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ABSTRACT

Primary baby rat kidney (BRK) cells were transfected with two different
non-immortalizing mutants of adenovirus type 5 (Ad5) ElA(s) and/or human
papillomavirus type 16 (HPV16) E7(s) to test whether immortalization was
induced by the genetic complementation. Co-transfection of an RB-nonbinding
E1A mutant (d7922/947) and N-terminal E7 mutant (2PRO) formed transformed
foci on BRK cells, but a combination of an N-terminal E1A mutant (NTd/598)
and RB-nonbinding E7 mutant (24GLY) did not. However, NTdl598 plus 24GLY
as well as d1922/947 plus 2PRO produced immortalized BRK cell lines. The cell
lines immortalized by d1922/947 plus 2PRO showed a morphology similar to those
immortalized by Adb E1A ; while cell lines immortalized by NT 7598 plus 24GLY
showed a morphology similar to those immortalized by HPV16 E7. These
results suggest that the RB-binding regions of Ad5 E1A and HPV16 E7 are
mutually replaceable, and that the N-terminal function of El1A is essential for
focus formation and maintenance of transformation morphology. A combination
of RB-nonbinding mutants, E1A d/922/947 plus E7 24GLY, was able to
immortalize BRK cells when introduced together with the Ad5 E1B 19K gene.
The Adb E1B 55K and Bcl-2, which also possess anti-apoptotic activity, did not
increase colony formation of and/or immortalize BRK cells when co-transfected
with d1922/947 plus 24GLY. In a CAT assay E1B 19K, but not Bcl-2, enhanced
E2F-dependent CAT transactivation by Ad5 ElA or d/922/947. ‘Thus, it is
suggested that E1B 19K might complement RB-nonbinding mutants by means of
two activities, suppression of apoptosis and enhancement of E2F-dependent
transactivation.

*To whom requests for reprints should be addressed
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INTRODUCTION

Adenovirus (Ad) E1A and E7 genes of human papillomavirus type 16 (HPV16)
and HPV18 share various biological and biochemical activities. These include
induction of celtular DNA synthesis (1-4), immortalization of primary rat and/or
human cells (5-7), 7as collaborative transformation of primary rat cells (8-11),
transactivation of Ad E2 promoter (9,12,13) and abrogation of c¢-myc induction in
kerationocytes by TGFgG (14-16). Most, if not all, of these activities are closely
associated with interactions of the viral oncoproteins with cellular protein RB,
pl07 and G1 cyclins (17-22).

The E1A regions required for ras collaborative transformation comprise the
nonconserved amino terminus together with conserved region 1 (CR1) and CR2,
which coincide with p300- and RB family-binding domains (10,17,18,23). The N-
terminal 37 amino acids of HPV16 E7 are homologous to amino acid residues 39-
49 and 116-137 of Ad5 EIA (9). Functional analysis using chimeric E7 genes
which were constructed from high-risk HPV16 and low-risk HPV6 E7s revealed
that .7as-collaboration activity of HPV16 E7 was localized in the amino acid
residues 17-29 within the region homologous to Ad5 E1A (24,25). Thus, it is
suggested that the common mechanisms are used in immortalization by E1A or
E7, which involves their association with a set of cellular genes including RB
(26,27).

On the other hand, Ad E1A shows growth-supporting and -inhibitory activities
which HPV E7 does not possess. The Ad5 E1A gene forms transformed cell foci
characteristic of E1A on primary rat cells (5) and induces apoptosis in various
types of cells depending on the N-terminal region and/or CR1 and CR2 domains
(28,29). The HPV16 and HPV16 E7 gene can form foci on some of the estab-
lished rodent cells (30,31), but does not form foci on primary rat cells nor induce
apoptosis in cultured cells like E1A.

To elucidate functional similarities and differences between Adb5 ElA and
HPV16 E7, two different mutants of the viral oncogenes were co-transfected to
primary rat cells to examine whether immortalization could be induced by their
genetic complementation. It was found that the N-terminal function of E1A and
E7 was different in focus-forming ability, and that Ad5 E1B 19K was able to
complement the RB non-binding mutants of E1A and E7. The possible function
of E1B 19K in the complementation of RB non-binding mutants will be discussed.
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MATERIALS AND METHODS

Plasmids

pbXhoC, p5SstE, pXbaC, and pcD2-16E7 carry Ad5 whole E1, Ad5 E1A and
Ad5 E4 regions and HPV16 E7 gene, respectively (32-35). NTd1598 and d[922/947
are recombinant plasmids containing Ad5 El1A genes with deletions at the N-
terminus and in the CR2 of Ad5 ElA, respectively (10). Neither of the mutants
can form complexes with p300 (NTd/598) or RB families (47922/947) (17) nor
transform primary baby rat kidney (BRK) cells in collaboration with the
activated ras gene (10). HPVI16 E7 mutants 2PRO and 24GLY contain Pro2 and
Gly24 instead of His2 and Cys24, respectively and cannot transform NIH3T3 cells
nor primary BRK cells in collaboration with the activated ras gene (36,37).
24GLY does not bind RB, while 2PRO does (38).

pcD2-2PRO and pcD2-24GLY were constructed by inserting the whole E7
sequence from 2PRO and 24GLY separately into an SV40-based expression vector
pcD2-Y (35,39). pcD2-12S was constructed by inserting the sequence of Ad5 E1A
125 c¢cDNA (40) into the pcD2-Y. Ad5 El1B-containing plasmids, pCM V19K and
pCMV55K, in which production of E1B 19K and 55K is driven by the cyto-
megalovirus (CMV) early promoter and enhancer, contain Ad5 E1B 19K and 55K
cDNAs, respectively (41). Plasmid d7922/947-E1B was constructed from p5XhoC
by substituting the CR2 fragment by the corresponding sequence of d7922/947.
E2CAT-ATF-A20 contains CAT gene under the adenovirus early promoter E2
from which the ATF site was deleted (42,43). pCH110 eukaryotic assay vector
encodes a g-galactosidase fusion protein (Pharmacia). Bcl-2 expression plasmid
pCMV-Bcel-2 was constructed by inserting the 1.0 kb EcoRI fragment prepared
from pB4 (44) into the CMV-based expression vector pEV3S (45).

PCR primers

A sense primer, 5-CGT AAC TTG CTG GAA CAG AGC-3' (nucleotide po-
sition [n.p.] 1753 - n.p. 1773, 46) and an antisense primer, 5-TTC TTG TGT CTG
ACA ACC GC-3’ (n.p. 2105 - n.p. 2086) were used to detect Ad5 E1B 19K mRNA
specifically by RT-PCR (Fig. 3, A). A sense primer for Ad5 E1B 55K mRNA is
5-AGA TCT GGA AGG TGC TGA GG-3’ (n.p. 3328 - n.p. 3347) and an antisense
primer is 5-AAC GAG TTG GTG CTC ATG GC-3’ (n.p. 3625 - n.p. 3606) (Fig. 3,
A). The oligonucleotide primers, 16-C, 5- AAA TAG ATG GTC CAC TG -3’ (n.p.
671 - n.p. 688, 47) and 16-3’, 5’- GAT TAT GGT TTC TGA GAA -3’ (n.p. 860 - n.p.
843), were used to detect the 204 base-pair (bp) E7 sequence of HPV16 (Fig. 4, A).
A sense primer, #1, 5- AAA ATG AGA CAT ATT ATC TG -3 (n.p. 557 - n.p.
576) and an antisense primer, #3, 5- GAT CGA TCA CCT CCG GTA CA -3’ (n.p.
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923 - n.p. 904) can amplify 378 bp band from wild-type (wt) E1A but not from
NTdl598 (Fig. 5, A). A sense primer , #4, 5- GAT CGA TCT TAC CTG CCA
CG -3’ (n.p. 916 - n.p. 935) and an antisense primer, #6, 5- CTT ATG GCC TGG
GGC GTTT -3’ (n.p. 1546 - n.p. 1528) can amplify 385- and 525-bp DNA fragment
from 12S and 13S Ad5 E1A and NTd7598 but not from 41922/947 (Fig. 5, A).

Cells

Primary BRK cells were prepared as described before (7). Briefly, after rat
kidneys were removed from 3- to 5-day-old F-344 rats and minced, cells were
dispersed by treatment in Dulbecco modified Eagle’s medium (DME) containing
500 xg/ml collagenase and 3.3 pg/ml dispase for a total of 90 min at 37C.
Suspended cells were plated at 2.0 to 4.0 X 10* cells/cm? in DME supplemented
with 59 fetal bovine serum (FBS), 30 xg/ml streptomycin and 40 g g/ml peni-
cillin. All the cells and cell lines were cultured in the conditions described above.

DNA transfection and establishment of cell lines

DNA transfection was performed according to the standard calcium-phos-
phate coprecipitation technique of van der Eb and Graham (48) with 15 9% glycerol
treatment (49). For focus formation, primary BRK cells subconfluently growing
in 6 cm dishes were transfected with the HPV16 E7 and/or Ad5 E1A plasmid(s),
and cultured for two to three weeks. For colony formation, BRK cells sub-
confluently growing in 10 cm dishes were transfected with the HPV16 E7 and/or
Ad5 El1A plasmid(s), split equally among five 10 cm dishes 12 to 18 hr after
transfection and cultured in DME with 5 9% FBS, antibiotics and 150 x g /ml G418.

For establishment of BRK cell lines, G418-resistant colonies were isolated
separately using cloning cylinders and cultured in a 24-well plate. When cells had
grown over 50 % of the well surface, they were detached and transferred to a 6-
well plate. After they had grown over 50 9% on the surface of the 6 well plate,
they were transferred to a 10 cm dish. Since BRK cell clones that reached
confluence in the 10 cm dish always became passageable without difficulty (7 and
present work), we considered them to be immortalized.

RT-PCR

For RT-PCR, 5.0 « g of total RNA was treated with 5U of RNase free DNase
I (Promega) at 37°C for 30 min. Reverse transcription was carried out at 37°C for
60 min in 33 x ! of a reaction mixture containing 2 x g of DNase-treated RNA, 60
rng/ml oligo d(T),s primers, 80 xg/ml bovine serum albumin, 1.8 mM each
dNTP, 45 mM Tris-HCI1 (pH 8.3), 68 mM KCI, 9 mM MgCl,, 15 mM DTT, and 50
units of Moloney Murine Leukemia Virus reverse transcriptase (Pharmacia).
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After the reverse transcriptase was inactivated at 94°C for 5 min, PCR was
performed according to the method of Saiki ef al. (50) with a modification (51).
One tenth of the product was amplified in 25 u ! of a reaction mixture containing
10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 1.0 M each primer, 0.2
mM each ANTP, 0.019% (W/V) gelatin and 0.625 unit of Taq polymerase overlaid
with mineral oil. They were subjected to 30 cycles of amplification using a
thermal cycler. Each PCR cycle included one min at 94°C, 2 min at 55°C and 2
min at 72°C. After amplification, 10 x/ of the reaction products were fractio-
nated on 3% or 1% agarose gel and then visualized by staining with ethidium
bromide.

Transient CAT expression assay

CAT assay was performed actording to the method of Gorman ef al. (52).
CV1 cells were transfected with E2CAT-ATF-A20 and pCH110 in the presence or
absence of viral or cellular genes. Transfection was carried out as described
above and transfected cells were cultured for 70 hr. Then, each cell extract was
subsequently assayed for both CAT and g-galactosidase activities. The £-
galactosidase activity, used as an internal control in each dish, was measured
according to the mothod of Nielsen et al. (563). 30 ux/ of cell extract was added to
500 g ! of buffer Z (10 mM KCl, 1 mM MgSO,, 50 mM 2-mercaptoethanol, 100
mM sodium phosphate, pH 7.5 ) and preincubated at 37°C for 5 min. Then 100 zx !/
of o -nitrophenyl-g-D-galactopyranoside (Sigma, 4 mg/ml in 100 mM sodium phos-
phate, pH 7.5) was added and the mixed solution was incubated at 37°C for 3 hr.
After the reaction was terminated by Na,CO,; , absorbance at 420 nm was
measured. To assay the CAT activity, 70 u/ of each cell extract was incubated
with C-chleramphenicol and 4 mM acetyl CoA (Pharmacia) in 250 mM Tris-pH
7.8 at 37C for 30 min. After analysis by ascending thin layer chromatography,
the conversion rate was determined using the image analyzer (Fuji BAS2000).

RESULTS

Focus formation of primary BRK cells by E1A and/or E7 mutants

Ad5 E1A gene forms transformed cell foci on primary BRK cells as shown in
Fig.l, A, while HPV16 E7 does not (Table 1). In order to test if the E1A
mutants can be complemented by other E1A or E7 mutants, BRK cells were co-
transfected with Ad5 E1A and/or HPV16 E7 mutants (Table 1). None of the
Ad5 EIA mutants, one of which is defective in the N-terminus (NTd/598) and
another one in the CR2 domain (41922/947), formed foci on BRK cells (Table 1).
These two E1A mutants complemented each other to form foci on primary BRK
cells (Fig. 1, B, Table 1). Co-transfection of E1A d/922/947 and the N-terminal
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Fig. 1 Morphology of transformed cell foci on BRK cell culture. An edge of a focus induced
by transfection of wt Ad 5 E1A (p5SstE) (A), EIA NTd/598 + E1A d1922/947 (B), E1A
dl922/947 + E7 2PRO (C), E1A d1922/947 + E7 24GLY (D) (see also Table 1). Cells
were fixed by methanol and stained by Giemsa.

Table 1 Focus formation of primary BRK cells by wild-type and mutant Ad5 E1A and HPV16

E7 genes.

Transfected DNA

Number of foci !)

Exp I Exp II

Establishment 2)

Ad5 El1A
HPV16 E7
dl922/947
dl1922/947
d1922/947
d1922/947
NTd1598
NTd1598
NTd1598
NTd1598
NTd1598

+

+ +

+ 4+ 4+

HPV16 E7
2PRO
24GLY

HPV16 E7
2PRO
24GLY
d1922/947

51

2/5
N.A.3)
N.A.
N.T.
2/5
0/5
N.A.
N.A.
N.A.
N.A.
2/5

1) Subconfluent primary BRK cells in 6 cm dishes were
transfected with various combinations of E1A and E7 mutants.
Two dishes of cells were transfected in each transfection.

2) Number of cell lines established / number of foci isolated.

3) N.A.: not applicable. N.T.: not tested.

4) small ElA-specific foci.
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mutant of HPV16 E7 (2PRO) also produced transformed cell foci characteristic of
Ad El1A (Fig. 1, C, Table 1). Transformed cell lines were established from
dl922/947 + 2PRO foci as well as from wt E1A or NTdI598 + d/922/947 foci
with almost the same efficiency (Table 1). These findings suggest that the
function of the RB-binding domain of E1A which is defective in @/922/947 can be
substituted not only by the NTd/598 but also by the corresponding region of
HPV16 E7.

Co-transfections of E1A NTd/598 and wt HPV16 E7, 2PRO, or RB-non-
binding mutant of E7 (24GLY) all failed to produce foci on primary BRK cells
(Table 1). This suggests that the function(s) of the N-terminal region of Ad E1A
is required for focus formation and is not present in HPV16 E7. Tiny foci were
repeatedly observed in primary BRK cells when transfected with two RB-
nonbinding mutants (47922/947 + 24GLY) (Fig. 1, D, Table 1). However, they
were not established into cell lines (Table 1).

Immortalization of primary BRK cells by E1A and/or E7 mutants.

Primary BRK cells were transfected with an E7 plasmid containing a neo-
mycin resistant gene (Neo") and one of the E1A or E7 mutants. The transfected
cells were cultured in the G418-containing media to test if potentially immorta-
lized cell colonies could be generated by complementation of E1A and/or E7
mutants. None of the mutants produced G418-resistant or immortalizable cell

Table 2 Colony formation of primary BRK cells by transfection of wild-type and mutants Ad5
E1A and HPV16 E7 genes.

Transfected DNA 1) Number of G4l8-resistant colonies Establishment 2)
Exp I Exp II

pcb2-Y 0 0 N.a.3)
pcD2-Y + 2PRO 5 4 0/ 5
pcDh2-Y + 24GLY 0 0 N.A.
pcD2-Y + NTi1598 0 0 N.A.
pcD2-Y + d1922/947 1 4 0/ 59
pcD2-Y + d1922/947-E1B 5 9 2/10
pcDh2-Y + E1B 0 0 N.A.
pcD2-16E7 9 6 5/ 5
pcD2~2PRO 2 2 0/ 5%
pcb2-2PRO + NTH1598 3 2 0/ 5%
pcD2-2PRO  + d1922/947 16 12 2/ 5
pcD2-24GLY 0 0 N.A.
pcD2-24GLY + 2PRO 5 2 1/ 5
pcD2-24GLY + NT1598 3 2 3/ 59
pcD2-24GLY + d1922/947 5 4 0/ 6
pcD2-24GLY + d1922/947-E1B 10 12 5/10

1) Subconfluent primary BRK cells in 10 cm dishes were transfected
with a pcD2 plasmid containing Neo* (4.0 pg) with or without a
plasmid containing E1A or E7 mutant (8.0 ug), split and cultured
in G418-containing media.

2) Number of cell lines established / number of colonies isolated.

3) N.A.: not applicable.

4) Results of additional experiments were included.
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colonies, when they were transfected with Neo®-containing vector pcD2-Y (Table
2). Combinations of two N-terminal (pcD2-2PRO + NTd/598) or two RB-
nonbinding (pcD2-24GLY + d7922/947) mutants did not produce immortalizable
cell colonies (Table 2). However, when the N-terminal mutant of HPV16 E7
(pcD2-2PRO) was co-transfected with the RB-nonbinding mutant of EIA
(d1922/947), immortalizable G418-resistant colonies were generated (Table 2).
These cell lines (BRK2/922 cell lines) showed a morphology indistinguishable
from those immortalized by wt E1A (Fig. 2, C, D). Saturation densities of
BRK2/922 cell lines were not significantly different from those of the cell lines
immortalized by Ad5 E1A (data not shown). These data suggest that the function
of the RB-binding region of E1A can be replaced by the corresponding region of
HPV16 E7 in not only focus formation but also immortalization of primary BRK
cells.

A combination of 24GLY and NTdI598, which failed to form foci on BRK
cells (Table 1), was able to produce immortalizable cell colonies (Table 2). All
the cell lines immortalized by 24GLY + NTdl598 (BRK24/598 cell lines) showed
a morphology similar to those immortalized by wt HPV16 E7 (Fig. 2, A, B).
Saturation densities of BRK24/598 cells were lower than BRKSEIA cells (data
not shown). Thus, it is suggested that the N-terminal function of E1A is essential
for the maintenance of the morphology characteristic of E1A transformants and
the function is not contained in HPV16 E7.

A combination of RB-nonbinding mutants (E1A d1922/947 + E7 24GLY),
which produced abortive foci on primary BRK cells (Table 1, Fig. 1, D}, did not
produce immortalizable G418-resistant colonies (Table 2). However, when d!
922/947 was combined with Ad5 whole E1B sequence (d/922/947-E1B) and
transfected to primary BRK cells, immortalized cell lines were obtained (Table 2).
Co-transfection of 24GLY with d7922/947-E1B enhanced immortalization effi-
ciency (Table 2).

E1B 19K can complement RB-binding region

Because primary BRK cells were immortalized by transfection of d7922/947-
E1B, we examined which E1B gene, 19K- or 55K-encoding gene could contribute
to immortalization (Table 3). Primary BRK cells were transfected with pcD2-
24GLY, and one of the El1A or E7 mutants in the presence or absence of
pCMV19K or pCMV55K, and cultured in the G418-containing media. As a result,
potentially immortalized cell colonies appeared when pCMVI9K was co-
transfected but did not when pCMV55K was co-transfected (Table 3).
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Fig. 2 Morphology of immortalized BRK cell lines. Two independent cell lines immortalized
by EIA NTdI598 + E7 24GLY (A) (B) and E1A d1922/947 + E7 2PRO (C) (D) were
shown (see also Table 2). Cells were fixed by methanol and stained by Giemsa.

Table 3 Colony formation of primary BRK cells by transfection of Ad5 E1A and HPV16 E7
genes.

Number of G418-resistant colonies Establishment2)
Exp I Exp II Exp III

Transfected DNA!)

pcD2-24GLY 0 0 0 N.A.3)
pcD2-24GLY + 2PRO 2 2 N.T.3) N.T.
pcD2-24GLY + NTdl 598 2 3 N.T. 3/ 5
pcD2-24GLY + d1922/947 2 5 N.T. 0/ 5
pcD2-24GLY + d1922/947-E1B 10 20 77 5/10
pcD2-24GLY + d1922/947 + pCMV19K 4 6 19 4/10
pcD2-24GLY + d1922/947 + pCMV55K 1 2 8 0/10%

1) Subconfluent primary BRK cells were transfected with a pcD2 plasmid
containing Neo* (4.0 pg)'and plasmid(s) containing E1A or E7 mutant
(8.0 pg), with or without a Ad5 E1B plasmid (8.0 pg), split and
cultured in G418-containing media.

2) Number of cell lines established / number of colonies isolated.

3) N.A.: not applicable. N.T.: not tested.

4) Results of additional experiments were included.
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Fig.3 RT-PCR analysis of Ad5 E1B transcripts in the immortalized BRK cell lines.

A. Schematic structure of Ad5 EIB mRNAs. The nucleotide numbering is based on the
DNA sequences by van Ormondt and Galibert (46). Arrowheads represent the 3’ ends
of each primer.

B. (lane 1) Primary BRK cells as a negative control, (lanes 2, 3) two independent cell
lines, BRK5XhoC-1 and -2 as positive controls, (lanes 4, 5) BRK24/922/19K-1 and -2
cell lines, (lanes 6-9) BRK24/922-E1B-1, -2, -3 and -4 cell lines, (lanes 10, 11) BRK922-
E1B-1 and -2 cell lines, (lane 12) water, (L) GIBCO’s 1kb ladder.
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Fig. 4 RT-PCR analysis of HPV16 E7 transcripts in the immortalized BRK cell lines.

A. Schematic structure of coding regions of the HPV16 E6/E7 mRNAs and mutants.
The nucleotide numbering is based on the DNA sequences by Seedorf et al. (47).
Arrowheads represent the 3’ ends of each primer.

B. (lane 1) Primary BRK cells as a negative control, (lanes 2, 3) two independent cell
lines, BRK5XhoC-1 and -2 , (lanes 4, 5) BRK24/922/19K-1 and -2 cell lines, (lanes 6-8)
BRK24/922-E1B-2, -3 and -4 cell lines, (lanes 9, 10) BRK922-E1B-1 and -2 cell lines,
(lane 11) BRK16E7-1 as a positive control, (lane 12) water, (L) GIBCO’s 1kb ladder.

Cytoplasmic RNA was prepared from BRK cell lines immortalized by 24GLY
+ dl922/947 + E1B 19K (BRK24/922/19K cell lines) and RT-PCR was carried
out using HPV16 E7-, Ad5 E1A-, Ad5 E1B 19K- or E1B 55K-specific primer pairs.
The E1B 19K- and E1B 55K-specific primers were expected to amplify 352 bp and
214 bp fragments which represent the 19K and 55K mRNAs, respectively. As
expected, cell lines immortalized by pcD2-24GLY + d/922/947-E1B (BRK24/922-
E1B cell lines) produced both the E1B 352 bp and 214 bp bands, HPV16 E7 204 bp
and E1A 378 bp bands (Fig. 3, B, lanes 6-9 ; Fig. 4, B, lanes 6-8 ; Fig. 5, B, lanes 6-
9). BRK24/922/19K cell lines contained RNAs which produce E1B 19K 352 bp,
HPV16 E7 204 bp and E1A 378 bp bands (Fig. 3, B, lanes 4, 5 ; Fig. 4, B, lanes 4,
5 ; Fig. 5, B, lanes 4,5), respectively. BRK cell lines immortalized by d/922/947-
E1B (BRK922-E1B-1 and - 2) produced PCR bands specific for E1B 19K, E1B 55K
and d1922/947 (Fig. 3, B, lanes 10, 11 ; Fig. 5, B, lanes 10, 11).
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Fig. 5 RT-PCR analysis of Ad5 E1A transcripts in the immortalized BRK cell lines.

A. Schematic representations of the EIA mRNAs and mRNAs transcribed from
deletion mutants of E1A are shown as symbols : [__], translated region of mRNA ;
— | untranslated portion of mRNA ; ] , unique region in 13S E1A. The
nucleotide numbering is based on the DNA sequences by van Ormondt and Galibert
(46). Arrowheads represent the 3’ ends of each primers.

B. (lane 1) Primary BRK cells as a negative control, (lanes 2, 3) two independent cell
lines, BRK5XhoC-1 and -2 as positive controls, (lanes 4, 5) BRK24/922/19K-1 and -2
cell lines, (lanes 6-9) BRK24/922-E1B-1, -2, -3 and -4 cell lines, (lanes 10, 11) BRK922-
E1B-1 and -2 cell lines, (lane 12) water, (L) GIBCO’s 100b ladder.
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Effect of E1B 19K, E1B 55K and Bcl-2 on CAT expression.

A. Diagrammatic representation of E2F-dependent CAT assay. CV-1 cells were trans-
fected with 4.0 g of E2CAT-ATF-A20, 8.0 xg of pCH110 and 4.0 x g each of pcD2-
Y or viral or cellular genes. Total amount of transfected DNA was adjusted to 24.0
ug by adding pcD2-Y. Cells were harvested 70hr after transfection. CAT assays
were performed as described in the Materials and Methods. The conversion rates
were determined using the image analyzer (Fuji BAS2000). (AcCm) Acetyl chloram-
phenicol ; (Cm) chloramphenicol. Relative CAT activities and relative 8-gal activi-
ties are compared to that of E2CAT-ATF-A20, pCH110 plus pcD2Y, and the results
were expressed as the relative CAT activity/g-gal activity ratio (figures under the
graphic chart) . Data are taken from at least two independent experiments.

B. A representative result of CAT assay. CV-1 cells were transfected with pcD2-Y as
carrier DNA and/or viral gene(s) as follows in addition to E2CAT-ATF-A20 and
pCH110 ; (1) pcD2-Y, (2) p5SstE , (3) pXbaC (Ad5 E4) (4) pXbaC and p5SstE, (5)
pXbaC and d/922/947, (6) pXbaC and pcD2-16E7, (7) pXbaC and pCMV19K, (8)
pXbaC and pCMV55K, (9) pXbaC and pCMV-Bcl-2, (10) pXbaC, p5SstE and
pCMV19K, (11) pXbaC, p5SstE and pCMV55K, (12) pXbaC, p5SstE and pCMV-Bcl-2,
(13) pXbaC, d1922/947 and pCMV19K.
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E1B 19K enhances E1A transactivation activity

Since Ad5 E1B 19K was able to complement RB-nonbinding mutants of Adb
E1A and HPV16 E7 (Table 3), it is of interest to examine whether E1B 19K can
complement the biochemical function of the RB-binding region of E1A and E7.
An E2F-dependent CAT assay using E2CAT-ATF-A20 plasmid (42,43) was per-
formed for this purpose. CV1 cells were transfected with E2CAT-ATF-A20,
pCH110 and pXbaC (Ad5 E4) with or without E1A and E7 plasmids (Fig. 6). CAT
activity of each cell extract was normalized by g-galactosidase activity (Mate-
rials and Methods).

Transfection of the E2CAT plasmid with only a carrier DNA produced a low
level of CAT expression (Fig. 6, A ; B, lane 1), which was rather decreased by co-
transfection of Ad5 E4 (Fig. 6, A ; B, lane 3). Ad5 E1A alone enhanced E2F-CAT
activity only about two fold (Fig. 6, A ; B, lane 2). When Ad5 E4 was co-
transfected with Ad5 E1A, CAT activity was increased about 12 fold compared to
the case without E4 (Fig. 6, A ; B, lane 4). CAT activities obtained from co-
transfection of Ad5 E4 with HPV16 E7 (Fig. 6, A ; B, lane 6), E1B 19K (Fig. 6, A
; B, lane 7), E1B 55K (Fig. 6, A ; B, lane 8), or Bcl-2 (Fig. 6, A ; B, lane 9) were
not significantly different from the background level of CAT activity (without E4,
Fig. 6, A ; B, lane 1).

However, when E1B 19K was co-transfected with Ad5 E1A plus Ad5 E4 (Fig.
6, A ; B, lane 10), or 41922/947 plus E4 (Fig. 6, A ; B, lane 13), CAT activities
were further enhanced about two fold and six fold respectively, compared to the
case without E1B 19K. The E1B 55K slightly enhanced (Fig. 6, A ; B, lane 11)
but Bcl-2 showed no effect (Fig. 6, A ; B, lanes 12) on the level of CAT activity
which was transactivated by Ad5 EIA plus E4 (Fig. 6, A ; B, lane 4). Bcl-2
slightly enhanced the CAT expression obtained from co-transfection of 47922/947
plus E4, but the level of the CAT activity by d7922/947 plus E4 plus Bcl-2 (4.4,
Fig. 6, A) was lower than that by Ad5 E1A plus E4 (11.6, Fig. 6, A). Thus, E1B
19K can enhance E2F-dependent transactivation by d/922/947 more strongly than
Bcl-2, and it is suggested that this activity of E1B 19K might be related to its
complementation ability of RB-nonbinding mutants.

DISCUSSION

RB-binding domains of Ad E1A (CR2) and SV40 large T (101 to 118 residues)
are replaceable in ras-collaborative transformation (54). In addition, the SV40
large T without the RB-binding region is able to complement an N-terminal
deletion mutant of E1A (55), suggesting that the N-terminal function of E1A and
SV40 large T is also replaceable. Both the Ad5 E1A and SV40 large T antigens
form complexes with RB and p300 (17,18,56-58).
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To investigate complementations of E1A and E7 mutants, we used NTd/598
as the N terminal and 4/922/947 as the RB-nonbinding mutants of Ad5 E1A (17,
10), and 2PRO as the N-terminal and 24GLY as the RB-nonbinding mutants of
HPV16 E7 (36). None of the E1A and E7 mutants immortalized primary BRK
cells, which is compatible with their inert ras collaboration activity (10,37).
Transfection of d/922/947 and 2PRO formed transformed cell foci on BRK cells,
while NTd/598 and wt E7 or 24GLY did not (Table 1 and Fig.-1), suggesting that
the N-terminal function of E1A which is required for complex formation with
cellular p300 is essential for focus formation.

In addition to the homologous combination of E1A mutants (NTd/598 and
dl922/947), heterologous combinations of E1A and E7 mutants (NTd/598 +
24GLY and 41922/947 + 2PRO) complemented each other to immortalize primary
BRK cells (Table 2 and Fig. 2). Comparable with the result of focus formation,
NTdI598 + 24GLY generated only E7-type cell lines (Fig. 2, A, B) which can
easily be distinguished from ElA-type cell lines by d7922/947 + 2PRO (Fig. 2, C,
D). These suggest again that the N-terminal function of ElA is required for
focus formation and maintenance of the morphology of El1A transformants.
Further analyses should be carried out to know whether the N-terminal function
of E1A and E7 is different or partially overlapped and the interaction of E1A
with p300 is required for focus formation.

Different from the homologous combination of E1A mutants, a homologous
combination of E7 mutants (2PRO and 24GLY) hardly immortalized primary BRK
cells. It is not clear why the E7 mutants can complement each other with only a
low efficiency. Similar results have been reported by Davies and Vousden even in
the presence of the activated ras gene (37).

Tiny foci were repeatedly generated by co-transfection of two RB-nonbinding
mutants, E1A d/922/947 and E7 24GLY. Since an immortalized cell line was not
established from d7922/947 + 24GLY transfection (Table 1 and Table 2), regions
required for RB binding of E1A and E7 seem to be essential for immortalization
of BRK cells. Ad El1A, SV40 large T and HPV16 E7 bind with RB to disrupt a
complex between RB and transcription factor E2F and release 'E2F, which might
drive cell cycle progress by inducing cellular genes essential for G1/S progression
(26,27,59). However, BRK cell lines became established when cells were
transfected with d7922/947 4+ 24GLY + Ad5 E1B 19K-encoding gene (Table 3).
All the cell lines obtained by transfection of 47922/947 + 24GLY + EIB 19K
were shown to contain HPV16 E7, Ad5 E1A and E1B 19K RNA, which was
demonstrated by HPV16 E7-, Ad5 E1A- and Ad5 E1B 19K-specific RT-PCR (Fig.
3,4,5). Thus, it is suggested that EIB 19K has some function which can
complement the RB-binding region of E1A and E7. '
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Mutational analysis of the E7 gene has demonstrated partial resolution of its
transactivating and transforming activities (60), but the EIA mediated trans-
activation is unlikely to contribute significantly to E1A-mediated transformation
(61). Therefore, it was of interest to determine the ability of the E1B 19K to
modulate the transactivation potential of E1A and E7 mutants. Since E1B 19K
complemented RB-nonbinding mutants in our present experiment, it is possible
that the protein has some function in the process of E2F activation by the viral
oncoproteins. E1B 19K but not Bcl-2 could enhance E2F-dependent trans-
activation through E1A or 4/922/947 (Fig. 6). Ad5 E1B 19K had no effect on the
CAT expression from SV40, c-fos, or rat PCNA promoters (data not shown).
Thus, it is unlikely that E1B 19K can non-specifically enhance transcription from
the Ad EZ2A upstream sequence. E1B 55K slightly enhanced E2F-dependent
transactivation through Ad5 E1A (Fig. 6, A, B). The details of the molecular basis
of the enhancement of the E2F-dependent transactivation by E1B 55K is nuclear.

It has been reported that the transforming activity of E1B 19K is inseparable
from its protection ability from cytolysis mediated by E1A or DNA-damaging
agents (62,63), suggesting that both activities are the consequences of the same
function of the protein. E1B 19K is characterized as a general suppressor of
apoptosis that is functionally interchangeable with Bcl-2 (61,64,65). The second
E1B protein, E1B 55K, binds p53 and impairs its ability to regulate gene ex-
pression (66). As reported by Rao ef al. (64), generation of G418-resistant colonies
after transfection of E1A 12S ¢DNA (pcD2-12S) was increased by co-transfection
of not only EIB 19K (7.8-fold) and E1B 55K (2.1-fold) but also Bcl-2 (4.5-fold)

Table 4 Effect of E1B 19K, E1B 55K and Bcl-2 genes on colony formation of primary BRK
cells transfected with E1A and E7 genes.

Number of G418-resistant colonies Total

- Transfected DNA 1) Exp I EXp II
pcb2-128 4 11 15
pcD2-12S + pCMV19K 34 83 117
pcb2-125 + pCMV55K 10 21 31
pcD2-128 + pCMV-Bcl-2 24 44 68
pcD2-24GLY 0 0 0
pcD2-24GLY + d1922/947 1 1 2
pcD2-24GLY + d1922/947 + pCMV19K 9 6 15
pcD2-24GLY + d1922/947 + pCMVS5K 1 3 4
pcD2-24GLY + d1922/947 + pCMV-Bcl-2 0 1 1

1) Subconfluent primary BRK cells were transfected with a pcD2 plasmid
containing Neo®* (4.0 pg) in the presence or absence of d1922/947,
Ad5 E1B 19K, Ad5 E1B 55K and/or Bcl-2 plasmid (8.0 ug), split and
cultured in G418-containing media.
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(Table 4). However, E1B 55K did not immortalize BRK cells when co-transfected
with d1922/947 + 24GLY (Table 3), nor Bcl-2 had no effect even on the colony-
forming efficiency of BRK when co-transfected with 4/922/947 + 24GLY (Table
4). Therefore, it is unlikely that the anti-apoptotic activity of E1B 19K alone is
responsible for the RB-complementation activity. Since E1B 19K seems to have
anti-apoptotic activity as well as enhancing the E2F-dependent transactivation
more strongly than E1B 55K and Bcl-2 (Table 4, Fig. 6), it is suggested that the
RB complementation might require both activities with specific thresholds.
Further analyses, including a complementation assay of RB mutation using E1B
19K mutants and an E2F gel shift assay should be carried out to elucidate the
molecular mechanism of complementation of the RB binding region of E1A and
enhancement of E2F activation by E1B 19K.

ACKNOWLEDGEMENTS

We thank Dr. Harlow E for providing us with NTd/598 and 47922/947, Dr.
Vousden K for 2PRO and 24GLY, Dr. Grider T for E2CAT-ATF-A20, Dr.
Tsujimoto Y for pB4 and Dr. Sawada Y for p5SstE and pXbaC. This work was
supported in part by a grant-in-aid from The Ministry of Education, Science and
Culture of Japan.

REFERENCES

1. ZERLER B, ROBERTS R]J: MATHEWS MB, MORAN E. Different functional domains of
the adenovirus E1A gene are involved in regulation of host cell cycle products. Mol Cell
Biol 1987, 7 : 821-829.

2. SATO H, FURUNO A, YOSHIKE K. Expression of human papillomavirus type 16 E7
gene induces DNA synthesis of rat 3Y1 cells. Virology 1989, 168 : 195-199.

3. HOWE JA, MYMRYK JS, EGAN C, BRANTON PE, BAYLEY ST. Retinoblastoma
growth suppressor and a 300-kDa protein appear to regulate cellular DNA synthesis. Proc
Natl Acad Sci USA 1990, 87 : 5883-5887.

4. RAWLS JA, PUSZTAI R, GREEN M. Chemical synthesis of human papillomavirus type 16
E7 oncoprotein : Autonomous protein domains for induction of cellular DNA synthesis aﬁd
for trans activation. J Virol 1990, 64 : 6121-6129.

5. HOUWELING A, van den ELSEN PJ, van der EB AJ. Partial transformation of primary
rat cells by the leftmost 4.5% fragment of adenovirus 5 DNA. Virology 1980, 105 : 537-550.

6. HALBERT CL, DEMERS GW, GALLOWAY DA. The E7 gene of human papillomavirus
type 16 is sufficient for immortalization of human epithelial cells. J Virol 1991, 65 : 473-478.

7. YAMASHITA T, SEGAWA K, FUJINAGA Y, NISHIKAWA T, FUJINAGA K. Biological
and biochemical activity of E7 genes of the cutaneous human papillomavirus type 5 and 8.
Oncogene 1993, 8 : 2433-2441.

8. RULEY HE. Adenovirus early region 1A enables viral and cellular transforming genes to
transform primary cells in culture. Nature 1983, 304 : 602-606.



18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

S. KIMURA et al. Tumor Res.

PHELPS WC, YEE CL, MUNGER K, HOWLEY PM. The human papillomavirus type 16
E7 gene encodes transactivation and transformation functions similar to those of adenovirus
E1A. Cell 1988, 53 : 539-547.

WHYTE P, RULEY HE, HARLOW E. Two regions of the adenovirus early region 1A
proteins are required for transformation. J Virol 1988, 62 : 257-265.

BEDELL MA, JONES KH, GROSSMAN SR, LAIMINS LA. Identification of human
papillomavirus type 18 transforming genes in immortalized and primary cells. J Virol 1989,
63 : 1247-1255.

PHELPS WC, BAGCHI S, BARNES JA, RAYCHAUDHURI P, KRAUS V, MUNGER K,
HOWLEY PM, NEVINS JR. Analysis of trans activation by human papillomavirus type 16
E7 and adenovirus 12S E1A suggests a common mechanism. J Virol 1991, 65 : 6922-6930.
CARLOTTI F, CRAWFORD L. Trans-activation of the adenovirus E2 promoter by human
papillomavirus type 16 E7 is mediated by retinoblastoma-dependent and - independent
pathways. J Gen Virol 1993, 74 : 2479-2486.

MOSES HL, YANG EY, PIETENPOL JA. TGF-8 stimulation and inhibition of cell
proliferation : new mechanistic insights. Cell 1990, 63 : 245-247.

PIETENPOL JA, STEIN RW, MORAN E, YACIUK P, SCHLEGEL R, LYONS RM,
PITTELKOW MR, MUNGER K, HOWLEY PM, MOSES HL. TGF-g81 inhibition of c-myc
transcription and growth in keratinocytes is abrogated by viral transforming proteins with
pRB binding domains. Cell 1990, 61 : 777-785.

MUNGER K, YEE CL, PHELPS WC, PIETENPOL JA, MOSES HL, HOWLEY PM. Bio-
chemical and biological differences between E7 oncoproteins of the high- and low-risk
human papillomavirus types are determined by amino-terminal sequences. J Virol 1991, 65 :
3943-3948. X

WHYTE P, WILLIAMSON NM, HARLOW E. Cellular targets for transformation by the
adenovirus E1A proteins. Cell 1989, 56 : 67-75.

EGAN C, JELSMA TN, HOWE JA, BAYLEY ST, FERGUSON B, BRANTON PE.
Mapping of cellular protein-binding sites on the products of early-region 1A of human
adenovirus type 5. Mol Cell Biol 1988, 8 : 3955-3959.

DAVIES R, HICKS R, CROOK T, MORRIS J, VOUSDEN K. Human papillomavirus type
16 E7 associates with a histone H1 kinase and with pl07 through sequences necessary for
transformation. J Virol 1993, 67 : 2521-2528.

FAHA B, HARLOW E, LEES E. The adenovirus E1A-associated kinase consists of cyclin
E-p33<? and cyclin A- p33°%2, J Virol 1993, 67 : 2456-2465.

TOMMASINO M, ADAMCZEWSKI JP, CARLOTTI F, BARTH CF, MANETTI R,
CONTORNI M, CAVALIERI F, HUNT T, CRAWFORD L. HPV16 E7 protein associates
with the protein kinase p33°”*? and cyclin A. Oncogene 1993, 8 : 195-202.

McINTYRE MC, RUESCH MN, LAIMINS LA. Human papillomavirus E7 oncoproteins
bind a single form of cyclin E in a complex with cdk2 and pl07. Virology 1996, 215 : 73-82.
GIORDANO A, McCALL C, WHYTE P, FRANZA Jr BR. Human cyclin A and the
retinoblastoma protein interact with similar but distinguishable sequences in the adenovirus
E1A gene product. Oncogene 1991, 6 : 481-485.



32 (1997) Complementation of E1A and E7 mutants 19

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

HECK DV, YEE CL, HOWLEY PM, MUNGER K. Efficiency ofibinding the retinoblastoma
protein correlates with the transforming capacity of the E7 oncoproteins of the human
papillomaviruses. Proc Natl Acad Sci USA 1992, 89 : 4442-4446.

TAKAMI Y, SASAGAWA T, SUDIRO TM, YUTSUDO M, HAKURA A. Determination of
the functional difference between human papillomavirus type 6 and 16 E7 proteins by their
30 N-terminal amino acid residues. Virology 1992, 186 : 489-495.

CHELLAPPAN S, KRAUS VB, KROGER B, MUNGER K, HOWLEY PM, PHELPS WC,
NEVINS JR. Adenovirus E1A, simian virus 40 tumor antigen, and human papillomavirus
E7 protein share the capacity to disrupt the interaction between transcription factor E2F
and the retinoblastoma gene product. Proc Natl Acad Sci USA-1992, 89 : 4549-4553.
DYSON N, GUIDA P, MUNGER K, HARLOW E. Homologous sequences in adenovirus
E1IA and human- papillomavirus E7 proteins mediate interaction with the same set of
cellular proteins. J Virol 1992, 66 : 6893-6902.

WHITE E, CIPRIANI R, SABBATINI P, DENTON A. Adenovirus E1B 19-kilodalton
protein overcomes the cytotoxicity of E1A proteins. J Virol 1991, 65 : 2968-2978.

MYMRYK JS, SHIRE K, BAYLEY ST. Induction of apoptosis by adenovirus type 5 E1A
in rat cells requires a proliferation block. Oncogene 1994, 9 : 1187-1193.

YASUMOTO S, BURKHARDT AL, DONIGER J, DiPAOLO JA. Human papillomavirus
type 16 DNA-induced malignant transformation of NIH 3T3 cells. J Virol 1986, 57 : 572-577.
WATANABE S, KANDA T, SATO H, FURUNO A, YOSHIIKE K. Mutational analysis of
human papillomavirus type 16 E7 functions. J Virol 1990, 64 : 207-214.

HEARING P, SHENK T. The adenovirus type 5 ElA transcriptional control region
contains a duplicated enhancer element. Cell 1983, 33 : 695-703.

HALBERT DN, CUTT JR, SHENK T. Adenovirus early region 4 encodes functions
required for efficient DNA replication, late gene expression, and host cell shutoff. J Virol
1985, 56 : 250-257.

ISHINO M, OHASHI Y, EMOTO T, SAWADA Y, FUJINAGA, K. Characterization of
adenovirus type 40 El region. Virology 1988, 165 : 95-102.

NISHIKAWA T, YAMASHITA T, YAMADA T, KOBAYASHI H, OHKAWARA A,
FUJINAGA K. Tumorigenic transformation of primary rat embryonal fibroblasts by
human papillomavirus type 8 E7 gene in collaboration with the activated H-7as gene. Jpn ]
Cancer Res 1991, 82 : 1340-1343.

EDMONDS C, VOUSDEN KH. A point mutational analysis of human papillomavirus type
16 E7 protein. J Virol 1989, 63 : 2650-2656.

DAVIES RC, VOUSDEN KH. Functional analysis of human papillomavirus type 16 E7 by
complementation with adenovirus E1A mutants. J Gen Virol 1992, 73 : 2135-2139.

BANKS L, EDMONDS C, VOUSDEN KH. Ability of the HPV16 E7 protein to bind RB
and induce DNA synthesis is not sufficient for efficient transforming activity in NIH3T3
cells. Oncogene 1990, 5 : 1383-1389.

CHEN C, OKAYAMA H. High-efficiency transformation of mammalian cells by plasmid
DNA. Mol Cell Biol 1987, 7 : 2745- 2752.

ZERLER B, MORAN B, MARUYAMA K, MOOMAW ], GRODZICKER T, RULEY HE.
Adenovirus E1A coding sequences that enable 7as and pmi oncogenes to transform cultured
primary cells. Mol Cell Biol 1986, 6 : 887-899.



20

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

S. KIMURA ¢t al. Tumor Res.

WHITE E, CIPRIANI R. Role of adefiovirus E1B proteins in transformation: altered
organization of intermediate filaments in transformed cells that express the 19-kilodalton
protein. Mol Cell Biol 1990, 10 : 120-130.

LOEKEN MR, BRADY J. The adenovirus EIIA enhancer. J Biol Chem 1989, 264 : 6572-
6579.

NEILL SD, HEMSTROM C, VIRTANEN A, NEVINS JR. An adenovirus E4 gene product
trans-activates E2 transcription and stimulates stable E2F binding through a direct
association with E2F. Proc Natl Acad Sci USA 1990, 87 : 2008-2012.

TSUJIMOTO Y, CROCE CM. Analysis of the structure, transcripts, and protein products of
bcl-2, the gene involved in human follicular lymphoma. Proc Natl Acad Sci USA 1986, 83 :
5214-5218.

MATTHIAS P, MULLER MM, SCHREIBER E, RUSCONI S, SCHAFFNER W. Eukaryotic
expression vectors for the énalysis of mutant proteins. Nucleic Acids Res 1989, 17 : 6418.
van ORMONDT H. GALIBERT F. Nucleotide sequences of adenovirus DNAs. Curr. Top.
Microbiol. Immunol. 1984, 110 : 73-142.

SEEDORF K, KRAMMER G, DURST M, SUHAI S, ROWEKAMP WG. Human
papillomavirus type 16 DNA sequence. Virology 1985, 145 : 181-185.

van der EB AJ, GRAHAM FL. Assay of transforming activity of tumor virus DNA.
Methods Enzymol. 1980, 65 : 826-839.

WIGLER M, PELLICER A, SILVERSTEIN S, AXEL R, URLAUB G, CHASIN L. DNA-
mediated transfer of the adenine phosphoribosyltransferase locus into mammalian cells.
Proc Natl Acad Sci USA 1979, 76 : 1373-1376.

SAIKI RK, GELFAND DH, STOFFEL S, SCHARF SJ, HIGUCHI R, HORN GT, MULLIS
KB, ERLICH HA. Primer-directed enzymatic amplification of DNA with a thermostable
DNA polymerase. Science 1988, 239 : 487-491.

INOUE Y, YAMASHITA T, ISHIDA S, NISHIKAWA A, FUJINAGA Y, KUDO R,
FUJINAGA K, Detection and typing of genital high-risk HPV DNAs in cervical scrapes
using the E6E7-specific consensus PCR. Tumor Res 1995, 30 : 1-19.

GORMAN CM, MOFFAT LF, HOWARD BH. Recombinant genomes which express
chloramphenicol acetyltransferase in mammalian cells. Mol Cell Biol 1982, 2 : 1044-1051.
NIELSEN DA, CHOU J, MacKRELL AJ], CASADABAN M]J, STEINER DF. Expression of
a preproinsulin-g-galactosidase gene fusion in mammalian cells. Pro Natl Acad Sci USA
1983, 80 : 5198-5202.

MORAN E. A region of SV40 large T antigen can substitute for a transforming domain of
the adenovirus E1A products. Nature 1988, 334 : 168-170.

YACIUK P, CARTER MC, PIPAS JM, MORAN E. Simian virus 40 large-T antigen
expresses a biological activity complementary to the p300-associated transforming function
of the adenovirus E1A gene products. Mol Cell Biol 1991, 11 : 2116-2124.

DeCAPRIO JA, LUDLOW JW, FIGGE J, SHEW J-Y, HUANG C-M, LEE W-H, MARSILIO
E, PAUCHA E, LIVINGSTON DM. SV40 large tumor antigen forms a specific complex
with the product of the retinoblastoma susceptibility gene. Cell 1988, 54 : 275-283.
AVANTAGGIATI ML, CARBONE M, GRAESSMANN A, NAKATANI Y, HOWARD B,
LEVINE AS. The SV40 large T antigen and adenovirus Ela oncoproteins interact with
distinct isoforms of the transcriptional co-activator, p300. EMBO J 1996, 15 : 2236-2248.



Wy

32 (1997) Complementation bf E1A and E7 mutanis 21

58.

59.

60.

61.

62.

63.

64.

65.

66.

ECKNER R, LUDLOW JW, LILL NL, OLDREAD E, ARANY Z, MODJTAHEDI N,
DeCAPRIO JA, LIVINGSTON DM, MORGAN JA. Association of p300 and CBP with
simian virus 40 large T antigen. Mol Cell Biol 1996, 16 : 3454-3464.

NEVINS JR. E2F : a link between the Rb tumor suppressor protein and viral oncoproteins.
Science 1992, 258 : 424-429.

BARBOSA MS, EDMONDS C, FISHER C, SCHILLER JT, LOWY DR, VOUSDEN KH.
The region of the HPV E7 oncoprotein homologous to adenovirus Ela and SV40 large T
antigen contains separate domains for Rb binding and casein kinase II phosphorylation.
EMBO J 1990, 9 : 153-160.

MORAN E, ZERLER B, HARRISON TM, MATHEWS MB. Identification of separate
domains in the adenovirus E1A gene for immortalization activity and the activation of
virus early genes. Mol Cell Biol 1986, 6 : 3470-3480.

WHITE E, SABBATINI P, DEBBAS M, WOLD WSM, KUSHER DI, GOODING LR. The
19-kilodalton adenovirus E1B transforming protein inhibits programmed cell death -and
prevents cytolysis by tumor necrosis factor a. Mol Cell Biol 1992, 12 : 2570-2580.
SUBRAMANIAN T, TARODI B, GOVINDARAJAN R, BOYD ]JM, YOSHIDA: K,
CHINNADURAI G. Mutational analysis of the transforming and apoptosis suppression
activities of the adenovirus E1B 175R protein. Gene 1993, 124 : 173-181.

RAO L, DEBBAS M, SABBATINI P, HOCKENBERY D, KORSMEYER S WHITE E. The
adenovirus E1A proteins induce apoptosis, which is inhibited by the E1B 19-kDa and Bcl-2
proteins. Proc Natl Acad Sci USA 1992, 89 : 7742-7746.

BOYD JM, MALSTROM S, SUBRAMANIAN T, VENKATESH LK, SCHAEPER U,
ELANGOVAN B, D’'Sa-EIPPER C, CHINNADURAI G. Adenovirus E1B 19kDa and Bcl-2
proteins interact with a common set of cellular proteins. Cell 1994, 79 : 341-351.

YEW PR, LIU X, BERK AJ. Adenovirus EIB oncoprotein tethers a transcriptional
repression domain to p53. Genes Dev 1994, 8 : 190-202.



