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ABSTRAcr

The Interferon Regulatory Factors (IRFs) are a family of interferon-inducible

proteins which play distinct roles in diverse processes such as pathogen response,

cytokine signalling, cell growth regulation and hematopoietic development. The

objective of this research was to investigate the mechanisms by which IRF-l and

IRF-2 regulate gene expression and cell growth. Structure-function analyses of the

IRF-2 protein demonstrate that transcriptional repression by IRF-2 is contained

within the first 125 N-terminal amine acids and correlates directIy with IRF-2 DNA

binding. Overexpression of functionai IRF-2 deletion mutant proteins in Nll-I3T3

cells results in oncogenic transformation and tumorigenesis, suggestïng that IRF-2

oncogenicity correlates directIy with transcriptional repression. Similar structure­

function analyses localize IRF-l transactivation to the C-terminus. Like IRF-l,

hybrid constructs which fuse the DNA binding domain of IRF-l and IRF-2 to the

transactivation domain of NF-lCB RelA(p65) are transcriptionai activators. Inducible

expression of IRF-l and IRF/ReIA in NIH3T3 ceIls results in reduced cellular growth

and induction of apoptosis. Furthermore, expression of the PKR, STATl(p9l), and

WAFI growth regulatory proteins are elevated following induction of IRF-l or

IRF /RelA, correlating transactivation function and tumor suppressor activity of

IRF-l or IRF /RelA. By RNA fingerprinting, the secretory leukocyte protease

inhibitor (SLPI) was identified as the first gene whose expression is downregulated

by IRF-l or IRF-l/RelA. A region in the SLPI promoter was identified that bound

IRF-I, suggesting a direct mechanism for IRF-l regulation of SLPI expression.
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RESUME

Les protéines régulatrices IRFs (Interferon Regulatory Factors) appartiennent à la

famille de protéines induites par les interférons et jouent des rôles distincts à

différents niveaux : dans la réponse à des agents pathogènes, les cascades de

transduction du signal induit par les cytokines, la régulation de la prolifération

cellulaire et le développement hématopoïétique. L'objectif de ce travail a consisté

en l'étude des mécanismes par lesquels IRF-l et IRF-2 régulent l'expression génique

et la prolifération cellulaire. L'analyse de la relation entre la structure et la fonction

de la protéine IRF-2 démontre que la répression transcriptionnelle induite par IRF-2

dépend des 125 premiers acides aminés localisés dans le domaine N-terminal de la

protéine. Ce domaine est également impliqué dans la fixation de IRF-2 à l'ADN. La

surexpression de mutants de délétion fonctionnels de IRF-2 dans les cellules

NIH3T3 déclenche la transformation oncogénique des cellules, ainsi que la

tumorigènese suggérant que l'effet oncogénique de IRF-2 est en correlation directe

avec la répression transcriptionnelle. Une analyse similaire de la structure et de la

fonction montre que l'activité transactivatrice de IRF-1 est localisée dans sa partie C­

terminale. Des constructions hybrides contenant les domaines de fixation de IRF-1

ou de IRF-2 et le domaine de transactivation de NF-lCB RelA(p65), sont capables

d'acthTer la transcription à un niveau comparable à celui de IRF-l. L'expression

induite de IRF-1 et de IRF/ReIA dans des cellules NIH3T3 est responsable de la

diminution de la prolifération cellulaire et provoque l'apoptose de ces cellules. De

plus, en réponse à l'induction de IRF-l ou IRF/RelA, une expression plus élevée des

protéines impliquées dans la prolifération cellulaire telles que la PKR, STATl (p91)

et WAF1 est observée en correlation avec les fonctions de transactivation et

l'activité suppresseur de tumeurs de IRF-l et de IRF/RelA. Au cours de ce travail,

nous avons identifié grâce à la méthode de "RNA fingerprinting" la molécule SLPI

(Secretory Leukocyte Protease Inhibitor), premier exemple d'un gène réprimé par

IRF-l et IRF/ RelA. Cette étude a également montré que IRF-l se fixe sur la région

promotrice du gène SLPI, ce qui suggère un mécanisme direct de régulation de

l'expression de SLPI par IRF-l .
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Interferons (IFNs) are a large family of multifunctional secreted proteins

involved in antiviral defense, cell growth regulation and immune activation

(reviewed in (210». The biomodulatory activities pertinent to this group of

cytokines have been extensively exploited at the clinical level, and are used in

therapy for many hematological malignancies and multiple sclerosis (67).

Interferons are classified into three distinct groups, designated IFN-a, IFN-I3,

(collectively grouped as Type 1 IFNs) and IFN-y (Type II IFN). The alpha

interferons consist of a multigene family with at least 20 genes and

pseudogenes, while single IFN-J3 and IFNy genes have been described (80,143).

Genes encoding the interferons are normally silent, but can be activated

rapidly by a diverse group of natural and synthetic agents, such as viruses,

synthetic polyribonucleotides and antigens (126,210). Infected cells produce a

mixture of IFNs characteristic of the infected cell (7,82,126). Type 1 IFNs are

produeed by a variety of eell types, while type II IFN is produced by T-eells and

natural killer (NK) cells (210). Newly synthesized IFN interacts with

neighbouring eells through cell surface receptors, resulting in the rapid and

efficient synthesis of over 30 new cellular proteins through the activation of

the JAK-STAT family of cellular transcription factors (reviewed in (41,87,173».

These events represent the means by which IFNs induce the antiviral state

that constitutes the primary host defense in innate immunity.

Among the many virus and IFN-inducible proteins are a growing family of

transcription factors, the Interferon Regulatory Factors (IRFs). The IRF-1 and

IRF-2 proteins, the best characterized members of this family, are the main

foeus of this thesis. Their discovery preceded the recent expansion of this

group of IFN-responsive proteins to over 10 members.
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This introduction is divided into two main sections. Since IRF-1 and IRF-2

were originally identified by studies of the transcriptional regulation of the

human IFN-fi gene (55,58,72,138), the first section describes the IFN-~ gene

promoter as a weIl characterized model of inducible gene expression.

Analysis of this promoter delineates several interactive domains involving

the NF-KB/Rel, IRF, ATF/CREB and HMG protein families that contribute to

a complex but elegant transcriptional switch from repression to induced

synergistic activation of IFN-~ gene expression. The second section provides a

detailed description of previously characterized IRF family members. Studies

analyzing IRF-expressing cell lines and IRF knockout mice reveal that each

member of the !RF family exerts distinct roles in biological processes such as

pa thogen response, cytokine signalling, cel! growth regulation and

hematopoietic development. Understanding the molecular mechanisms by

which the IRFs affect these important cellular events and IFN expression will

contribute to a greater understanding of events leading to various viral,

immune and malignant disease states and will suggest novel strategies for

antiviral and immune modulatory therapy.

1 The IFN-~ promoter: model of inducible gene expression

The Type 1 interferon genes (IFN-a and IFN-~) have served as a paradigm to

examine the transcriptional mechanisms controlling virus inducible gene

expression (125,126). The regulatory sequences which control the

transcription of the human IFN-13 gene are located within a 110 bp region

immediately upstream from the transcription initiation site. Detailed

mutational analysis of this enhancer reveals a complex organization of short

overlapping 8 to 12 bp sequences that serve as recognition sites for multiple
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DNA binding proteins (126). Four distinct regions, designated PROI to PRDIV

(positive regulatory domains 1 to IV) are required for maximum induction of

the IFN-J3 promoter (54,56,59,62,109,210). PROI (-77 to -64) and PROm (-94 to

-78) serve as recognition sites for IRF-1 and IRF-2 (55,58,72,77,138) and the 88

kDa PRDI-BF1 protein (96). The PROll domain (-64 to -55) binds the PRDII­

BFl protein and the NF-KB/Rel transcription factors (56,81,114,126,212).

PRDIV interacts with the ATF-2/CREB and octamer binding proteins (45,69).

In the intact promoter, these 4 elements interact synergistically to activate

transcription of the IFN-J3 gene. HMG I(Y) proteins bind to the minor groove

of AT rich sequences within PROll and PRDIV and stimulate the binding of

NF-K:B and ATF-2 respectively to these elements (46,195). The IFN-J3

promoter also contains an Il bp negative regulatory element (NRE) located at

-60 to -50 which partially overlaps PRDIT, is bound by NRE-BP and is able to

repress PRDll mediated gene activity (151). Virus infected cells can overcorne

the silencing activity of the NRE by the cooperative effect of PROI and PROU.

Much interest has been placed on the mechanisms of IFN-J3 gene activation

and these studies are the focus of this section. However, repressor proteins

belonging to the protein families mentioned above play an important raIe in

suppressing expression of IFN-J3 prior to and post-induction. The multiple

pretein-ONA interactions contributing te positive and negative control of

IFN-~ expression is illustrated in Figure 1.

4



Figure 1. Nucleoprotein interactions contributing to positive and negative

control of IFN-13 gene expression. A. In uninduced cells, repressor NRE-BP

binds to NRE, PRDII-BFl binds to PRDU, IRF-2 and PRDI-BFI bind to PROI

and PROIll and OCT binds to PRDIV; binding of these proteins contributes to

transcriptional repression prior to or post-induction. B. After virus

induction the repressors are replaced by transcriptional activators: the NF­

KB/Rel proteins bind to PRDII, IRF-l binds to PRDI and PROIll and ATF­

2/CREB binds to PRDIV. HMG I(Y) binds to an AT-rich region within PRDII

and to two sites flanking the ATF-2 binding site within PROIV; HMG I(Y)

interaction with DNA is constitutive.
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1.1 NF·l(BlRel interactions with PROn

1.1.1 Overview of the NF·KBlRel transcription factors

The NF-KB/Rel family of transcription factors binds to a decameric

recognition sequence (consensus 5'-GGGRNNYYCC-3') and participates in the

activation of numerous genes involved in immune regulatory functions

including the acute phase proteins, cytokines, cell surface receptors involved

in immune recognition, and enhancer domains of several viruses (13,123).

Studies by Baeuerle and Baltimore demonstrate that a complex of three NF­

KB subunits exists in the cytoplasm of most cells: a DNA binding 48-55 kDa

protein (p50), a DNA binding 65-68 kDa protein (p65), and a non-DNA

binding regulatory subunit termed Il(B that interacts specifically with p65 (12).

IKB appears to be responsible for the cytoplasmic localization of the inactive

NF-KB complex (16,18,176). Molecular cloning of the NF-KBl(p50) and

Re1A(p65) genes of NF-KB reveals that the DNA binding, amino terminal

portion of these proteins share strong homology with the c-rel proto­

oncogene and with the Drosophila morphogen dorsal (61,98,148,166). The

NF-KB family members share a Rel homology domain that is responsible for

DNA binding, nuclear localization and protein dimerization. DNA binding

members of NF-KB/Rel include: p50(NF-KB1) (61,98); p65(RelA) (148,166), c­

Rel (25), p52(NF-KB2, lyt-l0) (20,145,175), ReIB(I-Rel) (167,169) and dorsal

(12,13,123). pSO and p52 are synthesized as precursors of pl0S and pl00,

respectively, and are proteolytically processed to generate active DNA binding

pSO and pS2 (20,61,98,14S,17S). The ubiquitin-proteasome pathway plays an

essential role in the regulation of NF-KB activity by processing the pl0S

precursor to pSO and by degrading IKBa (154).
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NF-KB activity may be regulated at several distinct levels: at the level of

transcription as an immediate early response to growth factors; at the post­

transcriptional splicing level; at the post-translational levels of protein

processing; at the level of phosphorylation and dissociation of protein

subunits; and at the level of DNA binding site specificity. Furthermore,

temporal variation in the nuclear appearances of NF-KB DNA binding

activities, distinct DNA affinities of individual subunits, and differences in

homo- and heterodimer formation represent additional mechanisms which

contribute to functional diversification of NF-KB proteins. Finally, NF-KB

subunit genes may be subject to autoregulation by NF-KB proteins, since the

promoters of c-Rel, NF-fCBl, NF-KB2 and I1cBa contain NF-KB binding sites

(12,13,16,123).

1.1.2 IKB regulation of NF-fCB activity

The intracellular localization and posttranslational activity of NF-KB / Rel

proteins are regulated by the inhibitory IKB protein family (16,78). AIl IKB

proteins possess multiple ankyrin repeat motifs that may play an important

role in protein-protein dimerization and cytoplasmic anchoring of NF-KB.

Seven inhibitory subunits have been characterized: IKBa(MAD3 / pp40) (78);

bcl3 (147); IKBy (89,122); IKBI3 (198) and IKBE (221), as weIl as the ankyrin

containing precursors of NF-fCB1(p105) and NF-KB2(p100), which also

participate in the cytoplasmic localization of DNA subunits (16,123).

The cytoplasmic localization of both NF-KB/Rel subunits is mediated via the

masking of a nuclear localization sequence (NLS) in the rel homology domains

of these subunits by I1cB (18,176). Phosphorylation and rapid degradation of

I1cBa are the first detectable changes in NF-KB /11(8 complexes after induction.
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The mechanisms by which IKBn is phosphorylated and subsequently degraded

have been a subject of intense investigation. Phosphorylation of the I1cBn

serines 32 and 36 in response to NF-KB inducers represents a signal for

ubiquitination and degradation by the 265 proteosome (5,6,17,24,28,121,202).

The kinases which are specifically responsible for phosphorylation of the

serine residues in I1cBa have recently been identified. I1cBa kinase (IKK)­

a/IKK-1/CHUK and IKK-~/IKK-2are the two kinases which interact and forro

a multiprotein complex of about 500 to 900 kDa which directiy or indirectly

phosphorylates the critical degradation residues in IIcBa (29,42,134,170,226,232).

Loss of IKBn results in translocation of NF-KB to the nucleus, where it activates

transcription of target genes and stimulates IICBa transcription de nova by an

autoregulatory mechanism (17,24,108,139,185). The in vitro DNA binding

activity of NF-KB complexes can be inhibited or dissociated by I1eBa addition;

in sorne cases, lIcHa addition can enhance DNA binding activity, depending on

the NF-ICB subunits (117).

IKBa and IKB~ share three properties: they display equal affinities to the same

NF-KB subunits (RelA and c-Rel), they are cytoplasmic proteins and they

inhibit DNA binding and transactivation of the NF-KB proteins. However,

several aspects distinguish these two major IKB isoforms. First, they respond

to different inducers. Unlike IKBa, I1cBI3 does not respond to TNFa or PMA.

Second, the kinetics of degradation and resynthesis differ between the two

inhibitors. LPS and IL-1 treatment initiates a rapid degradation and

resynthesis of I1cBa. IKB~ is also affected; however the kinetics of degradation

and resynthesis of IKBI3 is much slower than that observed with llCBa,

resulting in persistent activation of NF-KB. This finding suggests the

existence of two overlapping phases of NF-ICB induction, an early transient
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phase mediated by IleBa and a latent, persistent phase in which IleB p

predominates (198). Persistent activation of NF-ICB is maintained as

resynthesized I1eBp appears in an unphosphorylated configuration which

forms a stable complex with NF-KB in the cytoplasm. In this context, IKBp

does not mask the NF-KB NL5 or DNA binding domain, resulting in the

nuclear translocation of NF-ICB as a complex which is "protected" from

inhibition by IKBa. and which can bind DNA (186,203).

1.1.3 Virus induced modulation of NF-KB/IKB activity: effect on IFN-P

induction

The IFN-~ PRDII region (-64 to -55) is a decamer sequence (5'-GGGAAATTCC­

3') that serves as a recognition site for the NF-KB/Rel transcription factors

(33,81,113,212). Base mutations or deletions which alter the PROU domain

cause a loss of virus inducibility, suggesting a critical role for this element in

virus induction (62,195). Gnly the combination of p50 and RelA subunits are

capable of activating transcription of the IFN-p promoter. Furthermore,

virus-inducible complexes on the IFN promoter contain both p50 and ReIA,

implicating this NF-KB heterodimer responsible for NF-KB dependent

activation of IFN-(3 (197).

During the induction of IFN-p gene expression in fibroblastie cells, alterations

in the composition of NF-ICB subunits associated with the PRDU domain

occur as a function of time after virus infection (60). The formation of the

PROU specifie complexes precedes the onset of detectable IFN-f3 transcription

in Sendai virus infected cells (Figure 2A). Early after infection (3 and 6 hours),

RelA is the main NF-KB component in the nucleus whereas by 10 hours after

10



Figure 2. Virus-induced modulation of NF-KBIIKB activity and expression of

the IFN-~ gene. A. Sendai virus induction of IKBa degradation, NF-KB DNA

binding activity and IFN-J3 mRNA transcription. The relative intensities of

PCR products (IFN-J3 mRNA), the protein-DNA complexes (NF-KB binding

activity) and immunoblots (IKBa protein) were scanned by laser densitometry

and plotted as a function of time (modified from (60». B. Temporal shift in

NF-KB protein-DNA complexes during virus infection. Nuclear extracts from

293 cells infected with Sendai virus for the indicated times were used in

supershift EM5A with NF-ICB subunit-specific antisera. The intensity of the

shifted protein-DNA complexes was evaluated by laser densitometry and

expressed as a percent of the shifted complexes.
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infection a shift in the relative abundance of these subunits occurs; both p50

and RelA are present in the specifie complexes (Figure 2B).

The level of IKBa is also dynamically altered by virus infection; by 2 hours

after infection the amount of IICBa decreases about five fold relative to

cytoplasmic extracts from control ceUs. At 10 hours after infection, de nova

synthesis of IICBa restores the level of this inhibitory protein, coïncident with

the decrease in IFN-13 mRNA accumulation (Figure 2A). These results are

consistent with Sendai virus-induced degradation of I1(Ba. Previous studies

with Sendai virus infected ceUs demonstrate that de nova synthesized IICBa

can be chased into an immunoprecipitable complex with RelA (165). Thus, de

nova synthesis of IICBa may contribute to the post-induction shut-off of

transcription by sequestering Re1A-p50 (60).

It is thought that virus induction of the double stranded RNA dependent

kinase (PKR) may mediate the early phosphorylation-dependent degradation

of IKBa. since PKR has been shown to phosphorylate h::Ba and induce NF-KB

binding activity (106). However, the newly identified IKKs are potential key

players. Surprisingly, I1(Ba levels are decreased from two to eight hours after

infection, a relatively long interval compared to other inducers such as tumor

necrosis factor-alpha (TNFa) or phorbol 12-myristate, 13-acetate (PMA) that

promote phosphorylation and degradation of IKBa. during the first hour after

treatment. The heterogeneous nature of viral infection may contribute to the

longer period of IICBa decay than previously described for inducers such as

cytokines or phorbol esters (17,24,108,139).
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The effects of overexpression of the IKBa and IKBJ3 inhibitory proteins on the

regulation of NF-KB dependent IFN-p gene transcription were recently

investigated (4). IKBa overexpression exhibits a strong inhibitory effect on

virus induced activity of a construct containing the IFN-J3 promoter (-281 to

+19) upstream of a CAT reporter gene. Furthermore, overexpression of a

transdominant repressor IKBa molecule which is point mutated at serines 32

and 36 (S32A, 536A; TD-I1cBa) completely blocks IFN-p gene activation by

Sendai virus. Strikingly, IKBp exerts an inhibitory effect only when expressed

at high concentrations. Similar results were obtained in cell lines that

inducibly express IKBa, IKBJ} or ID-IKBa under the control of a tetracycline

responsive promoter. Inhibition of IFN-p expression correlates with a

reduction in binding of NF-KB (pSO-ReIA) complex to PROU after Sendai

infection in IKBa expressing cells, while minimal decreases in IFN-J}

expression and NF-KB binding are observed in IICBJ} expressing cells. These

experiments demonstrate a predominant role for IKBa over IKBJ} in the

regulation of NF-KB induced IFN-~ gene activation (4), and supports the

observed stronger inhibitory capacity of IKBa compared to IKBp (203).

As will be elaborated later on, NF-KB binding to the PROU element is

enhanced by interaction with the HMG I(Y) protein. lnterestingly, the

presence of HMG I(Y) enhances the inhibitory activity of IICBp but not IKBa on

NF-KB binding. It is proposed that HMG I(Y) may alter the structure of NF-KB

on the DNA such that IKBJ3 can efficiently recognize and remove NF-KB from

its target ONA (203).
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1.2 IRF interactions with PROI and PROIII

PRDI, PROID and multimers of AAGTGA (Th) constitute binding sites for the

Interferon Regulatory Factors IRF-l and IRF-2 (58,72,138). The crystal

structure of the IRF-l ONA binding domain (DBD) bound to PROI was

recently resolved and reveals a new helix-turn-helix motif which binds to a

GAAA sequence through three of the five conserved !RF tryptophans (52).

The role of IRF-1 and IRF-2 in IFN-J3 gene regulation was demonstrated by the

finding that expression of mouse and human IRF-1 genes increases

transcription from reporter genes under the control of the IFN-13 IRF-binding

sites (58,72,138), and that this transactivation is abrogated with concomitant

expression of IRF-2 (77). These studies indicate that IRF-1 behaves as a

transcriptional activator of Type 1 IFN genes, whereas IRF-2 functions as an

antagonistic repressor of transcription. In addition to IRF-2, a second

repressor was cloned - PRDI-BFl - that binds to the PRDI domaine PROI-BFl

cDNA is unrelated to the IRFs and encodes an 88 kOa zinc finger protein

involved in post-induction repression of the promoter (96).

IRF-l and IRF-2 will be described in much greater detail in the latter part of

this chapter. Despite the discovery of IRF-1 as a transactivator of IFN-13

transcription, its role in IFN-13 gene regulation has become increasingly

controversial from studies in IRF knockout mice. These results will also be

presented in Section 2.

1.3 ATF/CREB interactions with PRDIV

The sequence of PRDIV contains a binding site for members of the ATF/CREB

farnily of transcription factors, a class of c-AMP inducible DNA binding

proteins sharing homology within the C-terminal basic/leucine zipper
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domains (211). The ATF/CREB site of the IFN-13 promoter is required for

virus induction in mouse L929 cells and mutations in PRDIV that disrupt or

decrease the binding of the ATF-2/CRE-BP1 member of the ATF/CREB family

significantly decreases virus induction of the intact IFN-J3 promoter in vivo

(45). Antisense RNA inhibition experiments indicate that ATF-2 and c-Jun

(another member of the ATF/CREB family) are required for virus induction

(46). Reporter gene constructs containing multiple copies of PRDIV are

inducible by both virus and cAMP, while a construct containing multiple

copies of the ATF /CREB site from PRDIV is inducible by cAMP only,

indicating that sequences immediately flanking the ATF /CREB site are aiso

necessary for virus induction (46). 5înce ATF-2 interacts directly with p50,

RelA, and HMG-I(Y) in vitro, ATF-2-NF-x:B association could stabilize the

muitiprotein complex required for transcriptionai activation (46).

1.4 "MG protein interactions with PROII and PRDIV

The HMG (high-mobility group) proteins are low-molecular-weight, highly

charged chromatin-associated proteins. Based on their molecular masses,

DNA binding characteristics and amino acid sequence motifs, these proteins

can be classified into three farnilies: the HMG 1/2, HMG I(Y) and HMG 14/17

farnilies (26). The HMG I(Y) protein binds to the minor groove of double­

stranded dA-dT rich sequences. In the PRDII region, HMG I(Y) binds to a

centrally located AT-rich sequence while NF-lCB binds to the immediate

flanking GC-rich sequences. The opposite configuration occurs in the PRDIV

region; ATF-2 binds to the centre of PRDIV, while HMG I(Y) binds to AT-rich

sequences at each end of this element. DNase 1 footprinting, methylation

interference and in vivo transcriptional assays with deletion mutants of HMG

I(Y) demonstrate that the two molecules of HMG I(Y) bind to PROII and
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PROIV in a cooperative fashion. Cooperativity of binding requires correct

helical phasing of the PRDII and PRDIV elements and within HMG I(Y) sites

(229). Specificity of HMG I(Y) DNA binding is dependent on its acidic C­

terminus.

Although it cannat activate transcription on its own, HMG I(Y) is necessary

for virus induction from PROU and PRDIV (195). The presence of either

antisense RelA or antisense HMG I(Y) RNA significantly reduces virus

induction from the IFN-J3 promoter. In addition, mutations that decrease

binding of either NF-KB or HMG I(Y) ta PROU and ATF-2 or HMG I(Y) to

PROIV in vitro decrease the level of virus induction of IFN-J3 in vivo (46,195).

These observations suggest that both NF-KB, ATF-2 and HMG I(Y) are

required for virus induction from PRDU and PRDIV within the context of the

IFN-J3 gene promoter.

Binding of NF-KB and ATF-2 to their respective DNA target sites is increased

by direct protein-protein interactions with HMG r(y) (46,195). Phasing and

circular permutation analyses reveal an intrinsic ONA bend in PROU and

PRDIV which are reversed upon binding by NF-ICB and ATF-2, respectively,

and this effect is enhanced in the presence of HMG I(Y) (53). The solution

structure of a truncated form of HMG I(Y) bound to its recognition site in

PROU was recently defined by multidimensional nuclear magnetic resonance

spectroscopy (86). HMG I(Y) binds to a novel ONA minor groove motif which

stabilizes the B-DNA form. It was suggested from the structural studies that

HMG I(Y) DNA binding potentially prevents intrinsic distortions in ONA

conformation and subsequently facilita tes binding of NF-KB and ATF-2 to the

opposing major groove. As will be shown in the following section, the HMG
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I(Y) protein is an "architectural factor" which plays an important role in the

assembly and stabilization of the multiprotein complex required for

transcriptional activation of the IFN-J3 promoter.

DSP1 (dorsal switch protein-1), a member of the HMG1 protein family from

Drosophila, is an inhibitor of Dorsal, the Drosophila equivalent of NF-KB

(112). Cotransfection studies demonstrate that high levels of DSP1 block virus

induction of the IFN-(3 promoter and inhibit activation by NF-KB from a

reporter construct containing the NRE adjacent to the PROU sites. Inhibition

by DSPI requires the presence of the NRE as weIl as the NF-KB pSD protein.

An in vitro binding study shows that recombinant DSP1 stimulates binding of

pSO /ReIA heterodimers and pSO homodimers to a probe containing two

PROU sites and an NRE, while DNA binding of RelA homodimers is not

affected. In the presence of wild-type NRE, DSPI switches pSO homodimers

and the activators Dorsal and the p50/Re1A heterodimer to repressors.

Transactivation by RelA homodimers or RelA/c-Rel heterodimers is not

affected by DSPl. Human HMG1 and HMG2 proteins are unable to convert

Rel activators to repressors or to inhibit the activation by Rel proteins,

suggesting that an unidentified HMG-like protein in human cells may

function as a human equivalent of DSP1 (112).

1.5 The IFN-J3 enhanceosome: synergism between PRDs

When the entire IFN-J3 promoter (-281 to +19) is used in co-expression

studies, the pSO and RelA combination only weakly increases IFN-J3 gene

activity. Synergistic stimulation of IFN-J3 promoter activity is obtained when

NF-KB subunits are co-expressed together with the IRF-1 transcription factor

(60). This result is consistent with a study demonstrating that efficient virus
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induction of IFN-J3 requires the activation domains of IRF-l and RelA (53).

Furthermore, in addition to virus infection, individual PRDs respond to

other inducers that activate the transcription factors binding to these domains

(46,54,109). However, the entire IFN-P promoter does not respond to these

inducers; rather, transcriptional synergy is specifie to virus infection (196).

Moreover, activation of the intact IFN-P promoter is at least an order of

magnitude higher than that seen of each of the individual PRDs (196). These

findings complement other studies illustrating the requirement of the

synergistic activities of the different PROs for maximum activation of IFN-p

(54,62,109) .

Extensive work by the Maniatis and Thanos groups reveals that the highly

elevated virus induction of the IFN-J3 promoter is due to the assembly of a

higher order trancription enhancer complex called an enhanceosome

(53,99,135,196). Initial studies by Ou et al. described earlier provide important

insights into the synergistic activation of the IFN-J3 promoter since they

demonstrate that HMG I(Y) plays an important role in establishing

transcriptional synergy between PROU and PROIV through protein-DNA

contact and protein-protein interaction with NF-KB and ATF-2 (46). More

recent studies show that HMG I(Y) also contributes to cooperative binding of

IRF-1 ta PRDI and allows for co-occupancy of PROI and PROU by IRF-l and

NF-KB, respectively (196).

Many factors are involved in transcriptional synergy of IFN-p activation.

First, the unique arrangement of the PROs must be preserved for maximum

virus inducibility of the IFN-J3 promoter; replacement of PRDIV by PRDU or

reverse orientation of either or both domains (53,196) results in a dramatic
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decrease in IFN-(3 promoter activation. Second, essential for in vitro assembly

and in vivo transcriptional activity of the enhancer complex is specifie helical

phasing of the PROs on the face of the ONA helix which optimizes

interaction of the multicomponent complex with the basal transcriptional

machinery. IFN-(3 promoters containing half-helical turns significantly

reduce virus inducibility and this observation is reversed with the insertion

of a full helical tum (196,203,229). Third, reconstitution experiments show

that transcriptional synergy correlates with increasing cooperativity and

stability of the promoter (53).

Interestingly, the transcriptional synergy involved in IFN-(3 activation also

requires interaction of aIl transcription factor activation domains with

CBP/p300 (135). CBP/p300 is a co-activator protein which plays a raIe in cell

proliferation and differentiation through its interaction with many cellular

activa tors (48,85,233) and is a component of the RNA polymerase II

holoenzyme (95). A novel domain (aa 322-458) was identified in RelA ­

termed the synergism domain - which contains a potential leucine zipper

domain present in CBP and CBP-interacting proteins. Through this domain,

RelA associates with CBP and this interaction is essential for transcriptional

synergy. The activation domains of the IFN-p transcription factors also

interact with CBP in vivo and potentially stabilize the initial association

between RelA and CBP. CBP recruitment to the enhanceosome is necessary

but not sufficient for transcriptional synergy. Maximum activation requires

the activation domain of RelA and IRF-1 (135). Interestingly, the

enhanceosome is able to make contact with components of the transcriptional

basal machinery in vitro (TFllD, TFllA, TFIIB, and the USA coactivator) (99).

Based on these findings, it was proposed that synergistic activation of IFN-(3
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Figure 3. Model for synergistic activation of transcription by the IFN-J3

enhanceosome. This schematic is adapted from Merika et al. (135). HMG I(Y)

is omitted from the figure and only sorne of the protein-protein interactions

involved in contact with the basal transcription machinery are illustrated for

simplicity. The enhanceosome involves a 60 bp stretch of DNA where HMG

I(Y) is bound to the minor groove and the IRF-l, NF-lCB and ATF-2/CREB

transcription factors are bound to the major groove. Association of HMG I(Y)

with NF-lCB and ATF-2 as weil as DNA induces the conformational changes

required ta form this nucleoprotein complexe Formation of the

enhanceosome results in recruitment of CBP through its N-terminus (N) by

the activation domains (AD) and subsequent association of the complex with

the PolII holoenzyme by contact with the C-terminus of CBP (C), implicating

CBP as a bridge between transcriptional machinery and the IFN-J3 enhancer.

The enhanceosome also makes contact with components of the

transcriptional basal machinery (TFIID, TFIIA, and TFlm). It is proposed that

synergistic activation of IFN-J} involves simultaneous recruitment of RNA

polIT and the basal transcriptional machinery by the enhanceosome.
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initially involves simultaneous recruitment of RNA polII and the basal

transcriptional machinery by the enhanceosome via CBP recruitment by

RelA, implicating CBP as a bridge between transcriptional machinery and the

IFN-f3 enhancer. A schematic representation of the IFN-P enhanceosome

associated with the basal transcription complex is depicted in Figure 3.

2 The growing family of Interferon Regulatory Factors

The Interferon Regulatory Factors are a family of transcription factors

originaHy consisting of the well-characterized IRF-1 and IRF-2 proteins and

which now has expanded to include seven other members: IRF-3,

ISGF3y/p48, ICSBP, Pip/ICSAT/ IRF-4, IRF-S, IRF-6 and IRF-7. Structurally,

the Myb oncoproteins also share homology with the !RF family, although

their relationship to the IFN system is unclear (209). Interestingly, recent

evidence also demonstrates the existence of virally encoded forms of IRF

proteins; the human herpes virus 8/Kaposi sarcoma herpes simplex virus

(HHV-8/KSHSV) contains four ORFs encoding proteins (vIRFs) showing

homology to the cellular IRFs (141,168). Genbank accession numbers for the

human, murine, avian and viral coding sequences of the IRF family members

are listed in Table 1.

This section provides a detailed description of the structures and known

functions of the !RF family members. Several features highlight this family

of transcription factors. As shown in Figure 4, aH members of this family

share significant homology in the N-terminal 115 amine acids (aa) which

comprise the ONA binding domain (OBO); this regîon contains a

characteristic conserved tryptophan repeat (five tryptophans spaced in 10-18 aa

23



Table 1. Genbank accession numbers of human, murine, avian and viral

coding sequences of the (RF family members (NI A: non-applicable).
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r
"'"IRF Human Murine Avian Viral

Member Sequence Sequence Sequence Sequence

IRF...1 Xl4454 M21065 L39766 NIA

IRF-2 X15949 J03168 X95478 NIA

IRF-3 256281 U75839 - NIA

IRF-4 U52682 U34307 (Pip) - NIA
Ul1692 (L5IRf)

ICSBP M91196 M32489 L39767 NIA

ISGF3y M87503 U51992 - NIA

IRF-S U51127 - - NIA

IRF-6 - U73029 - NIA

IRF-7 U73036 U73037 - NIA

vIRF NIA NIA NIA U75698
\.. ~



Figure 4. Schematic representation of the (RF proteins. The !RF family

consists of 10 members: nine cellular members (IRF-3 to -7, ISGF3y/p48, and

rCSBP) and four virally encoded forms of IRF proteins (vIRfs). Based on

transcriptional function, IRFs can be classified into three groups - activators

(IRF-1, IRF-3 and rSGF3y), repressors (IRF-2, ICSBP, IRF-7 and vIRF) or both

(IRF-4). Aithough IRF-S and 1Rf-6 have been sequenced, their properties are

not known. Extensive homology among the IRFs in the N-terminal 115 aa

containing a conserved tryptophan (W) repeat with which the IRF proteins

bind similar DNA binding motifs are depicted in red. For the ISGF3y, ICSBP,

IRF-3 and IRF-4 proteins, homology extends to the !RF Association Domain

(lAD; blue boxes) \vith which the IRFs interact with other family members or

proteins. The amine acid size of each IRF protein is indicated.
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intervals) which is also found in the DBO of the Myb oncoproteins. Through

this DBD, the IRFs bind similar DNA motifs termed Interferon Stimulated

Response Element (ISRE; found in most IFN-inducible gene promoters),

Interferon Consensus Sequence (ICS; the ICSBP recognition site found in the

MHC class 1 promoter) or Interferon Regulatory Factor Element (IRF-E or

Positive Regulatory Domains (PRO) 1 and III in the IFN-13 promoter; the IRF-I

and IRF-2 DNA binding sites). The similarity of the IRF homology DBD to

that of Myb implies that IRF DNA binding activity may involve DBD

formation of a helix-tum-helix structure as previously suggested for Myb

(209). The relative homologies of the IRF and Myb DBD sequences and

percent identities of the IRF N- and C-termini are represented in Figure Sand

Table 2, respectively. For the IRF-3, IRF-4, IRF-S, ISGF3yand ICSBP proteins,

the homology extends into the C-terminus, at a region called the IRF

association domain (lAD) by which these IRFs interact with other proteins or

family members.

As shown in Figures 4 and 6, the IRFs can be classified into three groups ­

those that activate (!RF-l, IRF-3 and ISGF3y), those that repress (IRF-2, ICSBP,

IRF-7 and vIRF) and those that both activate and repress (IRF-4) transcription

of target genes. Although IRF-S and IRF-6 have been sequenced, their

properties have not yet been determined. Sorne IRFs are specifie for

hematopoietic cells (ICSBP and IRF-4), while others are expressed in multiple

tissues and cell lines. Generally, IRF expression is either constitutive and/or

induced upon treatment with IFNs or other cytokines or in response to viral

infection. Interestingly, comparable to the IFN-inducible family of JAK-STAT

proteins, !RF activity is regulated in part by post-translational modification

and subsequent interaction between IRF family members. Studies

28



Figure 5. Extensive homology among the IRF DNA hinding domains (ODOs).

This schematic was modified from Veals et al. (209). The N-terminal human

or viral amine acid sequences of aIl known !RF family members (IRF-6 is only

available in murine form) are depicted and compared to those of three

imperfect repeats (RI - aa 38 to 89; R2 - aa 90 to 141; R3 - aa 142 to 192) of

human Myb. Amino acids found to be identical amongst at least 5 IRF

members are depicted in pink. The blue-shaded amine acids are those found

amongst at least 5 IRF members and share the same amine acid charge

(apolar, uncharged polar or charged side groups). The tryptophan repeats

(five in IRF; two in vIRF; three in Myb) are boxed and highlighted in yellow.
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Table 2. Percent identities among the N- and C-termini of the IRF family

members. Sorne values were obtained from references (9,209,219,227). The

remaining values were calculated using the Genbank BLA5T algorithm; N­

terminal identity (upper value) represents comparison within the homology

DBD sequence, and C-terminal identity (lower value) represents comparison

within the remaining [RF protein sequence. If_If is indicated where there is no

identity between the respective IRF sequences.
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76.0 34.0 38.8 38.7 36.3 41.6 36.3 28.3 9.6

8.0 9.4 3.8

37.0 41.1 44.8 32.7 43.4 39.8 23.9 12.4

3.0

41.1 39.8 35.2 42.0 37.5 36.7 14.3

Il.7 25.3 18.6 21.3 10.5 19.0 1.9

77.6 49.6 38.0 37.2 33.8 13.1
31.1 13.4 21.2 17.8 10.9 4.7

59.0 46.0 44.3 35.7 15.4
14.5 21.9 25.4 12.5 6.2

41.9 39.3 35.9 15.4

• 9.2 18.5 17.0 6.2

63.1 30.3 Il.5
36.9 13.4 2.1

31.3 12.2

15.1 6.0

9.4

3.2
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Figure 6. Functional domains of previously characterized IRF family

members. DNA binding domain: DBD; purple shading. IRF Association

Domain: lAD; gray hatched boxes. Activation domains are depicted in

yellow, while repression domains are represented in blue. The N-terminal

and C-terminal clusters of casein kinase II (CKII) sites in IRF-l are expanded;

serine and threonine aa found to be specifically phosphorylated by CKII are

marked in boldo In ISGF3y, the first 9 aa of ISGF3y contributing to DNA

binding affinity and target specificity are portrayed in pink. Serine and

threonine residues present in the C-terminal domain and involved in DNA

binding, increased transcriptional activation, cytoplasmic to nuclear

translocation and virus-induced IRF-3 phosphorylation and degradation are

marked in boldo Aiso present in IRF-3 is a nuclear export sequence (NES),

represented in pink. Lysine residues essential for IRF-3 nuclear export are

depicted in boldo The proposed element responsible for autoinhibition of

ONA binding is illustrated in peach. DBDs of IRF-2, ICSBP and IRF-4 are able

to trans-repress IFN- or IRF-l-mediated transactivation, presumably by

binding to DNA and subsequently preventing entry of transactivator IRF

protein. Arrows point to the site(s) where IRF-2 may be proteolytically

cleaved into the 164 aa form following dsRNA or virus induction.

Functional domains from studies characterizing both IRF-4 and Pip are

represented together. Two regions of Pip responsible for autoinhibition of

DNA binding and ternary complex formation are shown: domain A is a

separate functional domain whose fusion ta a heterologous IRF DBD

prevents DNA binding and association with PU.l and DNA, wheras damain

B (orange box) is not a separable domain but is essentiai for this phenotype.

Domain A aiso confers transactivation upon PU.1/Pip interaction.
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characterizing IRF-expressing cell Unes and IRF knockout mice reveal that

each member of the !RF family exerts distinct roles in biological processes

such as pathogen response, cytokine signalling, cell growth regulation and

hematopoietic differentiation. Several characteristics of the various IRF

family members are summarized at the end of this section (Table 3).

2.1 IRF-l and IRF-2

IRF-1 and IRF-2 were originally discovered as transcription factors that play

a role in the regulation of the IFN-~ gene «55,58,72,138); reviewed in

(107,194»; however, they are also involved in the regulation of other virus­

or IFN-inducible genes such as IFN-Ct (11) and MHC Class 1 (138),

respectively. IRF-1 is expressed at low levels or is undetectable in a variety

of cell types; however, its expression is inducible by virus infection, double­

stranded RNA (dsRNA; poly (rI):poly (rC», treatment with both Type 1 and

Il IFN as well as other cytokines and activators such as turnor necrosis factor

(TNF), interleukin-l (IL-1), IL-6, leukemia inhibitory factor (LIF),

concanavalin A (ConA), calcium ionophore A23187 and phorbol 12­

myristate 13-acetate (PMA; 3,57,72,138). In contrast, IRF-2 expression is

constitutive in many cell types, but is also inducible by Type 1 IFN and virus

infection (72).

Structurally, the IRF-1 and IRF-2 proteins are similar, sharing 76% identity

in the first 154 N-terminal aa and 8% identity at the C-terminal end (72), but

possess very different activities (58,72,138,163). IRF-1 serves as a

transcriptional activator, whereas IRF-2 acts as an antagonistic
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transcriptional repressor. The N-terminus of both proteins contains the

DBD by which the !RF proteins recognize the virus-inducible IRF-elements

(IRF-Es) present in the positive regulatory domains PRDI and PRDIII of the

IFN-J3 promoter. Interestingly, DNA binding activity of IRF-1 and IRF-2 is

enhanced by interaction with the TFITB component of the basal transcription

machinery (216).

2.1.1 The role of IRF-1 and IRF-2 in cell growth regulation

The functional differences between IRF-1 and IRF-2 extend further to

include an important role in cellular growth regulation. IRF-1 and IRF-2

tumor suppressor and oncogenic activity were initially revealed by the

hallmark experiment demonstrating IRF-2 induction of cellular

transformation in NIH3T3 cells and tumor formation in nude mice, and

reversai of the IRF-2-mediated tumorigenicity by IRF-1 (73).

Recent studies have further established the role of IRF-1 as a tumor

suppressor. IRF-1 tumor suppressor activity is not only limited to IRF-2

overexpressing cells; IRF-l expression also reverts the tumorigenic

phenotype exerted by the c-myc and fosB oncogenes (193). The IRF-1 gene

maps to chromosome Sq31.1, a region which is consistently deleted at one or

both aIleles in each of 13 cases of leukemia and preleukemic myelodysplasia

(224). Furthermore, bone marrow and peripheral mononuclear cells from

patients with myelodysplastic syndrome (MDS) or leukemia secondary to

MD5 preferentially express an "exon-skipped" IRF-l mRNA which lacks

exons 2 and 3; the protein product displays neither DNA binding nor tumor

suppressive activities, suggesting a mechanism for inactivation of IRF-l and
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subsequent development of human hematopoietic malignancies (74). An

alternative mechanism by which MD5 or related human leukemias may

develop through IRF-1 inactivation was recently proposed. Nucleophosmin

(NPM)/B23/numatrin is a nuclear protein found to interact with IRF-1 and

inhibit its DNA binding and transactivation (104). This non-ribosomal

nucleolar phosphoprotein has potential oncogenic activity, since it induces

cellular transformation when overexpressed in NIH3T3 cells. Furthermore,

NPM levels are elevated in several cases of human leukemia and human­

derived leukemic cell lines. Expression of both IRF-1 and NPM is regulated by

the cell cycle, with levels highest in G1 phase, while IRF-2 expression is

unaffected (73,104). However, IRF-l and NPM expression patterns are

inversely correlated; IRF-1 levels are highest in early Gl phase, while NPM

levels peak during late Gl phase. These findings suggest that IRf-1 may play a

role in cancer development by a novel mechanism involving its association

and subsequent inactivation by NPM (104).

The tumor suppressor function of IRF-1 was further assessed in knockout

mice deficient in IRF-l, IRF-2 or bath IRF proteins. Cells from mice deficient

in IRF-1 alone or both IRF-1 and IRF-2 are susceptible to transformation by the

ras oncogene, whereas normal cells or cells from mice deficient in only IRF-2

are not transformed by ras. Interestingly, these non-transformed ras­

expressing normal and IRF-2 deficient cells, unlike the ras-transformed IRF-1

deficient and IRF double knockout cells, die by apoptotic cell death under

conditions of low serum, high density or exposure to anticancer drugs or

ionizing radiation. These studies thus implicate IRF-l as a critical tumor

suppressor, regulating oncogene-induced cell transformation or apoptosis

(192).
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In contrast to !RF-l, the oncogenic activities of IRF-2 have not been elucidated

to the same extent. Although IRF-2 is viewed generally as a transcriptional

repressor, there are two reports that IRF-2 acts as an activator. First, the

human histone H4 gene FOIOS is found to be directIy activated by IRF-2

through binding to a ceIl-cycle element (CCE) present in the H4 promoter

(206). This histone gene is functionally coupled to DNA replication and cell­

cycle progression at the CliS transition, with mRNA levels peaking during

early S phase. Interestingly, cells from IRF-2 knockout mice lose cell cycle

control of H4 expression and demonstrate reduced endogenous levels of H4

mRNA. This phenotype is reversed following IRF-2 expression in IRF-2-1­

cells, implicating H4 as a target for IRF-2 mediated oncogenicity (207). Second,

the Qp promoter region of the Epstein-Barr Virus (EBV)-encoded EBNA-l

gene is shown to be activated by IRF-2 (149). Furthermore, although both IRF­

1 and IRF-2 can bind to the 15RE-like QRE-2 element in the Qp promoter, IRF­

2 DNA binding is predominant in extracts derived from Burkitt lymphoma

cells (149). These findings assign a physiological role for a latent activation

dornain previously mapped to the central region of IRF-2, and supports the

proposed identity of IRF-2 as a dual transcription factor containing both

activator and repressor functions (22S).

2.1.2 Involvement of IRF-1 and IRF-2 in Immune Regulation

IRF-l and IRF-2 are also implicated in the regulation of various immune

processes - T-cell selection and maturation - as weIl as leukemogenic

development, as demonstrated by several studies performed with knockout

mice. Mice deficient in the IRF-l gene demonstrate impaired CD8+ ceIl

maturation. IRF-2 deficient mice sufter from bone marrow suppression of
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hematopoeisis and B lymphopoiesis, and die following lymphocytic

choriomeningitis virus (LCMV; ..4.renavirus) infection (129).

IRF-l is involved in several immune processes. First, IRF-l upregulates

genes which are important for positive selection of CD8+ cells (155). TAPI

and LMP2 play an essential role in the function of MHC Class 1 and their

expression is IFNy-inducibie. Interestingly, TAPI, LMP2 and surface Class 1

MHC levels are greatly reduced in IRF-l-deficient mice (220). Furthermore, in

vivo footprinting and electrophoretic mobility shift assays reveal that IFN-y

treatment induces protein-DNA contacts at an IRF-E site present in both TAPI

and LMP2 genes, and that IRF-1 binds ta the same site. These results may

provide an explanation for the CD8+ T-cell deficiency observed in IRF-l- / ­

mice. Second, IRF-1 plays a critical role in multiple stages of Thl

differentiation. Immune cells from IRF-l- / - mice exhibit defective Thl

responses - impaired macrophage production of IL-12, deficient CD4+ T-cell

response to IL-12, ablated NK cell development, and exclusive Th2

differentiation of macrophages and CD4+ T-cells in vitro (187). Last, IRF-l is

essential for the induction of NK cell-mediated cytotoxicity in vivo, since

cytolytic activity of IRF-l- / - NK cells is defective, even following induction by

virus infection, dsRNA, IFN-fl, IL-2 and IL-12 (47).

2.1.3 IRF-1-dependent and -independent pathways for Type 1 IFN gene

induction

Despite the discovery of IRF-l as a transactivator of IFN-P transcription, its

raIe in IFN-J} gene regulation has become increasingly controversial.

Although forced overexpression of IRF-l in COS cells results in increased
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endogenous IFN-IJ expression in the absence of viral induction (72,77) and

reduced IRF-1 expression correlates with decreased IFN-J} expression in

response to dsRNA or Newcastles Disease Virus (NOV; Paramyxoviridae)

infection (163), other studies reveal that IFN-p gene expression is induced

under conditions in which IRF-l is absent (223). Conversely, in Hela S3 ceUs,

overexpression of IRF-l does not result in IFN-J} expression (159,223).

Furthermore, in transient transfection assays, activation of an IFN-(3-CAT

construct is only weakly activated by 1RF-1 but is strongly induced when NF­

le8 RelA (p65) is cotransfected with IRF-1, suggesting that IRF-1 can serve as a

co-activator of IFN-(3 transcription (120). The IRF binding site also plays an

important role in the activation of IFN-a genes. A single mutation in this

site abolishes virus-induced IFN-a4 expression. Furthermore,overexpression

of IRF-1 in L-cells stimulates transcriptional activation and enhances virus

induction of IFN-a4 expression (10).

Analysis of IFN expression in IRF knockout mice further extends these

contradictions. In IRF-1-1- embryonic fibroblasts (MEFs), type 1 IFN induction

is completely impaired following dsRNA induction, but is reversed by

priming with IFN-(3. However, wild-type levels of IFN-<x and IFN-J} mRNA

are observed in IRF-1-j- MEFs in response to NOV infection (129). Analogous

IRF-1-1- mice generated by the Weissmann group display wild-type induction

kinetics of type 1 IFN (IFN-a and IFN-(3) and IFN-inducible genes in response

ta NDV infection; however, responses to dsRNA treatment demonstrate cell­

type specificity (164). Serum and tissue levels of type 1 IFN after dsRNA

treatment are comparable in wild-type and IRF-1-1- mice. However, MEFs

from the IRF-l knockout mice are defective for IFN synthesis. Priming with

IFN increases IFN production in IRF-1-1- MEFS to normal levels. IFN

40



•

•

•

priming is a frequently used strategy to increase IFN expression (44,51,162,184).

Although the molecular basis of IFN priming has not been established, the

effects of priming are regulated at the transcriptional level (44) and are

dependent on protein synthesis (164). 5ince IFN priming can compensate for

the reduced type 1 IFN response to dsRNA in IRF-1-/- MEFs, direct IRF-l

interaction with type 1 IFN promoters is not essential for the induction of type

1 IFN. These results suggest the existence of IRF-1-dependent and

-independent pathways for the induction of Type 1 IFN and that NOV and

dsRNA, at least in MEFs, may induce IFN gene expression through different

mechanisms.

A model for IFN gene induction by virus infection and dsRNA treatment has

been proposed by the Weissmann group (Figure 7). Induction by dsRNA

requires the synthesis of a Factor X which is constitutively expressed at

effective levels in the organs of both wild-type and IRF-1-deficient mice but

not in IRF-l- / - MEFs. The suggested expression pattern of Factor X wouid

explain the cell-type specifie response to dsRNA in IRF-l-/ - MEFs. Synthesis

of Factor X in MEFs is dependent on IRF-l (hence the reduced type 1 IFN

levels in IRF-1- / - MEFs compared to wild-type MEFs after dsRNA treatment);

however, this factor can aise be induced by IFN by an IRF-1-independent

process - as shown by IFN priming of the IRF-1- / - MEFs. The identity of factor

X remains unclear (164); it could be a known IFN-inducible protein, or one of

the many proteins found to bind to the IFN-J3 PROI site by Whiteside et al.

(223). In contrast, viral infection by NDV proceeds through an independent

mechanism which requires a Factor Y. Since the viral pathway is not

inhibited by cycloheximide, Factor Y must be constitutively expressed and

activated by virus infection. Two candidates have been suggested for Factor Y.
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Figure 7. Schematic for the induction of Type 1 IFN genes by dsRNA and

N ewCastles Disease Virus (NOV) in wild-type MEFs (A) and mutant MEFs

lacking both IRF-1 and p48 (B), presented as a combination of models

proposed by the Weissmann (130) and Taniguchi (75) labs. A. Induction by

dsRNA requires a Factor X whose synthesis in MEFs is dependent on IRF-l

(pink arrows). This factor can also be induced, or primed by IFN-a/J3 by an

IRF-l-independent process (purple arrows). Factor X may be a known IFN­

inducible protein or one of the many yet uncharacterized proteins found to

bind to the IFN-J3 PRDI site (223). NDV infection proceeds through two

independent mechanisms. The first mechanism requires a Factor Y which is

constitutively expressed and activated by virus infection. NDV-mediated

IFN-a gene induction may involve the Virus-Induced Factor (VIF) as Factor Y

«22,68); orange arrows). ISGF3 may be the other Factor Y involved in NDV­

induced IFN-a and IFN-J3 gene expression, particularly in the absence of IRF-1

(75,94,100), and is the key player in the second, two-step mechanism of NDV

induction. Viral infection initiates the first step of induction by inducing the

synthesis of small amounts of IFN-a1~ (black arrows). The secreted IFNs then

stimulate the JAK-STAT pathway by both autocrine and paracrine

mechanisms; the formation of ISGF3, the second step, results in maximum

IFN-a/~ activation (red arrows). ISGF3-mediated activation of type 1 IFN may

proceed directIy or indirectly through activation of another, yet unidentified,

factor Z. B. In IRF-1- / - cells, Factor X is still synthesized in the presence of

IFN-a/~, such that dsRNA-mediated type 1 IFN activation remains unaffected.

In p48- / - cells, the ISGF3 complex cannot be formed and therefore NDV

induction via ISGF3 is impaired, such that only small amounts of IFN are

produced from the initial step of IFN-a/J3 activation by NDV.
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NDV induction of IFN-a gene expression may involve the Virus-Induced

Factor (VIF) as Factor Y, since it is activated within 1 hour of NDV infection,

binds to two PRDI-like motifs present in the murine IFN-a4 promoter, and its

binding activity correlates with IFN-a gene activation. Although VIF

recognizes an IRF-E DNA element, its identity is distinct from that of !RF-l,

IRF-2 and ISGF3y (22,68). As will be discussed later, ISGF3y may be the other

Factor Y involved in the positive regulation of both IFN-a and IFN-J3 gene

expression foLlowing NDV infection in the absence of IRF-l (75,94,100,231).

The existence of IRF-l-dependent and -independent pathways for IFN

induction and the subsequent establishment of the antiviral state is further

supported by studies revealing differential effects of viral infections on IFN

induction in IRF-l-/- MEFs (101). Inhibition of encephalomyocarditis virus

(EMCV; Picornaviridae) replication by type 1 and II IFN is dramatically

impaired in IRF-l- / - mice, whereas infection by VSV (Rhabdoviridae) is weIl

controlled. Although IRF consensus sites are present in the HSV Type 1

origins of replication and expression of Type 1 IFN and IRF-l is upregulated

upon reactivation of the herpes simplex virus (HSV; Herpesviridae (188»,

the antiviral response to HSV infection is only minimally affected in these

knockout mice (101). Interestingly, IFN-y induction of IFN-inducible genes

involved in antiviral response is affected to a larger degree than IFN-a­

mediated induction of the same genes. While IRF-l- / - MEFs demonstrate

wild-type activation of MHC Class 1, 2'5'oligoadenylate synthetase (2'5'OAS),

1-8 and PKR genes by type 1 IFN, the induction of the iNOS, guanylate-binding

protein (GBP) and 2'5'OAS genes by IFN-y is severely impaired in IRF-l- / ­

MEFs (101,130). Taken together, these results demonstrate that IRF-1 is more
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important in mediating the antiviral effects of IFN-y than IFN-a~ and that

IRF-l-mediated antiviral action of IFNs is selective for particular viroses.

2.2 IFtF-3

IRF-3 was recently identified and characterized by the Pitha group (9). This

protein is distinct from cIRF-3, an avian protein which demonstrates

homology to the !RF family members (65). As with 1Rf-2, the 55 kDa IRF-3

protein is expressed constitutively in aU tissues. IRF-3 expression is not

induced by viral infection or IFN treatment; however, it can be stimulated by

phytohemagglutinin (PHA) and 12-0-tetradecanoyl-phorbol 13-acetate (TPA)

in peripheral blood mononuclear cells (PBMCs) and macrophages,

respectively (Shirazi and Pitha, unpublished resuIts). At the amine acid level,

IRF-3 has the highest homology to the ICSBP and ISGF3y IRF members, with

the homology extending into the C-terminal domaine Although recombinant

IRF-3 binds the 15RE and activates transcription of the 15G15 gene in transient

transfection assays, it does not contain a well-defined transactivation domaine

The ambiguous C-terminal domain is reflected by the inability of IRF-3 to

activate transcription of the IFN-a4 and IFN-J3 genes in transient transfection

assays, despite IRF-3 binding to both Inducible Element (lE) and PRDIII

regions within the respective promoters (172). Interestingly, in association

with the NF-KB family member ReIA(p65), IRF-3 induces transcription of the

IFN-J3 promoter but not the promoter of IFN-a gene that lacks the NF-KB

binding site (172). These results indicate that IRF-3 does not activate IFN gene

transcription on its own but can cooperate with RelA to stimulate the IFN-J3

promoter.
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IRF-3 demonstrates a unique response to viral infection (118,230). Following

Sendai virus infection, IRF-3 is post-translationally modified by protein

phosphorylation at multiple serine (Ser) and threonine (Thr) residues, located

in the carboxy-terminus of IRF-3. A combination of 1Rf-3 deletion and point

mutations localize the inducible phosphorylation sites to the region

-I5N5HPL5LTSDQ- between amino acids 395 and 407; point mutation of Ser­

396 and Ser-39B residues eliminates virus-induced phosphorylation of IRF-3

protein, although residues Ser-402, Thr-404 and Ser-405 are also targets.

Phosphorylation results in the cytoplasmic to nuclear translocation of IRF-3,

DNA binding and increased transcriptional activation. IRF-3 possesses a

functional nuclear export signal (NES); deletion of aa 129 to 190 (230) or point

mutation of lysine residues L145 and L146 (118) results in constitutive nuclear

retention of IRF-3 following virus infection. Substitution of the Ser/Thr sites

with the phosphomimetic aspartic acid (Asp) amino acid generates a

constitutively active form of IRF-3 that functions as a very strong activator of

promaters containing PRDI/PRDIII or ISRE regulatory elements.

Phosphorylation also appears to represent a signal for virus mediated

degradation, since the virus induced turnover of IRF-3 is prevented by

mutation of the IRF-3 Ser /Thr cluster or by proteasome inhibitors.

Interestingly, co-immunoprecipitation experiments reveal that virus

infection leads ta IRF-3 association with the CBP coactivator and this

interaction is mediated by the C-terminal domains of both proteins. Mutation

of residues Ser-396 and Ser-39B in IRF-3 abrogates its binding to CBP (118). An

IRF-3 mutant lacking the DBD (aa 58-427) expectedly does not bind DNA but is

phosphorylated and associates with CBP in response to virus infection.

However, this DBD mutant functions in a dominant negative manner as it
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blocks virus-mediated activation of IFN-a/~ and other IFN-stimulated genes

(230).

A model in which virus-inducible C-terminal phosphorylation of IRF-3 alters

protein conformation to permit nuclear translocation, association with

transcriptional partners and primary activation of IFN- and IFN-responsive

genes is proposed «118); Figure 8). IRF-3 exists in a latent state in the

cytoplasm of uninfected cells. The IRF-3 C-terminus may physically interact

with the DBD in such a way as to obscure bath the DBD and the lAD regions

of the protein; the presence of an autoinhibitory domain within the C­

terminal 20 aa (407-427) would explain the activating effect of this deletion, as

seen with IRF-4 «23,49); discussed later). Virus induced phosphorylation at

the Ser/Thr residues at the 396-405 aa cluster leads to a conformational change

in IRF-3, exposing both the DBD and lAD and relieving C-terminal

autoinhibition. Translocation to the nucleus, occurring via an unidentified

nuclear localization sequence or in conjunction with a transcriptional partner

associating through the lAD region, leads to DNA binding at ISRE- and

PRDI/PRDIII-containing promoters. Phosphorylation is also necessary for

IRF-3 association with the chromatin remodeling activity of CBP/p300. The

presence of a NES element ultimately shuttles IRF-3 from the nucleus and

terminates the initial activation of IFN responsive promoters. The

phosphorylated form of IRF-3 exported from the nucleus may now be

susceptible to proteasome mediated degradation. This scenario shares several

features with the protein synthesis independent activation of NF-ICB,

complements the finding that IRF-3 and CBP/p300 are components of the

dsRNA-inducible complex DRAF (40,218), and suggests that IRF-3 may be the
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Figure 8. Model for virus-mediated activation of IRF-3. IRF-3 exists in a

latent state in the cytoplasm of uninfected cells. The IRF-3 C-tenninus may

physically interact with the DBD in such a way as to obscure both the DBD and

the lAD regions of the protein. Virus induced phosphorylation of the

Ser /Thr residues in the 396-405 aa cluster leads to a confonnational change in

IRF-3, exposing both the DBD and lAD and relieving C-terminal

autoinhibition. Translocation to the nucleus, occurring via an unidentified

nuclear localization sequence or in conjunction with a transcriptional partner

associating through the lAD region, Ieads to DNA binding at ISRE- and

PRDI/PRDlII-containing promoters. Phosphorylation is aiso necessary for

IRF-3 association with the chromatin remodelling activity of CBP/p300

protein. The presence of a NES element uitimately shuttles IRF-3 from the

nucleus and terminates the initial activation of IFN responsive promoters.

The phosphorylated form of IRF-3 exported from the nucleus may now be

susceptible to proteasome mediated degradation (not shown).
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virus-inducible complex VIC (22,,68). Interestingly, both DRAF and VIC play

potential primary roIes in the induction of IFN- or IFN responsive genes.

2.3 ISGF3y/p48

Interferon-stimulated gene factor-3 gamma (ISGF3y), or p48, generally exerts

its transcriptional activities exclusively in association with signal transducer

and activator of transcription-1 (STAT1 or p84/p91) and -2 (STAT2 or pl13)

proteins (the latter two are collectively termed ISGF3a) activated through

specifie phosphorylation events by type 1 IFNs (19,209). This trimolecular

complex, termed ISGF3, is formed within minutes of IFN treatment and

participates in the transcriptional activation of a large number of IFN­

inducible genes by binding to the ISRE; in this regard, p48 functions as an

immediate early protein. p48 is constitutively expressed but is also inducible

by IFNy and viral infection (94,209). In untreated celIs, this !RF member is

both nuclear and cytoplasmic; however, following IFN-a treatment p48

protein leveIs accumulate in the nucleus (97). p48 recognizes and binds to the

various ISREs and serves as an essentiaI DBD subunit of ISGF3. Association

with ISGF3a increases p48 DNA binding affinity by 25-fold (97).

Deletion studies reveaI that the IRF homology DBD of p48 is sufficient for

DNA binding (208). However, like IRF-1 (159), treatment with calf intestinal

phosphatase (CIP) inhibits p48 DNA binding, indicating that phosphorylation

is essential for DNA binding activity. RemovaI of the N-terminal 9 aa of p48

dramatically decreases DNA binding affinity and specificity, demonstrating

that the first 9 aa are essential for DNA target specificity. A 160 aa region
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responsible for ISGF3a-p48 interaction maps to the C-terminal aa 217 to 377 of

p48; a chimeric protein consisting of the DBD of IRF-l fused to this

interaction domain associates with ISGF3a and binds DNA in an IRF-l­

specifie rnanner (208). Interestingly, this domain is homologous to the IRF

Association Domain of ICSBP, involved in ICSBP association with IRf-1 and

IRF-2 (178).

2.3.1 Role of p48 and ISGF3 in Type 1 IFN Activation

Studies by the Taniguchi and Fujita groups have provided a new perspective

on the regulation of IFN gene activity by the p48 protein (75,94,100,231). Based

on the observation that MEFs from mice deficient in IRF-1 express reduced

IFN-r3 rnRNA levels in response to dsRNA but exhibit wild-type levels of

IFN-r3 in response to NDV (129), the existence of IRF-1-dependent and

-independent pathways leading to IFN-r3 gene expression has been proposed.

The U2 cell line, which carries mutations w~thin both p48 alleles, exhibits

defective antiviral responses to type 1 and type II IFN (91). Interestingly, NDV

infection of IRF-1- / - and IRF-Z- / - MEFs results in the induction of p48 mRNA

expression with kinetics similar to those of IFN-~. Furthermore, p48 and

ISGF3 associate with the IRF-Es of the IFN-~ gene. An independent study by

the Fujita group shows that ISGF3 binds IRf-E with a higher affinity than IRF­

1 and IRF-2 (231). Mutations within the IFN-13 promoter that affect gene

expression in response to NDV aiso prevent p48 DNA binding (94). These

results support a novei role of p48 in the regulation of IFN-~ gene expression

in response to NDV infection.
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The role of p48 in the transcriptional regulation of IFN-~ was further

analyzed in p48- / - knockout and 1RF-1- / -p4S- / - double-knockout mice

(75,100). As observed with the U2 cell line, the establishment of the antiviral

state by p4S-/- and IRF-1-/-p48-/- EFs in response to type 1and II IFN responses

is severely impaired following infection by at least three viruses; the most

dramatic impairment occurs with EMCV, and is less severe with VSV and

HSV. This phenotype is similar to that seen in the type 1 IFN receptor (142)

and STAT1 knockout mice (133), thus reinforcing the importance of ISGF3­

media ted IFN signal transduction in the activation of IFN gene expression.

The ISGF3 complex is detected in wild-type but not p48- / - MEFs following

induction by NDV. Interestingly, ISGF3 not only recognizes virus-inducible

elements in the IFN-~ promoter, it also interacts with the lE of the murine

IFN-Ct.4 gene in response to NOV infection (75). Transient transfection of p48

in p48- / - cells results in activation of a CAT reporter construct driven by the

Œ.

Type 1 IFN induction exhibits cell-type specificity in p48 deficient mice. First,

in p48-/- MEFs, NDV induction of IFN-a mRNA is reduced 40-fold, while

IFN-~ mRNA levels are decreased only two-fold. Residual IFN is still

detected in the MEF culture supematant, suggesting the involvement of a

factor(s) - distinct from p48 - which binds to the IFN promoters and mediates

IFN gene induction by NDV. To date, isolation of such a factor(s) has been

unsuccessful; the availability of this factor appears to be protein synthesis

independent but requires virus-induced tyrosine phosphorylation for

activation (75). IFN priming does not occur in p48-deficient MEFs, thus

implicating p48 in the priming process. Second, in contrast to the

observations in p48- / - MEFs, the decreases observed in macrophages of the
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same mice are more drastic - lOO-fold and ID-foid for IFN-a. and -J},

respectively. Third, p48-/- splenocytes exhibit wild-type levels of type 1 IFN in

response to NDV. No significant defect in IFN-Il gene induction is found in

p48 defective celllines generated in the Stark laboratory (reviewed in (41». In

contrast, the Fujita group reports down-regulation of IFN-a. and IFN-Il gene

induction in ceUs expressing a dominant negative mutant of p48 (231). Taken

together, these results support a novel role of p48 and ISGF3 in the regulation

of type 1 IFN genes.

A model by which p48 and ISGF3 mediate their regulatory effects has been

proposed by the Taniguchi group and is illustrated together with the

Weissmann model discussed earlier in Figure 7. The pathway consists of two

steps. Viral infection initiates the first step of induction by stimulating the

synthesis of small amounts of IFN-a./J}. The secreted IFNs then stimulate the

JAK-STAT pathway by both autocrine and paracrine mechanisms; the

formation of ISGF3, the second step, results in maximum IFN-a./ J3 activation.

ISGF3-mediated activation of type 1 IFN may proceed directly or indirectly

through activation of another, as yet unidentified, factor Z. The

autocrine/paracrine second step would thus be impaired in p48-/- ceUs, while

the residual IFN observed in the p48-/- MEFs corresponds to that produced

during the unaffected first step of IFN-a./J3 activation.

2.4 ICSBP

Interferon consensus sequence binding protein (ICSBP) was originaUy isolated

as the protein that recognized the ISRE motif present in the promoter region
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of the MHC class l, H-2LD gene (43,219). Sequence comparison studies reveal

that ICSBP is more similar ta ISGF3y than to IRF-1 and IRF-2. Unlike IRF-1,

IRF-2, IRF-3 and ISGF3y, ICSBP exhibits a tissue-restricted pattern of

expression and is expressed exclusively in cells of the immune system,

particularly in the macrophage and lymphoid lineages. Expression of ICSBP is

constitutive and can be dramatically enhanced by IFN-y but not by IFN-a/p.

Characteristic of an immediate early gene, induction of ICSBP expression is

rapid and independent of de nova protein synthesis. Aiso unique to ICSBP is

its very weak DNA binding affinity (43), which can only be detected using

Southwestem assays. However, as will be discussed, ICSBP DNA binding is

dramatically increased following interaction with IRF-l and IRF-2 (21,178). By

Southwestem assays, it was found that ICSBP not only recognizes the ISRE of

MHC class 1 gene, but also of other IFN-inducible genes such as ISG54, 2'5'

OAS and 6-16. Interestingly, this IRF member also demonstrates DNA

binding ta the PRDI element of the IFN-13 gene (43). ICSBP can repress IRF-1­

mediated induction of MHC class I and IFN-13 reporters in the absence of IFN

treatment (144). These ICSBP-mediated inhibitory effects are alleviated by

either IFN-13 or IFN-y treatment, indicating that ICSBP has a role similar to

IRF-2 in selectively repressing ISRE- and PRDI-containing promoters. ICSBP

also inhibits the DNA binding activity of p48, although direct association

between these two proteins has not been demonstrated (21). Using domain

swap analyses, it was demonstrated that ICSBP has a modular structure that is

comprised of two components, a DBD and a repression domain (177).

Stable expression of a truncated ICSBP consisting of the DBD interferes with

IRF-1 transactivation, possibly through competitive binding to the ISRE.

Furthermore, ICSBP DBD also inhibits expression of IFN-inducible genes such
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as ISGS4, 2'S'DAS, IRF-2, PKR and STATI (201). This inhibition is not

observed in ceUs expressing full-Iength ICSBP. Strikingly, ceU lines expressing

ICSBP DBD grow slower than control ceUs, while the parental wild-type ICSBP

clones exhibit control growth rates. Cell cycle analysis reveals that

progression through Sand G2/M stages is delayed in the DBD clones.

Surprisingly, while control and ICSBP clones are predictably sensitive to the

antiproliferative activities of type 1 and II IFNs, ICSBP DBD cell lines remain

refractory to IFN growth regulation. The latter observation may be related to

the finding that IFN-y-mediated inhibition of phosphorylation of the

retinoblastoma (Rb) protein results in Gl arrest and is prevented in ICSBP

DBD ceUs. These results thus confer a growth regulatory activity to the ICSBP

DBD (201).

ICSBP interacts with IRF-1 and IRF-2 both in vivo and in vitro, and this

interaction greatly enhances the otherwise very low binding affinity of ICSBP

to the ISRE (21,178). The region involved in IRF-ICSBP interaction is mapped

to a 177 aa region (aa 200-377) in the C-terminal repressor domain of aIl three

proteins. Interestingly, this region, now called the IRF association domain

(lAD), is conserved amongst many IRF family members, including IRF-3, IRF­

4, IRF-5 and p48 (178). Direct binding of ICSBP to DNA is prevented by

tyrosine (Tyr) phosphorylation in vitro - hence its failure to be detected by

EMSA (43). However, ICSBP in its Tyr-phosphorylated form strongly interacts

with target DNA through its association with Tyr-phosphorylated IRF-l and

IRF-2 (178). Predictably, ICSBP, IRF-1 and IRF-2 are Tyr-phosphorylated in

vivo. The ICSBP /IRF-2 complex binding is found to be constitutively

expressed, while ICSBP/IRF-1 DNA binding is induced by IFN-y. These

results imply that like STATs, IRF activity is regulated in part by Tyr
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phosphorylation and subsequent interaction with other family members.

Strikingly, ICSBP also interacts with Tyr-phosphorylated PU.l - the interacting

partner of Pip/IRF-4 - and subsequently binds to the ÀB site of the

immunoglobulin light chain enhancer (23).

As with IRF-l and IRF-2 deficient mice, ICSBP knockout mice exhibit

immunodeficiencies and dysregulated hematopoiesis, demonstrating a role of

ICSBP in the proliferation and differentiation of hematopoietic progenitor

cells (84). Unlike IRF-1 and IRF-2 knockout mice, ICSBP-/ - and ICSBP+ /­

mice display an obvious pathological change: a syndrome similar to human

chronic myelogenous leukemia. These mice are also selectively sensitive to

particular viral infections, demonstrating a critical role for ICSBP in the

establishment of the antiviral state. Spleen cell extracts from ICSBP knockout

mice predictably do not display ICSBP or ICSBP-IRf-2 complex DNA binding.

Although IRF-1 and IRF-2 mRNA levels remain normal, no IRF-2 protein

expression or DNA binding is detected in these cells, suggesting a defect in

posttranscriptional and translational modification of IRF-2. Expression of

virus- or IFN-regulated genes such as IFN-a, IFN-J3, and MHC class l, as weIl

as cellular responses to IFN-a and IFN-y are not affected by the absence of

ICSBP. VSV infection is well controlled in ICSBP- / - mice, indicating that the

Band T helper ceLl compartment as weIl as the IFN type 1 system are normal

in these mice. However, a contrasting phenotype is observed following

infection with vaccinia virus (VV; Poxviridae) and LCMV. Wild-type ICSBP

mice survive VV or LCMV infections but ICSBP- / - mice die within 10-20 days

after infection. This result correlates with a dramatic decrease in cytotoxic T

lymphocyte (CTL) activity, as weIl as deficient production of IFN-y after

stimulation of T-cells or macrophages. Impaired antiviral immunity to
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• LCMV is similarly observed in IRF-2 deficient mice, but not in IRF-1 deficient

mice, suggesting a role of the two IRF repressor molecules in antiviral defense

against LCMV (84).

The antiviral activity exhibited by ICSBP extends to infection by human

immunodeficiency virus-1 (HIV-1; Retroviridae) (200). The ICSBP DBD

strongly inhibits infection by VSV and HIV when stably expressed in

monocytïc U937 ceUs. The repressive effect of ICSBP DBD on HIV-1 infection

may be mediated directly. The HIV-1 genome contains an ISRE-like sequence

3' of the transcription initiation site that binds IRF family proteins

(50,115,200,205).

• 2.5 Pip/LSIRF/IRF-4/ICSAT

•

The birth of another member of the IRF falnily resulted from an effort to

clone factors binding to the murine immunoglobulin (Ig) light chain

enhancer EÀ2-4 (49). PU.l interaction l2.artner, or Pip (most likely identical to

NF-EM5), was discovered as a novel murine transcription factor with an IRF­

like N-terminal domaine Pip binds to DNA, but exclusively in association

with PU.l, a member of the ETS family of transcription factors that in their

own right contribute to lymphoid and myeloid lineage development (37).

Serine phosphorylation at aa 148 of PU.l is required for PU.l-Pip interaction

and subsequent binding of the heterodimer to the ISRE-like À-B site in the Ig

enhancer region. Pip most closely resembles ICSBP, sharing 800/0 homology at

the N-terminal end and 48% homology over a 160 aa C-terminal region of

Pipe Expression of Pip is restricted to the Band T ceH lineages; however, PU.l
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is exciusively expressed in B-cells, thus conferring B-cell specificity to the

PU.l-Pip heterodimer. The PU.l-Pip dimer functions as a transactivator

\vhen bound to the enhancer but both factors display mutual co-dependence

for activity. PU.l is able to bind DNA on its own, but will not transactivate

unless asssociated with Pip; therefore, PU.l and Pip function as mutually

dependent transcription factors.

Further studies map unique functional domains in the Pip protein (23). Pip'S

c10sest sibling, ICSBP, is aiso able to form a temary complex with PU.l and the

À-B DNA sequence. However, unlike PU.l-Pip, PU.l-ICSBP does not modulate

expression of a reporter CAT construct driven by ÀB sites, indicating that the

transactivation observed with PU.l-Pip results from an activation domain

present in Pip. Indeed, the C-terminal region of Pip consisting of aa 150 to 450

stimulates transcriptional activity when fused to the heterologous GAL4 DBD.

While IRF-l and p48 recognize À-B and activate transcription of ,,-B-CAT

constructs, a truncated Pip protein consisting of the DBD is able to trans­

repress IRF-l and p48-mediated transactivation in the absence of PU.l,

suggesting that Pip is a "dichotomous regulator" with bath activation and

repression domains (23).

The Pip DBD is also able ta bind DNA in the absence of its partner, suggesting

a potentiai C-terminal inhibitory domain within Pip preventing DNA

binding of the full-Iength protein which may be masked when Pip associates

with PU.l (49). Interestingly, Pip does possess a domain in its C-terminal end

(aa 410 to 439) which inhibits its binding to DNA in the absence of PU.l and is

concomitantly required for high affinity ternary complex formation. When

the region of Pip containing the DNA autoinhibitory domain (aa 138 to 450) is

58



•

•

•

fused to the DBD of p48, it prevents p48 binding to DNA and aiso allows PU.1­

p48 temary complex formation with À-B. A modei for the regulation of Pip

activity based on these results was proposed in which the C-terminai DNA

binding autoinhibition domain of Pip folds over and interacts with the DBD

of Pip (23). In the presence of PU.1 phosphorylated on serine 148, a PU.1-Pip

heterodimer is formed that disrupts Pip autoinhibition and results in the

formation of a high affinity ternary complex with DNA. Potential interaction

between PU.1 and the DBD of Pip may further increase DNA binding activity.

Mutagenesis studies were performed defining the region of PU.1 required to

recruit Pip to DNA (157,161). Three segments within the PU.1 PEST domain

(aa 118-125, 133-139, and 141-147) are important for DNA recruitment of Pip by

PU.l. Furthermore, the ETS domain of PU.1 (aa 170-255) and other ET5

family members is aiso necessary and sufficient for interaction with Pip, but is

not adequate for recruitment of Pip ta DNA. It is thought that PU.1-Pip

interaction occurs by a two-step mechanism. Interaction between PU.1 and

Pip occurs first via the PU.1 ETS domaine Upon serine 148 phosphorylation,

the PU.1 PEST domain undergoes a conformational change which then

allows binding of Pip to DNA. The PU.1 PEST domain does not signal protein

degradation. Taken together, these results indicate that conformational

changes in both PU.1 and Pip proteins are essential for DNA binding of the

PU.1-Pip heterocomplex.

Independently, another group cloned the same protein which they called

lymphoid specifie IRF (LSIRF), now termed IRF-4 (128). In contrast to Pip,

L5IRF binds autonomously to the ISRE of the MHC class 1 promoter. L5IRF

expression is low in primary lymphocytes and is not induced by IFN.
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However, L5IRF levels are dramatically elevated by receptor-crosslinking

stimuli such as plant lectins, CD3 or IgM.

Yamagata et al. also recently isolated the human equivalent of

Pip/LSIRF/IRF-4 from an adult T-cellieukemia cell line, hence its name IFN

consensus sequence-J3inding protein in adult T-cell leukemia cell lines or

activated T-cells (ICSAT), also termed IRF-4 (227). IRF-4 possesses a very

different function compared to its murine counterpart. While PU.1-Pip

functions as a transactivator complex, IRF-4 exerts an IRF-2 and ICSBP-like

repressive effect on IFN- and IRF-1-induced gene activation. Interestingly,

IRF-4 expression is restricted to a specifie subset of lymphocytes: only T-ceIls

treated with PMA and calcium ionophore A23187 or infected with the human

T-cell leukemia virus-1 (HTLV-1) express this IRF protein. Jurkat cells

transiently transfected with the HTLV-1 Tax gene become induced to express

IRF-4, indicating that Tax may function as a viral activator upstream of the

IRF-4 gene. Since the oncogenic potential of HTLV-1 resides in the

transactivation function of the Tax protein (reviewed in (83»), induction of

IRF-4 expression by Tax may he an important cellular target irnplicated in

HTLV-l-induced leukemogenesis (227). The induction of this unique IRF

family member by another T-cell activation signal, PMA, furtherrnore implies

that IRF-4 may function in the transduction of proliferative signais in

response to T-cel! activation.

IRF-4 deficient mice were generated, and like many other IRF- / - mice,

develop severe immunodeficiencies (137). While normal T- and B-cell

distribution is observed at 4 to 5 weeks of age, with time IRF-4- / - mice

gradually exhibit severe lymphadenopathy. Both B- and T-cell activation is
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profoundly affected; serum immunoglobulin concentrations and antibody

responses are reduced and cytotoxic and antitumor responses are absent in

IRF-4 knockout mice. Normal early T-cell events such as calcium influx and

expression of the T-cell activation markers CD25 and CD69 in IRF-4-/- T-cells

indicate that IRF-4 may function at Iater stages of T-cell activation, possibly at

the level of IL-2 production and/or IL-2 response. This hypothesis is further

supported by the observation that the reduced T-cell proliferation in these

mice is not reversed by exogenous IL-2 treatment.

In addition to exerting an immunomodulatory role, IRF-4 aiso plays a

potential role in cell growth regulation. The IRF-4 gene maps to chromosome

14q32, a locus in juxtaposition with a translocation which is recurrent in cases

of multiple myeloma. Furthermore, expression of IRF-4 in Rat-l fibroblasts

results in cellular transformation in vitro, implicating IRF-4 as a potential

oncogene, designated the "multiple myeloma gene-I" (MUMI; (88».

2.6 1RF...7

Most of the !RF family members so far identified appear to have specifie and

critical functions in lymphoid cells and/or their action is related to the

signalling pathway induced by IFN or viruses. Interestingly, there is reeent

evidenee indicating that the IRF(s) may also play a role in the transeriptional

activation of viral promoters. The Qp promoter region of the EBV-encoded

gene EBNA-1 contains an I5RE-like element (QRE-2) that is responsive to

IRF-1 and IRF-2 as weIl as to IFN-a (149,150,171). Using a yeast one-hybrid

screen technique, a new factor was recently isolated that binds specifically to

the QRE-2 (149,234). The amino acid sequence of this protein is identical to
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the IRF-7 protein present in the Genbank database «66); accession number

U73036). By homology search of the HGF ET5 cDNA library the Pitha group

also found a novel IRF whose sequence is identical to that of IRF-7 (Au,

Moore and Pitha, unpublished results). Severai open reading frames (ORFs)

of IRF-7 have been identified. Three shorter ORFs were identified by the

Pagano's group (234), listed in the database as IRF-7A, B and C (accession nos.

U53830, U53831 and U53832, respectively). Two IRF-7 cDNAs isolated by the

Pitha group contain insertions in either the N- or C-termini 1 suggesting that

this gene may undergo differentiai patterns of splicing.

Expression of IRF-7 is predominant in the spleen, thymus and both primary

peripheral blood lymphocytes (PBLs) and PBL cell lines (234), and is also

effectively induced by IFN-a in B-cells and other cells of lymphoid origin

(149). Interestingly, IRF-7 expression is also coupled with EBV latency; while

IRF-7 is undetectable in type 1 latency cells, levels of this IRF protein are

consistently high in type ID latency cells (234).

At the amine acid level, IRF-7 shows highest homology to IRF-3. In vitro

translated IRF-7 encodes a protein of 68 kDa (66,149). IRF-7 binds to QRE-2

and is able to compete with IRF-1 for the Qp 15RE site. In addition, IRF-7 also

represses basallevels as weIl as IFN-a and IRF-1 mediated transactivation of a

reporter gene construct containing Qp ISRE sequences (234). Further studies

ongoing in several laboratories are addressing the role of IRF-7 in the

regulation of EBNA-1 gene expression, IFN-a-mediated signalling and

expression of IFN-a-stimulated genes.
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2.7 The viral IRFs

The presence of human herpes virus (HHV)-8 in Kaposi's sarcoma and plural

effusion lyrnphoma suggests that this virus plays a role in these malignancies.

In addition to genes required for viral replication, HHV-S contains a unique

set of nonstructural genes, sorne of which are homologous to cellular genes

regulating the cel! cycle, apoptosis and early inflammatory responses (141,168).

These viral analogues potentially serve as components of viral mimicry and

may be essential for viral replication and pathogenicity i11 vitro. Interestingly,

the HHV-8 sequence contains four ORFs encoding proteins homologous to

the IRF family members (141), termed viral IRFs (vIRFs). The role of HHV-8

encoded vIRFs in HHV-S replication and oncogenicity is not known. 5ince

the HHV-8 genome contains several DNA recognition domains that are

identical to the 15RE, vIRFs may be involved in modulating both HHV-8

replication and HHV-8 associated tumorigenicity.

The HHV-S encoded vIRF present in the genome between nucleotides 83 860

and 85 209 was cloned. This 55 kDa protein contains only t\VO of the five

conserved N-terminal IRF tryptophan repeats. An initial S' 87 aa stretch

unique ta vIRF contains another tryptophan residue. This stretch is followed

by a sequence of about 50 aa which shares extensive homology with the

cellular IRF N-terrninal DBDs. Whether this region aiso deterrnines the

DNA binding specificity of vIRF is not known; preliminary data indicate that

recombinant vIRF protein does not bind efficiently to the 15RE of the 15G15

gene (Schafer and Pitha, unpublished results) .
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Overexpression of vIRF in 293 cells down-regulates both constitutive and

IFN-stimulated transcriptional activities of ISRE-containing genes such as

ISG15 and PKR (Schaffer and Pitha, unpublished results). Furthermore, while

it has no significant effect on the expression of the EBV EBNA-l gene through

the Qp promoter region, this vIRF down-regulates transcriptional activity of

constructs driven by the HIV-LTR. Zimring et al. (235) demonstrate by

reporter gene assays that vIRF represses transcriptional activation by Type 1

and Type II IFN and IRF-L This is in accordance with the recent finding that

NIH3T3 cells expressing vIRF are less sensitive to the antiviral effect of IFN

(Pitha, 11l1pllblished reslilts and Moore, personal comnlunication). However,

vIRF does not compete with IRF-l for the I5RE site; rather, vIRF interferes

with the transactivation function of IRF-l (235). These results indicate that

vIRF may interfere with IFN-a-mediated signalling and subsequently with

IFN antiviral effects, and that vIRF mediated repression proceeds through a

novel mechanism distinct from that involving DNA binding competition

with IRF activators typical of other IRF repressor proteins.

The oncogenic potential of vIRF was analyzed by generating stable vIRF

NIH3T3 cell lïnes. As seen with IRF-2, overexpression of vIRF induces

growth in soft agar and tumor growth in nude mice (Pitha, unpublished

resu/ts and Moore, personal communication). Whether vIRF-mediated

oncogenicity can be reversed by IRF-l, as shown for IRF-2, remains ta be

elucidated.

Altogether, these results suggest that vIRF may play a dual raIe; it may (1)

regulate HHV-S gene expression and subsequent viral replication and (2) take

part in viral mimicry by direct interference with the IFN signalling pathway.
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Blockade of the IFN pathway by vIRF may affect not only the establishment of

the antiviral state but aise lead to the modulation of apoptosis and induction

of an oncogenic phenotype. It would be interesting to see whether the other

viral ORF-encoded IRF-like proteins induce similar effects.

2.8 Cross-regulation of expression among the IRF family members

In addition to participating in the regulation of many IFN-inducible genes,

the IRFs also regulate the expression of each other. The IRF-2 promoter

contains an IRF consensus site which is activated by IRF-1 when placed

upstream of a CAT reporter construct (27). Furthermore, IRF-2 expression is

inducible by transient or stable IRF-l expression (76), suggesting that IRF-1

may play a role in the regulation of its partner IRF-2 gene. An IFN-y­

activated sequence was identified in the IRF-l and murine ICSBP promoters

and was shown to be bound by the STATI (p91) subunit of ISGF3 (93,158).

Activation via Tyr-phosphorylation of STATl correlates with transcription of

IRF-l in response to IFN-y treatment, thus establishing a direct link between

the IFN JAK-STAT signal transduction pathway and induction of IRF

expression (158). Furthermore, as will be shown in Chapter V, IRF-l

upregulates STAT1 expression as well (146), implying feedback regulation of

STATl expression by IRF-l. Both IRF-1 and IRF-2 gene promoters contain the

consensus binding site of the NF-ICB family of transcription factors (27,76,182).

Cross-regulation of expression among the IRFs and interactions among the

family members suggest a complex gene network in the regulation of the IFN

system.
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Table 3. Summary of IRF properties and functions. Relevant reference

nurnbers are indicated. General!y, IRF expression is either constitutive

and/or induced upon treatment with IFNs or other cytokines or in response

ta viral infection. Sorne factors are hematopoietic specifie while other family

rnernbers are expressed in multiple tissues and cel! lînes. While sorne

rnernbers are IFN-inducible, aIl IRFs thernselves are involved in the

transeriptional regulation of type 1 IFN and/or IFN-indueible genes. IRFs

vary in transeriptional aetivity, classified as activators, repressors, or both.

Studies eharaeterizing IRF-expressing cel! lines and IRF knockout mice reveal

that each member of the !RF family exerts distinct roles in biological processes

such as pathogen response, cytokine signalling, cell growth regulation and

hema topoietie differentiation.
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RESEARCH OBJECI1VE AND SPECIFIC AIMs

The objective of this research was ta investigate the effects of IRF-l and IRF-2

on the regulation of gene expression and cell growth. Initially, structure­

function studies of the IRF proteins were performed through the analysis of

C-terminal IRF deletion mutants in co-transfection studies. These studies

Localized IRF DNA binding to the N-terminus of both proteins, IRF-l

transactivation to the C-tenninus, and IRF-2 repression to the N-tenninal

DNA binding domain. Identification of IRF-l and IRF-2 as a tumor

suppressor and oncogene, respectively, led to division of the research

objective into three specifie aims. The first specifie aim was to analyze the

effects of IRF-2 on oneogenic phenotype and IFN·13 expression. A direct

correlation between IRF-2 DNA binding/transcriptional repression and

oncogenic transformation phenotype was revealed. This work prompted

investigation of the relationship between IRF-l transactivation function and

tumor suppression. The second specific aim was to analyze the effects of IRF­

1 on cell growth and expression of growth regulatory genes. In the process of

these studies, tetraeycline-responsive cell lines inducibly expressing IRF-l and

the IRF-l-like IRF/ReIA proteins were established. The third specific aim was

to take advantage of these inducible cell lines and RNA fingerprinting to

identify novel IRF-l gene targets and eharacterize their role in IRF-l-mediated

activities. This work led to the identification of the secretory leukoeyte

protease inhibitor as an IRF-l-repressed gene, assigning a repressor function

to IRF-l and a novel role for IRF-l in the modulation of inflammatory and

antiretroviral responses.
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1 Plasmid Construction

1.1 IRF deletion mutants

Six IRF-l and eight IRF-2 fragments containing different length deletions in

the C-terminus were generated by 25 cycles of PCR amplification. DNA

oligonucleotide primers were synthesized using an Applied Biosystems

DNA/RNA Synthesizer. Both the N-terminal and C-terminal primers for

IRF-l deletion mutants were synthesized with EcoRI restriction enzyme sites

at their ends for cloning into the CMY-BL expression plasmid, which contains

the CMV promoter adjacent to the multiple cloning site of bluescript BL

vector followed by a polyA site derived from SV40 (a kind gift from Dr. A.

Cochrane). With the EcoRI site underlined, the sequence of the N-tenninal

IRF-l primer is S'-AGCAGAATTCACATGCCCATCACTTG GATG-3' and the

sequence of the IRF-l C-terminal primers is as follows:

IRF-l(120): S'-AGCAGAATTCACCTATCTCTGGTTCTTGGTGAG-3'

IRF-l(lSO): S'-AGCAGAATTCACCTAATCAGAGAAGGTATCAGG-3'

IRF-l(170): S'-AGCAGAATTCACCTACATGTAGCCTGGAACTGT-3'

IRF-l(200): S'-AGCAGAATTCACCTATTCCACTGGGATGTGCCA-3'

IRF-l(250): S'-AGCAGAATTCACCTAGTTIGTTGGCTGCCACTC-3'

IRF-l (300): S'-AGCAGAATTCACCTAGTTCTTCAGATCTGTGAA-3'

Primers for the generation of the various IRF-2 deletion mutants had an XbaI

site at their ends. With the XbaI site underlined, the sequence for the IRF-2

N-terminal primer is S'-GTACTCTAGACCATGCCGGTGGAACGGATG-3'

and the sequence of the IRF-2 C-terminal primers is as follows:
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IRF-2 (100): S'-GTACTCTAGATTACTTTATGCTTCTGGTCCTTCAC-3'

IRF-2 (125): S'-GTACTCTAGATTATGGTTTCTTTCCTTTCTTGG-3'

IRF-2 (160): S'-GTACTCTAGATTAGACCGCATACTCAGGAGA-3'

IRF-2 (200): S'-GTACTCTAGATTAGCAGATGTCTGGCGGGTTA-3'

IRF-2 (240): S'-GTACTCTAGATTAGGCCACACTGTCGGTAGT-3'

IRF-2 (270): S'-GTACTCTAGATTAGTTCCGTGTCCCCATGTT-3'

IRF-2 (300): S'-GTACTCTAGATTAAGGCATCGGACAGCTATC-3'

IRF-2 (320): S'-GTACTCTAGATTACGTGGGGGTCACTGGGGC-3'

1.2 IRF/RelA fusion proteins

The IRF-1/RelA and IRF-2/RelA fusion proteins were generated and inserted

into the CMV-BL expression vector by Dr. Rongtuan Lin using a four step

process. First, a PCR-generated 1.3 kb XbaI/ XhoI fragment containing the

sequence encoding the C-terminus of RelA (aa 397 to aa 550) from

SVK3/p50/ReIA was inserted into the XbaI/ XhoI backbone fragment of the

pBluescript KS vector. Second, a 1.3 kb NotI{blunt) / XhoI fragment from the

resulting plasmid was cloned into the HindIII{blunt) / XhoI backbone fragment

of SVK3/IRF-1pl, an SVK3 based plasmid carrying an IRF-l cDNA in which

the sequence encoding aa 205 and aa 206 of IRF-1 was mutated to generate a

HindIII site. Third, a 2.6 kb EcoRI/ BarnHI fragment from this intermediary

plasmid was ligated to the EcoRI/ BglII backbone fragment of CMV-BL,

resulting in the generation of CMV/IRF-1/ ReIA. Finally, the CMV/IRF­

2/ReIA plasmid was constructed by inserting a 0.6 kb HindIII/ AvaII(blunt)

fragment from CMV/IRF-2 into the HindIII/ XbaI(blunt) backbone fragment of

CMV / IRF-l / RelA.
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1.3 Recombinant IRF proteins

IRF-1 and IRF-2 were inserted into the baculovirus pAcH6N1 vector for the

generation of polyhistidine-tagged IRF recombinant proteins. The

pAcH6N1/IRF-1 plasmid was a kind gift from Dr. Dirk Gewert.

pAcH6N1/IRF-2 was constructed by Dr. Rongtuan Lin (117) by first inserting a

==1.4 kb XbaI-XhoI fragment from CMV-BL/IRF-2 containing the IRF-2 gene

into the XbaI-XhoI site of a pSVK3-based vector and then subcloning a :::::1.3 kb

Cfr10I(blunt)-KpnI fragment from the resulting plasmid into the BgllI(blunt)­

KpnI site of the pAcH6Nl vector.

1.4 Tetracydine-regulated expression plasmids

CM V t-rtTA contains the Moloney m urine leukemia virus-based p BABE

vector backbone, which contains a puromycin (puro) resistance gene under

the control of the CMV promoter. Construction of the plasmid consisted of

the consecutive insertion of three components into the polylinker site: the

doxycycline-responsive promoter CMVt from the CMVtBL vector (a kind gift

from A. Cochrane), the rtTA gene from the pUHD172-1neo plasmid (179), and

the polyA fragment from the pSVK3 vector. neo CMVt BL was constructed in

two steps. First, an intermediary plasmid (neo BL) was generated by ligation

of a 3 kb XhoI/ EcoRI fragment from the pMV7 vector (contains the neomycin

(neo) resistance gene) to a 3.8 kb XhoI/ EcoRI fragment from the CMV BL

vector (contains the poly A site and the ampicillin (Amp) resistance gene).

Second, a 450 bp XhoI(blunt)/NotI fragment of CMVt BL (contains the CMVt

promoter) was cloned into the EcoRI(blunt)/NotI sites of nec BL. CMVt-IRF-l

was constructed by cloning of an XbaI(blunt) IRF-1 cDNA fragment

downstream of CMV t at the Ba m HI(blunt) site of neo CMV t B L.

Analogously, for the construction of the CMVt-1RF-1 /RelA and CMV t-1RF-
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2/ReIA plasmids, EcoRI/ BamID IRF-l/RelA and HindIII(blunt}/ BamID IRF­

2/RelA cDNA fragments were inserted into the EcoRI/ BamHI (for IRF­

l/ReIA) or EcoRI{blunt)/BamID (for IRF-2/RelA) sites of nec CMVt BL.

2 Purification of IRF recombinant proteins

The pAcH6Nl/IRF-1 and pAcH6Nl/IRF-2 plasmids were expressed by Dr.

Rongtuan Lin in baculovirus as polyhistidine-tagged proteins using a

BaculoGold™ transfection kit as recommended by the manufacturer

(Pharmingen). Insect SF9 cells were then infected with the recombinant

baculoviruses and cultured for 4 days at 280C. Infected cells were harvested,

washed with PBS, and lysed in binding buffer (5 mM imidazole, 500 mM

NaCI, 20 mM Tris-HCI, pH 7.9). Polyhistidine-containing recombinant

proteins were isolated from the insect cell lysates under native elution

conditions by rapid affinity purification using His-Bind metal chelation resin

as recommended by the manufacturer (Novagen, pET system manual). The

resulting purified recombinant proteins were then analyzed by 505­

polyacrylamide gel electrophoresis.

3 Preparation of fRF-specifie antisera

Peptide sequences derived from the IRF proteins were chosen for highest

degree of hydrophilicity and antigenic index. An additional cysteine residue

was added at the N-terminus to facilitate coupling to the carrier proteine

HPLC-purified synthetic peptides (Core Facility for Protein/DNA Chemistry,

Queen's University, Kingston, Ontario) were dissolved in sterile water and

coupled to preactivated Keyhole Limpet Hemocyanin (KLH) carrier (Pierce,
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Rockford, IL) according to manufacturer's instructions. For the primary

immunization, rabbits received 1 mg of coupled peptide in Freund's

incomplete adjuvant (ICN Biomedieals Ine., Costa Mesa, CA) injeeted

subeutaneously (sc) in the dorsoeapular region. Boosts of 300 ug of peptide

also in Freund's incomplete adjuvant were administered sc at 4, 8, 12, 16, 20

and 24 weeks after the primary immunization. Rabbits were bled 12 to 14 days

foUowing the third, fourth, fifth and sixth boosts and serum coUected.

Antisera were screened by Western blot and eleetrophoretic mobility shift

assay for specificity and reactivity to the IRF proteins. Serum from animaIs

receiving the fifth boost (IRF-l #51 and IRF-2 #53) was used in these studies.

4 Cell culture and generation of cell lines

4.1 Transient transfection and reporter gene assay

Transient transfections were carried out in human embryonic kidney 293 ceUs

grown in a-Modified Eagles Medium (a-MEM) supplemented with 10% fetai

bovine serum, glutamine and antibiotics. Subconfluent ceUs were transfected

with 5 ~g of CsCI purified chloramphenicol acetyltransferase (CAT) reporter

(Th-CAT and SVoJ} CAT; (109» and CMV-IRF expression plasmids by the

calcium phosphate coprecipitation method as described previously (109). In

sorne experirnents, cells were infected with Sendai virus (500

hemagglutinating units per mL for 90 min) 24h post transfection for a period

of 16 to 24 hrs. AlI transfections were performed 3-5 times. CAT activity was

assayed using 100 ~g of total protein extraet for 2-4h at 370c.
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4.2 Generation of IRF-2 expressing celllines

To generate the IRF-2 expressing ceU lines, 10 ug of the IRf-2 full-Iength or

deletion mutant CMV-BL plasmids were co-transfected with 0.2 ug of the

RSV-neo plasmid, which carries a neomycin resistance gene, into NIH3T3

ceUs (4 to 5 x 105 ceUs per 100 mm dish) by the calcium phosphate method.

Cells were selected in Dulbecco's modified Eagles Medium (DMEM; high

glucose) supplemented with 10% heat-inctivated calf serum, glutamine,

antibiotics and 500 ug/ml G418 (Life Technologies, Inc.) for 2 weeks. Single

colonies were then isolated and maintained individually.

4.3 Generation of inducible IRF-l and IRFlRelA cell lines

Plasmid CMVt-rtTA was introduced into NIH3T3 ceUs by lipofection

(Lipofectamine, Life Technologies, Inc.) according to manufacturer's

instructions. Cells were selected beginning at 48h for one week in DMEM

containing 10% heat-inactivated calf serum, glutamine, antibiotics and 2.5

ng/ul puromycin (Sigma). Resistant ceUs carrying the CMVt-rtTA plasmid

(rtTA cells) were then transfected with the CMVt-IRF-l, CMVt-IRF-1/ReIA

and CMVt-IRF-2/RelA plasmids. Cells were selected beginning at 48h for a

period of approximately 2 weeks in DMEM containing 10% heat-inactivated

calf serum, glutamine, antibiotics, 2.5 ng/ul puromycin and 400 ug/ml G418.

Ta induce expression by tetracycline, ceUs were cultured in the presence of 1

ug/ml doxycycline (Sigma).
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5 Analysis of growth phenotype

5.1 Measurement of growth rate

The growth rate was determined using exponentially dividing cells.

Experiments were performed either in complete medium (containing 10%

heat-inactivated calf serum) or serum starved medium (containing 0.5% heat­

inactivated calf serum). Cells were trypsinized and counted in Isoton II

solution (Coulter Electronics of Canada) every 24 hrs during a 7-day period

using the electronic Coulter cell counter (Coulter Electronics of Canada).

Numbers are the average of three experiments performed on two

independent isolated clones per cellline, initially plated at a density of 1 x 105

cells per 35 mm dish.

5.2 Determination of saturation density

Saturation density was determined in cell cultures in medium containing 2%

heat-inactivated calf serum at 4 days post-confluence. Cells were trypsinized

and counted using the Coulter cell counter. Numbers are the average of three

experiments performed on two independent isolated clones per cell line,

initially plated at a density of 1 x 105 cells per 35 mm dish.

5.3 Soft agar assay

For the soft agar assay, 5 x 105 cells were suspended in a 0.35% agar solution in

DMEM containing 20% heat-inactivated fetal bovine serum (FBS), and

overlaid enta 0.5% agar solution in DMEM containing 20% FBS in 100 mm

plates. Cells grown in soft agar were counted 20 days after plating, and cloning

efficiency was determined as the number of colonies x 100 divided by the

number of cells plated (average of two experiments, 2 to 3 individual clones

per cell line) .
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5.4 Tumorigenicity in Rude mice

To assay for tumorigenicity, 1 x 106 cells suspended into 100 ul of phosphate­

buffered saline were injected subcutaneously into the hind limbs of 4 to 8

week-old athymie mice (COI nu/nu; Charles River). The experiment was

performed using two independently isolated clones per cell line; three mice

per clone were injected. The time required to produce tumors of at least 5

mm diameter was eonsidered the latency period. Mice were inspected for 60

days.

5.5 Microscopie detection of apoptosis

To identify apoptotic cells, adherent and floating cells were harvested after 24­

48h culture in the absence or presence of 1 ug/ml doxycycline, resuspended in

DMEM containing 4 ug/ml of the DNA intercalating dye aeridine orange

(Sigma). The mixture was then viewed under UV illumination using a Leica

fluorescent microscope. To caleulate percent apoptosis, a minimum of 200

cells were counted.

6 Western blot analysis

Cells were washed once with phosphate-buffered saline and resuspended in

lysis buffer (10 mM Tris-Cl pH 8.0, 60 mM KCl, 1 mM EDTA, 1 mM

dithiothreitol (DTT), 0.50/0 Nonidet P-40 (NP-40» containing 0.5 mM

phenylmethysulfonyl fluoride (PM5F) and 2 ug/ml leupeptin, pepstatin, and

aprotinin as protease inhibitors. Equivalent amounts of whole eell extract (20

ug) were subject to SDS-polyaerylamide gel electrophoresis (SOS-PAGE) in a

10% polyacrylamide gel. After electrophoresis, the proteins were transferred

to Hybond transfer membrane (Amersham) in a buffer containing 30 mM
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Tris, 200 mM glycine and 20% methanol for lh. The membrane was blocked

by incubation in phosphate-buffered saline (PBS) containing 5% dried milk

for 1h and then probed with either IRF-I (either kind gifts from Ors. T.

Taniguchi, H. Harada and R. Pine, or rabbit antiserum #51, described in

section 3 of this chapter, or IRF-1 (M-20)/(C-20) from Santa Cruz

Biotechnology, me.), IRF-2 (rabbit antiserum #53, described in section 3 of this

chapter, or IRF-2 (C-19) from Santa Cruz Biotechnology, me.), C-terminal NF­

KB RelA (rabbit antiserum #28 (156», STATI (p91) (STATla (p91) (C-III) from

Santa Cruz Biotechnology, me.), PKR (a gift from John Bell) or WAF-I (p21)

(C-19) from Santa Cruz Biotechnology, Inc.) antibody in 5% milk/PBS, at a

dilution of 1:1000. These incubations were done at 4°C overnight or at room

temperature for 1-3h. After four 10 min washes with PBS, membranes were

reacted with a peroxidase-conjugated secondary goat anti-rabbit or anti-mouse

antibody (Amersham) at a dilution of 1:2500. The reaction was then

visualized with the enhanced chemiluminescence detection system (ECL) as

recommended by the manufacturer (Amersham Corp.).

7 Electrophoretic mobility shift assay (EMSA)

7.1 Oligonucleotide probes

Oligonucleotide probes used for electrophoretic rnobility shift assay were

either synthesized using an Applied Biosystems DNA/RNA synthesizer

(PRDI, TH and iNOS), obtained from GmCO BRL/Life Technologies, me. (BSl,

BS2, and BS12) or offered as kind gifts (lSRE and GAS; by Dr. Antonis

Koromilas). Complementary oligonucleotides (50 ug each) were rnixed

together, heated at 85°C for 5 min and slowly cooled down to room

ternperature to rnaximize proper annealing. Double-stranded
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oligonucleotides were purified on a IX TBE (50 mM Tris-HCI, pH 8.0; 50 mM

borie acid; 1 mM EDTA) 120/0 polyacrylamide gel (19:1 crosslink), eluted in TE

(10 mM Tris-HCI, pH 8.0; 1 mM EDTA, pH 8.0) overnight at 3j70C and end­

labeUed with (y_32P]-ATP (Mandel) using T4 polynucleotide kinase

(Pharmacia Biotech). Unincorporated nucleotides and salts were removed by

use of a G-25 Sephadex column (Pharmacia Biotech). The description and

sequence of the oligonudeotide probes used in this thesis is presented in

Table 4.

7.2 Extract preparation and analysis

7.2.1 Detection of IRF DNA binding

Whole ceU extracts for analysis of IRF DNA binding were prepared as

described in (35). Essentially, ceUs were pelleted after the induction period,

packed ceH volumes of lysis buffer (20 mM Hepes (K+) pH 7.9, 0.2 mM EDTA,

0.2 mM ethylene-glycol bis (J3-aminoethyl ether)-N,N,N',N'-tetraacetic acid

(EGTA), 0.5 mM spermidine, 0.15 mM spennine, 100/0 glycerol, la mM sodium

molybdate, 1 mM DTT containing 0.5 mM PMSF and 1 ug/ml leupeptin,

pepstatin and aprotinin as protease inhibitors. CeHs were lysed by the

addition of high salt concentration in one packed ceH volume of 2 M KCl.

After 30 min incubation by rotation, ceH debris was removed by 15 min

centrifugation at 14 000 rpm.

Twenty micrograms (20 ug) of whole ceH extract or one to twenty-five

nanograms (1-25 ng) of recombinant protein was preincubated for 10 min at

room temperature in the presence of binding buffer (la mM Tris-HCI (pH 7.5),

50 mM NaCl, 1 mM EDTA, 1 mM OTT, 50/0 glycerol, 0.50/0 Nonidet P-40, and

62.5 ug/ml of the non-specifie DNA competitor poiy (dI-dC) (Pharmacia
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Table 4 Description and Sequence of EMSA Oligonucleotide Probes
-----------. .. --------------............~....-~.......-~ ._---..----------

Probe Description and Sequence

PRDI (Pl) probe nt -79 to -64 of the IFN-f3 promoter; IRF binding site

5'-GGGAGAAGTGAAAGTG-3'

•

•

Th probe

iNOS probe

ISRE probe

GAS probe

BS1 probe

B52 probe

B512 probe

synthetic tetrahexamer of minimal IRF binding site

5'-(AAGTGA)4-3'

IRF-1 binding site in the iNOS promoter

5'-GTCAATATTTCACTTTCATAATGGAAAATTCCAT-3'

ISRE element in the ISG-15 promoter

5'-GATCGGGAAAGGGAAACCGAAACTGAAGCC-3'

GAS element in the IFP-53 promoter

5'-GATCCAGATTCTCAGAAA-3'

nt -89 to -61 of the SLPI promoter

5'-AGCTGGGAGAGGCCCGAAAGAATTCTGGT-3'

nt -79 to -45 of the SLPI promoter

5'-GCCCGAAAGAATICTGGTGGGGCCACACCCACTG-3'

nt -89 to -45 of the SLPI promoter (BS1 and BS2 combined)

5'-AGCTGGGAGAGGCCCGAAAGAATICTGGTGGGGC­

CACACCCACTG-3'
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Biotech) in a total volume of 20 ul. Reaction mixtures involving the

recombinant proteins aiso contained 10 mg/ml bovine serum albumine After

30 minutes of incubation with 1 ul of 75 000 cpm/ul labelled probe at room

temperature, the mixtures were Ioaded on a 5% polyacrylamide gel (60:1 cross­

link) prepared in O.2X TBE. After running at 200 V for 2.5 h, the gel was dried

and exposed to Kodak film at -70°C ovemight. To test the specificity of DNA

binding, whole cell extract or recombinant protein was pre-incubated with 1

ul of antiserum or 1 ug of commercial antibody specific to 00-1, IRF-2, ReIA

or STAT1(p91), with or without 1 ug of competitor peptide for 10 min at room

temperature in binding buffer, prior to the addition of radiolabelled probe.

7.2.2 Detection of STATI and ISGF3 DNA binding

Whole cell extracts for analysis of STAT1 and ISGF3 ONA binding (lRF

binding is also detectable with whole cell extracts prepared by this method)

were prepared by washing cells in phosphate-buffered saline and Iysing the

resulting cell pellet in lysis buffer (50 mM Tris-Cl pH 8.0, 0.1 mM EDTA, 10%

glycerol, 0.5 % NP-40) with 0.5 mM PMSF and 2 ug/ml leupeptin, pepstatin

and aprotinin as protease inhibitors and 0.5 ng/ ul chymostatin and 0.25 uM

microcystin as phosphatase inhibitors.

The DNA binding reaction mixture (10 ul) contained 20 mM HEPES pH 7.9, 40

mM KCI, 1 mM MgCI2, 0.1 mM EGTA, 0.5 mM DIT, 10% glycerol, 250 ng/ul

poly (dI-dC), 0.5 mM PM5F, 2 ug/ml of leupeptin, pepstatin and aprotinin,

and 1 ul of 75 000 cprn/ul radiolabelled probe. The reactions were loaded on a

6% nondenaturing polyacrylamide gel (50:1 crosslink) prepared in 0.2X TBE

buffer.
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Total cellular ~"JA was isolated by the guanidium thiocyanate method as

described in (31). Poly A+ enhanced RNA was isolated from the resulting

total RNA by the Oligotex mRNA Kit (Qiagen Inc).

8.2 Reverse transcriptase-PCR assay.

To deteet IRF-2 transgene expression, 2 ug of total RNA was analyzed by a

quantitative reverse transcriptase (RT)-PCR assay previously deseribed (38,39)

using a 5' primer specifie for the CMV plasmid (5'-ATATCGAATICCTGC-3',

encompassing the Hindill, EeoRV and EeoRI sites in the multiple cloning

region) and a 3' primer specifie for IRF-2 (S'-GATGCTTTCCTGTATG-3',

representing nueleotides 334 to 350 of the IRF-2 cDNA). IFN-J3 mRNA levels

were measured using IFN-~ and SV2CAT primers previously described in

(38,39).

8.3 Northem blot analysis

Total RNA (20 ug) or poly A+ enhanced RNA (2 ug) was denatured,

electrophoresed in a denaturing formaldehyde/1.2% agarose gel, and

transferred to nylon membr~ne. IRF-l/ReIA, 5TAT1 and SLPI mRNA were

visualized by Northern blot hybridization using the first 300 bp of the IRF-1

cONA, the complete STAT1 (p91) cDNA and a 400 bp fragment of SLPI cDNA

(nucleotides 786 to 1089), respectively, labelled with (a-32P]dCTP by nick

translation using the Oligolabelling Kit (Pharmacia Biotech).
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8.4 RNA fingerprinting

The RNA fingerprinting reactions were performed using the DeltaTM RNA

Fingerprinting Kit (CLONTECH Laboratories, Inc.). The reactions were

resolved on a 5% Long Ranger™ gel (50% Concentrate; J. T. Baker, Inc.) in

0.6X THE. After running at 65 W for 1.5 h r the gel was dried and exposed to

Kodak film at -70°C overnight. Bands of interest were removed and

reamplified as described in Current Protocols (2), and then subcloned into a

Bluescript KS vector containing overhang thymidine (T) bases inserted at the

EcoRV site in the multiple doning region (constructed by Dr. Rongtuan Lin).

9 DNAse 1 footprinting

9.1 Preparation of DNA

Two differentially end-labelled SLPI promoter fragments were used for the

footprinting reactions. For DNAse 1 footprinting of the sense (+) strand, a

HindIII/ AccI fragment encompassing the complete known promoter region

(nucleotides -276 to +1 of the SLPI gene) was end-labelled at the Hindill site as

described in section 7.1 of this chapter. For DNAse 1 footprinting of the

antisense (-) strand, a Hindm/ EcoRI fragment encompassing nucleotides -276

to -69 of the SLPI promoter was end-Iabelled at the EcoRi site. la 000 to 20 000

cpm of probe was used for DNA ladder formation and for each footprint

reaction.

9.2 Ladder formation and footprinting reactions

An adenine-guanine (A+G) DNA ladder was formed with each probe using

the chemical (Maxam-Gilbert) sequencing method described in Molecular

Cloning (1). Essentially, end-labelled DNA in the presence of 40 ug of
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sonicated salmon sperm DNA was treated with 1 M piperidine formate, pH

2.0 (4% formic acid adjusted to pH 2.0 with piperidine) for 15 min at 37'C. The

reaction was then completed by the addition of hydrazine stop solution (0.3 M

sodium acetate, pH 7.0; 0.1 mM EDTA, pH 8.0; and 100 ug/ml yeast tRNA)

and three volumes of 95% ethanol, left in dry ice for 5 min, and the DNA was

collected by centrifugation at 14 000 rpm for 5 min. The resulting DNA was

then reprecipitated and then resuspended in 6 ul of formamide loading buffer

(90% formamide, 10% bromophenol blue and 10% xylene cyanol).

The footprinting reactions were performed as described in (116). Essentially,

end-Iabelled DNA was incubated in the presence of DNA binding buffer

(described in section 7.2.1 of this chapter) containing 10 mg/ml B5A but no

poly (dl-dC) and 0 to 150 ng of polyhistidine-tagged recombinant IRF-1 protein

in a final volume of 20 ul. After 10 min at room temperature, 10 ul of a

mixture containing 0.8 units of DNase 1 per reaction and DNase buffer (40

mM Tris, pH 7.9; 10 mM NaCI, and 60 mM MgCh) was added and the

reaction was incubated for 2 min at 30°C. The reaction was then terminated

by the addition of stop solution (0.6 M sodium acetate, pH 5.2, 50 mM EDTA

and 1.5 mg/ml salmon sperm DNA). Protein was removed by two phenol­

chloroform extractions and the resulting DNA was precipitated and

resuspended in 6 ul of formamide loading buffer. The DNA ladder and

footprinting reactions were then electrophoresed on a 5% (antisense (+)

strand) or 8% (sense (-) strand) polyacrylamide (19:1 crosslink)-8M urea

sequencing gel. After running at 65 W for 1.5 h, the gel was dried and exposed

to Kodak film at -70"C ovemight.
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IRF-1 and IRF-2 are structurally similar but functionally distinct transcription

factors that bind to the positive regulatory domains 1 and m (PRDI/ill) within

the human IFN-J3 promoter. To begin structure-function analysis of the IRF

proteins, the regulatory potential of C-terminal deletion mutants was

analyzed by co-transfection studies in human cells and was correlated with

DNA binding capacity.

Construction of IRF-l and IRF-2 deletion mutants. One comrnon N-terminal

primer and different C-terminal primers were used to create IRF-1 and IRF-2

deletion mutants by PCR amplification (summarized in Figures 9 and 12,

respectively). After PCR amplification from an IRF-1 or IRF-2 cDNA

template, deletion fragments were separated on an agarose gel and subcloned

into a high efficiency eukaryotic expression vector, CrvIV-BL (see Materials

and Methods). The ability of each deletion mutant to transactivate or repress

reporter gene activity was measured by CAT gene expression using the

synthetic tetrahexamer (AAGTGA)4 sequence (Th-CAT) and the entire IFN-J3

gene promoter (-281 to +19; SVoJ3-CAT). In addition, electrophoretic mobility

shift assays (EMSAs) were performed to correlate transactivation and

transrepression potential with DNA binding capacity.

Repression by IRF-2 deletions. Co-transfection assays were performed with

the full length IRF-2 construct and with the IRF-2 deletion mutants to

determine which regions of IRF-2 were responsible for transcriptional

repression. Each IRF-2 deletion mutant was co-transfected with the SVo J3­

CAT construct and the cells were subsequently induced by Sendai virus

(summarized in Figure 9). Sendai virus induction stimulated SVo J3-CA T

gene expression about 60-fold; co-transfection with wild-type IRF-2 decreased
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Sendai virus induced CAT activity to only four-fold. The level of repression

by the IRF-2 deletion mutants IRF-2(160), (200), (240), (270), (300) and (320)

were an comparable to that of wild-type 1Rf-2 (Figure 9). In contrast, the IRF­

2(125) deletion mutant displayed a reduced repression capability in this co­

transfection assay. In this case, Sendai-induced CAT activity was 13-fold, ie.

expression was reduced about 5-fold compared to the effect produced by co­

expression of wild-type IRF-2 or the other IRF-2 deletion mutants (Figure 9,

SVoJ3-CAT values), suggesting that this deletion may be very close to the

boundary of the IRF-2 domain required for repression. Interestingly, the next

deletion protein - IRF-2(100) - failed to repress Sendai virus induced

expression of the reporter gene. Essentially similar results were obtained in a

repression assay using the Th-CAT gene as reporter (Figure 9, Th-CAT

values); in this assay, wild-type IRF-1 was co-transfected with the various

IRF-2 deletions to assess the repressive activity of IRF-2. Again, IRF-2(100)

failed to repress IRF-l mediated transactivation. Trans-repression by IRF-2

deletion mutants was also examined using the SVo~-CAT construct in

combination with the p50, RelA and IRF-l expression plasmids (see Figure

13); in this assay, transcriptional repression by IRF-2 resides within the first

125 N-terminal amino acids of the protein (data not shawn).

DNA binding activity of IRF-2 deletion mutants. The ability of the IRf-2

deletion mutants to bind DNA was examined to correlate trans-repression

with DNA binding capacity. Whole cell extracts from 293 cells transiently

transfected with the various deletion mutations were tested for their ability to

bind to an IFN-J} PROI specifie probe. Extracts frOID CMV-BL transfected cells

produced two weak complexes (Figure 10, lane 1) which based on competition

studies appear to be endogenous IRF-2 forros (34,153). Extracts from cells
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Figure 9. Analysis of 1Rf...2 deletion mutants in repression assays. The

hatched bar represents the primary structure of the human IRF-2 protein and

is divided into the DNA binding domain (darker shaded area) and the carboxy

terminal domain (lighter shaded area). Lines below the full length protein

represent the various IRF-2 deletion mutants, and numbers on the right

signify the size in amine acids of each deletion mutant. Primers used in PCR

amplification are depicted by the arrowheads. 5 V of3-CAT repressioll assay.

293 cells were transfected with SVofl-CAT either alone or together with

various CMV-IRF-2 deletion mutants (5 Ilg each) and were induced with

Sendai virus (500 HAU /mL) 20-24h post-transfection. Cells were harvested

42-48 h post-transfection and soluble protein extracts were analyzed for CAT

activity using 100 Ilg of total protein for 2-4h at 37oC. Relative CAT activity

(campared ta basal level transfection with the reporter gene and CMV-BL

vectar alone) was measured. The value 60.0 is the fold increase in CAT

activity abserved in Sendai virus induced versus uninduced samples; the

ability of IRF-2 deletions to decrease the relative inducibility was deterrnined

in three separate experiments. Th-CAT repression assay. Th-CAT and CMV­

IRF-l were transfected into 293 cells together with the various CMV-IRF-2

deletion mutants (5 Ilg each). The ability of the IRF-2 deletions to interfere

with IRF-l mediated transactivation of Th-CAT was measured at 48 h as

described above. DNA binding. Whole cell extracts from CMV-IRF-2

transfected 293 cells were examined for binding to the PRDI and Th probes as

described in the Materials and Methods. "_", no DNA binding; "++", DNA

binding detected in EM5A.
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transfected with different IRF-2 deletion mutants generated protein-DNA

complexes migrating to different positions in the EM5A corresponding to the

size of the IRF-2 protein (Figure 10, lanes 2 to 9). Wild-type IRF-2 and IRF­

2(320) (Figure 10, lanes 2 and 3) generated multiple complexes with the Pl

probe, probably reflecting IRF-2 proteolytic products that maintain DNA

binding (34,153). In multiple experiments using either human 293 extracts

transfected with the various deletions, no IRF-2(100) DNA binding activity

was observed (Figure 10, lane 10, summarized in Figure 9). The fact that IRF­

2(125) possesses DNA binding activity indicates that most of the DNA binding

region in IRF-2 is contained within the N-terminal one third of the protein.

Thus, IRF-2 mediated repression of IFN-13 gene expression correlates directIy

with DNA binding capacity; based on these experiments, the C-terminai end

of the IRF-2 DNA binding region is located between aa 100 and aa 125.

Transcriptional activation by IRF-l deletion mutants. Using a similar

strategy, the effects of fulliength IRF-1 and the IRF-1 deletion mutants on IFN

gene activity were examined. Initially, an immunoblot analysis was

performed to determine if the IRF-1 deletion mutants were expressed to

similar levels in 293 cells (Figure Il). Polyclonal IRF-1 antibody (a kind gift

from Dr. R. Pine) was able ta detect the wild-type IRF-1 and the IRF-l(300),

(250), and (200) proteins (Figure lIA, lanes 1, 2, 3 and 7 respectively), but did

not detect the IRF-1(170), (150) and (120) deletion mutants (Figure lIA, lanes 4,

5 and 6 respectively). This result suggests that the major epitope recognized

by the IRF-I antibody is located between amine acids 200 and 170. Mobility

shift analysis confirmed that the IRF-l deletions including IRF-I(150) retained

DNA binding capacity (Figure lIB, lanes 2 to 7), with the exception of IRF­

1(120) which displayed no DNA binding activity in multiple assays (Figure
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Figure 10. DNA binding activity of the IRF-2 deletion mutants. EM5A was

performed on whole cell extracts (20 J.1g) derived from cells transfected with

the various CMV-IRF-2 deletion mutants. The 32P-Iabeled probe corresponds

to the PROI site. Each lane is marked with the appropriate expression plasmid

used in the 293 cell transfection. As a negative control, lane 1 contains

extracts froIn cells transfected with the CMV-HL vector. Protein-DNA

complexes representing endogenous IRF-2 forms are shown by the arrows

(34).
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Figure 11. Analysis of IRF-1 deletion mutants. A. Western blot analysis of

IRF-l proteins. Whole cell extracts were prepared from 293 cells transfected

\vith 5 J.lg of CMV-IRF-l or the various CMV-IRF-l deletion mutants,

separa ted on SDS-PAGE, transferred to nitrocellulose membrane, and

immunoblotted with an IRF-1 polyclonal antibody. Full length IRF-1 protein

(lane 7) as weIl as the IRF-1(300), (250) and (200) deletion mutants (lanes 1-3)

were detected in transfected cell extracts (20 J.lg). IRF-l(170), IRF-l(150) and

IRF-l(120) are not detected by the IRF-1 antibody (lanes 4-6). Extracts from

cells transfected with the CMY-BL vector were analyzed as negative control

(lane 8). Protein molecular weight markers are shown on the right side of the

diagram in kilodaltons (kOa). B. ONA binding activity of IRF-l deletion

mutants. EM5A was performed on whole cell extracts (25 J.lg) derived from

cells transfected with the various CMV-IRF-l deletion mutants using the 32p_

labeled Th oligonucleotide as a probe. Each lane is marked with the

appropriate expression plasmid used in the 293 cell transfection. Lane 1

represents the control lane and contains extracts from cells transfected with

the eMY-HL vector. The arrow corresponds to a low molecular weight non­

specifie protein-DNA complex.
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lIB, lane 8). In several experirnents, IRF-l(170) was expressed to a lower level

than either IRF-l(200) or IRF-l(150) (Figure lIB, lanes 5 to 7).

Full length human IRF-l and the 6 deletion mutants were examined for their

ability to transactivate the Th-CAT reporter gene. Full length IRF-l induced

reporter gene activity four-fold (Figure 12, Th-CAT activation assays) whereas

with the shortest IRF-l proteins - IRF-l(120) and IRF-l(150) - no increase in

CAT activity was observed. As the length of IRF-l was increased with the

IRF-l(170) and (200) proteins, the level of activity actually dropped below the

basallevel to 0.6 and 0.4 respectively. The activity of IRF-l(2S0) and IRF-l(300)

were 1.5 and 2.4 respectively, indicating that only the IRF-l(300) protein

retained significant transactivating potential (Figure 12).

The activation of the intact IFN-(3 promoter (SVo(3-CAT) by full-Iength IRF-1

and the various deletion mutants was also examined (Figures 12 and 13).

Unlike the Th-CAT reporter gene, IRF-l alone only weakly activates the IFN­

~ promoter in the SVo ~-CAT construct; efficient induction minimally

requires the synergistic effects of IRF-1 and the PROII binding NF-KB proteins

«60,81,109), and Figure 13). Therefore, combinations of the various IRF-l

deletion mutants were examined together with NF-KB subunits p50 and RelA

in a transactivation assay (summarized in Figure 12, 5Vo(3-CAT activation

assays and Figure 13). With pSO and RelA expression plasmids alone, CAT

gene expression was about 3 times higher than basal levels (Figure 12,

comparing lanes 1 and 2). A triple transfection of p50, ReIA, and IRF-l

expression plasmids resulted in about 18-fold stimulation of CAT activity

(Figure 13, lane 3). Co-transfections of IRF-l(120), (150), (170), and (200) with

the NF-KB pSO and RelA subunits resulted in basal levels of activity similar to
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Figure 12. Analysis of IRF-l deletion mutants in activation and repression

assays. The upper schematic bar represents the primary structure of the

human IRF-l protein and is divided into the DNA binding domain (dark

hatched area) and transactivating potential (progressively darker shading).

IRF-l deletion mutants are represented by the lines below the full length

protein with their amino acid size. Primers used in PCR amplification are

illustrated by the arrowheads. Th-CAT activation assay. Cells were

transfected with Th-CAT and CMV-IRF-l or the various CMV-IRF-l deletions

(5 ~g each). 42-48h post-transfection, cells were harvested and soluble protein

extracts were analyzed for CAT activity using 100 J.lg of total protein for 2h at

37°C. Relative CAT activity (compared to basal level transfection with the

reporter gene and CMV-BL vector alone) was measured; the data represents

the average of three experiments. 5 VofJ-CAT activation assay. Cells were

transfected with SVoJ3-CAT and CMV-based NF-KB subunits pSO and RelA or

different IRF-l deletion mutants (5 J.lg each). Cells were harvested 42-48h

post-transfection and extracts were assayed for CAT activity as described

above. Tlz-CAT repression assay. Th-CAT and CMV-IRF-l (5 Jlg each) were

transfected into 293 cells together with the various CMV-IRF-l deletion

mutants. The ability of the IRF-l deletions to interfere with IRF-l-mediated

transactivation of Th-CAT was measured at 48h as described above. 5 V0/3­

CAT repression assay. SV o J3-CAT and the various CMV-IRF-l deletion

constructs (5 Jlg each) were transfected into 293 cells and induced with Sendai

virus 24h later; the ability of the IRF-l deletions to interfere with Sendai

virus induced SVo J3-CAT activity was measured at 48h as described above.

DNA bilzding. Whole cell extracts from CMV-IRF-l transfected 293 cells were

examined for binding to the PROI and Th probes. "_If, no DNA binding;

"++", DNA binding detected in EM5A.
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those seen with pSO and RelA alone (Figure 13, lanes 4, 5, 6 and 7). IRF-1(2S0)

and IRF-1(300), together with pSO and RelA, induced CAT expression 7- and

11-fold respectively (Figure 13, lanes 8 and 9). Based on these results, it

appears that C-terminal sequences of IRF-l, particularly beyond aa 250, play a

crucial role in IRF-1 transcriptional activation.

Repression by IRF-l deletion mutants. In co-transfection assays involving the

Th-CAT construct and the IRF-1(170) and IRF-1(200) deletion mutants,

rela tive CAT activity was observed to be lower than basal levels (Figure 12,

Th-CAT and SVoJ3-CAT activation assays), suggesting that certain IRF-l

deletion mutants may possess a repressive capability_ To examine the

repressive effect of the IRF-1 deletion mutants, co-transfection assays were

performed using the IFN-J3 promoter (SVoJ3-CAT) construct together with

various IRF-1 deletion mutants. At 24h after transfection, cultures were

infected with Sendai virus and the relative levels of CAT activity were

determined. Infection with Sendai virus induced the IFN-J3 promoter of

SVoJ3-CAT over SO-fold, as demonstrated previously (Figure 12, SVoJ3-CAT

repression assays). Co-transfection with the fulliength IRF-1 did not alter the

level of inducibility; similarly, co-transfection with IRF-l(120) did not change

the inducibility of the IFN-J3 promoter (Figure 12, SVo J3-CAT repression

assays), presumably due to the lack of DNA binding activity. C-terminal

truncation of IRF-l to a protein of between 150 and 200 aa resulted in IRF-1

proteins that effectively interfered with Sendai virus inducibility of the IFN-J3

promoter; for example, the IFN-J3 promoter was induced only S-fold in the

presence of IRF-l(200). With IRF-1(2S0), the inducibility of the IFN-(3

promoter was nearly 30-fold higher than the basal level and with IRF-1(300)

virus inducibility was intact (Figure 12). Similar results were obtained in an
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Figure 13. Activation of the IFN-13 promoter by NF-ICB and IRF..1 deletion

mutants. Cells were transfected with SVo l3-CAT and CMV-based NF-ICB

subunits pSO and RelA (S J.lg each; RelA is written as "p6S") where indicated

("+" or "_"). The different CMV-IRF-l deletion mutants (5 Jlg each) are

indicated at the bottom of each lane. Cells were harvested 42-48h post­

transfection and soluble protein extracts were assayed for CAT activity using

100 ~g of total protein for 2 hours at 370C. Relative CAT activity (compared ta

basal level transfection with the reporter gene alone) is measured on the y­

axis. A representative CAT assay is shown above the graph.
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experiment using the Th-CAT construct induced by wild-type IRF-1 and the

various IRF-1 deletion mutants (Figure 12, Th-CAT repression assays).

Together, these results indicate that deletion of IRf-l to a protein of less than

200 aa converts the activator IRF-1 into a repressor activity, and repression

activity correlates with DNA binding ability.

Activity of IRFINF-KB RelA fusion proteins. Fusion proteins were generated

that link the IRF-1 and IRF-2 DNA binding domains to the C-terminal

transactivation domain of NF-KB RelA(p65) (Figure 14A). These proteins

were efficiently expressed in 293 cells (Figure 148, lanes 2 and 3) and were

detected in Western blot analysis using an antibody directed against a C­

terminal peptide of ReIA. The prominent band at 66kOa represents

endogenous NF-KB RelA (Figure 14B, lane 1). These fusion proteins were

used in co-expression assays using the Th-CAT (Figure 14C) or 3xPROI-CAT

(data not shown) to examine the ability of the fusion proteins to stimulate or

repress gene activity. Interestingly, both IRF-l/RelA and IRF-2/ReIA fusion

proteins were stronger transcriptional activators than wild type IRF-l. Wild­

type IRF-2 was capable of full repression of IRF-l/RelA or IRF-2/ReIA

mediated induction (Figure 14C). The IRF-2(125) was able to completely

repress the activation mediated by IRF-l/ReIA but only partially repressed

IRF-2/ReIA mediated activation, while IRF-2(100) failed to repress reporter

gene activation. This experiment further supports the idea that IRF-2

repressor activity is an intrinsic function of the N-terminal 125 aa domain of

IRF-2. To examine the activation of the intact IFN-J3 promoter by IRF/RelA

fusion proteins, the IFN-J3 promoter (SVoJ3-CAT) construct was co-transfected

with pSO, RelA and/or !RF/RelA expression plasmids (Figure 140). Like IRF­

1, IRF-l/RelA alone only weakly activated the IFN-J3 promoter; efficient
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Figure 14. Activity of IRF·1/ReIA and IRF..2/ReIA fusion proteins. A.

Protein structure of IRF-I/ReIA and IRF-2/ReIA. IRF-l/ReIA and IRF­

2/ReIA are written here as IRF-1/p65 and IRF-2/p65, respectively. IRF-l/RelA

contains 364 aa: 204 aa from IRF-1 (aa 1-204), 154 aa from RelA (aa 397-550),

and a 6 aa spacer (KLAALD). IRF-2/ReIA consists of 317 aa: 160 aa from IRF-2

(aa 1-160), 3 aa for spacing (VLD), and 154 aa from RelA (aa 397-550). B.

Analysis of IRF-l/ReIA and IRF-2/ReIA protein by Western blot. 20 ug of

whole cell extract from 293 cells transfected with IRF-l/RelA and IRF-2/ReIA

were separated on 5DS-PAGE, transferred to nitrocellulose membrane, and

immunoblotted with aC-terminal anti-RelA antibody. Arrowheads indicate

the positions of IRF-l/RelA (1) and IRF-2/ReIA (2), respectively.
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Figure 14 (continued). C. Activation of Th-CAT by [Rf /ReIA fusion proteins.

293 cells were transfected with Th-CAT and the various expression plasmids

indicated below the bar graph (5 J..lg each). CAT activity was analyzed 48h post­

transfection; the values represent the average of three experiments with less

than 200/0 variability. O. Activation of the IFN-~ promoter by IRF /ReIA

fusion proteins. 293 cells were transfected with SVo~-CAT and expression

plasmids indicated below the bar graph (5 J..lg each). CAT activity was analyzed

48h post-transfection; the values represent the average of three experiments

with less than 20% variability.
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activation required both IRF-1/ReIA and NF-lCB proteins. Interestingly, IRF­

2/ReIA alone resulted in high level of stimulation of CAT activity (about 17­

fold), a level of stimulation similar to that observed with pSO, RelA and IRF-l

expression plasmids.
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In the previous chapter the relationship between DNA binding activity and

transcriptionai activation/ repression by IRF-l and IRF-2 was analyzed, and it

was found that transcriptional repression by IRF-2 correlated directly with

IRF-2 DNA binding. Studies on the oncogenic and tumor suppressor

activities of IRF-l and IRF-2 suggest that relative amounts of these

functionally antagonistic proteins appear to play a role in ceU growth

regulation (73), implicating a potential link between their transcriptional

properties (DNA binding and transactivation/repression) and their respective

antioncogenic and oncogenic potentials. To analyze the relationship between

DNA binding/transcriptional repression activity and oncogenic

transformation phenotype exerted by the IRF-2 protein, NIH3T3 ceUs

expressing C-terminal deletions of IRF-2 \vere established and assayed for

transformation and tumorigenic properties.

IRF-l and IRF-2 specifie antisera. Polyclonal antisera specifie for unique

hydrophilic and antigenic peptide sequences in the C-terminal domains of

human IRF-1 and IRF-2 proteins were prepared by repeated inoculation into

rabbits (Figure 15A). After three to five boosts with peptide, sera were tested

for antibody reactivity and specificity in Western blot analyses and shifted

shift assays using polyhistidine-tagged recombinant human IRF-1 and IRF-2

proteins. The antibodies recognized their respective recombinant proteins in

Western blot analyses (Figure 15B, lanes 2 and 5) and this recognition was

specifie, as incubation of antiserum in the presence of corresponding peptide

eliminated reactivity against the appropriate !RF protein (Figure 15B, lanes 3

and 10). As expected, the IRF-1 and IRF-2 antibodies did not cross-react

(Figure 15B, lanes 1 and 4).
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The IRF-2 antibody was tested for reactivity against the human and murine

IRF-2 proteins using whole cell extracts from untreated and Sendai virus­

infected NIH3T3 and 293 cells. The IRF-2 antibody specifically recognized IRF­

2 from both murine and human untreated cells. In NIH3T3 cells, two specifie

IRF-2 species of about 45 to 48kd were consistently observed, whereas a

slightly larger, 49 to 52 kd single IRF-2 species was detected in 293 cells (Figure

158, lanes 6 and Il; 8 and 12). The two murine IRF-2 species may represent

full-Iength IRF-2 and its degradation product or its phosphorylated forme

Since IRF-2 is proteolytically cleaved to a 25 kd species following Sendai virus

infection (34,153), due to the location of the peptide chosen for antibody

preparation, it is not surprising that full-Iength IRF-2 was not detectable in

Sendai virus-infected murine and human cells (Figure 158, lanes 7 and 9).

Sera were also tested for antibody reactivity and specifieity in shifted shift

assays using the recombinant human IRF proteins. While there was no

recognition by preimmune sera (Figure 1SC, lanes 1 and 2; 7 and 8), the IRF-l

and IRF-2 antibodies were able to specifically shift their respective protein­

DNA complexes (Figure lSC, lanes 3 and 4; 9 and 10). Addition of IRF-l

resulted in the formation of slowly migrating complexes (Figure ISe, lanes 1

and 2) which likely represent IRF-1 dimers. Furthermore, as seen in Western

blot analyses, the antibodies did not cross-react (Figure 1SC, lanes 5 and 6; Il

and 12).

Establishment of NIH3T3 cells expressing full-Iength and deletion mutant

IRF..2 proteins. CMV-based plasmids expressing fulliength (FL; 349 aa) and C­

terminally truncated (320, 300, 270, 240, 200, 160, 125, and 100 aa) IRF-2 proteins

as weIl as the CMV driven expression plasmid as control were cotransfected

with an R5V-neo plasmid into NIH3T3 cells by the calcium-phosphate
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Figure 15. [RF...1 and IRF...2 peptide specifie antisera. A. The primary

structures of the human IRF-1 and IRF-2 proteins, including important

functional domains, are schematically represented. The Letters and numbers

represent the amine acid sequence and Location, respectiveLy, of the peptides

chosen for antibody production. The shaded boxes represent different

functionaL domains: _, IRF-1 DNA binding domain; ~, IRF-2 DNA

binding and repression domain; C. , IRF-1 transactivation domain. B.

Specifie reactivity of antisera in Western blot analyses. 10 ng of recombinant

IRF-l (lanes 2 and 4), 2.5 ng of recombinant 1Rf-2 (lanes 1 and 5) and 20 ug of

whole cell extract prepared from untreated and Sendai virus-infected (500

hemagglutinating units/ml) NIH3T3 (lanes 6 and 7, respectively) and 293

(lanes 8 and 9, respectively) cens were separated on SDS-PAGE, transferred to

nitrocellulose membrane, and immunoblotted with the indicated antisera.

The competitor peptide against which the antiserum was raised was added to

the incubations at a concentration of 5 ug/ml as indicated by a n+n to test the

specificity of the antiserum to IRF-1 (1ane 3), IRF-2 (Lane 10) and IRF-2 in

NIH3T3 (lane Il) and 293 (lane 12) cells.
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Figure 15 (continued). C. Specifie reactivity of antisera in shifted shift assays.

1 ng of IRF-l (lanes 1 to 6) and 0.5 ng of IRF-2 (lanes 7 to 12) were pre­

incubated with 1 ul of either preimmune (P), anti-IRF-1 (af1) or anti-IRF-2

(aF2) antiserum, in the presence (+) or absence (-) of 1 ug of IRF-l (lanes 1 to 6)

or IRF-2 (lanes 7 to 12) competitor peptide, prior to the addition of 32P-Iabeled

Th probe and then analyzed by EMSA. The arrows correspond to the IRF

protein-DNA and supershift (5) complexes.
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rnethod. Cells were selected in G418 and drug-resistant colonies were isolated

and characterized for IRF-2 expression at the RNA and protein levels.

Clones expressing various IRF-2 proteins were initiaUy screened by RT-PCR

analysis using primers specific to the CMV-IRf-2 plasmid (Figure 16A). This

rnethod distinguishes between expression of endogenous and transfected FL

IRF-2 protein and allows for the detection of expression of the 100 aa IRF-2

protein, which does not bind DNA and which is tao small ta be detected by

Western blot analysis. In FL IRF-2 clones, an expected RT-PCR product of

approximately 415 base pairs (bp) was detected (Figure 16B, lanes 5 and 6). In

clones expressing the deletion mutant proteins (whose N-terminal ends lack

the flanking sequences present in the FL protein), a predicted RT-PCR product

of approximately 230 bp was observed (Figure 16B, lanes 7 ta 13). As expected,

RT-PCR products were not seen in NIH3T3 ceUs nor control clones transfected

with the CMV plasmid (Figure 16B, lanes 1 to 4) Of the 10 ta 20 clones isolated

per cell line, approximately 70% expressed the transfected protein.

The clones were then analyzed for IRF-2 expression patterns at the protein

level, using EM5A and Western blot analyses. A representative EM5A is

depicted in Figure 17. Whole cell extracts from each cell line (with the

exception of IRF-2 (100» contained PROI complexes having relative sizes

corresponding to the size of the transfected IRF-2 protein. As expected, a PRDI

cornplex corresponding to IRF-2 (100) was not observed in the IRF-2 (100)

clones, even on longer running gels. As measured by densitometry, the IRF-2

DNA binding activities in the IRF-2 (FL) ceUs was approximately three- ta

four-foid higher than endogenous levels. Levels of DNA binding activity

arnong the clones isolated for each ceU line were similar (data not shown) .
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Figure 16. Expression of IRF...2 RNA in full-Iength and deletion mutant IRF-2

clones. A. Schematic representation of the CMV-IRF expression fragment in

the full-Iength and deletion mutant expression plasmids, respectively.

Primers used in RT-PCR analyses for the detection of transfected IRF-2 are

represented by the short dark lines. Expected PCR product sizes are indicated.

The shaded region depicts flanking sequences in full-Iength IRF-2 which are

nat present in the deletion mutant IRF-2 sequences. B. Detection of

transfected IRF-2 RNA in full-Iength and deletion mutant IRF-2 clones. Total

RNA was isolated from G418-resistant clones isolated from NIH3T3 cells

transfected with full-Iength and deletion mutant IRF-2 proteins. RT-PCR

amplification was performed with 2 ug of RNA, using primers specifie for the

CMV-IRF plasrnid, as described in Materials and Methods. The marker lane is

the pAT153 plasmid cut with HaeIII, located left of lane 1. Arnong the clones

expressing transfected IRF-2 RNA were full-Iength (FL) clones 2 and 6 (lanes 5

and 6); IRF-2 (300) clones 9 (lane 7); IRF-2 (160) clones 2 and 7 (lanes 8 and 9);

IRF-2 (125) clone 1 (lane la) and IRF-2 (100) clones 1,6 and 7 (lanes Il to 13).

No transfeeted IRF-2 RNA was detected in parental NIH3T3 cells (1ane 1) or

control CMV clones l, 6 and 7 (1anes 2 to 4).
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Figure 17. DNA binding activities of full-Iength and deletion mutant IRF-2

clones. EM5A was perfonned on whole cell extracts (25 ug) derived from

G418-resistant clones isolated from NIH3T3 cells transfected with the full­

length and deletion mutant IRF-2 proteins. The 32 P-labeled probe

corresponds ta the PROI site. Each lane is marked with the appropriate

expression plasmid transfected. The arrows correspond to protein-DNA

complexes that represent endogenous IRF-2 forms. "ns" corresponds ta a

nonspecific protein-ONA complex.
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The specificity of the PRDI complexes observed in the IRF-2(FL), (320), (300),

and (270) aa expressing cells were confirmed by shifted shift assays using the

IRF-2 antibodies described above (data not shown). Based on these analyses,

aIl IRF-2 deletions were stably expressed in Nlli3T3 cells.

Growth and tumorigenic properties of the full length and deletion mutant

IRF-2 expressing clones. IRF-2 was previously described as an oncogene,

capable of inducing malignant transformation when overexpressed in

NIH3T3 cells (73). To determine the region of IRF-2 responsible for this

phenotype, the effects of overexpression of various IRf-2 deletion proteins on

the oncogenic transformation of Nlli3T3 cells were analyzed. Cell lines used

to test for oncogenic transformation were: CMV cells (negative control),

NIH3T3 cells overexpressing the ras oncogene (positive control), IRF-2(FL),

IRF-2(300) (which lacks 49 aa from the C-terminal end), IRF-2(160) (which

lacks the entire C-terminal end), IRF-2 (125) (which possesses the minimum

DNA binding/repression domain) and IRF-2(100) (which lacks a functional

DNA binding/repression domain). Although the cell lines did not exhibit

obvious cellular morphological changes, they displayed strikingly distinct

growth characteristics compared to the control CMV ceIls (summarized in

Table 5). Cells expressing the IRF-2 FL, 300, and 160 aa proteins had a rapid

doubling time, similar ta the ras transformants; in contrast, the IRF-2 (I2S)

and (100) expressing cell lines displayed doubling times identical ta the

control CMV cells. AIso, cells overexpressing the FL, 300 and 160 aa IRF-2

proteins grew to high saturation density under reduced serum conditions as

indicated by the 5.5 ta 8.3 fold increase in saturation densities over control

CMV cells (Table 5). In contrast, the IRF-2(12S) and (100) expressing clones

displayed saturation densities which were indistinguishable from the control
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Table 5. Growth and tumorigenic properties of full-length and deletion

mutant IRF..2 clones. *Numbers represent the mean value for 2 to 3 clones

analyzed + the standard deviation. Saturation density is the number of cells

four days postconfluence. The doubling time is the growth rate of

exponentially growing cells. Cells grown in soft agar were counted 20 days

after plating, and cloning efficiency was determined as the number of colonies

x 100 divided by the number of cells plated (mean value of two experiments, 2

ta 3 clones per cell line). Assay for tumorigenicity was performed using two

independently isolated clones per cell line tested; three rnice per clone were

injected. The time required to produce tumors of at least 5 mm diameter was

considered the latency periode ND: not determined. NA: not applicable. >60:

mice did not show sign of tumor development 60 days after injection and

were sacrificed.
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Ceillines

*Saturation
Density

(20/0 serum)
(x 106)

*Doubling
lime

(100/0 serum)
(hours)

Colony lumorigenicity
Formation

in Soft Agar Tumors 1 Latency
(%) Injection (days)

CMV 0.4 + 0.2 21.8 + 0.5 0 0/6 >60

Ras 4.0 + 0.2 16.4 + 0.2 35 212 9-11

IRF-2 (FL) 2.5 + 0.2 17.5 + 0.2 13 6/6 17-24

IRF-2 (300) 3.3 + 0.4 17.9 + 0.2 22 ND NA

IRF-2 (160) 2.2 + 0.2 16.8 + 0.4 38 6/6 16-18

IRF-2 (125) 0.4 + 0.2 21.9 + 0.6 18 0/6 >60

IRF-2 (100) 0.4 + 0.4 22.1 + 0.8 0 0/6 >60

•. • •



Figure 18. Soft agar colonies of FL and deletion mutant IRF-2 clones.

Photographs were taken after 3 weeks of culture. Panels A and B were taken

at 40x magnification, while panels C to F were taken at 100X magnification.

Control CMV clones (panel A) and IRF-2 (100) clones (not shown) displayed

similar phenotypes. Anchorage independent growth was observed in

positive control Ras clones (panel Cl, IRF-2 (FL) clones (panel F), IRF-2 (160)

clones (panels B and D), and IRF-2 (125) clones (panel E).
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CMV ceUs. The celllines which grew under reduced growth factor conditions

- FL, IRF-2 (300) and IRF-2 (160) - also displayed a loss in anchorage-dependent

growth and formed colonies in soft agar with efficiencies of 13% to 38%.

Surprisingly, the IRF-2 (125) ceUs, despite having control saturation density

levels, also formed colonies in soft agar. On the other hand, ceUs expressing

the IRF-2 (100) protein, like the control CMV ceUs, did not exhibit anchorage­

independent growth. Strikingly, subcutaneous injection of two clones of each

of the IRF-2(FL) and (160) cell lines into 3 nude mice each resulted in tumor

formation 16 to 24 days following injection. Control CMV, IRF-2(125) and

IRF-2(100) ceH lines did not generate tumors in nude mice.

Transformation by IRF-2 was unique in several ways. Cells expressing the 160

aa IRF-2 deletion protein formed much larger soft agar colonies than those

formed by the other IRF-2 expressing ceUs (Figure 18, panels Band 0).

Furthermore, the 160 aa IRF-2 expressing ceUs grew tumers in nude mice at a

slightly faster rate than the wild-type (FL) IRF-2 expressing ceUs (Table 5). This

observation is reflected in the more rapid doubling time of the IRF-2 (160)

cells compared te IRF-2(FL) ceUs (Table 5). Taken together, these results

directly correlate tumorigenic potential with DNA binding and

transcriptional repression ability of IRF-2.

Virus and dsRNA inducibility of IFN-13 mRNA in IRF-2 expressing cells. To

investigate whether IRF-2 could exert its oncogenic phenotype through the

regulation of IFN-13 gene expression (60,129,197), the effects of the FL, 160 and

100 aa IRF-2 proteins on IFN-13 mRNA production when stably expressed in

NIH3T3 ceUs were analyzed. Cel1 lines were assayed 4 hours following

induction by double-stranded RNA (dsRNA; poly (I):poly (C» and
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Figure 19. IFN-~ RNA levels in the IRF-2 (FL), (160), and (100) cell lines.

Total RNA was isolated from the cell Hnes four hours following induction by

dsRNA (25 ug/ml)/cycloheximide (50 ug/ml) or by Sendai virus (50

hemagglutinating units/ml). Quantitative RT-PCR amplification was

performed with 2 ug of RNA, using primers specifie for SV2CAT or IFN-~ as

described in Materials and Methods. Relative intensities of the PCR products

and the protein-DNA complexes were scanned by laser densitometry and

plotted.
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cycloheximide or by Sendai virus, using a quantitative RT-PCR assay. As

expected, untreated control and IRF-2(FL), (160) and (100) cells had

undetectable levels of IFN-13 mRNA (Figure 19, lanes 1 to 4). Following

induction by dsRNA, control CMV and IRF-2(100) cells exhibited relatively

similar levels of IFN-13 rnRNA (Figure 19, lanes 5 and 8). In contrast, celllines

expressing the PL and 160 aa IRF-2 proteins displayed 3-fold and S-fold lower

levels of IFN-13 rnRNA, respectively (Figure 19, lanes 6 and 7). Inducibility by

Sendai virus infection was much stronger than that of dsRNA; IFN-13 mRNA

levels were 3- to 4-fold higher in Sendai virus-induced over dsRNA-induced

control CMV cells (Figure 19, lanes 5 and 9). Interestingly, levels of IFN-13

mRNA in the IRF-2(FL), (160), and (100) cells were indistinguishable from

that of the control cells (Figure 19, lanes 9 to 12). These results were

quantified as previously described (38,39,60). These findings indicate that

although overexpression of the functional (FL) and (160) IRF-2 proteins

results in reduced IFN-13 levels when induced with dsRNA, there is no direct

effect of the IRF-2 proteins on IFN-13 inducibility by Sendai virus infection.

Displacement of IRF-l by IRF-2 in DNA binding assays. One of the molecular

mechanisms by which IRF-2 overexpression induces transformation may

involve competition between IRF-2 and IRF-1 proteins for various

transcriptional target sites. To measure the relative DNA binding affinity of

the IRF proteins for the IFN-I3-PRDI site, IRF-1, IRF-2 and IRF-2(160)

polyhistidine-tagged recombinant proteins were analyzed by EM5A with

increasing amounts of IRF-2 or IRF-2(160) combined with a constant amount

of IRF-l. In the absence of IRF-2 protein, IRF-1 bound stably to PROI (Figure

20, lanes 1 and 6). However, addition of an equal amount of IRF-2 or IRF­

1(160) to the reaction sharply reduced IRF-1 DNA binding levels, concomitant
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with the appearance of an IRF-2-PRDI complex (Figure 20, lanes 2 and 7).

Detectable IRF-l ONA binding activity was eliminated by addition of

increasing IRF-2 protein (Figure 20, lanes 3 to 5 and 8 to 10, respectively),

demonstrating that IRF-2 competes efficiently with IRF-l for the same PROI

site. The strong binding of IRF-2(160) to the PRDI probe also complements

previous studies demonstrating a higher affinity of IRF-2 for the PROI site

compared to IRF-l (72,222). Similar results were obtained using the iNOS

IRF-l site (92) as a probe (data not shown). In these experiments, no indirect

evidence for the formation of an IRF-l/IRF-2 heterodimer was obtained.

131



Figure 20. Displacement of IRF-1 by IRF-2 and IRF-2 (160) in DNA binding

assays. Recombinant IRF-l (0.4 ng; lanes 1 to 10) and fourfold increasing

amounts of recombinant IRF-2 (2, 8, 32, and 128 ng in lanes 2 to 5,

respectively) or IRF-2 (160) (0.6, 2.4, 9.6, and 38.4 ng in lanes 7 to 10,

respectively) were incubated with 32P-Iabeled PROI probe and analyzed by

EMSA. 0.4 ng, 2 ng, and 0.6 ng of IRF-l, IRF-2 and IRF-2 (160), respectively,

were previously shown to exhibit minimal and equivalent ONA binding

affinities for the PROI probe (data not shawn).
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CHAPTERV

ACTIVATION Of MULTIPLE GROWTH REGULATORY GENES

FOLLOWING INDUCIBLE EXPRESSION Of IRF-l OR IRFIRELA FUSION

PROTEINS



•

•

•

The role of IRF-1 as a tumor suppressor has been substantiated by several

recent studies (73,74,152,189,192,224). However, the mechanisms by which

IRF-1 exerts its antioncogenic effects remain to be elucidated. The previous

chapter established a relationship between the DNA binding/transcriptional

repression and oncogenic activity of IRF-2. Similarly, experiments in the

present chapter provide an analysis between IRF-1 transactivation function

and tumor suppression. To further characterize the potential targets of IRF-1

ceH growth regulation, IRF-1 was expressed under the control of the

tetracycline-inducible system in murine NIH3T3 ceUs. Due to their ability to

mimic IRF-1 transactivator function, the regulatory potentiai of IRF-1/ReIA

and IRF-2/RelA fusion proteins was also examined.

Establishment of NIH 3T3 cells inducibly expressing IRF-l and the IRF/RelA

fusion proteins. Cell lines constitutively expressing IRF-1 have been difficult

to establish because of the growth-suppressive effects of IRF-1 (103,111).

Consequently, IRF-1, IRF-l/RelA and IRF-2/ReIA (the latter two will be

collectively referred to as IRF /ReIA) were introduced into the tetracycline­

inducible system utilizing the reverse tTA activator (rtTA) (63,64,179), which

perrnits doxycycline (Dox) inducible expression of IRF-1 and IRF /ReIA (Figure

21). Eighteen to fifty potential clones from each of the rtTA-IRF-l and rtTA­

IRF /ReIA ceU lines were expanded individually and screened for protein

expression by immunoblot analysis, following growth in medium lacking or

containing Dox for a period of 48h. IRF-l expression was detected using an

IRF-l antibody, whereas IRF/RelA expression was detected using aC-terminal

RelA antibody; use of the RelA antibody permitted the direct comparison of

IRF/ReIA expression level with that of endogenous RelA. For each of the cell

lines (referred to as rtTA-IRF-1 and rtTA-IRF/ReIA cells), two to three
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Figure 21. Tetracycline regulated expression of IRF-1 and IRF/ReIA. This

system consists of two plasmid components; one encodes a tetracycline­

responsive, VPl6-based transactivator protein (rtTA) and the other contains

the gene of interest - IRF-I, IRF-I/ReiA or IRF-2/ReiA - downstream of the

CMVt promoter. In the absence of doxycycline (a derivative of tetracycline),

the rtTA protein is inactive. However, Dox-induced changes in protein

conformation enables rtTA to bind regulatory tetracycline operon sequences

present in the CMVt promoter and activate gene transcription. Active rtTA

protein aiso binds to the CMVt promoter driving expression of itself,

resulting in positive autoregulation of the rtTA gene. Using this system,

expression of IRF-I or IRF/ReiA couid be tightIy regulated.
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positive clones possessing minimal uninduced protein levels and high

inducible expression were chosen for further study.

The kinetics of transgene induction were characterized at various times

following Dox induction, using Western and Northern blot analyses. Figure

22 illustrates the kinetics of expression of a representative clone from each of

the rtTA-IRF-l and rtTA-IRF/ReIA celllines. Each cellline possessed unique

expression patterns. ln the IRF-l ceilline, IRf-l protein was detectable at peak

levels within 18h following addition of Dox (Figure 22A, lane 3) and levels

remained relatively constant thereafter. As measured by densitometry, peak

IRF-l levels were approximately 16-fold greater than uninduced levels. IRF­

l/ReiA protein was detectable within 12h, reaching maximal levels at 48h

following Dox induction in the IRF-l/ReIA ceH line (Figure 22B, lanes 3 and

4). Peak IRF-l/ReIA expression was high - approximately 53-fold greater than

basal levels and 3-fold higher than the steady sta te level of endogenous

ReIA(p65) (Figure 22B, lanes 3 to 7). Within 18h of Oox induction, IRF­

2/RelA protein was detectable in the rtTA-IRF-2/ReIA ceU line; peak

expression was attained within 24h with levels approximately 25-fold higher

than basal levels (Figure 22C, lanes 3 and 4). As represented by rtTA-IRF­

l/RelA in Figure 20, kinetics of mRNA induction correlated closely with

protein expression (Figure 22B). The relative Tet inducibility of the cell lines

is depicted graphically in Figure 22E.

To test the functionality of the induced IRF-l and IRF/RelA proteins, rtTA­

IRF-l and rtTA-IRF/ReIA ceUs were analyzed for ONA binding activity using

EMSA; a representative EM5A is depicted in Figure 23. At 48h following Dax

induction, whole ceU extracts from each cell line contained 15RE binding
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Figure 22. Inducible expression of IRF-l and IRF/RelA in NIH3T3 cells. A.

IRF-l expression. B. IRF-l/ReIA expression. C. IRF-2/ReIA expression.

Whole cel! extracts (20 ug) prepared from rtTA-IRF-l, rtTA-IRF-l/ReiA or

rtTA-IRF-2/ReIA cells induced with Dox for 0-96h were subjected to 505­

PAGE and transferred to nitrocellulose membrane. IRF-l levels were detected

using an IRF-l antibody and IRF/ReIA levels were detected using a C­

terminal NF-KB RelA(p65) antibody. D. Inducible expression of IRF-l/ReIA

mRNA. 0-72h following Dox induction, total RNA was prepared from rtTA­

IRF-l/ReIA cells. Total RNA (20 ug) was used for Northern blot analysis,

with a S' 300 bp IRF-l DNA fragment as a probe.
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Figure 23. DNA binding activities in rtTA-IRF-l and rtTA-IRF/RelA

expressing cells. EM5A was performed on whole cell extracts (10 ug) derived

from control rtTA, rtTA-IRF-1, and rtTA-IRF/ReIA cells which were

uninduced (lanes l, 3, 6 and 9) or Dox induced for 48h (lanes 2, 4, 7 and 10). To

test the specificity of complex formation, Dox-induced extracts were

preincubated with IRf-1 (aF1; lane 5), or Re1A(p65) (aRelA; lanes 8 and Il)

antibody prior to probe addition. The 32P-Iabelled probe corresponds to the

I5RE of the IFN-a/Jl-inducible ISG-15 gene. The arrows correspond to the

specifie IRF-1 or IRF/ReIA protein-DNA complex. '55' corresponds to

IRF /ReIA supershift complexes.

•

•

•



+ +
- aReiA

Dox
Antibody

rtTA

+

rtTA-IRF-l

+ +
oPl

rtTA-IRF-l/ReIA rtTA-IRF-2/ReIA

+ +
- aReiA

55

•

1 2 3 4 5

•

6 7 8 9 10 11

•



•

•

•

complexes with relative sizes corresponding ta the size of the transfected IRF­

1 (Figure 23, lane 4), IRF-1/RelA (Figure 23, lane 7) or IRF-2/RelA (Figure 23,

lane 10) protein. As with the kinetics of protein expression (Figure 22, A to

D), these complexes were inducible, since they were not present in the control

rtTA (Figure 23, lanes 1 and 2) or uninduced ceUs (Figure 23, lanes 3, 6 and 9).

The specificity of the complexes was confirmed by supershift analysis with the

appropriate antibody directed against IRF-1 or a C-terminal peptide of RelA

(Fig. 23, lanes 5, 8 and Il). Based on these analyses, IRF-l and IRF/RelA

proteins were highly inducible and functionally expressed in Nlli 3T3 ceUs.

Growth-suppressive and apoptotic properties of the inducible IRF-l and

IRF/RelA cell lines. 5ince the IRF/RelA proteins were able to mimic IRF-1 in

its role as an activator of IFN-P gene transcription (120), their potential to

mimic IRF-1 in its role as a tumor suppressor was also assessed. Growth

kinetics of the rtTA-IRF-l and rtTA-IRF/RelA ceU lines were analyzed over a

5 day period following Dox induction (Figure 24A). In contrast to control

rtTA ceUs, growth of IRF-l and IRF/RelA expressing ceUs was significantly

reduced upon Dox induction, indicating that IRF/ReIA proteins mimicked

IRF-1 in ceH growth inhibition. Growth rate correlated with the level of

transgene expression, and the highly-expressing rtTA-IRF-1/ReIA ceUs

displayed a dramatic decrease in growth rate. Interestingly, peak expression of

the cell lines at 24 to 72h after Dox induction also caused a low level of

apoptosis in the ceU population (approximately 10%), as assayed by

microscopic analyses using the DNA intercalating dye acridine orange (Figure

24B). At high concentrations, IRF /RelA appears to induce apoptosis, rather

than cell growth arrest of Nlli 3T3 ceUs.
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Figure 24. Growth-suppressive and apoptotic properties of IRF-l and

IRF/RelA. A. Growth rate of IRF-l and !RF/ReIA expressing cell lines.

Control rtTA, rtTA-IRF-1 and rtTA-IRF/ReIA cell lines were cultured in the

presence of 1 ug/ml Dox in complete medium for a period of 5 days. Cells

were initially plated at a density of 5 x 104 cells per 35 mm dish and then

counted using the Coulter counter every 24h. Values obtained are the

average of three experiments performed on two independent isolated clones

per cell line.
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Figure 24 (continued). B. Apoptotic rtTA-IRF-I /ReIA ceUs. At 24-72h

following 1 ug/ml Dox addition, control rtTA and rtTA-IRF-l/RelA NIH 3T3

ceUs were stained with the DNA-intercalating dye acridine orange and then

viewed under UV illumination.
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Figure 24 (continued). C. Growth rate of rtTA-IRF-l and rtTA-IRF/RelA cells

under conditions of serum starvation. Control rtTA, rtTA-IRF-1, and rtTA­

IRF /ReIA cens were cultured in the presence of 1 ug/ml Dox in medium

containing 0.5% heat-inactivated calf serum for a period of 6 days. Cens were

initially plated at a density of 5 x 104 cens per 35 mm dish and then counted

every 24h. Values obtained are the average of three experiments.
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Recent evidence implicates IRF-l in apoptotic cell death in response to DNA

damage (152,189). To investigate whether IRF-l modulated cell growth in

response to serum starvation, growth kinetics of rtTA-IRF-l and rtTA­

!RF/ReIA cells were analyzed over a 6 day period in the absence or presence of

Dox (Figure 24C). Control rtTA cells in the absence or presence of Dox were

growth arrested within 24 to 48h after serum starvation; similarly, IRF-l and

IRF/ RelA expressing cells in the absence of Dox were growth arrested.

However, within 48 to 72h after Dox induction under the same conditions,

cell number decreased in the rtTA-IRF-l and rtTA-IRF/ReIA cell lines,

indicating that IRF-l and IRF/ReIA expression caused cell death in serum

starved cells. This result implicates IRF-1 as a cell growth regulator which can

respond to cell stress in the form of serum starvation. Also, these studies

further confirm the ability of the IRF/RelA proteins to physiologically mimic

IRF-1 in its role as a growth regulatory transcription factor.

Expression of PKR in the IRF-l and IRF/RelA inducible cell lines. The

double-stranded RNA activated serine-threonine kinase p68 kinase (PKR), is

an IFN-inducible gene which plays an important role in the regulation of cell

proliferation and leukemogenesis (14,71,105,183). To test whether IRF-l

expression affects PKR, the kinetics of expression of endogenous PKR was

analyzed in the rtTA-IRF-l and rtTA-IRF/ReiA cell lines fOllowing Dox

induction. As shown in Figure 25, endogenous PKR expression was induced

by IRF-1 and IRF/RelA expression in the IRF-1 (Figure 25B) and IRF/ReIA cell

lines (Figure 25, C and 0) but was unaffected by Dox addition to the control

rtTA cell line (Figure SA). These results support the observation that IRF-l

tumor suppressor activity may involve the IFN-responsive protein

150



Figure 25. Expression of PKR in IRF-! and IRFlRelA expressing cells. A. PKR

expression in control rtTA cells. B. Inducible PKR expression in IRF-l cells.

c. Inducible PKR expression in rtTA-IRF-l/ReIA cells. D. Inducible PKR

expression in IRF-2/ReIA cells. Whole cell extract (20 ug) prepared from

control rtTA, rtTA-IRF-l and rtTA-IRF/RelA cells induced with Dox for 0-96h

was subjected to 5DS-PAGE, transferred to nitrocellulose membrane, and

immunoblotted with PKR antibody. E. The relative intensities of PKR

protein were scanned by laser densitometry and plotted.
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PKR (102), and confirms the ability of the !RF/RelA fusion proteins to mimic

IRF-1 transactivator function (120).

Expression of STATI (p91) in the IRF-l and IRFlRelA inducible cell Unes.

The JAK-STAT pathway regulates signalling in response to many cytokines

including IFN. To test the idea that IRF-l may exert Hs growth regulatory

activities via the JAK-STAT pathway, the kinetics of expression of

endogenous STAT1 (p91) was analyzed in the IRF-l and !RF/ RelA ceH lines

following Dox induction (Figure 26). Although endogenous 5TATI

expression was unaffected by Dox addition in the control rtTA cell line (Figure

26A), expression of STAT1 protein was increased following induction of

expression of IRF-l (Figure 268) and !RF/ReIA (Figure 26, C and 0). As

represented by the rtTA-IRF-1 /ReIA cell line in Figure 26E, IRF-1 and

IRF/ReIA appear to regulate STATI expression at the transcriptional level,

since 5TATI mRNA also increased in response to Dox-induced IRF-l and

IRF/ RelA expression.

Ta test the functionality of the induced 5TATI protein, rtTA, rtTA-IRf-l and

rtTA-IRF/ReIA ceUs were analyzed for 5TATI DNA binding activity by

EM5A, using the 15RE from the IFN-aiJ3 inducible r5G-15 gene as a probe and

whole ceH extracts prepared from 96h Dox-induced cells (Figure 27). In

uninduced (Figure 27, lane 1) and Dox-induced (Figure 27, lane 2) control

rtTA ceUs, no ISRE protein-DNA complexes were found. As expected, when

Dox-induced rtTA cells were stimulated for 20 minutes with 500 units/ml

IFN-a/J3 (Figure 27, lane 4), an 15RE complex corresponding to 15GF3 was

detected. The presence of 5TAT1 in Dox-induced and IFN and Dox-induced

rtTA cells was tested by supershift analysis (Figure 27, lanes 3 and 5).
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Figure 26. Expression of STATl (p91) in IRF-I and IRFlRelA expressing cells.

A. 5TATI expression in control rtTA cells. B. Inducible 5TATI expression in

rtTA-IRF-l cells. C. Inducible 5TATI expression in rtTA-IRF-I/ReIA cells. O.

Inducible STATl expression in rtTA-IRF-2/RelA cells. Whole cell extract (20

ug) prepared from control rtTA, rtTA-IRF-I and rtTA-IRF/ReIA cells induced

with Dox for 0-96h \vas subjected to S05-PAGE, transferred to nitrocellulose

membrane, and immunoblotted with 5TATI antibody. E. mRNA levels of

5TATI following induction of IRF-l/ReIA expression. Total RNA (20 ug)

prepared from rtTA-IRF-I/RelA cells 0-48h follovdng Dox induction was used

for Northern blot analysis, with STATI cDNA as a probe. F. The relative

intensities of 5TATI protein were scanned by laser densitometry and plotted.
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Figure 27. STATl binding activity in IRF-l and IRF/RelA expressing cells.

EM5A was performed on whole cell extracts (10 ug) derived from control

rtTA, rtTA-IRF-1, and rtTA-IRF/ReIA cells which were uninduced (lanes 1, 6,

10 and 14), Dox-induced for 96h (lanes 2, 7, Il and 15), or stimulated for 20

min with 500 units/ ml IFN-wl3 (Sigma) following 96h Dox induction (lanes 4,

8, 12 and 16). The ISGF3 complex is indicated by the arrow. The 32P-Iabeled

probe corresponds to the ISRE of the IFN-a/l3-inducible ISG-15 gene. Ta test

for specifie STATl activity in the protein-DNA complexes, Dox-induced (lanes

3, 9, 13 and 17) or Dox and IFN-induced extracts (lane 5) were preincubated

with STAT1 antibody prior to addition of probe.
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Interestingly, Dox-induced rtTA-IRF-l (Figure 27, lane 7) and rtTA-IRF /ReLA

ceUs (Figure 27, lanes Il and 15) also exhibited an I5RE complex with a similar

migration pattern as 15GF3 and which contained 5TATl, as confirmed by

supershift analysis (Figure 27, lanes 9, 13 and 17). This complex was also

inducible, as it was not present in uninduced rtTA-IRf-l (Figure 27, lane 6)

and rtTA-IRF/ReIA cells (Figure 27, lanes 10 and 14). Following a 20 min

treatment with IFN-a/l3, ISRE binding was enhanced in Dox-induced rtTA­

IRF-1 (Figure 27, lane 8) and rtTA-IRF /ReIA ceUs (Figure 27, lanes 12 and 16),

to levels similar to that seen in IFN-treated control cells (Figure 27, lane 4).

Taken together, these results implicate the JAK-STAT pathway as a novel

target by which 1Rf-1 may exert its growth regulatory activities.

Expression of WAFI in the IRF-l and IRFlRelA inducible cell lines. STATl

has been shown to activate transcription of the p21 (WAFl, CIPl) CDK

inhibitor in response to induction by IFNy or EGF (epidermal growth factor),

resulting in cell growth inhibition (30). Tumor suppressor activity associated

with IRf-1 in the inducible celllines may be due to WAFI activation by IRF-l­

induced 5TATI. To test this hypothesis, the kinetics of expression of

endogenous WAFI was analyzed in the IRF-1 and IRF/ RelA ceU lines

following Dox induction (Figure 28). Our findings were surprising in two

ways. First, elevated levels of WAFI were detected in the IRF-1 (Figure 28B)

and IRF-l/ReIA (Figure 28C) cell lines, but not in the IRF-2/ReIA or rtTA cells

(Figure 28A and 0). The absence of W AFI in the rtTA and rtTA-IRF-2/ReIA

cell lines was not due to the quality of whole cell extract, as actin levels were

normal (Figure 28, A and D, bottom) and IRF-2/ReIA expression levels were

as anticipated (data not shown). Second, WAFI expression in the rtTA-IRF-l

and rtTA-IRF-l/ReIA celllines did not correlate with the inducibility of IRF-l
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Figure 28. Expression of WAFl in IRF-l and IRF/RelA expressing cells. A.

WAFI expression in control rtTA cells. B. WAFI expression in rtTA-IRF-l

cells. C. WAFI expression in rtTA-IRF-l/RelA cells. O. WAFI expression in

rtTA-IRF-2/ReIA cells. Whole cell extract (20 ug) prepared from control rtTA,

rtTA-IRF-l and rtTA-IRF/ReIA cells induced with Dox for Q-96h was subjected

ta SOS-PAGE, transferred to nitrocellulose membrane, and immunoblotted

with WAFI antibody. The same blots were then stripped and immunoblotted

\-vith actin antibody.
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and IRF-l/RelA; rather, WAFI levels were constitutively activated even in

the absence of Dox. It is possible that low level IRF-1 or !RF/RelA expression

in the rtTA-IRF-I and rtTA-1Rf/ReIA in the absence of Dox may be sufficient

to activate W AF1 expression. Together, the results implicate the

involvernent of the cell cycle in IRF-1 tumor suppressor activity through

WAFI. However, due to distinct kinetics of endogenous 5TAT1 and WAF1

expression in the IRF-1 and IRF-1/RelA cell lines, the observed increase in

WAF1 expression is probably not caused by IRF-I-induced 5TAT1.
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In the last chapter, it was demonstrated that IRF-1 and IRF/ReIA

transactivation activity and tumorigenic phenotype correlate with the

upregulation of the PKR, STAT1(p91) and WAF1(p21) growth regulatory

genes. To identify novel targets of IRF-1-mediated tumor suppressor or

immunomodulatory activities, the IRF-1 and IRF-1/ReIA inducible cell lines

characterized previously were analyzed using the method of RNA

fingerprinting.

RNA fingerprinting of cell lines inducibly expressing IRF-lIReIA. RNA

fingerprinting is a method comparable to differential display, as both

strategies seek to compare RNA samples of two different cell populations

(reviewed in (215». A schematic representation of the RNA fingerprinting

method is depicted in Figure 29. Essentially, cDNA resulting from reverse

transcribed RNA of the two cell populations to be compared is amplified

using numerous pairwise combinations of 5' CP) and 3' CT) primers. The

primers selected, when used in their totality, should give rise to a series of

amplifieà cDNA products which is representative of the total rnRNA

population. Using this technique, genes which are preferentially upregulated

or downregulated in a specifie cell sample could be identified.

To identify genes regulated by IRF-1, RNA fingerprinting was performed on

tetracycline-inducible control rtTA and rtTA-IRF-1/ReIA expressing NIH3T3

ceUs. rtTA-IRF-1/ReIA ceUs were used in preference to the physiologically

relevant rtTA-IRF-1 cells due to low uninduced transgene levels and high

inducibility of expression. An RNA fingerprint resulting from cDNA

amplification using three different primer sets is presented in Figure 30. A

prominent 400 base pair (bp) band amplified from primer set 1 in undiluted
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Figure 29. The RNA fingerprinting Methode This schematic is adapted from

the DeltaTM RNA Fingerprinting Kit Manual (CLONTECH Laboratories, Inc.).

Control cells and cells expressing a gene of interest "X" are the two different

cell populations compared. RNA extracted from ceIls is reverse transcribed

using an oligo(dT) primer. The cDNA product is PCR-amplified using

various pairwise combinations of P and T primers. Specifically, three low

stringency cycles are executed with an annealing temperature of 40°C,

allowing imprecise anchoring of the P and T primers to various cDNA

strands. These initial reactions are followed by 22 to 28 high stringency cycles

with an annealing temperature of 60°C, resulting in the amplification of

specifie cDNAs representative of the RNA population in the cell sample. An

example of an RNA fingerprint is shown on the lower half of the figure.

Using hypothetical Pl/Tl primers, a differentially expressed band is detected

in cells expressing gene "X". In contrast, a band amplified from cDNA

derived from control cells with the P2/T2 primers is found to be absent in

cells expressing gene "X". Using this method, novel gene targets regulated by

gene "X" could be identified.

•

•

•



• Control cells

~
Cells + gene X

~
RNA #1 RNA #2

_----4 Reverse transcriptionl----_

------ AAAAAAAA
.........-- TTTTTTTT

cDNA primer

P primer

~~Ite-----TTTTTTTT

-------AAAAAAAA
......---- N-2N-1TTTTTTTT

T primer

cDNA#2

P2ff2
1 2

Plffl
1 2

cDNA#l

•

•



Figure 30. RNA fingerprint of rtTA and rtTA-IRF-l/ReIA cells. 72 hours

following Dox induction, total RNA was prepared from rtTA and rtTA-IRF­

l/ReiA cells. Total RNA (2 ug) was used for RNA fingerprinting reactions

using the DeltaTM RNA Fingerprinting Kit (CLONTECH Laboratories, Inc.).

RNA fingerprints of rtTA (lanes 1,2,5,6,9, and 10) and rtTA-IRF-l/ReIA cells

(lanes 3, 4, 7, 8, Il and 12) were performed using three different primer sets.

To ensure reproducibility, PCR reactions were also performed on 1:100

dilutions of the cDNA product from each cell sarnple. Reactions were

resolved on a 5% Long Ranger™ gel. The 400 bp band found to be

differentially expressed in rtTA cells following amplification with Primer set

#1 and which corresponds ta SLPI is identified.
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and 100-fold diluted cDNA from 72h Dox-induced control rtTA ceUs (Figure

30A, lanes 1 and 2) was absent in cDNA from 7Th Dox-induced IRF-1/ReIA

ceUs (Figure 30A, lanes 3 and 4). The band was isolated, subcloned and

sequenced, and the resulting sequence was 1000/0 homologous to a fragment of

the murine secretory leukocyte protease inhibitor (SLPI) gene.

The 400 bp fragment was used as a probe for Northern blot to analyze SLPI

expression following induction of IRF-1 and IRF/RelA at varying times

following Dox induction. Figure 31B illustrates the kinetics of expression of

SLPI mRNA following induction of IRF-1/RelA. Uninduced ceUs exhibited

detectable endogenous levels of SLPI. Interestingly, following Dox induction

of IRF-1/ReIA, there were two distinct patterns of SLPI rnRNA expression.

Two hours after Dox treatment (Figure 31B, lane 2), SLPI levels increased,

attaining peak levels 4 hours following Dox induction, when IRF-l/RelA

mRNA levels were detected (Figure 31B, lane 3). However, 12 to 24 hours

following Dox induction of IRF-1/RelA expression, SLPI mRNA levels

decreased to undetectable levels, soon after peak IRF-l/ReIA levels were

acquired (Figure 31B, Lanes 4 to 10). Several experiments, including that

described in Figure 32 confirm that the increase in SLPI expression observed

early in induction is not due to the effects of doxycycline itself. From these

results, SLPI is a gene which is dually regulated by IRF-1; its expression is both

activated and later suppressed following induction of IRF-1 or IRF-l/RelA.

dsRNA activation of SLPI mRNA in the IRF-l and IRF-lIReIA inducible cell

lines. dsRNA is a strong activator of IFN-I3, an IRF-1 regulated gene. To

investigate whether dsRNA could induce SLPI expression, control rtTA,

rtTA-IRF-l and rtTA-IRF-l/RelA ceIls were either uninduced or Dox-induced
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Figure 31. Expression of SLPI mRNA in rtTA-IRF-l/ReIA ceUs. 20 ug of total

RNA prepared from rtTA-IRF-l/ReIA cells 0 ta 96 hours following Dox

induction was used for Northern blot analysis with a 400 bp 5LPI DNA

fragment (isolated from the RNA fingerprint in Figure 30) or a S' 300 bp IRF-l

DNA fragment as a probe. As a control of RNA loading, 285 RNA obtained

from migration of total RNA on the agarose gel used for Northern blot

analysis is presented.
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Figure 32. SLPI mRNA in dsRNA treated IRF-l and IRF-lIReIA cells. 0 or 40

hours following Dox induction, rtTA, IRF-l and IRF-l/ReIA ceIls were left

untreated or were treated for 5 hours with dsRNA (25 ug/ml)/cycloheximide

(50 ug/ml). Total RNA was prepared and 20 ug was used for Northem blot

analysis with a 400 bp SLPI DNA fragment as a probe. As a control of RNA

loading, 285 RNA obtained from migration of total RNA on the agarose gel

used for Northem blot analysis is presented.
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and untreated or treated with dsRNA in the presence of cycloheximide (CHX)

and analyzed for 5LPI expression by Northem blot analysis (Figure 32).

Uninduced or Dox-induced control cells exhibited basallevels of 5LPI (Figure

32, lanes 1 and 3) which were significantly increased upon treatment with

dsRNA/CHX (Figure 32, lanes 2 and 4). In IRF-1 and IRF-l/RelA cells, basal

SLPI levels in the absence (Figure 32, lanes 5 and 9) and particularly in the

presence of Dox (Figure 32, lanes 7 and Il) \vere relatively lower or absent

compared to control cells. The minimal basal levels of SLPI in uninduced

IRF-1 and IRF-l/RelA cells may be due to very low basal transgene levels

normally not detectable by Northem blot. When treated with dsRNA, SLPI

levels were elevated in uninduced IRF-l (Figure 32, lane 6) and lRF-l/ReIA

cells (Figure 32, lane 10). However, in the presence of Dox, the increase in

SLPI mRNA levels following dsRNA treatment of IRF-l (Figure 32, lane 8)

and particularly IRF-l/ReIA cens (Figure 32, lane 12) was less dramatic.

Taken together, these findings suggest that dsRNA is a strong activator of

SLPI expression, and dsRNA-mediated induction of SLPI expression is

suppressed by induced IRF-l or IRF-l/ReIA expression.

IFNy-inducible DNA binding to potential ISRE and NF-KU sites in the

human SLPI promoter. To characterize the role of IRF-1 in the

transcriptional regulation of SLPI gene expression, the available sequence of

the human 5LPI promoter was analyzed for transcription factor consensus

sequences (Figure 33A). One I5RE-like site and two NF-KB-like sites were

identified approximately 90 nt upstream of the transcription start site, and

two oligonucleotides (851 and B52) were synthesized to be tested for the

presence of DNA-binding proteins by EM5A. BSl (nt -89 to -61) encompasses
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the upstream NF-KB site and the ISRE site and BS2 (nt -78 to -45) encompasses

the ISRE and the downstream NF-KB site.

No binding of recombinant IRF-I nor IRf-2 was detected on both BSI and

B52. To examine whether these sites play a role in the regulation of SLPI in

response to previously characterized mediators of SLPI expression, Nlli3T3

cells were treated with IFNy and LPS at various times within an 18 hour

period and analyzed for DNA binding activity by EMSA. No changes in BSI

and B52 DNA binding activity were observed in whole cell extracts from LPS­

induced cells. Similarly, IFNy did not induce any changes in BS2 DNA

binding (data not shown). However, as shown in Figure 33B, whole cell

extracts from IFNy-induced cells demonstrated interesting BSI DNA binding

kinetics. In uninduced extracts, five DNA binding complexes (1, II, II IV and

V) were detected (Figure 33B, lane 1). IFNy treatment resulted in increased

binding of complexes IV and V and correlative decreased binding of complex

III (Figure 33B, lanes 2 to 5). The DNA binding activities of complexes 1 and II

were not affected by IFNy treatment.

In attempt to characterize the IFNy-induced B51 DNA binding activities,

supershift and cold DNA competition EMSAs were performed (data not

shawn). The DNA binding complexes exhibited three characteristics. First,

they did not eontain IRF-1 or IRF-2, although expected IRF-1 and IRF-2 DNA

binding activities to the IRF-specifie TH probe were observed. Second,

complexes fi and IV were competed away in the presence of cold ISRE but not

by coId GAS DNA. Third, complexes 1 and II were eompeted away in the

presence of the NFKB-specific PROII DNA. Surprisingly, these complexes

were not shifted in the presence of antibodies specifie to RelA, pSO, or c-Rel.
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Figure 33. IFNy-inducible DNA binding activity to the SLPI promoter. A.

Sequence of the human SLPI promoter. Potential NF-ICB and ISRE-like sites

as weIl as the CAAT and TATA boxes are highlighted. The sequence of the

BSI and B52 oligonucleotides used in EMSA are delineated in black and gray,

respectively. Exon 1 of the 5LPI gene is shown in italics.
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Figure 33 (continued). B. IFNy-inducible DNA binding activity to BS!.

EM5A was performed on whole cell extracts (20 ug) obtained from NIH3T3

cells treated with 200 units/ml of IFNy (Sigma) for 0 to 18 hours. The 32p_

labeled probe corresponds to the BS1 oligonucleotide derived from the SLPI

promoter depicted in (A). Five protein-DNA binding complexes are detected

and labelled as l, II, m, IV and V.
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These findings irnplicate that potential NF-KB and 15RE sites are present in

the 5LPI promoter ta which IFNy-inducible complexes bind, and these

complexes have yet ta be characterized.

Detection of IRF-t binding activity at two regions of the SLPI promoter,

distinct from DSt and 8S2. To further search the 5LPI promoter sequence for

IRF-l binding sites, EM5As were perfonned with recombinant IRF-l protein

using the entire promoter sequence as a probe (Figure 34). Interestingly, IRF-1

bound to the promoter sequence (Figure 34, lane 1). To isolate the region to

which IRF-1 may bind, the promoter was digested with the EcoRI restriction

enzyme into two fragments: the S' 207 nt region (-276 to -69 nt) and the

remaining 3' 69 nt region (-69 to +1 nt), which includes 9 nt of the BSl and

the entire B52 sequence. 5trikingly, IRF-1 bound to both fragments of the

promoter (Figure 34, lanes 3 and 5). The specificity of the IRF-1 DNA binding

complex was confirmed by supershift analysis using an IRF-1 specifie antibody

(Figure 34, lanes 2, 4 and 6). Expectedly, no 1Rf-1 DNA binding activity was

detected on B512, a probe consisting of the B51 and B52 sites together (-89 to

-45 nt); the weak band observed was not shifted in the presence of IRF-l

antibody (Figure 34, lanes 7 and 8). These results demonstrate the presence of

a t least two IRF-1 binding sites in the 5LPI promoter: one site is located

within the 5' 207 nt region, and the other site is located within the 3' 45 nt in

proximity to the transcriptional start site.

Detection of IRF-! binding to a ·200 region in the SLPI promoter by DNase 1

footprinting. To further delineate the region(s) in the 5LPI promoter where

IRF-1 cound bind, in vitro footprinting was performed using polyhistidine­

tagged recombinant IRF-1 protein and a 5'-radiolabelled 5LPI promoter
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Figure 34. Detection of IRF-l DNA binding to the SLPI promoter by mobility

shift assays. 25 ng of recombinant IRF-1 protein was incubated with 32p_

labeled probes corresponding to either the entire 5LPI promoter (-276 to +1;

lanes 1 and 2), the 5' 207 bp of the 5LPI promoter (-276 to -69; lanes 3 and 4),

the 3' 69 bp of the 5LPI promoter (-68 to +1; lanes 5 and 6) or B512, a

combination of the B51 and B52 sites (depicted in Figure 33A; -89 to -45; lanes

7 and 8). To confirm specificity of binding, IRF-1 protein was preincubated

with 1 ul of anti-IRF-1 antibody #51 (lanes 2, 4, 6 and 8) prior to addition of

radiolabelled probe.
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sequence as a probe. A preliminary DNase 1 footprint is presented in Figure

35. As a DNA ladder, a chemically-synthesized (Maxam-Gilbert) guanine (G)­

cytosine (C) sequence of the SLPI probe was used (Figure 35, lane 1). SLPI

promoter DNA in the absence of IRF-1 protein displayed a particular DNase 1

pattern (Figure 35, lane 2). Addition of la and 25 ng of IRF-1 (Figure 35, lanes

3 and 4) resulted in DNase 1 patterns which were indistinguishable from that

of naked DNA (Figure 35, lane 2). Interestingly, in the presence of higher

amounts of IRF-1 protein, particularly at 100 ng, a region between -200 and

-221 nt appears to be protected from DNase 1 treatment (Figure 35, lanes 5 and

6). Expectedly, the protected sequence is rich in cytosine (C) and thymidine (T)

bases, consistent with the affinity of IRF-1 for guanine (G)- and adenine (A)­

rich sequences, specifically as stretches of the 5'-GAAA-3' sequence. This

finding demonstrates the existence of a potential IRF-1 binding site at a region

between -200 and -220 of the SLPI promoter.
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Figure 35. Localization of IRF-l binding to the SLPI promoter by DNase 1

footprinting. As a DNA ladder (1ane 1), an adenine-guanine (A+G) sequence

of (+)-sense 32P-end-Iabeled SLPI promoter DNA was synthesized by the

chemical (Maxam-Gilbert) method. In the footprint reactions, (+)-sense 32p_

end-Iabeled SLPI promoter DNA was incubated in the presence of DNA

binding buffer and a to 100 ng of recombinant IRF-1 protein (lanes 2 to 6),

followed by the addition of DNase I. The sequence of the SLPI promoter

between -200 and -221 is shown. A DNase I-protected region representing

potential IRF-l binding is depicted on the right.
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Structure-function analysis of IRF-l. Mutational studies of the IRF-1 protein

demonstrate that 1) the transactivation potential of IRF-1 lies primarily C­

terminal to aa 200 and, as the length of the protein increases, so does the

transactivating function; 2) deletion of IRF-1 to IRF-1(200), IRF-1(170) or IRF­

1(150) respectively transforms IRF-1 from an activator into a repressor; and 3)

the IRF-1(120) deletion mutant does not bind DNA and has no repressive

effect on gene activity. Two regions may contribute to transactivation. A

stretch of five consecutive acidic amino acids (Asp-Glu-Asp-Glu-Glu) from aa

226 to 230 is present only in the full length IRF-1 protein as well as in the IRF­

1 (250) and IRF-1 (300) deletion mutants, and is not found in the

transcriptional repressor IRF-2. Furthermore, this amine acid sequence is also

found in the transactivation domains of the NF-ICB RelA(p65) and GAL4

proteins (124,140). Another potentially important acidic region in IRF-1 (Glu­

Glu-Pro-Glu-lle-Asp) is represented by aa 276 to 281 and is al50 present only in

the fulliength IRF-1 and IRF-1 (300) proteins. These acidic residues may play

an important role in IRF-1 transactivation.

In addition to an intact C-terminus, virus- or stimulator-induced IRF-1

activation requires posttranslational modification in addition to increased

IRF-1 protein synthesis (217). Phosphorylation is required for IRF-1 activity,

since DNA binding is inhibited by treatment with calf intestinal

phosphatase (CIP) (159). The posttranslational events affecting IRF-1 may be

due in part to phosphorylation by casein kinase il (CKll), a serine/threonine

protein kinase involved in the phosphorylation of over 50 proteins

including transcription factors and cell growth regulators (160).

Recombinant CKII phosphorylates IRF-1 in vitro and is shown by far

western analysis of protein-protein interactions to physically interact with
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IRF-l (119). Deletion mutation analyses reveal that IRF-l is phosphorylated

on multiple sites by CKll, including a cluster in the DBD (aa 138 to 150) and

the transactivation domain (aa 219 to 231). Cotransfection studies

comparing wild-type and point-mutated forms of IRF-l demonstrate that

mutations of the four phosphoacceptor residues in the C-terminal

transactivation domain, but not the N-terminal cluster, significantly

decreases transcription by IRF-1 (119).

Interestingly, IRF-1 proteins lacking the transactivation domain but

maintaining an intact DBD convert the IRF-l activator into a repressor; IRF­

1(150), (170) and (200) display a stepwise reduction in CAT gene expression,

with the IRF-l(200) deletion mutant having maximum repression

capability. This phenomenon is also observed for sorne IRF repressors,

namely IRF-2 (Chapter m), ICSBP (201) and IRF-4 (49). Repression by these

DBD mutants probably occurs by a dominant negative mechanism by which

the protein binds target IRF sites and prevents formation of an active

transcription complex with full length IRF-l proteine Harada et al. also

demonstrated a repressive effect with a truncated form. of IRF-l containing

188 N-terminal amino acids (72).

While IRF-l (150) binds strongly to DNA, the IRF-2 (120) protein is a

nonfunctional protein which does not bind DNA. This result localizes the

DBD within the first 100-150 aa. Interestingly, the amino acids between 120

and 150 in IRF-l are rich in basic residues present in the DNA binding

region of other proteins (138). The lack of these basic amine acid residues in

the IRF-1 (120) deletion mutant may contribute to its inability to bind DNA.
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Structure-function analysis of IRF-2. Similar mutational studies on IRF-2

reveal that the repressive capacity of IRF-2 is maintained with an IRF-2

protein containing the N-terminal 125 amine acids but is lost with an IRF-2

100 amine acid polypeptide; similarly, repression correlates with DNA

binding capacity. IRF-2(125) is notable in its compromised ability to repress

IFN gene activity while retaining DNA binding. These findings indicate that

the C-terminal region is not required for the repressive function of IRF-2, and

repressor activity appears to be an intrinsic property of the IRF-2 N-tenninal

region. Uegaki et al. produced a truncated version of IRF-2 by a-chymotrypsin

digestion that contains 113 N-terminal amine acids and has a molecular

weight of about 14 kDa. This IRF-2 protein binds DNA although its biological

activity with regard to transcriptional repression was not assessed (204).

An independent deletion analysis mapping functional domains of IRF-2

present contradictory findings (228). In this study, IRF-2 repression is

localized to the protein's C-terminal 59 aa; fusion of this region to the C­

terminal end of IRF-1 inhibits transactivation. Furthermore, a latent

activation domain is found in the central region of IRF-2, between aa 160 to

220, which is considered to be "silenced" by the C-terminal repression

domaine These results implicate IRF-2 as a "mosaic" transcription factor

possessing both activator and repressor activities (228). Surprisingly, our

studies produce contrasting findings. IRF-2 deletion mutants containing

either the N-terminal 200 or 240 aa do not exhibit transactivation;

furthermore, the C-terminal end of IRF-2 is not required for transcriptional

repression.
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IRF-2 repression dominates IRF-l activation. Fulliength IRF-2 or different C­

terminal deletions down to IRF-2 (160) are able to repress expression induced

by Sendai virus, IRF-1 or the strong !RF/RelA fusion proteins. Therefore, the

transcriptional repression phenotype appears to be dominant over the

transcriptional activation phenotype. Previous studies have demonstrated

that the hali-life of IRF-2 is approximately 8 hours as compared to 30 minutes

for IRF-I (217). Also, as judged from scatchard plot analysis, IRF-2 appears to

have a S-fold higher affinity for the Th sequence than IRF-1 (72). These

properties may aiso contribute to the dominant repressive nature of IRF-2

over IRF-l. Together, these findings suggest that in uninduced cens, IRF-2

masks the PRDI/PRDIll DNA binding domains. The transient increase in the

amount of IRF-1 or IRF-1-related proteins aiter virus induction may compete

for the binding to PRDI/PRDIII; other IFN-~ domains, such as PRDII and

PRDIV also contribute to the synergistic activation of the IFN-J3 promoter

(46,54,62,72,109,126).

IRF-l/ReIA and IRF-2/ReIA mimic IRF-l transactivation function. As

mentioned previously, the NF-lCB subunit RelA(p65) and the yeast GAL4

transcriptional proteins, like IRF-I, contain consecutive acidic residues in

their transcriptionally active domains (124,140). As demonstrated in this

study, the activation domain of RelA can contribute to transactivation in IRF­

1/RelA and IRF-2/ReIA fusion proteins. IRF-1/ReIA and IRF-2/RelA fusion

proteins act as strong transcriptionai activators which can nonetheless be

inhibited by IRF-2 mediated repression. Interestingly, the IRF-2/ReIA fusion

protein appears to bypass the requirement for the synergistic activation of the

IFN-~ promoter (60) and is able to strongly stimulate promoter activity,

probably due to the stronger IRF-2 DNA binding affinity (72).

189



•

•

•

Localization of IRF-2 oncogenic activity. NIH3T3 cells overexpressing IRF-2

proteins of at least 160 aa induce malignant transformation as measured by

increased saturation density, growth in soft agar and tumorigenicity in nude

mice. Interestingly, the IRF-2 160 aa protein displays more potent oncogenic

properties than the wild-type protein, as indicated by a faster growth rate,

larger soft agar colonies and a rapid induction of tumor formation.

Furtherrnore, cells expressing the 125 aa IRF-2 protein behave as control cells

with regard to tumor formation and saturation density but display anchorage­

independent growth. These results directly correlate transforming phenotype

with DNA binding and transcriptional repression ability of IRF-2, since 1) the

160 aa protein binds DNA more efficiently (222) and represses transcription at

least as strongly than the wild-type proteins «222) and Chapters m and IV);

and 2) as demonstrated in Chapter III, the 125 aa protein possesses the

minimal DNA binding domain and represses transcription weakly compared

to wild-type IRF-2. The 125 aa IRF-2 protein, although able to bind DNA,

appears to exert its repressive function only to a limited extent, resulting in

minimal changes in growth phenotype but not in tumorigenesis.

It is striking that IRF-2 may exert its transforming activities by binding to

DNA. Such a phenomenon suggests that IRF-2 could exert its transforming

phenotype by a dominant negative mechanism as characterized for several

other oncogenic transcription factors. This model is consistent with the idea

that in uninduced cells, IRF-2 exerts its repressive effects by engaging the IRF­

E recognition site and occluding ONA binding by IRF-l protein or other

regulatory proteins. It was shown in Chapter IV that IRF-2 is able to

efficiently compete with IRF-1 for the PROI site in vitro. This observation is

supported by the higher affinity of IRF-2 for the Th sequence than IRF-l (72),
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the longer half-life of 1Rf-2 compared to IRF-1 (217), and the dominance of

IRF-2 transcriptional repression phenotype over IRF-1 transcriptional

activation phenotype discussed earlier. Therefore, IRF-2 overexpression may

give rise to constitutive occlusion of the IRF target site and prevention of IRF­

1 DNA binding. As a result, IRF-1 may be unable to exert activities related to

its antioncogenic potential. These findings support the proposed notion that

changes in the relative balance between IRF-1 and IRF-2 proteins may

predispose to cellular transformation (73).

IRF-2 regulation of dsRNA and Sendai virus mediated IFN gene activation.

IRF-2 expression represses IFN-~ inducibility by dsRNA in the Nlli3T3 cells,

whereas induction of IFN-~ by Sendai virus is unaffected by IRF-2. Levels of

Type 1 IFN mRNA are decreased after dsRNA induction but not aiter virus

infection in IRF-1-/- mice and are increased following dsRNA induction in

IRF-2- / - mice (129). These results support the concept that multiple pathways

are involved in virus-mediated induction of IFN-~ transcription and a

dsRNA dependent mechanism represents one of these pathways.

In response to dsRNA or viral induction, the 50 kD IRF-2 protein which is

identical to the DNA binding activity PROI-BFc (153) is proteolytically

processed into a smaUer, 24-27 kDa protein comprising the 160 aa DBD of IRF­

2, independently termed PRDI-BFi (153), TH3 (34) or In4 (222). The ability of

PRDI-BFi to function as a repressor in co-transfection experiments is

significantly less than that of full length IRF-2 protein (153). However, in two

other independent studies, TH3 and In4 bind ONA and repress transcription

more efficiently than full length 1RF-2 protein (120,222). The physiological

role for this inducer-mediated IRF-2 posttranslational modification is not
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cIear. Since the induction kinetics of TH3 are slower than that of IFN-13 in

response to dsRNA or viral infection (34,222), the IRF-2 cleavage product may

be a post-induction repressor of IFN-(3 gene expression (222).

What is the nature of the IRF-l/IRF-2 regulated genes critical for 3T3 cell

transformation? The differential inducibility of IFN-Ji by dsRNA in IRF-2

expressing cells suggests that one potential target for IRF-2 is the double

stranded RNA dependent protein kinase (PKR). It was demonstrated in

Chapter V that IRF-l plays a role in the regulation of PKR; this potential IRF

target will be discussed in the following section.

Control of cell growth and expression of growth regulatory genes by IRF-l and

IRF/ReIA. To characterize IRF-l tumor suppressor activity, IRF-l expressing

cell lines were generated with the tetracycline-inducible expression system to

minimize basal expression and maximize transgene inducibility following

doxycycline addition (63,64,179). Using these cell models, it was demonstrated

in Chapter V that inducible IRF-l expression correlates with: 1) cell growth

arrest and apoptosis; 2) inducible expression of PKR protein; 3) increased

STATl(p91) gene expression and enhanced ISGF3 binding; and 4)

constitutively increased p21(WAFl) cyclin-dependent kinase (CDK) inhibitor

levels. In addition, we showed that the IRF-l/RelA and IRF-2/RelA fusion

proteins mimic IRF-1 in terms of cell growth inhibition, induction of

apoptosis and gene activation. Since they exhibit similar effects, the use of the

IRF/RelA fusion genes strengthens the results of the IRF-l studies and imply

that the phenotypic changes observed may result from affecting transcription

of downstream genes which are regulated by IRF-l/IRF-2 sites.
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IRF-1 plays a role in apoptosis in response to DNA damage (189,192). From

the present study, IRF-1 also induces apoptosis during serum starvation. The

pleiotropic nature of IRF-1 correlates with its role in physiological processes

which involve apoptosis such as T-cell selection and maturation. Mice

deficient in the IRF-l gene, while having normal numbers of immature CD4­

CD8+ and CD4+CDS- thymocytes, are 90% deficient in mature CD4-CD8+ T­

cells in the thymus (129), suggesting impairment of CD8+ cel! maturation in

the IRF-l knockout mice.

IRF-l regulation of PKR expression. Like the IRF proteins, p68 kinase (PI<R), a

double-stranded RNA activated serine-threonine kinase, is an IFN-inducible

gene which plays an important role in the regulation of cell proliferation.

Expression of wild-type PKR in yeast inhibits cel! growth and correlates with

phosphorylation of eIF-2a. (32). Expression of catalytically inactive mutants of

PKR encoding proteins Iacking eIF-2 kinase activity results in malignant

transformation and tumor formation in nude mice (105,136). These results

serve as the basis of the hypothesis that wild-type PKR is a tumor suppressor

gene product whose activity can be inhibited by the presence of catalytically

inactive (dominant negative) PKR mutants. Interestingly, by analogy with

IRF-I, the human PKR gene is located to chromosome region 2p21-22

(14,71,183), and abnormalities involving this region are observed among

patients with acute myelogenous leukemia, raising the possibility of a PKR

role in leukemogenesis. Furthermore, the PKR promoter contains potential

IRF binding sites (191). As shown previously (102), we demonstrated that

inducible IRF-l expression results in upregulation of PKR protein levels. IRF­

1 expression also results in a slight augmentation of PKR kinase activity (data

not shown), suggesting that IRF-l may regulate PKR gene expression rather
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than PKR activity. This finding demonstrates that inhibition of cell growth by

IFN-inducible proteins such as IRF-I may be due to regulation of other IFN

induced proteins \\ith anti-growth activities such as PKR.

IRF-l regulation of STATl(p91) expression. Most interesting was the

observâtion that inducible IRF-l expression results in a dramatic increase in

STA T1(p91) leveis. Furthermore, a percentage of the induced STATl is

functional, since it binds to an 15RE DNA element. The latter result has

several implications: 1) at least a portion of the induced STATI is

phosphorylated, since phosphorylation is necessary for 5TATI DNA binding;

2) sorne active or phosphorylated STAT2 must aiso be present, since the ISGF3

complex requires active 5TATI and STAT2 as weIl as the ISGF31 (p48)

member of the IRF family. However, STAT1 and STAT2 phosphorylation

and DNA binding normally only occurs upon IFN-alJ3 induction (79,174,181).

ft would be of relevance to see whether the induced 5TAT1 is sufficient to

initiate activation of itself, as weIl as 5TAT2. Aiso interesting was the

observation that although IFN stimulation of Dox-induced rtTA-IRF-l and

rtTA-IRF/ReIA cel1s results in enhanced ISGF3 binding, DNA binding activity

was not relatively higher than levels obtained in IFN-stimulated control cells,

despite higher 5TAT1 protein levels. This phenomenon may be due ta the

constitutive activation/inactivation cycle of the STAT proteins (79,180), such

that only a certain percentage of STAT protein is activated and binds DNA at

any given time.

5TAT1 has been considered a gene acting upstream of IRF-1 and regulating

expression of the IRF-1 promoter (158). The present work suggests that IRF-1

itself, or an IRF-1 induced gene, regulates STAT1 expression at the
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transcriptional level. It is possible that following IRF-l upregulation in

response to IFN induction through STATl, the newly synthesized IRF-1 may

in turn activate expression of STAT1, resulting in positive feedhack

regulation of IRF-1 expression. Such a mechanism could positively

autoregulate IFN-mediated activities. It will be interesting to examine

whether IRF-1 aiso regulates other memhers of the JAK-STAT pathway.

Previously, it has been shown that overexpression of 1Rf-1 by cDNA

transfection results in the "forced" induction of IFN-a/13 in COS cells (55).

Furthermore, in addition to their well-characterized antiproliferative

activities, a potential role of IFNs in the transcriptional regulation of STAT1

has been recently demonstrated (113). Therefore, it is conceivable that the cell

growth inhibition and upregulation of PKR, STATl and ISGF3 observed in

the IRF-1 and IRF /ReIA inducible cell lines may be mediated indirectly

through IRF-1- or IRF/ReiA-induced IFNcx/J3. However, although

endogenous IFN-J3 gene expression is dramatically induced in

dsRNA/cycloheximide - treated control rtTA cells, no IFN-J3 mRNA is

detected by Northern and RT-PCR analysis in Dox-induced IRF-l and IRF/p65

cells (data not shown). This finding suggests that although the potential role

of other members of the IFN family cannot be ruled out, IRF-1-mediated

STATI upregulation is independent of IFN-I3.

IRF-l regulation of WAFl(p21) expression. STAT1 has been shown to

activate transcription of the p21 (WAFl, CIP1) CDK inhibitor in response to

induction by IFNy or EGF (epidermal growth factor), resulting in cell growth

inhibition (30). We hypothesized that the tumor suppressor activity

associated with IRF-1 in our inducible cell lines may be due to WAF1
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activation by IRF-l-induced 5TATl. If so, IRF-l would potentially upregulate

W AFI by two mechanisms: (i) indirectly through activation of 5TATI

expression; and (H) either directly or indirectly, perhaps in cooperation with

other proteins. The elevated WAFI levels ohserved in the IRF-l and IRF­

l/ReiA ceUs are constitutive, not inducible. Distinct 5TATI and WAFI

expression patterns in the rtTA-IRF-l and rtTA-IRF-l/RelA ceUs, as well as

the absence of W AF-l despite STATI induction in the rtTA-IRF-2/ReIA ceIls,

suggest that IRF-l activation of WAF-l is independent of STAT1.

Interestingly, transient cotransfection assays frorn an independent group

demonstrate that IRF-l and the turnor suppressor p53 cooperatively

upregulate gene expression of WAFl, implicating the involvement of cell

cycle proteins in IRF-l-mediated cell growth regulation (152).

Why is WAF-l not expressed in the rtTA-IRF-2/ReIA ceUs? Since the major

difference between the IRF-l, IRF-l/RelA and IRF-2/ReIA protein structures

is the IRF-2 DNA binding domain in IRF-2/ReIA, we hypothesized that the

inability of IRF-2/ReIA to induce WAF-l expression is perhaps due to the

inability of IRF-2/RelA to recognize potential "IRF-like" recognition sites

present in the W AF-l promoter. Analysis of the WAF-l promoter do not

reveal any !RF DNA recognition sites (IRF-E), although three potential GAS

consensus (5'-TICNNNGAA-3') sequences were identified: 1) 5'-CTTCCCGG

AAG-3'; 2) 5'-TITCTGAGAAAT-3'; and 3) 5'-CTTCTTGGAAAAT-3',

present at -640, -2540, and -4183 nucleotides, respectively, from the mRNA

start site. Induced extracts from the cell lines as well as recombinant IRF-l

and IRF-2 proteins were tested for DNA binding using the GAS element of

the IFNy-inducible IFP-53 gene (5'-GATCCAGATTCTCAGAAA-3'); however

no distinct GAS binding is observed in any of the cell lines or with
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recombinant IRF-l and IRF-2 (data not shown). It is therefore probable that

WAFI activation by IRF-l and IRF/RelA occurs by an indirect mechanism.

Other IRF-l-regulated genes may be invoived in mediating IRF-l tumor

suppressor activity. Splenocytes from IRF-l- / - knockout mice are aiso

deficient in the IL-lJi converting enzyme (ICE), a mammalian homologue of

the Caenorhabditis elegans cell death gene ced-3; ectopie overexpression of

IRF-l results in induction of ICE mRNA expression and enhancement of

radiation-induced apoptosis (189). Furthermore, using the method of

differentiai display, lysyl oxidase was identified as another IRF-l target gene

which may play a potential role in IRF-l tumorigenicity (190). Lysyl oxidase is

commonly known for its involvement in the integrity of various cytoskeletal

components. However, its localization in the mouse ras recision gene (rTg)

and implication in the reversion of ras-transformed NIH3T3 cells (36,70)

makes this enzyme an interesting IRF-l-regulated gene which may exert IRF­

I-mediated antioncogenic activities.

Wong et al. demonstrated that PKR physically associates with STATl,

although PKR does not phosphorylate STATI. Rather, PKR association

inhibits STAT DNA binding and transactivation. Interestingly, the PKR­

5TATI interaction is disrupted in response to induction by IFN or dsRNA

(225). How does this observation correlate with the present study which

demonstrates upregulation of both PKR and STATI by IRF-l? It is

conceivable that IRF-1-mediated effects may involve 5TATI activity which

could be alleviated by PKR association with STATl. It will be important to

investigate the potential role of STATl/PKR interactions in IRF-1-mediated

cell growth regulation.
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SLPI, a novel IRF-t-regulated gene. In Chapter VI, the tetracycline inducible

system and the method of RNA fingerprinting were exploited, resulting in

the identification of the secretory leukocyte protease inhibitor (SLPI) as a

novel IRF-1-regulated gene. Although SLPI appears to be repressed in the

presence of IRF-1/ReIA from the initial RNA fingerprint, detailed kinetics of

SLPI mRNA expression reveal an initial induction of SLPI early following

Dax treatment of IRF-l/ReIA cells which is then suppressed at later time

period, when peak IRF-1/RelA levels are attained. These results implicate a

dual function to IRF-1, consisting of both the activation and repression of

SLPI expression.

The kinetics of SLPI mRNA expression in itself may reveal a possible

autoregulatory feedback mechanism of IRF-1/SLPI regulation. It is possible

that induced IRF-l expression activates SLPI production until SLPI levels

reaches a maximum threshold, which then serves as a signal to "turn off" the

SLPI gene. It would be of interest to see whether overexpression of SLPI

results in induction of IRF-l.

SLPI is a secreted protein belonging to the family of a-1 antitrypsin

antiproteinases. This nonglycosylated 11.7 kDa enzyme is produced by

epithelial cells and which resides in various secretory fluids such as parotid

secretions, bronchial, nasal and cervical mucus, and seminal fluid (199). SLPI

plays a primary role in the regulation of neutrophil-mediated inflammation

through proteolysis and subsequent inhibition of the serine leukocyte

proteases, "Nhich include the neutrophil proteases (cathepsin G and elastase)

and the pancreatic proteases (trypsin and chyrnotrypsin) (199). Because of its

potent antiprotease activity, SLPI serves as a potential therapeutic agent for
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the treatment of proteolytic tissue damage seen in degenerative and

inflammatory diseases such as cystic fibrosis, allergie rhinitis and asthma

«110); reviewed in (213». Interestingly, several studies have also implicated

SLPI as an anti-HIV-1 agent, as it can block HIV-1 infectivity in monocytes

(131,132,214). The predominance of SLPI and SLPI-mediated antiviral activity

in human saliva has Ied to the suggestion that SLPI may he the factor

responsible for the low frequency of oral HIV-1 transmission (131).

Up until recently, SLPI was analyzed in terms of its structural properties and

antiprotease activity. However, a novel function was assigned to SLPI with

its characterization by the Nathan group as a macrophage derived, LPS

induced, LPS inhibitor (90). SLPI in this context was identified by

differential display as a gene overexpressed in a macrophage cell line from

C3H/HeJ mice which are hyporesponsive to LPS (Lpsd mice). Although

activated by LPS in wild-type macrophages and neutrophils, SLPI

antagonizes the LPS response when overexpressed in macrophages.

Specifically, SLPI expression inhibits LPS-mediated activation of NF-K8 and

suppresses production of nitric oxide and TNFa.. Interestingly, IFNy

treatment of LPSd cells reverses the LPS hyporesponsive phenotype and this

correction correlates with the ability of IFNy to suppress SLPI expression at

the mRNA level (90).

In addition to LPS, TNF and PMA are other inducers of SLPI expression (90).

From our studies, SLPI expression was aiso found to be dramatically induced

in response to dsRNA. It would be of interest to see whether this induction

is mediated through dsRNA activated PKR. Inducibility of SLPI expression

by dsRNA also implicates the possibility of SLPI regulation by virus
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infection. Whether SLPI participates in common or divergent pathways

activated in response to bacterial (LPS) and viral (dsRNA) infection is a

subject to be addressed in future studies.

Barber et al. performed studies comparing mRNA levels of IRF-1, IRF-2 and

ICSBP in LPS responsive (LPsn) and hyporesponsive (LPSd) macrophages

(15). Basal leveis of 1Rf-1 were 15-fold greater than those of IRF-2 in LPsn

cells; in contrast, IRF-2 was predominantly expressed in LPS

hyporesponsive cells. Although there was a dose dependent increase in the

three IRF proteins in LPsn cells upon LPS treatment, no accumulation of

IRF transcripts in response to LPS was observed in LPSd cells. Interestingly,

treatment of LPsn cells with LPS in the presence of cycloheximide resulted

in the increase of only 1Rf-1. Taken together, these studies suggest that IRF­

1 is an immediate early, LPS inducible gene which plays a potential role in

the regulation of the LPS response (15).

Studies in macrophages from!RF knockout mice reveal an essential role for

IRF-1 in the transcriptional induction of the nitric oxide synthase gene

(iNOS) in macrophages (92). Macrophages from IRF-1 deficient mice

produce little or no nitric oxide and synthesize low levels of iNOS mRNA

in response to IFNy stimulation. The role of IRF-l in the IFN-y induced

activation of iNOS expression is further supported by the presence of two

adjacent IRF-1 response elements in the iNOS promoter (92,127). These

findings are consistent with the role of IRF-1 in repressing the expression of

5LPI, which inhibits nitric oxide production.
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Consistent with the role of IFNy and IRF-l in SLPI regulation is the

existence of two regions identified in the SLPI promoter to which IFNy

stimulated and IRF-I DNA binding complexes are detected. A subject of

future investigation wouid be to anaIyze the effects of these regions in

reporter gene assays in response to LPS, IFNy, IRF-I, dsRNA and viral

infection.

Model for regulation of SLPI expression. Based on what is known about

SLPI and the data presented in Chapter VI, the following proposed model

regarding the regulation of SLPI by IRF-1 is currently being investigated

(Figure 36). Response to LPS involves the induction of expression of TNFa

and nitric oxide as weIl as the activation of the NF-KB family of

transcription factors. LPS also activates expression of SLPI (90). It is of

interest to find whether NF-KB mediates LPS-induced activation of SLPI

expression, or whether NF-1eB regulates the LPS response by suppressing

SLPI expression. In contrast to LPS, IFNy represses SLPI expression (90).

Since IRF-l is an IFNy-inducibie gene (57), and overexpression of IRF-l

results in repression of SLPI expression (Chapter VI), IRF-I serves an ideal

potential mediator of IFNy-induced SLPI suppression. IRF-l could function

in a direct manner, as suggested by the results presented in Chapter VI, by

binding to SLPI promoter sequences and repressing transcription of the SLPI

gene, in which case IRF-l would be assigned a novel function very different

from its common activator role. In contrast, IRF-I can also function by an

indirect mechanism through activation of a factor "X" which then binds

directIy to the SLPI promoter and repress its transcription.
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Figure 36. Model for the regulation of SLPI expression. "_", repression; "+",

activation. Response to LPS involves the induction of expression of TNFa

and nitric oxide as well as the activation of the NF-ICB transcription factors.

LPS aiso activates expression of SLPI. NF-ICB may mediate LPS-induced

activation of SLPI expression or regulate the LPS response by suppressing SLPI

expression. In contrast to LPS, IFNy represses SLPI expression. Since IRf-l is

an IFNy-inducible gene, and overexpression of IRF-l results in repression of

SLPI expression, IRF-l serves an ideal potential mediator of IFNy-induced

SLPI suppression. IRf-l could function in a direct manner by binding to SLPI

promoter sequences and repressing transcription of the SLPI gene. In contrast,

IRF-l can aiso function by an indirect mechanism by activating expression of a

factor "X" which would then bind directIy to the SLPI promoter and repress its

transcription.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

The present studies investigating the effects of IRF-l and IRF-2 on cell growth

and gene expression have contributed to a better understanding of the

mechanisms of IRF-2 oncogenicity and IRF-l tumor suppressor activity and

have led to the identification of a nove] IRf-l gene target. The candidate's

major contributions to original knowledge are listed below:

1. i\nalysis of C-terminal IRF-2 deletion mutants demonstrate that IRF-2

oncogenic activity maps to its N-terminal DNA binding/transcriptional

repression domain. Mutants maintaining functional DNA binding and

repressive activity also affect IFN-Jl gene expression in response to dsRNA,

demonstrating a direct correlation between IRF-2 transcriptional repression of

gene expression and transformation. Binding studies illustrate that IRF-2

oncogenesis may occur by a dominant negative mechanism, through

constitutive engagement of IRF consensus sites and subsequent prevention of

IRF-l tumor suppressor activity.

2. Examination of inducible IRF-l expression shows a direct correlation

between transactivation function and tumor suppressor activity of IRF-l.

Specifically, IRF-l upregulates the expression of STATl(p91) with kinetics

comparable to that of IRF-l mediated cell growth arrest and apoptosis,

implicating the JAK-5TAT pathway as a novel target of IRF-l tumor

suppressor activity.
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3. For the analysis of IRF-l tumor suppressor activity, tetracycline­

responsive celllines inducibly expressing IRF-l and the IRF-l-like IRF/RelA

proteins were established. The components of tetracycline-responsive system

were madified by the candidate ta minimize basal transgene expression and

maximize inducibility of expression.

4. Using the method of RNA fingerprinting, the secretory leukocyte protease

inhibitor (SLPI) was identified as the first example of an IRF-l-repressed gene.

Analysis of the SLPI promoter reveals two regions bound by IRF-l and IFNy­

induced proteins. These studies open a new avenue of research investigating

mechanisms of IRF-l repression. Furthermore, the function of SLPI as an

antiprotease and anti-HIV-l agent implicates a novel role for IRF-l in the

modulation of inflammatory and antiretroviral responses.
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