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Abstract

REGULATION OF NUCLEAR FACTORS IN THE INTERLEUKIN-6
SIGNALING PATHWAY
by
WEI HSU

Advisor: Dr. Selina Chen-Kiang

Regulation of nuclear factors in response to interleukin-6 (IL-6) has been
investigated in order to understand the molecular mechanism underlying IL-6 signaling.
Members of the NF-1L6 and AP-1 families, which share the common basic leucine zipper
structure, are thought to mediate the nuclear signals of 11.-6. The functional and physical
interactions between NF-IL6 and AP-1 family proteins in vitro and in vivo have been
demonstrated. The direct associations of NF-IL6 and AP-1 are independent of their DNA
recognition clements. These associations lead to modifications of the DNA-binding
specificity and transcriptional activity of NF-IL6 and AP-1 family proteins. Although the
leycine zipper domain is necessary and sufficient to mediate the cross-family dimerization,
regions outside the basic leucine zipper structure can enhance the binding of NF-IL6-Fos
complexes to specific DNA sequences in the electrophoretic mobility shift assay. The
coordinate elevations of NF-IL6 and Jun by IL-6 trigger their association upon macrophage
differentiation. Regulated associations of these two family proteins may have implications
for determining the promoter specific transcription by IL-6 induction. The octamer binding
proteins are regulated by IL-6 suggesting that they represent a subset of DNA-binding
proteins that respond to IL-6 signals. Oct-1 is downstream of NF-IL6 in the nuclear
signaling cascade induced by IL-6. The abundance of Oct-1 and the ratio of NF-IL6
isoforms are convergently regulated by two diverse signals, IL-6 and retinoic acid. The

enhanced synthesis of NF-IL6 and Oct-1 correlates with one of their functions: the



stimulation of adenovirus DNA replication. This result provides an example of possible
functional consequences of I1.-6 and retinoic acid signaling mediated through the regulation
of NF-IL6 and Oct-1. Studies presented in this thesis contribute to understanding of the
mechanism underlying the IL-6 signal transduction pathway, the IL-6 inducible transcription
and the pieiotropic effect of IL-6.



FORMAT OF THESIS
This thesis was prepared in accordance with guidelines of the City University of New York.
Chapter III contains results published as Hsu et al., Molecular and Cellular Biology, 14, 268-
276 (1994). Chapter IV contains results published as Hsu and Chen-Kiang, Molecular and
Cellular Biology, 13, 2515-2523 (1993). Each section contains an introduction and
discussion with a general introduction and conclusion at the beginning and end of the thesis.
To reduce redundancy, Materials and Methods have been consolidated in Chapter II, as have

the Literature citations in Chapter V1.
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FOREWORD

On researching
Very much like the beginning of everything else, my graduate study started
with excitement and humbleness. In the summer of the year 1989, I came to
the Big Apple, an unknown destiny, after graduating from college in
Formosa. I always want to continue my graduate training here.

The opportunity of exposing myself to one of the world's greatest scientific
environments has been a dream come true. Even though I never imagined |
would become a scientist, I had never hesitated nor had second thoughts
about my chosen profession~scientific research. During the course of my
studies, I have often found myself in difficult situations. 1 am fortunate to
have had my teachers, my girlfriend, my friends and my family to encourage
me and to support me. Every trouble, stumble and frustration that I faced
I was able to overcome. I was strengthened each time. | became more
determined one after another. Everyday of the past four and a half years as a
graduate student had the potential to affect the quality of my daily life.
Encountering the learning and challenges has the capacity of influencing me
day after day and taking me step by step to reveal the arts of science.
Fortunately, I was able to remember to choose what I love and to love what |

choose. Therefore, the journey began ..... in the land of dream.
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Chapter 1
INTRODUCTION

Cytokines or interleukins are molecules that serve as mediators of communication
between cells of different lineages. These molecules exert their biological functions through
specific membrane receptors on the surface of target cells. Molecular cloning and
characterization have revealed that most cytokines function pleiotropically and exhibit
biological effects in a redundant manner. Interleukin-6 (IL-6), a 26 Kd protein, is one of
the multifunctional cytokines that regulates cell growth and differentiation depending on the
nature of target cells (for a review, Kishimoto et al,, 1992). IL-6 is produced by a wide
variety of cell types and can exert many biological activities, including those in
hematopoiesis, immunological reaction, inflammatory response, acule-phase reaction, and
neural development. Abnormal production of IL-6 has been observed in patients with
polyclonal B cell abnormalities, autoimmune disecases, proliferative diseases and matignancies
(for a review, Hirano et al., 1990 and references therein). Understanding the IL-6 signaling

pathway is therefore important from the physiological stand point.

IL-6 and lymphoid malignancy

Deregulated expression of IL-6 has been linked to plasma cell neoplasia.
Plasmacytoma can be induced in BABL/c mice by injecting either panaffin oil or pristane
(Potter, 1984), both of which have been found to induce IL-6 biosynthesis (Potter, 1984,
Nordan and Potter, 1986). Transgenic mice which over cxpressed IL-6 in lymphoid tissues
were shown to develop massive and severc plasmacytosis in the thymus, lymph nodes and
spleen, and to exhibit elevated levels of IL-6 and polycloral IgG1 in the sera (Suematsu et
al., 1989, Suematsu et al., 1992). The plasma cells from the transgenic mice, however, did
not contain chromosomal translocations of the c-myc proto-oncogene and were not
transplantable to syngenic mice that are found in almost all pristane-induced plasmacytomas.

These findings demonstrated that deregulated expression of IL-6 can lead to plasmacytosis.



The result suggested that additional genetic background might be required for the
development of plasma cell neoplasia. This hypothesis was tater found 10 be true when the
genetic background of BABL/c mice was introduced into the transgenic animal by back-
crossing. The F1 back-crossed transgenic mice gencrated monoclonal transplantable
plasmacytomas with ((12;15) c-myc translocations (Sucmatsu ¢t al., 1992). The crucial role

of IL-6 in the development of lymphoid malignancy was thercfore established.

The IL-6 signal transduction pathway

Studics on ligand-receptor interactions have revealed that many receplors consist of
two components, a ligand-binding rcceptor and a signal transduccr. lL-6 initiates the
transduction of its signats by binding to IL-6 rcceptor (IL-6Ra) on the membranes of target
cclls (Figurc 1) (Taga et al.,, 1989). The ligand-binding IL-6Ro, gp80, is a 80 Kd
glycoprotein which does not contain an intracellular signal transducing domain (Yamasaki el
al., 1988). The IL-6 signal is thought to be transduced by the signal transducing 130 Kd
glycoprotcin, gpl30 (Hibi et al., 1990). Binding of IL-6 to IL6Ra triggers the
homodimerization of gpl130 through disulfide-linkage (Murakami et al., 1993). Expression
of a soluble form of IL-6Ra, which tacks the transmembrane and cytoplasmic regions, can
also mediate the IL-6 signals through gp130 upon [L-6 stimulation (Novick et al., 1989,
Tamura et al., 1993). The signal transducer, gpl30, is then rapidly and transicntly
phosphorylated by a cytoplasmic tyrosine kinasc aclivity which is depcendent on the
dimcrization of gp130 (Figurc 1) (Murakami ct al., 1993). This intraccllular tyrosinc kinase,
Jak 1, has recently been identified (Liitlicken et al., 1994, Stahl et al., 1994). Jak 1 belongs to
a newly described Jak-Tyk family of tyrosine kinases which includes Tyk2, Jakl, and Juk2
(Vclazquez ct al., 1992, Argetsinger ct al,, 1993, Silvennoinen et al., 1993, Witthuhn ¢t al.,

1993).



cytoplasm

nucleus

Figure 1. Diagram of the IL-6 signal transduction pathway. The activities of AP-1 family
transcription factors, Fos, Jun, JunB, and JunD, NF-IL6 family transcription factors, NF-IL6

and NF-IL6P, and APRF arc regulated by IL-6.



Studics on the intcraction of leukemia inhibitory factor (LIF), oncostatin M {OSM),
and ciliary ncurotrophic factor (CNTF), and their receplor complexes have revealed that
gp130 is esscential for signaling by each of these cylokines (Figure 2) (Gearing et al., 1992,
Ip ct al,, 1992). LIF was first shown to inhibit cell growth and induce macrophage
diffcrentiation of M1 mycloid lcukemia cells (Hilton ct al.,, 1988). OSM was initially
characicrized by its ability to inhibit growth of human mycloma cclls (Zarling ct al., 1986).
CNTF was originally found to support the survival of ciliary ncurons (Adler ct al., 1979,
Stockli et al., 1989). These cytokines were later shown to function plciotropically and
exhibil overlapping biological properties (Tabic 1). Analogous 10 the gpl130-gp130
homodimerization triggered by IL-6 induction, signaling by LIF and CNTF begins with
stimulation of the gp130-LIFP heterodimerization. The addition of thc CNTFRa (o the
gp130-LIFRB complex might be sufficient to conven the bipanite LIF receplor into a
tripanile CNTF receptor (Davis ct al., 1993). The limited ccll type distribution of CNTFRa
(predominantly in the nervous system) may restrict CNTF actions 1o the neuronal lincage.
The sharing of the signal transducer amoeng these cylokines may explain why they exhibit
similar and redundant biological propenics; however, the mechanism underlying their
pleiotropic effects is not well undersiood.

The IL-6 signal is transduced into the nucleus by aclivation of nuclear protcins
including members of AP-1 and C/EBP familics in a cell type specific manncr (Figure 1)
(Chen-Kiang ct al., 1993). In an altemative pathway, an acute-phase responsc factor (APRF),
a protein antigenically rclated to the pY1 subunit of the interferon-stimulated gene laclor-3a
(ISGF-3a), is rapidly phophorylated on tyrosine residues by the Jakl kinase (Liitticken et
al., 1994). Phosphorylatcd APRF apparently can translocate into the nucleus and bind to
DNA, thus mcdiating the 1L-6 signal. Regulation and intcraction of these nuclear factors atl

multiple levels may be crucial for the lincage specific effects in IL-6 induction.
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Figure 2. A model for ligand-induced receptor signaiing complex formation (Adopted
from Davis et al., 1993). IL-6 binds to IL-6Ra, which triggers the homodimerization of
gpi30 and transduces the signal downstream. For LIF, binding of LIF to LIFRp leads to
heterodimer formation of LIFRP and gp130. CNTF iniliates signaling by inducing gp130-
LIFRP heterodimerization that is mediated through the CNTFRa.



Immunological

reaction

Neural
Development

1L-6

Immunoglobulin production,
T cell proliferation,
Cywotoxic T cell differentiation

Macrophage differentiation of
M1 cells,
Stimulation of bone mamow
progeaitor cells,
Platelet production,
Proliferation of mycloma and
plasmacytoma cells

Acute-phase protein synthesis

Neurite owigrowth of PCI2 cells,
Sccretion of pituitary hormones,
Survival of postnatal

forebrain neurons

differentiation of Macrophage differentiation of
Ml cells, M1 celis,
Stimulation of bonc marrow
progenitor cells,
Platelet production,

Acute-phase protein synthesis Acute-phase protein synthesis

Survival and generation of Survival of ciliary neurons,
SENSOry neurons, Survival of sympathetic,
Survival of mowor neurons, sensory, and motor neurons,
Switch from adrenergic to Swilch from adrenergic o
cholinergic phenotype cholinergic phenotype

Differentiation of type-2 astrocytes

Proliferation of AIDS-KS cells,  Mainienance of embryonic  Maintenance of einbryonic
keratinocyies, renal mesangial stem cells, stem cells,
ceils, smooth muscle cells, . Prolifesation of myoblasts Proliferation of AIDS-KS
and myoblasts, Regulation of bone cells and fibroblasts,
Regulation of bone metabolism, metabolism, Inhibition of melanomay,
Inhibition of melanoma and breast  Inhibiuon of lipoprotein breast, and lung
carcinoma cell growth lipase in adipocyies carcinoma cells

Table 1. Overlapping and pleiotropic funclion of cytokincs that use gp130 as a signal transducer (Adopted from Kishimoto et al.,

1992).



The C/EBP family transcription factors

The transcription factor C/EBP was first isolalcd from rat livers by its ability to bind
to the"CCAAT" and the "enhancer corc homologics” clements present in many promoters
and enhancers. 1t was hence termed CCAAT/cnhancer binding protein (C/EBP) (Landschulz
et al., 1988a). C/EBP consists of a family of related transcription factors exhibiling a high
degree of homology in their basic leucine zipper regions (bZIP) (Figure 3) (Akira et al.,

1990, Descombes et al., 1990, Roman ¢t al., 1990, Cao ct al., 1991, Ron and Habener, 1992),

l 262 296 334 345

Figure 3. A schematic representation of NF-1IL6, a member of the C/EBP family. BR., basic

region; LZ, lcucine zipper region.

Strucwural analyses have revealed three functionally distinct regions within the bZIP
- comaining protcins (Figurc 4). Near the carboxy-icrminus, there cxists a region consisling
of four to five heptad leucine repeats, called the “leucine zipper domain™ (Landschulz et al.,
1988b). The leucine zipper domain can fold inlo an amphipathic o-helical structure (Abel
and Maniatis, 1989). The hydrophobic face of the amphipathic structure would dictate the
formation of cither homodimers (1wo identical proteins) or heterodimers (two dissimilar
protcins) through coiled-coil interaction (O'Shea ct al., 1989). The region adjacent to the
zipper domain is a highly basic region, which serves 1o directly interact with the acidic
backbone of DNA through ionic forces (Landschulz ¢t al., 1988b). The bipartite DNA-
binding domain, the bZIP region, is nccessary and sufficient for DNA-binding. Further
detailed studies on AP-1 family proteins have shown that two bZIP proteins dimerize

through the parallcl intcraction (Genlz ot al., 1989). The "Scissors-Grip” modcl was
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Figure 4. A schematic representation of the structure of bZIP containing proteins.



proposed for DNA rccognition of bZIP protcins (Vinson et al., 1989).

The transcription aclivation regions of bZIP protecins hiave been localized 1o the
amino-icrminal pontions of the molccules. Although deletion of the activation regions does
not interfere with dimerization and DNA-binding, it abrogates the transactivating function
{Descombes and Schibler, 1991, Umeck et al.,, 1991). The biochemical features of the
activation rcgions and the mechanism by which the activation regions mediate transcriptional
activation are less well clucidated. Onc possibility is that the activation regions serve as
surfaces to interact with regulalory or basal transcription factors in the iranscription
machinery.

The C/EBP family transcription lactors are involved in tcrminal differentintion of
adipocylics. hepatocyles, lymphocytes, and macrophages, as well as acutc-phase responses.
Several members of the C/EBP family have been identificd (Table 2). They are C/EBPu, NF-
IL6 (also known as LAP, IL6-DBP, AGP/EBP, C/EBPJ, and CRP2), Ix/EBP, C/EBPS (NF-
IL6B), CRPI1, and CHOP-10 (Landschulz et al., 1988a, Akira et al., 1990, Descombes ct al.,
1990, Poli et al., 1990, Chang et al., 1991, Cuao el al., 1991, Williams cl al., 1991, Roman ct
al., 1990, Cao et al., 1991, Kinoshita c1 al., 1992, Williams ct al., 1991, Ron and Habener,
1992). All of them can form homodimers or helcrodimers. One intriguing feature of the
genes in this family is that most of them do not contain introns.

Expression of C/EBP related genes was initially studied in iecrmirally differentiated
cells (Fricdman ¢t al., 1989, Descombes et al., 1990). During the course of adipogenesis,
threcc C/EBP proteins are expressed temporally (Cao et al.,, 1991). They are thought 10
promote the differentiation process by activating adipocyle specific genes because aclivation
of adipocyte specific genes are regulated by C/EBP related proteins in both in vitro

transcription and in vivo transfection studics (Christy et al., 1989, Cheneval ¢t al.,



Human
NF-ILG*

NF-IL6B**

Rodent

CIEBPa

LAP*
(IL6-DBF)
{AGPI/EBP)
(CIEBFS)
(CRP2)}
(rNFiIL-6)

Ig/EBP

C/IEBP&**
{CRP3)

CRPI

CHOP-10

345
322
147
269

358
296

268
268

249

168

83%

100%
83%

19%

74%

RR%

55%

Akiractal., 1990

Kinoshiwa et al., 1992

Landschulz et al., 1988
D¢scombes ¢t al., 1990
Poli et al., 1990
Chang et al., 1990
Cao et al., 1991
Williams et al., 1991
Metz and Zilf, 199]

Roman ei al., 1990

Cuo ct al., 199}

Williams et al, 1991

Ron and Habener, 1992

Table 2 C/EBP family transcription lactors (* and ** denote human and rodent
homologucs} (Adopted from Chen-Kiang ct al., 1993).
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1991, Smuclsson ct al., 1991, Umck ct al., 1991). Similar results have also been oblained in
the regulation of liver specific genes in hepatocyle differentiation and the acute-phase
response induced by IL.-6 (Akira et al., 19%), Descombes ct al., 1990).

Rcgulation of the C/EBP family appcars 10 be controlled at multiple levels. At the
mRNA level, members of the C/EBP family are cxpressed in a cell lype and lincage specilic
fashion. The abundance of their mRNAs does not always correlate with protein levels,
suggesting that the cxpression of the C/EBP family protcins may be rcgulated
posttranscriptionally (Descombes ct al., 1990). Indced, the NF-IL6 (LAP) and C/EBPa
mRNAs can potentially encode isoforms (hat are translated from different in-frame AUGs of
the same¢ mRNA species (Descombes and Schibler, 1991, Ossipow ct al., 1993). These
isoforms can function as cither transcriptional activators (NF-1L6-1 and NF-IL6-2) or
repressors (NF-1L6-3) depending on the prescnce or abscnce of the fransactivating domains.
Al the protein level, the expression of these allernatively translated isoforms of NF-IL6 is
dependent on the cell type, and the abundance and ratios of these isoforms are subject o
regulation by external stimuli (Chapler V1, and Hsu and Chen-Kiang, 1993).

NF-1L.6-3, which lacks the transactivating domains, sequesters the transcriptional
activators, NF-IL6-1 and NF-IL6-2, by proicin dimcrization (Decscombes and Schibler,
1991). Antagonism of the activator function can also be achieved by the dimerization of
C/EBP related proteins with a dominant inhibitory proicin, CHOP- 10, which contains natural
mutations in the basic DNA contact rcgion that prevent DNA-binding by dimers (Ron and
Habener, 1992). The formation of dimers can also be modulaled by prolein
phosphorylation necar and within the bZIP region (Wegner ct al., 1992, Nakajima et al., 1993,
Trautwein ct al., 1993). The functions of C/EBP family transcription factors arc subjcct (o
further regulation by subccllular compartmemalization (Metz and Ziff, 1991} and

interaction with protcins outside the C/EBP family.



The AP-1 family transcription factors

The transcription facior activator protein-t (AP-1) was originally identified as a
sequence specific DNA-binding activity. AP-1 recognizes palindromic DNA scquences
rclated to TGAC/GTCA present in the enhancer clements of SV40, human mctalothionein
IIA, human collagenase and stromclysin genes (Angel ct al., 1987, Lee ct al, 1987, Lee ¢t
al., 1987b). Since its identification, the DNA-binding siles for AP-1 have been located in the
posilive as well as negative regulatory regions in many genes.

The composition of AP-1 has been deduced by a series of biochemical
expceriments. The product of the proto-oncogene, ¢-jun, was first shown 10 display structural
and functional propertics similar 10 those of AP-1 (Bohmann et al., 1987a). An indcpendent
line of investigation revealed that the product of another prolo-oncogene, c-fos, and Fos
related antigens, panticipated in AP-1 activity (Distel et al., 1987, Franza et al., 1988). The
participation ol both Fos and Jun in AP-1 activity was based on the discovery that the Fos-
associated proicin (FAP) p39 is the product of ¢-jun (Chiu ct al., 1988, Rauscher ct al,
1988a, Sassonc-Corsi ¢t al., 1988). The composition of AP-1 was laler conflirmed by the
reconstitution of direct physical association between Fos and Jun and the binding of Fos-Jun
dimers o the AP-1 site in vitro (Rauscher et al., 1989).

The fos gene was originally characterized as an oncogene carricd by the FBJ
(Finkel-Biskis-Jinkins) and FBR (Finkel-Biskis-Reilly) murine ostcogenic sarcomia viruses
(Curran and Teich, 1982). The cellular homologue of the oncogene, ¢-fos, encodes a 62 Kd
phosphoprotein localized in the nucleus (Figure 5) (Curran ct al., 1984). Nucleolide
scquence analysis revealed that v-fos underwent an oul of frame deletion of 104 bp (Van
Beveren ct al., 1983, Van Suraaten ct al., 1983).  As a resull, the carboxy-terminal 48 amino
acids were replaced by an unrclated 49 amino acids.  This difference prevents
postiranslational modification of pSS¥/eS but docs not alier the wansforming polential of

Fos proteins (Miller ¢l al., 1984),
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The jun oncogene is the transforming gene carried by avian sarcoma virus 17,
which inducecs fibrosarcomas in chickens and transforms chicken embryo fibroblasis into
spindle-shape neoplastic cells (Maki ct al., 1987). The product of v-jun differs from that of
¢-jun in the deletion of negative transcriptional regulatory regions. Both fos and jun are
capable of inducing ccliular transformation in virro and tumors in vivo (Curran and Vogt,
1992). Duc to thc amino acid scquence similarity with the carboxy-tcrminal DNA-binding
domain of the ycast transcription factor GCN4, Jun was speculated 1o funclion as a
transcription factor (Figure 5) (Vogt ct al., 1987). This was shown 10 be the case when Fos
and Jun were described to exhibit AP-1 activity. Three Fos related protcins, FosB, Fra-1 and
Fra-2 (Zerial ct al., 1989, Cohen and Curran, 1988, Nishina ct al., 1990), and two Jun rclated
protcins, JunB and JunD (Ryder ct al., 1988, Nakabeppu ct al., 1988), were later identified as

transcription factors that shared homology in the bZIP regions with Fos and Jun.

1 139 165 193 380

Fos

Jun

Figure 5. A schemalic representation of Fos and Jun. BR, basic region; LZ, leucine zipper

region.

Since their discovery. the mechanisms of Fos and Jun action have been analyzed
cxtensively. Dimcrization through teucine zipper regions was the first mechanism of action
of the bZIP protcins 1o be clucidated. Fos proteins do not form stable homodimers under
physiological conditions (O'Shea et al., 1992), whercas Jun family transcniption factors form
dimers and bind to specific DNA recognition clements (Rauscher et al., 1989). Fos-Jun

helerodimers are more stable than Jun-Jun homodimers, and bind to DNA rccognition

13



clements with higher alfinity (O'Shea et al., 1992). The Fos molccule appeared to be a more
potent activator than Jun in transcriptional activation (Abate ct al.. 1990a). Therelore, by
two criteria, Fos-Jun helerodimers are favored in AP-1 sitc medialed transcriptional
regulation. Fos-Jun and Jun-Jun dimers can also induce DNA bends of different magnitudes
and orientations (Kerppola and Curran, 1991b). This result implics thut the interplay of Fos
and Jun with othcr transcription faclors may lcad to distinct functional conscquences duc to
changes in DNA conformation (Kerppola and Curran, 1991a).

AP-1 activity is shown to be expressed at a low fevel in many cell Lypes. AP-1
activity can be transiently and dramatically induced by a number of extracellular stimuli
(Franza ¢t al., 988, Rauscher ct al., 1988b). Scizurcs were found to induce AP-1 aclivity in
the hippocampus (Sonncnberg ct al., 1989). Light and circadian rhythms aiso induce AP-1
activity in the suprachiasmatic nuclei (SCN) of the hypothalamus (Komhauser ¢t al., 1992).

Modification of AP-1 family 1iranscription factors by phosphorylation,
reduction/oxidation (redox) of a conserved cysteine residuc in the DNA-binding rcgion, and
interactions with proicins within and outsidc the AP-1 family can regulaie their DNA-
binding, transaciivaling, and transforming activitics (Abaic et al., 1990c, Binctruy ct al., 1991,
Dobrazanski ct al., 1991, Mumberg el al., 1991, Nakabeppu and Nathans, 1991, Yen et al,,
1691, Minor and Yamamolo, 1992, Jain et al., 1993, Kerppola ct al., 1993). Although the
rcgulation of AP-1 family protecins by phosphorylation has becn extensively studicd, the
implications arc not complctely understood. The DNA-binding activity of Jun was obscrved
to be negatively regulalcd by phosphorylation at scrine/threonine residues near the basic
region, The DNA-binding activity of Jun is enhanced by dephosphorylation near the basic
region as a result of protein kinase C signaling pathway in response to phorbol esters (Boyle
et al, 1991). MAP kinasc phosphorylates serinc/threonine residues within the amino-
tcrminal transactivation domain of Jun. This phosphorylation leads to an increase in Jun

transcriptional aclivity (Binctruy ct al., 1991, Pulverer ¢t al,, 1991, Smecal ¢t al,, 1991).



Dimcrization and DNA-binding can also influence the phosphorylation of Fos and Jun by

protcin kinascs (Abatc ¢t al., 1993).

IL-6 and virus interactions

IL-6 markcdly enhances the infcclion of human cells by adenovirus (Spergel and
Chen-Kiang, 1992). The “cellular E1A-like activity” was originally defined as a cellular
aclivity that substitutes for E1A in transactivating E1A-responsive viral and cellular genes.
Three cellular E1A-like activities had been reporied. AL high multiplicity of inlection, HeLa
cells can support a low level of replication of df 312, an E1A-delction mutant virus (Shenk et
al., 1979). This activity in Hcla cclls has not been identified and may be attributed 1o the
E7 genc product of human papilloma virus typc 18. The product ol E7 gene is
constitutively expressed in HeLa cells and is able 10 aclivaic ElA-responsive genes in
transfected cells (Schneider-Gadicke and Schwarz, 1986, Phelps et al., 1988). A second
activity, which is developmentally regulated, has been described in the mouse embryonal
carcinoma F9 cells {Imperiale el al., 1984, La Thangue and Rigby, 1987), oocyic {(Dooley et
al,, 1989), and preimplaniation embryos (Sucmori ¢t al., 1988). The third celiular E1A-
substituting activity has been found in human hepatoblastoma HepG2 cells. This aclivity can
transactivate all E1A-responsive viral carly genes and suppon replication of an E1A-deletion
mutant virus df 312 in the absence of E1A (Spergel and Chen-Kiang, 1991). In addition,
this activity is stimulated by IL-6 induction of HcpG2 cclls, resulting in full
complementation of df 312 replication (Spergel and Chen-Kiang, 1991). These data
implicate a cellular component regulated in the IL-6 signal transduction pathway that can
substitute for E1A in transactivalion.

The protein encoded by the adenovirus transforming gene E1A is capable of
transactivating all the adenoviral carly genes, as well as a subsct of ¢ellular gencs (Berk, 1986,
Flint and Shcnk, 1989). The mechanism of E1A action is difficuli to delincate for two

reasons. Firsl, E1A protein can lunction as an aclivator or repressor in a promoler specific



and ccll 1ype specific manner. Sccond, E1A protein has a very low affinity for DNA and no
apparcnt E1A-responsive DNA scquence has been identified. Based on experimental
evidence, three models of ETA action that are not mutually exclusive have been proposed.
In the first modcl, E1A stimulates the transcriptional activity of a number of transcription
factors, including E2F, E4F, TFIIIC, and AP-1 (HocfAcr ¢t al., 1988, Bagchi ct al., 1989,
Miiller ct al., 1989, Raychaudhuni ¢t al., 1989), which aclivate the transcription of viral carly
genes. In the second model, E1A lunctions as a colactor by forming a molecular bridge
between ATF-2/CREBP-1 and TFIID that results in stimulating the initiation of transcription
(Kao et al., 1990, Liu and Green, 1990, Lee et al., 1991, Scholer et al, 1991). In the third
model, E1A transaclivates by scquestcring cellular repressors such as E2F and YY-1L.
Dcrepression is thought to be accomplished by cither modifying a repressor or replacing a
repressor Lthat masks the function of the activator (Bagchi ¢t al., 1990, Shi et al., 1991).
Activation of the viral carly gencs by E1A allows viruses 1o enter the late-phase of
the infeclion ¢ycle which is defined by the synthesis ol the viral genome and the production
of virion structural proteins in greal abundance. Replicalion of adcnovirus rcquires
participation of the virus-encoded E2 gene products [lerminal protein precursor (pTP),
adenovirus DNA polymerase (Ad pol) and single-strand DNA-binding prolein] and three
cellular factors [NF-I/CTF, Oci-1/NF-HI and a cellular topoisomerase activity (NF-I1)] (for a
revicw, Challberg and Kelly, 1989). Adenovirus replication is unidirectional and is initiated
at one of the 5'-inverted 1crminal repeats of the lincar viral genome (for a review, Stillman,
1983). During cach round of rcplication, only onc new DNA strand is synthesized,
Initiation of adenovirus DNA replication occurs by a "protein priming” mechanism. Each
5'-end of the genome is covalently linked (0 the 55 Kd terminal protein (the mature product
of pTP). This linkage occurs during package of the viral genome into virion. For optimal
initiation of adenovirus DNA replication in vitro, at Icast Tour proteins are required. They
arc pTP, Ad pol, NF-I/CTF, and Oct-1/NF-1ll (Enomolo ¢t al., 1981, Lichy ct al., 1982,

Stillman et al., 1982, Nagata ct al., 1983, Ostrove ¢t al., 1983, Pruijn ¢t al., 1986, Rosenfeld



and Kclly, 1986, Roscnfcld ¢ al., 1987). The initiation of adcnovirus replication appears 1o
take place in a two-step reaction. First, the terminal region is unwound and sccond, the pTP
is covalcnily linked to the first nucleotide residue dCMP. Dircct association of NF-I/CTF and
pTP-Ad pol stimilates the initiation process by enhancing pTP-Ad pol binding to the origin
of rcplication (Chen et al., 1990). In contrast, Oct-{/NF-I1I stimulates the initiation by

unwinding DNA in the origin of replication (Mul ct al., 1990, Verrijzer et al., 1990a).

The octamer binding proteins

The oclamer binding proteins {Ocls) bind o consensus octamer sequences related
to 5'-ATGCAAAT-3. This ocltamer motif is present in the regulatory regions of many
promoiters and enhancers, such as SV40, heavy and light chain immunoglobulin, and small
nuctcar RNA (snRNA) (Sive ¢t al.,, 1986, Bohmann ¢t al., 1987b, Nomiyama ct al., 1987,
Ondck ct al., 1987). Amino acid sequence comparison of four transcription factors, Pit-1,
Oct-1, Oct-2, and unc-86 revealed a structurally conserved 150-160 amine acid POU
domain, consisting of a 75-82 amino acid POU spccific domain, a shon variable linker
region and a 60 amino acid POU homcodomain (Figure 6) (Herr ct al., 1988). The POU
specific domain is an unique feature of proteins in this family, whereas the POU
homcodomain is rclated to the homecodomain first identified in Drosophila homcolic gene
products (Gcehring, 1987).

Both POU specific-domain and POU homeodomain of the octamer binding proicing
conlribute to sequence specific and high allinity DNA-binding (Verrijzer ct al., 1990b).
The POU specific domain and the adjacent POU homeodomain cooperatively recognize an
asymmeltrical DNA-binding sequence (Aurora and Herr, 1992). The POU homcodomain
recognizes the 3-half of the octamer motil (Verrijzer ¢t al.,, 1990b), whereas the POU
specific domain recognizes the 5-halfl (Vernjzer et al., 1992). Thesc interactions involve the
dircct contact of both domains with the major groove of DNA molccule and trigger DNA

bending (Aurora and Herr, 1992, Verrijzer ¢t al., 1991),



POU domain containing proteins

POU domain
—
l 7] ] Oct-1
( 77z ¢ Oct-2
7 Oct-3
unc-86
Pit-1
POU specific—ff POU home POU domain
Sequence comparison (%) (%) (%)
Oct-1: Oct-2 99 88 87
QOct-1: Oct-3 63 58 55
Oct-1: unc-86 52 47 45
Oct-1: Pit-1 61 57 52

Figure 6. A diagram of POU domain containing proteins. Oct-1, Oct-2, Oct-3, unc-86 and
Pit-1 contain the conserved 150-160 amino acid POU specific and POU homeodomains.

The percentages of identical amino acids between two proteins are indicated.



The homcodomain is composcd of three well detined helices, with helices 2 and 3
forming a helix-tum-helix motifl which is the DNA-binding domain (Outing ¢t al., 1988).
The third helix is predicted to contacl the major groove of DNA and has been iermed the
recognition helix (Kissinger et al.,, 1990). Rccent studics further demonstrale that the POU
specific domain also folds ino four a-helices connecled by a shon conserved hydrophobic
loop (Assa-Munt et al., 1993, Dckker et al,, 1993). The structure is similar 10 the DNA-
binding domains of the bacteriophage A and 434 repressors and 434 cor (Aggarwal ct al.,
1988, Jordan and Pabo, 1988, Wolberger ct al., 1988, Beamer and Pato, 1992). The third
helix is proposcd 10 mediate the DNA-binding (Assa-Munt et al., 1993, Dckker ct al., 1993).

Many mcmbers of the Oct family have been identified (Table 3). Almost all
members of this family have been suggested 1o play roles in cellular differentiation and
development (for a review, Scholer, 1991). Most of the oclamer binding prolcins are
expressed in a cell 1ype specific and tissue specific fashion, with the exception of Oct-1. The
expression pauern of their targel genes appears to correlate with the cell type specific
distribution of the oclamer binding protcins. Oct-1 is through to activate the transcription of
ubiquitously cxpressed histone H2B and snRNA genes, whercas Oct-2 activates Lhe
transcription of B cell specific immunoglobulin genes (Miller et al., 1988, Scheidercit ct al.,
1988, Staudt c1 al., 1988, Sturm ct al., 1988).

Although the POU domains of Oct-1 and Oct-2 arc 87% identical, they can activate
distinct targel genes through the same oclamer site.  The nature of this discrimination is
dependent on the protein-protein interaction.  Studics on the herpes simplex virus gene
product VP16 suggest thal it forms a complex with Oct-1 10 activate transcriplion of viral
carly genes (Gerster and Rocder, 1988, O'Hare and Goding, 1988, Preston ¢t al., 1988).
Association of VP16 with Oct-1 supplies a strong acidic transaclivation domain present in

VP16 1o the transcriptional complex (Goding and O'Hare, 1989). The seven amino acids
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Embryo Adull

Oct-1 Oct-1-A- Ubiguitous Ubiquitous
(OTF-1) Oct-1-C
{NF.Al)

{NFiil)
{OBPI00)

Oci-2 Oct-2.1- Neural wbe, Lymphuid cells
{OTF-2) Ocit-2.6 cnure brain nervous system,
(NF-A2) mini Oci-2 excepl telencephalon intestine,

tostis,
kidney

Skn-1lali Skn-la developing epidermis Epidcrmis
(Oct-11) Skn-1i (suprabasal cclls,

haur follicles)

Brn-2 : Developing central nervous
{N-Oct3) Nervous system system,
{(N-Oci5) glioblustoma,

ncuroblastoma

Brn4 Neural lube central nervous
{R1152) system
(N-Oct4) (forcbrain)

Tsil Blastocyst, Nervous sysicm
(SCIP) ES cells, {ncurons, mycelinating
{Oct-6) EC cells, glia), testis

Oct-3i4 Oct-3A ES and EC cells, Oocyle
{Oct-5) Oct-38 cmbryonic ecloderm,

(NF-3A) primordial germ cells,

testis and ovary

Table 3 Oclamer binding proteins and their tissue distribution (Adopled from Scholer et al.,
1991).



where Oct-1 and Oct-2 homeodomains differ allow VP16 to discriminate belween them
(Sturm ct al.., 1988). Among the scven amino acids, the glutamic acid residue at position 22
in the first a-helix of Oct-1 homeodomain is the major determinant for scleclive VP16
association in vitro and VP16 mediawed transactivation in vive (Lai ct al., 1992, Pomerantz et
al., 1992). Single amino acid substitution of the alanine residue at position 22 of the Oct-2
homeodomain with the glutamic acid residue is sufficient to confer the VP16 accessibility
and cooperativily (Lai ct al., 1992, Pomerantz et al., 1992), Thercfore, the cooperation
between VP16 and Oct-1 in transcriptional activation serves as a possible mechanism 1o
c¢xplain how thc homcodomain containing proteins activate differential genc expression,
The differences in the homeodomains that allow octamer binding proteins to associale with
different cofactors lead to actlivation of distinct subclasses of genes. In this respect. many
factors have been shown Lo associate with Oct-1 aclivator complex. These factors include
QCA-B (thc B ccll specific coactivator), HCF/CL (a cellular factor in the VP16-Oct-1
complex), Jun and JunD (Kristic ct al., 1989, Katan et al., 1990, Luo ¢t al., 1992, Uliman ¢

al., 1993),

Specific aims

C/EBP and AP-1 are two major familics of transcription factors that are reguliated by
IL-6 according to ccll type. NF-IL6 and AP-1 family protcins bind to DNA as dimcers
through the bZIP region. Emerging cvidence has suggesied thal protein-protein initeractions
play a key role in determining the promoter and cell 1ype specificity in genc transcription
and signal transduction. The first and major objcclive of this investigation is 10 study the
intcractions of NF-1L6 and AP-1 family proteins and their functional conscquences in 1L-6
signal ransduction pathway. The IL-6 nuclear signaling pathway is not well undersiood.
IL-6 regulates the replicalion of adenovirus, suggesting that components in the 1L-6 nuclear

signaling pathway are imporant for cytokine-virus interactions. The second objective is to
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study the regulation of two transcription factors, NF-IL6 and Oct-1, that potentially link
cytokine and viral signaling pathways. The goal of this thesis is:

(1) To determine if a direct physical interaction between C/EBP and AP-1 family
transcription factors occurs in vitro.

{2) To dcduce the regions in C/EBP and AP-1 lamily proteins that mediate their
intcractions, and to clucidate the mechanism(s) that underlics this protcin-protein
interactions.

(3) To clucidate the funclional consequences and the physiological implications of
NF-IL6 and AP-! cross-Tamily association in vivo.

(4) To investigate the nuclear cascade of 18L-6 signal transduction pathway, focusing

on the regulation of NF-1L6 and Oct-1.
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Chapter II
MATERIALS AND METHODS

Recombina..t plasmids (Table 4)

General plasmids pBS{SK)NF-IL6-1 was constructed by isolating and inserting the 1.8 kb
HindllI-BamHI fragment of pCMV-NF-IL6 (+) (Akira et al., 1990), which contains the
coding DNA sequences of human NF-ILG, into the Hiadlll and BamH] restriction sites of
pBluescript (SK). pGEMS-NF-IL6-2 was constructed by isolating and inserting the 1.6 kb
Ncol-Spel fragment of pBS(SK)NF-IL6-1 into the comesponding restriction sites of
pGEMS. pBS(SK)NF-IL6-3 was constructed by excision of the 1.5 kb Smal-BamHI
fragment of pGEMS-NF-IL6-2 and insertion into the corresponding restriction sites of
pBluescript(SK). pBS(SK)NF-IL6-4 was constructed by isolating and inserting the 1.1 kb
HindllI-Pstl fragment of pBS(SK)NF-IL6-1 into the corresponding restriction sites of
pBluescript(SK). pEB-55/106(oct+) and pEB-44/106(oct-) (Hartfield and Hearing, 1991)
are plasmids containing adenovirus inverted terminal repeats (ITR), with or without octamer
binding sequence, respectively (provided by P. Hearing). pBSOct-1 (Sturm et al., 1988) is a
plasmid containing a partial human oct-! ¢cDNA clone (provided by W. Herr). pGAPDH
(Fort ¢t al., 1985) is a plasmid containing the glyceradehyde phosphate dehydrogenase.
p3Wtl18 (Ruether et al., 1986) is a plasmid containing the left end 5.8 kb XA0l-C fragment
of the adenovirus type 5 genome. pEIA/E1B (Marton et al., 1990) is a plasmid containing
the 1,833 bp of the adenovirus left end cloned into pGEM3 (provided by T. Shenk).
pSP65-fos (Curran et al., 1987) is a plasmid containing the full length fos ¢cDNA isolated
from rat, which was cloned into the EcoRl site of pSP65 (provided by T. Curran). pGEMA4-
Jjun (Rauscher et al., 1989) is a plasmid containing the rat jun cDNA which is inserted into
the EcoRI site of pGEM4 (provided by T. Curran). plIBIE2ac (Sperget and Chen-Kiang,
1991) contains the 346 bp (-284 to +62) of the adenovirus type 5 E2ae promoter. pBlue6W
(Schreiber et al., 1988) is a plasmid containing 6 tandemly repeated copies of the 51 bp

Ddel-Hinfl fragment of the mouse Ig heavy chain enhancer (provided by Walter Schaffner).
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p4xNF-IL6-CAT is a plasmid containing four tandemly rcpeated copies of NF-IL6 binding
sites from the IL-6 promoter linked to a chloramphenicol acetyltransferase (CAT) gene
(provided by T. Kishimoto). p2xAP-1-CAT is a plasmid containing two tandemly repeated
copies of AP-1 binding sites from the promoter of the TSG-6 genc, a TNF-a and IL-1
inducible gene (Lee et al., 1993), linked 1o a CAT gene (provided by Jan Vilcek).
Eukaryotic expression plasmids pCMV-NF-IL6 (+) and pCMV-NF-IL6 (-) (Akira et al.,
1990) contain a human NF-IL6 cDNA encoded in the sense (+) and anti-sense (-)
orientation, respectively, under the control of the cytomegalovirus promoter (provided by T.
Kishimoto). The pCMV-NF-IL6-2 (Hsu et al., 1994) was constructed by inserting the Ncol-
BamHI fragment of pBS(SK)NF-ILG, after treatment with the Klenow fragment of DNA
polymerase t0 obtain even ends of DNA, into the Hindlll site of pCMV (obtained from F.
Rauscher). The pCMV-NF-IL6-3 (Hsu et al., 1994) was constructed by inserting the Xmal-
BamHI fragment of pBS(SK)NF-IL6 into the even ended HindIIl and BamBI sites of a
pCMYV. pCMYV-fos and pCMV-jun (Sonnenberg ct al.,, 1989) are as described (provided by
T. Curran).

Prokarvotic cxpression plasmids pGST-NF-IL6-1 (Hsu et al.,, 1994) was construcied by
inserting the HindIll-BamH]I fragment of pBS(SK)NF-1L6 into the corresponding restriction
sites of pGEX-2T (obtained from P.-L. Chen). The pGST-NF-IL6-2 (Hsu et al., 1994) was
constructed by inserting the Ncol-BamHI fragment of pBS(SK)NF-ILG, after treatment with
a Klenow fragment of DNA polymerase to obtain even ends of DNA, into the Smal site of
PGEX-2T (obtained from P.-L. Chen). To construct 3'-deletion mutants of pGST-NF-IL6-
2 (Hsu et al., 1994), the plasmid was linearized with EcoRlI, treated with a Klenow fragment
of DNA polymerase, and partially digested with Rsal. pGST-NF-IL6-3 (Hsu et al., 1994)
was constructed by inserting the partially digested Smal-even ended BamHI fragment of
pBS(SK)NF-IL6 into the Smal site of pGEX-3X (obtained from P.-L. Chen). pGST-Myc

(Goodrich and Lec, 1992) has been described previously (provided by W.-H. Lee).
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Plasmid DNA i size I L
pBS(SK)NF-IL6-1 NF-IL6(1.8 kb) HindIl\/BamHI
PGEMS-NF-IL6-2 NF-IL6(1.6 kb) Ncol/Spel
pBS(SK)NF-IL6-3  NF-IL6(1.5 kb) Smal/BamHI
pBS(SK)NF-IL64 NF-IL6(1.1 kb) HindIl/Pst]
pSP65-fos c-fos(2.1 kb) EcoRl
pPGEM4-jun c-jun(1.7 kb) EcoRl
pBSOct-1 oct-1(2.4 kb) Xbal/Ps1
pGAPDH gapdh(1.3 kb) Psil

pIWt18 Ad 5Xhol-C(5.8 kb) Clal/Sall
pEIA/EIB Ad 5'(1,833 bp) Psil
pEB-55/106(oct+) Ad ITR(1.3 kb) Xbal
pEB-44/106(oct-)  Ad ITR(1.3kb) Xbal
pIBIE2ac Ad E2a¢ (346 bp) Xhol/Bgll]
pBlue6W Ig ¢t enhancer(51 bp) Sall
p4xNF-IL6-CAT  4x(NF-IL6 site)

p2xAP-1-CAT 2x(AP-1 site)

pCMV-NF-IL6-1(+) NF-IL6(sense, 1.8kb)  Hindlll/BamHI
pCMV-NF-IL6-1(-) NF-IL6(antiscnse, 1.8 kb) HindlIl/BamHI
pCMV-NF-IL6-2  NF-IL6(1.6 kb) HindIll
pCMV-NF-IL6-3  NF-IL6(1.5 kb) Xmal/BamHl
pCMV-fos c-fos(2.1 kb) Hindlll/BamH1
pCMV-jun c-jun(1.7 kb) Pvull
pGST-NF-IL6 NF-IL&(1.8 kb) Hindlll/BamH1
pGST-NF-IL6(24-345) NF-IL6(1.7 kb) Smal
(pGST-NF-IL6-2)

pGST-NF-IL6(199-345) NF-1L6(1.2 kb) Smal
(pGST-NF-IL6-3)

PGST-NF-IL6(24-273) NF-IL6(1.5 kb) Smal
pGST-NF-IL6(24-203) NF-IL6(1.3 kb) Smal
pGST-NF-IL6(24-78) NF-IL6(0.9 kb) Smal
pGST-NF-1IL6(24-39) NF-IL6(0.8 kb) Smal
pPGST-Myc c-myc(1.3 kb) Smal

Table 4 List of recombinant plasmids

Yoo

pBluescript
pGEMS
pBluescript
pBluescript
pSP6S
pGEM4
pBlueacript
pBluescript
pBR322
pGEM3
pBR322
pBR322
pBI30
pBluescript

pCMV
pCMV
pCMV
pCMV
pCMV-TE

pPCMV-IE

pGEX-2T
pGEX-2T

pGEX-3X

pGEX-2T
pGEX-2T
pGEX-2T
pGEX-2T
pGEX-2T

Relcrence

Hsu et al., 1994

Hsu, unpublished data
Hsu, unpublished data
Hsu, unpublished data
Curran et al,, 1987
Rauscher et al., 1989
Starm ct al., 1988
Fort et al., 1985
Ructher ct al., 1986
Marton et al,, 1990
Harfield et al., 1991
Hantficld et al., 1991
Spergel ct al,, 1992
Schreiber ¢t al., 1988
Akira ct al., 1990
Klampfer,
unpublished data

Akira et al., 1990
Akira et al,, 1990
Hsu et al., 1994
Hsu et al., 1994
Sonnenberg et al.,
1989

Sonncnberg et al.,
1989

Hsu et al., 1994
Hsu et al., 1994

Hsu et al., 1994

Hsu et al., 1994
Hsu et al., 1994
Hsu et al., 1994
Hsu et al., 1994
Goodrich & Lee, 1992
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Antibodies (Tabie 5)

a-P3 (Hsu and Chen-Kiang, 1993) is a rabbit antiserum directed against P3, a
synthetic 17 amino acid peptide (SKAKKTVDKHSDEYKIR) present in the basic region of
all three NF-IL6 proteins. o-P4 (Hsu and Chen-Kiang, 1993) is a rabbit antiserum directed
against a 13 amino acid peptide (PAARPGPRPPAGE) present in the amino-terminal region
of NF-IL6-1 and NF-IL6-2, but not NF-IL6-3. a-LAP (Descombes and Schibler, 1991} is a
rabbit antiserum directed against the amino-terminal region of recombinant LAP (provided
by U. Shibler). o-Fos (Rauscher et al., 1989) is a rabbit antiserum directed against the full
length Fos. a-Alu (Cohen and Curran, 1990) is a rabbii antiscrum directed against the
amino-terminal part (Fosl-131) of Fos. a-wbF (Abate et al., 1990b) is a rabbit antiserum
directed against the bZIP region of Fos (F118-211). o-M (Cohen and Curran, 1990) is a
rabbit antiscrum directed against Fos(127-152). a-Jun (Rauscher et al., 1989) is a rabbit
antiserum directed against the full length Jun. a-wbJ (Cohen and Curran, 1990) is a rabbit
antiserum directed against the bZIP region (J225-334) of Jun. All antisera directed against
different regions of Fos and Jun were provided by T. Curran. a-C/EBPa (Cao et al., 1991) is
a rabbit antiserum directed against a 14-amino-acid unique peptide of C/EBPa (provided by
S. McKnight ). a-Oct~1 (Pruijn ct al., 1989) is a rabbit antiserum directed against Oct-1
protein (provided by 1. W, Mattaj). a-POU is a monoclonal antibody directed against the
highly conserved POU domain of Oct-1 and Oct-2 (provided by T. Gerster). o-E4 (Marton
et al., 1990) is a monoclonal antibody directed against the adenovirus E4 ORF6/7

polypeptide (provided by T. Shenk).
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Antibody Antigen Specics ; Poly(P)- or Mono(M)<clonal Reference

a-PINF-IL6) 17 amino acid rabbit; P Hsu and Chen-Kiang,
1993

a-P4(NF-IL6) 13 amino acid rabbit; P Hsu and Chen-Kiang,
1993

a-LAP N-terminal LAP rabbit; P Descombes and
Schibler, 1991

a-C/EBPa 14 amino acid rabbit; P Cao et al., 1991

a-Fos full length Fos rabbii; P Rauscher et al., 1989

a-Aluy Fos(1-131) rabbit: P Cohen and Curran,
1990

a-M Fos(127-152) rabbit; P Cohen and Curran,
1990

a-wbF Fos(118-211) rabbit; P Abate et al., 1990

a-Jun full length Jun rabbit; P Rauscher et al,, 1989

a-wbl Jun(241-334) rabbii; P Cohen and Curran,
1990

a-Oct-1 Oct-1 rabbit; P Pruijn et al., 1989

o-POU Oct-POU domain mousc;, M Gerster (unpublished)

a-E4 Ad E4 ORF6/7 mousc; M Marton et al., 1990

Table 5. List of antibodics.



In-gel ligation of recombinant DNA

Plasmid DNA (usually 1 to 2 ug) was digested with the desired endonucleases and
separated by electrophoresis on a low gelling/melting temperature agarose gel (1 o 2 %;
NuSieve GTG agarose, FMC) in a buffer of 50 mM Tris-acetate (pH 8.2). The DNA
fragments, visualized by long-wave ultraviolet light after staining with ethidium bromide,
were excised from the gel with a clean razor blade in a volume as small as possible. Sliced
gels containing the desired DNA fragments were melted at 700C for 10 min, and combined
with 10 times excess of vector plasmid into a final volume of 10 pl. The mixture was
incubated at 37¢C for 10 min, to which 10 yl of ice cold 2x ligation buffer (0.1 M Tris-HCI,
pH 7.6, 20 mM MgCl3, 20 mM DTT, and 100 pg/ml BSA) containing 1 pl of T4 DNA ligase
(Promega) was added and mixed quickly. The mixture was then incubated at 16°C for 12 to
24 hours. To introduce the ligated products in to E. coli cells, the reaction mixture was
heated at 70°C for 10 min and diluted with 10 volumns of ice-cold TCM (10 mM Tris-HCl,

pH 7.5. 10 mM MgCl3, and 10 mM CaCly) prior to the standard transformation procedure.

Purified recombinant proteins

GST (glutathione S-transferase) and GST fusion proteins were expressed in E. coli
BL21(DE3) cells by using the T7 expression system (Studier et al., 1990). To express
soluble fusion proteins, overnight cultures of bacteria were inoculated with single colonies
that were newly transformed with recombinant plasmids, and were diluted with 10 volumns
of medium. After an additional 2 hours incubation (optical density at 600 nm of 0.4), the
culture was induced with 1 mM isopropyl B-D-thiogalactopyranoside (IPTG, Sigma) at 37°C
for 2 hours. For small scale preparation, cells from 3 mil of culture were harvesied by
centrifugation at 4°C in the Eppendorf centrifuge (14,000 rpm for 5 min) and resuspended
in 0.5 ml of phosphate-buffered-saline (PBS) containing 1% Triton X-100 (PBS-Triton).
The lysates were sonicated 3 times with 15-sec pulses (Vibra Cell Sonicator at 40% duty

cycle) and the debris were pelleted by centrifugation (14,000 rpm, Eppendorf, for 5 min).



The supernatants (10 pl) were mixed with 50 pl of glutathione-Sepharose (Sigma)
cquilibrated and suspended in PBS-Triton according to the manufactures’ specification, and
incubated at 4°C for 30 min. The Sepharose was then collected by centrifugation (5,000
rpm, Eppendorf, for 2 min), washed three time with PBS-Triton, resuspended in 10 yl of SDS
sample loading buffer, which contains 50 mM Tris-HC1 (pH 6.8), 2% SDS, 100 mM DTT,
0.1% bromophenol blue, 10% glycerol, boiled for 5 min and analyzed by SDS-PAGE. GST
fusion proteins were purified to greater than 90% homogeneity by this single-step
procedure, as determined by silver staining or coomassie blue staining. To elute the fusion
proteins, the fusion protein-glutathione Sepharose complexes were washed with a buffer
containing 5 mM Tris-HCl (pH 8.0), 5 mM glutathione, 1 mM bezamidine (Sigma), 50
ug/ml of soybean trypsin inhibitor (Sigma), $ ug/ml of aprotinin (Sigma), 1 pg/ml of
bacitracin (Sigma), 0.3 pg/ml of Antipain (Boehringer Mannhein), 1 pg/ml of Leupeptin
(Boehringer Mannhein), 1 mM PMSF (Sigma), and § mM DTT. Purified human Oct-1
protein from Hela cells (provided by Claus Scheidereit), purified recombinant LAP
(provided by U. Schibler), purified truncated form of recombinant C/EBPa (provided by S.
McKnight), and purified recombinant Fos, Jun, and their derivatives (Fos, F59-380, F2-321,
F2-270, F139-321, F139-270, F139-289, F139-255, F139-245, F139-200, F118-211, F118.
211D186, F188-211D139-144, Jun, J225-334, and J241-334) (provided by T. Curran, T.
Kerppola and C. Abate) were used as indicated.

In vitro transcription and translation

RNA was transcribed in vitro from plasmids, pSP65-fos, pGEM4-jun, and pBSOct-1
by SP6 or T7 RNA polymerase in a 100 pl of transcription buffer containing 200 mM Tris-
HCl1 (pH 7.5), 50 mM NaCl, 30 mM MgCl3, 10 mM spermidine, 10 mM DTT, 120 uhits of
RNase inhibitor RNasin (Promega), 0.5 mM nucleoside triphosphate (NTP) (Bochringer
Mannhein), 0.5 mM "GpppG (New England Biolab.), and 2 ug of lincarized DNA templates

at 379C for 60 minutes. Following digestion of the plasmid DNA with 5 pl of RNase-free
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DNase I (Promega) at 37°C for 15 min, the transcribed RNA (5-10 pg) was precipitated with
ethanol. The proteins were transiated in vitro from 0.1 to 1 ug of RNA in 40 yl of nuclease-
treated, messenger-dependent rabbit reticulocyte lysates (Promega) at 30°C for 60 min.
Each reaction mixture was supplemented with 1 mM amino acid mixture without methionine
and 20 pCi of 35S-methionine for synthesis of labeled proteins, or 1 mM of amino acid

mixture with methionine for synthesis of untabeled proteins.

Association of proteins in vitro

Fos, Jun, and Oct-1 (0.3 fmol) translated in vitro and labcled with 35S-methionine
were incubated with 2 pmol of bacterially expressed GST or GST fusion proteins in 300 pl
of buffer A, which contained 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 5 mM
DTT. 2 mg/ml Leupeptin, 2 mg/ml Antipain, and 0.5% NP-40; or in RIPA buffer (10 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mg/ml of Leupeptin, 2 mg/ml of Antipain,
0.1 mM PMSF, 1% Triton X-100, 1% SDS, and 1% Sodium deoxycholate). The reactions
were incubated at 37°C for 10 min and then at 4°C for 10 min. The protein complexes were
precipitated with 50 ul glutathione-Sepharose, washed three times with the same incubation

buffer, and analyzed by 12% SDS-PAGE and autoradiography.

Cells and cytokine induction

NT2/D1 cells, a clonal human embryonal carcinoma cell line (Andrews, 1984), were
cultured in Dulbecco's modified essential medium. HepG2 cells, a human hepatoblastoma
cell line (Aden et al., 1979), were cultured in Eagle's minimal essential medium. Jurkat cells,
a human T lymphobilastoid cell line, NJBC-8 cells, a stable transforment of Jurkat cells, which
constitutively express the human IL-6 receptor-a, gp80, and M1 cells, a mouse myeloid
leukemia cell line, were cultured in RPMI 1640 medium. All media contained 10% heat-
inactivated fetal calf serum (expect that serum used to culture HepG2 was not heat-

inactivated), L-glutamine (2 mM), penicillin (100 units/ml), streptomycin (100 gg/ml), and
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nonessential amino acids (GIBCO) as supplements. Induction of NT2/Di{, NJBC-8, and M1
cells by recombinant IL-6 was performed as described previously (Raynal et al., 1989),
NT2/D1, NIBC-8, and M1 cells were induced with 200 units of IL-6 per ml. One unit of
recombinant IL-6 was defined as the activity that induces S0% of the maximum response of
IgM production in 104 SKW6-C14 cells (Hirano ¢t al., 1986). Induction of NT2/D! cells
with retinoic acid (RA) at 10-3 M was performed as described previously (Lee and Andrews,

1986).

Viruses and virus infection

Infections and propagation of adenovirus type 2 (Ad 2) and d! 312, an ElA-
deletion mutant of adenovirus type S, were as described previously (Lavery and Chen-Kiang,
1990). Celis were resuspended in serum-free media containing 10 to 20 PFU (plaque
forming unit) per cell of virus after washing twice with serum free media. Following
adsorption of virus at 37°C for 30 min, the infected cells were resuspened and diluted in

complete media (3x105 cells/ml).

Nuclear extract preparation

Nuclear extracts were prepared essentially as described previously (Mattila et al.,
1990). Cells (3-5x107) were collected and washed twice with PBS (without Mg2* or Ca2+
ions) before being resuspended in 1 ml of buffer A containing 10 mM Na-Hepes (pH 7.8),
15 mM KCl, 2 mM MgCl3, 0.1 mM EDTA, | mM DTT, | mM PMSF, 1 ug/ml of Antipain,
0.3 ng/ml of Leupeptin, and 1% milk. After dropwise addition of 100 ul of 2% NP-40 to the
cell suspension with constant mixing, the nuclei were separated from the cytoplasmic fraction
by overloading the mixtures onto 5 ml of 10% sucrose-buffer A and centrifuging at 2,000
rpm (RT6000B) for 5 min at 49C. The nuclei were resuspended in 100 ul of buffer B
containing 50 mM Na-Hepes (pH 7.8), 50 mM KCl, 0.1 mM EDTA, 1| mM DTT, I mM

PMSF, 1 pg/ml of Antipain, 0.3 pg/m! of Leupeptin, and 10% glycerol. Ammonium sulfate
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was added to a final concentration of 0.32 M. After mixed gently at 4°C for 30 min, the
lysates were clarified by centrifuging at 70,000 rpm for 15 min (Beckman ultracentrifuge
TLA100). The supematant was transfer to a new microtube and the ammonium sulfate
conceniration was brought up 10 2.4 M. Afier centrifugation at 50,000 rpm for 10 min
(Beckman ultracentrifuge TLA100), the pellet was resuspended in buffer B and incubated at
49C for 15 min. Whole cell extracts were prepared similady to the nuclear extracts. The cell
pellet was lysed in buffer B followed by ammonium sulfate precipitations of proteins. For
small scale nuclear extracts, 0.5-1x106 cells were collected, resuspended in 1 m! PBS and
transferred to a new Eppendorf tube. The cells were pelleted, resuspened in 400 il of buffer
of 10 mM Na-Hepes (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM DTT, and
0.5 mM PMSF, and incubated on ice for 15 min. Before centrifugation at 14,000 rpm
(Eppendorf) for 3 min, 25 ul of 10% NP-40 was added to the lysates. The pellet was
resuspended in 50 pl of ice-cold 20 mM Na-Hepes (pH 7.9). 0.25 M NaCl, 2 mM EDTA, 1

mM EGTA, 5 mM DTT, and 1 mM PMSF, incubated at 4°C for 15 min, and clarified by '

centrifugation at 14,000 rpm (Beckman ultracentrifuge TLA100) for S min. The protein
concentrations of extracts were determined by the Bradford assay (Bradford, 1976) with a

pmlcih assay kit (Bethesda Research Laboratory).

Immunablotting analysis

Immunoblotting analysis was performed as described (Harlow and Lane, 1989).
Wholc cell or nuclear extracts (20 pg) were diluted in an equal volumn of 2x SDS sample
loading buffer and boiled for S min before fractionation on a 12% denaturing
polyacrylamide gel. The proteins were clectrotransferred (40 V, at 49C for 16 hours) onto
nitrocellulose membranes in a transfer buffer (0.24 M Tris base, 0.18 M glycine, 3.5 mM
SDS, and 800 ml methanol). After blocking with a buffer containing 4% BSA, 1 mM Tris-
HCl (pH 8.0). 5 mM NaCl, and 0.05% Tween-20, the blots were incubated with the primary

antibodies diluted in a buffer containing 0.5% BSA, 1| mM Tris-HC! (pH 8.0), 5 mM NaCl,
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and 0.05% Tween-20 at room temperature for 1 hour. After washing three times with the
same buffer for 5 min, the bolt was then incubated with an alkaline phosphatase-conjugated
secondary antibody (3:10,000 dilution) (Promega) at room temperature for 30 min. The
bound secondary antibodies were detected and visualized by a chromogcnic substrate
reaction (0.1 ug/ml of nitro blue tetrazolium (NBT) and 0.05 pg/ml of 5'-bromo-4-chloro-3-

indolyl phosphate (BCIP)).

Immunoprecipitation-immunoblotting assay

Nuclear or whole cell extracts (100 ug) were incubated with or without 2 pmol of
purified recombinant Fos or Jun, in 300 ul of buffer A containing 50 mM Tris-HCl (pH
8.0), 150 mM Na(Cl, 2 mM EDTA, § mM DTT, 2 mg/ml] Leupeptin, 2 mg/ml Antipain, and
0.5% NP-40 at 37°C for 10 min. For detecting the presence of the NF-IL6-Jun complex in
M1 cells, whole cell lysates were extracted with buffer containing 5 mM Tris-HCl, 10 mM
Na-Hepes (pH 7.6), 250 mM NaCl, 0.5 mM EDTA, and 0.1% NP-40.  Protein complexes
were recovered by the addition of anti-Fos or anti-Jun (1:333 dilution) and incubated at 4°C
for 1 hour. Protein A-Sepharose (75 pl of 40 mg/ml suspension, Sigma) was added. After
incubation at 4°C for 30 min, the immune complexes were precipitated by centrifugation
(5,000 rpm, Eppendorf centrifuge for 3 min), washed 3 times with buffer A and resuspended
in 20 ul SDS sample loading buffer. After being boiled for 5 min, the supematant was
analyzed by SDS-PAGE (12% gel). The proteins were transferred onto nitrocellulose

membranes by electrophoresis at 4°C followed by immunoblotting analysis as described.

Electrophoretic mobility shift analysis

Synthetic oligonucleotides were 32P-labeled by kinase reaction and DNA fragments
were 32P-labeled by filled-in reaction (Hsu and Chen-Kiang, 1993). The probes were
separated from unincorporated isotopes by elcctrophoresis on a 7% polyacrylamide gel.

Autoradiography of the wet gel was obtained for locating the probes. The regions of the gel
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comresponding to the position of the labeled probes were excised. Probes were electroeluted
from the sliced gel in dialysis tubings (3,000 MW cut off) at 250 V for 30 min. For the
analysis of DNA binding activities of octamer proteins, nuclear extracts (0.6 pg) or Oct-1
protein (1 ng) purified from HeLa cells was incubated with 65 pmol of DNA probe in a
binding buffer containing 20 mM Na-Hepes (pH 7.9), 50 mM KCl, 1 mM EDTA, | mM
DTT, 4% Ficoll, and 1 ug/ul poly(didC) at room temperature for 20 min. Confirmation of
the presence of Oct-1 in protein-DNA complexes was performed by incubating anti-Oct-1,
and anti-POU antisera for 10 min at room temperature prior to the addition of probes. The
DNA fragments containing the octamer site from the adenovirus ITR, pEB-55/106(oct+) and
Ig heavy chain enhancer, pBlue6W, are as follows (the octamer core sequences are

underlined):

pEB-55/106(oct+)

5'ATTTTGGATTGAAGCCAATATGATAATGAGGGGGTGGAGTTTGTGACGTGGCGCGGGGCGTGGGAACGGGGCGGGTGACGTAG
I TAAMACCTAACTTCGGTTATACTATTACTCCCCCACCTCAMCACTGCACCGCGCCCCGCACCCTTGLCCCGCCCACTGCATC

pEB-44/106(oct-)

S'ATTTTGGATTGAAGCCAATATGATGGAGTTTGTGACGTGGCGCGGGGCGTGLGAACGGGGLUGGGTGACGTAG
I TAAMMCCTAACTTCGGTTATACTACCTCARACACTGCACCGCGCCCCGCACCCTTGUUCCGCCCACTGCATC

Ig heavy chain enhancer

S'AGCAAAACACCACCTGGGTAATTITGCATTTCTAMAATAAGTTGAGGATTC
I TCGTTTTGTGGTGGACCCATTAAACGTAAAGATTTTATTCAACTCCTAAG

For the analysis of DNA binding activitics of NF-1L6 and Fos-Jun, nuclear extracts
(1 ug) or in vitro translated Fos and Jun (0.3 pmol) were incubated with 65 pmol of probe in
a buffer containing S mM Tris-HCl, 10 mM Na-Hepes (pH 7.6), 50 mM NaCl, 1| mM DTT, 1
mM EDTA, 10% glycerol, 1 pg/ul of poly(didC) at room temperature for 30 minutes. For
the binding analysis of purified recombinant proteins, proteins were incubated in 20 pul of
binding buffer containing 5 mM Tris-HCl, 10 mM Na-Hepes (pH 7.6), 50 mM NaCl, 15 mM
EDTA, 5 mM DTT, 10% glycerol at 370C for 15 min. The presence of EDTA is not

essential for NF-IL6 binding, however, the presence of Mg2+ disturbed the formation of



stablc protein-DNA complex. To each reaction mixwre, poiy(dIdC) (1 pg/ul) was added,
and incubation was continued at room temperature for 5 min before the addition of 32p.
labeled probe (65 pmol). After incubation at room temperature for 10 min, the protein-
DNA complexes formed were scparated from free probes by elecuophoresis on a 6% native
polyacrylamide gel in 0.25x TBE buffer (22 mM Tris-borate and 0.625 mM EDTA) at 250
volts at 40C for 3 hours. Confirmation of the presence of Fos and Jun was performed by
incubating anti-Fos, anti-Jun, anti-wbF, anti-wbJ, anti-M, and anti-Alu antisera for 10 min at
room temperature prior to the addition of probes. The oligonucleotide probes used are as
follows (the core recognition sequence of cach DNA probe is undrerlined):

NF-IL6(IL-6)

3'-AGATTGTGCAATCT-3"
3'-TCTAACACGTTAGA-5"'

NF-IL6(E2)

5'-TTAAATITGAGAAAGGGCGCGAAACTAGTCCTT-3"
3'-AATTTAAACTCTTTCCCGCGCTTTGATCAGGAA-5"

ATF/NF-IL6*(E2)

5'-GAGATTGAGTAGTITTTCGCGCTT-3"*
3'-CTCTAACTCATCAAAAGCGCGAA-S"

AP-1

5'-GAATTCTAAAGCATGAGTCAGACACCTC-3"
3'-CTTAAGATTTCGTACTCAGTCTGTGGAG-5"'

DNase 1 footprint analysis

The analysis was performed basically as described previously (DiLiberto et al.,
1989). Single stranded, end-labeled (10,000 cpm, 65 pmol) DNA fragments were used for
binding reactions with increasing amounts of proteins as described in electrophoretic
mobility-shift analyses (excepting only 1 mM EDTA was present in the binding buffer).
Following the binding reaction, sample was brought to 5 mM MgCl; and digested with 3 ug
of DNase 1 (Phamacia) for 90 seconds on ice. The reaction was stopped by the addition of

the 35 ul of termination buffer containing 0.6 M NaCl, 0.2% SDS and 10 mM EDTA,
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followcd by phenol/chloroform extraction and ethanol precipitation of DNA. The digested
cnd-labeled DNA fragments were then analyzed on a denaturing 8% polyacrylamide

sequencing gel.

Metabolic labeling and immunoprecipitation

M1 cells (3x10° cells) were washed twice with methionine-free RPM1 medium. To
deplete the endogenous methionine, the cultured cells were incubated with methionine-free
medium and 10% dialyzed fetel calf serum at a concentration of 2x105 cells/ml at 37°C for
30 min. 35S-methionine (100 uCi) was added 1o continue the incubation for 30 min, The
cells were collected by centrifugation (5,000 rpm, RT6000B for 1 min), washed with PBS,
and lysed in I ml of RIPA buffer. The lysate was clarified by ultracentrifugation at 40,000
rpm (TLA100), at 4°C for 40 min. The supematant was transferred o a new microtube, to
which the desired antibody was added and incubated at 4°C for 2 hours. The antigen-
antibody complexes were collected by the addition of 20 pl Staph A cells (10% suspension
in PBS, 0.1% NaN3, Calbiochem), incubation at 40C for 30 min, and centrifugation at 5,000
rpm for 1 min. The peliet was then resuspended in denaturing SDS sample loading buffer,
and boiled for 5§ min, before analysis on SDS-PAGE (12%)

Transfection

NT2/D1 cells was transfected by the modified calcium phosphate-mediated
transfection method (Sambrook et al., 1989). Cells (108 cells per 90-mm dish) were plated
24 hours before transfection. Superhelical plasmid DNA (30 pg, including the carrier DNA)
was incubated in 0.5 ml of 2.5 M CaCly, to which 2x BES (N,N-bis(2-hydroxyethyl}-2-
aminoethanesulfonic acid) buffer (50 mM Na-BES, 280 mM NaCl, 1.5 mM NaHPOg4, pH
7.0) was added, at room temperature for 30 min. The CaCl/DNA/BES buffered solution was
then added dropwise to NT2/D1 cells. The transfected cultures were incubated at 37°C in an

atmosphere of 3% CO2 humidified incubator for 15-24 hours and in an atmosphere of 5%
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CO3 for an additional 24 hours. Jurkat cells were transfected by electroporation (Spergel et
al.,, 1992) using a Gene-Pulser (Bio-Rad) at 1.0 kV and 25 uF. For cach transfection, 106
cells were transfected with 5 ug of expression plasmid DNA in a total of 20 ug DNA
(including carrier, salmon sperm or pBluescript DNA) and incubated at 37°C in the presence
of 5% CO; for 48 hours. The chloramphenicol acetyltransferase (CAT) activity expressed
by the reporter plasmids in transfected cells was measured as described previously (Spergel
et al,, 1992). The cell extracts were prepared 48 hours after transfection. Cells were
harvested by centrifugation at 1,000 rpm (Eppendorf) for 5§ min and washed twice with PBS,
resuspended in 100 pl of 0.25 M Tris-HCl (pH 7.8). After freezing and thawing three times,
the debris were pelleted, and the supemnatant was collected for CAT activity analyses. The
CAT activity was determined by the diffusion of 3H acetyl coenzyme A into organic-
miscible scintillation fluid (Sambrook et al., 1989). The slope of the organic-miscible
radioactivity as a function of time was calculated and used to represent the CAT activity, with

the slope of RSV-CAT as a positive control and that of JYM-CAT as a negative control.

RNA isolation and analysis

Total RNA isolation, selection of polyadecnylated RNA, and Northem blot analysis
were performed essentially as described previously (Lavery and Chen-Kiang, 1990). Total
RNAs were isolated by homogenization in 4 M guanadinium thiocyanate (GTC).
Polyadenylated RNAs were selected by poly(U)-Sepharose chromatography (Chen-Kiang
and Lavery, 1989) and analyzed by Northern blotting. RNAs were fractionated by
denaturing formaldehyde-agarose gel clectrophoresis in MOPS buffer containing 20 mM
morpholino-propanesulfonic acid (Sigma), 5 mM sodivm acetate, 1 mM EDTA (pH 7.0),
transferred onto nitrocellulose membranes (Schleicher and Schuell), and baked at 80°C for
2-3 hours. DNA probes were hybridized to membranes at 429C in the presence of 50%
formamide. The membranes were then washed four times with buffer A (pH 7.0)

containing, 150 mM NacCl, 15 mM sodium citrate, and 0.2% SDS, for 10 min at 42°C, and
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twice with buffer B containing 7.5 mM NaCl, 0.75 mM sodium citrate (pH 7.0), and 0.2%
SDS, for 30 min each at S59C.

Southern blot analysis
Total DNA from adenovirus-infected NT2/D1 cells were isolated and analyzed by

Southemn blotting as described previously (Lavery and Chen-Kiang, 1990). Afier infection

with adenovirus type 2 or df 312 at 10 PFU per cells, 103 cells from each cell culture were

withdrawn at various times postinfection as indicated. Total DNA was then isolated, digested
with HindlIll, separated by 1% agarose gel electrophoresis, and blotied onto nitrocellulose
membranes. Adenoviral DNA was detected by hybridization, using a 32P-1abeled probe, the

left end 5.7 kb of the adenovirus 5 genome from p3Wil8 plasmid.
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Chapter III
CROSS-FAMILY INTERACTION BETWEEN NF-IL6 AND AP-1
Portions of results contained in this chapter have been published (Hsu et al., 1994, Molecular

and Cellular Biology. 14, 268-276).

INTRODUCTION

The IL-6 signals mediated through the IL-6 receptor complex on the cell surface
lcad 10 regulation of genes that are specific to the differentiated phenotype. This implies
that different transcription factors are selectively and coordinately regulated in cells
responding to IL-6. NF-IL6 and AP-1 family transcription factors are induced by IL-6 in a
cell type specific manner. In B cells, junB is activated by IL.-6 (Nakajima and Walil, 1991).
In myeloid leukemia cells, jun, junB and junD, but not fos are activated after IL-6 induction
(Lord ct al., 1993). In PC12 cells, only fos is induced upon neuronal differentiation by 1L-6
{Satoh et al., 1988).

NF-IL6 and AP-1 family proteins have been shown 10 interact with proteins outside
their families. Association of NF-1L6 with the c-rel domain of NFxB in vitro implics that
their transcriptional activities are subject to regulation by this association (LeClair et al.,
1992). Transcription activity of the glucocorticoid receptor is regulated by association with
Fos and Jun positively and negatively, depending on the composition of Fos and Jun
(Diamond et al., 1990, Kerppola et al., 1993, Minor and Yamamoto, 1992). Similarly,
transcription activation by helix-loop-helix proteins, such as MyoD and myogenine, is
antagonized upon association with Fos and Jun (Bengal et al., 1992, Li et al., 1992). Recent
studies on the ecarly events of T cell activation further demonstrate that Fos and Jun are
components of a complex that is important for activation of transcription of the 1L-2 gene
(Jain et al.,, 1993, Ullman et al., 1993). Investigation of the physical and functional

interactions between NF-IL6 and AP-1 family transcription factors may give ncw insights
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into interplay of these IL-6 regulated nuclear proicins. The objectives of expecriments
presented in this chapler are to investigate the interactions between NF-IL6 and AP-1 family

proteins in vitro and in vivo.

RESULTS

NF-IL6 associates with Jun and with Fos

Ni--IL6 and members of AP-1 family have been shown to be coordinately regulated
by IL-6. These data suggest that NF-[L6 may associate with Fos or with Jun via the common
bZIP region in the absence of DNA (Figure 7). To test the physical interaction between NF-
IL6 and AP-1 family proteins in vitro, (i) bacierially expressed GST fusion proteins of NF-
IL6 and Myc and (ii) Jun, Fos and Oci-1 proteins that were translated in vitro in the presence
of 35S-methionine were used in the coprecipitation assays (Figure 8A). In these assays, the
355-labeled protein was incubated with GST fusion protein and the protein complexes were
precipitated with glutathione-Sepharose and analyzed by SDS-PAGE analysis. Analysis of
protein complexes precipitated by glutathione-Sepharose showed that NF-IL6 directly
associated with both Jun and Fos but not with the POU domain comtaining Oct-1 (Figure 8B,
lanes 7 to 9). The association is specific to NF-IL6 because none of the three proteins
precipitated with GST or with a GST-Myc fusion protein which contains a basic helix-loop-
helix zipper structure (Figure 8B, lanes 4 to 6 and Figure 8C, lanes 3 and 4).

The NF-IL6 mRNA encodes two transcriptional activalors (NF-1L6-1 and NF-1L6-
2) and a repressor (NF-IL.6-3). | therefore examined whether Fos and Jun can associate with
any of the three NF-IL6 proteins selectively. NF-IL6-3 was found to associate efficientiy
with Jun and with Fos (Figures 8C, lane 5 10 8). The inieraction took place even in the
presence of 1% deoxycholate and 1% Triton X-100 (Figure 8C, lanes 9 and 10). These
results indicate that the carboxy-terminal DNA-binding region that is shared by the three
alternatively translated NF-1L6 proteins mediates cross-family association with Fos and with

Jun.
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Figure 7. A diagram illustrating the potential interactions between NF-IL6 and AP-1 family

proteins.
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Figure 8. NF-1L6 associates with Jun and with Fos in vitro. (A) Schematic representation
of the protocol for the analysis of association of GST fusion proteins and in vitro translaied
358-methionine labeled proteins. (B) Analysis of association of Jun, Fos, or Oct-1 with
GST-NF-ILé-1 fusion protein (lane 7 to 9) or with GST (lanc 4 to 6). The input Jun, Fos,
and Oct-1 were analyzed directly by SDS-PAGE (lanes 1 to 3). (C) Analysis of association
of Jun or Fos with GST-Myc (lanes 3 and 4), GST-NF-1L6-1 (lanes 5 and 6), or GST-NF-
IL6-3 (lanes 7 and 8) in buffer A or with GST-NF-IL6-3 in RIPA buffer (lanes 9 and 10).
The input Jun and Fos proteins were analyzed directly by SDS-PAGE (lanes 1 and 2). (D)
Schematic representation of the NF-IL6 mRNA and proteins. The three translation initiator
AUGs, the corresponding amino acid residues, and the three NF-IL6 proteins initiated from
the first (NF-IL6-1), second (NF-1L6-2), and third (NF-IL6-3) in-frame AUGs are as

indicated. BR, basic region; LZ, leucine zipper region.

42



114

¢ 8 L 9 Sy ez

C9YIRN EER—i




The bZIP regions of NF-1L6 and AP-1 are necessary and sufficient for their association

The domain(s) of NF-IL6 that mediates association with Fos and with Jun was
analyzed further by serial delctions of the carboxy-terminus of NF-1L6-2, using a GST
fusion construct encoding residues 24 to 345 of NF-IL6 [GST-NF-IL6(24-345)] (Figure
9A). Deletion of the bZIP region in GST-NF-11.6(24-273) completely abolished its ability
to associate wilth Jun (Figure 9B, lane 5). Progressive deletions of the carboxy-terminal pan
of NF-IL6-2 confirmed that the bZIP region is required for interaction with Jun (Figurc 9B,
lanecs 6 to 8).

The association of NF-IL6 and Fos or NF-IL6 and Jun was investigated with an
independent line of analysis. Immunoprecipitations were performed with anti-Jun or anti-
Fos antibodics followed by immunoblotling with anti-NF-11.6 (x-P4). The a-P4 antibody
specifically recognizes the amino-1erminal portion of NF-IL6-1 and NF-IL6-2 and does not
cross-react with other members of the C/EBP family (Figure 10, lane 11). NF-IL6 is
expressed at a deteclable level in HepG2 cells by direct immunoblotiting analysis. In
contrast, Jurkat cells do not cxpress detectable amounts of NF-IL6 by immunoblotting
analysis (Figure 10, lane 10). NF-IL6 was not detected by immunoblotting with anti-P4
antibody following immunoprecipitation of HepG2 nuclear extracts with an anti-Jun
antibody, suggesting that ecither NF-IL6 does not associate with Jun in such experimental
conditions or the abundance of NF-IL6-Jun complexcs formed in vivo does not permit
detection by this method (Figure 10, lane 4). Preincubation of the HepG2 nuclear extracts
with cither a nearly full length Jun (Figure 10, lane 8) or a truncated form of Jun containing
the bZIP region (Figure 10, lane 9) resulted in the formation of NF-IL6-Jun complexes that
could be precipitated by anti-Jun but not by anti-Oct-1 antibodics (Figure 10, lane 3). This
association of NF-IL6 and Jun is attributed to NF-IL6 in the nuclear extracts, since
preincubation of Jun proteins with Jurkat nuclear extracts did not give rise to any NF-IL6-
Jun complexes (Figure 10, lane 5 to 7). Similarly, the bZIP region of Fos is sufficient for

association with NF-IL6 in thc HepG2 nuclear extracts (Figure 10, lane 12 to 14). Thus, by
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Figure 9. The bZIP region of NF-IL6 mecdiates association with Jun. (A) Schematic
representation of the GST-NF-IL6-2 fusion protein [GST-NF-IL6(24-345)] and the deletion
mutants. The open boxes represent GSTs, and the shaded boxes represent regions of NF-
IL6 indicated by the amino acid residues of its coding region. (B) Analysis of the
association of 33S-methionine-labeled Jun with GST-NF-IL6 proteins diagrammed in Fig.

8A.
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Figure 10. Thc bZIP regions of Jun and Fos associale with NF-IL6 in nuclear extracis.
Nuclear extracts (NE; 100 pg) from HepG2 (G2) or Jurkat (JK) cells were incubated with (+)
or without (-) purified recombinant Jun or Fos. J(2-334) is a ncarly full length Jun and
J(225-334) is a truncated version of Jun containing the bZIP region. F(1-380) is the full
length Fos and F(118-211) contains the bZIP region of Fos. The protein complexes were
immunoprecipitated by the addition of an anti-Jun (a-Jun), anti-Fos (a-Fos), or anti-Oct-1
(x-Oct-1) antibody, as indicated by +, and analyzed by immunoblotiing analysis with an
anti-NF-1L6 antiserum (x-P4) as described in Chapter II Materials and Methods. Lanes 10
and 11 represent direct immunoblotting of 20 ug of nuclear extracts without
immunoprecipitation. The arrow indicates the NF-IL6 protein detected by immunoblotting.
The signal above the arrow is due to cross-reaction of the alkaline phosphatase-conjugated

secondary antibody with the first antibody used in immunoprecipitation.
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two criteria, the bZIP regions of NF-IL6 and AP-1 family protcins mediate their direct

physical intcractions.

NF-1L6 binds to an ATF site, but Fos and Jun do not bind to an NF-IL6 site

The bZIP regions mcdiate the binding of NF-IL6 10 consensus DNA scquences of
§'-T(T/G)NNGNAA(T/G)-3' (Akira ct al., 1990} and the binding of AP-1 protcins to §'-
TGACTCA-3 (Lec et al., 1987a). Fos and Jun also bind 1o the ATF binding sites with
reduced efficiency (Hai and Curran, 1991). The interactions of NF-IL6 with NF-1L6 and
AP-1 recognition sequences were analyzed by electrophoretic mobility shift assays. The
bacterially expressed recombinant GST-NF-1L6-3 protein was purified by a single-step
purification procedure using glutathione-Sepharose (Smith et al., 1986, Johnson et al.,
1989). All three NF-IL6 fusion protcins could be precipitated by glutathionc-Sepharose as
determined by silver staining or coomassie blue staining. [nitial attempts 10 clute NF-1L6-1,
NF-IL6-2, and NF-IL6-3 fusion proteins from glutathione-Sepharose gave very poor yiclds,
possibly due to degradation of proicins. Afier the addition of several proicase inhibitors in
the elution buffer (Chapter 11 Materials and Methods), NF-IL6-3 fusion protein could be
cluted and purified 10 greater than 90% homogeneily (Figure 11, lanes 4 and 5). However,
elution of NF-1L6-1 and NF-1L6-2 by the same protocol was not successful, suggesting that
the presence of the amino-terminal porntion of NF-IL6 renders it more labile under thesc
experimental conditions {(data not shown). Recombinant NF-IL6-3 bound to two NF-IL6
sites present in the adenovirus E2 promoter [NF-IL6(E2), 5'-TTGAGAAAG-3'] and the IL-6
promoter, [NF-IL6(IL-6); 5'-TTGTGCAAT-3'] with comparable efficiency (Figure 12, lancs
l1to5 and 11 10 14). NF-IL6 proteins also bound 10 an ATF/AP-1 site prescnt in the
adenovirus E2 promoter (termcd ATF/NF-IL6*; 5-ATGACGTAGT-3'), but less cfficiently

(Figurc 12, lanc 6 to 10).
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Figure 11. Purification of recombinant GST-NF-IL6 fusion protein. Fractions from each
step of the purification of GST-NF-IL6-3 were analyzed by SDS-polyacrylamide gel
clectrophoresis and stained with Coomassie blue. Lane 1: Protein markers whose
corresponding molecular masses (Kd) are indicated at their left side. Lane 2: IPTG-induced
crude bacterial extracts. Lane 3: unbound fraction of glutathione-Sepharose. Lanes 4 and
5: Purified GST-NF-1L6-3 contained in the cluted fraction from glutathione-Sepharose.

Lane 6: 0.1 ug BSA. Lane 7: 0.5 pg BSA. Lane 8: | pg BSA. Lane 9: 5 pg BSA.
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Figure 12, NF-IL6 binds to an ATF/NF-IL6* site with reduced efficiency. Electrophoretic
mobility shift assay of NF-1L6-3 binding to the NF-IL6 sites of adenovirus E2 promoter
INF-IL6(E2)] and IL-6 promoter [NF-IL6(IL-6)], and the ATF/AP-1 site of adenovirus E2
promoter { ATF/NF-IL6*) was performed in increasing protein concentrations, as indicated.
In each reaction, 70 pmo! of oligonucleotide probes labeled with 32P 1o comparable specific

activity (1.3x10% cpm/nmol) was used.



DNase 1 footprint analysis showed that both the recombinant NF-11.6-2 (LAP) and a
truncated form of recombinant C/EBPa (BB amino acids) containing the bZIP region
recognized the NF-IL6 (N) and ATF/NF-IL6* (A) sites of the adenovirus E2 promoter
(Figure 13). The nuclcotides (sites) protected from DNase I digestion (indicated by bracket)
by NF-IL6-2 and C/EBPa were extended beyond their predicied core sequences (open
boxes) on the NF-IL6 and ATF/NF-IL6* sites of both coding and noncoding DNA strands.
Compared with NF-IL6-2, the bZIP region of C/EBPa appeared to generate iwo DNase |
hypersensitive sites at the 5'-boundary of the ATF/NF-IL6* (A) site on the noncoding strand
(Figurc 13, marked with an arrow head). On the coding strand, the bZIP region of C/EBPa
also generated DNase I hypersensitive sites at the 5'-boundary of the ATE/NF-IL6* (A) and
NF-IL6 (N) sites (Figure 13, marked with arrow heads). Different footprints gencrated from
binding of NF-1L6-2 and the truncated form of C/EBPa containing the bZIP region imply
that the amino-terminal region of NF-IL6 may contribute to DNA recognition. These results
arc in agreement with those obtained by electrophoretic mobility shift assays (Figure 12) and
confirm that NF-IL6 can bind to both the NF-IL6 and ATF/NF-IL6* sites of the E2
promoter.

Binding of Fos and Jun to these two sites was ¢xamined by the use of truncated
recombinant Fos and Jun containing their bZIP regions and full length Fos and Jun
translated in vitro. Fos-Jun heterodimers and Jun-Jun homodimers were able to bind to the
ATF/NF-IL6* site (Figure 14A, lanes 2 and 5). The panicipation of Fos and Jun in the
complexes was confirmed by the inhibition of DNA-protein complex formation by anti-Fos
and anti-Jun antibodies (Figure 14A, lanes 6 and 7). In contrast, Fos and Jun did not bind to
the NF-IL6 site (Figure 14A, lanc 8 to 11). Identical results were obtained with full length
Fos and Jun proteins translated in vitro (Figure 14B). The inability of Fos and Jun to bind to

the NF-IL6 sitcs is therefore an intrinsic property of this protein-DNA interaction.
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Figure 13. DNase | footprint analysis of the adenovirus E2 promoter. Protection of the E2
promoter from DNase 1 digestion was performed with purified recombinant LAP (NF-IL6-2;
obtained from U. Schibter), or a truncated form of C/EBPa containing the bZIP region
(obtained from S. McKnight), in increasing protein concentrations as indicated by triangles.
Both the coding and noncoding DNA strands were analyzed. Regions protected by NF-IL6
and C/EBPa are indicated by brackeis, and the predicted NF-IL6 (N) and ATF/NF-IL6* (A)

binding sites are shown in boxes.
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Figure 14. Fos and Jun bind to the ATF/NF-IL6* site but not to the NF-IL6 site. (A)
Electrophorctic mobility shift assay of binding of recombinant Fos and Jun proteins (2.5
pmol) to the ATF/NF-IL6* and NF-IL6 sites of the E2 promoter. F118-211 and J241-334
are the truncated forms of Fos and Jun proteins containing their bZIP regions.
Oligonucleotide probes and o-Fos and a-Jun antisera are described in Chapter 11 Materials
and Mecthods. The positions corresponding to the mobilities of Jun-Jun homodimers and
Fos-Jun heterodimers in the native gel are marked as }:J or F:J, respectively. (B)
Electrophorctic mobility shift assay of binding of full length Fos and Jun proteins translated
in vitro (0.3 fmol) to the DNA probes used for panel A. The mobilities of Jun-Jun and Fos-
Jun dimers are indistinguishable in the gel and marked as AP-1. The nonspecific binding

activitics from reticulocyte lysates (Retic) are indicated as asterisks ().
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Alteration of NF-1L6 binding specificity by interaction with Fos and Jun

Cross-family dimerization of Fos and Jun with ATF family proteins generated a
novel DNA-binding specificity (Hai and Curran, 1991). This suggests that the DNA-binding
activity of NF-IL6 may be alttered by association with Fos and with Jun. Binding of NF-1L6-
3 to two NF-ILG6 sites, to which Fos and Jun can not bind, was reduced in the prescnce of
recombinant truncated Fos and Jun containing their bZIP regions in a concentration
dependent manner (Figure 15, lancs 2 (0 6 and 16 to 20). Consistent with dimerization with
NF-IL6 via the leucine zipper region, Fos and Jun mutanis containing deletions in the basic
region were as cffective as the wild-type proteins in reducing the NF-IL6 DNA-binding
activily (Figure 15, lancs 7 to 11 and 21 to 25). Association of NF-IL6 with Fos or Jun via

the leucine zipper region therefore Icads to aliered DNA-binding specificity of NF-IL6.

Fos and Jun repressed transcription activation by NF-IL6

NF-IL6-1 and NF-IL6-2 likely function as transcription activators and NF-11.6-3 as
a repressor, analogous to their rodent counterparnts. Reduction of NF-1L6 binding to the NF-
IL6 site may lead to reduction or enhancement of transcription mediated by this site,
depending on which of the functionally distinct NF-1L6 isoforms is sequestered by Fos and
Jun. The functional properties of NF-IL6 proteins and the influence of Fos and Jun were
investigated by transicnt transfections in NT2/D1 cells (Figure 16). NF-IL6-3 is not detected
and NF-1L6-2, Fos and Jun arc expressed at an extremely fow level in these cells. As
expected, expression of NF-IL6-2 activates transcription of a reporter CAT gene linked to
four 1andemly repeated copies of the NF-IL6(IL-6) site (4xNF-IL6-CAT) (Figure 16A).
This activation can be down-rcgulated by the expression of NF-IL6-3 (Figurc 16A).
Consistent with their inability to bind to this site (Figure 15B), Fos and Jun did not activate
the NF-IL6 site directed transcription (Figure 16A), Fos and Jun, however, rcduced

transcriptional activation by NF-1L6-2 in a concentration dependent manner (Figure 16B).
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Figure 15. The NF-IL6 DNA-binding activity is reduced by Fos and Jun. Binding of
purified rccombinant NF-IL6-3 (2.5 pmol) to the NF-IL6(E2) and NF-IL6(IL-6)
oligonucleotide probes (70 pmol) was performed in the presence (+) or absence (-) of
purified recombinant Fos and Jun proteins. F118-211 and J241-334 are as describe in
Figure 12. AbF is a derivative of F118-211 which lacks amino acid residues 139 to 144 in
the basic region. Abl is a derivative of J241-334 with the deletion of amino acid residues
260 to 266 in the basic region. 3x and 9x represent 3 and 9 times of the molar

concentration of NF-IL6-3. BSA is used as a control.
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Figure 16. Fos and Jun repress transcription activation by the activator form of NF-IL6.
(A) The rcporter plasmid, 4xNF-IL6-CAT, was cotransfected with pCMV-NF-1L6-2 or
pPCMV-NF-IL6-3, with or without pCMV-fos and pCMV-jun, into NT2/DI1 cells. In ecach
reaction, 100 cells were transfected with 20 pg of DNA including 4 pg of 4xNF-IL6-CAT, 4
ug of each of the effector plasmids as indicated (+), and supplemented amounts of carmier
DNA, pBluescript. (B) The reporter plasmid, 4xNF-IL6-CAT (4 pug), was cotransfected with
pCMYV-NF-1L6-2 (4 ug) and pCMV-fos or pCMV-jun, or both, in amounts as indicated. In

cach transfcction, a total of 30 ug of DNA and 109 cells were used.
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These results suggest that NF-IL6 functions as an activator or repressor, depending on the
ratio of the isoforms in human cclls. Cormelated with diminution of the NF-1L6 DNA-
binding activily by association with Fos and with Jun, NF-IL6 site dependent transcription

activation by the activator forms of NF-IL6 is antagonized by Fos and jun.

NF-IL6 homodimers and NF-IL6-Fos heterodimers bind to an AP-1 site

Fos and Jun can not bind to most NF-IL6 sites tested so far. Whether NF-IL6 can
bind to an AP-1 site was examined by clectrophoretic mobility shift assay, using purified
NF-IL6-3 and as references recombinant truncated Fos and Jun that contain their bZIP
regions (F118-211 and 1241-334)., NF-IL6 apparently bound to the AP-1 site of the
collagenase promoter less cfficiently than to the NF-IL6 site of the E2 promoter (Figure 17).
Because NF-IL6 also bound to the ATF/NF-IL6* site of the E2 promoter, to which Fos and
Jun bound with reduced efficicncy (Figure 12), these results suggest that NF-IL6 can bind to
the AP-1 binding siics.

Association of NF-IL6 with Fos and Jun reduces the binding of NF-1L6 to the NF-
IL6 sites of the IL-6 and E2 promoters (Figure 15). Whether NF-IL6-Fos and NF-IL6-Jun
heterodimers can bind to an AP-1 site was examined, using the AP-1 site of the collagenase
promoter as a probe. Alhough NF-IL6 and Jun homodimers compete for binding to the
AP-1 site, the formation of DNA-protein complexes containing NF-IL6 and Jun
heterodimers was not observed (Figure 18, lane 6 to 8). The NF-IL6-Fos hetcrodimers
(N:F), however, appearcd 10 bind to the AP-1 site as shown by the faster migrating DNA-
protein complex (Figurc 18A, lane 3 to 5). Binding of NF-IL6-Fos hcterodimers 1o the AP-
1 site was dependent on the concentrations of both partners because formation of the NF-
IL6-Fos complex (N:F) was enhanced with increasing amounts of cither NF-IL6 or Fos
(Figure 18B, fanc 2 to 9). The sequence specificity for NF-IL6-Fos heterodimers was
examined by the use of the ATF/NF-JL6* site. NF-IL6-Fos heterodimers failed 10 bind 10

the ATF/NF-IL6* site (Figurc 19, lane 6), whereas NF-IL6 and Jun homodimers and Fos-Jun
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Figure 17. NF-IL6 binds to the AP-1 site with reduced efficicncy. Electrophoretic mobility
shift assay of binding of NF-IL6-3, in increasing concentrations as indicated, to an
oligenucleotide probe (65 pmol) which contains the AP-1 site of the collagenase promoter
(AP-1) or the NF-IL6 site of the E2 promoter (NF-IL6). The two probes have comparable

specific activity (1.3x10% cpm/pmot).
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Figure 18. NF-IL6-Fos heterodimers bind to an AP-1 site. {(A) Binding of purified
rccombinant NF-IL6-3 (2.5 pmol), as indicaled with (+), to an oligonucleotide probe (65
pmol) containing the AP-1 site of the collagenase promoter was performed in the presence
of increasing amounts of purificd truncated recombinant Fos polypeptide corresponding to
amino acid residue 118 to 211 (F118-211) (lanes 3, 0.5 pmol, 4, 1.5 pmol and 5, 2.5 pmol),
or Jun polypeptide corresponding to amino acid residue 241 to 334 (J241-334) (lancs 6, 0.5
pmol, 7, 1.5 pmol, and 8, 2.5 pmol). (B) Binding of NF-IL6-Fos heterodimers to the AP-1
site was performed by using NF-IL6-3 (2.5 pmol) and increasing amounts of F118-211
(lanes 2 10 5, 0 0 2.5 pmol), or using F118-211 (2.5 pmol} and increasing amounts of NF-
IL6-3 (lanes 6 to 9, 0 to 2.5 pmol). The migration of the protein-DNA complexes
containing NF-IL6 homodimers, Jun homodimers, and NF-IL6-Fos heterodimers are
indicated as N:N, J:J, and N:F, respectively. Electrophoretic mobility shift assay was

performed as described in Chapter H Materials and Methods.
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Figure 19. NF-1L6-Fos and NF-IL6-Jun heterodimers do not bind to the ATF/NF-IL6* site
of the E2 promoter. Binding of NF-1L6-3 (2.5 pmol) in the presence of F118-211 (2.5
pmol) and/or J241-334 (2.5 pmol) as indicated (+), to an oligonucieotide probe (65 pmol)
containing the ATF/NF-IL6* site of the E2 promoter was analyzed by electrophoretic
mobility shift assay. N:N, J:), and N:F represent the NF-IL6 homodimers, Jun homodimers,

and NF-IL6-Fos heterodimers, respectively.
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heterodimers can bind to this site (Figure 19, lanes 1,3, and 4). These results suggest that the
DNA-binding propernty of NF-IL6-Fos heterodimers is distinguishable form that of NF-IL6-

Jun heterodimers, and that NF-IL6-Fos heterodimers bind to the AP-1 sites sclectively.

Binding of NF.IL6-Fos heterodimers to an AP-1 site is enhanced by residues outside the
bZIP region

The bZIP regions of NF-IL6, Fos and Jun are sufficient for the cross-family
association (Figures 9 and 10). To study the contribution of residues within and outside the
bZIP rcgion of AP-1 to the formation of stable DNA-protein complexes, I first confirmed
that the bZIP region of Fos is sufficient for binding of NF-IL6-Fos dimers, and the control
Fos-Jun dimers to the AP-1 site (Figure 20, lanes 4 and 9). A wruncaled Fos (F139-200)
containing the minimal bZIP region is also sufficient for binding of NF-IL.6-Fos dimers to
the AP-1 site (data not shown). As predicted, deletion of the fourth leucine residue in the
bZIP region of Fos (F118-211A186) changes the spacing between leucines and inhibits the
dimerization beiwecen NF-IL6 and Fos, and Fos and Jun (Figure 20A, lanes 5 and 10).
Deletion of six amino acids in the basic region of Fos (F118-211A139-144) abolished the
binding of both NF-IL6-Fos and Fos-Jun heterodimers to the AP-1 site (Figure 20A, lanes 6
and 11). This decletion also reduced the binding of NF-IL6 homodimers to the AP-1 site,
presumably duc to the formation of NF-IL6-Fos heterodimers that are defective in binding
to DNA (Figure 20A, lanc 6). These results are in agreement with the deletion analysis of
NF-IL6 and confirm that the bZIP region of Fos is necessary and sulficient 1o mediate the
association with NF-1L6 and the binding of NF-IL6-Fos heterodimers to an AP-1 site.

The NF-1L6-Fos heterodimers that contain the full length Fos bound to the AP-1
site more efficiently than those containing a truncated Fos (Figure 20A, lanes 3 and 4). Two
complexes in addition to the NF-IL6 homodimers were generated by interactions between

the full length Fos and NF-IL6 (Figure 20, lane 3 and 13), as confirmed by the interference
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Figure 20. Fommation of NF-IL6-Fos hcterodimers is dependemt on the leucine zipper
region. (A) Binding of NF-IL6-Fos or Fos-Jun hetcrodimers o a labeled oligonucleotide
probe containing the AP-1 site of the collagenase promoter was analyzed by electrophoretic
mobility shift assay using purified recombinant Fos protein and its mutant derivatives (Fos,
F118-211, F118-211A186, and F118-211A139-144), NF-11.6-3 and J241-334. Equal molar
amounts (2.5 pmol) of the NF-IL6-3, J241-334, and Fos derivatives were used in each
reaction. {B) Schematic representation of the Fos derivatives used in panel A. The numbers
represcent the corresponding positions of amino acid residues present in the Fos protein. The
basic (open box) and leucine zipper (haitch box) were as indicated (bZIP). N:N, NF-IL6
homodimers; N:F, NF-IL6-Fos heterodimers; F:J, Fos-Jun heterodimers; o, low mobility

complex.
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of complex formation by an anti-Fos antibody (Figure 20A, lane 15). The faster migrating
species of the two complexes is likely 10 be a NF-IL6-Fos heterodimer because there is no
indication of degradation of Fos in the control reaction that contains Fos-Jun hetcrodimers
(Figure 20A, lanc 8). The low mobility complex (marked with a o) may be due to the
formation of a multimeric complex containing NF-IL6 and Fos. This remains to be
investigated. These data suggest that although the bZIP region of Fos is sufficient for
association with NF-11.6, formation of stable DNA-protein complexes may be enhanced by
amino acid residues outside the bZIP region.

To deducc the amino acid residues outside the bZIP region of Fos that contribute to
the cross-family interaction, a panel of amino- and carboxy-terminal deletion mutants of Fos
were analyzed. The experimental conditions were modified by the inclusion of poly(didC)
in the bhoth protein association and DNA-binding reactions, since this modification
apparcntly stablized NF-IL6-Fos heterodimers and reduced nonspecific binding of NF-IL6
homodimers to the AP-1 site. Similar to the results obtained with the full length Fos and NF-
IL6-3 (Figure 20A, lanc 3), F59-380, F2-321 and F2-270 all formed two stable DNA-protein
complexes in molar excess of the NF-IL6 homodimers (N:N) (NF-1L6-Fos heteromers were
marked with arrow hcads and the low mobility complexes marked with o's) (Figure 21A, lane
2 to 4). F139-321, which lacks the amino-terminal portion of Fos, could form stable NF-
IL6-F139-321 heterodimers but could not form the low mobility complex with NF-IL6-3
(Figure 21A, lanc 5). These dala suggested that the region between amino acid 59 and 139
of Fos contribute to the formation of the low mobility complex. Deletion of 51 amino acid
residucs between 270 10 321 in the carboxy-extension of Fos markedly reduced the
formation of stable NF-IL6-Fos heterodimers (Figure 21A, lane 6; marked with a arrow
hcad). This result was confirmed by an additional deletion of 27 amino acid residues in
F139-243 (Figurc 21 A, lanc 7). As controls, all the mutants Fos and J241-334 heterodimers
bound 1o the AP-1 sile with comparable efficiency, and did not form any additional

complexes (Figure 21A, lane 8 1o 13). These data suggest that amino acid residues outside
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Figure 21. Rcgions oulside the bZIP domain of Fos cnhance the binding of NF-1L6-Fos
heterodimers 10 the AP-1 site. (A) Elccirophoretic mobility shift assay of binding of NF-
IL6-Fos and Fos-Jun heterodimers to a labeled probe containing the AP-1 site. The amino
acid residucs of the Fos mutants are indicated. Equal molar amounts (2.5 pmol) of the NF-
IL6-3, J241-334, and Fos mutant proteins were used in cach reaction. The binding
conditions were modificd 1o incrcase the stringency of protcin-DNA interaction. One
microgram of poly(dIdC) was added prior to the protein association reaction at 37°C for 15
min. Arrow hcad, NF-1L6-Fos heterodimers; o, low mobiiity complex of NF-IL6 and Fos;
F:J, Fos-Jun heterodimers. (B) Schematic representation of the Fos mutant proteins used in
panel A. The numbers represent the corresponding positions of amino acid residues present
in the Fos protein. The basic (open box) and leucine zipper (hatch box) were as indicated

(bZIP).
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of the bZIP region cither influence the association of Fos with NF-IL6, or the binding of NF-

IL6-Fos complexes to the AP-1 site, or both.

Modulation of AP-1 transcriptional activity by NF-1L6

Cross-family dimerization between NF-IL6 and AP-1 family transcription factors
resulted in down-regulation of NF-IL6 site mediated transcriptional activation due to
reduction of binding of NF-IL6 to the¢ NF-IL6 sites (Figures 15 and 16). The regulation of
AP-1 transcriptional activity by NF-IL6 was investigated in NT2/D1 cells by transient
transfections. Transcription of a reporter CAT gene linked to two tandemly repeated copics
of the AP-1 site (p2XAP-1-CAT) was activated 2-fold by Jun expressed from the
cotransfected pCMV-jun, and 4-fold by Fos and Jun expressed from the cotransfected
pCMV-jun and pCMV-fos (Figure 22). Activation by Jun, or Fos and Jun, was inhibited by
NF-IL6-3, an inhibitory form of NF-IL6 (Figure 22). In contrast, the activator form of NF-
IL6, NF-IL6-2, had no effect on the transcriptional activity of Fos and Jun. Therefore, NF-
IL6 modulates AP-1 site mediated wranscription according (¢ the transcriptional propenrties of

the NF-1L6 isoforms.

NF-IL6 and Jun are coordinately induced by IL-6

M1 mycloid leukemia cells were used as a model to examine the physiological
significance of interactions betwcen NF-IL6 and AP-1 proteins. M1 cells undergo
macrophage differcntiation and growth arrest in response to IL-6 induction (Lord et al.,
1993). The stcady stalc mRNAs of NF-IL6 and members of Jun family have been shown to
be increased by IL-6 induction (Natsuka et al., 1992, Lord et al., 1993). To investigate the
simultancous rcgulation of NF-IL6 and AP-1 by JL-6, RNAs isolated from M1 cells
following IL-6 induction were analyzed by Northem (RNA) blotting. The levels of NF-IL6
and Jun mRNAs incrcased concomitantly, to 9-fold (Jun) and 55-fold (NF-IL6) above those

of uninduced cclls by 48 hours (Figure 23). The elevation of JunB mRNA was similar 10
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Figure 22. AP-1 site dependent transcriptional activation is modulated by NF-IL6. The
reporicr plasmid, p2xAP-1-CAT, was cotransfected with pCMV-jun (Jun), pCMV-fos (Fos),
CMV-NF-IL6-2 (NF-IL6-2), and CMV-NF-IL6-3 (NF-1IL6-3) into NT2/D1 cells, singly or in
combination as indicated. In each reaction, 106 cells were transfected with 20 ug of total
DNA, which includes 2 pg of the reporter plasmid, 3 or § pg of the expression plasmids as
indicated, and carrier pBluescript DNA. The cells were harvested at 48 hours after
transfection and assayed for CAT activity. expressed as % of RSV-CAT, as described in
Chapter Il Materials and Mcthods. The results are representative of three experiments.
RSV-CAT is a reference plasmid that contains the long terminal repeat of Rous sarcoma

virus linked to the CAT reporter gene.
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Figure 23. NF-IL6 and Jun mRNAs are coordinately induced by IL-6. (A) Total RNA was
isolated from 10® M1 cells that were cultured without (0) or with IL-6 for the time (in hours)
indicated and analyzed by Northern blotting as described in Chapter 1l Malerials and
Methods. The blot was hybridized sequentially with 32P-labeled probes specific to NF-1L6
(the Smal-BamHI fragment of pBS(SK)NF-IL6-1), jun (full length c-jun ¢cDNA), and
glyccraldehyde 3-phosphate dehydrogenase (GAPDH), which serves as a control for RNA
loading. (B) The hybridization signals were quantified by densitometry scanning of the
auloradiographics shown in panel A and expressed as the ratios of NF-IL6 10 GAPDH and

Jun 10 GAPDH as a function of lime after IL-6 induction.
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that of Jun mRNA (data not shown). However, Fos mRNA was not detected nor induced by
IL6 (data not shown).

Increases of NF-IL6 mRNA appear to be biphasic. The initial increase occurred
within an hour after IL-6 induction, which was followed by a second increase occurring
between 6 and 18 hours (Figure 23). Although the significance of this reproducible pattern
of regulation remains to be elucidated, the rapid activation of NF-IL6 suggests that it is an
immediate-carly response gene. Unlike transient activation of most immecdiate-carly
rcsponsc genes by growth factors, the clevated levels of NF-IL6 and Jun mRNA are
maintained in the presence of IL-6.

The activations of NF-IL6 and Jun mRNAs in M1 cells by 1L-6 induction may also
result in elevated levels of proteins. Corresponding to the enhancement at mRNA level, NF-
IL6 and Jun proteins were induced in M1 cells by IL-6 induction as examined by
immunoblotting analysis (Figurc 24A and B). Once induced, the levels of NF-IL6 and Jun

protcins were also maintained at elevated levels in the presence of IL-6.

IL.-6 regulates association of NF-1L6 and Jun in vive

As discussed carlier, NF-IL6 can associatec with Jun and with Fos via their bZIP
regions in vitro. The coordinated increases of both NF-IL6 and Jun proteins in M1 cells
after IL-6 stimulation raise the possibility that they may form stable complexes in vivo. 1
initially attemptied to investigate the interaction of NF-IL6 and Jun in vivo by
coimmunoprecipitation.  Antibodies directed against NF-IL6 (a-NF-IL6) and Jun (a-Jun)
were used in immunoprecipitation of whoie cell lysates prepared from 35S-methionc-labeled
M1 cclls. SDS-PAGE analysis of anli-Jun immunoprecipitates revealed a predominant
protein with a relative molecular mass of 39 Kd, which was consistent with the predicied
molecular mass of Jun and was not precipitated by the preimmune serum (Figure 25, lanes 3

and 6). In agreement with result obtained by immunoblotting analysis, induction of M|
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Figure 24. Coordinaic increascs of NF-IL6 and Jun proteins by IL-6. Whole cell extracts
were preparcd from M1 cells cultured in the absence (0) or prescnce of IL-6 (hours) as
indicatcd. Thc cxtracts (25 pg) were then analyzed by immunoblotting with an anii-LAP
antibody (a-NF-1L6) which recognizes the rodent counterpart of the NF-IL6 in pancl A, or
with an anti-Jun antibody (x-Jun) in panel B. "M" represents prolcin molecular mass
standards (Kd). (C) Coomassie blue stained SDS-polyacrylamide gel (12%) that contains

the fractionated cell extracts used in panels A and B.
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Figure 25. Jun is identificd by immunoprecipitation of 35S-methionine-labeled proteins in
vive. M1 myeloid leukemia cells (108} were uninduced (0) or induced with IL-6 for 3 or 48
hours as indicated and analyzed by metabolic labeling and immunoprecipitation. Jun and
NF-1L6 proteins were immunoprecipitated from 35S-methionine-labeled M1 (2x108 cells)
cells using anti-Jun (a-Jun) or anti-NF-IL6 (LAP) (a-NF-IL6) antiscrum in the RIPA buffer
as described in Chapter 11 Materials and Mcthods. A preimmune serum (Preimm) served as
a control. The immunoprecipitated proteins were analyzed by SDS-PAGE and

autoradiography. The Jun protein identified in M1 cells is indicated.



cells with IL-6 resulted in an increase in the amounts of precipitated Jun (Figure 25, lane 4 10
6). Precipitates by anti-NF-IL6(LAP) antibodies, however, did not yield any prominent
protein bands, suggesting that the polyclonal antibodies did not recognize NF-IL6 proteins
in their native conformation (Figure 25, lan¢ 710 9).

Immunoprecipitation-immunoblotting analysis was used as an altemnalive approach
10 analyze the NF-IL6 and Jun association in vivo. Whole cell lysates from M1 cells, with or
without IL-6 induction, were immunoprecipitated with an anti-Jun antibody (o-Jun),
followed by immunoblotting analysis of the immunoprecipitates with an anti-NF-IL6{LAP)
antibody (a-NF-IL-6). NF-IL6 was identified in the protein complexes precipitated by anti-
Jun antibody from M1 cells treated with IL-6 for 48 hours, but not froin contro! M1 celis
(Figure 26A and B, lanes 5 and 8). NF-IL6 was not detected in the protein complexes
precipitated by preimmune and anti-Fos antibodics (Figure 26A, lane 7 and Figure 268,
lanes 6 and 7). The association of NF-IL6 and Jun correlates with coordinate elevations of
both NF-1L6 and Jun by IL-6 induction. These results are in agreement with direct physical
association beiween NF-IL6 and AP-1 family proteins observed in in vitro studies, and
demonstrate that NF-IL6 can associate with Jun in vivo. Regulated formation of the NF-IL.6-
Jun complex in vivo by IL-6 implies a potential role for heterodimerization between NF-IL6

and AP-1 family proteins in IL-6 nuclear signaling pathway.

DISCUSSION ,
Cross-family dimerization between NF-IL6 and AP-1 family proteins requires the bZIP
region
This study shows that NF-1L6 directly associates with Fos and with Jun in vitro in
the absence of DNA (Figure 8). Deletion analyses demonstrated that the bZIP region of NF-

1L6 was necessary and sufficient for this interaction (Figure 9). Truncated Fos and Jun

containing only the bZIP regions were able to associate with NF-IL6 present in nuclear
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Figure 26, IL-6 regulates the association of NF-IL6 and Jun in vivo. Whole cell extracts
(100 ug) preparcd from M1 ceils without (Oh) or with IL-6 trcatment for 48 hours (48h)
were immunoprecipitated (1LP.). In pancl A, an anti-Jun antibody (a-Jun), a preimmune
antibody (Prcimmune), or no antibody (No Ab) was uscd in the reaction. In panel B, an
anti-Fos (a-Fos), an anti-Jun (a-Jun), or a preimmunc antibody (Preimmune) was used. The
immunoprecipitaics were analyzed by immunoblotting using an anti-NF-IL6 (LAP)
antibody (ax-NF-IL6) as described in Chapier 11 Materials and Methods. Lanes 1 and 2 in
cach panel represent dircct immunoblotting of extracts (20 ug) from uninduced (Oh) M1
cells or M1 cells induced with IL-6 for 48 hours (48h). The arrows indicate the migration of
NF-IL6 protcin (NF-IL6) and immunoglobulin heavy chain (Ig). which derives from the
antibodies used in immunoprecipitation and cross-reacts with the alkaline phosphatase-

conjugaicd sccond antibody.
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cxtracts prepared from HepG?2 cells (Figure 10). In agreement with these data, investigations
of the binding of the NF-IL6-Fos dimers to DNA showed that deletion of the bZIP region of
Fos abolished its association with NF-1L6 (Figures 20). Mutational analyses of the bZIP
region of Fos further suggest that NF-IL6 and AP-1 family proteins associate via the leucine
zipper region through coiled-coil interaction.

The bZIP region is highly conserved among members of the C/EBP and AP-1
transcription factor families, raising the question as o the specificity for cross-family
association. Formalion of homo- and heterodimers of Fos and Jun is determined by the
thermasiability of the dimers (O'Shea et al., 1992). Fos-Jun dimers are most stable and Fos-
Fos dimers are extremely unstable at physiological pH as a result of the presence of acidic
residues.  In addition, NF-1L6-3 appears to associate with Jun more stably than do the two
larger forms of NF-IL6. This result implies that the amino-terminus of NF-IL6, which is
lacking in NF-IL6-3 and less conserved between C/EBP members, may influence the
association of NF-1L6é with Jun and with Fos,

Regions outside the bZIP domain of Fos appear to contribute to the formation of
stablc DNA-protcin complcxes (Figure 21). 1 have found that two regions outside the bZIP
domain of Fos affect the binding of NF-IL6-Fos complexes to DNA. The first region, which
is located at the carboxy-terminal portion of Fos, lies between amino acid residues 289 and
321 (Table 6). Deletion of this region greatly reduces the binding of NF-IL6-Fos dimers to
the AP-1 site. This region coincides with a previously identified region (F270-321), which is
rich in proline and acidic residues and can promote transactivation by Fos-Jun heterodimers
(Abate ct al., 1991). The second region lies between amino acid residues 59 and 139 at the
amino-tcrminal portion of Fos (Table 6). The presence of this region not only enhances the
binding of NF-IL6-Fos dimers to the AP-1 site but also promotes the formation of a low
mobility complex in clectrophoretic mobility shift assay (Table 6). The conformation and

structural features of this complex remain 10 be determined.
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Formation of NF-IL6-Fos Formation of low

heterodimer complex mobility complex
Fos 1 139165193 380 ——t —
bZIP
F1-321 I 4t ++
F1-270 I -+ ++
F59-321 o —+ -
F139-321 +++ -
F139-270 + ]
F139-255 + i
F139-243 + -
F139-200 + i
F118-211 + )
F118-211A186 - B

F118-211A139-144 —- . ]

Table 6. A summary of Fos mutants and their abilities to dimerize with NF-IL6 and to form DNA-protein complexes.
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Modulation of NF-IL6 and AP-1 transcriptional activities by cross-family association

Although NF-1L6 and AP-1 bind 1o DNA as dimers through their bZIP regions,
their DNA-binding specificities are distinguishable (Figure 12, 13, and 14). NF-IL6 binds to
most AP-1 sites, whercas Fos and Jun do not bind to most NF-IL6 sites (Figure 12, 13, and
14}. Association of NF-IL6 with Fos or Jun resulted in a reduction of binding of NF-IL6 to
two NF-IL6 sitcs (Figurc 15). These data correlated with reduced transcription activation
mediated by the activator form of NF-IL6 in transient transfection assays (Figure 16).
Sequestration of NF-IL6 by Fos and Jun through dimerization may represent a mechanism
for down-regulation of the NF-IL6 site mediated transcription (Figure 27).

Binding of NF-IL6 to the AP-1 site of the collagenase promoter and association of
NFE-IL6 with Fos and Jun imply that the AP-1 site can be redundanily or cooperatively
regulated by NF-1L6 and AP-1 family transcription factors. Regulation of this Lype is
reminiscent of that obscrved at composite DNA clements by AP-1 and glucoconicoid
receptor (Dimond et al., 1990, Minor and Yamamoto, 1992, Kerppola et al.,, 1993). NF-IL6
compriscs transcriptional activator and repressor forms.  Activation of the AP-1 site
dependent transcription by Fos and Jun is inhibited by NF-IL6-3, but not by the activator
form of NF-1L6 (Figurc 22). Regulation of the AP-1 site mediated transcription may
therefore depend on the ratio of the functionally distinct NF-IL6 isoforms.

The precise mechanism by which NF-IL6-3 down-regulates the AP-1 transcriplional
activity is not clear. There arc several possibilities that are not mutually exclusive. First, NF-
IL6 may compete with Fos and Jun for binding to the AP-1 element (Figure 28). This
possibility is supported by the ability of NF-1L6 and Jun homodimers and Fos-Jun
heterodimers (o bind to the AP-1 site (Figures 17, 18 and 20). Second, NF-IL6, Fos and Jun
may compecic with onc another for the formation of homo- and heterodimers that differ in

their DNA-binding affinity 10 the AP-1 site (Figure 28). This possibility is supporicd by the
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Figure 28. A diagram illustrating regulation of the AP-1 sitc by NF-IL6 and AP-1 family

proteins. N: NF-1L.6, F: Fos, I: Jun.



fact that NF-1L6 can dimerize with Fos and with Jun in the absence of DNA (Figure 8 to 10).
Third, dimcrization and DNA-binding activities of NF-IL6 and AP-1 family proteins may be
rcgulated by posttranstational modification, such as phosphorylation, which remains 1o be

studied.

Implications of cross-family association for IL-6 signaling

Members of the C/EBP family have been implicated in many biological functions.
Although NF-IL6 is belicved 10 have a role in IL-6 signaling, the mechanism that underlies
the promoter and cell type specificity is not yet understood. As NF-IL6 and AP-1 family
transcription factors arc regulated by a variety of extracellular stimuli, their cross-family
associations may contribute to the differential regulation of promoters by cytokine
induction.

Investigation of the coordinate activation of NF-11.6 and Jun in IL-6 induced
macrophage differentiation of M1 cells demonstrates that they associate in vivo (Figure 26).
Regutated formation of the NF-IL6-Jun complex by IL-6 suggests a role of NF-IL6-Jun
heterodimerization in determining the promoter and cell type specificity, thereby promoting
macrophage differentiation.  Fos, but not Jun, is activated by either IL-6 or CNTF in
ncuronal differentiation (Ip ¢t al., 1992, Bonni et al., 1993). Formmation of the NF-1L6-Fos
complex may result in activation of genes that are specific for neuronal differentiation since
Fos homodimers are nol capable of binding to DNA. In this manner, regulated association
of C/EBP and AP-1 family proleins may contribute to cell type specific regulation of gene

expression and the pleiotropic effect of IL-6.
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Chapter 1V
CONVERGENT REGULATION OF NF-IL6 AND OCT-1 SYNTHESIS
BY INTERLEUKIN-6 AND RETINOIC ACID SIGNALING

Portions of the results contained in Chapter IV has been published (Hsu and Chen-Kiang,
1993, Molecular and Cellular Biology, 13, 2515-2523).

INTRODUCTION

IL-6 has been shown to promote a cellular activity that funciionally substitutes for
the adenovirus E1A proteins in transactivating E1A-responsive viral promoters and in
complementing El1A-deletion mutant viruses (Spergel and Chen-Kiang, 1991). The
transcription factor NF-IL6 can reconstitute this E1A-substituting activity (Spergel et al.,
1992). Because E1A-substituting activities have been described in mouse preimplantation
embryos and F9 embryonal carcinoma cells (Dooley et al., 1990, Imperiale et al., 1984, La
Thangue et al., 1987), NF-IL6 and IL-6 may be functional in cells representing early stages
of embryonic development. Additionally, E1A-independent virus replication was stimulated
by IL-6 induction (Spergel and Chen-Kiang, 1991). Threc cellular factors that are known to
enhance viral DNA synthesis in vitro may therefore be regulated in IL-6 signaling. The
octamer binding protein Oct-1 is one of these three factors. Although Oct-1 is known Lo be
modified positransiationally by phosphorylation during mitosis and site specific serine
phosphorylation negatively regulates its DNA-binding activity, the level of Oct-1 appears not
to fluctuate during the cell cycle (Roberts et al.,, 1991, Segil et al., 1991). In this study, [
investigated the regulation of Oct-1 and NF-IL6 by IL-6 in cells representing early stages of
mammalian development. The roles of Oci-1 and NF-IL6 in the IL-6 signal transduction

pathway and in the regulation of adenovirus by IL-6 will be discussed.



RESULTS
The Oci-1 and Oct-3 DNA-binding activities are regulated by IL-6 and by RA

Human embryonal carcinoma NT2/D1 cells were used as a model to study IL-6
signaling in cells representing early mammalian development. Induction of NT2/D1 cells
with IL-6 resulted in an 8- to 9-fold enhancement of the Oct-1 DNA-binding activity, as
determined by an electrophoretic mobility shift assay (Figure 29A, lanes 2, 3, 7, and B).
Studies with a mutant DNA probe lacking the octamer element (Figure 29A, lanes 4 and 9)
and competition with Oct-1 specific antibodies which inhibit the formation of Oct-1-DNA
complexes (a-Oct-1 and a-POU) (Figure 29A, lanes 5, 6, 10, and 11) confirmed that the
activity was due to the Oct-1 protein present in the nuclear extracts. Coincident with the
enhancement of the DNA-binding activity of Oct-1 was a decrease in the DNA-binding
activity of Oct-3 (Figure 29A, lanes 2, 3, 7, and 8), which is expressed in undifferentiated
embryonic stem cells (Okamoto ct al., 1990, Rosner et al., 1990).

The reciprocal regulation of Oct-1 and Oct-3 DNA-binding activities suggests that
the IL-6 signaling pathway is functional in the pluripotent human embryonal carcinoma
cells. IL-6 was shown to promote neuronal differentiation of mouse PC12 cells (Satoh et al.,
1988). Differentiation of NT2/D1 cells by RA also leads to neuronal differentiation
(Andrews 1984) that is accompanied by a loss of Oct-3 mRNA and Oct-3 DNA-binding
activity (Okamoto et al.,, 1990, Rosncr et al., 1990). Therefore, regulation of the octamer
binding proteins was studied during the course of RA induction in NT2/D1 cells. Oct-1
DNA-binding activity was found to increase by two days after RA induction and reached its
maximal level of 10-fold higher than that of uninduced cells by six days after RA induction
(Figure 29B). This was parallel with a loss of Oct-3 DNA-binding activily, which was
diminished to a level below detection by four days after RA induction (Figure 29B)
(Okamoto et al., 1990, Rosner et al.,, 1990). Two additional octamer sequence specific

complexes of intermediate mobility were also regulated temporally in response to RA
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Figure 29. IL-6 and RA enhance Oct-1 DNA-binding activity and reduce Oct-3 DNA-
binding activity. (A) Nuclear extracts were prepared from NT2/D1 cells that were cither
uninduced (UnD) or induced with IL-6 for 48 hours (+iL-6) and analyzed by
electrophoretic mobility shift assay. The probe used in the assay was an 83 bp EcoRI-Bg/ll
fragment of either plasmid pEB-55/106, which contains the terminal repeat of wild-type
adenovirus (Wt), or plasmid pEB-44/106, which lacks the octamer binding sequence in the
terminal repeat (M). Preincubations of proteins with antibodies, a-oct-1 and a-POU, prior to
the binding reactions are indicated (+). Oct-1 is the purified Oct-1 protein from HelLa cells.
{B) Nuclear extracts were prepared form RA induced NT2/D1 cells at intervals in days (d) as
indicated. The probe used for electrophoretic mobility shift assay was a 51 bp Ddel-Hinfl
fragment of the mouse immunoglobulin heavy chain enhancer. The clectrophoretic

mobility shift assays were performed as described in Chapter 11 Materials and Methods.
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although their composition remains (o be determined. These data demonstrated that the
DNA-binding activities of Oct-1 and Oct-3 can be regulated by two diverse signals, IL-6 and
RA.

The synthesis of Oct-1 is stimulated by 1L-6 and by RA

The enhancement of Oct-1 DNA-binding activity in nuclear extracts may be
attributed to protein modification, compartmentalization, or stabilization of complexes by
association with other proteins (Roberts et al., 1991, Segil ct al., 1991, Ullman et al., 1991).
The latter is less likely because the Oct-1 specific complex derived from all nuclear extracts
migrated indistinguishably from that derived from Oct-1 protein purified from Hela cells
(Figure 29A). Whether the regulation of the Oct-1 DNA-binding activity has its molecular
basis in the synthesis of Oct-1 was investigated by Northern (RNA) blot analysis using an
Oct-1 specific probe (Figure 30). Induction of NT2/D1 cells with IL-6 and with RA resulted
in the appearance of a major polyadenylated Oct-1 mRNA species of approximately 10 kb
which was not detectable in uninduced cells (Figure 30A, lanes ! to 3). Additional Oct-1
specific polyadenylated RNAs (6.0, 4.8, 2.4, 1.6 kb), albeit less abundant, were also regulated
by IL-6 and by RA,

To investigate the generality of the regulation of Oct-1 synthesis by IL-6 signaling,
the level of Oct-1 mRNA was analyzed in NJBC-8 cells as a function of time after IL-6
induction (Figure 30B). NJBC-8 cells are stable transformants of the IL-6 receptor-negative
human Jurkat T cells and constitutively express the integrated IL-6Ra gene. As in NT2/D1
cells, the levels of four Oct-1 mRNA species (10, 4.8, 2.4, and 1.6 kb) were increased four-
fold by IL-6 within 1 day (Figure 30A, lane 4 to 6). These data provide evidence for the
regulation of Oct-1 at mRNA level.

Corresponding to the increases at the mRNA level, the 97 Kd Oct-1 protein, which
was indistinguishabie from the Oci-1 protein purified from Hel.a cells in its electrophoretic

mobility, was increased in abundance by three-fold in NT2/D1 cells in response to induction
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Figure 30. The synthesis of Oct-1 mRNA is regulated by IL-6 and by RA. (A)
Polyadenylated RNA was isolated from 107 NT2/D1 cells that were uninduced (0), induced
with [L-6 for 48 hours (+IL-6), or induced with RA for 8 days (+RA) or from NJBC-8 cells
that were uninduced (0) or induced with IL-6 for 1 or 3 days (d) as indicated and analyzed
by Northern blotting. (B) The Xbal-AflI11 fragment of a Oct-1 ¢cDNA clone (pBSOct-1) was
used as Oct-1 specific probe (Sturm et al.,, 1988). Northem blotting was performed as
described in Chapter 11 Materials and Methods. The sizes of mRNA species detected by the
Oct-1 probe (B) are as indicated. The GAPDH mRNA (1.4 kb) was detected by a probe

from pGAPDH (Fon et al., 1985) and used as a reference for RNA loading.
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Figure 31. IL-6 and RA enhance the synthesis of Oct-1 protein. Nuclear extracts (20 ug)
were prepared from NT2/D1 cells that were uninduced (0), induced with IL-6 for 48 hours
(+1L.-6), or induced with RA for B days (+RA) or from NJIBC-8 cclls that were uninduced (0),
or induced with IL-6 for 24 hours (+IL-6) and analyzed by immunoblotting as described in

Chapter II Materials and Methods.



by either IL-6 or RA (Figure 30, lanc 1 10 4). The level of Oct-1 protein was also increased
8-fold in NJBC-8 cells after IL-6 induction (Figure 30, lanes 6 and 7). The synthesis of Oct-

I can therefore be regulated in at least two cell types.

NF-1L6 confers the regulation of Oct-I DNA-binding activity by IL-6 or RA

Regulation of NF-IL6 mRNA is an early event, occurring within hours after IL-6
induction and in advance of detectable changes in the levels of Oct-1 protein. These data
raise the possibility that NF-IL6 mediates the IL-6 or RA induced signals to regulate Oct-1.
I found that transient expression of NF-IL6 in NT2/D1 cells with a NF-IL6 expression
plasmid in the sense orientation, but not the antisense orientation, led to a 10-fold
enhancement of the Oct-1 DNA-binding activity (Figure 32, lanes 2, 5, and 6). Studies with
a mutant DNA probe lacking the octamer sequence (Figure 32, lanes 3 and 7) and with an
anti-Oct-1 antibody (Figure 32, lanes 4 and 8) confirmed that the enhanced DNA-binding
activity was due to the presence of Oct-1. Similar results were obtained for transient
expression of NF-IL6 gene in Jurkat cells (Figure 32, lanes 10 and 11). These resulls
suggest that NF-IL6 can confer the IL-6 and RA induced regulation of Oct-1 in at least two

cell types.

The abundance and ratio of NF-IL6 proteins are regulated by IL-6 and RA

The NF-IL6 gene is an intronless gene but its mRNA can potentially encode three
proteins, which are alternatively translated from different in-frame AUGs (Chapter 1
Introduction and Figure 33A). To investigate whether there is a correlation between
regulation of Oct-1 and NF-IL6 synthesis, the levels of the three NF-IL6 isoforms were
analyzed by immunoblotting with anti-P3, which detects all three forms (43, 36, and 18 Kd)
but does not cross-react with other C/EBP proteins (Figure 33). Induction with IL-6 led 10
the appearance of the 36 Kd NF-1L6 protein in both NT2/D1 and NJBC-8 cells (Figure 33B,

lanes 6, 7, 11, 12). Induction of NT2/D1 cells with RA resulted not only in a similar increase
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Figure 32. NF-IL6 enhances the Oci-1 DNA-binding activity. Nuclear extracts were
prepared from NT2/D1 cclls that were not transfected (control) or were transfected with
pCMV-NF-IL6(+) (NF-IL6+) or pCMV-NF-IL6(-) (NF-IL6-). Similarly, nuclear extracts
were prepared from Jurkat cells that were not transfected (control) or were transfected with
pCMV-NF-IL6(+). Binding of Oct-1 protein to the octamer binding sequence was analyzed

by an electrophoretic mobility assay as described in Figure 29.
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Figure 33. Abundance and ratio of NF-IL6 proteins are regulated by IL-6 and by RA. (A)
Schematic representation of the NF-IL6 mRNA and proteins. The predicted amino acid
residues of the three NF-IL6 proteins initiated in-frame from the first (NF-1L6-1), second
(NF-IL6-2), and third (NF-IL6-3) AUGSs are indicated. The molecular mass of cach protein
is estimated by the migration of NF-IL6 proteins relative to protein size markers (not
shown). «-P3 is an antiserum that recognizes all three forms of NF-IL6 and «-P4 is an
antiserum that recognizes NF-IL6-1 and NF-IL6-2. BR, basic region; LZ, leucine zipper
region. (B) Nuclear extracts (50 ug) prepared from NT2/D1 cells or NJBC-8 cells as
described in Figure 29 and from Hel.a cells (20 ug) were analyzed by immunoblotting with

preimmune rabbit antisera (PI) or a-P3.
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in the 36 Kd protein but also in the synthesis of the 43 Kd protein, which was not detectable
in uninduced cells (Figure 33B, lanes 6 and 8). The 18 Kd NF-IL6 protein was not
expressed and induced by either IL-6 or RA although it was present in HeLa celis (Figure
33B, lane 5). These data show that the abundance and ratio of the three forms of NF-IL6
can be subject to regulation by cytokine induction. Convergent regulation of Oct-1 by IL-6

and RA signaling thus appears (0 comrelate with the regulation of NF-IL6.

Enhancement of Oct-1 synthesis positively correlates with stimulation of DNA replication

The targel genes in this regulatory cascade in NT2/D1 cells are not yet known, as
the IL-6 induced phenotype is still being characterized. Our atiempts to analyze the
regulation of the histone H2B promoter by NF-IL6 and Oct-1 in transient transfection assay
have not yielded any conclusive results. In light of the facts that transcriptional activation by
Oct-1 may require coactivators (Kristie et al.,, 1989, Katan et al., 1990, Luo et al., 1992,
Ullman et al., 1993) and that knowledge regarding the genes downstream of Oct-1 in
NT2/DI cells is lacking, [ examined the stimulatory role that Oct-1 plays in adenovirus DNA
replication as an alternative functional assay. Oct-1 has been demonstrated to stimulate the
initiation of adenoviral DNA synthesis in vitro (Chapter 1 Introduction) and the octamer
sequence is important for viral growth in vive (Hartfield and Hearing, 1991).

Morphological changes in virus-infected NT2/D1 cells (detachment of infected
cells) were observed during the course of adenovirus infection. Human cells are permissive
hosts for adenovirus, therefore the replication of an E1A-deletion mutant virus, di 312, can
be examined. RA was able to stimulate virus DNA replication as well as the detachment of
infected cells (Figure 34). NT2/D1 cells supported a low level of viral DNA synthesis in the
absence of E1A (Figure 35B). This observation was expected, since E1A-substituting
activities have been reported to exist in mouse embryonal carcinoma F9 cells and in cells
representing the carly stages of embryonic development. Coincidental with the enhancement
of Oct-1 synthesis by IL-6 and by RA, replication of adenoviral DNA was accelerated and
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Figure 34. Morphological difference in NT2/D1 cells and adenovirus infected NT2/D1
cells. NT2/D1 cells without induction or with RA induction for 8 days were infected by wild-
type adenovirus type 2 (at 10 PFU/cell) (right panel). Mock infection of NT2/D1 and RA

induced NT2/D1 cells were used as controls (left panel). Pictures were taken under the

microscope with 400 X magnitude.
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Figure 35. IL-6 and RA enhance the E1A-independent adenovirus DNA replication. (A)
Replication of wild-type adenovirus type 2 DNA in NT2/D1 celis without induction (UnD) or
with RA induction for 8 days prior to and during infection (at 10 PFU/cell) was analyzed by
Southem blotting at 0 through 4 days postinfection (PI) as described in Chapier 11 Materials
and Methods. The 32P-labeled 5.7 kb probe detects the 3.4 and 2.8 kb adenovirus Hindlll
genomic fragments. (B) Replication of E1A-deletion mutant virus di312 DNA in NT2/D1
cells without induction (UnD), with RA induction (+RA) (as in panel A), or with IL-6
induction for 2 days prior to and during infection (+IL-6) was analyzed postinfection (at 10
PFU/cell) as indicated. Deletion of the majority of the E1A coding sequence in di312 virus
resulted in a reduction of the 2.8 kb HindIll fragment to 1.9 kb. (C) Schematic
representation of the left end 15% of the adenovirus genome. The DNA probe is the insen

of p3W118 as described in Chapter Il Materials and Methods.
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stimulated (Figure 35A). The replication of an El1A-deletion mutant virus, d/ 312, was
enhanced 10-fold by IL-6 and 50-fold by RA. This stimulation was independent of E1A
(Figure 35B). The regulation of NF-IL6 and Oct-1 synthesis by two signals positively

comrelated with one of the functions of Oct-1; the stimulation of adenovirus DNA replication.

DISCUSSION

Regulation of Oct-1 synthesis by two signals: a converged regulatory cascade

The induction of Oct-1 at the levels of mRNA and protein synthesis provides the
first evidence that the ubiquitously expressed oct-1 gene can be regulated by external stimuli
(Figure 30 and 31). Regulation of Oct-1 by two diverse signals, IL-6 and RA, suggests that
Oct-1 may be an intermediate in both signaling pathways (Figures 29, 30, and 31). NF-IL6
may mediate the regulation of Oct-1 induced by IL-6 and RA (Figure 32). Regulation of
NF-IL6 is rapid and precedes that of Oct-1. Oct-1 may be downstream of NF-IL6 in the
regulatory cascade shared by the two signals. In addition, Oct-3 DNA-binding activity is
also regulated in NT2/D1 cells by IL-6 and RA (Figure 29). Together with the regulation of
Oct-2 in B cells, the octamer binding proteins may represent a subset of DNA-binding
proteins which respond to IL-6 signals in a cell type specific fashion.

Initial thought to be an accessory factor for transcription of housckeeping genes by
RNA polymerase I and 1 (Sive et al.,, 1986, Carbon et al., 1987, LaBella et al., 1988,
Tanaka et al., 1992), Oct-1 may play a biological role in inducible regulation of the IL-2
promoter in T lymphocytes and in the transcription of immunoglobulin genes in B cells
(Ullman et al., 1991, Luo et al., 1992). Identification of the regulatory genes that are

downstream of and regulated by Oct-1 in IL-6 signaling remains to be studied.
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Potential translational regulation of NF-IL6 by extra cellular stimuli

The results presented in this study have provided the first example of differential
regulation of NF-IL6 isoforms by signal transduction. The sequences encompassing the first
and second translational initiation sites of NF-IL6 mRNA imperfectly match to the consensus
sequences for efficient initiation of translation. A leaky mechanism proposed in the
ribosomal scanning model has been suggesied for this altemative initiation of translation
{Descombes and Schibler, 1991). Reguladon of the abundance and the ratio of the three
NF-IL6 isoforms by two signaling pathways lends biological significance to this possibility
and suggests novel mechanism(s) by which the two signals are transduced. These results
may have functional implications in cellular regulation by extracellular stimuli. Whether and
how NF-IL6 may be reguiated by transiational control that is initiated by IL-6 and RA

remain 10 be explored.

Regulation of adenovirus by IL-6 is bipartite and El A-independent

The enhancement of Oct-1 synthesis by IL-6 and by RA correlates with the
stimulation of adenovirus DNA replication in NT2/D1 cells. This result supports a
physiological role of Oct-1 in DNA replication. Differentiation of embryonal carcinoma
cells does not necessarily lead to down-regulation of the cellular E1A-substituting activity.
The cellular E1 A-substituting activity was initially found to activate the E1A-responsive viral
early genes in the absence of E1A and to be diminished in differentiated F9 cells by RA
induction. Contrary to that, differentiation of NT2/D1 cells by IL-6 or RA led to stimulation
of E1A-independent viral replication (Figure 35B). The DNA replication assay used in this
study is different from the assay used in previous experiments. Stimulation of adenovirus
replication does require the participation of viral early proteins which are essential
components for DNA synthesis. The possible explanation for these differences is that a
clonal variation in the level of endogenous ElA-substituting aclivities in embryonal

cacinoma cells and in their regulation during differentiation. The regulation of adenovirus



by IL-6 could be bipartite and intricately orchestrated by means of regulation of NF-1L6
and Oct-1. First, NF-IL6 leads to transactivate the viral early genes at the early stage of viral
infection. Second, Oct-1 is activated and stimulates DNA replication during the late-phase of
viral life cycle. In view of the fact that many ccliular promoters contain binding sites for
both NF-IL6 and Oct-1, the interplay of NF-IL6 and Oct-1 may represent one consequence
of signaling by IL-6 and by RA,
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Chapter V
CONCLUSION

Physical and functional interactions between NF-IL6 and AP-1 family proteins have
been demonstrated in this study. The results provide new insights into the interplay of
transcription factors in the IL-6 signaling pathway. The transcription factor NF-IL6 was
shown to associate with Fos and with Jun. Other members of NF-IL6 and AP-1 families may
also interact with one another. The generality of this cross-family interaction remains (o be
determined. The specificity for homo- and heterodimerization may be influenced by the
primary amino acid sequences within and outside the bZIP domain. Two regions outside the
bZIP domain of Fos were found to enhance the DNA-binding efficiency of NF-IL6-Fos
complexes (Chapter III). These two regions, which are rich in proline residues, have also
been described to promote the transactivating activity of Fos-Jun dimers. One of these two
regions, which is amino-terminal 1o the bZIP domain of Fos, seems 10 promote the formation
of a multimeric protein-DNA complex (low mobility complex) as shown by clectrophoretic
mobility shift assay (Chapter III). Although the formation of this low mobility complex
may be due to an intrinsic structural change, the ability of the bZIP proteins to form two-,
three-, and four-stranded coiled-coils has been reported (Harbury et al., 1993)
Determination of the conformation and composition of this low mobility complex may give
new insights into the interplay of bZIP proteins. Because Fos-Jun and Jun-Jun dimers can
induce DNA bends of different oricntations and magnitudes (Kerppola and Curran, 1991a),
NF-IL6-Fos and NF-IL6-Jun dimers may also contact DNA differently. DNA bends of
different orientations and magnitudes may play a role in mediating distinct functions.

Even though NF-11.6-Fos heterodimers bound efficienty to the AP-1 site, the DNA
sequences bound by NF-IL6-Jun heterodimers have not been identified. NF-IL6 has been
shown to dimerize with C/ATF, a recently identificd member of the ATF family, and direct its
binding to a subclass of asymmetric cCAMP responsive clements with higher efficiency in

vitro (Vallejo et al., 1993). Therefore, it is possible that NF-IL6-Jun and NF-IL6-Fos
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heterodimers recognize a subclass of high affinity binding sites. Identification of these
binding sites will reveal the potential 1arget genes and downstream effects that are regulated
by this cross-family association.

Studies of the functional interactions between NF-IL6 and AP-1 family proteins
have been carried out by the use of synthetic promoters. Investigations with natural
promoters will be necessary o confirm these functional studies. Studies of transcription of
the TSG-6, a gene encoding a hyaluronan-binding protein, in 1L-1 and TNF-a sighaling
support cooperative regulation of this native promoter by NF-IL6 and AP-1 (Klampfer,
personal communication). Acltivation of the TSG-6 was activated by NF-IL6 according to
the ratio of activator 10 repressor in transiently transfected cells. This repression is likely o
be due 1o the binding of NF-IL.6-3 to both NF-IL6 and AP-1 sites or the dimerization of NF-
IL6 with Fos and Jun. Interactions between NF-IL6 and AP-1 family proteins tmay also play
a role in the regulation of their own synthesis, Fos protein has been shown (o auto-repress its
own promoter (Lucibello et al., 1989). The repression is independent of the AP-1 and ATF
sites where Fos complexes usually bind. The major target for Fos mediated auto-repression
is thought to reside in the serum response clement. NF-1L6 has been shown to regulaie the
c-fos promoter by binding to a site in the serum response element (Metz and Ziff, 1991).
Formation of the NF-IL6-Fos complex may participate in auto-regulation of c-fos promoter
by Fos protein.

Studics on the mechanism(s) of IL-6 signal transduction have revealed that
altemative to the NF-IL6 pathway, the IL-6 signals can be rapidly and transiently mediated
by APRF (Litticken et al,, 1994). Activation of APRF by tyrosine phosphorylation upon
IL-6 induciion may be one of the earliest events in IL-6 signaling. However, the functional
relationship between these two pathways is not known. Studies presented in this thesis have
focused on the NF-IL6 pathway. In addition to the finding that NF-IL6 associates with AP-
1, my results also suggest that Oct-! is downstream of NF-IL6 in the IL-6 signaling pathway

{Chapter 1V). Regulation of the octame: bindiag proieins by 1L-6 induction suggests that
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they represent a subset of DNA-binding proteins that respond to IL-6 signals in a cell type
specific manner (Chapter 1V). The resulis may have implications in B cell differentiation
induced by IL-6. Transcription of the immunoglobulin genes has been shown to be
activated by IL-6 during terminal B cell differentiation, suggesting that regulated
transcription factors play crucial roles in mediating the IL-6 responses. One of the
prominent B cell specific transcription factors is Oct-2 which may also be downstream of
NF-IL6 and regulated by NF-IL6. Oct-2 may cooperate with NF-IL6 to regulate
transcription of the immunoglobulin genes. [In preliminary studies, I have found that a
protein complex which is B cell specific interacts with the immunoglobulin heavy chain
enhancer (data not shown). Binding of this complex to the immunoglobulin heavy chain
enhancer appears to depend on the NF-IL6 binding site. The participation of NF-IL6 and
Oct-2 in this complex remains 10 be studied in the future.

Coordinate clevations of NF-IL6 and Jun trigger their association in IL-6 stimulated
macrophage differentiation. If other members of NF-IL6 and AP-1 families also form
complexes in vivo, cell type specific formation of these complexes will be important for
celiular differentiation. The combinatorial formation of dimers may also be imposed by the
intraceltular concentrations of proteins that are subject to regulation by external stimuli.
Studies of the regulation and interaction of IL-6 regulated nuclear proteins will aid in our
understanding of the IL-6 signal transduction pathway, the cell type specific transcription,

and the pleiotropic cffect of IL-6.
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