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ABSTRACT

The ability of the ¢-fos gene 10 respond o a variery of stimuli reflects the complexity of
its regulation.  Indeed. abermant regulation can lead to cellular transformation.  The fine
regulation of the gene relies on the interaction of protein factors interacting with a set
of regulatory elements present within the promoter of the gene in a cooperative fashion.
In these studies. multiprotein complexes capable of binding to the serum response
element, the CAMP response element. and sis-conditioned medium response element,
were identified in liver cell nuclei. A subset of these proteins was able to interact wich
multiple regulatory elements and might be able to direet functional cooperation between
them. Thes: multiple factors could be targeted by different signalling pathways.

The behavior of these multiprotein complexes was analyzed under physiological condi-
tions of transient ¢-fos expression in regenerating rat liver and under pathological
conditions of chemically induced hepatocarcinogenesis and in solid 5123tc Morris
hepatomas whereby constitutive expression of the gene occurs. Elevated expression of
the ¢-fos gene in both normal and in transformed cells correlated with the loss and/or
complete absence of the 47 kDa CRE-binding activity. The 47 kDa CRE-binding
protein was characterized as highly CRE-specific and distinct from the other members
of the CREB/CREM/ATF family of proteins. The 47 kDa CREB factor displayed
DNA-binding activity in the dephosphorylated form. The functional importance of the
c-fos promoter-binding proteins was assessed by in visro transcription which suggested
the presence of a transcriptional block in quiescent liver cells which was relieved in
proliferating hepatocytes. The results are consistent with the identification of the 47
kDa CRE-specific DNA-binding protein as a transcriptional repressor in quiescent liver
cells.

i



RESUME
La regulation du gene codant pour c-fos est complexe, et le fait que ce gene puisse

repondre a divers stimuli illustrre bien cette complexite. La regulation precise de ce
gene depend de I'interaction cooperative de plusiers facteurs proteiques avec une pano-
plic d’elements regulateurs qui sont confines au niveau du promoteur. Les etudes effec-
tuees sur des noyeaux de cellules hepatiques demontrent I'existence de complexes
multiproteiques capables de se lier aux elements de repoase au serum, 2 I' AMPc de
meme qu'au milieu conditionne par sis. Certaines de ces proteines peuvent interagir
avec de multiples elements de reponse et pourraient etre capables de diriger une coop-
eration fonctionnelle enter eux. L'existence de ces multiples facteurs a pu etre mis a
jour par I'etude de diverses voies de transduction. Le comportement de ces complexes
multiproteique a pu etre etudie en conditions physio;ogique lors de la regenerescence du
foie de rat, alors que 1'expression de ¢-fos est transitoire. Parallelemetit, ces etudes se
sent entendues a des conditions pathologiques alors que c-fos est exprime constitutive-
ment lors de I' hepatocarcinogenese induite chimiquement, de meme que chez les
hepatomes solides 5123tc Morris. Une expression elevee du gene c-fos, tant chez les
cellules normales que transformees, a pu etre associee avec la perte ou 1'absence
complete d'un facteur de 47 kDa capable de lier CRE. Cette proteine de 47 kDa s'est
arerce etre hautement specifique pour CRE et distincte des autres membres proteiques
de la famille CREB/CREM/ATF. La facteur CREB de 47 kDa demontre une activite
de liason a I' ADN sous la forme deposphorylee. L'importance fonctionelle des pro-
teines capables de se lier au promoteur de c-fos a etre determinee par des etudes de
~ transcription in vitro qui suggerent la presence d'un bloquage transcriptionel chez les
cellules hepatiques quiescentes. A l'linverse, ce bloquage est leve chez les cellules en
phase de proliferation. L'identification d'une represseur transcriptionnel de 47 kDa,
specifique a CRE, et capable de lier I' ADN est en accord avec les resultats cites plus

haut. iii
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INTRODUCTION

Historical Perspective

The search for causative agents responsible for both the generation and propaga-
tion of human tumours had its beginnings with the investigations of Sir Percival Potts in
the latter half of the 16® century who noticed a correlation between the deaths of young
men as a result of scrotal cancer and their occupation as chimney sweeps. Sir Percival
concluded that chimney soot was the likely basis of the disease. Since that first descrip-
tion of an environmental carcinogen, vast amounts of scientific effort have been devot-
ed to the elucidation of the initiating agents of varidus forms of cancer with the view
towards disease treatment and/or prevention. Presently, it is clear that there is no
single cause of the disease, but rather that cancer may arise by one or more distinct
causative agents, each resulting in the conversion of the target cell to the neoplastic
phenotype. Agents which have been found to produce neoplasia include environmental
pollutants, radiation-induced genetic damage, DNA and retroviruses, and familial
pmdisposiﬁon all of which may culminate in genome alterations characteristic of trans-
formed cells. Clearly, all of these etiologic agents function through genome perturba-
tions although the mechanisms by which their effects are achieved is far from being
understood.

In 1911, Peyton Rous found that filtrates from a chicken sarcoma were capable
of producing sarcomas when reintroduced into chicken hosts, providing the first evi-
dence that a sub-cellular agent (now known as the Rous sarcoma virus), could produce

a tumour in an appropriate host (1). This was the initial demonstration that a subcellu-



lar agent could direct umour formation, and since that time the identification and
characterization of 2 large number of tumour viruses has proven to be fertile ground for
the study of cancer biology.

To a large degree the current understanding of the viral etiology of cancer has
been provided by studies on the transforming properties of a large number of retrovi-
tuses (2). Genetic analyses proved that the transforming potential of RNA viruses is
due to their genetic complement and these genes, responsible for the transformed
phenotype, are designated oncogenes (3-5). With the discovery that viral oncogenes
have sequence similarittes within the normal host genome came the realization that viral
oncogenes consist of transduced cellular sequences and, therefore, each cell contains
within its own genome cellular versions of viral transforming oncogenes (6-8). This
seminal work has been the catalyst for the identification of those genes within the
genome which have the potential to be involved in the transformation process. Fur-
thermore, the study of retrovirus biology has provided a system whereby questions
concerning the function of oncogenes in the carcinogenic process could be addressed.
Although each cell has oncogenic potential, specific mutations or alterations must occur
in the cellular forms of the genes in order to transform 2 cell. It is for this reason that
the ceilular form of oncogenes have been called proto-oncogenes (9).

Of the imbalances produced in neoplastic cells, regardless of the causative
agent(s), perhaps the most fundamental one which constitutes a defining feature of all
neoplasias is the loss‘of control of normal cellular proliferation. This pheﬁotype is
likely to be the net result of changes in patterns of the expression of genes normally

under the control of rigorous cell cycle checkpoints (10). It is not surprising, therefore,



that all of the oncogenes described so far have their effects by disrupting strategically

located key control points in the transduction of extracellular signals (8).

Proto-oncogene families

Proliferative signals must culminate in changes in gene expression to generate
the necessary protein requirements for cell cycle progression. Proliferation of both
normal and transformed cells begins with signals emanating from the plasma membrane
through receptor ligand intex;actions. These signals are then transduced by protein
Kinases which, in turn, must relay the message through to the nucleus to effect changes
in gene expression. Oncogenes and their protein products occupy key points in this
cascade of events. Based upon their intracellular localization and function they can be
broadly categorized into three different groups.

The first of these classes are those oncogenes which have homology to cellular
growth factors and their cognate surface receptors. The sccond group consists of
oncogenes which have the ability to generate intracellular signals and/or possess protein
kinase activity. The third class of oncogenes consists of nuclear transcription factors
which are able to transduce cellular signals to effect changes in gene expression.

Cellular proliferation is under the influence of specific growth factors which
initiate a cascade of cellular events culminating in the expression of genes required for
cell cycle progression (11). In the absence of the appropriate stimulus normal cells do
not proliferate, but remain in a quiescent state in the GO phase of the cell cycie, but
may ré—enter the cell cycle upon growth factor stimulation (12). Transformed cells, on

the other hand, have relaxed requirements for exogenous growth factors and are able to



proliferate under conditions of growth factor deprivation (13).
The first clue that viral oncogenes are related to growth factors came with the discovery
that the transforming gene from the simian sarcoma virus. v-sis. contains a region of
109 amino acids which is highly homologous to the 8 chain of platelet derived growth
factor (PDGF, 14-16). It was known that PDGF is involved in the mitogenic response
through the induction of gene expression (17). This led to the suggestion that aberrant
gene expression seen in transformed cells might result from aitered growth factor sig-
nalling (11, 18). |

The discovery of partial homology between certain oncogenes and growth factor
receptors has strengthened the idea that signal transmission from the extracellular
environment is altered in cells transformed by these oncogenes. Accondingly, the trans-
forming gene of the avian erythroblastosis virus, v-erb-B, is homologous, in par, to the
epidermal growth factor receptor (EGFR, 20). It is known that EGFR contains an
endogenous tyrosine kinase activity which becomes activated upon ligand binding and
that the downstream phosphorylation events are associated w_ith the transduction of
mitogenic signals to the cell nucleus (21,22). Interestingly, the v-erb-B oncogene does
not contain the extracellular ligand binding domain, but does have tyrosine kinase activ-
ity which may provide clues to the mechanism by which this oncogene stimulates con-
tinuous growth and transformation (20,23,24). Another truncated growth factor recep-
tor is illustrated by the oncogene v-fins of the feline sarcoma virus, which turns out to
be a shortened version of the receptor for the hemopoetic growth factor colony stimulat-
ing factor-1 (CSF-IR, 25). Some evidence suggests that v-fins may also function by

constitutive stimulation in the absence of growth factor binding (26). Additional



homologies demonstrated between growth factors and oncogene products include partial
amino acid homology between transferming growth factor 8 (TGF-B8), a growth factor
secreted by some transformed cells and epidermal growth factor (19).

The second grouping of oncogenes consists of those intracetlular signalling
proteins with protein kinase activity (27). The first oncogene shown to have tyrosine
Kinase activity attributed to it was the transforming protein of the v-src oncogene from
the Rous sarcoma virus (28). Since then, several oncoproteins were shown to have
intrinsic kinase activitics. Several of these were shown to phosphorylate tyrosine resi-
dues reminiscent of the growth factor receptor tyrosine kinases. Examples of these are
provided by transforming genes encoded by v-abl and v-yes (29,30). Interestingly,
these proteins are associated with membranes and although they do not appear to be
transmembrane growth factor receptors they have related tyrosine kinase domains (27).
The oncogenic forms of these proteins are associated with increased or altered tyrosine
kinase activity resulting from genetic mutations or truncations which occurred during
retroviral transduction (29,30).

The oncogene products which possess serine/threonine protein kinase activity
also belong to this group. Members of this group of kinases include v-mos and v-raf
which have acquired their oncogenic potential by deletion of the regulatory region of
the kinase (31-34). An association between stimulation of membrane-bound receptors
and increased activity of the Raf-1 kinase suggests that the signal relay from the extra-
cellular environment to the cytoplasm is mediated by the proto-oncogene products (35).

Other intracellular signalling proteins which are associated with retroviruses are

membrane associated guanosine nucleotide-binding: proteins which convert proliferative



signals through the hydrolysis of GTP (36.37). These oncoproteins are illustrated by
the ras family of oncogenes which function in signal transduction through the cyeting of
their GTP and GDP bound forms of endogenous GTPase activity. Ras. when in the
GTP bound form. activates adenylate cyclase leading to increased protein phosphoryta-
tion by cAMP-dependent protein kinase (PKA., 38-30). The transforming potential of
v-ras has been shown to accompany mutations in the gene which impair the GTPase
activity and thereby maintain its GTP-bound state and provides. therefore. continuous
stimulation of adenylate cyclase (39.40). Recent data have demonstrated a functional
and direct association between Ras and Raf proteins (31.42). The downstream effect of
this association is the activation. by phosphor. :tion, of the mitogen activated protein
(MAP) kinase sigrial transduction pathway providing a partial view of the hicrarchy of
signal transduction by these proto-oncogenes (43.44).

The third category of oncogenes encodes proteins localized to the cell nucleus which
are the ultimate target for the extracellutar stimuli (45). Over the last 6-8 years, 2
considerable effort has been made to identify nuclear oncogenes and to determine their
functions. This category of oncogenes is exemplified by the fos. jun, and myc onco-
geres (46-48). It is now generally accepted that probably ail nuclear oncoproteins
function as sequence specific DNA binding proteins. They interact with defined se-
quences present in the regulatory regions of target gene(s) and change the transcription-
al activities of those genes (49-51). The full complement of genes controlled by the
nuclear oncogene products is not known, however a role in the generation of cell cycle
competence has been suggested by the rapid induction of nuclear proto-oncogenes in

response to growth factor stimulation of quiescent cells (52-54). In fact, the induction



of several nuclear proto-oncogenes are some of the eariiest detectable events following
growth factor stimulation of quiescent cell: re-entering the celi cycle (55).

Perhaps the key feature that connects nuclear proto-oncogenes with the signal

transduction machinery is that the transcription of several nuclear proto-oncogenes
proceeds in the absence of protein synthesis (56,57). Furthermore, their transcription
can be stimulated by activation of protein kinase C and/or PKA pathways.
Together these observations suggest that these genes can respond to changes in the
extracellular environment detected by the cytoplasmic signal transduction proteins and
resulting in post-translational modification of pre-existing nuclear proteins (58-61). It
is known that the oncogenic forms of the nuclear oncoproteins are able to transform
cells by virtue of their overexpression as well as through increases in the half lives of
their messenger RNAs (62,63). Of particular significance, enhanced expression of
nuclear oncogenes is able to decrease the growth factor requirement for proliferation
suggesting that cells transformed by nuclear oncogenes are no longer responsive to the
extracellular environment due to an uncoupling of the normal flow of Mfc;maﬁon at the
point of the nuclear transducers (52-54). These oncogenic proteins, then, are forcing
the pmlifer_ative response in the absence of an exogenous growth stimulus.

While the above is by no means an exhaustive documentation of all oncogenes,
it suffices to illustrate the main properties of oncogene families. Clearly, with all of
these factors located in their strategic places and functioning properly, an intact
communication and response system is available to act upon extracellular signals
through interactions from the plasma membrane, through the cytoplasm, to the nucleus

leading to the appropriate changes in gene expression. Their strategic locations at the



various key points along the signal transduction pathways implicate the proto-oncogenes
and their products as focal points in normal cellular growth and their oncogenic coun-

terparts in the initiation and progression of carcinogenesis.

The fos Oncogene

The v-fos gene was first identified as the transforming gene of a murine osteo-
sarcoma in the laboratory of Dr. Miriam Finkel who, at the time, was studying the
risks of radiation induced neoplasia to workers handling materials used in the develop-
ment of the hydrogen bomb and in other nuclear industries. Previous studies had linked
an increase in the incidence of osteosarcoma with radium clock dial painters, and Dr.
Finkel's lab was investigating the possible involvement of 2 viral agent responsible for
radiation induced and spontaneous osteosarcomas in mice (64, reviewed in 65). Suc-
cess was first achieved with the isolation of the Finkel-Biskis-Jinkins (FBJ-MSV)
murine osteosarcoma retrovirus from a spontaneously occurring tumour (66). The
Finkel-Biskis-Reilly (FBR-MSV) sarcoma virus was later identified in a tumour arising
from an irradiated mouse and was found to be related to the FBJ-MSV, harbouring a
similar transforming oncogene (67). The transforming protein from these viruses has
been identified by immunological detection using antisera from FBI-MSV infected rats
and named Fos after the parent virus (FBI-MSV Osteogenic Sarcoma virus, 68)

The v-fos gene encoded by the FBI-MSV was the first fos gene to be cloned and
was subsequently used as a probe to identify homologous sequences in the normal
mouse and human genomes (67,69). Following sequencing of the genes from viral and

cellular origins (70-72), a comparison between the normal and oncogenic versions of



the protein was made possible and proved to be invaluable in determining the
mechanism of oncogenic activation of the v-fos gene. The human c-fos gene is a single
copy gene and has been mapped to the q arm of chromosome 14 (67,73). Sequence
comparison with the murine c-fos gene of 3.4 kb encoding a protein of 380 amino acids
on chromosome 12, revealed virtual structural identity between the two genes with
approximately 90% homology within the coding region. Both human and mouse genes
consist of four exons coding for 47, 84, 36 and 213 amino acids respectively and both
genes are transcribed, producing a mature mRNA species of 2.2 kb (65). Of the 4026
nucleotides that define the FBJ-MSV provirus, approximately 41 % have been trans-
duced from the normal c-fos gene. However, sequence comparisons indicate that the v-
Jos gene has undergone a deletion of 104 base pairs within a region of discontinuity
between v-fos and c-fos. This deletion has resulted in a frame shift mutation such that
the viral gene codes for one additional amino acid, and the C-terminal 49 amino acids
are different from the C-terminal 48 residues of c-fos. The other transforming fos
provirus, the FBR-MSV, encodes a 3791 nucleotide v-fos gene with about 19% of the
sequence derived from c-fos sequences. There are more substantial differences between
the FBR v-fos and c-fos genes, such as deletions of 24 amino acids at the N terminal,
98 amino acids at the C terminal of the protein, as well as two internal deletions of 39
and 27 base pairs. Furthermore, the 5' portion of the FBR v-fos gene has been fused to
viral gag sequences and the 3' end to sequences called fox. Thus, the FBR v-fos gene
encodes a 75 kDa gag-fos-fox fusion protein (71).

On its own, the c-fos gene is not oncogenic, dut genetic manipulations enable the gene

to transform cells in culture (74). The first of these requirements for transforming



potential is the addition of a constitutive enhancer such as the FRJ long terminal repeat
(LTR). In addition to the enhancer element. untranslated sequences in the 3°
portion of the gene must be disrupted. This 3' part of the gene contains a region rich in
AU sequences which are implicated in message stability and, interestingly, these se-
quences are deleted in the viral fos genes (62,74.75). The fact that these disruptions
activate the oncogenic potential of the c-fos gene suggests that Jos induced transforma-
tion requires elevated expression of the gene coupled with a decrease in the turnover
rate of the message. This view is strengthened by the fact that most normal tissues
express very low levels of the ¢-fos gene.
Cellular Expression of the c-fos proto-oncogene

The description of fos as an oncogene prompted the examination of its expres-
sion during cell growth. Growth arrested cells normally reside in the quiescent G, state
and can be stimulated to progress through the cell cycle by growth factors (76). Much
of the proliferative control is exerted at the GOJ’Gl boundary and it has been shown that
the GolGx transition requires gene expression (77). This prompted the search for the
regulatory genes involved in proliferation. Cell growth-specific genes were first isolat-
ed from a fibroblast cDNA library screened by differential hybridization following
PDGF stimulation (17). Since then many laboratories have employed a similar strategy
to look for mitogen and tumour promoter inducible genes in their studies on growth
regulation (78-80). From these studies a group of genes has emerged which share the
characteristic features of being rapidly, and transiently, induced at the point of G‘,_‘IGl
transition in the absence of de novo protein synthesis. Further, their messages are

typically superinduced in the presence of an inhibitor of protein synthesis suggesting
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that the down reguiation and/or turnover of their message is protein synthesis-dependent
(81). This group of genes has been cailed immediate early, growth response or pri-
mary respounse genes and has amongst its members gene products identified as extracel-
lular matrix, cytoskeletal and nuclear proteins (reviewed in 81,82).
Most resting cells have low levels of c-fos expression with a few exceptions including
macrophages, fetal liver cells, and placental cells (83,102). These cell types express
high constitutive levels of ¢-fos , but this expression is dependent upon the continual
provision of growth factor. For example, macrophages require CSF-1 and placental
cells in culture need placental conditioned medium present to express ¢-fos constitutive-
ly (84). Atypical of the growth response genes, c-fos expression can occur in response
to a variety of stimuli including serum, growth factors, cAMP, the tumour promoting --
phorbol ester TPA and a multitude of others which provoke, depending on the cell type
and stimulus, both cellular proliferation or differentiation (65). Rapid and transient c-
Jos expression is seen upon differentiation of macrophages and monocytes by the
tumour promoter TPA as well as during NGF-induced differentiation of rat PC12
pheochromocytoma cells into a neuronal morphology (84-86). Also, down regulation of
c-fos expression is associated with the inhibition of TPA induced differentiation of
monocytic cells by the synthetic glucocorticoid dexamethasone (87). c-fos inducibility
has been extensively studied in quiescent fibroblasts gtimulated to re-enter the cell cycle
by growth factors (35, 65, 88, 89). The data clearly suggests a role for the c-fos gene
in growth regulation and defines it as an immediate early gene.
Combinéd results from a number of studies have shown that one of the most

striking and intriguing features of c-fos is that, typical of the early response genes, its
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transcription can be induced in a very rapid and transient manner in those cell types
which normally have low basal levels of expression. In fact. this inducible c-fos tran-
scription is the earliest known nuclear event following growth factor stimulation with
transcriptional activation of c-fos occurring within 5 minutes post stimulation and
mRNA levels peaking at about 30 minutes and returning to basal levels by 2 hours
(55,88,89). A role for Fos in the cell cycle was suggested from experiments demon-
strating that antibodies to the fos protein' or antisense ¢-fos oligonucleotides can block |
mitogen induced cell proliferation and DNA synthesis (90-92). However, further stud-
ies demonstrated that ¢-fos expression in fibroblasts could be induced by TPA at any
point in the cell cycle and that cofos expression is necessary, but not sufficient for cell
cycle progression (93). The conclusions from these studies wcrc. that Fos is required
for preparing or priming the cell for cell cycle re-entry and, as such, constitutes a
competence factor. The requirement for other factor(s) suggests that progression fac-
tor(s) must act downstream of Fos in promoting proliferation. Transgenic mice con-
taining the c-fos gene under the control of the metallothionein promoter display high
levels of c-fos expression which could be further augmented in the presence of heavy
metals. These transgenic mice have abnormal bone development with deregulated bone
remodeling especially on the long benes of the leg (94,95). Thus, ¢-fos expression is
assoctated with both G/G . transit and proliferation, and with cellular differentiation.
While it was possible to induce c-fos expression at any point during the cell cycle in
fibroblasts (93), suggesting that Fos is not specific for initiation of the proliferative
response, there is no evidence that cell cycle independent expression takes place in vivo

and this result may simply reflect the responsive nature of the gene. This possibility is
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strengthened by the fact the expression of the c-fos gene proceeds in the absence of
protein synthesis and is reliant upon trans-acting factor modification for
inducibility (56).

The multiplicity of factors capable of inducing the c-fos gene in a rapid and
transient manner coupled with its diverse effects in the cell have frustrated the search
for a specific role for Fos. It seems that rather than being responsible for a single,
specific event Fos is likely to have a more general role. One proposal is that Fos may
act as a master switch capable of responding to a2 number of transient stimuli, from
more than one signal transduction pathway, by changing the rate of transcription of
other genes (19). In this way, extracellular signals can be transmitted to the nucleus
and result in the appropriate alterations in gene expression. Thas, while the c-fos gene
is an integral component of normal cell functioning, the v-fos oncogenic counterpart is
capable of cellular transformation highlighting its important position in the transtation
of an extracellular signal.

The c-Fos Protein

The Fos protein is composed of 380 amino acids with a predicted molecular weight of
about 42 kDa and has been subcellularly localized to the nucleus (70,96). The Fos
protein has 2 half life of approximately 2 hours (88,97). The protein contains an
unusually high number of proline residues (9%), and carries a net negative charge. Fos
is extensively post-translationally modified by phosphorylation on serine and threonine
residues which accounts for its apparent molecular weight on SDS-PAGE of 55-62 kDa
(98). Fos is phosphorylated in response to TPA or serum treatment of cells, suggesting

the involvement of protein kinase C in Fos phosphorylation (98), but Fos can also be
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phosphorylated by cAMP dependent protein kinase as well, at least in virro (99). It is
likely that the phosphorylation of Fos is involved in modifying the properties

of the protein and it has been demonstrated that phosphorylation may be involved in
protein turnover (88), as well as in mediating transcriptional autorepression through its
own promoter (100).

The nuclear localization of Fos coupled with its modification in response to
signal transduction, led to the speculation that Fos is involved in genctic regulation
(101). It was later shown that Fos complexes in the nucleus with a 39 kDa protein
(102,103). which together are able to interact with DNA (104). The ability of a v-fos
expression vector to stimulaté transcription from a cotransfected plasmid containing the
collagenase promoter was the first demonstration that Fos could stimulate transcription
(105). Subsequently it was shown that a specific DNA/protein complex formed at the
FSE2 region of the aP2 gene promoter coding for a lipid binding protein induced during
adipocyte differentiation could be disrupted by antibodies against Fos. This was the
first evidence for the participation of Fos in a transcriptional regulatory complex
(106,107).

At around the same time, another nuclear oncogene was discovered from the avian
sarcoma virus 17 and was called v-jun (108). The cellular homolog of the viral pro-
tein, cjun, was recognized to contain a region of homology in its C terminus with the
known yeast transactivator GCN4 (109). GCN4 was known to be a DNA binding pro
tein which is involved in regulating amino acid homeostasis (110). It was found that
the DNA binding site for GCN4 is strikingly similar to the binding site for the mamma-

lian transcriptional activaior AP-1 (111). This led to the idea of the possible relation-
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ship between AP-1 and c-jun which was later confirmed both immunologically and
functionally (112-114). Also, the Fos binding site within the aP2 gene promoter was
identified as 2 sequence specific AP-1 binding site (106.107,115), prompting studies
oi: the association between the two nuclear proto-oncogene proteins, Fos and Jun. To
this end, it was found that the Fos assoctated protein in the ap2 promoter complex,
p39, is immunologically related to Jun (116-118), demonstrating that both Fos and Jun
are components of the AP-1 complex.
The AP-1 Transcriptional Activator

The eukaryotic transcription factor AP-1 (activator protein 1), was first identi-
fied as a factor that binds to and can stimulate transcriptional activity from a specific
sequence of the human metalloﬁﬁonein IIa and SV40 early promoters (111, reviewed in
119). A great deal of interest was generated when the binding site for AP-1 was identi-
fied as the same DNA sequence that conferred phorbol ester responsiveness, implicat-
ing the involvement of AP-1 in a cellular pathway responding to tumour promoters and
protein kinase C (120,121). In fact, an intact AP-1 binding site also known as the TRE
(TPA response element), is necessary and sufficient for TPA responsiveness of AP-1
regulated genes (120). With the identification of the AP-1 complex as a composite
dimer of proto-oncogene products, a clearer picture of the series of events associated
with AP-1 activity were emerging.

The purification of AP-1 by site-specific affinity chromatography consistently
resulted in a mixture of polypeptides which could not be accounted for by the presence
of Fos and Jun alone, and it is now clear that both Fos and Jun are constituents of

larger families of nuclear proteins with similar, but not identical properties (119,122).
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Thus, the AP-1 complex can be composed of combinations of the Fos and Jun family of
proteins. Recent work has shown that there are functional differences between AP-1
molecules depending upon their composition which are manifested by different DNA
binding affinities and trans-acting properties (123).
Other members of the Fos family

Polyclonal antibodies to the Fos protein used in Western blotting were shown to
cross-react with other polypeptides which are called Fos related antigens or Fras (124).
Fral and Fra2 have now been cloned from cDNA libraries and both demonstrate partial
sequence homology to Fos and share certain functional properties (124-126). Both
Fral and Fra2 contain a conserved leucine zipper and basic domains, (known as bZip).
They also share a high degree of homology to the c-fos gene in other regions known to
contain conserved tertiary structure (124). In addition to their structural similarities,
Fral has been shown to participate in complex formation with Jun family members and
bind to the TRE sequence (126,128). Moreover, it has been found that the mRNA for
Fral is serum inducible in quiescent fibroblasts albeit with slightly different kinetics
from c-fos induction (1'24). Following serum stimulation of fibroblasts, Fral mRNA
appears after the c-fos message and is detectable for a longer period of time. Similar
induction of the Fra2 gene by TPA was demonstrated in monocytes (125). Interestingly,
a sequential pattern of expression of the Fos gene family was observed after TPA addi-
tion with c-fos expressed first followed by fral and then fra2 suggesting that the
composition of AP-1 is likely to change in an orderly fashion during the cellular re-
sponse to a particular stimulus.

FosB is another member of the Fos family cloned from a ¢cDNA library of
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serum stimulated NIH-3T3 cells (127). Like the Fras, FosB shares the conserved bZip
domain and an overall 70% homology with ¢-Fos. It also interacts with Jun and binds to
the AP-1 site (128).
In addin‘oﬂ to being a trans-activator FosB is capable of effectively transforming fibro-
blasts transfected with a FosB expression vector driven by either the v-fos LTR or the
SV40 early promoter (129). In fact, under conditions of constitutive expression, FosB
is a more effective transforming protein than c-Fos. Chimeric constructs between c-
Fos and FosB have mapped the increased transforming potential of FosB to the 3'
coding region. In ¢-Fos this region is thought to be responsible for the rapid turmover
of the protein and this destabilizing region is absent in FosRB (129).

The genomic structure of the fosB gene has been determined from a clone iso-
lated from a mouse genomic library (130), and sequence analysis of this clone shows a
similar promoter structure to the c-fos promoter suggesting the possibility that similar
mechanisms are regulating these two genes. An interesting feature of josB is that it was
found to express two mRNA species as a result of differential splicing yielding FosB
and a truncated FosB/SF (also called delta FosB). FosB/SF can also interact with Jun,
but while FosB is a potent trans-activator (129), conflicting data have ascribed both
activating and repressing activities to FosB/SF (131-133). |

While the precise functions of the Fos family of proteins is not entirely clear,
they do represent a group of evolutionarily related proteins which may have evolved to
elicit different responses t6 stimuli.
Other members of the Jun family

As with the Fos family of proteins, there also exists a family of Jun-related
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proteins all of which can participate in complex formation and specific DNA binding
(119.134). Presently the Jun family consists of cyun, jun-B, and jun-D all of which
display several regions of sequence homology, but also display some intriguing func-
tional differences.

The gene for c-jun was cloned from ¢cDNA libraries from human fibroblasts and a
humar: cervical carcinoma cell line (112,1 13). as well as from mouse cDNA libraries of
serum stimulated fibroblasts (135,136).

The c-jun gene is both serum aad TPA inducible and can activate a TRE-con-
taining promoter which is the reflection of an increase in AP-1 activity following these |
stimuli (137). Transcription of the gene occurs rapidly and in the presence of protein
synthesis inhibitors which categorizes c-jun in the group of immediate early genes.
Analysis of c-jun genomic sequences revealed a number of interesting features includ-
ing the absence of intronic sequences and the presence of a single TRE within the
promoter which can bind Jun/AP-1 and stimulate its own transcription (138,139).

The jun-B gene was isolated from a cDNA hibrary from serum stimulated fibroblasts
screened for sequences homologous to the DNA binding domain of v-jun (140). JunB
has an overall homology of about 95% 10 ¢c-Jun which spans over at least five separate
domains including the highly conserved basic leucine zipper region as well as a stretch
of 65 amino acids at the N terminus of which 45 are either identical Or conservative
replacements (137). i.ike cjun, jun-B is 2 member of the immediate early family of
rapidly responding genes and induction of the gene does not require new protein syn-

thesis (139). Both JunB and c-Jun can dimerize and bind to the AP-1 site with binding
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activity of both proteins being dramatically increased in the presence of ¢-Fos or Fras
(123,134).

While the regulation of the ¢jun and junB genes share remarkabie similarity and
although the protein products of these genes bind to DNA in an identical fashion, their
trans-activating properties are notably different.

Transfection of an expression vector for c-Jun is able to activate a cotransfected pro-
moter construct contaiming a single TRE, but a JunB expression vector does not trans-
activate this construct (141). These studies further showed that in the presence of JunB
the activation of a TRE construct is nullified suggesting the JunB is a negative regulator
of ¢-Jun function. Interestingly, JunB is able to activate a promoter construct contain-
ing multipic copies of the TRE (141). The interpretation of the variable activities of
JunB is based on the fact that the activation domains of ¢-Jun and JunB are different and
that trans-activation by JunB requires interactions between adjacently bound complexes
while c-Jun does not. It is possible that JunB is able to modulate the expfession of
genes induced by c-Jun and/or that the two different proteins have evolved to differen-
tially regulate genes contzining TRE sequences. In addition, a clear cell type-specific
pattern of expression of the jun family of genes cxists with c-jun expression being
limited to the lung and heart tissues of the adult mouse while jun-B is expressed in a
wider range of tissues (142,143).

The third member of the jun family to be characterized is the jun-D gene
(142,143,144). The jun-D gene was also cloned from a ¢cDNA library of serum stimu-

lated fibroblasts probed for homology to the C-terminal DNA binding domain of c-Jun.
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JunD displays about 70% homology to c-Jun with the most highly conserved region
encompassing the bZip domain enabling JunD to interact with other leucine zipper
proteins and bind to the TRE site and activate transcription {142.143.145). In contrast
to the other members of the jun family. however, jun-D is insensitive to serum or TPA
stimulation of quiescent cells and is not an immediate early gene. jun-D is expressed at
high levels in a number of adult mouse tissues and may play a distinct role in transcrip-
tional regulation of cell type specificity (142.143).

Analysis of a chicken genomic clone of jun-D reveals that the gene is intronless as is ¢-
Jun, but that, unlike cjun, within the sequenced portion of the §° non-coding region
there is no AP-1 or TRE site (144). Instead. there are two regulatory elements called
CREs (cAMP response element). which are transcriptionally activated in response to
elevated cAMP via PKA and CREB proteins (cAMP response element binding pro-
teins, 146). Interestingly, JunD contains an additional serine residue within a consen-
sus site for PKA phosphorylation which is absent from c-Jun and JunB. The lack of 2
destabilizing sequence in the 3' untranslated region of the message for JunD may
account for the higher steady state levels of jun-D mRNA compared to those for the
other family members.

Clearly with the combination of Jun and Fos proteins, AP-1 represents a tran-
scriptional regulatory complex with the capabiliﬁ for a diversity of functions by re-
sponding to growth stimuli in different ways depending on the composition of the
prevailing AP-1 molecule, perhaps in a cell type-specific manner. Furthermore, AP-1
composition changes during cell cycle progression (147,148). It was found that imme-

diately after serum stimulation c-Fos predominates in complexes with the Jun proteins,
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but at later times c-Fos is replaced with the Fra proteins. Whereas c-Fos and FosB are
required for GOIGl transit, the Fra proteins are required for exponential growth (149),
The results from retroviral overexpression of c-jun, jun-B and jun-D also suggest that
the Jun family members may have different roles in the regulation of cell growth (150).
For example c-jun, and to a lesser extent Jun-B, generated colonies in agar, but only c-
Jun supported growth in low serum. jun-D on the other hand is unable to support
growth ir low serum or develop colonies in agar and by these criteria is not a proto-
oncogene.
The leucine zipper dimerization motif
Protein sequence analysis revealed that the region of homology between Jun and GCN4
consists of a domain of basic residues followed by a leucine rich domain (151). Earlier
studies on the CAAT binding protein, C/EBP, showed the same motifs to be function-
ally significant (152). It was demonstrated that within this domain 4 leucine residues
were spaced with a regular heptad repeat. Within the motif, 2 leucine residue was
placed at position "d" of the heptad and a hydrophobic residue at position "a" giving
rise to a helical structure containing hydrophobic residues aligned along one face of the
helix. This motif can dimerize to a coiled coil structure reminiscent of that found in
tropomyosin and the other members of the k/e/m/f (keratin/elastin/myosin/fibrin)
family of fibrous proteins (153). A 33 amino acid peptide representing the dimerization
domain of GCN4 has been crystallized and the structure determined to a resolution of
1.8 angstroms (154). This study showed that hydropﬂobic interactions and ion pairing
“within that region both contribute to protein dimerization. This dimeﬁzétion motif,

dubbed the leucine zipper, has since been shown to be a common structure present in
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many proteins associating with DNA. Both Fos and Jun proteins contain the leucine
repeat region and their direct association has been shown to be mediated by this motif.

The leucine zipper is indispensable for DNA binding, but it is the adjacent basic
region that makes contact with the DNA in the major groove and determines the speci- |
ficity of binding (155). Mutational analyses have shown that the leucine zipper and
DNA binding domains are prerequisites for trans-activation since they bring the basic
domains into a conformation suitable for DNA binding (156,157). Structurally, the
leucine zipper forms a two stranded coiled coil which places the basic regions in
apposition forming a structure able to interact with the DNA molecule in what has been
described as a "scissors grip" fashion (158).

Fos and Jun leucine zipper domains are necessary for both dimerization and,
therefore, DNA binding proving that this region is functionally important for both
proteins (159,160). While Jun can homodimerize and bind tc the AP-1 site, Fos does
not homodimerize and consequently does not bind to DNA on its own (119). Instead,
Fos and Jun cooperate in DNA binding with both proteins centributing to the DNA
binding potential of the complex. Interestingly, in solution the Fos/Jun heterodimers
are preferentially formed and have a 10-25 fold greater affinity for the AP-1 site than
does the Jun homodimers (134,161,162). In addition to having a greater affinity for
DNA, the Fos/Jun heterodimers have a greater trans-activating potential (119).

Dimerization specificity has been further mapped to a region within the leucine
zipper cousisting of only 8 amino acid residues at positions: e and g in the heptad repeat
which direct the preferential association of Fos and Jun (162). Within the Fos protein,

acidic amino acids at these positions provide the thermodynamic force for preferential
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heterodimerization and probably prevent Fos homodimerization by destabilization of the
coiled coil structure. DNA binding specificity is dictated by the basic region adjacent
to the leucine zipper as determined using domain swapping experiments between Fos,
Jun and CREB (cAMP response element binding protein, 163).
- Regulation of AP-1 Activity

Recent work has challenged the idea thét AP-1 responds solely to tumour
promoters or proliferative stimuli transduced through the PKC pathway. The other
major signal transduction pathway in the cell is mediated by cAMP and PKA which
effect a transcriptional response via modification of CREB and CREB-related proteins
(146,164,165). The CREB and related ATF (activating transcription factor), also
require dimerization for DNA binding and contain the conserved bZip domains (166-
168). The interaction of these two major signal transduction pathways has been demon-
strated at the transcriptional level suggesting "cross talk™ within signal transduction
pathways. First, it has been shown that Fos and Jun proteins are able to bind to the
CRE sequence and trans-activate a promoter construct containing this regulatory ele-
ment (169,170). Secondly, it was shown that Jun can dimerize with the CREB related
protein CRE-BP1, and the resultant heterodimers retain site specific and cooperative
DNA binding to the CRE sequence (171-173). Curiously, while Jun can dimerize with
CRE-BP1, Fos proteins can not (172,173), and neither Fos nor Jun can interact with
CREB which is highly refated to CRE-BP1 (173,174). Thirdly, increased cellular
levels of CAMP are able to enhance the effects of TPA on the induction of ¢c-fos expres-
sion through the TRE (175-177). Lastly, cross talk between pathways at the transctip-

tional level is suggested by experiments where the catalytic subunit of PKA transfected



into JEG-3, NIH 3T3 or HepG2 cells synergizes with co-transfected c-Jun in activating
a TRE reporter construct by increasing TRE binding activity (178). The effect of PKA
is unclear since it does not directly phosphorylate c-Jun, nor does the effect appear to
be mediated through the CRER protein which is known to be activated by this kinase
(165,178).
However, the effects of PKA are not consistent amongst all cell types. HeLa and 'COS
cells can strongly activate a TRE containing promoter in the presence of PKA alone and
‘do not show any synergism with cotransfected c-jun while P19EC cells do not activate a
TRE containing promoter in the presence of either PKA or c-Jun. Possibly these dif-
ferent cell types have evolved to respond to different signal transduction pathways
permitting signal differentiation amongst different cell types within an organism. Ons
further piece of evidence that signal transduction pathways are not likely to function
independently is supplied by the finding that TPA can induce the phosphorylation of
adenylate cyclase (179). Further work will probably uncover additional intersection
points between these pathways and it seems likely that cell signalling will soon be
viewed as a series of integrated circuits (see also 180-185).

c-jun expression is inducible by TPA through the PKC pathway and in the
absence of protein synthesis implicating protein phosphorylation in c-jun regulation
(120). The role of protein phosphorylation in the regulation of transcription factor
activity is well documented and has been shown to affect a large number of transcrip-
tion factors. The phosphorylation, catalyzed by a variety of protein kinases, was shown
to regulate the different properties of transcription factors (re\riewed in 186). For

example, transcription factor phosphorylation can affect DNA binding properties by
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either increasing or decreasing the affinity for the regulatory sequence. The trans-
activating properties can also be dramatically influenced by the status of transcription
factor phosphorylation. Indeed, even the nuclear translocation of certain transcription
factors is regulated by phosphorylation and in some cases more than one of these regu-
latory mechanisms functions within the same transcription factor.

Phosphorylation of ¢-Jun occurs on at least 5 separate residues of Ser or Thr,
but interestingly none of these sites are phosphorylated by PKA in vitro. Controversy
exists regarding whether or not c-Jun is a substrate for PKC with one study demonstrat-
ing that Jun can be phosphorylated by PKC in vitro, while the other suggests that al-
though c-jun is responsive to TPA it is not a substrate for the kinase (187,188). De-
spite this controversy, phosphorylation of ¢-Jun appears to be functionally important -
since it has been shown that cellular transformation by ¢c-Ha-Ras as well as other trans-
forming oncogenes result in hyperphosphorylation of Jun and is required for oncogenic
transformation (189). Specifically, phosphorylation at two serine residues located in
the N-terminal activation domain of the molecule (Ser 63 and 73), is stimulated in
response to oncogene transfection and increases the trans-acting activity of AP-1
(189,190,191). The Ras-activated phosphorylation of these residues is coupled with the
~ dephosphorylation of other serine residues which affect the DNA-binding activity of c-
Jun (189). Interestingly, in virro, c-Jun is phosphorylated by the growth factor-stimu- -
lated MAP2 kinase (also called ERK 1), however the site(s) of phosphorylation and
their effects remain to be confirmed since there are contradictory reports claiming
phosphorylation at different sites in c-Jun (192-194). The additional seriné, and one

threonine residue mentioned above are present adjacent to the DNA binding domain of



c-Jun and influence DNA binding (195). These residues are in the phosphorylated state
in resting cells and become dephosphorylated upon serum or TPA stimulation (195).
The dephosphorylation of these residues results in an increase in the DNA binding
activity of Jun/AP-1 and suggest that the increase in DNA binding activity of AP-1 in
response te mitogens and PKC stimulation is the result of site-specific

~ dephosphorylation.

Clearly, phosphorylation of c-Jun plays more than one key role and must in-
volve the integration of kinase and possibly phosphatase activities. Thus, the TPA-
induced dephosphorylation must be coupled with the N-terminal phosphorytation of c-
Jun to achieve both DNA binding and trans-activation (196). The convergence of
signal transduction pathways at the levzl of transcriptional activators and specifically
involving AP-1 has been described recently with the identification of a negative regula-
tor of AP-1 activity called inhibitory protein I (IP-1, 197). IP-1 regulates the ability of
AP-1 to interact with the TRE in a phosphorylation-dependent manner. IP-1 associates
with AP-1 to inhibit DNA binding activity when in its dephosphorylated form. TPA
induces PKA-dependent phosphorylation of IP-1 by an uncharacterized mechanism of
signal transduction cross talk. PKA phosphorylation of IP-1 relieves its inhibitory
effect on AP-1 restoring its DNA binding ability. Considering these results, IP-1 is a
candidate for a third messenger and convergence point for two major signalling path-
ways (198).

Modification of AP-1 activity can also occur in the absence of covalent modifi-
cation. It is becoming clear that AP-1 may not necessarily function alone, with increas-

ing evidence for proteinlprotein interactions existing at composite regulatory elements
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(199). A relationship suggesting the interaction between AP-1 and the glucocorticoid
receptor (GR), was initially suggested when it was found in cotransfection studies that
AP-1 induced collagenase expression is downregulated in the presence of cotransfected
GR (200-202). In the presence of ligand, the GR binds to a specific sequence present
in target genes called the glucocorticoid response element (GRE, 203,204). The GR
binds to target DNA sequences as a dimer interacting through a conserved motif called
the zinc finger. DNA binding proteins interacting through zinc finger structures gener-
ally contain conserved cysteine and histidine residues which coordinate an atom of zinc
juxtaposing a B sheet and an « helix forming a "finger-like” structure (205). In the
collagenase promoter, it has been shown that AP-1 induction of the gene can be down
regulated by the synthetic glucocorticoid dexamethasone. Furthermore, this down
regulation by dexamethasone functions through an AP-1 binding site indicating a func-
tional interaction between AP-1 and GR (201). Subsequent experiments demonstrated
that a similar situation might occur in the promoters of other genes. For example, the
proliferin gene is differentially regulated by both TPA and glucocorticoids through
overlapping regulatory sequences which define a composite regulatory element
(206,207).

The exact nature of transcriptional regulation through this composite regulatory
element is not clear since contradictory results showing induction of the proliferin gene
by TPA and its repression by dexamethasone as well as cooperative activation of the
gene by these agents has been reported (205, 207). The glutamine synthetase gene is
also induced by glucocorticoids and the regulatory sequences responsive to glucocorti-
coids have been mapped to a consensus GRE (208). Interestingly for maximal gluco-
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corticoid responsiveness in addition to the GRE the adjacent AP-1-like sequence must
also be present providing further evidence for AP-1 and GR interactions.

A direct interaction between AP-1 and GR has been demonstrated by in vitro
crosslinking experiments and coprecipitation using either GR or Fos/Jun antibodies
(200,201,207), however others have not been able to detect these interactions
(202,209). However, in one study coexpression of c-Jun and GR repressing the trans-
activation at a GRE-containing promoter was reported (201). It was initially thought
that the downregulation of AP-1 activity in the presence of GR might be a result of
competition for DNA binding since downregulation depends upon an intact bZip
domain in ¢-Jun (202). However, it was shown that the GR does not bind to the TRE
nor does AP-1 bind to the GRE ruling out direct competition for DNA binding sites
(200,209). Since the bZip domain is required for c-Jun/GR interaction, but cross
binding does not occur, it is proposed that c-Jun interaction with GR probably requires
an AP-1 homo or heterodimer.

In a2 somewhat contradictory scenario, c-Fos and GR have also been shown to
interact by crosslinking experiments and immunopreciptation experiments, but these
interactions do not depend upon the bZip domain of c-Fos, but rather on a region
spanning residues 40-111 to which no previous function has been attributed (209).
Residues 40-111 in c-Fos are poorly conserved amongst Fos family members, and are
not present in FosB, which is unable to form a complex with GR (209).

Functional interaction between AP-1 and GR is also furnished by demonstrating that
overexpression of c-jun is able to overcome the inhibition by GR (200). Whﬁe there

appears to be no cross competition for DNA-binding sites, it has been suggested that
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AP-1 and GR mutually repress their DNA-binding activities since it has been shown
that coexpressed c-Jun and GR do not bind the TRE or GRE (200), and bacterially
produced c-Jun is able to dramatically reduce complex formation between a GRE bind-
ing site in COS cell extracts overexpressing the GR (202).

Again, contrasting results were seen in a separate study which showed that Dex has no
effect on AP-1 binding activity (201). In an effort to clarify these apparently contradic-
tory results a carefully controlled study was undertaken to examine the interactions of
GR with AP-1 (210). These results indicate that the DNA-binding domain of GR can
differentially inhibit AP-1 binding and activation of a collagenase promoter construct
depending upon the AP-1 composition. A 10 fold higher concentration of GR is
required to inhibit the DNA-binding activity of Jun homodimers than to inactivate
Jun/Fos heterodimers. This study concluded that the Fos/Jun form of AP-1 is the
preferential target for inhibition by the GR (210).

From these combined results it is apparent that regulation of AP-1 can involve
muttiple protein/protein interactions and that this may indeed be a major regulatory
mechanism in vivo controlling the balance between the mutually exclusive pathways of
proliferation and differentiation.

Recently a novel mechanism for the regulation of AP-1 activity has emerged and
involves regulation of Fos/Jun dimerization and DNA binding activity by a redox
(reduction/oxidation) mechanism (211,212). This form of regulation involves cysteine
residues in Fos and Jun which are inactive when oxidized. The oxidized proteins can
be activated to promote their association and DNA-binding with either high concentra-

tions of reducing agents or with a nuclear protein called Ref-1 which ircreases the
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DNA binding activity in the absence of reducing agents (212.213). This novel form of
transcription factor regulation may be significant with respect to the transtormation
properties of c-Fos since v-Fos contains a serine residue in place of cysteine-154 in c-
Fos (108). Expression vectors containing wild type Fos or Fos with cysteing-154
mutated to serine indicate that this mutation results in an increased transforming poten-
tial (214).

Transcriptional Regulation of the c-fos gene

The c-fos proto-oncogene has become a paradigm for the study of the regulation
of immediate early genes owing to its remarkably rapid and transient response to a
myriad of stimuli associated with cell growth, differentiation and other cellular re-
sponses. The ability of the c-fos gene to respond to these stimuli has led to the
suggestion that the gene may act as a "master switch” constituting the first transcrip-
tional signal translator and being able to direct downstream events in a coordinated
fashion. As discussed earlier, this remarkably sensitive immediate early gene can be
induced in the presence of protein synthesis inhibitors and is, in fact, superinduced in
their presence leading to the suggestion of the involvement of a labile Tepressor in c-fos
regulation (11,56).

As a potential master switch gene a great deal of effort has been undertaken to
understand the mechanisms by which the gene promoter can integrate a response from
divergent pathways. The first step in identifying regulatory regions within the c-fos
promoter which might be responsible for transcriptional regulation was the identifica-
tion of DNase I hypersensitive sites within the 5' region of the gene in NIH-3T3 cells
(215).
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DNase I hypersensitivity is thought to reflect interactions of regulatory proteins
with DNA sites usually within the 5' portion of the gene (216). Upon serum stimula-
tion of 3T3 cells the major hypersensitive region in the c-fos promoter did not change,
but one site located around nucleotide +10 lost hypersensitivity. This was coincident
with elevated expression of the gene. Similar rapid and reversible changes in DNase I
hypersensitivity coincident with elevated c-fos expression (217) were observed in Hela
cells following serum stimulation (217). The role of chromatin structure on c-fos
expression is further highlighted by studies which showed that the rapid induction of the
gene is tightly coupled to iopoisomerase I activity which controls the rate of chain
elongation (218).

Initial examination of the c-fos gene revealed the presence of a TATA box
element required for correct initiation of transcription and a polyadenylation signal in
the 3' non-~coding portion of the gene (72).

The identification of cis-acting sequences and their rrans-acting factors has been ad-
dressed by a number of investigators in the past 7 years. Figure 1 presents a diagram
of some of the cis-acting sequences identified in the c-fos promoter which will be dis-
cussed further, but it does not attempt to reflect the full complexity of the c-fos gene.
Through transient transfections of c¢-fos promoter deletion mutants, the cis-acting
regulatory element responsible for the serum inducibility of the gene was identified and
characterized as having properties of an enhancer (62). This same study also deter-
mined that sequences in the 3’ end of the gene encompassing both coding and flanking
regions are associated with regulating the transient accumulation of the message, and

thus playing an important role in regulating the half life of transcribable message.
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Recent data suggests that the 3' part of the transcript functions as an RNA-mediated
mRNA destabilizer which does not involve the nascent polypeptide and is presumed to
function through an unidentified structural motif capable of interacting with the degra-
dation machinery (215). This property is important in preventing constitutive availabili-
ty of Fos protein and it is noteworthy that the oncogenic v-fos contains a frame shift
mutation within this region (72). Also as pointed out earlier, oncogenic conversion of
c+fos can be achieved, in part, by removal of these 3' sequences (74). The deletion of
this part of the protein is not necessary for this effect as it has been shown that muta-

tions in this C-terminal region are sufficient to deregulate c-fos expression (220).
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Figure 1. Diagram of the c-fos promoter regulatory sequences

Several of the well characterized c-fos regulatory clement sequences are shown as black
rectangles. The position of the regulatory clements are given relative to the 5° cap site.
Below each regulatory element is a partial list of stimuli or proteins which have their

effects through that sequence.
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Diagram of Promoter and Partial Exon Structure of the c-fos gene
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Using a combination of sensitive techniques including gel mobility shift, methy-
lation interference and S1 nuclease protection assays, several sites within the promoter
have been identified as protein binding sites and have been shown to regulate c-fos
expression (61,221,222-231). While many of these regulatory sites have not been
characterized in detail, studies of the c-fos promoter have identified those regulatory
elements which are central to the accurate regulation of the gene and will be described
below. These regulatory elements include: the serum response element (SRE), mapped
to position -322 to -299 relative to the transcriptional initiation site, the sis conditioned
medium response element (SCMRE), mapped to position -351 to -336, the TPA re-
sponse element (TRE), mapped to position -293 to -287, the cAMP response element
(CRE), mapped to position -66 to -59 in the mouse gene.

The c-fos Serum Réponse Element: GGATGTCCATATTAGGACATCT (222)

The most extensively studied of the c¢-fos regulatory elements is 2 conserved
sequence centered approximately 300 bp upstream of the mRNA cap site and is termed
the serum response element (SRE, 62 and reviewed in 232). While it is clear that in
many different cell types the SRE responds to various growth factors as well as to
activators of protein kinase C (223-225), it is not certain whether the SRE is also re-
quired for c-fos induction in response to increases in intracellular cAMP (225). Using
transient transfection of various regions of the c-fos promoter it was found that while
the SRE was not necéssary for, it could respond to cAMP suggesting that the SRE may
be involved in the cAMP response (227). Others however, have found that while

multiple elements in the c-fos promoter can respond to CAMP they all have homology



t0 a consensus CRE, but these do not include the SRE (226).

The SRE sequence is highly conserved, with human and mouse sequences being
identical, and contains a region of hyphenated dyad symmetry and some properties
associated with transcriptional enhancers such as the ability to stimulate transcription
from a heterologous promoter as well as the ability to stimulate transcription independ-
ent of orientation in relation to the gene. However, unlike other enhancers the effec-
tiveness of the SRE is influenced by distance from its normal position (62). Interesting-
ly, SRE-like sequences called CArG boxes (derived from CC(A/T rich)GG), have also
been identified in the promoters of other serum inducible genes such as the skeletal and
cardiac actin genes (233,234), but no SRE sequence has been reported in the serum
inducible c-jun gene. Thus, the SRE may represent a conserved, but not the sole
mechanism for a rapid response to serum growth factors.

The identification of 2 protein capable of specific binding to the c-fos SRE has
been reported (235-237). This protein has an estimated molecular weight of 67 kDa
and has been called the serum response factor (SRF). The gene encoding SRF has now
been cloned from a human placental cDNA library (238). The SRE ¢cDNA clone has an
open reading frame encodiﬁg a protein with a predicted molecular weight of 51,593
which suggests the possibility of post-translational modification resulting in its higher
than estimated molecular weight. Indeed, SRF has been shown to be phosphorylated on
serine residues in vivo and is a substrate for casein kiﬁase II in vitro (239-243).
Interestingly, the SRF gene is itself serum inducible (238), and it will be interesting to
see if SRF plays a transcriptional autoregulatory role.

There is also evidence that a protein similar to SRF binds to and activates the
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SRE sequence in the skeletal actin gene suggesting conservation of transcriptional
regulatory mechanisms (233).

Similarities between the CArG binding factor and SRF have been suggested by their |
identical DNA recognition sequences, cross-binding of these factors to the CArG box
and SRE, and the recognition of CArG box binding protein by an anti-SRF antibody
(233,244,245). Differences in the regulation of c-fos and the actin genes is believed to
be directed by interactions between CArG binding factor and other muscle-specific
proteins (245-247).

The c-fos SRE also is the site for multiple protein interactions contributing to the
regulatory properties of the element (248-257). It was found that SRF is related to the
Saccharomyces cerevisiae DNA-binding protein MCM1 which is involved in directing
mating type-specific transcription by interacting with a CArG box and recruiting differ-
ent accessory proteins (238, 257-260). The similarity between SRF and MCMI was
exploited te develop a yeast screening procedure for the identification of proteins able
to interact with SRF. This study identified a human homeobox protein called Phox1
capable of enhancing the DNA-binding properties of SRF (261). Since homeobox
proteins are known to be involved in establishing cell type during development (262),
_ the interaction of SRF with an homeobox protein may permit different interpretations to
the same signal dependent upon cell type. Most, but not all of the evidence to date
indicates that SRF is a positively acting transcription factor (263). Mutations in the
SRE which prevent the binding of SRF also block serum inducibility of the element
(188,231,263).
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It has been shown in HeLa cells that serum inducibility of the c-fos SRE is
dependent upon the ability of SRF to interact with an accessory protein called p62'mF
(for Ternary Complex Factor, discussed below), which does not bind directly to the
SRE, but rather binds to SRF (250j. Interestingly, SRF is associated with the SRE
both in the presence and absence of growth factors (221,222,231,249). The sole excep-
tion described to date is EGF-induced SRE binding in A431 epidermal carcinoma cells
(262). This suggests the possibility that permanent occupation of the SRE by SRF and
u'anscripljonal activation may be modulated by the modification of SRF and/or its inter- |
action with other proteins (222,249,250). Post-translational modification and/or pro-
tein/protein interactions are also indicated by the aforementioned ability of c-fos tran-
scription to be stimulated in the presence of protein synthesis inhibitors (56).

A role for the SRE-I;Sund protein complex in growth regulation has been sug-
gested by studies which have demonstrated that-p62™" is a substrate for the growth
factor activated MAP kinase resulting in increased ternary complex formation (264).
Moreover, phosphorylation of p62™" correlates with increased transcriptional activity
of the c-fos gene (265). In vivo footprinting studies have shown that protein interac-
tions at the SRE do not change with increased transcriptional activity of the gene (249),
and changes in complex formation upon p62™* phosphorylation as determined by gel
shift analyses have been interpreted as a reversible modification of pre-existing com-
plexes (265). Furthermore, p62™" appears to be related to Elk-1 which is a member
of the Ets family of proto-oncogene transcription factors which are known to interact
with c-Fos to stimulate transcription from the polyoma enhancer (266,267, reviewed in

268). Binding studies have shown that Elk-1 can bind to SRF preventing complex
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formation with p62™"

and that antibodies against Elk-1 prevent complex formation
between SRF and both Elk-1 and p62™" (266). These data suggest the possibility for
cooperation of the efs and fos proto-oncogenes in the regulation of downstream genetic
events.

Another protein containing regions of homology to Elk-1 has been identified
using a yeast screening method designed to identify proteins recruited by SREF to bind to
the SRE. This protein called SAP-1, for SRF accessory protein-1, was found to have
DNA-binding properties similar to p62™" (257).

A distinct 62 kDa protein has also been identified which, in contrast to p62™",

interacts directly with the SRE independently of bound SRF and has been called p62°™

(for Direct Binding Factor, 248). Another study reported that the multifunctional
transcription factor YY1 competes with SRF for SRE binding and overexpression of
YY1 represses serum inducible transcription of the c-fos gene (269). Recent studies
have now proven that p62°>" is homologous to YY1 (S. Natesan and M.Z. Gilman,
personal communication).

The complexity of SRE function in c-fos transcriptional regulation is further
highlighted by the finding that it is also the sequence involved in negative regulation of
the gene. It has been shown, for example, that superinduction of c-fos expression by
cycloheximide can be mimicked by a synthetic promoter carrying the SRE sequence
suggesting that labile protein(s) are repressing transcription either through interaction
with the SRE and/or the protein/SRE complex (56, 270-274). Evidence in favour of
the latter is suggested by the observations that mutating the SRE such that SRF binding

is impaired results in the loss of cycloheximide superinduction (271,272).
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The c-fos sis-Conditioned Medium Response Element: CAGTTCCCGTCAATC
(220)

Slightly further upstream from the SRE and centered at position -345 another
cis-acting element shown to be required for the responsiveness of the c-fos promoter to
v-sis conditioned medium (SCMRE), and PDGF is located (230). The properties of
this element have not been fully characterized to date, but it ts known that the c-fos gene
responds in a rapid and transient manner to PDGF exposure and that the SCMRE is the
binding site for a nuclear protein factor(s) following induction through this element
(55,82,89,230,275). Unlike the SRE, however, treatment of BALR/c 3T3 fibroblasts
with either PDGF or v-sis-conditioned medium results in inducible binding to the
SCMRE (230,275). |

Inducible binding of a factor to this site has also been reported in A431 cells in
response to EGF treatment suggesting that the SCMRE may respond to different growth
factor stimuli (249). Furthermore, the kinetics of inducible binding correlate with
transcriptional activity of the gene and transfection of SCMRE promoter mutants unable
to bind to the inducible factor are also incapable of responding to purified sis protein
(275). A recent report has demonstrated that inducible binding of a protein to the
SCMRE in response to EGF can be reconstituted in a cell-free environment and that
binding occurs within 20 séconds of EGF addition suggesting the possibility that the
inducible factor may be activated via tyrosine phosphorylation by the EGF receptor
(276). Furthermore a protein of molecular weight 91 kDa (p91), has been shown to
interact directly with the EGF receptor through a SH2 domain and is phosphorylated on

tyrosine upon EGF - receptor binding (277).- Activated p91 is then able to stimulate
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transcription from an SCMRE-containing reporter plasmid in vitro.
The c-fos TPA Response Element: ACATCTGCGTCAGCAG

Immediately downstream from the SRE, located at position -293, is another
regulatory element related to the TRE sequence present in genes responsive to the
phorbol ester TPA (120). The consensus TRE is an octameric seﬁuence
(TGAGTCAG), and the c-fos TRE contains an C/G base pair instead of the consensus
A/T pair at position 3 in the octamer. As described above, the TRE is the recognition
sequence for the binding of the AP-1 transcriptional regulatory ccmplex of Fos and Jun
proteins and has also been shown to be required for the full transcriptional response of
the c-fos promoter (278).

The c-fos cAMP Response Element: CCCAGTGACGTAGGA

It is well established that several eukaryotic genes are induced by agents that
elevate the intracellular level of CAMP (for review, see 164,278,279), and that the
molecular mechanism of this induction is based on protein factors interacting with a cis-
acting DNA regulatory sequence element termed the cAMP-responsive element (CRE).
The presence of an 8 base pair palindromic CRE consensus sequence (TGACGTCA) is
necessary but not always sufficient for cCAMP induction (164).

Some cAMP-inducible genes, such as somatostatin and chorionic gonadotropin,
(CGa), contain the consensus CRE sequence, whereas others have differences within
the element. For example, PEPCK and proenkephalin CRESs have different bases in
positions 1 and 2 in the octamer, while c-fos, VIP and E2A are different in positions 7
and 8. The effect of these changes in the CRE on transcription has been analyzed by

Deutsch er al. (281,282) who showed that point mutations in the first (T to A), fourth (C



to G), or eighth (A to T) positions of the CGa CRE sequence almost completely inhib-
ited transcription. However, since the cAMP-responsive VIP gene contains thymidine
in position eight of its CRE but is still active, sequences next to the CRE must also
influence the transcriptional activity of these genes. Indeed. DNase protection assays
with CRE promoters indicate that more than the 8 bp palindrome is engaged in protein
binding (164,167,283.284).

As previously noted, the c-fos gene is responsive to cAMP as well as to adeny-
late cyclase agonists such as cholera toxin and forskolin and contains a CRE at position
-60 relative to the mRNA cap site. While other sequences within the c-fos promoter
have been identified as cAMP responsive, the element centered at position -63 is the
major cAMP responsive sequence (226,227). In addition to mediating responsiveness
to cAMP, the c-fos CRE is also critical for basal level expression of the gene (229).
The c-fos CRE does not contain the perfect CRE consensus, but does have homology in
7 of the 8 nucleotides within the consensus octamer, with a cytosine nucleotide at
position 7 being deleted in the c-fos CRE (72). While the CRE is known to be a factor
binding site, the identification of the protein or proteins binding to the c-fos CRE has
not been described (221). It is known, however, that the c-fos CRE does bind
protein(s) constitutively (229).

Over the last few years a number of different protein factors, including CREB,
have been isolated and shown to interact with the CRE. In fact, several distinct cDNA
clones encoding CRE-binding proteins have been isolated so far, such as CREB-327
(delta) and CREB-341 (alfa) (167,168,226,285), CRE-BPI (171,286), CRE-BP2 (287),

CREM (288), CREB-2 (289) and a family of activating transcription factors (ATF)
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(166,187,290). Some of these proteins, such as the CREB or CREM isoforms are
derived from alternative splicing of the transcript from the same gene, whereas others
are different gene products. In fact, subsequent detailed analyses of cDNA and genom-
ic clones proved that the CREB gene alone encodes multiple mRNAs coding for pro-
teins still uncharacterized (291, 292).
The complexity of transcriptional regulation involving the CRE is further increased by
the extent of phosphorylation of individual CRE-binding proteins (165,168,291-293), as
well as their ability to form homo and heterodimers with the structurally related
members of the Fos/Jun family (123,166,286,296).
Other Regulatory Sequences

Recent studies have idehtified an additional regulatory element in the c-fos
promoter which binds and responds to the retinoblastoma protein, Rb. The retinoblas-
toma control element (RCE) is located immediately 5' to the CRE in ¢-fos gene. It has
been reported that the binding of Rb to the RCE represses transcription of the c-fos
gene in mouse fibroblasts (297). However, other studies have demonstrated that
Rb/RCE interaction can function either as a transcriptional repressor or as an activator
depending upon cellular context suggesting the possibility of additional cell type-specif-

ic interactions at this element (298).
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OBJECTIVES

The presence of multiple regulatory elements together with the potential for
their cooperative interaction refiects the complexity of c-fos regulation. The conver-
gence of signals from different signal transduction pathways leading to the activation of
the c-fos gene suggests that a number of proteins capable of responding to the different
stimuli must preexist in cells. Clearly, regulation of the ¢-fos gene is governed by a
number of cis-acting sequences in its promoter, however the trans-acting factors di-
recting the transcriptional activity from their cognate binding sites have not been fully
characterized. In order to coordinate the accurate regulation of the gene responding to
multiple signal transduction pathways, it is likely that a set of functional interactions
mediated by multiple protein complexes exists at the regulatory cis-acting elements.

| Therefore, the objective of this study was to identify and characterize proteins
and protein complexes interacting with this gene promoter. Characterization of the
interactions of transcription factors with each other as well as with different regulatory
elements may provide some clue to the mechanism of cooperation between the elements
in the regulation of c-fos transcription.

While the complete set of downstream events arising from c-fos induction is not
yet clear, abundant evidence exists documenting its growth regulatory role. Elucidat-
ing the mechanisms by which the c-fos gene is regulated would assist in the understand-
ing of both normal and neoplastic growth and may, in fact, provide further insight to

the fundamental question of how a tumour cell escapes normal growth control,
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Thus, the specific objectives of the study were the following:

- characterization of interactions of nuclear proteins from liver cells with the c-fos
promoter

- characterization of functional properties of DNA/protein complexes and analysis of
their behavior during elevated expression of the c-fos gene

- demonstration of the functional significance of individual proteins within these com-
plexes and correlation of their properties with the transcription of the gene.

To address these objectives rat liver cells were chosen as the primary experi-
mental model. The rat liver is an essentially quiescent organ, but has maintained its
proliferative capacity. Thus, following 67% hepatectomy the remaining hepatocytes
will proliferate synchronously in a growth compensatory fashion. This provides an
excellent in vivo system to study the expression of growth regulatory genes such as c-
Jos in normal proliferating cells. In addition, the rat liver was used for a model of
chemically induced carcinogenesis which follows a set of well defined morphological
and biochemical stages of neoplasia. This model along with the fully transformed
Morris hepatoma 5123tc represented the early and later stages of pathological state
allowing examination of ¢-fos promoter binding proteins in preneoplastic and neoplastic
liver cells. The following cell systems were employed in this study:

- quiescent rat liver cells
- proliferating cells from regenerating liver following partial hepatectomy
- preneoplastic cells from chemically altered Livers in the resistant hepatocyte model

- neoplastic cells from 5123tc transplartable Morris hepatoma.



MATERIALS AND METHODS
Tissue and Cell Sources

Normal liver tissue was obtained from 200-250g male, specific pathogen-free
Sprague-Dawley rats bred at the National Research Council of Canada, Ottawa, Cana-
da. Rats were maintained on an ad libitum diet of Purina Rat Chow and water and a 12
h light and dark schedule. Partial hepatectomy which involved removal of 68% of the
Liver mass, was carried out by ligating and excising the median and left lateral lobes
(299). Laparotomy was carried out in the same manner except for ligation and excision
of the hepatic lobes. Liver tissue was harvested at the appropriate times following
euthanasia by cervical dislocation.

The resistant hepatocyte model of Solt and Farber (300), was used to generate
hyperplastic hepatic foci and nodules in male Fischer F-344 rats (Charles River Labora-
tories, Montreal, P.Q.). The rats were maintained on Purina rat chow and water ad
libirum and used at a body weight of 170-200g. Hyperplastic foci and nodules were
initiated by a single i.p. injection of diethylnitrosamine (DENA, Sigma Chemical Co.,
St. Louis, Mo.), at a dose of 20mg/100g body weight in 0.9% sterile saline. Fourteen
days after DENA injection a four day regimen of gavage with 20mg/kg body weight of
2-acetoaminofluorine (2-AAF, Sigma Chemical Co., St. Louis, Mo.) dissolved in
DMSO and diluted with propylene glycol to 2 concentration of 10 mg/mL was adminis-
tered. Following the last day of 2-AAF administration hepatocyte proliferation was
induced by performing 2/3 hepatectomy under halothane anesthesia as described above.

At specified intervals, animals were sacrificed by cervical dislocation and livers re-
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moved for histological and biochemical analyses.

Hepatomas 5123tc and 5123D were propagated in 300g male Buffalo rats
(Harlem Sprague Dawley Co., Indianapolis, IN), by subcutaneous injection into the
inguinal region as described (301). The original malignant (metastasized to the lung)

'5 123 hepatoma was produced in a female Buffalo rat that had been fed the slow acting
carcinogen N-2-fluorenylphthalamic acid (302). The 5123tc hepatoma is derived from
cells that had been passed in tissue culture and the 5123D hepatoma is a slow growing
subline of the $123 hepatoma after the 16™ serial transplant generation.

Cells from the Morris Hepatoma 5123tc were placed in cell culture by plating a
suspension of cells from the tumour in RPMI 1640 medium + 4 mM Hepes, pH 7.2
(Gibco BRL, Bethesda, MD.), supplemented with 10% (v/v), fetal bovine serum and
20 pg/ml gentamicin. 'The cells were grown at 37°C in a controlled atmosphere of 7%
CO,. The cells were split 1:18 on a weekly basis and for all experiments the cells were
used at 50-70% confluence.

BALB/c 3T3 fibroblasts were obtained from Dr. J. Durkin (National Research
Council, Ottawa, Canada) and were maintained in DMEM supplemented with 10%
fetal bovine serum.

Synchronization of cultured cells was achieved by serum deprivation for a
period of either 48 or 72 h. Foilowing serum deprivation cells were stimulated to re-
enter the cell cycle by supplying the cultures with fetal bovine serum to 2 final concen-

tration of 10% (v/v).



Metabolic Labeling of Cells with **S-Methionine

Cells were grown in medium containing 10% fetal bovine serum to approxi-
mately 70-80% confluence and were then placed in complete medium in the absence of “
serum for the indicated period of time. 90 min before cells were to be harvested the
cells were washed in medium lacking methionine and cysteine (Gibco BRL, Bethesda,
MD), and then incubated at 37°C in the same Met/Cys-free medium containing 100
#Ci/ml of *S-Met (Tran**Slabel. 1185 Ci/mmol, ICN, Irvine, CA). After labeling, the
cells were washed with PBS and then total cell lysates were prepared by incubation of
the cells with 100 xl of RIPA buffer (50 mM Tris-HCI, pH 7.5. 150 uM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) on ice for 10 min. After incu-
bation, the Iysates were centrifuged at 12,000 rpm in a microfuge and supernatants
analyzed by SDS-PAGE followed by autoradiography.
Magnetic Resonance Imaging of Liver Tissue

Images were acquired on a Bruker Biospec 4.7T/30 spectrometer equipped with
custom built shielded gradient coils. Rats were placed in an animal holder and kept at
37.5°C. The animals were intubated and anesthetized using 1.25% halothane. The
data acqu‘isition was gated to the ventilator which essentially eliminated all motion arti- .
facts. Images were recorded using a standard muiti-slice multi-echo sequence with an
echo time TE=30 milliseconds and a repetition time 'I‘r=2.0 seconds. The whole liver
was imaged by using eight contiguous coronal slices of 2mm thickness. The effect of
saturation was insignificant since the sequence was modified to - slice 1,3,5,7-'1‘r -slice

2,4,6,8—Tr. Total imaging time was approximately 30 min.
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Tissue Histology
Slices of the remaining right lateral lobe were placed in Camoys fixative (60%

ethanol, 30% chloroform, 10% glacial acetic acid) for 4-6 hours, paraffin embedded
and sectioned. For staining with neutral red, sections were dewaxed, rehydrated in
distilled water and stained with a 0.2% solution of neutral red (Aldrich Chemical Co.,
Milwaukee, Wis.) at pH 5.5 for 10-15 min. For HPS staining, sections were trans-
ferred from the Camoy's fixative to 95% cthanol and further dehydrated by transferring
to increasing concentrations of ethanol and toluene. The sections were then paraffin
embedded and sectioned to 4 um thicknesses. Sections were then stained in HPS
(hematoxylin dunkel, Chroma, Germany; phloxine B, Fischer Scientific, Canada;
alcohol saffron de Gatenais, Chroma, Germany) following standard protocol (303).
Sections were then examined by microscopy and photographed.
Nuclei Isolation Procedures

Nuclei from liver tissue were prepared by the low speed centrifugation and
Triton X-100 washing method as described by Sikorska et al. (304). Briefly, after
removing the liver the tissue was immediately homogenized in ice cold buffer consist-
ing of 50 mM Tris-HCi, pH 7.5, 5 mM MgCl,, 25 mM KCl, 0.25 M sucrose, 0.2 mM
PMSF (Sigma Chemical Co., St Louis, MO), 0.2 mM benzamidine (Sigma Chemical
Co.. St Louis,MO), in a glass homogenizer fitted with a teflon pestle. The homogenate
was strained through sterile gauze and centrifuged at approximately 1,000 x g for 10
min to pellet nuclei. The pellet was gently resuspended in the same buffer and recentri-
fuged at the same speed. The pellet was then resuspended in the same buffer contain-
ing 1% (w/v) Triton X-100 and centrifuged at the same speed. At this point the pellet
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appeared white in colour and was washed in the same buffer without Triton X-100
twice. After the final centrifugation, the nuclei appeared intact and free of contaminat-
ing cytoplasmic debris by microscopic examination.

Nuclei from cultured cells were prepared following the method of Filipski ct al.
(305). Cells were washed in ice cold phosphate buffered saline and harvested by gentle
scraping with a rubber policeman. The cells were then centrifuged at 1,000 x g for 2
min and the cell peliet was resuspended at 10° cells/ 10 ml in a buffer consisting of 2
mM KH2P04,I KOH, pH 6.55, 1 mM EGTA, 0.1 mM DTT. 5 mM MgCI:. 0.2 mM
PMSF, 0.2 mM benzamidine, 0.15 M NziCl.' The cells were then centrifuged at the
same speed described above and the pellet resuspended in the same buffer containing
0.3% (w/v) Triton X-100 and left on ice for 10 min. The cells were centrifuged at the
same speed and then the nuclear pellet washed twice with the same buffer without
Triton X-100. After isolation the nuclei were further processed immediately and were
never stored for future use.
Preparation of Nuclear Proteins for in vitro Transcription

Livers from control rats or from rats subjected to partial hepatectomy were used
to prepare muclear proteins for analysis by in vitro transcription as previously described
(306). Briefly, livers were homogenized in a buffer consisting of 10 mM HEPES, pH
7.6, 12 mM KCI, 0.15 mM spermidine(Sigma Chemical Co., St Louis, MO), 0.5 mM
spermine (Sigma Chemical Co., St Louis, MO), 1 mM EDTA, 2.0 M sucrose, 5% |
glycerol, 1% non-fat milk, 0.5 mM DTT, 0.1 mM PMSF, 1% aprotinin, 1 pg/ml
leupeptin, 1 ug/ml pepstatin A, 1 mM benzamidine (all protease inhibitors were from

Sigma Chemical Co., St Louis, MO). Nuclei were then purified by centrifugation on a
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sucrose cushion consisting of homogenization buffer without milk. Purified nuclei were
then lysed in a buffer consisting of 10 mM HEPES, pH 7.6, 0.55 M KCl, 0.1 mM
EDTA, 10% glycerc!, 3 mM MgCl o 1 mM DTT, 0.1 mM PMSF, 1% aprotinin, 1
pg/ml leupeptin, 1 pg/ml pepstatin A. Nuclear proteins were further purified by pre-
cipitation with 0.3 g/ml of solid (NH)280 s and then the precipitated proteins were
dialyzed agair~st 25 mM HEPES, pH 7.6, 0.1 mM EDTA, 40 mM KCI, 1 mM DTT.
After dialysis, the extract was centrifuged for 10 min at 12,000 X g
in a microfuge to remove any precipitate, an the extract was then aliquoted and stored
at -80°C.
Extraction of Nuclear Proteins

Isolated nuclei were extracted with 3 volumes of ice cold 25 mM HEPES, pH
7.9 containing 25% (v/v) glycerol, 1.5 mM MgClz, 0.5 mM EDTA, 0.2 mM PMSF,
0.2 mM benzamidine, 0.5 mM DTT, 0.42 M NaCl as described by Dignam et al.
(307). The nuclei were suspended in the extraction buffer by pipetting up and down
several times using a manual pipette and then incubated in ice for 20-30 min with occa-
sional mixing. Extracts were centrifuged at 100,000 x g for 15 min. and the superna-
tants were stored in aliquots at -80°C.
Phosphorylation and Dephosphorylation of Nuclear Proteins

The phosphorylation of nuclear proteins by endogenous kinases present in the
extracts by incﬁbating nuclear pll'oteins at 30°C for 30 min in the presence of 100 pM
ATP and 5 mM MgCl, in a buffer containing 10 mM Tris-HCI, pH 8.0, 1 mM DTT,
C.2 mM PMSF, 0.2 mM benzamidine. In certain experiments nuclear proteins were

phosphorylated by incubation in the same buffer conditions at 30°C for 15 min includ-

50



ing the addition of 1 U/ ug protein of catalytic subunits of cAMP-dependent protein
kinase (Sigma Chemical Co.. St. Louis, MO). Some experiments included the addition
of 1 xCi/ 10 pl reaction volume of gamma **P-labeled ATP (3000 Ci/ mmol, NEN
Dupont , Boston MA). Nuclear proteins were dephosphorylated using calf intestinal
alkaline phosphatase immobilized on agarose beads (Sigma Chemical CO.. St. Louis,
MO). 100 pg of nuclear proteins was incubated at 37°C for 30 min in the presence of
10 mM Tris-HCI, pH 8.0, 1.0 mM MgClz, 1.0 mM ZnCl2 and 2 U/ 10 ug protein of
alkaline phosphatasé. After incubation was complete, the enzyme was removed from
the reaction mixture by centrifugation at 12,000 x g for 2 min in a micocentrifuge.
Sequence-Specific DNA Affinity Chromatography

The c-fos SRE and CRE affinity columns were prepared essentially as described
by Kadonaga and Tjian (308). Briefly, 500 ug of each oligonucleotide was anne#led
and 5' phosphorylated using gamma labeled ATP (3000 Ci/mmol, NEN, Boston MA)
and 10 U T4 kinase (Pharmacia, Uppsala, Sweden) in buffer supplied by the manufac-
turer. The labeled oligonucleotides were then ligated using T4 ligase (Gibco BRL,
Bethesda, MD), and coupled to Sepharose 6MB resin (Pharmacia Biotech, 6 ml of
settled volume), with a coupling efficiency of 60-75% as determined by subtracting the
scintillation counts in the supernatant following coupling from the total counts added to
the resin. Nuclear protein extracts (prepared as described above), were diluted with
buffer A (20 mM HEPES, pH 7.9, 20% (v/v) glycerol, 1.5 mM MgCIz, 0.5 mM
EDTA, 0.5 mM DTT, 0.2 mM PMSE, 0.1% (v/v) Nonidet P-40) to a final salt concen-
tration of 100 mM NaCl and applied directly to the column under gravity flow.

Approximately 20 mg of protein was applied to the column each time. The column was
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washed with buffer A containing 100 to 250 mM KCI and the bound proteins were eluted
with the same buffer containing 2 M KC!. The eluates were then diluted with buffer A
to a final concentration of 100 mM KCI and re-applied to the affinity column eluting
the bound proteins as before to achieve two passages through the column. The final
eluates were extensively dialyzed against distilled water at 4°C, freeze dried and ana-
lyzed on 10% SDS-polyacrylamide gel according to Laemmii (309).
Southwestern Blotting

Scuthwestern blots were performed as described by Silva et al. (310). Briefly,
100-150 g of nuclear proteins was separated by either 8.5% or 10% SDS-PAGE and
then incubated for 2.5 h at room temperature with gentle agitation in renaturing buffer
consisting of 10 mM Tris-HCI, pH 7.4, 50 mM NaCl, 2 mM EDTA, 0.1 mM DTT, 4
M urea. Foliowing renaturation, the proteins were electrotransferred at 100 mA/ 16 h
onto nitrocellulose membranes (Hybond C, Amersham, Oakville, Ont.). Filters were
blocked for 1 h at room temperature with 5% (w/v), non-fat milk powder in 10 mM
Tris-HCl, pH 8.0, 2 mM MgClz, 50 mM NaCl, 1 mM DTT and incubated for 3 h at
room temperature with 0.2-0.5 ug of 3' end-labeled oligonucleotide probe (10°
cpm/ng), and 200 pug of poly(di-dC)-poly(dI-dC),(Pharmacia), in 20 ml of blocking
buffer. After incubation, the filters were washed twice for 10 min in blocking buffer
without NaCl followed by a 1 min rinse in blocking buffer without milk powder and
NaCl. The filters were then air dried and autoradiographed on Kodak X-OMAT AR X-
ray film. Where noted, the Southwestern blotting procedure was performed exactly as
~ described above with the exception of the omission of the renaturation step and was

directly electrotransferred after SDS-PAGE.
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Gel Shift Assay

The gel shift assay was performed as described by Gamer and Revzin (311) and
Fried and Crothers (312). Briefly, 5 to 10 ug of nuclear proteins was pre-incubated for
10 min at room temperature in the presence of 2 pg of poly(dI-dC)-poly(dI-dC) in a
buffer composed of 10 mM Tris-HCI. pH 7.6, 0.2 mM EDTA, 5% (v/v) glycerol, 2
mM MgCl,, 1 mM DTT, 60 mM NaCl. Then 0.1 to 0.5 ng of **P-labeled probe was
added (10-15 x 10° cpm), and incubation continued for a further 20 min at room tem-
perature. DNA-protein complexes were separated by electrophoresis on a 5% polya-
crylamide gel in either 6.7 mM Tris-HCI, pH 7.9, 3.3 mM sodium acetate, 1 mM
EDTA or 10 mM Tris-HCI, pH 8.5, 60 mM glycine, 0.2 mM EDTA. The gels were
dried on a slab gel drier and the locations of the complexes were visualized by autora-
diography on Kodak XOMAT AR X-ray film. For competition using the gel shift
assay, complexes were allewed to form for the first 10 min of the binding reaction and
then the appropriate molar quantity of competitor was added and incubation continued
for an additional 10 min.
Protein Extraction from Shifted Complexes

After the gel shift assay the wet gels were wrapped in plastic wrap and autoradi-
ographed at 4°C overnight to locate the DNA-protein complexes. The shifted bands
were excised from the gel with a razor blade and extracted ovemight at 37°C in 10 mM
Tris-HCI, pH 8.0, 1 mM EDTA, 0.1% SDS, 0.2 mM PMSE, 0.2 mM benzamidine.
Control gels were run in the absence of radiolabeled probe and the corresponding
region of the gel was excised and extracted. Extracted proteins were precipitated from

the supernatant with 4 volumes of ice cold acetone and collected by centrifugation at
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3,000 x g for 10 min. The proteins extracted from 20 individual shifted complexes
were combined, resuspended in SDS-PAGE loading buffer, re-run on a 10% SDS
polyacrylamide gel and —silvcr stained according to the manufacturers procedure (Bio-
Rad Laboratories, Richmond CA..).
Western Blotting

Western blotting was performed as described (313). Antisera used to probe the
Western blots consisted of polyclonal sera raised against synthetic peptide antigens
described above. Antibodies against the CRERB protein were a generous gift from Dr.
Marc Montminy (The Salk Institute, La Jolla, CA). Briefly, 100-200 ug of protein
was resolved by either 8.5% or 10% SDS-PAGE and then electrotransferred at 100 mA
for 16 h in transfer buffer consisting of 88 mM Tris-HCl, pH 8.3, 192 mM glycine
onto a nitrocellulose membrane (Hybond C, Amersham, Oakville, Ont.). After trans-
fer, the membrane was blocked in a buffer containing 5 mM Tris-HCI, pH 7.4, 150
mM NaCl, 2.5% (w/v) BSA (Fraction V, Sigma Chemical Co., St. Louis, MO) at
room temperature for 30 min. After blocking the antiserum was added to the same
buffer at the appropriate dilution and incubation continued for a further 90 min fol-
lowed by a series of wash steps. Blots were first washed in the same buffer without
BSA at room temperature for 10 min and then washed twice for 20 min each time in the
same buffer without BSA and containing 0.05% (w/v) NP40 and 0.1% (w/v) Tween
20. The blots were then washed for 10 min in the same buffer without BSA or deter-
gents. Immlune complexes were detected by incubating the blots in the same buffer,
without BSA or detergents, and 1 xCi/ml of '*I-labeled Protein A (NEN Dupont,

Boston, MA) with incubation at room temperature for 30 min. The blots were then
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washed as above and complexes detected by autoradiography as described.
Immunoprecipitation

1C0-200 pg of nuclear proteins, prepared as described above, diluted in RIPA
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl. ! % Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS) to a final volume of ! ml. 100 ul of a 50% suspension of
protein A sepharose beads (Sigma Chemical Co., St Louis. MO) washed in RIPA
baffer were added to the protein extract and incubated at 4°C for 1 h with gentle rock-
ing. Protein A sepharose beads were then removed by ceatrifugation at 12,000 rpm for
30 seconds. The supernatant was collected and then incubated at 4 °C overnight with
the appropriate antibody at a concentration of 10 pl of antiserum diluted in a total
volume of 1 ml. After incubation with antibodies, 100 ul of a 50 % suspension of
protein A sepharose beads were added to the mixture and incubation was continued at
the same temperature for a further I h. The beads were collt;cted by centrifugation and
then washed 4 times with RIPA buffer with centrifugation pf the beads and aspiration of
the summﬁnt between each wash. After the final wash, the beads were boiled for 5
min in SDS-PAGE sample buffer and the eluted proteins collected by centrifugation for

5 min at 12,000 rpm. Supematants were collected and then analyzed by electrophore-

seis on SDS-PAGE.
Preparation of Cellular RNA

All solutions used in the preparation of RNA were treated with 0.1% (viv)
diethyl pyrocarbonate (DEPC), overnight and then autoclaved. Buffers containing Tris-
HCI, however, were prepared in DEPC-treated and autoclaved distilled water and then

reautoclaved. All glassware and plastic pipette tips were autoclaved before use and
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gloves were worn at ali times when handling RNA. Liver sections frozen in liquid
nitrogen at the time of sacrifice were used to prepare total cellular RNA by the method
of Chirgwin et al. and included purification through a CsCl gradient (314). Poly(A)+
RNA was prepared using a2 PolyATract mRNA system IV (Promega Corp., Madison,
WI). RNA was quantitated by absorbance at 260 nm based on a 40 ug/ml solution of
RNA giving an absorbance at 260 nm of 1.0. Preparation of cellular RNA from cul-
tured cells was performed as described (315). Briefly, cells were washed with ice cold
phosphate buffered saline followed by gentle scraping of the cells off the flask in the
same buffer. The cells were collected by centrifugation at 12,000 x g for 10 seconds
4°C and the plasma membrane was lysed by the addition of 10 mM Tris-HCI, pH 7.4,
150 mM NaCl, 1.5 mM MgClz, 0.5% (v/v) NP40 on ice for 10 min. The RNA-
containing supernatant was then mixed with an equal volume of 10 mM Tris-HCI, pH
7.4, 150 mM NaCl, 5.0 mM EDTA, 0.2% (w/v) SDS and extracted twice with
phenol:chloroform:isoamyl alcohol (50:48:2). After extraction, the RNA was precipi-
tated by the addition of 1/20 volume of 3 M NaCl and 2 volumes of 95% ethanol over-
night at -20°C. Polyadenylated RNA was selected for exactly as described above.
Northern Blotting

The RNA was then separated on a 1.2% agarose/1.0 M formaldehyde gel and
transferred onto a Nytran nylon membrane (Schieicher and Schuell, Keene, NH.) by
capillary action overnight in 10 X SSC ( 1 X SSC; 150 mM NaCl, 15 mM
Na3citrate.2H20, pH 7.0 with 1 M HCI). After transfer was complete the RNA was
fixed onto the membrane by uv crosslinking with a Stratalinker 2400 (Stratagene, La
Jolla, CA.). Hybridization to radiolabeled probes was done in 0.5 M NaHPO A /1 mM
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EDTA /1% BSA /5% SDS / 50% formamide at 42°C for 18-24 h. After hybridiza-
tion blots were washed sequentially in 2X SSC/ 0.1% SDS / r.t.: 0.2X SSC / 0.1%
SDS / r.t.; 0.2X SSC/ 0.1% SDS / 65°C. Blots were then wrapped in plastic wrap
and autoradiographed at -80°C for the indicated length of time using Kodak NOMAT
AR X-ray film,
Preparation of cDNA probes

The appropriate restriction fragment derived from ¢cDNA clones harboring the
gene of interest was isolated and quantitated by fluorometry (Hoefer Scicntific Instru-
ments, San Francisco, CA.) using the DNA-specific dye Hoechst 33258 (Sigma Chemi-
cal Co., St. Louis, MO.). Approximately 50-100 ng of the appropriate restriction
fragment was radiolabeled using [o""PJdATP and [o-""P}dGTP (800 Ci/mmol, Dupont
NEN, Boston, MA) and the Multiprime DNA labeling system (Amersham Canada,
Qakville, Ont.). DNA probes were routinely labeled to a specific activity of 10° cpm/
ng DNA. The mouse cDNA clone for c-fos was a generous gift from Dr. Andrew
Lassar (Harvard University, Cambridge, MA). The ¢cDNA clone for rat GST-P was a
generous gift from Dr. Brian Knoll (VA Medical Center, Houston, TX). The rat
cDNA clone for CREB was a generous gift from Dr. Marc Montminy (The Salk Insti-
tute, La Jolla, CA), and the human ¢cDNA clone for a-tubulin was a generous gift from
Dr. N. Cowan (New York University, N.Y., NY).
Preparation of Oligonucleotide Probes

Complementary oligonucleotides containing BamH! linkers were synthesized by
the phosphorimidate method on an Applied Biosystems 380 synthesizer at the Biotech-

nology Research Institute (BRI, Montreal, Canada). The synthetic oligonucleotides
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used in these studies are listed in Table 1 as well as their positions relative to the cap
sitc. The oligonucleotides were used as probes or competitors in the gel shift assay and
in Southwestern blots, or for binding sites in DNA sequence-specific affinity chroma-
tography. For probes, oligonucleotides were 3'-labeled using [o~"P]dATP and [o-
*p}dGTP (806 Ci/mmol, Dupont NEN, Boston, MA), and the Klenow fragment of
DNA polymerase I (Pharmacia Biotech, Montreal, P.Q.). The labeled probes were
then purified by gel filtration chromatography on NICK columns (Pharmacia Biotech),
equilibrated with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA. The labeled probe was then
precipitated in 95% ethanol at -20°C. The specific activity of the probes was approxi-
mately 10° cpm/ng DNA.
Preparation of Plasmid Templates for in vitro transcription

Templates for in vitro transcription were constructed by ligating oligonucleo-
tides representing c-/os regulatory elements into the pBSTATA-G-free vector consisting
of the albumin TATA sequences upstream of a 390 nucleotide cassette devoid of gua-
nine nucleotides (a generous gift from Dr. C. Mueller, Queen's University, Kingston,
Ont.). The vector was linearized by digestion with Bam H1 and then incubated with 5
units of calf intestinal alkaline phosphatase at 37°C for 30 min in a buffer consisting of
10 mM Tris, pH 8.3, | mM MgCIz, 1 mM ZnClz. Following dephosphorylation the
vector was incubated with 100 xg/ml of proteinase K in 5 mM EDTA and 0.5% SDS at
56°C for 30 min and then purified by extraction with phenol/chloroform and then
ethanol precipitated. 1 ug of oligonucleotides consisting of the c-fos SRE, CRE and
SCMRE (see Table 1), ﬁvere prepared for ligation into the vector by 5' phosphorylation

using 10U of T4 DNA kinase in the presence of 10 mM Tris, pH 7.5, 1 mM MegCl,
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0.1 mM ATP at 37°C for 30 min. Phosphorylated oligonucleotides were purified by
extraction with phenoi/chloroform and then ethanol precipitation. Ligation reactions
were performed using 0.1 ug of dephosphorylated vector and 1 ug of phosphorylated
oligonucleotides in 20 mM Tris, pH 7.5, 5 M MgCL. 5 mM DTT. 0.5 mM ATP. 50
pg/ml BSA and 1U T4 ligase (Gibco, BPL, Bethesda, MD.).

Ligations were carried out at 16°C for 16 h and plasmid constructs were then
used to transform competent HBIO01 E. coli cells (Gibco BRL, Bethesda, MD), by the
CaCl,-mediated transformation (315). Transformed cells were selected for on LB/agar
plates containing 50 pg/ml ampicillin and single colonies were picked and grown in LB
medium containing ampicillin. Mini-preparations of plasmids were purified by cell
lysis in 10 mM Tris, pH 8.0, 1 mM EDTA, 0.1 N NaOH. 0.5% SDS followed by
plasmid solubilization in 3 M sodium acetate, pH 5.2. Plasmid preparations were then
precipitated with ethanol and, following collection by centrifugation, resuspended in 10
mM Tris, pH 8.0, 1 mM EDTA. |
Southern Blot Analysis

Plasmid constructs were confirmed by Southern blotting and hybridization with
radiolabeled oligonucieotide probes representing the inserted sequences. Approximate-
ly 1 ug of plasmid purified from an isolated clone was separated on a 1% agarose gel in
TAE buffer (40 mM Tris-acetate, pH 8.0, 1 mM EDTA). The DNA was then trans-
ferred onto a nylon membrane (Hybond N, Amersham, Oakville, Ont.) in 0.5 M
NaOH, 0.4 M NaCl. After transfer Was complete, the DNA was fixed to the mem-
brane by uv crosslinking with a Stratalinker 2400 (Stratagene, La Jolla, CA.). The

membrane was then hybridized to a radiolabelled oligonucleotide probe (see above for
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labeling protocol), in 50% formamide, 0.9 M NaCl, 60 mM NaH:P04. 6 mM EDTA,
0.1% Ficoli, 0.1% polyvinylpyrrolidone, 0.1% bovine serum aibumin, 1.0% SDS,
10% dextran sulphate, 200 pg/ml denatured salmon sperm DNA at 42°C overnight.
Following hybridization the blot was washed in series with 5 X SSC, 0.5% SDS, 65°C,
5 min; 0.1 X SSC, 1.0% SbS, 50°C, 20 min; 2 X SSC, room temperature, 5 min. The
hybridized probe was detected by autoradiography. For re-probing, the blot was boiled
for 2-3 min in distilled water containing 0.05% SDS. The blot was then exposed to X-
ray film overnight to ensure complete removal of hybridized probe before hybridizing
with a different probe.
In vitro Transcription

Transcription reactions were performed as previousiy described (306). Briefly,
nuclear proteins were incubated with 800 ng of template DNA and 400 ng of reference
plasmid DNA in a buffer containing 10 mM HEPES, pH 7.6, 3% glycerol, 25 mM
KCl, 6 mM MgCl, 0.6 mM CTP, 0.6 mM ATP, 0.04 mM UTP, 0.2 mM O-methyl
GTP (Pharmacia, Uppsala, Sweden), 10 pCi a->"P-UTP (800 Ci/mmol), 7U RNasin
(Promega, Madison, WI) at 37°C for 30 min. Transcripts were purified by
phenol/choloroform extraction and ethanol precipitation. Transcripts were analyzed by
separation on a 4% acrylamide gel containing 6 M urea followed by autoradiography.
Preparation of Synthetic Peptides

The amino acid sequences of CREB and SRF, were scanned for likely antigenic
sites using the University of Wisconsin Genetic Computer Group software package and
the algorithm of Jameson and Wolf (316). Computer searches and antigenic determina-

tions were performed by Dr. P.R. Walker (National Research Council, Ottawa, Cana-



da). The peptides representing amino acids 134-150 of CREB and 141-154 of SRF
were synthesized by the simultaneous multiple peptide synthesis method (317). Brietly,
the protected peptide resins were synthesized using a p-methyl-benzhydrylamine resin
(100-200 mesh, 0.4 - 0.8 meq/g) and N—&terﬁarybutoxycarbony! (t-boc) amino acids
(Bachem Inc., Torrance, CA) by the method of simultaneous muitiple peptide synthesis
developed by Houghten (317). The peptides were cleaved off the resin by the conven-
tional hydrogen fluoride/anisole procedure (318). The purity of the crude peptides
were assessed by chromatography on FPLC reversed phase PepRPC HRS column
(Pharmacia, Uppsala, Sweden). The chromatograms were developed with a gradient
of 0.1% CF,COOH/H,0 and 0.1% CF,COOH/CH,CN. The peptides represented
approximately 85% of OD, . absorbing material. After concentrating the peptides by
freeze drying they were used directly as immunogens.
Production of Antibodies

New Zealand white rabbits were immunized with unconjugated synthetic pep-
tides according to the following schedule. Tke first intramuscular injection of 0.5 mg
peptide emulsified with complete Freund's adjuvant (1:1 v/v), was followed by two
consecutive subcutaneous injections of peptides emulsified with incomplete adjuvant at
one week intervals. The rabbits were test bled at 7 and 14 days after the last vaccina-
tion and the titer of their sera were determined by enzyme-linked immunosorbent assay

as described (319).
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Other Methods

Cell cycle analyses were performed on an Ortho Diagnostic Systems 2150 cyto-
fluorograph equipped with a helium/neon laser and using propidium iodide as the fluo-
rescent DNA probe.

SDS-PAGE was performed according to the method of Laemmli (309), and two-
dimensional gel ele-trophoresis was performed according to the mathod of O'Farrell
(320), using ampholines with a pH range of 4-8 (Pharmacia, Uppsala, Sweden),

for isoelectric focussing.
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RESULTS
Part 1: Identification and characterization of c-fos promoter-biading proteins
from normal rat liver

Identification of Protein Complexes Interacting with ¢-fos Promoter Sequences

The ability of nuclear transcription factors to interact with DNA in a site-
specific manner defines the mechanisms by which geneﬁc regulation functions. There-
fore, these studies were designed to identify and characterize nuclear proteins interact-
ing with regulatory sequences within the c-fos promoter. Table 1 lists all of the oligo-
nucleotides used for these studies. The oligonucleotides were synthesized with Bam HI
linkers to facilitate their polymerization for use in the generation of sequence-specific
DNA affinity columns. The linkers also provided a convenient site for the generation
of the TATA G-free cassettes used for in vitro transcription and for the radiolabelling
of the oligonucleotides using DNA. polymerase. The gel shift assay has been developed
to demonstrate DNA-binding activity present in nuclear protein extracts (311, 312).
Nuclear proteins were prepared from normal rat liver tissue and used in the gel shift
assay to detect proteins capable of interacting with c-fos regulatory sequences. Figure
2B showed that these extracts contained proteins that were able to interact with radiola-
beled oligonucleotide sequences representing the c-fos sis-conditionad medium response
(SCMRE), serum response (SRE), and cAMP response (CRE) elements. The electro-
phoretic mobility of each of these radiolateled promoter elements in the non-denaturing
gel was altered indicating protein/DNA interactions. Each of these elements generated

muldple bands suggesting the existence of different
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Table 1. TList of Synthetic Oligonucleotides

pa—

. 5' gatcCCGCCCAGTGACGTAGGA 3'

2. 5' gatcCAGTTCCCGTCAATCC 3'

3. 5' gatcCAGGATATCCATATTAGGACATCT 3'

4. 5' gatcCAGGATGTCCATCGGCTGACATCT 3
5. 5' gatcCAGGATGTGGATCGGCTCACATCT 3'
6. 5' gatcTTTTGGTTACAAACTGTTCTTAAAA 3'
7. 5" gatecGCGCCTCCTIGGCTGACGTCAGAG 3

8. 5’ gatcCTICCTTGGCTGACGTCAGAG 3

9. 5' gatcTTIGGCTGACGTCAGAG 3'

10. 5' gatcCATGACTCAGAGGAAAACATACG 3'

* The table shows one of the complimentary strands

¢c-fos CRE

(-74 to -57, 226)
c-fos SCMRE
(-351 to -336, 228)
¢-fos SRE

(-322 to0 -299, 232)
c-fos dSRE1 (253)

c-fos dSRE2 (253)

MMTV GRE (280)

24 bp somatostatin CRE
(-60 to -37, 146)

20bp somatostatin CRE
(-56 to -37)

16bp somatostatin CRE
(-52t0 -37)

aP2 TRE

(-121 to -99, 106)



Figure 2. Interaction of nuclear proteins from normal rat liver with c-fos
promoter regulatory sequences.

Panel A: Gel shift assay with the c-fos CAMP response element (CRE, Tabls
1, sequence 1). Nuclear protein extracts were prepared from normal rat liver
and incubated with 0.5 ng of *P-labeled ¢-fos CRE probe in the presence of 2
pg of poly(dI-dC) under conditions described in the Methods section.

Lane 1 - free CRE probe, lanes 2 to 6 - CRE-binding proteins from 2, 4, 6. 8,
and 10 pg of nuclear proteins from normal rat liver, lane 7 - 10 pg of nuclear
proteins from normal rat liver were preincubated for 10 min at 25° C with 10
g of proteinase K before addition of the CRE probe.

Panel B: Gel shift assay with individual ¢-fos promoter regulatory elements,
15 pg of nuclear proteins from normal rat liver and 0.5 ng of appropriate >“P-
labeled oligonucleode probes in the presence of 2 ug poly(dI-dC) were used in
these assays.

Lane 1 - sis-conditioned medium response element-binding proteins from
normal rat liver (SCMRE, Table 1 sequence 2), lane 2 - serum response
element-binding proteins from normal rat liver (SRE, Table 1 sequence 3),
lane 3 - cCAMP response element-binding proteins from normal rat liver (CRE,
Table 1 sequence 1).

DNA-protein complexes were resolved on 5% non-denaturing polyacrylamide
gels (acrylamide:bis, 29:1). Gels were dried and complexes visualized by
autoradiograpny on Kodak XAR-5 X-ray film. The autoradiogram was
exposed overnight. '
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protein/DNA and possibly protein/protein interactions. It was also evident that the
individual regulatory elements were capable of interacting with distinct, but not neces-
sarily unrelated, protein factors since the patterns of shifted complexes were different
for individual oligonucleotide probes (Fig. 2B). The intensity of shifted bands in-
creased with increasing amounts of nuclear proteins added (Fig. 2A. lanes 2-6). It was
established that the optimal protein concentration to be used in these assays should be in
range of 10-15 pg/assay. In order to prove that these complexes were indeed the result
of protein/DNA interactions and not due to other components of the extract the samples
were preincubated with proteinase K (Fig. 2A, lane 7). This treatment completely
destroyed DNA-binding activity indicating that the shifted complexes were the result of
DNA/protein interactions. For each assay the final concentration of NaCl was adjusted
to 60 mM by dilution of the nuclear protein extract in the extraction buffer such that an
equivalent volume of extract was added. Therefore, the results obtained with nuclear
proteins from normal rat liver tissue confirmed the observations of Gilman et al. seen in
extracts from cultured cell lines (221). Since the DNA sequences used in the gel shift
assay represented c-fos regulatory elements involved in the induction of the gene (62,
221), these results also indicated that the factors responsible for c-fos induction preexist
in quiescent, non-proliferating rat liver tissue accounting for, at least in part, the ability
of the gene to respond within minutes of stimulation even in the presence of inhibitors
of protein synthesis (55).

Specificity of Protein Complexes

Despite the presence of the non-specific competitor poly(dI-dC)-poly(dI-dC) in

the gel shift assay, it was necessary to confirm that protein complexes binding to
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Figure 3. Specificity of SRE-protein interactions

Panel A: Gel shift assay with the c-fos SRE sequence. 10 pg of nuclear
proteins from normal rat liver were incubated with 0.5 ng of 2p-labeled SRE
probe in the presence of 2 ug of poly(dI-dC) and the SRE-protein complexes
were competed with 0-600 fold molar excess of unlabeled homologous SRE
oligonucleotides.

Panel B: Gel shift assay with the c-fos SRE sequence. 10 KE of nuclear pro
teins from normal rat liver were incubated with 0.5 ng of **P-labeled SRE
probe and a 0-600 fold molar excess of the mutated unlabeled mutant (SREI,
Table I, sequence 4).

Panel C: Gel shift assay with the c-fos SRE sequence. Competitions were
performed as described in panels A and B, but with a 0-600 fold molar excess
of the unlabeled second SRE mutant (SRE2, Table 1, sequence 5).
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the regulatory elements were specific for that sequence. To demonstrate such a specificity,
a gel shift competition analysis was performed. Complexes were first allowed to form
in solution and then an increasing molar excess of non-radiolabeled competitor DNA
was added. Figure 3A showed the results from the competition analysis for complex
formation at the c-fos SRE. The addition of the unlabeled homologous sequences was
able to completely abolish complex formation at a2 50 fold molar excess indicating that
the SRE/protein complexes were specific. It is important to note that complexes were
allowed to preform and then competitor was added since addition of the probe together
with unlabeled homologous competitor results in a reduction of its specific activity.
Further analysis of complex specificity was undertaken by introducing two different
mutations in the SRE sequence. The altered SRE sequences are shown in Table 1 and
represent mutations known to interfere with protein/SRE interactions (250,254) and,
therefore they should not disrupt specific complex formation. A mutation encompass-
ing the 5' portion of the core SRE sequence was ineffective until approximately 200
fold molar excess of dSREL sequence was added (Fig. 3B). Further alterations in the
SRE consisting of mutations at both ends of the core SRE (dSRE2), were completely
ineffective even at a 600 fold molar excess (Fig. 3C). Significantly, the mutations
which define the dSRE2 consist of the bases known to be critical for the binding of
protein (250,254). These results demonstrated that proteins present in extracts from
normal rat liver were capable of specific interactions with the c-fos SRE.

Similar experiments were done to assess the specificity of complexes at the other regu-
latory elements. Figure 4A showed that complex formation at the c-fos CRE with

nuclear proteins from normal rat liver was also specific since an increasing molar

68



Figure 4. Specificity of CRE-protein interaction

Panel A: Gel! shift assay with the c-fos CRE sequence. 10 ,u%of nuclear pro-
teins from normal rat liver were incubated with 0.5 ng of ““P-labeled c-fos
CRE probe in the presence of 2 ug of poly(dI-dC) and 0 - 600 fold molar
excess of unlabeled homologous CRE oligonucleotides.

Panel B: Gel shift assay with the c-fos CRE sequence.CRE complexes were
cormpeted as described in panel A, but with 0 - 600 fold molar excess of unla-
beled non-homologous oligonucleotides representing the MMTV-GRE (Table
1, sequence 6).

69



X 009 -
X 00|
X 001 -|
X0s-
X0~




quantity, (10-600 fold molar excess), of unlabeled c-fos CRE was able to etfectively
compete out the complex formation.  Fig. 4B showed that competition for protein/CRE
complexes was ineffective when the nonhomologous oligonucleotides representing the
glucocorticoid response element (GRE, Table 1) were used as competitor.  The results
presented in Figu'es 3 and 4 validate the use of the gel shift assay to study specific
interactions of nuclzar proteins with DNA regulatory sequences.
Purification of Proteins Interacting with the c-fos SRE by Oligonucleotide
Affinity Chromatography

While the gel shift assay is a useful and sensitive technique to study DNA/pro-
tein interaction, it does not provide information about the identity of the polypeptide(s)
taking part in these interactions. To identify the protein(s) responsible for the SRE gel
shift, sequence-specific SRE affinity chromatography was used. Affinity columns were
prepared and nuclear proteins extracts were passed twice through the affinity column to
purify proteins binding to the sequence. The procedure was first described by Kadona-
ga and Tjian (308) and is detailed in the Methods section. Figure 5 shows the purifica-
tion of SRE-binding proteins from normal rat liver nuclear extract. When the protein
extract was loaded onto the column in a high jonic strength buffer (250 mM KCl), only
a 67 kDa protein was retained on the column and was eluted with 2.0 M KCl as shown
by SDS-PAGE and Coomassie blue staining (lane 3). The effectiveness of this method
of purification can be seen by comparing the total nuclear protein extract before
chromatography (lane 2), with the column purified material in lane 3. The purification
of a 67 kDa protein was consistent with the high affinity DNA-binding properties of

SRF which was purified from HeLa cells by a similar technique and which has a
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similar molecular weight by SDS-PAGE (235,236).

Although changes in c-fos gene expression have been observed in vivo under a variety
of circumstances, the exact mechanism of the induction is not clear. For example, it
has been shown that the transcription of ¢-fos is rapidly and transiently induced in
regenerating tiver 10-120 minutes after partial hepatectomy (321-323). A several fold
increase in the level of c-fos mRNA was also observed during the development of
chemically induced rat Hepatomas (324). To determine whether the changes in ¢-fos
gene expression in these cellular systems result from changes in SRE-binding proteins
nuclear protein extracts were obtained from both intact and proliferating rat liver tissue
as well as from tumour tissue of Morris Hepatomas and analyzed for SRE binding
factors using SRE affinity chromatography. When fhese nuclear extracts were loaded
onto the column in a lower ionic strength buffer (100 mM KCI), the eluted material
consisted of three proteins with molecular weights of 67, 62 and 45 kDa (Fig. 5B).
The same proteins were retained by the column from nuclear extracts of quiescent and
proliferating rat liver (lanes 1 and 2), as well as from Morris Hepatoma 5123tc (lane
3). A trace amount of a 72 kDa protein copurified from tumour extracts (lane 3).
These results demonstrated that while the 67 kDa protein had the highest apparent affin-
ity for the SRE sequence, other proteins present in the extract were also able to interact
with the SRE either through direct binding or by protein/protein interactions and could
be identified by affinity chromatography.

Identification of Components in the SRE/protein Complexes

Sequence-specific affinity chromatography revealed that at least four distinct polypep-

tides were capable of binding to the c-fos SRE. While this result may explain the
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Figure 5. Purification of proteins interacting with the c-fos SRE by DNA
sequence specific affinity chromatography.

Panel A: SRE sequence specific affinity chromatography of nuclear proteins
from normal rat liver.

Approximately 20 mg of nuclear proteins from normal rat liver prepared in 25
mM HEPES buffer, pH 7.9 containing 1 mM EDTA. 10% glycerol, 0.1%
NP40, 0.2 mM PMSF and 250 mM KClI (buffer A). Nuclear proteins were
incubated with 5 g of poly(dI-dC) and $ pg of calf thymus DNA per mg of
proteins at 4°C for 10 min. The proteins were then applied to the SRE affinity
column (Table 1, sequence 3) by gravity flow. The preparation of the affinity
columns is described in the Methods section. The column was washed with 3
column volumes of loading buffer and bound proteins were eluted with the
same buffer containing 2.0 M KCL. The 2.0 M KCl eluate was then dialyzed
against buffer A and re-applied to the affinity column. After the second pass
the 2.0 M KCl eluate was dialyzed extensively against distilled water and then
freeze dried. The protein profile was examined by 10% SDS-PAGE and
Coomassie blue staining. Lane 1 - Bio-Rad low range molecular mass protein
standards, lane 2 - total nuclear extract from normal rat liver before chroma-
tography, lane 3 - 2.0 M KCl eluate from column.

Panel B: SRE sequence specific affinity chromatography of nuclear proteins
from normal rat liver.

Affinity chromatography was performed as described for panel A except that
buffer A contained 100 mM KCI. Lane 1 - 2.0 M KClI eluate from normal rat
liver, lane 2 - 2.0 M KCI eluate from rat liver 30 minutes after partial hepatec-
tomy, lane 3 - 2.0 M KCl eluate from 5123t¢c Morris hepatoma. Molecular
masses of the proteins were calculated from a polynomial standard curve
drawn through the positions of the markers and are indicated in kilodaltons.
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presence of multiple bands in the gel shift assay. another technique was applied to
demonstrate that the proteins purified by affinity chromatography were also those

responsible for the gel shift. To directly identify the protein components of the shifted
SRE-protein complexes. several gel shift assays were run in paraliel, the complexes
from twenty lanes were excised and extracted with a buffer described in the Methods
section. Individual protein components were identified by SDS gel electrophoresis |
followed by silver staining. Silver staining of proteins extracted from 20 separate
bands was necessary since the yield of protein extracted from each gel shifted band was
estimated to be approximately 1 ng. The shifted bands obtained from both normal liver
and Morris hepatoma 5123tc were extracted and compared with the profile of proteins
purified by affinity chromatography. In ali SRE/protein complexes four major polypep-
tides could be identified as shown in Figure 6. Their molecular weights were 72, 67,
62 and 45 kDa which closely corresponded to the protein profiles retained by affinity
chromatography. The composition of the equivalent complex from Morris Hepatoma
(lane 3), was similar to those from normal (lane 1), or proliferating liver (lane 2), also
consistent with the results seen by affinity chromatography. However, there was an
addittonal polypeptide of mblecular weight 112 kDa present in the SRE/protein com-
plex from Morris hepatoma 5123tc (lane 3). While the same four polypeptides were
present in the analyzed complexes, the relative amounts of the individual proteins were
different in each tissue. The 67 kDa protein was the major component in rat liver
complexes (lanes 1,2), whereas in complexes from tuméur tissue (lane 3), the 72kDa
protein was predominant. To'eliminate the possibility of non-specific protein migration

into the gel in the absence of SRE probe, a control experiment was performed where
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Figure 6. Identification of proteins present in SRE-protein complexes

Elution of proteins from the gel shift assay with nuclear proteins from normal
rat liver.

SRE-protein complexes were cut out and eluted from gel slices as described in
the Methods section. The proteins were precipitated with 4 volumes of cold
acetone and run on 10 % SDS-PAGE. Shown is a silver-stained gel of pro-
teins extracted from 20 combined gel shift assays.

Lanes: mw - high range Bio-Rad size standards. lane 1 - protein eluate from
normal rat liver, lane 2 - protein eluate from rat liver at 30 min after HPX,
lane 3 - protein eluate from 5123tc Morris hepatoma, lane 4 - protein eluate
from normal rat liver run on the gel without a DNA probe and extracted from
the excised gel at the same position as the SRE-protein complex shown in {ane
1 (the material from 20 lanes was combined). Molecular masses of the pro-
teins were calculated from a polynomial standard curve drawn through the
positions of the markers and are indicated in kilodaltons.
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nuclear proteins from normal rat liver were electrophoresed under gel shift assay condi-
tions..but in the absence of SRE probe.  The area of the gel at the shifted complex
position was excised, extracted and rerun on SDS-PAGE. Lance 4 of Figure 6 showed
that in the absence of probe only a minor amount of protein entered the gel thus demon-
strating that the proteins extracted from the shifted bands were bound to the SRE probe.
Purification and in vitro phosphorylation of proteins interacting with the c-fos CRE

Sequence specific affinity chromatography with the ¢-fos CRE sequence was
also carried out to characterize the proteins interacting with this element and to deter-
mine whether the previously characterized CREB protein could be shown to interact
with this element. The CREB protein was previously purified from rat pheochromocy-
toma cells using the same sequence specific affinity chromatography procedure with the
binding site consisting of the CRE from the somatostatin gene (281). Figure 7A
showed that after two passes of a nuclear extract prepared from normal rat liver
through the affinity column, several polypeptides ranging in molecular weight from
approximately 95-30 kDa bound to the c-fos CRE. The predominant protein eluting
from the column was one with a molecular weight of 43 kDa. This is consistent with
the molecular weight of the CREB protein purified previously. Furthermore, the pro-
tein profiles observed from purifications using either a c-fos CRE or a somatostatin
CRE affinity colemn were similar (compare lanes 2 and 3). Since both affinity col-
umns retained a protein of 43 kDa, further purification of this protein was undertaken.
CRE affinity purified proteins were re-chromatographed on a Mono Q ion exchange

column using FPLC. Two major peaks of absorbance were observed at 280 nm (Fig.
7B,top).
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Figure 7. Purification and in vitro phosphorylation of proteins interacting with the
c-fos CRE

Panel A: CRE sequence specific affinity chromatography of nuclear proteins from
normal rat liver. 20 mg of nuclear proteins from normal rat liver prepared as described
in the legend to Fig. 4 were passed through a c-fos CRE affinity column (Table I,
sequence 1), The proteins were prepared and were loaded onto the column in 25 mM
HEPES buffer, pH 7.9 containing 1 mM EDTA. 10% glycerol, 0.1% NP40. 0.2 mM
PMSF, 100 mM KCI. Bound proteins were eluted with the same buffer containing 2.0
M KCI. The cluted proteins were reapplied onto the affinity column and eluted pro-
teins were dialyzed against distilled water, freeze dried and analyzed by 10% SDS-
PAGE and stained with Coomassie bluc. Lane 1 - Bio-Rad high range molecular size
standards indicated in kilodaltons. lane 2 - proteins retained by the c-fos CRE affinity
column, lane 3 - proteins retained by an affinity column prepared with the somatostatin
CRE sequence (Table 1, sequence 7). Panel B: Further purification of CRE sequence
specific affinity chromatography of nuclear proteins from normal rat liver by FPLC.
Proteins binding to the DNA-affinity columns, prepared by ligating polymerized c-fos
and somatostatin CRE sequences (Table 1, sequences 1 and 7 respectively), were fur-
ther purified by FPLC ion-exchange chromatography on a Pharmacia Mono Q column
(V_=1ml) equilibrated in 20 mM Tris-HCI, pH 7.5. Proteins eluted from the CRE
affinity column were dialyzed against water, freeze dried, resuspended in 20 mM Tris-
HCI, pH 7.5 and applied to the Mono Q column at 2 flow rate of 1.0 m¥/min. The
column was washed with the same buffer and then eluted with a 20 ml linear gradient
of 0-1.0 M KCl in 20 mM Tris-HCI, pH 7.5 (0.5 ml fractions). The fractionation was
monitored by absorbance at 280 nm at 0.2 aufs. The peak eluting at about 420 mM
KCl was collected, dialyzed against distilied water, freeze dried, analyzed by 10%
SDS-PAGE and stained with Coomassie blue. Lane 1 - Bio-Rad low range molecular
mass standards, iane 2 - Mono Q purified protein from c¢-fos CRE affinity column,
lane 3 - Mono Q purified protein from somatostatin CRE affinity column. Panel C: In
virro phosphoryiation of CRE-binding proteins. Approximately 200 ng of proteins
purified by c-fos and somatostatin CRE affinity and Mono Q ion exchange chromatog-
raphies were phosphorylated in vitro by 10 U of the catalytic subunit of cAMP-depend-
ent protein kinase in 50 ul of reaction mixture consisting of 20 mM Tris-HCI buffer,
pH 7.5, 5 mM MgCl, 0.10 mM ATP, 1 xCi gamma **P-labeled ATP (specific activity
3000 Ci/mmol). The reaction was carried out at 30°C for 15 min and it was stopped
by the addition of 10 u! of SDS-stop buffer (5 % w/v SDS, 0.25 M Tris-HCi, pH 6.75,
50 % wiv glycerol, S mM GB-mercaptoethanol, 0.5 % w/v bromophenot blue). The
protein phosphorylation was assessed by autoradiography after being resolved on 10 %
SDS-PAGE. The autoradiogram was exposed overnight. Lane 1 - phosphorylation
reaction in the absence of affinity purified protein, lane 2 - phosphorylation reaction in
the absence of protein kinase, lane 3 - phosphorylation of c-fos CRE-purified protein,
lane 4 - phosphorylation of somatostatin CRE-purified protein. Molecular masses were
calcuiated from a polynomial standard curve drawn through the positions of the mark-
ers and are indicated in kilodaltons.
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The first peak eluted with the veid volume of the column and the second peak eluted
from the column at an icnic strength of 400-500 mM KCI. An identical profile was
observed for the somatostatin CRE affinity purified proteins (data not shown). The
fractions representing the peak eluting at 400-500 mM KC1 were pooled., dialyzed
against distilled water, freeze dried, and the protein patterns were examined by SDS-
PAGE and Coomassie blue staining. Figure 7B (bottom). showed that the material
from both c-fos CRE. (lane 2). and somatostatin CRE, (lane 3). columns when repuri-
fied on a Mono Q column consisted of a single polypeptide of 43 kDa. In order to
characterize further this 43 kDa CRE-binding protein and compare it to the CREB
factor, which has been previously shown to be phosphorylated by cAMP-dependent
protein kinase, in virro phosphorylation of the purified 43 kDa protein was performed.
Figure 7C showed that the 43 kDa protein which interacted with both the c-fos and
somatostatin CRE was phosphorylated by the catalytic subunit of cAMP-dependent
protein kinase (lanes 3 and 4). These results indicated that the 43 kDa pro_tein had
properties similar to the CREB protein.

Further Characterization of Nuciear Proteins from Rat Liver Interacting

with c-fos Regulatory Sequences

Comparison of the pattern of affinity purified proteins from both CRE and SRE affinity
columns is shown in Figure 8A (lanes 2 and 3 respectively). There were certain simi-
larities in the components of these profiles. For example both columns retained poly-
peptides of molecular weight 67 and 43 kDa, but the relative quantities of these proteins
was different. The 67 kDa protein was the major protein purified by the SRE affinity

column while the 43 kDa was the major component of the CRE purified



Figure 8. Non-homologous competition for c-fos SRE-protein complexes

Panel A: SDS-PAGE gel of purified DNA-binding proteins.

The CRE-binding and SRE-binding proteins purified by DNA sequence-specit-
ic affinity chromatography and analyzed by SDS-PAGE and Coomassic blue
staining.

Lane 1 - high range Bio-Rad molecular size markers. lane 2 - CRE-hinding
proteins from normal rat liver. lane 3 - SRE-binding proteins from normal rat
liver. Molecular masses were calculated from a polynomial standard curve
drawn through the positions of the markers and are indicated in kilodaltons.

Panel B: Gel shift assay with the c-fos SRE sequence.

10 pg of nuclear proteins from normal rat liver were incubated at room tem-
perature with approximately 0.5 ng (10,000-15.000 cpm). of *“P-labeled c-fos
SRE oligonucleotides in the presence of 2 pg of poly(dI-dC) and with a 0 - 625
fold molar excess of unlabeled ¢-fos CRE oligonucleotides for 30 min. Pro-
tein-DNA complexes were visualized by autoradiography with an overnight
exposure time following resolution on a 5% non-denaturing polyacrylamide gel
(acrylamide:bis, 29:1).

Panel C: Gel shift assay with the c-fos SRE sequence.

Competition for the SRE-protein complexes by the unlabeled oligonucleotide
representing the TPA response element (TRE) from the ap2 gene (Table 1,
sequence 8). The assay was performed exactly as described in panel B,

The amount of competitor added is indicated below each lane as a fold molar
excess.
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material. To test the possibility that the same proteins were capable of interacting with
different regulatory elements. albeit with different relative affinities, a cross competi-
tion analysis was performed using the gel shift assay. Figure 8B showed that complex-
es formed at the ¢-fos SRE could, in fact. be competed with an unlabeled c-fos CRE at
a molar excess of greater than 125 fold. This result indicated that the proteins which
interacted with the SRE also had some affinity for the CRE sequence and may have
indicated cross-binding of factors between these two elements. However, the complex-
es could not be disrupted by the TRE sequence which is highly homologous to the CRE
(Fig. 8C) demonstrating the specificity of protein cross-binding between the CRE and
SRE sequences.

Similar cross competition experiments were performed with complexes formed at the c-
Jos CRE as shown in Figure 9. Figure 9A is identical to Figure 8A and showed the
pattern of CRE and SRE purified proteins. Whereas the CRE oligonucleotides were
able to compete out the proteins capable of interacting with the SRE (Fig. 8B), the
reciprocal competition was ineffective (Fig. 9C). Only a minor reduction in CRE
complex formation was observed when a concentration equal to a 625 fold molar excess
of unlabeled SRE was used. The complexes formed with the CRE sequence were
indeed very stable and also withstood the competition from the highly homologous TRE
sequence (Fig 9B). These data suggested that similar nuclear protein factors were
capable of interacting with both regulatory elements consistent with the similarities
between CRE and SRE affinity purified proteins.

Analysis of c-fos Promoter Binding Proteins by Southwestern Blotting

The data presented so far revealed that multi-protein complexes could be formed
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Figure 9. Non-homologous competition for the c-fos CRE-protein com-
plexes

Panel A: SDS-PAGE gel of purified DNA-binding proteins. The CRE-bind-
ing and SRE-binding proteins purified by DNA sequence-specific affinity
chromatography and analyzed by SDS-PAGE and Coomassie blue staining.
Lane 1 - high range Bio-Rad molecular size markers, lane 2 - CRE-binding
proteins from normal rat liver, lane 3 - SRE-binding proteins from normal rat
liver. Molecular masses were calculated from a polynomial standard curve
drawn through the positions of the markers and are indicated in kilodaltons.

Panel B: Gel shift assay with the c-fos CRE sequence. 10 ug of nuclear pro-
teins from norma! 1at liver were mcubated at room temperature with approxi-
mately 0.5 ng (10, 000 15,000 cpm). of *P-labeled c- -fos CRE oligonucleotides
in the presence of 2 ug of poly(dI-dC) and with a 0 - 625 fold molar excess of
unlabeled TPA response element (TRE), oligonucleotides for 30 min (Table 1,
sequence 8). Protein-DNA complexes were visualized by autoradiography
with an overnight exposure time following resolution on a 5% non-denaturing
polyacrylamide gel (acrylamide:bis, 29:1).

Panel C: Gel shift assay with the c-fos CRE sequence.Competition for the c-
Jos CRE-protein complexes by an unlabeled oligonucleotide representing the c-
Jos SRE. The assay was performed exactly as described in panel B.

The amount of competitor added is indicated below each lane as a fold molar
eXcess.
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at both the c-fos CRE znd SRE. Furthermore, cross competition experiments suggested
the possibility of a common factor(s) capable of interacting with these elements. To
better understand the mechanism by which such a cross binding might occur, it was
important to determine which proteins present in these complexes were direct DNA-
binding factors and which were present in the complexes due to protein/protein interac-
tions. In the case of the SRE the probability of protein/protein interactions seemed high
since the DNA footprint at this element is relatively small and accounts for only two to
three proteins (249). To identify DNA-binding factors the Southwestern blotting
procedure was applied which has been shown to be a convenient method for this pur-
pose. The assay involved the resolution of nuclear proteins by SDS-PAGE, their
transfer to 2 membrane support and hybridization with a radioactive DNA probe. This
technique is, therefore, useful for the detection of those DNA-binding proteins which
bind to their recognition sequence as monomers or homodimers. Figure 10 shows the
results of Southwestern blots performed with nuclear proteins from normal rat liver and
probed with ¢-fos promoter regulatory sequences. Figure 10A showed that three major
proteins of 112, 67 and 36 kDz were recognized and labeled by the SRE probe. The
~ same extract contained five proteins of 112, 72, 56, 40 and 36 to 34 kDa which were
recognized by the c-fos CRE probe (Fig. 10B), and two proteins of 112 and 36 kDa
which were labeled by the SCMRE probe (Fig. 10C). The results revealed that the 67
kDa protein was SRE- specific, the 72, 56 and 40 were CRE-specific and the 112 and
36 kDa proteins were recognized by all three elements. While the function(s) of the
112 and 36 kDa proteins has not yet been determined, they represented candidate pro-

teins for mediating interactions between multiple regulatory elements through their
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Figure 10. Southwestern blot analysis rat liver nuclear proteins binding to
¢-fos promoter regulatory elements

Panel A: Southwestern blot of nuclear proteins from normal rat liver binding
to the c-fos SRE sequence.

100 pg of nuclear proteins from normal rat liver were resolved by 8.5% SDS-
PAGE and electrotransferred onto a nitrocellulose membrane (100 mA, 16 h).
After transfer the filter was blocked in a buffer consisting of 10 mM Tris-HCI,
pH 8.0, 2 mM MgCl1, 1 mM DTT, 50 mM NaCl and 5% (w/v) nonfat milk
Bowder, treated with 25 pg/ml poly(dI-dC) and hybridized with 0.05 pg/m! of
“P-labeled c-fos SRE oligonucleoiides (2-5 x 10° cpm/ml) according to the
procedure described in the Methods section (no urea renaturation method).
Proteins labeled by the radioactive DNA probe were visualized by autoradiog-
raphy.

Lane 1 - Amersham '*C-labeled molecular size markers, lane 2 - c-fos SRE-
binding proteins.

Panel B: Southwestern blot of nuclear proteins from nomal rat liver binding
to the c-fos CRE sequence.

Southwestern blot analysis was performed exactly as described in panel A
except the oligonucleotide probe represented the c-fos CRE.

Lane 1 - Amersham '*C-labeled molecular size markers, lane 2 - c-fos CRE-
binding proteins.

Panel C: Southwestern blot of nuclear proteins from normal rat liver binding
to the c-fos SCMRE sequence.

Southwestern blot analysis was performed exactly as described in panel A
except that the oligonucleotide probe represented the c-fos SCMRE.

Lane 1 - Amersham '*C-labeled molecular size markers, lane 2 - ¢c-fos
SCMRE-binding proteins.

Panel D: Southwestern blot of nuclear proteins from normal rat liver binding
to a sequence derived from the oncomodulin gene.

Southwestern blot analysis was performed exactly as described in panel A
except that the probe represented sequence derived from the coding region of
the oncomodulin gene and consisting of 2 125 bp EcoRI restriction fragment
(Gillen et al. 1987).

Lane 1 - Amersham '* C-labeled molecular size markers, lane 2 - proteins
binding to the oncomodulin restriction fragment.

Autoradiograms were exposed for two days and molecular masses of DNA-

binding proteins were calculated from a polynomial standard curve drawn
through the positions of '*C-labeled markers and are indicated in kilodaltons.
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relaxed DNA binding specificities. Interestingly, none of these proteins could bind a
125 bp DNA fragment representing a portion of the coding sequence from the onco-
modulin gene (325). which was used as a control for nonspecific DNA binding (Fig.
10D). The encomodulin DNA did, however, bind to a protcin of molecular weight 31
kDa which most likely represented histone Hl. The observation that the 112 and 36
kDa proteins were recognized by more than one ¢c-fos regulatory element raised the
question of their specificity and affinity for an individual clement. This question has
been addressed by performing the Southwestern blot using mutated SRE probes as
binding sites (253). Those results have been published elsewhere (253). and indicate
that, insofar as SRE binding is concerned, the 112 kDa protein is spectfic for the SRE
since the binding to a mutated SRE (dSRE2, Table 1) is less than 20% that of the native
SRE sequence (253).

The question was also addressed whether the presence of SDS interfered with
the DNA-binding activities of nuclear factors. Therefore the Southwestern blotting
procedure incorporated a renaturation step following SDS-PAGE. This step involved
incubation of the gel in a buffer containing 4 M urea to remove protein-bound SDS to
allow partial refolding of the proteins. Figure 11 shows the results of an experiment
done with nuclear extracts from normal rat liver analyzed by Southwestern blotting with
and without protein renaturation for CRE-binding proteins. The renaturation step sig-
nificantly reduced the affinity of the 112 kDa protein for the CRE, but also revealed
two additional DNA-binding proteins of molecular weight 56 and 47 kDa which were
not observed in the absence of the renaturation step (compare lanes 1 and 2).

The same nuclear protein extract was used to analyze the nuclear proteins interacting
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Figure 11. Detection of CRE-binding proteins by Southwestern blotting

100 ng of nuclear proteins from normal rat liver were resolved by 8.5%
SDS-PAGE and the gels were either electrotransferred directly onto a
nitrocellulose membrane (lane 1), or they were incubated for 3 h in a
renaturation buffer containing 4 M urea, as described in the Methods
section, before being electrotransferred onto nitrocellulose filters (lanes 2
and 3). After transfer the filters were treated exactly as described in the
Methods section and in Fig. 9. The hybridizations were done with either
0.05 ug/ml of **P-labeled c+fos CRE oligonucleotides (2-5 x 10° cpm/m!)
(lanes 1 and 2) or with 0.05 ug/ml of **p-labeled somatostatin CRE (lane3).

Autoradiograms were exposed for two days and molecular masses of DNA-
binding proteins were calculated from a polynomial standard curve drawn
through the positions of '*C-labeled markers and are indicated in kilodaltons.
The arrowhead indicates the position of the 47 kDa CRE-binding protein.






with the somatostatin CRE (lane 3). The pattern of labeled proteins was the same as
with the c-fos CRE, but the 47 kDa protein (indicated with an arrow head). demonstrat-
ed higher affinity for the somatostatin CRE. This CRE-binding protein is highlighted
and will be described further below. Since the sensitivity of CRE-binding was in-
creased as a result of protein renaturation all subsequent Southwestern blots probed
with the CRE incorporated this step unless otherwise indicated.

A similar analysis was performed for SRE binding proteins and it was found
that the 112 kDa and 67 kDa SRE-binding proteins lost their DNA binding activities
when the renaturation wash was included. Therefore, al! subsequent Southwestern
blots analyzed for SRE-binding did not include this step.

The Effect of Dephosphorylation on SRE and CRE Binding Activities

Stimulation of the c-fos gene occurs very rapidly and in the absence of protein
synthesis, suggesting the involvement of protein modification in the mechanism of
transcriptional regulation. In fact, SRF has been shown to be a phosphoprotein and
SRF phosphorylation has been reported to be required for SRE binding (239,240).
CREB is also a phosphoprotein whose DNA binding activity was shown to increase
upon cAMP-dependent protein kinase phosphorylation (165). Therefore, the require-
ment for phosphorylation of the SRE and CRE-binding proteins in order to interact with
the regulatory sequences was assessed. Figure 12A showed that dephosphorylated
nuclear proteins did not form complexes with the SRE in the gel shift assay confirming
the results of Prywes et al., (239). However, Southwestern blotting with the same SRE
probe (Fig. 12B), showed that there was no difference in the DNA-binding properties

of either of the two, the 67 and 112 kDa, SRE-sPeciﬁc factors as a result of their
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Figure 12. Effect of dephosphorylation on the DNA-binding properties of
the SRE- and CRE-specific proteins

Panel A: Gel shift assay with the c-fos SRE sequence. 10 pg of nuclear pro-
tems from normal rat liver incubated directly with approximately 0.5 ng of
p-labeled ¢ -fos SRE ohgonucleondes and 2 pg of non-specific compc.mor
poly(dI-dC} as described in the Methods section (lane 1). In parallel experi-
ments, the proteins were first dephosphorylated by treatment with 2 units/10
pg protein of alkaline phosphatase immobilized on agarosc beads at 37°C for
30 min. The beads were removed by centrifugation and the gel shift assay was
performed as above (lane 2). Protein-DNA complexes were visualized by
autoradiography with an overnight exposure time following resolution on a 5%
non-denaturing polyacrylamide gel (acrylamide:bis, 29:1).

Panel B: Southwestern blot with the c-fos SRE sequence. 100 g of nuclear
proteins from normal rat liver untreated (lane 2) or dephosphorylated by alka-
line phosphatase as described in Panel A (lane 3) were resolved by 8.5% SDS-
PAGE and electrotransferred onto a nitrocellulose membrane (100 mA., 16 h).
treated with 25 pg/ml poly(dI-dC) and hybndlzed with 0.05 pg/ml of **P-
labeled c-fos SRE oligonucleotides (2-5 x 10° cpm/ml) according to the proce-
dure described in the Methods section {no urea renaturation). Proteins labeled
by the radloactwe DNA probe were visualized by autoradlography Amer-
sham "“C-labeled molecular size markers are shown in lane 1.

Panel C: Gel shift assay with the c-fos CRE sequence.

25 pg of nuclear protems from normal rat liver incubated directly with approx-
imately 0.5 ng of **P-labeled c-fos CRE ohgonucleondes and 2 pg of non-
specific competitor poly(dl-dC) (lane 1). The proteins were alse dephospho-
rylated by treatment with 2 units/10 ug protein of alkaline phosphatase immo- -
bilized on agarose beads and the gel shift assay was performed as above (lane
2).
Panel D: Southwestern blot with the c-fos CRE sequence.

100 g of nuclear proteins from normal rat liver untreated (lanes 2 and 4) or
dephosphorylated by alkaline phosphatase as described in panel A (lanes 3 and
5) were resolved by 8.5% SDS-PAGE and the gels were either electrotrans-
ferred directly onto a nitrocellulose membrane (lanes 2 and 3) or they were
incubated for up to 3 h in a renaturation buffer containing 4 M urea before
being electrotransferred onto nitrocellulose filters (lanes 4 and 5). After trans-
fer the filters were treated exactly as described in the Methods section and in
the legend to Figure 10. The hybridizations were done with 0.05 gg/ml of
either **P-labeled ¢ -fos CRE (lanes 2 and 3), or somatostatin CRE (lanes 4 and
S) oligonucleotides. Amersham “*C-labeled molecular size markers are shown
in lane 1.

Autoradiograms were exposed for two days and molecular masses of DNA-
binding proteins were calculated from a polynomial standard curve drawn
through the positions of **C-labeled markers.
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dephesphorylation.  The only protein that lost its SRE binding property was the 36 kDa
one.

The effect of dephosphorylation on CRE-binding activity was also examined by the
same methods. Figure 12C showed a dramatic decrease in CRE-binding of dephosp-
horylated nuclear proteins by the gel shift assay. However, in contrast to the SRE-
binding factors, dephosphorylation dramatically modified the DNA-binding propertics
of CRE-specific factors as shown by Southwestern blotting (Fig. 12D). This study was
performed using both protein non-renaturing (lanes 2 and 3). and renaturing (lanes 4
and 5) conditions. Figure 12D, lane 3 showed that all of the CRE-binding proteins
except the 112 and 34 kDa proteins lost their ability to interact with the clement after
dephosphorylation. Similarly, examination of the CRE-binding proteins following the
renaturation step revealed a significant decrease in DNA-binding of the 40, 36 and 34
kDa proteins upon dephosphorylation (Fig. 12D, lane 5). However, surprisingly the
dephosphorylation resulted in the dramatic increase in CRE-binding activity of the 47
kDa protein which was barely detectable in untreated nuclear extracts.

Such a dramatic change in the DNA-binding properties of the dephosphorylated
CRE-binding proteins contrasted to the properties of the 67 and 112 kDa SRE-bindiﬁg
proteins which did not require phosphorylation for their binding to DNA. Phosphoryla-
tion must therefore have altered their interaction with other protein factors required for
complex formation and full transcriptional activation.

Identification of the 67 kDa SRE-Binding Factor
Since the 67 kDa SRE-binding protein identified here was similar in molecular

weight to SRF, experiments were performed to compare the properties of these two
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Figure 13. Identification of the 67 kDa SRE-binding factor

Panel A: Southwestern blot with the ¢c-fos SRE seguence.

100 ng of nuclear proteins from normal rat liver (lane 2) and 200 ug of nucle-
ar proteins from 5123tc hepatoma tumour (lane 3) were resolved by 10% SDS-
PAGE and analyzed by Southwestern blotting for ¢ Jfos SRE-binding protr.ms
as described in the Methods section. Amersham '“C-labeled molecular size
markers are shown in lane 1.

The autoradiogram was exposed for two days.

Panel B: Western blot with rabbit anti-SRF polyclonal serum raised against a
synthetic peptide representing amino acid residues 141 - 154 of cloned human
placental SRF (234).

100 ug of nuclear proteins from normal rat liver were resolved on 10 % SDS-
PAGE followed by electrotransfer onto a nitroceliulose membrane (100mA, 16
k). The filter was blocked in 5 mM Tris-HCI, pH 7.4, 150 mM NaCl, 2.5%
(w/v) BSA fraction V, at room temperature for 30 min followed by an addition
of 10 gl/ 10 ml of preimmune (lane 1) or anti-SRF (fane 2) serum and incuba-
tioi: was continued for an additional 1.5 h: Polypeptides recognized by the
antiserum were detected with '“I-labeled Protein A and autoradiography as
described in the Methods section with a 5 day autoradiogram exposure.

Molecular sizes of protems were cnlculated from 2 polynomial standard curve

drawn through the positions of '*C-labeled markers and are indicated in kilo-
daltons.
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proteins.  As shown by Southwestern blotting (Fig. 13A), the 112, 67 and 36 kDa SRE-
binding proteins were present in nuclear extracts from normal rat liver (lane 2). as well
as in the extracts from Morris hepatoma 5123tc (lane ). In the tumour tissue, howev-
er, there was an additional SRE-binding protein of approximately 20 kDa present. A
similar SRE-binding polypeptide was identified in HeLa cells and was shown to be a
proteolytic fragment of the SRF protein (259). Therefore, it is possible that the 20
kDa protein seen in tumour tissue was a proteolytic fragment of the 67 kDa protein
generated iz vivo, since protease inhibitors were present at all times during the isola-
tion and extraction of nuclei. To further probe the identity of the 67 kDa SRE-binding
protein, a polyclonal antibody raised against a synthetic peptide corresponding to the
DNA-binding domain of SRF was used in Western blotting. Figure 13B, shows that
the antiserum recognized two proteins of molecular weights 67 and 45 kDa in nuclear
extracts from normmal rat liver. The molecular weight of the larger polypeptide recog-
nized by the serum was the same as that recognized by the SRE probe on Southwestern
blots strongly suggesting that this was the 67 kDa SRF factor. The 45 kDa protein, on
the other hand, might represent a protein related to SRF or a related protein which had
some homology with SRF within their DNA-binding domains.
Characterization of Peptide-derived anti-CREB Antiserum

To further characterize the CRE-binding proteins identified by Southwestern
blotting an antiserum against residues 134-150 of CREB-327 was prepared. Results
shown in Figure 14 demonstrated that the antiserum recognized a band of molecular
weight 43 kDa in normal rat liver (lane 3), consistent with the molecular weight of

CREB (283).
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Figure 14. Characterization of peptide-derived anti-CREB serum

Western blot of nuclear proteins from normal rat liver with rabbit polyelonal
anti-CREB-327/341 serum ralsed against a synthetic peptide representing
amino acid residues 134 - 150 of cloned human placental CREB-327 (167).
200 pg of rat liver nuclear proteins (lancs 2 and 3) and 100 u! of a total bactent-
al lysate containing expressed CREB-341 protein (lane 4. a generous gitt from
M. Montminy). were resolved on 10 % SDS-PAGE followed by electrotrans-
fer onto a nitroceliulose membrane (100mA. 16 h). After transter the filter
was blocked in 5 mM Tris-HCL, pH 7.4, 150 mM NaCl. 2.5% (w/v) BSA
fraction V, at room temperature for 30 min followed by an addition of § zl/ 10
mi of anti-CRER (lares 2 and 4) or pre-immune serum (lane 2). and incubation
was continued for an additional 1.5 h. Polypeptides recognized by the antise-
rum were detected with '“I-labeled Protein A s described in the Methods
section with a 5 day autoradiogram exposure. Amersham “*C-labeled molecu-
lar size markers are shown in lanes 1 and 5.
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This antibedy also recognized bacterially expressed CREB protein (lane 4), which was
obtained from an expression vector containing the full length CREB (a gift from M.
Montminy). This band was not recognized by a preimmune serum (lane 2), providing
proof that the peptide-derived antibody was CREB specific.

Interestingly, normal liver contained additional proteins recognized by the
CREB antibody which may represent other isoforms of the CREB protein or related
proteins. Considering that CREB-341 and CREB-327 are members of a large family of
related transcription factors including the ATF proteins, and since the CREB-341 gene
is itself alternately spliced giving rise to at least 5 distinct mRNA species (292), it
seems reasonable that some of these isoforms and/or related proteins would be recog-
nized by the polyclonal anti-CREB antiserum.

Further Characterization of CRE-Binding Proteins

To confirm that the 3440 kDa CRE-binding proteins detectable on Southwest-
ern blots corresponded to different isoforms of the CREB protein the pattern of liver
nuclear proteins recognized by the CREB antibody and by the somatostatin CRE were
compared after the proteins were resolved by two-dimensional gel electrophoresis.
Figure 15A showed that the 40 and 34 kDa bands present in the one-dimensional SDS-
PAGE separation (Fig. 15A, left lane) remained as single spots (indicated by the arrow
heads) after two-dimensional separation. The 36 kDa band was resolved into three
spots labeled I, II, and IIT with slightly different pI values. Interestingly, following
two-dimensional protein sepmtion in this pH range (4.0 - 8.0) the DNA-binding activi-
ty of the 47 kDa CRE-binding protein could not be detected. This suggested that either

the pI of this protein is outside the range of pH separation used here or that its DNA-
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Figure 15. Identification of CREB-341/327 isoforms on Southwestern and
Western blots

Panel A: Southwestern blot with the somatostatin CRE.150 ug of nuclear
proteins from normal rat liver were first separated by isoelectric focusing on
4% polyacrylamide tube gels prepared with pH 3.0 - 12.0 ampholines accord-
ing o O'Farrell (320), and then resolved by 8.5% SDS-PAGE. The separated
proteins were electrotransferred onto nitrocellulose filters (100 mA, 16 h), and
hybridized with a radiolabeled oligonucleotide probe consisting of the somatos-
tatin CRE as described in the Methods section including urea renaturation of
the proteins. Included is a one dimensional separation of the same amount of
nuclear proteins by SDS-PAGE. The blot was exposed for seven days.

Panel B: Western blot with peptide-derived anti-CREB serum.150 pg of
nuclear proteins were resolved by two dimensional electrophoresis as de-
scribed in Panel A and blotted directly without renaturation of proteins. West-
ern blot analysis was performed as described in the legend to Figure 14 using
the same polyclonal antibody raised against residues 134 - 150 of CREB-327.
The blot was exposed for nine days.

Panel C: Southwestern blot with the somatostatin CRE.250 ug of nuclear
proteins were incubated in a buffer consisting of 10 mM Tris-HCI, pH 7.3,
150 mM NaCl, 1% NP40, 1% deoxycholate, 0.1% SDS, 0.25 mM PMSF at
room temperature for 30 min alone (lane 1), in the presence of a 1:100 dilution
of anti-CREB-327 antibody (lane 2), or the same dilution of pre-immune
serum (lane 3). After incubation, Protein A-coated agarose beads were added
to each mixture and antigen - antibody complexes were removed from the
mixture as described in the Methods section. Proteins remaining in the mix-
ture after antigen - antibedy complex removal were resolved by 8.5% SDS-
PAGE and analyzed by Southwestern blotting using a radiolabeled somatostatin
CRE oligonucleotide probe as described in Panel A. The blot was exposed for
seven days.

Molecular sizes of proteins were calculated from a polynomial standard curve
drawn through the positions of '*C-labeled markers and are indicated in kilo-
daltons.

92



IEF
...BL,
e
; » .
-
i - -
i 4.1




binding activity is lost as a result of the separation of components contributing to this
binding. Western blotting of the proteins separated in the same manner (Fig. 15B),
showed that the CRE oligonucleotide probe and the CREB antibody both recognized the
same 36-40 kDa proteins (indicated by the arrow heads). The antibody also recognized
proteins of molecular weight 34 and 56 kDa seen after one-dimensional separation (Fig.
15C), but the spots were difficult to reproduce from the autoradiograms since the signal
weakened as a result of the two-dimensional separation. It should be noted, however,
that under the experimental conditions used for Southwestern blotting (8.5% SDS-
PAGE, urea renaturation) the major CREB protein which ran on 10% SDS-PAGE gels
as a 43 kDa band ran with an apparently lower molecular weight of 40 kDa (Fig. 15B).
The 36 kDa band could be resolved into three separate spots on both blots, indicating -
that they were different modifications of the same CREB isoform.

To further distinguish between the 47 kDa protein and other CREB factors, a
liver nuclear extract was treated with the CREB antibody and the immunoprecipitated
proteins removed by sedimentation with protein A-coated agarose beads. The remain-
“ing proteins were then resolved on SDS-PAGE and probed for CRE-binding with the
somatostatin CRE. Figure 15C showed that the antibody was able to remove all but
the 47 kDa CRE-binding activities (lane 2). Control lanes with proteins treated under
immunoprecipitation conditions, but without the antibody or with a preimmune serum
showed no changes in CRE-binding activities (lanes 1 and 3 respectively).

The experiments described here and elsewhere, indicated that several distinct
proteins can bind to the CRE sequence. However, it is likely that the affinity of these

proteins for the CRE are influenced by the sequences flanking the regulatory element.
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Figure 16. Effect of sequences flanking the CRE element on protein
binding

Panel A: Southwestern blot with 24 bp somatostatin CRE probe (Table I,
sequence 7).

200 ug of nuclear proeins from Morris hepatoma 5123t (lane 1), or from mat
liver (lane 2) were resolved by 8.5% SDS-PAGE, renatured in a buffer con-
taining 4 M urea and electrotransferred onto nitrocellulose. The blot was then
hybridized with a radiolabeled probe consisting of the somatostatin CRE as
described in the Methods section.

Panel B: Southwestern blot with 20 bp somatostatin CRE probe (Table 1,
sequence 8).

Hybridization was performed exactly as described in Panel A except that the
oligonucleotide probe consisted of the somatostatin CRE shortened at the 5'
end by 4 base pairs.

Panel C: Southwestern blot with 16 bp somatostatin CRE probe (Table 1,
sequence 9).

Hybridization was performed exactly as described in Panel A except that the
oligonucleotide probe consisted of the somatostatin CRE shortened at the §°
end by 8 base pairs.

Autoradiograms were exposed for two days and molecular sizes of DNA-

binding proteins were calculated from a polynomial standard curve drawn
through the positions of *C-labeled markers and are indicated in kilodaltons.
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To find out which one of the CRE-binding proteins described here had the highest
specificity for the regulatory element, nuclear extracts were probed using the somatosta-
tin CRE containing 5' flanking sequences of various lengths (see Table 1, sequences 7-
9). The longest probe was the 24 bp and the other probes were shortened from the S
end to a 20-mer and to a 16-mer. The probes were incubated with nuclear proteins
from Morris hepatoma 5123tc (Fig. 16. lane 1), and with proteins from normal rat liver
(Fig. 16, lane 2). Very clearly, the labeling of all of the CRE-binding nuclear proteins,
except for the 47 kDa protein depended upon the length of the CRE probe.  Figure 16
A showed the complement of CRE-binding proteins recognized by the 24 bp CRE
probe. Interestingly, the hepatoma tissue (lane 1), did not contain the 47 or 72 kDa
CRE-binding factors. This result kas been previously reported (321). Shortening of
the CRE probe to 20 (Fig. 16B), or 16 (Fig. 16C), bp resulted in a decrease in the
binding of all of the CRE-binding proteins with the exception of the 47 kDa CRE-
binding factor from rat liver (lane 2). The data suggested that this protein had the
highest specificity for the core regulatory element. Again, none of the shortened
probes hybridized to a 47 kDa protein in rat hepatoma tissue.

The Southwestern blotting method was also used to compare the pattern of
CRE-binding proteins present in different rat tissues. The results are summarized in
Figure 17 which showed the CRE-binding proteins from normal liver (lane 1), Morris
hepatoma 5123tc (lane 2), rat placenta (lane 3), and rat brzin (fane 4). The liver tissue
contained the highest number of CRE-binding proteins which ranged in molecular

weight from 112 to 34 kDa as described earlier. The unique 47 kDa CREB protein was
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Figure 17. ldentification of CRE-binding proteins in different rat tissues
by Southwestern blotting

150 pg of nuclear proteins from normal rat liver (lane 1), Morris hepatoma
5123tc (lane 2), placenta (lane 3) and brain (lane 4) were resolved by 8.5%
SDS-PAGE and electrotransferred onto nitrocellulose for Southwestern blot-
ting with a radiolabeled somatostatin CRE oligonucleotide probe as described
in the Methods section including the protein renaturation step in buffer contain-
ing 4 M urea. The Southwestern blot was exposed for two days and molecular
masses of DNA-binding proteins were calculated from a polynomial standard
curve drawn through the positions of '*C-labeled markers (lane 5).
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also present in rat brain (lane 4), but not in placenta (lane 3), or hepatoma tissue
(lane 2). The other CRE-binding factors, 40, 36, and 34 kDa, were present in the
tested tissues.
Part 2: Analysis of ¢-fos Promoter-Binding Proteins in Proliferating Cells
in vitro and in vivo

Expression of c¢-fos after Serum Readdition to Morris Hepatoma 5123tc Cells in
Culture

The identification of the 47 kDa CREB factor as distinct from CREB-341 or
CREB-327 as well as its absence in hepatoma tissue prompted the further characteriza-
tion of this protein. Since the protein was absent from tissues expressing high levels of
the c-fos gene and which are highly proliferative, experiments were performed to
determine the relationship between c-fos expression during the cell cycle and the DNA-
binding activity of the 47 kDa protein.
It is known that serum deprived fibroblasts become quiescent and arrested in the Go
stage of the cell cycle (55). When this synchronized population of cells is then stimu-
lated to re-enter the cell cycle by the readdition of serum, the expression of c-fos is
rapidly and transiently induced. In the experiments described here, Morris hepatoma
5123tc cells were also synchronized by serum starvation for 48 h and released from the
cell cycle block by serum re-addition. The cells were harvested at different times to
assess the expression of c-fos as they progressed through the cell cycle. Figure 18
showed the Northern blot of mRNA prepared from Morris hepatoma 5123tc cells under

these conditions. There was a dramatic increase in the expression of the gene 30 min
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Figure 18. Expression of c-fos following serum stimulation of Morris
hepatoma 5123tc cells

Northern blot of total cytoplasmic poly( AT)RNA prepared from 5123tc
Morris hepatoma cells and hybridized with a 2.2 kbp Hind III/ Bam HIY restric-
tion fragment of the CMV-fos cDNA.

5123tc cells were grown in RPMI medium supplemented with 10% fetal
bovine serum to approximately 70% confluence and then placed in medium
without a serum supplement for 48 h. After starvation, 10 % serum was
readded and cells harvested at the appropriate time point according to the
procedure detailed in the Methods section. Total cytoplasmic RNA was ob-
tained and the polyadenylated RNA was selected as described in the Methods
section. Approximately 1 ug of poly(A+) RNA was resolved on 2 1.2 %
agarose gel containing 1.0 M formaldehyde and then transferred onto a nylon
membrane as described in the Methods section. The membrane was hybri-
dized with a radiolabeled c-fos cDNA probe with a specific activity of approx-
imately 1-3 x 10° cpm/pg DNA. cfos expression was visualized by autoradi-
ography with an exposure time of two days (top panel). The same blot was
then stripped by immersion in boiling distilled water for two minutes to
remove the hybridized c-fos probed and the reprobed with a radiolabeled
cDNA consisting of a 1.6 kbp Pst I restriction fragment of the kel clone of
the human o-tubulin gene with the same specific activity. The blot was auto-
radiographed overnight to visualize tubulin expression (bottom panel).

Lane 1 - control asynchrenously growing cells, lanes 2 to S - cells starved for
48 h and harvested at 15, 30, 60, 90, 120, 150, 180, 240 min after serum
readdition respectively.

The positions of the 28 S and 18 S ribosomal RNA species are indicated.
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after serum readdition (lane 3) as compared to its level in non-cycling cells (lane 1),
This induction was transient, returning to basal levels by 60 min. The same Northern
blot was stripped and then reprobed with a tubulin ¢cDNA to assess RNA loading. This
rapid and transient induction of c-fos expression is consistent with the results described
for serum stimulated fibroblasts (55). Thus, the Morris hepatoma $123tc could be
placed in culture conditions and manipulated to reproducibly express the C-fos gene at
high levels.
Analysis of CRE-binding Proteins in Morris Hepatoma 5123tc Cells Following
Serum Stimulation

In order to determine whether serum starvation of Morris hepatoma 5123t cells
was sufficient to synchronize the cells a cell cycle analysis was performed using flow
cytometry. Figure 19A showed that after 48 h of serum deprivation approximately 70-
73 % of the celis were arrested in the GolGl. Therefore, the induction of ¢c-fos exores-
sion described above (Fig. 18), reflected an event occurring in a synchronous popula-
tion of cells at a specific point in their cell cycle. To determine whether the changes in
c-fos expression in these cells could be the result of changes in the properties of DNA-
binding proteins, Southwestern blotting was performed (Fig. 19B). After serum readdi-
tion the cells were harvested at different times, nuclear proteins were extracted and
analyzed using the c-fos CRE as a probe. In control, unsynchronized cells (lane 2), and
in cells synchronized by serum starvation (lane 3), two predominant CRE-binding
protein species of 47 and 72 kDa were present. 'Following serum readdition there was
a dramatic ioss of CRE-binding activity such that almost no CREB factors were detect-'

able at 1.5 h after the stimulation (lane 4). This loss, however, was transient and



Figure 19. Cell cycle progression of 5123tc Morris hepatoma cells follow-
ing serum stimulation.

Panel A: Cell cycle analysis by flow cytometry.Morris hepatoma 5123tc celis
were grown in culture and serum starved for 48 h as described in the legend to
Fig. 18. Cells were analyzed according to their total DNA content by Flow
cytometry. The abscissa shows the DNA content of the cells in arbitrary
ﬂuor?scence units, and the ordinate shows the numbers of cells in each channel
x 107,

Panel B: Southwestern blot with the somatostatin CRE probe. 100 ug of
nuclear proteins from 5123tc cells were resolved by 8.5% SDS-PAGE and
analyzed for somatostatin CRE-binding proteins by Southwestern blotting as
described in the legend to Figl. 10 and in the Methods section.

Lanes 1 and 7 - Amersham '‘C-labeled markers, lane 2 - control asynchro-
nously growing cells, lane 3 - cells serum starved for 48 h, lanes 4 to 6 - cells
starved for 48 h and analyzed 1.5, 3, and 6 h after serum readdition, respec-
tively.

The autoradiogram was exposed for two days and the molecular sizes of the
markers are indicated in kilodaltons.

Panel C: Total cell number determined in a Coulter counter after 48 h of
serum starvation (lane 1) and 24 h after serum readdition (lane 2). The num
bers above the histogram bars indicate the cell counts in one 75 cm?® tissue
culture flask.
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the CRE-binding activities were restored to control levels by 6 h (lane 6). Interesting-
ly, the 47 kDa CRE-binding protein was the first activity to be restored beginning at 3
h after serum readdition while the other CRE-binding activities were not detected until
later times.

Total cell numbers were counted before and 24 h after serum stimulation to
assess whether serum stimulation was indeed able to drive the cells through the cell
cycle. Figure 19C indicated that under these conditions, the doubling time for these
cells was approximately 24 h. These results showed that stimulation of quiescent
hepatoma cells to progress through the cell cycle is accompanied by both a rapid and
transient induction of c-fos expression and by a transient loss in CRE-binding activity.
The observation that the CRE-binding protein profiles differ between the solid Morris
hepatoma and the same Morris hepatoma cells in culture will be addressed in a later
section.

Analysis of c-fos SRE-Binding Proteins in Morris Hepaton;la 5123tc Cells
Following Serum Stimulation

The same nuclear proteins from serum stimulated Morris hepatoma cells were
probed for changes in SRE-binding by Southwestern blotting and the gel shift assay.
Figure 20A showed the presence of 67 kDa and 36 kDa proteins in unsynchronized
5123tc cells (lane 2}, similar to those detected in normal rat liver (Fig. 13). There was
little change in the SRE-binding activities at 48 h after serum starvation (lane 3),
however, a transient reduction in SRE-binding activity of the 67 kDa protein was seen
at 0.5 to 3 h after serum re-addition (lanes 4-7). ‘That transient decrease in the DNA-

binding activity seen by Southwestern blotting correlated with a decrease in SRE gel
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Figure 20. Analysis of ¢-fos SRE-binding proteins in Morris hepatoma
5123tc cells following serum stimulation

Panel A: Southwestern blot with the c-fos SRE sequence.Morris hepatoma
5123tc cells were maintained without serum for 48 h and then serum was
added to a final concentration of 10%. Cells were harvested at the appropriate
times, nuclei isolated and nuclear protcins extracted as outlined in the Methods
section. Nuclear proteins were resolved by 8.5 % SDS-PAGE and electro-
transferred onto a nitrocellulose filter and hybridized with a *“P-labeled oligo-
nucleotide probe representing the c-fos SRE as detailed in the Methods section
(no urea wash method). SRE-binding proteins were visualized by autoradiog-
raphy with an overnight exposure time,

Lane 1 - Amersham '‘C-labeled molecular size markers, lane 2 - asynchro-
nously growing cells, lane 3 - cells starved for 48 h, lanes 4 to 10 - cells
starved for 48 h and analyzed 0.5, 1, 1.5, 3, 6, 9, 24 h after serum readdi-
tion, respectively.

The molecular sizes of the major SRE-binding proteins are indicated in kilodal-
tons.

Panel B: Gel shift analysis with the c-fos SRE sequence.10 pg of nuclear
proteins from Morris hepatoma cells synchronized by serum deprivation and
stimulated by serum readdition (ag described in panel A) were incubated at
room temperature with 0.5 ng of a **P-labeled oligonucleotide probe represent-
ing the c-fos SRE in the presence of 2 pg of poly(dI-dC) competitor DNA for
30 min. DNA-protein complexes were resolved on a 5% nondenaturing
polyacrylamide gel as described in the Methods section and were visualized hy
autoradiography with an overnight exposure time.

Lane 1 - free oligonucleotide probe , lane 2 - asynchronously growing cells,
- lane 3 ~ cells starved for 48 h, lanes 4 to 7 - cells starved for 48 h and ana-
lyzed 0.5, 1.5, 3, 6 h after serum readdition, respectively.
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shift which also recovered to control levels by 6 h after serum stimulation (Fig. 20B).
It was consistently observed that the decrease in SRE-binding activity was less pro-
nounced under the same experimental conditions. These results combined with those
shown in Figure 19 indicated that serum stimulation of Morris hepatoma 5123tc cells
resulted in a transient decrease in activities of DNA-binding proteins interacting with c-
Jos regulatory sequences during the period of elevated gene expri:ssion.
Inr vivo Labeling of Cellular Proteins Following Serum Stimulation of
Morris Hepatoma 5123tc Cells

Since the loss of DNA-binding properties was observed for both the CRE and
SRE sequences the possibility existed that this was a non-specific event reflecting a
general loss or increased turnover of total cellular proteins. To test this possibilify.
serum synchronized cells were metabolically labeled with *S-methionine for 90 min
The cells were lysed, total cellular proteins were resolved on SDS-PAGE, and autora-
diographed. Figure 21 showed that there was no significant difference in the pattern of
labeled proteins throughout the experimental period (0-9 h after serum stimulation).
This result, therefore, indicated that the transient loss in DNA-binding activity was a
specific event occurring as a result of serum stimulation of quiescent hepatoma cells.
The Effects of Phosphorylation and Dephosphorylation on Protein Complex
Yormation at the ¢-fos CRE

In vivo metabolic labeling of cellular protein revealed that there was no gross
change in the level of protein synthesis in serum stimulated cells. Therefore, the
changes in DNA-binding activities of nuclear proteins during cell cycle progression

could have resulted froin changes in their post-translational modification. To address
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Figure 21. iIn vivo s protein labeling of Morris hepatoma 5123tc cells
stimulated by serum

Morris hepatoma 5123tc cells were starved for 48 h and stimulated by serum
readdition as described in Fig. 17. ‘Two hours before each time point, the celis
were transferred for 30 min to methionine and cysteine depleted RPMI
medium, followed by the addition for a further 90 min of 200 pCi/ 75 cm™
flask of **S-Met. After incubation with the radiolabeled methionine, ceils
were washed twice with ice cold PBS and then total cellular protein was har-
vested by lysing the plasma and nuclear membranes in 1.5 mV/flask of a buffer
consisting of 50 mM Tris-HCI, pH 7.5, 1% (v/v) NP40, 0.1% SDS, 0.5%
sodium deoxycholate, 150 mM NaCl for 30 min on ice. Cell lysates were
collected by centrifugation at 15,000 x g for 15 min at 4°C and stored at
-80°C. Approximately 100 pg of proteins were resolved by 8.5% SDS-PAGE
(1 x 10° cpm/lane), and the gel was dried on a slab gel drier and labeled pro-
teins were visualized b)r autoradiography with an exposure time of 24 h.

Lane 1 - Amersham “C-labeled molecular size markers indicated in kilodal-
tons, lane 2 - asynchronously growing cells, lane 3 - cells starved for 48 h,
lanes 4 to 7 - celis starved for 48 h and analyzed 2, 3, 6, and 9 h after serum
stimeulation, respectively.
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this question nuclear proteins from serum stimulated Morris hepatoma 5123tc cells
were analyzed following incubation at 37°C with and without ATP and MgCl, to acti-
vate endogenous protein kinases. The extracts were then assessed for their ability to
form DNA/protein complexes by the gel shift assay. Figure 22A showed a transient
decreasc in the DNA-binding properties of nuclear proteins from serum stimulated cells
to form a complex with the ¢c-fos CRE sequence. The results shown in Figure 22B
were obtained after the samples were incubated with ATP and MgCl: Phosphorylation
of nuclear proteins in these samples partially restored their ability to form complexes at
the CRE. However, the composition of the restored complex must have been different
from that seen in control, unstimulated cells since the pattern of shifted complexes
observed up to 6 h after serum stimulation was different from that seen at 0 and 9 h.
The same experiment was performed with in vitro dephosphorylated nuclear proteins
and the results are presented in  Figure 23. Dephosphorylation of nuclear proteins with
alkaline phosphatase was not able to restore CRE-binding activities (Fig. 23B). In fact,
this treatment significantly decreased the interaction of proteins with the CRE sequence
seen in a control sample (lane 2). The result shown in lane 8 was an artifact of an
inadequate amount of the CRE probe added to the sample. Thus, the transient loss in
DNA-binding proteins observed in 5123tc cells could not be completely explained by
changes in their status of phosphorylation/dephosphorylation.

Analysis of CREB Gene Expression in Morris Hepatoma 5123tc Cells Following
Serum Stimulation

To determine whether the loss of CRE-binding activities resulted from a decrease in the

transcription of genes encoding CREB proteins, RNA was prepared from
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Figure 22. Effect of phosphorylation on the formation of CRE-protein
complexes

Panel A: Gel shift analysis with the c-fos CRE sequence.Morris hepatoma
3123tc cells were synchronized by serum starvation for 48 h and stimulated by
serum readdition as described in Fig. 17,

10 ug of nuclear proteins from Morris hepatoma 5123t cells were incubated at
37°C for 10 min and then at room temperature with a **P-labeled oligonucleo-
tide probe representing the c-fos CRE in the presence of 2 g of poly(dI-dC) as
described in Fig. 2. DNA-protein complexes were resolved by 5% nondena-
turing polyacrylamide gel electrophoresis and visualized by autoradiography
with an overnight exposure time,

Lane 1 - free oligonucleotide probe , lane 2 - asynchronously growing cells,
lane 3 - cells starved for 48 h, lanes 4 to 10 - cells starved and analyzed 0.5,
1, 1.5, 2, 4, 6, or 9 h after serum stimulation, respectively.

Parel B: Gel shift analysis of ir vitro phosphorylated nuclear proteins from
Morris hepatoma cells with the ¢-fos CRE sequence.

An experiment was performed in parallel to that described in panel A, except
that the nuclear proteins were incubated at 37°C for 15 min in the presence of
100 M ATP and 5 mM MgCl, before addition of the radiolabeled c-fos CRE
probe. Lane descriptions are identical to those given in panel A.
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Figure 23. Effect of dephosphorylation on CRE-protein complexes

Panel A: Gel shift analysis with the c~fos CRE sequence.

An experiment was performed exactly as described in panel A of Fig. 21.
Lane 1 - free oligonucleotide probe , lane 2 - asynchronously growing cells,
lane 3 - cells starved for 48 h, lanes 4 to 10 - cells starved and analyzed 0.5,
1, 1.5, 2, 4, 6, or 9 h after serum stimulation, respectively.

Panel B: Gel shift analysis of in vitro dephosphorylated nuclear proteins from
Morris hepatoma cells with the c-fos CRE sequence.

An experiment was performed in parallel to that described in panel A, except
that the nuclear proteins were incubated at 37°C for 10 min in the presence of
1 mM MgCl, and 5U of calf intestinal alkaline phosphatase before the addition
of the radiolabeled c-fos CRE probe. Lane descriptions are identical to those
given in panel A.
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serum stimulated Morris hepatoma 5123t¢ cells and probed with a cDNA of CREB-

341. The results are summarized in Figure 24. In these cells the CREB-341 probe

hybridized with two mRNA species. However, their level did not change during cell

cycle progression. The same blot was probed with a tubulin ¢cDNA and confirmed that

equal amounts of RNA were loaded in each lane (data not shown). Therefore, the

transient loss in c-fos CRE-binding activities after serum stimulation could not simply

be explained by a decrease in the transcription of the CREB genes as judged by North-

ern blotting,

Inducibility of the c<fos Gene by TPA and Serum in Hepatoma 5123tc

and Fibroblasts

The changes in the c-fos CRE and SRE-binding proteins observed in serum stimulated

5123tc cells followed the transient induction of the éene and extended past the period of
its elevated expression. To assess the functional significance of these changes, anotl;cr
agent, TPA, known to elevate c-fos expression was used to stimulate the gene in addi-l
tion to serum. The experiments were designed to determine whether the gene could be

induced to the level observed immediately after serum re-addition, during the period of
reduced CRE and SRE-binding activities. The results are summarized in Figure 25.

The characteristic pattern of transient expression of the c-fos gene was observed follow-

ing serum stimulation of synchronized Morris hepatoma 5123tc cells (lanes 2-6). The

highest expression was observed at 0.5 h after serum stimulation (lane 2). If, however,

an attempf was made to further induce expression of c-fos by TPA during periods of
transient loss of DNA-binding activities, there was essentially no response to TPA

above that seen with serum: alone (compare lanes 3 and 7, 4 and 8,
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Figure 24. Analysis of CREB expression following serum stimulation of
Morris hepatoma 5123tc cells

Northern biot analysis of total cytoplasmic poly(A)+ RNA probed with a 0.6
kbp Avall/Stul restriction fragment of the CREB-341 gene.
Morris hepatoma 5123tc cells were starved for 48 h and stimulated by serum
readdition as described in Fig. 18. Total cellular RNA was isolated, poly(A)-+
RNA selected and resolved on an agarose/formaldehyde gel and transferred to
a nylon membrane as described in Fig. 18. The blot was then hybridized with
'P-Iabcled cDNA probe of the CREB-341 gene with a specific activity of 1-
3 x 10° cpm/ug DNA. CREB expression was visualized by autoradiography
with an overnight exposure time.
Lane 1 - RNA from asynchronously growing cells, lane 2 - RNA from cells
starved for 48 h, lanes 3 to 7 - RNA from serum starved cells harvested 0.5,
1,2,4,8h aﬁer serum readdition. The positions of the 28 S and 18 S ribos-
omal RNA species are indicated.
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Figure 25. Expression of the c-fos gene in fibroblasts and hepatoma cells
following serum and TPA stimulation

Panel A: Northern blot of cytoplasmic poly(A)+ RNA prepared from Morris
hepatoma 5123tc cells in culture and hybridized with a 2.2 kbp restriction
fragment of a c-fos cDNA.

Cells were serum starved for 48 h and then were placed in medium containing
10% (v/v) fetal bovine serum. In a parallel experiment 400 nM TPA was
added to serum stimulated cells for 30 min before the cells were harvested.
RNA was isolated and poly(A)+ RNA was purified as described in the
Methods section. 1 ug of mRNA was then resolved on an agarose/formalde-
hyde gel and then transferred onto a nylon membrane for Northern blotting as
described in the Methods section.

Lane 1 - mRNA from asynchronously growing 5123tc cells, lanes 2 to 6 -
mRNA from serum stimulated 5123tc cells at 0.5, 1, 2, 4, and 6 h after serum
readdition, lanes 7 to 9 - mRNA from serum and TPA stimulated 5123tc cells
at 1, 2, and 4 h after stimulation.

Panel B: Northern blot of cytoplasmic poly(A)+ RNA prepared from
BALB/c 3T3 cells hybridized with a 2.2 kbp restriction fragment of a ¢-fos
c¢DNA.

Cells serum starved for 24 h and then were placed in fresh medium containing
10% (v/v) fetal bovine serum. In a parallel experiment 400 nM TPA was
added to the medium 30 min before the cells were harvested. RNA was isolat-
ed and poly(A)+ purified according to the procedure detailed in the Methods
section. 1 pg of mRNA was then resolved on an agarose/formaldehyde gel
and then transferred onto a nylon membrane for Northern blotting as described
in the Methods section.

Lane 1 - mRNA from cells 30 min after serum readdition, iane 2 - mRNA
from cells 1 h after serum stimulation, lane 3 - mRNA from cells 1 h after
serum and TPA addition, lane 4 - mRNA from cells 3 h after serum stimula-
tion, lane 5 - mRNA from cells 3 h after serum and TPA addition, lane 6 -
mRNA from cells 6 h after serum stimulation, Iane 7 - mRNA from cells 6 h
after serum and TPA stimulation.
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5 and 9). While there may have been some induction above control levels, it is possi-
ble that this is due to incomplete synchronization of the hepatoma cells. Clearly, the
attempt to stimulate expression of the gene by TPA during the transient reduction in
DNA-binding activity, to the level seen at 0.5 h after serum stimulation, was
unsuccessful.

To demonstrate that this effect was not confined to hepatoma cells only , the
same experiments were repeated with BALB/c 3T3 cells synchronized and then stimu-
lated by serum. As shown in Fig. 25B, lanes 1, 2, 4, and 6, c-fos expression displayed
the same pattern of transient induction. Again the highest level of expression was seen
at 0.5 h after stimulation. The addition of TPA at 1h (lane 3), 3h (lane 5), and 6h (lane
7), increased the level of c-fos expression above that seen in cells stimulated by serum
alone (lanes 2, 4, and 6 respectively). However, in none of the TPA treated cells was
the level of c-fos expression as high as that seen at 0.5 h aster serum stimulation.
Modification of the DNA-binding Activity of the 47 kDa CREB Factor During
Cell Cycle Progression

To specifically assess the role of the 47 kDa CREB factor during cell cycle
progression, its DNA-binding activity was examined in Morris hepatoma 5123tc cells
in response to inhibitors of different signal transduction pathways. The 5123tc Morris
hepatoma cells were synchronized by serum deprivation followed by serum re-addition
in the presence of the tyrosine kinase inhibitor tyrphostin or the inhibitor of cAMP-
dependent protein kinase, the Walsh inhibitor. The results aré summarized in Figure
26. In serum stimulated cells the DNA-binding activity of the 47 kDa CREB was

downregulated at 3 h and was restored by 6 h (Fig. 26A). These cells doubled within
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Figure 26. Modification of the DNA-binding activity of the 47 kDa CREB
factor during cell cycle progression

Morris hepatoma 5123tc cells in culture were synchronized by serum starva-

tion for a period of 48 h and then stimulated to reenter the cell cycle by serum
readdition.

Panel A: Southwestern blot of c-fos CRE-binding proteins.

Cells were stimulated by the addition of 10% fetal calf serum.

Lane 1 - CRE-binding proteins from 5123tc cells at 3 h after serum stimulation,
lane 2 - CRE-binding proteins from 5123tc cells at 6 h after scrum stimulation.

Panel B: Southwestern blot of c-fos CRE-binding proteins.
After 48 h of starvation 50 M tyrphostin tyrosine kinase inhibitor together
with 10 % fetal calf serum was added to the medium.

Lane 1 - CRE-binding proteins from 5123tc cells at 3 h after tyrphostin and
serum readdition, lane 2 - CRE-binding proteins from 5123tc cells at 6 h after
tyrphostin and serum readdition.

Panel C: Southwestern blot of ¢c-fos CRE-binding proteins.

After 48 h of starvation 50 pg/ml of the Walsh inhibitor of cAMP-dependent
protein kinase together with 10 % fetal calf serum was added to the medium.
Larne 1 - CRE-binding proteins from 5123tc cells at 3 h after Walsh inhibitor
and serum readdition, lane 2 - CRE-binding proteins from 5123tc cells at 6 h
after Walsh inhibitor and serum readdition.

In each panel 100 ug of nuclear proteins/lane were examined for CRE-binding
proteins and the position of the 47 kDa CRE-binding protein is indicated.
Autoradiograms were exposed overnight.

The histograms to the right of each panel represent the total cell number at time
0 and after 24 h of treatments with cell numbers given at the top of each bar.
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24 h as determined by cell counts. When tyrphostin was added 1o these cells together
with serum, the 47 kDa CREB lost its CRE-binding activity. Ia the presence of this
inhibitor, the cells did not divide (Fig. 26B). Similarly, the Walsh inhibitor of cAMP-
dependent protein Kinase, when added to the cells together with serum, dramatically
altered the DNA-binding activity of the 47 kDa CREB. However, in the presence of
this inhibitor the CRE-binding activity of this protein (as well as the 72 kDa protein),
was greatly enhanced. There was no cell cycle-dependent reduction in the CRE-
binding activity under these conditions. The cell cycle progression under these condi-
tions was also retarded (Fig. 26C). These results suggested that multiple signal trans-
duction pathways were involved in the modification of the CRE-binding properties of
the 47 kDa CREB. The cAMP second messenger pathway seemed to be involved in
the down regulation of its CRE-binding properties whereas a tyrosine kinase signalling
pathway was required for its restoration.
Analysis of ¢-fos Expression Following Partial Hepatectomy

To determine whether the transient cell cycle-related decrease in c-fos promoter-
binding was only a property of cultured cells or a more generalized phenomenon, fur-
ther experiments were performed using the in vivo experimental model of liver cell
proliferation induced by partial hepatectomy. Previous studies have shown that upon
partial hepatectomy (EIPX), the remaining hepatocytes will proliferate in a coordirated
manner with DNA synthesis occurring approximately 12-14 h after HPX. The remain-
ing hepatocytes will continue to proliferate, and the liver will regenerate to the starting
mass after about two weeks post-surgery (76). Regenerating liver has, therefore, been

used as a model to dissect the regulatory events which occur in normal cell proliferation
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Figure27. Expression of ¢c-fosin ratliver following partial hepatectomy

Northern blot analysis of total cellular poly(A)+ RNA probed with a 2.2 kbp
Hind III/ Bam HI restriction fragment of the CMV-fos cDNA.

Rats were sacrificed at different times after HPX, their livers removed and
placed immediately in liquid nitrogen until all samples were collected. RNA
was prepared from the liver samples by homogenization in a buffer of 50 mM
Tris-HCI, pH 7.5, containing 4 M guanidine isothiocyanate, 0.5% sarkosyl, 20
mM EDTA, 0.2 M B-mercaptoethanol as detailed in the Methods section.
RNA was purified by centrifugation through a cesium chloride gradient and
then poly(A)+ RNA was selected as described in the Methods section. The
RNA was then resolved on an agarose/formaldehyde gel and transferred onto a
nylon membrane and hybridized with a **P-labeled c-fos cDNA probe. The
expression of ¢-fos was visualized by autoradiography with an overnight
exposure time.

Following autoradiography the hybridized probe was removed by boiling the
blot in distilled water twice for two min each time. The blot was then hybri-
dized with a cDNA probe derived from the o-tubulin gene as described in Fig.
18. After hybridization, tubulin expression was visualized by autoradiography
with an exposure time of 4 h.

Lane I - RNA from a control rat liver, lane 2 - RNA from liver of rat at 30
min after a2 sham operation, lanes 3 to 5 - RNA 0.5, 1, 2 h after HPX, lane 6 -
RNA from rat liver 3 h after the sham operation, lanes 7 to 9 - RNA from rat
liver 3, 4 and 6 h after HPX.

The positions of the 28 S and 18 S ribosomal RNA species are indicateqd.
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in vivo (76). Earlier studies have shown that c-fos expression is increased as early as
15 min after surgery and is maintained for 2-3 h before returning to basal expression
levels. While the exact mechanism by which the induction occurs is not fully under-
stood, it is thought to be mediated by multiple circulatory factors (76,321,322,323).
Thus, as with serum stimulated fibroblasts and Morris hepatoma 5123tc cells, hepato-
cytes induced to progress through the cell cycle by HPX induce rapidly the expression
~f the c-fos gene (Fig. 27). Expression of the gene peaked at 60 min after HPX (lane
4), and returned to control levels by about 6 h after HPX (lane 9). While there was
also some c-fos expression in the control laparotomized livers at 0.5 h after surgery
(lane 2), this probably reflected an effect of surgical stress (326), and this expression
was clearly lower than that seen in the time matched HPX liver. The Northern blot
was also probed with the tubulin cDNA to demonstrate the RNA loading. The results
were consistent with those of others and indicated that following HPX the expression of
c-fos occurs rapidly and transiently returning to baseline before DNA synthesis has
occurred. Furthermore, the results were similar to those seen with Morris hepatoma
5123tc cells stimulated to progress through the cell cycle by serum stimulation.
Analysis of CRE-binding Proteins Following Partial Hepatectomy
To determine whether the expression of the c-fos gene correlated with changes

in c-fos CRE-binding pi'oteins, the gel shift anc Southwestern blotting procedures were
used. The gel shift assay (Fig. 284), revealed a transient change in the composition of
the CRE/protein complexes observed from approximately 1.5 to 6 h after HPX (lanes
3-6). 12 hafter HPX (lane 7), the CRE/protein complex was essentially the same as

that seen in quiescent liver (lane 2). Changes which occurred in liver cells between
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Figure 28. Analysis of CRE-binding proteins in rat liver following partial
hepatectomy

Panel A: Gel shift analysis with the somatostatin CRE sequence. Rat livers
were removed at the appropriate times after HPX, immediately homogenized
in a2 50 mM Tris-HCI, pH 7.5 buffer containing 5 mM MgCl_, 25 mM KCl,
0.25 M sucrose, 0.2 mM PMSF, 0.2 mM benzamidine and liver nuclei were
isolated as described in the Methods section using the Triton X-100 washing
procedure. Nuclear proteins were extracted in a 20 mM Hepes, pH 7.9 buffer
containing 25% (v/v) glycerol, 1.5 mM MgCl_, 0.2 mM EDTA, 0.5 mM
DIT, 0.42 M NaCl, 0.2 mM PMSF, 0.2 mM benZamidine. .

10 pg of nuclear proteins were incubated at room temperature with a >*p-la-
beled oligonucleotide probe representing the somatostatin CRE for 30 min.
Following incubation DNA-protein complexes were resolved on a2 5% nonde-
naturing gel and then complexes were visvalized by autoradiography with an
overnight exposure time.

Lane 1 - free DNA probe, lane 2 - nuclear proteins from control intact rat
liver, lanes 3 to 7 - nuclear proteins from livers 1, 1.5, 3, 6, 12.h after HPX,
respectively.

Panel B: Southwestern blot with the somatostatin CRE sequence.

100 ug of nuclear proteins were resolved by 8.5% SDS-PAGE and then the gel
was washed with a renaturation buffer containing 4 M urea as described in
Fig. 11. The proteins were electrotransferred to a nitroceilulose filter and
then hybridized with a **P-labeled oligonucleotide probe representing the
somatostatin CRE. Proteins binding to the probe were visualized by autoradi-
ography after an overnight exposure,

Lane 1 - nuclear proteins from control intact rat liver, lanes 2 to S - nuclear
proteins from livers 1.5, 3, 6, 12 h after HPX, respectively.

The molecular masses of CRE-binding proteins were calculated from a poly-
nomial standard curve drawn through the positions of "*C-labeled markers and
are indicated in kilodaltons.
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1.5 and 6 h after HPX (lanes 3-6), resulted in the gereration of faster migrating
CRE/protein complexes. Figure 28B showed that the changes in the composition of the
shifted complexes seen in Figure 28A were coincident with the transient decrease in
CRE-binding activity of individual proteins. This was especially marked in the case of
the 47 kDa CREB factor whose DNA-binding activity could not be detected at 3 and 6
h after HPX (lanes 3 and 4), but was restored by 12 h after HPX (lane 5). The other
CREB proteins retained some DNA-binding activity during that period of time, which
might account for the changes in the gel shift seen in panel A.

Analysis of SRE-Binding Proteins Following Partial Hepa;edomy

In contrast to the CRE-binding proteins there was no change in the DNA-binding
properties of SRE-specific proteins during liver regeneraticn as anatyzed by the gel
shift assay and by Southwestern blotting (Fig. 29A and B). As assessed by these
methods, the SRE-binding activities were essentially the same in quiescent liver (lane 2,
paneis A and B), as in regenerating livé:r at 30 min after HPX (lane 3, panels A and B),
or in hepatoma tissue (lane 4, panels A and B). As seen in Figure 13, the solid Morris
hepatoma also contained the 20 kDa presumptive SRF proteolytic fragment which re-
tained DNA-binding properties ( lane 4, panel B). Yet the expression of the c-fos gene
in these tissues is very different with expression being low in the quiescent liver tissue,
highly induced at 30 min after HPX, and constitutively high in hepatoma tissue (Fig.
27, and see below). These results are consistent with earlier reports which document
identical SRE-binding activities in cells both before and during induction of the c-fos

gene (249).
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Figure 29. Analysis of SRE-binding proteins in rat liver following partial
hepatectomy

Panel A: Gel shift analysis with the ¢-fos SRE sequence.

10 ug of nuclear proteins from normal liver (lane 2), liver 30 min after HPX
(lane 3), and Morns hepatoma 5123tc solid tumour (lane 4), were incubated
with 0.5 ng of **P-labeled SRE probe in the presence of 2 ug of poly (dI-dC)
as described in Fig. 2 and in the Methods section. Free SRE probe is shown
in lane 1. DNA-protein complexes were resolved on a 5% nondenaturing
polyacrylamide gel and visualized by autoradiography with an overnight
exposure time.

Panel B: Southwestern blot with the c-fos SRE sequence.

100 pg of nuclear proteins from normal rat liver (lane 2), liver 30 min after
HPX (lane 3), and Morris hepatoma 5123tc solid tumour (lane 4), were re-
solved by 10% SDS-PAGE, transferred onto a mtrocellulose filter and hybri-
dized with a **P-labeled c-fos SRE probe. Amersham "*C-labeled molecular
size markers are shown in lane 1 and are indicated in kilodaitons. SRE-
binding proteins were visualized by autoradiography with two days exposure.
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Effect of Dephosphorylation on CRE-binding Proteins Follawing Partial
Hepatectomy

The transient loss of CRE-binding activity in regenerating rat liver was observed
up to 9 h after HPX (Fig. 28). Amongst the CRE-binding proteins, the 47 kDa protein
was the most affected and its DNA-binding activity was not detected at 3 and 6 h after
HPX. As shov: in Figure 12, the DNA-binding properties of this protein depended
on its state of phosphorylation. In order to determine wheiher the loss of DN A-binding
was a result of its phosphorylation, nuclear proteins prepared from regenerating liver at
3 and 6 h after HPX were dephosphorylated by alkaline phosphatase and then analyzed
for CRE-binding by Southwestern blotting (Fig. 30). Dephosphorylation of nuclear
proteins from control livers resulted in a decrease in CRE-binding activity (lane 1,
panels A and B, see also Fig. 12). When nuclear proteins from HPX liver were
dephosphorylated, however, the CRE-binding activity of the 47 kDa protein could only
be partially restored at 3 h after HPX (lane 2, panels A and B), and not at all at 6 h
after HPX (lane 3, j)anels A and B). These results indicated that the transient loss of
the DNA-binding activity of the 47 kDa protein in regenerating liver, following partial
hepatectomy, was not due to its modification by phosphorylation.
Induction of c-fos Expression by cAMP

In an attempt tc determine the functional significance of the observed transient
changes in c-fos promoter binding activity, rats subjected to HPX were also treated with
CAMP to establish whether the ability of liver cells to induce gene expression in re-
sponse to CAMP was also compromised. The results are presented in Figure 31.

Dibutryl-cAMP was injected intraperitoneally into hepatectomized rats between 3 and
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Figure 30. The effect of dephosphorylation on CRE-binding activity in rat
liver following partial hepatectomy

Panel A: Southwestern blot with the somatostatin CRE sequence. Nuclear
proteins were analyzed for CRE-binding activity by Southwestern blotting
exactly as described ia Fig. 26, panel B.

Lane 1 - nuclear proteins from control intact rat liver, lane 2 - nuclear proteins
from rat liver 3 h after HPX, lane 3 - nuclear proteins from rat liver 6 h after
HPX.

Panel B: Scuthwestern blot with the somatostatin CRE sequence. Nuclear
proteins were analyzed for CRE-binding activity after dephosphorylation with
2 units/10 pg protein of alkaline phosphatase immobilized on agarose beads.

Incubations were carried out at 37°C for 30 min and the beads were then
removed by centrifugation. The dephosphorylated proteins were analyzed
exactly as in panel A.

Lane 1 - nuclear proteins from control intact rat liver, lane 2 - nuclear proteins

from rat liver 3 h after HPX, lane 3 - nuclear proteins from rat liver 6 h after
HPX.

Autoradiograms were exposed for two days and molecular sizes of CRE-bind-
ing proteins were calculated from 2 polynomial standard curve drawn through
the positions of '*C-labeled markers and are indicated in kilodaltons.
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Figure 31. Induction of c-fos expression by cAMP in rat liver

Rats were subjected to either HPX or sham operated as described in the
Methods section. At the indicated times following the operation, 0.2 mg/100 g
body weight of dibutryl-cAMP and 0.2 mg/100 g body weight of theophylline
was injected intraperitoneally. The animals were sacrificed and livers re-
moved at the appropriate times. Total cellular RNA was purified and
poly(A)+ RNA selected as described in the Methods section.

1 ug of mRNA was analyzed by Northern blotting for the expression of the c-
Jos gene using a 2.2 kbp restriction fragment of the ¢-fos cDNA.

Lane 1 - mRNA from rat liver at 6 h after HPX, lane 2 - mRNA from rat liver
at 6 h after HPX with dibutyrl-cAMP injected at 3 h after HPX, lane 3 -
mRNA from rat liver 9 h after HPX, lane 4 - mRNA from rat liver at 9 h after
HPX with dibutryl-cAMP injected twice at 3 and 6 h after HPX, lane § -
mRNA from sham operated rat at 12 h after surgery, lane 6 - mRNA from rat
liver at 12 h after HPX with dibutryl-cAMP injected twice at 3 and 7.5 h after
HPX, lane 7 - mRNA from sham operated rat at 12 h with dibutryl-cAMP
injected twice at 3 and 7.5 h after surgery. '

The positions of the 28S and 18S ribosomal RNA subunits are indicated at the
right.
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7.5 h after surgery spanning the period of reduced CRE-binding activity. A single
injection of cAMP at 3 h after HPX had no effect on the level of c-fos expression
analyzed 3 h later (i.e. at 6 h after HPX, compare lanes 1 and 2). Repeated injection
of CAMP at 3 and 6 h, or at 3 and 7.5 h after HPX significantly induced c-fos expres-
sion when analyzed 3 h after the final injection (lane 4). or 6 h after the final injection
(lane 6). This phenomenon was specific for proliferating cells since the same treat-
ment with CAMP of sham operated rats had no effect on the status of C-fos gene expres-
sion (lanes 5 and 7). These results clearly established that the c-fos gene could not
respond to cAMP in the absence of nuclear CRE-binding activity (3 to 6 h after HPX).
Only after the recovery of nuclear CRE-binding was the gene induced by cAMP (9 to
12 h after HPX).
Analysis of CREB mRNA and Protein Level Following Partial Hepatectomy

While the CRE-binding activity of the 47 kDa CREB factor was significantly
perturbed during the early stages of liver regeneration it was of interest to establish
whether any changes in other CREB proteinS were also induced by partial hepatectomy
in proliferating liver cells. Protein levels were assessed by Western blotting of nuclear
proteins from liver at various times after HPX with the same polyclonal antibody raised
against the CREB protein described in Figure 14. Figure 32A showed that, by Westemn
blotting, the level of CREP protein remained essentially unchanged during the first 24 h
following HPX. Similarly, the level of CREB mRNA, as assessed by Northern blotting
(Fig. 32B), did not change either. However, liver tissue expressed multiple mRNA
species of CREB which is consistent with the observations of others (290,292), and

represented different isoforms of the protein produced by alternative splicing of the
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Figure 32. Analysis of CREB-341/327 mRNA and protein levels in rat
liver following partial hepatectomy

Panel A: Western blot with peptide-derived rabbit polyclonal anti-CREB-
341/327 serum.

100 pg of nuclear proteins prepared from HPX rats as described in the Meth-
ods section and as in Fig. 25 were resolved by 8.5% SDS-PAGE and electro-
transferred onto a nitroceliulose membrane (100 mA, 16 h). The membrane
was then blocked followed by incubation with anti-CREB antiserum at a dilu-
tion of 5 ul/ 10 ml as described in Fig.13. Polypeptides recognized by the
antiserum were detected by '“I-labeled Protein A and then visualized by
autoradiography with an exposure time of five days.

Lane 1 - nuclear proteins from control intact rat liver, lanes 2 to 4 - nuclear
proteins from rat livers 3, 6, 24 h after HPX, lane 5 - *C-labeled molecular
size markers. The calculated molecular size of the major polypeptide recog-
nized by the antiserum is indicated on the left in kilodaltons.

Panel B: Northem blot of rat liver poly (A)+ RNA hybridized with a 0.6 kbp
Avall/Stu I restriction fragment of the CREB 341 cDNA.

Total cellslar RNA was prepared and poly(A)+ was selected as described in
the Methods section ard in the legend to Fig. 25. Northern blotting was
performed as described in Fig. 25. Expression of CREB mRNA was then
detected by autoradiography with an exposure time of two days.

Lane 1 - mRNA from control intact rat liver, lane 2 ~- mRNA from rat liver
0.5 h after a sham operation, lanes 3 to 5 - mRNA from rat liver 0.5, 1,2 h
after HPX respectively, lane 6 - mRNA from rat liver 3 h after a sham opera-
tion, lanes 7 to 9 - mRNA from rat livers 3, 4, 6 h after HPX.

The positions of the 28S and 18S ribosomal RNA subunits are indicated at the
right
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gene. There did not appear to be any difference in the levels of CREB expression in
control liver, sham operated or HPX liver suggesting that the constant level of CREB
protein detected by Western blotting is a result of constitutive CREB mRNA synthesis.
The absence of the larger mRNA species from the sample prepared 0.5 h after HPX
was not reproducible and is an experimental error. It is clear that the changes in the 47
- kDa protein's CRE-binding activity did not coincide with changes in either the level of
the CREB protein or its mRNA, providing further evidence that the two proteins are
not only distinct, but also appear to be differentially regulated during liver regenera-
tion.

Comparison of CRE-binding Protein Profiles and CREB mRNA Expression
Between Rat Liver and Morris Hepatoma 5123tc Cells in Culture

Since the CRE-binding activities of Morris hepatoma 5123tc cells were similar to, but
not identical with, those seen in normal liver (see Figures 11 and 19), a comparison
between their CRE-binding activities in Southwestern blots and CREB expression pat-
terns in Northern blots was performed to establish whether the differences could be
accounted for by altered CREB gene expression. Figure 33A showed the differences in
CRE-binding activities between the Morris hepatoma cells (lane 2), and normal rat liver
(fane 3). It is important to note that these samples were probed for CRE-binding with
the somatostatin CRE in order to emphasize the existence of multiple CRE-binding
proteins in these samples. The Southwestern blotting profiles were compared to the
expression of the CREB gene by Northern blotting (Fig. 33B). Clearly the different

patterns of CRE-binding activities correlated with different mRNA species present in
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these cells. The appearance of mRNA isoforms in the Morris hepatoma cells which
were distinct from those recognized in the liver tissue may indicate the presence of
novel CREB isoforms in the hepatoma cells, however this remains to be confirmed.
Together, the results presented in this section demonstrated that c-fos expression
was transiently induced both 1n serum stimulated Morris hepatoma cells and following
HPX, and that, in both cases this transient expression correlated with a transient loss of
CRE-binding activity, particularly of the 47 kDa CREB factor. This property together
with its absence from solid Morris hepatoma tissue suggested that deregulation of the
DNA-binding property of this 47 kDa CREB factor could be an important early event
associated with aberrant c-fos transcription and cellular transformation. This possibility
was further studied by examining both CRE and SRE-binding activitics during early

and later stages of chemically induced hepatocarcinogenesis.

125



Figure 33. The profiles of CRE-binding proteins and CREB mRNA in
normal rat liver and Morris hepatoma 5123tc cells

Panel A: Southwestern blot with the somatostatin CRE sequence.

100 ug of nuclear proteins from Morris hepatoma 5123tc cells in culture (lane
2) or normal rat liver (lane 3) were analyzed for CRE-binding activity by
Southwestern blotting as described in the legend to Fig. 11 including the renat-
uration step. "“C-labeled molecular size markers are shown in lane 1. The
Southwestern blot was exposed for two days and molecular sizes of CRE-
binding proteins were calculated from a polynomial standard curve drawn
through the positions of the markers and are indicated in kilodaltons.

Panel B: Northern blot of poly(A)+ RNA hybridized with a **P-labeled 0.6
kbp Avall/Stul restriction fragment of the CREB-341 cDNA. The RNA was
isolated from Morris hepatoma 5123tc cells in culture (lane 1), or from normal
rat liver (lane 2), resolved on an agarose/formaldehyde gel, transferred onto a
nylon filter and blotted as described in the Methods section and in Fig. 18.
CREB expression was visualized by autoradiography with a two day exposure
and the positions of the 28 S and 18 S ribosomal RNA species are indicated on
the right.
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Part 3: Analysis of c-fos Promoter-Binding Proteins During Chemically Induced
Hepatocarcinogenesis: The Resistant Hepatocyte Model

It is well established that chemically induced hepatocarcinogenesis proceeds via
a multi-step mechanism involving the stages of initiation, promotion and progression
(reviewed in 327). Although the molecular mechanisms involved in the sequence of
events leading to carcinoma formation are not fully understood, it is clear that pheno-
typic changes seex during experimental hepatocarcinogenesis are accompanied by both
biochemical and genetic alterations. Several well defired aberrations in enzyme activi-
ties involved in carbohydrate metabolism have been reported in neoplastic nodules
(328). Key enzymes in the glycolytic pathway show increased activity while those of
the gluconeogenic pathway demonstrate reduced activity in both preneoplastic and
neoplastic hepatocytes (328,329). Accompanying the enzyme perturbations in carbohy-
drate metabolism are changes in the balance of the xenobiotic metabolic enzymes |
(reviewed in 329).

A common feature of neoplastic cells is their hyperproliferative capacity and the
ability to flourish under conditions which do not favour normal cell growth. A number
of investigators have probed the expression of the family of immediate early genes
during both normal hepatic cell growth and experimentally induced hepatocarcinogene-
sis and found aberrant patterns of expression during carcinogenesis (321,324,330-333).
For example, high levels of c-fos expression have been reported in chefnimlly induced
hepatocarcinogenesis beginning as early as 8 days after carcinogen administration and
persisting for a period of at least 70 weeks (324). In the same siudy, increased ¢-fos

expression was also observed in hepatoma cells in culture. These results combined
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with the documented role of both c-fos and ¢-jun in proliferation (reviewed in 119),
suggest the possibility that altered expression of these genes may play a significant role
in cellular transformation.

Although it is clear that the expression of this gene is both induced and inappro-
priately regulated in neoplastic nodules and in hepatomas, the basis for this lack of tight
genetic control has not been demonstrated. Changes in the DNA-binding properties of
the 47 kDa CRE-binding protein were observed following serum stimulation of Morris
hepatoma 5123tc cells and following HPX in normal rat hepatocytes. Furthermore, this
protein was completely absent from the solid Morris hepatoma 5123tc (334). The
following studies were undertaken to determine at which point during the process of
hepatocarcinogenesis this specific loss occurs and to assess the possible contribution
changes in DNA-binding activities make towards the aberrant expression of the c-fos
gene. To analyze changes in DNA-binding protein activities during initiation and
progression the Solt and Farber model of chemically induced hepatocarcinogenesis was
employed (300). This model was chosen because earlier studies show that the distinc-
tive sequential pattern of hepatic morphological changes parallel the multi-step nature of
hepatocarcinogenesis (335). Since multiple regulatory sequence elements govern c-fos
expression, interactions of transcription factors with the c-fos serum response element
(SRE), cAMP response element (CRE), and to some extent the sis-conditioned medium
response element (SCMRE), were examined in an attempt to understand the nature of

aberrant c-fos expression during hepatocarcinogenesis.
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Magnetic Resonance Imaging of Rats During Chemically Induced
Hepatocarcinogenesis

The progression of hepatocarcinogenesis was followed by the noninvasive procedure of
in situ whole animal magnetic resonance imaging (MRI). MRI was used to asses the
status of individual rats at various stages without the need for sacrifice in order to
perform a histopathological examination of the liver. The results of these MRI studies
are summarized in Figure 34. The image shown in panél A is that of an untreated
control animal. Images taken from various slices through the same plane did not reveal
any apparent abnormalities in the control liver. Panels B and C showed the MRI of two
individual rats 4 months after carcinogen administration. The livers of both of these
rats contained nodular lesions which were easily visible and appeared as light, spherical
areas. At the time of imaging, in this case, the smallest nodules measured less than i
cm”. The progression of the lesions was examined 6 months after carcinogen adminis-
tration and the results of 2 individual rats are presented in panels D and E. Both rats
were shown to harbour hepatic lesions which had increased both in size and in number
compared to the images taken afte.r 4 months. In these images, the kidneys are clearly
visible and show no abnormalities indicating that while the lesions had grown, they did
not metastasize to the kidneys. The lungs were also scanned for lesions by MRI since
this is the primary site of metastasis, but showed no abnormalities at this stage of
hepatocarcinogenesis. Rats were also analyzed at 9 months after the carcinogenic
regimen and the MRI revealed a massive hepatic lesion in addition to multiple smalier
ones (panel F). Despite the presence of these lesions comprising approximately 30% of

the liver mass, the animal did not appear to be in any distress.
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Figure 34. Magnetic resonance imaging of rat liver during chemically
induced hepatocarcinogenesis

Hepatocarcinogenesis was initiated with a single intraperitoneal injection of
diethylnitrosamine (DENA), at a dose of 20mg/100g body weight in 0.9%
sterile saline. Two weeks after DENA injection, rats were fed by gavage with
20mg/kg body weight of 2-acetoaminofluorine (2-AAF), as described in the
Methods section. Following the last day of 2-AAF administration the rats
were subjected to 2/3 hepatectomy under halothane anesthesia (299).

Rats were anesthetized and placed in a shielded gradient coil and place in a
magnetic field of 4.7 tesla for imaging as described in the Methods section.
Total image acquisition time was approximately 30 min. Images were ob-
tained in coronal section.

Panel A: MRI of a control intact rat liver.

Panel B: MRI of a rat liver 4 months after initiation of hepatocarcinogenesis.
Panel C: MRI of a rat liver 4 months after initiation of hepatocarcinogenesis.
Panel D: MRI of a rat liver 6 months after initiation of hepatocarcinogenesis.
Panel E: MRI of a rat liver 6 months after initiation of hepatocarcinogenesis.

Panel F: MRI of a rat liver 9 months after initiation of hepatocarcinogenesis.
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The use of MRI provided a means of screening experimental animals for hepatic iesions
and following the progression of lesion growth.
Histological Analysis of Rat Liver Sections During Chemically Induced
Hepatocarcinogenesis

Experimental animals were sacrificed for histological and biochemical analyses
of their livers at different stages of carcinogenesis. Histological examination confirmed
the well characterized morphological changes seen in previous studies at different
stages of the Solt and Farber model of hepatocarcinogenesis (335). Figure 35 showed
histological staining of liver sections with neutral red which, under these conditions,
revealed regions of basophilia indicative of active RNA synthesis. Panel A showed the
characteristic homogeneous neutral red staining pattern seen in control rat liver, The
neutral red staining pattern of rat livers 1 week after HPX displayed basophilia (pancl
B), consistent with the proliferative activity of hepatocytes. However, there was a
clear difference in the neutral red staining pattern of liver sections collected from
animals 1 week after both carcinogen treatment and proliferative stimulus (panel C). A
pronounced basophilia was seen in the livers of animals at this stage of hepatocarcino-
genesis suggesting an enhanced level of gene expression in these livers. Four weeks
after the carcinogenic regimen the extensive basophilia had subsided, but a number of
lighter staining nodule-like lesions appeared as shown in panel D. The surrounding
liver tissue maintained a normal morphology indicating that the nodular regions had
been altered as a result of the carcinogen treatment. As seen on MRI, during the
progression of carcinogenesis over a period of 6-9 months some of the hepatic nodules

persisted and numbered from 2-4 nodules/liver.
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Figure 35. Histology of rat liver sections following hepatocarcinogenesis
Rat liver sections were obtained from rats treated with a regimen inducing
hepatocarcinogenesis as described in the Methods section and in Fig. 31.
Liver slices were placed in Carnoy's fixative, paraffin embedded and sec-
tioned. The sections were then stained with neutral red as described in the
Methods section.

Panel A: Control normal rat liver section.

Panel B: Rat liver section one week after HPX.

Panel C: Rat liver section one week after HPX and carcinogen treatment.

Panel D: Rat liver section four weeks after HPX and carcinogen treatment.

Stained liver sections were examined by light microscopy and are shown at a
magnification of 50 X.
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Further histological examination of experimental liver samples was performed
using hematoxylin and eosin staining to highlight cytoplasmic and nuclear morphology
(Fig. 36). As early as 3 days after the carcinogenic treatment there were clear morpho-
logical alterations consisting of darker staining nuclei and a patchy cytoplasmic appear-
ance (pane! B), as compared to an even staining pattern in the cytoplasm and nuclei
seen in control liver sections (panel A). By 1 week following the experimentai regimen
(panel C), even more dramatic cellular alterations and abnormal tissue architecture
were apparent. However, most of the early cellular alterations have been shown to be
transient with normal liver morphology and function restored at later times.

Despite this tissue remodeling, a few nodules remained and have the capacity to
develop into an hepatocellular carcinoma. Histological examination of a nodule persist-
ing for 9 months was performed and compared to the fast growing and malignant solid
Morris hepatoma 5123tc to establish whether it had acquired the properties of an hepa-
tocellular carcinoma (panels D and E). Histologically, the nodule had the typical
"ground glass” appearance which has been observed in a number of prior studies (336).
Several morphological features of the Morris hepatoma were common to those seen in
the nodule. Both had a lightly staining cytoplasm and enlarged nuclei with centrally
located prominent nucleoli and multiple mitotic figures. Despite their similarities, the
morphology of the nodule was still distinct from that of the malignant tumour.

Analysis of Gene Expression During Chemically Induced Eepatocarcinogenesis

Histological examination of experiméntal livers indicated that morphological

* abnormalities occurred during early stages in the Solt and Farber model of
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Figure 36. Histology of rat liver sections following hepatocarcinogenesis

Rats were treated with chemical carcinogens as described in the Methods
section and in Fig. 34. Liver sections were fixed in Camoy's fix for 4 h and
then transferred to 90% ethanol. Tissue sections were processed for histology
as described in the Methods section and stained with HPS (hematoxylin/ Phiox-
ine B/ Alcohol saffron de Gatinais).

Panel A: Stained section from a control normal rat liver.

Panel B: Stained section of rat liver 3 days after HPX and carcinogen treat-
ment.

Panel C: Stained section of rat liver 7 days after HPX and carcinogen treat-
ment.

Panel D: Stained section of 2 nodule developed in a rat liver 9 months after
the experimental regimen of carcinogenesis.

Panel E: Stained section of a solid Morris hepatoma 5123tc.
The stained sections were examined by light microscopy. Panels A-C are

shown at a magnification of 500 X. Panels D and E are shown at a magnifica-
tion of 1250 X
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hepatocarcinogenesis which might have resulted from aberrant gene expression. It was
of interest to examine the changes in C-fos gene expression which were reported to
occur under similar experimental conditions in earlier studies (324,332). It was partic-
ularly important to establish the role that aberrant regulation of this gene might have
played in the etiology of nodule formation and development. The results shown in
Figure 37 confirmed that c-fos expression was increased in the livers of experimentally
treated rats as early as 1 week after HPX and remained elevated for at least 3 weeks
after HPX. Furthermore, in a nodule isolated 9 months after the experimental treat-
ment, c-fos expression was also elevated (lane 6), as it was in a solid Morris hepatoma
tumour (lane 7), in comparison with intact liver (lane 1), or liver taken from a rat 1
week after feeding with carcinogen alone (lane 2). The prolonged elevation in ¢-fos
expression clearly represented a departure from the normally tight regulation of this
gene and may be, at least in part, responsible for the abnormal phenotype observed
histologically.

As mentioned above, earlier studies showed that during hepatocarcinogenesis there was
an increase in the expression of genes coding for the xenobiotic metabolizing enzymes,
particularly of the glutathione-S-transferase gene and that the isozymic variant ex-
pressed is the placental type (GST-P). The same liver RNA samples were probed for
the expression of this gene since the synthesis of this isozyme is a characteristic feature
of hepatocarcinogenesis. It can be seen clearly that GST-P expression was strongly
induced by 1 week after hepatectomy and remained elevated throughout the hyperplasia
and into the nodule formation stage. GST-P levels remained highly induced both in the

nodule isolated 9 months after treatment and in the Morris hepatoma 5123tc.
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Figure 37. Gene expression during chemically induced
hepatocarcinogenesis

Livers from rats treated with the carcinogenic regimen described in the
Methods section were removed and immediately placed in liquid nitrogen and
stored at -80"C until all samples were collected. Total cellular RNA was iso-
lated and poly(A)+ RNA selected according to the procedure described in the
Methods section and in Fig. 25. The blot was hybridized with a *2p-labeled
probe consisting of a 2.2 kb restriction fragment of a ¢-fos ¢cDNA. c¢-fos
expression was visualized by autoradiography with an exposure time of two
days. The c-fos probe was removed by boiling in distilled water for two
minutes and then rehybridized with a radiolabeled probe consisting of a 460
nucleotide restriction fragment of part of the coding sequence of a GST-P
CDNA clone. The expression of GST-P was visualized by autoradiography
with an exposure time of six h. The filter was stripped again following the
same procedure and rehybridized with a radiolabeled probe consisting of a
restriction fragment of an a-tubulin cDNA clene and detected by autoradiogra-
phy with an exposure time of 12 h,

Lane 1 - mRNA from control rat liver, lane 2 - mRNA from rat liver one
week after carcinogen treatment, but not hepatectomized, lanes 3 to 5 - mRNA
from rat livers 1, 2, 3 weeks after both carcinogen treatment and HPX, lane 6
- mRNA from a nodule developed in a rat liver 9 months after carcinogen and
HPX treatments, lane 7 - mRNA from 2 solid Morris hepatoma 5123tc tu-
mour.
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Comparatively low expression levels of GST-P were observed in the control liver
samples. As a control of RNA loading, the same filter was probed for tubulin expres-
sion.
Analysis of ¢-fos Promoter-Binding Proteins During Chemically Induced
Hepatocarcinogenesis

Since aberrant expression of the c-fos gene during hepatocarcinogenesis was
observed it was of interest to determine the underlying mechanisms responsible for this
deregulated expression. Therefore, the interactions occurring at the regulatory sites
during elevated c-fos expression in the model of chemically induced hepatocarcinogene-
sis were studied in an attempt to define any changes. Figure 38 showed the Southwest-
em blotting pattern of nuclear proteins from control and treated rat livers probed with
the c-fos SRE. Consistent with results already presented, there were three predominant
proteins of molecular weight 112,67 and 36 kDa labeled by the SRE probe. Control
and experimentally treated liver samples showed little difference in SRE-binding pro-
tein profiles between 1-3 weeks after the experimental regimen. It is interesting to note
that on the Southwestern blot a SRE-binding protein of approximately 72 kDa bound
the SRE probe and may have represented the same protein identified in the protein
complex binding to the SRE by gel shift elution and SRE affinity chromatography
(Figs.5 and 6). While the Southwestern blot analysis indicated that the SRE-binding
protein profile was unchanged, there was a reduction in SRE complex formation in the
gel shift assay seen at 1 week after HPX specifically in experimental animals (Fig. 38).
This change was transient and SRE complexes formed with nuclear proteins from

animals at 3 weeks after the experimental regimen remained essentially
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Figure 38. Analysis of c-fos SRE-binding proteins by Southwestern blot-
ting during chemically induced hepatocarcinogenesis

Liver samples were collected at different times after the experimental treat-
ment. Nuclei were isolated according to the Triton X-100 washing procedure
and nuclear proteins extracted as detailed in the Methods section.

100 ug of nuclear proteins were resolved by 8.5% SIDS-PAGE and then elec-
trotransferred onto 2 nitrocellulose filter (100 mA/ 16 h) without prior washing
in buffer containing 4 M urea. The blot was blocked and then a *p-labeled
oligonucleotide probe representing the c-fos SRE was incubated with the filter.
SRE-binding proteins were visualized by autoradiography with an exposure
time of 2 days.

Lanes 1, 4, 7 - SRE-binding proteins from rat liver 1, 2, 3 weeks after HPX
alone, lanes 2, 5, § - SRE-binding proteins from rat liver 1, 2, 3 weeks after
treatment with carcinogens alone, lanes 3, 6, 9 - SRE-binding proteins from
rat liver 1, 2, 3 weeks after both carcinogen and HPX treatments.

The sizes of the main SRE-binding proteins were calculated from a polynomial
standard curve drawn through the positions of '*C-labeled markers and are
indicated on the left in kilodaltons.
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Figure 39. Gel shift analysis of c-fos SRE-binding proteins during
chamically induced hepatocarcinogenesis

10 ug of nuclear proteins prepared as described in Fig. 38 were incubated at
room temperature with a >~P-labeled c-fos SRE probe in the presence of 2 pg
of poly(dI-dC) as competitor DNA for 30 min. DNA-protein complexes were
resolved on a 5% nondenaturing polyacrylamide gel as detailed in the Methods
section and were then visualized by autoradiography with an overnight expo-
sure time.

Lanes 1, 4, 7 - SRE-binding proteins from rat livers 1, 2, 3 weeks after HPX
alone, lanes 2, 5, 8 - SRE-binding proteins from rat livers 1, 2, 3 weeks after
treatment with carcinogens alone, lanes 3, 6, 9 - SRE-binding proteins from
rat livers 1, 2, 3 weeks after both carcinogen and HPX treatments.
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indistinguishable from control samples. These results emphasized that although no
apparent changes in SRE-binding proteins were evident by the Southwestern blot, the
more sensitive gel shift assay was able to detect a transient decrease in complex forma-
tion.

Western blotting with an antibody directed against SRF indicated that the level
of this protein remained unchanged during the experimental regimen (Fig. 40). The
SRF antibody also recognized a protein of 45 kDa which has not been characterized SO
far, and whose level also remained constant. Therefore, a transient decrease in SRE
complex formation seen in experimental animals was not due to the absence of SRE
protein.

As was previously shown during proliferation of normal hepatocytes (Fig. 28),
the most dramatic changes were found in c-fos CRE-binding activities during hepato-
carcinogenesis (Fig. 41). In all of the experimentally treated animals up to 4 weeks
after treatment, there was 2 dramatic reduction in the CRE-binding activity of the 47
kDa CREB factor. This loss of DNA-binding activity over a prolonged period of time
correlated with increased c-fos expression similar to that seen during normal cell prolif-
eration. There were also changes in the CRE-binding activity of the 56 and 72 kDa
CRE-binding proteins occurring in experimental animals (lanes 3,6,9,11).

Dramatic changes in CRE-binding protein activities in experimentally treated
animals seen in Southwestern blots were also evident in gel shift assays (Fig. 42).
Nuclear proteins from experimental animals analyzed up to 3 weeks after treatments did

not interact with the c-fos CRE in this assay.
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Figure 40. Western blot analysis of SRF protein during
hepatocarcinogenesis

150 pg of nuclear proteins were resolved by 8.5% SDS-PAGE, electrotrans-
ferred to a nitrocellulose membrane (100 mA/ 16 h) and the membrane was
blocked in a buffer containing BSA as described in the Methods section and in
Fig. 13. The filter was incubated with a peptide-derived rabbit polyclonal
antibody raised against SRF at a dilution of 10 x)/ 10 ml, and then antibody -
antigen complexes detected using '>I-labeled protein A and visualized by
autoradiography with 2 9 day exposure time.

Lanes 1, 4, 7 - nuclear proteins from rat liver samples 1, 2, 3 weeks after
HPX, lanes 2, 5, 8 - nuclear proteins from rat liver samples 1, 2, 3 weeks
after carcinogen treatment alone, lanes 3, 6, 9 - nuclear proteins from liver
samples 1, 2, 3 weeks after carcinogen feeding and HPX.

The molecular sizes of the major polypeptides recognized by the antiserum

were calculated from a poiynomial standard curve drawn through tire positions
of *“C-labeled markers and are indicated on the left in kilodaltons.
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Figure 41. Analysis of ¢-fos CRE-binding proteins by Southwestera
blotting during hepatocarcinogenesis

Rat liver nuclear proteins were obtained at various times after treatments
exactly as described in Fig. 34. Southwestern blotting included the gel renatu-
ration step in 4M urea as described in the Methods section. The filter was
then incubated with a *P-labeled ¢-fos CRE probe and then CRE-binding
proteins were detected by autoradiography with an exposure time of 4 days.

Lanes 1, 4, 7, 10 - nuclear proteins from rat livers 1, 2, 3, 4 weeks after HPX
alone, lanes 2, 5, 8, 11 - nuclear proteins from rat lLivers 1, 2, 3, 4 weeks after
treatment with carcinogens alone, lanes 3, 6, 9, 12 - nuclear proteins from rat
livers 1, 2, 3, 4 weeks after both carcinogens and HPX treatments.

The sizes of the main CRE-binding proteins were calculated from 2 polynomial

standard curve drawn through the positions of *C-labeled markers and are
indicated on the left in kilodaltons.

142-143



1723 45 6 78 9 111 12



Figure 42. Gel shift analysis of c-fos CRE-binding proteins during chermni-
cally induced hepatocarcinogenesis

Nuclear proteins were prepared as described in Fig. 38. 10 pg of nuclear
proteins were incubated at room temperature with a >>P-labeled c-fos CRE
probe in the presence of 2 ug of poly(dI-dC). DNA-protein complexes were
resolved on a 5% nondenaturing polyacrylamide gel as detailed in the Methods
section and were then visualized by autoradiography with an overnight expo-
sure time.

Lanes 1, 4, 7 - nuclear proteins from rat livers 1, 2, 3 weeks after HPX alone,
lanes 2, 5, 8 - nuclear proteins from rat livers 1, 2, 3 weeks after treatment
with carcinogens alone, lanes 3, 6, 9 - nuclear proteins from rat livers 1, 2, 3
weeks after both carcinogens and HPX treatments.
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Figure 43. Western blot analysis of CREB-341/327 protein during hepato-
carcinogenesis

Nuclear protein extracts prepared as described in Fig. 38 were resolved by
8.5% SDS-PAGE, transferred to a nitrocellulose filter and immunoblotted with
a rabbit polyclonal anti-CREB serum as described in the Methods section and
in Fig. 14 . Proteins recognized by the antiserum were detected by I
labeled protein A and visualized by autoradiography with a 5 day exposure
time.

Lanes 1, 4, 7 - nuclear proteins from rat livers 1, 2, 3 weeks after HPX alone,
lanes 2, 5, 8 - nuclear proteins from rat livers 1, 2, 3 weeks after treatment
with carcinogens alone, lanes 3, 6, 9 - nuclear proteins from rat livers 1, 2, 3
weeks after both carcinogen and HPX treatments.

The molecular size of the predominant polypeptide recognized by the antise-
rum was calculated and is indicated on the left in kilodaltons.
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Figure 44. Analysis of c-fos SCMRE-binding proteins in rat liver following
chemically induced hepatccarcinogenesis

Panel A: Southwestern blot with c-fos SCMRE sequence. Nuclear proteins
from animals treated with the regimen of carcinogens were prepared exactly as
described in the Methods section and in the legend to Fig. 38.

100 pg of nuclear proteins were resolved by 8.5% SDS-PAGE and then direct-
ly electrotransferred onto a nitrocellulose filter (100 mA/ 16 k). The filter was
then blocked and incubated with a **P-labeled oligonucleotide probe represent-
ing the ¢-fos SCMRE. SCMRE-binding proteins were visualized by autoradi-
ography with an exposure time of 2 days.

Lanes 1, 4, 7 - SCMRE-binding proteins from rat liver 1, 2, 3 weeks after
HPX alone, lanes 2, 5, 8 - SCMRE-binding proteins from rat liver 1, 2,3
weeks after treatment with carcinogens alone, lanes 3, 6, 9 - SCMRE-binding
proteins from rat liver 1, 2, 3 weeks after both carcinogen and HPX treat-
ments.

The calculated molecular size of the main SCMRE-binding protein was calcu-
lated from a polynomial standard curve drawn through the positions of co-
electrophoresed '“C-labeled markers and is indiated on the left in kilodaltons

Panel B: Gel shift analysis with the c-fos SCMRE sequence. 10 pg of nuclear
proteins prepared as described in panel A were incubated at room temperature
with a **P-labeled c-fos SCMRE probe in the presence of 2 g of poly(dI-dC)
for 30 min. DNA-protein complexes were visualized by autoradiography with
an overnight exposure time.

Lane 1 - nuclear proteins from rat liver one week after HPX alone, lane 2 -
nuclear proteins from rat liver one week after treatment with the carcinogenic
regimen alone, lane 3 - nuclear proteins from rat liver one week after both the
carcinogenic regimen and HPX treatments.
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during the early stages was maintained in the preneoplastic and in the fully transformed
hepatocytes. Notably, the 47 kDa CRE-binding activity was completely absent in these
two tissues, consistent with previously published data (334). While the SRE-binding
activity of the 112 kDa protein was not altered in the nodule or in the hepatoma, there
was a decrease in the SRE-binding activity of the 67 kDa SRF in the
-nodule (panel B). Conversely, the 36 kDa SRE-binding protein was present at control
levels in the nodule, but was decreased in the hepatoma. These results suggest that
while no significant alterations in SRE-binding activity were observed during the early
stages of hepatocarcinogenesis, the perturbations seen at later stages may contribute to
the constitutively elevated expression of c-fos observed in isolated nodules and in
hepatomas.

Clearly, elevated expression of the c-fos gene correlated with a decrease in
CRE-binding proteins at all stages examined. Furthermore, the most consistent change
seen during elevated expression of the ¢c-fos gene at all stages was the loss of CRE-
binding activity of the 47 kDa CREB factor.

Since changes in the DNA-binding property of the 47 kDa CRER protein corre-
lated with the transcriptional activity of the c-fos gene, it was important to compare the
levels of CREB expression with profiles of CRE-binding proteins in cells and tissues
with different levels of c-fos expression levels such as in quiescent and proliferating
liver cells, hepatic nodules, malignant hepatoma, and hepatoma cells in culture (Fig.
46). The profiles of CRE-binding proteins identified by Southwestern blotting are
shown in panel A. The corresponding Northern blot of CREB expression is shown in

panel B. Normal and proliferating liver cells expressed the same mRNA species of the
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Figure 45. The patterns of c-fos CRE-binding and SRE-binding proteins
in a hepatic nodule and in 5123tc Morris hepatoma tumour

Panel A: Southwestern blot with c-fos CRE sequence. Nuclei were isolated
by the Triton X-~100 method and nuclear proteins extracted as described in the
Methods section.

100 pg of proteins were resolved by 8.5% SDS-PAGE, renatured in 2 buffer
containing 4 M urez and electrotransferred onto a nitrocellulose filter (100
mA/ 16 h). The filter was blocked and then incubated with 2 >*P-labeled c-fos
CRE probe. The CRE-binding proteins were visualized by autoradiography
with an exposure time of 2 days.

Lane 1 - nuclear proteins from normal rat liver, lane 2 - nuclear proteins
extracted from a liver nodule developed 9 months after the carcinogenic
regimen, lane 3 - nuclear proteins from z solid Morris hepatoma 5123tc
tumour.

Panel B: Southwestern blot with ¢c-fos SRE sequence. The same protein
samples described in panel A were resolved by 8.5% SDS-PAGE and then
directly electrotransferred onto nitrocellulose. The filter was blocked and then
incubated with a **P-labeled cfos SRE probe. SRE-binding proteins were
visualized by autoradiography with an exposure time of 2 days.

Lane 1 - nuclear proteins from normal rat liver, lane 2 - nuclear proteins
extracted from a liver nodule developed 9 months after the carcinogenic
regimen, lane 3 - nuclear proteins from a solid Morris hepatoma 5123tc
tumour.

The molecular sizes of the CRE-binding and SRE-binding proteins were calcu-
lated from a polynomial standard curve drawn through the positions of '4C-
labeled markers and are indicated in kilodaltons.
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Figure 46. Comparison of CRE-binding protein patterns and CREB
mRNA expression in different rat tissues

Panel A: Southwestern blot with somatostatin CRE sequence.

100 ug of nuclear proteins from different rat tissues were resolved by 8.5%
SDS-PAGE, renatured in 4 M urea and electrotransfered. The filter-bound
proteins were incubated with a radiolabeled somatostatin CRE probe and visu-
alized by autoradiography with a 2 day exposure time.

Lane 1 - nuclear proteins from normal rat liver, lane 2 - nuclear proteins from
rat liver 1.5 h after EPX, lane 3 - nuclear proteins from a hepatic nodule
developed 9 months after carcinogenic regimen, lane 4 - nuclear proteins from
a Morris hepatoma 5123tc solid tumour, lane 5 - nuclear proteins from Morris
hepatoma 5123tc cultured cells.

The molecular sizes of the CRE-binding proteins were calculated from a
polynomial standard curve drawn through the positions of **C-labeled markers
and are indicated in kilodaltons.

Panel B: Northern blot of poly(A)+ RNA hybridized with a 0.6 kbp
Avall/Stul restriction fragment of a CREB-341 ¢cDNA.

mRNA was prepared from the same tissues described in panel A and was
resolved on an agarose/formaldehyde gel and then transferred to a nylon
membrane for Northern blotting as described in the Methods section and in
Fig. 18. Expression of the CREB gene was visualized by autoradiography
with a 3 day exposure.

Lane 1 - nuclear proteins from normal rat liver, lane 2 - nuclear proteins from
rat liver 1.5 h after HPX, lane 3 - nuclear proteins from a hepatic nodule
developed 9 months after carcinogenic regimen, lane 4 - nuclear proteins from
a Morris hepatoma 5123tc solid tumour, lane 5 - nuclear proteins from Morris
hepatoma 5123tc cultured cells. The positions of the 28 S and 18 S ribosomal
RNA species are indicated.
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CREB gene (panel B, lanes 1,2), despite the fact that proliferating livercells at 1 h
after HPX had a decrease in CRE-binding activity, particularly of the 47 kDa CREB
factor (panel A, lanes 1, 2). Similarly, the hepatic nodule and tumour (panel B, lanes
3, 4), expressed similar species of CREB mRNA , however, neither of these tissues
contained the 47 kDa CREB factor (panel A, lanes 3, 4). Nuclear protein extracts
prepared from Morris hepatoma 5123tc cells, however, displayed a different pattern of
CRE-binding activities than that displayed in the tumour that these cells originated from
(compare lanes 4, 5, panel A). These cells displayed a high level of the 47 kDa and
72 kDa CRE-binding proteins. The pattern of CREB mRNA in these cells was also
different from that seen in other tissues (lane § , panel B). These results indicated that
under conditions where c-fos expression is elevated and where there was no 47 kDa
CREB factor, there was no difference in the expression of the CREB gene. The only
different pattern of CREB expression was seen in Morris hepatoma cells in culture
where the 47 kDa CREB was present, but the activities of other CRE-binding proteins
were either decreased or absent. Together these results lend further support to those
results presented in Figure 15 and define the 47 kDa CREB factor as unique and dis-
tinct from CREB.
Alterations in the DNA-Binding Property of the 47 kDa CREB Factor During
in vitro and in vivo Growth

It was surprising that the DNA-binding activity of the 47 kDa CREB factor,
which was absent in nuclear protein extracts prepared from solid hepatoma tissue (for
example, see Fig. 17), was present in the same cells placed in culture conditions (Fig.

47). The data shown in Figure 47 demonstrated that the presence or absence of the 47
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Figure 47. Alterations in the DNA-binding property of the 47 kDa CREB
factor during in vitro and in vivo growth of 5123tc Morris hepatoma cells.

Morris hepatoma 5123tc cells were injected bilaterally into the inguinal region
of male Buffalo rats (106 cells/ site), and tumours harvested 3-4 weeks later.
Tumour samples were used either to establish primary cultures or were trans-
planted to the next host rat.

For propogation, 1 g of tumour tissue was minced in 10 ml of sterile PBS
containing 0.2 ml of penbritin and 1 ml injected/ rat.

For primary cultures, 1 g of tumour tissue was minced in 10 ml RPMI medium
supplemented with 10 % fetal bovine serum and 20 pg/ ml gentamicin, After
24 h the medium was changed and the adherent cells were propagated in cul-
ture.

The CRE-binding activities were analyzed both from tumour and cell culture
samples by Southwestern blotting as described in the Methods section.

Lane 1 - CRE-binding proteins from a solid tumour harvested 3 weeks after
injection of an established 5123tc hepatoma cell culture, lane 2 - CRE-binding
proteins from a tumour harvested 4 weeks after injection of primary hepatoma
cells established from a previously harvested tumour, lane 3 - CRE-binding
proteins from a tumour generated by direct transplantation without tissue cul-
ture passage, lane 4 - CRE-hinding proteins from a tumour generated by a
second consecutive direct transplantation, Iane 5 - CRE-binding proteins from
the established 5123tc cell culture used to generate the tumour described in
lane 1, lane 6 - CRE-binding proteins from a primary hepatoma cell culture
derived from the tumour described in lane 1 and used to generate the tumours
described in lanes 2-4. The position of the 47 kDa CREB factor 1s indicated.
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kDa CREB protein in transformed hepatoma cells was a reversible phenomenon. These
3123tc cells, when placed in culture and under the control of serum growth factors,
were capable of generating the 47 kDa CRE-binding activity (lanes 5, 6). The same
cells, when injected into a host animal, produced a solid tumour which did not express
this CRE-binding activity (lanes 1-4). These features were produced regardless of
repeated passages between tumour and culture conditions. These results indicated that
the differences between in vivo and in vitro expression of DNA-binding
activity of the 47 kDa protein may reflect the different cellular environments encoun-
tered by the cells in the presence of serum growth factors. However, the 5123tc hepa-
toma cells retained the ability to regulate the changes in the CRE-binding activity of the
47 kDa protein in a cell cycle-dependent manner as described earlier (Fig. 18).
Changes in CRE-Binding Proteins and the Pattern of c-fos Expression in Normal,
Preneoplastic and Neoplastic Liver Cells

A comparative analysis of CRE-binding proteins and c-fos gene expression
under physiological and pathological conditions is presented in Figure 48. It can be
seen (panel A), that the transient loss of DNA-binding activity of the 47 kDa CRER
factor following HPX clearly coincided with transient induction of c-fos expression.
Similarly, during carcinogenic progression of preneoplastic hepatocytes (panel B), there
was also a loss of the DNA-binding property of the 47 kDa CRE-binding protein.
Under these conditions, however, the loss of this activity was not transient, but rather
extended for a period of at least three weeks. At the same time the expression of c-fos
was also elevated and persisted during the same time period. Finally, in fully trans-

formed hepatocytes of the solid Morris hepatomas 5123tc and 5123D (panel C), the
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Figure 48. Changes in CRE-binding proteins c-fos expression patterns in
normal, preneoplastic and neoplastic liver cells

Panel A: Southwestern blot of nuclear proteins from normal rat liver with the
c-fos

CRE sequence and corresponding Northern blot of total cellular mRNA hybri-
dized with a.2.2 kbp restriction fragment from a ¢c-fos cDNA..

Lane C - control intact rat liver, lane 3 - rat liver 3 h after HPX, lane 6 - rat
liver 6 h after HPX, lane 9 - rat liver 9 h after HPX.

Panel B: Southwestern blot of nuclear proteins from preneoplastic livers
during experimental hepatocarcinogenesis with the c-fos CRE sequence and a
corresponding Northern blot of total cellular mRNA bybridized with a 2.2 kbp
restriction fragment from a c-fos cDNA.

Lane C - control intact rat liver, lane 1 - rat liver 1 week after carcinogen and
HPX treatments, lane 2 - rat liver 2 weeks after carcinogen and HPX treat-
ments, lane 3 - rat liver 3 weeks after carcinogen and HPX treatments.

Panel C: Southwestern blot of nuclear proteins from malignant hepatoma
tumours with the c-fos CRE sequence and corresponding Northern blot of total
cellular mRNA hybridized with a 2.2 kbp restriction fragment of a c-fos
cDNA,

Lane tc - Morris hepatoma 5123tc solid tumour, lane D - Morris hepatoma
5123D solid tumour.

100 pg of nuclear proteins were used for Southwestern blotting. The proteins
were resolved by 8.5% SDS-PAGE, renatured in 4 M urea, electrotransferred
onto a nitrocellulose filter (1C0 mA/ 16 h), and incubated with a radiolabeled
¢-fos CRE probe. The CRE-binding proteins were visualized by autoradiogra-
phy with a 2 day exposure. The position of the 47 kDa CREB factor is indi-
cated.

Approximately 1 pg of poly(A)+ RNA from each sample was loaded and the
blot was hybridized with a radiolabeled c-fos cDNA probe. Expression of the
c-fos gene was detected by autoradiography with an overnight exposure.
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activity of the 47 kDa CREB factor could not be detected. In both of these hepatomas,
c-fos gene expression was constitutively high. Together these results indicated that the
temporary loss of 47 kDa CRE-binding activity correlated with transient c-fos expres-
sion while a prolonged or constitutive loss of this activity correlated with elevated
expression of the gene.
Part 4: In vitro transcription directed by c-fos regulatory elements

To establish a relationship between the DNA-binding activity at individual
regulatory elements within the promoter of the c-fos gene, and the transcriptional acti-
vation of the gene, an in virro transcriptional analysis was performed. For these studies
it was important to determine the transcriptional potential of isolated regulatory ele-
ments which could then be related to the DNA-binding activities detected in nuclear
proteins under different physiological states. To achieve this, transcriptional templates
were generated by placing different c-fos regulatory elements upstream of a TATA box
and followed by a cassette of 400 nrucleotides which, upon transcription, result in 2
transcript devoid of guanine residues. This provides a convenient system to assess
transcription from a defined promoter which will proceed in the absence of GTP and
result in a transcript of defined length.
Construction of Recombinant Plasmids Harbouring c-fos Regulatory Elements

Generation of transcription templates containing different c-fos regulatory
elements ligated upstream of the TATA box and G-free cassette is demonstrated in
Figure 49. Plasmids containing the incorporated regulatory sequences were purified
(panel A), and analyzed by Southern blotting for the presence of the regulatory se-

quences (panel B). The use of radiolabeled oligonucleotides representing individual
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Figure 49. Construction of recombinant plasmids harbouring c-fos regula-
tory elements

Recombinant plasmids consisting of individual c-fos regulatory elements ligat-
ed upstream of the 400 nucleotide G-free cassette were constructed as de-
scribed in the Methods section. E. coli strain HB101 transformed with the
plasmids were grown overnight in LB medium containing 50 xg/ml ampicillin
and the plasmids then purified by the procedure described in the Methods
section.

Panel A: Ethidium bromide stained 0.8% agarose gel of purified plasmid
preparations.

Approximately 1 ug of purified plasmid was electrophoresed through an aga-
rose gel in TAE buffer (10 mM Tris-HCI, pH 7.5, 1 mM sodium acetate, 1
mM EDTA). After electrophoresis, the gel was stained with 5 ug/ml ethidium
bromide in distilled water and then photographed under transilluminator.

Lane 1 - SRE-containing G-free cassette, lane 2 - CRE-containing G-free
cassette, lane 3 - SCMRE-containing G-free cassette.

Panel B: Southern blot analysis of recombinant plasmids.

Approximately 1 xg of each plasmid was electrophoresed through an 0.8%
agarose gel as described in panel A and then transferred by capillary action
onto a nylon memebrane as described in the Methods section. The filter was
then hybridized with a radiolabeled oligonucleotide and then, after washing the
filter, the hybridized probe was visualized by autoradiography with an over-
night exposure.

Lane 1 - SRE-containing G-free cassette hybridized to the SRE probe, lane 2 -

CRE-containing G-free cassette hybridized to the CRE probe, lane 3 -
SCMRE-containing G-free cassette hybridized to the SCMRE probe.
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regulatory elements were used as probes and confirmed that the plasmid constructs,
indeed, contained the c-fos SRE (lane 1), CRE (lane 2), and SCMRE (lane 3).
In vitro Transcription from c-fos Regulatory Elements
Transcription promoted by nuclear proteins from normal rat liver was first
examined since it was found to contain a full complement of DNA-binding proteins
(Fig. 50). As shown in panel A, nuclear proteins from normal rat liver were able to
stimulate transcription only from the template containing the c-fos SRE sequence
giving rise to a 400 nucleotide G-free transcript (lane 4). In contrast transcriptional
templates harbouring either the CRE or SCMRE sequences did not function under these
conditions (lanes 2,3). There was no transcription from the vector plasmid which did
not contain regulatory sequences (lane 1). To demonstrate that isolated nuclear pro-
teins were able to support in vitro transcription from a constitutive promoter, a plasmid
containing the adenovirus major late promoter upstream of a 200 nucleotide G-free
cassette was used as an internal control. Additional experiments were performed to
titrate the amount of nuclear proteins needed for efficient in virro transcription (panel
B). In this experiment increasing amounts of nuclear proteins were used to generate
transcripts in vitro.
It can be seen that with increasing amounts of nuclear proteins, there was in-
crezsed transcription, which appeared to be saturable by 80 ug of proteins. Interesting-
ly, the internal reference plasmid did not show the same saturation kinetics whick may

have indjcated that this template had a higher affinity for the transcriptional apparatus.
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Figure 50. In vitro transcription assay with nuclear proteins from normal
rat liver

Nuclear protein extracts for the ir virro transcription assay were prepared from
normal rat liver according to the procedure described in the Methods section.
60 pg of nuclear proteins were incubated with 800 ng of the appropriate plas-
mid construct and 400 ng of the plasmid containing the adenovirus major
latepromoter (pAd ML) under the conditions described in the Methods section.
Transcripts were isolated by phenol/chloroform extraction and ethanol precipi-
tation and then analyzed by separation on a 4% polyacrylamide gel containing
6 M urea followed by autoradiography with an overnight exposure.

Panel A: In vitro transcription assay with different c-fos promoter regulatory
sequences.

Larne 1 - control G-free cassette plasmid containing no oligonucleotide insert,
lane 2 - CRE-containing G-free cassette, lane 3 - SCMRE-containing G-free
cassette, lane 4 - SRE-containing G-free cassette.

The positions of transcripts corresponding to the 400 nt G-free cassette and the
Ad ML internal control are indicated.

Panel B: In vitro transcription assay with c-fos SRE regulatory sequence,
The assay was performed using increasing amounts of nuclear proteins pre-
pared from normal rat liver. Following electrophoresis the gel was dried and
exposed for two days.

Lane 1 - 20 pg of nuclear proteins, lane 2 - 40 ug of nuclear proteins, lane 3 -
60 ug of nuclear proteins.

The positions of transcripts corresponding to the 400 nt G-free cassette and the
Ad ML internal control are indicated.
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In vitro Transcription using Nuclear Extracts from Normal ang Proliferating Rat Livers
While normal rat liver contained the full complement of DNA-binding proteins,
only the SRE template was able to promote transcription. This suggested that in spite
of the ability of protein to bind to the CRE and SCMRE sequences these templates were
transcriptionally incompetent in quiescent cells. Since during early times after HPX
there was a transient downregulation of c-fos CRE-binding activity
which correlated with elevated expression of the gene, it was important to assess the in
vifro transcriptional potential of nuclear proteins under these conditions. Figure 51
showed the results of in vitro transcription reactions using nuclear proteins prepared
from rat livers 30 minutes after HPX. Nuclear proteins from HPX livers did not
stimulate u'anscﬁption from the control plasmid which did not contain any subcloned
regulatory element sequences (lane 1). Nuclear protein extracts prepared from normal
rat liver and HPX liver did; however they show a marked difference in their ability to
stimulate transcription from templates containing the CRE (lanes 2,3). Whereas there
was no transcription promoted by nuclear proteins from quiescent cells (lane 2), the
proteins prepared from proliferating cells were able to gererate the 400 nucleotide
transcript (lane 3). There was no difference in the ability of nuclear proteins from
quiescent or proliferating cells to drive transcription from the SRE-containing template
(lanes 4, 5). These results established that the transcriptional potential of the c-fos CRE
was activated coincident with the downregulation of DNA-binding activity of the 47
kDa CREB. Furthermore, this indicated a functional significance of the transient
decrease in CRE-binding activities seen in proliferating cells, particularly with respect

to the transcriptional activation of the gene,
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Figure 51. In vitro transcription assay of c-fos promoter elements using
nuclear proteins from normal and proliferating rat livers

80 pg of nuclear proteins were incubated with 400 ng of control pAd ML
plasmid and 800 ng of the plasmid containing the appropriate regulatory
element as described in the Methods section.

Lane 1 - control G-free plasmid without c-fos sequences incubated with nuclear
proteins from rat liver 30 min after HPX, lane 2 - CRE-containing G-free
plasmid incubated with nuclear proteins from normal rat liver, lane 3 - CRE-
containing G-free plasmid incubated with nuclear proteins from rat liver 30
min after HPX, lane 4 - SRE-containing G-free plasmid incubated with nuclear
proteins from normal rat liver, lane § - SRE-containing G-free plasmid incu-
bated with nuclear proteins from rat liver 30 min after HPX.,

The positions of transcripts corresponding to the 400 nt G-free cassette and the

Ad ML internal control are indicated. Transcripts were visualized by autora-
diography with an overnight exposure.

159






SUMMARY

1. Liver cells contained nuclear proteins capable of spectific interaction
with c-fos regulatory elements. These proteins are listed in Table 2 together with their
identities where known.

2. Complexes formed with individual regulatory elements consisted of multiple protein
factors. Several of these factors have not been previously identified and this work
represents the first documented evidence for the existence of such a multiprotein
complex interacting with the c-fos SRE. These results have been reported in
Mol. Cell. Biol. 11:2752-2759 (1991).

3. The DNA-binding properties of several proteins interacting with the SRE and CRE

were affected by phosphorylation. furthennore, their DNA-binding activities were
differentially affected by phosphorylation. Notably a 47 kDa CRE-binding protein
displayed affinity for DNA in the dephosphorylated form. This property is unique
among the CREB family of transcription factors.
4. Complexes contained proteins capable of interacting with all three regulatory
elements. The identification of the 112 and 36 kDa multielement binding proteins
represents an original finding and may contribute to the understanding of regulatory
element communication.

5. During liver regeneration, an increase in c-fos expression correlated with
a decrease in the DNA-binding activities of CRE, but not SRE-binding proteins. This
is the first demonstration of a correlation between c-fos expression and the down regula-

tion of CRE-binding activity,
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6. In the Solt/Farber model of chemically induced hepatocarcinogenesis,

elevated c-fos expression persisted for at least 3 weeks following the experimental
regime.

This also correlated with a decrease in DNA-binding activity of CREB proteins, in
particular the 47 kDa factor.

7. c-fos expression remained high in preneoplastic liver nodules and in

malignant hepatomas. Neither of these tissues contained a 47 kDa CRE-binding
activity. This finding was reported in Cancer Res.51:528-535 (1991).

8. Normal liver cells contained a unique CRE-binding protein of M_47 kDa which was
distinct from the CREB 327/341 family. This protein was not immunoprecipited by the
CREB antibody and it displayed DNA-binding activity in the dephosphorylated form.
The 47 kDa CRE-binding protein has not been previously identified and is the first
CRE-specific binding protein which binds preferentially in the dephosphorylated form.
This data has been published in J. Biol. Chem.268:19581-19585 (1993).

9. The DNA-binding activity of the 47 kDa CREB factor decreased during normal
proliferation and transformation. A decrease in the CRE-binding activity of the 47 kDa
factor, or its loss from hepatoma tissue, correlated with increased c-fos gene
expression. Based on these observations it is proposed that the 47 kDa CREB could
function as a CRE-specific constitutive repressor.

10. In virro transcription driven by the individual regulatory elements suggested that
there was a transcriptional block at the c-fos CRE in quiescent cells and that this block
was relieved in proliferating cells. This gives further support to the hypothesis that the

47 kDa CREB might participate in this mechanism of transcriptional repression.
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Table 2. Summary of DNA-binding Proteins Studied

Regulatory Element Binding protein (kDa)  Identity
CRE 36 delta CREB
40 alfa CREB
47 novel
56 CRE-BP1 (%)
72 novel
112 novel
SRE 36 novel
45 novel
62 p62™F p620F
67 SRF
72 novel
112 novel
SCMRE 36 novel
112 novel

162



DISCUSSION

The studies were designed, in part, to characterize the interactions of nuclear
proteins with three distinct regulatory sequences of the c-fos promoter: The serum
response element (SRE), the cAMP response element (CRE), and the sis conditioned
medium response element (SCMRE). The SRE element plays a central functional role
in the c-fos gene promoter. It is required for the full transcriptional response of indi-
vidual regulatory sequences (i.e. CRE and SCMRE elemeats), it mediates responsive-
ness from various signal transduction pathways and it is also the site for c-fos gene
repression. To achieve this, a set of functional interactions, mediated by multiple
protein complexes, must occur at these regulatory elements. Such protein complexes
must be capable of interacting with individual elements, provide communication be-
tween the elements and respond to different signalling pathways in order to regulate the
expression of the gene.

Several techniques shown previously to be appropriate for studying DNA-bind-
ing proteins were employed in this study. These included the gel shift assay, se-
quence-specific DNA affinity chromatography and Southwestern blotting
(253,313,334). The Southwestern blotting technique, despite its apparent limitations,
has proved to be a useful tool in analyzing the DNA-binding activities of transcription
factors. In applying this techaique, however, it is important to remember that due to
the denaturation and separation processes that occur during SDS-PAGE, identification

is restricted to those proteins which retain their DNA binding properties upon renatura-
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tion and can bind to regulatory elements either as monomers or possibly homodimers.
Therefore, such information will permit one to assess only selected aspects of the inter-
actions between proteins and regulatory elements,

Combined applicaticn of different methodologies was used in this study to show that
multiple proteins present in nuclear extracts prepared from normal rat livers were
capable of specific interaction with each of the regulatory elements.

Six different proteins of molecuiar weight 112, 67, 62, 45, and 36 kDa were
purified by the SRE sequence-specific affinity chromatography. The presence of the
same complement of SRE-binding proteins was observed when proteins bound to the
SRE complex were eluted and examined by SDS-PAGE. Amongst these proteins the
112, 67 and 36 kDa factors displayed a direct DNA-binding activity, with the 67 kDa
protein demonstrating the highest affinity and specificity for the SRE sequence. The
presence of such a large number of protein factors interacting with the element implied
a multiplicity of interactions both at the DNA sequerice and/or at the protein/protein
level. Indeed, later studies have confirmed the results presented here, and also identi-
fied a complex of four or five different proteins, depending on the nuclear protein
extract used, able to bind to the c-fos SRE (253,255). Additionally, distinct SRE-
binding proteins have also been seen in neonatal murine tissues (252).

Three distinct nuclear proteins were previously reported to interact with the
SRE. Their estimated molecular weights are 67 and 62 kDa and they are known as the
p67°%", p62™° and p62°%" (222,237,256). Of the two p62 SRE-associated proteins
only the p62°"" was shown to have DNA-binding properties (248). Since no protein of

that molecular weight was found here to bind directly to the SRE, it is probable that the
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62 kDa protein purifying in the SRE multiprotein complex represented p62™". Cen-
sistent with thé properties of p62™" its presence in the SRE complex must have result-
ed from indirect SRE-binding through protein/protein interaction with p67°%,

Such interaction of these two factors was shown to be required for serum inducibility at
least in NIH 3T3 cells (250). In BALB/c 3T3 cells mutations which prevent the inter-
action between p67°" and P62 result in the inability of the SRE to respond to agents
which activate PKC. In the same cell system the growth factor responsiveness is
maintained suggesting that, in these cells, p62™" is a target for PKC activation (254).
Although the precise role of p62™" is not known, it has been shown to have a synergis-
tic effect with SRF on complex formation at the SRE (258).

The best characterized SRE-binding factor is the 67 kDa SRF protein. A direct
SRE-binding protein of the same molecular weight was identified here in normal rat
liver nuclei. Western blotting with an anti-SRF serum revealed that the same nuclear
protein extract which contained the SRE-binding p67 factor also contained a 67 kDa
protein recognized by the antibody. Based on these results it is possible to suggest that
67 kDa SRE-binding protein which was identified here was the SRF factor. Further
evidence for the identity of these two proteins is provided by the effects of post transla-
tional modification on their DNA-binding properties. ‘The functional significance of
protein phosphorylation in the regulation of c-fos transcription is at present unclear, but
initial studies showed that SRF can be phosphorylated in vivo in HeLa or A431 cells
treated with EGF which resuits in its increased DNA-binding activity (239). Further-
more, phosphatase treatment of crude SRF preparations also resulted in a decrease in

DNA-binding activity as determined by gel shift assays. It has also been shown that
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recombinant SRF can be phosphorylated by casein kinase O leading to an enhanced
affinity of the SRF for the SRE through a conformational change in the DNA-binding
domain of the SRF factor (240,241). In contrast, the results presented here showed that
the affinity of the 67 kDa protein for the SRE was unaffected by dephosphorylation, but
that protein complex formation at the element was abolished upon dephosphorylation of
liver nuclear extracts. These results have been confirmed by an observation that the
affinity of SRF for the SRE is not affected by the phosphorylation status, but that the
rate of exchange between SRF and the SRE is increased upon phosphorylation of SRF
with casein kinase II (242). Recent results have also shown that phosphorylation of
SRF dbes not change upon growth factor stimulation and that a SRF mutant binds con-
stitutively to the SRE independent of its phosphorylation status (243). This is consistent
with the fact that SRE binding activity does not change upon serum or growth factor
stimulation of cells and may indicate that SRF phosphorylation is involved in regulating
protein interactions between SRF and the general transcripticnal machinery or other
SRE-binding proteins. Based upon these properties, it can be concluded that the 67
kDa SRE-binding protein purified from normal rat liver nuclear extracts and present in
the SRE multiprotein complex was indeed the SRF factor.

The other proteins, the 112 and 36 kDa, which were shown to be associated
with the SRE complex have not been previously described and their presence in these
complexes resulted from interaction with direct SRE-binding proteins.

Therefore, nuclei of normal liver cells contained multiple protein components
capable of interacting with the c-fos SRE. They are likely to be involved in transducing

the signals from diverse pathways which converge at this regulatory element. Clearly,
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the ability of the SRE to respond to different stimuli from different pathways is likely to
involve a complex set of DNA/protein and protein/protein interactions which are
probably modified by post-translational modifications and which differ depending upon
cellular context. It is possible that subsets of proteins within the SRE multiprotein
complex respond to distinct signal transduction pathways consistent with the results of
Graham and Gilman (254), who showed that distinct SRE-binding proteins respond to
different signals. The involvement of multiple proteins interacting at the SRE has been
predicted on the basis of DNA footprinting studies (249). The results of these studies
also show that there were proteins in the complex which, aithough they do not leave a
footprint, may be equally important in controlling the expression of the c-fos gene, and
presumably other genes, in vivo. Modulation of transcription may involve the modifi-
cation of individual components of the complex which may, in turn, alter the
protein/protein interactions within the complex. Suck complexes would thus be able to
multiplex complex second messenger signals into an integrated response by the gene.
Muitiple proteins were also retained by both c-fos and somatostatin CRE affinity
columns and they were shown to bind to the CRE sequences on Southwestern blots.
Their molecular weights ranged from 112 to 34 kDa. They most likely represented
members of CREB/CREM/ATF families. Indeed, over the last few years a number of
different protein factors interacting with the CRE sequence have been identified. In
fact, several distinct cDNA clones encoding CREB proteins have been isolated so far,
such as CREB-327 (delta) and CREB-341 (alf2) (167,168), CRE-BP1 (171,288), CRE-
BP2 (286), CREM (288), CREB-2 (289), and a family of activating transcription fac-
tors (A‘I'F) (187, 290). Some of these proteins, such as the CREB or CREM isoforms
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were derived from alternative splicing of the transcript from the same gene, whereas
others are different gene products.

Most of the CRE-binding proteins identified here had molecular weights similar
to the known CREB factors, therefore it was important to determine their identity.
There was a 43 kDa protein which was purified from normal liver cells extracts by the
CRE-affinity and Mono Q columns. This protein was shown to be phosphorylated in
vitro by cAMP-dependent protein kinase, suggesting that it was the CREB-341 factor.
Western blotting using anti-CREB-341/327 serum confirmed that the rat liver nuclear
extract contained a protein of 43 kDa which was recognized by the antiserum. A
comparison of both the Southwestern and Western blot patterns, as well as immunopre-
cipitation studies, showed that the 40 and 36-34 kDa proteins were most likely the
members of the extensive CREB family (290). These CREB proteins retained their
DNA-binding properties after 1D and 2D electrophoretic separation, therefore, they all
must be capable of binding to the DNA as monomers or homodimers. The 34, 36
and 40 kDa and possibly the 56 kDa protein bands were different isoforms of the CREB
family since they reacted with the CREB-341/327 antibody.

The 36 kDa band actually consisted of three CRE-binding activities with slightly
different pls that could be resolved by 2D SDS-PAGE. A group of proteins of similar
molecular weight and phosphorylation-dependent DNA-binding activity has also been
reported in HeLa cells (288). It has also been shown previously (253, 334) and con-
firmed in the present study that the DNA-binding property of the 36 kDa protein band
was dependent on its state of phosphorylation. Therefore, the three protein spots seen

in Figure 15 most likely represent the same CREB-327 (delta) factor phosphorylated to
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different degrees. The existence of multiple phosphorylated subdomains within the
structure of CREB-327 protein has been demonstrated by Lee er al. (294).
These authors have shown that phosphorylation of serine-119 by protein kinase A is
essential, but not sufficient to achieve full transactivating potential of CREB-327. T
become a productive transactivator, phosphorylation of additional serines located both
N terminal and C termiral from serine-119 in the CREB-327 structure is required.
Results here showed that phosphorylation of the CREB-327 might also play a role in
determining promoter-specific recognition since these delta CREB isoforms displayed
some specificity towards the CREs of different genes, such as c-fos and somatostatin.

The 40 kDa band was equivalent to CREB-341 (283), by the criteria of the
oveﬂapping protein patterns on the Southwestern and Western blots as well as immuno-
precipitation by the CREB antibody. Its direct DNA interaction was also phosphoryla-
tion dependent. In contrast to CREB-327, only a single form of this protein could be
identified after 2D separation. However, under the electrophoretic conditions used for
the Southwestern blotting this protein migrated with a molecular weight slightly lower
than on the Western blots. The molecular weight of CREB-341, predicted from the
amino acid sequence, is only 37 kDa although in some publications (possibly as a result
of different electrophoretic conditions), the CREB-341 protein appears to have a
molecular weight between 43 and 48 kDa on SDS-PAGE (165,283,292).

The 47 kDa CRE-binding protein which was previously identified in rat liver
(334), appeared to be a unique factor. The protein did not cross-react with the
CREB-327/341 antibody. Furthermore, its tissue distribution did not overlap with

those of the CREB family.  For example, liver tumors and placental tissue which did
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not contain the 47 kDa DNA-binding protein contained a 40-43 kDa protein labeled by
the CREB antibody (334). An additional difference between the CREB-341/327 family
and the 47 kDa factor was revealed by 2D separation. The latter protein could not be
detected on the 2D Southwestern blots after electrophoretic separation in the pH range
4.0 - 8.0, suggesting that its isoelectric point was outside this range. The isoelectric
points of the CREB isoforms as calculated using the University of Wisconsin GCG
software package (337), are 5.18 for CREB-341, 5.03 for CREB-327 and 4.67 for
CREB-2. The pl values for both CREB-327 (the 36 kDa band), and CREB-341 (the 40
kDa band), obtained in this study are in agresment with these values.

Most significantly, the unique 47 kDa CRE-binding factor was capable of inter-
action with DNA after dephosphorylation.  In fact, phosphorylation of nuclear protein
extracts by the catalytiic subunits of protein kinase A completely abolished the DNA-
binding activity of this factor highlighting its uniqueness. It has been shown recently
(313), that this novel 47 kDa CREB factor binds directly te the cctameric core element
(TGACGTCA) regardless of the sequences flanking the element and is unable to distin-
guish between the promoters of cAMP-inducible and non-inducible genes. On the
other hand, it did not bind at all to the closely related AP-1 element. This implies an
important physiological role for this factor in distinguishing between cAMP and TPA-
inducible pathways.

Nonhém blot analysis of CREB gene expression and Southwestern blot analysis
of CRE-binding proteins revealed that even the same cell system, placed under differ-
ent environmental conditions (i.e. Morris Hepatoma cells in solid tumors and in cell

culture conditions), expressed different subsets of CREB mRNAs and generated a dis-
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tinct paitern of CRE-binding proteins capable of interacting with the enhancers of
CAMP-inducible genes. This clearly showed the complexity of transcriptional control
which exists within a single cell which contains a mechanism(s) to generate transcrip-
tional competence depending on environmental conditions.

Using Southwestern blotting, two proteins were shown to interact directly with
the SCMRE. Their molecular weights were estimated to be 112 and 36 kDa respective-
ly. The identity of these proteins are at present not known, however the 36 kDa pro-
tein was similar to the lower molecular weight band interacting with the CRE sequence.
Since the c-fos-SCMRE contains a fragment of the CRE core element, a sequence
which reads TGACG, it is possible that as few as 5 nucleotides of sequence is sufficient
to support a weak interaction with some of the CREB factors (226, 230).

Generally, little is known about protein factors interacting with SCMRE ele-
ment. However, the presence of an inducible binding factor to this site has been re-
ported in A431 cells in response to EGF treatment with a kinetics correlating with the
transcriptional activity of the c-fos gene (230). This suggests that the SCMRE may
also respond to different growth factor stimuli (249). A protein of molecular weight
91 kDa (p91), has been implicated in EGF-mediated gene induction (277), but none of
the proteins identified here was equivalent in molecular weight to that factor.

Thus, all of the c-fos regulatory elements examined could interact with multiple
proteins suggesting that the combined activities of these proteins are necessary for the
accurate regulation of the gene in response to the diverse set of stimuli to which it

responds.
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It was also found that similar protein factors interacted with more than one
regulatory element of ¢-fos gene promoter. For example, the 36 and 112 kDa proteins
could bind to all three elements, whereas others » Such as the 72 kDa factor bound to
the CRE and SRE elements. Interestingly, it had been documented . . maximal
transactivation from the SRE sequence requires the presence of the CRE (221). Simi-
larly induction of the ¢c-fos gene by PDGF requires not only the SCMRE but also the
sequences located between positions -100 and -57 which include the CRE element
(224).  This indicates that cooperative interactions between promoter elements are
likely to be involved in transcriptional activation (275).

Further evidence for element interaction is demonstrated by the ability of the SRE to
respond 1o a signal generated by PDGE, but also requiring sequences between position
-222 and -100 (275,278). In one study, mutation of the SRF binding site within the
SRE in a transfected promoter construct significantly decreased the PDGF response
suggesting that the SRE is necessary for full PDGF inducibility (225). Additionally,
the presence of the SCMRE and the SRE are additive in their response to PDGF (275).
It has also been shown that cooperative interactions between the SRE and downstream
cis-acting sequences also occur during the induction of c-fos expression in response to
TPA and PDGF in NIH 3T3 cells, but that the SRE alone is sufficient to activate tran-
scription in response to TPA in HelLa cells (278). These results are interpreted as
evidence for sequence cooperation in regulation of the c-fos gene in fibroblasts which is
relaxed in Hel a cells. Additionally, early studies suggested that the negative regulation
of Fos on its own promoter might be mediated by the c-fos TRE (115), but studies

described above have now attributed this function to the core SRE sequence. Also,
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while the SRE is necessary for the induction of c-fos by TPA, the TRE is required for
full TPA responsiveness suggesting further potential for cooperative interaction be-
tween promoter elements (278).

Such cooperative responses of the promoter regulatory elements may be ac-
counted for by the interaction of regulatory sequences through a protein(s) able to inter-
act with more than one regulatory sequence. The protein complexes identified here
may serve to coordinate and integrate the response of the gene at multiple regulatory
elements in the manner reviewed by Ptashne (338), and Dynan (339). It is not surpris-
ing, ’t.herefore, to find that the same proteins may be shared by different complexes to
coordinate overall gene activity. As mentioned above, similar proteins were seen
binding to all three elements and cross competition analyses in the gel shift assays
confirmed such a cross binding of the factors. It was apparent that proteins interacting
with the SRE had some affinity for the CRE sequence, but interestingly, proteins bound
to the CRE were stable to competition by the SRE suggesting that CRE-bound proteins
had 2 higher affinity for this sequence than for the SRE. It is possible that the relative
affinities of proteins for different regulatory elements may be functionally important in
transcriptional regulation. The stability of the CRE-bound protein complex to competi-
tion by other regulatory sequences may reflect the important role that the CRE plays in
regulating the basal level expression of the gene (221,226).

Thus, it was established that normal quiescent liver cells contained an array of
c-fos promoter-binding proteins with multiple factors capable of binding to each of the
three elements studied. These factors bound to the promoter in the absence of c-fos

gene expression clearly demonstrating the enormous complexity of the regulation of this
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3ene. Further studies were designed to assess changes in the DNA-binding proper-
ties of c-fos promoter-binding complexes during the period of transient induction of the
gene. Itis well established that c-fos gene is transiently expressed following growth
factor stimulation of cultured cells (11 ,95,56,86). Such cell systems represent a
convenient model to study cell cycle related changes in gene expression. The cell
system employed here consisted of Morris hepatoma 5123tc cells. The cells were
synchronized by growth factor deprivation and stimulated to re-enter the cycle by
serum re-addition. There was a transient induction in c-fos expression in these cells
shortly after serum readdition typical of responses of immediate early genes (79).

The properties of c-fos promoter-binding proteins were also examined during the
transient expression of the gene in vivo, following partial hepatectomy. Partial hepatec-
temy stimulates quiescent liver cells to enter and progress through the cell cycle in a
synchronous, controlled fashion, accompanied by correlative alterations in the expres-
sion of specific genes including c-fos. Therefore, this provided a useful system to test
the behavior of c-fos promoter-binding proteins during transient expression of the gene
in vivo.

Analysis of c-fos promoter-binding complexes, during the period of transient
gene expression, revealed a transient loss of DNA-binding activities of both the CRE
and SRE-binding proteins. These decreases observed in both experimental models
(i.e. rat hepatocytes proliferating in vivo in response to partial hepatectomy and in
cultured hepatoma cells in vitro) , were transient and coincided with the elevated ex-

pression of the gene.
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Of the CRE-binding proteins, the DNA-binding property of the 47 kDa protein
was the most affected. In fact, there was a transient loss of DNA-binding associated
with this nuclear factor which again, was observed in both cells types. This cell cycle
related change in the property the 47 kDa protein could not be accounted for by
changes in the expression of protein encoded by the CREB gene.  The expression of
messages encoded by the CREB gene did not change in stimulated cells. However,
each cell system expressed different set of CREB mRNAs. The loss of this activity
could not be accounted for by a generalized loss of cellular protein as a result of en-
hanced protein turnover or decreased synthesis as judged from experiments with radio-
Iabeled proteins. Furthermore, the DNA-binding properties of the CRE-binding
proteins could neither be restored by in vitro phosphorylation nor dephosphorylation of
nuclear proteins. These types of experiments were also performed in both experimental
systems. This observation is of particular significance since, as discussed earlier, in
quiescent cells interaction of the CRE-specific factors, and notably the 47 kDa protein,
with the DNA was modified by in virro phosphorylation/dephosphorylation.

A role of in vivo phosphorylation in mediating the DNA-binding activity of the
47 kDa nuclear factor was further examined following inhibition of either of the two
major signal transduction systems, a receptor mediated tyrosine kinase(s) and cAMP-
dependent protein kinase(s) pathways. It was found that treatment of synchronized
Morris. hepatoma 5123tc cells with an inhibitor of tyrosine kinase activity resulted in a
low DNA-binding activity the 47 kDa protein which did not change further. At the
same time in the absence of tyrosine kinase(s) activity, the cells did not complete a cell

cycle. In a parallel experiment it was shown that inhibition of cAMP- dependent
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protein kinase during growth factor stimulation of the cells led to a constitutively high
level of DNA-binding associated with this protein which did not change during stimula-
tion. This treatment of the cells also resulted in retardation of the cell cycle.
All of these results suggested that the transient down-regulation of DNA-binding
property of the 47 kDa protein factor was a proliferation specific, cell cycle related
phenomenon. They also demonstrated that the 47 kDa CREB protein could be a target
for multiple signal transduction pathways, and may play a fundamental role in regulat-
ing both c-fos expression and cell cycle progression. Since previously described exper-
iments showed that in vitro phosphorylation/dephosphorylation was unable to restore
CRE complex formation during early stages of the cell cycle in both growth factor
stimulated cells in culture and in rat hepatocytes in vivo, it is possible to suggest that
either a different type of post translational modification is involved in modulation of the
DNA-binding activities of these transcription factors or they became targets of cell
cycle-specific proteolysis similar to that described for cell cycle specific cyclins (340).
To determine the functional significance of this transient cell cycle specific
down-regulation of c-fos promoter binding activities an attempt was made to induce the
gene by agents such as TPA and cAMP during periods of both low and constitutive
DNA-binding activity of nuclear transcription factors. The results obtained with two
different cultured cell lines, 5123tc Morris Hepatoma and BALB/c 3T3 mouse fibro-
blast stimulated by serum and followed by TPA, showed that the cells lost their ability
to increase the expression of c-fos gene when TPA was added during periods of the
down-regulated DNA-binding activity. Similarly, injection of dibutryl cAMP into

hepatectomized rats during the Gl transit of liver cells, under conditions of low CRE-
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binding activity including the complete lack of the 47 kDa CRE-binding, was unable to
induce c-fos expression in this tissue. The gene could be induced in regenerating livers
by cAMP injections only when the CRE-binding activities return to their basal level.
Significantly, cAMP had no effect on the c-fos gene in control, non-proliferating liver
cells. These results clearly underscored the importance of the CREB proteins in
directing accurate gene regulation and that their down-regulation was a specific cell
cycle event relevant to the cells ability to induce and regulate the c-fos gene expres-
sion.

These results prompted the examination of c-fos promoter-binding proteins
during stages in cellular transformation from pre-neoplasia to neoplasia such as those
observed in chemically induced carcinogenesis. It has been reported that under those
conditions the c-fos gene is constitutively expressed (324,332). The resistant hepato-
cyte model of carcinogenesis was chosen for these studies since defined stages of
neoplastic progression can be observed following treatments of animals with the
carcinogenic regimen (300,328,335). Therefore, the significance of any changes in
the activities of the c-fos promoter-binding proteins could be assessed with respect to
the aberrant expression of the gene. It was demonstrated in earlier studies that fully
malignant Morris hepatoma tumors lost the ability to express the 47 kDa CRE-binding
protein (334). Therefore, it was important to evaluate the interactions of DNA-binding
proteins with the c-fos promoter during the early stages of hepatocarcinogenesis to
determine whether altered activities of DNA-binding proteins could account for the
increase in c-fos expression. It was also essential to establish whether the loss of 47

kDa CREB protein represented an early event in tumorigenesis or occurred after tumor
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formation.

Magnetic resonance imaging and histopathological examinations of experimen-
tally treated rats confirmed that carcinogenic progression occurred giving rise, ultimate-
ly, to several hepatic lesions. Although pathological examination of hepatic nodules
determined that the lesions were not malignant, it was clear that they constituted se-
verely altered and potentially aggressive and invasive hepatocytes.

The expression of the c-fos gene was elevated during the early stages of carcin-
ogenesis and remained at the high level for a prolonged period after the carcinogenic
regimen, which clearly represented a departure from the normal transient expression of
the gene demonstrated for many cell types (56,86). This elevated expression of the c-
Jos gene was observed for at least three weeks after the experimental regimen and
persisted in both nodules and a solid hepatoma. Analysis of ¢-fos prom‘oter-binding
proteins in the same samples showed that the loss of the 47 kDa CRE-binding activity
occurred as early as one week after partial hepatectomy and also persisted into both
nodule and tum.or formation paralleling the increase in C-fos expression.  As this loss
of DNA-binding activity appeared to be an early occurrence associated with hepatocar-
cinogenesis it may represent a fundamental event with respect to the aberrant expression
of the c-fos gene associated with cellular transformation.

In contrast to the dramatic changes in the behavior of the CRE-binding proteins
during hepatocarcinogenesis, the changes in the SRE-binding factors were much more
subtle. There were no changes in their pattern on Southwestern blots with only a tran-
sient change being observed by gel shift assay. Since it is generally accepted that the

binding activity of SRF is constitutive (249), activation of the gene through the SRE
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may be mediated by either post translational modification or by changes in
protein/protein interactions at the element, both of which may not be detected by the
Southwestern analysis. Indeed, experiments with the gel shift assay demonstrated a
reduction in complex formation with auclear proteins obtained from experimentally
treated animals.  Similarly, there were no detectable changes in SCMRE-binding pro-
teins. However, since all three regulatory elements are required for the full transcrip-
tional responsiveness of the gene, any changes in protein binding occurring at one
element will most certainly affect the function of the gene promoter.

Protooncogene activation in the multistep process of carcinogenesis may be the
result of either a mutational event, increased transcriptional activity, or both. These
studies showed that increased expression of the c-fos gene correlated with altered DNA-
binding activities of both CRE and SRE-binding proteins and/or their ability to form
complexes at their respective binding sites. The earliest change in DNA-binding activi-
ty that was observed was the loss of activity of a 47 kDa CRE-binding protein. The
loss of DNA-binding activity began 1 week after the experimental regimen and persist-
ed in both liver nodules and in Morris hepatoma. The positive correlation between
changes in the DNA-binding properties of c-fos promoter-binding proteins and the
increased expression of the gene suggests that altered transcriptional activity is involved
in activation of the gene during experimentally induced hepatocarcinogenesis. It is
possible that the loss of 47 kDa CRE-binding activity constitutes 2 fundamental event
associated with deregulated c-fos expression and, subsequently, increased hepatocyte

proliferation.
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The analysis of c-fos promoter-binding proteins was also performed in an hepat-
ic nodule 9 months after experimental treatment as well as in the solid Morris hepatoma
5123tc, both of which represented later stages in neoplasia. In both of these tissues
constitutive expression of the c-fos gene correlated with alterations in promoter-binding
activities. The specific change that highlighted this correlation in both tissues was a
loss of the 47 kDa CRE-binding activity.

When different rat tissues were probed for CRE-binding activity by Southwest-
ern blotting, it was found that the 47 kDa CRER protein was also absent from placental
ussue. Significantly, it was previously reported that placental cells have constitutively
high expression of c-fos gene (83).

Therefore, in all cell systems tested elevated expression of the c-fos gene
correlated with the lack of the 47 kDa CRE-binding protein. This change was transient
and cell cycle specific in cells responding to extracellular stimuli by rapid and transient
induction of the gene. On the other hand, the cells which had high constitutive expres-
sion of the gene either due to neoplastic transformation or as 2 specific dssue function,
completely lacked this protein. As described earlier, this 47 kDa CRER protzin was
distinct from the previously characterized CREB proteins both immunologically and by
its DNA-binding protein properties, and as such represents a unique member of the
CREB family of CRE-binding proteins.

The data presented here and supported by data published elsewhere (313),
clearly emphasizes the distinct nature of the 47 kDa protein among an expanding family
of CREB factors. This protein could be a constitutive repressor which in normal cells

occupies the CRE sequence and represses CRE-containing genes. Upon transcriptional
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activation, modification of the protein by phosphorylation (possibly by protein kinase
A), leads to the loss of its DNA-binding activity, allowing other positive transcription
factors, either sequence specific CREB proteins or general ones, to increase the rate of
gene transcription. This hypothesis was tested in in vitro transcription assays driven by
individual regulatory elements within the c-fos promoter. The expression of c-fos in
normal Liver was very low as expected from a population of essentially quiescent cells.
Nuclear protein extracts prepared from normal liver did not support in virro transcrip-
tion from templates containing the c-fos CRE or SCMRE sequences. However, normal
liver nuclear proteins stimulated transcription from the template containing the c-fos
SRE. Nuclear proteins obtained from proliferating liver cells, on the other hand,
supported transcription from both the CRE and SRE regulatory elements. Since the
expression of the gene does not occur in quicscent Tiver cells, there must exist a block
to the transcription promoted by the SRE at a different promoter location. Normal
liver contained its full complement of CRE-binding activities which included the 47
kDa CREB protein. Therefore, it is possible that the putative transcriptional repressor
may function through blocking SRE-promoted transcription as well as silencing the

CRE in quiescent cells.
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CONCLUSIONS
1. Liver cells contained multiple protein factors capable of interacting with the regula-
tory elements of the c-fos gene promoter either through direct DNA binding or by
protein/protein interactions.
2. A subset of these proteins was able to interact with multiple regulatory elements and
might be able to direct functional communication between them. These multiple factors
could be targeted by different signalling pathways.
3. In guiescent liver cells only protein factors interacting with the c-fos SRE were able
to stimulate in vitro transcription. Therefore, a transcriptional block must be exerted
by other factor(s) and/or other element(s).
4. Elevated expression of the gene clearly correlated with a decrease in protein binding
to the c-fos CRE both in rormal and in transformed cells. This decrease was consist-
ent with either a transient or permanent loss of DNA-binding activity of the 47 kDa
CREB protein.
5. The 47 kDa protein was highly CRE-specific , but was distinct from the CREB-
327/341 family. It displayed DNA-binding properties only in the dephosphorylated
form and, as such, is a perfect candidate for a CRE-specific constitutive repressor
responsible for the transcriptional block in quiescent cells.
All of the findings presented in this thesis are presented in the following model of the of
C-fos gene regulation (Figs. 52-54).
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Figure 52. Regulation of c-fos gene expression: The uninduced state

The interaction of proteins with c-fos SREand CRE elements is depicted by colored

elipses representing p67°"" (purple), and p47 CREB (red).
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Figure 53. Regulation of c-fos gene expression: The induction by phosphorylation
The interaction of proteins with ¢-fos SRE and CRE is depicted as describedinthe

legendto Figure 52. Additional proteinsare represented by p62™" (blue), p112
(green), other CREBs (yellow) and the Fos protein (white).
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Figure 54. Regulation of c-fos expression: Constitutive expression

The interaction of proteins with the c-fos SREand CRE are as described in Figures52

and 53.
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Model for the regulation of c-fos expression by multiple protein complexes

There is constitutive binding of proteins to the regulatory elements of the uninduced
c-fos gene promoter in quiescent cells. This includes p67°% as well as unphosphorylat-
ed p47 CREB whose high affinity for the core CRE might prevent protein/protein
association between complexes within the promoter resulting in a transcriptional block
(Fig. 52).

Stimulus-mediated protein phosphorylation leads to changes in the properties of
transcription factors. This would result in the loss of DNA-binding activity of p47
CREB and increase CRE-binding of other CREBs. Similarly, a protein complex could
be formed at the SRE, i.e. between p67°" and p62™". Phosphorylation of transcription
factors might also promote further interactions between protein complexes associated
with different elements, i.e. the SRE and CRE. The existence of proteius capable of
association with multiple ¢-fos regulatory elements (112 and 36 kDa proteins), suggest
their role in orchestrating a coordinated response of the promoter as a whole. Down
regulation of the gene expression might be mediated through an interaction of newly
synthesized Fos protein with the p47 CREB and/or some other factor(s) which results in
the restoration of CRE-binding of p47 CREB and repression of trascriptional activity
(Fig. 53).

Constitutive expression of the c-fos gene which occurs in the absence of the p47
CREB, as seen in solid hepatomas, clearly indicates that this protein might play an

integral role in such a feedback regulatory mechanism (Fig. 54).
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