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ABSTRACT

Metastasis is a complex process that results in the
spread of tumor cells to secondary sites in the host organism.
The expression of several denes that encode proteins with
varying roles in normal cellular metabolism has been
associated with development of the metastatic phenotype in
mammalian cells. Previous work has correlated oncogene
expression, including that of activated H-ras (T24 ras), with
enhanced metastatic potential. Human adenovirus type 5 E1lA is
a well documented oncogene that encodes two major mRNA species
of 13S and 12S from two exons resulting in the production of
polypeptides of 289 and 243 amino acids, respectively. Three
regions have been conserved in the larger protein with an
internal 46 amino acid region corresponding to conserved
domain 3 missing in the smaller protein. E1A positively and
negatively regulates transcription of several viral and
cellular genes. Transfection of highly metastatic T24 ras-
expressing B5R cells with human adenovirus type 5 E1A-
expressing vectors results in the suppression of metastasis.
Since ElA is a potent oncogene it is paradoxical that it
suppresses expression of a progressed phenotype induced by a
second oncogene. This work attempted to better understand the
suppressive mechanism operating in ElA-expressing cells by
mapping the region(s) required for suppression of metastasis
in 5R. Transfection of 5R with expression vectors encoding
wild-type and mutant E1A polypeptides, and subsequent

evaluation of metastatic capabilities of the resulting cell

vi



lines, revealed that sequences located at the N-terminus and
those encoded by exon 2 of ElA are involved in this process.
In contrast to the findings of previous studies only the 138
mRNA protein product, and not the 12S product, was capable of
eliciting the suppressive effect. The fact that conserved
domain 3 is an undisputed transcriptional activator suggested
that an ElA-responsive cellular gene was inducing the
suppressive effect. The N- and C-terminal regions required
for maintenance of the suppressive effect also encode
transactivation functions. Further investigation revealed
elevated T24 ras expression in the highly metastatic ElA-
expressing cell lines, while cell lines with low metastatic
potentials, including that expressing the wild-type 138
product, exhibited reduced T24 ras expression relative to 5R.
Statistical analysis revealed a direct correlation between the
level of T24 ras protein, p21™S, and the metastatic potential
of the cell lines. The results presented here preclude the
binding of E1A to the RB tumor suppressor product, p105%, and
to other well known cellular polypeptides from involvement in
metastatic suppression. They also suggest that
transcriptional repression functions of E1A are not involved

in down-regulation of T24 ras induced metastasis.
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INTRODUCTION




1) Oncogenic transformation of mammalian cells.

Oncogenes were first described as retrovirus-encoded
genes with tumorigenic capabilities in host animals. These
genes were subsequently found to be dominant mutated forms of
normal host genes (proto-oncogenes) that had been transduced
by retroviruses. Genetic damage to proto-oncogenes is
causally related to the phenomenon of cellular transformation
in mammalian cells (Bishop, 1987, 1991). Such mutations are
referred to as dominant and result in a gain of function.
Most proto-oncogenes encode proteins that are involved in the
cascade of events by which growth factors stimulate normal
cell division (reviewed by Bishop, 1991).

Oncogenes encode proteins that typically fall into four
categories: growth factors (eg. sis), growth factor receptors

(erbB, fms, kit), tranducers of growth factor responses (src,

ras, raf) and nuclear transcriptional regulators that are
involved in growth factor induced gene expression (jun, fos).
Generally, the transcription factor type oncogenes accomplish
transformation by cooperating with oncogenes from other
categories (reviewed by Hunter, 1991). The total number of
oncogenes identified to date is about 60 (see Varmus, 1987).

Transformation can also occur by recessive mutation.
This involves a class of genes referred to as anti-oncogenes
or tumor-suppressor genes and results in a loss of function.
Although numerous tumor-suppressor genes are currently known
(see Table 1), the most extensively studied ones are the
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Table 1.

Representative tumor suppressor genes
incriminated in human tumors.

Tunmor

Suppressor Chromosomal

Gene Locus Neoplasm(s)

RB 13914 Retinoblastoma; osteosarcoma;
carcinoma of breast,
bladder and lung

P53 17g12-13.3 Astrocytoma; osteosarcoma;
carcinoma breast, colon
and lung

WT1 11p13 Wilms’ tumor

? 11p15.5 Wilms’ tumor

DCC 18g21 Colon carcinoma

NF1 17g11.2 Neurofibromatosis type 1

FAP 5gq21-22 Colon carcinoma

MEN-1 11913 Tumors of parathyroid,

)

?

16g922.1-23.2
3p21
3pl2-14

1p36.1

pancreas, pituitary and
adrenal cortex

Liver carcinoma
Lung carcinoma
Kidney carcinoma

Neuroblastoma

Question marks are used where no nomenclature has been
adopted. Taken from Bishop (1991).




retinoblastoma tumor suppressor (RB) and p53.

Although the functions of RB and p53 are not fully
understood it 1is clear that their protein products play
critical roles in regulation of the cell cycle. This is based
on the finding that the active levels of both proteins
fluctuate in a cell cycle-dependent manner (Bischoff et al.,
1990; Weinberg, 1990). Also several DNA tumor viruses (SV40,
papillomavirus, polyomavirus and adenovirus) produce proteins
that accomplish cell immortalization by targeting these same
two proteins (Buchkovich et al., 1990; Weinberg, 1990). Since
tumor-suppressor genes are not of specific relevance to the
work described here they will not be discussed in any further
detail, although a significant amount of in depth information
exists in the area (for review see Marshall, 1991la).

Evidence shows that virtually all forms of genetic damage
found in human cancers occur spontaneously in cultured cells
(Meuth, 1990). Dominant mutations in proto-oncogenes result
in sustained or augmented activity, caused by either changes
in gene expression, usually overexpression, or mutations
within the gene products that result in a loss of control of
their biochemical activities. Most, if not all, mutations
described so far lead to a change in the level of activity of
the oncogene product, as opposed to a change in the function
or specificity of the protein such as a change in substrate.
Quantitative change as opposed to qualitative change. The

three main molecular events leading to conversion of proto-



oncogenes to oncogenes are point mutation, chromosomal
translocation and DNA amplification (Bishop, 1991).

Point mutations have been described as the underlying
cause of tumorigenesis in many human tumors. Several
oncogenes, the ras genes in particular, are activated by this
mechanism. The fact that many human tumors were consistently
found to contain point mutations in ras played a major role in
strengthening the suspicion that mutagenesis plays a role in
the genesis of cancer (Barbacid, 1987). Activation of ras by
point mutation is discussed in detail later.

Several oncogenes are activated by translocation,
including c¢=-abl, becl-1, and c-myc. Similarily c-abl,

erbB2/neu, c-myb, c-myc, L-myc, N-myc, K-ras, and N-ras are

amongst the proto-oncogenes activated by amplification (for

review see Burck et al., 1988).

Other mechanisms of oncogene activation do exist. These
include deletions, rearrangements, and insertions of, or near,
oncogenic sites which may or may not involve transposable
elements (Bishop, 1991). Table 2 lists some of these
mechanisms known to operate in human cancers.

The studies described herein involve the ras oncogene,and
no other cellular oncogenes. This fact warrants a
concentrated discussion of findings related to the mechanism
of transformation by ras, and a more progressed phenotype of

ras-transformed cells, metastasis.



Table 2. Mechanisms of activation of proto-oncogenes.

Mechanisnm

Consequence Examples

Transduction

Point mutation

Amplification

Chromosomal
translocation

Insertion
mutation

Protein-protein
interaction

Rearrangement

Insertion of exons of a src
proto-oncogene into a
retrovirus genome

Altered sequence and c-H-ras
biochemical function
of protein product

Augmented production of N-myc
mRNA and protein via
increased gene dosage

Altered regulation of Ph'
expression, sometimes (t[22:9]
with creation of abl-bcr)

hybrid proteins

Augmented production of c-myc
mRNA and protein via c-erbB

promoter or enhancer
in LTR, sometimes
accompanied by trun-
cation or fusion of
coding sequences

Stabilization and E1A + RB
altered biochem- p53 + SV40 T
ical function pp60°°¢ + Py mT

Altered regulation of c-ret
expression and/or c-trk

changes in protein
activity

Adapted and modified from Varmus (1987) and Bishop (1991).



2) The ras oncogenes.

The central role of ras in the pathogenesis of a wide
variety of human tumors is well established (Table 3)
(reviewed by Bos, 1989). The prevalence of ras mutation, as
opposed to mutations in other cellular oncogenes, in so many
different tissue types remains unexplained (Bishop, 1991).
This fact, however, points to a generalized role for ras genes
in the regulation of proliferation of diverse cell types.

The ras oncogene was the first activated human oncogene
to be isolated. In 1981, several dgroups of researchers
reported that a transforming factor in the genomic DNA of the
T24 human bladder carcinoma cell line could be transformed in
NIH 3T3 cells by DNA transfection (Krontiris and Cooper, 1981;
Perucho et al., 1981; Shih et al., 1981). Soon after, this
transforming gene was cloned by several groups (Goldfarb et

al., 1982; Pulciani et al., 1982; Shih and Weinberg, 1982).

Sequencing revealed that the cellular oncogenes from various
tumors were related to those already known to exist in some
RNA tumor viruses. The T24 bladder carcinoma oncogene

exhibited homology to the Harvey-ras oncogene (termed Ha- or

H-ras) from Harvey Murine Sarcom Virus (Parada et al., 1982;
Santos et al., 1982). A cellular oncogene from some colon and
lung carcinomas was found to be homologous to the Kirsten-ras
oncogene (Ki- or K-ras) of the Kirsten Murine Sarcoma Virus

(Der et al., 1982). Another member of the ras gene family




Table 3. Human tumors exhibiting transforming ras genes.

Ras Gene and tumor tvpe Origin of cells

c—-H~-ras
Bladder carcinoma Cell line

Bladder carcinoma

Primary tissue

Lung carcinoma Cell line
Melanoma Cell line
Mammary carcinosarcoma Cell line

Acute myelogenous leukemia

c—-K~ras

Lung carcinoma
Lung carcinoma
Colon carcinoma
Colon carcinoma

Primary tissue

Cell line

Primary tissue

Cell line

Primary tissue

Pancreatic carcinoma Cell line
Gallbladder carcinoma Cell line
Rhabdomyosarcoma Cell line
Ovarian carcinoma Cell line

Ovarian carcinoma

Gastric carcinoma

Acute lymphocytic leukemia
Acute myelogenous leukemia
Myelodysplasia

Renal cell carcinoma

Primary tissue
Primary tissue

Cell line

Primary tissue
Primary tissue
Primary tissue

Bladder carcinoma Cell line
N-ras

Neuroblastoma Cell line

Burkitt’s lymphoma Cell line

Fibrosarcoma Cell line

Rhabdomyosarcoma Cell line

Promyelocytic leukemia Cell 1line

Acute myelogenous leukemia
Melanoma

T cell leukemia

Chronic myelogenous leukemia
Myelodysplasia

Primary tissue

Cell line
Cell line

Primary tissue
Primary tissue

Taken from Burck et al. (1988).



was subsequently identified as a mutant transforming gene in
human neuroblastoma and rhabdomyosarcoma cell lines that had
a sequence closely related to the H- and K-ras genes (Hall et

al., 1983; Shimizu et al., 1983; Taparowsky et al., 1983;

Brown et al., 1984). This gene was termed N-ras.

3) Ras function.

The three activated ras genes, H-ras, K-ras and N-ras,
encode highly similar guanine nucleotide-binding proteins with
molecular weights of 21-kDa (Marshall, 1991b). Although the
biochemical pathways of normal ras protein (or p21™°%) function
are not fully understood it is clear that, in addition to
GTP/GDP binding, p21"™° proteins have GTPase activity and are
associated with the inner plasma membrane (reviewed by
Barbacid, 1987). Furthermore, the biochemical properties and
the peptide sequence of p217™° closely resemble those of the
heteromeric G proteins involved in signal transduction through

transmembrane signalling systems (Gilman et al., 1984; Hurley

et al., 1984; Tanabe et al., 1985). These facts, taken

together, suggest a function related to growth factor signal
transduction from the plasma membrane to the nucleus for the
ras gene family. In most, if not all cells, ras represents a
nexus for the control of proliferation based on the fact that
inactivation of p21™% protein by antibodies blocks the

mitogenic action of some growth factors and transformation by



some oncogenes (Mulcahy et al., 1985; Smith et al., 1986).

The molecular mechanism of p217° activation in signal
transduction involves binding to GDP/GTP. p21"™° is inactive
when present at the cytoplasmic membrane in a GDP-bound state.
It becomes activated by exchanging GDP for GTP. The activated
ras protein transmits a signal to an effector molecule, such
as adenylate «cyclase or phosphodiesterase, and later
inactivates itself by hydrolysis of GTP to GDP (reviewed by
Marshall, 1991a). The GTPase activity of p21"™° is stimulated
by a second protein called the GTPase activating protein (GAP)
(Trahey and McCormick, 1987; reviewed by Bourne et al., 1990).
GAP essentially interacts with GTP-bound p21™° and acts as an
effector in regulating hydrolysis of GTP in normal cells (see
Figure 1). In many tumor cells, mutant ras genes encode
structurally altered forms of p21™° that have a reduced
ability to hydrolyze GTP when compared to the wild-type ras

gene product (Gibbs et al., 1984; McGrath et al., 1984; Sweet

et al., 1984). Moreover, these mutant forms of p21™° exhibit
a greatly diminished sensitivity to GAP (Trahey and McCormick,
1987; Vogel et al., 1988). Due to their reduced GTPase
activity and resistance to GAP, oncogenic forms of p21"™° can
remain in the activated state for extended periods

of time during which the cell is constitutively stimulated
with mitogenic signals resulting in a perpetual loss of growth
control.

The most common mechanism by which mammalian ras genes

10



Inactive

40
P,
R Ras—GDP
32
GTP
Exchange
GTPase
activator N A
~ X GDP
s 32
7
Effector ’ .
(GTPase Active
activator?)
DNA synthesis

Figure 1. The GDP/GTP cycle of p21" and signal transduction.
In the way the scheme has been drawn, the active GTP form of
p21F2 interacts through its effector domain with either a
regulator GTPase-activating protein or an effector molecule.
Interaction with the effector molecule activates a signal
transduction pathway that under appropriate conditions can
lead to DNA synthesis. It is quite possible that the effector
will also be a GTPase-activating protein, so it is not
possible to decide at present whether the two known GTPase
activators for p21™% (GAP and NF1l) are regulators or
effectors. (Taken from Marshall, 1991Db)

b s

11



acquire oncogenic properties involves point mutation of
specific codons. Naturally occurring mutations have been
observed in codons 12 (glycine), 13 (glycine), 59 (alanine),
and 61 (glutamine) (Barbacid, 1987). Whereas all cellular ras
oncogenes usually carry a single activating mutation
retroviral ras oncogenes exhibit two mutations. The H-ras and
K-ras oncogenes have both replaced the GLY' and ALA*® residues
with ARG and THR®® or SERY and THR”, respectively (Dhar et

1982; Reddy et al., 1982; Tabin et al., 1982; Taparowsky

al.,
et al., 1982; Tsuchida et al., 1982) (Table 4). In vitro
mutagenesis studies have shown that mutations in codons 63,
116 and 119 can also oncogenically activate ras genes (Fasano

et al., 1984; Walter et al., 1986; Sigal et al., 1986).

In biochemical terms, ras can be activated to induce
cellular transformation by either qualitative or guantitative
mechanisms. Qualitatively, ras can be stuck in an activated
state if mutation results in deregulation of GAP-p21™°
interaction as described above. In addition, the protein

products of mutated transforming alleles of ras genes often

exhibit severely impaired GTPase activity (McGrath et al.,

1984; Sweet et al., 1984; Temeles et al., 1985). While these

qualitative variations on p21™° function are usually the
result of activating point mutations involving critical
codons, involvement of ras in cellular transformation is not
limited to activation by point mutation.

Quantitative changes in ras, such as increased expression

12



Table 4.

Ras proto-oncogenes converted to oncogenes by
activating point mutations.

Gene

Tumor

Cell tvpe

Lesion

c-H-ras

N-ras

Bladder carcinoma
NMU-induced bladder

carcinoma
Lung carcinoma

Colon carcinoma

Lung carcinoma

Acute Myeloid
Leukenmia

Neuroblastoma
Melanoma
Fibrosarcoma
Lung sarcoma

Human
Rat

Human

Human
Human

Human

Human
Human
Human
Human

Gly-12--+Val-12
Gly-12--Glu-12

Glu-61--Leu-61

Gly-12--Val-12
Gly—-12--Cys-12
Gly-12--Arg-12
Gly-12-—-Lys-12
Gln-61--His-61

Gly-12--Asp-12
Gly-13--Val-13
Gly-13-—+Asp-13
Gln-61-—-Lys-61
Gln-61-Lys-61
Gln-61——Lys—-61
Gln-61--+Arg-61

Adapted from Varmus (1987) and Bishop (1991). See also
Varmus (1984).
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of normal ras proto-oncogene can also induce certain
manifestations of the malignant phenotype. Linkage of normal
ras gene to retroviral regulatory elements, long terminal

repeats (LTRs), results in malignant transformation of NIH 3T3

cells (Chang et al., 1982; McKay et al., 1986). Similar
results have been observed by integration of multiple copies
of a DNA clone of the normal H-ras gene (Pulciani et al.,
1985) . These tumorigenic cells have 30~ to 100-fold higher
levels of ras expression than either the normal parental cells
or cells transformed by ras oncogenes that are activated by a
single point mutation.

In human tumors there is no evidence for activation of
ras proto-oncogenes by mutations that affect their expression
at the transcriptional 1level (Barbacid, 1987). However,
significant amplification of ras (= 10 fold) has been observed

in many human tumors (Filmus and Buick, 1985; Fujita et al.,

1985; Yokota et al., 1986). The overall frequency of ras gene
amplification in human tumors is estimated to be no more than

1% (Pulciani et al., 1985; Yokota et al., 1986). Despite

these facts quantitative analysis indicates that the level of
ras mRNA is 2 to 10 times higher in human neoplasms compared

to control tissues (Slamon et al., 1984; Spandidos et al.,

1984a, 1984Db). Generally the neoplastic characteristics
induced by overexpressed ras proto-oncogenes are more limited
than those induced by mutated ras genes. A combination of

qualitative and quantitative changes in ras usually results in

14



transformed cells with a more complete spectrum of neoplastic
properties (Barbacid, 1987).
In general, cellular ras oncogenes alone cannot transform

primary rat embryo cells (Land et al., 1983; Newbold et al.,

1983; Ruley, 1983). Efficient transformation of these cells
by ras requires the cooperation of one of several nuclear
oncogenes including c-myc, N-myc, adenovirus ElA, polyoma
large T, or a complementing mutation in the p53 tumor
suppressor (see Table 5) (Land et al., 1983; Ruley, 1983;

Eliyahu et al., 1984; Parada et al., 1984; Schwab et al.,

1985; Weinberg, 1985). 1In fact, expression of ras oncogenes
in rat REF52 cells results in toxicity induced by cell cycle
growth arrest at the Gy/S or G;/M boundary and requires
complementation by E1A for cell cycle progression and
transformation to occur (Franza et al., 1986; Hirakaw and
Ruley, 1988; Hicks et al., 1991).

Activated H-ras (T24/EJ ras) malignantly transforms
mammalian cells via DNA-mediated transfections (Varmus, 1984).
There is evidence that transformation by T24 ras is dependent
upon overexpression of T24 ras. Spandidos and Wilkie (1984)
have observed that, when linked to transcriptional enhancers,
T24 ras induces complete transformation of early passage NIH-
373 cells while normal H-ras only induces immortalization.
Similarily, Kelekar and Cole (1987) showed that T24 ras
immortalized early passage baby rat kidney (BRK) cells could

not be morphologically transformed by a long terminal repeat-

15



Table 5. Oncogene complementation groups.

Group A ("Immortalization®)

Group B ("Transformation®)

myc family:
v-myc, c-myc, N-myc, L-myc

Adenovirus E1lA

Polyoma large T antigen

p53 tumor suppressor mutation
v-myb

SV40 large T antigen

ras family:
H-ras, K-ras, N-ras

Adenovirus E1B (19-kDa)
Polyoma middle T antigen

v-sre

Taken from Burck et al. (1988).
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c-myc oncogene, but secondary transfection with T24 ras
produced morphologically transformed colonies that had 20- to
40-fold higher levels of T24 ras expression. Other groups
have similarily reported a correlation between increased T24
ras expression and enhanced malignancy in Balb/3T3 and REF

cells (Land et al., 1986; Kovary et al., 1989).

17



4) Ras and metastasis.

Recently the ras oncogene has been found to play a direct
role in the modulation of the metastatic phenotype of cells in
addition to its well-documented involvement in cellular
transformation. NIH 3T3 cells transfected with activated ras
genes can form metastatic nodules in the lungs of T cell
deficient nude mice when injected subcutaneously (Bernstein

and Weinberg, 1985; Greig et al., 1985; Muschel et al., 1985;

Thorgeirsson et al., 1985). Although ras genes are generally

unable to transform primary rat embryo cells, Pozzatti et al.
(1986) have shown that these cells transfected with H-ras are
not only transformed but exhibit very high metastatic
potential upon intravenous tail-vein injection of nude mice.
The influence of ras on metastasis appears to be cell-
type specific. A study using different mouse cell lines
indicates that ras oncogenes confer differential metastatic
capabilities on cells (Muschel et al., 1985). Also, in
contrast to mutated ras genes, overexpression of the c-ras
proto-oncogene does not result in the induction of metastasis
in NIH 373 cells. Egan et al. (1987a) have demonstrated that
ras plays a direct role in regulating the metastatic
propensities of mouse 10T% cells. That is, the degree of
malignancy is ras-expression-dependent with cells that express
high levels of mutant ras exhibiting a relatively higher
metastatic potential as determined by intravenous injection.

ras-mediated transformation is believed to be related to the

18



mechanism of onset of metastasis, since ras mutations capable
of cellular transformation have the potential to elicit full

metastatic characteristics on cells (Egan et al., 1989b).

This finding supports the conception that both transformation
and metastasis are inducible through the aberrant GTPase
activity of mutated ras genes.

The mechanism by which ras influences the malignancy of
cells likely involves the indirect regulation of expression of
metastasis—-associated genes. Several genes, such as those
encoding extracellular matrix proteins, metalloproteinases,
and those regulating growth factor responses are regulated by
ras expression (Denhardt et al., 1987; Schwarz et al., 1988,

1990; Gingras et al., 1990). This occurs mainly through

activation of the AP-1 transcription factor family by ras
(Aoyama and Klemenz, 1993). In addition, several studies
indicate that ras-mediated transformation or metastatic
progression is dependent upon the occurrence of at least one
other complementing cellular mutation (Bishop, 1987; Wright et
al., 1990a). Recently, Taylor et al. (1992) have demonstrated
that in mouse 10T% cells transfected with combinations of T24
H-ras, c-myc and a mutant form of p53, the ras/myc/p53
combination produced, in the lowest case, approximately 12
times more metastatic lung nodules than any other single or

double gene combination.
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5) Molecular mechanisms involved in metastasis.

The term "metastasis" was coined by French physician

Joseph Claude Recamier in his 1829 treatise Recherches du

Cancer. He was the first to provide biological evidence that
metastasis 1is caused by tumorigenic cells that enter the
circulation and colonize in distant tissues and lymph nodes.
Today, metastasis is the primary cause of death in cancer
patients for whom cancer treatment fails (Liotta, 1992).
Despite the fact that metastasis has been recognized as the
most critical aspect of cancer for 160 years, the mechanism
underlying its development and expression is still not well
understood. This 1s 1likely due to the fact that the
establishment of the metastatic phenotype is very complex,
involving the expression of many cellular genes and regulation
by both positive and negative factors.

Metastasis is an intricate process involving a cascade of

linked sequential steps involving many host-tumor interactions

(Fidler et al., 1978; Fidler and Hart, 1982; Liotta et al.,
1983; Schirrmacher, 1985; Nicolson, 1988; 1991). Successful
metastatic spread of tumor cells requires that they be able
to, (1) leave the primary tumor mass, (2) invade the local
host tissue, (3) enter the circulation, (4) arrest at a
distant vascular bed, (5) extravasate into the target organ
interstitium and parenchyma, and (6) proliferate as a

secondary colony (Liotta et al., 1991; see Figure 2). Cells
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of the primary tumor often enter the circulation by
penetrating new blood vessels formed during angiogenesis

(Folkman, 1971; Folkman et al., 1989).

The primary tumor mass has been viewed as a heterogenous
mass with a small subpopulation of preexisting metastatic
tumor cells (Fidler and Hart, 1982). The metastatic
subpopulation is short-lived and 1low in abundance, but
dominates the primary tumor mass early in its growth (Kerbel,
1990) . The metastatic process is a highly selective one and
a very small percentage (< 0.01%) of circulating cells survive
to successfully initiate a metastatic colony (Liotta, 1992).

The earliest phase of metastasis is the interaction of
tumor cells with the extracellular matrix, or a specialized
form of the extracellular matrix called the basement membrane
(structure reviewed by Yurchenco and Schittny, 1990). The
ability to violate the epithelial basement membrane, a dense
matrix of collagen, glycoproteins and proteoglycans, is
characteristic of metastatic cells. 1In fact, a definition of
the behavior of metastatic cells is the ability to cross
tissue compartment boundaries and interact with different cell

types (Barsky et al., 1983; Liotta et al., 1983). The

basement membrane surrounding blood vessels provides selective
permeability for the transport of proteins and other small
molecules but does not contain pores large enough for tumor
cells to passively traverse it. Therefore invasion of this

structure requires a highly specialized mechanism.
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Tumor cell interaction with the basement membrane, or
tumor cell invasion, can be separated into three phases
including attachment, matrix dissolution, and migration
(Liotta et al., 1991; see Figure 3). First, the tumor cell
binds to the basement membrane surface by tumor cell surface
receptors that recognize basement membrane glycoproteins such
as type IV collagen, laminin, and fibronectin (Humphries, et

al., 1986; Hynes, 1987; Rao et al., 1989; Aznavoorian et al.,

1990). The second step, basement membrane invasion, occurs
two to eight hours after attachment at the point of tumor
contact. Metastatic tumor cells directly secrete proteolytic

enzymes capable of breaking down basement membrane proteins

(Gottesman, et al., 1990). This takes place in a highly
localized region near the tumor surface where proteinase
concentrations outweigh those of natural proteinase inhibitors
in the vicinity (Brown, 1990). The third step of basement
membrane interaction is locomotion, or motility, of the tumor
cell across the basement membrane and stroma through the space
created by matrix proteolysis. Locomotion involves
pseudopodial protrusion at the leading edge of the migrating

cell (Guirguis et al., 1987; Luna et al., 1989). This is a

highly regulated process in which the front of the advancing
tumor cell surface continues to activate proteases to cleave
obstructing matrix protein molecules while the rear of the
tumor cell remains firmly attached to the extracellular

matrix. Once a tunnel is cleaved in front the proteases are
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Figure 3. Tumor cell invasion. Invasion is the complex
process that allows tumor cells to escape from the circulation
and establish metastases in tissues. (a) As a prelude to
invasion, a tumor cell induces the endothelial cells that line
the blood vessels to retract, exposing the matrix of proteins
called the basement membrane. (b) The tumor cell then
attaches to the basement membrane by binding with certain
molecules on it. (c¢) Enzymes secreted by the cell cleave the
matrix proteins and cut a hole in the membrane. (d) The tumor
cell then moves into the hole while continuing to produce more
enzymes that allow it to penetrate the layers of extracellular
material beyond the basement membrane and to enter the

tissues. (Taken from Liotta, 1992)
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switched off so the cell can adhere to the sides of the
extracellular matrix, release any attachments at the rear of
the cell, and propel itself further forward (Liotta, 1992).
Certain tumor cell cytokines, termed "autocrine motility
factors" (AMFs) or "scatter factors" (SFs), are believed to be
involved in random motility of the tumor cell during invasion

(Liotta et al., 1986; Guirguis et al., 1987; Gherardi et al.,

1989). These are thought to act through receptor activated G
proteins. Studies further examining this mechanism have
described inhibition of AMF-mediated motility by pertussis
toxin (Stracke et al., 1987).

A number of studies have observed increased expression of
metalloproteinases in metastatic cell lines and linked this

finding to expression of metastatic phenotype, or more

specifically, tumor cell invasion (Liotta et al., 1980;
Goldfarb and Liotta, 1986; Matrisian et al., 1986; Mignatti et
al., 1986; Wilhelm et al., 1987; Ostrowski et al., 1988;
Matrisian and Bowden, 1990; Levy et al., 1991). The members
of the matrix metalloproteinase family have the following
characteristics: (1) they exhibit proteinase activity involved
in degradation of at least one extracellular matrix component
(see Figure 4), (2) they contain a zinc ion and are inhibited
by chelating agents, (3) they are secreted in a latent form
and require activation for proteolytic activity, (4) they are
inhibited by specific tissue inhibitors of metalloproteinases,

and (5) they have some homologous amino acid sequences
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development of metastasis. Metalloproteinases are enzymes
secreted by tumor cells that play a critical role in the

invasion process. (a) Initially, metalloproteinases are
inactive because one end of the molecule obstructs the active
site of the enzyme. (b) When the enzyme is needed, however,

the end sequence is pulled aside and clipped off. (c) With
its active site clear, a metalloproteinase bound to a collagen
molecule in the extracellular matrix (d) can cleave the
protein into fragments. (Taken from Liotta, 1992)
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(reviewed by Matrisian, 1990). The metalloproteinase family
includes varying forms of interstitial collagen (collagenase
I), collagenase IV, and stromelysin.

It is clear that regulated expression of
metalloproteinases is a normal part of cellular metabolism.
They are involved in a number of normal cellular processes
such as proliferation, differentiation, and angiogenesis
(Burger, 1970; Liotta, et al., 1991). The observation of
increased metalloproteinase gene expression in metastatic
cells, however, does not necessarily imply uncontrolled,
constitutive expression of these enzymes. Rather, the
carefully regulated manner in which cells invade basement
membranes is suggestive of a mechanism involving highly
organized proteolysis, both spacially and temporally. The
actual functions or level of proteolytic activity in invading
tumor cells is likely similar to that of normal cells, except
that the former couple proteolysis with motility to achieve

invasion in a way that normal cells cannot (Liotta et al.,

1991).

In addition to the metalloproteinase family, other
classes of degradative enzymes have been associated with
metastatic progression. These include heparanases, and

serine- and thiol-dependent proteinases (Wang et al., 1980;

Recklies et al., 1982; Sloane and Honn, 1984; Mignatti et al.,
1986; Nakajima et al., 1988; Reich et al., 1988; Nakajima et

al., 1989, 1991; Schwarz et al., 1990). As well, several
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groups have correlated expression and activity of two cysteine
proteinases, cathepsin L and cathepsin B, with metastatic

potential of tumor cell lines (Sloane et al., 1981; Denhardt

et al., 1987; Rozhin et al., 1989; Yagel et al., 1989; Sloane

et al., 1990; Chambers et al., 1992). The observations of

several studies are in agreement with the concept proposed by
Mignatti et al. (1986) that a cascade involving many of these

proteolytic enzynmes underlies the invasive process

(Thorgeirsson et al., 1982; Wang and Stearns, 1988; Mignatti

et al., 1989).

Expression of type IV collagenase, however, appears to be
especially important in tumor cell invasion (reviewed by
Stetler-Stevenson, 1990). Several studies have discovered a

positive correlation between these two events (Liotta et al.,

1980; Turpeenniemi-Hujanen et al., 1985; Nakajima et al.,
1987, 1989). Augmented collagenase IV activity is associated
with induction of metastatic characteristics in tumor cells

(Muschel et al., 1985; Garbisa et al., 1987; Bonfil et al.,

1989; Ura et al., 1989). Almost all progressed and invasive
colon, gastric, and breast cancers show high 1levels of
collagenase IV expression (D’Errico et al., 1991). Moreover,
in wvitro experiments show that the use of agents that
specifically inhibit collagenase IV activity or block its
secretion results in a loss of tumor cell invasion (Wang et

al., 1980; Reich et al., 1988) . Down-regulation of

collagenase IV activity by retinoic acid treatment of human
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metastatic tumor cells has also been associated with a loss of
invasive capabilities (Nakajima et al., 1989). In contrast,
normal nontumorigenic, nonmetastatic cells, as well as cells
from benign tumors express low levels of 72-kDa collagenase IV

(Monteagudo et al., 1990). These findings suggest that there

is a central and direct relationship between collagenase IV
expression and tumor invasion in a wide variety of cell types.

The malignant phenotype is also regulated by several
proteins, or protein families, that have been traditionally
viewed as structural or adhesive proteins. These are
molecules that, unlike proteases, do not degrade extracellular
matrix components, but regulate the interaction between the
cell and the extracellular matrix.

The integrins are cell surface adhesion molecules that
bind to extracellular matrix components, mainly fibronectin
(Hynes, 1987; Ruoslahti, 1988). These molecules are
transmembrane glycoproteins that, by virtue of their
structure, are able to bridge the extracellular matrix to the
intracellular cytoskeleton (for review of structure-function
relationships of integrins see Humphries et al., 1993).
Signal transduction by integrins is associated with an
intracellular tyrosine kinase activity (Kornberg et al.,
1991). Moreover, this activity is regulated by both cellular
adhesion and oncogenic transformation (Guan and Shalloway,
1992). In addition to their role in cell migration, cell

adhesion and lymphocyte homing, integrins are now known to

30



play a role in regulation of the metastatic phenotype
(reviewed in Ruoslahti and Giancotti, 1993). Since the
integrins are involved in direct interaction with components
of the extracellular matrix, it is not surprising that
evidence is now emerging which suggests that they regulate
metastasis through regulation of extracellular matrix invasion
(for review see Chammas and Brentani, 1991).

The hyaluronan (HA) receptors, including RHAMM and CD44,
are another class of proteins which have been associated with
metastatic progression. Like the integrins, these molecules
also interact with the intracellular cytoskeleton and play
roles in cell adhesion and cell migration (for review see
Underhill, 1992; Turley, 1992). HA is a glycosaminoglycan
that has been implicated in cell locomotion (for review see
Turley, 1992). It is a chemoattractant that positively or

negatively regulates motility depending upon its concentration

(Turley et al., 1991). Partin et al. (1988) and Turley et al.
(1991) have shown evidence of H-ras induced locomotion and the
latter group has correlated this increased locomotion with
autocrine production of HA. Furthermore, when HA interaction
was inhibited by the addition of a competetive ligand, H-ras
induced motility was inhibited.

RHAMM, Receptor for HA Mediated Motility, is a 58-kDa
glycoprotein that not only binds HA but also forms a bridge
between HA and a transmembrane docking protein ("connectin")

to form a complex referred to as HARC (Turley et al., 1987,
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1991). Turley et al. (1991, 1993) have also shown induction
of RHAMM expression by mutant ras and inhibition of HA
effected locomotion by the addition of RHAMM-specific
antibodies in ras transformed cells. This suggests that HA
mediated motility in ras transformed cells is dependent upon
RHAMM function. Therefore, RHAMM is believed to be an
important factor in cellular invasion and metastasis.

CD44 is also an HA-binding glycoprotein but is a
transmembrane protein and is therefore different and distinct
from RHAMM. Its functions and biochemical activities include
lymphocyte homing, binding of collagen, laminin, and
fibronectin, HA-dependent adhesion and HA degradation (for
review on CD44 see Underhill, 1992). Interestingly, high
levels of CD44 have been found in several types of carcinomas,
gliomas and many non-Hodgkin’s lymphomas (Stamenkovic et al.,

1989; Horst et al., 1990; Kuppner et al., 1992). In addition,

several groups have observed that expression of certain CD44
splice variants is directly related to the invasive and
metastatic potentials of tumor cells (Gunthert et al., 1991;
Sy et al., 1991). This points to a direct role for CD44 in

metastastic progression in various cell types.

6) Factors positively regqulating metastasis.

Plasminogen activators, especially urokinase-type
plasminogen activator (uPA), have been linked with metastatic

progression of tumor cells (Dano et al., 1985; Reich et al.,

32



1987; Sappino et al., 1987). Plasminogen activator is

actually a serine protease that converts plasminogen, a
ubiquitous extracellular zymogen, into the trypsin-like
protease plasmin. Plasmin degrades interstitial glycoproteins
such as fibronectin and laminin and converts procollagenase
into active collagenase forms (Axelrod et al., 1989).
Therefore plasminogen activators play a central role 1in
activation of extracellular matrix-related proteinases.
Axelrod et al. (1989) have shown that overexpression of
urokinase-type plasminogen activator in H-ras-transformed NIH
3T3 cells enhances invasion and experimental metastasis
induction. Additionally, functional inactivation of uPA using
anti-uPA antibodies blocks human tumor cell invasion in the
chick chorioallantoic membrane assay as well as mnurine
melanoma cell nmetastasis following tail-vein injection

(Ossowski and Reich, 1983; Estreicher et al., 1989). Serine

proteinase inhibitors also block tumor cell invasion in a

similar manner (Mignatti et al., 1986).

Cell adhesion proteins such as fibronectin and laminin,
have also been identified as having a role in the movement of

malignant and metastatic cells (McCarthy et al., 1985;

Juliano, 1987). More precisely, the fragments of the
extracellular matrix molecules that are produced by the action
of tumor-derived enzymes act as chemotactic factors for
metastatic tumor cells.

The expression of several oncogenes has been associated
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with metastatic progression. The role of ras in this context

is well documented (Muschel et al., 1985; Garbisa et al.,

1987; Nicolson, 1987; Hill et al., 1988; Greenberg et al.,

1989; Ura et al., 1989; Theodurescu et al., 1991).

Additionally, several other cytoplasmic oncogenes including
serine/threonine kinases v-mos and v-raf, tyrosine kinases v-
src, v-fes and v-fms, as well as mutant p53 can induce

metastasis in specific cell types (Egan et al., 1987b; Pohl et

al., 1988; Greenberg et al., 1989). Oncogenes involved in

expression of the metastatic phenotype are likely involved in
a pathway affecting proteinase production. This has been
observed in the case of ras which influences tumor cells to

overexpress collagenase IV, stromelysin, cathepsin L and AMF

(Thorgeirsson et al., 1985; Liotta et al., 1986; Denhardt et

al., 1987; Garbisa et al., 1987; Mason et al., 1987; Collier

et al., 1988; Ura et al., 1989).

Other classes of genes and factors such as tumor
promoting phorbol esters (TPA), and growth factors such as
epidermal growth factor (EGF) and fibroblast growth factor
(FGF) enhance expression of transin, a rat homologue of human

stromelysin (Liotta et al., 1991). Some studies suggest that

the nuclear c-fos oncogene, a transcription factor, is

involved in modulation of stromelysin levels by growth factors

(Kerr et al., 1988; Matrisian and Bowden, 1990). Another
growth factor, platelet derived growth factor (PDGF), which

operates through ras pathway activation, and TPA, both induce
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cathepsin L expression (Liotta et al., 1991; Chambers et al.,

1992) .

7) Factors negatively requlating metastasis.

As suggested earlier, progression to the metastatic
phenotype is under strict control of both positive and
negative factors and requires a careful regulation of these

molecules (Liotta et al., 1991; Matrisian, 1990). Generally,

the action of any specific, or nonspecific, proteinase
inhibitor results in decreased levels of tumor cell invasion
and metastasis. This has been reported in work involving
cathepsin L/B, serine proteinase, and plasminogen activator
inhibitors as well as for tissue inhibitors of
metalloproteinases (TIMPs) (Carmichael et al., 1986; Mignatti

et al., 1986; Levin and Santell, 1987; Yagel et al., 1989).

Such natural proteinase inhibitors essentially function as
metastatic suppressor proteins that inhibit tumor cell
invasion of basement membranes (see Figure 5).

Although many growth factors are associated with enhanced
proteinase production and elevated invasion and metastasis,
this is not always the case. Transforming growth factor-85
(TGF-B) exhibits opposite regulation in relation to
metalloproteinase and TIMP production. In cultured fibroblast
cells TGF-B induces TIMP expression and represses growth
factor induction of stromelysin and collagenases (Edwards et
al., 1987). Also, TGF-B counteracts metastasis induction by
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Figure 5. Negative regulation of metastasis by proteinase
inhibitors. Tissue inhibitors of metalloproteinases (TIMPs)
are proteins secreted by cells that suppress invasion by
preventing the breakdown of collagen. One member of the TIMP
family, TIMP-2, is particularly effective because it binds
with both the active and inactive forms of the
metalloproteinase enzyme called type IV collagenase (taken
from Liotta, 1992). See Matrisian (1990) for review of TIMPs.
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basic fibroblast growth factor (bFGF) by inhibiting
proteolytic and angiogenic properties of endothelial cells in
vitro (Pepper et al., 1990).

For several years people have hypothesized the existence
of metastasis-suppressor genes. This idea gained substantial
support following two seperate studies in the mid-1980’s which
showed that fusion of normal cells with metastatic cells
resulted in tumorigenic but nonmetastatic cells (Sidebottom
and Clark, 1983; Turpeenniemi-Hujanen et al., 1985). Further
analysis showed that mRNA levels of a gene called nm23 were
reduced 10-fold in five of seven murine melanoma cell lines
that were highly metastatic compared to the other two lines of
low metastatic potential (Steeg et al., 1988a). Similar
relationships were observed using nm23 mRNA and protein
evaluation of human infiltrating ductal breast carcinomas
(Bevilacqua et al., 1989). The nm23 gene is highly homologous
to the Drosophila awd (abnormal wing differentiation) gene and
its protein product appears to be a nucleoside diphosphate
kinase (Dearolf et al., 1988a, 1988b; Rosengard et al., 1989;
Liotta and Steeg, 1990; Liotta et al., 1991). Steeg et al.
(1988b) have shown that suppressed metastatic potential
correlates with enhanced nm23 production in xas plus
adenovirus ElA-transfected cells but not in cells transfected
with ras alone. ElA-mediated suppression of metastasis has

also been reported by Pozzatti et al. (1986, 1988) and is

further discussed herein.
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8) Human adenoviruses and the E1A oncogene.

The human adenoviruses were the first viruses of human
origin shown to be oncogenic. Trentin et al. (1962) first
found that human adenovirus serotype 12 (Adl2) was capable of
inducing tumor formation in newborn hamsters. This finding
was subsequently confirmed by several other groups for

additional adenovirus serotypes (Huebner et al., 1962; Rabson

et al., 1964; Huebner et al., 1965; Pereira et al., 1965).

Later the adenovirus serotypes were subdivided into five
categories (groups A to E) based on their oncogenic properties
(Table 6) (Huebner, 1967). The three major groups and their
most extensively studied serotypes are the highly (Ad1l2),
weakly (Ad3/Ad7) and nononcogenic (Ad2/Ad5) adenoviruses.
These are also referred to as subgroup A, subgroup B and
subgroup C, respectively.

The first in vitro demonstration of adenovirus-mediated
oncogenesis involved Adl2 transformation of newborn hamster
kidney cells (McBride and Weiner, 1964). In 1967, it was
shown that even nononcogenic adenoviruses can transform cells
in vitro, provided that the calcium concentration in the

growth medium is reduced (Freeman et al., 1967). Today there

are at least 37 known human adenovirus serotypes (Burck et
al., 1988). Although not all serotypes induce tumors most, if
not all, are able to induce oncogenic transformation of

mammalian cells in culture and the resulting transformed
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Table 6. Subgroups and properties of the human
adenoviruses.

Cell
Group Serotype Transformation Animal tumors
A 12, 18, 31 + High incidence of
tumors in newborn
hanmsters
B 3, 7, 11, + Low incidence of
14, 16, 21 tumors in newborn
hamsters
C 1, 2, 5, 6 + None
D 8, 9, 10, 13, + Mammary fibroaden-
15, 17, 19, omas in rats
20, 22-30
E 4 + None

Taken from Burck et al. (1988).
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cell lines are frequently able to cause tumors in rodents,
especially if the animals are immunologically deficient
(Tooze, 1981; Casto, 1968; McAllister and MacPherson, 1968;
Gallimore, 1972; Gallimore, 1974; Cook and Lewis, 1979). The
most extensively characterized of the adenovirus serotypes are
Ad2 and Ad5, and to a lesser extent Adl2.

The genetic structure of the adenovirus consists of 36 kb
double stranded DNA (Figure 6) (Pettersson and Roberts, 1986).
The genome is divided into early and late genes. Four blocks
of genes in the early region are expressed early in the virus
growth cycle. The first of these to be expressed is the early
region one (El1) which plays a key role in regulating the
expression of other viral genes (Jones and Shenk, 1979; Sharp,
1984). This region is located within the left approximately
11% (4 Xkb) of the genome and is divided into separate
transcriptional units identified as early region 1A (E1A) and
early region 1B (E1B). EI1A spans from 0% to 4.5% and E1B from
4.,6% to 11.2% (Figure 7). Studies have shown E1 to be
sufficient and primarily responsible for cell transformation

and tumor induction by Ad2 (Graham, 1974; Flint et al., 1976).

This has been confirmed for a number of other serotypes (Mak,
1979). In fact, the Hind III-G fragment comprising the
leftmost 7.8% (2800 base pairs) of the adenovirus genome is
sufficient to induce full transformation of primary rat embryo

fibroblasts (REFs) in vitro (Graham, 1975).
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Figure 6. Genetic organization of the adenovirus genome.
Organization of the adenovirus 2 genome, showing locations of
the early and late transcriptional units and sizes of mRNA
transcripts (taken from Pettersson and Roberts, 1986). See

Figures 8 and 9 for updated E1A mRNA transcript sizes.
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E1A is responsible for most of the transforming
activities of El. Introduction of El1A alone into cultured
primary cells results in partial transformation (Houweling et

al., 1980). This not true for E1B (van den Elsen et al.,

1983). The ElA containing HpaI-E fragment (0-4.5%) of AdS is
sufficient for production of immortalized cells. However,
rather than having the epitheloid morphology characteristic of
adenovirus-transformed cells, cells transformed by ElA alone
are more fibroblastic, do not clone in soft agar and generally
are nontumorigenic. Although E1A expression significantly
affects the growth properties of cells, full transformation
requires the expression of at least the left half of the EIB
gene (Graham, 1975). Independent studies by Ruley (1983) and
Land et al. (1983) have shown that other oncogenes such as
ras and polyoma virus middle T antigen can substitute for E1B
and complement ElA to give rise to fully transformed,
tumorigenic cells. A recent study has reported that the gli
oncogene, which is amplified in human glioblastomas and
encodes a zinc-finger protein believed to be DNA-binding
transcription factor, can also complement ElA to fully
transform primary cells (Kinzler et al., 1987; 1988; Ruppert
et al., 1991).

The E1A mRNA products of Ad2/5 are well characterized.

They are transcribed from two exons and are formed by

differential splicing from a common precursor mRNA. Five
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different mRNA species are produced (Figure 8). Their
relative levels are regulated according to the course of
infection. At early times after infection two mRNAs,
designated 13S and 12S, are synthesized. These mRNAs have
been extensively characterized by both RNA analysis and cDNA
cloning (Berk and Sharp, 1978; Kitchingham and Westphal,

1980). Late after infection, a third mRNA (9S) accumulates

(Spector et al., 1978; Chow et al., 1979). Since the three
mRNAs are derived from a common precursor by differential
splicing they possess the same 5’ and 3’ termini, share the
same splice acceptor site, but differ in their splice donor

sites (Perricaudet et al., 1979). While both larger mRNAs are

translated in the same reading frame, the reading frame of the
9S8 mRNA is altered in the second exon due to the structure of
the splice junction (Virtanen and Pettersson, 1983). Recent
studies of Ad2- and Ad5-infected HeLla cells demonstrated two
additional minor mRNA species of 11S and 10S (Stephens and
Harlow, 1987). They differ from the 12S and 13S forms in that
one more intron near the 5’ end of the primary transcript is
removed. Both smaller mRNAs use the same translational
reading frame as the 13S and 12S mRNAs. The functions of the
gene products of the 10S and 11S mRNAs are unknown.
Transcription of Adl12 E1A leads also to 13S and 12S mRNAs
(Perricaudet et al., 1980; Sawada and Fujinaga, 1980).
Brockmann et al. (1990) recently analyzed the heterogeneity of

Adl2 E1A mRNAs in infected cells and transformed lines by
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using cDNA polymerase chain reaction (PCR). They were able to
clone and characterize four novel cDNAs corresponding to 118,
108, 9.58 and 9S mRNAs (Figure 9).

The 128 and 13S mRNAs are most important for EI1A
functional studies. c¢DNA cloning in combination with sequence
analysis has made it possible to deduce that the protein
products of the 12S and 13S mRNAs are completely overlapping.
They are 243 amino acids (243R) and 289 amino acids (289R) in
length and differ by an internal stretch of 46 amino acids
which is almost completely absent in the smaller protein

(Perricaudet et al., 1979). Both bring about tumorigenic

transformation in cooperation with E1B, ras or polyoma middle
T antigen. The 243R protein is required for virus production
in growth-arrested permissive cells but is not responsible for

the activation of other adenoviral promoters (Montell et al.,

1984; Spindler et al., 1985). Activation of other adenoviral

genes is required for productive infection in human cells and
is regulated by the 289R protein (Stephens and Harlow, 1987).
The predicted secondary structures of both the 289R and 243R
proteins are shown in Figure 10.

When the protein products of the various El1A mRNAs are
separated on one-dimensional SDS-polyacrylamide gels, the
proteins migrate with relative molecular weights of 35-kDa to
58-kDa (Branton et al. 1985). When these proteins are further
resolved on two-dimensional gels, ElA proteins can be

separated into an extremely heterogenous group of polypeptides

47



ATG TAt? genomic E1Asequence

502 1374
— - 1 135 cDNA
502 1069 1144 1374 .
— f y 1125 cDNA
502 976 144 1374
TAG .
| t 1 Y i 11S cDNA
502 588 716 %7 1069 1144 1374
TAG
Y — Y 1 10S cDNA
502 588 716 %7 976 1144 1374
TGA
Q5ScDNA
502 588 852 %976 1144 1374
- JAG
T i i 9ScDNA
502 588 AR 1374

Figure 9. Structures of adenovirus type 12 El1A cDNAsS. The
start codon (first nucleotide 502) and the first nucleotide of
the respective stop codons are indicated. The large numbers
below the lines represent the first or last nucleotide of the

respective exon. (Taken from Brockmann et al. (1990)
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Figure 10. 8Secondary structure of E1A proteims. Predicted
secondary structure and hydrophilicity of the wild type
adenovirus 5 289R and 243R ElA proteins. Open circles
indicate hydrophilic regions, and filled circles indicate
hydrophobic areas. The radius of a circle is proportional to
the average hydrophilicity/hydrophobicity calculated for that
residue and the next five residues. Numbers correspond to
amino acid residues from the amino terminus. (Taken from Glenn
and Ricciardi, 1985)
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(Harter and Lewis, 1978; Halbert et al., 1979; Esche et al.,

1980; Smart et al., 1981; Rowe et al., 1983; Yee et al., 1983;

Spindler et al., 1984; Harlow et al., 1985). The
heterogeneity is due to both translation of different EI1A
mRNAs and to extensive posttranslational modification (Yee and

Branton, 1985; Tsukamoto et al., 1986; Stephens et al.,

1986) . El1A polypeptides are phosphoproteins that are
localized in the nucleus (for reviews see Graham, 1984; and
Berk, 1986).

E1A proteins contain three distinct regions strongly
conserved among adenovirus subgroups and species (Figure 11)

(van Ormondt et al., 1980; Kimelman et al., 1985). Conserved

region 1 (CR1, amino acids 40 to 80) and conserved region 2
(CR2, amino acids 121-139) are entirely within exon 1, while
conserved region 3 (CR3, amino acids 140-188) is entirely
within exon 1 except for the last 3 amino acids. Exon 1
encodes amino acids 1-185, while exon 2 encodes amino acids

186-289 in the 289R protein.
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Figure 11. Localization of E1A conserved regions. Adenovirus
E1A 13S and 12S mRNA products. The regions which are highly
conserved among the adenovirus serotypes are boxed and
indicated as domains 1, 2, and 3. (Taken from Velcich and
ziff, 1988)
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9) Transcriptional activation bv E1A.

The discovery of El1A as an oncogene sparked curiosity as
to the mechanism by which it induces cellular transformation.
As discussed earlier most oncogenes, cellular or viral, fall
into the category of growth factors, membrane receptors,
signal transduction pathway components or transcriptional
regulators (Bishop, 1985, 1991). Transformed cells almost
invariably exhibit a loss of growth control at some level.
During investigation of the mechanism of ElA-mediated
transformation the fact that E1A is localized to the nucleus
was very suggestive of a mechanism in which it would stimulate
transformation through the regulation of gene expression at
the molecular level.

In fact, ElA is a transcription factor and is associated
with transactivation of a large number of viral and cellular
genes. Not surprisingly, one of the conserved domains, CR3,
is believed to be responsible for this function. The evidence
for this comes from studies in which the 13S mRNA, but not the
12S mRNA, is necessary for activation of gene expression

(Montell et al., 1982). However, some studies have detected

transactivating activity related to the 12S product (Leff et

al., 1984; Ferguson et al., 1985).

A variety of mechanisms have been proposed for gene
activation by the 13S mRNA of ElA (Flint and Shenk, 1984).
Conserved domain 3 contains sequences consistent with that of
a zinc-finger binding domain which are required for
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transactivation by E1A (Figure 12) (Ricciardi et al., 1981;
Montell et al., 1982; Glenn and Ricciardi, 1985; Webster et
al., 1991). However, no direct binding of El1A to promoter
sequences has yet been demonstrated (Berk, 1986; Chatterjee et

al., 1988). The 289R protein cannot bind to single stranded

DNA or RNA. It can bind to double-stranded DNA in a sequence
independent manner that does not involve CR3, but rather

involves C-terminal amino acids 201-216 (Chatterjee et al.,

1988; Zu et al., 1992). It has been shown that mutation of

the DNA-binding region that renders the protein defective in
DNA binding does not affect transcriptional regulation by E1A,
therefore the DNA binding activity of ElA is not associated

with transcriptional activation (Zu et al., 1992).

Rather, E1lA appears to indirectly activate transcription
by forming or inducing formation of a transcriptional complex
involving cellular transcription factors. Recent studies have
shown that E1A is capable of stimulating transcription from
promoters transcribed by RNA Polymerase II and RNA Polymerase
IIT suggesting that it may be positively regulating gene
expression by activating transcription factors through
protein-protein interaction (Berger and Folk, 1985; Gaynor et

al., 1985; Hoeffler and Roeder, 1985; Spangler et al., 1987).

Alternately, it may be binding a repressor protein(s)study by

Datta et al. (1991) revealed that ElA transactivates
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Figure 12. Conserved region 3 (CR3) of E1A contains sequences
encoding a 2zinc finger structure. Shown is a schematic
representation of the El1A zinc (Zn*™?) finger structure and the
effects of individual Cys - Ser substitutions in the
transactivating region of adenovirus 5 E1A (residues 140-188,
or CR3). All four Cys-Ser mutants fail to transactivate,
TA(-), and fail to bind zinc, 2Zn(-), except for C154S, which
binds zinc, Zn(+). 2n*? in the wild-type protein is bound by
the highlighted cysteines whereas in C154S Zn*? is bound by two
cysteines and two histidines. This coordination by the C154S
protein probably involves two of the four circled histidines
and Cys-171 and Cys-174. (Taken from Webster et al., 1991)
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the adeno-associated VAl RNA gene transcribed by RNA
Polymerase III, by activating TFIIIC, the rate-limiting factor
of class III transcription. The data suggest that E1A does
not directly bind TFIIIC and that it 1is not part of the
transcription complex. It is believed to indirectly activate
TFIIIC by promoting its phosphoryltion and thereby stimulating
transcription by RNA Polymerase III (Cromlish and Roeder,
1989; Hoeffler et al., 1989). Similarily ElA-mediated
activation of RNA Polymerase II function is now known to

involve TFIID, a TATA-binding protein (Wu et al., 1987). A

recent study examining synergy between HIV-1 tat, a potent

transactivator, and E1A has revealed that elevated
transcription from the HIV-LTR in cells expressing both
proteins is due to stabilization of transcriptional elongation
(Laspia et al., 1990). This finding stands against the
traditional belief that ElA-mediated transactivation works at
the level of initiation of transcription (Nevins, 1981).
Experiments carried out with inhibitors of protein
synthesis suggest that E1A proteins inactivate or counteract
a short-lived cellular inhibitor of transcription (Berk et

al., 1979; Nevins, 1981; Katze et al., 1981; Shaw and Ziff,

1982; Katze et al., 1983). This inhibitor is now believed to

be the product of the cellular retinoblastoma susceptibility

gene, RB (Bagchi et al., 1991). The mechanism of this

transactivational process is described later.

Recently it has been found that the sequence 5/-ACGTCA-3’
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which occurs in most of the viral early promoters and binds
activating transcription factor (ATF), is one of the elements
that can mediate El1A transactivation (Hurst and Jones, 1987;
Hardy and Shenk, 1988; Leza and Hearing, 1988; Lin and Green,
1988; Sassone-Corsi, 1988). The identical sequence is found
in several cellular genes whose expression is regulated by the
level of cyclic AMP (cAMP) which binds a nuclear protein
termed cAMP-responsive element (CRE)-binding protein (CREBP)

(Deutsch et al., 1988; Fink et al., 1988; Sassone-Corsi et

al., 1988; Berkowitz et al., 1989; Fisch et al., 1989). The

transcriptional activation of CRE-containing promoters by E1A
is mediated by a protein called CREB-BP1 (Maekawa et al.,
1991). A 12-0O-tetradecanoylphorbol-13-acetate (TPA) -
responsive element (TRE) represents a promoter target of the
protein kinase C signal transduction pathway and binds the
nuclear transcription factor AP-1 (jun/fos) (Angel et al.,

1987; Lee et al., 1988). Interestingly, the sequence of a TRE

differs from that of a CRE by only one nucleotide (TRE is
TGACTCA; CRE is TGACGTCA) and both elements have a homologous
palindromic sequence. Furthermore, it has been shown that
crosstalk in signal transduction is detectable at the

transcriptional level and that El1A activates gene

transcription by both CREB/ATF and AP-1 (Sassone-Corsi et al.,
1990; Flint and Shenk, 1990; Shenk and Flint, 1991). Both E1lA
and cAMP induce expression of transcription factor AP-1

(Muller et al., 1989). Thus, E1A might modulate a specific
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signal transduction pathway normally induced by activation of
protein kinase C.

Yet another factor, E4F, is believed to have a role in
E1A transactivation. There is a significant stimulation of
E4F DNA-binding activity after adenovirus infection that is
dependent on E1A function, and the kinetics of E4F activation
parallels the Kkinetics of E4 transcription activation
(Raychauduri, 1987). Although E4F and ATF recognize the same
site, they <can be distinguished both physically and

functionally (Rooney et al., 1990). Thus, the interaction of

EAF with the E4 promoter correlates with the ElA-dependent
transactivation of E4 transcription.

Although the 128 El1A transcript is wusually only
associated with transcriptional repression, mutant viruses
that express the E1A 12S product without the 13S product can
activate expression of a number of cellular genes including
proliferating cell nuclear antigen (PCNA), p34°°?, heat shock

protein 70 (HSP70) and the adenovirus E2 gene (Simon et al.,

1987; Draetta et al., 1988; Fahnestock and Lewis, 1989; Jelsma

t al., 1989; Bagchi et al., 1990; Kaddurah-Daouk et al.,

1990).

E1A transactivation of the heat shock promoter is known
to occur through the binding of E1lA directly to CBF (CCAAT-
binding factor), a protein that regulates HSP70 expression by
binding to the CCAAT element at position =70 relative to the

transcription initiation site (Lum et al., 1992). There is
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some evidence to suggest the existence of a cellular ElA-like
activity in cells such as the F9 teratocarcinoma-derived
embryonal carcinoma cell line, which expresses the heat shock
gene at high levels and is also capable of expressing early
adenovirus genes in the absence of ElA (Imperiale et al.,
1984; La Thangue and Rigby, 1987; Boeuf et al., 1990).

A mechanism for activation of transcription wvia the
cellular E2F transcription factor by the E1A 12S product,
acting alone or in concert with the viral E4 product, has
recently been established (Hardy, 1989; Huang and Hearing,
1989). Moreover, this activity is dependent on E1A sequences
within CR1 and CR2, therefore this mechanism may also be

applicable to the larger 13S mRNA product (Bagchi et al.,

1990) . The 12S mRNA product is thought to activate gene
expression by a mechanism similar to that of the human
papillomavirus (HPV) type 16 E7 protein. This belief is
further substantiated by significant sequence homology between
E7 and El1A conserved regions 1 and 2 (Phelps et al., 1991).
Table 7 presents a list of viral and cellular genes that are

transcriptionally activated by E1A.

10) Enhancer repression by E1A.

The first report of enhancer repression by ElA was in
microinjection experiments (Rossini, 1983). Microinjection of
a mutant E1lA construct expressing only the smaller 243R
protein repressed expression of the adenovirus single-stranded
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Table 7. Viral and cellular genes that are
transcriptionally activated by adenovirus Ei1A.

Gene Reference
Viral:
El1A . Nevins (1981)
E1B, E2", E3, E4 Nevins et al. (1979)
HTLV-1 LTR Chen et al. (1985)
HIV LTR Nabel et al. (1988)
Cellular:
c-fos, c-myc Sassone-Corsi and
Borrelli (1987)
c-jun, junB de Groot et al. (1991)
p53 Braithewaite et al. (1991)
B-globin Green et al. (1983)
epsilon-globin Treisman et al. (1983)
B-tubulin Stein and Ziff (1984)
preprginsulin Gaynor et al. (1984)
HSP70 Kao and Nevins (1983)
. Simon et al. (1987)
PCNA Jelsma et al. (1989)
p34°dee” Draetta et al. (1988)

All information refers to Ad2/5.
%/ jndicates transactivation of the respective gene by
125 forms of ElA.
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DNA-binding protein (E2A) from its late-phase specific

promoter (Guilfoyle et al., 1985). This was the first report

that ElA could differentially activate and repress
transcription of the same gene.

Subsequently, Borrelli et al. (1984) showed that ElA-
mediated repression operated in the promoter region of the ElA
gene itself and involved the enhancer element as the target.
ElA-mediated repression of the E1A region was also shown to
exist in the context of replicating plasmids in COS cells
(Smith et al., 1985). This study proposed an interesting model
for E1A autoregulation during viral infection in attempting to
explain the positive and negative regulation of the ElA gene
by E1A protein products (Figure 13).

E1A proteins also repress activation of transcription of
genes from other viral species. These include the SV40, human
immunodeficiency virus (HIV) and polyoma enhancers (Borrelli

et al., 1984; Velcich and Ziff, 1985; Ventura et al., 1990).

When ElA genes were cotransfected into HelLa cells with the
early SV40 transcription unit, production of early SV40 mRNA
was diminished. It was determined that this repression was
not mediated by SV40 large T-antigen since it was also
observed when the promoter was recombined to other structural
genes. Two observations suggest that the ElA-mediated
repression operates through a repression of the SV40 72 base-

pair repeat enhancer element. Firstly, the repression was
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Figure 13. Transcriptional autoregulation by adenovirus E1lA.
Hypothetical model for positive and negative regulation of the
E1A gene by E1lA protein products during viral infection.
(Taken from Smith et al., 1986)
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also observed for recombinant genes in which the 72 base pair
repeat enhanced transcription from heterologous promoter
regions. Secondly, when clones of the 72 base pair repeat
region were added to the transfection the ElA repression was
reversed (Borrelli, 1984). This latter observation further
suggested that the ElA-mediated repression of SV40 enhancer
function resulted from the binding of an inhibiting factor to
the enhancer DNA sequence. According to this model, the
cotransfected 72 base pair repeat sequence competed for
binding the proposed repressor, thereby derepressing the test
gene and reversing the ElA-mediated repression (Borrelli,
1984) .

A very interesting type of repression was discovered by
van der Eb and his colleagues while studying possible
differences between nononcogenic (Ad5) and oncogenic (Ad1l2)

adenoviruses (Bernards et al., 1983; Schrier et al., 1983).

They observed that the major histocompatibility complex (MHC)
class-I antigens were repressed in cells transformed by Adl2
but were not repressed in AdS5-transformed cells. Further
studies based on the construction of hybrid genomes showed
that repression was associated with region E1A. This effect
is only detected in primary cells and is not observed in
continuous cell lines. Since nononcogenic adenoviruses fail
to block class I expression it has been proposed that highly
oncogenic adenoviruses are tumorigenic because they evade the

immune surveillance of the host cell (Bernards et al., 1983:;
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Schrier et al., 1983).

ElA represses transcription of a number of growth factor-
inducible protease genes. These include the JE, stromelysin,
interstitial collagenase (collagenase I) and collagenase IV

genes (Garbisa et al., 1987; Offringa et al., 1988; Timmers et

al., 1989; Frisch et al., 1990; Offringa et al., 1990). As

discussed earlier, secreted metalloproteinases which degrade
extracellular matrix macromolecules have been implicated in
the invasion of tumor cells through basement membranes during
metastasis (reviewed in Liotta, 1986). Since regulated
expression of these genes is required for normal cellular
division and proliferative growth it is conceivable that
regulatory changes, therefore, would influence the metastatic
potential of affected cells.

Recently Hara et al. (1988) have shown that another
metastasis-related gene, fibronectin, is also down-regulated
by E1A in quiescent rat 3Y1 cells. This effect is elicited
through induction of an ElA-responsive negative factor called
G1oBP, which binds to two GC box sequences upstream of the
fibronectin gene, AGGGGGGGGGG and GGGGGGGCGGG (Nakamura et

al., 1992). The second of these sequences overlaps a

recognition site of transcription factor Spl (GGGCGG).
Therefore, transcriptional repression of fibronectin in El1A
expressing cells is believed to involve displacement of Spl by

G1oBP and other related factors (Nakamura et al., 1992).

Promoter sequences of c-myc, a=-actin, and H-ras contain
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binding sites for both GiBP and Spl. While transcriptional
repression of c-myc and ca-actin has been observed in EI1A
expressing cells, there is no such evidence in the literature
for H~-ras expression.

Table 10 provides a comprehensive list of the viral and

cellular genes which are known to be repressed by E1A.

11) Interaction of Ei1A proteins with cellular polypeptides.

While several functions of the ElA proteins are known,
the precise mechanism by which E1A polypeptides act to affect
cellular characteristics has remained unclear. It is clear
that E1A affects cellular protein concentrations and function
by influencing their production at the DNA or transcriptional
level. Shortly after the production of monoclonal antibodies
by Harlow et al. (1985) and Yee and Branton (1985) it became
clear that E1A may alter the normal properties of mammalian
cells by forming protein-protein complexes with cellular
proteins.

Harlow et al. (1986) were among the first to demonstrate

direct association of El1A with cellular polypeptides.
Extracts from adenovirus-transformed human embryonic kidney
293 cells immunoprecipitated with monoclonal antibodies for
E1A proteins coprecipitate with a series of proteins with

relative molecular weights of 28-, 40-, 50-, 60-, 80-, 90-,
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Table 8. Viral and cellular genes whose expression is down-
regulated by ElA-mediated enhancer repression.

Gene Reference
Viral:
ElA Borrelli et al. (1984)
E2A Rossini (1983)
SV40 enhancer Velcich and Ziff (1985)
polyoma enhancer Borrelli et al. (1984)
HIV LTR Ventura et al. (1990)
Hepatitis B virus Chen et al. (1992)
(HBV) enhancer 2
Cellular:
Ooncogenes
c-myc¢ Timmers et al. (1988)
erbB/neu Yu et al. (1990)
junB Kitabayashi et al. (1991)
Immune~-related
MHC class I (Adl2) Schrier et al. (1983)
IgG heavy chain Hen et al. (1985)
IgH enhancer Lillie et al. (1986)
ISRE (interferon-stimulated Kalvakolanu et al. (1991)
response element) Gutch and Reich (1991)
interleukin-6 (IL-6) Janaswami et al. (1992)
Metastasis-related
collagenase I Frisch et al. (1990)
collagenase 1V Frisch et al. (1990)
urokinase Frisch et al. (1990)
plasminogen activator Young et al. (1989)
JE Timmers et al. (1988)
stromelysin Offringa et al. (1988)
fibronectin Hara et al. (1988)
Muscle
MyoD1 Enkemann et al. (1990)
myogenin Enkemann et al. (1990)
troponin Enkemann et al. (1990)
a-actin Enkemann et al. (1990)
muscle creatine kinase Enkemann et al. (1990)
myosin heavy chain Webster et al. (1988)
Other
insulin Stein and Ziff (1987)

All information refers to Ad2/5 unless otherwise in-
dicated.
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110-, 130- and 300-kDa. The two most abundant of these
polypeptides are the 110-kDa (pl110) and the 300-kDa (p300)
proteins. Both the 12S and 13S ElA protein products bind to
the 110-kDa and 300-kDa species. In addition, these complexes
are found in adenovirus-transformed and adenovirus-infected

cells (Harlow et al., 1986). The 110-kDa band is better

resolved as a doublet of a 105-kDa and a 107-kDa polypeptide
(Yee and Branton, 1985). It seems that these protein
complexes mediate at least some of the physiological
alterations induced by E1A, as any mutation that destroys
binding of E1A to the p300, pl05 or pl07, also inactivates the
ability of E1A to cooperate with ras in transforming baby-rat
kidney cells (Whyte et al., 1988a).

The 105-kDa protein has been shown to be the product of

the retinoblastoma susceptibility (RB) gene (Whyte et al.,

1988b, Egan et al., 1989a). The RB gene is a well studied
tumor-suppressor, inactivation of which is often associated
with the appearance of retinoblastomas and certain soft-tissue
sarcomas (reviewed by Murphee and Benedict, 1984). This
interaction is the first demonstration of a physical
interaction between an oncogene and an anti-oncogene (Whyte et
al., 1988b).

The RB gene product (pl05°%) is the first negative cell
cycle regulator to be identified (Friend et al., 1986).
Although this negative regulation by RB was implied in the

general model of carcinogenesis proposed by Knudson (1971) and
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Comings (1973) it was not confirmed until recently. RB
encodes a nuclear phosphoprotein which is associated with DNA

binding activity (Lee et al., 1987). Modification of p105%E

protein by phosphorylation or dephosphorylation occurs in a
cell cycle-dependent manner and regulates progression of cells

to the S phase of the cell cycle (Buchkovich et al., 1989;

Chen et al., 1989; DeCaprio et al., 1989a; Mihara et al.,

1989). During quiescence (G,) and Gy, the p105f® is found in
a hypophosphorylated state. As cells progress to the S phase
it becomes hyperphosphorylated, and following mitosis (M) it
returns to the hypophosphorylated state (Ludlow et al., 1990).
The state of phosphorylation of pl105%% is believed to be
controlled by the cell cycle regulating kinase p34wd. A
complex involving direct association of p105f with p34°? has
been shown to facilitate phosphorylation of sites on the RB
product in vitro similar to those phosphorylated in vivo (Lin

et al., 1991; Hu et al., 1992). E1A proteins are also

phosphorylated by the p34°? protein kinase in vitro, and are
phosphorylated at the highest levels in vivo in mitotic cells
which express maximal levels of p34°®? kinase activity (Dumont
and Branton, 1992).

In addition to the adenovirus E1lA protein, transforming
oncoproteins from other DNA tumor viruses bind to p105®® to
form protein complexes. These include SV40 large T antigen
and human papillomavirus-16 E7 protein (DeCaprio et al.,

1989b; Dyson et al., 1989b). SV40 large T antigen binds to
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the hypophosphorylated form of RB (Ludlow et al., 1989). This
is likely true for E1A and E7 as well since the regions of
these proteins that are involved in binding p105% exhibit

significant sequence homology (Figure 14) (Stabel et al.,

1985; Figge et al., 1988; Phelps et al., 1988; Dyson et al.,
1992). Dyson et al. (1990) have shown that this sequence
homology also exists in several different genera of
polyomaviruses, all of which form complexes with the plo5RE
protein through the large T antigens. Moreover, this region

has been conserved during evolution in all four viral species

al., 1988; Phelps et al., 1988; Munger et al., 1989;

(Moran

et
Dyson et al., 1990).

pl05R® is believed to have a role in the regulation of
transcription of genes involved in cell cycle regulation and
also plays a role in transcriptional activation by 12S ElA.
The mechanism of pl05f-mediated transcriptional regulation
involves the transcription factor E2F. E2F is a cellular
transcription factor which is induced, in the presence of ElA,
to transactivate the viral E2 promoter (Kovesdi et al., 1986a;
1986Db) . E2F 1is present in uninfected cells but the
concentration of the active factor 1is low and apparently
limits transcription. In the presence of E1A there is a large
increase in the 1level of active E2F, as measured by DNA-
binding, which closely correlates with activation of E2

transcription (Kovesdi et al., 1987; Reichel et al., 1987;

Reichel et al., 1988). Furthermore, the activation of E2F
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Figure 14. Amino acid sequence similarity among HPV-16 E7,
Ad5 El1A, and SV40 TAg. (Taken from Pietenpol et al., 1990)
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does not require new protein synthesis suggesting that the E2F
protein is already present and E1A activates it at the protein
level (Reichel et al., 1988). A similar factor involved in
ElA-inducible transcription of the adenovirus E4 gene, termed

E4F, is different from E2F (Raychaudhuri et al., 1987).

Expression of the E4 gene along side ElA results in a
stimulation of DNA binding activity and induction of
cooperative binding of E2F mediated by the E4 gene product

(Babiss, 1989; Reichel et al., 1989; Raychaudhuri et al.,

1990) . Further studies have shown a direct protein level
interaction of E4 with E2F (Marton et al., 1990; Neill et al.,
1990) .

It has recently been demonstrated that the mechanism by
which E1A activates E2F involves dissociation of a heteromeric

protein complex involving the E2F transcription factor (Bagchi

t al., 1990). This complex involves another element termed
E2F inhibitory protein (E2F-I). The binding of the E2F-I
complex to E2F specifically inhibits DNA binding activity of
E2F and thereby inhibits or inactivates transcriptional
activation (Raychaudhuri et al., 1991). One of the components

of the E2F-I complex is the p105%® protein (Bagchi et al.,

1991; Chellappan et al., 1991). pl05f, therefore, essentially
represses E2F-mediated transcription by directly binding to
and inactivating E2F (Arroyo and Raychaudhuri, 1992). Thus,
it is currently a widely accepted belief that the mechanism by

which E1A activates E2F is to bind p105%® and thereby release
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E2F proteins to freely form transcriptional complexes at
specific DNA sequences. An alternate mechanism is possible
based on the finding that activation of E2F is dependent on

the presence of a phosphorylation function (Bagchi et al.,

1991). Also, Wang et al. (1991) have shown that E1A induces
phosphorylation of pl05" independently of direct association
between E1A and p105°8, It is possible then, that this
phosphorylation process may hinder E2F-pl05" binding and
thereby free or activate E2F in E1A transformed cells.

The pl05°® protein also binds to another cellular
transcription factor, DRTF1l, originally defined in F9 cells
(La Thangue and Rigby, 1987). DRTF1 binds to the same
sequence as E2F (La Thangue, 1990). It is involved in
transcriptional activation of a number of cellular genes that
encode proteins involved in cell cycle progression including
DHFR and DNA polymerase alpha (Blake and Azizkhan, 1989;

Hiebert et al., 1991; Pearson et al., 1991). Two recent

studies show that E1A prevents pl05" from binding to, and
inactivating DRTF1, thereby allowing cell cycle progression
(Bandara and La Thangue, 1991; Zamanian and La Thangue, 1992).
Thus, it is clear that RB regulates the cell cycle, at least
in part by regulating expression of cell cycle regulated genes
and ElA acts to preclude RB-mediated cell cycle control in
transformed cells by interfering with the normal function of
pl05f® (Howe and Bayley, 1992). This represents a novel

mechanism for transcriptional activation by E1A (Bagchi et
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al., 1990; Howe and Bayley, 1992).

The identity of the 300-kDa protein is not yet Kknown.
The ability of E1A to bind p300, however, is believed to be
related to its enhancer repression function. The evidence for
this comes from studies in which E1A mutants unable to bind
p300 are unable to repress insulin enhancer-stimulated
transcription and also do not induce cellular DNA synthesis in
quiescent cells as seen with wild-type E1A proteins (Stein et
al., 1990). Also, the ability of ElA proteins to suppress

differentiation of murine myoblasts correlates with their

binding to p300 (Mymryk et al., 1992). It is known that p300
is a ubiquitously expressed nuclear phosphoprotein that is
actively phosphorylated in all phases of the cell cycle but
shows an additional phosphatase-sensitive modification
specific to M-phase enriched cell populations (Yaciuk and
Moran, 1991). In addition, p300 has an intrinsic DNA-binding
activity and shows a preferential affinity for specific DNA
sequences similar to those of a series of enhancer elements
that are recognized by ©NF-kB, and a second related
transcription factor H2TF1l (Rikitake and Moran, 1992).
Interestingly, the kappa light chain enhancer, SV40 enhancer,
IL-6 enhancer, and the HIV long terminal repeat, all of which
are El1A regulated, contain motifs structurally and
functionally related to NF-kB and H2TF1l (Sen and Baltimore,

1986; Nomiyama et al., 1987; and Nabel and Baltimore, 1987;

Janaswami et al., 1992).
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The 60-kDa protein that interacts with El1A to form a
stable protein complex has been identified as human cyclin A
(Pines and Hunter, 1990; Giordano et al., 1989). The cyclins
are regulatory subunits that complex with kinases to regulate
many of the important steps in cell cycle progression. The
best characterized of the cyclin-containing complexes is the
association of cyclin B with the p34°*? kinase (for reviews
see Murray and Kirschner, 1989, and Nurse, 1990). Cyclin A
binds independently to two kinases, associating with p34°92 or

a related protein p33 (Giordano et al., 1989; Pines and

Hunter, 1990; Giordano et al., 1991a). In adenovirus-

transformed cells, E1lA seems to associate with the p33/cyclin
A but not with p34°“?/cyclin A (Kleinberger and Shenk, 1991).
p33 is the protein product of the human cyclin-dependent

kinase 2 (cdk2) gene (Tsai et al., 1991). p33°%? shares 65%

homology with p34°? (Lee and Nurse, 1987). The two
polypeptides are related but distinct. Herrmann et al. (1991)
have found that an ElA-associated serine/threonine protein

3k is cell cycle

kinase activity, presumably that of p3
regulated, being most active in S and G2/M. p33°*2 can
phosphorylate two ElA-associated proteins, pl07 and pl30, as
well as histone H1l added as an exogenous substrate.
Therefore, the pl105"-phosphorylation activity related to E2F~-
p105%® dissociation and E2F activation that was referred to

earlier is likely mediated by the p33°%?/cyclin A complex.

The cellular protein pl07 is believed to be related to,
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but different from pl05* based on several functional
similarities between the two. Both proteins bind E1A proteins
and this interaction occurs at the same El1A peptide region

(Harlow et al., 1986; Whyte et al., 1988a). A similar

interaction has been observed involving SV40 large T antigen
(Dyson et al., 1989a; Ewen et al., 1989). ¢DNA cloning and
sequencing of the gene encoding pl07 has revealed significant
sequence homology with RB including the region corresponding
to the "pocket" domain implicated as E1A/T binding region

(Ewen et al., 1991). Furthermore, both pl07 and p105RB pockets

can bind specifically to the same set of cellular proteins in
cell-free assays (Kaelin et al., 1991; Ewen et al., 1992; Faha
et al., 1992). This includes the cellular E2F protein. pl07,
however, does not react with some pl105f-specific antibodies.

Binding of pl107 and p105f® to E2F appears to be cell cycle

regulated (Shirodkar et al., 1992). E2F associates with a

hypophosphorylated form of pl05% found primarily in G; cells
(Chellappan et al., 1991). The E2F-p105%® complex dissociates
near the G{/S boundary, releasing free E2F to activate cell

proliferation-related transcription (Mudryj et al., 1990;

Bandara and La Thangue, 1991). During S phase, E2F forms a
second protein complex that involves cyclin A, p33°*?, and
pl07 which appears to replace pl05% (Mudryj et al., 1991; Cao
et al., 1992; Shirodkar et al., 1992). These observations

suggest that p107 and pl05f® cooperate in the regulation of E2F

activity, with each affecting different stages of the cell
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cycle (Figure 15). Since E1A binds p105% and the cyclin
A/p33°%2/p107 complex, it affects cellular proliferation at
two levels. Firstly, by binding p105°8, E1A precludes E2F from
interaction with p105%® and thereby activates E2F-mediated
transcription before the desired cell stage. Also, the
binding of E1A to the second complex circumvents E2F
regulation through phosphorylation, or interaction with a
phosphorylation-related complex. These facts clarify the
complex interaction of E1A with these cellular polypeptides
and put into perspective the mechanism by which E1A overrides
cell cycle controls and accomplishes cellular transformation
through protein binding activities.

Figure 16 shows a map of the regions of E1A involved in

cellular protein binding.

i2 Mapping of functional domains in E1A.

Expression of E1A in mammalian cells results in a number
of cellular effects in addition to those already described.
Many of these are likely related to the transformed phenotype
exhibited by ElA-transformed cells, as well as ElA-mediated
metastatic suppression which is discussed later. By using
mutant E1A genes containing point mutations or deletions at
specific sites or regions researchers have been able to map
the several different transformation-related functions of ElA

to specific regions of the gene. Since this study involves a
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pRB/E2F Cyclin Alcdk-2
p107/E2F

Transcriptionally Transcriptionally Transcriptionally
Inactive ' Active Inactive ?

Figure 15. Regulation of E2F activity by p105" and p107
involves cell cycle-specific complex formation. E2F complex
formation is cell cycle-dependent so as to provide strict
control of E2F-mediated transcriptional activation of
proliferation-associated genes. Cyclin A (p60), p33°k2  p107
and p105%%, all of which bind E1A, are involved in regulation
of E2F. pl07 essentially replaces pl105%® in S phase so as to
involve proteins capable of phosphorylation activity. In El1A
expressing cell lines E1A replaces the E2F protein in both
complexes and thereby constitutively activates E2F and
deregulates expression of cell cycle progression-related genes
leading to a transformed cell phenotype. (Figure taken from
Cao et al., 1992)
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Figure 16. Comparison of regions of E1A involved in
transformation and regions involved in binding to cellular
proteins. Schematic representations of the ElA region

highlighting the sequences required for transformation and the
regions required for binding to each of the p300, pl07, and
p105%® cellular proteins. The boxed regions represent protein
coding regions. The hatched region represents the protein
coding sequences that are unique to the 13S mRNA. The solid
regions repesent sequences required for the respective
functions stated on the right. Numbers refer to nucleotide
positions. The corresponding amino acid sequences for each
region shown in black are at the right. (Taken from Whyte et
al., 1989)
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similar approach to address the modulation of metastatic
potential of mammalian cells by El1A, it is important to
understand what other functions of E1A may be affected by the
introduction of such selective mutation into E1A.

The 13S E1lA protein product, as mentioned earlier, is the
polypeptide most active in transactivation functions. In
fact, the 46 amino acid region comprising CR3 is capable of
acting independently of other ElA sequences. Introduction of
this small peptide alone into cells results in transcriptional
activation of ElA-responsive promoter regions, making it the

smallest known transcription factor (Lillie et al., 1987).

Transactivation capabilities of the 12S product are very
limited.

Results involving mutations in CR1l and CR2 suggest that
these regions are necessary for transcriptional repression
(Lillie et al., 1987; Schneider et al., 1987). The repression
of growth factor-inducible genes JE, stromelysin and c-myc by
E1A is dependent only on CR1 and not CR2 (van Dam et al.,
1989). Mutation from 125 to 127 in CR2 weakens repression of
heavy-chain and polyoma enhancers (Kuppuswamy and Chinnadurai,
1987). Moreover, mutations of regions outside CR1 and CR2
also significantly influence ElA-mediated enhancer repression.
Deletion of an N-terminal region (2 to 36) that does not
include CR1 results in loss of repression of insulin enhancer-
stimulated activity (Stein et al., 1990). Mutations in N-

terminal regions encoded by exon 1, and C-terminal regions

78



encoded by exon 2 of ElA, inhibit repression of the polyoma
enhancer (Velcich and Ziff, 1988). Jelsma et al. (1989) have
shown that CR1, CR2 and both the N-terminal and C-terminal
regions of El1A are all important in maintenance of the
enhancer repression function of E1A and that mutation in any
of these regions reduces or abolishes this function.
Therefore essentially all regions of ElA, except CR3, have
some impact on the repression of viral and cellular genes.
The Ad5 12S ElA protein product induces cellular DNA
synthesis and proliferation in primary epithelial cells in
both the presence and absence of serum (Quinlan and
Grodzicker, 1987). The induction of DNA synthesis has been
shown for both 13S and 12S E1lA proteins and is closely related
to the processes of immortalization and transformation in

cooperation with ras (Braithewaite et al., 1983; Bellett et

al., 1985; Stabel et al., 1985; Kaczamarek et al., 1986;

Nakajima et al., 1987; Zerler et al., 1987).

Cell cycle activation alone, however, is not sufficient
for immortalization functions of El1A (Quinlan and Douglas,
1992) . DNA synthesis and cellular proliferation are regulated
by different regions of the E1lA protein. A number of studies
using E1lA deletion mutants have implicated CR1 as being

involved in induction of DNA synthesis (Lillie et al., 1987;

Zerler et al., 1987; Smith and Ziff, 1988). Mutation of
sequences in CR2 does not affect host cell DNA synthesis

induction (Moran and Zerler, 1988). However, single point
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mutations within CR2 abolishes the activity which induces
proliferation of primary epithelial baby rat kidney (BRK)

cells (Lillie et al., 1986; Moran et al., 1986; Schneider et

al., 1987). TLoss of conserved region 1 is often associated
with loss of both DNA synthesis and proliferation. This is
likely because during the induction of proliferation in
quiescent cells CR1l is primarily important for induction of
DNA synthesis, whereas CR2 is required for further cell cycle
progression (Moran and Zerler, 1988).

Induction of DNA synthesis is 1likely related to the
activation of PCNA by the 12S and 13S protein product of ElA
(Zerler et al., 1987; Jelsma et al.,1989). PCNA, a protein of
approximately 35-kDa, is associated with DNA replication and
cell proliferation in both normal and transformed cells (Celis
et al., 1984; Mathews et al., 1984; Bravo, 1986). In
addition, binding of ElA to p300 and p105® correlates with DNa

synthesis induction (Howe et al., 1990; Stein et al., 1990).

These two proteins appear to regulate DNA synthesis based on
the observation that there are very low levels of cellular DNA
synthesis in cells expressing E1A mutants defective in direct
protein interaction with either protein. As discussed earlier
p300 is associated with ElA-mediated repression in transformed
cells. Its involvement in DNA synthesis suggests it may
regulate cell cycle related genes. As previously discussed,
the role of p105"® as a cell cycle regulator is well

documented.
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Oncogenic transformation has generally been seen as a
multistep process, with cellular immortalization being the
first step (Weinberg, 1985). Kuppuswamy et al. (1988) have
shown that an ElA protein mutated at amino acids 47-50 is
defective in immortalization of primary BRK cells, but can
cooperate with T24-ras in oncogenic transformation. This
confirms that, in the case of ElA, immortalization and
oncogenic cooperation are separate functions but suggests that
immortalization 1is not a prerequisite for oncogenic
transformation by T24-ras.

Although the presence of conserved domain 3 correlates
strongly with transcriptional activation of cellular genes,
the various transformation-related activities of ElA are
independent of this domain as both the 243R and 289R
polypeptides are capable of establishing cells in culture and
cooperating with ras to induce cellular transformation

(Carlock and Jones, 1981; Haley et al., 1984; Ricciardi et

al., 1981; Zerler et al., 1985; 1986; Schneider et al., 1987;

Bautista et al., 1991).

Several studies have suggested that oncogenic cooperation
by E1A is linked to the enhancer repression of cellular genes

(Lillie et al., 1986; Lillie et al., 1987; Schneider et al.,

1987). Cells expressing E1lA proteins that are defective for
enhancer repression functions are also unable to induce full
transformation in these studies. However, evaluation of

transformation and repression functions using E1A mutations
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outside of CR1 and CR2 indicate that transformation is not
based solely on enhancer repression properties of E1A. Some
mutants retain their ability to cooperate with ras in
transformation of cells but lack the enhancer repression
activity (Velcich and Ziff, 1988). Alternately, some
transformation-defective mutants of El1A exhibit wild-type
repression (Kuppuswamy and Chinnadurai, 1987; Jelsma et al.,
1989). Therefore transformation by ElA appears to involve a
repression function in concert with some other function, but
repression alone is not sufficient to induce cooperation with
ras. Thus, ElA ras cooperation activity is separate from both
its positive and negative transcriptional regulatory
functions.

The ability of E1A to transform cells in cooperation with
ras has been mapped by various groups to a region in CR2.
Moran et al. (1986) have shown that deletion of amino acids
121-150 significantly impairs ras cooperation with EI1A.
Moreover, single amino acid substitution at positions 124 and

135 have similar results. Lillie et al. (1986) have

demonstrated loss of transformation by single amino acid
substitutions at positions 126 and 131. Similar results have
been attained using insertional mutation of region 125 to 127
(Kuppuswamy and Chinnadurai, 1987).

Schneider et al. (1987) have suggested that CR1l may also
be involved in a function associated with <cellular

transformation. This suggestion arises from studies in which
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individual deletion mutants from amino acid positions 121 to
136 and 41 to 62 both fail to cooperate with ras. In fact,
transformation by El1A is associated with its ability to bind
to p300, pl07 and pl05 cellular polypeptides (Figure 16)
(Whyte et al., 1989). Interaction with p300 and both pl05 and
pl07 is necessary for transformation by El1A (Egan et al.,
1989%a). Note that sequences from both CR1 and CR2 are
involved in the binding to these proteins.

The production of transformed foci in a ras cooperation
assay 1is regulated by sequences within CR1 and CR2.
Expression of both domains is required, and focus formation
occurs even when the two domains are introduced into cells on
seperate plasmids (Moran and Zerler, 1988; Smith and Ziff,
1988).

Quinlan and Grodzicker (1986) have described the
induction of an epithelial cell growth factor in El1A 12S
transformed cells. This growth factor is produced also during
infection with an adenovirus variant which stimulates
proliferation of nonestablished epithelial cells (Quinlan et
al., 1987). This growth factor is induced by ElA in F9
teratocarcinoma cells and is required for immortalization of
primary BRK epithelial cells (Quinlan et al., 1988;
Subramanian et al., 1988; Quinlan, 1989; Quinlan and Douglas,
1992). Amino acid sequences of E1A required for induction of
this growth factor have been mapped to regions near the N- and

C-termini of the 12S protein. Regions spanning from amino
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acids 1 to 13 at the N-terminus and 208 to 236 at the C-
terminus are necessary for growth factor production and
immortalization (Quinlan et al., 1988; Quinlan and Douglas,

1992). Subramanian et al. (1988) have found that individual

E1A proteins mutated at amino acid regions 18 to 20 and 125 to
127 are both defective in transformation and growth factor
induction suggesting that the two phenomena are related.
Expression of E1lA renders NIH 3T3 cells susceptible to
tumor necrosis factor-a (TNF-a) cytolysis, whereas expression
of a variety of other oncogenes including v-src, c-sr¢, H-ras,
c-myc and polyomavirus middle and large T, does not (Chen et
al., 1987; Duerksen-Hughes et al., 1989). TNF~a, a product of
activated macrophages, 1is cytostatic and cytotoxic for a
variety of transformed cell lines and has antiviral as well as

antineoplastic properties (0ld, 1985; Sugarman et al., 1985;

Koff and Fann, 1986). Enhanced TNF-a sensitivity may
partially or fully account for the fact that E1A induces
sensitivity to macrophage and natural killer cell-mediated

cytotoxicity (Cook et al., 1989%9a; Cook et al., 1989b; Routes

and Cook, 1989). Vanhaesebroeck et al. (1990) have shown that
modulation of TNF-a sensitivity by E1A depends on the cell
type under study and does not correlate with E1A expression.
The mechanism by which E1A induces the cytotoxic action of
TNF-a is independent of other biological functions of El1A
including ras cooperation, immortalization, induction of DNA

synthesis and transcriptional repression (Ames et al., 1990).
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The region responsible for this function has been mapped to
conserved region 1 from amino acids 36 to 60 (Duerksen-Hughes
et al., 1991).

Upon viral infection cells are known to induce an immune
response that targets specific epitopes of viral proteins.
The cellular immune response to viral infection can be divided
into two components, an early-appearing major
histocompatibility complex (MHC)- unrestricted response
mediated by natural killer (NK) cells and macrophages and a
later-appearing, MHC-restricted response mediated by cytotoxic
T lymphocytes (CTLs) (Doherty and Zinkernagel, 1977; Rager-
Zisman and Bloom, 1982; Welsh, 1986). The specific cellular
immune system response to adenovirus-infected and -transformed
cells has been studied. Immunization of rodents with either
Ad2/5 or Adl2 induces virus-specific, protective immunity to
transplantation of tumorigenic cells transformed by adenovirus
of the same group, a property attributed to tumor-specific

transplantation antigens (Sjogren et al., 1967). The results

of recent studies indicate that these adenovirus-specific
transplantation antigens are encoded by the E1A gene (Sawada

et al., 1986). More specifically, studies in both mice and

rats show that immunization with Ad5 ElA-transformed cells can
induce a class I-restricted CTL response directed against

epitopes encoded by the E1A gene (Bellgrau et al., 1988; Kast

et al., 1989). Preliminary mapping studies suggest that the

E1A CTL epitopes are encoded within two regions in exon 1,
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while a region in exon 2 1is required for CTL induction.
Urbanelli et al. (1991) have found that a C~terminal domain of
E1A is required for induction of CTLs and tumor specific
transplantation immunity. Meanwhile, Routes et al. (1991)
have attained results suggesting that two regions encoded by
exon 1, from amino acids 22 to 83, and 112 to 138, encode for
the immunodominant epitopes of anti-adenovirus type 5 CTLs.
Transformation by the E1A oncogene has definite affects
on cellular differentiation processes. The 12S E1lA protein,
but not the 13S protein, induces expression of the endo A
differentiation marker in F9 cells (Velcich and Ziff, 1989).
In addition, Quinlan et al. (1989) has found that cellular
differentiation and proliferation are induced by E1lA in F9
cells. These cells exhibit morphological alterations and
express the surface antigens, SSEA-1 and SSEA-3, which are
characteristic of differentiated cells. In contrast to this
other groups have associated El1A expression to a repression of
differentiation. Expression of myc and El1A in PCl2 rat
pheochromocytoma cells blocks morphological differentiation
and causes nerve growth factor (NGF) to stimulate rather than

inhibit cell proliferation (Maruyama et al., 1987). E1A-

mediated suppression of myogenic differentiation has also been

reported (Webster et al., 1988). Moreover, expression of E1lA

in terminally differentiated nonproliferating F9 cells yields

a high frequency of colonies of dividing cells (Weigel et al.,

1990). These cells proliferate in the presence of retinoic
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acid and lose the fully differentiated phenotype as
characterized by the loss of expression of a series of
differentiation specific dgenes. These findings, taken
together, suggest that the differentiation process, as defined
by differentiation markers, can be reversed by expression of
ElA.

Nuclear proteins have nuclear localization signals that
direct and facilitate movement of the translated polypeptide

from the cytoplasm to the nucleus (Dingwall et al., 1982; Hall

et al., 1984; Goldfarb et al., 1986). ElA contains a nuclear

localization signal near the C-terminus (Krippl et al., 1985).
Just the last five amino acids of E1lA are sufficient to direct

rapid nuclear accumulation of E1A (Lyons et al., 1987). The

small pentameric sequence of E1A, LYS-ARG-PRO-ARG-PRO, aside
from its high content of basic amino acids, is not strikingly
similar to the nuclear localization signals of nuclear
proteins from other DNA viruses such as SV40 large T antigen,
PRO-LYS-LYS-LYS-ARG-LYS-VAL, and polyoma virus large T
antigen, which has two sequences, PRO~-LYS~-LYS~ALA-ARG-GLU-ASP

and VAL-SER-ARG-LYS-ARG-PRO-ARG (Richardson et al., 1986).

i3) ElA as a transformation and metastasis suppressor.

E1lA has been conventionally considered as a dominant
oncogene since it transforms cells in vitro and many of the
resulting cell lines induce tumor formation in vivo. Recent
observations of ElA-transfected lines suggest that in addition
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to its well known transforming activities, El1A encodes for
functions which suppress transformation, tumorigenesis and
metastasis. ElA therefore, fulfills the definition of both a
dominant oncogene and a tumor- and metastasis-suppressor
(Chinnadurai, 1992).

Yu et al. (1991) have found that introduction of Ad5 E1A
into mouse NIH 3T3 cells transformed by the neu oncogene
causes reversion to the normal cell phenotype as judged by
conventional transformation parameters such as cell
morphology, contact inhibition, growth in soft agar and
tumorigenesis in nude mice. It is known that ElA represses

the activity of the neu promoter (Yu et al., 1990). It

appears, at least in this case, that the enhancer repression
function of E1A may account for the ElA-mediated reversion of
the transformed phenotype. Similar results have been seen
using a diverse group of established human tumor cell lines.
Frisch (1991) has demonstrated that cell lines such as Hela,
HT1080 (fibrosarcoma) and A2058 (melanoma) can be converted to
a non- or less tumorigenic state by stable expression of Ad2/5
ElA.

E1A expression also suppresses metastatic progression of
tumor cells. Pozzatti et al. (1986) have observed that rat
embryo fibroblasts (REF) transformed by activated ras (T24
ras) and El1A are substantially less metastatic than cells
transformed by ras alone. This is not true where Adl2 E1lA is

used in place of Ad2 (Pozzatti et al., 1988). Furthermore,
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introduction of genomic E1A DNA or cDNAs coding for either the
12S or 138 E1lA protein product into highly metastatic rodent
or human cells reduces the metastatic potential of these cells
as quantitated by tail-vein injection of these cell lines in

nude mice (Pozzatti et al., 1988; Frisch et al., 1990). It

has been observed that in stably transfected cells there may
be a correlation between reduced metastatic potential and a
reduction in the levels of metastasis—-associated

metalloproteinases such as stromelysin, collagenase I and

collagenase IV (Garbisa et al., 1987; Frisch et al., 1990;

Offringa et al., 1990).

In addition to ElA-mediated repression of secreted
proteases, E1A activates expression of the cellular nm23 gene

(Steeg et al., 1988b). nm23 expression has been previously

associated with low metastatic potential in rodent model
systems and is therefore believed to be a metastasis-

suppressor (Steeg et al., 1988b). Thus, it is possible that

both the positive and negative transcriptional regulatory
functions of E1A could contribute to the reduction of
metastatic potential in tumor cells.

Although the mechanism by which E1A suppresses
transformation has not yet been elucidated, mapping studies
have suggested regions of the protein that may be important in
carrying out these functions. Subramanian et al. (1989) have
found that in E1lA-T24 ras cooperation experiments that E1lA

mutants lacking the C-terminal 61 or 67 amino acids induce
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rapidly growing tumors in syngeneic rats and athymic mice,
whereas cells transformed by the wild-type 12S E1A product and
ras are not tumorigenic and can only induce slowly growing
tumors. In addition the El1A mutants have a much higher
metastatic potential compared to wild-type E1A. Similarily,
Douglas et al. (1991) have also found that a region encoded by
exon 2 suppresses transformation by the 12S E1A in cooperation
with ras. A deletion of the region from nucleotides 1437 to
1488 (corresponding to amino acids 207-224 in the 243R El1A
protein, or 253-270 in the 289R protein) results in an
increased number of foci which appear earlier in the assay
compared to cells containing wild-type El1A. This region is
outside of the nuclear localization signal, therefore
subcellular localization of El1A does not affect its
cotransforming ability.

Invasion of basement membranes is one of the basic
characteristics of highly metastatic cells and is one of the
earliest stages in the metastatic process (Liotta, 1992).
Linder et al. (1992) have used a series of exon 2 mutants to
map the region responsible for invasive properties of rat
embryo fibroblasts cotransformed with ras and 13S E1A. The
results indicate that a region from amino acids 223 to 246 is
responsible for reduced cellular invasion of reconstituted
basal membranes. That is, mutants in this region exhibited
enhanced invasive properties compared to other mutants and

wild-type E1A, implicating this region in suppression of
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invasion. Moreover, 1inability of proteins containing
mutations in this region to invade correlates with a defect in
down-regulation of stromelysin expression which may account

for the loss of invasive ability of these mutants.

14} cCurrent obijectives.

Based on the findings of Pozzatti et al. (1986, 1988)
that the 128 and 138 Ad2 ElA products suppress the metastatic
potential of highly metastatic, T24/EJ ras-transfected, 5R rat
embryo fibroblast cells, I am interested in understanding the
mechanism by which this effect is elicited. It is paradoxical
that a potent oncogene is able to suppress a transformation-
associated characteristic. As described earlier,
transformation and metastasis appear to be associated
phenomena in ras-transformed cells (Egan et al., 1989a).
Earlier studies at our institute have shown enhanced
transformation and metastatic potential with increased ras

expression (Egan et al., 1987a; Taylor et al., 1992). Hence,

the suppressive effect of E1A on metastasis is both surprising
and intriguing. The inability of Ad1l2 E1lA to lower metastatic
potential in these same cells simply adds to the mystery.
The approach to understanding the underlying mechanism
involves addressing the problem in three seperate stages. The
first would be to identify a region of the E1lA protein that is
involved in suppression. The second would be to identify a
specific function associated with that region, such as
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transcriptional regulatory activities, including
transactivation and enhancer repression, or cellular protein
interaction. Since many of the biochemical activities of E1lA
have already been mapped, the location of the ‘suppressor
region’ would suggest what function was involved. Thirdly, an
attempt would be made to identify a specific gene or gene
product, the presence or absence of which, would be associated
with metastatic suppression.

A large number of plasmids expressing wild-type (243R and
289R) and mutant ElA proteins were obtained. Mutations of all
regions, including N-terminus, CR1l, CR2, CR3, and C-terminus
were used so as to represent defects in all biochemically
defined areas of E1A. These were transfected into highly
metastatic 5R cells. It was expected that all cell lines
expressing mutant ElAs, and both wild-type proteins, would
suppress metastasis in in vivo metastasis assays involving
tail-vein injection of nude mice; and that one, maybe two,
lines expressing mutations in the ‘suppressor region’ would
fail to suppress metastasis. Thereby the critical region
would be mapped. After hypothesizing as to the biochemical
activity of E1A that is involved in suppression, based on the
location of the region, screening for variable expression of
metastasis—-associated genes, including ras, could be carried
out to relate metastatic suppression to
activation/deactivation of some gene or protein.

By utilizing the outlined agenda I was able to deduce
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that sequences located at the N-terminus, CR3, as well as C-
terminal sequences encoded by exon 2, encode biochemical
functions necessary for suppression of metastasis by E1A. 1In
contrast to previous reports, I found that only the 289R ElA,
and not the 243R ElA, is capable of metastatic suppression.
Furthermore, mutations in CR1 and CR2 had no effect on
suppression. Therefore these regions and functions associated
with them can be precluded from involvement in the mechanism
of metastatic suppression.

All mutant ElAs used in this study have previously been
characterized for positive and negative transcriptional
activities. All of the mutant El1A proteins that are
theoretically defective in transcriptional activation were
found to be defective in metastatic suppression, suggesting
that transactivation functions of E1A are related to
suppression of metastasis. This idea is further supported by
the finding that, without exception, cells expressing mutant
E1A proteins that are  theoretically  functional in
transactivation activities exhibited suppressed metastatic
potentials comparable to wild-type (289R) levels.
Furthermore, there was a correlation of activated H-ras
expression with metastatic potential. Highly metastatic cell
lines exhibited elevated T24/EJ ras levels, in some cases
higher than the 5R parental cells, whereas cell lines with low
metastatic potentials exhibited 1low 1levels of T24/EJ ras

compared to 5R. This effect was seen at the protein level and
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it is not known at this time whether E1A affects p21™° protein
levels at the transcriptional or post-transcriptional level.
However, the fact that the presence of regions encoding
transcriptional regulatory activity of E1A is associated with

p217 levels suggests that E1A may directly or indirectly

affect transcription of the ras oncogene.
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MATERIALS AND METHODS
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1) Plasmids.

Wild-type ElA expression vectors pSVN20 and pSVF12, and
mutant E1lA expression vectors pSVXL174, pSVXL105, pSVXL132,
pSVXL124 and pSVXL214 were obtained from E.B. Ziff. Wild-type
vector pSVEla (4.6 kb) has been previously described (Velcich
and Ziff, 1985). It contains a clone of nucleotides 1 to 1834
of genomic adenovirus type 5 DNA inserted between the Eco RI
and Pst I sites of the pBR322-derived vector pSvOod. pSvod
does not <contain the pBR322 sequences inhibitory to
replication in mammalian cells, carries both AMP? and TET®
markers and has unique Pst I, EcoR I, Hind III, Bam HI and Sal
I sites. It contains the SV40 origin of replication but no

enhancer sequences (Mellon et al., 1981). pPSVEla does not

contain the AMP® marker due to the insertion of the Eco RI-Pst

I E1A fragment (Smith et al., 1985). Wild-type E1lA vectors

pPSVN20 and pSVF12 are the intronless forms of pSVEla,
reconstructed with sequences from the 12S and 13S cDNAs,
respectively. Mutated forms of the 138 vector were
constructed by Xho I linker insertion mutagenesis as described
by Smith et al. (1985). All of the above-mentioned wild-type
and mutant vectors have been used previously in
transcriptional studies by Velcich and Ziff (1988). Figure
17 illustrates the polypeptides resulting from expression of
these plasmids.

E1A vectors containing mutations in CR2 were obtained
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Figure 17. Predicted E1A polypeptide structures encoded by
wild-type and mutant E1A vectors. The 289R wild-type protein
encoded by the 13S mRNA is represented at the top. The
regions which are highly conserved among the adenovirus
serotypes are boxed and indicated as domains 1, 2, and, 3.
Below are illustrated the predicted protein structures encoded
by the 12S cDNA and the 13S cDNA E1A mutant vectors studied in
this report, except for pSVXL3, pSVXL185, and pSVXLlOl which
were not wused. Also marked are the wild-type amino acid
residues in each mutant. (Taken from Velcich and Ziff, 1988)
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Plasmid pGC212 contains nucleotides 310 to 2798 of the Ad2
genomic DNA (Chinnadurai, 1983). This includes E1A and EI1B.
The E1B region has been removed by digestion with Sst I and
Hind III to remove nucleotides 1767 to 2798. The resulting
vector was partially or completely linearized with various
endonucleases specific for CR2 sequences and blunt ended
either by filling in at the 5’ overhang or by removing the 3’
overhang with T4 DNA polymerase. EcoR I 1linkers of
appropriate lengths were added by 1linker tailing. The
resulting mutant plasmids contain in-frame insertions,
deletions and substitution mutations. The two mutants used in
this study are 120-1 (mutation at amino acids 120 and 121) and
130-3 (mutation from amino acids 130 to 133). Figure 18
illustrates the genetic structure of these mutations.

In DNA transfection experiments the Hygromycin B
transferase gene was used as a selectable marker. The plasmid
pY¥3, which contains the hygromycin B transferase gene, confers
resistance to hygromycin B (hmB), an aminocyclitol antibiotic
which inhibits protein synthesis in prokaryotes and eukaryotes
(Gonzalez et al., 1978; Blochlinger and Diggelman, 1984). The
pY3 plasmid was obtained from E. Ruley and used in co-

transfections with wild-type and mutant E1A gene plasmids.

2) Cell lines and culture conditions.

The highly metastatic cell line, 5R, was obtained from R.
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Mutation Restriction

Site
aa. 116 123

!
VAL PRO GLU VAL ILE THR

120-1
GTG CCG GAG GIG ATC__GAT CTT ACC
| !
b.p. 904 927
ALA GLU PHE GLY
GCC GAA TTC GGC
11?4 1
125.7 CYS HIS ALA
TGC CAG GAG acr\
| 939
928 \
PRO ASP SER ALA
CCG AAT TCG GCT
128 135
[GLY PHE PRO] PRO [SER_ASP] ASP
130-3 Dra Il ClSGC TTT CCA CCC AGT GAC GAC GA(IB
ARG
CGT

Figure 18. Illustration of adenovirus E1A conserved domain 2
mutations. Numbers indicate base pair (b.p.) and amino acid
(a.a.) positions. The amino acid sequences conserved
(Kimelman et al., 1985) among various human adenoviruses (Ad2,
5, 7, 12) and simian adenovirus 7 (SA7) are boxed. The
nucleotide sequences deleted from the wild-type sequences and
added in mutant sequences are shown in bold letters. Mutant
125-7 was not used in this study. (Taken from Kuppuswamy and

Chinnadurai, 1987)
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Pozzatti. B5R 1is a primary rat embryo fibroblast (REF) cell
line that expresses the transfected plasmid pEJ, which encodes
the activated T24/EJ form of c-H-ras-I gene, and demonstates

a high metastatic potential in vivo (Pozzatti et al., 1988).

The 293 cell line is an adenovirus type 5-transformed
cell line (Graham et al., 1977). It is the most commonly used
positive control cell line in ElA expression experiments, by
virtue of the fact that it overexpresses the ElA proteins. It
was obtained from Dr. F.L. Graham (McMaster University).

All cells were routinely maintained in culture on the
surface of plastic tissue culture plates (Becton Dickinson
Labware; Corning Glass Works) in alpha-minimal essential
medium (a¢-mem; Flow Laboratories, Inc.) supplemented with 10%
(v/v) fetal bovine serum (FBS) (HyClone Laboratories, Inc.).
All tissue culture procedures were performed in a laminar flow
hood (The Baker Company, Inc. model NCB-6) to maintain
sterility of the cell cultures. Cultures were incubated under
controlled conditions of 5% CO, and 100% humidity at 37°C. All
solutions involved in tissue culture maintainance, including
the culture medium, were stored at 4°C.

Successfully transfected lines, and lines being selected
during transfection, were maintained under similar conditions
plus 300 ug/ml Hygromycin B (Sigma Chemical Co.). The
concentration of Hygromycin B that is appropriate for
selection is cell line dependent. In this study the ideal

concentration was determined for 5R cells by conducting a test
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experiment in which concentrations of 100 ug/ml, 200 ug/ml,
300 ug/ml and 400 ug/ml Hygromycin B were used to select for
5R cells cotransfected with p¥3 and E1A plasmid DNA. The
ideal concentration was arbitrarily determined to be that
which resulted in an average of approximately 20 to 40

resistant colonies per 150 mm plate.

3) Subculture and long term storage of cell lines.

Phosphate buffered saline (PBS):

8.00 g Nacl

0.20 g KcCl

1.44 g NayHPO,

0.24 g KH,PO,, per litre.

Every effort was made to prevent all cell lines from
becoming confluent while in culture. Subculture, or
passaging, of cell lines was performed by first washing the
culture plate with sterile phosphate buffered saline (PBS)
solution. Approximately 1 ml of trypsin solution, 0.05%
trypsin and 0.02% EDTA (Flow Laboratories, Inc.), was added to
each 150 mm culture dish to detach the cells from the plate.
After 2 to 4 minutes the cells were removed by washing with,
and suspending the cells in, 5-10 ml of PBS. The solution was
transferred to a fresh 15 ml centrifuge tube (Corning, Inc.)
and centrifuged at 1,500 for 5 minutes at 4°C. The
supernatant was aspirated off and the cells were resuspended
in 5-10 ml PBS. The cells were replated at a 1 in 10 dilution

on a fresh plate with fresh culture media.
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For long term storage all cell lines were washed with PBS
and suspended in a freezing solution containing 50% (v/v) FBS,
38% a-mem and 12% dimethylsulfoxide (DMSO, BDH Chemicals) at
a concentration of approximately 107 cells/ml in 1 ml cryotube
freezing vials (Simport Plastics Ltd.). Cells were slowly
cooled to =-70°C and maintained at that temperature. To
recover frozen cells, the vial was rapidly warmed to 37°C.
The thawed cells were added to 1 ml of normal culture medium
(at 37°C) in a fresh culture dish. The volume was doubled
every 5 minutes using culture medium for a total of 4 cycles.
This was done to allow the cells to slowly adapt to the change
in osmotic pressure and thereby maximize cell recovery. The
culture was incubated at 37°C overnight before any further

manipulation of the cells was attempted.

3.1) Cell counting procedure.

The cell culture to be counted was trypsinized as
described above. After centrifugation the cells were
resuspended in 5 ml of fresh PBS. A 50 ul aliquot of the cell
suspension was added to a fresh polypropylene tube (Falcon
2063) . A 50 ul sample of 0.1% Eosin Yellowish (Fisher
Scientific Co.)/PBS solution was added to the tube and mixed
with the cell suspension. The cell density was determined
using a Reichert Bright-Line Hemacytometer and an Olympus-

Tokyo microscope. The following formula was used:

102



(A/B) X (2 X 10%) = c.

Where, A = number of cells in ‘B’ fields,
B = number of visual fields counted,
and C = cell density (cells/ml).

The required number of cells were aliquoted based on the

cell density of the suspension.

4) Plasmid DNA Transfection.

5R cells were plated at 5 X 10° cells/60mm plate on day
1. On day 2, the culture medium was replaced with 4 ml of
fresh medium. 20 ug of E1A plasmid DNA was transfected into
the cells by using the calcium phosphate precipitation
procedure (Graham and van der Eb, 1973; Corsaro and Pearson,
1981). E1lA plasmid DNA and pY¥3 plasmid was added at a 20:1
ratio to maximize the probability of El1A incorporation in drug
resistant colonies. A DNA-CaCl, solution was prepared
containing total DNA at 50 ug/ml and CaCl, at 250mM and was
added dropwise, with simultaneous bubbling, to an equal volume
of HEPES buffer containing 50mM HEPES-NaOH, pH 7.1, 250 mM

NaCl, and 1.5 mM Na,HPO,~NaH,PO,, pH 7.0 (Miller et al., 1986).

The mixture was allowed to sit for 30 mninutes at room
temperature to allow for precipitate formation. 0.5 ml of
precipitate was added to each plate of cells and incubated for

10 to 16 hours after which the precipitate was removed and
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fresh medium was added. On day 3, the cells were passaged and
plated onto large 150 mm plates. On day 4, the normal growth
medium was replaced with selection medium containing 300 ug/ml
Hygromycin B. The cells were incubated for 14 to 16 days with

fresh culture medium being added every 4 days.

4.1) Cloning of transfected cells.

Plates were washed gently with sterile PBS solution to
remove floating or loosely attached cells. Selected colonies
were cloned by trypsinization using metal cloning cylinders
sealed to the culture plates by sterilized petroleum jelly.
Colonies that were in doubt due to the presence of other
colonies in close proximity were subcloned by the same method
and subsequently cloned. Approximately 20 colonies were
selected for each transfection (each plasmid) and treated as
independent cell lines. 5 vials of each clonal cell line were

frozen at -70°C for further analysis.

5) Cellular DNA and RNA analysis.

5.1) Spectrophotometric determination of the amount of DNA

and RNA.

Dilutions of 1 in 100 for DNA and a 1 in 500 for RNA, to
a final volume of 1 ml, were used in spectrophotometric

readings. For quantitating the amount of DNA or RNA, readings
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were taken on a spectrophotometer (LKB Biochrom Ultrospec
4050) at wavelengths of 260 nm and 280 nm. The reading at 260
‘nm was used in the calculation of the concentration of nucleic
acid in the sample. Contamination with phenol or protein can

be determined from the OD,/ODygy ratio (see Sambrook et al.,

1989, for all details). Since contamination affects accuracy
of nucleic acid quantitation, samples not meeting this purity
criterium were generally not used until the contamination was

removed by further extraction.

5.2) Nick translation and purification of labelled DNA

probe.

Selected DNA probe was nick translated using the Amersham
nick translation kit (N.5000) and 23%P labelled dCTP (ICN
Biomedicals, Inc.). The procedure outlined in the kit was
followed with an expected specific activity of at least 2 X
10% cpm/ug.

After incubating the probe for 1.5-2.0 hours at 15°C the
probe was purified using a Sephadex G-50 column, in a 500 ul
microfuge tube plugged with sterile glass wool. The sephadex
G-50 solution was suspended in buffer containing 150 mM NacCl,
10 mM EDTA, 0.1% SDS, and 50 mM Tris-HCl, pH 7.5. The
labelled DNA was eluted with 1X Tris-EDTA (TE), pH 8.0, using
volumes of 75 ul, 100 ul and another 100 ul to purify the

labelled DNA fragments from free, unincorporated nucleotides
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in the reaction buffer. The equivalent of 1 ul of purified
probe was put into a polyethylene scintillation wvial and
counted on a Beckman LS 7800/9800 scintillation counter to
determine radioactivity of the DNA probe solution. The value
(in cpm/ul) was used to calculate specific activity and to
determine the quantity of DNA probe solution to be added to
each hybridization experiment. Generally a probe
concentration of 2 X 10° cpm/ml, or a total of 2 X 10’ cpms per

10 ml hybridization solution, was used.

5.3) Isolation of genomic DNA from mammalian cells.

The procedure used for isolation of genomic DNA from all
cell lines is based on the techniques published by Blin and
Stafford (1976), with minor modifications. One 150 mm plate
was used for each cell line. The monolayer was washed once
with cold PBS (4°C). Using a policeman, the cells were
scraped into about 10 ml of PBS, transferred into a 15 ml
polystyrene centrifuge tube and centrifuged at 15009 for 5
minutes at 4°C. The cells were resuspended in 10 ml cold PBS
and centrifuged once again to remove all traces of culture
medium. The cell pellet was resuspended in about 1 ml TE (pH
8.0). 5 ml of extraction buffer was added and the solution
was incubated for 1 hour at 37°C. Pancreatic RNAase was added
to a final concentration of 100 ug/ml, mixed well with a glass

rod and incubated at 37°C for 2 hours. Then proteinase K was
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added to a final concentration of 100 ug/ml, mixed well and
incubated for 3 hours at 50°C with occasional swirling. An
equal volume of TE-equilibrated phenol was added and the two
phases were gently mixed by slowly turning the tube end over
end for 1 hour. The two phases were separated by
centrifugation at 5,000g9 for 10 minutes at room temperature.
The viscous aqueous phase was transferred to a clean
centrifuge tube and the phenol extraction was repeated. The
aqueous phase was then extracted with an equal volume of
chloroform overnight. The aqueous phase was again separated
by centrifugation and dialysed in three changes of 4 litres of
TE (pH 8.0) overnight or until the OD;7; of the dialysate was
less than 0.05. The OD of the sample was then measured and
the DNA sample was only used if the ratio of 0Dy to ODyg was

greater than 1.75. DNA samples were stored at 4°C.

5.4) Restriction enzyme digestion of DNA samples.

Each sample of genomic DNA to be analyzed for
amplification and E1A gene copy number was first digested with
a restriction enzyme having a single recognition site on the
plasmid with which the cell line was transfected but no
recognition sequences within the El1A gene itself. For cell
lines transfected with wild-type and pSVXL series plasmids the
most appropriate restriction enzyme was determined to be Hind

III. Meanwhile EcoR I was chosen for 120-1- and 130-3-
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transfected clones based on the proximity of the restriction
site to the ElA insertion site on the plasmid.

20 ug of genomic DNA was digested with the appropriate
restriction enzyme (Gibco BRL) at a concentration of 2 units
per ug DNA in the reaction buffer accompanying the enzyme
diluted to a concentration of 1X in the final reaction volume.
The reaction was performed in a sterile microfuge tube and was
carried out overnight in a 37°C drybath. The reaction was

stopped by placing the tube(s) on ice.

5.5) EBElectrophoresis of DNA through gels.

6X DNA-gel loading buffer:

0.25% Bromophenol blue
0.25% Xylene cyanol FF
15.00% Ficoll (type 400; Pharmacia)

DNA-gel running buffer (1X TBE):

10.8 g Tris base
5.5 g Boric acid
10.0 ml 1.0 M EDTA, pH 8.0, per litre.

Agarose (Sigma Chemical Co.) was melted in hot DNA gel-
running buffer to a final concentration of 0.7% agarose. The
solution was cooled to 60°C and ethidium bromide (Sigma
Chemical Co.) was added (from a stock solution of 10 mg/ml) to
a final concentration of 0.5 ug/ml. The solution was poured
into a plastic gel tray and cooled for 1 hour. Meanwhile the

Lambda-Hind III digest marker DNA (Gibco BRL) sample was

prepared using reaction-buffer conditions identical to the DNA
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samples. This was incubated at 65°C for 15 minutes to ensure
that there was no interaction of the individual DNA fragments.
The restriction enzyme digested DNA samples were mixed with a
sufficient quantity of 6X DNA gel-loading buffer to give a
final concentration of 1X in the loaded sample. The marker
sample was treated in the same way.

When the gel had solidified it was placed in an
electrophoresis chamber (Bio-Rad DNA Sub Cell) containing DNA
gel-running buffer. The DNA samples were loaded into the
wells, marker lane first, and the gel was run at 5 V/cm for 15
minutes on a Bio-Rad Model 250/2.5 Power Supply. The voltage
was reduced and the DNA was electrophoresed at 3-4 V/cm.

When the dye front had migrated at least 12 cm the gel
was placed on a transilluminator (Ultra-Violet Products, Inc.)
alongside a metric ruler and a photograph of the gel was taken
using a Polaroid MP 4 Land camera. The photograph was used to
evaluate restriction fragment sizes in subsequent steps and to

estimate degree of DNA digestion.

5.6) Southern transfer and hybridization of probe DNA,

5.6.1) Southern transfer of DNA.

The following is based on the principles outlined by
Southern (1975) with modifications as described in Sambrook et

al., 1989. After electrophoresis, unused areas of the gel
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were cut away and the top right corner was cut off in order to
orient the gel during succeeding operations. The gel was
soaked in 0.2 N HCl1 for 15 minutes. The DNA was then
denatured by soaking the gel in several volumes of
denaturation solution (1.5 M NaCl, 0.5 N NaOH) for 45 minutes
with gentle shaking. The gel was briefly rinsed in double
distilled water (DDW) and neutralized by soaking for 30
minutes in several volumes of neutralization solution (1 M
Tris pH 7.4, 1.5 M NaCl) with gentle shaking. The solution
was changed and the gel was soaked for another 20 minutes.
The gel was removed from the neutralization solution and
placed upside down on a piece of wet Whatman 3MM
chromatography paper large enough to contact the transfer
buffer (10X SSC or SSPE) in a plastic blotting tray. The top
right corner of the gel was cut to orient the gel during
succeeding operations. A piece of 0.45 um pore size
nitrocellulose (Schleicher and Schuell, Inc.) 1 mm longer than
the gel on each side was soaked in double distilled water for
5 minutes. A corner was cut to match that of the gel and it
was placed on top of the gel. Two pieces of Whatman 3MM paper
the same size as the filter were soaked in DDW for 5 minutes
and placed on top of the nitrocellulose. Throughout this
procedure air bubbles were smoothed out using a glass rod to
ensure that all contacts were direct and flush. Strips of
Parafilm (American Can Co.) were cut and placed around the gel

to prevent short-circuiting. A stack of paper towels about 7
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cm high, cut to approximately the same size as the gel, were
placed on top of the 3MM papers. A glass plate was put on top
of the towels and weighed down with a 1.0 kg weight. The
transfer was allowed to proceed for 12-18 hours.

When the transfer was complete the filter was soaked in
2X S8SSC/SSPE for 5 minutes to remove any pieces of agarose
sticking to the filter. The filter was placed on a piece of
3MM paper and air dried for 30-45 minutes. It was then placed
between two pieces of 3MM paper and baked for 2 hours at 80°C
in a vacuum oven (Bio-Rad Model 583 Gel Dryer).

In some cases nylon membrane (Nytran, Schleicher and
Schuell, Inc.) was used and transfer was carried out in

essentially the same manner as outlined above.

5.6.2) Hybridization and autoradiography.

8 ml of prehybridization solution was transferred to a 15
ml polystyrene tube and heated to 65°C in a water-bath.
Meanwhile 1 ml of salmon sperm DNA (10 mg/ml, Sigma Chemical
Co.) was heated to 100°C and boiled for 10 minutes. The
salmon sperm was added to the prehybridization solution along
with 1 ml of 50% dextran sulfate solution (Sigma Chemical
Co.).

The complete prehybridization solution was added to the
filter which had been placed in a plastic bag sealed on three

sides using a Quik-Seal bag sealer (National Instrument Co.,
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Inc.). After removal of all air bubbles in the solution with
a pasteur pipette the top of the bag was sealed and it was
incubated for 2 hours at 42°C. Meanwhile the radioactive
probe was prepared. A corner of the bag was cut using a razor
blade and the boiled probe was added to a pool of
hybridization solution. All air bubbles were again removed
and the bag was sealed. The bag was incubated at 42°C and
hybridization was allowed to proceed overnight.

The following day the hybridization fluid was drained
from the bag and the filter was washed briefly in washing
solution 1 (2X SSC/SSPE, 0.1% SDS) to remove any
nonhybridizing radiocactivity. The washing solution was
discarded and fresh solution was added. The filter was rinsed
for 15-30 minutes at room temperature with gentle agitation on
a water bath shaker. The solution was discarded and fresh
washing solution 2 (0.05X SSC/SSPE/ 0.1% SDS) (at 65°C) was
added. The filter was washed in a 65°C water bath twice for
30 minutes each with gentle shaking.

The filter was air-dried on paper towel to remove excess
liquids. It was not allowed to completely dry.
Autoradiography was used to analyze the filter. It was placed
in a plastic bag and exposed to Scientific Imaging Film
(Eastman Kodak Company) with an intensifying screen (Dupont
Cronex-Lightning Plus FE) in a metal x-ray cassette (Picker X-
ray) at -70°C for 2-4 days. The film was then developed in an

x-ray developer and examined.
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5.7 Isolation of total RNA from mammalian cells.

All materials and solutions utilized in the isolation of
RNA were treated with the RNAase inhibitor diethyl
pyrocarbonate (DEPC, Sigma Chemical Co.) as outlined in
Sambrook et al. (1989).

The method used to isolate total RNA from parental and
transfected cell lines is based on the procedure described by
Stallcup and Washington (1983). For each cell 1line one
subconfluent 150 mm plate was washed twice with ice-cold PBS.
Plates were stored on ice until all monolayers were washed.
3 ml of 10 mM EDTA (pH 8.0), 0.5% SDS was added to each plate
and using a policeman the cells were scraped into a 15 ml
disposable polypropylene tube. Each plate was rinsed with 3
ml of 0.1 M sodium acetate (pH 5.2), 10 mM EDTA (pH 8.0) and
the solution was transferred to the tube containing the cell
lysate. After adding 6 ml of phenol (equilibrated with water)
the contents were mixed by shaking the tube for 2 minutes at
room temperature. The phases were separated by centrifugation
at 5,000 rpm for 10 minutes at 4°C in a Damon/IEC Division DPR
6000 centrifuge. Using a sterile pipette, the upper aqueous
phase was transferred to a fresh tube containing 440 ul of
ice-cold 1 M Tris-HC1l (pH 8.0) and 180 ul of 5 M NaCl. After
addition of 2 volumes of ice-cold ethanol the tube was mixed
and stored for 30 minutes at -20°C. The RNA was pelleted by

centrifugation at 5000 rpm for 10 minutes at 4°C. The
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supernatant was well drained and the RNA was redissolved in
200 ul of ice-cold TE (pH 8.0). The solution was transferred
to a sterile 1.5 ml microfuge tube containing 4 ul of 5 M NacCl
and 500 ul of ice-cold ethanol. The RNA was again collected
by centrifugation at 12,0009 for 5 minutes at 4°C in a
Brinkmann eppendorf microfuge 5415. The supernatant was
discarded and the tube was left open to allow the last traces
of ethanol to evaporate. The RNA was redissolved in 30-50 ul
of DEPC-treated water and stored at -20°C.

To further purify the RNA preparations, the following
procedure was used to remove contaminating
oligodeoxyribonucleotides. Instead of redissolving the RNA in
DEPC-treated water as described above, 200 ul of 3 M sodium
acetate (pH 5.2) was added. The suspension was centrifuged at
12,0009 for 10 minutes at room temperature in a microfuge.
The supernatant was discarded, and the pellet was redissolved
in 200 ul of TE (pH 7.6). 20 ul of 3 M sodium acetate (pH
5.2) was added. The solution was mixed well, and 550 ul of
ice-cold ethanol was added. After chilling the solution on
ice for 30 minutes the RNA was recovered by centrifugation at
12,000g for 10 minutes at 4°C. The pellet was washed twice
with ice-cold 70% ethanol and, after allowing the pellet to
air dry to remove residual ethanol, it was resuspended in 30-
50 ul DEPC-treated water and stored at -20°C.

Large scale total RNA isolation involved the procedures

outlined in Sambrook et al. (1989) pages 7.19-7.22.
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5.8) Electrophoresis of RNA through formaldehyde gels.

Formaldehyde gel-loading buffer :

50 % Glycerol
1 mM EDTA (pH 8.0)
0.25% Bromophenol blue
0.25% Xylene cyanol FF

5X Formaldehvde gel-running buffer :

0.1 M MOPS (pH 7.0)
40 mM Sodium acetate
5 mM EDTA (pH 8.0)

RNA sample buffer :

13% 5X Formaldehyde gel-running buffer
22% Formaldehyde (Mallinckrodt, Inc.)
65% Formamide (Sigma Chemical Co.)

RNA gel-staining solution :
0.5 ug/ml Ethidium bromide (Sigma Chemical Co.)

100 mM Ammonium acetate (Fisher Scientific)

The formaldehyde gel was prepared by melting agarose
(Sigma Chemical Co.) in boiling water to a concentration of 1
g/100 ml, cooling it to 60°C, and adding 5X formaldehyde gel-
running buffer and formaldehyde to give final concentrations
of 1X and 2.2 M, respectively. The gel was cooled for at
least 1 hour in a chemical hood.

20 to 30 ug of RNA, made up to 4.5 ul with DEPC-treated
water, was mixed with 15.5 ul of freshly made RNA sample
buffer in a fresh, sterile microfuge tube. The samples were

incubated for 15 minutes at 55°C, chilled on ice for 3 to 5
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minutes and centrifuged for 5 seconds to deposit all of the
fluid in the bottom of the tube. 2 ul of sterile, DEPC-
treated formaldehyde gel-loading buffer was added to each
sample.

All gels were run in a Bio-Rad DNA Sub Cell using a Bio-
Rad Model 250/2.5 power supply. Before loading the samples,
the gel was prerun for 5 minutes at 5 V/cm in 1X formaldehyde
gel-running buffer. The samples were loaded into the lanes of
the gel and it was run at 5 V/cm for 15 minutes, and then at
3-4 V/cm. An outside lane was loaded with an arbitrary RNA
preparation to serve as a marker lane. When the gel
electrophoresis was complete (when the bromophenol blue marker
had migrated approximately 12 cm) the marker lane was cut off
and stained with formaldehyde gel-staining solution for 30-60
minutes. The 18S and 28S ribosomal RNA (rRNA) bands were
visualized using a transilluminator (Ultraviolet Products
Inc.), the migration distances were recorded and used as
reference molecular-weight markers for other samples of the

corresponding gel.

5.9) Northern blotting and hyvbridization procedures.

The procedure used for blotting RNA from formaldehyde
gels to nitrocellulose or nylon (Nytran) are identical to that
for Southern hybridization involving DNA gels. However, since
RNA is single stranded, there is no need for acid treatment,
alkaline denaturation, and neutralization of the gel before
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blotting onto the filter.

6) Analysis of ras protein expression by Western blotting

and hybridization.

6.1) Protein extraction.

Lysis buffer:

50.0 mM HEPES, pH 7.0
250.0 mM NacCl
0.1% Nonidet P-40 (NP-40)

On the day before cell lysis the appropriate cell lines
were plated on 10 cm tissue culture plates at 1 X 10° cells
per plate. The cells were incubated overnight. The following
day the medium was removed, the plates were washed twice with
cold PBS and the plates were placed on a tray of ice. 750 ul
of lysis buffer was added to each plate and the cells were
incubated, with occasional rocking, for a half hour on ice.
The cell 1lysates were removed using a rubber policeman,
transferred to a 1.5 ml eppindorf tube, centrifuged at 12,000
rpm for 5 minutes, and the supernatant was transferred to a

fresh eppindorf tube. All lysates were stored at -20°C and

were kept on ice during further handling.
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6.2) 8SDS=Polyacrylamide Gel Electrophoresis (8DS-PAGE).

12.5% Polyacrylamide resolving gel:

16.2 ml DDW
30.4 ml Acrylamide solution

(30 g Acrylamide:0.8 g BIS)
27.0 ml Tris, pH 8.8
360.0 ul 20% SDS
240.0 wul 10% Ammonium persulfate
40.0 ul TEMED

5% Polvacrylamide stacking gel:

17.0 ml DDW
4.2 ml Acrylamide solution
3.1 ml Tris, pH 6.8
125.0 wul 20% SDS
125.0 ul 10% Ammonium persulfate

25.0 ul TEMED

4X Sample buffer:

200.0 mM Tris-Cl, pH 6.8
400.0 mM Dithiothreitol

8.0% SDS
0.4% Bromophenol blue
40.0% Glycerol

5X SDS-PAGE running buffer:
125.00 mM Tris

1.25 M Glycine, pH 8.3
0.5 % SDS
Procedures used for protein analysis were based on those
outlined in Harlow and Lane (1988). The protein samples
(lysates) were run using a 5% stacking gel with a 12.5%
resolving gel. The resolving gel was poured first using a
Biorad protein gel apparatus. All ingredients were mixed in
a beaker except for the ammonium persulfate and the TEMED
which were added simultaneously just before the gel solution
was added to the apparatus. It was covered with about 2 ml of
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0.1% SDS and polymerization was allowed to proceed for about
45 min. The 0.1% SDS, which formed a separate layer at the
top, was removed. Next, the ingredients of the stacking gel
were mixed and similarly added to the gel apparatus with a 15
well Teflon comb. After 1 hour the comb was removed, the
apparatus was placed in a running tank, the top chamber was
filled with 1X SDS and the bottom of the tank was filled with
2 litres of 0.5X SDS solution.

50 ug of protein was used per cell line to be examined.
Protein concentrations in the lysate were determined using a
standard Biorad protein assay. The appropriate volume of
protein was mixed with the required volume of 4X sample buffer
and the samples were loaded onto the gel. The first lane was
designated as the marker lane and 10 ul of prestained SDS-PAGE
molecular weight standard (Biorad) was loaded. The gel was
run using a constant current of 35 A for about 5 hours or

until the dye front had reached the end of the gel.

6.3) Western blotting of electrophoresed proteins.

Blotting buffer:

25 mM Tris, pH 8.3
192 mM Glycine
20% Methanol

20X Tris buffered saline (TBS) stock:

121.1 g Tris
120.0 g NaCl, to pH 7.6 and 1 litre
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Tween Tris buffered saline (TTBS):

TBS with 0.05% Tween-20 (Sigma)

Developing solution:

45.0 ml Borate buffer (0.93 g boric acid/1,
pH 9.5)

5.0 ml 0.1% NBT (p-nitroblue tetrazolium
chloride)

0.5 ml 5 mg/ml BCIP (5-bromo-4-chloro-
3-indolylphosphate) in
diethylformamide

100.0 wul 2M MgCl, (added just before developing)

The gel was placed in transfer/blotting buffer to
equilibrate for 1 hour at 4°C. Meanwhile one piece of
nitrocellulose equivalent to the gel-size and six pieces of
Whatman 3MM paper were cut and soaked in fresh blotting
buffer. The gel and nitrocellulose were sandwiched between
three pieces of 3MM paper on each side and loaded onto a
transfer assembly. The tank was filled with blotting buffer
and the apparatus was run for 1.5 hours at 120 V, and then 100
V for the final 30 minutes, with constant stirring of the
buffer at 4°C. The blotted filter was air-dried, placed
between two pieces of 3MM paper and stored in a plastic bag at
4°C until it was developed.

Before developing, the membrane was wet in TBS for 5
minutes. Then, 100 ml of blocking solution (3% gelatin, Difco
Laboratories) was added and it was incubated with gentle
shaking for 45 minutes. The filter was washed once with TTBS

for five minutes and incubated overnight at room temperature

in 5 ml of antibody buffer (1% gelatin) with a 1:100 dilution
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of PAbraslO (Dupont),a ras pan-specific monoclonal antibody,
for p21™° analysis. The following day the filter was washed
twice for five minutes in TTBS. Then, 50 ml of antibody
buffer was added with 16.7 ul of anti-mouse IgG alkaline
phosphatase conjugated secondary antibody (Sigma) and
incubated with shaking for 1 hour. The filter was again
washed twice in TTBS and twice in borate buffer. Meanwhile
the developing solution was prepared in a foil wrapped flask.
After the final wash, the blot was developed by incubation in
the developing solution, in a foil-covered tray to protect the
light-sensitive solution, for 45 to 90 minutes. The reaction

was stopped with several washes of distilled water.

7) Measuring in vitro invasion properties of cells.

To evaluate the invasive potential of transfected and
parental cell lines, in vitro invasion assays were performed.
On day one 3 X 10* cells were plated and incubated under
normal cell culture conditions. It was expected that by day
2 the cell number would approximately double.

On day 2 the collagen gel was prepared in a 25 cm® tissue
culture flask (Corning, Inc.). 1 ml of 5X d-MEM was mixed
with 1.5 ml of sterile double distilled water and 2.5 ml of
Vitrogen collagen I solution (Collagen corp.) in a sterile
polystyrene tube. The solution was transferred to a sterile

2

25 cm® tissue culture flask and the gel solution was allowed
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to polymerize for at least 20 minutes at 37°C. Meanwhile the
cell culture to be examined was trypsinized and centrifuged
for 5 minutes at 1,500g and 4°C. The cell pellet was
resuspended in sterile PBS, recentrifuged and then suspended
in 5 ml of culture medium. The cell suspension was added to
the surface of the collagen gel in the flask. The flask was
incubated under normal culture conditions.

At exact 2 hour intervals the culture flask was removed
from the incubator and examined for cell invasion. A
measurement was taken at +time 0 before beginning the
incubation. To characterize the invasive ability of the
cells, three separate fields of cells were selected and
examined wunder a microscope (Olympus—-Tokyo) at 100X
magnification. For each field, the number of cells at each of
five different levels was counted. Level 1 was focused at the
top of the gel and the number of cells was counted. 1level 2
was focused at about 5 um below the surface of the gel. 1In
this way 5 different levels were used, where level 5 was
approaching the bottom of the gel. By counting the number of
cells at each level I was able to characterize the percentage
of cells that had invaded, and to what degree, at any specific
time point. The same fields were not necessarily used in each
time point measurement. Three different fields were measured
at each time point to account for variation and to get data
that was most representative of the invasive characteristics

of the cell lines. All samples were examined at time points
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of 0, 2, 4, 6, 8, 10, 12, and 24 hours.
Statistical analysis was done on the results obtained

from the invasion assays as described on the following page.

8) Measuring in vivo metastatic potential of cell lines.

Bouin’s solution :

15 parts picric acid (saturated)
4 parts 40% formaldehyde
1 part glacial acetic acid

To evaluate the metastatic characteristics of cell lines
involved in this study the cell lines were injected into nude
mice and the metastatic potential was determined from the
number of tumor nodules observed in the lungs of sacrificed
animals. The procedure used was identical to that of Pozzatti
et al. (1986).

On day 1, 1 X 10%cells of each cell line to be examined
were plated on 150 mm tissue culture plates and incubated
under normal conditions overnight. On day 2, the cells were
removed from the plate by trypsinization, centrifuged at
1,500 for 5 minutes and resuspended in 10 ml PBS. The
centrifugation was repeated and the cells were resuspended in
5 ml PBS and put on ice. The cell density was determined
using the cell counting procedure described earlier. The cell
density was adjusted to 2.5 X 10’ cells/ml for a total volume
of 1.2 ml.

5 nude mice were injected with each cell line to be
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examined in order to account for normal variation. Each mouse
was tail-vein injected with 0.2 ml (5 X 10* cells). The
tumors were given 14-16 days to develop. Thereafter, the mice
were sacrificed and the 1lung were inflated by tracheal
injection of Bouin’s solution. The lungs were removed and
stored in marked scintillation vials in Bouin’s solution. The
number of tumor nodules were subsequently counted for each
lung using a Wild Heerbrugg M3 dissecting microscope and the
data was compiled for all of the different cell lines that
were used. Statistical analysis was done on all of the

resulting data.

9) oOuantitation and statistical analvsis.

Variation in the in vitro invasion and in wvivo

experimental metastasis assays amongst cell lines expressing
the same E1A plasmid was estimated by calculating the standard
error (SE) based on standard deviation values (see Chase,
1967) .

To make it easier to compare the metastatic potentials of
cell 1lines expressing different E1A plasmids, a percent

metastasis value was calculated for each cell line as follows:
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MTy - MTpase
% METy = X 100
MTsp = MTpaee

where, % METy = % metastasis of cell line X
MTy = mean tumor formation by X
MTpase = mean tumor formation by the base-
line control cell line(s) (N20 series)
MTsg = mean tumor formation by 5R.

The relationship between transcriptional activities of
E1A and metastatic suppression was examined using the

following t-test:

r(n-2)"
tn-Z, a —
(l_rZ) Y
where, n number of variates
n-2 degrees of freedom

represents degree of certainty
correlation coefficient.

(44
r
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RESULTS
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i) Expression of E1A genes in transfected cells.

A series of different wild-type and mutant E1lA expression
vectors were transfected into the metastatic rat embryo
fibroblast 5R line to determine which regions of E1A are
involved in suppression of T24 ras-mediated metastasis.
Introduction of the different E1lA expression vectors resulted
in the growth of many (>40) colonies except in the case of
pSVN20 transfection. Transfection of 5R cells with pSVN20
resulted in the growth of only one cell colony. The
transfection was repeated twice and a total of approximately
20 colonies resulted. These results support the observation
of others that expression of wild-type E1A can be toxic in
some cells (Lowe and Ruley, 1993).

5R cells transfected with El1A expression vectors were
screened for E1lA expression using northern hybridization. Two
or, where possible, three ElA expressing clones from each
transfection were chosen for further analysis. The
nomenclature developed for these lines and the description of
the respective ElA polypeptides expressed by each are listed
in Table 9. Figures 19-21 illustrate the expression of the
13s and/or 12S E1A mRNAs in these cell lines.

An intense effort was made to show expression of E1lA
polypeptides in the aforementioned cell 1lines without any
success. This does not necessarily imply a lack of El1A
protein expression because other investigators have also found
that while E1A expression can be shown in adenovirus infected
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Figure 19. Expression of E1A mRNA species in E1A transfected
cells. Northern blot analysis showing expression of E1A mRNA.
The first lane, 293, shows expression of El1lA in 293 cells
(positive control), while the B5R lane shows the negative
control profile of 5R cells. Other 1lanes illustrate EI1A
expression in ElA transfected lines N20-11, N20-20, F12-1,
F12-8, F12-13, 120-1, 120-4, and 120-5. The arrows indicate
the positions of the unspliced (un), 13S and 12S E1A mRNA

bands.
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Figure 20. Expression of E1A mRNA species in E1A transfected
cells. Northern blot analysis showing expression of E1A mRNA.
The first lane, 293, shows expression of E1A in 293 cells
(positive control), while the 5R lane shows the negative
control profile of 5R cells. Other lanes illustrate E1A
expression in E1A transfected lines 130-2, 130-9, 130-10, 132-
16, 132-18, 132-20, 105-4, 105-8, and 105-18. Arrows indicate
the positions of the unspliced (un), 13S, and 12S E1A mRNA
bands. The shifting of the positions of the bands between
lanes is due to changes in E1A mRNA size caused by deletion

mutation of the transfected E1A gene.
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Figure 21. Expression of E1A mRNA species in E1A transfected
cells. Northern blot analysis showing expression of E1A mRNA.
The first lane, 293, shows expression of El1A in 293 cells
(positive control), while the 5R lane shows the negative
control profile of 5R cells. Other lanes illustrate E1A
expression in E1A transfected lines 174-9, 174-14, 214-3, 214~
9, 214-14, 124-6, 124-12, and 124-20. The arrows indicate the
positions of the unspliced (un), 13S and the 12S E1A mRNA
bands. The shifting of the positions of the bands between
lanes is due to changes in E1A mRNA size caused by mutation

deletion of the transfected E1A gene.

132



b
%)
o

128 =

133



Table 9. Nomenclature used in reference to 5R cells
transfected with E1A expression vectors.

Cell line Plasmid E1A mutation®

N20-9 PSVN20 138 wild-type
N20-11 w "
N20-20 W u

F12-1 PSVF12 128 wild-type
F12-8 " "
F12-13 " "

120-1 pGC212 ins. at 120-1
120-4 (modified) "
120-5 " "

130-2 pGC212 ins. at 130-3
130-9 (modified) "
130-10 W i

105-4 PSVXL105 s 38-44
105-8 " "
105-18 " "

132-16 pPSVXL132 4 64-67
132-18 " "
132-20 w "

124-6 pPSVXL124 4 159-289
124-12 " "
124-20 " "

174-9 PSVXL174 a4 1-14
174-14 " "

214-3 pSVXL214 4 185-214
214-9 " "
214-14 " "

’a’ - numbers refer to amino acid residue positions.
’ins.’ - refers to insertion mutation.
7a? - denotes deletion mutation.
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cells, it is often difficult to demonstrate in E1A transfected

cells (E. Ruley and E. Harlow, personal communication).

2) In vitro invasion assayvs of Ei1A transfected cell lines.

In vitro invasion assays were used to evaluate the
ability of E1lA expressing lines to invade a collagen-based gel
so as to provide an initial characterization of metastatic
properties of the cell lines. The invasive capabilities of
the cell lines are outlined in Tables 10-37 and summarized in
Table 38.

The parental cell line, 5R, exhibited a high level of
invasion. After 24 hours 33.3% of the cells had begun to
invade the collagen gel. REF52 cells were used as negative
controls and had a low-to-moderate invasion level of 13.5%.
REF52 cells are likely not an accurate choice for use as a
negative control. The reasons for this are discussed in depth
in the Discussion. Cell lines expressing both the 289R and
the 243R wild-type El1lA proteins exhibited low 1levels of
invasion indicating a suppression of invasion by E1A in these
lines. Similar results were obtained for most cell lines
expressing mutant E1A genes except for the N-terminal mutant
lines 174-9 and 174-14 which had percent invasion values of
18.3% and 24.8%, respectively. The 124 series cell lines
which contain a partial deletion of conserved region 3 and
complete deletion of exon 2 exhibited 1levels of invasion
approaching, and in some cases exceeding, those of the
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Table 10. Invasive potential of parental 5R cells.

Cells per level % Invasion

Time (hrs) 1 2 3 4 5 + SE

0 146 0 0 0 0 0]
2 143 10 0 0 0 7.0 + 5.7
4 143 9 0 0 0 6.3 + 2.5
6 139 11 0 0 0 7.9 £ 3.8
8 133 9 0 0 0] 6.8 £ 4.0
10 126 15 1 0 0 12.7 #10.5
12 160 19 0 0 0 11.9 + 2.4
22 292 38 13 8 0 20. + 2.2
24 210 59 11 0 0] 33.3 * 7.7

Invasion assays involved measurement of the number of
cells penetrating a collagen I-based gel at the
various time points listed. "Level" refers to the
number of cells penetrating various depths of the gel,
where 5 is the deepest.

Table 11. Invasive potential of REF52 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 119 0 0 0 0 0
2 110 0 0] 0 0 0
4 103 1 0 0 0 < 1.0
6 135 1 0 0 0 < 1.0
8 117 0 0 0 0 0
10 135 9 0 0 0 6.7 £ 1.6
12 136 4 0 0 0 2.9 + 0.5
22 141 14 5 0 0o 13.5 + 2.8
24 110 9 2 0 0 10.0 =+ 3.9
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Table 12. Invasive potential of N20-9 cells.

Cells per level Invasion
Time (hrs) 1 2 3 4 5 + SE
0 141 0 0 0 0 0
2 149 2 0 0] 0] 1.3 = 1.6
4 159 5 0 0] 0 3.1 £ 0.7
6 175 11 0 0 0 6.3 + 2.8
8 251 ) 0 0 o) 3.6 £+ 1.3
10 219 6 0 0 0] 2.7 £ 0.5
12 238 3 0 0 0 1.3 £ 0.7
24 330 7 0 0 0 2.1 £ 1.0
Table 13. Invasive potential of N20-11 cells.
Cells per level Invasion
Time (hrs) 1 2 3 4 5 + SE
0 93 0 0 0 0 0
2 90 0 o 0 0 0
4 112 2 0 0 0 + 2.1
6 109 0 0 0 0 0
8 119 3 0 0 0 + 1.2
10 148 4 0 0 0 * 2.7
12 131 4 0 0 0 £+ 1.3
24 251 1 0 0 0 1.0
Table 14. Invasive potential of N20-20
Cells per level Invasion
Time (hrs) 1 2 3 4 5 SE
0 110 0 0 0 0 0
2 124 5 0 0 0 + 2.2
4 116 0 0 0 0 0
6 119 5 0 0 0 + 2.3
8 151 0 0 0 0 0
10 152 0 0 0] 0] 0
12 163 1 0 0 0 1.0
24 283 0 0 0 0 0

137



Table 15. Invasive potential of F12-=1 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 121 0 0] 0 0] 0
2 124 10 0 0 0] 8.1 £ 0.5
4 138 8 0 0 0 5.8 £ 2.5
6 208 6 0 0] 0 2.9 £ 1.3
8 224 1 0 0 0 < 1.0
10 261 8 0 0 0 3.1 £ 1.3
12 264 4 0] 0 0 1.5 + 1.3
24 385 5 1 0 0 1.6 1.1

Table 16. Invasive potential of F12-8 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
(0] 132 0 0 0 0 0
2 144 3 0 0] 0 2.1 £ 1.0
4 170 9 0 0 0 5.3 + 2.1
6 200 1 0 0 0 < 1.0
8 198 0 0 0 0 0
10 212 4 0 0 0 1.9 + 1.6
12 320 5 0 0 0 1.6 = 1.1
24 434 6 0 0 0] 1.4 + 0.6

Table 17. Invasive potential of F12-13 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
(0] 124 0 0 0 0 0
2 133 4 0 0 0 3.0 + 1.8
4 161 4 0 0 0 2.5 £ 1.1
6 193 1 0 0 0 < 1.0
8 192 4 2 0 0 3.1 £ 1.3
10 177 3 0 0 0 1.7 £ 1.2
12 232 3 0 0 0 1.3 * 0.6
24 389 8 0 0 0 2.1 £ 0.9
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Table 18. Invasive potential of 120-1 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE

0 320 0 0 0 0 0
2 353 6 0 0 0 1.7 £ 1.0
4 273 5 0 0 0 1.8 + 1.6
6 357 4 0 0 0 1.1 + 0.8
8 249 5 0 0 0 2.0 £ 1.1
10 330 4 0 0 0 1.2 + 0.9
12 400 7 0 0 0 1.8 =+ 0.5
24 563 7 0 0 0 l.2 + 0.6

Table 19. Invasive potential of 120-4 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 250 0 0 0] 0 0
2 235 0 0 0 0 0
4 302 0 0 0 0 0
6 251 3 0 0 0 1.2 + 0.6
8 369 1 0 0 0 < 1.0
10 291 7 0 0 0 2.4 £ 0.6
12 369 17 0 0 0 4.6 + 0.6
24 570 16 0 0 0] 2.8 + 0.5

Table 20. Invasive potential of 120-5 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 243 0 0 0] 0 0
2 254 0 0 0 0 0
4 259 1 0 0 0 < 1.0
6 300 5 0 (0] 0 1.7 £ 0.6
8 372 3 0 0 0 < 1.0
10 331 5 0 0 0 1.5 + 0.9
12 390 6 0 0 0 1.5 + 0.6
24 692 26 0 0 0] 3.8 =+ 0.8
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Table 21. Invasive potential of 130-2 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 282 0 0 0] 0 0
2 293 0 0 0 0 0
4 319 5 0 0 0 1.6 + 0.9
6 312 3 0 ) 0 < 1.0
8 393 3 0 0 0 < 1.0
10 496 0 0 0 0 0
12 443 12 0 0 0 2.7 £ 0.1
24 582 6 0 0 0 1.0 £ 0.2

Table 22. 1Invasive potential of 130-9 cells.

Cells per level % Invasion

Time (hrs) 1 2 3 4 5 + SE

0 313 0 0 0 0 0

2 306 0 0 0 0 0

4 348 1 0] 0 0 < 1.0

6 323 0 0 0 0 0

8 447 3 0 0 0 < 1.0

10 403 0 0 0] 0 0

12 514 2 ] 0 0 < 1.0

24 646 2 0 0 0 < 1.0

Table 23. Invasive potential of 130-10 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0] 202 0 0 0 0 0
2 217 3 0 0 0 1.4 + 1.2
4 217 2 (0] 0 0 < 1.0
6 226 2 0 0 0 < 1.0
8 291 7 0 0 0 2.4 £ 1.5
10 245 6 0 ) 0] 2.4 £ 1.3
12 273 6 0 0 0 2.2 + 1.2
24 363 5 0 0 0 1.4 + 0.5
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Table 24. Invasive potential of 105-4 cells.

Cells per level

% Invasion

Time (hrs) 1 2 3 4 5 + SE

0 113 0 0 0 0 0

2 110 8 0 0 0 7.3 + 1.8
4 146 6 0 0 0] 4.1 + 0.8
6 142 4 0 0 0 2.8 £ 0.5
8 220 14 0 0 0 6.4 + 0.8
10 188 17 0 0 0 9.0 + 2.7
12 205 7 0 0o 0 3.4 £ 1.4
24 330 12 0 0 0 3.6 + 1.2

Table 25. Invasive potential of 105-8 cells.

Cells per level

% Invasion

Time (hrs) 1 2 3 4 5 + SE
0 92 0 0 0 0 0
2 96 6 0 0 0 6.3 £ 1.2
4 113 15 0 0 0 13.3 + 3.1
6 127 11 0 0 0 8.7 + 2.5
8 161 15 0 0 0 9.3 * 2.1
10 174 22 0 0 0 12.6 =+ 1.7
12 182 17 0 0 0 9.3 + 3.3
24 313 24 0 0 0] 7.7 £ 1.2

Table 26. Invasive potential of 105-18

cells.

Cells per level

[+

% Invasion

Time (hrs) 1 2 3 4 5 + SE

0 118 0 0 0 0 0

2 126 4 0 0 0 3.2 + 2.0
4 111 10 0 0 0 9.0 £ 1.6
6 153 5 0 0 0 3.3 + 0.4
8 172 9 0 0 0 5.2 = 0.2
10 203 6 0 0] 0 3.0 + 2.0
12 214 4 0 0] 0 1.9 * 0.2
24 267 15 0 0 0 5.6 £ 1.8
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Table 27. Invasive potential of 132-16 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 309 0 4] 0 0] 0
2 322 0 0 0 0 0
4 364 5 0 0] 0 1.4 + 1.2
6 454 0 0] 0 0 0]
8 528 0 0 0 0 0
10 456 1 0 0 0 < 1.0
12 564 5 0 0 0 < 1.0
24 1080 2 0 0 0 < 1.0

Table 28. Invasive potential of 132-18 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0] 352 0 0 (0] 0 0
2 386 0 0 0 0 ]
4 477 2 0 0 0 < 1.0
6 562 2 0 0 0 < 1.0
8 641 7 0 0 0 1.1 + 1.4
10 660 4 0 0 0 < 1.0
12 810 3 0 0 (0] < 1.0
24 1068 3 0 0] 0 < 1.0

Table 29. Invasive potential of 132-20 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 254 0 0 0 0 0
2 252 4 0 0] 0 1.6 + 1.3
4 273 5 0 0] 0 1.8 + 0.5
6 301 4 0 0 0 1.3 + 1.4
8 329 3 0 0 0] < 1.0
10 369 6 0 0 0 1.6 £+ 0.9
12 368 3 1 0 0 < 1.0
24 548 0 0 0 0 0
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Table 30. Invasive potential of 124-6 cells.
Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 226 0 0] 0 0 0
2 254 27 0 0 0 10.6 * 1.5
4 333 62 0 (0] 0 18.6 + 3.3
6 267 26 0 0 0 9.7 £ 0.3
8 427 38 0 0 0] 8.9 + 1.3
10 508 104 0 0 0 20.5 £ 3.3
12 531 187 1 0] 0 35.4 + 4.0
24 585 179 0 0 0 30.6 * 1.7
Table 31. Invasive potential of 124-12 cells.
Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 168 0 0 0 0 0
2 181 23 0 (0] 0 12.7 = 1.8
4 188 39 0 0] 0 20.7 * 6.8
6 263 8 0] 0 0 3.0 £ 2.5
8 342 62 0 0 0 18.1 + 1.6
10 335 80 0 0 0 23.9 + 5.3
12 403 126 0 0 0 31.3 £ 2.5
24 523 138 0 (0] 0 26.4 * 2.4
Table 32. Invasive potential of 124-20 cells.
Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 177 0 0] 0 0 0
2 206 24 0 0 0 11.7 * 1.0
4 190 27 0 0 0 14.2 + 2.5
6 285 18 0 0 0 6.3 + 1.6
8 340 46 0 0 0 13.5 + 1.4
10 368 89 0 0 0 24.2 + 4.1
12 463 117 0 0 0 25.3 + 0.6
24 546 94 0 0 0] 17.2 + 1.3
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Table 33. Invasive potential of 174-9 cells.
Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 129 0 0 0 0 6]
2 120 18 0 0 0 15.0 £ 4.8
4 93 17 0 0 0 18.3 % 3.7
6 134 9 0 0 0 6.7 * 0.5
8 129 4 0 0 0 3.1 + 1.4
10 136 12 0 0 0 8.8 * 1.9
12 144 18 0 0 0 12.5 = 1.7
24 231 29 0 0 0 12.6 £ 4.7
Table 34. Invasive potential of 174-14 cells.
Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 112 0 0 0 0 0
2 78 8 0 0 0 10.3 + 4.3
4 184 12 0 0 0 6.5 £ 2.0
6 184 16 0 0 0 8.7 + 4.8
8 219 19 0 0 0 8.7 + 0.8
10 294 26 0 0 0 8.8 + 1.8
12 231 26 3 0 0 12.6 + 2.8
24 400 99 0 0 0 24.8 £ 2.2
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Table 35. Invasive potential of 214-3 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 93 0 0 0 0 0
2 90 3 0 0 0 3.3 £ 2.3
4 110 0 0 0] 0 0
6 158 3 0 0 0 1.9 £ 1.1
8 161 4 0 0 0 2.5 £ 1.2
10 202 17 3 0 0 10.0 + 0.6
12 212 16 0 0 0 7.5 * 2.3
24 395 18 0 0 0] 4.6 + 0.7

Table 36. Invasive potential of 214-9 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 115 0 0 0o 0 0
2 119 3 0 0 0 2.5 £ 1.0
4 143 2 0 0 0 1.4 + 1.7
6 204 5 0 0 0 2.5 + 1.4
8 256 5 0 0] 0 2.0 £ 1.9
10 255 20 1 0 0] 8.3 + 3.6
12 269 10 0 0 0 3.7 £ 0.8
24 343 14 0 0 0 4.1 £ 0.9

Table 37. Invasive potential of 214-14 cells.

Cells per level % Invasion
Time (hrs) 1 2 3 4 5 + SE
0 131 0 0 0 0 0
2 128 5 0 0 0 3.9 £ 1.7
4 126 7 0 0 0 5.6 £ 2.8
6 157 6 0 0 0] 3.9 + 1.7
8 174 2 0] 0 0 1.1 + 0.9
10 168 1 0 0 0 < 1.0
12 197 12 0 0 0 6.1 + 1.4
24 272 12 0 0 0] 4.4 £ 0.6
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Table 38. A comparison of the invasive capabilities of cell
lines expressing different wild-type and mutant E1A genes.

% Maximum StandardP

Cell line E1A mutation® Invasion Mean Deviation
5R Parental 33.3 -

(pos. control)
N20-9 135S wild-type 3.1 4.5 0.77
N20-11 " 4.2
N20~-20 w 6.3
Fi12-1 128 wild-type 8.1 5.5 1.18
F12-8 n 5.3
F12-13 " 3.1
120-1 ins. at 120-121 2.0 3.5 0.63
120-4 (CR2) 4.6
120~5 u 3.8
130-2 ins. at 130-133 2.7 2.0 0.51
130-9 L 1.0
130-10 " 2.4
105-4 4 38-44 (CR1) 9.0 10.4 1.17
105-8 " 13.3
105~-18 " 9.0
132-16 4 64-67 (CR1) 1.4 1.4 0.17
132-18 L 1.1
132-20 v 1.8
124-6 4 153-289 35.4 30.1 2.40
124-12 (CR3 & C-terminus 31.3
124-20 " 25.3
174-9 A 1-14 18.3 21.6 1.77
174-14 (N-terminus) 24.8
214-3 A 185-214 10.0 8.1 0.92
214-9 (C-terminus) 8.3
214-14 " 6.1

‘a’ - numbers indicate amino acid residue positions.

b’ - standard deviations refer to deviation of maximum $
invasion values between clonal cell lines expressing
the same mutant, or wild-type El1A gene form.
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parental cell line. Cell lines 124-6, 124-12, and 124-20 had
invasion values of 35.4%, 31.3%, and 25.3%. No other
transfected cell lines, with the exception of the 174 series,

even approached values of this magnitude.

3) In vivo experimental metastasis assavs.

The cell lines were then used in in vivo metastasis
assays using tail=vein injection of immunodeficient nude mice.
The experiment was carried out by way of two separate assays.
Since the conditions were regulated for cell lines within an
assay group, and not necessarily between cell lines used in
different assays, it must be emphasized that comparisons of
levels of metastasis should be made only between control and
test lines used in the same assay. The results of the
metastasis assays are outlined in Table 39. Values over 300
were considered too numerous to count and are designated as
>300. To make for easier comparison of metastatic potential
between cell lines the tumor formation values were converted
to, as expressed as, percent metastasis values (Table 42).
100% metastasis was taken as a value of >300 while the 0%
value was taken from the base-line tumor formation values of
the N20 series lines. Percent metastasis values of test cell
lines are therefore relative indicators of the degree of
metastatic capabilities of cells as they compare to minimal
and maximal limits defined by the assay.

The parental 5R cell line was used in the first assay but
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Table 39. The in vivo metastatic potentials of cell 1lines
expressing different wild-type and mutant E1A genes.

Number Mean tumors
Cell line E1A mutation® of mice + SE
Assay 1:
5R parental line 4 >300.0

(positive control)

N20-11 138 wild-type 5 7.0 + 3.5
N20-20 " 6 14.2 + 5,9
124-6 4 153-289 5 140.6 £ 23.6
124-12 (CR3 & C-term.) 5 172.7 +* 15.8
124-20 " 5 >300.0
174-9 A 1-14 4 69.7 + 5.4
174-14 (N-terminus) 5 106.7 + 14.2
214-3 A 185-214 6 >300.0
214-9 (C-terminus) 5 96.4 * 16.3
Assay 2:
N20-11 135 wild-type 3 74.0 = 2.1
Fl2-1 128 Wild-type 4 258.8 * 35,7
F12-13 " 4 231.0 * 35.2
120~-4 ins. at 120-121 5 31.8 £+ 4.0
120-5 (CR2) 4 85.0 * 10.9
130-2 ins. at 130-133 5 %94.6 * 16.5
130-9 (CR2) 5 42.2 + 6.8
130-10 " 5 17.8 =+ 2.8
105-4 4 38-44 (CR1) 5 137.8 * 26.6
105-8 " 3 64.3 + 8.3
105-18 " 5 84.8 + 6.4
132-16 A 64-67 (CR1) 5 53.6 + 17.5
132-18 ¥ 6 8.5 + 1.8
132-20 " 5 37.6 + 9.4
214-14 4 185-214 5 112.8 + 28.8

(C-terminus)

a’ - numbers indicate amino acid residue positions.

148



Table 40. Percent metastasis values for cell lines assayed
for metastatic potential and overall % metastasis values for
cell lines expressing the same mutant E1A gene.

% Metastasis Cell line Overall %
Cell line + SE series metastasis + SE®
Assay 1:
5R 100 5R 100
N20-11 0 N20 0
N20-20 0
124-~6 45 £+ 7.6 124 67 + 13.7
124-12 56 + 5.0
124-20 100
174-9 20 + 2.6 174 27
17414 33+ 4.4
214-3 100 214 49 + 21.1
214-9 30+ 2.1
Assay 2:
N20-11 0 see aboveP
Fl2-1 82 + 11.3 F12 76
F12-13 70 * 10.7
120-4 0 120 3
120-5 5+ 0.7
130-~-2 11 + 1.9 130 4 + 3.0
130-9 0
130-10 0
105-4 28 + 5.4 105 12 =+ 6.9
105-8 0]
105-18 7+ 0.5
132-16 0 132 0+ 0
132-18 0
132-20 0]
214~-14 17 + 4.3 see above
‘a’ - The overall % metastasis value represents the mean of

% metastasis values cell lines expressing the same E1A
mutant and the SE measure variation between these lines.

‘b’ - N20-11 was repeated in the second assay and 214~14 was
run separately from the other two 214 series clones. Their
overall % metastasis values are presented above.
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not the second. As expected, 5R cells induced maximally high
levels of metastatic lung nodules (>300). In assay 1 the N20-
11 and N20-20 cell 1lines exhibited very 1low metastatic
potentials, averaging 7.0 and 14.2 metastatic nodules,
respectively. The 174-9 and 174-14 lines exhibited low to
moderate levels of metastasis, 69.7 and 106.7 tumors,
corresponding to 20% and 33% metastasis, respectively. The
three 124 series cell lines showed a consistently high range
of metastatic tumor nodule formation, 45%, 56%, and 100%
metastasis, consistent with the potency observed in the
invasion assays. The two 214 series cell lines expressing ElA
polypeptides with deletions in exon 2 showed high, but
variable, metastatic potentials of 100% and 30% metastatic
lung tumors.

In assay 2, the negative control value for N20-11 cells
was 74.0 mean tumors, corresponding to the 0% value for the
second assay. The only cell 1lines that exhibited high
metastatic potentials in this group were F12-1 and F12-13.
These lines had tumor values of 258.8 and 231.0, or 82% and
70% metastasis, respectively, indicating that the internal 46
amino acid sequence lacking in the smaller protein may be
important. All other cell lines had low levels of lung tumor

nodule formation.
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4) Analysis of T24 p21"° expression and correlation with

metastatic potential.

All cell lines were examined for expression of T24/EJ ras
protein, T24 p21™S, Most cell lines were examined at least
twice and the results were consistent. It was observed that
there was differential expression of T24 p21™@° depending on
the type of ElA protein expressed by the cell 1line.
Furthermore, there was a direct correlation between T24 p217®
expression and metastatic potential. Figure 22 shows that T24
p21™° expression in a series of metastatic cell 1lines is
equivalent to, or higher than, that in the parental 5R line.
In contrast, T24 p21™° levels in N20-11 and N20-20 were
strikingly lower than in these lines. The differences in T24
p21™° levels were confirmed by densitometry. Figure 23
illustrates the correlation between the metastatic potentials
of these cell lines and expression of T24 p217S,

Figure 24 shows that decreased T24 p21"° levels were not
unique to the N20 series cell lines, but other nonmetastatic
cell lines, including the 120, 130, 105, 132, also exhibited
reduced p21"* expression relative to 5R. Also, for visual
contrast purposes protein lysates from a series of metastatic
and nonmetastatic cell lines were assayed for p21"™° expression
along side one another. Figure 26 shows that T24 p21"™S levels
in nonmetastatic cell lines were higher than the endogenous

levels in REF52 cells but 1lower than in 53R and other
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metastatic cell lines. It is interesting to note that ras was
expressed at higher levels in some metastatic ElA-expressing
cell lines than in 5R cells. Cell lines examined for T24
p21™° expression in Figures 24 and 26 also showed a
correlation between T24 p21™° levels and metastatic capability
and this is illustrated in Figures 25 and 27, respectively.
It is possible to differentiate between expression of
endogenous H-ras and the transfected T24/EJ ras. Increased
expression of T24/EJ ras in REF cells, including REF52 cells,
typically results in a reduction or complete loss of the
endogenous H-ras. Normal endogenous H-ras in REF52 cells is
visualized on Western blots as a doublet (processed and
unprocessed forms) (Figure 26, REF52 lane), and increased
expression of T24/EJ ras is seen as a thick band running
between them (Hicks et al., 1991). The formation of a doublet
can also be seen in several lanes of nonmetastatic cell lines

in Figure 24.
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Figure 22. Differential expression of p21i™S in E1A expressing
cell 1lines. Western blot analysis showing E1A dependent
variation in p21™° levels. All cell lines analyzed, except
N20-11 and N20-20, exhibited moderate to high metastatic
potentials and ras expression correlates with these values.
Consistent with this correlation, nonmetastatic cell 1lines
N20-11 and N20-20 exhibited significant reduction in relative
ras expression. The PRO-6 cell line expresses a transfected

mutant p53 gene (Hicks et al., 1991) and was examined with the

intention of using it as a negative control which expresses
basal levels of ras. However, analysis revealed that p2178s
levels were elevated in this cell line and it was therefore

not valid as a representative negative control.
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Figure 23. Linear regression analysis of correlation between
T24 p21™° expression and metastatic potential in E1a
expressing cell lines. T24 p21™° levels were quantitated by
densitometry and plotted against the metastatic potentials of
relevant cell lines represented in Figure 22. T-test analysis
of the correlation coefficient (r = .56361) quantitatively
confirmed the correlation that was qualitatively apparent upon
examination of the data. The t-test value for 10 degrees of
freedom, df, is 2.1576 compared to a critical value td£=10,8=.05=
1.812 (Fisher and Yates, 1974). Therefore there is greater
than 95% probability that there is a linear relationship
between ras expression and metastatic potential in these cell

lines.
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Figure 24. Differential expression of p21'S in Ei1A expressing

cell 1lines. Western blot analysis showing E1A dependent

variation in p21"™° levels. Expression in the 5R and the F12

series lines was higher than in the nonmetastatic 120, 130,

105 and 132 series lines. The latter lines exhibited the

doublet profile characteristic of normal ras expression.
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Figure 25. Linear regression analysis of correlation between
T24 p21™ expression and metastatic potential in E1A
expressing cell lines. T24 p21™° levels were quantitated by
densitometry and plotted against the metastatic potentials of
relevant cell lines represented in Figure 24. T-test analysis
of the correlation coefficient (r = .79588) gquantitatively
confirmed the correlation that was qualitatively apparent upon
examination of the data. The t-test value for df=11, is 4.36
compared to a critical value td=11,a=.005= 3.106 (Fisher and
Yates, 1974). Therefore there 1is greater than 99.5%
probability that there is a linear relationship between ras

expression and metastatic potential in these cell lines.
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Figure 26. Differential expression of p21™° in E1A expressing
cell 1lines. Western blot analysis showing E1A dependent
variation in p21™° levels. Lanes were loaded with a variety
of metastatic and nonmetastatic cell lines to demonstrate the
contrasting differences in ras expression. REF52 lane shows
the intensity of endogenous expression of normal ras as well

as the normal doublet formation.
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Figure 27. Linear regression analysis of correlation between
T24 p21™° expression and metastatic potential in Eia
expressing cell lines. T24 p21™° levels were quantitated by
densitometry and plotted against the metastatic potentials of
relevant cell lines represented in Figure 26. T-test analysis
of the correlation coefficient (r = .60936) quantitatively
confirmed the correlation that was qualitatively apparent upon
examination of the data. The t-test value for df=9, is 2.31
compared to a critical value tgfg a-.025= 2.262 (Fisher and
Yates, 1974). Therefore there is greater than 97.5%
probability that there is a linear relationship between ras

expression and metastatic potential in these cell lines.
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5) BAnalysiz of T24 ras gene copy number.

T24 ras gene copy number was examined in the cell lines
under study to determine whether differences in p21™° levels
were due to variation in gene expression or gene copy humber.
Figures 28-A, 29-A and 30-A show southern analysis of ras.
Figures 28-B, 29-B, and 30-B illustrate the GAPDH loading
controls. Although the figures are of poor clarity it appears
that differences in band strength are likely due to loading
differences and not due to increased ras copy number.
Densitometry was used to quantitatively varify this. This
suggests that the differential T24 p21"™° levels that were
observed in the relevant cell lines may not be attributable to
gene amplification, but rather that expression of ras may be

regulated at transcription, or at some point thereafter.
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Figure 28. Analysis of ras copy number in E1lA expressing cell
lines. (A) Southern blot analysis of ras gene copy number.
Genomic DNA extracts from the illustrated cell 1lines were
digested with Hind III, except for 130-2 which was digested
with Eco RI. Although there were visual differences in band
intensities of individual cell lines, GAPDH loading controls

(B) showed that variation was due to differential loading.
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Figure 29. Analysis of ras copy number in E1A expressing cell
lines. (A) Southern blot analysis of ras copy number.
Genomic DNA extracts from the illustrated cell 1lines were
digested with Hind III, except for the 120 and 130 series cell
lines which were digested with Eco RI. Although there were
visual differences in band intensities of individual cell
lines, GAPDH loading controls (B) showed that variation was

due to differential loading.
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Figure 30. Analysis of ras copy number in E1A expressing cell
lines. (A) Southern blot analysis of ras copy number.
Genomic DNA extracts from the illustrated cell 1lines were
digested with Hind TIII. Although there were visual
differences in band intensities of individual cell lines,
GAPDH loading controls (B) showed that variation was due to

differential loading.
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DISCUSSION
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1) Amino acid sequences encoded by both exon 1 and exon 2

of El1A are involved in suppression of metastasis.

Based on the in vitro invasion and in vivo metastasis
data there is sufficient reason to believe that sequences
within conserved region 3 and those encoded by exon 2 are
important in suppression of ras-mediated metastasis in rat
embryo fibroblast cells. N-terminal sequences also appear to
be important. Both of the above mentioned procedures produced
results that were consistent with each other, with the
exception of differences in the F1l2 series mutants. The data
from the in vitro invasion assays suggest that the 243R E1A
protein can suppress invasion as well as the 289R protein,
implying that the 46 amino acid region (CR3) that
distinguishes the two proteins is not involved in suppression
of collagen invasion. In contrast, the in vivo experimental
metastasis assays reveal that the absence of CR3 in the
smaller protein results in loss of metastatic suppression,
thereby implicating CR3 in this function.

With regard to this apparent contradiction it must be
emphasized that the invasion assays done in this study were
not intended for use as indicators of metastatic potential on
their own. The reasons for this are that, (1) tumor cell
invasion is only one aspect of metastatic progression and does
not take into account external pressures operating in the host
organism that ultimately dictate whether a cell survives to
form a secondary cell colony, and (2) the extracellular matrix
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is a complex structure consisting of several different
proteins in specific proportions. Therefore, any effort to
evaluate true invasive capability of a cell line must involve
an attempt to mimic the actual conditions of the extracellular
matrix. Finally, (3) the invasion assays done in this study
involved a collagen I-based gel and therefore the results can
only be used as measurements of collagenase I activity. The
level of collagenase I activity alone is not an accurate
indicator of invasive capability because, as discussed
earlier, the expression of several other proteases is
associated with tumor cell invasion. Therefore, the data from
the invasion assays are valuable as supplementary data but
should not be perceived as independently interpretable results
in reference to metastatic potential.

Theoretically, differences in values between the invasion
assays and metastasis assays can be explained by the fact that
they represent different steps in the metastatic cascade. The
invasion assays measure the ability of the cell to
successfully complete the earlier steps related to invasion of
the extracellular matrix. Meanwhile, the metastasis assays
used in this project involved tail-vein injection which
measures the second half of the metastatic cascade. For these
reasons the two assays are essentially complementary and the
data obtained from each should not be compared.

The validity of the controls used in the invasion assays

must also be examined. Although the parental 5R cell line is
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an accurate positive control, the use of the REF52 cell line
as a negative control may be questioned by some. REF52 is an
immortalized cell 1line that has been used previously in
transformation experiments. This cell line is similar to
primary rodent cells in that it cannot be transformed by the
ras oncogene alone but can be transformed by xas in

cooperation with ElA (Franza et al., 1986). Despite the

suitability of REF52 cells in E1lA transformation experiments,
the fact that it is an established cell line may disqualify it
for use as a negative control in invasion experiments since it
may contain cellular changes that influence invasion. It was
used because it was the only rat embryo fibroblast cell line
available that closely resembles primary cells. The best
negative control would have been to use the closest ancestor
of the 5R cell line before it was transfected with H-ras.
Since 5R arose from ras-transfection of primary REF cells this
is not possible. Therefore, since a true negative control was
not available, N20 series values obtained in metastatic
analysis were represented as indicators of negative control
values. It must be emphasized however, that N20 values are
more indicative of base line values than actual negative
control values.

In relation to the experimental metastasis assays
conducted in this study it has been suggested by some
investigators that tail-vein injection of nude mice is not an

accurate indicator of metastatic potential and that
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subcutaneous injection yields data closer to actual values.
Nevertheless, tail-vein injections provide numbers very
similar to those achieved by subcutaneous injection and
therefore the former procedure is currently widely accepted as
a reasonable experimental indicator of metastatic potential
(Talmidge and Fidler, 1982; Fidler, 1984; 1986).

Metastasis assays were carried out in two different
experiments. Negative (basal) controls were used in both
assays. The negative control values show variation between
experiments. For this reason it is important that comparisons
of tumor formation between cell lines only be made between
lines used in the same experiment. Also, tumor formation
values of test cell lines should be judged in relation to
negative control values of the corresponding assay. Percent
metastasis calculations have been adjusted to account for
differing negative control values between assays so as to
facilitate comparisons between all cell lines.

The objectives of this project were to identify a region
involved in metastatic suppression and to associate that with
a biochemical activity of ElA such as transcriptional
activation, enhancer repression or cellular protein binding.
A number of possible regions and their respective functions
were eliminated on the basis of our findings. For example,
conserved region 1 which is involved in enhancer repression of
some genes, including c-myc, JE, and stromelysin, and is

partly involved in p300 binding (van Dam et al., 1989), is not
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involved in suppression of the metastatic phenotype. The 105
and 132 series mutants which express ElA proteins with CR1
deletion mutations showed strong metastatic suppression very
close to 1levels of N20 series suppression. Cell 1lines
expressing the 105 series E1A mutants had percent metastasis
values of 28%, 0%, and 7%, an average of 12%. Cell lines
expressing the 132 series mutants all had values of 0% since
none of them exceeded the value of the N20 base-line control.

Since enhancer repression essentially involves most
regions of E1A and is not strictly mappable to CR1 it is not
possible to completely eliminate it from involvement in
suppression of metastasis based on the results of these cell
lines alone. Velcich and 2iff (1988) have examined the
ability of these two El1A mutants to repress the polyoma
enhancer and found that while the 105 mutant showed nearly
wild-type repression the 132 mutant showed only intermediate
repression. If enhancer vrepression was involved in
suppression of metastasis the results of this study should
have indicated enhanced metastatic potential in the 132 series
cell 1lines. This was not observed and, in fact, the 105
series cell lines had slightly higher numbers of lung tumors.
Therefore, although the possibility that metastatic
suppression may require enhancer repression still exists it
appears, based on the results of the 105 and 132 series cell
lines, that enhancer repression may be expendable. This is

further supported by the observation that the 12S expressing
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F12 series cell lines did not suppress metastasis.

Based on the results of the 105 and 132 series cell lines
it is possible to eliminate p300 binding from involvement in
metastatic suppression. It has previously been shown that
these two mutants exhibit reduced transformation frequencies
in cooperation with H-ras (Velcich and Ziff, 1988). While the
105 mutants maintain fairly high transformation frequencies of
74.2% of wild-type 1levels, the 132 mutants are almost
completely defective in transformation with 8.8% of wild-type
activity. Since Velcich and Ziff (1988) have demonstrated
that El1A ras cooperation activity is separate from its
positive and negative transcription regulatory functions this
decrease in transformation cannot be due to either of these
functions. Moreover, Whyte et al. (1989) have related
cooperative transformation by E1A to binding of p300 through
amino acids 1-76, which includes sequences within CR1.
Therefore, the deficiency in transformation by the 105 and
especially the 132 mutants must be due to 1loss of p300
binding. Since the corresponding cell lines in this study
continue to suppress metastasis, p300 binding is not important
for metastatic suppression by E1A.

The use of CR2 insertion mutations in E1A indicate that
this region is not involved in suppression of metastasis. The
120 series mutants express an ElA protein with only 25% of
wild-type transformation frequency in cooperation with E1B and

about 60% in cooperation with H-ras in baby rat kidney (BRK)
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cells (Kuppuswamy and Chinnadurai, 1987). This is likely
attributable to diminished p105"® binding. The 130 series
mutants have about 50% wild-type transformation frequency in
cooperation with E1B and about 35% in H-~ras cooperation
assays. Cell lines expressing 120 and 130 class ElA proteins
had average percent metastasis values of 3% and 4%,

respectively. Therefore, binding to p105"® is not necessary

for metastatic suppression by E1A.

2) Transcriptional activation functions of E1A are

asgsociated with metastatic suppression.

The data strongly suggest that transcriptional activation
by E1A may have a role in suppression of metastasis. All cell
lines used in this study that express E1A genes with mutations
in regions that had been previously associated with
transcriptional activation functions exhibit enhanced
metastasis.

Until recently, it was a widely accepted fact that CR3 of
El1A was the "transactivation domain". No other regions had
been shown to have a role in transcriptional activation of
gene expression. Several very recent studies, however, have
identified a number of other regions that have either crucial
or auxiliary roles in transactivation of some genes by ElA.
There is a very striking correlation between absence of these

regions in mutant ElA-expressing cell lines and the loss, or
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partial loss, of metastatic suppression in this study. For
example, Kraus et al. (1992) have recently reported that N-
terminal sequences of the 12S E1A product are necessary for
transactivation of the HSP70 promoter. Deletion of amino
acids 2-36 in this study resulted in complete loss of HSP70
induction, while additional results suggested that loss of
amino acids 38-51, near the N-terminal of CR1, could produce
a reduction to about 33% HSP70 transactivation. The
transactivation mediated by N-terminal sequences of E1A is
different from E2F-dependent transactivation since previous
studies have shown that this same N-terminal mutant can

activate E2F-dependent transcription (Raychaudhuri et al.,

1991) . This N-terminal-mediated transactivation is dependent
on the TATAA element and has been termed TATAA-dependent

transactivation (Kraus et al., 1992).

The 174 series cell lines 174-9 and 174-14, which contain
E1A deletions of amino acids 1-14, both showed moderately high
levels of invasion. 1In addition, the levels of metastatic
lung tumor formation, 20% and 33%, were substantially higher
than the basal control values of the N20-11 and N20-20 lines.
This indicates a partial loss or a diminished capability of
these mutant ElA protein species to suppress metastasis and
suggests that defective transcriptional activation by these
mutants may account for this. Velcich and Ziff (1988) have
previously shown that cells expressing 174 mutants continue to

exhibit high 1levels of polyoma enhancer repression.
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Therefore, decreased metastatic suppression by E1A in the 174
series cell lines is not attributable to loss of repression
and correlates with the loss of sequences required for gene
activation.

The 214 series cell lines express an ElA protein with a
deletion of amino acids 185-214. Amino acid 185 is the last
amino acid of both exon 1 and of the 46 amino acid unique
sequence of the 13S ElA product. Previous studies have shown
that a mutation in this region can result in loss of
transactivation activity by E1A (Glenn and Ricciardi, 1985;

Lillie et al., 1986; Schneider et al., 1987). Velcich and

Ziff (1988) have shown that this holds true in reference to E2
promoter transactivation in cells that express the 214 E1A
mutation. In my study three different 214 series cell lines
were examined for metastatic potential. 214-3 and 214-9 were
examined in the first assay. They produced mean percent
metastasis values of 100% and 30%, respectively. 214-14 had
a percent metastasis value of 17% in the second assay. There
is considerable variation in values between these three cell
lines. Nevertheless, both 214-9 and 214-14 had low~to-
moderate values compared to their respective controls, and
214-3 had maximal tumor formation. I suggest that this is a
consequence of inactivation of positive transcriptional
functions of El1A in these cells.

In a recent study Bondesson et al. (1992) have reported

the discovery of two auxiliary regions in exon 2 of E1lA that
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are involved in transactivation. These have been termed
auxiliary region 1 (AR1l) and auxiliary region 2 (AR2) and are
located at amino acid residues 193-221 and 221-246,
respectively. These regions cooperate with CR3 to produce a
potent transactivator protein. AR1 and AR2 cannot act as
activation domains on their own. The effects of AR1 and AR2
are not additive and only one of the two regions is sufficient
to cooperate with CR3 to activate transcription. However,
removal of both elements reduces CR3 transactivation of the E4
promoter to 5% of the wild-type protein level. Interestingly,
although promoter elements responsive to ATF and E4F have very
similar sequences, ElA transactivation of ATF is not AR1l- or
AR2-dependent.

Cells expressing E1A proteins containing the 124 mutation
have been shown to be completely inactive in transactivation
functions (Velcich and 2iff, 1988). The ElA proteins
expressed by these lines contain deletions of amino acids 153-
289. The deleted region includes part of CR3 and both AR
elements. Consistent with the direct relationship between
transactivation and metastatic suppression seen in the 174 and
214 series cell lines, E1A mutant cell lines 124-6, 124-12,
and 124-20 all exhibited high metastatic potentials with an
overall mean of 67% metastasis.

Previous work by Pozzatti et al. (1988) produced data

suggesting that both major ElA protein species could

effectively suppress metastasis in 5R cells. In fact, they
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found that suppression by the 12S E1A mRNA product was
stronger than that by the 13S mRNA product. The smaller
protein reduced metastatic potential 126-fold compared to
parental cells, while the larger protein reduced metastatic
potential by only 10-fold. In contrast, my study shows that
the 13S product exhibits similar suppression efficiencies
(12.3-fold), but the 12S product fails to show significantly
decreased levels of metastatic suppression; 1.2-fold, based on
an average of 245 tumors compared to 300 for parental 5R
cells.

Although there 1is no obvious explanation for this
discrepancy, it is possible that it may be due to transfection
of different ElA-expressing plasmids. Pozzatti’s group used
plasmids pEla-12S and pEla-13S, while I used PSVF12 and pSVN20
for expression of the 12S and 13S El1A forms, respectively.
Both pairs of plasmids contain cDNAs of the 12S and 13S ElAs
and have been used in previously published work comparing
activities of the two resulting protein products (Gilardi and
Perricaudet, 1983; Velcich and Ziff, 1985; 1988). One
apparent difference in the plasmids is that the pEla plasmids
express Ad2 El1As while the PSVF12/pSVN20 plasmids express AdS
ElAs. As discussed earlier the Ad2 and Ad5 ElA genes are
considered to be interchangeable based on extensive sequence
similarity. Nevertheless, it 1is possible that metastatic
suppression by ElA may be sensitive to minor sequence

differences between the two, resulting in the observed
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discrepancy in metastatic influence of 12S E1A forms. Such
differences have been observed between Ad2 and Ad12, although
they were more easily justified since the sequences of E1A
genes of these two serotypes are more divergent (Pozzatti et
al., 1988).

An alternative explanation exists for the contrasting
observations regarding 128 ElA-mediated metastatic
suppression. While both studies confirmed E1A expression
using northern hybridization analysis this expression may have
been turned off subsequently. As E1A induces apotoptic cell
death there is selective pressure against expression of E1A in
some cells (Lowe and Ruley, 1993). Thus, while it is possible
that this may have occurred in my 12S ElA-expressing cell
lines, it is unlikely for three major reasons. Firstly,
suppression of cellular invasion in the in vitro invasion
assays suggests that E1A expression was sustained in the F12
series lines. Secondly, not only was ElA expression confirmed
for the F12 series lines following transfection (data not
shown) but it was reaffirmed following the in vitro invasion
and in vivo experimental metastasis assays as shown in Figure
19. Finally, as the 13S El1A induces apoptosis to essentially
the same degree as 12S E1A, the same selective pressure should
exist within cell lines expressing both forms of E1A. If such
a selection were present, anomalies consistent with lack of
E1A expression should be apparent in the N20 series cell

lines. Based on the data from both experimental assays and
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the northern blotting there 1is no indication of this.
Therefore it can be concluded that while there still may be
selective pressure against E1lA expression in 5R cells, there
is sufficient reason to believe that it is not strong enough
to be phenotypically expressed.

The discussion E1A expression has thus far been conducted
in absolute terms. That is, we have been if the ElA genes are
or are not being expressed. However, a point must be made
with regards to the relative levels of El1A expressed in the
cells 1lines. The importance of the 1level of oncogene
expression in metastasis has been previously reported for

oncogenes including ras (Egan et al., 1987; Taylor et al.,

1992). There is no reason to believe that differences in
expression levels would not affect metastatic potentials in
E1lA expressing lines. Since relative ElA expression levels
were not quantitatited by either Pozzatti’s group or myself,
it is possible that there are differences in E1lA expression
and that these differences are responsible for the observed
differences in metastatic potentials for cell lines expressing
similar E1A genes. Similarily, it is possible that metastatic
potentials of cell lines used in this study are affected by
differential ElA expression.

The implication from the results reported by Pozzatti’s
group was that the transactivation function of E1lA, as it
relates to the presence of CR3, is dispensable in relation to

metastatic suppression. Consequently, for several years
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individuals interested in understanding the mechanism of
metastatic suppression in ElA-expressing cells have dismissed
transactivation as a biochemical activity of E1A that could be
important in this respect. 1In addition, the fact that ElA
could repress expression of several metastasis-related
proteases, such as collagenase I, collagenase IV, and
stromelysin, gave credence to the dogma that the ability of
El1A to repress transcription from enhancer elements of
specific genes was likely important in establishment of the
nonmetastatic phenotype in malignant tumor «cells upon
introduction of ElA. In agreement with this, Garbisa et al.
(1987) observed induction of type IV collagenase activity and
the metastatic phenotype in cells transfected with c-H-ras but
not c-H-ras plus EI1A. Also, Frisch et al. (1990) related
inhibition of metastasis in several ElA-transfected human
tumor cell lines to repressed expression of the secreted
proteases, type IV collagenase, interstitial collagenase, and
urokinase. While these studies associated repression of
specific genes with loss of the metastatic phenotype in E1A
expressing cells, they did not directly address the mechanism
by which this effect is elicited.

The results of this study suggest that transcriptional
activation functions of ElA are important in maintenance of
metastatic suppression while transcriptional repression
functions are not. All mutant E1A plasmids used in this study

have been previously analyzed for transactivation capabilities
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of the E2 promoter (Kuppuswamy and Chinnadurai, 1987; Velcich
and Ziff, 1988). The only cell lines that were defective in
transactivation of E2 were those expressing F12, 124, 174, and
214 series mutations of E1lA, while the remainder exhibited
levels of transactivation comparable to the wild-type levels
of the 13S El1A mRNA product (N20 series) (Table 41). Of the
transactivation defective cell lines 174 showed the highest
transactivation activity at 28% of wild-type 1levels. All
others were much lower. When comparing this transactivation
data with the metastasis data presented in this study there
was a striking association between transactivation positive
cell lines and the suppression of metastasis, while all cell
lines expressing ElA mutants that were shown to be
transactivation negative exhibited enhanced nmetastatic
capabilities. Even the relative 1level of metastatic
suppression corresponded with transactivation efficiency, as
the cell lines expressing the E1A mutant with the highest
transactivation capabilities (174 series) had the highest
metastatic suppression of the four E1A mutant forms defective
in metastatic suppression.

The relationship between transcriptional activation of
the E1A mutants, as presented in Table 41, and metastatic
suppression can be examined by plotting these two activities
and conducting a linear regression analysis. Figure 31 shows
that there is in fact a close linear inverse correlation

between functional transactivation activity and metastatic
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potential. This statistically varifies that the
transcriptional activation function of ElA is involved in the
suppression of T24 ras-mediated metastasis. Meanwhile, a
similar comparison between enhancer repression function of E1A
and metastatic capability reveals a linear but relatively
weaker correlation (Figure 32). The apparent involvement of
enhancer repression functions in metastatic suppression is
likely due to the fact that in C-terminal regions of ElA, the
positive and negative transcriptional activities overlap.
Therefore, while the enhancer repression function is probably
not important, the presence of intact transactivational
domains of El1A shows a striking correlation and is closely
associated with negative regulation of the metastatic

phenotype.
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Table 41. Previously determined transcriptional properties
of mutant E1A plasmids expressed in E1A transfected lines
and relationship to metastatic capability?

Cell line Transcription® %
Plasmid series Activation Repression Metastasis
Neg. control (no E1lA) <0.1 1.00 100
Pos. control (genomic) 24.9 0.12 -
PSVN20 (13S) N20 16.8 0.13 0
PSVF12 (128) F12 <0.1 0.07 76
PSVXL105 105 18.6 0.26 12
PSVXL132 132 15.5 0.60 0
pSVXL124 124 1.8 0.90 67
PSVXL174 174 6.9 0.24 27
PSVXL214 214 3.0 0.85 49

’a’ - The table represents transcriptional characteristics
as previously determined by Velcich and Ziff (1988) as well
as the corresponding metastatic characteristics determined
by data presented in the results of this study.

’p’ - Transactivation was measured by quantitating % cells
positive for DNA-binding protein (DBP). Repression values
were determined by quantitation of polyoma enhancer promoted
B-globin mRNA production (northern blotting) in transfected
cells.
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Figure 31. Linear regression analysis of correlation between
transactivation function of EiA and suppression of metastasis.
The transactivation and metastasis data presented in Table 41
were used to create a plot. Linear regression of the points
and calculation of the correlation coefficient (r = 0.91958)
statistically varified an inverse relationship between
transactivation, as it relates to the presented data, and
metastasis. The t-test value for df=6 was determined to be
5.73 compared to the critical value tysg z-.005= 3.71 (Fisher and
Yates, 1974). Therefore, it can be said with greater than
99.5% certainty that transactivation functions of E1lA are
involved in negative regulation of the metastatic phenotype in

T24~ras-transformed cells.
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Figure 32. Linear regression analysis of correlation between
enhancer repression function of E1A and suppression of
metastasis. The enhancer repression and metastasis data
presented in Table 41 were used to create a plot. Linear
regression of the points and calculation of the correlation
coefficient (r = 0.49962) statistically varified an inverse
relationship between transactivation, as it relates to the
presented data, and metastasis. The t-test value for df=6 was
determined to be 1.413 compared to the critical values
tdf=6,a=.10= 1.44 and tyeg,a-.25= 0.718 (Fisher and Yates, 1974).
Therefore, it can be said with greater than 75% certainty that
enhancer repression functions of E1A are involved in negative
regulation of the metastatic phenotype in T24-ras-transformed
cells. Therefore, there is a statistically weaker
relationship between transcriptional repression functions of
ElA, as compared to transactivation, and suppression of

metastasis.
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3) Correlation between metastatic capability and T24 p217®

levels in E13a expressing cells.

The preceeding information leads us to question what kind
of pathway involving the transactivational capabilities of E1A
could facilitate metastatic suppression. From this other
questions arise such as, (1) How does all of this data
relating transactivation with metastatic suppression fit in
with previous data relating metastatic suppression with
repression of protease gene expression? (2) Could there be a
metastasis suppressor gene?

The results of some recent studies, when taken together,
suggest a paradoxical mechanism in which the transactivation
function of E1A is necessary for repression of transcription

of some proteases (Subramanian et al., 1989; Engel et al.,

1992; Linder et al., 1992). In agreement with the findings

presented here, these studies also found that regions in exon
2 of ElA are required for metastatic suppression in ras-
transformed cells. Subramanian et al. (1989) found that
mutants of the 243R ElA protein lacking the C-terminal 61 or
67 amino acids lost the ability to suppress metastasis in ras-
transformed primary baby rat kidney (BRK) cells. The fact
that they observed metastatic suppression by the wild-type
243R protein is different from my observation but may be
explained by the fact that they used primary BRK whereas my

study used an established REF cell line. Nevertheless our
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findings that regions of exon 2 are important are consistent.
Reports by researchers in Sweden recently produced
further evidence of El1A exon 2 involvement in metastatic

suppression (Engel et al., 1992; Linder et al., 1992). They

showed that deletion of essentially all of exon 2 of EIlA
(amino acids 193-289) was sufficient to elevate levels of
invasion and that this effect was elicited mainly through
amino acids 193-245. They also showed that the biochemical
mechanism of this effect involved transcriptional repression
of stromelysin-1 by a region corresponding to AR2 in the wild-
type protein, and that loss of this region resulted in
elevated stromelysin-1 mRNA levels and enhanced invasive
capabilities of REFs.

It is very interesting that a sequence of amino acids
that has been associated with transcriptional activation is
also required for repression of a protease gene! This
suggests that the positive and negative transcriptional
functions of ElA are linked, at least in relation to the
specific gene involved in these studies. This may involve a
scenario whereby ElA transactivates a gene whose protein
product plays a role in repression of protease gene
expression. It 1is clear from these studies that a
transactivation domain of E1A is required for both repression
of protease gene expression and for suppression of tumor cell
invasion, a metastasis-related phenomenon. This associates

transactivation with metastatic suppression, which is in
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agreement with my results, and also explains the findings of

others that repression of metalloproteinase expression is

required for suppression of metastasis by E1A (Garbisa et al.,
1987; Frisch et al., 1990).

When Velcich and Ziff (1988) examined the positive and
negative transcriptional regulatory activities of three exon
2 mutants, 124, 214, and a third not used in this study, 101
which contains a deletion of amino acids 221-231 of E1A, they
also found a correlation between transactivation and enhancer
repression functions of E1A. Both 124 and 214 were defective
in transactivation of the E2 promoter and also in repression
of the polyoma enhancer. Meanwhile the 101 mutants were
functionally active in both functions. This correlation was
not observed in E1A genes with mutations outside of exon 2.
For example, 174 and F1l2 series cell 1lines, which are
partially and fully defective in transactivation,
respectively, showed strong repression of the polyoma
enhancer. This suggests that the relationship between
positive and negative transcriptional regulation of genes may
not be applicable to all transactivation mechanisms involving
E1A.

To elaborate on this point, it is clear that there are
several different mechanisms by which E1A can transactivate
gene expression involving different regions of the protein.
To summarize this briefly, Kraus et al. (1992) have shown that

N-terminal regions of ElA are involved in TATAA-dependent
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transactivation by the 12S E1A mRNA product. This is
different from the E2F-~dependent transactivation mechanism
involving amino acids 38=73 (CR1) and 124-135 (CR2) of the 128

E1A product (Raychaudhuri et al., 1991). A third mechanism

involves ARl and AR2-dependent transactivation mediated by CR3
of the 13S E1A mRNA product as in the case of E4 activation
(Bondesson et al., 1992). Finally, there is the AR1- and AR2-
independent mechanism involving CR3 which operates in the case

of ATF-mediated transcriptional activation (Bondesson et al.,

1992). It must be emphasized that these different mechanisms
were deciphered only recently and that there is a possibility
that more may be found following further investigation. I
suggest that since these different mechanisms are selectively
and specifically involved in the activation of transcription,
not all are related to enhancer repression and metastatic
progression. For example, although the deletion of N-terminal
sequences of ElA resulted in somewhat enhanced levels of
metastasis, TATAA-dependent transactivation is probably not as
important in metastatic suppression as the AR1- and AR2-
dependent CR3-mediated transactivational mechanism since E1A
proteins missing CR3 and regions in exon 2 showed the
strongest correlation with enhanced metastatic potential in
this study, and with the metastatic phenotype and
metalloproteinase gene expression in other studies

(Subramanian et al., 1989; Engel et al., 1992). The fact that

CR1l and CR2 mutation of E1A did not affect metastatic
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potential precludes the E2F-dependent mechanism from
involvement in metastatic suppression. This 1is further
supported by the finding that the 120 series cell lines
expressing El1A genes encoding proteins expected to be
deficient in binding to p105% did not affect metastatic
suppression. It must be noted however that CR1, like AR2, is
necessary for transcriptional repression of stromelysin and
therefore the ARl- and AR2-dependent and E2F-dependent
transactivation mechanisms as they relate to transcriptional
repression may somehow be related (van Dam et al., 1989).
The relationship between transcriptional activation and
both enhancer repression and metastatic suppression observed
in this study is very intriguing and leads us to question what
kind of gene may be activated by E1A that is capable of
producing such drastic effects on cellular characteristics.
Since the metastatic phenotype of 5R cells is induced by T24
ras the candidate gene product must operate along the ras
pathway and possess biochemical properties allowing it to
counteract the biochemical effects of T24 ras. A strong
candidate gene is the cellular nm23 gene originally identified

by Steeg et al. (1988a). nm23 is highly expressed in

nonmetastatic cells while being weakly expressed in metastatic
lines and is therefore considered to be a metastasis
suppressor gene. Furthermore, in ras plus ElA-transfected
nonmetastatic cell lines the activation of nm23 has been

associated with expression of EIA suggesting that E1A
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positively regulates expression of nm23 (Steeg et al., 1988b).
Additional studies have revealed that the protein product of

nm23 is a nucleoside diphosphate kinase (Rosengard et al.,

1989; Liotta and Steeg, 1990). Since normal c-ras is a
nucleoside triphosphate phosphatase (GTPase) and transforms
cells by virtue of augmented GTPase activity in cells
expressing mutant ras genes, expression of a nucleoside
diphosphate kinase would reverse the effects of ras in signal
transduction. Functionally, nm23 acts as an antagonist to ras
function. Expression of H-ras is associated with expression
of several proliferation-associated genes through the PDGF
pathway including stromelysin, which are also important in
malignant progression of tumor cells (Diaz-Meco et al., 1991).
It is therefore conceivable that ElA-mediated nm23 expression
results in the reversal of many ras-induced characteristics
including metalloproteinase expression and enhanced metastatic
potential. This also provides a logical explanation for the
fact that transactivation domains of ElA are required for
metalloproteinase gene repression. Thus, although nm23
expression was not examined in this study, it would be a
strong candidate for investigation of possible correlation
with metastatic potentials in the metastatic and nonmetastatic
mutant E1A cell lines used in this study.

The results presented here show that T24 p21™° expression
is repressed, relative to 5R cells, in the nonmetastatic ElA-

expressing cell lines. Therefore, although the above scenario
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involving nm23 is still possible it appears more likely that
T24 p21™° expression, and not T24 p21f®® activity, is regulated
in these cell lines. All cell 1lines that exhibited 1low
metastatic potentials expressed T24 p21™° at significantly
reduced levels. T24 p21l expression in N20-11 and N20-20
cells, which expressed the wild-type 289R protein and
exhibited very weak metastatic potentials, were reduced
approximately 5-fold compared to 5R cells. Cell 1lines
expressing E1A mutants that showed low metastatic capabilities
had reduced (2-3-fold) T24 p21™° levels but not as drastic as
those of N20 series lines which were reduced as much as 5-6-
fold.

In contrast, F12-1, F12-8, and F1l2-13 cells, which
express the wild-type 243R protein and exhibit high metastatic
capabilities, express T24 p21™ at a 2-fold increase compared
to 5R cells. Expression of T24 p21™° in other metastatic cell
lines, including the 174, 214, and 124 series 1lines, is
comparable to parental levels. These results are in agreement
with previous observations by our group of enhanced metastatic
potentials in cells expressing elevated levels of T24 ras

(Egan et al., 1987a; Taylor et al., 1992).

The implicit regulation of ras by El1A is not
unprecidented. Earlier work by another group demonstrated
that transfection of E1lA into T24 ras-transfected cells

affected T24 p21™° expression. Franza et al. (1986) examined

the transforming capabilities of T24 ras in REF52 cells and
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found that T24 ras alone could not stably transform the cells
but that it could collaborate with E1A to give rise to
morphologically transformed cells. Further, they observed
that T24 p21™° levels in the ElA-transfected cell lines were
ten-fold higher than in the untransformed T24 ras-transfected
lines. This implies positive regulation of T24 ras expression
by E1A which is opposite from the observations presented here.
The reasons for this apparent discrepancy are unclear at this
point. Nevertheless, there is significance in the fact that
there is a correlation between ElA expression and changes in
T24 p21"°, whether they be positive or negative. While the
aforementioned study examined morphological transformation
capacities there is no evidence in the literature that ras
levels are differentially regulated in response to E1lA in
metastasis studies. In this respect the findings presented
here are novel.

Southern analysis of the ElA expressing cell 1lines
suggests that ras is not amplified. However, it must be
pointed out that resolution and clarity of the figures
presenting this data is somewhat weak and the data is
considered questionable by some. Ras gene amplification
should be examined more carefully to confirm that there are no
differences in ras copy number.

Based on the data presented here it is not possible to
determine the level at which T24 ras expression is regulated

in these cell lines. However, there are several observations
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that suggest that T24 ras may be regulated at the
transcriptional level and that this effect could be elicited
through the transcriptional regulatory activities of EIlA.
Firstly, there is an inverse correlation between the
expression of T24 ras and the presence of transactivation-
related ElA protein domains in my study. That is, possible
loss of transactivation functions results in increased ras
expression. Similarily, as discussed earlier (p. 196),
regions encoded by exon 2 appear to overlap with regard to
positive and negative transcriptional functions and loss of
AR2 is associated with enhanced stromelysin expression.
Although the mechanism of such reversed gene regulation is not
understood it may be due to derepression of these genes,
perhaps by a failure of transactivation-defective mutants to
induce transcription of a gene whose product plays a role in
transcriptional repression. In this way both H-ras and
stromelysin may be up-regulated by E1A mutants defective in
transactivation functions. In addition, there may be a causal
relationship between expression of H-ras and stromelysin as
Diaz~-Meco et al. (1991) have shown that ras and other factors
that operate along the ras pathway, including PDGF and
phosphatidylcholine~-hydrolyzing phospholipase c,
transcriptionally activate the stromelysin promoter.

Secondly, Nakamura et al. (1992) have shown that

transcriptional repression of the fibronectin gene by E1lA is

due to induction of an ElA-responsive negative factor called
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Gy9 binding protein (G4BP). G1oBP recognizes the segquences
AGGGGGGGGGG/AGGGGCGGGGG/GGGGGGGECGGG., In the fibronectin
promoter two of these sequences overlap the Spl transcription
factor binding sequence GGGCGG. Since G4 BP has a stronger
affinity for GC boxes than Spl, the latter is displaced and
repression of fibronectin transcription results. Recognition
sequences for both of these factors are present in the H-ras
promoter. It is therefore possible, and perhaps even likely,
that negative regulation of H-ras by E1lA occurs at the level
of transcription. This would also explain the correlation
between intact transactivational domains and down-regulation
of H~-ras since these regions may be required for induction of
G1oBP or some related protein.

Alternatively, it is possible that T24 p21™° levels are
regulated post-transcriptionally. El1A may affect stability
and/or translation of T24 ras mRNA, or stability of the
translated protein product. Of these three scenarios the
latter is most 1likely. This is based on the finding by Lowe
and Ruley (1993) that El1A stabilizes the protein encoded by
the p53 tumor suppressor gene. Based on my data, if El1A were
affecting T24 p21™° stability, it would destabilize it.
Nevertheless, the fact that it plays a role in modulating
protein half-life values suggests that E1A may perhaps
oppositely affect T24 p21™° and p53 half-life values and that
this activity could be regulated by specific domains. Similar

’opposite’ activities (positive and negative), as discussed
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earlier (p. 196), have been observed in the case of

transcriptional regulation by EI1A.

4) Future considerations.

Paradoxical behavior of ElA has also been observed in
transformation studies. The 289R ElA polypeptide contains
domains that positively and negatively affect morphological
transformation. While the oncogenic affects of ElA, and the
regions responsible for induction of these affects, are well
documented several groups have reported anti-oncogenic affects
of E1A in cooperative T24 ras transformation studies involving
a wide variety of cell types (Frisch, 1991; Yu et al., 1991;
Chinnadurai, 1992). Subramanian et al. (1989) and Douglas et
al. (1992) have both determined that a region of the 243R
protein encoded by exon 2 is responsible for this
transformation suppressor activity. Recently the former group
has shown that C-terminal sequences that are important for the
negative modulation of T24-ras mediated transformation,
tumorigenesis and metastasis bind to a 48-kDa cellular protein
(Boyd et al., 1993). This phosphoprotein has been termed C-
terminal binding protein (CtBP). The level of phosphorylation
of CtBP appears to be regulated during the cell cycle,
suggesting that it may play a role in cellular proliferation.
The C-terminal 67 amino acids, as discussed earlier, are
important in binding to CtBP and negatively affecting
transformation-related functions of T24-ras. However, amino
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acids 225-238 are especially important as they include the
direct binding region (Boyd et al., 1993). While this is the
only region that has been identified to date it is likely that
other regions will be implicated in having a role in
transformation suppression because investigators have only
recently begun examining tumor suppressor functions encoded by
E1A.

It is possible that transformation suppression and
modulation of protein expression by E1A may operate through a
mechanism where tumor suppressor protein(s) (p53) are
stabilized, and oncoprotein(s), such as p21™° perhaps, are
destabilized. By affecting the protein concentrations of
factors directly involved in tumorigenesis E1lA may be capable
of further modulating the tumorigenic effects already elicited
by the p300 and RB-binding transformation domains. Although
there are prelimary data that are consistent with such a
hypothesis further work is needed to provide results that
would either preclude or support such a mechanism. This would
explain the concurrent change in both protein concentrations
and the transformation/metastatic potential of cells
expressing E1A and T24-ras.

Margaret Quinlan’s research group has described induction
of an epithelial cell growth factor in 12S ElA transformed
cells (Quinlan and Grodzicker, 1986). Since induction of this
growth factor by ElA is associated with <cellular

immortalization, ras cooperation, and proliferation it plays
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a direct role in ElA-mediated transformation (Quinlan et al.,
1987; 1988; Quinlan, 1989). The identity of the growth factor
is not known. TGF-a and EGF have been ruled out as possible

candidates (Quinlan et al., 1987). The factor is part of a

high molecular weight complex and is induced by an autocrine
mechanism. In addition, it is believed to be an attachment
factor based on observations that it facilitates adhesion of

cultured mammalian cells (Quinlan et al., 1987). These

characterizations are based on observations in epithelial
cells including hepatocytes, BRK cells, and F9 cells.
Regions involved in induction of the growth factor
include amino acid regions 1-13, 18-20, 125-127, and 208-236
in the 12S El1A product (Quinlan et al., 1988; Subramanian et
al., 1988; Quinlan and Douglas, 1992). Two of these regions,
the N-terminal region (1-13) and the C-terminal region (208-
236) were involved in this study. The 174 series cell lines
expressed an ElA product that contained a deletion of the
first region, while the 124 series cell lines expressed E1A
lacking the second region. It must be pointed out that these
were 13S E1A products and not 12S. Nevertheless, individual
deletions of both regions resulted in defective metastatic
suppression by E1A. The other two regions (18-20, 125-127)
were not involved in this study therefore no correlation can
be made between the 1loss of these regions and elevated
metastatic potentials. Nevertheless, based on the results of

the 174 and 124 series mutants, growth factor induction could
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be involved in metastatic suppression by E1lA.

Pozzatti et al. (1988) have shown that the Adl2 E1A

protein is not capable of inducing the metastatic suppression
that has been shown for Ad5 E1A. Since Adl2 ElA differs from
Ad5 E1A in the mRNA transcript sizes, and the final protein
products of the two larger mRNAs are smaller (235R and 266R),
it is possible that regions responsible for suppression of
metastasis are spliced out in Adl2 ElA. Also, sequence
differences in the final E1A products may result in loss of
this function in Adl2. Analysis of ras inducibility in Adi2
E1A transfections of 5R cells could possibly confirm this
process as the determining factor 1in regulating the
differential metastatic influences of ElA proteins of the two
serotypes.

In closing, although I have identified some regions of
E1lA involved in negative regqulation of metastatic potential in
T24 ras-transformed REF cells, it 1is unlikely that all
metastatic cell lines are biochemically defective in identical
areas. That is, the cause of loss of metastatic suppression
likely differs from one class of cell 1line to another
depending on the type of E1A mutant expressed by each. This
is because El1A can target multiple steps in the metastatic
cascade and the reduced metastatic potentials in wild-type E1A
transfected cells are the result of cumulative changes in
cellular gene expression. Transcriptional activation, and

perhaps a related transcriptional repression activity, is
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responsible for metastatic suppression based on the results
presented here. However, it is clear that ElA-mediated
transcriptional activation itself operates through several
different mechanisms. Therefore, different El1A mutants may
lose the ability to suppress metastasis through related but
different mechanisms depending on the specific gene(s) or
protein(s) that is affected by mutation in that specific
region of E1A. Thus, although the results presented here are
conclusive with respect to regions involved in metastatic
suppression and associated repression of ras, further
elaboration and interpretation of these findings must be
carried out with caution for E1A is the most intricate and
complex oncogene identified to date. Further investigation
and characterization of the cell lines developed here will
help scientists to better understand the process of metastatic

progression as it relates to the H-ras and E1A oncogenes.
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