the appropriate E1 region as shown by PCR anal-
ysis. As expected, the E1-deleted AJAEL1 without DNA sequences
complementary to the primers did not generate any PCR fragments.
PCR reaction with the WT Ad5 produced a 0.97-kb fragment. Inser-
tion of a 2.2-kb segment at 1339 bp in the Ela region of Adhz3 and
Adhz20 increased the size of the PCR fragment to 3.17 kb (Fig. 1B).

Replication of the Ela-mutated Virus in Liver Cancer Cells.
We first tested replication of the Ela-mutated adenovirus in various
cancer cell lines. Two normal human cell lines, liver line WRL-68 and
skin line Hs27, aso were included as controls. Adhz3 caused CPEsin
multiple cancer cells, including Hel a, Hep3B, HepG2, DU145, and
Ab49, at 2-3 days after infection at an MOI of 10. However, the
Ela-mutated virus could not cause CPE in the normal cells (WRL-68
and Hs27) and other cancer cells (Huhl.cl2, MRC-5, LNCaP, and
PC-3) at an MOI of 10 (data not shown). The strongest CPE effects
were observed in two liver cancer cell lines, Hep3B and HepG2, even
at an MOI of 0.5.

In another experiment, all three cell lines were infected with Adhz3
a an MOI of 1. Complete CPE was observed in the Hep3B and
HepG2 cultures at day 3 after infection with Adhz3, but no CPE was
seen in the Huhl.cl2 cells (Fig. 2A). Whether replication of the
Ela-mutated virus still depends on viral replication proteins or Hep3B
and HepG2 cells have developed a specific mechanism to support
Ela-mutated virus DNA replication was unclear. To study this ques-
tion, Adhz20 (with deleted E2a coding for the single-stranded DNA-
binding protein) was used to infect the three liver cancer cell lines.
DNA-hinding protein is one of the three viral proteins essential for
viral DNA replication. Adhz20 did not cause any CPE in all three cell
lines (Fig. 2A). The CPE caused by Adhz3, but not Adhz20, in Hep3B
and HepG2 suggested that replication of the Ela-mutated virus still
depends on the viral replication mechanism.

To compare thetiters of viruses propagated in Hep3B cells, we used
WT Ad5, Adhz3, Adhz20, and AdAEL to infect Hep3B cells at an
MOI of 1. After 3 days postinfection, the cells infected with WT Ad5
and Adhz3 showed complete CPE and flowed in the medium as we
expected, whereas the cellsinfected with Adhz20 and AdAEL did not.
The titers of Adhz3 generated in Hep3B cells were similar to that of
the WT Ad5 (Fig. 2B). Hep3B cells increased the titer of the Ela-
mutated vector Adhz3 about four to five orders of magnitude during
the infection. However, the titers of Adhz20 and AJAE1 were even
lower than the titer of virus added in infection (10° IFU, indicated
with a dashed line). The above studies further confirmed that Adhz3
with insertionin Elais capable of selectively killing liver cancer cells,
whereas the controls of the E2a-deleted virus Adhz20 and E1-deleted
virus AdAE1 cannot replicate in the liver cancer cells.

Viral DNA Replication I's Essential, but not Sufficient, for Viral
Progeny Production. The Ela-mutated Adhz3 could propagate well
and cause significant CPE in Hep3B cells but not in Huhl.cl2 cells
(Fig. 2A). This may be caused by poor adsorption and entry of the
vector into the Huhl.cl2 cells or alack of vira genome DNA repli-
cation in this cell line. To compare vector entry and DNA replication,
Hep3B and Huhl.cl2 cells were infected independently with Adhz3 or
Adhz20 at an MOI of 1. After 4 h of infection, the unabsorbed virus
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Fig. 2. A, comparison of CPEs of Adhz3 and Adhz20. Adhz20 could not replicate in
all tested cells. Adhz3 caused CPE in Hep3B and HepG2 cells and resulted in the cells
floating. Adhz3 could not cause CPE in Huhl.cl2 cells. All microscopy is originaly at a
magnification of x40 at 3-day postinfection. B, virus produced in Hep3B cells. The
Hep3B liver cancer cells were infected with WT Ad5, Adhz3, Adhz20, or AdAEL at an
MOI of 1. The cultures were collected after 3 days of infection and went through three
cycles of freezing and thawing to release viruses from the cells. Lysates were serially
diluted to determine the titers in an E1- and E2a-complementing cell line, E2T. The titers
of Adhz3 generated in Hep3B cells were similar to those of the WT Ad5. The titers of
Adhz20 and AJAEL were lower than the levels of virus added in infection. Dashed line,
the level of viruses added in the cultures.

particlesin the mediawere removed, and fresh mediawere added. The
infected cells were collected at days 0 (4 h), 1, 2, and 4 after infection.
The total DNAs were isolated from collected cells, digested with the
restriction enzyme Kpnl, and applied on agarose gel at 5 ug of
DNA/well for Southern blot analysis.

The Southern blot results showed that viral particle entries in
Hep3B and Huhl.cl2 cells were equal, as demonstrated by the viral
DNA density at day O (Fig. 3A). The results also showed that Adhz3
DNA replicated very well, and the viral DNA significantly increased
after 4 days in Hep3B cells. As Adhz3 could not cause CPE in
Huhl.cl2 cells, we expected that the Adhz3 might not replicate in
Huhl.cl2 cells. However, we were surprised to find that the Adhz3
viral DNA could also replicate in Huhl.cl2 cells, resulting in an
~1000-fold increase of DNA in 4 days, athough at a much lower rate
compared with that of the same virus in Hep3B cells (Fig. 3A). The
Adhz20 with the deleted E2a gene could not replicate in both cell
lines.
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Fig. 3. A, Southern blot analysis of the vira
DNA amplified in Hep3B and Huhl.cl2 cells. The '
probe was pBHG10 plasmid DNA, which con-
tained most of adenovirus 5 genome. The DNAs
were isolated from cells at days 0, 1, 2, and 4 after
infection and fragmented with the restriction en-
zyme Kpnl. Viruses could infect both Hep3B and
Huh1.cl2 cells as indicated by the weak bands at
day 0. Adhz20 with deletion of the E2a gene could .
not replicate in Hep3B and Huhl.cl2 cells. Repli-
cation of Ela-mutated Adhz3 was effective in
Hep3B cells. B, growth of viruses in Hep3B and
Huhl.cl2 cells. Growth of Adhz3 and Adhz20 in
Hep3B cellsis shown on the left, and growth of the
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Fig. 3A shows that Adhz3 DNA replication in Huhl.cl2 cellsis
delayed and decreased in comparison with Hep3B cells. We further
tested infectious virus production in Hep3 and Huhl.cl2 cells at
different time points. The Hep3B and Huhl.cl2 cells infected with
either Adhz3 or Adhz20 viruses were collected for measuring viral
progeny production after infection. Serial dilutions were titered on
E2T cells. The results showed that Adhz3 could propagate in
Hep3B and increase its titer to 10'° IFU/ml. However, Adhz3
could not produce infectious virus particles in Huhl.cl2 cells even
at a later time point (Fig. 3B). The cells also did not show CPE at
5-7 d after infection. In addition to finding that the Adhz3 viral
DNA could replicate in the Huhl.cl2 cells with decreased effi-
ciency, we also found that the viral late protein (fiber) produced by
Adhz3 was significantly lower in Huhl.cl2 than in Hep3B cells
(data not shown).

Ela-mutated VirusInhibits Tumor Growth in Vivo. The Hep3B
cells were harvested and injected under the skin of nude mice. When
tumor size reached ~40 mm?®, the tumor was injected with Adhz3 or
Adhz20 (two injections speared 3 days, 1 X 10° PFU in each injec-
tion). Afterward, tumor size was checked once a week. The tumors
injected with Adhz3 grew much slower (Fig. 4A). However, the
tumors injected with Adhz20 grew very rapidly. At days 50—60, the
mice treated with Adhz20 either died or had to be sacrificed because
of large tumor size. In contrast, al of the mice treated with the Adhz3
virus survived >70 days, and 7 of 10 mice survived >100 days, the
time the experiment ended (Fig. 4B).

In another experiment, we let the tumors grow to larger sizes (~250
mm?). In this case, intratumoral injection of Adhz3 did not efficiently
inhibit tumor growth, and all mice died before 100 days (data not
shown). As Adhz3 viral particles produced in the infected Hep3B cells
likely further infected neighboring tumor cells in vivo, why was
Adhz3 unable to efficiently inhibit larger tumors? One explanation
could be the poor distribution and spreading of virus in the larger
tumor mass. To test this, Hep3B cells were first infected either with
Adhz3 or Adhz20 for 4 h. Then the virus-infected Hep3B cells were
washed with PBS to remove virus particles in the culture medium and
mixed with uninfected Hep3B cells. The infected and uninfected
Hep3B cells were mixed at a ratio of 1:10 in the mixture. Then
1 X 10° of the total well-mixed cells were injected under the skin of
nude mice. By doing so, the viral-infected Hep3B cells were in close
contact with the uninfected cells. Viruses replicating in and released
from the infected cells could have easily infected the other tumor
cells. The mixture containing Adhz3-infected cells was injected into
theright side of the mice, and the mixture containing Adhz20-infected
cellswas injected into left side. After 50 days, all of the tumors grew
on the left sides that were injected with the cells infected by the
nonreplicated Adhz20 virus. However, not a single tumor formed on
the right side injected with Hep3B cells with partial infection of
Adhz3 (Fig. 4C). The results demonstrated that Adhz3 can inhibit the
tumor formation and spread from infected cells to noninfected cellsin
vivo only when these cells are closely contacted.
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Fig. 4. In A, the Hep3B cells were injected under the skin of nude mice. After 3 weeks,
the tumors were injected with either Adhz3 or Adhz20 virus twice. The tumor size was
followed. In B, the mice treated with the control virus Adhz20 either died or were
sacrificed because of large tumor size after 60 days. Seven of 10 mice treated with the
Ela-mutated Adhz3 virus survived >100 days. C, inhibition of tumor formation by viral
infection. The Hep3B cells were infected with either the Ela-muated Adhz3 or control
Adhz20 with deletion of E2a. The infected cells then were mixed with uninfected Hep3B
cellsat aratio of 1:10 (infected:uninfected). The mixtures were injected under the skin of
nude mice. The mixture containing Adhz3-infected cells was injected into the right side
of the mice, and no tumors formed on this side. The mixture containing Adhz20-infected
cellswas injected into the left side, and all of the injections resulted in tumor formations.

Discussion

The study of mutated adenovirus replication in cancer cells is of
great interest because the mechanisms involved may reflect funda-
mental properties of tumor cells that we do not fully understand, and
such study also may lead to the development of more efficient and
specific adenovirus vectors for cancer gene therapy. Adenoviruses
with mutated Ela (11) or E1b (4) are able to replicate in cancer cells.
In this study, we analyzed the replication of a virus with insertion-
mutated Ela in liver cancer cells. In Adhz3, a large insertion of a
2.2-kb segment at 1339 bp of adenovirus genome interrupts expres-
sion of E1A 12S and 13S (8, 21). Therefore, the activities of the E1A
proteins would have been at least partially inactivated. Unlike WT
adenovirus, Adhz3 did not efficiently replicate in Huh1.cl2 and other
cells but was still able to replicate in the aggressively growing liver
cancer cells, Hep3B and HepG2 (Fig. 2). Adhz3 replication in liver
cancer cells significantly inhibited tumor formation and growth in
vivo (Fig. 4). Thisiis the first report to show that adenovirus with an
insertion-mutated Ela selectively replicated within and killed cancer
cells.

This selective replication of Adhz3 in Hep3B and HepG2 cells
implies that these liver cancer cells may produce a cellular factor with
an E1A-like activity that can partially replace the functions of proteins
coded by the Ela gene (12). Imperiale et al. (13) observed that Ela
gene products induced the expression of the viral E2a gene and the
cellular heat shock (hsp70) gene and that this E1A-like transcriptional
activity is harbored in F9 cells in the absence of E1A. Studies on an
E1A-like activity led to the discovery of the E2F/pRb pathway in cell
cycle regulation. E1A proteins bind to pRb to free E2F from the
E2F/pRb complex. The released E2F protein interacts at the E2F sites
of the viral E2a promoter via the E2F/DP complexes and increase
transcription of the viral gene essential in viral DNA replication (10,
24). However, the identification, isolation, and characterization of this
E1A-like activity remain to be carried out.

Our study suggests that liver cancer cells may harbor an E1A-like
activity that allows replication of the Ela-mutated Adhz3 in these
cells. However, Adhz3 could not cause CPE and generate infectious
virions in Huhl.cl2 and other cells. One explanation is that Huhl.cl2
cells may lack the adenovirus receptor CAR on its surface; therefore,
virus adsorption and entry into the cell are prohibited. The Southern
blot results demonstrated that the viruses entered the Huhl.cl2 as well
as Hep3B. We aso found that the Ela-mutated virus could readily
replicate its DNA within the cells (as demonstrated when the viral
DNA increased ~1000-fold at 4 days after infection; Fig. 3). But
Adhz3 could not cause CPEs and produce infectious viral progeny in
Huhl.cl2 cells. Our study suggested that Huhl.cl2 cells might not
provide late proteins to package the replicated viral DNA into infec-
tious particles. This study demonstrated that viral DNA replication in
cancer cells is essential, but not sufficient, for the generation of
infectious virus particles and induction of oncolysis.

The major advantage of cancer-selective replication viruses is that
infection of a small portion of tumor cells could result in a spreading
of the virus to the rest of the cancer cells, eventualy killing all of
them. In this study, the Ela-mutated virus could efficiently infect,
amplify, and spread in liver cancer cell monolayers. In vivo study
showed that when tumor size was small, ~40 mm?, direct intratu-
moral injection of the Ela-mutated virus could strongly inhibit tumor
growth. However, when tumor mass was >250 mm?, the virus could
not efficiently inhibit tumor growth. The spread of virus appears
limited within alarge solid tumor mass. When Hep3B cells were first
infected with the Ela-mutated virus and then mixed with uninfected
cells, no solid tumor was formed from the mixed cell injections. This
suggested that the virus did replicate in tumor cells and could release
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virions to infect the uninfected cells in vivo. It is possible that the
overgrown tumor may have devel oped the ability to block infection by
the virus. Other studies have shown that E1b19K-deleted adenovirus
Ad337 was unable to eradicate established flank tumors, athough the
virus could efficiently replicate in A549 lung cancer cellsin vitro (25).
Our and other studies suggested that barriers within the established
tumor, such as the connective tissue and tumor matrix, may limit the
spread of virus.

Although Ela- or Elb-mutated viruses have an advantage of rep-
licating in different cancer cells and could be developed for cancer
therapy, the mechanisms by which these mutated viruses replicate in
cancer cells remain unclear. This study implies that liver and other
cancer cellsmay provide cellular factors that complement the function
of the attenuated Ela to alow vira replication. Characterizing the
E1A-like factorsin cancer cells will help us further understand cancer
biology and enhance the development of viral vectors to selectively
kill off cancer cells.
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