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Abstract

ELFS5 is a member of a large family of ets transcription factors that share a highly
conserved DNA-binding domain. Most efs factors are expressed in the haemopoietic
compartments, but ELFS belongs to a small epithelial-specific subfamily. Ets genes
have historically been involved in cancers, particularly in various types of leukaemia
and lymphoma. However, the most prevalent cancers affecting humans are solid
tumours arising from epithelial cells. Interestingly, EIf5 protein expression is restricted
to epithelium found in the breast, kidney, salivary gland and siomach, as shown by

immunchistochemistry.

Preliminary evidence implicates ELFS as an epithelial-specific tumour suppressor gene.
ELF5 is localised to human chromosome 11pl3, a region that frequently undergoes
large deletions, ¢z loss of heterozygosity (LOH) in neoplasia, and cdntains turnour
uppressor elements. ELFS5 may be linked to breast cancer via the BRCA/ pathway. In
MCF7 celis, ELFS5 is a novel transcriptional activator of the tumour suppressor gene

BRCA1I, which is downregulated in half of sporadic breast cancers.

Previously, ELF5 expression was not detected in 20/24 epithelial-derived carcinoma
cell lines and was presumed to be lost in these compared with normal tissue. LOH was
examined as a potential cause for loss of expression. Analysis showed that the locus
was not deleted in 18 breast carcinomas. ELF5 expression is downregulated by NFkB,
which is over-exﬁressed in varicus carcinomas. This may provide a reason for the

decrease in ELFS transcript in carcinoma cells.

Further ELF5 expression analysis of 27 primary brezst carcinomas by real-time RT-
PCR shows that half of the cancers have increased expression, and half decreased,
constrasting the in vivo situation with that found in cell lines. Over-production of the
protein is observed in 44 tumour sections stained with ELF5 antibody. Re-expression
of ELF5 in the breast carcinoma cell line MCF7 showed no inhibition of the growth
capabilities of the cell line. This situation may be paralleled in the prostate, whibh also

over-expressed the protein in 10 carcinomas compared with normal prostate and BPH.

In the kidney, however, ELF5 mRNA was drastically reduced in 18 of 19 carcinomas

-
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studied. Forty carcinoma sections did not stain for £LFS protein expression though
normal kidney shows positive epithelial staining. Re-expression of ELF5 in 786-O
renal carcinoma cells demonstrated inhibition of anchorage-independent growth and

tumourigenicity in immunocompromised mice, indicating that ELFS acts as a tumour

suppressor in this organ.
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Chapterl.  Literature review

1.1 Transcription factors - regulation of the transcriptome

Regulation of the transcription of the genome to determine different cell lineages; to alter
“cell fate in response to temporal and spatial signals during development, is largely effected
by the actions of proteins known as transcription factors. A general set of transcription
factors, present in all cell types in the human, is used to initiate transcription of all genes
necessary for cell growth, division, differentiation and death. These proteins have the
capability to promote transcription of DNA to messenger RNA and include RNA
polymerase Il, transcription elongation factors, other enzymes responsible for mRNA

processing and the proteins that constitute the pre-initiation complex that assists in forming

the three dimensional DNA structure necessary for transcription initiation (Maniatis and

Reed, 2002). These enzymes bind as a holoenzyme to DNA sequence motifs found in the

non-transcribed promoter regions of all genes.

Different cell types require expression of certain subsets of genes. The activity of the

general transcription complex is directed by the action of other, specific transcription
factors, which recognise motifs in promoters of particular downstream genes. Binding of

these factors recruits the generic franscription complex and initiates transcription in a

i
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controlled manner. The expression of specific transcription factors can be tightly regulated
at the transcriptional, transiational and post-translational levels and these factors function to

determine the appropriate expression of genes in a given cell at any time-point.

1.2 The evolution of transcription factor families

Many classes of transcription factors have been described in Homo sapiens, with
orthologues in other species. Generally, transcription factor families are defined by a group
of proteins possessing a characteristic domain/s or set of motifs that defines them as being
related evolutionarily. Different family members, by virtue of conserved protein domains,
tend to have similar but not identical functions. Specificity of protein function is conveyed
* mainly by amino acid differences, divergent spatial and temporal expression patterns and

- post-translational regulation.

Multi-member transcription factor families appear to have evolved from a single ancestral
gene formed at some time during the evolution of life. Some gene families have ancient
ancestry, with homologues being identified in all eukaryotes. The ancestral genes of these

families presumably originated before the division of the plant and animal kingdoms.

Other factors, in particular components of the basal transcription machinery, display

similarities even between prokaryotes and eukaryotes, indicating predictably that these

genes were among the first to arise.

s gt s L e . me i
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1.3 The Ets family of transcription factors

The ets transcription factor family originated relatively recently in evolutionary terms. Ets
genes are found in all metazoans, but have not been identified in plants, prokaryotes or the
budding yeast Saccharomyces cerevisiae. The model organism Caenorhabditis elegans
possesses ten efs genes, with Jin-7, the first of these to be identified, believed to be most
similar to the ancestral efs gene (Hart et al., 2000b). It is most similar to the ets-/ gene

found in other species, including Gallus gallus, Drosophila melanogaster, Mus musculus

and H. sapiens, the most widely studied species in ers biology.

1.3.1 Phylogeny of the ers family

The archetypal ets gene, ets-1, was first identified as the cellular counterpart of part of a

chimeric viral genome from the E26 avian leukaemia retrovirus, which causes

myeloblastosis and erythroblaétosis in chickens (Nunn et al., 1984). The presence of thie
~ viral efs gene, found in the E26 genome as part of the tripartite p135 viral gene (gag-myb-
- ets), was found to correlate with the ability of the virus to cause erythroblastosis (Leprince
et al,, 1983). The related retrovirus ‘avian myeloblastosis virus® (AMV) shares the my? but
not the efs sequence, in acigiition to essential virion genes, but causes myeloblastosis
exclusively (Nunn et al., 1983), indicating that the presence of v-ets is necessary for the
ability of E26 to cause erythroblastosis. A cellular counterpart to the v-efs oncogene was
cloned from transcripts found in normal chicken cells and named c-efs-1 (Leprince et al.,

1983; Nunn et al., 1984). -Subsequently, the human ets-1 and ets-2 loci were identified by
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hybridisation on human chromosomes 11 and 21 respectively (Watson et al., 1985). Since
this time, over 30 ezs paralogues have beep described in the human genome, and a lower

number in less complex organisms such as D, melanogaster and C elegans (Table 1).

The evolutionafy relationship of these genes has been described by phylogenetic analysis,
using the highly conserved efs DNA-binding domain (Section 1.3.2) as a basis for this
analysis (Figure 1.1). The efs domain has been conserved jn both sequence and function
between species; the vertebrate efs domains of Ets-1 and Ets-2 are capat_; of rescuing the
midline glia and photoreceptor development phenotype of the pointedP2 D. melanogaster:

mutant (Albagli et al., 1996). Regions outside the ets domain vary much more widely

autonomous transactivating or repressing domains. However, protein interactions mediated
by divergent Sequences outside the efs domain may determine whether a given efs protein

will activate or repress in a context-dependent manner,




Tabie 1.1.

based on sequence similarity within the ers domain.

Efts genes identified in H. sapiens, M. musculus, D. melanogaster and C. elegans have been grouped into subfamilies

Ets subfamily | Gene name Homologue
(H. sapiens)
M. musculus D. melanogaster C. elegans
ELK SAP-1/ELK-4 (Daiton and Sap-1/Elk-4 (Dalten and Treisman, lin-1 (Beitel et al.,

Treisman, 1992)
NET/ELK-3 (Nozaki et al.,
1996)

ELK-1 (Rao et al., 1989)

1992)
Net/Erp/Elk-3 (Lopez et al., 1994)
Elk-1 (Grevin et al., 1996)

1995)

ETS ETS-1 (Watson et al., 1985) Ets-1 (Watson et al., 1986a)
ETS-2 (Watson et al., 1985) Ets-2 (Watson et al., 1988) pointed (Klambt,
1993)
ELF ELF-1 (Leiden et al., 1992) Elf-1 (Davis and Roussel, 1996) e74 (Janknecht et al.,
NERF (Oettgen et al., 1996) _ 1989)
MEF/ELF-4 (Miyazaki et al., Mef/Elf-4 (Miyazaki et al.)
1996)
ELG E4TF-1 (Watanabe et al., 1993) | Gabpa (LaMarco et al., 1991) elg (Pribyl et al.,
- 1991)
ERF ERF (Sgouras et al., 1995) Erf{Liu et al., 19972)
ETV-3/PE-1 (Klemsz et al., Pe-1 (Bidder et al., 2000)
1994) |
ERG FLI-] (Watson et al., 1992) Fli-1 (Klemsz et al., 1993) ets-3 (Chen et al,,

ERG (Reddy et al., 1987)
FEV (Peter et al., 1997)

Erg (Rivera et al., 1993)

1992)
ets-6 (Chen et al,,
1992)




ERSI/ETV-1 (Monte et al., Er81 (Jeon et al., 1995) ets96B (Hsu and
1995) ' Pea3 (Xin et al., 1992) Schulz, 2000)
ERM/ETV-5 (Monte et al., 1994)
El1A-F (Kaya et al., 1996)

SFI PU.1/8PI-1 (Ben-David et al., Pu. 1/5pi-1 (Klemsz et al., 1990)
1991) ' Spi-B (Chen et al., 1998)
SPI-B (Ray et al., 1992) Spi-C/Prf (Bemark et al., 1999)
SPI-C (Carlsson et al., 2002)

YAN TEL/ETV6 (Poirel et al., 1997) | Tel/Etv6 (Poirel et al., 1997) yan (Lai and Rubin,
TEL-2 (Potter et al., 2000) 1992)

ESE ELF3/ESE-T/ESX/ERT/JEN Elf3 (Tymms et al,, 1997)
(Oettgen et al., 1997a; Tymms et
al., 1997) { EYf3 (Zhou et al., 1998)
ELF5/ESE-2 (QOettgen et al., Ehf (Bochert et al., 1998)
1999b; Zhou et zl., 1998)
EHF/ESE-3 (Kas et al., 2000
Kieinbaum et al., 1999)

ETS-4 PSE/PDEF (Oettgen et al., Pse (Yamada et al., 2000) ' ets-4 (Chen et al.,

2000) 1992)

Er71 (Brown and McKnight, 1992)
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132 The Ets domain and DNA-binding specificity

Ets genes are defined by the presence of the ~80 amino acid, highly conserved, ets (E-
twenty-six) DNA-binding domain. This domain mediates binding to the efs binding site
(EBS), a DNA target with a purine-rich GGAA/T core (Karim et al., 1990; Wasylyk et al.,
1992) found in the promoter and enhancer elements of many genes. All knowr: ets proteins
bind these motifs, which, though similar, are not identical. Eys proteins aﬁe crucial for
regulating target genes involved in cell growth, differentiation and apoptosis. Addition of
synthetic cis elements upstream of a minimal promotef, and the subsequent transfection of
these constructs into the neuroblastoma cell line Neuro2A, showed that in constructs with
increased promoter activity, eight motifs predominated - AP2, CEBP, GRE, FEbox, ETS,
CREB, AP1, and SPI/MAZ. Notably, the most active constructs constituted combinations
of these binding sites (Edelman et al., 2000), Iindicating that ets binding sites are some of

the most important for target gene transcriptional regulation.

Despite the large number of els genes and downstream target promoters, functional
redundancy is not widespread within the efs family, as demonstrated by the different
phenotypes of targeted null mice, D, melanogaster and C. elegans (Section 1.4). For
exampie, crosees of heterozygote PU.J mice with null Spi-B, Ets-1 or Elf-1 mice
demonstrate that there is no genetic overlap between PU.J and Ets-] or E{f-], but that there

is a partial overlap between PU J and Spf-B target genes, as the PU. 1*’7sz‘-3‘ * mice show

additional B cell defécts. Therefore, PU.I and Spi-B coordinately regulate a subset of

targets but do not overiap with other liaeinhtbpoietically-expressed ets genes (Garret-Sinha
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et al.,, 2001). This biological specificity is due to several mechanisms that select distinct

target genes for each efs factor.

The specificity of prtein-DNA interaction may be mediated by a variety of mechanisms.
Firstly, differences in sequence of the efrs DNA-binding domain result in different
preferential contacis in the major groove of the central ets motif, with minor groove

interactions predicted in the flanking nucleotides (Nye et al., 1992). In T cells, the closely

related Ets-7 and Elf-1 are highly expressed but regulate different sets of target genes. In
vitro, Ets-1 preferentially binds the TCRa and TCR ets sites but not either of two sites in
the IL-2 enhancer. Elf-1, however, displays a distinct binding preference for sites in the IL-
2 and HIV-2 enhancer elements. A comparison of ets binding sites identified three flanking
nucleotides 3' to the GGA trinucleotide core that accounted for the differential binding of
-the two proteins (Wang et al., 1992). Likewise, the haemopoetic proteins Ets-1 and PU.J
have different binding specificities and transactivate through distinct motifs. The binding
; specificity appears to be controlled by a combinatorial effect of the nucleotides flanking the
efs motif rather than any single bése pair (Wasylyk et al,, 1992). However, the PU.1-
related protein Prf/Spi-C, expressed predominantly in B cells, interacts with PU.1 binding
sites in a variety of B-lineage promoters including the Igi 3’ enhancer and may antagonise
PU.1-dependent transactivation. Its ability to bind these sites is presumably due to its high

level of amino acid identity (57%) with the murine PU.1 efs domain (Bemark et al., 1999;

Hashimoto et-al., 1999).
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~Figure 1.1.  Phylogenetic analysis of the efs family based on amine acid sequence
similarity within the efs domain. Branch length of the inferred phylogenetic tree is based
on degree of similarity between members, where short braches indicate highly similar
homologues. Human and Drosophila homologues only are included for simplicity. For
Genbank accession numbers, see Table 1. (Adapted from Kas et al., 2000).

o
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Variations in the flanking nucleotides surrounding the efs motif in gene promoters are
therefore selective for binding by different efs proteins. In sea urchin embryos, targeted
alterations in the sequence of an EBS resulted in a change in preference for the efs factor
binding to that site. Three base pairs near the GGA efs motif in the Cylla gene promoter
were switched, thus converting it to another type of ets site found in the hatching enzyme
promoter. Expression of the altered Cylla ets site fused with a heterologous basal promoter
was sufficient to change the expression pattern of a reporter gene from mesenchyme to
ecto- and endodermal expression, mimicking the expression of the hatching enzyme
(Consales and Amone, 2002). This is consistent with the hypothesis that binding affinity of
efs proteins to particular DNA motifs is important in determining temporal and spatial gene
regulation. Similarly, in the mouse a4 integrin promoter, the arrangement of three ers
binding sites is critical for transcription of the gene. Of the three sites, the 3’ site bound the
GABPo/f complex whereas the other two were required for formation of another cell-type
specific ets-containing complex which correlates with a high level of a4 integrin
transcription. Deletion of the §' site resulted in the loss of this ets-containing complex, but
the formation of alternative ets-containing complex that substituted fdr its action (Rosen et
al,, 1994). This demonstrates that co-ordinate action of efs proteins on DNA is also

important for transcriptional regulation of target genes, rather than simply selection of a

single efs protein by a particular efs motif,

Secondly, the cell-type specific expression patterns of different efs proteins must also

determine which potential target genes are relevant in vivo. Blood-specific ets proteins
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such as PU.1 and Elf-1, for example, may be capable of binding ets motifs in the promoters
of epithelial-specific downstream targets, but this interaction would be irrelevant in vivo,

where the ets protein 1s not present in the cell.

Thirdly, regulation of target genes may be mediated by interaction of ets faciors with other
transcription factors on DNA. One pertinent example is co-operation of efs proteins with
the c-fos/c-jun ditner AP-1, as ets and AP-1 motifs are frequently fournd in close proximity
in promoter regions. The PE-1 protein, expressed in osteoblasts among other cell types,
suppresses transcription of matrix metalloproteinase-1 (MMP-1) in response to fibroblast
growth factor receptor (FGFR) signalling. An efs binding site was identified in the
proximity of the AP-1 site in this promoter (Lamph et al., 1988). PE-1 appears to interact
with AP-1 to prevent DNA-protein interaction on the AP-1 site in the MMP-1 promoter
{Bidder et al., 2000). However, other ets factors also interact with family members of the
AP-1 subunit c-Jun to potentiate or abrogate AP-1 mediated transactivation of MMP-1. In
NIH3T3 fibroblasts, Ets-1 augmented MMP-1 promoter activity 10-fold with ¢-Jun or Jun-
B, whereas Fli-1 enhanced 6nly Jun-B-mediated induction. PU.1, however, prevented
promoter induction by both c-Jun and Jun-B (Westermarck et al., 199’7), indicating again
the specific roles the efs transcription factors play in co-ordinate promoter regulation.
Another important ers protein:protein interaction is that of Ets-1 and Pax-5 interaction on
the mb-1 promoter, where Pax-5 recruits Ets-1 upon DNA binding. The interaction with
Pax-5 increases Ets-1 DNA binding specificity to the suboptimal motif GGAG (Garvie et
al., 2001). This discovery opens up 2 new set of potential target genes for regulation by ets

proteins, and also a new mechanism for generating specificity of efs binding to DNA.
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Finally, efs-binding proteins mmay compete against unrelated transcription factors for
binding to their cognate motif in a concencration-dependent manner, Basal transcription of
the human folate receptor (hFR) type v gene is driven by a canonical Spl element, but
transcription is enhanced by an upstream efs binding site that overlaps a second, non-
canonical, Spl element. This element is bound with similar affinity to the first, Using cell
lines expressing varyipg levels of Spl, luciferase reporter assays showed that this promoter
Was competitively repressed by high concentrations of Spl due to binding of Spl to the
dual EBS/Sp1 site. Where the Spl concentration was low, Ets-1 protein bound the EBS
and synergised with Spl on the downstream element 1o enhance transcription of the hFR-y
promoter (Kelley et al,, 2003). The authors also demonstrated that Sp1 could hind a variety
of EBS, including those responsive to Ets-1 and Spil/PU.1. This indicates a novel,
concentration-dependent mechanism for the activation and vepression of Sp1/Ets regulated
promoters that may contribute to tissue-specific and temporal gene regulation. It is not
known, but predictable, that similar mechanisms could exist for other transcription factor

pairings,

There is experimental evidence that all of the above mechanisms form the basis for ezs

target gene specificity in vivo. It is llkely that they work in a combinatorial fashlon but that

- they are active to different degrees depending upon the context that includes the cell type,

the efs motif sequence, and of course the relevant ets protein and the protein partners with

v

which it interacts.
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1.3.3 The Pointed (pnt) domais

The ets family has been further divided into sub-families, which are aiso defined by

similarity within the ers domain (Figure LI). Clustering the genes on this basis, as

expected, correlates with conservation of additional sequence motifs within subfamiljes,

The most prominent sxample of this is the pointed domain (pnt) found in the Ets, Elg, Erg,

Tel/yan, and Ese subfamilies as well as Pse/Pdef (Chang, 1997; Graves and Petersen, 1998;

Kas et al,, 2600; Neve et al,, 1998; Oettgen et al., 1999;; Tugores et al., 2001; Tymms et

al., 1997; Yamada et al., 2000; Zhou et al., 1998) (Figure 1.2). This region, approximately

80 amino acids in length, has also been called the ‘B-box’ (Hill et al., 1993; Treisman et al,,

1992) or sterile alpha motif (S 1) domain (Jousset et al., 1997; Stapleton et al., 1999). It

has been shown to function in protein-protein interactions. The pointed domain was

described by sequence similarity to the D. melanogaster ets gene pointed, which encodes

two ets proteins required for glial-neuronal cell interactions at the vental midkne (Klambt,
1993).
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Figure1.2  Phylogenetic analysis of ets domain factors based upon amino acid
sequence identity within the pointed domain. Thus only subfamilies possessing the pnt
domain are shown. The pheiogram represeniation of the inferred phylogenetic tree is
shown. Branch lengths indicate relative similarities between pnt doinains, where short
branch lengths indicate highly similar homologues. For simplicity, only human and
Drosophile ets factors are included. - For Genbank accession numbers, see Table 1.
(Adapted from Kas et al., 2000)
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In Ets-1, the pnt domain forms four core a-helices with an additional N-terminal helix
(Slupsky et al., 1998) suggesting that it functions in interacting with other proteins. The
Erg pnt region dimerises with itself and with two shorter Erg isoforms, and can also

heterodimerise with other efs proteins, Fli-1, Eis-2, Er81 and PU.1 (Carrere et al., 1998).

The pnt domain is not the only domain through which efs proteins can interact with others.
Individual fact:. =5 have a collection of unique interaction domains. For example, an amino-
terminal domain found in the Tel protein is unique in that it serves as an oligomerisation
interface for Tel. Swapping this domain with the homologous region of Ets-1, Ets-2 or
GABPao results in loss of this capability, which accounts for the oncogenic interaction of
Tel-platelet-derived growth factor § (PDGFf3) fusion proteins in t(5;12) chronic
myelomonocytic leukaemia cells and thus constitutive protein kinase activity (Jousset et al.,
1997). While these unique efs protein-specific domains exist in various family members,
common themes are found in the conserved regions of the proteins — indeed, even the ets

domain itself can mediate protein:protein interaction (Section 1.3.6).

1.3.4 Cis-acting autoinhibitory domains

Several et.; transcription factors possess cis-acting autoinhibitory domains that prevent
DNA-binding. 'fhese include Ets-1 (Donaldson et al., 1996; Skalicky et al., 1996; Wasylyk
et al., 1992), Elk-1 (Janknecht et al., 1994; Yang et al., 2002), Net (Criqu-Filipe et al.,
1999; Maira et al., 1996), PU._l (Brasé et al., 1996), ER71 (de Haro and Janknecht, 2002),
PEA3 (Greenall et al., 2001) and other members of the PEA3 subfemily (Brown et al.,

1998; Laget et al., 1996; Xin et al,, 1992) and possibly ELF5 (Oettgen et al., 1999b).

o
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Provision of autoinhibitory modules that block DNA-binding and therefore transcriptional
activation may be cruciai for efs protein regulation, given that the high degree of
conservation within the family could result in binding to inappropriate ets sites. Therefore,
triggers must also exist that reverse the autoinhibition and allow recruitment of proteins to
the appropriate site at the correct time. These triggers, and the type of autoinhibitory

domain, vary between factors depending on the cellular pathways they act in.

In the PEA3 protein, DNA-binding activity is inhibited by a combination of two motifs
located on either side of the efs domain. Relief of the inhibition requires interaction with
the USF-1 protein, which may modify the protein structure to promote association of the
DNA:protein complex (Greenall ¢ al., 2001). In the ternary complex factor Elk-1, which
possesses a novel repression domain related to the p300 CRD inhibitory domain,
autoinhibition is relieved upon phosphorylation by mitogen-activated protein kinases

(MAPK) (Gille et al., 1995 Yang et al., 2002; Yang and Gabuzda, 1999).

Similarly, Ets-1 DNA-binding activity is inhibited by the presence of a-helices lying N-
and Cjtemjinal to the efs domain, Interaction with proteins such as AML-1/CBFa2 appcars
to disrupt autoinhibitory structures on both proteins, allowing high-affinity DNA binding
(Goetz et al., 2000; Gu et al., 2000; Jonsen et al., 1996; Petersen et al., 1995). Deletion of
this module, as found in a natural alternative splice product of human ETS-1, causes higher
affinity binding to a targét séq,uenc;e,' pfobably because the DNA-binding domain structure

is ntit obscured by the presence of the autoinhibitory module (Wasylyk et al., 1992).
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Further mechanisms of inhibition and activation of efs-dependent transactivation are still
being discovered. Ets-I binds a palindromic head-to-head efs motif in the stromelysin
(MMP3) promoter co-operatively, where one Ets-1 molecule binds to one EBS, and then
facilitates binding of a second Ets-1 molecule to the other EBS. Co-operative binding is
dependent on the N-terminal of the protein, as shown by construction of N-terminal
deletion mutants, and requires the counteraction of autoinhibition that is dependent on the
residues 245-330 encoded by exon VII of the gene (Baillat et al., 2002). The natural
shorter p42 isoform of Ets-1, which deletes exon VII, did not bind the palindrome
cooperatively and hence showed decreased transactivation. on the stromelysin promoter.
Therefore, there is more than one route for control of autoinhibition within the ets family.
Other members of the family, particularly the recently discovered epithelial-specific ets
(ESE) subfamily, possess putative autoinhibitory domains but the manner in which they

function has not yet been elucidated.

1.3.5 A subset of ets factors are regulated by the MAP kinase pathway

As with all transcription factors, efs proteins are the downstream effectors of signalling
cascades. A subset of efs genes contains MAPK sites and is regulated by this pathway.
The cffe'cts\ of intracellular signalling pathways affect particular ers factors at more than one
ievel: by altering their subcellular localisation (Ducret et al., 1999) and/or their ability to

bind DNA and/or to transactivate promoters by interaction with other transcription factors

(Criqui-Filipe et al., 1999; Ducret et al., 1999; Jacobs et al., 1998).
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Firstly, the D. melanogaster ets transcription factor pntP2 is phosphorylated by MAPK ata
single site, resulting in transactivation of downstream target genes in the R7 photoreceptor
neuron differentiation pathway (Brunner et al., 1994). A D. melanogaster ets protein with
transcriptional repressor acttvity, yan, is activated by the same signalling pathway but
negatively regulates the same targets (Lai and Rubin, 1992). Thus, signals communicated
by the MAPK pathway can be integrated by multiple ets factors at the levels of target gene
transcription. This is also apparent in the human and murine Elk ternary complex factor
(TCF) subfamily, where phosphorylation by ERK, one of the five major MAPK pathways,

initiates ternary complex formation by Elk-1 (Gille et al,, 1992; Janknecht et al., 1994).

In the complex mammalian context, regulation of efs by MAPK cascades may be more
involved, leading to different moleculaf end-points via the same factor, as ets proteins may
be targets of more than one MAPK cascade. An example is the Elk-1-related TCF, Net,
where phosphorylation by the ERK pathway triggers loss of autoinhibition and therefore
activates the protein (Criqui-Filipe et al., 1999), while phosphorylation by the INK pathway
results in export of Net from the nucleus and therefore loss of activity (Ducret et al., 1999).
The mammalian homologues Ets-1 and Ets-2 are also regulated post-transcriptionally by
phosphorylation in response to mitogenic signalling (Fujiwara et al., 1990; Pognonec et al,,
1990). When a conserved ERK2 docking site in the Ets-2 pnt domain is phosphorylated, it
enhances the efficiency of ERK interaction with a second phosphorylation site N-terminal
to the pnt domain, enhancing Ras-mediated potentiation of ets-2 transactivation .(Seidel and
Graves, 2002). However, MAP kinase signailing does net affect Ets-1 DNA-binding

activity. Rather, calcium-dependent phosphorylation of Ets-1 on serine residues close by
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the autoinhibitory domain, can reinforce inhibition of DNA-binding activity (Cowley and
Graves, 2000). This demonstrates that while ets factors are regarded as being regulated

most frequently by MAPK cascades, other signals are also crucial to regulate their activity.

Wiaile most efs proteins activate transcription, three thus far have been shown to act as
transcriptional repressors in a mammalian system: tie yan homologue Tel, Erf and Net.
These possess distinct transrepression domains and, at least for Net and Tel, transrepression
may be effected by recruiting histone deacetylase (HDAC). Erf physically associates with,
and is phosphorylated by ERK upon Ras/ERK signalling, resulting in exportation of Erf
from the nucleus (Le Gallic et al., 1999). Phosphorylaticn by ERK therefore decreases Erf
repressor activity (Sgouras et al.,, 1995). Mutation of the ERK phosphorylation sites to
alanine results in Erf protein that is not ERK phosphorylated, is constitutively nuclear and,
unlike wildtype Erf, can block Ras-mesiated transformation of NIH3T3 cells. This also
indicates that Erf is a physiological target of the Ras-ERK pathway (Mavrothalassitis and

Ghysdael, 2000).

The recently discovered epithelial-specific ets (ESE) subfamily may also be MAPK
substrates.. The ESE-3 protein, for example, is a nuclear effector of MAPK signalling, and
upon Ras signalling co-operates with-AP-1 to repress target genes in a context-dependent
manner (Tugores et al.,, 2001). ELF5 contains consensus protein kinase C and tyrosine
kinase recognition sites but it is not known which pathway activates these (Zhou et al.,
1998). The molecular end-points that may result from phosphorylation of these factors by

MAPK cascades have not been studied extensively.
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1.3.6 Protein interactions and Ets family members

Identification of protein interacting partners for efs proteins has been the focus of a large
body of recent research. For transcription of downstream target genes to occur, it is
essential for DNA:protein interactions to be established. However, protein:protein
interactions are also necessary, from the association of specific transcription factors with
the basal transcription machinery to interaction with other non-DNA binding transcription-
related proteins. Ets factors that possess a pnt domain are capable of heterodimerising with
other ets proteins, and in some cases homodimerising. However, each efs protein 1as

further unique protein interaction domains specific to its own function.

Much of the early work regarding efs protein interactions involved the haematopoietic-
expressed Tel protein, given its role as an oncogenic effector after chromosomal
transiocaiion in some leukkaemias (Golub et al,, 1995). Via its pnt domain, Tel can bind
itself and also to another ets family member, Fli-1, both in vitro and in vive. By binding
Fli-1, Tel inhibits its transcriptional activity and therefore its action on downstream
- megakaryocyte-specific promoters (Kwiatkowski et al., 1998), indicating the importance of |
ets-ets interactions in regulation of target promoters. Further experiments focused on
identifying ets interactions with unrelated proteins and demonstrated a collection of
potential interacting partners for the.::losely related Xenopus laevis (X. laevis) Fli-1 and Erg
proteins, These were identified using the yeast-two-hybrid (Y-2-H) system. Fli-1 and Erg
partnered with twn homeobox transcription factors, RNA splicing and RNA binding
proteins and a protein associated with haematopoiesis, and Erg with the ubiquitous heat

shock proiein 90 (Deramaudt et al., 2001). Erg also forms homodimers and heterodimers
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with other ets transcription factors and with the AP-1 complex (Carrere et al., 1998). This
implicates Fli-1 and Erg proteins in development, haematopoiesis and celiular siress
responses both through interaction with other transcription factors on promoters and
through a possible new role in mRNA processing. Further Y-2-H studies have shown that
Fli-1 also interacts with the erythroid and megakaryocytic differentiation-related zinc finger
transcription factor, GATA-1. The efs domain of Fli-1 physically interacts with the zinc
finger domain of GATA-1. In the presence of DNA containing ets and GATA-1 binding
sites, this translates to co-operative binding and transcriptional synergy (Eisbacher et al.,

2003).

In contrast, the activity of the GABP complex is dependent upon the interaction of two
invariant subunits, GABPo. and GABPB. The binding of the efs domain protein GABPa
with its partner, the non-DNA binding GABPJ3, occurs via an ankyrin repeat sequence and
is crucial for the traw:criptional activity of the complex. These proteins assemble into a
tetramer that can subsequently bind DNA with high-affinity (Brown and McKnight, 1992).
This does not preclude interaction with other proteins; on the Pem homeobox gene
promoter, GABP transactivation is dependent upon an intact Spl binding site, indicating

the necessity to co-operate with an Sp1 family member in this context (Rao et al., 2002).

Therefore, as discussed above, a major factor in both the specifity and affinity of efs factor
binding to DNA is mediated by interaction with its protein partners. Ets proteins do not
bind with high affinity to DNA alone, but act as members of multiprotein complexes. This

is exemplified by the protein partnership of Ets-1 and Pax-5 on DNA. Unlike previous
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studies examining protein:protein interactions in the context of the GGAA/T DNA motif,
Garvie et al. (2001) showed that when Ets-1 interacts with Pax-5 in context with DNA, Ets-
1 structure is altered, enabling it to interact with non-efs consensus DNA motifs. These
data indicate that the range of potential downstream eis target genes may be much greater
than expected as the GGAA/T ets consensus motif is not required for all ets activity.
Likewise, the ternary complex factors Elk-1, Sap-1 and Net interact on the c-fos serum
response element but can also bind autonomously to efs metifs, indicating that there is at
least two sets of target genes for this subfamily (Janknecht et al., 1993). PU.1 has also been
implicated in ternary complex formation with the interferon responsive factor, IRF-4. Co-
operation between these two iranscription factors involves DNA-binding domain

association and interaction with DNA elements such as those found in the x light chain

enhancer, Ex; and A light chain enhancers, EA2-4 and EA3-1 (Escalante et al., 2002).

Recent molecular modeling and structural studies (Fujii et al.,, 1999; Garvie et al., 2001;
Hassler and Richmond, 2001; Mo et al., 2001; Verger et al., 2001; Wheat et al., 1999)
demonstrate that while efs proteins partner with many different proteins as described above,
these interactions lead to a common architectural scaffold critical for governing the
specificity of DNA .binding, and results in the synergistic transactivation or repression of

target genes.

1.3.7 Regulation by alternative splice products

A common mechanism employed by efs transcription factors, among other gene families, is

diversifying the function of any one gene by transcribing different isoforms from it. A

o
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variety of examples have been studied in the ets family, where most members have at least
two splice isoforms identified. These include the description of distinct functions for the
three alternative splice isoforms generated from the Elf-! related factor NERF (ELF2),
known as nerf-1a, nerf-1b and nerf-2. They differ in their amino-terniini and are probably
transcribed from two different transcription initiation sites. The three transcripts are
differentially expressed in haematopoietic tissuss and have demonstrably different
functions; nerf-2 transactivates the haematopoietic /yn and blk promoters whereas the la

and 1b isoforms do not (Oettgen et al., 1996).

Human Erg has at least five isoforms; Erg-1, Erg-2, p55%%, p49%® and p38™E. These result
from differential mRNA splicing and also usage of alternative tramslatiosnial initiation
codons. Two of these isoforms, p555™® and p38E® are selectively expressed in endothelial
cells, indicating a function in regulating endothelial-specific genes that is not relevant to the
other three isoforms (Hewett et al., 2001). The closely related factor, Fli-1, also possesses a
second isoform, Fli-1b, that is differentially expressed in haematopoietic cell lineages

(Klemsz et al., 1993; Zhang et al., 1995a).

One potentiai reason for the differing functions of isoforms is that they are no longer
affected in the same way by intracellular signalling cascades. In contrast to the major Ets-1
protein, p63, a naturally occurring pS2 isoform that retaing DNA-binding activity and
chromatin association is not affected by calcium ionophore-dependent phosphorylation
(Pognonec et al.,, 1990). S.pllicingl out of recognition sites in the proteins, or altered

conformation explains this important regulatory phenomenon.
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Among the epithelial-specific efs, altemnative splice isoforms have also been identified.
Murine Elf5 has two full-length transcripts that utilise alternative 3’ untranslated regions
(UTRs). One of these contains motifs consistent with rapid mRNA. turnover, while the
other is predicted to be more stable (Zhou et al., 1998). Surprisingly, despite 95% amino
acid identity between human and murine loci, human ELFS transcribes one isoform from
the exon 1 conserved between mouse and human, and translation is initiated from exon 2.
However, a second isoform is transcribed from an alternative exon 1 with an internal
translation initiation codon. The transcript therefore has a different 5'UTR and 10
additional N-terminal amino acids (Qettgen et al., 1999b). A third isoform splices out
exons 4 and 5 of the transcript, resulting in loss of the pnt domain (Appendix VII). The
functional relevance of these alternative transcripts is not yet known. There is no evidence
for alternative 3’ UTR usage in the human gene, but the human 3' UTR also contains

ATTAA motifs associated with rapid mRNA turnover (Oettgen et al., 1999b).

1.4 Targeted disruption of ets factors in mice

Targeted gene disruption ‘knock-outs’ and over-expression ‘transgenic’ models of efs
factors ha\;e contributed to understanding the biological functions of these genes. Male
mice lacking PEA3 exhibit sexual dysfunction, thought to arise from a neurological deficit
rather than gonadal problems (Laiqg et al., 2000). Truncation mitants of the closely related

ER8] fail to develop functioning connections between group 1a sensory afferent and motor

neurons (Arber et al., 2000).' Mice over-expressing dominant-negative Erm showed a
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decreased ability in neuronal fate decision in neural crest cells. Glial differentiation was
normal, but proliferation was impaired without affecting glial survival (Paratore et al.,

2002).

Deletions of haematopoietically expressed PU.1 result in embryonic lethality due to failure
of various blood-cell lineage committment (McKercher et al.,, 1996; Scott et al., 1994)
while targeting the B cell gene Spi-B, as expected, causes an apoptotic response of B cells
upon B cell receptor (BCR) stimulation (Su et al., 1997). Net knockouts die as neonates
due to chylothorax, or the accumulation of lymph-derived chyle surrounding the lungs,
* resulting in respiratory failure. This is consistent with a transcriptionally repressive role for
Net in development of the lymphatic system (Ayadi et al., 2001). Tei is required for mouse
development, as nul! mutants die at embrvonic day 10.5-11.5 (E10.5-E11.5) due to failure
in yolk sac angiogenesis. No switch to bone marrow based haematopoiesis occurs in
embryos, indicating a homing defect in blood cell progenitors (Wang et al.,, 1998). In
addition, inappropriate apoptosis occurs in specific regions of the embryo, indicating that
Tel is involved in non-haematopoietic lineage development in the embryo (Wang et al.,
1997). Ets-1 deficient mice develop B and T cells, but have drastically decreased numbers
of natural killer (NK) and NK-T ceils, and those presenit seem to be functionally
compromised (Barton et al., 1998; Walunas et al., 2000). Fli-I knockouts also exhibit
lethality at E12.5 due to haemorrhage and an arrest in maturation of haematopoietic
progenitors (Hart et al., 2000a). Ets-2 is required for implantation, as null embryos are not

detectable at day 8.5 of pregnancy. Failure of ectoplacental cone development and
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trophoblast migration and defective MMP-9 expression were observed (Yamamoto et al.,

1998).

Transgenic mice that over-express Ets-2 partially phenocopy Dowii’s syndrome, which is
consistent with the location of human ETS-2 on chromosome 21 (Sumarsono et al., 1996).
Additionally, Fli-1 transgenics exhibit autoimmunological renal disease, and ultimately
renal failure, associated with accumulation of certain B and T cell subsets (Zhang et al.,

1995a).

Null mutants of epithelial-specific ets factors have also provided data indicating an
important developmental role for these factors. Surviving knockouts ¢f Elf3 demonstrate
disorganisation of the epithelium lining the small intestine. This is also associated with loss
of expression of the tumour suppressor and Elf3 target gene, transforming growth factor
type II receptor (TGFPRII), specifically in the enterocytes (Ng et al,, 2002). ElfS nuil
mutants die in utero between E3.5-7.5, possibly due to failure of trophoblast development

in the null blastocysts, preventing implantation (Appendix VII).

Analysis of mouse models with abrogated expression, or over-expression, of ets factors has
shown that these proteins have diverse and critical functions regulating genes essential for
normal development. In particular, loss of an ets factor usually results in severe defects in
the tissue type in which it should be expressed. The phenotype that ensues is frequently not

compatible with fertility and/or viability.
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1.5  Ets factors are involved in cancer

A collection of cellular genes known as proto-oncogenes and tumour suppressor genes are
involved in controlling cell differentiation and growth processes, including growth
stimulation or inhibition, mediation of signal transduction and regulation of genes
responsive to these pathways. Therefore, these genes usvally encode hormones and their
receptors, proteiﬁ kinases or DNA-binding transcription factors. Inappropriate expression
of these genes, or mutations in the protein products, is thought to contribute to the
development of malignancy. Transcription factor families including jun, fos, myb, myc and
ets have been implicated in sequence-specific regulation of downstream target genes that

influence the development of human malignancy (Lewin et al., 1991).

1.5.1 Oncogenic ets factors

The first association of efs with cancer arose from the discovery of v-ets in the E26
retrovirus, which transforms erythrocytes and myelomonocytic precursor cells in chicken.
Following dissection of the fused nuciear oncoprotein gag-myb-ets encoded by the virus
(Section 1.3.1), it was shown that the efs protein was necessary for erythrocytic
transformation, whereas v-myb was not required, and that the DNA-binding domain of v-
ets was required for myelomonocytic transformation (Dorhenget et al., 1992). Therefore,
the cellular progenitor of v-efs, c-ets-1, was further ihvestigated for involvement with
~cancer. Leukaemias were specifically investigated, giv:m that efs-/ is expressed in

haematopoietic tissues, particularly in developing and mature T cells (Bhat et al., 1989).
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Association of Ets-] with leukaemiogenesis, in addition to in vitro experiments
demonstrating that over-expression of Efs-/ in NIH3T3 cells induces colony formation in
soft agar and tumour growth in nude mice, confirmed the oncogenic potential of this gene
(Seth and Papas, 1990). More recently, aberrant expression of E75-/ in ovarian epithelial
carcinoma was found to correlate with higher clinical stage, histological grade and poor
prognosis (Takai et al., 2002). Similar conclusions have been drawn from studies showing
over-expression of ETS-1 in gastric carcinoiia (Nakayama et al., 1996; Tsutsumi et al.,
2000). Ets-1 is also required for the EGF-induced expression of the limiting telomerase
component, hTERT, indicating that reconstitution of telomerase activity in cancer cells may
be ets-related also (Maida et al., 2002). Studying Ers-1 in the context of knockout mouse
models also demonstrated the involvement of Ers-/ in angiogenesis during development.
Ets-1 mRNA and protein levels were subsequently found to be induced by estrogen (17(3-
estradiol; Ej) in an in vifro angiogenesis model where mouse mammary tumour cells were
co-cultured with rat aortic endothelial cells. This resulted in changes in Ets-/ target gene
transcription, including MMPs, vascular endothelial growth factor (VEGF) receptor, and

Flt-1, favouring an invasive phenotype for the endothelial cells (Lincoln et al., 2003).

Similar in vitre and in.vivo experimental models have been undertaken for a variety of
other efs family members including Erg (Hart et al., 1995), Fts-2 (Huang et al., 1994) and
Tel (Ritchie et al., 1999), which are potentially oncogenic. Other ets genes have been
assigned as oncogenes based upon their aberrant expression in human cancers, or
participation in a cancer-associated fusion protein. The mechanism for efs-related

tumourigenesis is not well understood, but is likely to be due to inappropriate regulation of
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downstream target genes that affect parameters such as cell growth, cell cycle progression,
differentiation and adherence to extracellular matrix (ECM) proteins. Examples supporting
this hypothesis include that increased E1AF/PEA3 expression in mouse fibrosarcoma cells
induces the metastasis-related gene membrane-type 1 MMP (MT-1-MMP) and therefore
contributes to an invasive cellular phenotype (Habelhah et al., 1999). PEA3 has been
implicated as a second efs transcription factor whose expression in the stroma is an
independent predictor of poor survival outcome in ovarian cancer. Its expression in these
cases is paralleled with the cancer-associated genes S, integrin subunit, basic fibroblast
growth factor and the MMP-inducer, EMMPRIN (Davidson et al., 2003). Studies of the
PEA3 subfamily in mouse mammary gland and mammary epithelial cell lines demonstrate
involvement of these genes with the Wnt signalling pathway. These transcription factors
interact with Wnt on the Twist promoter, synergistically activating Twist and abolishing the
ability of mammary epithelial cells to induce milk protein genes in response to lactogenic
signalling. This indicates that PEA3 expre;sion inhibits the terminal differentiation of
mammary epithelia via the Wnt pathway, which is a halimark of oncogenesis (Howe et al.,
2003). PEA3 over-expression has been reported in primary and advanced mammary
lesions (Trimble et al., 1993) and expression of a dominant-negative isoform in mice
inhibited Her2/neu-induced tumour formation (Shepherd et al.,, 2001), indicating an
~oncegenic role. Presence of PEA3 protein was a predictor of poor survival outcome in both
clinical breast cancer specimens (Kinoshita et al., 2002) and in ovarian cancer (Davidson et
al., 2003). In another example, in %(8;21) acute myeloid leukaemia, the AML-1/ETS fusion

protein appears to interfere with MEF regulation of myeloid differentiation genes,
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potentially contributing to the dedifferentiation and proliferation of the cancerous cells

(Mao et al., 1999).

Aberrant regulation of efs genes is also biologically relevant, given that several have also
been associated with specific translocations or other errors in primary cancers. For
example, translocation of ZRG t(21;22) to form a fusion protein with EWS in a proportion
of Ewing’s sarcoma cases has been reported (Sorensen et al., 1994}. Four other efs genes
have also been found fused to EWS in Ewing’s saicoma — most commonly FLI-J (Delattre
et al., 1992), and less frequently EJIAF/PEA3 (Kaneko et al., 1996; Urano et al., 1996),
ETV-1 (Jeon et al., 1995) and FEV (Peter et al,, 1997). All of these fusions have been
found to promote oncogenesis in vitro. These fusion oncoproteins may contribute to
oncogenesis by inappropriately regulating downstream targets, including induction of the
- invasion-related gene, tenascin-C (Watanabe et al., 2003). The crucial tumour suppressor,
TGFPRII, is downregulated by the EWS-ets fusions, leading to TGFpB insensitivity in
cancer cells (Im et al,, 2000). Additionally, a t(5;12) TEL:PDGFRp has been associated
with progression of a subgroup of chronic myelomonocytic leukaemias to acute
myelogenous leukaemia (Golub et al., 1994). Transgenic mice expressing this fusion
exhibit a myeloproiiferative disorder that in 20% of cases progresses to myeloid or

lymphoid leukaemia (Ritchie et al., 1999).

Inappropriate expression of some of these ets genes, rather than translocations, has also
been noted in certain cancers. Expression of the haematopoietic ets proteins ELF-1 and

- FLI-1 has been detected in the nuclei of a majority of prostate adenocarcinomas and may be
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associated with activation of the metastasis-related genes urokinase plasminogen activator

and its receptor (Gavrilov et al., 2001).

* Activation of efs genes by retroviral integration is also a possible explanation for aberrant
'I expression of ets in cancer, but is only apparent in two cases. In mice, Fli-1 is activated in
erythroleukaemias induced by the Friend murine leukaemia virus, due to proviral insertion
in its genomic locus. Its expression inhibits apoptosis and differentiation in the affected

erythroblasts, and promotes their proliferation (Pereira et al,, 1999). PU.1 is the target of

insertional activation in tumours caused by the murine spleen focus forming virus (SFF V)

(Moreau-Gachelin et al., 1989; Moreau-Gachelin et al., 1988).

1.52 Tumour suppressors and ets proteins

Tumour suppressor genes are defined by possession of one or more of a certain set of
characteristics. Firstly, tumour suppressor genes are non-functional in cancer compared to
normal tissue. Mechanisms of inactivation may include mutation, LOH, promoter mutation
resulting in loss of transcript production or inappropriate methylation of the promoter, also
associated with gene silencing. Secondly, in in vitro and in vivo assays, the gene product
may be able to reﬁerse some of the phenotypes of cancer cells. For example, re-expression
of tumour suppressors in cancerous cells may repress growth, metastatic or invasive
capability or growth factor independence in soft agar or nude mouse assays (reviewed in
Balmain, 2002). For example, the ’p53 a;ld Rb tumour suppressors regulate the cell cycle

and DNA-damage responses. Changes in their coding regions, or loss of expression, can

contribute to cellular transformation. Consequently, reconstituting expression of a wild-
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type copy of the gene would be expected to revert the tumourigenic potential of the cells.
Thirdly, genes mutated in kindreds with a hereditary pre-disposition to cancer may be

tumour suppressors. For example, about half of breast-and-ovarian cancer kindreds contain

a mutation in the BRCA1 tumour suppressor. The risk for developing breast cancer by age
80 for carriers (73.5%) is greatly increased compared to the normal population {6.8%)
(Stratton and Wooster, 1996; Whittemnore et al, 1997). Sufferers of Li-Fraumeni
syndrome, which predisposes to a variety of cancers, carry a germline mutation in the p53
tumour suppressor (Velculescu and Ei-Deiry, 1996). Other ‘class II’ or non-classical
tumour suppressors affect cell phenotype by changes in their expression level. These
include maspin (Sheng et al., 1996), the gap junction proteins connexin 26 and connexin 43
(Hirschi et al.,, 1996), and BRCA1 in non-familial breast cancer (Russell et al., 2000;

Thompson et al., 1995; Wilson et al., 1999).

A subset of efs genes has also been implicated in inhibition of tumourigenesis. These
include Erf, PU.I, PSE, EIlfS and possibly Ets-1, Ets-2 and PEA3. Over-expression of the
haematopoietic ets factor, PU.1, in K562 myeloid leukaemia cells caused both reduced
growth and clonogenicity, and increased monocytic differentiation in this cell line (Delgado
et al., 1998). Erf suppresses the transformation of NIH3T3 cells by various oncogenes
including the v-ets containing E26 (Sgouras et al., 1995), probably by antagonising its

binding to cellular DNA targets. PSE and ELFS are discussed in Section 1.6.

There are conflicting reports in the literature with ezs genes such as PEA3 and Ets-2 as to

whether their role in cancer is as a growth-enhancer or, indeed, as a repressor. PEA3
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transrepresses the promoter of the oncogene HER-2/neu/ErbB2 and in various breast-
derived carcinoma cell lines, mediates apoptosis, inhibits anchorage independent growth,
and inhibits tumour formation in nude mice (Guerra-Vladusic et al., 2001; Shepherd et al.,
2001; Xing et al., 2000). PEA3 subfamily members have been detected in benign breast
epithelium and in estrogen receptor positive breast tumours, but not in receptor-negative
cells (Baert et al., 1997), while its expression appears to be absent in prostate cancer
(Gavrilov et al., 2001). Conversely, other studies indicate that PEA3 acts as an oncogene in
the breast and other organs (Section 1.5.1). Differences in study design, origin of the
cancers studied and comparisons between experiments performed in in vifro and in vivo
contexts may coniribute to these controversial reports, and a final conclusion is not yet

possible.

Sevu.al older efs-2 studies associate over-expression of ets-2, and genomic alterations at its
“locus, with immortalised or carcinoma cell lines and leukacmias (Dreyfus et al., 1989; Le
Beau et al., 1986; Sacchi et al., 1986; Simpson et al., 1997). Furthermore, expression of
antisense ets-2 in hepatoma cells inhibited growth, and reduced the capability of the cells to
grow in an anchorage independent format and to form tumouss in nude mice (Huang et al.,
1994). More recent studies suggest that Ets-2 promotes apoptosis and requires p53 to
translocate to the nucleus to have this effect (Sanij et al., 2001; Wolvetang et al., 2003).
Therefore, in p53-null cells Ets-é may not be capable of acting as a tumour suppressor,

though in physiologically normal cells this is its function.
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Likewise, while Ets-I was originally associated with leukaemia and lymphoma and even
with potentially invasive phenotypes in oesophageal cancer (Saeki et al., 2002), the short
p42 isoform has been shown to rescue defects in Fas-induced apoptosis in a colon cancer
cell line. Its ability to activate apoptosis by upregulating interleukin 1j-converting enzyme
(ICE)/caspase 1, where normal apoptotic pathways are blocked, indicates that it has tumour
suppressor capability (Li et al., 1999). Its dual functions as an oncogene/tumour Suppressor
gene seems to therefore result from different activites of alternative splice isoforms, or to
depend on the cellular status of other cancer-related genes, as described above for Ets-2.
Recently, epithelial-spesific efs factors (ESEs) have been described as candidate oncogenes

and tumour suppressor genes (Section 1.6).

1.6  Studying breast epithelial cancer

Epithelial =ancers are a clinically relevant, common class of solid tumours, particularly in
aduit humans. About 85% of cancers are carcinomas or adenomas derived from aberrant
gene expression in mainly glandular epithelial tissues. Breast cancer, in particular, is a
major cause of morbidity and accounts for 18% of all malignancies in women (Haimov-
Kochman et al, 2002). Studying the molecular mechanisms by which epithelial
carcinomas arise will contribute to understanding of normal development and
tumourigenesis, leading eventually to the development of more specific and effective

freatments.

4
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In breast carcinoma, the mechanisms linking normal development and tumourigenesis are
particularly likely to overlap significantly. As the breast is constantly being remodeled
during the reproductive lifetime in females, cells must retain the potential to proliferate and
differentiate — a property taken advantage of by cancerous cells. During pregnancy,
mammary epithelium proliferates and terminally differentiates into milk-secreting alveoli,
and the fat cells de-differentiate into small pré-adipocﬁes (Hennighausen and Robinson,
2001). post-lactation, the mammary gland involutes, the alveolar epithelium regresses by
apoptosis and the fat cells re-differentiate until the gland resembles its previous state

(Alexander et al., 2001),

Normal mammary epithelial cells therefore retain many cancer-like properties. These
incluge jnvasion, which occurs during the proliferation of the epithelial ductal structures at
puberty; re-initiation of cell proliferation, which starts again in each pregnancy; resistance
to apoptosis, by mechanisms that prevent premature involution; and angiogenic remodeling,
which must take place to service the changing architecture of the gland (reviewed in
Wiseman and Werb, 2002). Therefore, it is predictable that many factors, both cell-
autonomous and stromal factors, involved in mammary gland development are also
associated with mammary carcinogenesis.

Fo; example, inactivation of the TGFP signalling pathway, frequently by defects in
TGFBRII expfession, contributes to breast and gastric carcinogenesis. The epithelial-
specific efs factor, ELF3, is a cri.tical ;égulator of the tumour suppressor TGFARII (Choi et

al., 1998) and is required for its expression in the enterocytes of the small intestine (Ng et
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al., 2002). ELF3 modulates squamous differentiation-associated genes such as keratin-4,
SPRR24, profillagrin, keratin 8 and TGM3 in epithelial cells (Andreoli et al., 1997,
Brembeck et al., 2000; Chot et al., 1998; Oettgen et al., 1997b). Loss of ELF3 protein may
result in TGFBRII deficiency in gastric cancsr. Given the involvement of ELF3 with

mammary gland development and involution (Neve et al., 1998) and the presence of

TGFPRII in breast tissue, this mechanism may be predicted to hold true for mammary

carcinogenesis also.

Recently, ELF3 status and activity in breast cancer has been studied more extensively,
contradicting predictions that it is associated with tumour suppression in this organ.
Amplification of the 1q32 locus that encompasses ELF3 has been identified in HER2/neu
amplified cell lines (Chang, 1997) and in about 50% of early breast tumours (Isola et al.,
1995), associating increases in ELF3 transcript levels with mammary carcinogenesis.
, ELF3 has been shown to stimulate the HER2/neu and collagenase (MMP1) promoters
(Eckel et al., 2003), indicating that a positive feedback loop may exist between ELF3 and

HER2/neu. Ectopic expression of ELF3 (or of Ets-2) in immortalised, ELF3 negative

MCF-12A cells conferred colony-forming ability on these cells while expression of
dominant-negative ELF3 in ELF3 . sitive T47D breast cancer cells inhibited colony

formation (Eckel et al., 2003).

Several other efs transcription factors have been implicated in mammary gland
development and carcinogenesis. These include Pea3, Elf5, PSE and ESE3. Ubiquitously

expressed efs genes such as GABP and Eis-2 and Ets-1 are also expressed in mammary
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epithelium, and GABP activity has also been linked to breast carcinogenesis, as it is
required for BRCAI promoter activity (Atlas et al., 2000). It may also play an indirect role
in mammary gland development during pregnancy, as it appears to mediate transcription of
the lactogenic hormone prolactin in response to insulin (Ouyang et al., 1996). Ets-1 but not
Ei5-2 has been shown to be critical for the expression of prolactin in decidua via one of six
ets motifs in the decidual-type promeoter, not utilised in the pituitary. This may also be
relevant to the expression of prolactin in mammary epithelial proliferation and
differentiation in pregnancy (Bradford et al., 2000; Brar et al., 2002; Schweppe and

Gutierrez-Hartmann, 2001).

Recently, over-expression of the prostate-derived efs transcript PSE has been identified in
14/20 breast tumours (Ghadersohi and Sood, 2001) and in breast and prostate cancer
libraries (Mitas et al., 2002). The gene is expressed in normal breast as well as prostate
epithelium (Feldman et al., 2003a; Nozawa et al., 2000). Using quantitative RT-PCR,
expression of PSE was >100-fold higher compared with matched normal samples, which
barely showed detectable expression. In one breast cancer patient, PSE transcript levels
were discovered in blood at 192-fold greater levels than in two normal and one other breast
cancer patient (Ghadersohi and Sood, 2001). These data suggest that PSE may be a
candidate bfeast cancer marker and antigen. However, no data are available to suggest a
reason for the inappropriate expression of PSE in breast cancer, nor any advantage the
presence of PSE mRNA may provigle for tumourigenic cells. Subsequent studies focused
on the protein, rather than mRNA, expression of PSE in breast cancer. These showcd

reduction of protein levels in invasive breast cancer and absence in invasive breast cancer
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cell lines. Re-expression of PSE in breast cancer cell lines led to abrogation of the growth,
migration. and invasion capabilities of the cells, partly owing to Go-G; cell cycle arrest

resulting from increased p21 levels. These data indicate that PSE is a tumour suppressor

gene, and that the loss of PSE protein in breast epithelium allows breast cancer progression
and invasion by altering the expression of a spectrum of regulatory genes (Feldman et al.,

2003a).

Expression of ets genes has been implicated in epithelial-mesenchymal interactions and in
regulation of ECM proteins and enzymes that cleave ECM components, such as MMPs,
Due to their proteolytic activityy, MMPs have important roles in mammary gland
remodeling in both normal and cancerous states. Their activity is particularly relevant in
the continuously remodeling mammary gland tissue. Stromal expression of MMPs has
been associated with metastatic phenotypes of human ductal carcinoma. MMP-mediated
cleavage of the ECM component, laminin-5, releases active peptides, which are necessary

for mammary epithelial migration, but in cancer may be an inducer of metastasis

(Koshtkawa et al., 2000). Mice carrying targeted deletions of MMP-3 show reduced side

branching of the epithelial tree (Sternlicht et al., 1999). Both MMPs and tissue inhibitors

of metalloproteinases (TIMPs) are regulated by efs genes such as Eis-1 (Gomez et al., 1997;

sl'i‘

Grevin et *al_., 1993; Thompson et al., 1992), Ets-2 (Yamamoto et al., 1998) and the PEA3

subfamily. Additionally, Ers-1 is expressed in the invading terminal end buds in the later

55

developmental stages of the gland. Its expression correlates with angiogenesis and stromal

proliferation in tumourigenesis (Delannoy-Courdent et al., 1998). The three genes that

comprise the PEA3 subfamily have overlapping expression patterns that reflect their
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function in epithelial-mesenchymal interaction (Chotteau-Lelievre et al.,, 1997). They
affect morphogenesis by transcriptionally regulating MMPs in mammary gland
development, migration and invasion (Higashino et al., 1995; Kaya et al., 1996; Matrisian,
1992; Wasylyk et al., 1991). They may also have this function in malignant mammary
tissue, as PEA3 is over-expressed in 76% of tumours, and in almost all ErbB2-positive
- tumours (Benz et al., 1997; Chotteau-Lelievre et al., 1997; Trimble et al., 1993; Xing et al.,

2000).

No work has been published to date on whether these remodeling and ECM proteins are
also transcriptionally regulated by ESEs. Speculatively, it is likely that ESEs do
transcriptionally regulate these genes given that even in the ESE subfamily, the ets domain
is highly conserved and is capable of binding the EBS in the promoters of MMPs, TIMPs
and other relevant genes.  Additionally, many efs target genes are kmown to be co-
ordinately regulated by multiple efs proteins, rather than by a single member of the family
(Bemark et al., 1999; Garret-Sinha et al., 2001; Hu et al., 2001; Kas et al., 2000). ELF3,
ELFS5 and ESE-3 are all expressed in mammary epithelium (Kas et al., 2000; Tymms et al.,
1997; Zhou et al., 1998),

1.7 ELFS, e epithelial-specific ets (ESE) transcription factor

This study addresses the relationship of the epithelial-specific es gene, ELFS5, to

mechanisms of mammary carciﬁogenesis. ELF5 activity is crucial for the development of

R
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the mammary gland throughout the reproductive cycle, and circumstantial evidence is

consistent with the hypothesis that ELF5 may be a tumour suppressor gene.

ELFS5 was first published as an epithelial-specific efs factor in 1998, based on homology
within its DNA-binding domain to the ELF/E74 subfamily of ets proteins. The relatively
divergent ets domain is most similar to that of ELF3, with 67% amino acid identity (Zhou
et al., 1998). It is also 65% similar to the recently discovered ESE-3, indicating that these
three proteins form a new, separate subfamily of efs genes (Kas et al., 2000). ELFS also
possesses an N-terminal pointed protein interaction domain. Outside these regions, there is
little similarity to other ets factors. ELFS acts as a transcription factor, displaying efs-like
sequence-specific DNA binding characteristics. Unlike the prototype family members Eis-
I and Ets-2, ELFS does not possess the MAPK site involved in enhancing transcriptional
activity, located at the N-terminal end of the pointed domain. However, this does not
preclude it from MAPK regulation, as the closely related ESE-3 is a MAPK target,
probably via a site in the central region of the protein (Kas et al., 2000; Tugores et al.,

2001).

Elf5 mRNA is expressed in a highly restricted manner in organs rich in glandular
epithelium, and also in differentiated keratinocytes, Expression is highest in salivary gland,
fc;llowed by mammary gland, the respiratory tract, kidney, stomach and prostate (Oettgen et
al.,, 1999b; Zhou et al., 1998). This pattern is restricted compared to Elf3 and Ese-3, which
are expressed widely in epithelial-rich organs including the gastrointestinal tract, pancreas

and ovary, as well as thdse in which EIfS is found. This indicates a role for Elf5 in the
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regulation of glandular epithelial cell gene regulation and differentiation. Ets binding sites

£

from the epithelial-expressed genes WAP (Thomas et al., 2000), CRISP-1, CRISP-3, PSP,

PSA, MP6, SPRR24 and keratin 18/Endod (Oettgen et al., 1999b) have been shown to be

bound by EIfS protein in vitro. These genes are therefore potential targets for regulation by

Elf3 in vivo.
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New evidence shows that ELFS is required for development of the lactating mammary

gland in the mouse. Female mice carrying a heterozygous deletion of EIf5 fail te lactate, so

that pups die as neonates (Appendix VII). This phenotype is similar, if more severe, to that
found in the prolactin receptor (PRLR) heterozygous mice (Lucas et al., 1998) and the
Stat5a knockout line (Liu et al., 1998). Notably, Stat5 co-immunoprecipitates with Ets-2 in
stimulated T cells, demonstrating that it can form a transcriptional activaticn complex with

eis proteins (Rameil et al., 2000).

The hypothesis that ELF5 acts as an epithelial-specific tumour suppressor is based upon

several pieces of evidence. Firstly, the human ELFS locus is situated on chromosome

11p13, a region that harbours both defined and undefined tumour suppressive elements
(Goldberg et al., 2000; Harris et al., 1991; Lee and Haber, 2001). It is a part of the genome
that commonly undergoes LOH in a variety of epithelial cell carcinomas. In particular,
| deletions involving regions on 11p13 have been found in solid tumours of different origins
including breast (Fabre et al., 1999; Gudmundsson et al., 1995; Kamik et al., 1998b;

Wingvist et al. 1995), lung (Bepler et al., 1998; Ludwig et al., 1991; Shipman et al., 1998

Tran and Newsham, 1996 Virmani et al., 1998), ovanan (Vandamme et al., 1992; Viel et
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al., 1992), bladder (Koo et al., 1999; Shaw and Knowles, 1995; Shipman et al., 1993),

melanoma (Goldberg et al., 2000) and stomach (Baffa et al.,, 1996) carcinomas, and in

childhood cancers including the kidney-derived Wilms' tumour (Kamik et al, 1998a;
Koufos et al., 1989; Nakadate et al., 2001; Reeve et al., 1989), hepatoblastoma (Albrecht et
al., 1994) and rhabdomyosarcoma (Besnard-Guerin et al., 1996; Visser et al., 1997). If
ELFS is a locus encompassed by these cancer-specific deletions, this may indicate that loss
of ELF5 is a step necessary for the development of carcinoma. While none of these studies
examined ELF5 specifically, they did examine genes closely linked to the ELFS5 locus, such
as catalase (CAT) which is situated only 7 kilobases (kb) 3’ to ELFS, and Wilms’ tumour
(WTI) (Ludwig et al., 1991; Shipman et al., 1993). Deletions of these genes are likely to
also encompass ELF5. Heritable developmental syndromes such as Beckwith-Wiedemann
syndrome are associated with deletions of u." 11p13-15 region. One phenotype of this
syndrome is predisposition toward‘childhood cancer, particularly kidney-derived tumours.
ELFS, in addition to the WT-1 locus, which is not deleted in all Wilms’ tumours, may

therefore be a candidate gene for involvement with this phenotype.

“Secondly, ELF5 mRNA expression in a variety of epithelial-derived cancer cell lines is
lost, compared to its expression in the organs from which the cell lines are derived (Oettgen
et al., 1999b; Zhou et al., 1998). The cell lines tested derive from breast, kidney, lung,
prostate and endometrium, and all but two do not express the mRNA. The two cell lines
retaining expression are the steroid hormone-responsive, non-metastatic lines T47D (breast
carcinoma) and LNCaP (prostate carcinoma). This may indicate that loss of ELF5 mRNA

is associated with conversion to a more aggressive phenotype. Evidence for loss or
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rearrangement of an ELFS allele, as evaiuated. by Southern blot analysis, was found in four
of the nine lung carcinoma cell lines tesied. T47D cells ==&y have amplification of the
ELF5 locus, while another non-expressing cell line appeared to have both amplified and
rearranged alleles (Zhou et al., 1998). A recent publication investigating gene expression
profiles in human breast cancer by microarray and quantitative RT-PCR (GRT-PCR)
analysis made particular note of the frequency and consistency of the downregulation of
ELF}5 tronscript in breast cancer. These results were so consistent as to be used as quality
control measure in comparing breasi cancer microarray data with single-gene QRT-PCR
validation. In seven of eight atypical ductal hyperplasias (ADH), 28 of 30 ductal carcinoma
in situ cases (DCIS) and 25 of 25 invasive ductal carcinomas, >2-fold under-expression of
ELF5 mRNA was noted by quantitative RT-PCR (Ma et al., 2003a). 1t is notable that with
the increasing grade of the cancer, higher proportions of the samples downr~gulate ELFS5
expression. These data from primary breast samples provids convincing evidence to

support the cell line data.

Interestingly, a second efs gene, ESE-3, is closely linked to ELF5 on 11pl2, orientated in a
head-to-head direcﬁon, ~110 kb apart. ESE-3 is most closely related to ELF5 among the
ets family, indicating that these genes arose from a duplication event. 11pl2 also
undergoes LOH in a variety of epithelial cancers and is a ‘hot spot’ for inherited deletion-
or amplification-associated developmental disorders. The expression pattern of ESE-3 is
less restricted than for ELFS, with expression in the pancreas, colon and small intestine,
appendix, ovary, testis, liver and pituitary, adrenal and thyroid glands in addition to the

organs in which ELFS5 is expressed (Kleinbaum et al., 1999). ESE-3 imminoreactivity in
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bladder, oral epithelial and breast carcinomas was lost compared to normal cells (Tugores
et al,, 2001). LOH at the 11p12-13 locus was not tested in these studies so it remains to be
elucidated whether this gene is deleted, possibly along with linked genes such as ELFS, or
inactivated by another mechanism. However, Elf5 and Ese-3 must have different functions
in vivo, as targeted deletion of Ese-3 coding sequence in mice ﬂid not result in an obvious
phenotype (Wasylyk et al,, 1998). In contrast, homozygous deletion of EIf5 results in
embryonic death in the peri-implantation window, and heterozygous deletion in

developmental failure of the mammary gland at lactation (Appendix VII).

1.8 Aims

This study aimed to further the study of ELF5 in normal development and in carcinogenesis
by characterising the protein expression pattern of murine ELFS and by investigating the
transcriptional regulation of the gene. Potential downstream target genes that are known to
have oncogenic or tumour suppressor activity will be identified to examine if they are
regulated by ELFS5, as any role ELF5 has in cancer will be intrinsically linked to its
function as a transcription factor. The expression of ELF5 in carcinomas derived from the
organs it is normally expressed in will bé examined, and functional studies in carcinoma
cell lines performed to determine whether ELFS functions as a tumour suppressor gene in

 these cancer types.
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Chapter2. ~ Methods

Gerne Nomenclature

‘When ref:.:-ing to a gene name or product, the name is italicised for the gene and gene
transcript, but not for the protein product. Human genes are capitalised, while the
murine equivalent has only the first letter capitalised, and the remainder in lower-case

lettering. Drosophila genes are referred to in lower-case lettering.

2.1  List of solutions, suppliers, equipment, sequences and oligonuclestides

Appendix I  List of oligonucleotides

Appendix II  List of solutions

Appendix III List of suppliers

Appendix IV List of equipment

Appendix V  Qutput from transcription factor binding site searches
-Appendix VI List of commonly used al;breviations |

Appendix VII Zhou et. al., (2003); submitted to EMBO J

Unless otherwise ‘specified, all centrifugation steps were carried out in a Sigma 1-15

benchtop microcentrifuge (Quantum Scientific),




Erika Lapinskas Chapter 2 Page 46

2.2  DNA manipulations

2.2.1 Polymers~ chain reaction (PCR)
2.2.1.1 Oligonucleotide design

QOligonucleotides were usually 18-24-mers, containing a similar number of
guanine/cytosine and adenine/thymine base pairs and where possible, no stretches longer
than three identical bases. A list of all the oligonucleotides used is presented in

Appendix E.

2.2.1.2 Amplification Protocol

Unless otherwise specified, PCR reactions were performed in a total volume of 25 ul,
'using 0.2 units of Taq DNA polymerase in 1 x Taq DNA polymerase Thermo buffer, 1.5
mM MgCl, 200 pM of each deoxynucleotide (dATP, dTTP, dCTP, dGTP) (Promega),
with 10 pmoles of each oligonucleotide primer (Proligo). The amount of template DNA
added was approximately 1-10 ng for cDNA or plasmid DNA, and 100 ng for genomic

DNA. Negative controls contained no template DNA.

When longer or high-fidelity PCR products were expected, Elongase Enzyme Mix
(Invitrogen), Platinum Pfx (Invitrogen) or Pfu (GibcoBrl) DNA polymerases were used

with their own buffers, instead of the usual Taq DNA polymerase, buffer and MgCl,.

The PCR programs used contained an initial denaturation step at 94°C for 3 minutes,
followed by 35 cycles each of denaturation (94°C for 30 seconds), annealing (x°C for 30

seconds) and extension (74°C for y minutes), and a final extension step at 74°C for 5
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minutes. An extension temperature of 68°C was used for Platinum Pfx and Elongase

enzymes.

x°C = Ty, - 5 where T, = 2(A+T) + 4(G+C) = melting temperature of primer.

y minutes = 1 minute/kb of PCR product (minimum 20 seconds).

For the normal program, annealing was performed for all cycles at the same temperature.
For the touchdown program, annealing temperature was decreased by 1°C for each of the

first 10 cycles, and was then kept constant for the remaining cycles.

PCR products were analysed by agarose gel electrophoresis, as described in Section 2.4.
Where required, PCR products were purified using the QIAquick PCR Purification Kit

(Qiagen), or excised from agarose gels, as described in Section 2.2.4.2.

2.2.2 DNA cloning

-2.2.2.1 Restriction endonuclease digests

Restriction endonuclease cigests were performed using Promega reagents. They
contained DNA (PCR products (ng), plasmid DNA (ng-ug) or genomic DNA (20 ug), i-
10 U of the appropriate.restriction endonuclease per pg DNA, 1 X restriction enzyme

buffer (Promega) and distilled HyO. The reaction was incubated at the appropriate
temperature for 2 hours for plasmid DNA to overnight for genomic DNA digests, and

analysed by agarose gel electrophoresis.
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2.2.2.2 Blunt-ending DNA fragments

The termini of restriction endonuclease digested DNA fragments and vector DNA that
had non-compatible cohesive termini were rendered blunt-ended before ligation.
Klenow DNA polymerase fill-in reactions were performed using Promega Klenow DNA
polymerase and buffer. DNA with a 5' overhang was incubated with Klenow DNA
polymerase and 1 X buffer, 100 pM dNTPs and the digested DNA in a 100 pl volume,
DNA with a 3' overhang was supplemented with 25 U Klenow DNA polymerase, 1 X
buffer and the DNA in a 100 pl volume. Each mixture was incubated at room
.temperature for 15 minutes then at 65°C for 15 minutes to stop the reaction. Excess
deoxynucleotides were removed by phenol-chloroform extraction and ethanol

precipitation.

2.2.2.3 Removal of 5'-phosphate moieties

To avoid vector recircularisation during ligation, the restriction endonuclease linearised
vector DNA was dephosphorylated by incubation with 0.1 U caif intestinal alkaline
phosphatase (CIAP) and 1 X buffer (Roche) and the digested IDNA in volume of 100 pl.
For DNA with &' overhangs, the mixture was incubated at 37°C for 30 minutes, then
another 0.1 U of CIAP was added and the incubation continued for 30 minutes. For 3'

overhangs and blunt ends the mixture was incubated at 37°C for 15 minutes, then 56°C
for 15 minutes. Another 0.1 U of CIAP was added for further incubation at 37°C and
56°C. The reaction was stopped by addition of 2 pl of 0.5 M EDTA and incubation at
65°C for 15 minutes. Proteins were removed from the DNA by phenol chioroform
extraction and ethanol’ precif)itation, and the DNA was quantified by agaroé.e gel

electrophoresis (Section 2.2.3).
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2.2.2.4 Ligation

The amount of vector and insert DNA used for ligation was calculated using the formula:

vector (ng) x size of insert (kb) x (molar ratio of insert:vector) = insert required (ng)

size of vector (kb)

Ligation reactions using 1:1 and 1:3 vector:insert ratios contained 50 ng of
dephosphorylated vector, the appropriate amount of insert DNA, 1 U T4 DNA Ligase
(Promega), 1 X T4 Ligase buffer in 10 pl. The ligation was incubated at approximately
15°C overnight. Control reactions containing dephosphorylated vector only, with and

without T4 DNA ligase, were also set up to provide estimates of ligation efficiency.

2.2.2.5 Direct cloning of PCR products using the pGEM-T or pGEM-T Easy vectors

PCR products amplified with Taq DNA polymerase, which contain termini with
protruding 3'-adenosine residues, were directly ligated to 50 ng pGEM-T or pGEM-T
Easy vector (which contain complementary 3'-thymidine protruding termini; Promega).
Blunt-ended PCR produbts generated with the Pfx DNA polymerase were cloned into
PGEM-T or pGEM-T Easy after the enzymatic addition of a 3'-adenosine residue. To do
so, the PCR product was first purified by phenol:chloreform extraction. The purified
product was then incubated at 72°C for 15 minutes with 0.2 U of Taq DNA polymerase

in 1 X Taq DNA polymerase Thermo buffer, 1.5 mM MgCl,, and 200 uM of dATP

(Pi‘omega).

2.2.2.6 Transformation of plasmid DNA into bacterial cells

Chemically competent Escherischia coli (E. coli) IM109 bacterial cells (Promega) were

used to amplify plasmid DNA for subsequent purification (Section 2.2.5). For
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expression and purification of recombinant proteins (Section 2.4.2), BL2I{DE3)pLysS
bacterial cells (Novagen) were used. Bacterial cells were thawed on ice then added to
10-20 ng of DNA and incubated on ice for 30 minutes to allow the DNA to enter the
bacteria. The tube was then heated at 42°C for 45 seconds to heat shock the bacteria and

seal the cell membrane. Immediately, the tube was quenched on ice for 2 minutes and
300 .l SOC medium was added. The mixture was incubated at 37°C for 45 minutes in a
shaking incubator (Innova 4300, New Brunswick Scientific). Each transformation was
plated onto a selective plate of Luria-Bertani (LB) agar including the appropriate
antibiotics. When using the pGEM-T or pGEM-T Easy vectors, blue/white colour
selection was used to identify putative recombinant bacteria by adding 20 ul 50 mg/ml 5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal; Promega) and 20 ul 100 mM
isopropylthio-B-D-galactosidase (IPTG; Promega) to the transformation reaction before

plating.

2.2.2.7 Screening of ligation products

.Screening by PCR.

From each ligation and transformation, a number of colonies were chosen for analysis

(white colonies only in the case of blue/white selection). Each colony was picked using
a sterile 200 pl tip, which was then dipped into 50 pl TE pH 8.0, and also used to
inoculate 100 ul LB medium containing the appropriate antibiotic. One pl of the
bacteria-containing TE was used as a template for PCR to determine the presence of an

insert, while the LB inoculum grew at 37°C pending the PCR analysis.
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Screening by DNA diges?

Altematively, if the presence of the desired DNA could not be easily detected by PCR,
plasmid clones could be prepared from individual bacterial colonies and analysed by
DNA restriction endonuclease digestion and agarose gel electrophoresis. From thg.
transformation plate, a number of colonies were chosen using a sterile tip. This was used
to inoculate a master LB agar plate, to keep a record of the colonies, and then
subsequently to inoculate 1 mi LB broth including the appropriate antibiﬁtics. The broth
was grown overnight with shaking at 37°C and the DNA prepared from the bacteria
clone using a miniprep method (Section 2.2.5.1). The master plate was stored at 4°C and

used for further inoculations.

2.2.3 DNA gel electrophoresis

Agarose gels of varying concentrations (0.8 % (w/v) to 2.0 % (w/v)) were prepared in 1
X TAE buffer using nuclease-free powdered agarose (Promega). DNA samples in 1 X
DNA loading dye were loaded into wells and electrophoresed at 60-100 Volts (V)in1 X -
TAE running buffer supplemented with approximately 100 pl ethidium bromide (1 |
mg/ml stock; Promega). Lambda phage DNA digested with EcoRI and HindIll, or
Hindlll alone was used as a DNA size marker. DNA was visualised by placing the gel
on a short-wave ultraviolet (UV) transilluminator (Bio-Rad) and printed on thermal
paper (Mitsubishi K61S-CE standard type, Mitsubishi) using the GelDoc 1000 system

(Bio-Rad) with a P9OE video copy processor (Mitsubishi}.
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2,24 DNA purification

2.2.4.1 Phenol chloroform extraction

To remove contaminating protein from DNA in solution, an equal amount of
phenol:chloroform:isoamyl alcohol (25:24:1) was added to the DNA (minimum volume
of 100 pl), and the mixture was vortexed and centrifuged at 14,000 rpm for 2 minutes.
This step was repeated until no protein precipitate was visible at the interphase. The
upper phase was collected and the DNA precipitated by addition of 100 pg glycogen,
1/10 volume 7.5 M ammonium acetate (NH4OAc), and 2.5-3 volumes 100 % (v/v)
ethanol, and then pelleted by centrifugation at 14,000 rpm for 10 minutes. The DNA

pellet was washed with 70 % (v/v) ethanol, air-dried and resuspended in autoclaved

distilled water (dH,0) or TE (pH 8.0) buffer.

2.2.4.2 Agarose gel purification

DNA generated by PCR or by restriction endonuclease digestion of plasmid, was excised
using a scalpel blade from agarose gels under short-wave UV light, and purified using

the Qiaex II Gel Extraction Kit, according to the manufacturer’s instructions (Qiagen).

2.2.5 DNA isolation from bacterial cells
2.1.5.1 Small scale DNA isolation miniprep

" Bacterial cultures were grown for up to 16 hours, at 37°C with shaking, in LB bl_'oth |
including the appropriate antibiotic. The cultures were pelleted by centrifugation at
14,000 rpm, resuspended in Solution 1 and lysed with Solution II (0.2 N NaOH/1 %
SDS). After inéubatién on ice for 5 minutes, the solution was neutralised with Solution

HI (5 M potassium acetate (KOAc) (pH 4.8)) and chilled on ice for 10 minutes. Cellular
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debris was pelleted in 2 microcentrifuge for 10 minutes. Ribonuclease A (RNase A)
(Roche) was added to the supernatant at a concenﬁaﬁo-n of 50 pg/m] and incubated at
37°C for 30 minutes. The solution was extracted with chloroform:isoamyl alcohol (24:1)
until no proteins were visible at the interphase. DNA was precipitated from the aqueous
phase with 2 volumes of ethanol, washed with 70% ethanol and resuspended in TE (pH

8.0).

2.2.5.2 Large scale DNA isolation maxiprep

Large quantities of highly pure plasmid DNA required for transfection into mammalian
cells were prepared using the Qiagen Endo-Free Maxiprep kit according to the
manufacturer’s instructions, and quantified at OD:yonm and ODagenm. DNA concentration
was calculated according to the formula:

DNA concentration {mg/ml) = ODagonm X 50 mg/ml x dilution factor

2.2.6 DNA iSolation from mammalian cells

Cells (1x10°-1x10° cells) were lysed in 5 ml cell lysis buffer and added to 50 pi of 10
mg/ml Proteinase K (Roche) to digest cellular proteins. The lysed cells were incubated
at 55°C for 4 hours. Genomic DNA was precipitated by addition of 2 volumes of 100 %
(v/v) isopropyl alcohol and spooled out onto a sealed glass pipette. DNA adhered to-the
pipette and was washed twice in 80 % (v/v) ethanol before being air-dried and

resuspended in 200 pl TE (pH 8.0). If required, DNA was further purified by phenol-

chloroform extraction (Section 2.2.4.1).
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'2.2.7 DNA isolation from peripheral blood lymphocytes

Whole blood (one ml) was mixed with 12 mi cold dH>O and incubated on ice for 10 min.
Nuclei were pelleted by centrifugation at 2000g (Biofuge Stratos) for 10 min at 4°C.
Nuclei were resuspended in 12 ml cold 0.1 % (v/v) Nonidet-P40, incubated on ice for 10
min and centrifuoged as above. Nuclei were lysed by addition of 5 ml cold blood lysing
solutton, 250 ul 10 % (w/v) SDS and 0.5 mg Proteinase K, and incubated for 4 hours at
37°C. Genomic DNA was separated from other cellular components by addition of 1/5
volume 5 X ANE and two phenoi:chloroform extractions (Section 2.2.4.1), followed by
one chloroform:isoamyl alcohol (24:1) extraction. DNA was precipitated from the
aqueous phase by addition of 1/10 volume of 4 M NaCl and 2 volumes of 100 % (v/v)
ethanol. The precipitated DNA was pelleted by centrifugation at 2000g (Biofuge
Stratos) for 15 rnin, rinsed in 80 % (v/v) ethanol and air-dried. DNA was re-dissolved in

300ul TE (pH 8.0) buffer at 55°C ovemight and stored at 4°C.

2.2.8 DNA sequencing analysis

Sequencing reactions and gels were performed by the Wellcome Trust Sequencing
Centre, a joint facility of Monash Institute of Reproduction and Development and Prince
Henry's Institute of Medical Research, using the ABI-PRISM BigDye Terminator
chemistry (Version 3.4.1), on an Applied Biosystems Model 373A automatic DNA

sequencer.
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2.2.9 DNA radioactive hybridisation
2.2.9.1 Random-primed labelling of double-stranded DNA

Double-stranded DNA probes were labelled with [o->2P] dCTP (10 mCi/ml; Amersham-

Pharmacia) using a random-primed DNA labelling kit, according to the manufacturcr’s
instructions (Roche).  Unincorporated [o-*P] dCTP was removed by column
chromatography usuig 2 2 m! Poly-Prep Chromatography column (Bio-Rad) containing
G-50 Sephadex beads (Amersham Pharmacia) in TE (pH 8.0). The specific activity of
the labelled DNA was determined using a B-scintillation counter (Wallace Scintillation
Counter) as counts per minute {(cpm) in the presence of 5 ml hydrofluor scintillation fluid
(BDH Biochemicals). The labelled DNA was then denatured by heating at 95°C for 5

minutes, and added to the pre-hybridisation solution to obtain a final concentration

between 0.1 and 10 ng of probe/ml.

2.2.9.2 End-labelling of single-stranded oligonucleotide primers

Single-stranded oligonucleotide primers were radiolabelled wi& [v-3*P) dATP or [y->°P]
dATP (10 mCi/ml; Amersham-Pharmacia). In a 1.5 ml microfuge tube, 10 pmol DNA
oligonucleotide primer was incubated in 1 X polynucleotide kinase buffer, with 10 U T4
polynucleotide kinase (Promcgh_) and 2 ul {y->°P] dATP.in a total volume of 10 ul. The

mixture was left at 37°C for 30 minutes, before use for hybridisation.

2.2.9.3 Southern analysis

PCR products or resiriction endonuclease-dxgested D"JA was electrophoresed through an
‘agarose gel and transferred to a Gencscreen Plus membrane (NEN) by capillary action

alkaline transfer according to tﬁe manufat;ttlrcr’s instructions. Freshly prepared 0.4 N




Erika Lapinskas Chapter 2 Page 56

NaOH was used as the transfer buffer. The transfer was allowed to proceed overnight

then the membrane was rinsed in 2 X SSC and air-dried prior to hybridisation.

For random-primed labelled DNA hybridisations, DNA membranes were pre-hybridised
for at least one hour at 65°C in hybridisation solution, and hybridised overnight at 65°C
with denatured [t-**P] dCTP-labelled DNA and 1 mg denatured herring sperm DNA.
After two 15 minute washes at 65°C with 2 X SSC containing 0.1 % (w/v) SDS,
followed by one 15 minute wash with 0.1 X SSC containing 0.1 % (w/\‘r) SDS, the
membranes were exposed to a Fuji phosphorimage screen overnight and visualised using
a phosphorimage analyse: (FLA-2000, Fujifilm). Alternatively, membranes were
exposed to BioMax MR X-ray film (Kodak) to visualise the specifically hybridised

radioactivity,

For end-labelled oligonucleotide hybridisations, DNA membranes were pre-hybridised
for one hour at 42°C in oligonucleotide hybridisation solution, and hybridised overnight
at 42°C with the [y-**P] ATP-labelied oligonucleotide and 1 mg denatured herring sperm
DNA. After two 15 minute washes at 42°C With 2 X SSC containing 0.1 % (w/v) SDS,
.the membranes were exposed to a Fuji phosphorimage screen for one hour to overnight,
and‘ visualised using a phosphorimage analyser. Alternatively, the mcmbranés were

exposed to BioMax MR X-ray film for at least 4 hours and developed for analysis.

Where required, the DNA membranes were stripped of residual radioactivity by
incubation in 0.1 % (w/v) SDS preheated to'90°C; with gentle shaking unﬁl the solution

cooled to room temperature.
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2.3 RNA manipulations

All RNA solutions were treated with 0.1 % (v/v) diethyl pyrocarbonate (DEPC; Sigma)

overnight and autoclaved prior to use.

2.3.1 PolyA" RNA extraction frem cultured cells or tissue

2.3.1.1 Ofligo-dT preparation

One gram of oligo-dT celiulose (Boehringer-Mannheim) was incubated with 20 ml 0.4
M NaOH for 5 minutes before centrifugation at 1000 rpm (Biofuge Stratos) for 5
minutes at 4°C. The oligo-dT pellet was resuspended in 20 ml 1 M Tris pH 7.5, and after
a 5 minute incubation was spun again. The pellet was then washed in binding buffer,
spun again and finally resuspended in binding buffer. The prepared oligo-dT solution

was stored at 4°C,

2.3.1.2 RNA extraction

PolyA® RNA was extracted from tissues or cells using oligo dT cellulose. The snap-
frozen tissues or cell peilets were homogenised (Ika Ultra Turrax T25) for 2 minutes in
25 ml of ice-cold RNA extraction buffer and 10 mg Proteinase K (Roche). Following

incubation at 55°C for 30 minutes, 2.5 m! 5 M NaCl and 2.5 ml of oligo-dT cellulose

resuspended in RNA binding buffer were added. The mixture was rotated for 2 hours at

room temperaturé to allow RNA binding to. the oligo-dT cellulose. The RNA-bound
oligo-dT cellulose was washed twice with 10 mi RNA binding buffer, and once with 10
ml RNA wash buffer; each wash step involved a centrifugation step at 1,500 rpm
(Biofuge Stratos) fo_r.3 minutes. The RNA was cluted by addition of 2 ml RNA elution

-
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buffer at 6G°C for five minutes, and the elution step was repeated with 1.5 ml RNA
elution buffer. The two RNA eluates were combined, and extracted first with 3 ml
phenol, followed by 3 ml chloroform. The RNA was precipitated by addition of 400 pl 3
M NaCAc (pH 4.0) and 8 ml 100 % (v/v) ethanol and incubated overnight at -20°C, then
pelieted by centrifugation at 10,000 rpm (JA-20 rotor, Beckman) for 1 hour at 4°C. The
RNA pellet was washed with 70 % (v/v) ethanol, air-dried then resuspended in 200 pl
TE (pH 8.0) and 1 U ribonuclease inhibitor (RNasin; Promega). A ten pl aiiquot of the
sample was diluted with 400 pl TE (pH 8.0) for the determination of RNA concentration
and quality by UV spectrophotometry (Lambda Bio 20, Perkin Elmer) at OD;g0nm, Where
RNA concentration = ODjgonm X 40 x dilution factor = ng/ul. The remaining RNA was
stored at -70°C in the presence of 1/10 volume of 3 M NaOAc (pH 4.0) and 2.5 volumes

of 100 % (v/v) ethanol.

2.3.2 Preparation of total RNA from small numbers of cells

Total RNA was extracted from tissues or cells by acid-phenol guanidine thiocyanate
extraction (Chomczynski and Sacchi, 1987). Snap frozen cell pellets were resuspended in
10 volumes of homogenisation buffer (1 ml/100 mg of tissue of ice-cold Solution D/pB-
mercaptoethanol (10 ml/72 pl) and homoggnised at the maximum speed (Ika Ultra .
Turrax T25, Ika). 0;0 tenth of the total volume of coid 2 M NaOAc (pH 4.0), 1 volume
phenol and 0.2 volumes ice-cold chloroform:isoaravl alcohol (24:1) were added,
incubated on ice for 20 minutes and centrifuged at S000 rpm for 20 minutes (Biofuge
Stratos). The aqueous phase was feinov::& and 1 volume phenol and 0.2 volumes

chloroform:isoamyl alcohol added, and centrifuged as above. The aqueous phase was

then added to 1 volume of isopropanol and 20 pg/ml glycogen and precipitated at ~20°C
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overnight, then centrifuged as above. The pellet was washed with 1 ml 75 % (v/v)
ethanol and centrifuged at 13,000 rpm for 10 minutes at 4°C. The RNA pellet was air-

dried, resuspended in 20-50 pul DEPC-treated H,O and stored at -80°C.

2.3.3 Reverse Transcription PCR of poly-A" or total RNA

The Superscript 11 or Superscript III Reverse Transcription (RT) Kit (GibcoBRL) was
used to perform first strand DNA synthesis for 1 ug total RNA or 500 ng polyA™ RNA to
be used in subsequent reverse transcription PCR (RT-PCR) applications. For each +RT
reaction, an equivalent —RT reaction was performed, containing all components except
the reverse franscriptase enzyme, allowing genomic DNA contamination to 56 identified

by PCR. All reactions were carried out according to the manufacturer’s specifications.

2.4  Protein manipulations

2.4.1 Protein extractions from mouse tissues or mammalian cells

Mouse tissues were collected and either snap-frozen in liquid nitrogen and stored at -80°
C, or used immediately. Mammalian cells were trypsinised, washed in PBS and snap
frozen, or used immediately. Tissues were homogenised in the presence of RIPA buffer
(100 pi/100 mg of tissue) containing protease inhibitors (1 protease inhibitor cocktail
tablet per 10ml buffer; Roche) in a microfuge tube using a 1.5ml glass pestle (Kontes
Glass Company, Biolab Australia Ltd). Cells were resuspended and lysed by repeated
passage through a 10 ml syringe using a 22 gauge needle, in RIPA buffer as above. An

equal amount of 2 X EDTA sample buffer was then added to the homogenate, and the
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suspension was boiled for 10 minutes before centrifugation at 13,000 rpm for 10 minutes

at 4°C.

2.4.2 Recombinant proteip preparation

Recombinant protein was made using the appropriate cDNA linked to a (HIS)¢ tag in
either the PQE-30 (Qiagen) or a pET21 series (Clontech) vector. Transformed bacieria
were grown overnight in L3 medium containing 50 pg/m! ampicillin sulphate in a 25 ml
volume at 37°C. The 25 ml starter culture was then diluted into 250 mi with fresh media
containing antibiotic. The culture was grown to ODgo=0.8-1.0 before inducing protein
synthesis with 1 mM IPTG for 3 hours. The culture was then centrifuged at 5000 rpm
(Beckman JA10 rotor) for 10 minutes at room temperature. Supernatant was removed
and the cells were resuspended in 10 ml guanidine lysis buffer, then rotated for 30
minutes at room temperature. Cells were sonicated (4710 Series Ultrasonics
Homogeniser, Parmer Instrument Co.) for 3¢ seconds and centrifuged at 5000 rpm
(Biofuge Stratos) for 20 minutes at room temperature. Samples of the pellet and
supernatant were taken for gel electrophoresis. TALON beads (800 ul) (Clontech) were
resuspended in 400 pl guanidine lysis buffer and a&ded to the cell supernatant. This
mixture was rotated for 30 minutes at room temperature, then the beads were pelleted
and transferred to a 2 ml Poly-Prep Chromatography column (Bio-Rad). A sample of
supematant was taken for sodium dodecy! sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis. Beads were washed with 15 ml guanidine lysis buffer followed
.by 15 ml renaturation buffer. The protein was eluted from the beads with 6 aliquots of
400 pl native protein elution buffer, Samples of ﬁ-ﬁéﬁons and remaining beads were

taken for SDS-PAGE analysis.
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2.4.3 One-dimensional polyacrylamide gel electrcphoresis

Discontinous denaturing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used
to resolve proteins on a gel according to the method of Laemmli (Laemmli et al., 1970).
The separation (running) layer of the gel (12 % (w/v) acrylamide for separation of EIfS
proteins) was poufed into bulk lots of 1.5 mm mini-gels in a casting unit (Mighty Small
multiple gel caster SE200, Hoefer Scientific Instruments, Amersham Pharmacia). The
gels were overlaid with water-saturated butanol and allowed to polymerise at room
temperature. The butanol layer was removed by gently runping tap water over the
casting unit. The 5 % (w/v) acrylamide stacking layer of the gel was then poured above
the separation layer of the gel, a comb to form the wells inserted and the gel allowed to
polymerise. The gel was placed into the electrophoresis unit (MightySmall II SE250,
Hoefer Scientific Instruments, Amersham Pharmacia) and covered with 1 x SDS-PAGE
running buffer. Samples were supplemented with an equal volume of 2 x EDTA. sample
buffer, boiled for 10 minutes and loaded. The Benchmark Pre-stained protein ladder
.(Gibco-BRL) was used as a size marker. Electrophoresis was undertaken at 80 V
through the stacking gel and 100 V through the‘separation gel until the dye front reached
the bottom of the gel. Proteins were then either visualised by staining with Coomassie

Brilliant Blue (R-250) staining solution or electroblotted {Section 2.4.5).

24.4 SDS-polyacrylamide protein gel staining

SDS-PAGE fractionated proteins were visualised by first staining in a Coomassie
Brilliant Blue R-250 (Bio-Rad) staining solution for 30 minutes, then destaining

overnight in Coommassie Brilliant Blue destaining solution. The gels were then stored
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between two layers of wet cellophane sheets clipped onto a glass plate, and allowed to

dry overnight.

2.4.5 Western analysis

SDS-PAGE fractionated proteins were transferred by electroblotting onto polyvinylidene
fluoride (PVDF) membranes (Immobilon-P, Millipore) using a Semi-Dry Transfer Unit
(TE77 SemiPhor, Hoefer Scientific Instruments, Amersham Phammacia). As
recommended by the manufacturer, two layers of Whatmann 3MM paper soaked in
anode buffer I were first laid on the transfer apparatus anode plate, followed by one layer
of paper soaked in anode buffer II. The Immobilon-P membrane was treated for 15
seconds in 100 % (v/v) methanol, for two minutes in MilliQ water, and five minutes in
anode buffer 11, before being placed on the anode buffer II-soaked paper. The protein gel
was briefly soaked in anode buffer II before being placed on top of the membrane.
Finally, three layers of Whatmann 3MM paper soaked in cathode buffer were added,
before addition of the cathode plate. The proteins were electroblotted at 15-20 V for 1
hour, after which the membrane was soaked in 100 % (v/v) methanol for 10 seconds,

before air-drying for 20 minutes.

Protein membranes were blocked for two hours at room temperature in 10 % (w/v) skim |
milk powder in 1 X TBST with gentle shaking. The immobilised proteins were then
probed with the appropriate dilution of the primary antibody in 5 % (w/v) skim milk
powder in 1 X TBST overnight at 4°C. After washing four times for 15 minutes each in
1 X TBST, the membranes were inct;batedn for one hour at room temperature with the
appropriate horseradish peroxidase (HRP)-conjugated secondary antibody in fresh 5%

(w/v) skim milk powder in 1 X TBST. The membranes were then washed as described
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above, before incubation with SuperSignal West Pico chemiluminescent substrate

(Pierce) for the detection of HRP. Chemiluminescence was detected by exposure to

Biomax film (Kodak Scientific).

2.4.6 Quantification of protein concentration — Bradford assay

Proteins were quantified using the Bradford assay (Bradford, 1976). Briefly, in a 96 well
flat-bottom microtitre plate (Sarstedt), serial dilutions of each sample were made in a
volume of 160 pl per well. The initial sample was added neat, and diluted 1:2 in each
subsequent well. A standard curve was performed for each assay using bovine serum
albumin (Fraction V) (Sigma) with a starting concentration of 1 mg/ml, diluted 1:2 in
each subsequent well. Bradford reagent (40 pl) (Bio-Rad) was added to each well and
mixed by pipefting. Absorbance was read at 570 nm wavelength on the Fluostar Optima

(BMG Lab Technologies).

2.5  Histological and inmunohistochemical techniques

2.5.1 Collection of tissues

Mice were huma:}_ely killed by CO, asphyxiation or cervical dislocation if older than 21
days, or by decapitation if younger. Individual tissues were collected, and either snap
frozen in liquid nitrogen (for RNA or protein extraction) or fixed (for histological and
immunohistochemical analyses) as desglibed in Section 2.5.2. Human tissues were
obtained from the Peter MacCalluﬁ Tiséue Bank or commerciaﬂy from SupérBioChips

Laboratories (Korea).

Sy AT
kT ey

A DA R S R sy

PR e
A 0 ek e N o o A




Erika Lapinskas

2.,5.2 Tissue processing

All tissues were fixed for 24 hours in 10 % neutral buffered formalin or 4 % (w/v)
paraformaldehyde, and the fixative was removed by replacing with 70 % (v/v) ethanol.
Fixed tissues were then dehydrated in increasing concentrations of ethanol, cleared with
histosol, embedded in paraffin wax and sectioned (5 pm) using a Leica paraffin
microtome. The tissue sections were floated in a S0°C water bath before being mounted
onto ESCO Superfrost Pius slides (Biolab Scientific). Once on slides, the tissue sections

were deparaffinised, by immersion in histoso!l twice for S minutes each. The slides were

put through a rehydration series of 100 % (v/v) ethanol, 100 % (v/v) ethanol, 70 % (v/v)
ethanol, and finally, dH;O (5 minutes each), before being stained or used for

immunohistochemistry.

2.5.3 Haemotoxylin and eosin staining

This stain was routinely used to examine tissue structures. The basic haematoxylin dye

stains nuclear structures blue and the acidic eosin dye stains cytoplasmic and

intercellular structures pink. Processed tissue sections were first immersed in Harris
haematoxylin (BDH Biochemicals) (5§ minutes), dipped briefly in acid-ethanol, immersed

in Scott’s blue (Fronine Laboratory Supplies) (1 minute), and then counterstained with

eosin (BDH Bic;chemjcals) (5 minutes). Between each step the slides were washed for

five minutes under running tap water.

Following all staining procedures, the slides were put tﬁrough a dehydration series of 70
% (v/v) ethanol, 100 % (v/v) ethanol, 100 % (v/v) ethanol and histosol (2 minutes each

step), before they were cover-slipped using the permanent DePex mounting media (BDH
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Biochemicals). The slides were viewed under a standard light microscope (Leica) at

various magnifications.

2.5.4 Immunohistochemical staining
2.5.4.1 Antibody purification

Anti-EIfS anti-peptide antibody was generated in our laboratory (J. Palmer, PhD Thesis
2003) by immunising rabbits against a peptide designed in the ets domain of ELFS
(described in Chapter 3). This peptide is common to human and mouse EIfS proteins.
Rabbit sera were affinity-purified on a Protein G sepharose column (Amersham
Pharmacia Biotech). Neat serum was run twice through the column to bind IgG. The
sepharose was washed with phosphate-buffered saline (PBS), eluted in 0.1 M glycine

(pH 2.5) and neutralised with 0.1 volumes of 1 M Tris (pH 8.0).

2.5.4.2 Immunohistochemistry with the aElf5 antibody

Immunohistochemical detection was performed using the TSA-Indirect Kit (NEN Life
Science Products) according to the mahufacturer’s instructions,  Antigen retrieval
involved treatment with 0.2 % (w/v} trypsin (Sigma) in 0.4 % (w/v) CaCl; for 10 min at
37°C. Endogenous peroxidases were quenched with 6 % (v/v) H;0, (BDH Biochemicals)
in PBS for 20 min: Affinity-purified anti-EIf5 rabbit sera was diluted 1:2500 in the
blocking buffer supplied with the kit and incubated for 60 min at room temperature.
Secondary antibody was a 1:200 dilution of biotinylated goat anti-rabbit IgG (DAKO)
and incubation was for 40 min at room temperature. Visualisation utilised the DAB
(3,3’-diaminobensidine) substrate kit (DAKO). Positive reactivity was demonstrated as

a brown-coloured precipitate formed at the site of the target antigen. Sections were
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counterstained with Harris haematoxylin (Section 2.5.3) and coverslips mounted with
DPX (BDH Laboratory Supplies). For every tissue, a second serial section on the same
slide was used as a negative control, and treated with affinity-purified pre-immune sera

from the same rabbit.

2.6 Mammalian cell culture

2.6.1 Maintenance of mammalian cells in cuiture

The human breast carcinoma cell lines T47D, MCF7, SK-BR3, ZR-75-1, BT-474, MDA-
MB-231, MDA-MB-435 and MDA-MB-453 and the human renal cell carcinoma line
786-0 were grown in 1 X RPMI 1640 media (GibcoBRL) supplemented with 10 % (v/v)
heat-inactivated Fetal Calf Serum (FCS) (CSL) and 1 % (w/v) Penicillin/Streptomycin
(GibcoBRL). Cells were grown in a humidified incubator at 37°C and 5 % COa.. Cell§
were subcultured at 1:2-10 ratio, with fluid renewal 2-3 times per week. Subculturing
involved removal of medié and washing the cells with PBS. Filter-sterilised 0.25 %
(w/v) trypsin/EDTA (GibcoBRL) was added and incubated at 37°C for 1-5 minutes to
loosen the cells’ attachment to the flask. The trypsin was neutralised by addition of the
media and a portion of the resultant mix transferred to each new flask, and supplemented
with additional media. Long-term cell stocks were made by resuspending cell pellets in
95 % (v/v) FCS/5 % (v/v) dimethylsulfoxide (DMSOQ). The cells were transferred to a 1
ml cryotube (Greiner) and frozen at —80°C overnight in a polystyrene-insulated box. The

cells were placed in liquid nitrogen for long-term storage.
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2.6.2 Stable and transient transfections into mammalian cells

All stable and transient transfections were performed using the FuGene 6 reagent
(Roche) according to the manufacturer’s protocol. DNA for transfections was prepared
using the Qiagen Endo-Free maxiprep kit. DNA (0.5 pg) was used to transfect 1-5x10*
cells in 24-well plates for transient transfection experiments. For production of stable
transfectants, 1 pg DNA was used to transfect 1x10° cells in 6-well plates. For all cell

lines transfected, a 3:1 ratio of FuGene 6 (ul) to DNA (ng) was used.

2.6.3 Selection of stabiy transfected cell populations

Twenty four - 48 hours after cell transfection, selective antibiotic was added to the cells
to kill untransfected cells. G418 (500 pg/mi) (Invitrogen), hygromycin B (400 pg/ml)
(Roche) or puromycin sulphate (3 pg/mi) (Sigma) were found to be effective on all lines
within 10-14 days or 5 days with puromycin selection. Colonies were then isolated and
grown separately for further analysis including RNA (Section 2.3.2), DNA (Section

2.2.6) and protein (Section 2.4.1) preparation.

2.7  Statistical analysis

"When data was analysed using one-way ANOVA, statistical analysis was performed
usinig GraphPad Prism Version 2.0 (GraphPad Software Inc., San Diego, CA, USA). A

value of p<0.05 was considered statistically significant,
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Chapter 3. __Expression of the ets transcription factor,

FElIf5. is restricted ro glandular epithelium

3.1 Introduction

3.1.1 ELF35 is an efs transcription factor
The Elf5/Ese-2 gene is a member of the efs family of winged-turn-helix franscription
factors that recognise the consensus sequence GGA(A/T) found in the promoters and
enhancers of many genes. Most efs transcription factors are expressed either ubiquitousiy
or in haemopoietic cells and organs. In these cell types, ets genes such as the archetypal
family member, ets-/, are crucial for mainiaining a normal differentiated cell phenotype by
integrating extracellular signals at the transcriptional level, resulting in the activation of a
large set of target genes (Wasylyk et al., 1993). However, members of the epithelial-
specific ets (ESE) subfamily, Elf5/Ese-2 (hereafter EIf5), Elf3/Ese-1/Ert/Esx/Jen, Ehf/Ese-3
and Pdef/Pse, are expressed only in organ systems rich in epithelium (Chang, 1997; Kas et
al., 2000; Kleinbaum et al., 1999; Nozawa et al., 2000; Tymrus et al., 1997; Wasylyk et al.,
1993; Yamada et al., 2000; Zhou et al., 1998).
3.1.2 Expression analysis of ‘epithelial-specific’ efs factors
Initial expression analysis of EIf5, Elf3, Ehf and Pse was undertaken using RNA tran.script

analysis on whole human and/or mouse organ lysates. ' Protein expression analysis using
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immunohistochemistry has been published only regarding. i’SE, establishing the restriction
of this factor to the prostatic glandular epithelium (Nozawa et al., 2000). Differences in the
expression patterns of the ESE genes have been identified at r.he.transcﬁpt level that may
contribute to the different functions of the genes. Elf3, which transactivates epithelial-
specific target genes such as Keratin-4, SPPRAA2A, Endo-A and Her2, is expressed in a
wide variety of simple and stratified epithelial tissues with highest expression in the
gastrointestinal epithelium and involuting mammary gland (Brembeck et al., 2000; Chang,
- 1997; Neve et al., 1998; Oettgen et al., 1997b; Tms et al.,, 1997). PSE is translated only
in prostatic epithelium and regulates prostate-specific antigen (PSA) gene expression (Chen
et al., 2002; Oetigen et al., 2000). Elf5 mRNA is present in a more restricted set of tissues
encompassing the salivary and mammary glands, lung, kidney, bladder, stomach and
prostate (Oettgen et al., 1999b; Zhou et al., 1998). Ehf'is most highly expressed in similar
tissues to EIf3 but is also expressed at lower levels in additional organs {Kleinbaum et al.,

1299).

Compared to Eif3, Ehf has different binding affinities for a variety of epithelial-specific
promoters and transactivates the PS4 promotei where Elf3 transrepresses it (Kas et al.,
2000). Likewise, while both Elf3 and Elf5 recognise an efs site in the mammary specific
whey acidic protein (WAP) promoter, they transactivate to vastly different degrees (Thomas
et al., 2000). This indicates that an efs factor may promote or repress franscription ona
larget promoter depending on its interaction with other proteins on the DNA. Specificity
for a cognate ets motif is also determined by sequences flanking the core recognition

sequence GGAA/T. The combined effect of the changes in the flanking sequence appears
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to contribute towards efs factor binding specificity (Oettgen et al., 1999b; Wang et al.,
1992; Wasylyk et al, 1992). Therefore, despite the highly conserved DNA-binding
domains and overlapping spatial and temporal expression patterns of these genes, their

functions in vivo are apparent!y distinet.

To address the question of whether EIf5, a member of the ‘ESE’ subfamily, is expressed in
an epithelial-restricted manner, we have generated a specific anti-peptide antibody to
perform E{f3-specific immunohistochemical localisation in mouse tissues. Our experiments
show that in adult mice, EIfS protein is restricted to certain subsets of epithelial cells that

have a secretory or glandular function.

3.2  Methods

3.2.1 Production of an anti-EIfS peptide antibody

A 12 amino acid peptide in the Elf5 DNA-binding domain was examined for
hydrophilicity, flexibility and antigenicity using the MacVector (Version 6.5; Accelrys)
software program. The sequence, CGILEWEDREQG, identical in mouse and human
homologues, was synthesised and conjugated to the diphtheria toxoid carrier protein via a
maleimidocaproyl-N-hydroxysuccinimide (MCS) linker wiilising a native cysteine residue
at the N-terminus of the peptide (Mimotopes Pty Ltd). Peptides were RP-HPLC purified to
a purity of >70%. Two New Zealand white rabbits were immunised iritially with 250 nmol

conjugated peptide in 500 pl of Freund’s complete adjuvant (Sigma), followed by three

booster immunisations of 256 mmol conjugated peptide in 500ul Freund’s incomplete
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adjuvant (Sigma). Four weeks after the final immunisation the rabbits were sacrificed by
exsanguinations by Central Animal House staff (Monash University). Peptide design was

performied by Jodie Palmer.

3.2.2 ELISA

The pre-immune and immune sera were analysed by Jodie Palmer for the presence of anti-
Elf5 antibodies using standard ELISA techniques as described by the peptide manufacturers
(Mimetope Chiron Pty Ltd, 1995). Titre was determined by colourirnetric change at 450nm

with a reference of 495nm in the Biorad 3550 microplate reader.

3.2.3 Western analysis

Recombinant proteins were produced in E coli using the PQE30 vector (Qiagen)
containing a 6xHistidine tag at the C-terminus of the protein. Samples containing 200 ng
recombinant protein, together with molecular weight standards, were subjected to SDS-
PAGE on 12 % (w/v) acrylamide gels under reducing conditions, and the wroteins were
transferred tc Immobilon-P  membranes (Millipore Corporation) according to the
manufasturer’s instructions. Puriﬁed rabbit IgG was used at 1/1000 dilution and secondary
goat anti-rabbit IgG conjugated to HRP (DAKO Corporation) at 171000 dilution in 5 %
(wW/v) skim milk powder/TBST. Chemiluminescence was detected using the SuperSignal
reagent (Plerce Endogen). Blots were exposed to Kodak X-OMAT AR film for up to 2 min

and developsad.
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3.24 Immunchistochemistry

Rabbit sera were affinity-purified on a Protein G sepharose column (Amersham Pharmacia
Biotech). Neat serum was run twice through the column to bind IgG. The sepharose was
washed with PBS, eluted in 0.1 M giycine (pH 2.5) and neutralised with 0.1 volumes of 1
M Tris (pH8.0). Murine crgans were dissected from C57BI6xSV129) mixed background
mice, rinsed in cold PBS and fixed overnight in 10 % neutral-buffered formalin. Fixative
was removed by replacing with 70 % (v/v) ethanci. Organs were precessed and embedded
in paraffin wax and cut in 5§ pum sections onto Superfrost Plus slides (Menzel-Glaser).
Immunohistochemical detection was performed using the TSA-Indirect Kit (NEN Life
Science Products) according to the manufacturer’s instructions. Antigen retrieval involved
treatment with 0.2 % (w/v) trypsin in 0.4 % (w/v) CaCl, for 10 min at 37°C. Endogenous
peroxidases were quenched with 6 % (v/v) H,O; in PBS for 20 min. Affini*y-purified anti-
EIf5 rabbit sera was diluted 1:2500 in the blocking buffer supplied with the kit and
incubated for 60 min at room temperature. Biotinylated goat anti-rabbit IgG (DAKO)
secondary antibody was used at 1:200 dilution and incubated at room temperature for 40
minutes.  Visualisation utilised the DAB substrate kit (DAKO). Sections were
counterstained with Haris haematoxylin and coverslips mounted with DPX (BDH
Laboratory Supplies). For every tissue, a second serial section on the same slide was used

as a negative control, and treated with affinity-purified pre-immune sera from the same

rabbjt.
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3.2.5 Production of recombinant Ets protein

PQE-30 (Qiagen) constructs encoding human ELF5 p20 and p30 (Jiong Zhou), murine EIfS
(Jiong Zhou), human ELF3 (Annie Ng), human ETS-1 and ETS-2 (Ross Thomas) were
previously constructed in our laboratory. Murine full-length Ese-3 cDNA was amplified
from kidney ¢cDNA with oligonucleotides 4 and 5 (Appendix I) and inserted into the

BamHI and Sacl sites of the pET-21b+ vector (Clontech).

3.3 Results

3.3.1 Production of a rabbit anti-peptide anubody ugainst EIf5

The peptide against which the antibody was directed is unique to ELF5 (Figure 3.1). The
most closely conserved sequence is found in ESE-3, but the antibody does not cross-react
with recombinant ESE-3 (Figure 3.2). Anti-EIf5 sera from one of the rabbits specifically
recognised the EIfS recombinant proteins in a denatured form on a Western blot. It did not
cross-react with other ets family members including Eis-1 and Ets-2 (Figure 3.2). Pre-
immune sera from the same rabbit did not recognise these proteins (data not shown).
Antibody binding was reduced when the sera had been pre-incubated with Elf5 peptide,

indicating the specificity of the interaction.
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3.3.2 Immunolocalisation of EIfS protein to epithelial cells in murine kidney,
mammary gland, parotid gland and stoemach
Cell types staining positive for EIf5 protein were identified by morphology. Kidney
cpithelium, but not the non-epithelial glomeruli, showed positive staining representing
presence of the Elf5 protein (Figure 3.3A). Expression was most easily detectable in the
kidney cortex both in the nucleus and cytoplasm of cells. In the medulla, staining was less
intense and primarily confined to cell nuclei. Both ductal and alveolar epithelium in the
mammary gland stained positive (Figure 3.3B). In the submandibular salivary gland, EIfS
staining was observed in the secretory alveoli that produce mucus and serous fluid (Figure
3.3C). In the stomach, a gradient of EIf5 expressed was observed along the crypto-villus
axis, with strong, nuclear staining observed in the base of the crypts (Figure 3.3D),
decreasing in intensity and cell number along the villus. No cells were stained at the tip of
the villi. Tissues found to be expressing E/f5 mRNA, including keratinocytes (Oettgen et
al., 1999b), bladder, lung, trachea and prostate (Zhou et al., 1998) were also analysed by

- immunohistochemistry but the protein was not detected.
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A 162 58==we= - - —-———HLW
B 160 et it e - —— - -=HLW
c 228 PSDGFRDCKKGCP---—wu- KHGKRKRGRPRKLSKEC*-—WDCLEGKKSKHAPRGTHLW
D 183 ESPDMKKEQDPPA-=~w——n——an ECH---ec 0 TKKHNP--RGTHLW
E 281 PSYDSTDSEDYPAALPNHKPKGTFKDYVRDRADLNKD*KPVIPAAALAGYTGSGPIQLW
F 309 PSGESGEDDCSQS-LCLNKPTMSFKDYIQERSKPVEQGKPVIPAAVLAGFTGSGPIQLW
A 167 :

B 165 - IFRVVKSEALAKMWGQRKKNDRMTYEKLSRALRY
C 276 EFIRDILIHPELNE, FKFLRSEAVAQLWGQKKKNSNMTYEKLSRAMRY
D 211 EFIRDILLNPDXN . _ FRELKSEAVAQLWGKKKNNS SMTYEKLSRAMRY
E 339 QFLLE~LLTDKSCQSFISH G-DGWEFKLSKPDEVARRWGKRKNKPKMNYEKLSRGLRY
F 367 QFLLE-LLSDKSCQSFIS G—DGWEFKLADPDEVARRWGKRKNKPKMNYEKLSRGLRY
A 226 YYKTGILERVD-~-RRLVYKF

B 224 YYKTGILERVD~-RRLVYKF

c 336 YYKREILERVD-GRRLVYKF

D 270 YYKREILERVD-GRRLVYKF

E 396 YYDKNITHKTA-GKRYVYRF

F 424 YYDKNITHKTS-GKRYVYRF

-

Figure 3.1.  Alignment of the ETS domain sequences of ESE proteins, ETS-1 and
ETS-2. Genbank accession codes are bracketed. A) human ELF5 (AAC79755); B) murine
Eif5 (AAC79754); C) ELF3 (AAM70481); D) Ese-3 (NP_031940); E) ETS-1
(NP_005229) and F) ETS-2 (NP_005230). The numbers along the left side of the sequence
indicate the amino acid residue position, taken from the cited Genbank reference. The

peptide used to immunise mice is highlighted in pink. Residues conserved among the
related factors are highlighted in blue.
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Figure3.2. The ELF5-peptide antiserum is specific for ES. Recombinant prozeins
shown: 1) human ELFS; 2) murine EIfS; 3) Elf3; 4) B=z-3; 5) ETS-1 and 6) ETS-2 were
analysed by Western blot with EIfS peptide antibzdies (A) and their presence on the gel
was verified by silver-staining (B). '
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Figure 3.3. EMS protein is localised to secretory epithelia. Immunohistochemistry
with anti-EIf5 peptide antibody (A, C, E, G) or preimmune sera (B, D, F, H) was performed
on sections of murine kidney (A, B), day 1 lactating mammary gland (C, D),
submandibular gland (E, F) and stomach (G, H). Brown staining indicates positive staining.
Features are marked as glomerulus (Gl), alveolus (Al), duct (Du), mucinous epithelium
(Mu), serous epithelium (Se) and base of crypt (Cr).
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3.4  Discussion

3.4.1 Elf5is epithelial-specific

This study has shown for the first time, using highly sensitive immunohistochemical
techniques, that expression of the ‘epithelial-specific’ ets gene EIf5 is indeed localised to
subsets of secretory epithelial cells in the kidney, mammary gland, parotid gland and
stomach. EIf5 was expressed in most epithelial cells in the kidney and mammary gland, but
only in one of the two epithelial lineages in the submandibular gland, and in the
preliferating epithelial cells at the base of the crypt in the stomach. This contrasts with its
elevated mRNA expression in differentiated human primary foreskin keratinocytes
(Oettgen et al., 1999b) and suggests that EIfS performs different functions in different
epithelial lineages and is not, per se, required for a terminally differentiated epithelial

phenotype, at least in the cells of the stomach lining.

3.4.2 EIf5is not translated in all the organs in which it is transcribed

Interestingly, EIf5 protein was not detectable by immmunohistochemistry in other organs in
which its mRNA is expressed. Messenger RNA was detected in human bladder, ung and
prostate, and in murine bladder and lung. Murine prostate was not examined, so it is
possible the transcript is not expressed here, though in all other organs the human and
murine expression patterns match (Oettgen et al., 1999b; Zhou et al., 1998). The
phenomenon of RNA and protein product expression patterns differing for a gene has been
observed regarding other ets transcription factors, particularly PSE, where mRNA can be

expressed in all prostatic glandular epithelium but translation takes place most efficiently in




Erika Lapinskas Chapter 3 Page 79

normal cells, but not at all in malignant cells. Translational control of this transcript was
shown to be due to regions in the SUTR and 3'UTR (Nozawa et al., 2000). As two
transcripts of Elf5, with differing 3'UTR sequences, have been identified (Zhou et al.,

1998), this form of translational control is a distinct possibility for the EIfS protein,

3.4.3 Conclusions

We have produced an antiserum that specifically detects EIf5 protein and shown
localisation of the protein to glandular epithelium. The antibody can be used as a reagent to
further analyse the expression of EIf5 protein in human and mouse and to assist in

elucidating the function of EIfS in development and disease.

The work in this chapter is under review for publication in Histochemistry and Cell

Biology.
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Chapter 4. Transcriptional regulation of ELE5:

STAT] and NFxB regulate ELF5 in breast cancer cell lines

4.1 Introduction

4.1.1 Transcriptional regulation of EIf5 in the murine mammary gland

Murine EIf5 transcript ievels are temporally reguiated during pregnancy-associated
mammary gland development (Zhou et al., 1998). As the epithelial cells of the terminal
end buds (TEBs) proliferate and differentiate, Elf5 mRNA levels increase, peaking at
d12 of pregnancy. They remain high throughout the remainder of the pregnancy and are
stable during lactation (Appendix VII). As the gland involutes, however, Elf3 transcript
decreases while levels of the closely related transcription factor, Elf3, concomitantly
increase (Neve et al, 1998). Therefore, Elf5 mRNA levels are trar “riptionally
regulated during mammary gland development, and are highest during the phases of
TEB epithelial growth and the differentiation of these cells into secretory alveoli. This
suggests a role for Elf5 in these processes. Given the almost complete similarity of
human and murine ELFJ5 coding sequences and the close alignment of their expreséion
patterns (Oettgen et al.,, 1999b; Zhou et al., 1998), it is likely that ELFS is also
transcriptionally regulated in pregnancy-associated breast development in the humén.

However, while ELF5 mRNA has been detected by Northem hybridisation in the
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human breast (Ma et al., 2003a; Oettgen et al., 19995), no data is available on whether it

is regulated like the mouse homologue in development.

4.1.2 Transcriptional dysregulation of ELF5 in human breast cancer

_ In the human, ELF5 appears to be dysregulated in breast cancer and breast cancer cell
lines at the transcriptional level, as the mRNA is either downregulated or undetectable
(Ma et al., 2003a; Zhou et 21, 1998). Characterising a promoter region for this gene
will assist in understanding mechanisms by which this may occur. Firstly, identification
of factors that regulate the promoter will provide information on which pathways ELFS
might be involved in. That is, if ELFJ is regulated by factors that regulate other growth
and differentiation associated genes, it places it in a signalling response pathway with
the co-regulated genes. Secondly, for future studies, if the promoter of ELFJ is
epigenetically altered in cancer or even mmiated, this may provide a rationale for the
decrease of £LF3 expression in cancer and hence provide further evidence for its role as

- a tumour suppressor gene.

Ma and colleagues (2003) have shown the down-regulation of ELFS mRNA in .primary
breast cancers - in high proportions of early and mid-stage cancers, and in all of the
high-grade cancers in the study sample. Several possibilities exist that could explain
this phenomenon — LOH at the locus, dovmfegulation of expression by changes in
chromatin structure, histone acetylation and promoter methylation, or alterations in
expression of the upstream genes responsible for the maiutenance of ELFS
transcription. Investigation into these possibilities requires the characterisation of the

promoter region for this gene.
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4.1.) Analysing the ELFS promoter

Here we report the first isolation and analysis of the ELF5 promoter region, and take a
candidate approach to elucidating potential upstream regulators of the gene. Using the
luciferase reporter system with deletion mutants of the putative 5’ regulatory regicns of
ELF5 (R. Chehab, Honours Thesis, 2002), we have shown the location of aciive
promoter regions, and that the deletion of potential regulatory motifs can increase and
decrease promoter activit:. This implies the presence of ropressor and enhancer
elements in certain locations. The minimal promoter element has been localised to a
- small genomic region associated with the first, non-coding exon (R. Chehab, Honours
Thesis, 2002). The first intron, which was presumed to be a second promoter specific
for a second transcriptional isoform of ELFS (Oettgen et al., 1999b), is not active in
driving transcription. We have tested the functionality of several predicted regulatory
motifs in the promoter, particularly the cognate motifs of transcription factors with an
established role in cancer. These include the steroid hormone signalling pathways
stimulated by estrogen and progesterone (Chapter 5); NFxB, which is over-expressed or
inappropriately activated in prostate and breast cancers (Abdel-Mageed and Agrawal,
1998; Kikuchi et al., 2003; Li and Li, 2001; Varela et al., 2001); ELFJ as a potential
autoregulating protein; ELF3 as an ets factor that is over-expressed in breast cancer
(Chang, 1997); the general transcription factor, AP-1; and the signal transducer and
activation of transcription (STAT) proteins that modulate the Janus-associated kinase
(JAK) pathways. These are associated with mammary gland development in pregnancy
and also with constitutive activation in breast cancer, among other cancer types (Berclaz
et al., 2001; Li and Shaw, 2002; Llovera et al., 2000; Schaber et al., 1998; Watson,

2001; Widschwendter et al., 2002; Zhaﬁg et ai., 2003). :
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Studying the transcriptional regulation of ELF5 is important to better understand the
remodelling of the mammary gland tissue architecture. It is also crucial to elucidating

- the mechanism by which ELFJ transcript levels are altered in breast epithelial cancer.

4.2  Methods

4,.2.1 Characterisation of the genomic structure of ELFS

RPC11 ELF5-coatainirg bacterial artificial chromosomes (BACs) were obtained from
ResGen (Invitrogen). These were directly sequenced with exon-specific primers to
obtain sequence surrounding the exon splice junctions. Additionally, PCR betwzen
exons was used to amplify intronic regions. When this analysis was partially complete,
the incomplete genomic sequence of human ELFS was placed on the public human

genomic contig database (http://www.ncbi.nlm.nih.gov/entrez) (AL127224), This has

~ since been completed, and used as a template for further inquiries. Intron/exon
boundary sequences were delineated by comparing the genomic focus sequence fo the

known cDNA sequence of ELFS (NM_001422).

42,2 Generation of hELF5 promoter fragments

Based on the AL137224 sequence, six primers were designed in the 6 kb region 5' to
ELFS5 exon 1. PCR ainplimers were generated from these positions to terminate 3' of
exon 1. Several shorter amplimers were also generated, encompassing different parts of
the region 5' to exon 1, exon 1 itself and intron 1 (Figure 4.1). Nomnal human genomic
DNA (100 ng) éxtracted from blood was used as a PCR template. The relative positions
of the PCR primers that initiate and terminate the fragments are enumerated on Figure

4.1 and the sequences given in Appendix I (oligonucleotides 6-15).
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All promoter fragments were A-tailed and cloned into the pGEM-T vector (Promega)
and subsequently subcloned into the EGFP reporter vector (Clontccﬁ). The intron 1
inserts were excised from pGEM-T with Neol and blunted, then re-digested with Sacll.
Inserts were sub-cloned into the Sacll/Smal sites of the pEGFP vector. The promoter
inserts were excised from pGEM-T with Sall, blunt-ended and re-digested with Sacll.

Inserts were cloned into the Sacll/Smal sites of pEGFP. All clones were sequenced
using the EGFP-N (5-CGTCGCCGTCCAGCTCGACCAG-3) and EGFP-C (5'-

CATGGTCCTGCTGGAGTTCGTG-3') sequencing primers.

4,2.3 Serial deletion of the 1 kb promoter + exon 1 DNA

Following the discovery of a functional promoter element in the 1 kb promoter + exon 1
fragment (Fragment F-G, Figure 4.1), a series of smaller deletions were made from the
5" end of this DNA to attempt to isolate a minimal promoter region. The deletions were
made ﬁsing convenient 5' restriction endonuclease sites (see Figure 4.4A) and the
BamH1 site at the 3' end, and the resultant fragments cloned into the Xhol/Bg/II sites of
the pGL3 basic luciferase reporter vector (Promega). These constructs were expressed

in T47D cells for quantification of reporter gene activity (R. Chehab, Honours Thesis,

2002).

4.2.4 Putative transcriptional regulators of the hELFS promoter

ELFS5, ELF3, AP-1 subunits c-jun and c-fos, STATI, STAT3, STAT5a and STATS5b
cDNAs in the pEF1-BOS plasmid (Mizushima and Nagata, 1990), and NFxB subunits
p50 and p65 in the pCl vector (Promega) were expressed transiently in MCF7 and

T47D cells to determine whether they affected the level of transcription from the ELFS5

P SN -y i i
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promoter. The STAT constructs were kindly supplied by Warren Alexander (Walter and
Eliza Hall Insiitute, Melbourne, Australia). NFidB subunits were a gift of Peter Oettgen
(Beth Israel Deaconess Medical Centre, Harvard Medical School, Boston). All other

expression constructs were made in this laboratory by Ross Thomas.

4.2.5 Transfection into T47D and MCF7 cells

T47D and MCF7 breast cancer cells were cultured in RPMI 1640 (Invitrogen) with 10
% (v/v) FCS in a 37°C humidified incubator with 5% CO, in air. MCF7-derived cell
lines that stably express ELF5 are described in Chapter 6. For transfection of the
promoter-EGFP reporter constructs, 5x10° cells were plated on a 0.2 % (w/v) gelatin-
coated coverslip in 6-well plates. For each plasmid to be transfected, six wells were
plated: three for direct visualisation of EGFP in cells and three for homogenisation to
assay for (-galactosidase enzyme activity, used as a control for plasmid transfection
efficiency. The pSV-Bgal plasmid (Promega) was used as a transfection efficiency
control. Per well, each transfection consisted of 1 pg of DNA, where 5/6 was made up
by the relevant hELFS-EGFP reporter plasmids and 1/6 by pSV-fgal DNA. The
pEGFP-NI (Clontech) plasmid was used as positive control for EGFP fluorescence,
where EGFP is driven by the CMV promoter, and promoterless EGFP was used as a
~ negative control. For transfection of the pGL3 luciferase reporter constructs, 5x10*
cells were plated in 24 well plates (Falcon). DNA (0.5 pg) was transfected per well,
consisting of 1/6 pSV-Bgal DNA and then 5/6 of the largest luciferase reporter
construct. To transfect the smaller constructs, an equimolar amount of construct was
added and the remainder of the 0.5 pg made up with promoterless pGL3 DNA., DNA

was prepared using the Qiagen Endo-Free maxiprep kit (Qiagen). Transfections were
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carried out using FuGene 6 transfection reagent (Roche Molecular Biochemicals) and

incubated for 48 hours. The transfections using the luciferase reporter constructs were

performed by Renée Chehab. Where relevant, cells were treated with ovine prolactin to
induce a differentiated phenotype

Four hours post-transfection, cells were serum
starved in unsupplemented RPMI 1640. After 24 hours, inedia was replaced with RPMI

1640 supplemented with 10 % (w/v) FCS and 1 pg/ml prolactin

EGFP transfected wells were tested for EGFP marker gene expression by fluorescence
microscopy using a GFP (488nm) filter. Nuclei were counterstained with 1 ng/m! 4'-6-
diamidino-2-phenylindole (DAPI) in PBS (Sigma) for 10 min and visualised under UV
light microscopy. Luciferase assays were harvested using the Constant Light Signal
Luciferase kit (Roche). Luciferase activity was measured on the Lumicount (Hewlett-

Packard) then 50 ul of lysate was incubated with an equal volume of 2 X B-
galactosidase sample buffer (4.5 mM 2-nitrophenyl-B-D-galactopyranoside, 0.08 %
(v/v) B-mercaptoethanol, 2 mM MgCl;, 10 mM NaH,PO;, 10 mM Na,HPQ,) at 37°C

until colour had developed. Absorption was measured at 415 nm on the BioRad 3550
plate reader.

Results were normalised by dividing luminescence units by the p-

galactosidase assay readout. All transfection experiments were performed at least three
times in triplicate, so that n>9

4.2.6 Computer analysis of functional promoter regions

The smallest active promoter reglon discovered in the EGFP assay (1 kb promoter +
~exon 1) was analysed for putatwe transcription factor binding sites.

Searches were
performed using the Baylor College of Medicine (BCM) Search Launcher program
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TESS (http://searchlauncher.bcm.tmc.edu), and Matinspector (http://genomatix.gsf.de/

mat_fam). Alignment of human and mouse genomic loci was performed using AVID,
with a window size of 100 bp and a conservation level of 70 %. Results were viewed in

VISTA (http://www-gsd.lbl.gov/vista/). Geromic comparisons were performed by

Reneg Chehab.

4.3 Results

4.2.1 Mapping the hELFS5 genomic structure

The genomic structure of the ELFS locus on chromosome 11pi3 is shown in Figure
4.2A. The resuitant fuil-length (p30) protein, produced from the transcript containing
exons 1 and 2 (but not exor 1A), is indicated below (Figure 4.2B). Here, all nucleotide
positions are named relative to the exon 2 translational start codon (+1) from which
both p30 and p20 isoforms are made. Alternative splicing isoforms of ELFS are further
discussed in Chapter 5. The 3' splice acceptor sequences are shown in Table 4.1 and
conform to the MAG/gtragt consensus, where the italicised nucleotides are invariant.

Lower-case letters denote intronic sequence and upper-case exonic sequence, The 5'

splice donor sequences conform to the yyyyyyyyyyynyag/G consensus, except in exon

3 where the ag has been replaced by a fg dinucleotide. However, the splice junction is

still functional, as the exon forms part of the ELFJ transcript.
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Figure 4.1. Puthtive promoter fragments PCR amplified and cloned into the pEGFP reporter vector. Nucleotide positions of the start
of each fragment are indicated relative to the +1 translational start site of the major ELFS p30 transcript in exon 2. Blue colouring indicates non-
transcribed DNA and green colouring indicates exons. A tick next to the fragment indicates its functionality in driving EGFP expression in
T47D cells while a cross indicates no EGFP visualisation in celis transfected with that reporter construct.
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4.3.2 [Isolation of a functioral promoter region for ELF35

Large deletions of the putative 5’ regulatory region, including the non-coding exon 1,
were generated by PCR, starting approximately 6 kb 5’ to exon 1 and progressively
deleting about 1 kb with each successive construct. These fragments were used to drive
the EGFP reporter gene in T47D cells, which express ELF5 endogenously and hence
possess all the regulatory factors necessary for ELF3 transcription (Zhou et al., 1998).
The first intron, both with and without exon 1, was also tested in this assay. These
fragments are shown in Figure 4.1A. Transiently transfected cells were visualised for
EGFP fluorescence and DAPI fluorescence to detect nuclei, showing that cells were
present in the field of vision. Promoterless EGFP was used as a negative control, and
showed no fluorescence associated with cells. pEGFP-NI (utilising the CMV promoter)
was used as a positive control for EGFP expression. All constructs utilising the ELFS5 §'
region including exon 1 showed promoter activity as demonstrated by EGFP
fluorescence in T47D cells. An example is shown in Figure 4.3. Deletion of exon 1
ablated fluorescence. Constructs using the intron 1 region, regardless of whether they
contained exon 1 or 1A sequences, appeared to be inactive as promoters as no EGFP
was visible. Transfection efficiency was controlled for by measuring f§-galactosidase

activity. All samples had comparable transfection efficiencies (data not shown).
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Figure4.2. Genomic structure of the hELF5 locus and domains of the resultant protein product. Exons 1 and 1A are alternative first
exons. Not to scale. The major, p30, ELF5 transcript is produced from the translational start codon in exon 2 (A). ELFS alternatively spliced
transcripts are discussed further in Chapter 5. Translation of the major transcript results in a 30 kDa protein that possesses both pointed and ets

domains {(B).
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4.3.3 Analysis of the 1 kb promoter + exon 1 region

Further analysis was undertaken on the 1 kb promoter + exon 1 regions (Fragment F-G,
Figure 4.1) as it was the smallest DNA fragment functional as a promoter in T47D cells.
Smaier 5' end deletions of this fragment, consisting of 100-300 base pairs, were made
using convenient restriction endonuclease sites. The resultant DNAs (Figure 4.4A)
were cloned info the luciferase reporter vector and expressed in T47D cells to quantify
their activity as promoters (Figure 4.4B). This work was performed by Renée Chehab.
The F-G promoter fragment was scanned for predicted transcription factor binding sites
by computer programmes TESS and Matlnspector. ‘0utput from these searches is
located in Appendix V. Predicted binding sites that, when deleted, correlated with
changes in promoter activity were noted to be putative transcriptional repressor and

enhancer elements. Figure 4.5 shows potentially interesting binding sites and their

relative distribution on the F-G region.
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ELFS Exon Boundary Sequences

».:' - -

3 5" Splice Donor 3’ Splice Acceptor Position relative to

+1

Consensus | YYYYyYYYyyynyag/G | MAG/gtragt

8 Exon 1 CAC/gtaaga ~8021/-~7928

Exon 1A ggcaaactggccaag/G | CAG/gtacct -6049/-5795

’;-:. Exon 2 ctcctgetgttgecag/G | CAG/gtgegt -4/+120

';L' Exon 3 ctttctectttggtyg/C | AAG/gtcagt +12031/+12267

Exon 4 ctttttctttecccag/G | ACT/gtaagt +15687/+15737
Exon § attattctatttcag/A | CAA/gtaagt +23247/+23315
Exon 6 - | teececttttcaaaag/G | GAG/gtaagt +24779/+24974
Exon 7 tgcttgetttttcag/A +25432/+26952

Table 4.1. ELF5 exon boundary sequences conform to the human splicing
consensus sequences. The exon 3 5’ splice donor sequence has a change in a normally
invariant nucleotide, but the junction is still functional. Nucleotides marked in blue are
normally invariant from the consensus sequence. Y = C/T; M= A/C: R =A/G; N =
A/T/C/G. Position of the exons relative to the +1 translational start site of exon 2 are
shown as first exonic nucleotide/last exonic nucleotide.




Erika Lapinskas Chapter 4 Page 93

DAPY EGFP OVERLAY

Figure 4.3. hELFS promoter-EGFP constructs were transiently transfected into
T47D cells and visualised for EGFP fluorescence and DAPI incorporation to
display nuclei. Intron ! + exon construct shows no fluorescence (A) while the 4 kb
promoter + exon 1 (B) and 1 kb promoter + exon 1 (C) construct transfectants show
fluorescent cells. Promoterless EGFP (D) is a negative control for fluorescence whiie
EGFP under the strong, ubiquitous CMV promoter (E) acts as a positive control.




Erika Lapinskas Chapter 4 Page 94

Activity of the full-length F-G (Xhe}h fragment showed a 47-fold increase over the
promoterless pGL3 basic vector (R. Chehab, Honours Thesis, 2002). Significant
reductions in luciferase activity occur in the BstEIl and Dral fragments compared to the
F-G fragment, coincident with the loss of several potential enhancer sites including
ETS, AP-1, STAT, OCT1 and a CAAT box. In contrast, the Scal fragment was as
active as the F-G constract, indicating the presence of repressor elements in the region
between the Dral and Scal sites (-8807/-8644), potentially anothef OCT1 or estrogen
receptor half-site (ER). No statistically significant difference in activity was observed
between the BstEIl, Dral and Scal fragments but the trend of the Scal fragment to have
promoter activity equivalent to the full-length construct was consistent. The Bsu361
fragment possessed ohly half the luciferase activity of the full-length construct,
suggesting that the Bsu36I deletion removed sites for positive regulators of ELFS such
as the multiple pfedicted delta crystallin enhancer binding factor 1 (deltaEF1) and

upstream stimulatory factor (USF) sites.

The activity induced by the Ndel fragment, which deletes 906 bp of the original 1223 bp
of the full-length fragment, was also significantly lower than that produced by the full-
length fragment. However only a small difference was seen in the activity produced by
the Bsu36i fragﬁlent and the Ndel fragment, suggesting that if anything, if is a negative

regulatory region that lies between these sites.

Ndel, the shortest deletion fragment, contains only 193 bp of DNA 5 of exon 1. It stili

2 Ed

retains a significant amount of promoter activity (p<0.001) above bascline, indicating

that the minimal promoter lies 3' to the Ndel site. To delineate the 3’ end of the ELFS
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Figure 4.4, Various §' end deletions of the functional promoter fragment (A) result in different levels of luciferase activity (B). This
indicates the presence of enhancer and repressor elements in the deleted regions. *p<0.05; **p<0.01; **#p<0.001 (One-way ANOVA)
represents significant difference in luciferase activity compared to the full-length Xkol construct (+/-SEM). Fold-induction is relative to activity
of the promoterless pGL3-basic vector. This figure was adapted from the Honours thesis (2002) of Renée Chehab.
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Potentially interesting putative binding sites predicted by searches of BCM Search Launcher and Matlnspector (see
Appendix III for full list of predicted transcription factor binding sites). ETS — ETS factor binding site; AP1 — Activator proteir. 1; OCT1 -
Octamer binding factor 1; STAT — Signal transducer and activator of transcription; ER — Estrogen receptor; USF — Upstream stimulatory factor;

deltaEF1 — delta crystallin enhancer binding protein; NF-kappaB — Nuclear factor kappa B; GR — glucocorticoid receptor; PR — progesterone
receptor. Adapted from R. Chehab (Honours Thesis, 2002).
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regulatory region, a further series. of 5’ end deletions were constructed in pGL3, starting
at the Ndel site and deleting into intron 1. Fragment I-K (Figure 4.1) was used to
generate these constructs. Upon deletion of the 32 bp 3' to the Ndel site, promoter
activity was ablated (R. Chehab, data not shown). In the initial EGFP reporter assay,
the F-G fragment that included 1 kb 5 region and exon 1 possessed promoter activity,
but the F-H fragment encompassing the same 5' end but lacking exon 1 was 10t active
(Figures 4.1 and 4.3). Therefore, the 161 bp window 5’ to and including exon 1, is
necessary for promoter activity, but intron 1 does not possess functional promoter
elements. However, the luciferase assay is considerably more sensitive and

demonstrates conclusively the lack of prometer activity contained in DNA 3’ to exon 1.

Computer alignment of the human and murine genomic sequences surrounding exon 1
demonstrates a highly conserved genomic region consonant with the smaliest active
fragment, Ndel (Figure 4.6). This indicates the presence of a conserved minimal
promoter, while more distant sequence has diverged considerably and likely contributes

to differential regulation of the gene between species.

4.3.4 Candidate regulators of the hELFS promoter

Based upon deletion analysis and computer analysis of the functional ELFS promoter
region as described above, we predicted several candidate regulators of the promoter,
paying particular interest to proteins implicated in epithelial carcinogenesis. All
experiments were performed in both MCF7 and T47D cells (with the exception of the
addition of ELFS, which was performed in MCF7 cells only), but for simplicity the data

from the T47D cell line is shown. _While T47D cells express ELF5 endogenously,
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MCF7 ceils do not. However, equivalent fold inductions were obtained from both cell
lines, though base-line activity of the promoter was consistently higher in the T47D cell
line (data not shown). Using the 1 kb promoter + exon 1 (Fragment F-G, Figure 4.1)
region in the luciferase reporter vector, ELF5, ELFS5, AP-1, NFxB and STATs 1, 3, 5a
and 5b were tested as candidate regulators of the promoter. The ELF5 promoter
possesses one ets site (-9043), the sequence of which is compatible with binding by
ELFS (Oettgen et al,, 1999b), and therefore is a potential site for antoregulation. The
ELF5 promoter reporter construct was transiently tranfected into three sub-lines of
MCF7 cells: a derivative of the parental line, which does not express ELF), and two
other derivatives that stably express the p30 and p20 isoforms of ELFJ respectively.
Presence of p30 did not significantly alter promoter activity, but p20 repressed the
promoter (Figure 4.6A). This indicates that while full-length ELFS does not act on its
cwn promoter, production of the truncated isoform can act as a negative feedback
system to attenuate further ELFS transcription. Therefore, another ets factor must act
through the EBS, if indeed it is a functional site. This experiment was not performed in

T47D cells, as an ELF5-null derivative of this line is not available.

The closely related ets factor, ELF3, which is also expressed in the mammary gland but
is transcriptionally downregulated when ELFS levels increase and vice versa, did not

have any effect on ELFS promoter activity in MCF7 or T47D cells (Figure 4.7D).

Two putative NFkB response elements were predicted in the ELFS promoter at -8341
and —8303. NFxB was transfected intc MCF7 and T47D cells in three different molar

ratios compared to the amount of £LF5 promoter-reporter construct. At amounts of 4-

fold less than the reporter vector, 2-fold less and then at an equimolar concentration,
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Figure 4.6. VISTA alignment of the murine and human ELFS5 putative
promoter sequences. This figure was adapted from the Honours thesis of Renée

Chehab (2002).
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NF«B repressed ELFS promoter activity in a dose-dependent fashion in T47D (Figure

4.7C) and MCF7 cells.

STAT 1, 3, 5a and 5b, which are all relevant to the development of the mammary gland,
are putative regulators of the promoter through a predicted site at ~8959. Expression
plasmids were transfected into T47D cells in 2-fold less (data not shown), and in
equimolar concentration relative to the ELFS promoter reporter vector (Figure 4.7B).
Following stimulation with prolactin, the presence of STAT1 doubled the level of
transcription from the ELFS promoter (p>0.01). STATs 3, 5a and 5b did not
significantly affect luciferase activity, indicating that these proteins did not act on the

promoter in this assay.

4.4 Discussion

4.4.1 The human and murine ELFS5 genes are not regulated identically

Elucidation of the genomic structure of human ELFS revealed alterations in the
sequence and structure of the regulatory regions between the mouse and human loci.
These changes may provide explanations for different regulation of the gene between
human and mouse species. While two altemative transcripts of Elf5 have been
identified in mguse, these differ by alternative 3' UTRs, which may affect transcript
stability (Zhou et al., 1998). Three alternatively spliced transcripts have been identified
in human, but these utilise the same 3’ UTR whilst differing in the coding region., The
main transcript, p30, is equivalent in the cod.ing. sequence to murine Elf5. One iséfqrm
| (ESE-Za) adds ten amino acid residues to the N-terminus of the profein by using the

alternative exon 1A in place of exon 1 (Oettgen et al., 1999b). This exon and its




Erika Lapinskas Chapter 4 Page 101

A : B
5 -
8
s
.'.u
S
MCF7 | " Vedtor ‘5_1;'57 STATY STATSaSTATSb |
| Transactivating Constructs + PRL
C D | o
NFeB ELF3 and AP1
10- 24
g 5
B -]
- .
& 057 PR
D \ - : ' %
T Veclor. NFKB 14 NFKB A2 NFKB 11  Veeter  ELF3 APT
‘Transactivating constructs. Transadiivating Constructs

Figure 4.7. Analysis of the effect of various transcription factors on ELFS5
promoter activity. ELF5 does not significantly affect its own promoter activity in
MCF7 cells expressing full-length ELF5, but p20 represses transcription by ~40%
(p<0.01) (A). In T47D cells, of the'STAT proteins examined, only STAT]1 significantly
affects luciferase activity (B). NFXB represses activity of the ELF35 promoter in a dose-
dependent manner in T47D cells (C). Neither ELF3 nor API significantly alter
luciferase activity generated by the ELFS promoter luciferase construct in T47D cells
(D). n>9. Error bars: +/- SEM. ** p<0.01; ***p<0.001 (One-way ANOVA).
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resultant transcript have not been identified in the mouse., A second isoform is a
truncated version of p30, splicing out exons 3-5 that code for the pointed domain
{Chapter 5). The presence of a single nucleotide divergence from the consensus within
the exon 3 5' splice donor site may contribuie to the ability of this exon to be spliced
from the human transcript, aithough the murine locus contains the same change
(Genbank Accession AL954374, position 107380). This indicates that another
regulatory alteration bears the primary responsibility for splicing out exon 3 in the
human, but not the mouse, gene. Therefore, despite the 98% aming acid similarity
between murine and human ELF5 proteins, interspecies divergence in regulation of the

gene is evident,

Concordantly, alignment analysis of the human and mouse 5' genomic regions indicates
only one area of high homology, closely associated with the conventional exon 1. This
region encompasses the mimimal promoter region identified in our study (R. Chehab,
Honours Thests, 2002) and accounts for basal transcription of ELF5, and possibly for
tissue-specific expression as this utility is conserved between species. However, ouiside
of the minimal promoter region the species’ sequence diverges, probably accounting for
differences in regulation of transcriptional isoforms between species. The alternative
exon 1A is not identified as a region of significant homology between mouse and

human loci in VISTA.

4.4.2 Predicted regulators of the hELFS promoter

The portion of the promoter region that is not highly conserved befween mouse and

human species clearly has a functional role in promoting transcription of the gene.

e DA TS et b o AR K ML
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Progressive deletion of the 1 kb region 5' to exon 1 results in a étatistically significant
progressive decrease in transcriptional activity, with the exception of the mid-length
Scal fragment that bas wild-type activity, indicating the presence of gene-specific
enhancer elements. Some predicted response elements are of vital interest when
considering the cellular contexts in which ELFS is found. These include OCT1 sites.
The OCT] transcription factor is a POU homoebox family member and its expression is
regulated during pregnancy-associated mammary gland development (Malewski et al.,
2002), where among other functions, it transcriptionally regulates the milk protein, B-
casein (Zhao et al., 2002). B-casein is co-regulated by ELFS (Harris, unpublished data)
and STATSa (Beaton et al., 2003). OCT] is inactivated during involution (Marti et al,,
1994), concurrently with the downregulation of ELFS transcript lcvéls, making it a
relevant_ candidate regulator of ELFJ transcription. Likewise, the estrogen-responsive
zinc-finger homeodomain transcription factor deltaEF1 is a candidate for regulating
ELF5. ELFS does not appear to be directly estrogen-responsive (Chapter 5) but is
upregnlated during the estrogen-dependent mammary gland development (Zhou et al,,
1998), necessitating an intermediary between estrogen signalling and transcription of
the gene. USF can act in deita-EF1-containing complexes (Dillner and Sanders, 2002)
to regulate secondary estrogen-response genes. The clustering of delta-EF1 and USF
sites on the ELF5 promoter is provocative for the hypothesis that ELFS is part of the

secondary, rather than the primary, estrogen response.

Comprehensive testing of potentially relevant regulators of the region marked on Figure
45 is beyond the scope of this study, but some proteins of interest were tested
functionally in luciferase assays to- determine whether they had activity on the promoter.

Equivalent results were obtained in two breast canc_:er-derived cell lines, the ELF5-

-
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expressing T47D and the ELF5-null MCF7. Both cell Iiﬁes are estrogen receptor
positive, an important point considering that ELFJ is potentially regulated by estrogen
signalling in the mammary gland (Zhou et al., 1998). Clearly, T47D possesses the
facto:s required for transcription of ELF3, but in MCF7 cells that is hot certain. Both
cell lines expressed the promoter construct, but at a higher relative level in T47D.
Therefore, inactivation of ELFS in MCF7 is probably due not to the absence or mutation
of a critical upstream factor, but to changes in the ELF5 genomic locus. These may
include silencing of the gene associated with hypermethylation and an inactive
chromatin state, or to LOH. These are both common phenomena on the 11p13 region

(Fabre et al., 1999; Gudmundsson et al., 1995; Wingvist et al., 1995).

4.4.3 Eis regulation of the ELF5 promoter

ELFS5 itself was tested as a potential autoregulator of its own promoter given the
presence of a site in the promoter that is technically compatible with ELF5 binding
(Oettgen et al., 1999b). However, full length ELFS had no effect on reporter gene
activity, indicating that another‘ets factor or factors may act through this site. p20
repressed promoter activity, indicating that in the context of ELFS transcription, it may
be a dominant negative inhibitor of expression. p20 does not seem to be a highly
expressed isoform in normal tissue (unpublished data), making the possibility of an
autoinhibitory feedback loop a less likely scenario. This particular ets motif is also

compatible with ELF3 binding. ELF3 has a highly similar flanking nucleotide

preference to ELF5 (Oettgen et al., 1999b), and only one of the flanking nucleotides on

this motif is preferential for ELF3 binding over ELFS. Co-transfection of the ELF3

expression plasmid in combination with the ELFS promoter-iuciferase reporter

construct showed no significant transactivation or repression of promoter activity. We

U NETRF SN ST

ot i e etk S




Erika Lapinskas

Chapter 4 Page 105

had hypothesised that ELF3 may transcriptionally repress the high level of ELFS

transcription that exists in the lactating mammary gland, acting as part of a switch in the

genetic programme that alters the state of the glandular epithelium from proliferation,
differentiation and maintenance to apoptosis and involution. However, this role must be

taken by an altemative transcription factor, possibly ESE-3 or a non-efs factor.

4.4.4 NFxB regulation of the ELF5 promoter

Secondly, NFxB was selected as an interesting candidate regulator of the promoter.
NF«B is over-expressed or activated in breast and prostate carcinomas, among other
cancer types (reviewed in Rayet and Gelinas, 1999). It commonly interacts with ets
proteins on target promoters (reviewed in Li et al., 2000), aithough the literature only
comments once on whether it alters transcription of ets genes themselves. In this case,
following interleukin-1f (IL-1B) stimulation, NFxB transactivates the ELF3 promoter
to a high degree in cells such as synovial fibroblasts, chondrocytes, csteoblasts, and

monocytes (Grall et al., 2003).

NFxB can act as either an activator (Espinosa et al., 2002; Wu et al.,, 1997; Wu et al,,
2000} or a repressor (Jewett et al., 2093; Morishima et al., 2003) of gene transcription
depending on the cellular and promoter context. The presence of putative NFxB
response elements betwéen Bsu361 and Ndel sites correlatés with a small rise in
promoter activity after deletion .of these elements, intimating that they are responsible
for promoter repression. This correlates well with the results of the reporter assays
where co-transfection of varying ‘molar r'étios of NFxB _results m dose—dependeni

promoter repression. While we have not identified which of the two predicied elements
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NFxB acts through, further studies using the yeast-one-hybrid system, or mutation
analysis of sites, will be capable of identifying the relevant site. These data imply that
one of the effects of inappropriate activation of NFxB' in cancer may be to directly

repress ELF5 expression, providing one explanation for the loss of ELF5 mRNA in

some cancers and cancer cell lines (Oettgen et al., 1999b; Zhou et al., 1998).

4.4.5 STAT regulation of the ELF5 promoter

The ELFS promoter region also possesses one predicted STAT binding site, at position
—8959. The ubiquitously expressed STATs, 1, 3 and 5, are ideal candidates for
regulating a cancer and mammary development associated gene, whereas STATs 2, 4
and 6 have specific roles in the immune response. STATs 1, 3 and 5 are signal
transducers that produce a growth-promoting response to a wide variety of cytokines
and growth factors, and are in some cases even activated simultaneously by the same
ligund (reviewed in Bromberg, 2000). They all have functions in the mammary gland,
particularly STATs 3 and 5, which are crucial regulators of normal mammopoiesis and
lactogenesis (Teglund et al.,, 1998; Udy et al., 1997) and are and are activated in
cancerous mammary epithelium (Watson, 2001). The StatSa null mouse displays a
mammary gland phenotype almost identical to that of the EIlf5 heterozygote: the
curtailing of lobuloalveolar ouigrowth during pregnancy and then failure of lactation
post-parturition (Liu et al., 1997b). StatSa and EIf3 are critical mediators of prolactin
receptor signalling to milk protein gene expression {Harris et al., submitted) and Stat5a
activation increases greatly at d14 pregnancy (reviewed in Watson and Burdon, 1996),
about the same time that EIf5 is dramatically upregulated (Zhou et al., 1998). Srat5b
null mice, to a lesser extent, have defects in mammbpoiesis and lactogenesis (Teglund

et al., 1998; Udy et al.,, 1997). Stat3 also has a role in the mammary gland - a
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paradoxical role considering the promotion of growth and resistance to apoptosis that it
confers on cancercus cells (Bromberg, 2000; Bromberg et al., 1998; Calo et al., 2003).
Conditional mutation of Stat3 in the mammary gland reveals that it is required in
mammary involution, where epithelial cells apoptose and the gland returns to a pre-

pregnant state (Chapman et al., 1999).

STAT1 is involved in mammary gland development and integrates interferon (IFN)
signalling (Ramana et al., 2002). STAT! null mice display specific defects in the IFN
response (reviewed in Akira, 1999). Although increased levels of STAT! have been
observed in a wide variety of human cancer types, the protein is a potential tumour
suppressor as it is important for cell cycle arrest and initiation of apoptosis in response
to IFN signalling (Calo et al., 2003). High levels of STAT1 activation in breast cancer

are predictive of a longer relapse-free survival (Widschwendter et al., 2002).

Conversely, STAT3 possesses oncogefic properties. It is constitutively activated by Src
and JAK kinases in breast cancers and is required for v-src-mediated transformation

(Bromberg et al., 1998; Garcia et al., 2001). It is activated by BRCA1 in prostate

cancers (Gao et al., 2001); and is constitutively active in ovarian carcinoma (Huang et
al., 2000). STATs 3 and 5 are constitutively activated in nasopharyngeal cancer (Hsiao
et al,, 2.0'03). STATSb is constitutively activated in ER positive breast cancers and the
presence of a dominant-negative STATSH results in apoptosis in breast cancer cell lines
(Yamashita and Iwase, 2002; Yamashita et al., 2003), reiterating the dependence of the
cancerous phenotype on the anti-apoptotic and growth-promoting properties of
constitutive STAT activation. Likewise, a number of STAT 3 and 5 target genes are

established as affecting breast cancer progression or prognosis. These include cyclin DI
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(Matsumura et al., 1999; Weinstat-Saslow et al., 1995), c-myc (Kiuchi et al., 1999) and

Bel-X; (Socolovsky et al., 1999).

In the STAT-ELFS promoter luciferase assays, T47D cells were exogenously stimulated
with prolactin to imitate the state that murine mammary glands undergo when they
express Elf5 at the highest level during pregnancy-associated mammary gland
development. This stimulation should provide the cellular context required for
transcription factors to be active on the ELFS promoter. STAT] activation led to a
small but significant (p>0.01) increase in ELF5 promoter activity. While STATs 3, 5a
and 5b tended to increase ELF5 promoter activity, this was neither a consistent nor a
significant result. Particularly STATSa, the most likely candidate of the STATSs for an
ELFS regulator due to its participation in the PRI/PRLR pathway along with ELFJ, did

not result in any difference in luciferase activity.

These data indicate that only STAT1 dimers bound to the predicted STAT response
element in the ELFS promoter. This may be due to the lack of appropriate signalling
stimulation in this syétem that, via the JAKs, modifies the STATs to dimerise,
translocate to the nucleus and become transcriptionally active. Although MCF7 and
T47D express both prdlactin (Shaw-Bruha et al.,, 1997) and the prolactin receptor,
respond to exogenous prolactin by migration along a prolactin gradient (Maus et al,,
1999) and activate signalling response pathways (Das and Vonderhaar, 1996), they do
not respond by expressing markers of terminal differentiation (STAT-induced milk
proteins such as P:casein and whey acidic protein) (Fuh and Wells, 1995). This could
be due to a defect near this endpoint of the pathway, in one or more of thé protein

interactions that ELFS is likely to be involved in. Altematively, the predicted STAT
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response element in the promoter may only be bound by STATI because of the physical
structure of the promoter, and the necessity for specific protein interactions between
transcription factors, that results in promoter activation. The association of STAT1 asa
growth inhibitor and inducer of apoptosis complements the predicted function of ELFS
as an epithelial tumour suppressor. STAT! transactivation of ELF5 may be one of the

mechanisms by which STAT signalling inhibits cel growth and survival.

4.4.6 Conclusions

Confirmation of the relevance of these candidate regulators of the ELFS promoter will
require further study. The specificity of the interaction with DNA will be determined
by site-directed mutagenesis of the putative binding motif and by EMSA. Chromatin
immunoprecipitation (ChIP) analysis using input from tissue samples will assist in

determining the relevance of the interaction to the in vivo context.

Interestingly, only one positive regulator of the promoter has yet been identified. It is
possible that altemative assay syﬁtems would have a greater advantage in identifying
transcriptional enhancers for the ELF5 promoter. MCF7 and T47D cells are non-
metastatic cancerous cells, which are no longer sensitive to a variety of cues that
normally signal mammary epithelial cells to proliferate, differentiate into three-
dimensional acini, secrete milk and involute as happens in a functional mammary gland.
The luciferase assays performed in this study utilised a two-dimensional culture system,
lacking three-dimensional ceil interactions and exogenous steroid and prolactin
stimulation that are present in the pregnant and lactating mammary gland, where Elf5
transcription is dramatically upregulated. Investigating the transcriptional regulation of

ELFS5 in a three-dimensional culture system to better model the in vivo situation may
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provide a wealth of additional, relevant information in elucidating the factors that

impact the regulation of this factor at the mRNA level.
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Chapter5. A novel protein isoform of the epithelial-

specific ets transcription factor, ELF3, regulates the BRCAI

promoter in breast cancer cell lines

5.1 Introduction

5.1.1 Oncogenic ets transcription factors

Ets transcription factors commonly regulate genes involved in cell proliferation,
differentiation, tissue specificity and apoptosis. It is not surprising, therefore, that they
have been implicated in various types of cancer. Several efs genes including Ets-/ (Seth
and Papas, 1990), Erg (Hart et al., 1995), Tel (Ritchie et al., 1999), Fli-1 (Delattre et al.,
1692; Gavrilov et al., 2001) and E/IAF (Habelhah et al., 1999) have been shown to be
proto-oncogenes. For example, in vitro experiments demonsirate that over-expression
of murine Ets-1 in NIH3T3 cells induces colony formation in soft agar and tumour
growth in m.Jde mice, and confirm the oncogenic potential of this gene (Seth and Papas,

1990). More recently, aberrant expression of ETS-1 protein in ovarian epithelial

carcinoma was found to correlate with higher clinical stage and poor prognosis (Takai et

al., 2002).
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5.1.2 Tumour suppressor efs transcription factors

Other ets faciors such as ERF have been shown to act as tumour suppressors, reverting
ets-related oncogenesis (Sgouras et al., 1995). We postulate that ELFS may be another
ets gene with tumour suppressing capability based on its lack of expression in a large
variety of carcinoma cell lines (Qettgen et al., 1999b; Zhou et al., 1998) and in primary
breast cancers (Ma et al., 2003a) and on its chromosomal localisation to 11p13, a region
that frequently undergoes LOH and hypermethylation in various epithelial-derived
neoplasias, particularly those of the breast, prostate and lung (Bepler et al., 1998; Fabre
et al., 1999; Gudmundsson et al., 1995; Kamik et al., 1998b; Koo et al., 1999; Ludwig
et al., 1991; Shaw and Knowles, 1995; Shipman et al., 1998; Shipman et al., 1993; Tran
and Newsham, 1996; Vandamme et al., 1992; Viel et al., 1992; Virmani et al., ‘1998;
Wingvist et al., 1995). ELFS5 is also a member of the ESE subfamily of ets genes. The
other members of this subfamily, £LF3 and ESE-3, have also been implicated in cancer
as a breast-specific oncogene and a tumour suppressor gene, respectively (Eckel et al.,

2003; Tugores et al., 2001).

As ELFS5 is a transcription factor, it is hkely that downstream target genes are
dysregulated if ELF5 expression is decreased during carcinogenesis. We therefore
investigated the possibilify that £LF5 may regulate an epithelial tumour suppressor gene
at the transcriptional level. We chose to investigate BRCA/ given its involvement in
suppression of breast tumourigenesis, the fact that it is transcriptionally regulated by ets
factors (Atlas et al,, 2000; Xu et al., 1997b), and based on a distinct phenotypic overlap

between mice with reduced Breal and reduced Elf5 mRNA expression.
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5.1.3 Mouse models for Elf5 and Breal deficiency

Recently an Elf5 heterozygous mouse line has been generated (Appendix VII). While
the null mice demonstrate early fetal lethality, the heterozygous females have a
mammary gland phenotype that overlaps with that of the dominant-negative Brcal
transgenic mouse (Brown et al., 2002). Mammary glands of these mice demonstrate
delayed pregnancy-associated mammary gland development and reduced lactation. In
the dominant-negative Brcal transgenic, mothers show delayed lobuloalveloar
development that recovers with subsequent pregnancies. The EIf5 heterozygotes
display a more severe phenotype with minimal lobuloalveolar differentiation and failure
of lactation, which does not recover after the first pregnancy. These results indicate that

a genetic interaction may occur between ELFS and BRCA.

Null mutants for Breal in the mammary gland display a similar phenotype. Mutation of
Breal in the mammary epithelium using MMTV-Cre to splice out the ‘floxed’ Breal
exon 11 alleles, resulted in impaired mammary development. Mutant glands were
underdeveloped in pregnancy and showed increased levels of apoptosis. Unlike the EIf5
heterozygotes, females could nurse pups. Between ten and 15 months, about a quarter
of the animals developed mammary tumours (Deng, 2001). As the phenotype is late-
onset and not fully penetrant, the lack of Brcal may result in genomic damage and

dysregulation of other tumourigenesis-related genes.

5.1.4 Changes in BRCAI are found in breast carcinoma

Mutations in the human variant of the tumour suppressor gene BRCAI are found in a
high percentage of hereditary breast and ovarian cancers (Easton et al., 1993). While

defects in the gene have not been observed in sporadic breast cancers (Futreal et al.,
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1994), most of these cancers show decreased BRCA1 expression (Thompson et al,
1995), indicating that mechanisms other than mutations in the coding region are
responsible. Indeed, promoter hypermethylation with associated gene silencing has
been described by various groups (Dobrovic and Simpfendorfer, 1997; Mancini et al.,
1998; Rice and Futscher, 2000; Rice et al., 1998; Rice et al., 2000), Downregulation of
the gene by the HMGAI1b transcription factor, which is over-expressed in sporadic
breast cancer, has also been suggested as a reason for the decreased protein levels in
carcinoma (Baldassarre et al, 2003). Abemrant cytosine methylation, histone
hypoacetylation and chromatin condensation encompassing a critical promoter
subregion flanking BRCAI exon 1A also correlate with decreased BRCA/ expression in
breast and ovarian cancers (DiNardo et al., 2001; Rice and Futscher, 2030; Rice et al,,
1998). This promoter subregion includes the cAMP response element binding site
(CREB) linked to an EBS, indicating that silencing of these elements affects BRCA!

transcription.

5.1.5 Regulation of the BRCAI gene

The BRCAla and BRCA1b protein isoforms have been implicated as protein partners
of a variety of ets proteins including ELK-1, SAPI, ETS-1, ERG-2 and Fh-1,
interacting via the efs domain (Chai et al.,, 2001). ELK-1 co-operation with BRCA1
c;nhances the grewth suppressor capacity of BRCA in cultured breast cancer cells, and
depresses the transcription of the ELK-1 target c-fos, whereas the pre;ence of the
closely related SAP-1 protein does not (Chai et al., 2001). This suggests that one of the
pathways utilised i;y BRéAl in fumour suppression involves an efs signal transduction

pathway.
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The BRCA1 genomic locus lies Lead-to-head with the unrelated NBR2 gene, and a short
218 bp intergenic region lies in between the first exons of either gene. This region has
been shown to function as a bi-directional promoter (Xu et al, 1997b). It drives
expression of both genes, though to differing levels. BRCAI is expressed in a restricted
set of tissues inciuding breast epithelium, ovary, kidney, placenta, testis and thymus,
while NBR2 is expressed more widely (Xu et al., 1997a). This indicates that there are
tissue-specific elements acting on the promoter differentially in the two directions even
though the minimal defined promoter region acts bi-directionally. One candidate for
this interaction is ELFS, which is expressed strongly m mammary epithelium and 0thc;-:-
epithelium-rich organs such as kidney, but not in non-epithelial tissnes (Oettgen et al.,

1999b; Zhou et al., 1998).

Four consensus ets motifs are present in the BRCA4/ & promoter region that flanks exon
1A (Xu et al, 1997b). Two of these are single sites, associated with a CREB site
(ets#3) and an AP-1 site (ets#4), and one is a tandem ets site (ets#1/2) shown i be
bound by the GABPo/f tetramer, a ubiquitously expressed ets factor (Figure 5.1). This

site appears to be critical for transcription of the gene (Atlas et al., 2000; Boccia et al.,

1996).

" BRCA1 is regulated by estrogen signalling (Marquis et al., 1995) in a late-induction
time course, indicating that regulation is via a cascade of estrogen-response genes and
not as a resuit of estrogen receptor binding to DNA (Gudas et al., 1995; Spillman and
Bowcock, 1996; Xu et al., 1997b). ELFS is also a potential target of estrogen-induced
transcription: it has a predicted ER half-site in its prbmoter region {Chapter 4) and in the

mouse, is dramatically upregulated during the estrogen surge in pregnancy-associated
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mammary devejopment. Therefore ELFS is also a candidate to regulate BRCAI in

response to estrogen signalling.

5.1.6 Transcriptional isoforms of ELF5

Two distinct transcriptional isoforms of ELF5 have been isolated. The full-length
transcript encodes a 30 kDa protein, whereas an alternatively spliced isoform loses the
pointed protein interaction domain and encodes a 20 kDa protein. In this chapter we
show that the shorter p20 protein isoform transactivates the BRCAI prontoter in a dose-
dependent fashion via direct binding to the most proximal of the eés-binding sites. This
regulation is not dependent upon steroid hormone regulation. In contrast, p30 is a

functional transcription factor, but not in the context of the BRCAI promoter.

5.2 Methods

5.2.1 Isolation of the p20 isoform of ELF5

The p20 transcript was isolated by 5’ rapid amplification of cDNA ends (RACE) from

human lung ¢cDNA. The Marathon RACE kit (Clontech) was used according to the

manufacturer’s instructions. This cDNA was isolated by Jiong Zhou in this laboratory.
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5.2.2 Construction of efs expression plasmids

All restriction endonucleases and DNA-modifying enzymes were purchased from
Promega Australia. ELFS p30 and p20, ¢-fos, c-jun and ELF3 ¢cDNAs were blunt-ended
using Klenow DNA polymerase and blunt cloned into the pEF-BOS expression vector
(Mizushima and Nagata, 1990) using the Xbal sites. These constructs were made by

Ross Thomas.

3.2.3 Site-directed mutagenesis of BRCAJ promoter pGL3 reporter constructs

The pGL3 luciferase reporier plasmids (Promega) containing the sense and antisense
BRCAla promoter were previously described (Xu et al., 1995). These constructs, and
the pGL3-BRCAI1-ets#1/2mt plasmid, were generously supplied by Dr M. Brown (Dept.
Biochemistry, Queensland University). Two plasmids containing mutations in the ets
#3 and #4 sites were constructed using PCR-based site-directed mutagenesis. Briefly,
the ets #3 mutant was genercted by PCR between the 5' (NBR2) end of the promoter
(oligonucleotide 16, Appendix I) and the ets#3 site (oligonucleotide 17) and by a
separate PCR betwéen the ets#3 site (oligonucleotide 18) and the BRCA1 end of the
promoter (oligonucleotide 19). These products were annealed in an equimolar ratio and
used as template for an overlap PCR. to generate the full-length promoter fragment
*-containing the mutated site. The ets #4 mutant was generated using oligonucleotide 16
with oligonucleotide 20. PCR conditions were the same for the generation of both
mutant constructs and utilised an annealing temperature of 55°C and an exiension of 1

minute, with Pfu DNA polymerase (Promega).
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5.24 Production of the prostate-specific antigen promoter luciferase

reporter construct

The PSA promoter (Genbank Accession S81389) was isolated from normal human
blood genomic DNA with oligonucleotides 33 and 34 (Appendix I), using the Elongase
enzyme mix (GibcoBRL) with an annealing temperature of 55°C and 1 minuie
extension. The promoter fragment was cloned into the T/A cloning site of pGEMT-
Easy (Promega) then subcloned by releasing the fragment with Ncol and Sall and .

inserting into the Smal/Xhol sites of pGL3 to generate the reporter construct.

5.2.5 Production of hELFS5 promoter pGL3 Vuciferase reporter constructs

These plasmids were described in Chapter 4.

5.2.6 Traunsfections and luciferase assays in MCF7, T47D and CV-1 cell lines

MCF7 and T47D human breast ductal carcinoma cell lines and CV-1 green monkey
kidney immortalised cell lines were obtained from the American Type Culture
Collection (ATCC). MCF7 and T47D cell lines were maintained in RPMI-1640
medium (GibcoBRL) supplemented with 10 % (v/v) FCS (CSL) and kept in a
humidified 37°C, 5 % CO; incubator. CV-1 cells were maintained in DMEM with 0.1
mM non-essential amino acids (GibcoRL), 1 mM sodium pyruvate (GibcoBRL) and 10
% (viv) FCS. __Cells_ﬂwere plated for transfection in 24-well plates (Becton-Dickinson) at
a density of 5):_.10‘l cells per well and incubated overnight. A total of 0.5 ug DNA was
transfected per well, comprising 83 ng pSV-P-galactosidase plasmid (Promega) as a

transfection efficiency control, with the remaining DNA made up of 50 % molar vatio of
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the relevant pGL3 reporter construct and an equimolar amount of pEF-BOS constructs.
DNA was prepared using the Qiagen Endo-Free maxiprep kit (Qiagen). Transfections
were carried out using FuGene 6 transfection reagent (Roche Molecular Biochemicals)
and incubated for 48 hours. Where appropriate, 17B-estradiol or progesterone was
added to transfected cells at concentrations of 10 nM and 10 pM respectively. Cells
were harvested using the Constant Light Signal Luciferase kit (Roche). Luciferase
activity was measured on the Lumicount (Hewlett-Packard) then 50 ul of lysate was
incubated with an equal volume of 2 X f-galactosidase sample buffer (4.5 mM 2-
nitropkenyl-f§-D-galactopyranoside, 0.08 % (v/v) B-mercaptoethanol, 2 mM MgCl,, 10
mM NaH,PO;, 10 mM Na,HPO,) at 37°C until colour had developed. Absorption was
measured at 415 nm on the BioRad 3550 plate reader. Resulis were normalised by
dividing luminescence units by the [-galactosidase assay readout. All transfection
experiments were performed at least three times in triplicate, so that n>9. Results were
analysed using the one-way ANOVA and the Bonferroni post-test to compare selected
columns (GraphPad Prism Version 2.0). Where p<0.035, column values were taken to be

significantly different.
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1151 TTRCTTTCGA CAKTAGGTAG TGATTTYGAC CITCSTACAG CAAYTACTGT GATGCAATAM

1321 sm'mm GAAGAGTACA GGETAGAGGG TAVGCATTTT{ATGGCAMACY csosra.s'a';r NBR2 Exon 1

‘-—-—“—h
esi? CREB
1382, mﬁr TCIRTFACUT CATEZGLGUS CAVACTULGST ;c-tta
1441 GAGCTCUGAG AGATGUTIGE CTCTITCTET CCOTCCCATC CTCTGATTSY ACCTIGATIT
1561 CCTATTCTGA GAGGCTGCTS CITAGCGGTA GOCCUTTGAT TTCCGTOGLA ACGGAAMAGE
1551 GLGGLAATTA CAGNTARATT ADAACTULCEA TTGCGeutlh ToaveTeeef cAuafrreer]  BRCAI ExonlA
- . - ) - s T '.

1621 sealesiica CAGLCTEIGE GEITIUTCAG ATAMCTRLEE COCTCRGLTT AGGAGGECIT

1681 TATCCTEYGL TTTUUSTAMA GUTACTAGAG TCCTGEGAAA RGLACAGRLY GUTLTAAGCTOLA

Figure 5.1. Schematic diagram of BRCAla promoter showing potential
transcription factor blndmg sites. The nucleotide position number on the left
corresponds to that found in Genbank number U37574 (Xu et al,, 1995) sequence.
Exons are marked in red lettering. The promoter fragment inserted into the pGL3
vector is in parentheses. Adapted from Xu et al. (1997).




Erika Lapinskas

527 Preparation of A33 hELFS constructs

Plasmids encoding ELF5 recombinant proteins with an N-terminal 33 amino acid
deletion were constructed using the pET-21at+ vector (Clontech). The insert was
amplified by PCR with oligonucleotides 35 and 36 (Appendix ), using p30 and p20
cDNA templates. The resultant cDNAs were digested with BamHI and Sacl and
inserted into the BamHI and Sacl sites of the pET21a+ vector. Recombinant proteins
were expressed from the constructs in BL21(DE3)pLysS bacteria (Clontech) according

to the manufacturer's instructions.

5.2.8 Electrophoretic Mobility Shift Assays

Double-stranded oligonucleotides containing the ets #3 and #4 sites in wild-type and
mutant form (oligonucleotides 21-28, Appendix I) were used to determine the binding
capability of ELFS recombinant protein to these sites. The E74 consensus efs binding
motif was used as a positive controf for binding of both recombinant proteins
(oligonucleotides 29-32). Only the forward sequence is shown; reverse primers were

complementary to these.

Electrophoretic mobility shift assays (EMSA) were performed as previously described -
by (Dignam et al., 1983). Briefly, 200 ng double-stranded oligonucleotides were
labelled with [y-**P] dATP by T4 polynucleotide kinase and purified by running on a 6
% (w/v) native polyacrylamide gel. The labelled double-stranded oligonucleotides were
then excised from the gel, eluted in 0.3 M NaOAc (pH 5.2) and ethanol precipitated

with 20 pg glycogen (Roche). Reaction mixture was added in the order of H;O, 5 X
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EMSA binding buffer (final concentration 10 mM HEPES (pH 7.8); 2 mM MgCl,; 40
mM KCl; 5 % (v/v) glycerol; 1 mM dithiothreitol (DTT); 1 pg poly(dL.dC).poly(dl.dC),

200 ng recombinant protein, and an 100-fold molar excess of unlabeled competitor

oligonucleotide or 0.5 ug anti-ELF5 antibody in a total volume of 20 ul. Reactions

were incubated at room temperature for 15 min, then 50,000 counts per minute (cpm) of
labelled oligonucleotide probe was added, followed by a further 15 min incubation.
Reactions were run on 6 % (w/v} native polyacrylamide gel for 15 cm at 125 V, then
dried under vacuum onto Whatman paper and exposed to Kodak Biomax MR film

(Kodak) at -80°C.
5.3 Results

5.3.1 Isolatien of p20

The p20 ELFS isoform was cloned. from a A phage human cDNA lung library by Jiong
Zhou (PhD Thesis, 2001). The full-length p30 isoform of human ELFS had previously
been isolated, as described in (Zhou et al., 1998). This isoform splices out exons 3 to 5,
which does not result in a frame-shift but deletes most of the pointed domain (Figure

5.2).

5.3.2 hELFS5 p20 trausactivates the BRCAla promoter

The BRCAla pronioter, which contains four potential efs motifs, can be fransactivated
by a truncated isoform of ELF5. - The p20 isoform, which splices out exons 3-5 of the
gene encoding the pointed protein-protein interaction domain (Figure 5.1),

transactivates the BRCAla promoter about 2.7-fold over its basal activity in both
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MCEF7 and T47D cells (Figure 5.3A). As results were equivalent in these two cell lines,
representative data from the T47D cells only has been shown. Reporter activity was
increased two-fold from this promoter when twice the amount of p20-pEF-BOS
expression construct was included in the cell transfections, indicating that
transactivation of the BRCAJ a promoter by p20 is dose-dependent. Notably, the 218 bp
BRCAIa promoter is a bi-directional promoter that drives the expression of both
BRCAI and the more widely expressed NBRZ gene (Xu et al,, 1997b). When the
promoter was cloned in the anti-sense orientation in the pGL3 vector, p20 also drove
expression to the same extent in the NBRZ direction, indicating that p20-induced
transcriptional activity is not unidirectional and may regulate both genes (Figure 5.3B)

in tissues where ELFS p20 is present.

In many cases, efs transcription factors interact with AP-1 on promoters and
synergistically transactivate genes. A proportion of efs motifs are found in conjunction

with AP-1 sites, as is the case with the ets #4 site in the BRCA! & promoter (Figure 5.1).
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Figure 5.2. Genomic structure of ELF5 and alternatively spliced isoforms. Genomic structure of the ELF5 locus, showing the
alternative splicing of exons 3-5 that creates the p20 niRNA (A). The protein products resulting from the alternatively spliced transcripts,
p30 and p20, are also shown (B). Genomic sequence can be accessed at Genbank accession A137224, p30 protein sequence at Genbank
accession NP_001413, whereas the p20 protein sequence has not yet been published.
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However, inclusion of the c-fos and c-jun subunits that dimerise to form the AP-1
transcription factor albng with p20 in these transfections, failed to show synergistic
activity, or indeed any alteration of the ability of p20 to transactivate this promoter

(Figure 5.4).

5.3.3 ELF3 and full-length ELFS5 do not transactivate BRCA7

Likewise, £LF3, an efs transcription factor closely related t¢ ZZF5, also failed to
transactivate the BRCAI a promoter, demonstrating that the ability to act on the BRCAI
promoter is not shared indiscriminately among the epithelial-specific ets genes (Figure
5.5). Unexpectedly, the full-length ELFS isoform, p30, failed to transactivate the
BRCAI promoter (Figure 5.3). However, this transcription factor is functional in other
promoter and cellular contexts, as it transactivates the PS4 promoter in CV-1 cells

(Figure 5.6).

5.3.4 p20 transactivates BRCAI via EBS#4

Site-directed mutagenesis of the ets sites in the BRCA! promoter demonstrated that p20
acted through the fourth, proximal, AP-1-associated site located in the non-coding
BRCAI exon 1A, but not through the other sites (Figure 5.7). However, ablation of
each site in turn decreased the absolute level of promoter activity compared to the intact
BRCAI o promoter (data not shown), indicating that these sites are functional and may
be bound by other ets factors. EMSA performed using ELF5 A33 p30 and p20

recombinant protein on oligonucleoti&es cﬁﬁtainjng the BRCAI ets #3 and #4 sites,
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Figure5.3. [ELFS5 p26 transactivates the BRCA1® promoter. Transfection of a 1:1 mixture of empty vector and p20 construct
| (p20/vector) increased luciferase activity of the sense BRCAI® promoter almost 2-fold, while transfection of p20 construct undiluted
S with empty vector (p20) increased luciferase activity 3-fold (A). pZ0 transactivation of the promoter is thercfore dose-dependent. p20
o transactivated the promoter in the antisense direction (NBR2 promgster) to the saine degree (B). Co-transfection of p30 with the
o BRE{A1® promoter constructs had no significant effect on luciferase activity. Activity of the promoter construct when co-transfected
with empty pEF-BOS vector has been arbitrarily set as 1. n29. ***p<0.001. Results from transfections into T47D cells are shown.
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showed direct shifted bands when the p20 isoform was incubated with the ets #4 site
only (Figure 5.8A). This binding was competed by cold oligonucleotide but not by the
equivalent oligonucleotide containing a mutation in the efs binding site. Band intensity
was also decreased by the inclusion of ELFS5 antibody, which is directed against a -
peptide in the DNA-binding domain and therefore would predictably interfere with
DNA binding. Consistent with the luciferase assay data, p20 did not bind to the
mutated ets #4 site, or to the ets #3 siic. p30 did not bind to any of the oligonucleotides
derived from the BRCAIa promoter (Figure 5.8B), although both ELFS isoforms
interact with the consensus E74 binding site (Figure 5.8C). The N-terminal A33
proteins were constructed for the in vitro assays as full-length ELF5 p30 and pZ0
isoforms do not bind specifically to DNA in vitro (Oettgen et al., 1999b). This indicates
the presence of an N-terminal autoinhibitory domain that requires modification by an as

yet unknown cellular process before the transcription factor can be active.

5.3.5 ELFS5 does not transactivate BRCA! in direct response to estrogen
signalling

Xu et al. (19970), among others, proposed that BRCAI « transcription is upregulated by
genes that are under the control of ER binding. The proteins that transduce this signal
have not yet been characterised (Spillman and Bowcock, 1996). Therefore we tested
the ELF5 promoter for estrogen-responsiveness, given that there is an ER half-site
predicted by computer promoter analysis (TESS; Baylor College of Medicine; Chapter
4). ELF35 and BRCA] transcripts both increase during pregnancy-associated mammary
gland development, which is under hormonal control. It is conceivable that estrogen-
induced ELFS protein may upregulate BRCA1l in the mammary epithelial cells.

However, the ELF5 promoter does not appear to be estrogen responsive. Luciferase
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activity was neither significantly incrzased nor decreased afier T47D cells, which
‘express both estrogen and progesterone receptors, were transfected with the hELFS

promgier-luciferase reporter construct and treated with 10n M 17f-estradiol for up to 48

hours (Figure 5.9).
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Relative induction of the BRCA 1o promoter with ELF5 p20 and AP-1
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Figure 5.4. AP-1 does not activate the BRCAI® promoter synergisticaily or
additively with ELFS p20, Activity of the promoter construct when co-transfected
with empty pEF-BOS vector has been arbitrarily set as 1. n=9, *** p>0.001,
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ELF3 does not transactivate the BRCATo promoter
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¥ 1 Figure 5.5. ELF3 does not transactivate the BRCAI% promoter. Despite the

- close relationship of ELF3 to ELFJ, it does not transactivate BRCA1@ through any of

' the EBS in the promoter. Activity of the promoter construct when co-transfected with
empty pEF-BOS vector has been arbitrarily set as 1. n=9.
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PSA promoter activity in CV-1 cells
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Figure 5.6. p30 ‘ransactivates the PSA promoter in CV-1 cells in a dose-
dependent manner. Doubling the amount of p30 construct transfected from a 1:1
empty vector:p30 construct mixture (p30/vector) to p30 construct only (p30) doubles
the PSA promoter activity. p20 has a negligible effect on the promoter activity.
Activity of the promoter construct when co-transfected with empty pEF-BOS vector has
been arbitrarily set as 1. n=9. ** p>0.01; *p>0.05.
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Relative induction of BRCA7ua promoter by p20 after
mutation of each ets motif
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Figure §.7.  Site-directed mutagenesis of each ets-binding motif in the BRCAI™

promoter demonstrates that p20 acts primarily through the ets#d site.

Transactivation by p20 s'all occurs when the other two sites are mutated, but is ablated
~ when the ets#4 site is mutated. Actwnty of the promoter construct when co-transfected
with empty pEF-BOS veczor has been arbitrarily set as 1. n>9. ** p>0.01.
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Figire 58. EMSA with ELFS protein isoforms interacting with EBS derived
from the BRCAla promeoter.(A, B) and with the E74 corsensus EBS (C). A33 p20
interacts with the BRCAI ets #4 site (A), with decreased band intensity when competed
off with cold competitor oligonucleotide (WT) though not with an antibody directed
against the ets domain (Ab). It does not interact with the mutated site, or with the ets #3
site (B). A33 p30 does not interact with either BRCAI a-derived promoter sequence (A,
B), but both proteins bind the consensus E74 ohgonucleotlde (C), and compete Gff with
wild-type but not mutant compet:tor oligonucleotide, and with the antlbody directed
against the ets domain. .
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Figure 5.9. The ELF5 promoter is not estrogen responsive in T47D cells. No
significant increase in luciferase activity was noted at any timepoint following treatment
with 10 nM 17p-estradiol. n=9. Column 1 (EtOH) represents cells treated with ethanol
alone, the solvent for 17f-estradiol.
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5.4 Discussion

5.4.1 Regulation of ets factors by alternative transcript splicing

The proposition that ELF5 activity is regulated by alternative splice isoforms arises
from a strong historical tradition among efs factors. The closely related ELF and ESE
subfamily genes including NERF/ELF2 (nerf-1a, 1b and 2) (Oettgen .et at,, 1996;
Wilkinson et al., 1997), ESE-3 (A and B) (Kas et al,, 2000) and Elj? (Jobling et al,,
2002; Tymms et al., 1997) all possess at least two transcripts translated into different
protein products. Although all three NERF isoforms bind DNA with similar alTinity,
NERF-2 transactivates the lymphocytic /yn and blk promoters while the other two
isoforms do not. ESE3b transactivates C-MET through two sites in its promoter but
ESE-3a has negligible effect on the activity of this promoter. Alternative functions for
the two ELF3 isoforms have not been investigated. Ets-1 produces two isoforms, the
full-fength p51 and a truncated form, p42, which have distinctly different roles as
transcription factors (Baillai et al., 2002). p51 binds a palindromic double efs sequence
in the stromelysin-] promoter, facilitating the- formation of an ETS-I:DNA:ETS-I
complex and resulting in transactivation of stromelysinl. p42 lacks exon 7, encoding a
. domain required for ERK2-dependent phosphorylation (Koizumi et al., 1990) and was
therefore inhibited from DNA-binding activity. GABP « and B subunits Iboth pﬁssess at
least three transcriptional isoforms, produced by exon splicing (de la Brousse et al,
1994; Watanabe et al,, 1993); D. O’Leary, PhD Thesis, 2003) but the significance of
these is unknown, Three protein isoforms are now known to exist for Elf5§ the p20 gnd
p30 isoforms described here and elsewhere (Oettgen et al., 1995b; Zhou et al., 1998)

and a longer isoform which uses an alternative exon 1 (Exon 1A), adding ten amino
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acid residues to the N-terminal of the protein (ESE-Za) (Oettgen et al., 1999b). These
isoforms may provide a type of internal regulation, where the proteins compete for

binding on EBS in target promoters.

Transcriptional isoforms of ets factors may be expressed tissue specifically, and due to
their altemative sequences interact with different protein partners, further increasing the
spectrum of regulatory mechanisms employed by these transcription factors. Indeed,
the ELF5 isoform transcribed from exon 1A is expressed mainly in the kidney, while
the p30 tsoform is predominant in other organs (Oettgen et al,, 1996b). We have not
yet studied the tissue distribution of the p20 isoform due to the difficuity in obtaining
the relevant human tissues, but this should provide data pertinent to the results of this
~ study. To date, we have detected p30 in four (T47D, ZR-75-B, SKBR3 and BT474),
and p20 in one (MDA-MB-453), of the five ELF5-positive breast cancer cell lines that
have been identified (E. Lapinskas, Honours Thesis, 1999). In any one cell line, only

one isoform was detected.

We presumed initially that the lack of the pointed domain sequence indicated that p20
would act as a dominunt-negative competitor for p3Q binding. Clearly this is not the
case, but the protein activity depends on the promoter and possibly the cellular context,
h as shown by the transactivation of the PSA promoter by p30 but not p20. While the
pointed domain acts as an interface for protein partners, it is not the ohly interaction
domain recorded for efs proteins. Different family members possess unique protein
interaction doméins, ﬁut protein interactions involving the ets domain have also been
recorded (Eisbacher et al., 2003; Fitzsimmons et al., 2001). As ELF5 does not seem to

possess an independent transactivation domain (TAD), it must interact with a pro‘tein
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that provides this capability. In the context of the BRCA! a promoter, p20 and p30 must
interact with different protein partners that affect their ability to Eind and then to
activate the promoter. We havé studies in progress to identify proteins that interact with
these two isoforms and hopefully provide more information as to how this transcription

factor acts on target promoters.

5.4.2 Alternative functions for ELFS$ transcriptional iscforms

One possible explanation for the inability of p30 to transactivate the BRCAI @ promoter
is that it is not a functional transcription factor. We addressed this point by
demonstrating that p30 is active in the context of the PS4 promoter, while p20 is not,
once again indicating that it is coliaboration between protein partners that determine the

outcome on the promoter.

As p20 interacts with an EBS linked to an AP-1 site, we expected that these proteins
would interact to potentiate transcription of the promoter, particularly as efs proteins
commor ‘v interact with AP-1 (Li et al., 2000; Reddy et al., 2003; Ruan ¢t al., 1999).
However, either p20 cannot interact with AP-1 or the AP-1 site is not functional. This
does not preclude ELFS5 interactions with proteins on other parts of the promoter, but we

have not yet isolated a candidate interaction.

It is a_!so worthwhile noting that though ELFS transactivates the bi-directional
BRCAI/NBR2 proxii?oter in both directions, ELFS is an epithelial-specific protein with
a restricted expression pattern. Therefore, it will only act on the BRCA/ promoter in
tissues where their expression pattern overlaps, such as the breast and kidney

epithelium, but will affect trans_qription of the ubiquitously expressed NBR2 in all




Erika Lapinskas Chaptt;r 5 Page 138

ELF5-expressing tissues. Two isoforms of BRCAI are transcribed from the human
gene. The BRCAl« isoform, studied here, is the major transcript in mammary
epithelium. This is particularly interesting as BRCA/ and ELFS transcripts are co-
upregulated in the pregnant and lactating mammary gland (Lane et al., 2000; Zhou et
al., 1998), and BRCAL! co-operates with BRCA2 to bind STAT5a and suppress its
activity on the B-casein promoter (Vidarsson et al., 2002). STATSa is also crucial fos
mammary epithelial differentiation and is part of the prolactin receptor (PRLR)

signalling pathway, in which ELF5 has also been implicated (Appendix VII).

5.4.3 ELFS5 proteins must be post-translationally modified to be activated

The inability of p20 and p30 ELFS proteins to bind DNA in vitre indicates that the
proteins are post-translationally modified within the sequence lying N-terminal to the
pointed domain to become activated. Oettgen et al. (1999b) used a similar N-terminal
truncated ELFS protein to ours for EMSA as, unlike ELF3 and ESE-3, full-length EIf5
does not function in this assay (pers. commun.). Meny efs proteins arz the targets of
signalling pathways mediated by protein kinases, including ELF5’s most similar relative |
ESE-3, a MAPK target (Tugores et al., 2001). Phosphorylation or dephosphorylation is
the most likely explanation for the relief of auto-inbtibition of ELFS interaction with

DNA, but this hypothesis has yet to be validated.

5.4.4 ELF5 regulation of BRCAI is not directly regulated by estrogen

BRCA! transcription is co-ordinately regulated by several factors, including estrogen
signalling. Xu et al. (1995) and others propose that BRCA/ « transcription is regulated

by other ER-induced genes, as the translation-blocking reagent, cyclohexamide, ablates
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ligand-induced upregulation of BRCAI (Marks et al., 1997). We therefore examined
ELF5 as a possible ER-induced regulator of BRCAlq, but found that the ELF5
promoter is, surprisingly, not responsive to estrogen, indicating that we must look
elsewhere to find such intermediary proteins. Alternatively, ELF5 may still be part of
the cascade but be regulated by estrogen-induced genes rather than by direct hormone-

receptor complex binding to DNA

5.4.5 Conclusions

We have shown that two distinct isoforms of ELFS are functional transcription factors
that probably depend on protein interactions on DNA to provide their transactivational
function. The truncated p20 isoform transactivates the BRCAla isoform, a protein that
has a crucial role in the differentiation of mammary glaﬁd epithelial structures, by direct
binding to one of the EBS in its promoter, while p30 transactivates PSA, a protein
upregulated with malignant transformation of the prostatic epithelium. ELFS protein
appears to require post-translational modification before it is able to interact specifically

with DNA, but it is not the missing link between ER signalling and BRCAla induction.




Erika Lapinskas . Chapter 6 Page 140

Chapter 6. ELF5 is aberrantly expressed in breast,

kidney and prostate carcinomas and functions as a tumour

suppressor in kidney carcinoma cells

6.1 Introduction

6.1.1 The efs oncogene family

Alteration in the expression or activation of efs transcription factors is historically
associated with tumourigenesis. The first efs gene discovered, ets-/, was initially
characterised as a viral oncoprotein in the E26 avian retroviral genome. The viral
sequence was derived from the cellular Efs-/ gene in the chicken (Nunn et al., 1983).
The viral sequence is a truncated version of the cellular eis transcript and contains
multiple, functionally significant, mutations in both the 5’ and 3' ends of the coding
sequence (Gegonne et al., 1987; Leprince et al., 1983; Watson et al., 1988). The 3' end
of the protein acts as an autoinhibitor of DNA binding in the cellular but not the viral ets
counterpart (Lim et al.,, 1992). Therefore degenerate changes in the viral compared fo
the cellular Ets-1 sequence result in loss of auto-inhibition and dysregulation of Ets-1

target genes in the virus-infected cell, leading to oncogenesis.

Subsequent to the discovery of efs as an avian viral oncoprotein, the human efs
homologues, ETS-1 and ETS-2, were found to undergo non-random chromosomal

translocations in acute myeloid leukaemia with associated changes in gene expression
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{Caubet et al., 1986; Diaz et al., 1936; Le Beau et al., 1986; Papas et al., 1986; Sacchi et
al., 1986; Watson et al., 1986b). The characterisation of a plethora of ezs paralogues in
the human genome followed, each of these accompanied by an involvement with
cancer. Most of the efs genes are expressed exclusively in haemopoietic cells and are
hence important iii subtypes of leukaemia and lymphoma. The isolation of the
epithelial-specific subset of ets transcription factors, comprising the closely related
cluster of ELF3, ELF5, ESE-3 and the divergent prostate-specific PSE/PDEF, opened a
new door in ets cancer biology. While not yet well studied because of their relatively
recent advent, these genes may be of tremendous importance considering the prevalence

of epithelial-derived cancer among the human population.

6.1.2 The epithelial efs factors in carcinoma

The discovery of ELF3 as an ets factor expressed in a wide range of epithelial structures
in various organs was paralleled by genomic DNA and mRNA expression studies in |
epithelial cancer. Chang et al. (1997) noted the over-expression of ELF3 mRNA in the
early stages of breast tumourigenesis and the associated amplification of the
chromosome 1¢32.1 locus where ELF3 is situated. Likewise, Tymms et al. (1997)
studied ELF3 expression in lung cancer cell lines and found increased expression in
lung carcinoma compared with normal tissue. A positive feedback loop between the
proto-oncogene ErbB2 and ELF3 has been postulated in the subset of breast cancers that
over-express ELF3. ErbB2 signalling leads to increased ELF3 promoter activity and
protein ’levcls: and ELF3 subsequently transactivates the ErbB2 promoter (Neve et al,,

2002). ELF3 expression is also required for the survival of non-transformed and
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transformed breast cell lines MCF-12A and T47D (Eckel et al., 2003). These data

indicate that FLF3 may be oncogenic when dysregulated in breast epithelium.

Further work from Chang et al. (2000) established the cytokine receptor TGFBRII as a
positively regulated transcriptional target of ELF3, providing a clue to the role of ELF3
in breast cancer. A model was proposed whereby decreased TGFBRII expression in
cancer cells is permitted by down-regulated ELF3 expression, resulting in resistance to
the growth-inhibiting effects of TGFpP signaling (Chang, 2000). Similar data were
obtained in a gastric cancer cell line system (Park et al., 2001). ELF3 has been
proposed as a retinoic acid (RA) response gene, where RA is an important agent in
cancer treatment and prevention (Ma et al., 2003b). This model, however, proposes that
ELF3 is not an oncogene, but a tumour suppressor, which is not concordant with the
over-expression of ELF3 in cancer. However, the expression analysis did not account
for possible mutations in the transcript that could lead to a non-functional protein
product, a hypothesis that could reconcile the two viewpoints. The data on the role of .
ELF3 in cancer is conflicting and possibly contradictory. While studies continue that
will contribute to this work, it scems likely that though the function of ELF3 in

carcinoma has not been clearly delineated, a role for it does exist.

Murine Ese-3 was first isolated from pituitary somatotroph tumours (Bochert et al.,
1998). The role of the gene in cancer has not been well-studied, but in development it is
believed to function in glandular epithelial differentiation and branching morphogenesis
via pml;mter"r"egulation of ¢c-met (Kas et al., 2000), and to repress transcription of target

genes foliowing MAPK phosphorylation (Tugores et al., 2001). Dysregulation of these

functions has the potential to lead to dysmorphic breast epithelial structures and to
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inappropriate de-repression of target genes, both of which may be conducive to cancer

initiation and/or progression.

Initially believed to be prostate specific (Oettgen et al., 1997b; Yamada et al., 2000), the
phylogenetically divergent efs protein, PSE, is found in epithelial-rich organs including
breast, prostate and colon (Feldman et al., 2003a). It is aberrantly regulated in
transformed prostate glandular structures compared with non-cancerous prostate.
Nozawa et al. (2000) noted that while PSE mRNA is expressed in normal prostate
glandular epithelium as well as the prostate carcinoma cell lines PC3 and LNCaP, the
protein is only detectable in the normal prostate tissue samples, not in the cell lines,
implying a specific translational control mechanism for this mRNA. PSE
transcriptionally activates prostate-specific genes including the prostate cancer marker,
PS4, which it activates in an androgen-independent manner, PSE also directly interacts
with the DNA-binding domain of the androgen receptor (AR) to synergistically enhance
androgen-mediated PSA transactivation (Oettgen et al., 2000). As discussed in Chapter
1, over-expression of the PSE transcript is a novel marker for metastatic breast cancer in
Iymph nodes, and is a breast cancer circulating antigen (Ghadersohi and Sood, 2001;
Mitas et al., 2002). PSE protein levels, however, are reduced in invasive breast cancer
and re-expression of the protein in breast cancer cells resulted in cell cycle arrest,
inhibiting cell growth, migration and invasion (Feldman et al., 2003a). These data
indicate that PSE is a tumour suppressor gene, and that the loss of PSE protein in breast
epithelium alters the expression of a spectrum of genes that control breast cancer

progression and invasion (Feldman et al., 2003a).

!
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Less is known about a potential role for ELFS5 in cancer progression, although the gene
was isolated at approximately the same time as ELF3 and prior to the discovery of ESE-
3 and PSE. ELF5 mRNA was not expressed in a panel of carcinoma cell lines derived
from breast, kidney, lung and prostate; organs in which it is normally expressed (Zhou
et al., 1998). The only two cell lines that retain expression are the hormone-responsive,
non-aggressive lines T47D (breast carcinoma) and LNCaP (prostate carcinoma). This
may indicate that loss of ELF5 mRNA is associated with conversion to a more
aggressive, invasive or hormone-independent phenotype. Evidence for genomic
alterations of ELFS alleles as evaluated by Southern blotting was found in four of the
nine lung carcinoma cell lines tested, and amplification of the ELF3 locus was found in
the breast carcinoma cell line, T47D (Zhou et al., 1998). QRT-PCR analysis of ELFJ
message in primary breast cancers showed >2-fold under-expression compared to
normal breast in 95% of samples (Ma et al., 2003a), which is consistent with the cell

line data.

Hypennethylation and LOH at Homo. sapiens chromosome (HSA) 11p13, where ELF5
is localised, is a common phenomenon in a variety of epithelial-derived solid tumours
(Baffa et al., 1996, de Bustros et al., 1988; Gudmundsson et al., 1995; Shipman et al.,
1998; Shipman et al., 1993; Wingvist et al, 1995), and the chromosomal region
harbours defined and undefined tumour suppressor elements (Goldberg et al., 2000;

Harris et al,, 1991; Lee and Haber, 2001).

EIlf5 heterozygote mice show defects in pregnancy-associated mammary gland
development; in the formation of mature lobuloalveolar structures. Whether the defect

affects the proliferation or the differentiation of the epithelial cells is not known
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{Appendix VII). This indicates that Elf5 is necessary for normal mammary epithelial
cell development and that, like other efs factors, dysregulation mzy result in the

inappropriate expression of target genes and altered cell morphogenesis.

These data suggest that ELFS may be a tumour suppressor gene, Tumour suppressoss
are defined by the following characterisﬁcs, although not every tumour suppressor will
demonstrate all of the qualities. Tumour suppressors undergo loss of function in cancer,
by LOH, decreased transcription or translation, or mutation in the protein product.
They can be mutated in inherited cancer syndromes and may be able to inhibit the

growth, tumourigenesis or metastasis of transformed cells in vitro or in vivo.

We hypothesise that ELFS is a tumour suppressor gene. Like other tumour suppressor
genes, the mRNA and protein expression of ELF5 may be decreased in epithelial-
derived cancer, particularly of the breast, kidney and prostate, due to cancer-associated
transcriptional deficits. As is the case for other genes at 11p13, defective transcription
of ELF5 may be due to LOH or possibly to promoter hypermethylation; this criterion
for tumour suppressor activity will be tested in our study using genomic DNA derived
from carcinomas. ELFS may suppress the tumourigenicity of transformed breast and
kidney epithelial cells following re-introduction into these cell lines. Suppression of the
ability to grow as anchorage-independent colonies in culture will be assessed by the in
vitro soft agar assay, and tumour-forming capacity assessed by the in vivo SCID mouse

assay.
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6.2 Methods

6.2.1 Isolation and analysis of an ELF5-linked microsatellite marker

Following the isolation of a functional ELFS promoter region, the DNA sequence was
analysed for repetitive sequences using the RepeatMasker program (Baylor College of

" Medicine Search Launcher, http://searchlauncher.bcm.tmc.edu). Following

identification of repetitive 2-4 nucleotide elements, oligonucleotides were designed
fianking the microsatellite repeats. A GAAA 5o repeat was analysed for polymorphism
in 100 chromosomes from normal blood samples (Chapter 2) obtained from the
Victorian Clinical Genetics Service (VCGS), using oligonucleotides 37 and 38
(Appendix I). Briefly, the oligonucleotide 37 was labelled with [y->>P]-dATP (10
mCi/ml; Amersham-Pharmacia) as described in Chapter 2. Genomic DNA (100 ung)
was used as a template for PCR, where labelled and unlabelled oligonucleotide 37 were

used in a 1:5 ratio to a final concentration of 0.75 pM. Oligonucleotide 38 was also

added to a final concentration of 0.75 UM. Pfx polymerase (Invitrogen) was used to
amplify the microsatellite marker according to the manufacturer’s instructions.
Following 35 cycles of PCR, 0.2 volumes of formamide DNA loading dye (95 % (v/v)
deionized formamide; 10 mM EDTA (pH 8.0); 0.1 % (w/v) bromophenol blue; 0.1 %
(w/v) xylene cyanol) was added to each PCR reaction and boiled for 5 min. Five pl of
each PCR was electrophoresed through a 6 % (w/v) urea/polyacrylamide gel (6 % (w/v)
poly-acrylamide; 0.5 X TBE; 7 M urea) at 2500 V and 50°C for 3 hours using a Bio-
Rad Sequi-Gen I apparatus. The gel was dried onto Whatman (3MM chromatogtraphy)

paper and exposed to Biomax MR (Kodak) film for 1 week at —-80°C.
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Genomic DNA (100 ng) from 20 breast tumours and patient-matched peripheral blood
lymphocytes (PBLs) was obtained from the Peter MacCallum Tissue Bank (Victoria,
Australia). PCR and urea-PAGE anallysis was performed as above. For informative
individuals, allele intensity was compared between tumour and PBL samples to
determine whether LOH occurred at the locus, where a decreased or absent allele in the

tumour compared with normal DNA was indicative of LOH.

6.2.2 Production of the pBI-EGFP-ELF5 plasmid

The pBI-EGFP vector was obtained from Clontech. Ncol/BsiXI-digested ELF5 p30 and
p20 cDNAs were blunt-ended and cloned in the forward orientation into the Pvull site

of the vector.

6.2.3 Production of MCF7 breast and 786-O renal carcinoma cell lines expressing

ELF5

MCF7 cells were maintained in culture as described in Chapter 4. 786-O cells were
also maintained in RPMI 1640 medium with 10 % (v/v) FCS. All transfections were
performed using FuGene 6 transfection reagent (Roche). MCF7 cells were initially co-
transfected with a 5:1 molar ratio of the pRev-TRE and pTK-hyg plasmids (Clontech)
encoding the rtTA receptor and hygromycin antibiotic resistance respectively, and
clonal populations were selected using 100 pg/ml hygromycin B. Plasmids had been
linearised by restriction endonuclease digestion with Scal and Hindll: respectively and
gel purified prior to transfection. Once expression of the receptor was confirmed by
RT-PCR with Tet-On specific primers (oligonucleotides 43 and 44, Appendix I}, a

second round of transfection :vas performed in this sub-line to introduce the Nhel-
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linem'ised pBI-EGFP-ELF5 vector. Double-transfected clones were selected with 500

ng/ml G418 and 100 pg/ml hygromycin B.

Cells (786-0O) were co-transfected with Neol-digested ELF5 20 or p30 in the pEF-BOS
plasmid (Mizashima and Nagata, 1950} and EcoRlI-digested puromycin-resistance
plasmid (Ramirez-Solis et al,, 1995). Clonal lines were selected with 3 pg/ml

puromycin (ICN Biochemicals).

6.2.4 Testing expression of ELF5 and EGFP ia transfected cell lines

In MCF7 transfected cells, EGFP expression was detected before and after doxycycline
induction (2 pg/ml; 48 hours) by fluorescence microscopy using a green fluorescent
protein (GFP) (488 nm) filter. Nuclei were counterstained with 1 ng/ml 4'-6-diamidino-
2-phenylindole (DAPI) in PBS (Sigma) for 10 min and visualised under UV light
microscopy. Enhanced green fluorescent protein (EGFP) expression profiles were
compared between doxycycline-induced and non-induced clones by fluorescence-
activated cell scrting (FACS) analysis using 1x10° cells resuspended in PBS.
Expression of ELF5 and EGFP mRNAs was confirmed by RT-PCR and the preseiice of
GAPDH mRNA was used as a positive control for reverse transcribed ¢DNA. RNA
extractions and reverse transcription were performed as described in Chapter 2. ELFS
oligonucleotides 49 and 50 (Appendix I} distinguished between p20 and p30 isoforms
by producing different size amplimers of ~60 bp (p20) and ~360 bp (p30). EGFP was
det.ected using oligonucleotides 47 and 48. GAPDH was detected using

oligonucleotides 41 and 42.
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6.2.5 Monolayer growth rate of transfected cells

Growth rates of moc!: transfected and ELFS transfected cell lines were compared by
colourimetric assay using the mitochondrial .dye 3-(4,5- dimethyl-thiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT). Cells were seeded in 96 well clear piates (BD
Labware) at 1x10° and 2.5x10° cells per well in triplicate. Two different cell
concentrations were used to obtain the optiinal growth curve for each cell line. At day 0
(4 hours post-seeding), and days 1-4, 50 ul 2 mg/ml MTT in PBS was acded to each
well and incubated for 3 hours in cell culture conditions. Media and MTT was removed
and cells lysed with 150 nl dimethylsulfoxide (DMSO). Absorbance readingls at 420
nm were analysed on the FluoStar Optima (BMG Laboratory Technologies). Assays

wire repeated three times, independently.

6.2.6 Growth of transfected cells in anchorage-independent conditions

Growth of ELFS transfected clones was compared with mock transfected clones when
resuspended in soft agarose; that is, without attachment to the piastic plate. Two mi of
0.7 % (w/v) agarose in culture medium was plated in 6 well plates (BD Labware).
1x10* cells were resuspended in 1 ml of 0.35 % (w/v) agarose in culture medium and
layered upon the 0.7 % (w/v) bottom agarose support. Wells were overlayed with 2 ml
culture medium and incubated at 37°C/5 % CO; for 21 days, with changes of medium 2-
3 times per week. Each clone was plated in triplicate, and the assay repeated three times
independently. To score the assays, three images of each well were taken and cblonies
counted as small (cells that have not divided more than twice) or large (cells that have
divided more than twice) to account for total number of cells seeded per field of vision,

and for the proportion that had expanded into anchorage-independent growing colonies.
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6.2.7 Tumourigenic capacity of transfected cells in vivo

The capacity of ELF5-transfected renal carcinoma cell clones, compared with mock-
transfected cells, to form tumours in immunocompromised mice was tested by
subcutaneous cell inoculation. 1x10° 786-O derived cells were resuspended in 100 pl
Matrigel (BD BioSciences) and injected subcutaneously under the hind leg of 5-6 week
old female SCID (Severe Combined Immuno-Deficiency) mice (Animal Research
Council, WA, Australia). The tumours were measursd twice a week, and the tumour
size {mm®) was evaluated by measurement of three perpendicular diameters with
microcalipers and using the formula 4/3 LxWxH, where L is the longest diameter and
W is the diameter perpendicular to L, and H is the height of the tumour. When tumours
reached an L diameter of 10 mm, the mice were culled and tumours harvested. Half the
tumour was snap-frozen for molecular biology analysis (Chapter 2) and half was fixed
in formalin and paraffin-embedded for histological and immunchistochemical analysis

as described in Chapter 3.

6.2.8 RT-PCR analysis of ELFS5 and GAPDH in normal organ RNA

Human organ total RNA was obtained from Stratagene. Five pg total RNA was reverse
transcribed as described in Chapter 2. ELF5 was detected using primers designed in the
3'UTR. as described in Ma et al. (2003) (oligonucleotides 51 and 52, Appendix I). PCR
products were transferred to Genescreen Plus (NEN) membrane by alkaline transfer and
probed with an internal oligonucleotide (oligonucleotide 53) as described in Chapter 2.
GAPDH control for the presence of reverse transcribed cDNA was performed using

primers 41 and 42,
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6.2.9 Quantitative RT-PCR analysis of breast carcinoma and renal carcinoma

cell lines

Eighteen matched breast tumour RNA and normal breast RNA samples were obtained
ﬁﬂm the Peter MacCallum Tissue Bank. ¢cDNA was prepared as described in Chapter
2. Twenty breast tumour cDNAs, four with matched normal breast cDNA, were a kind
gift from from Jonathan Cebon and Suzanna Svobodova (Ludwig Institute for Cancer
Research Oncology Unit, Melbourne). Nommal reference breast RNA was obtained
from Stratagene. Nineteen renal cell carcinoma cDNAs were also supplied by Jonathan
Cebon and Suzanna Svobodova. Normal reference kidney RNA was obtained from
Stratagene. QRT-PCR was performed on the LightCycler (Roche) usiﬁg FastStart DNA
Master SYBR Green I (Roche) according to the manufacturer’s instructions. ELF5-18
and 19 RT-PCR primer sequences are described above. Amplification took place in 3
mM MgCl,, with 10 second (sec) denaturation at 95°C, 5 sec annealing at 55°C and 11
sec extension at 72°C. Cytokeratin 8 was used as a marker for simple epithelium
(oligonucleotides 45 and 46). Amplification was perfonn;ad as for ELFS but with 5 sec
annealing at 59°C and 8 sec extension at 72°C. BRCAI mRNA levels were measured in
breast tumour and normal samples using oligonucleotides 47 and 48. Amplification was
performed as for ELF5 but with a 16 sec extension at 72°C. ELF5 and BRCAI
expression was normalised to Cyrokeratin 8 expression levels to compare between

samples.

6.2.10 Protein expression of ELFS in cancer sections

Anti-ELF5 immunohistochemistry on fohnalin-ﬁxed, paraffin-embedded, 5 pm cancer
 sections was performed as described in Chapter 3. Breast and renal carcinoma 2 mm

cancer biopsy slides were obtained from SuperBioChips Laboratories (Seoul, South
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Korea). Prostate carcinoma radical biopsy slides were provided and stained by Qihan

Dong (University of Sydney).

6.3 Results

Our hypothesis, based upon prelinvinary evidence from our laboratory and others, is that
ELFS5 is an ets transcripticii factor with tumour suppressor capability. As ELFS
expression was not detected in a variety of epithelial-derived cancer cell lines (Oettgen
et al., 1999b; Zhou et al., 1998) and the genomic lécus may have been rearranged in
some of these, we scarched the locus in a more detailed fashion for LORH of ELFS in
primary breast cancer DNA rather than cell lines, which are a less reliable indicator of

the in vivo situation.

6.3.1 LOH analysis for ELFS in breast cancer

A microsatellite marker, GAAA. 5o, was identified approximately 6 kb 5’ to ELF5 exon
1. The polymorphism information content (PIC) of the marker was analysed in the
general population using 100 normal chromosomes derived from 50 blood samples.
Thirteen different length alleles of the microsatellite marker were observed amongst the
sample population, with 86% of the samples showing heterozygosity at the marker
(Figure 6.1A). Given the large number of alleles identified at this marker, the PIC was
0.86, or equivalent to the percentage of individuals hetcrozj'gous for the marker.
Eighteen patieﬁt cases of breast tumour DNA and blood derived from PBLs were then
analysed- for heterozygosity at the GAAA microsatellite marker (Figure 6.1B). Of

these, 16 cases were informative, whereas two were homozygotes at the marker and
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could not be analysed. None of the 16 informative cases showed loss or significant
decrease in intensity of an allele in the tumour compared with normal DNA, indicating

that the locus is not undergoing LOH in primary breast cancers.

A second possibility that may account for the lack of expression of ELFS in epitheliai-
derived carcinoma cell lines is hypermethylation of the promoter region, which is
associated with gene silencing. To investigate the possibility that the ELF5 promoter
was hypermethylated in cancer cell lines, we attempted to 'optil'nise the bisulphite
sequencing method (Everett and Chambon, 1982; Warnecke et al., 2002) on the ELF5
promoter. To date, this work has not been successful and the technique requires further
optimisation for the DNA sequence of interest before we can determine whether the

promotor is aberrantly methylated ir cancer cell line or primary tumour DNA compared

with normal genomic DNA.
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Figure 6.1. A GAAA tetranucleotlde repeat microsatellite marker was analysed
for heterozygosity by “P-labelled PCR and urea-PAGE analysis. Eleven
individuals of the 50 screened for heterozygosity are shown in (A). Cases 2-3; 5-6; 8-9
and 11 represent heterozyogous for different length alleles of the marker, while cases 1,
4, 7 and 10 are homozygous at the marker. Six representatives are shown of screening
for heterozygosity in PBL DNA (N) compared with breast tumour DNA (T) (B). All 6
cases are heterozygous at the marker in thexr normal DNA but have not lost an allele in
the tumour DNA, indicating that the locus is not undergoing L.OH in breast cancer.
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6.3.2 Effect of re-expressing ELFS in breast carcinoma cells and kidney

carcinoma cells on the tumourigenic phenotype

Breast ductal carcinoma MCF7 Tet-On cells expressing the intracellular tetracycline
receptor 1t{TA were transfected with ELF5 p20 and p30-containing pBI-EGEP vectors
(Figure 6.2A). These vectors contain the CMV promoter linked to a tetracycline-
responsive site. The promoter drives EGFP gene expression in one direétion and ELF5
in the other direction. The tetracycline-responsive site is bound by rtTA in concert with
tetracycline (tet) or its analogue, doxycycline (dox), thereby inducing EGFP and ELFS

gene expression.

Subcloned cell lines were tested for EGFP expression before and after doxycycline
induction by fluorescence microscopy and FACS analysis. Fluorescence microscopy
detected EGFP signal in both uninduced (data not shown) and induced clones (Figure
6.2C), indicating that EGFP was being expressed in the absence of doxycycline
induction and that the inducible promoter system was leaky. The EGFP expression
profile of the cells was then examined by FACS analysis to detail whether doxycycline
induction induced the expression of the marker gene and henceforth of ELF5. FACS
- analysis showed higher fluorescence in pBI-EGFP-ELFS transfected cells than in mock
transfectants and that 20-25 % of the cells responded to doxycycline induction by
increasing EGFP expression. Therefore, the ELF5 transfectants expressed ELF5 in the
uninduced state but responded to doxycycline induction by increasing gene expression.
Likewise, ELFS5 transfectants showed EGFP and ELF3 mRNA ekprcssion in both

uninduced and induced states, whereas mock transfectants do not (Figure 6.2B). Renal
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carcinoma cells (786-0) were constructed to constitutively express ELF5 by stable

transfection with ELFS isoforms under the control of the EF/ &t promoter (Figure 6.3).

Monolayer growth rates of the transfected MCF7 and 786-O cells were compared with
those of the ELF5-expressing sub-clones by MTT assay (Figure 6.4). The expression of
ELFS isoforms in MCF7 or 786-O cells had no significant effect on growth rate in a

monolayer.

Growth of the cell lines in three-dimensional, anchorage-independent conditions
demonstrated a difference in this environment compared with the monolayer, two-
dimensional growth. Approximately 90 % of mock transfected MCF7 and 786-O cells
formed large colonies. While p20 and p30 ELF5-expressing MCF7 cells showed no
significant difference in colony formation ability from the mock transfected cells (data
not shown), p30-expressing 786-O cells showed a significantly decreased (71 %)
proportion of cells that formed large colonies compared to mock transfectants (p>0.001)
(Figure 6.5A). p20 transfectants demonstrated a 22 % reduced propartion of cells that
formed large colonies compared with mock transfectants (p>0.05). Qualitatively,
colony size also appeared to be decreased in ELF5 transfected 786-O cells compared

with mock transfectants (Figure 6.5B).




Figure 6.2. Production of MCF7 cells expressing EGFP and ELF5 in an
inducible fashion. Data from representative clones is shown. MCF7 cells stably
expressing the rt-TA tetracycline/doxycycline internal receptor were produced and
verified by RT-PCR (A). Following transfection of the ELF5-pBI-EGFP vector into the
Tet-On cell line, sub-clones were screened for EGFP and ELF5 mRNA expression by
RT-PCR, prior to and following doxycycline induction (B). EGFP fluorescence was
confirmed by microscopy and FACS analysis after doxycycline induction {C), The R13
window shows the proportion of cells with increased fluorescence following dox
induction. GAPDH was used as a control for the presence of reverse transcribed cDNA.
Plasmids containing the reievant DNA were used as positive PCR controls (+) and
water as a negative control (-).

i
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As the results from the soft agarose assay.indicated that ELF5 might be inhibiting
anchorage-independent growth in renal carcinoma cells, but not in breast carcinoma
cells, the 786-O transfectanis were inoculated subcutaneously into SCID mice to
analyse the tumour-forming capability of the cells. In two independent experiments (a
third experiment was rejected as the mock-transfected cells did not form tumours), 90%
of mock transfectant-inoculated mice established tumours, while the size of the
inoculated sites in 90% of p30-transfectant mice decreased steadily post-inoculation
until fumps were no longer detectable. The other 10% of mice maintained tumour
growth equivalent to that of the mock-transfectant injected mice. 70% of p20-
transfectant inoculated mice developed and maintained tumour growth (Figure 6.6).
Analysis of the inoculation sites of mock, p20 and p30 786-O cells showed formation of
solid tumours, containing closely packed epithelial-like cells and bload infiltrate, in
mock and p20 injected mice. Sparse, smali epithelial-like cell clusters were identified
in the injection sites of the p30 injected mice, dispersed among the subcutaneous fat
(Figure 6.7). Blood vessels and infiltrate were not observed in the p30 as they were in
the mock and p20 injection sites. Anti-ELF5 immunohistochemistry showed strong
staining around epithelial-like celis in p20 and p30 injection sites, but not in mock
transfectant injection sites. While high background staining was observed, due to non-
specific antibody adsorption to the subcutaneous fat, cell-associated staining showed a
_distinct increase in the ELF3-transfected injection sites (Figure 6.7), indicating that the

cells forming the tumours in the injection sites are indeed the 786-O transfectants.
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Figure 5.3. RT-PCR characterisation of ELF5-transfected 786-O renal
carcinoma celis. Mock, ELFS P20 and ELFS p30 transfected cells were analysed for
-expression of ELFS and GAPDH mRNA by RT-PCR. GAPDH was used as a control
for the presence of reverse transcribed cDNA. Plasmids containing the relevant DNA
were used as positive PCR controls (+) and water as a negative control ¢).
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Figure 64. Cell growth in a monolayer was measured by MTT colourimetric
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i B compared to ELF5 p20 or p30 expressmg ‘cells (A). Mock transfected 786-O cells did
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Figure 6.5. Anchorage-independent colony formation of ELFJ-expressing 786-O
renal carcinoma cells is inhibited compared with mock transfected cells. p20 large
colony formation is reduced by 22% and p30 by 71% compared with mock transfected
cells, where 90% of cells form large colonies (A). n=9;*p<0.05; ***p<0.0001. Colony

size appears to be reduced in p20 and p30-transfected 786-O cells but not in p20 and
p30-expressing MCF7 cells (B).
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6.3.3 Analysis of ELF5 expression in primary breast, kidney and prostate

carcinoma

Prior to analysing the expression of ELF5 mRNA in carcinoma samples, the presence of
the franscript in normal organs was verified by RT-PCR and hybridisation with an
internal oligonucleotide. These data were used to confirm that the organs studied for
alterations of ELFS5 expression in carcinoma expressed the transcript in their normal
state (Figure 6.8). Breast and skin expressed the transcript at lower levels than the other

organs analysed.

ELF5 mRNA expression was then analysed in 38 breast carcinomas by QRT-PCR. One
recent publication (Ma et al, 2003a) demonstrated consistently decreased ELFS
expression in breast carcinomas of various stages compared to normal tissue, but results
from our in vitro MCF7 study did not show any correlation with potential tumour
suppressor activity for ELF5. Therefore, breast carcinoma mRNA was obtained to
quantify the expression of ELFS mRNA in an independent set of samples. Due to the
small amounts of material available, not all samples had detectable levels of ELFS
cDNA, and these were excluded from the study. Graphical representétion of the results
from 27 informative samples is shown in Figure 6.9. Bars shown in blue or red
represent tumour cDNAs that were compared to an unmatched normal breast cDNA,
whereas black bars represent samples that were compared to patient-matched normal
breast cDNA. Half of the tumour samples had less ELF5 compared with normal breast

and ’ ’
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Figure 6.6. Number of inoculated mice that formed tumours at 21 days post-
inoculation (A). Group size is cumulative for the number of mice injected over two
independent experimental replicates. Results for two p20 expressing clones were
equivalent and have been pooled, as have the results for two p30 expressing clones.
Average tumour volume per clone type as a function of time post-inoculation (B). the
growth curves of mock, p20 and p30 transfected 786-O cells following injection into
nude mice are shown. Each data point represents the average tumour volume for 10
mice (mock transfectant) or 20 mice (ELFS transfectant). |
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Figure 6.7  Sections of tumuurs taken from mock, p20 and p30-expressing 786-
O SCID mouse tumours show densely packed epithelial-like cells in mock and p20
inoculants, with infiltrating blood celis, but sparse ciumps of epithelial-like cells in
the subcutaneous fat of p3¢ inoculants (H&E). Following staining with the anti-
ELFS5 antibody, clusters of epithelial-like cells are stained intensely in ELF5-expressing
cells, but not in the mock transfected cells (0ELF5). Brown staining in the
subcutaneous fat is evident as is typical for this antibody.
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half had an increased amount. These results are not consistent with those reported by

Ma et al. (2003), who saw a >2-fold decrez.¢ in 95 % of their tumour samples. They do

not indicate a predictable change in ELFS expression in cancerous compared with

normal breast, and do not support the hypothesis that ELFJ is a tumour suppressor in

breast epithelium or that its expression is downregulated during cellular transiormation.

Expression of ELF5 mRNA in renal cell carcinomas has not been previously studied,
but data from our in vitro cell line study suggests that ELF5 may have tumour-
suppressing capacity in renal carcinoma cells. To determine whether this correlates
with a loss of expression in primary renal carcinomas, ELF5 mRNA levels were
quantified in 19 renal cell carcinomas compared with normal kidney reference RNA by

QRT-PCR. A graphical representation of the results 1s shown in Figure 6.10. Eighteen

of the 19 carcinoma samples showed a decrease in the amount of ELF5 message
detectable, ranging from 5 to >100,000-fold less. Of these 18, all but two samples
showed a large decrease (>100-fold). The one cancer sample that had increased ELF5

expression showed a modest increase only.

Protein expression of ELFS in breast, kidney and prostate carcinoma samples was

examined by immunohistochemistry. Forty-four breast carcinoma and 10 normal breast
needle biopsy sections were stained with anti-ELF5 antibody and with pre-immune

serum. Results are summarised in tabular form in Figure 6.11, which also depicts

R Bl TR

representative examples of anti-ELF35 stained carcinoma and normal sections. Overall,

the breast carcinomas showed increased intensity of epithelial staining compared with

T e Tt 1

epithelial stajniﬁg in the normal controls. Some stromal/fat background staining is
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Figure 6.8. ELF5 is expressed in a variety of epithelial-rich organs. ELF5
expression is shown by RT-PCR and internal oligonucleotide hybridisation, whereas the
GAPDH contro! to confirm the presence of cDNA is shown by agarose gel/ethidium
bromide electrophoresis. Br = breast; Lu = lung; Ki = kidney; St = stomach; Sk = skin;
Pr = prostate; + = plasmid control and - = water control.
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Figure 6.9, ELFS transcript levels are changed in breast turisour compared to
normal breast samples. Black bars represent samples where the tumour has been
compared with 8 matched normal sample; blue bars represent samples where the tumour
has been compared with a reference normal sample as matched normal cDNA was not
available. The amount of ELFS in each sample was normalised to the amount of
cytokeratin 8, which represents the quantity of epithelium present; n = 3. Data is
presented as fold-change +/- SEM.
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compared to reference normal kidney ¢DNA. All samples were compared with a
reference normal sample as matched normal cDNA was not available. The amount of
ELF5 in each sample was normalised to the amount of cytokeratin 8, which represents
the quantity of epithelium present; n = 3. Data is presented as fold-change +/- SEM.

Figure 6.10. ELFS5 transcript levels are decreased in renal cell carcinomas
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evident in sections. This is not ELF5-related staining as shown by adsorption studies,
where ELFS-specific antibodies were adsorbed from sera using ELF5 recombinant
protein and the resultant serum gave no epithelial staining, but continued to give
background on stromal and fatty tissue (data not shown). Increased ELF5 protein
staining on primary breast carcinoma is therefore contradictory to the decreased ELFS
mRNA levels detected in primary breast carcinoma cDNA in half of the samples in this
study, and in the study of Ma et al. (2003a), suggesting that there may be an increase in
translation of the transcript or that the stability of the protein is different in breast

cancerous epithelium compared with normal epithelium.

To determine whether this situzation may be unique to the breast, or is perhaps present in
other hormone-dependent organs, Qihan Dong surveyed ELF5 protein expression in ten
prostate cancers, the ten associated benign prostate hyperplasias (BPH) and in seven
normal prostates taken from young accident victims. While no quantification of ELF5
transcript levels in primary prostate cancers is available, ELF5 mRNA expression is
detectable in hormone-responsive LNCaP prostate carcinoma cells but not in the more
aggressive, hormone-refractory, DU145 and PC3 prostate carcinoma cell lines (Oettgen
et al., 1999; Zhou et al., 1998), which implies a situation that has parallels to that of the
. breast. No ELF5 staining was detectable in normal prostate sections, but cancerous
sections showed weak to strong staining, while associated BPH showed no to weak
staining (Figure 6.12). In the two cancer cases with weak ELFS5 stainirg, the BPH
showed no staining+ In the other eight cancér cases with moderate ELFS staining, the
BPH showed weak staining. This indicates that while ELF5 mRNA may be expressed
at low levels in the normal prostate (Figure 6.8), it is either not translated into 2

functional protein product or the protein product is not abundant enough to detect in our
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assay. In hyperplastic prostates some translation occurs as the protein is detectable, but

as judged by staining intensity, the amount seems to be increased in cancer.

ELF5 protein and mRNA expression Qas studied in the hormone-independent kidney
with results that contrasted to those of the breast and prostate. While ELF5 mRNA is
expressed in the normal kidney (Figure 6.8) and the protein is detectable by
immunohistochemistry in normal kidney, ELF5 protein is undetectable in kidney-
derived carcinomas (Figure 6.13). These results concur with the loss of ELF5 mRNA
expression in kidney-derived carcinomas, snd iuiicate that the loss of protein is due to a

decrease in transcription rather than translation.

6.4 Discussion

6.4.1 ELFS does not display the characteristics of a tumour suppressor gene in

breast epithelium

EL5 mRNA is expressed in epithelial cells found in a restricted subset of organs. In
this study, ELF5 mRNA is barely detectable in the normal human breast, though it has
been detected .morc readily in other studies (Ma «t al., 2003a; Oettgen et al., 1999). |
This may relate to the source of RNA, which was derived from small ﬁssue biopsies
taken during tumour resection surgery. It is also possible that ELFS is induced in the
breast via the hormonal response, and that detectabili'ty of the transcript _could depend
on the state of the breast when the sample was taken. However, a recent review of the

available literature noted that ELFS was expressed at low levels in the normal breast

(Feldman et al., 2003b).
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The circumstantial data surrounding ELFS: that is, its chromosomal localisatica at the
tumour suppressor-rich lecus 11p13; loss of expression in epithelial-derived cancer cell
lines and its relationship to the ets oncogene/tumour suppressor gene family, led to the
hypothesis that ELF5 would exhibit characteristics of a tumour suppressor gene in the
nermal versus the cancerous epithelium of organs it is expressed in. The primary organ
of interest was the breast, given that ELF5 mRNA expression appeared to be decreased
in breast cancer cell lines (Zhou et al., 1998) and in a set of primary breast carcinomas
of various gradings (Ma et al., 2003a). In addition, the expression of ELFS is a critical
requirement for murine pregnancy-associated mammary gland development, indicating
a unique, non-redundant role for this gene in the mammary gland (Zhou et al.,, PhD
Thesis, 2001; Appendix VII). None of our investigations into the function of ELF5 in
breast cancer suggested that it had tumour suppressor activity in this organ. There was
no genomic loss of an allele in the 18 breast tumours tested, and QRT-PCR profiling of

27 breast cancers compared with normal breast epithelivm showed aberrant expression

of the transcript, but not a change that was consistent either in direction (increase or |

du:crease) or magnitude. Half of the cases had increased ELFS expression and half
decreaseﬂ, which conflicts with a stﬁdy on & separate cohort where 7/8 ADH, 28/30
DCIS and 25/25 IDC {overall 95%) tested had decreased ELFS5 expression (Ma et al,,
2003a). Four of the 27 informative cases profiled by QRT-PCR in this study were also
tested for LOH. None had undergone LOH, but three had small increases in ELF3
mRNA levels in tumour compared with normal breast epithelium, while one had
decreased expression in the tumour. With such small numbers, these data do not

indicate a tendency for casés that lack LOH to have increased ELF5 mRNA, though this

possibility cannot be discounted.
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At the protein level, 44 breast carcinomas, 34 of which were infiltrating ductal
carcinomas and 10 of which were metastases to lymph nodes, retained and apparently
had increased ELF5 expression. Re-introduction of ELFS into non-expressing MCF7
breast cancer cells had no effect on growth, either when the cells were attached to a
plate or when they were growing in a three-dimensional anchorage-independent state,
which is one of the capabilities that epithelial cells gain only following transformation.
Collectively, these data indicate that ELF§ expression is not consistently decreased in
breast cancer and that the gene is unlikely to act as a tuamour suppressor in the context of

the breast.

Within any one case, only mRNA or protsin expression was tested as the samples were
obtained from different sources. Insufficient tissue was available to perform multiple
tests on each case. Therefore, direct correlations could not be drawn between the level
of mRNA and protein expression. In further work, comparing mRNA expression levels
with protein expression levels by Western blotting may prove informative by indicating
whether alterations in translation of ELF5 occur in the carcinoma. This may address the
paradox of why, although transcript levels can be either increased or decreased in breast
carcinoma, the strong immunohistochemical staining is so consistent. No other studies
have yet reported on the protein expression of ELF5 in cancer, making these data the

first to suggest that ELF5 protein may be dysregulated in breast carcinoma.
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Sample Type | Number of Samples | Epithelial Staining Inteusity
Carcinoma | 44 -+

Normal 3 +

Normal 7 -

Figure 6.11. Iznmanohistochemical analysis of ELFS in breast carcinoma. Two
carcinommas showing intense epithelial staining for ELF5 in abnormal ducts are
representative of the cancer sample population. Two normal breasts showing no to
weak staining for ELF5 in normal epithelial structures are representative of the normal
sample population. Results for each sample are summarised as: +++ = strong staining;
++ = moderate staining; + = weak staining; - = no staining. Magnification: 200X.
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Sample Type | Number of Samples | Epithelial Staining Intensity
Cancer 8 ++
| Cancer 2 +
Associated 10 +/-
BPH
Normal 7 -

Fioure §,12. Immunohistockemicsal unalysis of ELFS in prostate carcinoma. Two
carcinomas showing epithelial staining for ELF5 in abnormal ducts are representative of
the cancer sample population. Two normal prostates showing no staining for ELFS in
normal epithelium are representative of the normal sample population. Results for each
sample are summarised as: +++ = strong staining; ++ = moderate staining; + = weak
staining; - = no staining. Magnification: 200X. Immunohistochemical staining and
interpretation provided by Qihan Dong.
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Normal

Sample Type Number of Samples | Epithelial Steining Intensity
Cancer 40 -
Normal 9 ++

Figure 6.13. Immunohistochemical analysis of ELFS5 in kidney carcinoma. Two
carcinomas that lack epithelial staining for ELF5 in abnormal kidney epithelium are
representative of the cancer sample population. Two normal kidneys showing staining
for ELF5 in normal kidney epithelium are representative of the normal sample
population. Results for each sample are summarised as: +++ = strong staining; ++ =
moderate staining; + = weak staining; - = no staining. Magnification: 200X.
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The data from this study as a whole do not contradict the possibility ELFS could still be
associated with cancer in the breast, but as an oncogene. It is expressed strongly in the
growth and differentiation phases of pregnancy-associated mammary gland
development and, via involvement in the prolactin response pathway, promotes one or
both of these cellular programmes (Harris et al., submitted). Other growth-promoting
elements in the prolactin response pathway have been found to be over-expressed and
potentially oncogenic in breast cancer, including prolactin, cyclin D1, IGF-2 (Brisken et
al., 2002; Brockman et al., 2002) and CPAP (Peng et al., 2002); ELF35 may be another
of these. A different set of experiments will be needed to test this hypothesis, including
the introduction of ELF5 into a non-cancerous cell line to identify whether it has
transforming activity, an experiment that has been performed on a litany of oncogenic
ets factors (Buijs et al., 2000; Chan et al., 2003; Deneen and Denny, 2001; Hart et al.,

1995; Kaya ef al., 1996; Seth and Papas, 1990).

6.4.2 ELF5 may not act as a tumour suppressor in the prostate

While the data concerning the expression of ELF5 in the normal prostate, prostate
cancer and associated BPH is less complete, the protein is detectable in the cancer and
to a lesser extent BPH, but not in normal prostate. This contrasts‘ with the positive
expression of ELF5 mRNA in normal prostate but loss of expression in the hormone-
independent prostate cancer cell lines PC3 and DU145 (Zhou et al.,, 1998). This
sitnation appears to be similar to that seen in the breast and associated breast carcinoma,
as discussed above. If ELF5 promotes the proliferation of prostate and breast
epithelium, there m:;y be ; selective advantage for pre-cancerous cells to upregulate
production of the protein product. Expressing deletions of the ELFS transcript in cell

lines and analysing their translation into protein may assist in determining whether the
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5" or 3' UTRs of ELF5 have a function in translational regulation. The use of co-
immunoprecipitation and Y-2-H analysis to place ELF5 in an intracellular signalling
pathway, to recognise the factors it responds to and those it proceeds to activate, will
assist in determining the role ELFS plays in normal epithelial growth and diiferentiation

and therefore in understanding its activity in carcinoma formation.

6.4.3 ELFYS expression is decreased in kidney carcinoma, and re-expression of the

gene in renal carcinoma cells suppresses growth and tumourigenicity

Renal cell carcinoma is an increasingly important clinical disease — apparent incidence
has increased due to improvements in detection, but treatment has not made equivalent
progress, and the aetiology of the disease is not well understood. Kidney cancer causes
mortality of 3 per 100,000 (women) and 7 per 100,000 (men) in Australia (Department
of Epidemiology and Preventative Medicine, Monash University; Department of

Nephrology, Monash Medical Centre; Report to Kidney Foundation, 2000).

Increased risk of kidney cancer is associated with specific diseases such as kidney
infection and diabetes type 1 and II (Schlehofer et al., 1996). There is an unidentified
genetic component, with an increased relative risk of the cancer if a first-degree relative

has also been diagnosed with kidney cancer (Schichofer et al., 1996).

In the kidney, ELF5 mRNA is drastically decreased in 95% of the carcinomas studied.
This is consistent with the }ack of immunoreactivity of the ELFS antibody on kidney-
denived carcinomas, ﬁhereas the normal kidney stains strongly throughout the tubule.
Re-expression of ELFS in renal carcinoma cells results in decreased three-dimensional,

anchorage-independent growth and in tumourigenicity in vivo. p30 injection sites
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where the kidney-derived cells are present seem to lack tumour-associated blood vessels

and blood cell infiltrations, which are characteristics of aggressive tumours that initiate
formation of their own blood supply. Though statistically significant in both cases, the
effect of decreased tumourigenicity for ELF5-expressing 786-O cells is minor for the
p20 isoform of ELF5 but much greater for the p30 isoform. This seems logical as p30

is the only ELF) isoform detectable in normal kidney (unpublished data).

In the kidney, ELF5 possesses the characteristics of a functions! tumour suppressor

gene. Determining the mechanism by which it acts will require further study and access f
to reagents. Access to kidney carcinoma derived genomic DNA and matched PBL
DNA is necessary to investigate LOH at the ELF locus in this carcinoma subtype. If S
LOH is not occurring, the DNA could also be used to investigate promoter
hypermethylation as an alternative mechanism for gene silencing. Somatic mutation in i
the gene resulting in transcript instability could also account for the loss of expression,

but is less likeiy to be a mechanism common to all cases. Ascribing a purpose for ELFS

ki T S v R A & L

in normal kidney development and maintenance of function using the techniques

described above will assist in elucidating how dysregulation of this tumour suppressor

gene can result in one, or any, of the various phenotypes of the cancerous cell.
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6.4.4 Conclusions
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The activity of ELFS in cancer depends on the function it has in the organ from which

the cancer was derived. In the hormone-dependent development of the breast and
prostate, ELF5 must interact with differen. signalling pathways to those it does in the {
hormone-independent kidney. These roles may be to do with growth promotion or

suppression, or with terminal differentiation of epithelial cells. In the breast, ELF5 may
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promote cellular proliferation via its participation in the prolactin response pathway, as
it is a master regulator controlling several arms of the prolactin pathway endpoints. No
data is available on the activity of the protein in the prostate. In skin-derived
keratinocytes ELF5 expression increases during the terminal differentiation process as
the cells stop proliferating (Oettgen et al., 1999); speculatively, this situation may be
paralleled in the kidney. Other work in this thesis has shown that ELFS5 can act as either
a transcriptional activator or repressor in different promoter and cell type contexts
(Chapter 5). This indicates that its biological activity as an inducer of proliferation or of
terminal differentiation is dependent on both these contexts, and on the different
responses to extracellular signals required in different organs. Dissection of the
intracellular signalling pathways that ELFS acts in, and the discovery of target
promoters that it transactivates or transrepresses in normal organ development will

provide more information on why this gene is a context-dependent tumour suppressor.
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Chapter7.  Discussion and Conclusions

This study aimed to define the protein expression pattemn of the efs transcription factor
ELF5 in the mouse, to elucidate potential transcriptional regulators of the gene and to
investigate its function as a transcription factor relative to the process of human epithelial

carcinogenesis.

7.1 Expression of Elf5 is epithelial-specific and controlled af transcriptional,

traislational and post-translational stages

Initial characterisation of murine and human ELF5 expression utilised whole organ lysates
and Northern analysis. ELFJS was presumed to be epithelial-specific as the transcript was
detected in organs that contained high proportions of epithelial cells (Oettgen et al., 1999b;
Zhou et al., 1998) and due to its close evolutionary relationship with ELF3, another ets
gene expressed in epithelial-rich organs (Oettgen et al,, 1999a; Tymms et al,, 1997).
Production of an ELF5-specific antivody allowed immunohistochemical localisation of the
protein to epithelial cells of a subset of murine organs in which the mRNA had been
detected. While the transcript was detected in murine lung, biadder, kidney, skin, stomach,
mammary gland, prostate and salivary gland, the protein was detectable by

immunchistochemistry in the epithelium of the kidncy, mammary gland, salivary gland and
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stomach only. Elf5-specific staining was confined to simple glandular epithelial structures,

confirming the initial presumption that it is an epithelial-specific protein.

The discrepancy between transcript and protein expression of EIf5 indicates that in normal
murine tissues the gene is being regulated at both transcriptional and translational levels.
This process is probably also applicable to the human context, as the transcript was
detected in the same array of human tissues as in the mouse, by RNA dot blot analysis
(Oettgen et al., 1999b), but the protein was only detectable by immunohistochemistry in
breast (Chapter 6), stomach (data not shown) and kidney (Chapter 6). Salivary gland was
not examined due to lack of availability of the tissue. The protein was undetectable in
normal prostate. Transcriptional regulation of ELFS5 in the human context is discussed later

(Section 7.2).

There is a paucity of literature that comparatively examines the spatial expression patterns
of ets factor mRNA and protein. Early studies examined efs expression by Northern
analysis due to the lack of antibodies for protein-based detection methods (Klemsz et al.,
1993; Kola et al., 1993; Queva et al., 1993; Ray et al., 1992; Schuur and Baluda, 1991; Su
et al, 1996; Watson et al, 1992). Later siudies have used antibodies in
.inununohistochemistry and Westem analysis for comparing the ¢xpression between cancer
and the normal tissue from which it is derived, rather than surveying protein expression in a
variety of normal organs (Baert et al., 1997; Jobling et al., 2002; Kanda et al,, 2002). This

type of work has presumably been delayed because of the time taken to produce specific
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antibodies directed against non-conserved regions outside the ets domain, and because of

the scarcity of normal human tissue as a resource.

Dysregulation of transcriptional and translational control of the efs factor, PSE, has been
noted in cancer. This does not appear to have been studied in the case of other efs genes.
PSE protein is expressed in prostate, colon and breast. It is reduced in invasive breast
carcinoma and absent in breast carcinoma cell lines, sithough the mRNA is upregulated
(Feldman et al., 2003a; Ghadersohi and Sood, 2001). The mRNA is translated in nozmal
but not cancerous prostatic epithelium (Mozawa et al., 2000), so this translational control
does not seem to apply to differential PSE mRNA and protein expression in non-

transformed cells.

When investigating efs-dependent gene regulation, many studies have preferentially, and
rightly, irvestigated a functional response: that is, the 2mount of target gene transcription,
alteration in phosphorylation state of the transcription factor in response to a stimulus, or
DNA-binding activity (Paumelle et al., 2002); reviewed in (Fujimura et al., 1994; Goel and
Janknecht, 2003; Yordy and Muise-Helmericks, 2060). However, this approach may miss
more subtle levels of regulation. For instance, the presence of a specific mRNA within a
cell, but not the corresponding protein, may indicate that translation of the factor is rapidly
required after exposure of the cell to a certain environsiizatal stimulus. Investigating this
possibility could help explain both the reason for, and the mechanism by which the
expression of a factor is controlled within the cell, and help to understand the complex

regulation of factors such as ELFJ.
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Little is known currently about which stimuli, or signalling cascades, may induce activation
of ELFS5. Preliminary work has been carried out suggesting that ELFS integrates prolactin
signalling in the mammary gland (Appendix VII) but these data are limited to analysing the
Jp- and down-regulation of ELFS mRNA levels in murine pregnancy-associated mammary
gland development.  Bacterially-produced full-length recombinant ELF3 does not
specifically bind DNA (Chapter 5) but requires truncation at the N-terminus. To carry out
its finction in development, ELFS5 presumably must be modified post-translationally,
similarly to other ets factors. Ets proteins are targets for dephosphorylation by signalling
pathways including various arms of the MAPK pathway (Ets-1 (Bradford et al., 1995), Net
(Giovane et al., 1994), Elk-1 (Chuang and Ng, 1994; Galetic et al., 2003; Swiatkowski et
al., 2003), Ets-2 (McCarthy et al., 1997; Pestell et al., 1996), ER81 and ERM (Janknecht,
1996; Janknecht et al., 1996) and ESE-3 (Tugores et al., 2001)); the JAK-STAT pathway
(PU.1 and Spi-B (Nguyen and Benveniste, 2000) and Ets-2 (Rameil et al., 2000)) and the
Akt (protein kinase B) signalling pathway (Elk-1 (Galetic et al., 2003) and Ets-2 (Smith et
al.,, 2000)). Discovering which pathways post-translationally modify ELFS and hence

conirol its activity will help illuminate the role that ELFS plays in development.

Evidence from this study indicates that ELF5 is being actively regulated at various levels.
Firstly, it is transcriptionally regulated to ensure specificity of expression within a subset of
glandular epithelium, and it is temporally regulated throughout murine mammary gland

development (Zhou et al.,, 1998). NFxB and STAT1 have been identified as potential

regulators of the promoter. Secondly, translation of the transcript is regulated, permitting
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detection of the protein only within a proportion of the organs in which the transcript is
detectable. Thirdly, it must be post-translationally modified to become a functional
transcription factor, as truncation of **: N-terminus of the protein is required for DNA-
binding activity in vitro (Oettgen ¢t al., 1999b). These data are among the first to imply
that ELF5 is regulated, like othe: ers factors, at the translational and post-translational level.
Further work focusing on identifying protein kinases, or proteases, that modify ELFS in
response to intracellular signalling cascades will be a step forward in discovering what the

purpose of this transcription factor is in normal development, and in cancer.

7.2 Transcriptional regulation of ELF5 involves NFxB and STAT family

franscription factors

Elf5 is transcript_ionally regulated in a temporal manner throughout murine mammary gland
development. Given that the gene sequence is highly conserved between human and mouse
genomes, a similar situation may be occurring in the human breast although there is
currently no information available on this. However, transcriptional control of ELF5
differs between the human and murine genes. The murine gene has two alternative splice
isoforms that differ by use of alternative 3' UTRs, whereas the human gene has three
transcriptional isoforms that differ in the coding region but utilise the same 3’ UTR: p20,

30 and ESE-2a.
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Therefore, though the coding sequence of ELFS5 is under heavy selective pressure, resulting
in only one non-conservative amino acid change between mouse and human proteins, the

regulation of the gene has evolved during speciation.

The differences in gene regulation that exist between the human ar:d mouse loci may reveal
a more complex roie for the protein in higher marnmalian organisms — one determined by
more sophisticated gene regulation, rather than by the limited coding sequence variation
that exists between murine and human genes. Particularly in the mammary gland,
divergence in promoter sequence of growth- and differentiation-assoctated genes allows for
non-parallel mechanisms of pregnancy-associated mammary gland development between
species: that is, the murine mammary gland behaves differently from the human gland in
pregnancy-lactation-involution cycles, and this difference may be caused by changes in

gene regulation during these cycles, although the genes involved are the same.

The human ELf5 promoter contains a variety of predicted transcription factor recognition
sites that may be relevant to epithelial-specific ELFS transcriptional regulation. These
include EBS, NFxB, STAT, AP-1, deltaEF1, USF and OCT] sites, some of which are
evolutionarily conserved between human and murine loci (AP-1, OCT1 and NF«xB sites; R.
Chehab, unpublished data). The EBS sequence is compatible with preferential binding by
epithelial-specific ets factors including ELF5 and ELF3, but neither of these proved to have
any effect on promoter activity. Few examples of ets transcriptional autoregnlation are
available in the'literature. The myeloid-specific factor, PU.1, binds to a tissue-specific

element within its own promoter, creating a positive autoregulatory loop (Chen et al,,
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1995). Also, in NIH3T3 cells, exogenous Ets-1 positively regulates the endogenous Efs-/
promoter (Majerus et al.,, 1992; Oka et al., 1991; Seth and Papas, 1990). More frequently,
ets factors are transcriptionally regulated by other ers proteins. Both human and murine
Fli-1, where the regulatory regions are highly conserved, are regulated combinatonally by
GATA-1 and another B-cell specific efs transcription factor, Spi-1 (Barbeau et al., 1999).
Due to the incomplete understanding of the selectivity of ets proteins for binding to
particular motifs, it could be that almost any of the other ets factors available in epithelial

cells is the factor requisite to act through this motif.

NF«B is a gene of interest regarding the potential role of £LF5 as a tumour suppressor in
breast and prostate cancers. NFxB also has an established presence as a regulator of
lobuloalveolar proliferation, ductal side branching and differentation during murine
mammary development (Brantley et al, 2001). It associates with ets factors on the
promoters of downstream target genes, in the myeloid cellular context (Gri et al., 1998;
Lodie et al., 1998; Thomas et al., 1997). For example, in plasma cells, NFxB and a nuclear
ets factor are both critical for transcriptional enhancement activity via the immunoglobulin
heavy chain 3’ enhancer afier ligand-receptor induced stimulation of resting B celis. The
factors co-operatively bind a paired NFxBfets motif and are both essential for

transcriptional enhancement (Linderson et al., 1997).

NF«B is over-expressed in breast and prostate cancers (reviewed in Rayet and Gelinas,

4

1599). Its activity in these cancers relates to increased cellular growth rates, resistance to

apoptosis (Abdel-Mageed and Agrawal, 1998), metastatic capability (Denoyelle et al,,
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2001) and drug resistance (Gu et al., 2002). Although the selective advantages to the
cancer cell with increased NFxB activity are clear, the mechanism by which NFxB activity

results in these endpoints is not. Perhaps the transcriptional downregulation: of ELFS is part

of one of these pathways.

Many instances have been noted where ets/NFxB interactions are required for target
activation (reviewed in Li et al., 2000). It is feasible that the promoter regulation of ELF5
by NF«B is part of a feedback loop, where upon a certain cellular stimulus, ELF5 and
NFkB are activated to interact on downstream target promoters. Increasing levels or
activation states of NFxB could then result in a negative feedback loop that represses ELF5
production, attenuating the response. Little is known about the mechanisms of ELFS
interaction with other proteins and its activity on target promoters, but current studies
underway involving Y-2-H and production of ELFS5-specific monoclonal antibodies to
perform chromatin immunoprecipitation (ChlP) and co-immunoprecipitation (co-IP) assays

should produce an answer to the negative feedback loop hypothesis.

STAT proteins are excellent candidate regulators of ELFS regarding bk mammary gland
development and carcinogenesis. While in T47D cells only STAT1 has a significant effect
on the ELFS promoter, it is possible that in non-transformed mammary cells this situation
could be different. The PRL-JAK-STAT response pathway is not complete in T47D celis,
as they do not functionally differentiate to produce milk proteins in response to PRL, which
is the pathway endpoint. In a functional mammary epithelial cell context, or foilowing

stimulation by other growth factors, it is possible that other STATs regulate ELFS.
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STATs 1, 3 and 5 are all expressed in mammary epithelium and are established as tumour
suppressors or oncogenes in the context of this organ. STAT! is activated in a subset of
breast cancers, and correlates with improved relapse-free survival after treatment
(Widschwendter et al., 2002). While it is over-expressed in a proportion of breast cancers,
its presence is associated with an improved prognosis, probably due to its role in interferon

(IFN)-mediated growth suppression.

Activated NFxB and STAT both interact with the interleukin-6 (IL-6) signalling pathway.
The IL-6 pathway could provide a point whereby both NFkB and STAT are integrated to
alter ELFS expression. 1L-6 is a pro-inflammatory, pro-malignant cytokine (Neumark et
al., 2003), and it acts as a paracrine growth factor that inhibits the growth of ER+ breast
cancer cell lines but not ER- cell lines, which could translate in vivo to a selective pressure
for more aggréssive, estrogen-insensitive tumours (Chiu et al., 1996). NFxB induces the
pleiotropic cytokine, IL-6, after a variety of signals that include oxidative stress (Zhang et
al., 2001), stimulation by factors such as insulin-like growth factor II (IGFII) (Kwon et al.,
2000) and interaction with drugs and cell surface molecules. In intestinal epithelial cells,
the presence of IL-6 induces NFxB release from IkB, allowing NFxB translocation to the
nucleus (Wang et al., 2003). STAT3 and STAT] are phosphorylated following cell
éxposure to IL-6 via the gp130 cell surface receptor and transactivate downstream target
genes (Coffer et al., 1995; Zhang et al., 1995b; Zhong et al., 1994). The NFxB and STAT
studies have, however, been performed mainly in blood, hepatic and intestinal cells, not in

mammary cells or tissue.
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Breast tumours may be divided into groups based upon gene expression. Some tumours
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over-express NFxB, or IL-6, or STATI, but data on expression of all three genes as a group

is not yet available. Tentatively, those that over-express NFxB, and therefore IL-6, may be
deficient in ELF5. Those that over-express or have constitutively active STAT1, may also
increase transcription of ELFS, accounting for the two populations, differing in ELFS
expression status, that were observed in our study. The publicly available microarray data
on gene expression in breast cancers (Bertucci et al., 2002a; Bertucci et al., 2002b; Bertucci
et al.,, 2003; Ellis et al., 2002; Gu et al., 2002; Inoue et al., 2002; Perou et al., 1999; Sorlie
et al, 2003; Wang et al, 2002) was investigated to find evidence that bears on this

hypothesis, but none had expression data available on all three genes.

We expected to find more transcriptional enhancers of ELFS within the proteins we
examined in this study. However, searching based on computer-based transcription factor
motif prediction matrices is not a comprehensive method for identifying promoter
regulators. Promoter regulation is dependent upon assembly of multi-protein complexes,
some of which involve transcription factors that do not contact DNA in a conventional
manner through their recogniscd DNA-binding domains interacting with a binding motif.
instead, factors contact DNA non-conventionally due to modification by protein
interactions; for example, the Pax5-Ets-1 interaction, where Pax-5 recruits Ets-1 upon DNA
binding. The interaction with Pax-5 increases Ets-1 DNA binding specificity to the sub-

optimal EBS, GGAG (Garvie et al., 2001).
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Secondly, transcription factors may be involved in the transcription complexes by protein
partmerships only: that is, they bind a DNA-binding protein and connect it with other
transcriptional proteins via a ‘bridge’ formation. These factors are therefore necessary for
transactivation, but do not themselves coantact the DNA. For example, p53 represses the
TATA-less promoter of the ets family genes, ETS-1 and ETS-2. It has been identified in
protein complexes formed on oligonucleotides derived from TATA-less promoters but does
not seem to directly contact DNA, at least through its traditional DNA-binding motif
(lotsova et al., 1996). Presumably, similar mechanisms are active in other efs promoter
contexts, including the TATA-less ELFS5 promoter, particularly considering the recent and
rapidly increasing number of discoveries of non-conventional, non-DNA contacting,
promoter regulation (Chapter 1). While our study did not preclude identification of these
interactions, it did focus on examining transcription factors with predicted optimal DNA
binding motifs. This increases the likelihood that the regulators we examined would be
those that bound directly to DNA in the traditional paradigm. Identification of factors that
form protein:protein bridges, or non-conventional DNA:protein interactions, on the ELF5
promoter will require advances in understanding the factors that do bind the DNA and then
characterising those proteins they interact with when bound to the promoter, using ChIP

and possibly Y-2-H analysis.
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7.3 Alternative splice isoforms of ELFS are functional transcription factors

ELFS5 itself may be dependent upon interaction with other transcription factors to act on

downstream target promoters. No transactivation domain (TAD) has been identified within
the full-length, p30, isoform of ELF5. This is not unheard of within ets factors, though
most possess TADs that do not display distinct similarities to each other. The efs family
protein, Prf, binds the PU.1 EBS but does not appear to possess its own transactivation
domain: it is possibly an antagonist for Spi-B and PU.1 binding, acting in a dominant-
negative fashion. Alternatively, it may require interaction with protein partners to be

transcriptionally active (Hashimoto et al., 1999). We presume that ELFS has no TAD

either, as there are no sequences that possess homology to a known TAD; indeed, there is
little to the protein but the pointed and ets domains joined by a 45 amino acid central
domain. N- and C- terminal tails are also minimal (45 and 12 amino acids respectively),
but isoforms of the protein undeniably transactivate target promoters such as WAP

{Thomas et al., 2000), PSA (Chapter 5; Oettgen et al., 1999b) and BRCA1 (Chapter 5).

The p:0 isoform lacks the poinied protein-interaction domain and part of the 45 amino acid
central domain. Both isoforms of ELFS studied in our laboratory are, however, capable of
transactivating, implying that transactivation or repression capability is provided by protein

interaction partners within the transcriptional activation complex. Co-transfection of both

p20 and p30 isoforms with the BRCAla downstream target promoter did not alter the

degree of transactivation provided by p20 (data not shown), indicating that the two

isoforms are neither competing for binding sites, nor potentiating each others’ activity.
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However, both isoforms have not been detecied simultaneously by RT-PCR in any organ or
cell line, reiterating that they are required for different functions. While p20 lacks the
canonical protein interaction domain, efs proteins are known to interact with partners
through other domains including the ets DNA-binding domain. The elimination of the
pointed domain sequence in p20 is functionally significant. p20 and p30 musi interact with
different proteins according to the difference in their sequence, as the outcome (bindiny to
an EBS and action on the target gene promoter) is differant, There is no significant
homology between the N- and C-terminal tails or the central domain of ELF5 and those of
other ets proteins, which if present could indicate a common protein partner between ELFS
and any other efs protein. Delineating which protein interactions are important for ELF5
activity, and distinguishing those that interact with either p20 or p30, will require

techniques such as Y-2-H and co-IP. Finding these will contribute greatly to understanding

mechanisms by which ELF35 is controlled, and also its downstream effects.

7.4  ELFS plays different roles in hormone-dependent compared with non-hormonally

regulated organs, and therefore in the carcinomas derived from these organs

Delineating the mechanisms that control ELFS activity in cellular growth, differentiation
and maintenance of differentiation will also provide information on why the protein is
relevant to carcinogenesis. Expression data (Chapter 3;(Zhou et al., 1998);Appendix VI)
and cell culture studies (Oettgen et al., 1999b), demonstrate that ELF5 is important for

epithelial differentiation and possibly proliferation, depending upon the organ being

examined. ELFS3 is a potential regulator of genes that are markers of differentiation, as it
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binds to EBS in the promoters of SPRR24, expressed during cornification of the epidermis;
the simple epithelium-specific keratin type I EndoA; and promoter of three genes
expressed in the salivary glandular epithelium, CRISP-1, CRISP-3 and PSP (Oettgen et al.,

1999b).

ELF5 expression is altered in at least three carcinoma types, breast, prostate and kidney,
compared to the normal tissues. This change in expression will dysregulate the tight
control usually imposed over downstream target genes that include tumour suppressor
genes such as BRCAI (Chapter 5) and tumour antigens such as PS4 (Chapter 5; Oettgen et
al., 1999b) and also of the differentiation genes mentioned previously. This may explain
why alterations in ELF5 expression could assist in causing the propensity of cells to de-

differentiate, leading to cancer.

In the breast and prostate, this study shows that human ELF5 protein is not lost in cancer
tissue compared with normal tissue, and indeed may be over-expressed in the abnormal
rather than normal epithelial cells. Contrary to predictions that the gene would undergo
LOH at the 11p13 locus in solid tumours, the ELFS locus does not appear to be deleted in
breast carcinoma DNA compared to normal DNA. The p20 isoform of ELF5 can also
regulate the crucial breast tumour suppressor BRCAI in vitro, implying that lack of ELF5
could play a part in domregulation of this trarscript in sporadic breast carcinogenesis in
vivo. These data imply that while ELFS plays a critical role in regulation of epithelial-
apecific genes and therefore in epithelial cell differentiation, it does not appear to function

as a tumour suppressor and should be investigated further to determine whether it functions
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as part of the efs oncogene cluster, rather than as a tumour suppressor, in hormonally-
regulated organs. Due to lack of material, this study did not examine whether the ELF5
locus carried any mutations, which could alter the functionality of the protein, in those
cancers where the transcript was upregulated. If the transcript and protein levels are
increased, but not functional, in these cases, ELFS5 may stiil be a turnour suppressor gene

within the context of these two organs.

Although the kidney and prostate have the same origin early in development, their
regulation and development diverge early in embryogenesis. Prostate development is
regulated by androgens, unlike the kidney, which is not dependent upon steroid hormones.
Breast development is also dependent upon secretion of the steroid hormones, estrogen and
progesterone, and the peptide hormone, prolactin. ELFS5 expression is downregulated in
kidney cancer, though the protein is easily detectable in the normal organ. This situation
contrasts with the detectability of the protein in normal (low to undetectable expression),
compared \irith cancercus (strong expression), breast and prostate tissue. The expression
status of the epithelium in these organs may reflect dual roles for ELF5 as a growth
promoter or a growth suppressor, depending upon the organ context. This is not a
phenomenon that has been observed among other efs transcription factors. Its signalling in
prostate and breast is likely to be downstream of hormone induction (Zhou et al., 1998),
although of course not in the non-hormone dependent kidney. Since EIfS is upregulated
dﬁring pregnancy-associated mammary gland development, peaks in the proliferation phase
and the heterozygous mice fail to develop large amounts of mammary epithelium, its role

could be in assisting epithelial proliferation in hormone-dependent organs. Deletion of
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ELF5 in mammary and possibly prostate carcinoma, therefore, may not be a selective
advantage for the tumourigenic cells. In the kidney, ELF5 probably integrates different
extra- or intra-cetlular signals and acts in a different pathway. Unlike the breast, the adult
kidney does not undergo phases of proliferation, differentiation and regression, and ELFS5 is
expressed constantly in the epithelium. This could conceivably represent a role in
maintenance of growth suppression, or terminal differentiation. Loss of ELF5 expression
in this context could result in a selective growth advantage for tumourigenic cells,
explaining the significance of the difference between ELFS5 expression patterns in

breast/prostate carcinoma and that derived from the kidney.

75 Conclusions

We have shown for the first time that the efs transcription factor, ELF3S, is epithelial-
specific, and is dysregulated in carcinomas of varied origin. ELF5 is regulated
transcriptionally by factors that have their own defined role in cancer, and it regulates
cancer-associated targets genes differentially using at least two transcriptional isoforms.
The gene behaves differently in carcinomas derived from hormonal-dependent compared
with non-hormonally regulated organs, presumably reflecting its participation in different
pathways in the development of the epithelium in these organs. ELF5 appears to be a
kidney-specific tumour suppressor gene, but to be differentially expressed in breast and
prostate cancer, with its relevance to cancers of these organs yet to be determined. It acts
as a tumour suppressor, potentially by regulating downstream target genes that include

tumour suppressor genes. The mechanism by which its expression is downregulated in
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kidney carcinoma has not yet been elucidated, though hypermethylation of the promoter,
with associated silencing of expression, is a distinct possibility. Continuation of this study
will address these questions, further elaborating on the details that define the role of ELFS

as an epithelial-specific member of the ets oncogene/tumour suppressor gene family.
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Appendix 1.  List of Oligonucleotides

Oligo- Oligonucleotide Name Sequence (5'-3') Tm
nucleotide

Number

EIf5 null mouse genotyping

1 5.ex-ko-B2 GCACACCCAGAATTGAAGATICC 56
2 Neo-ko-B2 ATTCGCCAATGACAAGACGC 60
3 3'-in-ko CCTTCACTGCACGTGGACTG 61

Oligonucleotides were used in a ratio of (1:1:2) respectively in a multiplex Taq PCR using
Optiprime Buffer #5. 35 cycles of PCR were performed with an annealing temperature of
50°C and 1 minute extension.

Chapter 3

Production of Ese-3 recombinant protein

4 mESE3cdsBamHIF CTGTTGGATCCCTTIGCAGATCATG 59
5 mESE3SacIR-T CAGTTCTCATGAGCTCATCCATCCA | 59

Oligonucleotides 4 and 5 were used in 40 cycles of PCR using Pfx polymerase. 10 cycles of
touchdown PCR were performed, with a starting annealing iemperature of $5°C, decreasing
1°C per cycle until it reached 45°C. 30 cycles ensued using this annealing temperature.
Extension was performed at 68°C for 1:20 minutes.

Chapter 4

hELFS5 promoter characterisation

6 Prom-6F CCAGCACTATTAGCICCTCTIC 50
7 Prom-5F TGGTCATGCAGTIGCATCAACT 55

8 Prom-4F CCATGCACCAAGAATCATAGTAG 51

9 Prom-3F ATGGGCTCCAGAGGCAGGCA 66

10 Prom-2F AGATGGAGTCTCACTCTGTIGCC 54

11 Prom-1F TTCAATCCCACTTCCTCCTIT 58

12 Exonl-1R GAGATGGACGAGCAGACCC 62

Oligonucleotides 6-11 were used as forward primers in a reaction with 12 as the reverse
primer. Pfx polymerase (Invitrogen) was used in PCR with an annealing temperature of 52°C
and 1-6 minutes extension at 68°C.

11 Prom-1R ACCTGTAGCCTIGTGATATAAGTGA | 66

12 Exonl-1F TGTCACACTGTATGICACCGTC 62

13 Intronl-1F GGATGAATCGTAAGGGGTGTC |64

14 Exon 2-1R GGTAGATACCTCAGGACAACTGGATA | 70
TT

i5 Intronl-IR GCCAGTTIGCCAGAGGAGGA 64

All other promoter/intron PCRs were performed with an annealing temperature of 55°C and
extension time of 2 minutes at 68°C, using the Pfx enzyme.

Chapter §

Site-directed mutagenesis of the BRCAlo promoter

16 BRCATHindIlIF GCGATCTAAGTAAGCTITATGGCAA | 55
17 BRCAlets#3mtR CCGGATGACGTAAAATTAAAGAGAC |55
18 BRCAlets#3mtF GICICITIAATITTACGTCATCCGG 55
19 BRCATHIndlIIR ACATGACCGGAATGCCAAGCTICCA |63
20 BRCA1Hindlllets#4mtR | ATGCCAAGCITCCATTAAGTCICAGC | 60
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Primers 16+17, 18+19, 16+19 and 16+20 were used in PCR with P/ polymerase (Promega).
40 cycles of PCR were performed with an annealing temperature of 55°C and 1 minute
extension.

EMSA Oligonucleotides

21 “BRCATpromets#3wtF GICTCTTTCCITTAACGTCATCCGG _ [ 59
22 BRCATpromets#3wtR CCGGATGACGTTAAAGGAAAGAGAC | 59
23 BRCA Ipromets#3mtF GTCTCTTTAATTITACGTCATCCGG | 55
24 BRCATpromets#3mtR CCGGATGACGTAAAATTAAAGAGAC |55
25 BRCA Ipromets#dwtF GCTGAGACTTCCTGGAAGCTTIGGCAT | 64
26 BRCATpromets#4witR ATGCCAAGCTTCCAGGAAGTCTICAGC | 64
27 BRCA Ipromets#4mtE GCTGAGACTTAATGGAAGCTTGGCAT | 62
28 BRCAlpromlets#mtR | ATGCCAAGCTTCCATTAAGTCTCAGC | 62
29 E74F GATCATAACCGGAAGTAACT 56
30 E74R GATCAGTTACTTCCGGTTAT 56
31 E74mtF GATTATAACCATAAGTAACT 54
32 E74mtR GATCAGTTACTTCTGGTTAT 54

EMSA.

Oligonucleotides 21-32 were not used in PCR but as double-stranded oligonucleotides for

Construction of PSA promoter-reporter construct

33 PSAprom5’ ATTGGAATTCCACATTGTTIGCIGCA | 66
CG
34 PSAprom 3' CTCTCCGGGTGCAGGTGGTAAGCIT |64

Elongase enzyme mix was used, with a final concentration of 1.6mM MgCl,. 35 cycles of
PCR were performed with an annealing temperature of 55°C and 1 minute extension at 68°C.

Construction of 5'-end deletions of ELF5 for production of truncated proteins

335 hELF5A33BamHIF CGTAGGATCCGCCTTTGAGCATCAGA | 68
CAG
36 hELF5A33SaclR CATGGAGCICAGCTIGICITCCIGCC [ 72

ACCC

Oligonucleotides 35 and 36 were used in PCR with Pfx polymerase. 30 cycles of PCR with
an annealing temperature of 55°C and extension time of 1 min 20 sec at 68°C were

performed.

Chapter 6

Analysis of GAAA repeat microsatellite marker

37 GAAA-IF GTGACTGAGTGAGATICIGT 58
38 GAAA-1R AATGAGACTTIGTCACCAGC 58

Oligonucleotides 37 and 38 were used with P/x polymerase. 35 cycles of PCR were
performed with an annealing temperature of 53°C and an extension time of 1 minute,

tissue

Construction and analysis of MCF? Tet-On ELFS/EGFP expressing cell lines, 786-O
ELFS5 expressing cell lines and endogenous expression of mRNAs in cancer and normal

39

EGFP-N

CGTCGCCGTCCAGCTCGACCAG

68

40

EGFP-C

CATGGTCCTGCTGGAGTICGTG

59

Oligonucleotides 39 and 40 were used in

PCR with Taq polymerase. 35 cycles of PCR were
performed with an annealing temperature of 55°C and an extension time of 1 minute.

41

GAPDHS'

CTGCCACCCAGAACACTGT

42

GAPDHY'

52

GCTCATTTCCTGGTATGAC

52

Oligonucleotides 41 and 42 were used 1n PCR with Tag polymerase and 2mM MgCl,., 35
cycles of PCR were performed with an annealing temperature of 55°C and an extension time

of 40 sec. . _
43 TET-ON-F GGACGAQET CCACTTAGACG 60
44 TET-ON-R AGGGCATCGGTAAACATCTG 60
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Oligonucleotides 43 and 44 were used in PCR with 7aq polymerase and 2mM MgClz. 35
cycles of PCR were performed with an annealing temperature of 55°C and an extension time

of 40 sec.

45 CK8F_ CTGGAGTCTCGCCTIGGAAGG 66

46 CK38R CCTCGTACTGTGCCITGACC 64

Oligonucleotides 45 and 46 were used in PCR with Zaq polymerase. 35 cycles of PCR were
performed with an annealing temperature of 59°C and an extension time of 40 sec.

47 BRCA12124F FAAGTCAGAGGAGATGTG 54

48 BRCA12124R CAGTAGTGGCTGTGGGGG 60

Oligonucleotides 47 and 48 were used in

49 hELF5-18

PCR with Tag polymerase. 35 cycles of PCR were
performed with an annealing temperature of 55°C and an extension time of 1 min.

TGCCTTTGAGCATCAGACAG

60

50 hELF5-19

AGTATCATCITGITCGGAGG

58

Oligonucleotides 49 and 50 were used in PCR with Taq polymerase. 35 cycles of PCR were
performed with an annealing temperature of 55°C and an extension time of 40 sec.

Detection of ELF5 in rormal organ RNAs

51 Ma-F

TGATICCTGCTCTGGTGAAACA

52 Ma-R

55

ACATTTICICATCAATCACTGGTATGT

54

Oligonucleotides 51 and 52 were used in PCR with Tag polymerase. 35 cycles of PCR were
performed with an annealing temperature of 55°C and an extension time of 40 sec.

53 MaProbe

CAGTCCACCTAGCTGTCAGTCACTGA
TA

59
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Appendix II. List of Solutions

Unless otherwise specified, chemicals were obtained from BDH Biochemicals. Solutions were
prepared using Millipore MitliQ H,O (Millipore Corporation, USA).

General Solutions
10 X PBS (per litre) 5 X TBE (per litre)
8 g NaCl 52g Tris base
200 mg KCl 27.5g boric acid
1.44 g Na,HPO;, 2 ml 0.5M EDTA (pH 8.0)
240 mg KHPO,
adjust pH to 7.4 1XTE
10 mM Tris-Cl (pH 8.0)
20 X SSC (per litre) 1 mM EDTA (pH 8.0)
175.3 g NaCl _
88.2 g sodium citrate 6 X DNA loading dye
adjust pH10 7.0 0.25 % (w/v) bromophenol blue
0.25 % (w/v) xylene cyanol FF
50 X TAE (per litre) 40 % (w/v) sucrose
242 g Tris base
57.1 ml glacial acetic acid
100 mi 0.5 M EDTA
adjust pH to 8.0

Bacterial Work

LB liquid medium (per litre)
10 g bacto-tryptone

5 g bacto-yeast extract

10 g NaCl

adjust pH to 7.0

LB plates
LB + 15 g/litre agar

Glycerol stocks of bacteria
Add 0.2 volumes of 100% glycerol to
the culture medium; store at -80°C

SOC liquid medium (per litre)
10 g bacto-tryptone

2.5 g bacto-yeast extract

250 mg NaCi

2.5 mMKCl]

adjust pH to 7.0

S m!2 M MgCl,

10 ml 2 M glucose

Antibiotics

Ampicillin sodium salt 50 pg/ml
Kanamycin sulphate 12.5 pg/ml
Chloramphenizol 37ug/ml in ethanol
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DNA Work

DNA Extraction from Bacteria

Solution I

50 mM glucose

10 mM EDTA (pH 8.0)
25 mM Tris-Cl (pH 8.0)

Solution II
0.2 M NaOH
1 % (w/v) SDS (Roche Diagnostics)

Solution 111
5 MKOAc
11.5 % (v/v) glacial acetic acid

DNA Extraction for Mouse
Genotyping

Ear clip buffer

10 mM Tris-Cl (pH 8.3)
50 mM NaCl

0.2 % (w/v) Tween 20

10 Hg/ml proteinase K

DNA Extraction frorms Mammalian
Cells

Cell lysis buffer

0.1 M Tris-Cl (pH 7.5)
5 mM EDTA (pH 8.0)
0.2 % (w/v) SDS

0.2 M NaCl

mg/ml proteinase K

RNase A

10 mg/ml RNase A

10 mM Tris-HCI (pH 7.5)
15 mM NaCl

Phenol-Chloroform

50ml saturated phenol (pH 8.0) (Sigma)
48 ml chloroform

2ml iscamy] alcohol

DNA extraction from PBL:

Bloed lysing solution
10 mM Tris (pH 8.0)
10 mM NaCl

10 mM EDTA

5 X ANE

0.05 M sodium acetate
0.5 M NaCl

5 mM EDTA (pH 8.0)
2.5 % (wiv) SDS

Hybridisation Solutions

Hybridisation solution

10 % (w/v) dextran sulphate (Clontech)
1% (w/v) SDS

1 M NaCl

100 pg/ml denatured herring sperm
DNA

Oligonucleotide hybridisation
solution

5XS8SC

5 X Denhardt’s

1 % (w/v) SDS

100 ug/ml denatured herring sperm
DNA

100 x Denhardt’s solution

2 % (w/v) Bovine Serum Albumin
Fraction V (BSA)

2 % (w/v) Ficoll

2 % (w/v) Polyvinylpyrrolidone (PVP)

Microsatellite Analysis

6 % urea-polyacrylamide gel (300ml)
60 ml (19:1 Acrylamide/N,N'-
methylene-bis-acrylamide) (BioRad)
30ml 5 X TBE

7™M urea
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5 X formamide loading dye

95 % (v/v) deionised formamide
10 mM EDTA (pH 8.0)

0.1 % (w/v) bromophenol blue
0.1 % (w/v) xylene cyanol FF

RNA Work

Total RNA Extraction Binding buffer

0.1 % (wfv) SDS
Solution D 0.5 M NaCl
250 g Guanidiniumn Thiocyanate 10 mM Tris-Cl (pH 7.5)
17.6 ml of 0.75 M Sodium Citrate 1 mM EDTA (pH 8.0)
(PH 7.0)
26.4 ml of 10 % (w/v) Sarkosyl Wash buffer
293 ml H20 0.1 % (w/v) SDS

. 0.15 M NaCl

PolyA RNA Extraction 10 mM Tris-Cl (pH 7.5)

1 mM EDTA (pH 8.0)
Extraction bufier
0.5 % (w/v) SDS Elution buffer
0.1 M NaCli 0.1 % (w/v) SDS o
20 mM Tris (pH 7.5) 10 mM Tris-Cl (pH 7.5) :
1 mM EDTA (pH 8.0) 1 mM EDTA (pH 8.0)

Protein Work -

Protein extraction Renaturation buffer :

20 mM Tris-Cl (pH 8.0) |
RIPA buffer (pH 7.6) 50 mM Na(Cl S
10 mM Tris 0.1 % (v/v) NP-40 o
150 mM NaCl 0.1 % (v/v) Tween-20 c
0.1 % (w/v) SDS 0.1 % (v/v) Triton X 100 P
1 % (w/v) Na deoxycholate o
1 % (v/v) Triton X 190 Native protein elution buffer -

20 mM Tris-Cl (pH 8.0) S
Recombinant protein preparation ~ 100 mM NaCl S

100 mM Imidazole A
Guanidine lysis buffer c
6 M guanidine-HCl .
20 mM Tris-Cl (pH 8.0) P
50 mM NaC(l ;
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Western Blots Semi-dry Transfer
2 X EDTA sampie buffer Anode Bauffer 1
125 mM Tris-Cl (pH 6.8) 0.3 M Tris
2% (w/v) SDS 10 % (v/v) methanol
20 % (v/v) Giycerol Adjust pHto 10.4
1.4 M B-mercaptoethanol
2 % (w/v) Bromophenol blue Anode Bufier II
2 mM EDTA (pH 8.0) 25 mM Tris

10 % (v/v) methanol
SDS-PAGE gel - separation layer Adjust pH to 10.4
12 % (v/v) acrylamide (29:1
acrylamide/N,N"-methylene-bis- Cathode Buffer
acrylamide) (BioRad) 25 mM Tris
0.1 % (w/v) ammonium persulphate 40 mM glycine
0.1 % (v/iv) TEMED 10% (v/v) methanol
(tetramethylethylenediamine; Sigma) Adjust pH to 9.4
(.1 % (w/v) SDS
375 mM Tris-Cl (pH 8.8) 10 X TBST

0.2 M Tris-Cl (pH 8.0)
SDS-PAGE gel - stacking layer 1.4 M NaCl

5 % (v/v) acrylamide (29:1
acrylamide/N,N'-methylene-bis-
acrylamide)

0.1 % (w/v) ammonium persulphate
0.1 % (v/v) TEMED

0.1 % (w/v) SDS

62 mM Tris-Cl (pH 6.8)

SDS-PAGE running buffer
25 mM Tris-HCI
192 mM glycine
0.1 % (w/v) SDS

1 % (v/v) Tween 20

Coommassie Brilliant Blue staining
solution

0.25 % (w/v) Coommassie Brilliant
Blue

R-250

50 % (v/v) methanol

10 % (v/v) glacial acetic acid

Coommassic Brilliant Blue destaining
solution

10 % (v/v) methanol

7.5 % (v/v) glacial acetic acid

DNA-Protein Interaction YWork

EMSA

6 % polyacrylamide gel (300ml)

60 ml (19:1 Acrylamide/N,N'-
methylene-bis-acrylamide) (BioRad)
30mi 5 X TBE

210 mi dH20

5 X EMSA Binding Buffer

50 mM HEPES (pH 7.8)

10 mM MgCi2

200 mM KCl

5SmM DTT

25% glycerol

0.25 pg/mi polydl.dC-dl.dC
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Mammalian Cell Culture and Transfections

P

Cell freczing media Normalisation of luciferase assays
95% (v/v) FCS
5% (v/v) DMSO P-galactosidase sample buffer
700 ul p-mercaptoethanol
200 pi 1 M MgCl2

1.56 g NazHP0Q4.2H20
1.41 g Nat>P04.2H20
0.133g2-nitrophenyl-p-D-
galactopyraniside

MQ H20 to 100 ml

Histology and Immunohistochemistry

Neutral buffered formalin Acid ethanol

10% formaldehyde in PBS 0.5% (v/v) hydrochloric acid
70% (v/v) ethanol

Paraforrnaldehyde

4% (w/v) paraformaldehyde in PBS
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Appendix IIL. List of Suppliers

Amersham Pharmacia Biotech.
Amrad

Bartelt Instruments

BDH Biochemicals / Merck
Beckman Instruments

Becton Dickinson (BioSciences)
BioRad Laboratories, Inc.
DAKO

Difco

Fluka

Fronine Laboratory Supplies
Gibco-BRL (Life Technologies)
Hoefer

Kodak Scientific

Lab Aids

Leica Instruments

Millipore Corporation

New Brunswick Scientific

New England Biolabs
Novagen Inc.

Nunc

PharMingen

Pierce

Progen Industries

Proligo

Promega

Qiagen

Roche Molecular Biochemicals
Sartorius

Scientifix

Sigma Chemical Company
Stratagene

SuperBioChips Laboratories
Zymed

Buckinghamshire, UK
Kew, VIC, Australia
Heidelberg West, VIC, Australia
Poole, UK

Fullerton, CA, USA
Lincoln Park, NJ, USA
Hercules, CA, USA
Carpinteria, CA, USA
Detroit, MI, USA

Buchs SG, Switzerland
Riverstone, NSW, Australia
Paisley, UK

San Francisco, CA, USA
Rochester, NY, USA
Sydney, NSW, Australia
Nussloch, Germany
Bedford, MA, USA
Edison, NJ, USA

Beverly, MA, USA
Milwaukee, WI, USA
Naperville, IL, USA

La Jolla, California, USA
Rockford, IL, USA
Rockford, IL, USA
Boulder, CO, USA
Madison, W1, USA
Chatsworth, CA, USA
Mannheim, Germany
Goettingen, Germany
Cheltenham VIC, Australia
Saint Louis, MO, USA

La Jolla, CA, USA

Seoul, South Korea

South San Francisco, CA, US
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Appendix IV. List of Equipment

Agarose gel electrophoresis

B—scintillation counter
Centrifuges (large)

Cell icubator

DNA sequencer

Electroporation apparatus
Homogeniser
Hybridisation ovens
Paraffin embedding centre
Paraffin microtome
Paraffin processor

Protein gel caster

Microcentrifuge
PCR machines

SDS-PAGE electrophoresis apparatus

Shaking incubator
Spectrophotometer
UV illuminator

Western transfer apparatus

Mini-sub Cell GT, Bio-Rad

LKB, 1217 RACKBETA, Wallace Scintillation
Counter

J2-21 M/E, Beckman

Biofuge stratos, Heraeus Instruments

HERA Cell, Heraeus Instruments

Model 373 A, Applied Biosystems Automatic
Sequi-Gen 1, Bio-Rad (microsatellite analysis)

Gene Pulser, Bio-Rad

Ika Ultra Turrax T25, Crown Scientific

XTRON H2002, Bartelt Instruments

EG1160, Leica Instruments

RM2135, Leica Instruments

TP1020, Leica Instruments

Mighty Small multiple gel caster SE200, Hoefer
Scientific Instruments, Amersham Pharmacia

1-1§ Sigma, Quantum Scientific

GeneAmp PCR System 2400 and 9600, Applied
Biosystems

MightySmall I SE250, Hoefer Scientific Instruments,
Amersham Pharmacia

Innova 4300, New Brunswick Scientific

Lambda Bio 20, Perkin Elmer

Gel Doc 1000, Bio-Rad

TE77 SemiPhor, Hoefer Scientific Instruments,

Amersham Pharmacia
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Appendix V. Quiput from transcription factor binding site searches

NB.

v

00001
00051
00101

00151

00201
00251

00301
00351
00401
00451
00501

00551
00601

00651
00701
00751

00801

00851

00901

00951

Position number 1 on the transcription factor site search results corresponds to
position 9058 of the hELF5 sequence relative to the p30 translational start codon

(Chapter 4).

BCM Search Launcher search for predicted transcription factor binding sites in
the hRELFS promofter

ATTTCAATCC

GAAGTCCAGG

CCTTCAACAA
TTTTGTTTCT

TGCCCGGTGA
AAAGCTTGGA
CTAGAAGCAG
ATGACCTQGG
GTCACGAAGA
GCTGGCATCC
GCCCAGAGAT
GGACACTGAA
ARCACTGGGC

ARAGACATGA
CAGCGCAGAC
CACAGAGGAA

CACTTCCTCC

TTTTGCCACT GGGGAAAAAT GAAGCCCAGA 00050

Tassass== ( 13.6500)
mazaszmss | 12, 7420}

TTACCCAGCC

AAGATAGGGG TCTAGGCAGT CACCTATCTT 00100
------- {12.4886) Evi-1 MD0O082

TTTTTCCATG

=(13.3530) GATA-1,GATA-1A M00126
ATGACACCCC GAATCCTCTC ACGAACTGCC 00150

GCAGACTATA TGCGTATTTG TATTTGTGTG TTTGTAACCA 00200

TCCCAAGRAA ACATAACAAA CCAGTCCTTG

GTCTGCCATT

————— --(13.,6373) Freac-6 400289
CTTTCGCTTT 00250

TGAATACAAC ATCTCGGCTG CCCAAGATGG 00300

{13.1467) E47,Thl M00222
BATGCAAAAA GGCACAGGGT TATAAATACC

TGTCTCATAG 00350

a=======(13.2747) abah Q00209

ACACTGTGCT
=(13.2678)

AGTACTAARA AGCGGGCAGT
ACATGAGGAG AGGCCCCATC
GTTAGCTACA TTTTTCTAGG
TTTGAATCTA AAGGCAACTA

CTATAATGCT

TCTTACAAAA
CGGCACCAGG
AATTCCTCAC

GACAAGAATT

GTTGCAGGGC

TCTGCATATG

ATGTCACCGT

TTCTGCTTGT

N T L T
——

i -

AGGGGTGAGC

L

AGAACCATTT

CATCRAAGGG

TTGCAGCCTA AATTAGGCAG AGTTTCTGTT 00400
TCTCAGCGAG
ACTTACATTA
TAGCACAGCT
GCTGCAAAAC

CTTCCTTCTC ACCACATGGG

- —

ACACCTGAGA
CACTCATGAA
AGGARRTGAT
CTGAGGTCTT
AARAACGGAG (00650
-(12.2859) Max1,
c-Myc M00123
it (13.5624)
D1 MO0120
GGGAGAGAGG (00700
CTCCAGCTTG 00750
AGCTCCCAGG 00800

00450
00500
00550
00600

GCACTGGGCT CAGCCAGCCT
GTGGAATCTC TGTGTTTCCC
CAARRCGCACG ATCCCCGCAC

{14.4539) VSNFAT_Q6 M00302

TTACTGAGTC CCCTGGGCTG GGAGTGGGGG
--------- (16.6263) Freac~-3 M00291
c———w~=(13.,4638) HNF-3beta M00269
------- {12.1492) Freac-6 M00289
----------- {12.8358) NF-E2,NF-E2_p45S M00037
TGCGCACARA AGCAGGATAA AGGTAAACTT 00900
=s====== (12,3687} LVb-binding
factor Q00102
CCCCCCCTCC AAGGAGCCGT GTCACACTGT 00950
——m—m————m =~ (12.4508) MzF-1 M0OGOB4
GCTGTGCGTA AACCTGAAAA ACCAAMACGGA (1000

00850

#

Cpem et pem e et 4 S b it i m
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&
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01001 CCTGTCTGTA GGTGTCACTT ATATCACAAG GCTACAGGTG TCTTTATTTC 01050
01051 CACTGCARCGC TGGTGCTGGG AGCGCCTGCC TTCTCTTGCC TTGAAAGCCT 01100
01101 CCTCTTTGGA CCTAGCCACC GCTGCCCTCA CGTAAGCGCC TTTTCTTTGC 01150

01151 TTTTTTGGAT GAATCGTAAG GGGTGTCAGG GCTCAGAGGC TCGGCCTGGG (01200
=m==o=z==.0 (14,8138)
01201 GCCTGGGTCT GCTCGTCCAT CTC 01223
+re===(14_.8138) ap-2 Q00008
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V.II Matinspector search for predicted transcription factor binding sites in the hELFS
promoter

Parameters:

sequence file: ELFSpromoter.seq
core sim: 0.75

matrix sim: 0.85

Explanation for column output:

Pt i Pk P ok P e g ot ot Vot ot g ok ok T Vo iy W ik ek s ot o Yok e s

Matrix positions correspond to sense strand numbering, but all
sequences are given in 5'-3' direction.

n/a in column 'core simil.' indicates, that no core search
was conducted.

Capital letters within the sequence indicate the core string.

Matrix | Position(str)| Core | Matrix } Sequence
Name | of Matrix | Simil. | Simil. |

v T e T S il i S . Ty A Y Sy k. Y S e P e Ay . . i ————— A —— A A . Vi

Inspecting sequence ELFS promoter (1 - 1223}:
Transcription factor binding sites of interest are highlighted in blue.
VSIKZ_01 | 4 (-} | 1.000 | 0.952 | aagtGGGAttga
V$GKLF_01 | 9 (-) | 0.873 | 0.865 | aaggaggaagTGGG
VSGKLF_01 | 10 (-~} | 0.768 | 0.884 | aaaggaggaaGTGG
VSNKX25_01 | 11 (~) | 1.000 |  0.884 | GgARAGTg
V$BARBIE_01 | 13 (-) | 1.000 | 0.879 | ggcaAAAGgaggaag
VSUSF_Q6 [ 25 (+) | 0.864 | 0.880 | gcCACTgggg
VS$CEBPB_01 i 27 (+)y | ©0.986 | 0.892 | cactgggGAAAaat
VSMZF1_01 i 28 (+#) | 1.000 | 0.972 | actGGGGa
V$IK2_01 | 28 (+) | 1.000 | 0.922 | actgGGGAaaaa
VSIK1_01 I 28 (+) | 1.000 | 0.887 | actgGGGAsaaat i
VSNFAT_Q6 I 29 (+) | 1.000 | 0.958 | ctgggGAARaat i
VSTCF11_01 i 31 {-) | 0.782 | 0.872 | TTCAtttttcccc HE
V$NF1_Q6 I 57 (=) | 1.000 | 0.940 | tctTGGCtgggtaacctg -
V$RFX1_01 | 58 (-) | 0.945 | 0.898 | tcttggetggGTAAcct BEEE
VSGKLF_01 l 67 (+) | 0.951 | 0.857 | agccaagataGGGG HE
V$GATAL_03 | 68 (+) | 1.000 { 0.931 | gccaaGATAgQggt !.%
VSGATALl_02 I 68 (+) | 1.000 | 0.991 | gccaaGATRggggt Lok
V$GATAL_04 | 69 {(+) | 1.000 | 0.956 | ccaaGATAggyggt
V$LMO2COM_02 | 71 {(+) | 1.000 | 0.991 | aaGATAggq
V$GATA_C | 72 (+#} | 0.891 | 0.935 | aGATAGgggtc
VSAP1FJ Q2 | 84 (-) | 1.000 | 0.966 | ggTGACtgcct
! 84 (-) 1 1.000 | 0.951 t ggTGACtgcct
| 84 (-} { 1.000 | 0.934 | ggTGACtgcct
o V$DELTAEF1_01 ! 88 (+) | 1.000 | 0.949 | agtcACCTatc
e V$GATR_C | 89 (~) | 0.891 1 0.935 | aGATAGgtgac
= VSTCF11_01 i 89 (+) | 1.000 | 0.89%94 | GTCAcctatctte
V$GATAL_02 i 9¢ {(-) | 1.000 | 0.958 | aggaaGATAggtga
VSGATAL_03 | 90 (-) | 1.000 | 0.948 | aggaaGATAggtga
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VS$GATAL 04 ! 90 (~) | 1.000 | 0.933 | ggaaGATAggtga
VSLMO2COM_02 | 92 (=) | 1.000 | 0.943 | aaGAaTAggt
VSCEBPB 01 | 9 (-) | 0.873 | 0.874 | tgttgaaGGAAgat

| 99 (+) | 1.000 | 0.873 | TTCCttcaa
V$SRY_02 | 103 {+} | 1.0080 | 0.911 | ttcaAChAtttt
v$50X5_01 | 104 (+) | 1.000 | 0.985 | tcaaCAATLL
VSNFAT_Q6 | 110 (=) | 1.000 | 0.972 | tcatgGAAAaat
VSTCF1l_01 | 110 (-y | 0.807 | 0.866 | ATCAtggaaaaat
VSTCFl1ll_01 ] 113 (=) } 1.000 | 0.992 | GTCAtcatggaaa
V$AP1_Q2 ! 120 (+) | 1.000 | 0.889 | gaTGACacccc
VSAP1FJ_Q2 | 120 (+) | 1.000 | 0.918 | gaTGaCaccee
VSAP1_Q4 { 120 (+) | 1.000 | 9.851 | gaTGACaccce
VSCMYB_01 | 138 (=) | 0.797 | 0.864 | acaaaaggcaGTTCgtga
VSVMYB_01 | 141 {(+) | 0.876 | 0.858 | acgAACTgcc
VSGKLF 01 | 149 (~) | 0.937 | 0.875 | gcagaaacaaAAGG
V$SRY_02 I 149 {-) { 1.000 { 0.948 | agaaACAARaagg
V$HFH8_01 | 151 (+) | 1.000 |} 0.876 | tttTGTTtctgca
VS$CEBPB_01 | 153 (=) | 0.986 | 0.870 | gtctgcaGAAAcaa
VSHNF3B_01 | 170 (+) | 1.000 | 0.870 | atgcgTATTtgtatt
VSHFH3 01 i 172 (+) | 0.955 1 0©.945 | gcgTATTtgtatt

| 173 (=) } 1.000 | 0.858 | acaaatacAhATacg

] 173 (+) | 0.889 | 0.876 | cgtatttgtATTTg
VSSRY 02 t 174 (~) | 1.000 | 0.857 | aaatACAAatac
VSHNF3B_01 i 176 (+) | 1.000 { 0.854 | atttgTATTtgtgtg
VSHFH3_01 | 178 {(+) | 0.955 | 0.927 | ttgTATTtgtgtg
V$HFH3_01 | 186 {+) | 1.000 | 0.890 | gtgTGTTtgtaac
VSHFHE8_01 | 186 (+) | 1,000 { 0.875 | gtgTGTTtgtaac
VSE2_Q6 i 195 (+) | 1.000 | 0.847 | taaccatgccCGGTga
VSEZ2_01 ! 195 (+) | 1.000 ) 0.940 | taaccatgecCGGTga
V$E2_Q6 ! 195 (=) | 0.833 | 0.873 | tcaccgggecaTGGTra
V$E2_01 ! 195 (-} | 0.852 | 0.895 | tcaccgggecaTGGTta
VSUSF_Q6 i 202 {-) | 0.818 | 0.877 | atCACCgggc
V$IK2_01 J 207 (~) 1 1.000 | 0.965 | tcttGGGAtcac
VSNFAT_ Q6 | 212 (+) | 1.000 | 0.855 | cccaaGAhbaca
V$HFH3_01 | 214 (-) | 1,000 | 0Q.B64 | ttaTGTTttettg
V$HNF3B_01 | 214 (=) | 1,000 { 0.924 | tgttaTGTTttettyg
VSHFHZ_01 I 215 (-} 1 1.000 | 0.896 | ttaTGTTttctt
V$HFH2_ 01 I 220 (=) 1 1.000 | 0.850 | gttTGTTatgtt
VSSRY 02 | 222 (+) | 1.000 1 0.913 | cataACARAacca

| 226 (+) | 0.847 { 0.855 | acaaaCCAGtcc
V$GKLF_01 ! 236 (-} | 0.937 | 0.853 | aagcgaaagcAAGG
V$CP2_01 1 237 (-y | 0.%09 | 0.895 | gcgaaagCAAG
V$IRF2_01 { 240 (=) | 1,000 | 0.885 | ttaaagcGAAAQc
V$IRF1_01 ! 240 (-} | 1,000 | 0.909 | ttaaagcGAAAgc
V$BARBIE 01 | 247 (+) | 1,000 | 0.887 | ctttAdAAGettggag
V$NF1_Q6 ! 254 (=) | 1.00C | 0.861 | aaaTGGCagactccaagce
V$TH1E47 01 | 255 (+) | 0.800 | 0.885 | cttggagtCTGCcatt
V$AP4_Q5 | 283 (-) | 1.000 | ©.897 | ggCAGCcgag
VSNF1 Q6 I 295 (+) | 1.000 | 0.878 | agaTGGCtagaagcagaa

| 308 {(+} | 0.800 | 0.870 | cagaatgcARAAagg

[ 309 {(~) | 0.889 | 0.861 | cctttLtgcATICt
VSGKLF_01 | 315 (+} | 0.789 | . 0.869 | caaaaaggcaCAGG
V$GKLF_01 | 316 (+) | 1.000 | 0.865 | aaaaaggcacAGGG
VSUSF_Q6 i 321 (+) | 0.864 | 0.861 | ggCACAgggt
VSFREAC7_01 i 327 (+}y | 1.000 | 0.897 | gggttaTAAAtacctg
V$HFH3 01 I 329 (-} | 0.955 | 0.865 | aggTATTtataac
VSHFH8_01 | 328 (-) | 0.816 | 0.862 | aggTATTtataac
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VS$XFD2 01 } 329 (+) | 1.000 | 90.867 | gttaTAAAtacctg

| 330 (+) | 1.000 | 0.943 | ttaTAAAtacctgtc
V$DELTAEF1_ 01 | 334 (+)Y { 1.000 | 0.854 | aaatACCTgtc
VSTCF1ll_0l | 343 (~) )} 1.000 | 0.588 } GTCAtctatgaga
V$CDP_02 | 344 (+) | 0.806 | 0.852 | ctcATAGatgacctyg
VSTCF11l_01 I 344 {(+) | 0.798 | 0.867 | CTCAtagatgacc
VSCDPCR3HD 01 | 346 (4) | 0.930 | 0.939 | cataGATGac

| 350 (+) | 1.000 | ©.873 | gaTGACctggg

| 350 (+) | 1.000 | 0.888 | gaTGACctggg

{ 350 {(+#) | 1.000 | 0.854 | gatgACCTggg

| 351 (-y | 1.000 | 0.911 | tgtcccaGGTCat

| 354 (+) | 1.000 | 0.919 | acctGGGAcact

| 362 (-} | 1.000 | 0.854 | ctgchABAGcacagtg

| 365 (+) | 0.865 1 0.856 | £GTGCTttg

] 374 (+) | 1.000 | 0.943 | cagcctaaATTAggea

| 380 (~) | 1.000 | 0.896 | ccTAATtL

{ 388 (+) | 1.000 | 0.891 | cagagtttctGTTGtcac

| 390 (-~} 1 0.882 | 0.915 | tcgtgacaacaGAAActc

| 390 (+) ! 1.000 | 0.874 | gaGTTTctgttgtca

| 394 (=) | 0.820 | 0.877 | gacAACAgaz

| 395 {-) | 0.784 { 0.859 | gacAACAga

| 396 {-) | 1.000 | 0.859 | cgTGACaacag

{ 396 (-) | 1.000 | 0.91i3 | cgTGACaacag

! 401 (+) | 1.000 | 0.886 | GTCAcgaagaagt

| 413 (+) | 0.852 | 0.856 | tactaaaaagCGGG

i 415 (+) } 1.000 § 0.903 | ctaaAAAGegggcag

i 419 (+} | 0.797 | 0.851 | aaagcgggcaGTTCtcag

I 425 (-y { 0.876 { 0.856 | gagAACTgec

| 437 (=) | 1.000 | 0.895 | gctctCaGGtgteteg

| 437 (~) | 0.786 | 0.874 | ctcTCAGgtgtcteg

| 439 (+) I 1.0600 { 0.968 | agacACCTgag

| 439 () I 1,000 | 0,898 | tctCAGGtgtct

| 439 (=) | 1.000 | 0.947 | tctCAGGtgtct

i 440 (+) | 0.818 | 0.866 | gaCACCtgag

| 440 (+) | 1,000 | 0.907 | gaCACCtgag

! 441 (+) | 0.856 | 0.921 | aCACCTga

| 447 (-) } 1.000 | 0.896 | gcCAGCtcte

= | 455 (-) | 0.798 | 0.853 | CTCAtgtggatgc

V$SRF_Q6 I 457 (+) | 0.861 | 0.879 | atCCACatgaggag
V$LMO2COM_O1 ! 457 (~Y | 0.822 { 0.898 | cctCATGtggat
VSMYCMAX 02 1 457 (+) | 0.895 | 0.8%7 | atcCACAtgagg

{ 458 (+) | 0.864 { 0.860 { tcCACAtgag

1 459 (+) | 0.876 | 0.936 | cCACATga

1 459 (-) | 0.817 | 0.854 | tCATGTgg
VSCEBP_C i 477 (=) | 0.957 { 0.875 | agtgtaatGTAAGtgaty
VSNKX25 01 | 480 (~) | 1.000 | 0.930 | gtAAGTg
V$SCEBPB_01 | 480 (~) | 0.930 | 0.889 | gtgtaatGTAAgtg
VSE4BP4_01 | 481 (=} | 1.000 } 0,875 | tgtaatGTAAgt
VSVBP 01 ] 482 (+) | 1.000 | 0.904 | cTTACattac

| 484 (~) | 1.000 | 0.867 | atgagtgtaATGTa
V$TCF11l_01 | 493 (+) | 0.798 | G.870 | CTCAtgaagccca
VSGATA2 03 I 505 (#) 1 0.794 | 0.860 | agaGATGtta
V$GATA3_03 | 505 (+) | 1.000 | 0.948 | agAGATgtta
VSNFAT Q6 i 520 (-} | 1,000 t 0.854 | acctaGAApaat

| 525 (=) | 1.000 { 0.856 | tgctACCTaga
VSAP4_Q6 | 534 (+) | 1.000 | 0.899 | caCAGCtagg
VSAP4_Q5 | 534 (+) | 1.000 | 0.9%900 | caCAGCtagg
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VSNFAT_Q6 | 538 (+) | 1.000 | 0.928 ) gctagGAAAtga
VSTCF1ll_01 | 538 (-} | 0.807 | 0.857 | ATCAtttcctage
V$TST1_01 | 555 (+) | 1.000 | 0.878 | actgAATTtgaatct
VSGFI1_01 | 557 (+) | 1.000 | 0.859 | tgaatttgAATCtaaaggcaacta
V$SAP4_QS5 | 577 (=) | 1.000 | 0.879 | tgCAGCtagt
vSAP4 Q6 | 577 {~) { 1.000 | 0.851 | tgCAGCtagt
I 585 (+) I 1.000 | 0.837 | caaaACCTgag
i 601 (+) | 0.864 | 0.867 | aaCACTgggc
VSMYCMAX 02 | 630 (+) | 0.895 | 0.937 | cacCACAtggga
V$LMO2COM_01 i 630 (=} | 0.822 | 0.902 | tccCATGtggtg
V$MYOD 01 | 630 (~) | 0.833 | 0.864 | tccCATGtggtg
R | 631 (+) | 0.864 | 0.868 | acCACAtggg
- | 632 (-) | 0.817 | 0.857 | cCATGTQg
. | 632 (+) | 0.876 | 0.933 | cCACATqg
vSIK1_01 ' 634 (+) | 1.000 | 0.935 | acatGGGAaaaac
V$IK2_01 { 634 (+) | 1.000 | 0.955 | acatGGGAhaaaa
VSNFAT_Q6 I 635 (+) | 1.000 | 0.970 | catggGAAAaac
VSVMYB_01 | 641 (+) | 1.000 } 0.944 | aaalAACGgag
VSVMYB_02 ! 641 (+) | 1.000 | 0.913 | aaaAACGga
VSTCF11_01 | 649 (-} | 0.807 | 0.862 | ATCAtgtctttct
VSGATA3 02 | 656 (-) | 0.831 | 0.851 | taaGATCatg
VSGATA3 03 i 656 (~) i 1.000 | 0.850 | taAGATcatg
VSGATA3_03 | 656 (+) I 0.875 | 0.908 | caTGATctta
V$CEBPB_01 | 660 (~) | 0.930 | 0.927 | tgcttttGTAAgat
VS$SRY_02 | 66 (+) | 1.000 | 0.869 | tcttACAAaagc
VSVEP_01 | 662 (+) | 1.000 | 0.856 | cTTACaaaag
V$BARBIE 01 | 664 (+) | 1.000 | 0.871 | tacaRAAGcactggg
VS$PADS _C | 667 {-) | 0.865 | 0.855 | aGTGCTttt
VSUSF_Q6 | 670 {+) | 0.864 | 0.854 | agCACTgggc
VSIK2 01 ] 687 (+) | 1.000 | 0.923 | gcctGGGAgaga
V$LYF1_01 | 688 (+) | 1.000 ! 0.864 | cctGGGAga
V$AP4_Q5 { 699 (+) | 1.000 | 0.859 | ggCAGCgcag
VSGFI1_01 | 717 (+} | 1.000 | 0.916 | cagggtggAATCtctgtgtttcce
V$GATA3_03 { 722 (-) | 1.000 | 0.855 | agAGATtcca
VS$IK1 01 } 732 (-} | 1.000 | 0.856 | ggagGGGARaacacg
VSNFAT_Q6 { 732 (=)t 1.000 { 0.932 | gagggGARAcac
V$IK2_01 I 733 (=) | 1.000 | 0.907 | ggagGGGAaaca
VSMZF1_01 | 737 (~) I 1.0060 | 0.982 | ggaGGGGa
VSNFAT Q6 i 753 (+)} § 1,000 | 1.006 | cagagGAAAatt
VSCREL 01 [ 757 (=) | 1.000 | 0.862 | ggaattTTCC
VSMZF1_01 | 764 (=) | 0.779 | 0.854 | ggtGAGGa
V$IK2_01 ] 778 (=) { 1.000 | 0.881 | tgcgGGGAtcgt
V$MZF1_01 I 782 (=) | 1.000 | 0.975 | tgcGGGGa
V$AP4_Q5 | 788 {(+) | 1.000 | 0.918 | caCAGCtccc
VS$AP4_Q6 | 788 (+) | 1,000 | 0.895 | caCAaGCteccc
V$IK2_01 | 790 (~) | 1,000 | 0.910 | ccctGGGAgctyg
V$IK2_01 | 795 (+) { 1.000 | 0.892 | cccaBGGAcaag
V$SRY_02 ; 813 (-) | 1.000 { 0.897 | gtaaACAAgcag
V$HNF3B_01 { 813 (+) | 1.000 | 0.877 | ctgctTGTTtactga
VSFREACZ2_01 | 814 (-} | 1.000 | 0.939 ] actcagTAAAcaagca
VSXFD3_01 { 814 (-) | 1.000 | 0.958 | tcagtadhACAagca
VS$FREAC3_01 1 814 (-} | 1.000 | 0.%16 | actcaGTAARacaagca
VSFREAC4_01 : 814 {(-) | 1.000 | 0.851 ) actcagtaARCAagca
VS$XFD2_01 I 814 (-~} | 1.000 | 0.882 | tcagTAAAcaagca
VSHFH3 01 | 815 (+) | 1,000 | 0.876 | gctTGTTtactga
V$HFHB_01 ! 815 (+) | 1.000 | ©0.864 | gctTGTTtactga
VSNFEZ2_01 i 822 (+#) | 1.000 | 0.862 | taCTGAgtcce
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V$IK2_01 | 825 (-} { 1.000 | 0.880 | ccagGGGActca
V$AP2_Q6 | 828 (+) | 0.976 | 0.857 | gtCCCCtgggct
VSMZF1_01 I 829 (-) | 1.000 | 0.948 | ccaGGGGa
VS$IK2_01 ! 836 (+) | 1.000 | 0.922 | ggctGGGAgtgg
VSCMYB 01 i 841 (+) | 1.000 { 0.863 | ggagtggggyGTTGcagg
V$MZF1 01 { 843 (+} | 1.000 | 0.8B58 | agtGGGGg
V$CHOP_01 i 847 (~) 1 1.000 | 0.882 | ccecTGCRacccce
V$RFX1_01 ! 849 (~) 1 1.000 | 0.866 | ceccctygccctGCRACCT
V$SAP4_QS | 865 (-) | 1.000 | 0.918 | cgCAGCtcac
VSAP4_Q6 I 865 (-) { 1.000 | 0.868 | cgCAGCtcac
V$BARBIE_ 01 | 875 (+) | 1.000 | 0.863 | cacaRAAGcaggata
V$GATAL 02 ! 881 (+) | 1.000 | 0.9870 | agcagGATAaaggt
V$GATAL 02 | 881 (+) | 1.000 { 0.931 | agcagGATAaaggt
V$GATALl_04 | 882 (+) | 1.000 | 0.927 | gcagGATAaaggt
VSCETS1P54_01 ! 882 (+) | 0.826 | 0.866 | gcAGGAtaaa
VSGATALl_05 | 883 {(+} | 1.000 | 0.8%2 | cagGAThaag
V$GATA3_02 | 883 (+) + 1.000 | 0.870 | cagGATAaag
V$GATA2_ 02 | 883 (+) | 1.000 | 0.900 | cagGATRaag
V$GATAL_06 | 883 (+) | 1.000 | 0.888 | cagGAThaag
V$LMO2COM 02 ! 884 (+) | 1.000 t 0.925 | agGATAaag
VS$GATA C | 885 (+) | 1.000 { 0.935 | gGATARAaggta
VSDELTAEF1 01 | B88 (-) | 1.000 | ©.870 | gtttACCTtta
V$CEBPB_01 | 896 (~) | 0.986 | 0.912 | atatgcaGRAAgtt
VSOCT1 02 | 899 {-) | 1.000 | 0.%12 } tctcatATGCagaaa

i 915 (-} | 1.000 | 0.995 | gggggGAAAtgg
V$IK2_01 I 916 (-} | 1.000 | 0.903 | ggggGGGAaatg
V$MZF1 01 | 920 (-) | 1.000 | 0.986 | gggGGGGa

| 936 (-) { 1.000 | 0.908 | tgTGACacggc

| 936 (-) | 1.000 | 0.860 | tgTGACacggc
V$TCF1l 01 ! 941 (+) | 1.000 | 0.899 | GTCAcactgtatg
V$AFL_Q2 | 948 (-) | 1.000 | 0.934 | ggTGACataca
VSAP1FJ Q2 | 948 (-) | 1.000 | 0.%62 | ggTGACataca
V$APL_Q4 | 948 (-) | 1.000 | 0.908 | ggTGACataca
VSATF_ Ol | 952 (-3 | 1.000 | 0.884 | tgaTGACggtgaca
V$TCF11l_01 i 953 (+) i 1.000 } 0.880 | GTCAccgtcatca
V$APL_Q2 | 954 (-} | 1.000 | 0.901 | gaTGACggtga
VSAPLFJ Q2 ! 954 (-) | 1.000 | 0.%02 | gaTGACggtga
VSCREB_02 ! 955 (-} 1 1.000 | 0.922 | ttgaTGACggtg
VSTCF11_01 1 959 (+) | 1.000 | 0.986 | GTCAtcaaaggygg
V$AP4_Qb { 967 {(-) | 1.000 | 0.860 | caCAGCccct
VSDELTAEF1_01 i 978 {(+) | 1.000 | 0.864 | gtaaACCTgaa
VSIRF1 01 I 986 (+) | 0.765 | 0.863 | gaaaaacCAAAcg
V$VMYB 01 ! 992 (+) | 1.000 { 0.899 | ccaAACGgac
V$VMYB_02 ! 992 (+) § 1.000 | 0.932 | ccaAACGga
V$DELTAEF1_01 I 1007 (=) 1! 1.000 | 0.941 | tgacACCTaca
V$AP1_Q4 | 1609 (-} | 1.000 | 0.874 | agTGACaccta
VSAPL1FJ Q2 | 1009 (-} | 1.000 | 0.948 | agTGaCaccta
V$APL_Q2 | 1009 (-} | 1.000 | 0.923 | agTGACaccta
VSTCF1l_01 ! 1014 (+) | 1.000 | 0.890 | GTCActtatatca
VENKX25_ 01 | 1016 (=) | 1.000 | 0.930 | atAAGTg
V$GATA_C ! 1016 (~) | 0.868 | 0.882 | tGATATaagtg
V$GATAL 03 I 1017 (-} 1 1.000 | 0.883 | cttgtGATAtaagt
VSGATAL_02 ] 1017 (-) | 1.000 { 0.909 | cttgtGATAtaagt
V$GATAL_ 04 | 1017 (~) { 1.000 | 0.912 | ttgtGATAtaagt
VSGATA3 03 i 1019 (~) | 0.875 | 0.869 | tgTGATataa
V$GATA2_03 | 1018 (-) | 1.000 | 0.893 | tgtGATAtaa
V$LMO2COM_02 | 1019 (-) | 1.000 | 0.888 | gtGATAtaa
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VSPADS_C | 1020 (=) | 0.%04 | 0.851 | tGTGATata
VSUSF_Q6 | 1023 (+) | 0.864 | 0.881 | atCACAaggc
V$E47_02 | 1030 (+) { 1.000 | 0.903 | ggctaCAGGtgtcttt
VSE47 01 i 1031 (+) | 0.833 | 0.907 | gctaACAGgtgtcttt
V$LMO2COM 01 ! 1032 (+) ] 1.000 | 0.963 | ctaCAGGtgtct
v$MYOD_01 | 1032 (+) | 1.000 | 0.934 | ctaCAGGtgtct
VSUSF_Q6 | 1033 (~) | 0.818 | 0.852 | gaCaCCtgta
V$MYOD Q6 | 1033 (-) | 1.000 | 0.918 | gaCACCtgta
V$DELTAEF1_01 l 1033 (=) | 1.000 | 0.948 | agach{CTgta
VSUSE _C 1 1034 (-) | 0.856 | 0.922 | aCACCIgt

VSHNFRR_01 1 1036 (+) | 0.855 | 0.862 | aggtgTCTTtattte

: VS$FREAC?_01 } 1037 (-) | 11.000 | 0.854 | tggaaaTAAARgacacc

-Q VSHFH3_01 i 1038 (+) | 0.838 1 0.912 | gtgICTTtatttc

K VSHFH8_01 i 1038 (+) | 0.778 | 0.870 | gtgTCTTtatttc

V$NFAT Q6 | 1044 (-) | 1.000 | 0.967 | cagtgGAAAtaa

I VSAHRARNT 01 | 1053 (=) | 1.000 | 0.878 | cagcaccagCGTGcag

i V$IK2_01 | 1064 (+) | 1.000 { 0.925 | tgctGGGAgcge

B V$GKLF_01 | 1075 (-} | 0.78% | 0.857 | caagagaaggCAGG

V$GKLF 01 i 1079 (-} | 0.937 | 0.864 | aaggcaagaghAAGG
VSNF1_Q6 | 1164 (-) | 1.000 | 0.866 | cggTGGCtaggtccaaag
V$AP4_Q6 | 1117 (-} | 1.600 | 0.854 | ggCAGCggtg
VSAP4_QS I 1117 (=) | 1.000 | 0.916 | ggCAGCJygtg
V$XBPl 01 | 1123 (-) | 1.000 | 0.854 | gcgcttACGTgagggca
VSARNT_01 [ 11249 (~) |} 1,000 | 0.859 | geygcttaCGTGagggc

: vsvBP_01 | 1127 (~) | 1.000 | 0.923 | cTTACgtgag

= VSCREBP1 01 i 1128 (+) | 1.000 | 0.912 | tcACGTaa

- V$CREBP1_Q1 | 1128 (-) | 1.000 | 0.917 | ttACGTga
V$GKLE_01 | 1139 (=) | 0.937 | 0.920 | aagcaaagaahAGG
VS$HNF3B_01 i 1139 (+) | ©.855 | 0.861 | cctttTCTTtgcettt
V$HFH3_01 | 1141 (+) | 0.838 | 0.858 | ttLTCTTtgettt
V$TCF1ll_01 | 1151 (=} | 0.782 | 0.856 | TTCAtccaaaaaa
VSAP1_Q2 1 1170 (-} | 1.000 | 0.860 | ccTGACaccce
VSAP1FJ_Q2 | 1170 (=) | 1.000 | G.906 | ccTGACacccce
VSARP1_0O1 | 1178 (=) | 0.783 | 0.871 | cgagceTCTGageect
V$APZ_Q6 | 1192 (=) | 0.976 | 0.868 | ggCCCCaggccyg
A total of 1223 bp was scanned. .
MatInspector search was performed by Renee Chehab.
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Appendix VI List of Commonly Used Abbreviations
3 3 prime
5' 5 prime
BCR B Cell Receptor
bp base pairs
cDNA Complementary DNA
CMV Cauliflower Mosaic Virus
°C degrees Celsius
DNA Deoxyribose Nucleic Acid
dH,0 distilled water
' dNTPs deoxynucleotides
| ECM ExtraCellular Matrix
EGFP Enhanced Green Fluorescent Protein
ELF5 E74-1.ike Factor 5
ESE Epithelial Specific Ets
H,0 water
HSA Hontio Sapiens chromosome
IFN InterFeroN
IL InterLeukin
kb kilobases
LOH Loss Of Heterozygosity
MAPK Mitogen-Activated Protein Kinase
MMP Matrix MetalloProteinase
mRNA Messenger RNA
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mt

PBL

PCR

PSA
QRT-PCR
RNA
SCID
TAD

TCF

TEB

UTR
viv
wiv
WAP

wt

mutant

Peripheral Blood Lymphocytes
Polymerase Chain Reaction
Prostate-Specific Antigen
Quantitative Reverse-Transcription PCR
Ribose Nucleic Acid

Severe Combined Immuno-Deficiency
TransActivation Domain

Ternary Complex Factor

Terminal End Bud

Units

UnTranslated Region

volume/volume

weight/volume

Whey Acidic Protein

wildtype
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Abstract

EIf5 is an epithelial-specific ETS factor. Embryos with a null mutation in the EIf5 gene
die before embryonic day 7.5 indicating that EIlf5 is essential during mouse
embryogenesis. EIf5 is also required for the proliferation and differentiation of mouse
mammary alveolar epithelial cells during pregnancy and lactation, since the loss of one
functional allele leads to complete developmental arrest of the mammary gland during
these stages. A quantitative mRNA expression study revealed the down-regulation of
milk proteins in Elf5*" pregnant and day one post partum mammary glands. A similar
pregnancy-associate¢ mammary gland developmental defect is observed in Prolactin
receptor (Prir) heterozygous females in which EIlf5 expression was found to be down-
regulated. Mammary gland transplant experiments revealed that Elf5* mammary
alveolar epithelial cells failed to develop in a wild-type mammary fat pad under the
influence of pregnancy hormones, demonstrating an epithelial cell autonomous effect.
Our data demonstrates that EIf5 is a master regulator of developmental processes in the
embryo and in the mammary gland during pregnancy and lactation via its action in the

Prl/Prir signalling pathway.

Key words: ETS/prolactin/prolactin receptor/milk protein genes
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Introduction

The ETS family of transcription factors now consists of more than 50 members that
share a homologous DNA binding domain. These proteins play important roles in
development and disease. ETS transcription factors are involved in embryonic
development, in hematopoiesis, in development of the skeletal system and in immune
responses (Bassuk and Leiden, 1997; Ghysdael and Boureux, 1997; Ristevski et al.,
2002; Wolvetang ef al., 2002; Xu et al., 2002). Most ETS genes are expressed in a wide
range of cell types but recently a few that are epithelial-specific have been identified.
This group includes, ELF3 (ESX/ESE-1/JEN/ERT) (Andreoli et al., 1997; Chang et al.,
1997; Choi et al., 1998; Oettgen et al., 1997, Tymms et al., 1997), EHF (ESE-3)
(Bochert ef al., 1998; Kas et al., 2000), PDEF (PSE) (Oetigen et al., 2000; Yamada et
al., 2000) and ELF5 (ESE-2) (Zhou et al., 1998; Qettgen et al., 1999). ELF5, ELF3 and
ESE-3 share considerable sequence similarity and are all expressed in a similar subset

of epithelial tissues.

Elf3 is the most broadly expressed of the epithelial-specific ETS genes. It is evident in
the epithelium of the gastrointestinal tract, the mammary gland, uterus and prostate, and
the tongue (Andreoli et al., 1997; Chang et al., 1997; Oettgen et al., 1997; Tymms et
al., 1997; unpublished data). Elf5 and Ese-3 have an overlapping but more restricted
pattern of expression compared to Elf3. These genes are expressed in a subset of organs
containing glandular or secretory epithelium (Oettgen et al., 1999; Kas et al., 2000).
Although there is considerable organ overlap in the expression of Eif5, Elf3 and Ese-3,
several differences in their expression patterns have been observed. For instance, EIf3 is
expressed strongly in the small intestine and liver, whereas Elf5 and Ese-3 do not appear
to be expressed in these organs at all. Both Elf3 and Ese-3 are expressed in the colon
and pancreas, EIf3 is not, and Elf3 and Elf5 are present in the stomach, whereas Ese-3 is

not.

We have previously shown that Eif5 functions as a transcription factor with similar
sequence-specific DNA binding characteristics to other ETS family members (Zhou et
al., 1998). ELF5 (ESE-2a) is capable of transactivating a number of epithelial-specific
gene promoters, including SPRR24, PSP and PSA, in vitro (Oettgen et al., 1999). In
addition, recombinant ELFS is capable of transactivating the whey acidic protein (WAP)

promoter (Thomas et al., 2000) in mouse mammary epithelial cells. This, together with
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- 2 its expression in the mammary gland implies a function for EIf5 in this organ. In order
? ~ to establish the biological function of the Elf5 gene in the mouse and to gain an
' understanding of the ELF5 gene in human biology, we generated and characterized Elfs

null mice.




Erika Lapinskas Appendix VII Page 221

Results
EIf5 is essential for early mouse embryogenesis

We generated a targeting construct in which part of exon 3 of the Elf5 gene was
replaced by a NLS-LacZ-neo cassette (Figure 1a). The targeting construct was designed
to interrupt exon 3 which contains the ATG initiation codon of the ElfS protein and
produce a fusion product containing the first 28 amino acids of the EIf5 protein fused to
B-galactosidase. This targeting construct was electroporated into isogenic 1295v] J1 ES
cells, and the correctly targeted Elf5*™" ES cell clones #1 and #130 were microinjected
into C57B1/6J murine blastocysts. The resulting male chimaeras were then mated with
EIfs*"* C57BV/6J female mice. Genomic Southern blot analysis and PCR screening were
used to confirm the correct targeting event (Figare 1b-d). Southern analysis of tail DNA
revealed a polymorphism in the wild-type Elf5 gene locus between 129Sv] and
C57B1/6J genetic backgrounds (Figure 1c).

Heterozygotes were intercrossed to produce 513 offspring derived from the ES cell
clone #130. Genotyping revealed that 34.9% were ElIf5*"* and 65.1% were EIfS™. No
Elf5” mice were detected. Similar results were obtained for 43 adult mice derived from
the ES cell clone #1 (Figure 2a). These data indicated that the E{ﬁ"" genotype was
embryonic lethal.

Given that Elf5” animals were not detected among three-week-old offspring from
heterozygote intercrosses, we investigated the genotypes of neonates and embryos. Elf3”
* animals were not detected among neonates nor among embryos at E13.5, E14.5 and
E18.5 by Southern blot analysis. PCR analysis of postimplantation embryos dissected
from the decidua at- E7.5-11.5 (with the moming of vaginal plug detection
corresponding to E0.5) showed that none of these embryos were EIf5” (Figure 2a).
These results suggested that the lethality of Elf5™ embryos was occurring before E7.5.
Genomic PCR analysis of 58 blastocysts at E3.5, collected from iatercrossed Elf5*"
females, detected Elf5” blastocysts in a ratio expected for a Mendelian distribution
(Figure 2a-b). These results indicated that Elf5” embryos die between E3.5-7.5, during
the period of implantation.
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The growth of EIf5™ blastocysts is defective in vitro

We investigated the growth potential of EIlf3” blastocysts in vitro. Blastocysts (E3.5)
from heterozygous matings were individually cultured for four days (Figure 2c). All
blastocysts appeared to be morphologically normal and hatched from the zona pellucida,
but unlike Elf5*"" blastocysts, Elf5” blastocysts failed to develop outgrowths. The Elf5-
deficient embryos retained their blastocyst-like appearance for up to 72 hours in culture.
During this time, there was a dramatic increase in size, but no obvious trophoblast giant
cells formed around the Elf5” embryos, which was consistent with the observation that
the Elf5” blastocysts did not attach to the culture dish. These results suggested that Elf5"

* embryos may fail to implant.

The inner cell mass (ICM) of normal blastocysts expanded rapidly in culture but in
contrast the ICM of EIf5™ blastocysts appeared not tc proliferate (Figure 2c), and some
of the Elf5” blastocysts also started to degenerate after 72 hours in culture, suggesting

that Elf5 was required for ES cell proliferation and early embryonic development.
Elf5 is expressed in the pregnant and lactating mammary gland

Earlier studies had established that the Elf5 transcript was expressed in the mammary
giand but the cell-type expression of EIf5 has never been determined. We examined the
location of Elf5 protein by immunohistochemistry using an EI5 antibody. The Eif5
protein is expressed in both ductal and alveolar epithelial cells of the day 1 post partum
mammary gland in wild-type mice (Figure 3a). We also investigated the temporal
expression pattern of ElfS mRNA in pregnant and day 1 post partum mammary glands
from both Elf5*"* and EIfS*” mice. Northern blots of poly(A)" mRNA were probed with
the mouse Elf5 cDNA and the two ElfS transcripts, Elf5-a (2.5 kb) and Elf3-b (1.5 kb)
(Zhou et al., 1998), were observed in both pregnant and day 1 post partum mammary
glands from wild-type and heterozygous mice (Figure 3b-c). It should be noted that we
did not detect any spurious ElfJ transcripts on our Northern blots when we compared
EIfS™™ and EIf5*” mammary gland RNA, indicating that the null allele was not capable
of producing alternatively spliced Elf5 messages. Previously we showed that Elf3
mRNA levels sharply increased between days 2 and 10 of pregnancy (Zhou et al.,
1998). Here we show that this surge of ElfS mRNA occurs after day 8 and remains at a
high level throughout pregnancy (Figure 3b). The Elf5 mRNA level in the heterozygous
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day 18.5 pregnant mammary gland was reduced to ~50% of that in the corresponding
Elf5*" organs as expected, whereas the ElfS mRNA level in the heterozygous day 1
post partum mammary gland was reduced to ~25% of the wild-type controls (Figure
3c). This reduction in the level of ElfS expression resulted in a severe mammary gland
developmental defect in pregnant EIf5*" females manifest as lactational failure. The

offspring from those females died as a result.
EIfS is essential for pregnancy-associated mammary gland development

Elf5*" females derived from ES cell clone #130 were fertile and gave birth to litters of
morphologically normal pups whose numbers were comparable to those of Elf5™*
females. However, despite normal nursing and mothering characteristics displayed by
Elf5*" females, most of their first litter pups died within 24 hours of birth, and virtually
the entire litter had perished by 48 hours. This phenomenon was never observed when
Elfs*"" female litterriates were mothers and was not a general occurrence among other
mouse breeding stocks housed in the same anmimal facility. Indeed, during the
backcrossing of more than 5 generations of Elf5 heterozygous males to wild type
C57BV/6) females, we never witnessed the death of an entire litter. Occasionally the odd
neonate was found dead but in our experience this is not unusual in a large animal
facility. All pups were observed to attach to the nipple and suck, but newborns of Elf5*"
females died of starvation and dehydration. Lethality of the newboms was independent
of their genotype (Elf5*"* or Elf5*"). Examination of one-day-old pups revealed that
they lacked milk in their stomachs. These results suggested that Elf5™ females may

have a mammary gland defect.

We studied 49 Elf5** mothers (Figure 4). Of these, only eight supported some or all of
their first litter pups. After the subsequent pregnancies of 29 of these females, loss of
pups was variable and unpredictable. Four females that supported their pups after their
first pregnancy, failed to support pups in subsequent pregnancies. Two EIf5™ females
derived from ES cell clone #1 were also observed for their lactating abilities. Both
females failed to lactate after their first pregnancy, and pup death due to starvation and
dehydration was also observed in some of their subsequent pregnancies.

++

Examination of whole mount mammary glands from agc-matched-virgiﬁ Elf57" and

Elf5*" females demonstrated that elongation and extension of the mammary ductal tree,
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as well as ductal side branching were comparable (data not shown). Therefore, it
secemed that the loss of one allele of the Elf5 gene was affecting mammary gland

++

developmsent during pregnancy. In Elf5™" females at 18.5 days of pregnancy,
proliferation of mammary ductal epithelium and sprouting of alveolar buds was
induced. Proliferation and terminal differentiation of the alveolar buds followed,
resulting in fully developed lobuloalveolar structures (Figure 5a-b). In Elf5*" females,
increased ductal side branching and formation of the initial aiveolar buds also occurred
normally (Figure 5¢), indicating that loss of one copy of the EIf5 gene did not disrupt
the proliferation of ductal epithelium and sprouting of alveolar buds. However,
differentiation and expansion of the alveolar buds into mature lobuloalveolar mammary
tissues was severely impaired in EIf5*" females (Figure Sc-d). Although some
proliferation and terminal differentiation of the alveolar buds in very localized regions
was observed in some mammary glands in a small number of pregnant Elf5* females
(data not shown), these glands were in no circumstance comparabie to the fully
developed wild-type glands. The mammary gland defects observed in Elf5*" temales
remained evident after parturition, whereas full mammary growth was attained in
lactating Elf5™* females at one day post partum. The alveoli subunits expanded and
filled with milk indicating the functional secretory state of the me gland (Figure
Se-f). In contrast, the alveolar buds in E{ﬁ“’ mammary glands did not proliferate and
differentiate, and milk was not produced in these defective glands (Figure 5g-h).
Dilation of primary ducts was also impaired in some EIf5*" females (data not shown).
The lactational defect observed persisted in the subsequent pregnancies in Elf3™
females. Whole-mount and histological examination of an 18.5 day pregnant Elf5*"
mammary gland during a second pregnancy revealed some alveolar development
(Figure 5m-n). However, it was under developed in comparison to the wild-type glands
(Figure 5i-j). The Elf5*" gland at one day post partum after the second pregnancy did
not undergo :assive proliferation and differentiation. The alveolar structures were

distended (Figure 51) whilst the primary ducts failed to dilate (data not shown).

A study of the small number of heterozygous females that suckied pups demonstrated
that the lactational performance in Elf5** females on a 129SvJ-C57BV/6J mixed genetic
background correlated with the degree of mammary gland development. This variable
phenotype is probably due to a genetic modifier present in one of the genetic
backgrounds. Elf5*" mice were subsequently generated on a pure 129Svter génetic
background, and six Elf5™ females were mated with either £if5** or Elf5** males. All
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six females were incapable of lactation after multiple pregnancies (up to four
pregnancies), suggesting that the mamm~ry alveolar developmental defect was 100%

penetrant in the 129Svter strain.
The EIf5™ mammary defect is epithelial cell autonomous

In order to determine if the defect in ductal morphogenesis observed in Elfy
heterozygous females was due to the lack of EIf5 in the mammary epithelium per se or
whether the defect was secondary due to defects in other endocrine systems, we
tzansplanted wild-type and ElfS*" mammary epithelium into Ragl™ recipient females.
These females were then mated. The wild-type transplants displayed ductal branching
and alveclar proliferation coraparable to unmanipulated wild-type glands (Figure 6a-b).
The EIf5 heterozygous glands showed side branching but no lobuloalveolar
development (Figure 6c-d), demonstrating that the EIS"" mammary defect was

epithelial cell autonomous and not dependent on other factors.
Gene expression profiles in ElfS and Prir heterozygous mammary giands

The observation that a similar mammary gland developmental defect also occurs in
Prir*” mice (Ormandy et al., 1997) prompted us to examine the levels of EIlfS in the
mammary glands of Prir*” females. Indeed, Elf5 was found to be down-regulated in
transplanted mammary glands formed with Prir” epithelium during early pregnancy
(Harris et al. 2003). ElfS mRNA was dramatically reduced in the Prir" day one post
partum mammary gland compared to wild-type controls (Figure 7a). We also examined
the expression levels of a panel of genes encoding milk proteins in the ElfS*" glands.
WDNM1, WAP and [-casein were all reduced (Figure 7b). This reduction was not
simply due to a decreased number of epithelial cells since levels of keratin 18, an
epithelial cell marker, remained relatively unchanged between EI5*"* and Elf5*
mammary glards (Figure 7b).
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Discussion

EIlf5 appears to be an ETS factor required for early mouse development. A number of
ETS transcription factors play essential roles in mouse embryogenesis. Of the nine ETS
family members that have been disrupted in mice, Pu.l”, Tel”, Flil” and Elf3” mice
were embryonic lethal around E16.5, E10.5-11.5, E11-12.5 and E11.5, respectively
(Scott et al., 1994; Wang et al., 1997; Hart e al., 2000; Spyropoulos ef al., 2000; Ng ez
al., 2002). In contrast, Ets2” embryos died before E8.5 due to growth arrest of the
ectoplacental cone and apoptosis of the embryonic ectoderm. Break down in the
vascular interactions between the embryo and the maternal circulation also contributed
to the Ets2" embryonic lethality (Yamamoto ez al., 1998). In this regard it is important .
t note that while the ETS proteiiss ali share a similar DNA binding domain structure,
have similar cognate DNA binding elements and in many cases overlapping expression,

there is no functional redundancy during development.

Although the status of EIf5 expression in the early mouse embryo and its corresponding
extraembryonic tissues (before E9.5) is unknown, EZf5 was found to be expressed in the
placenta throughout E9.5-18 indicating a potentiai function for EIf5 in this tissue (Zhou
et al., 1958). The placenta is derived from the trophobiast (Kaufinan and Bard, 1999),
and the trophectoderm of the blastocyst is important for the exchange of metabolites
between the mother and the embryo. Therefore, the early lethality of EW embryos
may be due to the loss of EIfS function in the embryonic trophoblast. However, we can
not rule out possible defects in the inner cell mass since the ICM of Elf5™ blastocysts
appeared to be defective in cell proliferation. Therefore, Elf5 may be required for ES

cell proliferation.

A number of epithelial-specific ETS transcription factors (ELF3, ELFS, and ESE-3) are
expressed in the mamnery gland, suggesting potential functions for these proteins in the
mammary epithelium (Chang et al., 1997; Neve et al., 1998; Oettgen et al., 1999; Kas et
al., 2000). We have shown that both ELF3 and ELFS can transactivate a pregnancy- and
lactation-associated milk protein (WAP) gene promoter in vitro (Thomas et al., 2000).
However, neither EIf3 nor Ese-3 is able to compensate for the lack of EIfS in the mouse
mammary gland. In this study, we have demonsirated that EIlf5 has a specific, non-
redundant role in mammary gland development during pregnancy and lactation and

indeed, we have demonstrated that there is a threshold level of Elf5 required since we,
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observed a phenotype in the heterozygous state. The study of various animal models in
which the gene of interest has either been over-expressed or deleted has made it possible
to assign candidate genes to one or other of the specific stages of mammary gland
development; either proliferation, differentiation or involution of mammary epithelial
structures. It should be noted however, that with the exceptions of Prlr*” and Plg*
olasminogenr) females (Ormandy et al.,, 1997; Lund er al., 2000), no other gene
identificd as being involved in mammary gland development and function, displayed a

phenotype in the heterozygous state.

The mammary ductal tree can elongate and branch quickly through the entire mammary
fat pad under the stimulation of ovarian hormones. Pregnancy hormones then promote
alveolar proliferation, and the alveolar epithelial cells frorn the resulting lobuloalveolar
structures eventually differentiate into secretory epithelial cells at parturition. Our
results demonstrate that mammary epithelial cell proliferation and differentiation during
pregnancy and the post partum period depends on a threshold level of EIfS, and that this
level is unobtainable with just one functional E/S allele. Deuth of the pups bom to
EIfs*” females was due to a failure of mammary alveolar growth and the consequent
failure in maternal milk production. Notably, a significant increase in ElfS mRNA was
observed during mid-pregnancy (between days 8 and 10) when the mammary alveolar
epithelial cells start to undergo a secretory differentiation process, suggesting that EIf5
expression may trigger the onset of secretory differentiation of the mammary alveolar
epithelial cells during pregnancy. Thus, an apparent correlation exists between the onset
of milk protein gene-associated diffvrentiation of the wild-type mammary alveolar
epithelial cells and the expression levels of Elf5. Our data suggests that in the EIf5
heterozygous mammary gland, the level of £If5 is insufficient to trigger the expression

of genes required for subsequent differentiation and proliferation of the epithelial cells.

In effect, what we observe at day 18.5 of pregnancy are cells biocked at an earlier stage

of differentiation.

Although it may be argued that the phenotype observed is due to the dominant

behaviour of a truncated EIf5 protein generated from the targeted allele, we believe that

this is extremely unlikely. The disruption in the Elf5 gene occurs 28 amino acids after

the inittating methionine and if splicing occurred from the truncated exon 3 (skipping
the LacZ-neo cassette) through to exons 4, 5 or 6, there would be a frameshift such that

- no functional domains of the EIfS protein would be produced. Also, we do not see any
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unexpected ElfS transcripts in Northem blots performed on our heterozygous mice.
Unfortunately we were unable to extract sufficient quantities of high quality RNA from
the Elf5” blastocysts for Northern blot analysis.

The mammary defect in Eif5*" females closely resembled that seen in Prir'” females
(Ormandy et al., 1997). Since disruptions in either Elf5 or Prir produce a similar
phenotype, it is likely that Elf5 and Prir participate in the same pathway. Indeed, ETS
binding sites have been identified in the Prir promoter (Hu et al, 1999) so we had
hypothesised that EIfS may be the ETS factor responsible for the reguiation of this gene.
However, this study and the one by Harris ef al (2003) show that Elf5 is downstream in
the prolactin signalling pathway.

Quantitative RT-PCR showed that EJfS expression is down-regulated in the Prir*” day 1
post partum mammary gland, placing Elf5 downstream in the Pri/Prir sigonalling
cascade. In addition, a number of other genes are either up- or down-regulated in both
Prir*” and ElfS*" mammary glands demonstrating that the loss of either gene affects the
expression of genes in a common pathway (Harris er al. 2003). Significantly, the
expression of three genes encoding the milk proteins, WDNM]1, B-casein, and WAP, is
down-regulated. The expression of WDNM! and f-casein begins around day 9 of
pregnancy and that of WAP at day 14 (Robinson et al., 1995; Kannius-Janson ef al.,
1998), coinciding with the upsurge in EIlf5 expression. Qur results suggest that EIfS is
upstream of these milk protein genes, placing it early in the transcriptional response to
prolactin. The milk proteins, such as WDNM]I, B-casein and WAP, are expressed at
different times during pregnancy, and hence represent different mammary alveolar
differentiation states. These genes are all regulated, either directly or indirectly, by Elf5,
thus it is likely that the mammary gland developmental defect observed in the EIf5*"
pregnant female is due to a block in milk protein-associated alveolar differentiation in

response to prolactin signalling.

Finally, our transplant studies showed that the mammary gland defect in the Elf5" " mice
is epithelial cell autonomous and not due to other influences such as systemic endocrine
alterations since the Elf5** mammary epithelium transplanted to a wild-type mammary

fat pad failed to undergo pregnancy-associated lobuloalveolar development.
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Epithelial cell proliferation and differentiation is tightly controlled during mammalian
development. This study has provided in vivo evidence of the involvement of Elf5 in
these critical developmental processes and further, defined a dual rolc for Eif5. 1t is
initially required for early embryonic development and again later in life during
development of the mammary giand in pregnancy. The role of Elf5 in the mammary
gland is extremely interesting since in the absence of one EYfS allele, the development of

the gland during pregnancy is completely shut down,
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Materials and methods
Gene Targeting

Murine Elf5 genomic clones were isolated from a 129Sv] AFIXIl genomic library
(Stratagene) using a mE/f5 cDNA probe. The targeting construct contained a 2.2 kb
fragment, encoding the first 84 bp of mEIf5 cDNA coding sequence, as the left arm and
a 1.65 kb Sall-BamH] fragment as the right arm. The homologous recombination event
replaces a portion of exon 3 and intron 3 with a NLS-LacZ-neo cassette in which the
pMCl-neo cassette was in a reverse orientation to that of EIlfS transcription. A pMCl1-
TK cassette was placed 3’ of the right arm to allow for enrichment of targeted ES cells.
Hindlll digested genomic DNA was used to determine the genotype by Southem blot
analysis using a 400 bp probe as indicated in Figure 1, PCR genotyping used two
mElf3-speaific primers, Ps (5'-GCACACCCAGAATTGAAGATTCC-3') and Pas
(5'-CCTTCACTGCACGTGGACTG-3') and one neo-specific primer Pnro
(5'-ATTCGCCAATGACAAGACGC-3"). |

In vitro blastocyst outgrowth assays

Murine blastocysts were collected and cultured as described (Takai et al., 2000).
Blastocyst outgrowths were inspected and photographed daily. After 4 days in culture,
genomic DNA was isolated and genotyped as described (Takai et al., 2000).

Mammary gland whole-mounts and histology

For whole-mounts, inguinal mammary glands were fixed in Carnoy’s fixative and
stained in carmine alum as described (Kordon et al., 1995). For histology, inguinal
mammary glands were fixed in Bouin’s fixative and paraffin sections (10 um) were

stained with hematoxvlin and eosin
Tmmunohistochemistry

Immunohistochemical detection was performed using the TSA-Indirect Kit (NEN Life

Science Products) according to the manufacturer’s instructions. Antigen retrieval
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involved treatment with 0.2% trypsin in 0.4% CaCl; for 10 min at 37°C. Endogenous
peroxidases were quenched with 6% H;0O; in PBS for 20 min. Affinity-purified anti-EIf5

rabbit sera (Lapinskas, Palmer, Hammacher ef al., manuscript in preparation) was
diluted 1:2500 in the blocking buffer supplied with the kit and incubated for 60 min at
room temperature. Secondary antibody was a 1:200 dilution of biotinylated goat anti-
rabbit IgG (DAKO) and incubation was for 40 min at room temperature. Visualization
utilised the DAB substrate kit (DAKO). Sections were counterstained with Harris
haematoxylin and coverslips mounted with DPX (BDH Laboratory Supplies). A second
serial section on the same slide was used as a negative control, and treated with affinity-

purified pre-immune sera from the same rabbit.
Mammary Epithelium Transplants

Transplants were performed as described (Brisken ef al. 1999). Mammary gland
fragments from 16-week-old Elf5 heterozygotes and wild-type littermates were
transplanted into the cleared fat pads of 3-week-old C57Bl6/Ragl” mice (Mombaerts et
al., 1992). The recipients were mated at 8 weeks post transplant and the transplants
examined by whole-mount microscopy and histology at day 1 post partum. The whole-
mounts were stained with carmine alum and the sections stained with hematoxylin and

eosin.
Gene Expression Profiling

Poly(A)" mRNA was extracted from the inguinal mammary glands of Eif5
heterozygotes and wild-type littermates at day 18.5 of pregnancy and at day 1 post
partum. Two samples of each were reverse transcribed using AMV reverse transcriptase
{Promega). PCR primers were designed for Prir, WDNMI, B-casein and WAP using
Macvector. To be sure the reaction was specific for cDNA and not genomic DNA the
primers were designed spanhing an intron. PCR primers for Elf5 were (1) sense primer:
5'"“TGGACTCCGTAACCCATAGCACCT-3'; (2) antisense primer:
5'-ATTGCTTAAGGGCTGATGGCATCG-3'. The PCR reactions were performed in a
LightCycler (Roche) using 1 pl of the cDNA diluted 1:2, 5 pmol of primers and the
FastStart DNA master SYBR Green I enzyme mix (Roche) in a 10 pl reaction volume.

Relative quantification of the product was performed by comparing the crossing points
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of different samples above background and assuming that a difference of one cycle in
the linear phase of the reaction corresponds to a two fold difference in transcript levels
between samples. The samples were analysed twice and the results reported as an
average of both animal and analysis duplicates,
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Legends to figures

Figure 1 Gene targeting of the murine Elf5 locus. (a) A schematic representation of the
targeting strategy. The homologous recombination event replaces a portion of exon 3
and intron 3 witi a NLS-LacZ-neo cassette. Black boxes: Exons; exon 3 containing the
ATG and exon 4 are shown, E3' represents exon 3 disrupted by insertion of the LacZ-
neo cassette. The thin line represents plasmid sequences. H: HindlIll; Sa: Sall. (b)
Representative Southern blot analyses of surviving ES cell clones. A 400 bp 3'-external
probe recognizes a 4.6 kb wild-type and a 8.6 kb targeted Hirnd[ll DNA fragment, and a
neo probe recognizes a 8.6 kb targeted HindIll DNA fragment. (¢) Germ line
transmission of the targeted EIf5 allele. A 3'-external probe recognizes a 8.6 kb targeted
(129Sv]). a 4.6 kb wild-type (129Sv]) and 2.0 kb wild-type (C57BV/6)) Hindlll bands.
Left panel: Southern analysis of progeny from Chimera x C§7Bl/6J; Right panel:
Southern analysis of progeny from Elf5* intercrosses. (d) PCR analysis of progeny
from Elf5* intercrosses detects a 169 bp wild-type and a 237 bp rautant band.

Figure 2 EIf5” is embryonic lethal. (a) Genotype distribution of Elf5* intercrosses. (b)
Genotyping blastocysts. PCR analysis detects a 169 bp wild-type (WT) band and a 237
mutant band (KO). (c) Defective growth of Elf5” blastocysts in vitro. The length of
culturing time is indicated at the top. Magnification: 200x.

Figure 3 EIf5 expression in Eif5™" and Eif5** mammary glands. (a) EIfS protein

expression. Elf5 is expressed in both ductal and alveolar epithelial cells of the day 1

post partum mammary gland. Serial sections of wild-type mammary gland were treated

with anti-Eif5 antibody (left panel) or with preimmune sera (right panel) and
counterstained with Harris haematoxylin. (b) Northern blot of total RNA from wild-type

mammary glands probed with a murine Eif5 cDNA {top panel) and /55 cDNA (lower
panel). (¢) Northemn blot of Poly(A)" mRNA probed with a murine Elf5 cDNA (top |
panel) and Gapdh ¢cDNA (lower panel). Relative expression levels of Elf5-b/Gapdh are
indicated (right panel). Lane I: day 1 post partum EIf3 - mammary gland; Lane 2: day 1
post partum Elf5*/* mammary gland; Lane 3: day 18.5 pregnant ElfS*" mammary gland;
Lane 4: day 18.5 pregnant Elf5*"* mammary gland.

Figure 4 EIf5*” mothers, derived from EIf5*" ES cell clone #130, failed to keep their
pups. N/A: not applicable (these mice were culled after their first pregnancy).
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Figure 5 Mammary gland development is defective in pregneat and post partum EJf5™*
females. Whole-mount (left panels) and histological (right panels) analyses of inguinal
mammary glands from a-d: 18.5 day pregnant Elf5*"* (121-day-old, a-b) and Elf5*
(119-day-old, c-d) females during their first pregnancy; e-h: day 1 post partum Elf5*"
(127-day-old, e-f) and EYf5*" (127-day-old, g-h) females after their first pregnancy; i-n:
day 1 post partum Elf5™" (140-day-old, i-j) and Elf5** (140-day-old, k-1) females, and
an 18.5 day pregnant Elf5*" (150-day-old, m-n) female afier the second pregnancy.
Arrows point to the alveoli, Magnification: a,c.e,g,i,k,m x50. The bar denctes 0.05 mm
(b,d,fh,j,1,n).

Figure 6 Whole-mount analysis of wild-type and Elf5 heterozygous mammary
epithelium transpianted to a normal host mammary fat pad. Wild-type (a, b) and El5*
(c, d) glands are shown. a, ¢ whole-mount; b, d histology sections.

Figure 7 Gene expression profiling in EYf5 and Prir heterozygous mammary glands. (a)
EIlf5 mRNA expression in Prirt" vs. Prif™* glands. Results are shown as numbers of
transcripts for each individual mouse. (b) EY5 and milk protein gene expression in
Elf5™" vs, EIfs** glands. The genes tested are as indicated. The bars represent the fold
increase/aecrease over control wild-type glands. Lightly shaded bars represent day 18.5
of pregnancy. Darkly shaded bars represent day | post partum.
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