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ABSTRACT

Previously, a series of hybrid adenovirus (Ad) type 5/12 E1A gencs were
constructed and used in combination with Ad12 E1B to transform primary Hooded Lister
rat kidney cells. Research presented here describes the use of the resulting transformed
cells lines to identify and characterize functional differences between Ad5 and Ad12 E1A
proteins in an attempt to better understand the ability of Ad12 El-transformed cells, unlike
their Ad5 counterparts, to induce tumors in syngeneic immunocompetent rats.

At least two regions within the first exon of Ad12 E1A were identificd which
mediate tumorigenicity. Expression of either of these regions in the hybrid Ad5/12 E1A-
(plus Ad12 E1B) transformed cells was associated with a decrease in cell surface major
histcompatibility complex (MHC) class I expression, a finding which suggests that the
tumorigenic capacity of Ad12 El-transformants could be due to their ability to evade lysis
by class I-restricted CD8% cytotoxic T lymphocytes (CTLs). However, neither class |
down-regulation nor sensitivity to allogeneic CTLs or syngeneic natural killer (NK) cells
strictly correlated with the tumorigenic capacities of the hybrids, indicating that additional
factors contribute to the differences in the oncogenic potential of rodent cells transformed
by the E1 regions of AdS and Ad12. Further study demonstrated that at lcast iwo regions
of Ad5 E1A encode CTL epitopes that confer susceptibility to syngencic Ad5 El-specific
CTLs in vitro while Ad12 E1A expression did not confer susceptibility to syngeneic Ad12
E1l-specific CTLs.

The MHC class I enhancer is the target for Ad12 E1A-mediated down-regulation of

class I transcription. In Ad12 El-transformed rodent cells, the class I enhancer is primarily



down-regulated through decreased binding of NF-kB (activator) and increased binding of
COUP-TF (repressor). Using the hybrid Ad5/12 E1A- (plus Ad12 E1B) transformed rat
cells, the same regions of Ad12 E1A implicated in tumorigenesis and down-regulavion of
class I expression were also found to mediate the differential binding activities of NF-xB
and COUP-TF to the class I enhancer in Ad12 El-transformants. Moreover, it was shown
that reduced NF-xB binding activity was not due to decreased expression of its subunits,
NF-xB1-p50 (or its precursor, NF-xB1-p105) or RelA-p65 nor to a defect in processing
of NF-xB1-p105 to NF-kB1-p50. The latter discovery contradicts a previously published
report in which it was suggested that decreased binding of NF«B to the class I enhancer in
Ad12 El-transformed cells was due to impaired processing of NF-xB1-p105 to NF-kB1-
p50.

Finally, during studies designed to determine whether the different tumorigenic
properties of Ad5 E1- and Ad12 El-transformed cells were a result of alterations in the
composition of their E1A-cellular protein complexes, it was discovered that expression of
the Ad12 E1A regions implicated in mediating turorigenesis, down-regulation of cell
surface MHC class I expression, and differential binding of NF-«xB and COUP-TF to the
class I enhancer also correlated with the presence of a differential phosphorylated form of
p300 in Ad12 E1- compared to Ad5 El-transformed rat cells. This finding suggests that
p300 function may be altered in Ad12 E- versus AdS E1-transformed rodent cells and
raises the possibiiity that p300 may influence tumorigenicity through the regulation of

MHC class I expression.
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Just to dig it all and not to wonder why,
Is just fine.

Being satisfied,
Is not to read between the lines.

- Van Morrison, 1968.



INTRODUCTION

Overview _of Adenovi esearch

Human adenoviruses (Ads) were first isolated in 1953 from cultures of human
adenoid tissue (Rowe =i al., 1953). Shortly after it was recognized that Ads were
responsible for the spontaneous degeneration of these cultures, they were also identified as
the etiological agent of a non-influenza like case of acute upper respiratory disease
(Hilleman and Werner, 1954). Since these studies, nearly 50 distinct human Ad serotypes
bave been identified and infection by these serotypes has been associated with a variety of
human illnesses affecting the upper respiratory tract, eye, intestine, stomach, and bladder
(reviewed by Horwitz, 1990).

The first demonstration that a human virus could cause malignancy in animals came
when Ad serotype 12 (Ad12) was found to be tumorigenic in hamsters (Trentin et al.,
1962; Huebner et al., 1962). This discovery prompted detailed studies of Ad
tumorigenicity to determine whether Ads were responsible for human malignancics
(reviewed in Green and Mackey, 1977). Although these studies failed to support the
notion that Ads act as carcinogens in humans, other studics revealed that the tumorigenic
capacity of Ads was serotype dependent despite the fact that all serotypes were capable of
transforming primary rodent cells in culture (Freeman et al., 1967; McAllister ct al., 1969).
The ability of Ads to transform cultured cells has served and confinues to scrve as an
excellent in vitro system to study and understand the processes of transformation and
tumorigenesis. Among the major findings derived from these studies were: the discovery
that early region 1 (E1) and particularly the E1A gene of the Ad genome is responsible for

mediating transforming and tumor inducing activities; the ability of Ads to transform cells is
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associated with the ability of E1A to associate with a2 number of cellular proteins involved

in regulating gene expression and cellular proliferation (discussed in section 4).

Due to the relative ease with which the Ad genome can be manipulated by
recombinant DNA techniques, Ads have also been used as recombinant vaccines and
general purpose mammalian expression vectors. Very recently, Ads have attracted
considerable attention as vectors for the delivery of genes in gene therapy protocols due
primarily to the ability of these relatively stable vectors to grow to high titres and to
transduce a variety of cell types in culture and in vivo. Fora review on the construction
and characterization of Ad vectors, see Berkner, 1992; Hitt et al., 1994, 1995; Graham and
Prevec, 1995.

Finally, an overview of Ad research would not be complete without mention of
other unique contributions made to the fields of molecular biology and biochemistry: the
discovery of mRNA splicing; the first cell free eukaryotic DNA replication system,
demonstration that virally encoded proteins control expression of cell surface major
histocompatibility complex (MHC) molecules; development of DNA mediated gene transfer
techniques; and the establishment of techniques for mapping mRNASs or translational open

reading frames (for further reading, see Ginsberg, 1984; Horowitz, 1990).

2} General Properties of Adenoviruses

a) Classificatjon

All Ads are members of the Adenoviridae family which is divided into two authentic
genera, Mastadenoviruses (includes human and other mammalian viruses of simian,
bovine, equine, porcine, ovine, canine, and opossum origins) and Aviadenoviruses (avian
viruses) (Norrby et al., 1976). To date, more than 100 Ad serotypes have been reported of
which approximately half are of human origin (see Horwitz, 1990 for review), Human
Ads have been further partitioned into sub-groups (A-F) on the basis of chemical,

immunological, and biological properties such as genome base composition and sequence
/
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similarity, ability to hemagglutinate the red blood cells of rats or rhesus monkeys, and

tumorigenic capacity in newborn hamsters (Table 1). Of the human serotypes, Ad2, AdS5,

and Ad12 have been most extensively characterized.
b) Structure

A combination of studies involving electron microscopy, X-ray crystallography,
and biochemical techniques have allowed the molecular composition and structural features
of the Ad virion to be determined (summarized by Nermut, 1984; van Oostrum and
Bumett, 1985; Horwitz, 1990; Stewart et al., 1993). These investigations revealed that the
virion is icosohedral and consists entirely of protein and DNA (Fig. 1).

The capsid is composed 6. 252 capsomers which form 20 identical and equilatcral
triangular faces forming 12 edges and 12 vertices. Of the 252 capsomers, 240 are
organized as hexons and the remaining 12 capsomers are organized as pentons at each of
the vertices of the icosohedral capsid. Hexons are composed of 3 viral protein (VP) I
(hexon) monomers which associate in planar sheets as groups of nine (GON) hexons. A
penton, which occupies each of the 12 vertices, is comprised of a pentamer of VP III
(penton base) proteins and 3 VP IV (fibre) proteins. The fibre molecules, which project
from the vertices of the capsid, are thought to be the ligand for the ccllular receplor
mediating entry of Ads into cells. Taken together, the external shell of the capsid is
essentially comprised of the GON hexons, unaggregated hexon trimers (peripentonal
hexons), and penton base and fibre molecules. To maintain the structural integrity of the
capsid, 12 VP IX molecules exert a stabilizing effect on the capsid by associating with each
of the GON hexon tyimers. VP IIla molecules penetrate the facet edges of the capsid and
likely function in virion assembly. VP V, VI, and VII bind DNA and may function in viral
DNA packaging.

The linear double stranded DNA genome is packaged into virions in association

with VP V and VII which are predicted to organize the genome into nucleosomes of repeat-



Table 1:

Classification schemes for human Ad serotypest.

Sub  Hemagglutination

Tumors Transformation Percentage of

Group Groups * Scrotypes In Animals  In Culture G+CInDNA-
5 12, 18, 31 High + 48-49
B 1 3, 7,11 Moderate + 50-52
14, 16, 21
34, 35
C 3 1, 2, 5 Low/None + 57-59
6
D 2 8, 919 Low/Nooe + 57-61
37,10, 13
15,17, 19
20, 22-30
32, 33, 36
37, 38, 39
42
E 3 4 Low/None + 57-59
3 40, 41 Unknown

i Modified from Horwitz, 1990.
* The extent of agglutination decreases as the number increases.



Figure 1:

Structare of an Ad virion.

(Taken From Horwitz, 1990)

A cross-section of the icosahedral viﬁon is shown. Structural
proteins are denoted as roman oumerals. To the right, an idealized
SDS-polyacrylamide gel pattern illustrates the approximate sizes and
concentrations of these structural proteins in infected cells. For
example, VP II, is the largest (106 kDa) and most abundant

structural protein.
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ed subunits of DNA and protein in 2 chromatin-like structure. Each viral nucleosome may

consist of 150 nucleotides of DNA wrapped around 3 dimers of VP VIL The individual
nucleosomes are linked by a variably sized DNA segment complexed to a single VP V
molecule. VP VI, which also binds DNA, has recently been shown to connect the

peripentonal hexons (Stewart et al., 1993).
c) Genome Organization

The Ad genome (Fig. 2) is a linear double stranded DNA molecule that varies in
size with serotype (e. g. Ad5 = approximately 36 000 base pairs). At cach end of the
genome are inverted terminal repeats (ITRs) which vary in length between 50 and 170 base
pairs and which serve as origins for DNA replication (Kelly, 1984). At the 5' ends of each
strand a virally encoded terminal protein (TP; Rekosh et al., 1977) is covalently linked by a
serine hydroxyl group to a dCMP molecule that serves to initiate viral DNA replication by a
semi-conservative mechanism (Kelly and Lechner, 1977). Both genome strands encode
several transcription units and are designated left (1) and right (r) according to the direction
of transcription. Transcription units are situated within the carly (E1, E2, E3, and E4) and
late (L1-L5) regions of the genome. E1 (encodes the E1A and E1B franscription units),
E3, and L1-L5 are located on the r-strand while E2 and E4 map 1o the i-strand. The
following paragraphs briefly overview features of the E2, E3, E4, and late region transcript
and translation products. A detailed description of E1 transcripts and translation products
will be presented in section 3.

Transcription of E2 generates a primary mRNA that is spliced into E2A and E2B
mRNAs (for review, see Sussenbach, 1984). E2A encodes a 72 kd single-strand-specific
DNA binding protein which is esseatial for productive infection (Kruijer et al., 1981).
E2B mRNAs encode the 80 kd precursor of the terminal DNA binding protein and a 140 kd
DNA polymerase both of which are required for viral DNA replication and, like the 72 kd

E2A protein, are necessary for the production of progeny virus (Stillman et al., 1981).



Figure 2:

Organization of the Ad genome.

(Taken From Hitt et al, 1994)

The linear double stranded Ad5 genome (~36 000 base pairs) is
shown as a double line. While the graduated numbers shown in
bold, as muitiples of ten ,above the genome represent map units (m.
w.; 1 m. .= 360 base pairs), arrows symbolize mRNAs and their
direction of transcrip:ion. Messenger RNAs from early and late
regions are indicated as light and bold lines repectively (Note: some
E2 mRNAs are synthesized at late times). Late transcription (shown
by the open arrow) originates from the major late promoter and
terminates near the right end of the genome. Although this transcript
is processed into five families of late mRNAs spliced to a common
tripartite leader (represented by the numbers 1, 2, and 3), some

mRNAs contain additional leaders.
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E3 gives rise to one transcript which produces 9 overlapping mRNAs (Chow et al,,

1979). Five B3 translation products of 19, 14.7, 14.5, 10.4, and 6.7 kd have been
identified (reviewed in Wold and Gooding, 1991). Although the cassette of E3 genes is
not required for productive infection in culture (Jones and Shenk, 1979), its gene products
are involved in virus-host cell interactions and in mechanisms for the protection of infected
cells from host immune surveillance. For instance, the Ad5 E3 19 kd protein, an integral
membrane protein of the endoplasmic reticulum, inhibits the transport of major
histocompatibility complexes to the cell surface, thereby preventing lysis of infected cells
by cytotoxic T lymphocytes (reviewed by Andersson et al,, 1985). The 14.7, 14.5, and
10.4 kd plasma membrane proteins play roles in virus-host cell interactions by preventing
tumor necrosis factor- but not E1A-mediated apoptosis as well as down-regulating
expression of the epidermal growth factor receptor (for review, see Wold, 1993).
Additionally, the 14.5 kd and 10.4 kd proteins appear to play a role in translational control
of E1A since they interfere with the transiation of E1A-specific mRNA (Zhang et al.,
1994).

EA4, located at the extreme right end of the genome, yields a primary transcript that
is processed to give rise to at least 5 mRNAs (Chow et al., 1979). Proteins of 34, 19.5,
and 14 kds are translated from these mRNAs (Downey et al., 1983; Cutt et al., 1987).
Polypeptides generated from this region are essential for a productive infection as they are
needed for efficient viral replication and late gene expression as well as cessation of host
macromolecular synthesis. To facilitate viral replication, the AdS E4 19.5 kd protein in
direct association with a heterodimer of the transcription factors E2F-1 and DP-1
transactivates expression from the E2 promoter (Hardy and Shenk, 1989; Obert et al.,
1994; Helin and Harlow, 1994). The Ad5 E4 34 kd protein is not only involved in the
process of halting the synthesis of host macromolecules (Cutt et al., 1987), but interacts
with the E1B 55 kd protein to allow accumulation of late viral mRNAs (Cutt et al., 1987;
Bridge et al., 1991). No function has been documented for the 14 kd protein.
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During the late phase of viral replication, mRNAs for all late gene products are

spliced from a primary RNA molecule transcribed from the major late promoter (Ziff and
Evans, 1978). Each late primary RNA transcript is processed into one of five different
mRNAs (L1-L5) containing common tripartite leader sequences and 3' ends (Sussenbach,
1984). Translation products from the L1-L5 mRNAs function as capsid components as

well as proteins required for the assembly of virions and packaging of the viral genome.
d) Replicative and Transforming Cycles

Human Ads undergo a series of steps during infection of permissive cells which
culminate in lysis of the host cell and release of progeny virus (reviewed by Horwitz, 1990
and references therein). The first step involves attachment of the virion to the cell
membrane by virtue of its fibre protein. Once attached, the virion has recently been
proposed to enter the cell by internalization and/or penctration of the cytloplasmic
membrane, a process which is initiated by the interaction of the penton base protein with
the alpha v beta 3 and alpha v beta 5 integrins (Wickham et al., 1993, 1994; Huang et al.,
1995). Following entry, virions are shuttled to the nucleus in a manner which causes loss
of the capsid. In the nucleus, most of the remaining viral genome-associated proteins are
shed in preparation for viral gene expression and DNA replication. Expression of viral
genes is temporally regulated as a result of transcription first from carly and subscquently
late transcription units. Early region 1 (E1), which is transcribed immediately after
infection, consists of two transcription units encoding the E1A and E1B genes. E1A is
expressed approximately 1 hour after infection and is required for expression of the other
early genes (E1B, E2, E3, and E4) at 1.5 to 2 hours post infection. The early genes
produce proteins, prior to the onset of viral DNA replication, which play roles in viral gene
expression, DNA replication, evasion from cellular immunosurveillance components, and
host-protein synthesis cessation. Following the onset of viral DNA replication, at

approximately 7 hours post infection, late gene transcription commences and reaches a peak
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Jevel at about 18 hours post infection. For efficient and maximum synthesis of viral

structural proteins during the late phase, cellular DNA and protein synthesis is dramatically
reduced. At approximately 24 hours post infection the virion is assembled and the viral
genome packaged. The replication cycle of the virus concludes as the cell is lysed releasing
1000-10 000 virions, depending on the serotype which originally infected the cell.
Infection of primary rodent cells, which are pot totally permissive for Ad
replication, does not result in efficient production of progeny virus. However, by
mechanisms that are not yet entirely understoed, infection of these cells can lead to
morphological transformation. When primary rodent cells were transfected with a variety
of DNA fragments from the Ad genome, it was discovered that E1 (E1A and E1B genes)
was solely required for transformation (Graham et al., 1974a,b; van der Eb et al., 1979).
Interestingly, transfection of permissive human kidney cells with sheared AdS or Ad12
genomic DNA or E1 regions also resulted in transformation by E1 (Graham et al., 1977;
Byrd et al., 1982). The activities of E1A and E1B gene products and their roles in
transformation will be discussed in section 4. Although E1A and E1B play central roles in
transformation, It should be noted that other genes also influence transformation in viral-
mediated assays. For example, viruses carrying mutant viral DNA polymerases

demonstrated impaired transforming activity (Miller and Williams, 1987).

3) Early Region 1 (El} Transcripts and Translation Products

In this section, features of human Ad E1A and E1B transcription and translation
products will be briefly summarized. Data presented has been obtained almost entirely
from studies with the highly characterized E1A and E1B genes of the closely related AdS
and Ad2 viruses. Because of their relevance to research presented in this thesis, features of

Ad12 E1A and E1B transcripts and translation products will also be included.
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a) El1A

ElA is a trapscription unit within E1. The Ad5 E1A region produces two major
mRNAs (128 and 13S) which share a common 3' exon and differ only in the size of the
intron removed (Berk and Sharp, 1978; Chow et al., 1979; Kitchingman and Westphal,
1980; Perricaudet et al., 1979) and three minor mRNAs - 11S (Ulfendahl et al., 1987),
10S (Stephens and Harlow, 1987), and 9S (Chow et al., 1979) which also share the
common 3' exon but differ in the 5' exon sequences they encode (see Fig. 3A and 3B).
The translation products encoded by the 13S, 12§, 118, 10S, and 95 mRNAs are
predicted to contain 289, 243, 217, 171, and 55 amino acids respectively (Fig. 3C shows
the structure of the major 289 and 243 amino acid Ad5 E1A proteins). In vitro translation
of mRNA recovered following hybridization to the E1A region, yields many highly related
polypeptides ranging in size from 35-55 kilodaltons (Lewis et al., 1976; Halbert et al.,
1979; Esche et al., 1980; Halbert and Raskas, 1982). Four major E1A proteins, ranging in
size from 45-52 kilodaltons, and a number of minor E1A proteins have been
immunoprecipitated from Ad-infected cells (Yee et al., 1983, 1985a; Harlow et al., 1985).

The E1A region of Ad12 (Fig. 3B) encodes two mRNAs which are very similar in
structure to the 128 and 138 mRNAs of Ad2 and Ad5 (Perricaudet ct al., 1980; Sawada
and Fujinaga, 1980; Saito et al., 1981) but the presence of Ad12 mRNAs corresponding to
the 118, 108, and 95 mRNAs of Ad2 or AdS5 has not been documenied. Translation
products encoded by the Ad12 E1A 138 and 125 mRNAs are predicted to contain 266 and
235 amino acids respectively (Perricaudet et al., 1980). As with Ad5 E1A proteins, Ad12
E1A proteins have been identified by in vitro translation of E1A specific mRNAs, selected
by hybridization to E1A region DNA, and by immunoprecipitation from infected celis.
(Segawa et al., 1980; Lucher et al., 1984; Scott et al., 1984). These studies revealed two
polypeptides which range in size from 35-37 and 45-47 kilodaltons.

E1A gepe products possess an unusually high proline content (16%). Since

prolines are known to disrupt secondary structure in proteins, E1A proteins are believed to



Figure 3:
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Structure of the AdS E1A and Adl12 E1A mRNAs and of
the major "Ad5 E1A gene products.

In A and B, AdS and Ad12 mRNAs are respectively represented by
horizontal lines (open reading frames are denoted by open boxes,
and introns by carets). The horizontal lines above the mRNAs show
the nucleotide positions of the exon-intron boundries. By virtue of
their sedimentation coefficients, mRNAs are designated 135,128,
11S, 10S, and 9S. The solid 9S exon represents a different open
reading frame. Polyadenylation sequences are represented by "An".

C is a schematic of the major Ad5 E1A proteins.
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lack such structure. These proteins are acidic with isoclectic points ranging between pH 4

and 5 (Grand, 1987), and the acidic residues are clustered within three regions that are
highly conserved among various Ad serotypes (Flint and Shenk, 1989) designated
conserved region 1 (CR1), CR2, and CR3 (van Ormonﬁt et al., 1986). While CR1 and
CR2Z are located in the amino terminal region common to the 13S and 125 mRNA
translation products, CR3 is unique to the 13S product (see Fig 3C). The major E1A
proteins are degraded rapidly with a half-life of 20-80 minutes in infected cells and
approximately 2 hours in transformed cells (Rowe et al., 1983; Spindler and Berk, 1984).
They are also extensively phosphorylated at a number of serine residues and consequently
migrate at a retarded rate during SDS-PAGE (Tremblay et al,, 1988). The significance of
E1A phosphorylation is unclear, since mutation of different phosphorylation sites appears

to have no dramatic effect on biological activity of the protein (Tremblay et al, 1989).
b) EIB

The primary transcripts of the Ad5 and Ad2 E1B regions are alternatively spliced
into 2.2 and 1 kb mRNA products (Berk and Sharp, 1978; Chow et al., 1979;
Kitchingman and Westphal, 1980; Perricaudet et al., 1980). Two minor mRNAs are also
among the E1B transcripts (Virtanen and Pettersson, 1985). These transcripts contain 3
exons, the first two of which are derived from the 1 kb mRNA and the third, situated
between these exons, from the 2.2 kb mRNA. Two long, partially overlapping open
reading frames are contained within the 2.2 kb mRNA (Bos et al., 1981) from which
proteins of 175 and 495 residues are translated. Translation products of 155, 92, and 82
amino acids which are structurally related to the 495 residue protein are also observed
(Virtanen and Pettersson, 1985). As with the E1A proteins, confirmation of these E1B
proteins came when their mRNAs were in vitro translated (Halbert et al., 1979; Esche et
al., 1980; Lupker et al., 1981) and immunoprecipitated (Lassam et al,, 1979; Ross et al,,

1980), resulting in detection of large and small proteins of 50-65 and 15-21 kilodaltons
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respectively. Using anti-peptide antisera, Green et al., 1983 and Yee et al., 1983

determined that the large and small E1B gene products were translated into 55 and 19
kilodalton proteins from the 495 and 175 amino acid open reading frames. The E1B 55
kilocalton protein was shown to be phosphorylated and by immunofluorescence and cell
fractionation studies to be present in both the nucleus and cytoplasm (Sarnow et al., 1982;
Yee et al,, 1983). McGlade et al.,, 1987, 1989 demonstrated that the majority of 19
kilodalton (19 K) E1B proteins were acylated and a minor fraciion phosphorylated. 19 K
was also found in the nucleus and cytoplasm, and was found to be membrane associated
and localized to the nuclear envelope (Persson et al., 1982).

Transcription of the E1B region of Ad12 produces 3 mRNAs, one 2.2 kb in size
and similar to the large E1B mRNA of Ad5 and Ad2, and two of approximately 1 kb in size
(Virtanen et al., 1982). As with the larger AdS E1B transcript, the corresponding Ad12
E1B transcript contains two long, partially overlapping open reading frames (ORFs)
encoding 163 and 482 amino acid gene products (Bos et al., 1981). Two smaller mRNAs
contain the 163 residue ORF and a 110 amino acid ORF. In addition to a large (50-59 kd)
and smaller protein of 19 kd (Jochemsen et al., 1980), proteins of 17 kd, 15 kd, and 14 kd
have been translated from the Ad12 E1B region (Mak and Mak, 1986). While the larger
protein, referred to as the 55 kd protein, and the 19 kd product are encoded by the 482 and
163 aa ORFs, the 17, 15 and 14 kd products remain to be characterized. Like Ad5 E1B 55
and 19 kd proteins, the corresponding Ad12 E1B proteins are also phosphorylated and
found in the nucleus and cytoplasm (Grand and Gallimore, 1984). Although the 19 kd
Ad12 E1B protein is also membrane associated and acylated, the fatty acid moeity is linked
differently (McGlade et al., 1987).
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4 nctions of Gene Bcts

a) Regulation of Gene Expression and Cellular Proliferation Through
Interaction With Cellular Proteins

The major E1A proteins participate in a wide variety of viral and cellular processes.
During lytic infection, they facilitate viral replication by activating transcription of other
early viral genes (50-100 fold enhancement), in frans (Berk et al., 1979; Jones and Shenk,
1979) and they induce cellular proliferation (Braithwaite et al., 1983; Spindler et al., 1985).
Since the natural host cells for Ad infection are growth arrested epithelial cells, the ability of
E1A proteins to induce their proliferation creates a favorable setting for viral replication.
E1A's capacity to promote cellular proliferation is believed to be linked to its potential to
influence cellular gene expression. To this end, E1A proteins have not only been shown to
transactivate RNA polymerase II (Gaynor et al., 1984; Svensson and Akusjarvi, 1984) and
Il (Hoeffler and Roeder, 1985; Gaynor et al., 1984) transcribed cellular genes
(endogenous and exogenous) as well as other viral genes (Table 2), but to repress a variety
of transcriptional enhancers (Table 3) (reviewed by, Branton et al., 1985; Bayley and
Mymryk, 1994). During evolution, E1A proteins have also acquired the ability to
immorialize a variety of primary mammalian cells in culture (Houweling et al., 1980), and,
in cooperation with E1B or another oncogene such as activated ras, to fully and
oncogenically transform them (Graham et al., 1974a; Ruley, 1983). Since the ability to
induce tumors can not offer an obvious selective advantage to cells, it is likely a side effect
of E1A's ability to promote cellular proliferation and therefore enhance viral yield. While
the combination of functions which allows E1A to participate in Ad replicative and
transforming cycles is uncertain, it is clear that the major function of E1A proteins is to
drive cellular proliferation by influencing gene expression.

Despite the nuclear localization of the major E1A proteins, there is little evidence to
suggest that they influence gene regulation via a direct DNA interaction (Ferguson et al.,

1985; Chatterjee et al., 1988). In contrast, extensive evidence supports the notion that E1A
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Table 2: Cellular genes transcribed by RNA polymerase II and
induced by Ad5 E1A%.

Endogenous Genes Exogenous Genes *
c-fos c-fos

c-jun c-jun

nm23 for nucleoside diphosphate kinase c-myc

Genes For; Genes For:
B-tubulin B-globin
creatine kinase hsp 70

cyclin A PCNA

heat shock proteins (hsp) 70 and 90 preproinsulin
p34cdc2 kinase

proliferating cell nuclear antigen (PCNA)

thymidylate synthase

topoisomerase I

1 Modified from Bayley and Mymryk, 1994.
* These genes were introduced by transfection. References are shown in a similar
table presented by Bayley and Mymryk, 1994.



Table 3:  Viral and cellular genes repressed by Ad5 E1A¥.

DNA Tumor Virus Genes™*

SV40 enhancer and early genes
Polyoma enhancer plus early and late genes
Adenovirus E1A enhancer and E2A late promoier

Cellular Genes™

c-myc, JE, neu

Genes For:

collagen type 1

cyclin D

cytochrome P-450c
fibronectin

Ch44

immunogobulin chains
insulin

interleukin 6
phosphoenolpyruvate carboxykinase
stromolysin
collagenases

urokinase

Differentiation-specific genes for:

Muscle:
o-actin, myosin heavy chain,
creatine kinase, troponios 1 and T

Nerve:
NGF receptors, pl140uk, p75NGFR

Genes stimulated by interferon

T Modified from Bayley and Mymryk, 1994.
* References for the genes listed are shown in a similar table
presented by Bayley and Mymryk, 1994.
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proteins mediate processes involved in regulating gene expression by forming complexes

with key cellular factors. Cellular proteins of 400, 300, 130, 107, 105, 60, and 33 kds
(designated £400 etc.) have consistently been found to associate with E1A proteins (Yee
and Brarton, 1985b; Harlow et al., 1986; Egan et al,, 1987, 1988, 1989; Whyte et al.,
1988; Giordano, 1989). Figure 4 shows a map of the major AdS E1A proteins and regions
necessary for interaction with the cellular proteins mentioned above. Although
identification of the E1A-associated cellular proteins was based on studies which analyzed
co-immunoprecipitates from lysates of radioactively labelled cells and from in vitro studies
examining cell lysate protein binding to bacterially produced E1A proteins, interactions
with other cellular proteins which also play roles in regulating gene expression and cell
growth (cyclins, cyclin-dependent kinases, and the TATA-binding protein (TBP)) were
subsequently identified using more sensitive methods (reviewed by Barbeau et al., 1994;
Bayley and Mymryk, 1994).

Rb Protein Family

p105 (the product of the retinoblastoma gene, Rb-1 (Lee et al., 1987)), p107 (Ewen
et al, 1991), and p130 (Li et al., 1993) are a group of related proteins belonging to the Rb
protein family. Members of this family are thought to function as tumor suppressors since
the chromosomal regions containing the p105 and p130 genes are frequently deleted in
retinoblastomas and variety of human tumors (Weinberg, 1991). Interestingly, these tumor
suppressors appear to regulate the cell cycle and are themselves regulated by
phosphorylation in all phases of the cell cycle. The phosphorylation state of p105, for
example, is un- or hypo-phosphorylated in Gg/G1, hyperphosphorylated through S/G2,
and hypo-phosphorylated during mitosis (Buchkovich, 1989). This suggests that the
bhypo-phosphorylated forms of pl105 and of the other Rb family members negatively
regulate the cell cycle. When complexed to E1 A, however, the normal activities of the Rb

family members and the proteins they interact with, are presumably altered, a change which



Figure 4:

Major Ad5 E1A proteins and regions necessary for
cellular protein binding.

Translation of the 13S and 12S AdS E1A mRNAs give rise to the
289 residue (289 R) and 243 R protein products respectively. The
boundries, of conserved protein sequence regions 1 (CR1), CR2,
and CR3 are marked by horizontal and vertical lines which also
outline the boundries of protein regions encoded by exon 1, 2, and
the unique segment (found only in 289 R protein). Regions of the
major AdS E1A protein products necessary for cellular protein
binding are shown by closed and checkered boxes which
respectively represent regions of primary and secondary importance.
Cellular proteins other than Ct-BP and BS69 are designated on the

basis of size (e. g. p400).
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which positively influences gene expression and cell growth through multiple pathways

(pathways reviewed by Bayley and Mymryk, 1994; Moran, 1994). One such pathway
involves the ability of E1A-p105/107/130 complexes to affect the availability of the
E2F/DRTF1 family of transcription factors. EZF/DRTF1 factors bind only the hypo-
phosphorylated Go/G1 forms of Rb family members (Bandara and LaThangue, 1991). By
virtue of its interaction with these members, E1A can liberate E2F/DRTF1 factors. Once
free, E2F factors, for example, can activate transcription from the Ad E2 promoter (Bagchi
et al, 1990) and from a variety of cellular promoters which drive expression of S-phase
specific genes (e.g. c-myc (Hiebert et al., 1989)). Alternatively, E1A-Rb family member
complexes can positively or negatively influence gene expression and cell growth by
affecting the synthesis and phosphorylation states of a variety of transcription factors
including the E2F/DRTF1 family and c-Jun, a component of the AP-1 family. This finding
is linked to the ability of particular E1A-p105/p107/p130 complexes to associate with
different cyclins (A-E) and cyclin-dependent kinases (cdks) which play key regulatory roles
at different stages of the cell cycle (for review, see Bayley and Mymryk, 1994; Moran,
1994).

p300

Another pathway by waich E1A can influence gene expression and cellular
proliferation is through its interaction with p300. Several features of its gene sequence,
derived from a recently cloned cDNA, and studies anzlyzing its protein product suggest that
p300 is involved in regulating transcription: 1) the p300 protein which is actively
phosphorylated in all phases of the cell cycle and present in the nucleus of a variety of
mammalian celi types (Yaciuk and Moran, 1991) also possesses intrinsic DNA-binding
activity with specific affinity for enhancer motifs, including MHC class I H2TF1 enhancer
motif (Rikitake and Moran, 1992); 2) p300 is a component of TATA-binding protein (TBP)

complexes (Abraham et al., 1993); 3) a so-called bromodomain protein sequence motif in
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p300 mediates protein-protein interactions and is present in other transcriptional activators

such as the TBP-associated factor, TAFn250/CCG1 (Eckner et al, 1994); 4) p300 is a
functional homologue of CREB's transcriptional co-activator CBP (Lundblad ct alL, 1995),
and like CBP, p300 belongs to a family of transcriptional adaptor proteins which can
stimulate transcription (Arias et al., 1994; Arany et al., 1994, 1995); 5) experiments where
p300 cDNAs were over-expressed not only revealed that p300 could partiaily overcome
repression of the SV40 transcriptional enhancer by E1A, but suggested that p300
participates in activating this enhancer (Eckner et al., 1994).

The latter point suggests that binding to p300 offers another means by which E1A
proteins can modulate transcription. This is supported by two main bodies of evidence.
First, E1A-p300 complexes, like ELA-Rb family complexes, have been associated with the
repression of a variety of viral and tissue specific promoters (Jelsma et al., 1989; Stein et
al., 1990; Wang et al., 1993; Arany et al., 1995). Second, the ability of ELA to interact
with p300 and affect its phosphorylation state has been shown to mediate increased
transcription of c-Jun during the differentiation of F9 cells (Kitabayashi et al,, 1995), a
finding which also suggests that the phosphorylation state of p300 may influence whether

certain cells will differentiate or remain undifferentiated.
TATA-Binding Protein

Other regions of E1A besides the first exon are able to bind cellular proteins and
influence transcription. Conserved region 3 (CR3), for example, endows E1A with a
trans-activation potential which far exceeds that of the first exon alone; it allows the larger
major E1A protein to transactivate most of the Ad early genes and many cellular genes
(reviewed by Berk, 1986; Shenk and Flint, 1991). To serve as a powerful transactivator,
two domains within CR3 promiscuously bind cellular factors involved in transcriptional
regulation. By virtue of a zinc finger protein-binding motif in its amino-terminal domain,

CR3 can bind TBP (Geisberg et al., 1994) and activate transcription by initiating the
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formation of a multiprotein transcription complex with RNA polymerase Il E1A can also

target several promoters through interactions between a carboxy-terminal domain of CR3
and the DNA-binding domains of a variety of cellular transcription factors including ATF-
2, c-Jun and Sp1 (Liu and Green, 1994).

To date, only two cellular proteins, Ct-BP and BS69 have been found to interact
with the second exon of E1A. While Ct-BP, a nuclear phosphoprotein, appears to induce
immortalization and transformation (Boyd et al., 1993), the BS69 protein has been shown

to inhibit E1 A (-ansactivation (Hateboer et al., 1995).
b) Inhibition of Cellular Differentiation

Since E1A proteins promote cellular proliferation, it is not surprising that they
inhibit differentiation of neuronal (Maruyama et al., 1987) and muscle (Webster et al.,
1988) cells. The smaller major E1A protein (lacks CR3) is thought to mediate suppression
of cellular differentiation by down-regulating the expression of differentiation-specific
genes such as those of the DNA-binding MyoD family of transcription factors (MyoD,
myogenin, Myf-5, and Myf-6) that regulate muscle differentiation. Although evidence
exists supporting a mechanism whereby E1A inhibits cellular differentiation via association
with p105 or p300 (Heasley et al., 1991; Caruso et al., 1993; Kitabayashi et al., 1995), the
specific details are far from understood.

c) Induction of Apoptosis

Although it is well established that the principal function of the major E1A proteins
is to drive cellular proliferation during lytic infection or transformation, these proteins can
also trigger apoptosis (céll death) in certain host cell types (White and Stillman, 1987).
Apoplosis begins with the appearance of enhanced cytopathic effect (cell shrinkage,
membrane blebbing, detachment from culture dish) and concludes with the degradation of

viral and cellular DNA as well as condensation of chromatin within the nucleus (Whyllie,
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1980). E1A-mediated induction of apoptosis is most apparent in the absence of E1B 19 kd

(19K) or 55 kd (55K) proteins, suggesting that 19K and 55K serve to inhibit apoptosis
(see section 5). The regions of E1A required for induction of cellular proliferation are also
needed for apoptosis induction, suggesting that p300 and the Rb protein family may
participate in apoptosis induction by E1A (White et al., 1991). In addition, several lines of
evidence suggest that E1A triggers apoptosis through the activities of the cellular tumor
supressor protein, p53 (reviewed by White, 1994). Taken together, it is likely that E1A
induces apoptosis through p300, Rb family members, and/or p53 by activating and/or
repressing expression of apoptosis inducing and suppressing genes respectively.
Alternatively, it has been proposed that apoptosis may simply arise due to an imbalance in
the cell cycle created by the opposing growth signals of E1A and p53 (Debbas and White,
1993). This imbalance may explain the observation that apoptosis induced by Ad5 E1A in

rat celis is concomitant with a block in cellular proliferation (Mymryk et al., 1994),

5) Functions of E1B Gene Products

a) Regulation of mRNA Processing and Transpert

The Ad5 E1B gene encodes two major products (55K and 19K) that play
significant roles in infected and transformed cells. By forming stable complexes with the
E4 34 kd protein (Halbert et al., 1985) in productively infected human cells, 55K facilitates
viral replication by mediating efficient transport of late viral messages to the cytoplasm and

inhibiting accumulation of host mRNAs (Pilder et al., 1986).
b) Inhibition of Apoptosis

E1B 55K also binds to and inhibits the function of the p53 tumor supressor gene
product (Sarnow et al., 1982), an event which is thought to inhibit the ability of p53 to
mediate apoptosis induced by E1A. Thus, 55K has been proposed to function as an

inhibitor of apoptosis. E1B 19K proteins are also thought to inhibit apoptosis since
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permissive cells infected by Ads carrying defective E1B 19K proteins undergo apoptosis

(Pidler et al., 1984; White et al., 1984) as do cells transformed by E1A in the absence of
E1B 19K or 55K (Rao et al., 1992). Moreover, 19K proteins may maintain DNA integrity
and therefore inhibit apoptosis due to their association with cytoplasmic and nuclear
membranes, intermediate filaments in the cytoplasm, and the nuclear lamina (Persson et al.,
1982; White et al., 1984; White and Cipriani, 1989). It is likely that 19K acts to inhibit
p53-dependent and probably p53-independent apoptosis pathways in a manner resembling
that of the potent apoptosis inhibitor, the human Bcl-2 protooncogene (for review see,
White, 1994).

As with the major E1A proteins, the endpoint of E1B 55K and 19K protein activity
is 10 drive cellular proliferation and facilitate viral replication. That the major E1B proteins
play a significant role in driving cellular proliferation is evident by their cooperation with

E1A proteins to fully and oncogenically transform a variety of primary cells in culture.

6) Adenovirns Mediated Tumorigenesis

a) ElA - A Major Determinant

On the basis of their ability 10 induce tumors in hamsters, the buman Ad serotypes
have been classified into three groups: highly tumorigenic (e.g. types 12, 18, and 31),
weakly tumorigenic (e.g. types 3 and 7), and non-tumorigenic {e.g. types 2 and 5) (Trentin
et al., 1962; Huebner et al., 1962). While the tumorigenic capacity of Ad-infected cells
requires co-expression of E1A and E1B, the serotypic origin of E1A is the major
determinant for tumorigenicity (Bernards et al., 1983; Jochemsen et al., 1984). This
conclusion was based on experiments which examined the tumorigenicity of rat cells
transformed by different combinations of Ad5 and Ad12 E1A and E1B proteins in
syngencic immunocompetent and nude hosts (Bernards et al., 1983) (for restlts, see Table
4). These experiments also demonstrated the ability of Ad12 E1B proteins to enhance the

tumorigenic capacity of Ad12 El-transformed rodent cells.
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Tumorigenicity of rat cells transformed by different
combinations of Ad5 and Adl12 E1A and E1B genes¥.

ElA E1B Syngeneic Rats Nude Mice
5 5 0/51 15/31
12 12 18/18 23/23
5 12 0/26 18/18
12 5 6/60 2/19

5+12 12 0/18 12/12

I Modified from Bemards et al., 1983.

Transformed cell lines were established following transfection of
primary baby rat kidoey cells with different combinations of
individual plasmids carrying AdS and Ad12 E1A and E1B genes.
These lines were subcutaneously injected into litters of newbom
syngeneic rats and nude mice. Results are represented as the
number of tumorigenic animals / number of animals injected.



b) MHC Class I Expression %

Many studies directed at identifying and understanding functional differences
between AdS and Ad12 E1A have suggested that E1A influences tumorigenicity of AdS
(non-tumorigenic) and Ad12 (tumorigenic) transformed rodent cells by modulating the host
immune response of the immunocompetent rodent. For instance, while both the Ad5 and
Ad12 E1A products can determine viral specificity of tumor specific transplantation
immunity (Sawada et al., 1986, 1994), Ad12 E1A, unlike AdS E1A participates in down-
- regulating expression of MHC class I molecules in rodent (Schrier et al., 1983; Vaessen et
al., 1987; Ackrill and Blair, 1988; Friedman and Ricciardi, 1988) and human cells
(Vasavada et al., 1986).

At the transcriptional level (Ackriil and Blair, 1988; Friedman and Ricciardi, 1988),
Ad12 E1A mediates MHC class I down-regulation through the H-2KDP class I enhancer
(Fig. 5) which binds many transcription factors: NF-xB (Israel et al., 1987), KBF1 (Yano
et al., 1987), H2TF1 (Baldwin and Sharp, 1988), MBP-1 (Baldwin et al, 1990), H2RIIBP
(Hamada et al., 1989), and COUP-TF (Kralli et al., 1992; Liu et al,, 1994) as well as other
uncharacterized factors (Ackrill and Blair, 1989; Proffitt et al., 1994). In contrast to Ad5
E1-transformed cells, a drastic reduction of NF-xB binding to the class I enhancer has been
reported in Ad12 El-transformants (Nielsch et al., 1991; Meijer et al., 1992), a discovery
which may explain their reduced class I levels and increased tumorigenic capacities.

NF-kB, which binds to the positive regulatory R1 element in the class I enhancer
(Baldwin and Sharp, 1988) and activates transcription (Plaksin et al., 1993; Segars et al.,
1993), is ubiquitously expressed and composed of 50 (p50) and 65 (p65) kd subunits.
The genes encoding p50 (NF-xB1), its precursor, p105, and p65 (RelA) are members of
the intensively studied NF-kB/Rel family of DNA binding transcription factors. Other

family members and the genes encoding them (in parentheses) include NF-xB2 (p52 and

its precursor, p100), Rel (c-Rel), and RelB (review by Nolan and Baltimore, 1992).
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H2.Kb MHC class I enhancer.

This schematic represents the upstream regulatory nucleotide
sequences of the murine H2-KP class I enhancer. Elements (o,
IRE, and CRE (R1 and R2)) are represented by the largest boxes.
Cellular protein families which bind the enhancer elements are listed
beneath the arrows, NF-xB and COUP-TF (shown in parentheses)
are examples of cellular factors binding the R1 and R2 elements

respectively.
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©) Cellular Immune Response »

Because Adl2 E1A mediates MHC class I repression, it has been generally
accepted that Ad12 El-transformed cells induce tumors in syngeneic immunocompetent
rodents by evading the surveillance of host MBC class I-restricted CD8+ CTLs. Several
repotts, bowever, have failed to find a strict correlation between reduced class I expression
and tumorigenicity (Mellow et al., 1984; Haddada et al., 1986; Shemesh et éL, 1991,
Soddu and Lewis, 1992; Shemesh and Ehrlich, 1993). Consequently, it has been
proposed that non-specific effectors of the immune system, such as NK cells, may play an
important role in tumorigenesis since rodent cells transformed by AdS or Ad12 E1A have
respectively demonstrated susccptibility and resistance to lysis by NKs (Raska and
Gallimore, 1982; Sawada et al., 1985; Cook et al., 1986, 1987; Routes, 1993). In
addition, differences in the abilitics of Ad5S and Ad12 EIA molecules to serve as
immunogenic determinants on transformed cells may also contribute to the oncogenicity of
Ad5 and Ad12 El transformants. This hypothesis is reasonable since CTL stimulating
epiiopes encoded by AdS E1A gene products, have been found on cell surfaces in context
with class I antigens (Bellgrau et al., 1938; Kast et al., 1989; Urbanelli et al., 1989; Rawle
et al., 1991; Routes et al., 1991).

7) Research Objectives

In this laboratory, a series of hybrid Ad5/12 E1A genes (Fig. 6) were previously
constructed and used to create hybrid Ad5/12 El1A-containing Ads and to transform
primary Hooded Lister baby rat kidney (BRK) cells in combination with an Ad12 E1B
gene (Jelinek and Graham, 1992). The major conclusions derived from this study were: 1)
recombinant Ads expressing all these hybrid E1A proteins were capable of efficicntly
supporting viral replication, with the exception of one construct (p1036) which contained a
hybrid CR3 transactivation domain; 2) plasmids containing Ad12 sequences encoding the

amino terminus of E1A were approximately 20-fold less efficient at transforming BRK
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Schematic of AdS E1A (pXCl), Adl2 E1A (pHABG6),
and hybrid Ad5/12 ElA plasmids used to transform
Hooded Lister rat kidney cells.

Ad5 and Ad12 E1A gene sequences are shown as open and closed
boxes respectively and are aligned with the structure of the Ad5 E1A
protein (shown above genes). The three conserved regions (CR1,
CR2, and CR3) in the first exon of E1A are also denoted. Precise
locations of crossovers are expressed in nucleotides below the
crossover junctions, where Ad5 aad Ad12 nucleotides are shown on
the outer and inner sides of the "/" respectively. All hybrid E1A
constructs, with the exception of p917-975 and p917-1227, contain
a first crossover junction in which the leftmost 353 base pairs of
AdS5, encompassing the viral inverted terminal repetition and
enhancer/packaging regions, are followed by Ad12 E1A sequences
from nucleotide 290, encompassing the Ad12 E1A promoter,
transcriptional start, and amino terminus, to a second junction point
where crossover again occurs into Ad5 E1A sequences to 16% of
Ad5 genome length. In addition to the first 353 nucleotides of AdS
common to the hybrid E1A plasmids, the p917-975 and p917-1227
constructs contain Ad5 gene sequences to nucleotide 917 (815;
Ad12) followed by Ad12 E1A gene sequences to nucleotides 932
(975; Ad5) and 1142 (1227; AdS) respectively. It should be noted
that the p975 and p917-975 hybrids lack the 12s splice donor sites
of Ad5 and Ad12 E1A, therefore these hybrids encode only the 138
E1A product. Plasmids used to transform primary BRKs and

representative transformed cell lines are listed.



1-2
g0ZlaLzei-218
oldzZlagLe-LL6

eoeiaLzel
L1oZiE9¢c01
rozZigasels
loziLales

voZildgess

toziaces

Z-gda

SUITTIS) DourIouery

sAnB3uasaaday

98VHd
LeZ-L1ed
si¢-21ed
LzeL1d
onoma
9z6d
Lzed

c9zd
069d

‘Loxd

PIUIEeIY

LTZTHITYLL

gis/L1e

§i6/Tc8 Qiu/Lts

B

LdTTLITYLL

SEOL/kBE

Sl6/Tce

osz/ese

osz/ese

!

oszT/cse

!

Leejecs oez/ese

M

Lize9 oszitse

I

089/92Z9 ooN\ﬂwn

N

|nouan]

]

!
d0ls

E HOx3

CHO /cudd

L)

o |
1lHvls



36
cells than their AdS El-encoding counterparts, and 3) at least two regions within the first

exon of Ad12 E1A (excluding CR3) mediate the difference in transforming efficiency.

By assaying their potential to induce tumors in syngeneic immunocompetent rats,
hybrid Ad5/12 E1A- (plus Ad12 E1B) transformed rat cells offer a unique opportunity to
identify regions of the major Ad12 E1A proteins which mediate tumorigenesis. The ability
of Ad12 E1A, unlike Ad5 E1A, to down-regulate MHC class I expression has generally
been accepted as a principal feature determining the different tumorigenic capacities of
Ad12 E1- and AdS El-transformed rat cells. However, the regions of E1A responsible for
class I down-regulation have not been determined. Thus, measurement of cell surface
MHC class I levels on the hybrid Ad5/12 E1A- (plus Adi2 E1B) transformed rat cells
would not only allow the identification of Ad12 E1A regions involved in down-regulating
class I expression, but may reveal a correlation between these levels and oncogenic
potential. Moreover, by studying class I expression in these transformed cells, questions
regarding the molecular basis of Ad12 E1A-mediated class I down-regulation may be
answered. For example, why is NF-«B binding to the positive reguiatory R1 element in
the class I enhancer drastically reduced in Ad12 E1 versus AdS E1 transformed cells ?

The potion that the tumorigenic capacity of cells transformed by the E1 regions of
Ad5 and Ad12 is solely dependent on down-regulation of class I expression is a topic of
great debate since the relationship between class I levels and tumorigenicity is poorly
defined. To better define these relationships and to determine whether other factors
contribute to the different tumorigenic capacities of AdS E1- and Ad12 El-transformed
rodent cells, I decided to measure the susceptibility of the hybrid Ad5/12 E1A- (plus Ad12
E1B) transformed rat cells to syngeneic NKs and allogeneic and syngeneic CTLs in order
to identify the regions of E1A responsible.

Differences in the tumorigenicitv of AdS and Ad12 El-transformants could be
explained by differences in the ability of their E1A proteins to associate with cellular

proteins. This hypothesis, however, has not been extensively explored. Therefore, the
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final objective of my research was to examine the ability of the hybrid Ad5/12 E1A proteins

to associate with the cellular proteins that normally interact with AdS E1A.
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MATERIALS AND METHODS

. aterials
a) Bacterial Strains

E. coli DHS-a strain (Hanahan, 1983; genotype: supE44, AlacU169
(¢80lacZAM15), hsdR17, recAl, endAl, gyrA96, thil, relAl) was obtained from
Bethesda Research Laboratories and used for routine plasmid cloning procedures.

Due to their ability to form unstable secondary and tertiary structures, many
segments of DNA. are deleted in conventional E.coli strains. A cruciform, caused by
inverted repeats such as those found at the termini of the Ad12 genome, is an example of an
unstable DNA structure which is very difficult to clone. Consequently, E. coli LURE cells
(Stratagene) (Greener, 1990; genotype: el4-(McrA-), A(mcrCB-hsdSMR-mrr)171, endAl,
supEAd, thi-1, gyrA96, relAl, lac, recB, recl, sbcC, umuC::Tn5 (Kan®), uvrC[F, proAB,
lacl9ZAM15, Tnl10Q (Tet!) Amy Camf]) which were engineered to carry mutations
inactivating the pathways catalyzing the elimination of inverted repeats, were utilized to

clone Adi2 genomic plasmids and their inverted repeats.
) Plasmids

The pUC19 (Yanisch-Perron et al., 1985) and pNEB193 (New England
Biolaboratories) plasmids were frequently used as vectors for routine cloning procedures.

pIM17 (McGrory et al., 1988), a non-infectious Ad5 genomic plasmid, was used
to rescue the p917-975 and p917-1227 hybrid Ad5/12 E1A (plus Ad12 E1B) encoding

plasmids into virus.
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pXC1 (McKinnon et al, 1982), contains Ad5 sequences from base pair 22 to 5790

(includes E1A and E1B) and was used to transform primary BRK cells.

pHABG6 (Mak et al., 1986), contains the left most 5573 base pairs of the Ad12 Huie
strain genome (includes E1A and E1B) inserted into the BamHI site of pBR322. This
plasmid was used as a source of Ad12 El sequences for general cloning.

To generate Ad12 genomic plasmids capable of replicating in bacteria, the bacterial
origin of replication and ampicillin resistance gene present in the pUCL9 derived plasmid,
pABS.3 (gift of A. Bett), was inserted into pHAB6 Ad12 El sequences.

The kanamycin resistance gene contained in the pUC19 derived plasmid, pABS.4
(gift of A. Bett), was used for ampicillin/kanamycin double selection purposes during the

construction of Ad12 genomic plasmids.
c) Enzymes

All DNA and protein modifying enzymes were purchased from Boehringher
Mannheim, Bethesda Research Laboratories, New England Biolaboratories, or Pharmacia

and used according to manufacturers' specifications.
d) Mammalian Cell Lines

A series of Hooded Lister rat kidoey cell lines (Fig. 5) transformed by and
constitutively expressing AdS E1 genes (DP5-2 cells (Pereira et al., 1994)), Ad12 E1 genes
(12+1 (Jelinek and Graham, 1992})), and hybrid Ad5/12 E1A plus Ad12 E1B genes (Jelinck
and Graham, 1992) were characterized during this research.

702-C2, HABaCl and HABaC2 (Mak et al., 1979), rat lines transformed by and
constitutively expressing Ad12 E1 genes were utilized as comparison controls for cell
surface MHC class I expression.

293, a transformed human embryonic kidney cell line which constitutively

expresses human Ad5 E1 genes (Graham et al., 1977) was used to propagate and titre wild
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type and recombinant AdS and Ad12 viruses as well as for the generation of recombinant

Ad5 and Ad12 viruses following transfection.

HER3, a human embryonic retinal line which constitutively expresses the Ad12
ElA and E1B genes (Byrd et al., 1982) were employed during transfection procedures
aimed at generating recombinant Ad12 viruses.

A2T2C4, an Ad2 Hooded Lister rat embro cell line used as a positive coatrol in
syngeneic NK cytolytic assays due to its high susceptibility to lysis by both rat and hamster
NK cells (Gallimore et al., 1977).

The following human cell lines served to grow and titre Ad5 and Ad12 wild type
and recombinant viruses: KB, a human oral epidermoid carcinoma line; A549, a human
lung carcinoma line; and Hel -, a human cervical epithelioid carcinoma line.

All cell lines were grown in monolayers on 100 or 150 mm plastic tissue culture
dishes (Nunclon) and unless otherwise indicated were maintained in o-minimum essential
medium (a-MEM; Gibeo) supplemented with 10% fetal bovine serum (FBS; Gibco), 2
mM L-glutamine (Gibco), 100 units/ml penicillin G (Gibco), 100 pg/ml streptomycin
sulfate (Gibco) and 2.5 pg/ml Fungizone (Squibb Canada).

e) Viruses

Huie, the wild type human Ad12 strain (Kibrick et al., 1957) was used as a source

of viral DNA to create recombinant Ad12 viruses.
f) Animals

Hooded Lister rats (MHC haplotype C) used for transformation, tumorigenicity,
allogeneic/syngeneic CTL assays and natural killer cell cytolytic assays were bred by
brother-sister mating and housed in the Central Animal Facility, McMaster University.
Fischer 344 rats (MHC haplotype L) used for allogeneic CTL assays were purchased from
Charles Rivers Canada (Quebec, Canada).
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g) Antibodies

M73 (gift, Dr. S. T. Bayley), an anti-Ad2/5 E1A monoclonal antibody and a-p300
(gift from Dr. E. Moran, Temple University), an anti-p300 polyclonal antiserum were used
in immunoprecipitation and co-immunoprecipitation studies.

CLO07A (Cedarlane Laboratories), an anti-rat RT1.A monoclonal antibody and
CL6002F (Cedarlane Laboratories), a rabbit anti-mouse immunoglobulin antisera
conjugated to fluorescein isothiocyanate (FITC) which reacts with all mouse
Immunoglobulin classes/subclasses respectively served as primary and secondary
antibodies in FACS analyses designed to measure cell surface MHC class I antigen levels.

sc-114 (Santa Cruz Biotechnology), an affinity-purified rabbit polycloral antibody
raised against a human NF-xB1-p50 peptide (CTPEIKPKEEVQRKR) which maps within
a domain encompassing part of the basic NLS sequence and the N-terminal adjacent 11
amino acids (Henkel et al., 1992) was used in Western blot analyses.

NR1157 (gift, Dr. N. Rice, NCI) is also a rabbit polyclonal antibody raised to a
human NF-xB1.p50 peptide (DLETSEPKPFLY YPEIKDKC) that detects NF-xB1-p50
and its precursor NF-xB1-p105 by Western blot analysis.

s¢-109 (Santa Cruz Biotechnology), an affinity-purified rabbit polyclonal antibody
raised against a human RelA-p65 peptide (ELFPLIFPAEPAQASGP) was employed in
Western blotting protocols.

sc-2004 (Santa Cruz Biotechnology), an affinity-purified goat anti-rabbit 1gG
horseradish peroxidase conjugated polyclonal antiserum served as a secondary antibody in
Western blot analyses.

CLO20AP (Cedarlane Laboratories), a purified anti-rat CD3 monoclonal antibody
was used to inhibit and confirm the authenticity of lysis by syngeneic DP5-2 specific
CTLs.
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2. Methods

a) Preparation of Competent Bacterial Cells

The bacterial strains, DH5-& and SURE were made competent for transformation
by electroporation or by treatment with CaCly (Sambrook et al., 1989). One litre cultures
were grown to an absorbace (600 nm) of 0.5 to 0.7 and harvested by centrifugation for 10
minutes at 5000 rpm. To harvest, the cells were chilled on ice for 15 minutes and
centrifuged (4000 rpm) for 15 minutes. For electroporation competence, the cell pellets
were resuspended twice in sterile ice cold 10% glycerol (0.5 litres) and centrifuged as
above. Next, the cells were resuspended in approximately 20 ml 10% glycerol and
centrifuged as above. Finally, cell pellets were resuspended in about 2-3 ml 10% glycerol
to a final concentration of 3 x 1010 celis/ml, aliquotted, frozen in a dry ice/ethanol bath,
and stored at -70°C. For CaClp competence, pelleted cells were resuspended twice in
sterile ice cold 0.1 M CaCl2 (100 ml) and centrifuged at 4000 rpm for 15 minutes. Cell
pellets were resuspended in 2 ml ice cold 0.1 M CaClp, dispensed into aliquots, slowly

frozen in dry ice/ethanol bath, and placed at -70°C.
b) Transforination of Bacteria with Plasmid DNA

When transforming CaCl; competent bacterial cells, the cells were incubated with
10-50 ul of ligation reactions or Ad12 genomic plasmids. Following 30 minutes, cells
were heat shocked at 42°C for 2 minutes. Transformation of electrocompetent cells was
accomplished using an E. coli Pulser Electroporator and 0.2 cm electoporation cuveties
(BioRad). 50 ul aliquots of electrocompetent cells in addition to 2-100 ng of plasmid DNA
were placed in a cuvette and electroporated at 2.25 kvolts and resuspended in 1 ml LB.
Next, the transformation solution was placed on a shaking incubator at 37°C. After 1 hour,

10-2, 10-1 and 100 dilutions were plated on LB agar plates containing the appropriate
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antibiotics and placed at 37°C ovemight to allow colony formation derived from

transformed bacteria.
c) Small Scale Plasmid DNA Preparation

With sorae modifications, small scale preparations of plasmid DNA were made
following the alkaline lysis method outlined by Sambrook et al., 1989. Two ml aliquots of
Luria Broth (LB: 0.5% yeast extract (Difco), 1% bacto tryptone (Difco), 0.5% NaCl
(BDH), 0.1% glucose (BDH)) supplemented with cither 0.8 mg/m! ampicillin or 0.5 mg/ml
kanamycin sulpbate were inoculated with transformed bacteria and incubated on a shaker
(225 rpm) at 37°C for 12-24 hours. Cultures were dispensed in 1.5 ml eppendorf tubes
and pelleted by microcentrifugation. Following aspiration of the supernatant, cells were
lysed on ice for 5 minutes with 100ul of solution I (100 pug/ml RNase A, 50 mM
Tris/HCI, 10 mM EDTA, pH 8.0) and a futher 5 minutes with 200 pl of solution II (200
mM NaOH, 1% SDS). To precipitate chromosomal DNA and proteins, 150 ul of solution
IIT (3M potassium acetate, pH 5.5) was added to the lysates and allowed to stand on ice for
an additional 20 minutes. Once precipitates of chromosomal DNA and cellular debris werce
pelleted for 10 minutes by micro-centrifugaiion, plasmid DNA, contained in the
supernatants, was precipitated with 2 volumes of 96% ethanol, pelleted by a 5 minute
microcentrifugation, rinsed with 70% ethanol, dried, and resuspended in 50-100 pl 0.1X
SSC (0.088% NaCl, 0.044% sodium citrate).

d) Large Scale Plasmid DNA Preparation and Purification

The method followed for large scale plasmid DNA preparation was that of
Birnboim and Doly, 1979 (with slight modifications). Log phase cultures (500 ml) were
grown at 37°C overnight in super broth (SB: 2% LB premix (1% select pancreatic digest of
casein, 0.5% select yeast extract, 0.5% NaCl (Bector Dickinson)), 2.2% bacto tryptone,

1.5% yeast extract, and 0.1% glucose) containing either ampicillin or kanamycin sulphate
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in concentrations described above. These cultures were harvested at 4°C by centrifugation

(4240 rpm) for 10 minutes in a cryofuge and the supernatants discarded. Cells were lysed
on ice for 5 minutes with 40 mi solution I (containing 200 mg/ml lysozyme (BMC)) and a
further 5 minutes with 80 ml solution II. Next, 40 m! solution III was added for 20
minutes to precipitate chromosomal DNA and proteins. Precipitates were pelleted by
centrifugation (as described above) and the supernatants were filtered through cheese cloth
into a fresh centifuge bottle containing 100 ml 2-proponal. Following a 30 minute
incubation period, low molecular weight nucleic acids were pelleted by centrifugation
(5000 rpm) for 10 minutes in a cryofuge and the supernat.nts were discarded. Once dry,
the pellet was resuspended in 7 ml 0.1X SSC and incubated at 4°C with 8.6 grams cesium
chloride (CsCl; ICN). After 30 minutes, excess CsCl was pelleted at 4000 rpm for 20
minutes at 4°C and the supernatant was transfetred to a 13 ml 3" x 5/8" heat-sealable ultra
centrifuge tube. Addition of 5.8 ml light parraffin oil to the tube was followed by 200 ul
ethidium bromide (10 mg/ml). Finally, the tubes were heat-sealed and plasmid DNA was
purified by equilibrium centrifugation overnight at 55 000 rpm in a VTi 65.1 rotor
(Beckman). Plasmid bands were collected in syringes fitted with 16 gauge needles and
transferred into 15 ml conical tubes. Bthidium bromide was extracted several times with an
equal volume of CsCl-saturated 2-propanol until no traces could be seen. Tl aqueous
phase was diluted with 3 volumes of 0.1X SSC and 8 volumes of 96% ethanol. Purified
plasmid DNA was collected by centifugation (4000 rpm) at room temperature for 5
minutes, rinsed with 70% ethanol, and resuspended in 0.5-2.0 ml 0.1X SSC.

e) Separation and Purification of DNA Fragments

DNA fragments generated from restriction enzyme digests were separated by
electrophoresis through 0.5-2% agarose (Gibco) gels containing 2.5 pg ethidium bromide
(Sigma) per 100 ml. Following electrophoresis and visualization of DNA fragment bands

using a UV illuminator, desired bands were excised from gels using a scalpel and placed in
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a microcentrifuge tube. Purification of DNA from agarose was accomplished using a

protocol and reagents supplied in the Magic PCR preps kit (Promega). Once pure, DNA
was resuspended in ddH20 and used in subsequent cloning procedures.

) Plasmid DNA Sequencing

Prior to sequencing, 2 pg of plasmid DNA was placed in a 1.5 ml microcentrifuge
tube, lyophilized, pelleted by vacuum centrifugation, and resuspended in 20 p! ddH20. To
depature piasmid DNA, 20 pl 0.4 M NaOH was added and allowed to stand at room
temperature. After 5 minutes, the mixture was neutralized by adding 4 ul 5 M ammonium
acetate and plasmid DNA was precipitated with 100 ul 96% ethanol. Following a 15
minute micocentrifugation at 4°C, the supernatant was carefully discarded and the DNA
pellet rinsed with 70% ethanol. Once dry, the denatured DNA pellet was stored at -20°C
until needed.

Two procedures were utilized for plasmid DNA sequencing during these studies:

1) Chain-termination DNA sequencing using Sequenase

In a total volume of 10 pl, 4 nanograms of primer DNA in a volume of 1 ul was
annealed to the lyophilized template DNA (described above) in the presence of Sequenase
buffer (200 mM Tris HCl pH 7.5, 100 mM MgClp, 250 mM NaCl) at 65°C for 2 minutes
followed by slow cooling to < 35°C. During cooling, 2.5 ul of each termination mixture
(80 uM dGTPF, 80 uM dATP, 80 pM dTTP, 80 uM dCTP plus 50 mM NaCl and 8 uM dd
GTP or ddATP or ddTTP or ddCTP) was added to separate tubes. Next, the labelling
mixture (7.5 uM dGTP, 7.5 uM dTTP, 7.5 pM dCTP) was diluted 1:15 with ddH20 and
Sequenase (a modified bacteriophage T7 DNA polymerase, United States Biochemical)
was diluted 1:8 with enzyme dilution buffer (10 mM Tris HCI pH 7.5, 5 mM DTT, and 0.5
mg/ml BSA). The tubes containing the 4 separate termination mixtures were pre-warmed
in a 37°C heating block. To the 10 pl annealed primer/template DNA mixture, I pl 0.1 M
DTT, 2 ul 1:15 diluted labelling mixture, 1 ul [32P] dATP, and 2 ul diluted Sequenase was
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added, mixed, and incubated at room temperature for 5 minutes. To terminate the

reactions, 3.5 pi of labelling reaction was added to each of the 4 termination mixture tubes
and incubated for 5 minutes at 37°C. Finally, reactions were stopped upon addition of 4 pl
of stop solution (95% formamide, 20 mM EDTA, 0.05% bromophenol biue, and 0.05%
Xylene Cyanol FF), denatured at 100°C for 5 minutes, placed on ice for 2 minutes and
typically electrophoresed on a 7% polyacrylamide gel (for 100 ml: 6.65 grams acrylamide,
0.35 grams BIS, 42 grams urea).
2) Automated DNA Sequencing

Plasmid DNA samples (200 ng/ul) and primer samples (0.2 picomoles/ul) were
provided to the Central Facility of the Institute for Molecular Biology and Biotechnology,
McMaster University where sequencing reactions were carried out using a cycle sequencing
procedure (annealing, elongation, and denaturation temperatures were 50°C, 60°C, and

96°C respectively).
g) Mammalian Cell Passaging

To passage mammalian cells, medium was removed from confluent or near
confluent monolayer cultures and the cells were rinsed with 1-5 mi PBS (137 mM NaCi],
8.2 mM Na2HPOg4, 1.5 mM KHPO4, and .027 mM KCI). Once PBS was removed
from the cells, they were detached from culture dishes uvsing 0.5-2 m! trypsin (Gibco),
appropriately diluted with fresh growth media, and seeded onto new dishes. 293 cells
were passaged as just described with the exception that citrate saline (134 mM KCl and 15

mM sodiun citrate) was used to rinse and detach cells.
h) Ad Infection, Titration, and Purification
Infection of Mammalian Cells in Monolayer or Suspension

Infection of 80-90% confluent monolayer cell cultures was conducted at various

multiplicities. Viral particles were diluted from concentrated stocks or plaque isolates in
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0.2 ml PBSZ+ (PBS plus 0.1% CaCl2 and 0.1% MgClo) for infection of 60 mm dishes,

0.5 ml for 100 mm dishes, and 1.0 ml for 150 mm dishes. Following removal of medium
from cells, diluted virus particies were dispersed dropwise on the monolayer and allowed
to absorb at 37°C for 30-60 minutes after which fresh media was added and the cells
returned to 37°C. The cells were subsequently monitored for cytopathic effect (CPE).
Once cells were rounded and CPE was complete, cells were scraped from dishes into the
surrounding medivm using a rubber policeman. After a five minute 2000 rpm
centrifugation, medium was removed from the pelleted infected cells and a concentrated
viral stock prepared by resuspending the infected cell peliet in 2 ml PBS2+ + 10%
glycerol/150 mm dish. The medium removed from the infected cell pellet also contained
infectious virus albeit at a lower titre. ‘

To obtain more concentrated stocks of Ad12 for subsequent isolation of viral DNA,
KB cells were infected in 2-4 litre suspension cultures. In Joklik's modified MEM + 10%
horse serum, KB spinner cultures were grown to a concentration of 2-4 x 107 cells/ml.
After pelleting cells at 2000 rpm for 10 minutes, they were resuspended in a fresh medium
(1/10 volume) and infected at 37°C with virus at a multiplicity of 10-20 plaque forming
units (PFU) per cell. After 1 hour, the infected cells were brought to the original culture
volume using a 1:1 mixture of fresh medium and conditioned medium, returned 10 a 37°C
incubator, and monitored daily for the presence of inclusion bodies in 80-90% of cells
which is indicative of peak viral production (3-4 days). A 5 mL aliquot fiom the infected
spinner culture was removed, pelleted, and resuspended in 0.5 ml 1% sodium citrate at
room temperature. After 10 minutes, cells were fixed with 0.5 ml Carnoy (3:1
methanol:glacial acetic acid mixture) at room temperature for 10 minutes. Next, 1 ml 1%
sodium citrate was added to cells, centrifugation as above, and resuspended in a few drops
of 1% sodium citrate. Finally, a drop of fixed cells were placed on a slide, allowed to dry
for 1 hour, overlayed with Orcein stain (2% orcein in 50% acetic acid (filtcred through #1

filter paper)) and a cover slipe, and examined under a light microscope for densely stained
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nuclear structures. When ready, cells were harvested by centrifugation and resuspended in

0.1M Tris-HCl, pH 8.0 (10-20 ml for 1-4 litres) for preparation of virus to be used for
CsCl banding and DNA extraction (when necessary, cells were stored at -70°C until

needed).
Plaque Assays

One day prior to use, appropriate cells (293 or HER-3) were seeded in 60 mm
czlture dishes to be approximately 80-90% confiuent at the time virus was added. Virus
dilutions of concentrated stocks or medium were prepared in PBS2+ and added to cells
(0.2 ml/dish) after removal of medium from the monolayer. Once virus particles had
adsorbed to celis as above, 10 ml 44°C overlay (1:1 mixture of 1% agarose and 2X MEM
or F-11 plus 2-5% horse serum or FBS) was added to cells and allowed to solidify at room
temperature. The cells were incubated at 37°C untii plaques appeared (4-14 days). Titres,
expressed as the number of plaque forming units per ml of viral preparation, were
calculated using the following calculation: ((number of plaques / mls of viral dilution added

to disk) x dilution factor).
Purificaticn of Ad Virions

To disrupt cells but not virions, Ad12 stocks prepared from infected KB
suspension cultures were treated with 1/10 volume 5% sodium deoxycholate, mixed well,
and incubated at room temperature. After 30 minutes, 0.01 volume 2M MgCI2, 0.005
volume DNAse 1, and 0.005 volume RNase A solutions were added, mixed thoroughly,
and allowed to stand for 30-45 minutes at 37°C. Once cellular DNA and RNA were
digested, 1.8 ml saturated CsCl (in 0.01M Tris-HCI, pH 8.0, 0.001M EDTA) was added
to each 3.1 ml portion of virus suspension at room temperature. This solution was placed
into Beckman 50T heat seal tubes and spun in a Beckman 50T1i angle rotor at 35000 rpm

for 16-20 hours at 4°C. Viral bands were collected, pooled, and centrifuged in a Beckman
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SW50.1 rotor as above. As before, viral bands were collected in a very small volume and

dialyzed in boiled dialysis tubing at 4°C against two 1 hour changes of 100 volumes 0.01M
Tris-HCl, pH 8.0 to remove all traces of CsCl.

i) Ad DNA Purification

Following dialysis of CsCl banded Ad12 virions, viral DNA was extracted and
purified. To a petri dish containing a volume of digestion buffer (1 mg/ml pronase in
0.01M Tris-HCI, pH 7.5, 0.01M EDTA, 1% SDS) an equal volume of dialyzed virus was
added and incubated at 37°C for 4 hours. The mixture was extracted once with 0.01M
Tris-HCI, pH 8.0, 0.01M EDTA saturated phenol and the DNA precipitated by adding 1/10
volume 30% sodium acetate and 2 volumes 96% ethanol. Once pelleted, the DNA was

extensively rinsed with 96% ethanol and the dried pellet was resuspended in 0.1X SSC.
D Primary Baby Rat Kidney (BRK) Cell Preparation

BRXK cells were prepared for two main purposes: 1) To be transformed by pXC1,
an Ad5 El-encoding plasmid; and 2) To be infected with Ad12Ampr (a wild type Ad12
Huie strain virus encoding a bacterial origin and ampicillin resistance gene in E1) in an
attempt to create an Ad12 genomic plasmid. BRK cells were prepared essentially as
described by van der Eb and Graham, 1980 with some modifications. A litter of 5-7 day
old Hooded Lister rats were sacrificed by cervical dislocation. Once the kidneys were
dissected, minced, and added to 30 ml of a 2X trypsin (Gibco)/PBS solution, the solution
was incubated at room temperature for 20 minutes. The resulling supernatant was
transferred to 20 ml FBS at 4°C to inhibit trypsin. A further 30 ml of 2X trypsin/PBS was
added to the remaining undigested kidney fragments and incubated at room temperature for
20 minutes. This supernantant was pooled with the supernatant from the first
trypsinization and centrifuged for 5 minutes at 2000 rpm. The cell pellet was resuspended

in 50 ml o-MEM plus 10% FBS and filtered through cheese cloth. Using a-MEM plus
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10% FBS, the cell suspension was diluted appropriately and plated on 60, 100, or 150 mm

tissuc culture plates (Nunclon). After 24 hours cells were rinsed and fed with fresh o-

MEM plus 10% FBS in preparation for infection or transformation 1 to 2 days later.
k) Transformation of BRK Cells

Primary BRK cells were transformed by pXC1 (Ad5 El-encoding plasmid) using
the calcium phosphate technique (Graham and van der Eb, 1973 a,b) modified by Wigler et
al., 1978. Into a 50 m! conical tube, 1.5 ml of 2.5M CaCl2 and a volume of salmon sperm
carricr DNA (10 pg/60 mm dish) were diluted with 0.1 MTEpH 8.0t0 2 volume which is
cquivalent to the number of plasmids multiplied by the number of concentrations used.
Onc m! aliquots of this solution were dispensed into 15 ml conical tubes where appropriate
concentrations of plasmid DNA were added to 1 ml 2X Hepes buffer pH 7.1 (To 1 litre,
add 10 grams Hepes, 16 grams NaCl, 0.74 grams KCl, 0.25 grams NapHPO4-2H20, 2
grams glucose). Next, using a sterile pasteur pipet, oxygen was bubbled slowly and
constantly through the CaClp/salmon sperm carrier DNA/plasmid DNA/Hepes solutior.
Aficr 15-60 minutes, 0.5 ml of the CaCl2-treated plasmid DNA solution was added to the
appropriate number of 60 mm BRX dishes and incubated at 37°C in complete a-MEM plus
109% FBS. In certain instances, 250 i of freshly prepared BRK cells (2.5 x 108) were
transformed by electroporation in 0.4 cm electrode gap cuvettes (Bio Rad), at 220 V and
960 uF (Chu ¢t al., 1987).

Whether BRKs were transformed using the calcium phosphate or electroporation
procedures, selection for Ad El-transformed rat cells followed incubation with complete
Joklik's medium (Gibeo) supplemented with 5% horse serum (Gibeo). After 1-3 weeks,
wransformed foci were either subcloned to establish lines or fixed in 75% methanol/25%

acetic acid and stained with Giemsa stain.
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1) Tumorigenicity Assays
Cell lines transformed by the bybrid AdS5/12 E1A constructs plus Ad12 E1B were
expanded through 10-15 passages in culture for subcutanecus injection 1nto newborn
syngeneic Hooded Lister rats. Each line was injected into single litters of newbom Hooded
Lister rats at 107 celis per rat and monitored for tumor formation at the site of injection for

up to 6 months.
m)  Detection of Protein Expression in Mammalian Cells
Immunoprecipitation Analysis

Prior to 35S methionine labeling, 106 celis/sample were seeded onto 100 mm
monolayer tissue culture plates. At 50-60% confluence, cells were metabolically labelled at
37°C for 4 hours in 199 medium lacking methionine and cysteine and supplemented with
300 pCi 3°S-translabel (ICN) per sample. The radioactive cells were washed with PBS,
centrifuged, resuspended in “lysis buffer X + BSA" (50 mM Tris (pH 8.8), 250 mM
NaCl, 1% NP-40, 2 mM EDTA, 10 pg/mi aprotinin, 0.5 mM sodium metavanadate, and 2
mg/ml bovine serum albumin), and placed on ice for 20 minutes. Following a 15
minute/15000 rpm centrifugaiion at 4°C, 3% protein-A sepharose (resuspended in "lysis
buffer X + BSA") was added to the lysate, mixed at 4°C for 15 minutes and pelleted.
Depending on the experiment, the pre-cleared lysate was incubated with anti-Ad2/5 E1A
M73 monoclonal antibody (Harlow et al., 1985) or anti-p300 polyclonal serum at 4°C for 1
hour, followed by incubation with 3% protein-A sepharose for a further 30 minutes. Nex,
the protein-A sepharose was pelleted and washed threc times with "lysis buffer X + BSA"
and finally with "lysis buffer X - BSA". Samples were boiled for 5 minutes in Lacmmli

loading buffer and loaded on either 7 or 8% SDS-polyacrylamide gels.



Western Blot Analysis >

50 ug of thymic whole cell extracts from p105 +/+, +/-, and -/- cells were
electrophoresed on a 10% SDS-polyacrylamide gel and electro-blotted onto an Immobilon-
P transfer membrane (Millipore Corporation, Bedford, MA, USA). The blot was blocked
for 1 hour in 5% nonfat dry milk/PBS and probed for 1 hour with the primary NF-xB1-
p50 specific antibodies, NR1157 (1:1000 dilution) (lanes 1-3) (N. Rice, NCI, Frederick,
MD, USA) and sc-114 (1:400 dilution) (lanes 4-6) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). Following two 7 minute washes in PBS/0.05% Tween-20, the blot was
incubated for 1 hour with a 1:2000 dilution of a horseradish peroxidase conjugated goat
anti-rabbit polyclonal secondary antibody (Santa Cruz Biotechnology). After three 5
minute PBS/0.05% Tween-20 washes and one PBS wash, the blot was developed using
Enhanced Chemiluminescence Western blotting reagents (Amersham International plc.,

Buckinghamshire, England) and exposed to film for 1 minute.
n) Characterization of Protein Phosphorylation States
Protein Phosphatase Treatment

Proteins were immunoprecipitated as outlined above, using a-p300 polyclonal
antiserum. p300-containing immunocomplexes were washed with lambda protein
phosphatase buffer (50 mM Tris-HCl, 5 mM DTT, pH 7.8), divided in two equal portions,
pelleted, and resuspended in 50 uL 2 mM MnCl/100 pg/ml BSA. One portion was
incubated at 30°C for 30 minutes with 1000 units Jambda protein phosphatase (New
England Biolabs) which releases phosphate groups from serine, threonine, and tyrosine
cesidues. Incubations were halted and denatured by addition of 50 ul of 2X Laemmli
loading buffer and heated at 100°C for 5 minutes. p300 proteins were analyzed on a 20 cm

long 7% SDS-polyacrylamide gel after electrophoresis for 36 hours at 9 mAmps.



Two Dimensional 'ﬁyptic Phosphopeptide Mapping >

DP5-2 and 12-1 cells (5 x 106) were metabolically labelled with 10 mCi
orthophosphate 32P/cell line. After 4 hours, cell extracts were prepared in RIPA buffer,
immunoprecipitated witk a-p300 antibody, and electrophoresed through a 7%
polyacrylamide gel as described earlier. Once briefly rinsed in ddH70, the gel was blotted
onto Whatman paper, dried, and visnalized by a autoradiography. Using a scalpel, 32p-
labelled p300 proteins were excised from the gel, deposited into a microfuge tube and
homogenized with a pestel in the presence of 0.4 ml 50 mM ammonium bicarbonate, pH
7.6. Next, p300 proteins were vortexed and incubated at 98°C in the presence of a further
0.8 ml 50 mM ammonium bicarbonate (pH 7.6), 12 ul 2-mercaptoethanol, and SDS to
0.1%. After 3 minutes, samples were incubated at 37°C on a rotating platform for 2 hours.
Once p300 proteins were denatured and gel pieces were removed by extensive
centrifugation, RNA was digested and proteins precipitated using 10 pg RNAse A and
TCA respectively. Following a 2 hour incubation at 4°C, denatured proteins were petleted
for 10 minutes, dried, vortexed with 0.4 ml 1:1 ethanol:ether, and pelleted again, The
protein pellet was vortexed in the presence of 200u! performic acid (10:1 formic acid:30%
H202) and allowed to stand at 4°C. After 1.5 hours, samples were diluted with 0.4 ml
ddH20, frozen on dry ice, aad lyophilized in a vacuum centifuge for 3-4 hours. Protein
pellets were neutralized following addition of 20 ! 50 mM ammonium bicarbonate, pH
7.6. Next, proteins were fragmented into peptides by a 37°C incubation in the presence of
10 mg TPCK-treated trypsin (Worthington Biochemical). After 12-18 hours, 5 mg TPCK-
treated trypsin was again added, allowed to act for 4 hours, and repeated. Samples were
diluted with 0.4 ml ddH2O and lyophilized in a vacuum centrifuge. By vortexing,
lyophilized peptides were solubilized in 400 wl pH 1.9 Buffer (25 m] 88% formic acid, 78
ml acetic acid per litre) at 60°C. Once 5 minutes had expired, samples were centrifuged for
10 minutes and pellets were resuspended in 4 pl pH 1.9 buffer at 37°C with vortexing.

Using a capillary tube, this peptide mixture was spotted on a Jower corner of 2 20 ¢cm x 20
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cm cellulose thin layer chromatograpy plate (VWR Scientific). Next, Whatman paper was

saturated with pH 1.9 buffer and overlayed on the cellulose plate. The plate was placed in
a HTLE-7009 electrophoresis apparatus (CBS Scientific) and electrophoresed at 1500 volts
in pH 1.9 buffer. Once 25 minutes had elapsed, the plate was liberated from the
electrophoresis apparatus, dried, and placed in a vertical liquid chromatography tank
containing phosphochromo buffer (375 ml n-butanol, 250 m! pyricine, 75 ml acetic acid
per litre) in order that 32p-1abelled p300 peptides could be resolved in the second

dimention. After 6 hours, plates were dried and exposed to film.
0) Detection of Cell Surface MHC Class I Expression

Cell surface expression of MHC class I proteins was determined by flow
cytofluorimetry using a FACScan (Becton Dickinson Canada Incorporated, Ontario,
Canada) and antibodies purchased from Cedarlane Laboratories Limited (Ontario, Canada).
Single cell suspensions were prepared from monolayer cultures and resuspended in PBS
supplemented with BSA (10 mg/mi) and sub-divided into three aliquots (unstained, stained
by secondary antibody only, stained by both primary and secondary antibodies) containing
106 cells/aliquot. Where appropriate, single-cell sucpensions were incubated with primary
antibodies for 30 minutes on ice using either the mouse anti-rat RT1.A monoclonal
antibody, CLOO7A, which recognizes a monomorphic determinant of rat class I MHC
antigen, or the mouse anti-human antibody, W6/32, (gift from I York) which is directed
against human HLA (A, B, or ). Subsequent or independent staining was conducted
using FITC conjugated rabbit anti-mouse Ig antisera (reacts with all mouse Ig classes and

subclasses).
p) Electrophoresis Mobility Shift Assays (EMSAs)

Two oligonucleotides were synthesized corresponding to base pair -159 to -180 of

the H2KP MHC class I R1 enhancer element: 5_-GCCCAGGGCTGGGGATTC-3' and 5'-
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TGGGGAATCCCCAGCCCTGGG-3". A 1:1 mixture of these oligonucleotides were

annealed following a 5 minute 65°C incubation, and slow cooling to room temperature.
When annealed, the double stranded oligonucleotides were radioactively labelled by filling
in recessed 3' ends with [@-32P] dCTP and [a-32P] dATP using the Klenow fragment of
DNA polymerase 1. Using NAP-5 Sephadex G-25 columns (Pharmacia) labelled
oligonucleotides were purified from unlabelled oligonucleotides. Whole cell extracts were
prepared from 106-107 monolayer cells which were rinsed, trypsinized, pelleted,
resuspended in 1 ml EMSA lysis buffer (20 mM Hepes, pH 7.9, 660 mM KCI, 0.2 mM
EDTA, 1 mM DTT, 100 mM aprotinin, and 10 mM sodium vanadate), and placed in a dry
ice/ethanol bath for one minute. To liherate cellular contents, samples were thawed and
frozen twice and stored at -20°C until needed.

EMSAs were performed by incubating 10 pg of whole cell extract proteins with 1
pug poly (d1-dC) and 5 fmol radioactively labelled oligonucleotides. Following a 30 minute
incubation at room temperature, samples containing putative DNA-prolcin complexes were
loaded onto a 4% non-denaturingz polyacrylamide gel and electrophoresed for 2 hours at
10V/em. To determine whcther p300 existed in protein-R1 complexes, the a-p300 (anti-
p300) antibody was also added to incubations,

q) Cytotoxic T Lymphocyte (CTL) and Natural Killer (NK) Cell
Cytolytic Assays

Generation of Allogeneic and Syngeneic CTLs and Syngeneic NKs

Allogeneic effector CTLs were generated following co-culture of single cell
suspensions of splenic lymphocytes isolated and prepared from 8 weck old Hooded Lister
rats (stimulators; MHC haplotype C) and Fischer 344 rats (responders; MHC hapiotype L)
at a responder:stimulator ratio of 1:1. Three days prior to co-culture, stimulator Hooded

Lister rat splenic lymphocytes were y-irradiated at 5000 rads.
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To generate syngeneic AdS El- and Ad12 El -specific CTLs, 8 week old Hooded

Lister rats were respectively immunized intraperitoneally with 107 DP5-2 (Ad5 El-
transformed Hooded Lister rat line) and 107 12-1 (Ad12 El-transformed Hooded Lister rat
line) cells which were resuspended in 1 ml of PBS. Three weeks later, splenic
lymphocytes were isolated, made into 2 single cell suspension, and restimulated by co-
culture with y-irradiated (3000 rads) DP5-2 or 12-1 cells at a responder:stimulator ratio of
50:1. Co-cultured cells were suspended in complete RPMI media (supplemented with 10%
FCS, 2mM L-glutamine, 100 units/ml of penicillin G, 100 pg/ml of streptomycin sulfate,
and 5 x 10-5 M 2-mercaptoethanol) and incubated in upright 25 cm? tissue culture flasks for
3 days in a humidified environment containing 5% COz. Gamma irradiation was
conducted using a Gammaceli 1000 containing a 137Cs source (Atomic Energy of Canada
Limited, Ontario, Canada).

Syngeneic NK cells were isolated from Ficoll gradients of lymphocytes and isolated
from the spleens of 8 week old Hooded Lister rats. Effectors were resuspended to an

appropriate concentration with complete RPML
Chromium Release Cytolytic Assays

5 x 10% 1arget cells/ml were seeded in 96-well microtitre plates (Falcon 3072) and
subsequently labelled with S1Cr-sodium chromate (2uCifwell) for 1 hour at 37°C. Once
labelled, target cells were washed three times with complete RPMI (supplemented as
described above) to remove excess label. Meanwhile, effector cells were pelleted at 2000
rpm for 5 minutes, resuspended in complete RPMI media, and counted in the presence of
trypan blue to determine the number of viable lymphocytes. These effector cells were then
incubated with S1Cr-labelled targets (in a total volume of 200 plfwell) at various E:T ratios
for 6 hours at 37°C under co-culturing conditions described above. For allogeneic CTL
assays, E:T ratios were 136:1, 68:1, and 34:1, while for syngeneic CTL assays, ratios of

100:1, 50:1, and 25:1 were utilized. E:T ratios of 140:1, 70:1 and 35:1 were chosen for
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NK assays. Next, 100 ul samples of the supernatants were removed from each well,

placed in borosilicate tubes, and counted in 2 LKB Wallac 1282 universal gamma counter.
Percentage specific lysis was calculated using the following formula: (T-S/M-S) X 100,
where T = cpm released by targets in the presence of CTLs or NKs, S = cpm released
spontaneously by targets in the absence of CTLs or NKs, and M = maximum cpm released

from targets following complete lysis using Triton X-100.
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RESULTS

Major findings derived from my research were described in three published journal

articles, one manuscript in press, and one submitted manuscript listed below in the order to

be discussed:

1)

2

3)

4)

5)

Jelinek, T., Pereira, D. S., and Graham, F. L. 1994. Tumorigenicity of
adenovirus-transformed rodent cells is influenced by at least two regions of
adenovirus type 12 early region 1A. J. Virol. 68, 838-896.

Pereira, D. S., Rosenthal, K. L., and Graham, F. L. 1995. Identification of two
regions of adenovirus E1A which affect MHC class I expression and susceptibility
to cytotoxic T lymphocytes. Virology 211, 268-277.

Kushner, D. B., Pereira, D. S., Liy, X., Graham, F. L., and Ricciardi, R. P.
The first exon of Ad12 E1A excluding the transactivation domain mediates
differential binding of COUP-TF and NF-B to the MHC class I enhancer in
transformed cells. Oncogene. In Press.

Pereira, D. S., Kushner, D. L., Ricciardi, R. P., and Graham, F. L. Testing
NF-xB1-p50 antibody specificity using knockout mice. Submitted.

Pereira, D. S., Jelinek, T., and Graham, F. L. 1994. The adenovirus E1A-
associated p300 protein is differentially phosphorylated in Ad12 E1A- compared to
Ad5 ElA-transformed rat cells. Int. J. Oncol. 5, 1197-1205.

Preceeding each article, a brief description of background, purpose, and relevance

is presented. An outline of specific contributions and a summary of major findings follows

cach article. Where appropriate, additional unpublished data which are related 10 a specific

publication, also follow that publication.
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1) Jelinek, T., Pereira, D. S., and Graham, F. L. 1994.
Tumorigenicity of adenovirus-transformed rodent cells is influenced
by at least two regions of adenovirus type 12 early region 1A.

J. Virol. 68, 888-896.

Preface:

While all known human Ad serotypes are able to transform primary rodent cells in
vitro, their ability to induce tumors in syngeneic immunocompetent rodents is serotype-
specific. The importance of the E1 region of the Ad genome, and particularly E1A, in
tumorigenesis is exemplified by the discovery that primary rodent cells transformed by the
E1 region of Ad12 are tumorigenic in contrast to their AdS counterparts. Since the specific
regions of Ad12 E1A mediating tumorigenicity iad not been identified, the tumorigenic
capacity was determined for a series of previously described Hooded Lister rat kidney cell
lines transformed by hybrid Ad5/12 E1A genes (plus Ad12 E1B) (Jelinek and Graham,
1992) and two additional lines transformed by second generation Ad5/12 E1A genes
(encoded by the plasmids, p917-975 and p917-1227).

Identification of the Ad12 E1A regions mediating tumorigenesis was the starting
point for future efforts directed at understanding the relative impertance of E1 A-modulated
phenotypic properties which govern the differential oncogeneic potentials of Ad5 E1- and
Ad12 E1- transformed rodent cells.
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early region TA (ELA) genes were used to transform priomacy haby eat

kidney cells in cooperation with Adi2 E1B, and the resulting cell lines were assayed for tumorigenicity in
syngencic rats. It was found that lines were nontumorigenic when (ransformed hy hybeid ELA penes consisting
of the amino-terminal 80 amine acids from AdI2 inclwding conserved region 1 (CRI), with the remaining
-pertion from AdS. In contrast, cell lines transformed by hybrids containing AdL2 ELA sequences Trom the amine
terminus to the leftmost border of CR3 or beyond were tumaorigenic. To extend these results, sequences spanning
CR2 and CR3 of Ad3 E1A were replaced with the homologous regions of Ad12 ELA and additional transtormed
cell lines were established. These lines were weakly-to-moderately tumorigenic, sugpesting that Ad12 K1A
sequences between CR2 and CR3 may be involved in tumorigenicity but are not the sole factors influencing it.
lnttrestmg,lv, examination of an E1A sequence alignment indicated that the region hetween CR2 and CRI of

Ad12 EIA is also conserved in the corresponding sequence of simian adenovirus type
highly oncogenic. This vegion is characterized by the presence of a streteh ol seveeal g

7. which, like AdI12, is
nine residues and is

similar to a motif present in & nunber of proteins with transeriptional repression activity. The possibility that
this region may influence tumorigenicity by means of o transeriptional regulatory mechanism is discussed.

While all known human adenovirus (Ad) serotypes are able
1o transform primary baby rat kidney (BRK) cells in vitro, cells
transformed by Ad type 2 (Ad2) or Ad5 are not tumorigenic in
syngeneic rats unless the rats are immunosuppressed (13). In
contrist, Ad12-transformed cells wre tumorigenic in immuno-
competent syngencic rats (18), suggesting that cells trans-
formed by oncogenic Ad serotypes are able (o evade one or
more host immune responses which efliciently rejeet cells
transformed by nononcogenic Ad serotypes. While the nature
of the host immune functions) responsible for the elimination
of Ad3-transformed cells is not elear, experiments involving
transformation of cedls with chimeric constructs such as Ad3
EIA/AdI2 E1B or vice versa demonstrated that the identity of
the E1A gene is the mujor lactor which determines whether
the transformed cells are tumorigenic in immunocompetent
animals (4, 37). This suggests that the immunalogical proper-
tivs which diseriminate between Ad-transformed cells with
vitrious degrees of tumorigenicity may be controlled by F1A.

One immunological dilicrence between eells transformed or
infected by nononcogenic und oncogenic Ad serotypes is their
differential sensitivity to lysis by matural killer (NK) cells and
activated macrophages. Cells expressing the Ad2 or AdS EIA
protein are highly susceptible to lysis, whereas those expressing
the AdI2 EIA protein are not (5-7. 25, 33, 36). Morcover, the
introduction of Ad3 EIA into a tumorigenic hamster sarcona
cell line results in the loss of tumorigenicity concomitant with
increased sensitivity 1o lysis {(43), suggesting that the 1A
protein of nononcogenic Ad serotypes actively induces non-

* Corresponding author, Mailing address: Departments of Biology

and Pathology, MeMaster University, 1280 Main St West, Hamilton,
Ontariv L8S 4K Canada. Phone: (416) 525-9140 (ext. 23343), Fax:
{416) 5212935,

+ Present address:epartmient of Microbiology, University of Vir-
ginii Schoot of Medicine, Bux 441, Charlottesville, VA 23908,

Rt

specific,. NK cell-medinted eyvtolysis of expresser cells, while
E1A of oncogenic serotypes is inactive in this respect,

Cells vransformed by the E1 regions of Ad5 and Adi12 also
differ in their expressions ol class T oajor histocempanhiliy
complex (MHC) molecules, which are essential Tor antigen-
specific eytolysis mediated by cytotoxic ‘T lymphdeytes (C11),
While class T MHC trunseription is transiendy clevated follow-
ing infection of mouse cells with cither serotype (33), stable
expression of the Ad12 121A protein in transformed celb lines
leads lu lrunscripliun:t] down regulation of cliss I MHIC genes
(1089 12030, 39, 40, 42) The down regulation is promoler
h|'ll..(.l|lt (2‘1) anch correlites with redueed fevels of CT1, killing
of Ad12-transformed cells in vitro, suggesting thit sumoripe-
nicity of these cells occurs as o consequence ol active CIT,
evision {4}, Because a reduction in class 1 MEC expression is
nat seen in eells trmsformed by Ad2 or AdS, those cells would
be suseeptible to eytolysis by CTls reactive agiinst tumer
antigens, Both the AdS and AdI2 ELA proteins are polential
adigens and can give rise (o imer-specilic dnmsplintation
immunity, which ts medinted by CULs (30 24, 340 38) Towever,
quantitation of class T MHIC expression fevels in Ad2- and
AdS-transtformed cell lines which fad acqgeired various degrees
of wmorigenicity following serial passage in animals showed
na correlation between levels of cliss FMITC expression and
degree of tumorigenicity {15, 30). Furthermore, iranslection of
genomic H-20 or 12204 Tragments into wmorigenic Ad12-
transformed BALB/c mouse cells nol only increased the fevels
ol cell surface class T proteins in these cells but idsoincreased
their tumarigenicity 16-fold beyoend that of the parental cells in
syngeneic adull mice (41). These results seggest that aproperty
of Adl2Z-transformed cell lines other than, or in addition 10,
their decreased class 1T MEC expression levels is involved in
nlorigenicity.

As o further step in understanding the reliive impertinee of
ElA-modulied phenotypic properties in the tumorigenicity of
Ad-transformed cells, we undertiook (o map the regions of the
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FIG, 1. Hybrid E1 plasmids used, The constructs shown here have been described previously (22) and depiet only the EEA region, The precise
locations of crossovers in nuefeotides we indicated beneath cach constroct. at the juactions of Ad3 and Ad12 sequences. AH consiruts contain
1he Jeftmost 333 bpal Ads joined 10 AdL2 sequences Trom sucleotide 290 and contain the Ad12 ELA promoter, transeriptional start site. and the
amino terminus of the Ad12 ETA protein. Acihe indiested site in the 37 direction, o crossover event has taken place and AdS sequences are present
from Uzt point w0 165 of the genome Jength, When used to transform eells for temorigenicity assavs, tese plasmids were digested e Ad3
nucleotides 17700 361 ol 5644 with Seel mnd religated. resulting in U elimination of sequences between the Seel sites and correspanding 1o

most ol the E11 transeription unit,

AdS and Ad12 LA proteins which influence tumorigenicity.
To sceomplish this, a series of hybrid AdS/AdL2 EIA regions
wure constructed snd characterized for their transtorming and
tmorigenic propertics. The construction of several of these
hybrid 1A plasmids, as well as their transforming properties
have been deseribed previously (22). Studies with cells trans-
formed by these hybrids, presented here, have identified o
region of the AdE2 E1A protein which, when introdueed into
AdS ETAL confers o moedest degree of tumarigenicity to
transformed cells. A similar region is present in the unrelated
amd highly oneogenic simian adenovirus ype 7 ELA sequence
bBul is absentin the known 1A sequences of other human Ads.

MATERIALS AND METHODS
Cells. Primury BRK cells were prepared, and cell lines were
established as previously deseribed (220, BRK lines trans-
formed hy the pY17-975 and p917-1227 hybrid AdS/AdI12 F1A
canstruas (see Fige A} were newly established for this study.
Tumorigenicity assays. Approximately (.1 ml of a cell

Sjuspension containing 10 cells per ml (107 cells per ml Tor
Ssame experiments) was injected subeutaneously near the right

shoulder of newborn Hooded Lister rats, which were moni-
torect for tamor formation at the site of injection for up to 6
months, Tomor-bearing rats were bled by cardine puncture,
and the serum was retained Tor Western blots (immunoblos)
and other nses.

Western Blots. Transformed eells were lysed in 50 mM
HEPES (V-2-hydrosyethylpiperazine-N' - 2-cthanesullonic acid).
pHE70-(% Nonider P-#0-250 mM NaCl and 30 g of
prodeine was clectrophoresed on sodivm dodeeyl sulfate=10%7
polyacryfamide gels which were then transterred 1o polyvinyli-
dene dittworide membranes (Immobilon-P. Millipore) by clee-
troblotting. Membrianes were incubated in o solution of 357

poswdered skim milk in phosphate-buttered saline (PBS) for 2
I at room tempeeature, followed by a further 2 0 in the same

solution containing antitumor serum or M73 monoclonal anz-

tibody specifie for AdS E1A (Oncogene Science) (17). Mem-
branes were then washed three times in PBS. and proteins
were detected by enhanced chemilumineseence (Amersham),

PCR primers required for construction of additional hybrid
AdS/AAILY 1A penes. ABISOS (3'-GAAGATATCGATITAT
TGTGCTACGAGATG-3) and ABYG (3'-CGCACACACC
AATTGCG-3") are synthetic oligonucleotides used in PCRs
with cither pu75 or p1227 as a template 1o ereale pY17-975 or
PHT-1227. respectively, ABISOS anneals to AdL2 sequences
from nucleotides 808 1o 837 and introctuces o Clal site suitable
for spliving of PCR products 1o the Clal site at nucleotide Y17
in AdS ELA ABH 6 anneals 10 AdS sequences from nucleotide
1579 10 1363,

RESULTS

Establishment of cell lines containing hybrid Ad3/Ad12 EIA
genes and Ad12 E1B. The primary purpuse of establishing
transformed cell lines was 1o assay them for tumorigenicity in
syngeneie rats. The hybrid EN plasmids constructed previously
(22) contain various amounts of Ad12 E1A from the beginning
ol the ELA wanscription unit 1o the specific crossover site and
AdS sequences through the remainder of B1A plus E1B3 (Fig.
I). Previous work has indicated that while the tumorigenicity of
Ad-transformed eells is influenced primarily by the identity of
the EIA transeription unit in immunocompetent animals, the
LB transcription unit is also important, Specifically, Ad12
LB mediates a higher degree of tumorigenicity in o shorter
time period than AdS E1B (4. 37). To study the role of ELA in
tumorigenicity. it is therefore helpful to transform cells with
combinations of a hybrid E1A gene and the AdI2 EIB
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transeription unit, a strategy which permits the identification of
tumorigenic cell lines within a shorter time, To climinate AdS
E1B coding sequences. all hybrid ELA plasmids were digested
at positions 1770, 3641, and 3644 with Sacl and religaied
remove ali but the first 120 nucleatides of the E1B transcrip-
tion upit. Primary BRK cells were then electroporated with the,
hybrid " E1A plasmids plus pHHABI13, which ¢ncodes the Ad12
EiB transcription unit (28a). Four to six weeks after transfee-
tion, individual colonies of’ transformed cells were isoluted and
expunded. :

El protein expression in transformed cell lines. Protein
samples from each transformed cell line were subjected to
clectrophoresis and Western blotting 1w verily that the cells
expressed El proteins encoded by the hybrid E1A and
PHABI3 plusmids. In one analysis. the membranes were
probed with sera from tumor-bearing rats iizeted with cell
line 1227B12C1. This cell line contains a chimeric E1A protein
with exon | of AJI2 ETA, exon 2 of AdS ELA and Ad12 BT,
Antitumor sera collected Trom rats injeeted with this cell line
were found 1o have antibody with high avidity for AdS 1E2TA
proteins, hvbrid E1IA proteins. and Ad12 EIB proteins and
litle or no avidity Tor AdI2 ElA or AdS EIB prowins
{unpublished data). This serum was thus convenient for the
analysis of E1 protein expression in transtormed cells, Results
from analyses of several lines are shown in Fig. 2A. Lone |
contained protein Irom line 3-1. a cell Hne transformed by Ad3
Ll und as expected. the antibody reacted only with EIA
proteins of these cells. Lanes 12 and 13, containing protein
from Ad12-transformed cells showed reactivity with the Ad12
E1B 35.000-molecular-weight protein (55K protein) and 2
Faint band (lane 12) which may correspond w an Ad12Z EIA
product. Lanes = through 11 contined protein from cells
transformed by various hybrid EIA genes plus AdI2 ELB.
Although the intensity of the signals varied from one line
to another. all cell lines, with the possible exception of
1227R212C2. appeared to be expressing the Ad12Z EIB 35K
protein as well as one or more forms of E{A protein, To
confirm EIA expression. additional analyses were carried oul
in which blots were probed with the M73 monoclonal antibody
specific for the C terminus of Ad5 ELA proteins. As shown in
Fig. 25, E1A expression was readily detected in eells trans-
formed by the AdS El region (lanes 2 10 4}, in cells trans-
formed by hybrid E1A plasmids ps7. p975, pl036, and pl227
(lunes 5 to 14), and in cells transformed by povl and p753 (data
not shown). The EIA protein was nol detected in the lane
cortesponding o 146IB12CT because pldol encodes AdI2
E1A, which is not recognized by the M73 monoclonal anti-
body. It is noteworthy that both mobility and heterogencity of
EIA products varied considerably among the difterent hybrid
construets, Similar effezts on gel migration patlerns were seen
previously in studics with a series of insertion mutants of Ads
ElA. where it was found that the mobility of EIA prowins
shifted unpredictably depending on the site of insertion (2},

Tumorigenicity assays of transformed cell lines. Sclected
cell lines were expanded through 10 to 135 passages in cufure
for injection into syngeneie rats, Tumorigenicily assays were
genurally carried out with newborn rats, but in some experi-
ments certain cell lines were also assayed in weanling ratz; The
resuits from assays with newborn ruts and one experiment with
weanling ruts are summarized in Table 1. Cell dines trans-
formed by p827 E1A plos AdI2 EIB were nol lumorigenic
even at an input dose of 108 cells per rat. In two animals, small
tumors appeared at the site of injection after 4 months but.m
both animals these subsequently regressed. These rats were
suerificed at the age of 8 munths and dissected to examine
tissues @t the site of injection, und no tumors were visible,
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FIG. 2. Western blot analysis of E1 proteins from teasformed cell
lines, (A Membrune filters were probed with tumor istiscrum from
rals hearing 1omors indueed by the 122781201 cell line containing
exon | ol Adi2 1AL exon 2 of AdS EIA amd Ad12 ELR (1) Filiers
were probed with the M73 monoclonul antibusly against the carboxy
terminus of AdS ELA, "The negative controlb wsed wis cell line bl
(Rat-1 cefls transtormed by polyomaviras micddle T antipgen {21]).

These resvlts indicate that p827 cither lacks AdLZ sequences
necessary for tumorigenicity or contiaing AdS sequences which
preclude tumorigenicity. Some clonal variation was seen with
cells trunsformed by p¥73 LA pins Ad12 E1B. Cedl line
Y75B12C2 did not prosiuce any tumors within 6 montls, while
cell line Y73B312C4 wus highly tumorigenic, giving fise 1o
tmors within 2 months, Lastly. cell line YT5B1205 was weakly
Lumorigenic, giving rise 1o one lumor in cach of two separate
experiments. Several additional rats developed what appueared
to be small tumors which subsequently regressed. One ol the
tumor-bearing rats injected with Y73B1205 was dissected,
revealing a dise-shaped tumaor ot the site of injection, appros-
imately 15 mm in diameter und 3 mm thick, Three ditterent ecil
lines transtormed by p1227 were tumorigenic, showing clonal
variation only in the time ol tumor appeacanee (122781202
induced tumors slowly, but five of live rids eventually devel-
oped twmors), The liyhrid 1A gene containing # crossover @it
Ad3 nucleotide 1036 has previousky been shown (o be delective
for Gl A-medinted transactivation, and plo3o did not give rise
to any transformed colonics in previous transformation assiys
using plusmids with chimeric FIA amd AdS EIB sequences

(22}, but when cotransfeeted with AdL2 BB, the BEIA deriv-

ative i pl036 did give rise 10 i single transfonmed colony {from
which i1 was possible to establish o cell line (1{3061312C1)
expressing 21 proteins (Fig. 2). This cell line was tumarigenic
{‘Tuble 1), suggesting that the transactivation function of LA
is not required for tumorigenicity.
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CABLE 1. Tumorigenicity of cell lines transformed hy hybrid E1A
plasmids plus AdI2E1H

Nu, of tumorsftotdl no. of rats after month:

Cell line

t 2 3 3 5 [0
UBI2C1 oy 0] 1 0m 0 (/9
753812C1 {10 1y M o a4 /Y
H2TB12CIH 077 017 7 117 077 057

¥2TH12C2 0/10 010 10 w1 14 u/1t
827181202 0710 010 {11} 110 014} O/t
075131202 il 0] 0711 1t Ul 011
DTS20 /15 15/15 14/15 14415 1415 14/15
YTSBICE 11 ] i 1711 I /11

OTSRI20A {8 178 38 178 18 /8
1130131201 w12 iz 5/12 512 512 512
12271312C°1 9 iy m T 4 Y
122781272 /5 183 /5 35 RTA S5
122781203 0/ 04 6/ oM 09 6/
12-1 I TR 8 s s EQ]
1227881201 07 M7 47 47

12-1* 0711t ] A1t 310

|22 2/10 /it i 310

Lk row represents the injection of i celbline inte o single litter of newhorn
taty b 107 cells per el eacept as noted Delow,

P his tilter s injected with 10% eells per rat,

© Weanding s were injected with 107 cells per rag,

i
L
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The results presented in Table T suggest llml.llyhrid [_EIA
proteins containing Ad 12 sequences from the amino 1erminus
up o the region between conserved region | (CRI)‘und.CRE
{e.g., hybrids p6YD, p753, and p827) were unable 10 give rise to
tumorigenic cells, while those containing additional Adi2
sequences at least Lo the leltmost hm.'dcr of CRA (e.g.. hybrids
975, 1036, and 1227) were tumorigenic {the DNA sequences of
relevitnt hybrids are shown.in Fig. 3).

Construction of additional hybrids. The results presented
above indicated that a region of .the AdI2 E1A prowin
surrounding CR2 or between CR2 and CR3 is important for
tumerigenicity, A guestion arising {rom this observation was
whether this region was the sole factor determining the
oncogenicity of different EIA proteins. I is noteworthy tha
the region of the Ad12 ELA protein located between CR2 and
CR2 has no counterpart in Ad3 E1A (Fig. 3). To assess the
role of this region in tumorigenicity. CR2 of AdS ETA was
replaced with the corresponding region ol Ad12 ELA contain-
ing CR2 and the region between CR2 and CR3, To ereate such
plasmids. we used PCR o amplily specific frugments with
engineered restriction sites. Since the existing hybrid EIA
plasmids pY73 and p1227 contained crossovers near the region
of interest, these crossover sites were used o define the

Residue Serotype
1 MRHIICHGGVITEEMAASLLDQLIEEVLAD--N-1LPPPSHFEPPTLEELYDLD Ad 5
1 MRTEMTPLVLSYQEA=-~=~~ DDILEHLVDNFFNEVPSDDDLYVPSLYELYDLD Ad 12
p690
. _CR1
51 V-TAPEDPMEEAVSQIFPDSVMLAVQEGIDLLTFPPAPGSPERPPHLSROPEQP Ad S
49 VESAGEDNNEQAVNEFFPESLILAASEGLFL--—-——---- PEPPVLS—~——- e Ad 12
p753 p827
4 CR2Z
103 EQRALGPVSHPNLVPEVIDLTCHEAGFPPSDDEDEEG==r——=w—semme— e Ad 5
88 VCEPIGGECMPQLHPEDMDLLCYEMGFPCSDSEDEQDENGMAHVSASARAARA Ad 12
B CR3

140  ----EEFVLDYVERPGHGCRSCHYHRRNTGDPDIMCSLCYMRTCGHMFVYSEVS Ad 5
141 DPREREEFQLDHPELPGHHNCKSCEHHRNSTGNTDLMCSLCYLRAYNMFIYSPVS Ad 12

p275 pl036 pl227
189 EPEPEPEPLPEPARPTRRPRMAPAILRRPTSPYVSRECNSSTDSCDSGESNTPE Ad &
194  DPEPEP~=—— e e NSTLDCEERPSPPKLG Ad 12
292 ELHPVVPLCP IKPVAVRVGGRROAVECIEDLLNEPG--0Q--FLDLSCKRPRP-  Ad 5
220 SAVPEGVIKPVPQR-VT-GRRRCAVESILDLIQEEEREQTVEVDLSVKRPRCH Ad 12

FIGL 3 Alignment of AdS and Ad12 EEA protein sequenees. The amino acid sequences of Ad L2 and Ad3 EIA were aligned to refleet regions
af masimum comervation while introducing a minimum number o discontinuities, Residues at erossover sites commuon to boty serotypes and each
particular hwbrid are fndicated in boldface type, and the identity of the Tybrid is shown beneath the atignment at cich crossover site, The arrow
correspomds 1o the location of the uaique Clal site in AdS ELA DNA,

<
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" pI17-975
ot 917/815 932/975
: _ 1 p917-1227
917/815 11421227
) Ad 5 T A 12

B

Tumorigenicity of ccll lines transformed by p917-975 and p917-1227,

Tinme (Months)

Cell Line® 1 2 3 4 5 6
917-975B12C6 w0 o0 240 Y0 B0 070
917-975B12C10 o oL oL ¥ ML
y17-1227812C6 06 6 o6C w6 06 O
917-1227812C6 016 W6 416 6 W16 K6
917.1227B12C10 op T Y. B 77 S VO B (7

“Newbom rats were injected with 107 cefls per rat,

F1G, 4. Tumorigenicity of cells transformed by the p917-975 and py17-1227 hybrich. (A) Structurd of p#17-Y75 and p287-1227 hybrid AdS/AdL2
ETA genes, Hybrid ELA plasmids po73 and p1227 were linenrized and used s templates in PCRs with the synthetic oligimucteatides ABSOS aud
ABI(6 (see Materials and Methods), Amplified products were treated with the Klenow fragment of DNA polymerase e ereate Hunt ends and
cloned into the Hirell site af pUCTY, pXC38 containing the leftmost 167 of the AdS penunie (2) was purificd fram dan deat mutant B2 coli GRS,
Following digestion with Clal and Xbal, the large Fragment of pXC38 was ligated with the appropriate chned, PCR-penerated, hybrid 1A
Cle-Xha| fragment 10 generate plasmids po17-973 and pu17-1227 contiining Ad12 sequences (solid segments) from the start of CR2 gdefined by
the Clel site in Ad3 11AY o the crossover point of the original hybrid: the remaining sequences were derived Trom pNC3S (shadud sepments).
(13) Results of tumarigenicity assays with cells transformed by pUi7-975 and py17-1227. Tumorigenicity is given is the numher of tumors Towed

for the waak number of rises in cach groap,

rightmost borders of Ad12 sequences in seeond-generation
hybrids, Although the results shown in Table 1 suggested tha
pY73 contained the minimum amount of Ad12 EIA necessary
for tumarigenicity, two of three eell lines transformed by this
plusmid were not highly oncogenic. For this reason, p1227 was
also used for these experiments. sinee it contains all of CR3 of
A2 ELA, and all cell lines ransformed by it were highly
umorigenic.

The AdS EIA gene contains & unigue Clel restriction sile,
which is methylated in most strains of bacteria, The location of
the restriction site is at nucleotide 917 und overlaps amino acid
residues (20 and 121 (He and Asp) at the left border of CR2
(arrow in Fig. 3. AdIZ has Met and Asp residues at the
analogous positions (residues 103 and 106) and lacks a Clal
site. To generate an Ad12 EIA PCR fragment with a Clel site
at this position. an oligonueleotide (ABI508: see Maerials and
Methods) identical 1o e coding strund of Ad12 but containing
a Clal site near its 3° end was synthiesized, This oligonucleotide
and AB416 (compiementary to the Ad3 EIA coding stranul
[see Materials and Methods]) were used in PCRs with cither
pY73 ar pi227 as a template 1o amplify fragments of DNA
containing (he crossovers in p475 and p1227. The resolting

fragments were cloned into e Clul-Xbal region ol pXC3S
which contains the left 1677 of AdS DNA (2) (pRO3R was
grown in Eschevichin eoff GMS 1o avoid methylition ol the
AdS EIA Clal site ac position Y17 and then eleaved with Clul
and Xhel), The resulting hybrid E1LA regions are shown in Fig,
JALThe Tirst construct, p217-975, containy AdS 1A residues
1 to 121 followed by Ad12 CR2 and the region between CR2
and CR3 (A2 residues 107 to 147), i place of AdS CR2,and
ends with AdS ETA residues 141 1o 289, The second construct,
pH7-1227. contains AdS EIA residues 1o 1210 AdI2 ETA
seguences corresponding o CR2 and CR3 (residues W7 10 -
F93), and AdS ETA from residues 184 10 284,

Fransforming propertics of new hyhrids and establishment
of transformed lines. Ad12 EF transforms primasy rodent eells
about 1710 as ctiiciently as AdS Bl and we have previously
shown that two regions ol EIA mediate this diffierential
wransforming cilicieney (22). One of these appeared to -be
located in the N-terminal region of E1A, while the ather was
ientificd s the region corresponding 10 CR2 plus anking
sequences. Transtorming activitics of p1 7475 and pU17-1227
were determined to assess the role of CR2 in the dilferential
translorming ciliciencies of AdS and AdIT2, Primary BRK celis
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were electroporsted with each hybrid plasmid, and trans-
formed colonics were counted after 2 weeks. Transformation
cfficiencies of p217-1227 and pXCI (AdS 1) were not signif-
icantly different, and p917-975 wus approximately two- o
threefold less ellicient (data not shown), a characteristic which
is shared by the hybrid p975, than pl227 and pHAB6 (22}
Since the 128 splice donor sile is not present in p9735 or
PUIT7-973, the fower transforming efliciencies of these plasmids
could be due 1o 1he lack of a 125 mRNA product, which is
known to be important for tunsformation (16, 19, 20, 22, 23,
26, 28, 31, 32), Thuese results and our previous observations
22y indicated that differences in transforming  cfliciencies
between the XA proteins of AdS and Ad 12 are due 1o al least
two regions of Ad12 Ela which result in decreased transfor-
mition clfictency, The lirst region, present in all hybrid plas-
mids with the exception of p917-975 und p917-1227, consists of
A2 EIA amino-terminal sequences up to nucleotide 626
tincluding Ad12 CR1). The transforming elliciencies of paYr,
p753, and pR2T7 containing: this region are upproximately
threelold lower than that of pXCl (22), The second region,
present in plismids pY17-975, p917-1227, pY75. plo3e, p1227,
and pldal but absent in pov0, p753, and p827. encompasses
AdI2 nucleatides between 815 and 932 and includes Ad12
CR2 (reference 22 and this paper). When both these E1A
regions are AdI2 derived as in hybrids containing Ad12
sequences from the N terminus up to CR3, the eflicieney of
transtormation is similar to that of plasmids containing all of
A2 EIA, e, approximately 5 that of pXCL. While (he
Luteney time (i.c.. the time required for the detectable appeur-
ance of Toci) for transformation by Ad12 and previously
characterized hybrid 131 plasmids po90 through p1461 was 14
days (22), both p917-975 and pY17-1227 hid lateney limes of 6
days, indistinguishable from that of Ad 3, "This indicates that
the lteney time s determined by o region of Ad12 E1A
loeated to the feft of CR2 and dikely o the left of AdI2
nucleatide 626, since the lateney time of p6Y0 is 14 days. This
is in agrecowent with our previous results (22).

To establish transformed el fines for umorigenicity assays,
the AdS ETB regions of both new hybrid E1A plasmids were
deteted and BREK cells were electraporated with the resuhting
hyvbeid LA plasmids plus pHABTI, Cell lines were established
and wssayed for protein expression by Western blot analysis.
The resalts (Fig. SA) indicated thae all three cell lines ex-
pressed A proteins reacting with M73 antibody, To deteet
HIB proteins, this Dot was reprobed with 12-1 antitumor
serum directed against the AdI2 E¥ region (Fig. 5B3). Cell lines
translormed by the Ad12 EY region (Fig. 58, lanes 4 1o 6)
expressed Ad12 ELA proteins und the 1213 535K protein.
Similarly, cell lines transformed by hybrid 1A plasmids plus
AdIZ ELR (Fig. 5B, lanes 1o 33 expressed both TR1A and the
S S5 protein,

Tumarigenicity ol new cell lines. Newborn rats were injected
with 107 cells for cach line transformed by p917-975 and
pI7-1227 plus pHABES The results. shown in Fig. JB8,
indicate that cells transformed by pY17-975 were, at best,
weikly tumorigenic, sinee the H7UTAB12CI10 line was tumor-
igenic inonly 200 [ ras after 4 months anid any tumors which
arose [ollowing injection with Y17-975B12C0 regressed by 3
manths postinjection, Cells fransformed by p917-1227 were
tmorigenic at a signilicant efliciency with the 917-1227B12Co
line. These results suggest that while the region of Ad12 E1A
introduced into AdS E1A in these plasmids was able to confer
some lumorigenicity, it was not sufticient for a highly tumori-
genic phenotype, Thus, one or more additions! regions of the
ELA protein may be involved in the tumori =o7ciy of trans-
formed cells,

& op 2 p P .
A G55 B &8
S EL P PN F
EIA = o 55K —»
ElA =
Lane 123456 Lane

123456
~= FIG. 5. Western blol analysis of Et proteins from cell lines trans-
formed by pY17-975 and p917-1227 in coopueration with Ad12 EIB. (A)
Filters were probed first with the M73 monoclonal antibody 10 deteet
ETA proteins, (13) The same filiees were washed and reprobed with
antitumor serum directed against the EF region of AdI2 w0 deteet
expression of the Ad12 EIR 55K protem,

DISCUSSION

Rt cells transformed by Bl of Ad2 or AdS or by AdSs E1A
plus Ad12 EIB are noniumorigenic in syageneic immunocom-
petent rats (4 13) Inant attempt to map the regions of Ad3
and Adi2 ELA responsible for differences in tumorigenicity,
we have runsformed rat cells with chimeric AdS/AUL2 EIA
genes plus Ad12 LB, There was some clonal variation in the
tumorigenicity of different eells transformed by the same
plasmid (¢.g.. 975B12C2. C4. and C5 runged {rom nontumori-
genic to highly tumoerigenic). and one cell line. 917-
1227B12Co. faited 10 induce tumors in one assay bul was
moderately tumorigenic in o second experiment. Despile this
variation. for which we have no explanmtion. the overall pattern
which emerged from this study was fairly clear. Cells trans-
{ormed by hybrid E1A genes encoding amino-terminal Ad12
residues up to amino acid 49, 66, or 83 were nontuntorigenic
(no twmors at 6 months in o total of 36 injected animals),
whereas cells transformed by hybrids encoding Ad12 residies
Lo the right of CR2 or beyond were moderately tumorigenic
(43 tumors in 87 animals). Included in the region of Ad12 E1A
which is present in the oncogenie pY75 but absent from the
nonuncogenic pi27 arce a portion ol the streteh between CR1
and CR2. CR2 itsell. and the region bordered by CR2 and
CR3. AdS has no counterpart to the sequence between CR2
and CR3 ol Ad12, and in fact, the two conserved regions abut
cach other in Ad3 (Fig. 3} Examination of the EIA sequences
{or a number of Ad serotypes indicated that this region,
characterized by the presence of a streteh ol alunine residucs,
is absent from other human Ads for which the E1A sequence
is known. However, the aminue acids between CR2 and CR3 of
AdI2 bear a close resemblanee 1o the analogous region in the
L21A sequence of the highly encogenie simian adenovirus type
7 (Fig. 6} suggesting that the region between CR2 and CR3.
which is unique o these two unrelaled oneogenic Ads. may
play a raie in their oncogenicity. To investigate this possibility,
AdI2Z ETA sequences encompassing CR2 and the CR2-CR3
region were introduced into AdS E1TA sequences. One cell line
transformed by cach of the resulting plasmids, pY917-975 und
pOI7-1227. was weukly or modernitely oncogenic. and one was
nononcogenic, Cur duta suggest. therefore, that the AJI2Z EIA
region bordered by CR2 and CR3 may be invalved in tumor-
igenicity but is likely not the sole factor influencing it. since
cells transformed by hybrids consisting of Ad12 EEA sequences
from the amino terminus up w0 and beyond CR3 were more
strongly lumorigenic. Moreover, our data suggest that when
acting in concert with Ad12 EIA sequences hordered by CR2
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CR2 CRrR3
Ad 4 DED——EQIAQNAASHG-- = =VOAVS-—ESF
Ad 5 DED--EEG-=" EEF
nAad 7 DED--GETEQSIHTAV=====-===NEGVKAAS—DVF
Ad 12 SED-————--EQDENGMAHVSASARAAARADRER-—EEF
Ad 40 PET————— DEATEAEEE-—-——AAMPTYVNENE--NEL
Ad 41 SEA----—-DEAEERAEEEETAVSNYVNIAEGA--SQL
Sa7 SEE--GEHSOVETERKMAEAAAAGRAAAARREQ-~DDF
Kr{53-85) AMGLQOQAARASAFGMLSPTQLLAANROAAAFMA
en{63-77} AMAFD-ARRAAARAAR.

en(229-237)
eve{146-177)

—=—QQQAAAAAL
ARSILOAAANSV-GMPYPPYAPAARARAARRAR

FIG, . Alignment of the sequences of several Ad serotypes in the
region between CR2 and CR3, The sequences were obtained from
DS, Buutista (2). and anly the region between CR2 and CR3 is shown,
illustrating the unusual repeat of alanine residues common o Ad12
and simian adenovirus type 7 (8A7). Shown below for compatisen are
alinine-rich portions of the primary sequences of the Drosopliile
transeriptional repressors: Kruppel (Kr), engrailed {en), and even-
skipped (ere) (270, Residoes 53 10 85 of Kr constitute o portion of the
amino-terptinal repression donnin aligned w two segiments of e andd
ane sepment of e,

o

and CR3, Ad12 ETA sequences to the left of CR2 are involved
in strangly and positively influencing tumorigenicity or. aller-
natively, Ad3 EIA sequences to the left of CR2 negatively
inffuence tumorigenicity. The latier possibility may explain the
lower degree ol tumurigenicity of cell lines Htransformed by
pYI7-975 and pY17-1227,

The linding that the Ad12 E1A region bordered by CR2 and
CR3 is an oncogenie determinant of Ad12 is also suggesied by
recent studies of 1. Wilitams and G. C. Telling (41a). I hey have
constructed Ad12-based chimeric viruses in which this region
was replaced with the corresponding type 3 sequence and
found that the vituses or cells transformed by them were
greatly reduced in oncogenie capacity (41a).

We have suggested previously that the mechunism by which
EIA transforms may not be simply by sequestration of ecllular
proteins (22). Rather, the complexes of E1A with p300, pl13Q.
pIO7. plO5, and pob) may carry out specific functional roles
which could difter depending on the serotypic origin of E1Ain
the complexes. In this case, it is lkely that complexes contain-
ing the Ad3 EA protein may be functionally different {from
those consisting of the AdI2 E1A protein. [nterestingly. the
amino terminal restdues of AdS LA have been shown 1o be
requited for transforming functions and repression o viral
enhaneers, Since AdS and AdT2 EIA proteins diller greatly at
the amino terminus, with the exception of residues 2 and 20 (19
in Ad12) which among others have been shown 1o be eritical
for p300 binding (44). it is possible that sequence dilferences
between the AdS und A2 E1TA amino-terminal residues niy
alter the functions associated with ELA-300K complex in some
way that alters tumorigenicity of he resulting translormed
cells,

All in il the differentiul tumorigenic potentials of cells
transformed by Ad5 and AdI2 may be attributable to several
regions. with unique functions, nested within the 21 region, At
feast one function influencing tumorigenicity is specificd by the
E1B region. since cell lines expressing Ad12 E1B are more
tumorigenic than those expressing AdS EI1B (4, 37). While the
nature of EIA functions that inlluence tumorigenicity is oot
clear al present, it is possible that individual Tunctions of both
the AdS und Ad12 EIA proteins influence the tumorigenic
phenotype. Asan example, it is very likely that AdS EIA has an
antitumorigenie function related to the immune response of

T Vi,

the host animal. sinee eells expressing Ad3 ELA are tumoni-
genic in nude mice but nontumorigenic in syngeneic immuno.
competent animals (4). Furthermore, transformed lines trans.
fected with AdS E1A exhibit decrensed twumorigenicity (43).

The mechanism by which the region of Ad12 EIA hetween
CR2 and CR3 mayy intlitence wmorigenicity is not elenr, bu
this region has features which stiggest that it may be involved
in lr.m-;.llpumml reawdation. First, it is ddj.lt.clll o the trans-
activation domain of the A2 EI1A pratein, raising the
possibility that it may interact with or influepze the function of
this domain. Sceondly. several proteins with manseriptional
repressar activity in which the repression function maps Lo &
region contuining  steetch of wlanine residues similar to tha
seen between CRI and CR3 of Ad12 and simian adenovirus
type 7 ETA have been charicterized ("7) (Lig. 6). A previously
charucterized transeriptional repression activity of Ad 12 which
miay influence tumorigenicity. is class 1 MHC repression. Fuids
ther study mity determine whether this funetion lovalizes w the)
region between CR2 and CR3, . J"

In addlition (o the establishment of eell lines trnsformeit ~;\
pUI7-Y75 EIA und p9I7-1227 1A with AdL2 1B, these
plasmids were assaved for transforming efficiency in combina-
tion with AdS.E1B. Both plismids transtormed BRK cells it an
elliciency signilicantly greater than thin of Ad12, with po17-
1227 approximating AdS ETA even though Both encode CIR2
of Ad12 E1AL This suggests that CR2, which s eritical for the
transforming activity ol both EEA proteins, is not involved in
the differential transforming elicieney of AdS ind Ad12 E1A,
This is in agreement with the ubservation that the cellular
proteing whose inteeactions with CR2 of AdS 1A are eritical
lor transformation (10, TE 14§70 45, 40) duteract equally well
with CR2 of AdS and AdI2 EIA (22), The observidion that o
region or regions of EIA besides those corresponding o
known cellufar protein binding sites may be invalved in the
transforming efliciency of the protein supports the iden men-
tivned previvusly that transformation of prinary colls by LA
involves properties in addition to the sequestration of cellulur
proteins,
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Contributions to Jelinek et al., 1994: __ =

(1)  Assisted in establishing BRK cell lines transformed by p917-975 and p917-1227.
(2)  Assessed the tumorigenic capacity of the p917-975- and p917-1227-transformants

oy T s
following subcutaneous injection into newborn syngeneic rats.

(1?) Assisted in rescuing hybrid Ad5/12 E1A genes encoded by p917-975 znd 1)917-lr
1227 into wild type Ad5 virus. To determine whether these hybrid E1A protcins\
could support viral replication, the ability of these viruses to form plaques in 293
cells (constitutively express AdS E1A and complements growth of E1IA deh\a'Lt;ipn o1
mutation viruses) and HeLa cells (do not oomR}cmcnt growth of E1A deletion or

i j

mutation vimsesj?ffias compared by T. Jelinek:
Conclusions:

Cells transformed by the hyﬁrid Ad5/12 E1A- (plus Ad12 E1B) genes: p690, p753,
and p827 were non-tumorigenic when expressing up to 80 amino acids of the Ad12 E1A
amino termiﬁus (includes CR1) whereas cells transformed by the amino-terminal 144
residues of Ad12 E1A (includes CR1 and CR2) or beyond were tumorigenic (e. g p975-,
p1036-, and p1227-transformants).

To extend these results, Ad12 E1A sequences spanning a stretch of 20 amino acids
(124-144; EQDENGMAHVSASAAAAAADRER) between CR2 and CR3, which is absent |
from the analogous Ad5 E1A CR2-CR3 region were substituted'for homologous sequences
of Ad5 E1A and used to establish the p917-975- and p917-1227- transformed cell lines.
These lines were approximately two-fold less tumorigenic than Ad12 El-transformed cells,
suggesting that Ad12 E1A sequences in addition to the CR2-CR3 residues also contribute
to tumorigenicity. The view that the Ad12 CR2-CR3 residues served as an oncogeneic

determinant were corroborated by a complementary approach using Ad12-based chimeric
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viruses and transformed cell fines in which the Ad12 E1A CR2-CR3 region was replaced

by corresponding AdS E1A sgqucnos (Telling and Williams, 1994).

It should be noted that the different tumorigenic capacities observed by the hybrid
Ad5l12 E1A (plus Ad12 E1B) transformants was not due to differences in E1A expression
as measured by Western bfg% analysis. {f
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2)  Pereira, D. S., Rosenthal, K. L., and Graham, F. L. 1995.
Identification of two regions of adenovirus E1A which affect MHC

class I expression and susceptibility to cytotoxic T lymphocytes.
Virology 211, 268-277.

Breface:

Since the discovery that cells transformed by the E1 regions of Ad5 and Ad12 differ
in oncogenic potentiél, many subsequent studies attempted to identify and understand
functional differences between their E1A proteins. Conclusions drawn‘ from these
investigations suggested that the Ad5 and Ad12 E1A proteins, present in transformed ceils,
differed in their potential to modulate the host immune response to these cells. SPeciﬁcany,"
Ad12 E1A, unlike Ad5 E1A, wggﬂfogpd to down-regulate expression of MHC class I
MRNA and cell surface molécules, a property which would endow Ad12 E1-transformants
with the ability to evade host class I-restricted CD8+ CTLs thereby favoring tumorigenesis.

Although the ability of Ad12 E1A to down-regulate MHC class I expression of
transformed cells has generally been accepted as the principal feature determining
tumorigenicity, the notion that the tumorigenic capacity of these cells depends solely on
class I down-regulation is a topic of great debate since the relationship between class I
levels, susceptibility to CTLs and tumorigenicity is poorly defined. To better define these
relationships and obtain a further understanding of the basis for the different tumorigenic
capacities of Ad5S E1- and Ad12 El-transformed rodent cells, the series of hybrid Ad5/12
El1A- (plus Ad12 E1B) transformed Hooded Listerrat cell lines, which differ in
tumorigenic capacity, were used to identify E1A regions which affect MHC class I

expression and susceptibility to allogeneic and syngeneic CTLs.
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Identlflcatlon of Adenovirus E1A Regions Which Affect M\HC Class | Expression
and Susceptibility to Cytotoxic T Lymphocytes
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To map and characterize functional differences between the E1A oncoproteins of AdS and Ad12, we previously constructed
a series of hybrid Ad5/12 E1A genes and used them in combination with Ad12 E1B to transform Hooded Lister rat cells.
At least two reglons within the first exon of Ad12 E1A which influenced tumorigenicity were identlfied. In this report, again
using the hybrid Ad5/12 E1A (plus Ad12 E1B} transformants, we further examined the role of these regions in tumorigenicity
by analyzing their effect on cell surface major histocompatibility complex cless | expression and sensitivity to class 1-
restricted CD8* cytotoxic T lymphocytes [CTLs). Resuits of these studies stiggest that expression of either of the Ad12

. E1A regions implicated in tumorlgenlmty could down-regulate cell surface class | lavels. However, neither class | down-

regulation nor sensitivity to allogenelc CTLswas shown to strictly correlate with the tumorigenic capacities of the transformed
rat cells. Another factor influencing the tumerigenicity of AdS E1 and Ad12 E1 transformants may be the ability of their E1A
produets to encode CTL epitopes. To this end, we provide evidence suggesting that CTL epitopes may be encoded by Ad5
E1A but not by Ad12 E1A, since expression of certain portions of the AdS E1A protein conferred susceptibility 1o syngeneic
AdS E1-specific CTLs _:;q.vr’rro, whilg Ad12 E1A expression did not confer susceptibility to syngeneic Ad12 E1-specific CTLs.

a
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INTRODUCTION

Human adenoviruses (Ads) are nonenveloped viruses
which contain dsDNA genomes and which replicate in
the nucleus of infected cells. Expression of viral genes
Is temporally regulated as a result of transcription first
from early and subsequently from late transcription units.
Early region 1 (E1), which is transcribed immediately fol-
lowing infection, consists of two transcription units en-
coding the E1A and E1B oncogenes. Cooperatively, E1A-
and E1B-encoded oncoproteins are responsible for the
ability of Ads to transform primary rodent cells in culture,
On the basis of /in vivo tumorigenicity, the human Ad
serotypes have been classified into three groups: highly
tumorigenic (e.g., types 12, 18, and 31), weakly tumori-
genic {e.g., types 3 and 7), and nontumorigenic {e.g.,
types 2 and 5) (Huebner, 1967). Although tumorigenicity
of Ad-infected and Ad-transformed cells requires coex-
prassion of E1A and E1B, the serotypic origin of E1A is
the major determinant for tumorigenicity (Bernards et af,
1983; Jochemsen et &/, 1884). In aadition to mediating
the processes of transformation and tumorigenicity, the
nonstructural E1A oncoproteins alse play key roles in
viral replication, regulation of viral and cellular gene ex-
pression, and interactions with host immune components
{for reviews see Graham, 1984; Williarns, 1986; Barbeau
et al, 1994, Bayley and Mymryk, 1994).

Earlier studies directed at identifying and understand-

' To whom correspondence and reprint requests should be ad-
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ing functional differences between AdS and Ad12 E1A
oncoproteins have suggested that E1A infiuenced tumor-
igenicity of Ad5 (nontumorigenic)- and Ad12 (tumori-
genicl-transformed rodent cells by modulaling the hast
immune response of the immunocompetent rodent. For
instance, while both the Adb and Ad12 E1A products can
determine viral specificity of tumor-specific transplanta-
tion immunity (Sawada et al, 1986, 1994), Ad12 E1A,
unlike Ad5 E1A, participates in down-regulating expres-
sion of major histccompatibility complex (MHC) class |
mRNA and cell surface motecules in rodent {Schrier o
al, 1983; Vaessen et al, 1987; Ackrill and Blair, 1988;
Friedman and Ricciardi, 1988} and human cells {Vasa
vada et al, 1986). The E3 region of the group B~E Ads
(types 2-5, 8, 11, 19, and 34} encode a4 19-kDa glycopro-
tein which is also capabie of down-regulating cell suriace
class | expression by retaining class | antigens in the
endoplasmic reticulum (for revisw see Rinaldo, 1994).
Other viruses in the DNA (e.g., herpesviridar:, papovavir-
dae, and poxviridae) and RNA {e.g., retroviridac, corona
viridae, rhabdoviridae, and paramyxoviridae) virus larmi-
lies also down-regulate MHC class | axpression {for
review see Rinaldo, 1994). 1tis thought that down-requla-
tion of class | expression is a mechanism many persis
tent and tumorigenic viruses, such as Ad, have: evolved
as a strategy to evade immunosurveillance by class |-
restricted CD8" cylotoxic T lymphocytes (CT1Ls) (Ander
son et af, 1985). In the context of turnorigenicity, Adb &1
transformed cells are thought 1o fail 1o form turnors in
immunocaompetent rodents becausn they are more ant:
genic than Ad12 E1 transformants. This notion is pantially
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E1A EFFECT ON HOST RESPONSE TO TRANSFORMED®CELLS'

supported by the fact that cells transformed by non-onco-
genic Ads are tumorigenic in immunoincompetent 10-
dents (Gailimore et al, 1977; Bernards et a/, 1983). Sev-

eral reports which have failed to find a strict correlation

between reduced class | expression and tumorigenicity
(Mellow et af, 1984; Haddada et al. 1886; Soddu and
Lewis, 1992) suggest that nonspecific effector cells of

trjgjr'.‘..'.—-.ﬁﬁe system, such as natural killer (NK) cells, may -
/A0 play an important role in affecting tumorigenicity.
“¥/Rodent cells transformed by Ad5 or Ad12 E1A have, re-

// spectively, demonstrated susceptibility or resistance to

P

lysis by NK cells (Raska and Gallimore, 1982, Sawada et
al, 1985; Cook'ot al, 1986, 1987; Routes, 1993). Since
the association betiveen MHC class | expression and
tumnorigenicity is not strictly defined, yet another factor
tietermining tumorigenicity may be the ability of Ad E1A
molecules to serve as immunogenic determinants on
wransformed cells. This hypothesis is reascnable since
CTl-stimulating epitopes, encoded by AdS E1A gene
products, have been found on cell surfaces in coniext
with class | antigens (Bernards et al, 1983; Bellgrau et
al, 1988: Kast et al, 1989; Urbanelli et al, 1989 Rawle
et al, 1991; Routes et al, 1991).

Previously, using primary baby rat kidney cell lines
cotransformed with hybrid Ad5/12 E1A genes plus Ad12
E1B {Jelinek and Graham, 1992), we identified at least
two regions of Ad12 E1A which influenced fumaorigenicity
(selinek et al, 1994). Our findings were corroborated by
a complementary approach using Ad12-based chimeric
viruses in which one of these Ad12 E1A regions was
replaced by corresponding Ad5 E1A sequences (Telling
and Williams, 1924). In this report, the functional impor-
tance of these regions in modulating cell surface MHC
class | expression and sensitivity to CTLs was deter-
mined to better understand the tumorigenic capacity of
AdS E1- and Ad12 El-transformed cells.

MATERIALS AND METHODS
Animals

Hooded Lister rats {(MHC haplotype C) used for alloge-
neic and syngeneic CTL assays were bred by brother—
sister mating and housed in the Central Animal Facility,
McMaster University. Fischer 344 rats (MHC haplotype
L) used for aliogeneic CTL assays were purchased fram
Charles Rivers Canada {Quebec, Canada).

Cell culture

Hooded Lister rat cells transformed by Ads E1, Ad12
E1, and hybrid Ad5/12 E1A {plus Ad12 E1B) genes {Jeli-
nek and Graham, 1992), as well as the human 2H (Ad12
E1-transformed embryonic kidney) (S. Mak, unpublished)
and the rat 702-C2, HABaC1, and HABaC2 (Ad12 E1
transformants) {Mak et al, 1979} cell lines were grown
in a-MEM supplemented with 10% FCS. The hurmnan cell
lines 293 (Ad5 Ei-transformed embryonic kidney) (Gra-

[a}

ham et al. 1977) and HER3 (Ad12 E1-transformed’embry-
onic retinal) {Byrd et al., 1982) were maintained as mono-
iayer cultures in F11 medium supplemented with 10%
newborn calf serum and DMEM supplemented with 7%
ECS. All media were also supplemented with 2 mif L-
glutaming, 100 pg/ml of penicillin G, and 100 ug/ml of
streptomycin suifate.

o~

o

Tumorigenicity assays o

Cell lines transformed by hybrid Ad5/12 E1A con-
structs plus Ad12:E1B were expanded through 10—-15
passages in culture for subcutaneous injection into new-
born syngeneic Hooded Lister rats. Each line was in-
jected into single litters of newborn rats at 107 cells per
rat and monitored for tumor formation at the site of injec-
tion for up to 6 months (Jelinek et al, 1994). Data in Fig.
1B are a compilation of multiple assays for each line,
thus accounting for the different numbers of rats injected
per cell line.

Detection of cell surface MHC class | proteins

Cell surface expression of MHC class | proteins was
determined by fiow cytofluorimetry using a FACScan
{(Becton-Dickinson Canada, Inc., Ontario, Canada) and
antibodies purchased from Cedarlane Laboratories, Lid.
(Ontario, Canada). Single-cell suspensions were pre-
pared from monolayer cultures and resuspended in PBS
supplemented with BSA (10 mg/ml} and subdivided into
three aliquots (unstained, stained by secaondary antibody
only, stained by both primary and secondary antibodies)
containing 10° cells/aliquotl. Where appropriate, single-
cell suspensions were incubated with primary antibodies
for 30 min on ice using either the mouse anti-rat RTLA
manoclonal antibody CLOO7A, which recognizes a mono-
morphic determinant of rat class | MHC antigen, ot the
moust anti-human antibody W6/32 (gift from 1. York),
which is directed against human HLA (A, B, or C). Subse-
quent or independent staining was conducied using
FITC-conjugated rabbit anti-mouse g antiserum {reacts
with all mouse ig classes and subclasses).

Generation of cytotoxic T lymphocytes

Allogeneic effector CTLs were generated following co
culture of single-celt suspensions of splenic lyinphocyli:.
isolated and prepared from 8-week-old Hooded Lisin:
rats {stimulators; MHC haplotype C) and Fischar 344 rat.
(responders; MHC haplotype L} at a respondenstimulater
ratio of 1:1. Three days prior to coculture, stirmulator
Hooded Lister rat splenic lymphocytes were y-irradintesd
at 5000 rads. To generate syngeneic Adh E1- and Ad1s
E1-specific CTLs, 8-week-old Hooded Lister rafs wert
immunized ip with 107 DP5-2 (Ad5 El-ranslormicd
Hooded Lister rat fine:) or 107 12-1 {Ad12 E1-ransformed
Hooded Lister rat lit.-;) cells which were resuspended in
1 m! of PBS. Three weeks later, splenic lymphocytes
were isolated, made into a single-cell suspnsion, and
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restimulated by coculture with y-irradiated {3000 rads)
DP5-2 or 12-1 cells atl a responder:stimulator ratio of
50:1. Cocultured cells were suspended in compiete RPMI
media (supplemented with 10% FCS, 2mM L-glutamine,
100 U/ml of penicillin G, 100 pg/ml of streptomycin sul-
fate, and 5 X 107% M 2-mercaptoethanol) and incubated
in upright 25-cm® tissue culture flasks for 3 days in a
hurmnidified environment containing 5% CQ.. Gamma irra-
diation was tonducted using a Gammacell 1000 con-
taining a "*’Cs source {(Atomic Energy of Canada, Ltd.,
Ontaric, Canada}.

Chromium release cytolytic assays

Target celis (5 X 10* cells/ml) were seed=d into 96-
well microtiter plates (Falcon 3072} and subseguently
labeted with [*'Crlsodium chromate {2 pCi/well) for 1 hr
at 37° Once labeled, target cells were washed three
times with complate RPMI {supplemented as described
above) to remove excess label. Meanwhile, effector cells
were pelleted at 2000 rpm far 5 min, resuspended in
complete RPMI media, and counted in the presence of
trypan blue 1o determine the number of viable lympho-
cytes. These effector cells were then incubated with *'Cr-
fabeled targets {in a total volume of 200 pl/well) at various
elfector:target (E:T) ratios for 6 hr at 37° under coculturing
conditions described above. For allogeneic CTL assays,
E:T ratios were 136:1, 68:1, and 34:1, while for syngeneic
CTL assays, ratios of 100:1, 50:1, and 25:1 were utilized.
Nexl, 100-ul samptes of the supernatants were removed
from each well, placed in borosilicate tubes, and counted
in a LKB Wallac 1282 universal gamma counter. The

- percentage of specific lysis was calculated using the
following formula: {T — S5/M — 8) X 100, wirere T = ¢cpm
released by targets in the presence of CTLs, S = ¢pm
released spontaneously by targets in the absence of
CTls, and M = maximum cpm released from targets
foilowing complete lysis using Triton X-100.

RESULTS

A series of Hooded Lister rat cells transformed by
hybrid Ad5/12 E1A plus Ad12 E1B genes

The hybrid Ad5/12 E1A genes, shown in Fig. 1A, wera
constructed previously and used in combination with the
Ad12 E1B gene to transform primary Hooded Lister rat
kidney celis {Jelinek and Graham, 1992). For a complete
description of these hybrid E1A genes, see the legend
to Fig. 1. Previous analysis of’. ~ rid Ad5/12 E1A and
Ad12 E1B protein expression by Western blots revealed
that comparable levels of hybrid Adb/12 E1A and Ad12
E1B proteins were evpressed by all the transformed rat
cells {lelinek and Graham, 1992; Jelingk et &/, 1994),
Furthermore, all recombinant viruses expressing these
hybrid E1A proteins were capable of replicating effi-
ciently in Hela cells with the exception of one virus
(T1036) which contained a hybrid E1A gene in which the

crossover fram Ad12 to Ad5 coding sequences was inthe
transactivation domain located within the third conserved
region: (CR3) of E1A (Jelinek and Graham, 1992; Jelinek
et =i, 1994). Recently, the hybrid Ad5/12 E1A {plus Ad12
E1B) transformants were assayed for their ability to form
tumors in newborn syngeneic rats (lelinek et af, 1994).
The tumeor induction data, shown in Fig. 1B, are a compi-
lation derived from multiple 6-month assays in which 107
cells were injected subcutaneously into newborn synge-
neic rats (see Materials and Methods). As expected, the
AdS E1-transformed line (DP5-2; transformed by pXC1)
and the Adi12 E1 transformant (12-1; transformed by
pHABB) were respectively nontumorigenic (0 of 9 rats)
and tumorigenic {7 of 8 rats). Cells transformed, by the
pB90, p753, and p827 hybrid Ad5/12 E1A genes; shown
in Fig. 1A, which respectively encode 5'-terminal Adi2
E1A sequences up to nucleotides 626 [amino acid (aa)
42), 692 (aa 84), and 739 (aa 80} were nontumorigenic,
whereas the presence of Ad12 E1A seguences up to
nucleotides 932 (aa 144), 994 (166), and 1142 {aa 193)
conferred tumarigenicity to the p875, p1036, and p1227
transformants, respectively. Therefore, Ad12 E1A se-
quences necessary for wmor induction appeared to lie
between nucieotides 739 and 932 (aa 80— 144}. To deter-
mine whether this region alone was sufficient for tumor
induction when present in an Ad5 E1A background, we
constructed the p917-975 and p917-1227 hybrid Ad5/12
E1A-encoding constructs which contained Ad12 E1A nu-
cleotides 815—-932 (ag 105~ 144) and 815-1142 {aa 105—
163), respectively, embedded in Ad5 E1A coding se-
guences as illusirated in Fig. 1A. The p917-975 and
p817-1227 transformants was less tumorigenic than the
pa975, p1036, p1227, and pHABG transformants, sug-
gesting that expression of Ad12 E1A sequences encoded
by p217-975 {aa 105~ 144} were necessary but not suffi-
cient to confer the same degree of tumor incidence ob-
served in rats transformed by the Ad12 E1-encoeding con-
struct pHAB®S (7 of 8 rats). Therefore, in addition to Adi2
E1A residuss 105- 144, amino acids to the left of residue
105 (nucleotide 815) may also be required for tumorige-
nicity (Jelinek et al, 1994) (see Fig. 2A).

Cell surface MHC class | expression

Since it has been proposed that the difference in tu-
morigenic capacity of Ad5 E1 and Ad12 E1 transformants
is due 1o the ability of Ad12 E1A, but not Ads E1A, to
down-regulate class | expression below levels necessary
for recognition by CTLs, we used the hybrid Ad5/12 E1A
transformants to map E1A regions which affect cell sur-
face class | expression and susceptibility to allogeneic
CTLs. Compared to levels expressed on cells trans-
formed by Ad5 E1A {DP5-2 or 5-M), all the hybrid Ad5/12
E1A-transformed lines exhibited decreased cell surface
class | levels (see Fig. 3A). The decrease appeared to
occur in two steps as AdS E1A sequences were progres-
sively replaced with Ad12 E1A sequences from the amino
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FIG. 1. (A} Carionn of AdS E1A {pXC1), Adt2Z E1A (pHABS), and hybrid Ads/12 E1A plasmids used to ransform Hoaded Listar rat kidney cells,
These hybrid E1A constructs, shown with Ad5 and Ad12 E1A gene sequences in white and black, respectively, are aligned with the strustule of
Ads E1A (top). The thfee conserved regions (CR1, CR2, and CR3) in the first exon of EVA are also shown. Precise locations ol grossovers ate
expressed in nuclectides below the crossos T junctions, where AgS and Ad12 nucleotides are shown on the outer and innet sidus of 1he slushes
respectively. A'l hybrid E1A consiructs, with the exception of p917-975 and pa17-1227, contain & lirst crossover juniction i which the lefirmost 367
by of AdS, encompassing the viral inverted terminal repetition and enhancer/packaging regicns, are lallowed by A1 1A seguences fron nucleotios:
290, encompassing the Ad12 E1A promoter, transcriptional start, and amino terminus, 10 a second junclion point where Crassover AN OCOHTS
into Ads E1A sequences 10 16% of Ad genome lengih. In addrian to the first 3563 nuclectidas of AdS carnrnon 10 the hybrid £ 1A pliiinids, e
p917-975 ang p917-1227 constructs {described previously) contain AdS gene sequences 10 nucleotice 917 (815; Ad12) tallowizd by Ad12 LA gone:
sequences 10 nucleatides 932 {975, Ad5) and 1142 (1227; AdS), respectively. It should be nated that the pa75 and p917-975 hybnys lack the: 128
splice danor sites of AdS and Ad12 E1A, therefore these hybrids encode only the 135 E1A producl. {B) Tumorigenicity of Houded Lister at cells
transforred by hybridd Ad5/12 E1A plus Ad12 E1B genes. Data are a eompilation derived frorn multiple agszys n which 107 cells par clone per
newborn rat was injected subcutaneously into newborn syngeneic rats and manitored for wrnor formation at the site of injection for up to i wonths
{Savada et al. 1985). The number of tumor bearing rats/otal nusber of injected rats are shown. ‘
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FIG. 2. Schematic represenling functional regions of the adenovirus E1A first exon. Ad5 and Ad12 E1A regions are depicted in white and blaék.
respeclively. The apen reading frame of Ad5 E1A and locations of conserved regions (CRs) are shown atop. {A) Ad12 E1A regions involved in tumor
induction and {B) down-regulation of MHC class | expression. (C) AdS E1A regions {1 and 2) potentially eioding RTL epitopes.

terminus rightward, The first decrease, seen with the
nontumeorigenic lines transformed by the p690, p753, and
p827 constructs, resulted in class | levels an average
of 5-fold lower than those of the DP5-2 or 5-M lines.

A

M

DPs-2
690812C1
750B12Ca
821812C1
975812C4
1036B12C1
122781202
NTLTSEI2C10
NTA1227B12CE

121

1 ] 7 Y
Mean Fluorescence Intensity Ratio (MFIR)

13 16

B DPs

NT-1227B12C10

Tumorigenic p375, p1036, and p1227 transformants dem-
onstrated a second average decrease represented by
an approximately 2- 1o 3-fold reduction compared 1o the
nontumorigenic hybrids and 10-fold compared to the non-

690B12C1
7653812X8
B27THI2CY
97581202
1036812Ct
122781281
1747581208

122
HABaC1

70202

Mesan Flucrescence Intensity Rato (MFIR)

FIG. 3. Cell surface expression of MHC class 1 proteins on Hooded Lister rat cells transformed by AdS E1, Ad12 E1, and the hybrid Ad5/12 E1A
plus Ad12 E1B genes. Cell surface expression of MHC class | molecules was determined by flow cytofluerimetry using a primary monoclonal
antibody specific for the rat MHC class | proteins {RT1.A) and a secondary antibody conjugated 10 FITC. For a detailed explanation of sample
preparation and analysis, see Materials and Methods. The mean fluorescence intensity ratio was determined according to the following caleulation:
(mean Hluorescence intensity of cell tine in the presence of primary and secondary antibody)/{mean fluorescence intensity of cell tine in presence
of secondary antibedy only). (A and B} Cell surface MHC class | expression of the transformed Hooded Lister rat cells: however, different clones
of tha respeclive cell lines are shown in A and in B. Results frem FACS analyses used to measure cell surface class | expression in the human
cell lines transformed by AdS E1(293) or Ad12 E1 (?H and HER3) are shown in the inset in B.
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tumorigenic DP5-2 and 5-M_lines. Class ['levels on the. "

tumorigenic <hybrid ©p917-975 and -p17-1227 ; trans-

_ formants, which contain Ad5 E1A-derived amifio terminal
" sequences were an average of 3- to 4-fold lower than

-

those of the nontumarigenic DP5-2 or 5:M lihes and were
comparable o levels exp;gssed on the nontumorigenic
hybrids transformed by the p690, p753, 'and pB27 con-

structs. While 12-1 cells (transformec by the Ad12 E1-:
. encoding plasmid pHABB) expressed class | levels com-

parable to those on the nontumorigenic p8280, p753, and
p827 transformants and tumorigenic p917-975 and p917-

- 1227 transformants, they exhibited approximately 2-fold

greater cell surface class | levels than those of the tumor-
igenic pg75, p10386, and p1227 transformants. To ensure
that differences observed in MHC class | expression
among the transformants were not the result of clonal
variation, we measured cell surface levels of additional
cell lines by FACS analysis (Fig. 38) and found the levels
to be in agreement, within experimental error, with those
of the clones transformed by the same E1A constructs
shown in Fig. 3A. Also included in the experiment were
additional Ad12 E1-transformed rat cells, HABaC1, HA-
BaC2, and 702-C2, to verify that class | down-regulation
occurs in other Ad12 E1 transformants. Cell surface class
| levels were also measured on human Ad5 E1 {293) and
Ad12 E1 (2H and HERJ) transformed cells (see inset of
Fig. 38). Class | levels on 2H and HER3 lines were nearly
4-fold lower than those of the 293 line and paralleled the
differences seen between the rat Ad5 E1 and Ad12 E1
transformants shown in Fig. 3A.

Taken together, these results suggest that two regions
of Ad12 E1A are involved in down-regulation of cell sur-
face class | expression: aa 1-42 and aa 105-144 {see
Fig. 2B). Interestingly, these two regions lie within the
regions of Ad12 E1A involved in tumor induction (see
Fig. 2A). It should be noted, however, that reduced cell
surface class | expression did not appear to strictly corre-
late with tumorigenicity since the tumorigenic Ad12 E1
transformant 12-1 expressed class | levels comparable
to those of the nontumorigenic p630, p753, and p827
transformants.

Allogeneic cytotoxic T lymphocyte activity

In the context of tumorigenicity, it was important to
determine whether the reduced (but nonzero) class | lev-
els expressed on some of these lines were sufficient for
recognition and lysis by allogeneic CTLs (Fig. 4}. With
the exception of the tumorigenic p375, p1036, and pt227
transformants, ali the hybrid Ad5/12 E1A (plus Ad12 E1B)
ransformants were significantly lysed by allogeneic Fi-
scher 344 splenic CTLs, suggesting that these lines ex-
pressed sufficient levels of cell surface class | molecules
for CTL recognition/lysis. Although the susceptibility. of
the 917-975, 917-1227, and 12-1 transformants to allc-
CTLs did not correlate with their tumorigenic capacities,
their sensitivity to these CTLs was expected since class
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FIG. 4. Susceptibility of Hooded Lister rat cells rransformed by hybrid
AdS/12 E14A plus Ad12 E1B genes 1o aliogeneic Fischer 344 rat CTls.
S1Cr-labeled transformed Hooded Lister rat cell lines {MHC haplotype
C) served as targets for Fischer 344 rat {MHC haploiype 1} solenic
CTLs which were sensitized to y-inadiated {5000 rads) stimulator
Hooded Lister rat splenic lymphocytes 3 days prior. For experimental
details see Materiats and Methods. Collecied <ata were avaeraged from
wo separate 6-hr allogeneic CTL chromium release assays conducied
in triplicate using ET ratios of 136:1, 68:1, and 24:1. Only data collected
for the 37:1 E:T ratio are shown.

| levels on these lines were comparable (o levels ex-
pressed on the nontumorigenic p690, p753, and p827
transformants.

Syngeneic cytotoxic T lymphocyte activity

The notion that the ability of Ad12 E1 transformants 1o
induce tumors is dependent on down-regulation of class
| expression to levels below those necessary for CTL
recognition is inconsistent with the observation thal the
12-1 {Ad12 E1 transformant) line expressed suflicient cell
surface class 1 levels for recognition by allo-CTLs. Thus,
another factor influencing tumerigenicity of Ad Ei-trans-
formed cells may be the ability of their E1A products 10
serve as CTL epitopes. To assess this possibility, we
determined the susceptibilities of the hybrid Ad6/12 ETA
transformants to syngeneic AdS E1- and Ad12 E1-specilic
CTLs (Figs. 5A and 5B} which were generated by imrmu-
nizing syngeneic Hooded Lister rats with DPG-2 {Adb
E1 transformant) and 12-1 {Ad12 E1 transformant) cells,
respectively. As expected, the DP5-2 line showed >80%
lysis by DP5-2-specific CTLs while iysis of primary syngo-
neic Hooded Lister baby rat kidney cells was trivial (<<6%)
(see Fig. 5A). Lysis of DP5-2 cells was indeed due 10
CTLs, since anti-rat CD3 monoclonal antibodies which
inhibit T-cell effector function in vitro decreased lysis of
DP5-2 cells from >80% to approximately 10% (data not
shown). The nontumorigenic lines transforrned by p630,
p753, and p827 exhibited approximately 35% lysis by
pPs-2-specific CTLs which was similar to the level of
sensitivity observed for the p817-975 (35% lysis) and
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FIG. 5. Susceptibility of hybrid Ad5/12 E1A plus Ad12 E1B-1rans-
tormed Hooded Lister rat cells 10 {A) syngenais AZS E_1-speciﬁc CTLs
and (B) syngeneic Ad12 Et-specific CTLs, Hooded Liater rats tirom
which the hybrid Ad5/12 E1A-ransfurmed cell lines were"derived) werg
immunized with the Ads E1A-expressing DP5-2 line {A)ar the 1241 fine
which expresses Ad12 E1A (B). Three weeks later, splenin, CTLs were
isolated and resensitized for 3 days in a coculture with y-irradiated
(3000 rads) DPS-2 or 12-1 cells to ensure prolilaration of syngensic
CTls directed against AdS and Ad12 E1A epitope(s). Detailed explana-
tion of procedures is oullined under Materials and Methods. These
effectors were subsequently incubated with “'Cr-tabeled Hooded Lister
tat celt lines tanslormed by the hybrid AdS/12 E1A genes shown in
Fig. 1A. Collected data were averaged from three 6-hr syngeneic CTL
chromium reloase A58ays conducied in triplicate using E:T ratios of
100:1, 50:1, and 261, Only data collected for the 50:1 E.T ratio are
shown,

PI17-1227 (45% lysis) transformants. Despite expressing
sufficient levels ot class | antigens for recognition and
lysis by allo-CTLs, the lumorigenic Ad12 E1 transformant
12-1 was not significantly lysed (< 10%) by DP5-2-specific
CTLs. The tumarigenic p975, p1036, and p1227 trans-
formants were also resistant to DP5-2-specific CTL lysis,
as expected from the observation that thair cell surface
class I levels were not sufficient for recognition/lysis by
allo-CTLs (see Fig. 4).

The above tindings suggest that the Ad5 E1A residues
1-44, region 1, and 119-139, region 2 {see Fig. 2C) may
encode CTL epitopes which confer susceptibility 1o Ad5
E1-specilic CTLs. Foltowing immunization of syngeneic
rats with Ad12 E1-transformed cellg {12-1 cells) and sub-
sequent restimulation with y-irradiated 12-1 cells, prolif-
eration of Ad12 E1-spacific lymphocyles was rot evident
when compared to the marked proliferation observed
for Ad5 E1-specific lymphocytes. Moreover, when these
potential Ad12 E1-specific secondary lymphocytes were
tested for their ability to lyse DP5-2 and 690 (nontumori-
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genic) and §75, 917-975, and 12-1 {tumorigenic) cells,
<15% lysis was obsarved (Fig. 5B). Interestingly, 12-1
celis, which were used for immunization and generation
of Ad12 E1-specific CTLs, exhibited the same degree
of susceptibility to ‘these CTLs {<15%) as thev did to
syngeneic AdE E1-specific-Cils (see Figs. 5A and 5B,
Thus, it is unfikely that Ad12 E1A encodes CTL epitopes

_ Presented in conjunction with class [ antigens. ’

DISCUSSION |

The ability of Adi2 E1A to down-regulate MHC class
t expression of iransforred cells has generally been ac-
cepted as a principal feature determining tumoerigenicity.
That the tumarigenic capacity of these cells depends
solely on class | down-regulation, however, is a topic of
great debate since the relationship between class | lev-
els, susceptibility to CTLs, and umerigenicity is poorly
defined. To better define this relationship and to obtain
a further understanding of the basis for the different tu-
morigenic caparities of Ad5 Ei- and Ad12 Eil-trans-
formed rodent cells, we used a series of previously de-
scrined hybrid AdS/12 E1A {plus Ad12 E1B)-transformed
Hooded Lister rat cell lines, which differ In tumerigenic
capacity, to map E1A regions influencing MHC class |
expression and susceptibility to allogeneic and synge-
neic CTLs. '

MHC class | expression was measured on the cell
surface of hybrid Ad5/12 E1A (plus Ad12 E1B)-trans-
formed rat cells and human Ads £1- and Ad12 E1-trans-
formed celis, Compared to Ad5 E1 transformants, Ad12
Et-transformed cells exhibited significantly reduced cell
surface class | levels, a finding which is in agreement
with previous reports {for review see Gallimore et a/,
1877). All the hybrid Ad5/12 E1A {plus Ad12 E1B) trans-
formants also showed significantly reduced class | lev-
els, suggesting that expressicn of Ad12 E1A residues
1-42 and/or 105-144, which lie within the Ad12 E1A
sequences previously shown to be involved in tumor in-
duction (Fig. 2A), induce down-regulation of cell surface
class | expression {Fig. 2B). Within the region encoding
Ad12 E1A amino acids 105144, there exists a stretch
of 20 amino acids (124-144: EQDENGMAHVSASAAAAA-
ADRER) between CR2 and CR3 which is absent from
corresponding AdS E1A sequences, but bears >55% ho-
mology to the corresponding region of the highly oneo-
genic simian Ad7 E1A protein. Intriguingly, a feature of
this region is the presence of several consecutive ala-
nine residues which appear to be characteristic of some
transcriptional repressors (Jelinek et al, 1994; Telling and
Williams, 1994). Whether this region of Ad12 E1A and/
or residues 1-42 play functional rolas in transcriptional
repression of class | expression or function in another
manner which influences tumorigenicity remains to be
determined,

Down-regulation of clags | expression by Adi12 Ei-
transformed cells is thought to aid in evasion of CTL



immunosufveillance and fheret_ny contribute to iumorige-
nicity. However, a strict correlation between reduced cell
surface class | expression and tumarigenicity was not
observed among the hybrid Ad5/12 E1A (plus Ad12 E1B)
transformants used in this study. With the exception of
the tumorigenic p975, p1036; and p1227 transformants,
all other rat cells transformed by the hybrid Ad5/12 E1A
plus Ad12 E1B genes, regardless of tumorigenic capac-
ity, were found to express sufficient levels of class |
antigens for recognition and lysis by allogeneic CTLs.
Qur data are therefore in agreement with previous stud-
ies that failed to find a strict correlation between class |
expression, susceptibility to allogeneic CTLs, and tumori-
genicity among Ad5 E1 and Ad12 E1 transformants
{Shemesh et al, 1991; Shemesh and Ehrlich, 1993). In
fact, results from one study suggest that transfection of
class I genes into already tumorigenic Ad12-transformed
BALB/c mouse cells enhanced rather than abrogated tu-
morigenicity (Soddu and Lewis, 1992). it should be noted
that differences in class | levels among various trans-
formants were not the result of clonal variation following
transformation by the hybrid Ad5/12 E1A and Ad12 E1B
proteins since two or more independently derived cell
lines transformed by the same E1 sequences always
displayed similar ciass | levels. Moreover, differences in
class I levels between clones could not be attributed 1o
differing levels of E1A expression since comparable E1A
levels were detected by Western blot analysis in all trans-
formed cell lines (lelinek and Graham, 1992; Jelinek et
al, 1984).

Taken together, the relationship between class | down-
regulaticn, susceptibility to allo-CTLs, and tumorigenicity
suggests that factors in addition to reduced class | ex-
pression contribute to the tumorigenic capacities of Ad
El-transformed cells. For example, cells transformed by
Ad2 or Ad5 E1A are known to be susceptible to NK cells
{(Raska and Gallimore, 1982; Sawada et &/, 1985; Cook
et al, 1986, 1987, Routes, 1993). When the sensitivity of
the hybrid Ad5/12 E1A (plus Ad12 E1B}) transformants
to syngeneic NK lysis was measured (data not shown),
however, susceptibility did not correlate with tumorige-
nicity and was ohserved only by transformants express-
ing levels of cell surface class | molecules which were
insufficient for recognition by allogeneic CTLs, a finding
which is in agreement with reports suggesting that celt
surface class | expression interferes with NK cell recog-
nition/lysis {Storkus et &/, 1989; Ljunggren and Karre,
1980; Kaufman et a/l, 1992; Pena and Solona, 1992).

Another factor which may contribute to the tumorige-
nicity of Ad E1-transformed cells is whether their E1A
products can serve as CTL epitopes. The susceptibilities
of cells transformed by hybrid Ad5/12 E1A (plus Ad12
E1B) genes to syngeneic Ad5 E1-specific CTLS suggests
that Ads E1A potentially encodes CTL gpitopes in two
regions: the amino-terminal 44 amina acids {region 1)
and residues 119-139 (region 2) {see Fig. 2C). These
are in excellent agreement with previous results which
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identified CTL. epitopes between nuclectides 625-8510
{aa 21-83) and 916-974 (aa 119-138) {Routes e! al.,
1991). Independernt expression of either regior: 1 {present
in the tumorigenic p937-975 and p917-1227 trans-
formants) or region 2 {present in the nontumorigenic
pB90, p753, and p827 transformants) resulted in approxi-
mately 40% lysis by these CTLs, suggesting that the epi-
topes encoded by region 1 or 2 are equivalent in their
ability to elicit CTL lysis in vitro. The fact that these two
groups of transiarmants, containing either region 1 or 2,
demonstrate similar sensitivities to lysis by syngeneic
Ad5 E1-specific CTLs in vitro yet differ in ability to induce
tumors in vivo may suggest that the AdS E1A epitope
encoded by region 2 {present in nontumorigenic trans-
formants) is dominant to the region 1 epitope in eliciting
an in vivo CTL response. That a hierarchy exisls among
peptides encoded by the same protein for induction of a
response by T-cells is not without precedent {for review
see Sercarz et g/, 1993). When used 1o immu':';.ize synge-
neic rats, Ad12 El-transformed cells (12-1 cells) were
unable to generate syngeneic Ad12 E1-spe{"'7iF§:: CTls de-
spite expressing sufficient cell suriace class ! levels for
recognition by allo-CTLs. It should be noted thas Ad12
E1-specific syngeneic CTLs have been generated follow-
ing /n vitro stimulation of spleen cells isolaled from 1u-
mor-bearing Hooded Lister rats injected with Ad12 E1-
transformed cells (Raska et 2/, 1980). However, the per-
centage specific lysis of target cells, at an effectortarget
ratio of 400, ranged from approximately 8~30% and was
assaciated with standard errors as great as 14.9%. This
range of lysis is comparable to the lysis we obseived for
the 12-1 line {12%) at a far lower effectortarget ratio of
50. Thus, it seems unlikely that Ad12 E1A encodas CTL
epitopes in conjunction with class | antigens. We:cannot
exclude the possibility that the inability of these cells 1o
generate CTLs may be due to down-regulation of peptide
transporter genes, a recent finding in Ad12-translormed
cells (Rotem-Yehudar et al, 1994).

In conclusion, we show that transformation of rut cells
by Ad E1A modifies two functionally related properties
of the cells each of which influences host immunosurvetl-
lance mechanisms. First, two Ad12 E1A regions seer 1o
participate in down-regulating cell surface class | expros-
sion. Second, our results from studies in the Honded
Lister rat strain (MHC haplotype C) indicate that Adb E1A
contains two CTL epitopes encoded in noncontiguous
regions, whereas Ad12 E1A was unable to elicit a CTL
response. Although the ability of Ad12 E1A, hut not Adb
E1A, to down-regulate MHC class“"!--exgression in trang-
formed cells has generally been accept:d as the major
factor determining tumorigenicity, results presented in
this report clearly sugges! that class i down-regutation
does not, in every case, solely account far the turnorige:-
nicity of resulting cells. Faclors in addition 1o class |
repression, such as the ability of A5 E1A, unlike Ad12
E1A, to encode CTL epitopes, may be responsible for
the different tumorigenic capacities of Ads E1- and Ad12
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El:transfarmed cells (depending on the species and
strains of transformed cells and host rodents).
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Contributions_to_Pereira et al., $1995: ‘ o

(1)  Using the hybrid Ad5/12 E1A- (plus Ad12 E1B) trapsformants, cell surface MHC
class I levels were measured by FACS analysis with the assistance of Barb

Bagnarol (Clinical Immunology Section, McMaster University Medical Center).

(2)  Determined susceptibility of the hybrid E1A transformants to aliogeneic and
syngeneic CTLs in order to map E1A fegions encoding CTL epitopes.

Conclusions:

Results of this study suggest that transformation of rat cells by Ad E1A modifics
two functionally related properties of cells each of which influence host immuno-
surveillance mechanisms. First, two Ad12 E1A regions (amino acids 1-42 and 105-144)
seem to participate in down-regulating cell surface class I expression. Second, results from
studies in the Hooded Lister rat strain (MHC haplotype C) indicate that Ad5 E1A contains
two CTL epitopes (within amino acids 1-44 and 119-139) whereas Ad12 E1A was unable
to elicit a CTL response. Although the ability of Adi2 E1A, but not AdS E1A, to down-
regulate MHC class I expression in transformed cells has generally been accepted as the
major factor determining tumorigenicity, results presented in this report clearly suggest that
class I down-regulation does not, in every case, solely account for the tumorigenicity of
resulting cells. Factors in addition to class I repression, such as the ability of Ad5 E1A,
unlike Ad12 E1A, to encode CTL epitopes, also contribute to the different tumorigenic
capacities of Ad5 E1- and Ad12 El-transformed cells (depending on the species and strains
of transformed cells and host rodesn’s).

The identification of the Ad12 E1A regions mediating tumorigenicity and class I
down-regulation will undoubtedly facilitate future studies aimed at understanding the

molecular basis of MHC class I down-regulation.
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Unpublished Data Related To Pereira et al., 1995

Since the Ad5 El-transformed rat line, DP5-2, demonstrated nearly 80%
susceptibility to DP5-2-specific CTLs in syngeneic CTL chromium release assays, the
possibility that lysis observed was due to other components of cellular immunity needed to
be determined. To confirm that lysis observed in the aforementioned assay was indeed due
to CTLs, an anti-CD3 antibody (CLO20AP) was used to inhibit lysis of DP5-2 cells by
putative DP5-2-specific CTLs (Fig. 7). In the presence of CLO20AP, lysis was decreased
six-fold at an E/T ratio of 50:1, thereby confirming the authenticity of CTL iysis.

Following severai reports which failed to find a strict comrelation between reduced
class I expression and the tumorigenic capacity of Adi2 El-transformed cells it has been
suggested that other cellular immune factors which are not specific for MHC class I
antigens may also contribute to tumorigenesis. For example, the difference in tumorigenic
potential between rodent cells transformed by the E1 regions of Ad5 and Ad12 has been
attributed to the susceptibility of AdS E1- but not Ad12 El-transformants to NK cells. To
test this observation in our system, I determined whether the sensitivity of the hybrid
Ad5/12 E1A- (plus Ad12 E1B) transformed rat lines to NK cells correlated with their
ability to induce tumors in syngeneic immunocompetent rats (Fig. 8). In the event that
tumorigenicity and NK susceptibility correlates, the hybrid Ad5/12 E1A- (plus Ad12 E1B)
transformed rat lines could be utilized to identify regions of E1A modulating sensitivity to
NKs. As is demonstrated in Fig. 8A, the susceptibility of the Ad5 E1- (DP5-2) and Ad12
E1- (12-1) transformed cells and of the hybrid lines, 827B12C1, 1227B12C2 and 917-
1227B12C6 did not correlate with tumorigenicity. For example, DP5-2 cells exhibited an
approximately three-fold lower sensitivity to NK cells than 12-1 cells. In comparison to
12-1 cells, DP5-2 cells exhibited a 4 to 5 fold increase in cell surface MHC class [ levels
(Fig. 8B), a finding which suggests that cell surface class I expression interferes with NK
lysis. This trend is very apparent when cell surface MHC class 1 levels and susceptibilities

to NKs are compared among the lines as shown in Fig, 8.



Figure 7:

Susceptibility of DP5-2 cells (Ad5 El-transformed) to
syngeneic DP5-2-specific CTLs in the presence and
absence of anti-rat CD3 monoclona! antibodies.

Syngeneic Hooded Lister rats were immunized with DP5-2 cells
(Ad5 El-transformed rat kidney cells) to generate CTLs sensitized to
epitopes encoded by E1A. Splenic lymphocytes were isolated three
weeks later, restimulated with y-irradiated DP5-2 cells for 4

days, and tested for their ability to lyse S1Cr-labelied DP5-2 celis
for 6 hours at effector:target ratios of 25:1, 50:1, and 100:1 (A,
open circles). To ensure that the lysis observed was indeed due to
DP5-2-specific CTLs and not to other cellular immune components,
anti-rat CD3 monoclonal antibodies were added to effector:DP5-2
mixtures in an attempt to inhibit DP5-2-specific CTL lysis (A,
closed circles). B) Bar graph illustrating the susceptibility of DP5-2
cells to DP5-2-specific CTLs at a 50:1 ratio in the presence (closed

bar) and absence (open bars) of anti-rat CD3 monoclonal antibodies.
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Figure 8:

Susceptibility of Ad5 El., Ad12 El-, and hybrid AdS/12
ElA- (plus Ad12 E1B) transformed rat cells to

syngeneic NK cells.

A) Hooded Lister rat splenic NK cells were isolated from Ficoll
gradients and incubated with 51Cr-labelled Ad5 E1- (DP5-2), Ad12
El- (12-1), and p827-, p1227-, and p917-1227- transformed
Hooded Lister rat cells and A2T2C4 (Ad2 transformed Hooded
Lister rat cell line which is highly susceptible to rodent NKs). The
percentage lysis shown was derived from 4 hour assays at a 140:1
effector:target ratio. B) Cell surface MHC class 1 levels of the lines

tested in panel A are shown for comparison purposes.
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The first exon of Ad12 EI1A excluding the transactivation domain
mediates differential binding of COUP-TF and NF«B to the MHC
class I enbhancer in transformed cells.
Oncogene. In Press.

Preface:

At the beginning of this research, it was postulated that reduced levels of MHC
class I antigens in Ad12 El-transformed cells was due in large part to differences in the
binding activity of NF-xB (activator) and COUP-TF (repressor) to the class I gene
enhancer. Specifically, the binding activity of NF-xB in contrast to the binding activity of
COUP-TF was very low. In collaboration with Dr. R- P. Ricciardi (University of
Pennsylvania) the bybrid Ad5/12 E1A (plus Ad12 E1B) trensformed rat cells were used 10
map regions of Ad12 E1A which mediate the differential NF-«B and COUP-TF binding
activities observed iu Ad12 El-transformed cells. Since NF-xB is a transcription factor
composed of 50 (p50) and 65 (p65) kilodalton subunits, the second objective of this study
was to determine whether the decreased NF-xB1 binding activity observed in Ad12 E1-
transformed cells was due to altered expression of its subunits, p50 (and its precursor

p105) and p65.
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Abstract

“fhe major histocompatibility complex class I enhancer is the target for
adenovirus-12 E1A-mediated down-regulation of class I transcription. In
Ad12 transformed rodent cells, the class I enhancer is down-regulated
through increased binding of the repressor COUP-TF to the R2 element and
decreased binding of the activator NF«B (p50/p65) to the R1 element. The
reduced surface levels of class I antigens contribute to the tumorigenic
potential of Adi2 transformed cells by favoring their immunoescape from
cytotoxic T-lymphocytes. Previous studies using transformed cells containing
hybrid Ad5/Ad12 E1A (plus Ad12 E1B) genes have indicated that sequences
within the first exon of the 266R Adl2 ElA gene are required for
tumorigenesis. In this study we demonstrate that these same sequences,
which do not include the Ad12 CR3 transactivation domain, are also required
for the increase of COUP-TF binding to the R2 element and the decrease of
NF-«B binding to the R1 elem<ut of the class I enhancer. We further show
that diminished NF-xB binding is not due to a lack of NF-xB1-p50 in the

nuclei of Ad12 transformed rat cells.
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Introduction

Adenovirus (Ad) early region 1 (E1A and E1B) gene products are
capable of transforming non-permissive rodent cells (Gallimore et al., 1974;
Graham et al, 1974). Although all of the approximately fifty known serotypes
can transform cells in vitro, only a subset (e.g. Ad12, Ad18, and Ad31) can
efficiently induce tumors in immunocompetent animals following
inoculation of transformed cells or virus. The highly tumorigenic phenotype
of Ad12 was found to correlate with diminished cell surface levels of the
major histocompatibility complex (MHC) class I antigens on Ad12
transformed cells (Bernards et al,, 1983; Schrier et al,, 1983; Eager et al., 1985).
Notably, non-tumorigenic Ad5 transformed cells do not exhibit a reduction in
cell surface class I antigens. The reduced amounts of cell surface class I
molecules on Ad12 transformed rodent cells are believed to contribute to
their tumorigenic potential by enabling them to evade recognition and lysis
by host cytotoxic T- lymphocytes (Bernards ef al, 1983; Tanaka et al, 1985;
Yewdell et al., 1988).

The block in class I antigen expression on Adi2 transformed cells
occurs at the level of transcription (Ackrill & Blair, 1988; Friedman &
Ricciardi, 1988) and is mediated by products of the E1A gene of Adl12
(Vasavada et al, 1986). Molecular genetic analysis has shown that the target
of Ad12 E1A mediated down-regulation of class I transcription is the class I
enhancer (Ge et al, 1992). Recent studies have revealed that the down-
regulation of class I transcription in Ad12 transformed cells correlates with
strong binding of the transcriptional repressor COUP-TF to the R2 element of
the enhancer, as compared to weak binding observed in non-tumorigenic

Ad5 transformed cells (Ge et al., 1992; Kralli ef al,, 1992; Liu et al.,, 1994). Also,
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down-regulation of the class I enhancer correlates with reduced binding of the

transcriptional activator NF-xB to the R1 element in AdI12 transformed cells
as compared to strong binding in Ad5 transformed cells (Ackrill & Blair, 1989;
Nielsch et al, 1991; Meijer et al, 1992; Liu et al, submitted). These findings
suggest that the MHC class I enhancer is globally down-regulated in Ad12
transformed cells.

The differential binding activities in tumorigenic Ad12 versus non-
tumorigenic Ad5 transformed rodent cells of COUP-TF and NF-xB have
prompted us to determine the portions of the Ad12 E1A coding region which
are required for these phenotypes. Previous studies with transformed rat cells
containing hybrid Ad5/Ad12 E1A (plus Ad12 E1B) genes have demonstrated
that the tumorigenic potential of Ad12 E1A is mediated by sequences within
the first exon (Jelinek ef al, 1994; Telling & Williams, 1994). It has been
further suggested that the sequences responsible for the tumorigenic
phenotype might be encoded by two separate regions of Ad12 E1A; the first
containing CR2 and the 20 amino acid (aa) spacer region between CR2 and
CR3 which is unique to Ad12, and the second extending from the N-terminus
to the leftmost border of CR2 (Jelinek ef al, 1994). These regions are also
thought to contribute to a decrease in class I expression (Pereira et al, 1994,
1995). In addition, these regions of Adl2 E1A are believed to lack CTL
epitopes encoded by the corresponding regions of Ad5 E1A (Pereira et al,
1995). Here, we provide evidence that the regions of Ad12 E1A implicated in
class I down-regulation and tumorigenesis are also required for strong
binding activity of COUP-TF to the R2 element and diminished binding
activity of NF-xB o the R1 element of the class I enhancer in Ad12 EI

transformed rat cells. Qur results further indicate that the dramatic decrease
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in NF-xB binding activity is not due to a lack of NF-xB1-p50 (p50) in the

nuclei of these cells.
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Results

The first exon of Ad12 E1A coniains sequences required for increased binding
of COUP-TF to the R2 element of the MHC class I enhancer

The COUP ranscription factor is an orphan member of the nuclear
hormone receptor superfamily (reviewed in Qiu ef al, 1994). In tissue
culture, COUP-TF has been shown to be a repressor of transactivation by the
retinoic acid, thyroid hormone, and vitamin Dj receptors (Cooney et al., 1993).
Recently, COUP-TF was shown to bind to the R2 element of the MHC cdlass I
enhancer (Figure 1). Of particular significance, increased binding of COUP-TF
to the R2 element in Ad12 versus Ad5 transformed mouse cells suggested
that COUP-TF may also play a role in repressing transcription of the MHC
class I antigens in Ad12 transformed mouse cells (Liu ef al, 1994).

To identify what regions of Ad12 El1A are responsible for the strong
binding of COUP-TF to the R2 element, we made use of chimeric Ad5/Ad12
E1A (plus Ad12 E1B) transformed rat cell lines (Figure 2; Jelinek & Graham,
1992; Jelinek ef al, 1994; Pereira et al, 1994). Band-shift experiments were
performed using a labeled R2 oligonucleotide and nuclear extracts from
parental Ad5, Ad12, and the hybrid Ad5/Ad12 E1A transformed rat cells. As
expected from previous studies with transformed mouse cells (Liu ef al,
1994), the parental Ad12 E1 transformed 12-1 cell line exhibited much stronger
COUP-TF binding activity than the parental Ad5 E1 transformed DP5-2 cell
line (Figure 3, compare lanes 5 and 1). Since Adi2 ElA contains a 20 aa
unique spacer region between CR2 and CR3 which is absent in Ad5 E1A
(Perricaudet ef al, 1980), and which has been implicated in class I down-
regulation (Pereira ef al, 1994, 1995), we suspected that this region might play

a role in increased COUP-TF binding to the R2 element. However, compared
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to parental Ad5 El transformed cells, no increase of COUP-TF binding activity

was observed in the cell line 917-975B12C10 (Figure 2), which was
transformed by a hybrid Ad5/Ad12 EI1A containing the 20 aa unique spacer
region as well as Ad12 CR2 (Figure 3, compare lanes 1 and 2). Likewise, the
cell line 690B12C1, transformed by a hybrid containing the first 42 aa of Ad12
E1A (Figure 2), exhibited no increase in COUP-TF binding activity (Figure 3,
lane 3). By contrast, strong COUP-TF binding activity was observed in the
975B12C4 cell line, which was transformed by a hybrid Ad5/Ad12 E1A that
includes both of the regions of Adl2 ElA tested independently in the
aforementioned two hybrid lines (Figure 3, lane 4). These results indicate that
aa residues 1-144 of the first exon of Ad12 E1A contain sequences which are
required for increased of COUP-TF binding to the R2 element of the MHC
class I enhancer. Importantly, the CR3 activation domain of Ad12 E1A does
not appear to be specifically required.

The sequences of Ad12 E1A required for increased COUP-TF binding to the R2
element also mediate decreased NF-xB binding to the R1 element

The transcription factor NF-xB belongs to the Rel/NF«B family of
proteins (reviewed in Miyamoto & Verma, 1995; Thanos & Maniatis, 1995).
NF-xB is a heterodimer (Urban ef al., 1991) composed of RelA {p65) (Nolan et
al., 1991; Ruben et al, 1991), and NF-xB1-p50 (p50). NF-xB1-p50 is post-
translationally processed from its precursor, NF-xB1-p105 (p105) (Bours et al,
1990; Ghosh et al, 1990; Kieran ef al, 1990; Meyer et al., 1991) by a ubiquitin-
dependent 265 proteosome (Palombella ef al, 1994). Since RelA contains a C-
terminal transactivation demain which is not found in NF-xB1-p50, only NF-
kB (p50/p65), and not the NF-xBl1-p50 homodimer (p50/p50), is



96
transcriptionally active in vivo (Schmitz & Baeuerle, 1991; Perkins et al, 1992;

Ballard et al., 1992).

NF-xB binds to the R1 element of the MHC class I enhancer (Baldwin
& Sharp, 1988; Israél et al, 1989), and is required for activation of class I
expression (Plaksin ef al, 1993; Segars et al, 1993). In AdI2 transformed cells,
diminished NF-xB binding activity correlates with reduced class I
transcription (Ackrill & Blair, 1989; Nielsch et al., 1991; Meijer et al, 1992; Liu
et al, submitted). To identify the region(s) of Ad12 E1A responsible for
decreased NF-xB binding to the Rl element, we again employed nuclear
extracts from the chimeric Ad5/Ad12 E1A cell lines (Figure 2) in band-shift
experiments using a labeled R1 oligonucleotide as the probe. In agreement
with previous studies (Ackxill & Blair, 1989; Nielsch et al, 1991; Meijer et al,
1992; Liu ef al, submitted), NF«xB (p50/p65) binding activity was greatly
reduced in the parental Ad12 E1 transformed cells (12-1) compared to the
parental Ad5 E1 transformed cells (DP5-2) (Figure 4, compare lanes 7 and 3).
Additionally, it was noted that the binding activity of the more rapidly
migrating NF-xB1-p50 homodimer was also diminished in the nuclear extract
from the Ad12 E1 transformed cells. Neither the cell line 917-975B12C10
(Figure 2), which was transformed by the hybrid Ad5/Ad12 E1A containing
the 20 aa unique spacer region (and CR2), nor the cell line 630B12C1 (Figure
2), transformed by a hybrid containing aa 1-42 of Ad12 EIA, exhibited reduced
NEF-kB binding activity (Figure 4, lanes 4 and 5). However, a dramatic
decrease in NF-«B binding activity, similar to the reduction seen in Ad12 El
transformed cells (12-1), was observed in the 975B12C4 cell line, which was
transformed by the hybrid including both of the regions of Ad12 E1A tested in
the 917-975B12C10 and 690B12C1 cell lines (Figure 4, lane 6). These results

indicate that the first exon of Adi2 El1A contains sequences which are
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required for diminished NF-xB binding to the R1 element of the MHC class I

enhancer. Taken together with the COUP-TF binding results, our results
suggest that the first exon of Ad12 El1A, exclusive of the Adi2 CR3
transactivation domain, mediates global down—regulation of the class I
enhancer in Ad12 E1 transformed rat cells.

It is of interest to note that we repeatedly observed a more rapid
migration of the NF-xB1.p50 homodimer in the nuclear extracts from the
DP5-2, 917-975B12C10, and 690B12C1 rat cell lines, as compared to its
migration in the 975B12C4 and 12-1 rat cell lines, and the previously
characterized Adl12 and Ad5 transformed mouse ceii lines (Liu ef al,
submitted) used here as migration controls (Figure 4, compare lanes 3, 4, and
5 with lanes 6, 7, 1, and 2). To confirm that the faster migrating complex was
comprised of NF-xB1-p50 subunits, supershift experiments were performed
using an antibody against NF-xB1-p50. Figure 5 shows that in each case, the
faster migrating complex was supershifted by the anti-NF-xB1-p50 antibody
(lanes 4, 6, 8, 10, 12). As expected, NF-xB, which also contains NF-xB1-p50,
was also supershifted. Neither the faster migrating NF-xBi-p50 hormodimer
complex nor the slower migrating NF-xB heterodimer was supershifted by a
control antibody, anti-COUP-TF (lane 1; Liu ef al, 1994). While it is not clear
why the faster complex migrates differently in the DP5-2, 917.975B12C10, and
690B12C1 cell lines, the supershift experiments confirmed that this complex
indeed contains NF-«xB1-p50.

The decrease in NF-xB binding is not due to a lack of NF-xB1-p50 in nuclei of
Adl12 E1 transformed cells

The above band shift experiments using nuclear extracts from the

975B12C4 and 12-1 transformed cells showed significantly decreased R1



binding activities of both the NF-xB heterodimer and the NF-KBl-pSS:JS
homodimer. Since NF-xB1-p50 is 2 common subunit of the two complexes, it
is conceivable that a reduction in the level of NF-xB1-p50 could account for
the decrease in the binding activities of both dimers in 12-1 and 975B12C4
" cells. To address this possibility, Western blot analyses were performed to
determine the levels of NF-xB1-p50 in nuclear extracts of all the cell lines
using the 1157 anti-NF-xB1-p50 antibody. As shéwn in Figure 6A, NF«xB1-
p50 is clearly present in nuclear extracts of all the cell lines. These Western
biot results were repeated using a different anti-NF-xB1-p50 antibody (1613),
with similar results {data not shown). Furthermore, no major differences in
the levels of RelA (p65) were observed (data not shown). These results
demonstrate that the low NF-xB binding activity observed in nuclear extracts
of 975B12C4 and 12-1 cells is not due to significantly reduced expression of
either NF«B1-p50 or RelA in the nuclei of these cells.

While these studies were in progress, an independent study using
whole cell extracts suggested that the low NF-xB binding activity observed in
Ad12 E1 transformed cells was due to a reduction in the processing of
precursor NF«xB1-p105 to NF-xB1-p50 (Schouten et al, 1995). Because our
findings described above relied on nuclear extracts to conclude that NF«B is
not limiting in Ad12 El transformed cells, we therefore examined the levels
of NF-xB1-p105 and NF-«xB1-p50 in whole cell extracts from our transformed
cells. Consistent with our findings using nuclear extracts, Western blot
analysis of whole cell extracts using the 1157 anti-NF-«B1-p50 antibody not
only revealed that there are similar steady-state levels of NF-kB1-p50, as well
as NF-xB1-p105, in all of the rat cell lines (Figure 6B), but that processing of
NF-xB1-p105 to NF-xB1-p50 in Ad12 El transformants is not defective as

previously suggested (Schouten et al, 1995) (see discussion).
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Recently, 2 commonly used anti-NF-xB1-p50 antibody (sc-114) was

shown to have an incorrect specificity for NF-xB1-p50 (Pereira et al,
submitted). To confirm that the 50 kD protein detected in our Western
analyses of nuclear and whole cell extracts from the five Ad12 El transformed
rat cell lines was authentic NF-xB1-p50, we decided to test the specificity of the
1157 anti-NF-«B1-p50 antibody using NF-xB1-p50/NF-kB1-p105 knockout
mouse cell extracts (Sha et al, 1995). The rationale behind this experiment
was that any anti-NF-xB1-p50 antibody with proper specificity for NF-«B1-p50
would recognize NF-xB1-p50 in Western analysis of NF«B1-p50/NF-xB1-
p105 +/+ and +/- cell extracts, but should not detect a band representative of
NF-kB1-p50 in NF-xB1-p50/NF-xB1-p105 -/- cell extracts. Figure 7 reveals
that this was the case when the 1157 anti-NF«B1-p50 antibody (lanes 4-6;
Pereira et al,, submitted) was used. Importantly, the band observed in the
wild-type (+/+) and heterozygous (+/-) cell extracts co-migrates with a 50 kD
band detected in DP5-2 and 12-1 E1 transformed rat cell extracts (lanes 2 and 3),
as well as 293 human cell extracts (lane 1). The 293 extracts were included as a
positive control as the sequence of the peptide that was used to generate the
1157 antibody is derived from human NF-xB1-p50. These results confirm the
specificity of the 1157 anti-NF-xB1-p50 antibody for NF-xB1-p50 and reinforce
the conclusion that NF-xB1-p50 is present in Ad12 E1 transformed rat celis

(Figure 6).
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Discussion
We have demonstrated that the first exon of Ad12 El1A, excluding the
CR3 activation domain, is sufficient for mediating increased binding of the
repressor COUP-TF and diminished binding of the activator NF«B to the R1
and R2 elements, respectively, of the MHC class I enhancer in Adi2
transformed rat cells. This portion of Ad12 ElA is comprised of the
conserved domains CR1 and CR2, as well as non-conserved sequences, the
most salient of which is the 20 aa unique spacer region located between CR2
and CR3 which is not present in Ad5 E1A (Perricaudet et al, 1980). This 20 aa
unique spacer region appears to be essential but not sufficient for both
tumorigenesis and repression of class I transcription (Telling & Williams,
1994; Jelinek et al., 1994; Pereira et al, 1995). Our resvlts demonstrate that
even though the CR3 transactivating domain could play a role in altering the
binding activities of COUP-TF and NF-xB, the viral serotype from which it is
derived is irrelevant. Furthermore, preliminary experiments suggest that if
CR3 is needed to achieve this E1A mediated effect, it is most likely a structural
requirement (e.g., maintaining the structure of the 20 aa unique spacer
region), since a 4 aa insertion placed in the center of the Ad12 CR3 region
destroys transactivation but does not affect class I expression (Vasavada and
R.P.R., unpublished observations). Interestingly, the first exon of Ad12 E1A
excluding CR3 has also been shown to mediate tumorigenicity and decreased
class I expression (Telling & Williams, 1994; Jelinek et al, 1994; Pereira et al,
1994, 1995). A more detailed analysis of this region may help discriminate
whether single or multiple domains within ‘the first exon modulate the

binding activities of COUP-TF and NF-xB.
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How might sequences within the first exon of Ad12 E1A mediate the

down-regulation of NF-xB binding to Rl in Ad12 transformed cells? One
possibility is that the nuclear translocation of NF-xB is blocked as a result of
being retained in the cytoplasm by association with IxBs (Beg & Baldwin, 1993;
reviewed in Miyamoto & Verma, 1995). However, this does not appear to be
the case since the nuclei of Ad12 transformed rat cells contain levels of NF-
«B1-p50 (p50) and RelA (p65) which are similar to those seen in Ad5
transformed rat cells, where decreased NF-xB binding activity is not observed.
These results suggest a second possibility, in which a nuclear inhibitor is
responsible for blocking the binding of NF-«B to Rl in Adi2 transformed rat
cells. Indeed, NF-«B binding activity was restored in nuclear extracts from
Ad12 transformed mouse and rat cells following treatment with the mild
detergent sodium deoxycholate, providing further evidence for the presence
of a nuclear inhibitor (Liu et al, submitted; D.B.K. and R.P.R.,, vnpublished
observations). Interestingly, a nuclear inhibitor has also been postulated to
block NF-xB binding to the HIV-LTR in THP-1 monocytic cells, negatively
regulating NF-xB activity and therefore restricting HIV-1 gene expression
(Raziuddin et al, 1991). The existence of nuclear inhibitors of NF-«xB might
serve as one mechanism by which certain viruses block NF-xB function.
During the course of this study, other evidence was proposed
suggesting that diminished NF-«B binding activity in Ad12 E1 transformed
rat cells is due to an interference in the processing of NF-xB1-p105 to NF-xB1-
p50, resulting in significantly reduced levels of NF-kB1-p50 (Schouten ef al,
1995). This is in contradiction with our findings which clearly show that NF-
kB1-p50 and NF-xB1-p105 are present at similar levels in Ad12 E1 and Ad5 El
" transformed rat cells. The notion that processing of NF-xB1-p105 to NF-xB1-

p50 is defective in Ad12 E1 transformed rat cells is not consistent with our
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findings which show that steady-state levels of NF-xB1-p50 are comparable in

nuclear and whole cell extracts prepared from Adi12 El and Ad5 El
transformed rat cells (Figure 6). While thg discrepancy between our data and
the findings of Schouten ef al seem unexpected in light of the fact that the E1
transformed cells examined in both cases were derived from primary rat
kidney cells, it may be explained on the basis of differences in the specificity of
the anti-NF-xB1-p50 antibodies used. In this study we have employed the
1157 anti-NF-xB1-p50 antibody, which was raised against a human NF-«B1-
p50 derived peptide. This antibody is specific for NF-«xB1-p50, and not
another Rel family member, because NF-xB1-p50 was not detected by Western
blot analysis using cell extracts derived from NF-xB1-p105/NF-xB1-p50
knockout mice (Figure 7; Pereira et al, submitted). We feel that this stringent
test for antibody specificity validates our analyses using both nuclear and
whole cell extracts, which indicate that the decreased NF-«B binding activity
observed in Ad12 El transformed rat cells is not due to a significant reduciton
in the expression of either NF-xB1-p105 or NF-xB1-p50.

It is unclear how the sequences within the first exon of Ad12 E1A are
able to mediate both increased COUP-TF binding to R2 and decreased NF-xB
binding to R1. It needs to be determined whether or not these E1A-mediated
effects are regulated independently. In addition, it is of interest to consider if
the DNA binding activities of COUP-TF and NF-xB are influenced by their
potential to directly interact with one another. It may be significant that the
glucocorticoid nuclear hormone receptor has been implicated in repressing
the ability of NF-xB to activate gene expression by preventing NF«B binding
(Ray & Prefontaine, 1994; Mulaida et al, 1994; Scheinman et al, 1995;
Caldenhoven et al, 1995). It needs to be determined if COUP-TF, which is
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also a member of the nuclear hormone receptor superfamily, functions

similarly to diminish NF-xB binding.

Regardless of the actual mechanisms, the apparent net effect of
increased COUP-TF binding to R2 and decreased NF-xB binding to R1 is to
produce global down-regulation of the MHC class I enhancer (Kralli et al,
1992; Liu et al, submitted), effectively diminishing class I transcription. In
Ad12 transformed cells, this reduced class I expression favors their escape
from CTL mediated immune detection, and contributes to their ability to
form tumors. Importantly, the sequences within the first exon of Adi2 E1A
that mediate these events correlate with the same regions that are required
for class I down-regulation and tumorigenesis (Jelinek et al.,, 1994; Pereira et
al., 1994, 1995). It is most interesting to consider that the mechanism by which
Ad12 E1A achieves tumorigenesis through down-regulation of the class 1
enhancer might also be used during infection to accomplish persistent

infection in the host
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Materials and methods

Cell lines

Ihe parental Ad5 (DP5-2), Ad12 (12-1), and hybrid Ad5/Ad12 (690B12C1, 917-
975B12C10, and 975B12C4) E1A (plus Ad12 E1B) transformed Hooded Lister rat
cell lines were constructed previously (Jelinek & Graham, 1992; Jelinek et al,
1994; Pereira et al, 1994). Ad5 (KAd-5) and Ad12 (12A1) transformed cell lines
were derived from primary mouse BALB/c (H-2?) cells (Eager et al., 1985).
Monolayer cultures of rat cells were grown in o-minimal essential medium
(a-MEM, GIBCO-BRL) supplemented with 10% fetal bovine serum (FBS,
HyClone), 2 mM L-glutamine, 100 units/ml penicillin, 0.1 mg/ml
streptomycin, and 2.5 pg/ml fungizone. Monolayer cultures of mouse cells
were grown in Eagle’s Minimal Essential Medium (EMEM, BioWhittaker)
supplemented with 10% FBS, 2 mM L-glutamine, and 50 pg/ml gentamycin
sulfate (GIBCO-BRL).

Nuclear and whole cell extract preparation

Nuclear extracts of the above cells were prepared as described (Liu et al, 1994;
Liu et al, submitted) with slight modifications. Briefly, cells were washed and
lysed in two packed cell volumes of Triton-lysis buffer (3 mM Tris-HCl, pH
7.5, 135 mM Na(Cl, 0.9 mM MgClz, 0.3% Triton X-100, 0.5 mM DTT, 0.5 mM
PMSF) for 4-6 min on ice. Nuclei were pelleted at 3000 r.p.m. for 5 min at 4°C,
washed once in lysis buffer (9 mM Tris-HCI, pH 7.5, 135 mM NaCl,-0.9 mM
MgClz, 0.5 mM DTT, 0.5 mM PMSF), then resuspended in two packed cell
volumes of Dignam Buffer C (25% glycerol, 20 mM HEPES, pH 7.9, 6.42 M
Na(l, 1.5 mM MgClz, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT [Dignam et
al.,, 1983]). Nuclear proteins were extracted by rocking at 4°C for 45 min.

Insoluble material was pelleted at 14,000 r.p.m. for 15 min at 4°C, and the
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supernatant dialyzed for 1 h against Shapiro’s buffer D (20 mM HEPES, pH 7.9,

20% glycerol, 100 mM K, 02 mM EDTA, 0.2 mM EGTA, 2 mM DTT, 0.5 mM
PMSF, 0.5 mg/1 leupeptin, 0.7 mg/l pepstatin A [Shapiro e al, 1988]) for 60
min at 4°C. Precipitated proteins were removed by centrifugation at 12,000
r.p.m. for 15 min at 4°C and the supernatant frozen at -80°C.

Whole cell extracts were prepared by lysing a confluent monolayer of cells in
RIPA buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 1% SDS, 1% sodium
deoxycholate, 1% Triton X-100, 10 ug/ml aprotinin, 200 uM PMSF). Extracts

were stored at -20°C.

Electrophoretic Mobility Shift Analysis

Band shift assays using nuclear extracts were performed as previously
described (Kralli et al., 1992), with slight modifications. Four micrograms of
nuclear extract was incubated at 30°C for 30 min with 3x10* cpm of **P-labeled
R1 or R2 oligonucleotide (Kralli et al, 1992) and 4 pg poly [d(-C)] (Boehringer
Mannheim) in band shift buffer (for R1, 10 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol; for R2, 10 mM HEPES pH 7.9, 60
mM KCI, 1 mM MgClz2, 0.5 mM EDTA, 1 mM DTT, 10% glycerol). For
supershift experiments, an antibody against NF-«B1-p50 (1613; kindly
provided by Dr. Nancy Rice, NCI) was preincubated with the nuciear extract
and pely [d(I-C)] in R1-binding band shift buffer for 20 min at room
temperature, followed by addition of the 32p_labeled R1 probe with further
incubation at 30°C for 30 min. DNA-protein complexes were fractionated on
a 5% non-denaturing polyacrylamide gel in 0.5 x TBE buffer (45 mM Tris-HCl,
pH 8.3, 45 mM boric acid, 0.5 mM EDTA) for R1, or 1.0 x TBE buffer (90 mM
Tris-HCl, pH 8.3, 90 mM boric acid, 1 mM EDTA) for R2. Gels were dried and

autoradiographed to analyze the DNA-protein complexes.
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Western Blots and antisera

Ten micrograms of nuclear extract or 50 pg of whole cell extract in sodium
dodecyl sulfate (SDS) sample buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 0.2%
bromophenol blue, 200 mM DTT, 20% glycerol) was boiled and then
electrophoresed on SDS - 10% polyacrylamide gels. Separated proteins were
transferred to Immobilon-P membranes (Millipore) by electroblotting.
Membranes were blocked in TBS-Tween (20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.05% Tween-20) with 5% powdered milk (Carnation) for at least one
hour. Membranes were incubated for 1 h with primary antibody (see below),
then washed three times with TBS-Tween. Membranes were incubated for
1 h with goat anti-rabbit IgG horseradish peroxidase (Boehringer Mannheim}),
then washed three times with TBS-Tween and once with TBS. Proteins
reactive to the primary antibody were detected using enhanced
chemiluminescence (ECL; Amersham). The following are the peptide-
antibodies (gift of Dr. Nancy Rice) and their dilutions used in these studies:
#1157 anti-NF-xB1-p50 (p50); 1:3000 (nuclear extract); 1:1000 (whole cell
extract). #1613 anti-NF-xB1-p50 (p50); 1:1000. #1226 anti-RelA (p65); 1:1000.
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Figure 1 Regulatory elements of the H-2K* MHC class I promoter. Indicated
are the transcriptional start site (arrow), the TATA box (closed circle),
interferon response sequence (IRS; black rectangle), and class I enhancer. The
class I enhancer is comprised of the R2, R1’, and Rl elements. R2 contains a
recognition-site for COUP-TF binding. R1 contains a kB consensus sequence,

to which members of the NF- ¥B/Rel protein family members can bind.
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Figure 2 Hybrid Ad5/Ad12 E1A constructs used to generate adenovirus-
transformed cells. The DNA constructs used are aligned below the coding
regions of the 289R Ad5 EIA and the 266R Ad12 E1A. The regions of E1A
required for transformation and transactivation are indicated. CR1, CR2, and
'CR3 denote the three conserved regions of E1A. A 20 aa unique region in
Ad12 located between CR2 and CR3 is indicated by the small black box. For
each construct depicted, the Ad5 sequences are shown in white; the Adi2
sequences are shaded. The numbers below each Ad5/Ad12 hybrid construct
indicate the locations of the crossovers between Ad5 and Ad12; Ad5 and Ad12
nucleotides are indicated on the outside and inside of the “/”, respectively.
The corresponding codons of Ad12 E1A are indicated above each construct.
These E1A constructs were used in cooperation with Ad12 E1B to transform
Hooded Lister rat kidney cells and create immortalized cell lines harboring

hybrid E1 genes.
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Figure 3 The first exon of Ad12 El1A contains sequences which mediate
increased COUP-TF binding to the R2 element of the MHC class I enhancer.
A P-labeled R2 oligonucleotide was incubated with 4 pug of nuclear extract
from AdS (DP5-2; lane 1), Ad12 (12-1; lane 5), and Ad5/Ad12 hybrid (917-
975B12C10, lane 2; 690B12C1, lane 3; 975B12C4, lane 4) E1 transformed rat cells.
SC; R2/COUP-TF shifted complex. F; free probe.
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Figure 4 The first exon of Ad12 E1A contains sequences which mediate
reduced NF-xB binding to the R1 element of the MHC class I enhancer. (A)
A 3?P.labeled R1 oligonucleotide was incubated with 4 ug of nuclear extract
from Ad5 (DP5-2; lane 3), Ad12 (12-1; lane 7), and Ad5/Ad12 hybrid (917-
975B12C10, lane 4; 690B12C1, lane 5; 975B12C4, lane 6) E1 transformed rat cells.
The labeled R1 oligonucleotide was also incubated with nuclear extract from
Ad12 (12A1; lane 1), and Ad5 (KAd5; lane 2} transformed mouse cells (Liu et
al, 1994) to serve as controls for the migration of the NF-xB1-p50 homodimer
and the NF-xB heterodimer. 50/50; NF-xB1-p50 homodimer. 50/65; NF-«xB
heterodimer. F; free probe. The bracket denotes the range of differential
migration of the shifted NF-xBI-p50 homodimer complexes in lanes 3-5. (B)
A darker exposure of (A) to show the low levels of NF-xB binding to the R1
element in 975B12C4 and Ad12 transformed rat cells.
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Figure 5 NF-xB1-p50 is a component of the R1-protein complexes in the Ad5,
Ad12, and hybrid Ad5/Ad12 El transformed rat cells. (A) Four micrograms
of nuclear extract from AdS (DP5-2), hybrid Ad5/AdI2 (917-975B12C10,
690B12C1, 975B12C4), or Ad12 (12-1) El transformed cells was incubated with
the *pP-labeled Ri oligonucleotide (lanes 3, 5, 7, 9, and 11), or pre-incubated
with the 1613 anti-NF-xB1-p50 antibody (lanes 4, 6, 8, 10, and 12) or the COUP-
TF antibody (Liu ef al, 1994) as a control (lane 1). Lane 2 was intentionally
unused. To verify that the rapidly migrating complexes in lanes 3, 5, and 7
(denoted by the bracket) contain NF-«xB1-p50, the 1613 anti-NF-xB1-p50
antibody was used to completely supershift both the NF-xB1-p50 homodimer
band, as well as the NF«xB heterodimer band, in nuclear extracts from the El
transformed cells. Note that the band-shifted complexes in lanes 9 and 11 are
visible upon longer exposure. 50/50; NF-xB1-p50 homodimer. 50/65; NF-xB.
F; free probe. SS; supershifted complexes.
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Figure 6 (A) Diminished NF-B binding to R1 is not due to a lack of NF-xB1-
p50 in the nuclei of the 975B12C4 and Adl2 EI transformed cells. Ten
micrograms of nuclear extract were electrophoresed on a SDS - 10%
polyacrylamide gel. Separated proteins were transferred to membrane, probed
with anti-NF-xB1-p50 antibody (1157) for 1 h, and detected using enhanced
chemiluminescence. NF-xB1-p50 is detected in the nuclei of Ad5 (DP5-2),
Ad5/Ad12 hybrid (917-975B12C10, 690B12C1, and 975B12C4), and, most
importantly, Ad12 (12-1) EI transformed rat celis (lanes 1 through 5,
respectively). The lower amount of NF-«xB1-p50 detected in the 975B12C4 cell
line is due to a underloading of the sample. Weights of prestained molecular
weight markers are shown at left. The arrow at right indicates the position of
NF-xB1-p50. (B) Western analysis indicates both NF-«xB1-p50 and NF-xB1-
p105 are present in whole cell extracts from the five El transformed rat cell
lines. Fifty micrograms of whole cell extract were separated by PAGE,
transferred to membrane, and probed with the 1157 anti-NF-«xB1-p50
antibody. Weights of prestained molecular weight markers are shown at left.

Arrows at right indicate the positions of NF-xB1-p50 and NF-xB1-p105.
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Figure 7 The 1157 antibody is specific for NF-xB1-p50. Fifty micrograms of
whole cell extracts from human 293 (lane 1), rat DP5-2 (lane 2), rat 12-1 (lane
3), and NF-«B1-p105 +/+, + /-, and -/- (lanes 4-6) cells were electrophoresed on
a SDS - 10% polyacrylamide gel. Separated proteins were transferred to
membrane, probed with the 1157 antibody for 1 h, and detected by enhanced
chemiluminescence. NF-xBi1-p50 is detected in all the cell extracts except the
NF-«xB1-p105 -/- cell extracts (lane 6), indicating that the 1157 antibody used in
these studies is specific for NF-xB1-p50. Weights of prestained markers are
showrn at left. Arrows at right indicate the positions of NF-xB1-p50 and NF-
kB1-p105.
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Contributions to Kushner et al., In Press:

(1)  Todetermine whether reduced NF-xB1 binding in Ad12 El-transformed cells was
due to a reduction in p50, p65, and p105 expression, I assessed steady state levels
of p50 (and its precursor, p105) in whole cell extracts of Ad12 El-transformants as
well as of hybrid Ad5/12 E1A- (plus Ad12 E1B) transformants by Western Blot

analysis.

(2)  Tested the specificity of the NF-xB1-p50 antibody (NR1157) used in this study by

Western blot analysis using NF-xB1-p50 +/+, 4/-, and -/- mouse cell extracts.

Expression of the first exon of Ad12 E1A, excluding CR3, which influences
tumorigenicity and MHC class I down-regulation in transformed rat cells was found to
correlate with increased binding of COUP-TF (repressor) and decreased binding of NF-xB
(activator) to the MHC class I gene enhancer. Moreover, it was determined that reduced
NF-xB binding activity in Ad12 El-transformants was not due to a decrease in steady state
levels of the NF-xB subunit proteins: NF-xB1-p50, RelA p65, or NF-xB1-pl05, a
finding which was crucial to the validity of the binding data in this study in view of the fact
that an indepenedent study using an independent NF-xB1-p50-specific antibody suggested

otherwise (Shouten et al., 1995). *
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4) Pereira, D. S., Kushner, D. L., Ricciardi, R. P., and Graham, F. L.

1995,
Testing NF-xB1-p50 antibody specificity using knockout mice.
Submitted.

Preface;

In comparisons of NF-kB1-p50 expression in wild type Ad5 El1- and Ad12 E1-
transformed cells for the Kushner et al. study described above, two NF-xB1-p50-specific
antibodies (sc-114 and NR1157), used to detect p50 expression by Western blot analysis,
produced contradictory results. To resolve which antibody recognized authentic NF-xB1-
p50, we compared the specificity of sc-114 and NR1157 by Western blot analysis using
whole cell extracts (WCE) derived from p105/pS0 /-, +/- and +/+ mice (Sha et al., 1995).
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Testing NF-xB1-p50 Antibody Specificity Using
Knockout Mice.
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NF-kB is a ubiquitously expressed transcription factor composed of 50 (pS0) and

65 (p65) kilodalton subunits. p50 and p65 are members of the intensively studied NF-
xB/Rel family of transcription factors of which there are five members identified in
vertebrates: NF-kB1 (p50 and its precursor, p105), NF-xB2 (p52 and its precursor,
p100), p65 (RelA), Rel (c-Rel), and RelB (for review, see Nolar and Baltimore, 1992). In
in vitro studies, most members of this family have been shown to dimerize, directly interact
with DNA (kB motifs), and positively and negatively affect transcription of B reporter
genes. Celiular genes targeted for regulation by NF-xB are involved in acute-phase
responses, inflammation, lymphocyte activation, and cell growth and differentiation. That
NF-xB is a critical component for both specific and non-specific immune responses is
apparent from studies using mice lacking the p50 subunit of NF-xB1. Although these mice
show no developmental abnormalities, they demonstrate multifocal defects in immune
responses involving B lymphocytes and non-specific responses to pathogen challenge
(Shaw et al., 1995).

Measurement of NF-xB expression/activity frequently utilizes antibodies specific
for NF-xB1-p50 in techniques such as electrophoresis mobility shift/super shift assays,
immunoprecipitation, cell stairing, and Western blotting. This article reports on the
specificity of two commonly used NF-xB1-p50 antibodies in Western blots. The first
antibody, sc-114 was pﬁrchased from Santa Cruz Biotechnology and is an affinity-purified
rabbit polyclonal antibody raised against a human p50 peptide (CTPEIKPKEEVQRKR)
which maps within a domain encompassing part of the basic NLS sequence and the N-
terminal adjacent 11 amino acids (Henkel et al.,, 1992). It is claimed that sc-114 detects
p50 in human, mouse and rat cells in electrophoresis mobility shift/supershift assays,
immunoprecipitation, cell staining, and Western blotting protoccls (Santa Cruz
Biotechnology Incorporated, 1995 and manufacturer's specifications sheet included with
antibody). The second antibody, NR1157 (graciously supplied by Dr. Nancy Rice (NCI,

Frederick, MD)) is also a rabbit polyclonal antibody raised to a human p50 peptide
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(DLETSEPKPFLYYPEIKDKC) that detects p50 and p10S by Western blot analysis in

buman, murine, and chicken cells as well as rat cells (our unpublished data)f’*"—" =

The motivation for comparing the specificity of sc-114 and NR1157 arose when
cach antibody detected different proteins of approximately 50-55 kilodaltons in Western
blot analysis of transformed rat cells. To resolve which antibody recognized authentic NF-
kB1-p50, we decided to compare the specificity of sc-114 and NR1157 by Westemn blot
analysis using whole cell extracts (WCE) derived from p105/pS0 /-, +/- and +/+ mice (See
Fig. 1). Briefly, duplicate sets of thymic WCEs containing 50 pg of protein from these
mice were resolved using SDS-PAGE (10% gel) and transferred to an Immobilon-P
transfer membrane for Western blot analysis. The membrane was cut between the duplicate
sample sets to create two membranes. The first membrane was probed with NR1157
(1:1000 dilution) (Fig. 1, lanes 1-3) while the second was probed with sc-114 (1:400
dilution) (Fig. 1, lanes 4-6). The NR1157 antibody detected proteins of 105 (p105) and 50
(p50) kilodaltons in p105/p50 +/+ mouse cells (Fig. 1, lane 1). As expected, NR1157 also
detected a two-fold reduction of p50 levels in p105/p50 +/- mouse cells and a complete lack
of p50 expression in p105/p50 -/- cells (Fig. 1, lanes 2 and 3). Using sc-114, a 52-55
kilodalton protein was the major protein detected with equal intensity in p105/p50 +/+, +/-,
and -/- mouse cells, suggesting that the sc-114 antibody, at a dilution of 1:400, does not
have significant affinity for NF-xB1-p50 by Western blot analysis in murine cells (Fig. 1,
lanes 4-6) nor in human and rat cells (data not shown). Although the identity of the major
protein recognized by sc-114 is not yet known, it may be a p50-related protein or perhaps
NF-xB2-p52. Interestingly, 8 amino acids in the human p50 peptide used to raise sc-114
are also present in the human p52 protein. It should be noted that the sc-114 antibody (at a
1:400 dilution), may have slight affinity for p50 in Western blots, but this was only
apparent upon overexposure of the blot shown in Fig. 1. Finally, although the peptide

used to raise sc-114 was generated to the N-terminus of human p50, which is also present
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in its precursor p105, sc-114 did not appear to detect p105 whea the blot shown in Fig. 1

was overexposed.

In conclusion, we have demonstrated the usefulness of cell extracts from knock-out
mice to test the specificity of multiple antibodies raised to a specific protein, namely NF-
«B1-p50. In addition, we wish to take this opportunity to caution users of the sc-114
antibody, not only on its lack of acceptable specificity for NF-xB1-p50, but also on its
strong affinity for a 52-55 kilodalton protein which can be easily mistaken for NF-kB1-p50

by Western blot analysis.
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Figure 1. Western blot analysis of whole cell extracts from pl105 +/+,
#/-, and -/- thymic mouse cells using NF-«B1-p50 specific antibodies,
NR1157 and sc-114. 50 pg of thymic whole cell extracts from p105 +/+, +/-, and -/-
cells were electrophoresed on a 10% SDS-polyacrylamide gel and electro-blotted onto an
Immobilon-P transfer membrane (Millipore Corporation, Bedford, MA, USA). The blot
was blocked for 1 hour in 5% nonfat dry milk/PBS and probed for 1 hour with the primary
NF-xB1-p50 specific antibodies, NR1157 (1:1000 dilution) (lanes 1-3) (N. Rice, NCI,
Frederick, MD, USA) and sc-114 (1:400 dilution) (lanes 4-6) (Santa Cruz Biotechnology,
Inc.; Santa Cruz, CA, USA). Following two 7 minute washes in PBS/0.05% Tween-20,
the blot was incubated for 1 hour with a 1:2000 dilulion of a horseradish peroxidase
conjugated goat anti-rabbit polyclonal secondary antibody purchased from Saata Cruz
Biotechnology, Inc., Santa Cruz, CA, USA. After three 5 minute PBS5/0.05% Tween-20
washes and one PBS wash, the blot was developed using Enhanced Chemiluminescence
Western blotting reagents (Amersham International plc., Buckinghamshire, England) and

exposed to film for 1 minute.
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Contributions to Pereira_et al., Submitted:

(1) Conducted Westemn blot analysis to test the specificity of the sc-114 and NR1157
NF-xB1-p50-specific antibodies using whole cell extracts derived from NF-xB1-

p50 /-, +/-, and +/+ mice.

Conclusions:

The major findings from this study were: 1) While sc-114 demonstrates

unacceptable specificity for NF-xB1-p50 in rat whole cell extracts by Western Blot analysis

NR1157 is highly specific; 2) sc-114 demonstrates a strong affinity for a 52-55 kilodalton

protein which can be easily mistaken for NF-xB1-p50 in Western blot analysis.
Consequently, the major motivation for publishing this manuscript is to inform

users of sc-114 about its inadequacy.
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5) Pereira, D. S., Jelinek, T., and Graham, F. L. 1994.
The adenovirus ElA-associated p300 protein is differentially

phﬁsphorylated in Adi2 El1A- compared to Ad5 ElA-transformed rat
cells.

Int. J. Oncol. 5, 1197-1205.

reface:

Ad5 E1A associates with a number of cellular proteins such as p300 and the Rb
protein family members p130, p107, and p105Rb. Whether Adi2 E1A also associates
with these proteins and what the consequence of these interactions are on tumorigenicity
was unknown in rat cells constitutively expressing Ad12 E1. Therefore, in keeping with
the aim of characterizing AdS El1- and Ad12 El-transformed rodent cells to explain
differences in tumorigenicity, the hybrid Ad5/12 E1A- (plus Ad12 E1B) transformed rat
celis were examined for differences in the ability of their hybrid Ad5/12 E1A proteins to
associate with cellular proteins. The notion that Ad5 E1A and Ad12 E1A may interact
distinctly with cellular proteins in a manner which would correlate with the tumorigenic
capacities of Ad5 E1- and Ad12 E1- transformed cells was the motivation for this study.
Moreover, these studies may provide additional insight into existing theories which were
put forth to explain the differential tumorigenic capacities of Ad5 El- and Ad12 El-

transformed rodent cells.
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The adenovirus E1A-associated p300 protein is
differentially phosphorylated in Ad12 E1A-
compared to AdS E1A-transformed rat cells
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Department of Biulog_\" and P:tlhnlogy:- MeMaster University, 1280 Main Street West,
Hamilton. Ontario L3S 4K 1. Canda

Contributed by F.L. Grahanm. September 26 1994

Abstract. Recently. using hybrid AdS/12 E1A-transformed
rat cells. we identified at Teast two regions of AdI2 ETA
which influence tumorigenicity. In this reporl, again using
the hybrid AdS5/12 ETA-transformants. we show that
expression ol these same two AdL2 ETA regions not only
correlales with down-regulation of cefl surface MHC class 1
expression, but coincides with the presence ol an altered
form of the ElA-associated cellulur protein, p30. detected
as 2 more slowly migrating species in SDS-polyacrylumide
gels. The deercased electrophoretic mobility of p300 from
hybrid Ad5/12 E1A- and Ad12 ElA-transtormants can be
ubolished by protein phosphatase treatmient suggesting thal
the change in mobility results from differential
phosphorylation of p300. We suggest that differential
phosphorylation of p300 may be lunctionally signilicant in
the context of phenotypic differences between AdS El- and
Ad12 El-transformed cells.

Introduction

Human adenoviruses (Ads) are DNA tumor viruses capable
of transforming rodent cells in culture. The DNA sequences
responsible for transformation of rodent cells by Ad are the
carly region 1A (E1A) and B (E1B) oncogenes (for reviews,
see refs, 15.49). Within the E1A gene product. three regions,
conserved region 1 (CR1), CR2 and the amino terminus are
required for transformation (for a review of ETA proteins and
transformation, sce rels. 6.7 and refs. therein) The amino

Correspondence te: Protessor Frunk L, Graham, Department off
Biology., McMaster University. 1280 Main Street West, Hamilton,
Ontario, LS 4K 1, Canada

"Present address: Department of Microbiology. University of
Virginia, Box 441, Charlotteviile, Virginia 22908, USA

Kev wards: p300, E1A, adenovirus type 5. adenovirus type 12,
phosphorylation, MHC class |

terminus and CR2 torm two independent bimding sites tor
direet interaction with the EYA-assoctated cellular proteins
P30, pl30. plO7 and plO3* While CR2 possesses Daday
sites for pl30, pl07 and plOSRb. p300 associites with the
amino terminus of BTAL Indirectly, E1TA also associates with
poutt A hrough pIOT) and p33e® b (qhrongh poaoe Yy,
Mechunistically, transtormation by ELA is thought 1o
promote cell profileration by 1ol or partial sequestering of
cell growth-regulating proteins in i nuoner which intiates
DNA synthesis and influences gene expression, For example,
sequestration of the p1300 plt7 and plOSE proteins, which
are known inhibitory components of E2E trmscription
complexes, Irees active E2F (for review see rel. 31, while
ElA-mediated repression activity is dependent on the
interaction of p300 with the amine terminus of ETA
(234147,

Although the Bl region from any Ad seroiype is capable
of trunsforming primary rodeat cetls. the tumorigenic
capacity of these trunsformants in syngeneic rodents is
dependent on the serotypic origin of E1A (9,19), specilically
the first exon (24). For instance. Ad El-transformed cells
expressing Add or Ad12 EITA wre non-tumorigenic and
tumorigenic respectively (V) Results from mamy studics
directed an identifying and understunding functional
differences between AdS and AdI2 ETA oncoproteins have
suggested that E1A inlluences tumorigenicity by atfecting
the immune response of the immunocompetent rodent, Ty
example, ELA proteins in AdS El-infected ad transtormed
cells huve been observed o induce susceptibility to nan
MHC cluss {-restricted naturnd Killer (NK) cells ¢12.27,
36.46). macrophages (12) and Tymphocyle activated kil
cells (LAKs) 127 where as AdE2 ETA proteins Lave been
shown o confer resistance to these cells. Addinonally, the
AdI12 ETA 138 product, unlike the corresponding AdS 014
praduct, has heen shown o down-regulite the expresaon o
MHC cluss | mRNA and cell surface molecules inondeid
{2,14.29.37 44y and human cells (45, Consequentiy, i1
thought that Ad12 ElA-transforned celis hecone
tumorigenic by evading the surveillanee of MHC cliass |
restricted CD3* cytoroxic T lymphocytes (C1s) £39.52,35)
Other studies suggest that regulation of MIEC cluss
expression may not be as impostant Tor suscepitbibity 1o
CTLs as whether the AdS or Ad12 E1TA proteins are direetiy
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immunogenic in the form of class I-restricted epitopes
(8,25,33,43). ;

Previously, using rats cells transformed by hybrid Ad5/12
ElA plus Ad12 E1B genes, we identified at least two regions
within the first exon of AdI2 ElA required for
tumorigenicity (20). Our findings were corroborated by
evidence from the laboratory of J. Williams (42). In keeping
with the aim of charucterizing AdS E1A- and Ad12 E1A-
transformed rodent cells to explain differences in
tumorigesticity, we again utilized these transformed rat cells
to examine differences in cell surface MHC class |
expression as well ax differences in the ability of their hybrid
AdS5/12 EIA proteins to associate with cellular proteins. Qur
findings suggest that expression of the same two Ad12 EIA
regions implicated in tumorigenicity. not only correlate with
decreased cell surface levels off MHC class | molecules. but
coincide with the presence of i differentially phosphorylated
form of p300, detected as a more slowly migrating species in
SDS-polyacrylumide gels.

Materials and methods

Cell culture. Monoluyer cultures of Ad5 ETA-. AdI2 EJA-,
and hybrid Ad5/12 ELA-transformed Hooded Lister rat cell
lines (20,22) as well as Ad{2 El-transformed rat cells.
HABaCI (28), HABaC2 (28) and 702-C2 (28) were grown in
c-minimum essential medium («-MEM) supplemented with
[0%: fetal bovine serum. The human cell lines. 293 (Ad5 E1-
transfonmed embryonic kidney) (16) and HER-3 (Ad12 El-
transformed embryonie retinal) (11) were maintained as
moenolayer cultures in F11 medivm supplemented with 10%
newborn call serum and Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 7% fetal bovine serum.
All medin were also supplemented with 2 mM L-glutamine,
100 unus/ml penicitlin G and 1) pg/ml streptomycin
sulfute,

Detection of cell surface MHC class [ proteins, Cell surlace
cxpression of MHC class 1 proteins was determined by flow
cytofluorimetry using ¢ FACScun (Becton Dickinson Canada
Incorporated. Ontario, Canada) and antibodies purchased
from Cedarlane Laboratories Limited (Omtario. Canada).
Single cell suspensions were prepared from monolayer
cultures and resuspended in phosphate buffered saline
supplemented with bovine serum albumin (10 mg/ml) and
sub-divided into three aliovots (unstained, stained by
sccondary antibody only. stained by both primary and
secondary antibodies) containing 100 cellsfuliquot. Where
appropriate, single-cell suspensions were incubated for 30
minutes on ice with anti-rat RT1. A monoclonal antibody.
CLOOTA, which served as the primary antibody, Subsequent
or independent swining  with rabbit anti-mouse
immunoglobulin antisera [conjugated o fluorescein
sothioeyvanate (FITCY], which reacts with all mouse Ig
vlasses and subclusses. served as the secondury antbody.

immuneprecipitations. Prior to S methionine labeling, 10
cellsfsample were seeded onto 100 mm monolayer tissue
culture plates. At 50-60% confluence. cells were
metabolically lubelled at 37°C for 4 hin 199 medium lacking

PEREIRA e al: PHOSPHORYLATION OF THE AD12 E1A-ASSOCIATED p300 PROTEIN

methionine and cysteine and supplemented with 300 pCi #8-
translabel (ICN) per sample. The radioactive cells were
washed with PBS, centrifuged. resuspended in “lysis buffer
X+BSA’ (50 mM Tris (pH 8.8). 250 mM NaCl, 1% NP-30, 2
mM EDTA. 10 pg/ml aprotinin. 0.5 mM sodium
metavanadate and 2 mg/m! bovine serum albumin) and
placed on ice for 20 min. Following a 15 min/15000 rpm
centrifugation at 4°C., 3% protein-A sepharose (resuspended
in “lysis buffer X+BSA") was added to the lysate, mixed at
4°C for 15 min and pelleted. Depending on the experiment,
the pre-cleared lysate was incubated with anti-Ad2/5 EIA
M73 monoclonal antibody (18) or anti-p300 polycienal
serum at 4°C for | h, followed by incubation with 3%
protein-A sepharose for a further 30 min. Next. the protein-A
sepharose was pelleted and washed three times with “lysis
buffer X+BSA" and finally with “lysis buffer X-BSA".
Sumples were boiled for 5 minutes in Lacmmli loading
butfer und loaded on either 7 or 8% SDS-polyacrylamide

gels.

Protein phosphatuse treatmeir. Proteins were immuno-
precipitated as outlined above. using «-p300 polyclonal
serum, p300-containing immunocomplexes were washed
with & protein phosphatase buffer (50 mM Tris-HCL 5 mM
DTT. pH 7.8). divided in two equal portions. pelleted and
resuspended in 50 pl of 2 mM MnCl/100 mg/ml BSA. One
portion wis incubated at 30°C for 30 minutes with 1000 U of &
protein phosphatase (New England Biolabs} which releases
phosphate groups from serine, threonine and tyrosine
residues. Incubations were halted and denatured by addition
of 50 ul of 2X Laemmli loading bulfer and heated at 100°C
for 5 minutes. p300 proteins were analyzed on a 20 cm long
7% SDS-polyacrylamide gel after clectrophoresis for 36 h at
9 mAmps.

Phaosphoamine acid anafvsis. 3*P)-orthophosphate-labelled
p300 proteins from AdS E1A- and Ad12 ElA-transformants
were isolated by SDS-PAGE following immunoprecipitation
(as described above). These p300 proteins were excised from
the gel, trypsinized and oxidized as described previously
(1. Trypsinized lyophilisates were then hydrolysed with
5.7M HCI at 110°C for 1 h. lyophilized, resuspended and
analyzed by one-dimensional thin layer electrophoresis as
outlined previously (21).

Results

Tumorigenicity of hybrid Ad5/12 EIA-transformants. The
hybrid Ad5/12 ElA genes, shown in Fig. 1A, were
previously constructed and used in combination with the
Ad!2 EIB gene to transform primary baby Hooded Lister rat
kidney cells (BRKs) (20.22) which were subsequently
assayed for their ability to form tumors in newborn syngeneic
rats {20). For a complete description of hybrid Ad5/12 E1A
genes, see the legend to Fig. [A. The ability of these BRKs
transformed by the hybrid Ad5/12 E1A constructs (plus
Ad12 E1B) to form tumors in newborn syngeneic rats is
shown in Fig. 1B. Cells transformed by the p690, p753 and
p827 hybrid Ad5/12 E1A genes [contain the 5' terminal Adi2
E1A nucleotides up to 626 (aa 49), 692 (aa 66) and 739 {ua
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Figure 1. (A) Schematic of Ad5 (pXC1). Ad12 (pHAB6) and hybrid Ad5/12 E1A plasmids used to transform Hooded Lister rav eells in conjunction with
AdI2 E1B. The previously described hybrid Ad5/12 ELA constructs (20,22), shown with AdS and Ad12 ETA gene sequences i white and black respectively,
are aligned with the structure of Ad5 ElA. Precise locations of crossovers are expressed in nucleotides below the crossover junctions, where AdS and Ad§2
nucleotides are shown on the outer and inner sides of the */* respectively. All hybrid E1A constructs, with the exception of p917-975 and p217-1227, conlain a
first crossover junction in which the lefimost 353 base pairs of AdS, encompassing the viral ioverted terminal repeat and enbancer/packaging regions, are
lollowed by Adl12 E1A sequences from nucleotide 290, encompassing the Ad12 ETA promoter, trunscriptional start and amino terminus, o a second junction
point where crossover again occurs into AdS E1A sequences to 16% of AdS genome length. In addition 1o the first 353 nucleotides of AdS commuon o the
hybrid E1A plasmids, the p?17-975 and p917-1227 constructs contain AdS gene sequences to nucleotide 917 (815; Ad12) lollowed by A2 ELA pene
sequences to nucleotides 932 (975: Ad5) and 1142 (1227; AdS) respectively. It should be noted that the pu75 and p91E7-975 hybrids luck the 125 splice donor
sites of AdS and Ad12, therefore these hybrids encode only the 138 E1A product; (B} Tumorigenicity of cells transformed by EIA genes shown in Tig, 1A,
Duata presented has been previously reported (20) and shows the percentage of rats with tumors following subcwtaneous injections of {07 vells per newborn
syngencic rat. The number of tumor-bearing rats/total number of rats injected per cell fine (includes different independently derived lines transformed by sanw
plasmid) are shown right of the bars representing cuch cell line.

83)] were non-tumorigenic while cells wansfornmed by p917-
975 or p917-1227 {contain Ad}2 E1A nucleotides 815-932
(a2 108-147) or 815-1142 (aa 108-193) respectively|
exhibited weakly to moderately twmorigenic phenolypes.
When most or all of AdI2 EIA exon | was expressed as in
the p975-, pl036- and pl227-transformants, a strongly
tumorigenic phenolype was observed in that the percent of
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122781202
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Figure 2. Determination of celf surfuce MHC class [ expression. Cell surlace
expression of MHC class [ molecules was determined by {low
cytofluorimetry using a primary menoclonal antibody specific for the r
MHC class I proteins (2T1,A) and a secondary antibody conjugated to
FITC. The mean [luorescence intensity ratio (MFIR) was determined
according to the following calculation: (mean fluorescence intensity of cell
line in the presence of primary and secondury antibody)/(mean Tuorescence
intensity of cell line in presence of secondary antibody only).

rats with tumors was similar to that obtained with 12-1 cells
transformed by pHAB6 which encodes the entire Ad12 El
region,

Cell surfuce expression of MHC class | proteins, Reduced
MHC class I levels in Adl2-transformed rodent cells appear
10 be due to expression of AdI2 EJA. To map the regions of
Ad12 E1A responsible for down-regulation of class |
expression, we measured class 1 levels on the surluce of the
hybrid Ad5/12 E1A plus Ad12 EIB transformants (Fig. 2).
Compared to levels expressed on celis trunsformed by AdS
E1A (DP5-2 or 5-M), ali hybrid AdS/12 EIA plus Ad1Z EIB
transformed lines showed decreased levels of cell surfuce
MHC class | molecules. The decrease appeared to aecur in
two steps as AdS E1A sequences were progressively replaced
with Adl12 E| A sequences from the aumino terminus
rightward. The first decrease, demonstrated by the non-
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Figwe 3 Caimmsuneprecipitation of cellular prateins issociated with 1A
proteins. Cells pamstarmed by Ad 12 BTB ples the BTA genes depicted in
Fig, 1.owere metabalicafly Labelled with “S-transdabel. lysed. pre-cleared.
and imgnuneprecipitated with M73 monocloral antibody as deseribed in the
test, Samples were sabjected 1o SDS-PAGE on an 8% polyacryiamide gel
e sulsequently vesaabized by autofinororadiography. Lines 2 und 3 wre
293 and primary BRE cell lines serving as positive and negative controls
respectively, The absepce of specific bands in lane 1L s due o the fact that
the 1A proteins present in the 12-1 cell Tine Jtransformed by pHABG
(ALY ETA encoding plasmidy] ddo ot immunoprecipite with the E1A-
specitic monoclomwal amibody. M73 Moleculir weight markers and
tdemativs of the ElA-associaied proteins: ELA pRB. pIO7 and p3o0 are
tdicated onhe felt and nght sides of the awtolluorsrdiogrom respectively,

winorigenic lines trunsiormed by the plasmids, povl, p733

and p827. was an averige of 3 Told lower than the DP5-2 or

-8 dines, Tumorigenic p975-0 pl036- and p1227-
tansformants, demonstrated a further decrease represented
by an approximately 2-3 fold reduction compared to the non-
tmorigenice hybrids or 10 fold compared 1o the non-
tumorigenie DPS-2 and 5-M Tines. Levels of cell surface
MHC cluss | proteins on the weakly o moderately
wmorigenic hybrid po17-975- and pY17-1227-transformants,
which contain Ad3 EFA-derived amino terminal sequences,
wore ananerage of 3to 4 told lower than that of the non-
tumorigenic DP3-2 or 3-M lines and were comparable to
fevels expressed on the non-tumorigenic hybrids tansformed
by the pou, p753 and p827 constructs, While 12-1 cells
(trinstormed by the Ad12 ETA encoding plasmid. pHABG

and the Ad12 BB plasmid. pHAB13) expressed levels of

class Tantigens comparabie (o those on the non-tumeorigenic
pOs- . p753- and p827-transformants and weakly o
moderately tumorigenic pY17-975- and p9i7-1227-

transformants. they exhibited an approximuately 2 fold greater

level of class T eapression than that of the tumorigenic cell
lines transtormed by pY75, pi036 and pl1227. To ensure that
differences observed in MHC class 1 expression among the
transformants were not the result of clonal variatt - we
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meastred cell surface levels of additional cell lines (data not
shown) and found levels to be comparable. within error, to
the clones transformed by the same ELA constructs shown in
Fig. 2. Tuken together, the above results suggest that the
same regions ol Ad12 E1A important for tumor induction are
also involved in down-regulation of MHC class T expression,
However. reduced cell surfuce class | expression did not
appear to strictly correlate with tumorigenicity since the
strongly tumorigenic Ad12 El-transformant. [2-1 and the
weakly (o moderately wmorigenic p917-975- and p917-
1227-transformants expressed class [ levels comparable o
those of the non-tumorigenic p690-. p753- and p827-
transformants.

Cellidar proteins cofmmunaoprecipitate with hvbrid Ad5/12
E1A proteins. To determine whether the hybrid AdS 12 E1A
proteins found in the wansformed rat cell lines (Fig. 3 lanes
5-10 and £2-13) interact with the E1A-associated celiular
proteins. these proteins were coimmunoprecipitaed using the
E1A-specific monoclonal antthody. M73 (138} and analysed
by SDS-PAGE. Because M73 specifically recognizes the
carboxy lerminus of Ad2S EIA. it binds o all the hybrid
AdS/12 EIA proteins since they contain the second exon of
AdS ETA, but [uils to bind 1o Ad12 EIA proteins. Therelore,
both 12-1 trans{ormants (e 1) and primary BRKs (lane 3)
served as negative controls. The AdS El-transformed 293
cell line (lane 2y served as a positive control. Regardless of
whether the ETA binding domains were derived {from AdS or
Ad12 EiA protein sequences, the affinity with which the
P304, pi07 and pRI3 cellular proteins associated with the
EI1A proteins present in 5-M (lane 4;. [227B§2C2 (lane 1)
and hybrid Ad5/12 EIA transformants (fanes 5-9 and 12-13)
remained relatively constant. These data are in agreement
with previous results from our laboratery which
demonstrated that ETA and its associated proteins, present in
Hela cells inlected with hybrid Ad3/12 ELA-containing
viruses, imteracted with similar affinides for all the hybrids
(22).

P30 from hvbrid AdS/12 ElA- and Ad12 ElA-transforined
rat cetls exhibits decreased eleerrophoretic mobility in SDS-
pofvacrylamide gels. Upon close examination of the p300
proteins present in the Bl A-coimmunoprecipitation depicied
in Fig. 3, small differences in electrophoretic mobility of
p300 were apparent. In fact, as the AdI2 E1TA content
increased in the hybrid AdS5/12 E1A-translformants, a
decrease in the electrophoretic mobility off p300 in SDS-
PAGE was observed. To confirm this observation. we again
coimmunoprecipitated the E1A-associated proteins with M™3
(Fig. 4A) or used «-p300 polyclonal serum {(Fig. 4B) o
imnumoprecipitate and analyze the p300 proteins on a lower
percentage (7%) SDS-polyacrylamide gel subjected 1o a
longer period of electrophoresis. This analysis showed that
introduction of AdI2 EIA sequences inte an AdS ETA
hackground resulted in a significant decrease in p300
mobility. The “shifted” p300 proteins present in the lines
transformed by the hybrid Ad5/12 ELA genes are shown in
panels A (lanes 2-4,6-8 and 10-11) and B (lanes 2-9). The
consistently faster migration of Add E1A-assoctated p300
proteins from DP3-2 cells loaded in lunes 1.5 and 9 of panel
A precludes the possibility that observed ditferences in p300
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Figure 4. Llectrophoretic mobility of p300 decreases s the AdI2 A
contert in hybrid ADS/E2 EEA genes increases. (A) The M73 antibody was
wsed 10 colmmunoprecipitate p30N from rat cells, Lines ES and 9 represcnl
the p3 protein coimmunoprecipitated rom the AdS EbA-transtinated et
ce!l line, 1DP3-2 while p30 from hybrid AdS/12 E1A-transfonned ran cells
are shown in Tanes 2= 6-8 and 10-11: (8] a-p3H0 polyelonal antiserum was
used 1o immumoprecipitste p3KE from the DIP5-2 dane 1), 12-1 tlane 1K
AdI2 E1A-transtormant) and hybrid Ad3/12 ElA-wanslormed tlanes 2-Y)
rat celts, p30U proteins shown in panels A and B owere anafyzed o a 74
SDS-pelyacrylamide gel and subseguently visualized by autul Tuoro-
radiography: (C3 The average relative mobility of p3H Tram BREA
teanstormed by wild-type annd fiybrid AdS12 ETA genes was determined by
densitometrie amilysis. The mumbers in parentheses, wider the celd Lines
represent tive number of experiments in which pHI0 was immunoprecipitined
from that cell Tine, The mean p30U wigration ratio was determined
according to the following cuteulation: finigrition distance o pA found
in cells transformed by a hybrid AJS/12 EIA gene) divided by omigration
distance of P3O0 found in wildtype AdS 1 Asranstormed cell lines, D32
or SM)).

mobility were due to imperfections of the gel. in panel 13,
lanes | and 10 contain p300 proteins immunoprecipitated
from DPS5-2 and 12-1 cells respectively. 1t should be noted
that all detectable p300 molecules immunoprecipitated from
12-1 cells (panel B. lane 10) using «-p30 polycional
antiserum were “shifted” with respect to p300 immuno-
precipitated from DP5-2 cells (pancl B, lane 1},
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The analysis presented in Fig, 48 and additonal gels (not
shown) were densitometrically scanned in order 1o accurtely
measure the migration distance of the respective piog
protetns inan unbiased manner. Fig, 4C illustraes the mean
P00 migration rtio, cideulited as the migration distanee for
P3O0 in cells transtormed by various hybrid AdS/1T ETA
senes divided by the migration distance Tor p30tin the Ads
B A-transformunt. DP3-20 The results suggest thal
retardation in p300 mebility may have oceurred in twa
progressive steps and tat maximum retardation appeired 1o
coincide with the presence of the sume two regions ol Ad12
E1A which were described carlier as intluencing
tmorigenicity and MHC elass Tespression,

p300 is differentially phosphoryiated i Ad12 FiA
compared 1o AdS ElA-transformed rat cells, Sinee the
mobility of proteins in SDS-PAGE is allected by poes
ranshtionat modifications sucl as phosphosyTation aned - 22
ix known to be a phosphoproteia ¢35, we decifed e
determine whether gel retardation ol p300 from AdLD 10
transtormants was due 1o difterential phosphorylation. P
SA shows an immunoprecipitation of 3O from the DI'S-2
(lane 1y and 12-1 (lane 33 lines using «-p 00 polyclonal
aniserum. To determine whether the 12-1 and DIPS-2 pitl)
proteins would migrate with cqual mobility following
phosphatase treatment. we incubated the DPS-2 tlane amd
12-1 (lane 41 pa00 proteins with & protein phosphatise. Both
phosphatase-treated ploO proteiny migrated as doublets
exhibiting altered mobilities relative 1o the p3OD species
immunoprecipitated from DPS-2 and 12-1 cells.
Furthermore, following phosphatase treanmeni, the pioo
mwobilities were indistinguishable whether the proteins were
derived from cells expressing AdS ELA or AdE2 ETA, This
suggested that differences in mohility of p3ot from Ad12
E1A- or hybrid E!A-transformed vt cetls was probably due
entirely to ditferences in phosphorylation.

To study the hasis of this gel mobility shilt further, we
Labelled DPS-2 and 12-1 cells with | =Pl-orthophosphate i
an attempt o generale two-dimensional tryptic niap il
phosphoaminoacid analyses of the p3o0 profeins present n
AdS ETA- and AdE2 BLA-translformants, Several atlempts o
generate adequatety lubetled and well resolved Iy plic
putterns proved unsuccessiul despite using s mieh as 30
mCi of HP per sample. This analysis was complicated hoth
by the inahility to incorporate P efficiently into p3io i
failure of all but a small Traction of labelled peptides to
sufficiently resolve in two dimensions tdita not shown,
However. sulTicient incorportion of P anta the pion
proteins preset in the AdS ELA- and Ad12 A -tanstorned
rat cells was obtained 10 pernit phosphomsing acid adyse
(Fig. S13). Densitometric analysis ol the intensity ol i
incarporation into the serine wel threonine profifes o m
Fig. 513 suggested that the vatio of serinecthiconine
phosphorylation was similar in p3H proeins o AUS 1A
£3.2:0) and Ad12 BIA- (3.6:1) transtormed tat cells
incorporation into phosphotyrosine restdues wi nal
observed. Finally. no differences in the phosphoannno e
profile were detected whether p306) was derived i thie
AdS El-transformant (DP3-2) or the Ad12 Bl -transtonnan
(i2-1).
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p300

Figme 5, p3K) s differentiatly phoaphorylated in AdE2 E1A- compaged 1o
AdS ElLA-tramstonmed cells, (A a-p300 palyelonal serum was used to
anmuopreciptite pAOO Hone the DPS-2 (AdS ElA-temstormed cell line:
Bune Drand E2-1 (A2 EEA-ransformed cebl line: Lane 30 cell Tines. Lanes
2ok 3 slww dhe result of weating p3K) immunoprecipitaes from DP3-2
aml 12-0celis with & protein phoxpliatase respectively, The doublet ands
seel e b protein phosplatase treatient are indicated by two arrows 1o the
ettt the gel: ¢y Phusphoamine acid prefiles of p3o proeins from DPS-2
CAUS PR and 128 AT p 3003 eells. The serine, threonine, and tyrosine
amine acid residues Ghown o tie Lelt of the gel) are reprosented by the
leters S, Tand Y orespectively,

Beeause our studies of p300 phosphotylation to this point
were canducted using a selection ol AdS E1TA- and AdI2
ELA-trnstormed rat cells, it was important (o determine the
etfect of ELA o the p300 proteins in additional AdS E1A-
aed ALY ELA-anstormed rat lines as well as in AdS EIA-
amd Ad LY EA-rransformed human lines (Fig. 6). p30o
prateins from these cells were tmmunoprecipitated using «-
pAHW polyclonal antiserum. Shown in the left pant of Fig. 6
are amalyses of pit proteins trom rat cells wanstormed by
AS ETA genes [lanes 1 (DP3-2) 3 (3-M) and 5 (DP5-1))
aal by AdT2 ETA genes [lanes 2 (12-1), 4 (702-C2), 6
CHABUCD and 7 tHABaC2)), As was the case with the p300
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Figure 6, p300 innnunoprecipitations from rad and human cells transformed
by AdS and AdI2 E1A genes. Additional rat cells transtormed by AdS EFA
{lunes 1 {DP3-2), 3 (5-Mpund 5 {DP5-1)| and Ad12 ELA genes [lanes 2 (12-
[y, 4 (702.C2), 6 {HABaCl) and 7 (HABaC2)| are shown on the left, while
human cells transformed by AdS EIA genes (lane 8 (293) and Ad12 ELA
genes thanes 9 (HER-3) and 1} (MH- 12 are shown on the right, Samples
were immunoprecipitated with «-p300 polyclonad serum. analyzed on a 20
em long 7% SDS-polyacrylamide gel and visvalized by sutofluorv-
riadiography,

protein from [2-1 cells, the p300 proteins from 702-C2.
HABuCl and HABaC2 cells also demonstrated a decreased
clectrophoretic mobility. Human cells transformed by Ad5
EIA genes [lane 8 (293)] and Ad12 E1A genes [lanes 9
(HER-3) and 10 (MH-12)] are shown to the right of the
figure. It is apparent that the decrease in mobility of p300
proteins in Ad12 EIA- relative to AdS ElA-transformants
occurs to a greater extent in rat than in human cells and
moreover, any change in the mobility of p300 for the human
cells was too small to be determined with certainty,

Discussion

Previously. using rat cells transformed by hybrid Ad5/12
EIA genes. we identified at least two regions of Ad12 ELA
which influenced wmorigenicity: amino terminal residues up
1o amino acid 83 and a region consisting of amino acids 108-
147 or 108-193 (20). In this report, we have begun to explore
the mechanisms by which these regions influence
twmorigenicity by examining their affect on cell surface
MHC class | expression and on the interaction between Ad12
E1A and cellular proteins.

While our data suggest that hybrid Ad5/12 E1A, AdS
EIA and Ad12 E1A proteins associated with cetlular proteins
with similar affinity. closer examination revealed that the
¢lectrophoretic mobility of p300 in SDS-polyacrylamide gels
decreased as the Ad12 EJA content in the series of hybrid
AdSH2 E1A-transformants increased, Whether antisera to
ETA or p300 were used to immunoprecipitate p300,
maximum retardation of p300 mobility was observed when
the two regions of Adl2 E1A implicated in conferring
tumorigenicity were co-expressed in the same strongly
tumorigenic cell lines transtormed by the hybrid Ad5/12 E1A
constructs (plus Ad12 EIB). p975, p1036 and p1227 as well
us in the strongly tumorigenic Ad12 El-transformant, 12-1.
Although one-dimensional electrophoresis did not allow the
precise number of p300 forms in Ad12 El1A-transformed rat
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cells to be determined. the existence of multiple forms is
likely since two-dimensional gel analvsis of Hela cells w
different phases of the cell cycle has reveated 4-7 forms of
P34} (50). The fact that mobility differences in Ad12 E1A-
associated p300 proteins tAd12 p300) were resolvable in the
300 kilodalton range of an SDS-polyacrylamide gel suggests
that & signiftcant post-translational modification may have
occurred which was dilfercat in cells transformed by Ad12
E1A versus Ad3 ELA,

To this end. we studied the basis of the gel mobility shift
exhibited by Ad12 p300 in greater dewil through prowin
phosphatase wreatment and attempts to generate *P-labelled
tryptic peptide map and phosphoamine acid profiles.
Treaument of immune complexes with 7 protein phosphutase
suggested that AdI2 p300 was ditferentially phosphorylied
relative 1o that of AdS p30. At least two distinet species of
p300 were well reselved following dephosphorylation. but
migrated predomimmtly as a single broad unresolved band
prior to phosphatase treatment. Despite several attempts
using as much as 30 mCi of |P] orthophosphute, we were
not suceessful in obtaining sufticiently tabelled p300 proteins
for resolution of phosphopeptides by s wo-dimensional tryptic
peptide maps. Morcover, the inability to adequately resolve
peptides in two-dimensions, likely due to their large size
andfor insolubility. Turther complicated our efforts (data not
shown). Phosphoamino acid profiles of AdS and Ad12 EIA-
associated p300 proteins revealed that both proteins were
comparably phosphoryluted on serine and threonine residues,
Our duta not only suggest that Ad12 p300 is differentially
phosphorylated. but that phosphorylation ol Ad12 p304) is the
major cause of its gel mobility shift relative 10 AdS pa0no,
Whether this shilt is due to hyperphosphorylation is appused
o phosphorylation at noved sites. could not be concluded
from these studies. Although we did not attempt 1o idemily
the Kinase responsible for phosphorylation ol p300, evidence
derived from in vitro Kinase studies suggests that the p33es:
kinase which indirectly associates with ETA. or the p3det:
kinase are capable of efficiently phosphorylating p306 (5,
Interestingly. this study also demonstrated that the two major
Ad5 E1A proteins inhibit phosphorylation of p300, a linding
which may suggest that AdS E1A and Ad12 E1A may differ
in ability to afTect kinase activity dirccted at p300. The
possibility that AdI2 ELA, unlike Ad3 E1A has lost the
ability o inactivate o phosphatase can not he excladed.

Before determining the role that w Zifferentially
phosphoryluted p30{ protein may play in conferring
tumorigenicity to Ad12 ElA-transformed cells, current
knowledge of p300 function must be considered. A number
of properties of p300 suggest that it is involved in regulation
ol gene expression. 1t is a nuclear phosphoprotein, present in
a variety of cell types (human, rat. monkey, mouse and
mink), exists in various phosphorylated lforms in Heba and
293 (Ad5 El-transformed human kidney line) cells and is
actively phosphorylated in all phases of the cell cycle (50).
p300 has not only been shown o possess DNA-binding
activity with specific alfinity for enhancer motifs tincluding
MHC class 1 H2TF! enhancer motif) (34), but has been
identified as « component of TATA-hinding protein (TBP)
complexes (1). Recently, the seyuence of p300, derived from
cloned ¢cDNA. was shown to contain a so-called
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bromodomain which is chariacteristic of transcriptional
activators such as the TBP-assoviated tactor, TAF2S0/CCGT
(13). Experiments.using this cDNA not ondy revealed that
P3N0 could overcome repression of the V4O transeriptional
enhancer by ETAL bt suggested that p3oo participates in
activating this enhancer (13, Morcover, on the basis of
sequence similarity, p300 and the TREB-ussociated CRP
nuclear protein, kave been proposed to belong o consersed
family of transcriptional co-activators (41, That an 151 Adpaon
complex miay be invelved in repression of gene expression is
supported by several reports indicating that ETA represston
of a variety of viral and tissue specilic promuaters i
dependent on interaction of E1A proteins with pion
(23344147 48)

Based on evidence above, we suggest that the E1A-p30H
complex present in Ad!2 El-vransformed cells may be
functionally altered in transeriptional regulation comprned
its counterpart in AdS El-transfornumts, This hypothesis is
consistent with previous findings from our faboratry which
suggest tha wanstormation of primary rodent cells by 1HEA
may not be simply dug o sequestraion of cellubar protesns
involved in transcription. but rather that an E1A-cellubv
protein complex may play o distinet functional role which
muy differ between Ad serotypes (200221 The Adi2 EFEA
sene contains i spaeer region between CR2 and CR3 wiich
is nut only absent from AdS LE1TA, bt which bas previowsly
been proposed to intluence tumorigenicity (2042). This 20
amino acid Ad12 ELTA spacer region [eaures a streich ol
conseentive alanine residues which is churacteristic of other
transcriptional repressors (2042, Consequently, it wis
suggested that this region may repress transceription of
cellular genes, such as the class T MBC gene, ina manoer
which may influence tomorigenicity. In this reporn, we
showed that this region is contained within a region which
cavses down-regulation of cell surface MHC class |
expression. Morcover, we hive Tound that the two AdB2 B1TA
regions thought o influence wmorigenicty (20, also
participate in down-regulation of MEC class T expression.

That an Ad12 ELTA-pl00 comples may play o rofe in
transeriptionsl regulation is not without precedent since the
adno tlerminus of AdE2 ETA, which binds p3oo, appears o
mediate repression of class | MIIC T-2K" throagh the
HZTET binding monf (26). Morcover, recent evidence lom
the same Liboradory spggests that the Ad12 E1A-pion
protein complex paaticipates in the process of MIHC cluss |
down-regulation through interactions with nucleur protein,
which bind o a ¢CAAm repeated element in the negatisae
regulitory domain of the H-2K" enbancer (K Yokoyau,
personal communicution). Since MHC cliass | down
regulation is i stridegy that many persistent s tuneonizenic
viruses such as Ad12 employ to evade Iysis by MO ches ]
restricted eytotoxic T lymphocyies (35), 00 s nitigrang thin
differential phosphorylition ol the A2 BIA-issociated
P3O0 protein nuty play @ role in this process,

The possibility that wmorigenicity of Ad-transjorimed
rodent cells requires down-regutation of MHC class |
expressien is a topic of great debite (17305 In fact, o hos
heen reported that transfection of an MEC class | pene inte g
tumuorigenic AdE2 El-translormed BALB/C mouse dine
fexpressing low but recognizable tevels of cell surlice class |
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antigens) enhances rather than abrogates wmorigenicity (30).
Failure to find a strict correlation between tumorigenicity and
reduced class T expression is likely attributable to differences
ameong the specics and strains of tansformed cells and hosl
animils, as well as to the Failure of Ad12 ETA o conststently
down-regalate MITC class [evels below a threshold required
for CTIL recogition (38.39; this report and Pereirg er af.
submitted). While the Ad12 ETA-p300 complex muy mediate
MHC class T down-regulition at the level of transcription.
this event may not be the sole factor influencing
tumaorigenicity. Therelore. we suggest that changes in
phosphoryLution of the Ad E1A-ussociated p300 prowein may
alter its activity in transeriptional regulation in a manner
which nay not only affect cell eyele progression. but nay
help to explain phenotypic differences (e.g. tumorigeniciry)
between AdS EE-and A2 El-transtormed rat cells.
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Contributions to Pereira et al., 1994:

(1)  Performed E1A co-immunoprecipitation studies to determine whether the hybrid
Ad5/12 E1A proteins differed in their interactions with cellular proteins in a manner

which may have correlated with turnorigenicity.

(2)  Using anti-p300 antibody in immunoprecipition studies and protein phosphatase
studies I compared the relative migration of p300 in the hybrid E1A lines as well as
in a variety of rat and human cells transformed by the E1 regions of AdS or Ad12.

onclusions:

In this report, again using the hybrid Ad5/12 E1A- (plus Ad12 E1B; transformants,
expression of the same two Ad12 ElA regions involved in tumorigenesis not only
correlated with down-regulation of cell surface MHC class I expression, but coincided with
the presence of an altered form of the E1A-associated cellular protein, p300, detected as a
more slowly migrating species in SDS-polyacrylamide gels. The decreased electrophoretic
mobility of p300 from hybrid Ad5/12 E1A- and Ad12 ElA-transformants could be
abolished by protein phosphatase treatment suggesting that the change in mobility resulted

from differential phosphorylation of p50(.

Unpublished Data Related To Pereira et al., 1994

To determine whether the Ad12 ElA-associated p300 protein was
hyperphosphorylated with respect to the AdS E1A-associated p300 protein, I labelied DP5-
2 (AdS Ei-transformed) and 12-1 (Ad12 El-transformed) rat cells with [32P]-
orthophosphate in an attempt to generate two-dimensional tryptic maps of the p300 proteins
in collaboration with Tomas Jelinek (University of Virginia). Several attempts to generate

adequately labelled and well resolved tryptic patterns proved unsuccessful despite using as
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much as 50 mCi of 32P per sample. The analysis was complicated both by the inability to

incorporate 32P efficiently into p300 proteins and failure of all but a small fraction of
labelled peptides to sufficiently resolve in two dimensions. Fig. 9 represents the best
attempt to generate a well resolved and adequately labelled two-dimensional tryptic
phosphopeptide maps for the p300 proteins from rat cells transformed by the E1 region of
Ad5 and Ad12. In comparison to the Ad5 E1A-associated p300, the Ad12 El1 A-associated
p300 could not be conclusively shown to be hyperphosphorylated.

Considerable evidence exists suggesting that p300 plays a role in regulating
transcription. Since one of these studies reported that p300 possessed intrinsic DNA-
binding activity with specific affinity for enhancer motifs such as those which bind NF-xB,
I decided to test the possibility that the differentially phosphorylated form of p300 present
in Ad12 El-transformants could competitively inhibit the binding of NF-xB to the MHC
class I R1 element thereby accounting for the decreased levels of cell surface class I
molecules. For this putpose, standard electrophoretic mobility shift assays (EMSAs) were
conducted using synthetic MHC class I R1 oligonucleotides and whole cell extracts of
DP5-2 and 12-1 celis (Fig. 10). To determine whether p300 was present in cellular
protein-R1 complexes, efforts to supershift these complexes with a-p300 antiserum were
attempted. p300 was not present in cellular protein-R1 complexes in either DP5-2 or 12-1
cells. The failure of p300 to be detected in a complex with the R1 (NF-xB binding)
oligonucieotide may be genuine, however, since these complexes were resolved in non-
denaturing gels, it is likely that given its large size, a p300/R1 complex may not have

penetrated the polyacrylamide gel matrix.
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Figure 9: Two-dimensional tryptic phosphopeptide maps of the
ElA-associated p300 protein derived from Ad5 El- (A)
and Ad12 El1- (B) transformed Hooded Lister rat cells,

Phosphopeptides (prepared as described in the Materials and
Methods section) were spotted at the "origin" of a thin layer
chromatography cellulose plate and electrophoresed in the first
horizontal dimension from the anode ("+") to the cathode ("-").
Liquid chromatography allowed the separation of phosphopeptides

in the second vertical dimension,
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Figure 10: Electrophoretic mobility shift assays (EMSAs) using

‘ J:edgf'.l- and Ad12 El-transformed Hooded Lister rat
EMSAs were performed using whole cell extracts and synthetic
oligonucleotides representing the NF-«xB binding site in the R1
element of the H2-KP MHC class I enhbancer. Lanes 1 and 4
represent cellular protein-R1 complexes in DP5-2 (AdS E1-
trapsformant) and 12-1 (Ad12 El-transformant) celis respectively.
Lanes 3 and 6 show the same respective complexes incubated with
a—pBQO antiserum in an attempt to identify p300 as a component of
the cellular protein-R1 complexes. Pre-immune serum (PIS) was

also incubated with DP5-2 (lane 2} and 12-1 (lane 5) whole cell

extract cellular protein/R1 mixtures.
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DISCUSSION

During the course of this research, a series of previously described hybrid Ad5/12
E1A- (plus Ad12 E1B) transformed rat cells (hybrids) were characterized to obtain a better
understanding of the basis for the different tumorigenic capacities of rodest cells
izansformed by the E1 regions of AdS and Ad12. Regions of Ad12 E1A mediating
tumorigenesis were mapped and their ability to serve as CTL epitopes and affect MHC

class I expression was examined (results summarized in Fig, 11).
a) Mapping Adl12 E1A Regions Which Mediate Tumorigenesis

At least two regiops within the first exon of Ad12 E1A, excluding CR3
(transactivation domain), were identified which mediate tumorigenicity: residues 105-144
and the amino terminal 105 amino acids. A stretch of 20 amino acids (124-144;
EQDENGMAHVSASAAAAAADRER) between CR2 and CR3 are present within Ad12
E1A residues 105-144 yet absent from corresponding Ad5 E1A sequences. The possibility
that this region contributes to Ad12 E1A-mediated tumorigenesis is supported by the fact
that it bears >55% homology to the corresponding region of the highly oncogenic simian
Ad7 E1A protein. Intriguingly, a feature of this region is the presence of several
consecutive alanine residues which appear to be characteristic of some transcriptional

TEPIESSOIS.
b) Effect of Ad12 E1A Regions on MHC Class I Expression

Expression of the Ad12 E1A regions involved in tumorigenesis was found to
correlate with reduced cell surface MHC class I levels observed in Ad12 El-transformed

cells. Despite the fact that a reduction in class I expression is thought to allow these cells to
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Schematic denoting functional regions in the first exon
encoded sequences of Ad5 and Adl2 ElA proteins.

AdS and Ad12 E1A protein regions are shown as open and closed
boxes respectively. The open reading frame of Ad5 E1A =nd
locations of conserved regions (CRs) are shown atop. Ad12 E1A
regions involved in tumor induction (A) and down-regulation of cell
surface MHC class I expression (B). AdS E1A regions (1 and 2)
potentially eucodihg CTL epitopes (C).



AdS NT
AdS AA

Adi2 HY
AdIZ AA

Adi2 NT
Adi2 AA

AdS NT
AdS AA

125

START 138 STOP
-
/
CR1 cR2] CR3 INTROH Exon 2
680 799 920 975 1112
40 80 120 139 184
e
so2 615 932 Adi2 E1A Regions Mediating
y 105 124 Tumorligeniclty.
. @ mm ("
Ad12 E1A Fegions Correlating
502 626 815 93 With Down-Reyputlation of
1 £2 105 144 MHC Class | Expression.
1 2 (C)
s60 690 017 o7s Ad5 E1A Reglons Encoding
1 ph 118 139 CTL Epitopes.




158
evade lysis by class I-restricted CD8% CILs, all the hybrids, regandless of their cocogentic

potential and with the exception of three tumorigenic transformants (975, 1036, and 1227),
were found to express sufficient cell surface class I levels for recognition and lysis by
allogeneic CTLs. Our data are therefore in agreement with previous studies that failed to
find a strict cormrelation between class I expression, susceptibility to allogeneic CTLs and
tumorigenicity among AdS E1- and Ad12 El-transformants (Meliow et al., 1984; Haddada
et al., 1986; Shemesh et al., 1991; Shemesh and Ehrlich, 1993). In fact, results from one
study suggests that transfection of class I genes into already tumorigenic Ad12-transformed
BALB/c mouse cells enhanced rather than abrogated tumorigenicity (Soddu and Lewis,
1992). It should be noted that differences in class I levels among various transformants
were not the result of clonal variation following transformation by the hybrid Ad5/12 E1A
and Ad12 E13 proteins since two or more independently derived cell lines transformed by
the same E1 sequences displaved similar class I levels. Moreover, differences in class I
levels between clones could not be attributed to differing levels of E1A expression since

comparable E1A levels were detected by Western blot analysis in all transformed cell lines.
c) Ability of Ad E1A Proteins to Serve as CTL Epitopes

Takzn together, the relationsivip between class I down-regulation, susceptibility to
allo-CTLs and tumorigenicity suggests that factors in addition to reduced class I expression
contribute to the tumorigenic capacities of AdS E1- and Ad12 El-transformed cells. For
example, cells transformed by Ad2 or Ad5 E1A are known to be susceptible to NK cells.
When the sensitivity of the hybrids was measured, however, susceptibility did not correlate
with tumorigenicity and was observed only by transformants expressing insufficient levels
of cell surface class I molecuies for recognition by allogencic CTLs. This observation is in
agreement with other reports suggesting that celi surface ciass I expression can interfere
with NK cell recognition/lysis (Storkus et al, 1989; Ljunggren and Karre, 1990; Kaufman

et al., 1992; Pena and Solona, 1992). Another factor which may contribute to the
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tumorigenicity of Ad El-transformed cells is whether their ELA products serve as CTL

epitopes. When used to immunize syngeneic Hooded Lister rats (MHC haplotype C),
Ad12 El-transformed cells (12-1 cells) were unable to generate syngeneic Ad12 El-
specific CTLs despite exprezsing sufficient cell surface class I levels for recognition by
allo-CTLs. It should be noted that Ad12 El-specific syngeneic CTLs have been generated
following in vitro stimulation of spleen cells isolated from tumor-bearing Hooded Lister
rats injected with Ad12 El-transformed cells (Raska et al, 1980). However, the
percentage specific lysis of target cells, ai an effector:target ratio of 400, ranged from
approximately 8-30% and was associated with standard errors as great as 15%. This range
of lysis is comparable to the lysis observed for the 12-1 line (12%) at a far lower
effector:target ratio of 50. Thus, it seems unlikely that Ad12 E1A encodes CTL epitopes in
conjunction with class I antigens. The possibility that the inability of these cells to generate
CTLs is due to down-regulation of peptide transporter genes, a recent finding in Ad12
transformed cells, cannot be excluded (Rotem-Yehudar et al., 1994). The susceptibility of
the hybrids to syngeneic Ad5 El-specific CTLs, suggested that Ad5 E1A encodes CTL
epitopes in two regions: the amino terminal 44 amino acids (region 1) and residues 119-139
(region 2). These are in excellent agreement with previous results which identified CTL
epitopes between nucleotides 625-810 (aa 21-83) and 916-974 (aa 119-138) (Routes et al,
1991). Independent expression of either region 1 (present in the tumorigenic p917-975-
and p917-1227-transformants) or region 2 (present in the non-tumorigenic p690-, p753-,
and p827-transformants) resulted in approximately 40% lysis by these CTLs, suggesting
that the epitopes encoded by these regions are equivalent in their ability to elicit CTL lysis
in vitro. That transformants, containing either region 1 or 2, demonstrate similar
sensitivities to lysis by syngeneic Ad5 El-specific CTLs in vifro yet differ in their ability to
induce tumors i vive may suggest that the Ad5 E1A epitope encoded by region 2 is

dominant to the region 1 epitope in eliciting an in vivo CTL response. That a hierarchy
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exists among peptides encoded by the same protein for induction of a response by T-cells is

not without precedent (for review see Sercarz et al., 1993).
d) Molecunlar Basis of Adl2 E1A-Mediated MHC Class I Repression

Although MHC class I expression did not strictly correlate with the oncogenic
potential of the hybrids, it remains an important factor contributing to tumorigenicity. Thus,
the molecular basis of class I down-regulation in Ad12 Eij - versus Ad5 El-transformed
cells was investigated. In Adl12 El-transformed cells, down-regulation of class I
expression occurs primariiy at the transcriptional level and is mediated by cellular proteins
such as NF-kB (inducer) and COUP-TF (repressor) that regulate class I expression by
binding the R1 and R2 class I enhancer elements respectively. The binding activities of
NF-xB and COUP-TF are respectively decreased and increased in Ad12 El- versus AdS
El-transformed cells. In collaboration with the laboratory of R. P. Ricciardi (University of
Pennsylvania), the hybrids were used to show that the same first exon regions of Ad12
E1A involved in tnmorigenesis and class I down-regulation also mediate the differential
binding activities of NF-xB and COUP-TF in Ad12 El-transformed rat cells.

At least two possible explanations may account for how sequences within the first
exon of Ad12 E1A mediate the down-regulation of NF-«xB binding to R1 in Ad12
transformed cells. One explanation is that nuclear translocation of NF-«xB is blocked as a
result of being retained in the cytoplasm by association with IxkBs (Beg & Baldwin, 1993;
reviewed by Miyamoto & Verma, 1995). However, this does not appear to be the case
since the nuclei of Ad12 transformed rat cells contain levels of NF-xB1-p50 (pS0) and
RelA (p65) which are similar to those seen in AdS transformed rat cells, where decreased
NF-«B binding activity is not observed. These results suggest a second possibility, in
which a nuclear inhibitor is responsible for blocking the binding of NF-«B to R1 in Ad12
transformed rat cells. Interestingly, a nuclear inhibitor has also been postulated to block

NF-«B binding to the HIV-LTR in THP-1 monocytic cells, negatively regulating NF-xB
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activity and therefore restricting HIV-1 gene expression (Raziuddin ez al, 1991). The

existence of nuclear inhibitors of NF-«xB might serve as one mechanism by which certain
viruses block NF-«B function. In any case, it is unclear how the sequences within the first
exon of Ad12 E1A are able to mediate the differential binding activities of NF-«xB and
COUP-TE. Future studies should not only reveal whether these E1A-mediated effccts are
regulated independently, but whether the DNA binding activities of COUP-TF and NF-«B
are influenced by their potential to directly interact with one another, In this context, it is
interesting that a glucocorticoid nuclear hormone receptor has been implicated in repressing
the ability of NFxB to activate gene expression by preventing its binding (Ray &
Prefontaine, 1994; Mukaida et al.,, 1994; Scheinman et al, 1995).

During the course of this study, other evidence was proposed suggesting that
diminished NF-xB binding activity in Ad12 El-transformed rat cells is due to an
interference in the processing of NF-xB1-p105 to NF-«B1-p50, resulting in significantly
reduced levels of NF-xB1-p50 (Schouten er al,, 1995). This is in contradiction with my
evidence which clearly shows that NF-xB1-p50 and NF-xB1-p105 (precursor of NF-xB1-
p50) are present at similar levels in Ad12 El- and Ad5 El-transformed rat cells. Moreover,
the notion that processing of NF-xB1-p105 to NF-«xB1-p50 is defective in Ad12 El
transformed rat cells is not consistent with the finding that steady-state levels of NF-«xB1-
pS0 are comparable in nuclear and whole cell extracts prepared from Ad12 El- and Ad5
E1-transformed rat cells. While the discrepancy between our data and the findings of
Schouten et al. seem unexpected in light of the fact that the E1 transformed cells examined
in both cases were derived from primary rat kidney cells, it may be explained on the basis
of differences in the specificity of the anti-NF-xB1-pS0 stibodies used. The specificity of
the 1157 anti-NF-xB1-p50 antibody, used here, was confirmed using cell extracts from
NF-xB1-p50 knock-out mice.



e) Do Ad12 ElA-Associated Proteins Contribute to Tumorigenesis 7 16

Differences in the tumorigenicity of Ad5 E1- and Ad12 El-transformants may be
explained by differences in the ability of their E1A proteins to associate with cellular
proteins. Although E1A co-immunoprecipitation studies revealed that the affinity of the
common AdS5 ElA-associated cellular proteins p300, p107, and p105 was similar
regardless of whether E1A proteins were hybrid or wild type, a slower migrating form(s)
of p300 (in SDS-polyacrylamide gels) was observed in hybrid Ad5/12 E1A- (plus Ad12
E1B) transformed cells. Through protein phosphatase treatment of immune complexes, it
was determined that the Ad12 E1A-associated p300 protein (Ad12 p300) was differentially
phosphorylated compared to that of Ad5 p300. Whether Ad12 p300 was hyper-
phosphorylated compared to AdS p300 could not be determined despite several attempts to
generate adequately resolved two-dimensional tryptic phosphopeptide maps using as much
as 50 mCi of [32P] orthophosphate. Aithough the kinase responsible for phosphorylation
of p300 proteins was not determined, evidence derived from in vitro kinase studies
suggests that the p33cdk2 kinase which indirectly associates with E1A, or the p34cde2
kinase, are capable of efficiently phosphorylating p300 (Banerjee et al., 1994).
Interestingly, P~~crjee and colleagues also demonstrated that the two major Ad5 E1A
proteins inhibit piusphorylation of p300, a finding whick may suggest that AdS E1A and
Ad12 E1A differ in their ability to affect kinase activity directed at p300. That Ad12 E1A,
unlike Ad5 E1A, has lost the ability to inactivate a phosphatase can not be excluded.

The possibility that the differentially phosphorylated Ad12 p300 protein may
contribute to the tumorigenic capacity of Ad12 El-transformed cells by modulating MHC
class I expression is likely since expression of the Ad12 El1A regions implicated in
tumorigenesis, class I down-regulation, and differential binding of NF-xB and COUP-TF
to the class I enhancer, correlate with differential phosphorylation of p300. Since a
significant body of data now exists implicating a role for p300 in transcriptional regulation,

namely that p300 can bind DNA with affinity for sequences related to enhancer ¢lemenis
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recognized by NF-«B, the possibility that Ad12 p300 interferes with class I transcription

directly by competitively inhibiting binding of NF-«B to i4e class I enhancer, was tested in
electrophoetic mobility shift assays with inconclusive results. Since this work was
conducted, other evidence from the laboratory of Yokoyama has implicated the Ad12 p300
protein in down-regulation of class I repression: 1) the amino terminus of Adl12 EIA,
which binds p300, may mediate repression of class I MHC H-2Kb through the R1 element
(Katoh et al., 1990); 2) the Ad12 E1A-p300 protein complex participates in the process of
MHC class I down-regulation through interactions with puclear proteins that bind to a
(CAA)n repeated clement in a negative regulatory domain of the H-2Kb enhancer (K.
Yokoyama, personal Qommunication). In the future, efforts aimed at determining whether
p300 a3sociates with NF-xB and whether this interaction differs in Ad5 E1- and Ad12 El-
transformants may shed light on the mechanisms which govern the differential oncogenic

potentials of these cells.
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APPENDIX

Attempts to Construci an Iniectious Adl12 Genomic Plasmid

Introduction

During the process of Ad replication inverted terminal repeats (ITRs), present at
both ends of the genome, serve as origins for viral DNA replication which proceeds via a
semi-conservative mechanism (see Horwitz, 1990). A model has been proposed
explaining the manner in which the displaced DNA strand is duplicated (see Tooze, 1980;
Kelly, 1984). Replication of the displaced DNA strand is thought to initiate following its
circularization due to hybridization of ITR sequences which has been proposed to generate
a panhandle structure. Circularization of the Ad genome has been observed in Ad5-infected
Her.a and primary BRK cells where a significant number of linear double stranded DNA
molecules are covalently closed (Ruben et al., 1983). Subsequently, it was shown that
these circles could not only be cloned as plasmids which replicate in bacteria, but that they
could generate infectious virus following transfection «f human cells (Graham, 1984).

Since their discovery, these infectious AdS géuomic plasmids have allowed the
creation of many recombinant vituses carrying mutations of E1 and E3 as well as foreign
genes which were rescued by homologous recombination between Ad5 genomic plasmid
sequences and Ad5 shuttle plasmid sequences harboring mutations and foreign genes.
Using this tecanology a large number of recombinant Ads have been generated and widely
applied to vaccine, expression, and gene therapy protocols (for review a review dealing
with the construction and characterization of Ad vectors, see Berkner, 1992; Hilt et al.,

1994, 1995; Graham and Prevec, 1995).
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Objective
Once regions of Ad12 E1A mediating tumorigenesis were identified, the affect of
these regions on the ability of the Ad12 virus to influence tumorigenicity would require the
creation of mutant Ad12 viruses. One way to accomplish this would be by digesting the
viral genome once near the left end and ligating the large fragment generated to plasmid
DNA containing mutated E1A sequences (Stow, 1981). To considerably simplify this
process, 1 attempted to create an Ad12 genomic plasmid. If successful, this plasmid, like
its Ad5 counterpart, could be used not only to rescue genomic mutations, but tc generate

recombinant viruses expressing foreign genes.

Experimental

Creating an infectious Ad12 genomic plasmid capable of replicating in bacteria
required the construction of a recombinant Ad, designated Ad12 Amp', harboring an
ampicillin resistance (Amp") gene and bacterial origin of replication (Ori). This task was
accomplished by creating pDP14, an Ad12 El-encoding plasmid in which nucleotides (nts)
972-2236 were replaced with pDP13, a pUC19 derived plasmid containing an Amp! gene,
Ori, and a unique Asc I restriction enzyme site. By virtue of a Bst EIl (Ad12 nt 3443} site,
which is unique to the Ad12 genome, and 2 Bam HI site corresponding to the extreme left
end of the Ad12 genome, this Bam HI/EStEIl fragment was liberated from pDP14 and
ligated to the large BstEIl Ad12 viral DNA fragment, thereby creating a recombinant viral
DNA molecule contzining an Amp® gene and Ori (Fig. 12, step 1). Since the Amp! gene
and Ori substitute for E1 sequences (including E1A) which are essential for viral
replication, Ad12 Amp! was propagated in human HER3 cells which constitutively express
Ad12 E1. 293 cells, which constitutively express Ad5 E1, were also used to propagate
Ad12 Ampf since Ad5 E1A complements Ad12 E1A function and vice versa. Next,

primary BRK cells were infected by Ad12 Ampf to generate covalently closed circular viral
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Strategy to create an infectious Ad12 genomic plasmid
using primary BRK cells.

This strategy involves 3 steps (numbered). Viral DNA sequences
are depicted as closed lines. Arrow heads represent the inverted
terminal repeats (ITRs) present at the ends of the Ad12 genome and
the ¥ symbolizes the location of Ad12 viral packaging sequences.
Open and hatched boxes, present in plasmid and viral DNA
molecules, represent bacterial origin of replication (Ori) and

ampiciilin resistance (AmpT) gene sequences respectively.
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DNA molecules (Fig. 12, step 2). Transformation of bacteria with DNA isolated from

infected BRK cells resulted in colonies derived from cells transformed by these covalently
closed circular viral DNA molecules since they carried an Amp¥ gene and Ori (Fig. 12, step
3). Due to their relatively large size (approximately 36 000 bp) these Ad12 genomic
plasmids are prone to rearrangements. Therefore, to determine whether colonies were
transformed by intact Ad12 genomic plasmids, plesmid DNA was screened by digestion
with Pvull which cleaves the Ad12 genome many times. Following this found of
screening, potential candidates were screened by restriction with Asc I which yields a 292
bp fragment representing intact ITRs.” The integrity of the ITRs is crucial in determining
whether these Ad12 genomic plasmids will be infectious following; transfection of
complementing HER3 or 293 cells. In total, 308 colonies were obtained following
transformation of bacteria with Ad12 Ampf infected BRK DNA, 30 potential Ad12
genomic plasmids existed after screening with Pvull and 7 remained following Asc I
screening (see Table 5). To accurately assess the integrity of the ITRs, the ITR junctions
of these 7 clones were sequenced. pPSG.1 (Fig 13B) exhibited the most nearly intact ITR
junction but had 90 bp missing from the left ITR and 7 bp from the right. In addition, a 7
and 10 bp duplication/insertion was present between the omitted ITR sequences. That
pPSG.1 was not infectious following transfection of HER3 and 293 cells was not
unexpected since studies using AdS genomic plasmids have demonstrated that nearly intact
ITRs (lacking no more than about 15-20 bp from one end and 2 to 3 bp from the other end)
are required for infectivity (Graham, 1984; A. Bett, personal communication).

Because attempts to generate an infectious Ad12 genomic plasmid were
unsuccessful following the above strategy, a second strategy was devised to replace the
ITR junctio. present in pPSG.1 with a pFG140-like ITR junction, thereby creating the
hybrid junction which would ultimately be present in the infectious Ad12 genomic plasmid,
plG12 (Fig. 13E). The pFG140-like ITR junction was chosen since pFG140 is a stable
and highly infectious AdS genomic plasmid (Graham, 1984). The creation of pIG12 from
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Table 5: Adl12 genomic plasmids screened for intact ITR junctions
following transformation of bacteria v/ith DNA isolated
from Adl12 AmprF-infected BRK cells.

Experiment# Colonies Pvull Clones* Asc I Clones*

25
88

[
o W

36
24
11
21
25
12
13
47

W oo~ g U b W N

ot
(=]
- O O 0O - o © o o un o

W N O O N W O = =

—
=t

Totals: 308 30 7

+ Eleven experiments were conducted in which the DH5-a and SURE
strains of E. coli were transformed with DNA isolated from Ad12
Amp’ infected BRK cells.

* Colonies were screened with the Pvu IT and Asc I restriction enzymes
to respectively determine whether Ad12 genomic clones were free
from rearrangement and carrying potentially intact ITR junctions.



Figure 13:

171

ITR sequences from viral genomes and genomic

plasmids of Ad5 and Adi2.

Sequence of the I'TRs present at the ends of the Ad12 and Ad5 viral
DNA molecules are shown in A and C respectively. B and D
respectively depict the sequences of the ITR junctions present in the
non-infectious Ad12 genomic plasmid, pPSG.1, and the infectious
AdS genomic plasmid, pFG140. Section E illustrates the ITR
junction of pIG12, a potentially infectious Ad1? genoni.c plasmid.
The ITR junction present in pIG12 contains ITR sequences from
pFG14¢C (not underlined) placed in a background of Ad12 ITR

pucleotides (underlined). A Cla I restriction site is shown in bold

type.
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pPSG.1 was divided into 7 steps (Fig 14). First, a collapsed more manageable version of

pPSG.1, pPSG.1col was constructed following an Nsi I digestion/re-ligation. Second,
pS2 was constructed when a Spe I/Asc I fragment corresponding to nt 28-146 wzs excised
from pPSG.1col, purified, and ligated to the large Spe I/Asc I fragment of pS1, a
pNEB193 derived plasmid carrying an Spe I restricition enzyme site. Third, synthetic
DNA oligonucleotides, representing a pFG140-like ITR junction berween two Spe I sites,
were generated, annealed, and inserted into the Spel site present in pS2, resulting in pS21J.
Fourth, the kanamycin resistance (Kan') gene present in pABS.3 was liberated after
restriction by Swa I and ligated to the cleaved Swa I site present in pS2J within the
pFG140-like ITR junction sequences to give rise to pS2JK. Fifth, the pS2JK Spe I Kan'
fragment was inserted into the Spe I site of pPSG.1col to generate p12JK1. Sixth,
p12TK2 was created when the large Spe I/Pst I fragment of pS2, which contains a majority
of the right Ad12 ITR, was joined to the Pst1, partial Spe I fragment of p12JK1 which
carries a Kan' gene followed by the left 972 nucleotides of Ad12. Seventh, a p12JK1
partial Asc I fragment harboring Ad12 nt -146 to 972 (encompassing the pFG140-like ITR
junction divided by a Kan® gene) was ligated to the large Asc I fragment of pPSG.1,
thereby creating pPSG.2. Finally, pIG12, a pPSG.2 plasmid lacking the Kan' gene but
possessing a pFG140-like ITR junction should have been generated when the two largest
Clal fragments of pPSG.2 (each possessing an I'TR at the Cla I site interface) were ligated
to one another. Out of 80 transformed bacterial colonies obtained following step number 8
of the above strategy, none of the 28 potential candidates containe the TTRs facing one
another despite the fact that the E. coli SURE strain, which can accomodate the 1¢plication
of plasmids possessing unstable ITR structures, was used in transformations. When the
large Bst EII/Cla I fragment of pPSG.2 was directionally ligated to a Bst EIl, partial ClaI
fragment of pPSG.2 (barboring the Ampr gene, Ori, and left pFG140-like TTR) and used
to transform SURE celis, no colonies were obtained despite several atiempts. If pIG12

could have been generated and found to be infectious in 293 and HER3 cells, tue final step
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Strategy to create pIG12, an Adi2 genomic plasmid

carrying a pFG140-like ITR junction.

This strategy involves 8 steps (numbered) aimed at modifying the
pop-infectious Ad12 genomic plasmid, pPSG.1, by creatiag a
synthetic pFG140-like ITR junction. In theory, the Ad12 genomic
plasmid resulting from this strategy, pIG12, should be capable of
generating virus following transfection of 293 or HER3 cells. Viral
DNA sequences are depicted as closed lines. Open, hatched, and
bricked boxes represent the bacterial origin of replication (Ori) and
ampicillin resistance (Amp®) and kanamycin resistance gene
sequences respectively. The ¥ symbol shows the location of Ad12

viral packaging sequences.
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in the strategy would have been to create a non-infectious genomic plasmid following

removal of the Asc I frapment (nt 146-972) harboring the Ad12 viral packaging sequence
(¥). Once construct=d this plasmid would have been tested for its ability to rescue

mutations of E1A as well as foreign genes following cotransfection and homologous
recombination of 293 or HER3 cells. The resuiting recombinant viruses could have been
used in protein expression and biochemistry studies as well as for vaccine and perhaps

gene therapy protocols.

Conclusions

Attempts to generate infectious Ad12 genomic plasmids were unsuccessful.
Although circularization of the Ad12 genome did occur in Ad12 AmpT-infected BRK cells,
some of a large number of genomic plasmids (308) screened following transformation of
bacteria (DH5-a. and SURE strains of E coli) with DNA isolated from these cells did not
possess ITR junctions sufficiently intact to ensure infectivity. The apparent lack of stability
of the Ad12 ITR in bacteria may be due to its size (163 bp) which is among the largest of
human serotypes. Interestingly, the Ad5 ITR junction, which is 103 bp in length, is stable
in infectious Ad5 genomic plasmids when only a few bp are deleted from one or both ends

of the viral genome.
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