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Abstract |

ETS (E26 transformation specific or E-twenty-six specific) factors have important
developmental roles and many ETS faciors have also been implicated in the control of
cellular proliferation and tumorigenesis. Most ETS factors identified to date appear to
function predominantly in hematopoietic lineages. However, a subclass of ETS factors that
are epithelial-specific has emerged suggesting novel epithelial functions for the ETS

transcription factor family.

This thesis describes the identification of a novel ETS family member, ELF5, whose
expression is highly restricted to tissues rich in epithelial cells. In vitro studies have
demonstrated that Elf5 can function through its ETS domain as a transcriptional activator.
The human ELFS5 gene is localized to chromosome 11p13-15, a region that frequently
undergoes loss of heterozygosity (LOH) in many types of cancer, including those of breast,
kidney, lung and prostate. ELF5 expression appears to be lost in many cancer cell lines, a

subset of which were found to have lost an allele or have rearrangement of the ELFS5 gene.

In order to elucidate the biological functions of EIfS, we have generated an EIf5” raouse
model. Knockout experiments have shown that EIf5 has crucial cellular proliferation and
differentiation functions during early mouse embryogenesis. This function may be related to
the implantation of the mouse embryo, where the loss of function leads to embryonic
lethality around E3.5-7.5. Gene targeting experiments also demonstrated an important role
for Eif5 in the proliferation and differentiation of mouse mammary alveolar epithelial cells
during pregnancy and lactation. Mammary gland development during these stages is
extremely sensitive to the level of EIf5 expression. The loss of one functional allele leads to
complete developmental arrest of the mammary gland. In addition, this study has identified
possible functional relationships of ELF5 with a hormone signaling pathway (PRL/PRLR), a
cell cycle regulator (CYCLIN D1), and a breast cancer suppressor protein (BRCA1).

The work presented in this thesis may coniribute towards the understanding of the functions

of ETS transcription factors in mammalian development, and possibly in human disease.
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Chapter 1

The ETS family of transcription factors

1.1 General intreduction

All multicellular organisms undergo complex patterns of development. Development is a
balanced combination of several processes, including cell proliferation, cell death, growth,
morphogenesis, and cellular differentiation. In éukaryotes, control of gene expressicn is
extremely complex - cells must respond to changes in their environment by turning on and
off appropriate sets of genes. The organization of ceils into tissues that have different
functions may also require that a gene respond in one way to a given signal in one tissue and
another way in a different tissue. In addition, throughout the many cell divisions that
transform the fertilized egg into the mature adulf, certain cells must become committed to a
particular form and function. For development to proceed in an orderly, organized manaer,
many different genes must be activated or inactivated, and specific regulatory patterns have

to be established.

The tightly controlled gene expression of eukaryotic cells involves a specialized group of
proteins called transcription factors. Transcription factors function via their activation
domains, their repression domains or their DNA binding domains and may interact either
directly with the general transcription machinery or through co-activators or co-repressors
(Wasylyk et al., 1992; Graves and Petersen, 1998). The ETS family is a class of
transcription factors that plays important roles in transcriptional regulation of gene

expression.
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1.2 The ETS family of transcription factors

The first ETS family member was originally discovered in the avian transforming retrovirus,
E26. This virus encodes a tripartite protein (p1355°6™™*®) that fused a v-ets (E26
transformation specific or E-twenty-six specific) sequence with the v-gag gene and the
v-myb oncogene (Leprince et al., 1983; Nunn et al., 1983). The E26 virus is capable of
causing both myeloblastosis, through v-myb, and erythroblastosis through v-ets, although
the v-ets part of the fusion protein also contributes to the development of myeloblastosis
(Golay er al., 1988). It has been demonstrated that a retrovirus containing the avian
gag-myb-ets sequences incuces erythroid and myeloid leukemia in nude mice (NFS/N
strain) (Yuan et al., 1989). In vitro, E26 can transform uncommitted bipotent hematopoietic
precursor stem cells (Moscovici et al., 1983), as well as erythroid and myelomonocytic

precursor cells (Radke et al., 1982; Moscovici et al., 1983; Nunn and Hunter, 1989).

ETS proteins are found in human, mouse, chicken, frog, sea urchin and fruit fly (Dittmer and
Nordheim, 1998; Graves and Petersen, 1998). Although there are aiready more than 50
family members identified in species ranging from sea urchin to human, this family is still
growing in number. However, ets genes have not been identified in the budding yeast
Saccharomyces cerevisiae, and it is also not known if ets proteins are present in plants,
fungi, or any protozoan (Graves and Petersen, 1998). Since Ets genes have been identified in
both vertebrates and invertebrates, it is thought that duplication of genes occurred during
early metazoan evolution, and that the vast number of ets genes, discovered in the
above-mentioned species, arose from a single ancestral gene (Degnan et al., 1993; Shenk

and Steele, 1993; Graves and Petersen, 1998).

1.2.1 The ETS domain is highly conserved among the ETS family members

The most noticeable feature of the ETS protein family is the presence of a highly conserved
DNA-binding domain of approximately 85 amino acids, termed the ‘ETS domain’ (Watson
et al., 1988; Karim et al., 1990; Gutman and Wasylyk, 1991; Macleod ef al., 1992; Seth et
al., 1992; Wasylyk et al., 1993; Graves and Petersen, 1998). This domain recognizes a

purine-rich core sequence, GGAA/T, in a sequence-specific manner, in the promoters and

enhancers of various target genes (Macleod et al., 1992; Janknecht and Nordheim, 1993;
Wasylyk et al., 1993; Werner et al., 1995; Kodandapani et al., 1996). The amino acid
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residue positions important both for the correct protein folding and for DNA contact are
highly conserved among the ETS family members. Studies of the secondary structure of a
number of ETS proteins, such as hFLI1, mEtsl, hETS1 and hPU.1, revealed high degree of
conservation of amino acid residues within the o helices and B strands of the ETS domain
(Donaldson et al., 1994; Liang et al., 1994; Werner et al., 1995; Donaldson et al., 1996;
Kodandapani., 1996). Most interestingly, highly conserved amino acid residues in the
secondary structure elements of PU.1 are found to contact DNA in the PU.1-DNA complex
(Kodandapani et al., 1996; Pio et al., 1996).

Phylogenetic analysis using the amino acid sequence of the ETS domains from 49 ETS
genes suggests that the ETS family can be grouped into 9 subfamilies, namely ELF, ELG,
ELK, ERF, ERG, ETS, PEA3, SP], and YAN. Since a number of subfamilies contain E7S
genes from both invertebrates and vertebrates, it is suggested that ETS family genes are

duplicated before the evolution of veterbrates (Graves and Petersen, 1998).

1.2.1.1 The secondary and tertiary structures of the ETS domain

The sequence-specific DNA-binding activities of the ETS domain has been demonstrated by
deletion analysis, however, other domains in the ETS proteins may affect the interaction
between the ETS domain and its target DNA motif (Laudet ef al., 1999). Determination of
the tertiary structures of the ETS domain for a number of ETS proteins has greatly facilitated

the understanding of the interaction between the ETS protein and its DNA target sites.

The secondary structures of the ETS domain for murine Ets1 and human FLI1 were initially
established by NMR spectroscopy (Donaldson et al., 1994; Liang et al., 1994). Both of the
ETS domains contain three o-helices (H) and four B-strands (S) arranged in the order
H1-81-S2-H2-H3-53-S4. Interestingly, similar secondary structures are also observed in the
DNA-binding domains of a number of proteins that share common tertiary structures
(Brennan, 1993). This includes the E. coli catabolite activator protein (CAP) (Schultz et al,,
1991), E. coli biston repressor (birR) (Wilson et al., 1992), hepatocyte nuclear factor
(HFN-3y) (Clark et al., 1993), yeast and Drosophila heat shock factors (HSF) (Harrison ez
al., 1994; Vuister et al., 1994; Vuister ef al., 1994), and the globular domain of histone (HS5)
(Ramakrishnan et al., 1993). These DNA-binding domains are found to form “winged
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helix-turn-helix” (WHTH or “winged helix”) tertiary structures, and the a-helices and
pB-strands within the wHTH are physically involved in DNA contacts as determined by
crystallographic and NMR studies (Clark et al., 1993). Ogata ef al. (1992) showed that the
conserved tryptophans in the all-helical myb domain contribute to the formation of a similar
tertiary structure. This is also true of the wHTH domain of t.. yeast HSF protein in which
the tryptophans are either preserved or conservatively substituted in two o-helices and one
B-strand (Harrison et al., 1994). Besides the similar ordering of the a-helices and the B-sheet
in the ETS domain of murine Efs], three tryptophans are also found in two helices (H1 and
H2) and a B-sheet (S1) in this domain, which suggests that the ETS domain will form a
wHTH-like tertiary structure (Donaldson et al., 1994).

High-resolution crystallographic analysis of the PU.1-DNA complex (Kodandapani et al.,
1996; Pio et al., 1996) demonstrated that the helix H3 and the turn in front of H3 mediate
base-specific DNA contacts 0 the GGA core. In particular, the two invariant arginine
residues in H3 directly contact the two guanine residues. The other a-helices and B-strands
are involved in DNA backbone contacts. A study of the Ets1-DNA structure showed a
similar binding complex (Werner et al., 1995, i997 a & b).

1.2.1.2 Sequence-specific DNA-binding properties of the ETS domain

Although the amino acid residues in helix H3 are either highly preserved or conservatively
substituted among the ETS family members, it is noteworthy that residues in other o-helices
and P-strands, involved in DNA contacts, appear to be more variable among the ETS
proteins. Therefore, ETS proteins may selectively recognize different ETS-binding sites that
are flanked by different DNA bases, resulting in sequence-specific DNA binding (Graves
and Petersen, 1998).

Mouse Etsl protein has the highest affinity toward an ETS binding site with a
5'-ACCGGAACG-3' sequence (Nye et al., 1992), which apparently also has high affinity
for a number of other ETS proteins (Gunther and Graves, 1994; Graves et al., 1996). The
nucleotide flanking the 3’ end of the GGA core is found to be important in determining
which ETS factor(s) will bind to this site. An adenine (A} at this nucleotide position is

invariant for the recognition by mEIfl (John er al., 1996), de74 (Urness and Thummel,

Page 19




Jiong Zhou Characterization and Functional Study of a Novel Epithelial-Specific ETS transcription Factor - ELF5

1990), and mFlil (Mao et al., 1994). However, mEts1 (Nye et al., 1992), mSap1 (Shore and
Sharroks, 1995), mGabpa, mEr71, mEr81 (Brown and McKnight, 1992), mEIk1 (Shore and
Sharroks, 1995), mPu.1, mSpiB (Ray-Gallet et al., 1995), and hELF3 (Tymms et al., 1997)
can bind to a GGA core with either a 3'-flanking thymine (T) or an adenine (A). When a
single amino acid within the cEts1 ETS domain is changed to match the comparable residue
in Elfl, the mutant Etsl protein can no longer recognize a GGAT core (Bosselut er al.,
1993). Interestingly, a novel ETS transcription factor, hPDEF, can only bind with high
affinity to the GGAT-containing oligonucleotide derived from the PSA promoter, but not to
the GGAA-containing oligonucleotide (Oettgen et al., 2000). In addition, the nucleotides
flanking the GGAA/T core also confer DNA-binding specificity. For example, PU.1 and
Etsl do not recognize and bind to the same ETS-binding site in the immunoglobulin
heavy-chain enhancer. Instead, each protein binds to its own preferred ETS-binding site and
both Ets proteins are required for the regulation of JgH gene expression (Nelsen et al.,
1993). In another case, an ETS-binding site within the enhancer of the IL2 receptor is found
to downregulate 1L2 receptor expression, and this site is recognized by Elf1 but not Etsl
(John et al., 1996). Most interestingly is the ability of PU.1 to recognize a 5'-AGA-3' DNA
core element within the immunoglobulin J chain enhancer while other ETS proteins prefer a
5'-GGA-3' DNA core (Shin and Koshland, 1993). Finally, the number of nucleotides of the
ETS-binding site is also important in sequence-specific recognition of the ETS proteins. For
example, PU.1 and SpiB prefer sites composed of more than 15 bp. In contrast, the Flil
recognition site is only 13 bp long whereas other family members prefer 9-11 bp long sites.
Therefore, variations of the nucleotide residues within or flanking the core DNA-binding
sites will influence the binding affinity and specificity of ETS proteins (Graves and
Petersen, 1998).

1.2.2 A highly conserved PNT domain is present in a subet of the ETS family members

Besides the ETS domain, another highly conserved domain is also found among some of the
ETS factors, within the ETS, ELG, ERG, and YAN groups (Graves and Petersen, 1998).
This domain was originally called the “A” domain (Papas et al., 1989) but later termed the
pointed domain (or PNT domain) after the Drosophila ets family member, pointed (pnf)
(Klambt, 1993). The presence of the PNT domain in only a subset of the ETS family

members makes its evolutionary origin unclear. It is not known if it was lost along the
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evolutionary process, or if certain ETS family members gained this domain after early gene
duplication of the family. Interestingly, all ETS subfamily genes encoding the PNT domain
have their ETS domain locaied 3' of the PNT domain. In contrast, the genes of the ELK
group have their ETS domains located at the 5’ end and do not have a PNT domain. It has
been proposed that a chromosomal rearrangement of the gene locus encoding the founder of
the ELK group resulted in the loss of the PNT domain, however, the actual mechanisms
involving the loss of this domain in some ETS protein are unknown (Graves and Petersen,

1998).

A NMR spectroscopy study of the secondary structure of the mouse Etsl PNT domain
revealed five a-helices within the domain, four of which contain highly conserved amino
acid residues. The fifth a-helix, extending toward a MAP kinase site in the amino-terminal
region of Etsl, is less conserved among the ETS proteins (Graves and Petersen, 1998;

Slupsky et al., 1998).

The PNT domain is a subclass of the SAM, SPM or SEP domain family found in a variety of
different classes of proteins including Polycomb proteins and Eph receptors (Schultz ef al.,
1997; Kyba and Brock, 1998; Stapleton et al., 1999). A crystallization study of the SAM
domain in the Eph receptor, and protein-protein interaction studies of Polycomb proteins,
have shown the direct involvement of the SAM domain in both homo- and
heterodimerization of proteins. In addition, it was suggested that the SAM domain may be
involved in the formation of higher order protein complexes (Schultz et al., 1997; Stapleton

et al., 1999).

The PNT domain of TEL has already been shown to act as a self-association domain,
however, it is not known if other PNT domain-containing ETS proteins can also associate
with themselves (Carroll et al., 1996; Golub et al., 1996; McLean et al., 1996; Jousset et al.,
1997; Graves and Petersen, 1998). It has also been suggested that the PNT domain of some
ETS proteins may associate with other regulatory proteins to form a functional protein

complex (Graves and Petersen, 1998).
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1.2.3 Protein-protein interactions involving the ETS family members

ETS transcription factors can function through the ETS binding site in the promoters and
enhancers of various downstream target genes. In addition to the DNA-binding activity, the
ETS domain is also involved in protein-protein interactions with numerous other
transcription factors. Therefore, protein-protein interaction is thought to be another critical
factor in regulating the activity of ETS proteins. For instance, c-Jun interacts directly with
the carboxyl-terminal portion of ERM, which contains the ETS domain, resulting in
increased transcriptional activity of ERM in vitro (Nakae ez al., 1995). Several other ETS
proteins, including Etsl, Elf1, PU.1 and Flil, have been shown to interact with the basic
domain of the Jun transcription factor through the ETS domain in vitro and in activated
human T cells. This interaction induces the transcriptional activily of enhancer elements
containing adjacent ETS and AP1 binding sites (Bassuk and Leiden, 1995). ETS1 can also
associate with PAX-5 via the ETS domain to form a ternary complex (Fitzsimmons et al.,
1996; Wheat et al., 1999).

The PNT domain is also involved in protein-protein interactions. In addition to the well
documented observations of TEL self-association via the PNT domain (Carroll et al., 1996;
Golub et al., 1996; McLean et al., 1996; Jousset et al., 1997), other ETS family members are
also found to associate with themselves and with other ETS proteins. For example, the ETS
transcription factor human TEL?2 is capable of self-association, presumably via its PNT
domain, and it can also heterodimerize with TEL via the PNT domain of TEL (Potter et al.,
2000). ERG and its isoforms are also known to form homodimers or heterodimers with other
ETS proteins, and these protein-protein interactions are mediated via the PNT and ETS
domains (Carrere et al., 1998). ETS2 can associate with ERG via both the ETS domain and
the PNT domain (Basuyaux ef al., 1997). The PNT and ETS domains of TEL are both
required to interact with FLI1, and this protein-protein interaction can inactivate a

FLI1-specific promoter (Kwiatkowski et al., 1998).

In vitro studies often show that ETS proteins on their own are weak transcriptional
regulators of downstream target gene promoters. However, the presence of protein-protein
interacting partner(s) will result in either enhanced or repressed transcriptional activity of the
ETS proteins (Sharrocks et al., 1997). It has been shown that Etsl has enhanced binding
affinity toward a low affinity ETS binding site in the human T-cell receptor (TCR) f-chain
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promoter when Ets1 functions cooperatively with CREB and AML1 (Halle ef al., 1997). In
another case, the DNA-binding affinity of an ETS family member, GABPa, is dramatically
improved when it is complexed with its partner protein, GABPS. Two GABPo/B
heterodimers can bind to two tandem repeats of the ETS-binding site in a downstream target
gene promoter and become transcriptionally active {Thompson et al., 1991; Batchelor ef al.,
1998). The same GABP complex is found to bind to the two closely positioned tandem
repeats of the ETS-binding site in the TN-C promoter and hence stimulates the promoter
activity (Shirasaki et al., 1999). Other ETS proteins also need the presence of other
transcription factors to maximize the transcriptional activity of their respective target genes
through an ETS binding site and adjacent DNA sequences (Wasylyk et al., 1989; Gutman
and Wasylyk, 1990; Dalton and Treisman, 1992; Graves and Petersen, 1998). For example,
a factor(s) binding to the PEA3 site of the polyoma virus enhancer and collagenase
promoter, acts synergistically with AP1 to express maximal transcription activity (Wasylyk
et al., 1989). Etsl and Ets2 also cooperate synergistically with c-Fos and c-Jun in the
regulation of the polyoma virus enhancer (Wasylyk et al., 1990). Etsl and GABP can
activate the HTLVI long ierminal repeat (Gegonne et al., 1993) and the CD18 promoter
(Rosmarin et al., 1998) respectively, in synergy with Sp1, and ELF3 activates the TGM3 and
profillagrin promoters by cooperating with Spl and AP1, respectively (Andreoli ef al.,
1997). The interaction between PU.1 and Pip (PU.l-interacting protein or NF-EMS)
facilitates the activation of immunoglobulin light-chain gene enhancers (Judde and Max,
1992; Pongubala et al., 1992). A conserved B box shared within the ELK group of ETS
proteins is involved in the formation of a ternary complex with the serum response factor
(SRF) on the serum response element (SRE) in the c-fos promoter (Shaw et al., 1989; Hill ez
al., 1993). Shore and Sharrocks (1994} showed that the B box can interact with SRF, and
this interaction can be abolished by introducing a single amino acid substitution in the B box

(Ling et al., 1997).

Protein-protein interaction partnerships are often restricted to a single ETS protein or group,
but in other cases partnerships may be available to multiple ETS proteins. For example,
protein complexes of Pax-5 and either Flil, Ets1, or GABPa are identified in B cell nuclear
extracts. Mutation analyses demonstrated that the ETS domain found in Net, Elk1, Ets1, and
Fli1, but not SAP1, is capable of forming a ternary complex with Pax-5 (Fitzsimmons et al.,

1996). Ets1, ERG, PU.1 and ERM are also shown to be capable of interacting with AP1
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transcription factors in the regulation of target gene expression (Wasylyk ef al., 1990; Nakae
et al., 1995; Buttice et al., 1996; Logan et al., 1996; Zhang et al., 1999).

ETS transcription factors are also found in higher order complexes. For example, the
optimal activation of the HIV-1 enhancer requires the presence of a muitiprotein complex
including LEF1, Etsl, TFE3, NFxB and Spl1 (Sheridan et al. 1995). In another case, a
ternary complex of Ets1 and CBF assembled on the T cell receptor a subunit enhancer is
found to be stabilized in the presence of ATF2/CREB and LEF1 (Giese et al., 1995; Mayall
et al., 1997). Thomas et al., (1997) have also shown that the activation of the GM-CSF
promoter in activated T cells by either or both NFkB and AP1 is significantly increased in
the presence of ETS1. The maximal transcription activity requires the presence of all three
factors, and therefore suggests that these proteins may be part of a higher order

transcriptional complex.

Numerouvs partnerships between ETS and other proteins have been identified, and these
protein partnerships appear to enhance the promoter specificity of ETS transcription factors.
However, further studies are required to elucidate the protein interaction domains used by

the ETS proteins.

1.2.4 Transcriptional regulation by the ET'S family members

Transcription factors are important for the regulation of gene expression. Activation and
repression are two basic properties of transcription factors that may require the presence of
cofactors in certain cases to achieve optimal transcription activity for the target gene
promoter. Although all ETS proteins contain a highly conserved ETS domain, sequence
divergence outside of the ETS 'domain among the family members is evident and these
differences may be critical in the selection of cofactors. Studies have shown that there are

both transcriptional activators and repressors in the ETS family of transcription factors.

1.2.4.1 Transcriptional activators of the ETS family

Most ETS factors have the ability to tramsactivate from binding sites in promoters and

enhancers of various downstream target genes. Although ETS proteins do not have a

Page 24




Jiong Zhou Characterization and Functional Study of a Novel Epithelial-Specific ETS transcription Factor - ELF5

common transactivation domain (TAD) among the family members, the transcriptional
activation domains in ETS proteins do contain features of a classical transactivation domain,
including a richness in acidic amino acid residues and ceriain other residues such as proline
and glutamine. PU.1 contains two TADs, one rich in acidic residues, the other rich in
glutamine residues (Hagemeier et al., 1993; Shin and Koshland, 1993; Kominato et al.,
1995; Klemsz and Maki, 1996). In addition, it has been shown that closely related family
members share sequence similarity in their transactivation domains. For example, TADs rich
in acidic residues are found to be conserved within the PEA3 group (ERM, ER81 and
PEA3) (Laget et al., 1996) and within the ETS group (Etsl and Ets2) (Schneikert et al.,
1992). Similarly, the TAD is found to be conserved within the ELK group (Elk1 and SAP1)
(Bhattacharya et al., 1993; Marais et al., 1993; Janknecht et al., 1994) and within the ERG
group (Erg and Flil) (Rao et al., 1993; Siddique et al., 1993). Therefore, the sequence
divergence observed amongst the TADs could explain the functional specificities of each

individuval ETS protein (Graves and Petersen, 1998).

Unlike most of the ETS transcriptional activators, GABPa does not appear to have a TAD.
Instead, GABPa needs to heterodimerize with its protein-pariner GABPP to become

transcriptionally active (Gugneja et al., 1995; Gugneja ef al., 1996).

1.2.4.2 Transcriptional repressors of the ETS family

A number of ETS factors have been shown to possess repressor-like activity. For example,
ERF, Net and yan can act as repressors of gene expression (Lai and Rubin, 1992; Giovane et
al., 1994; Sgouras et al., 1995; Day et al., 1998). Promoters negatively regulated by the
binding of ETS family members, such as cEts1, mElk3 and mPE1 (or PEP1) have also been
reported (Goldberg et al., 1994; Chen and Boxer, 1995; Nozaki et al., 1996; Bidder ef al.,
2000).

Several studies demonstrated that certain ETS proteins can repress target gene expression by
either competing with the transactivator for the ETS binding site in the target gene promoter
or by recruiting a corepressor to the target gene promoter for maximal repressing activity
(Graves and Petersen, 1998). For example, Drosophila yan (Lai and Rubin, 1992; O’Neill ef
al., 1994; Rebay and Rubin, 1995), Drosophila €74b (Fletcher and Thummel, 1995) and

ERF (Sgouras et al., 1995) have been shown to repress target gene promoters activated by
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other ETS proteins. Also, TEL has been shown to interact with mSin3A (Fenrick er al.,
1999) and Flil (Kwiatkowski et al., 1998) to repress target gene promoter activity.

Interestingly, ERG and ETS1 have been shown to act as both transactivators and repressors
under different circumstances (Suzuki et al., 1995; Buttice et al., 1996). Similarly, ELF3
(ESX/ESE1/JEN/ERT) is shown to not only transactivate the WAP (Thomas et al., 2000),
PSMA, SPRR2A, Endo A (keratin 8) (Oettgen et al., 1997; Kas et al,, 2000), TGM3
(Andreoli et al., 1997), TGFARIT (Choi et al., 1998) and ERBB2/HER2/neu (Chang et al.,
1997) promoters, but to repress the K4 (keratin 4) (Brembeck et al., 2000) and PSA
promoters (Kas et al., 2000). Like TEL, the repressing activity of ELF3 on the K4 promoter
is not due to a direct binding of ELF3 to an ETS binding site but rather to the recuitment of

other corepressors to the promoter {Brembeck et al., 2000).

1.2.5 Signal transduction invelving the ETS family members

Phosphorylation plays an important role in signal transduction pathways and can affect the
transcriptional activity of certain transcription factors. A number of ETS factors are shown
to be targets of MAP kinase signaling pathways. For example, the transcriptional activity of
Elkl and SAP1 can be increased due to the phosphorylation of the C box region by the MAP
kinase ERK under growth factor stimulation (Hipskind et al., 1994; Treisman, 1994; Hill
and Treisman, 1995; Janknecht et al., 1995; Price ef al., 1995; Whitmarsh et al., 1995). In
addition, the DNA binding activity of Elkl is also shown to be increased due to the
phosphorylation of Elkl by the MAP kinase ERK (Kortenjann et al., 1994; Gille er al.,
1995; Gille et al., 1996; Shore et al., 1996). Similarly, a C. elegans ETS protein, Linl, of the
ELK group is also regulated by the MAP kinase-signaling pathway (Beitel er al., 1995).
However, the same extracellular signal has little or no effect upon another TCF protein,
SAP2/NET (Giovane et al., 1994; Lopez et al., 1994; Price ef al., 1995; Maira et al., 1996),
which suggests a different regulatory pathway or mechanism is involved in the regulation of

SAP2/NET.

The MAP Kkinase-signaling pathway also regulates other ETS proteins. For example,
Drosophila pnt p2 can promote Drosophila photoreceptor differentiation as a result of
Ras/MAPK signaling (O’Neill et al., 1994), however, this differentiation can be repressed

by another Drosophila ets protein, yan, that is also regulated by the same pathway (Rebay

Page 26

e

Py =5 B sl




Jiong Zhou Characterization and Functional Study of a Nov:! Epithelial-Specific ETS transcription Factor - ELF35

and Rubin, 1995; Treier ef al., 1995). Furthermore, the transcriptional activities of Ets1 and
Ets2 are also shown to be activated by the Ras/MAP kinase pathway (Rabault ef al., 1996;
Yang et al., 1996). This pathway also appears to be involved in the regulation of other ETS
proteins such as ERM, GABPa, ER81, and ERF (Sgouras ef ai., i355; Flory et al., 1996;
Janknecht, 1996; Janknecht et al., 1996).

1.2.6 Autoinhibition of the ETS family members

A number of ETS proteins, such as SAP1 (Dalton and Treisman, 1992), Elkl (Rao and
Reddy, 1992; Janknecht et al., 1994), Net (Giovane et al., 1994; Lopez et al., 1994; Price et
al., 1995; Maira et al,, 1996), ERM (Laget et al., 1996), Etsl and Ets2 (Hagman and
Grosschedl, 1992; Lim et al., 1992; Wasylyk et al., 1992; Fisher et al., 1994; Petersen et al.,
1995; Jonsen et al., 1996), are shown to contain sequences that inhibit the DNA binding
activities of their ETS domains. In the case of ERM, Elkl, Etsl and Ets2, interactions
between the TAD and ETS domains within each individual protein down-regulate their
transcriptional activities (Schneikert et al., 1992; Chumakov et al., 1993; Janknecht ef al.,
1994; Laget et al., 1996). For some other ETS proteins, such as SAPla (Dalton and
Treisman, 1992), Elk1 (Rao and Reddy, 1992; Janknecht et al., 1994) and ERM (Nakae et
al., 1995), protein-protein interactions are required to release this DNA-binding inhibition.
In addition, phosphorylation is also found to influence the autoinhibition of certain ETS
family members. For example, phosphorylation of Elkl promotes ternary complex
formation with SRF, and this leads to increased transcriptional activity of the c-fos promoter
(Gille et al., 1995). In contrast, Rabault and Ghysdael (1994) demonstrated that the DNA
binding activity of Ets] is inhibited by the phosphorylation of the inhibitory region of Ets1.

1.2.7 The expression of the ETS family members

The ETS transcription factors are a large family implicated in the control of cellular
proliferation, differentiation and tumorigenesis. Mammalian ETS proteins display distinct
but overlapping patterns of expression. Expression of Ets2, Gabpa, ER81, ERM, Tel and
NERF are widely distributed, but expression of Spi1/PU.1, SpiB, Elfl, Flil, and TEL2 are
predominantly found in the hematopoietic lineages. In the case of PEA3, ER71 and Elkl,

expression is limited to testis and brain. Interestingly, expression of certain ETS genes (Etsl
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and Erg) is regulated during development (Crepieux et al., 1994; Qettgen et al., 1996; Wang
et al., 1997; Potter et al., 2000).

In spite of their wide distribution, many ETS genes are shown to play important roles in
regulating the development and differentiation of the hematopoietic lineages. This is
strongly supported by in vivo transgenic and gene-targeting experiments in the mouse
(Sharrocks et al., 1997; Graves and Petersen, 1998; Dittmer and Nordheim, 1998). In
addition, ETS DNA binding sites are located in the promoters and enhancers of various
genes involved in the regulation of the hematopoietic system (Ghysdael and Boureux, 1997;
Bassuk and Leiden, 1997). However, little is known about the function of ETS proteins in

epithelial cells.

ELF3 (ESX/ESE1/JEN/ERT) was identified by several groups as the first member of the ETS
transcription factor gene family whose expression is strictly limited to cells of epithelial
origin (Andreoli et al., 1997; Chang et al., 1997; Choi et al., 1998; Oettgen et al., 1997;
Tymms et al., 1997), and its expression is found in almost all epithelial cells examined.
FEHF/ESE3 (Bochert et al., 1998; Kleinbaum et al., 1999; Kas et al., 2000) and PDEF/PSE
(Oettgen et al., 2000; Yamada et al., 2000) together with ELF5, which will be described in
this thesis, are three novel epithelial-specific ETS genes that may play important roles in
epithelial cell proliferation, differentiation and tumorigenesis. EHF/ESE3 is expressed
mainly in epithelial cells of glandular organs such as the salivary gland, pancreas, prostate
and mammary gland. The expression of PDEF/PSE is restricted to the digestive organs and

the accessory glands of reproductive organs.

1.2.8 Biological function of the ETS family members

Cellular proliferation, differentiation and tumorigenesis are accompanied by changes in gene
expression, and these changes are regulated by transcription factors. Transcription factors
are capable of regulating target gene expression by direct DNA-protein interaction,
therefore, their DNA-binding affinity and specificity are critical factors in their regulating
mechanism. However, the availability of cofactors may either promote or interfere with this
type of control mechanism via protein-protein interaction and the presence of an
autoinhibitory sequence will add an additional layer of regulation. Therefore, disruption of

any of these regulatory steps could lead to deregulation of target gene expression. ETS
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proieins often display overlapping expression patterns, and many ETS factors have been
shown to have high affinity toward a common DNA-binding site in the promoter of a target
gene in vitro. However, ETS proteins exhibit distinct biological functions as demonstrated

by in vivo studies (Graves and Petersen, 1998).

1.2.8.1 Retroviral insertion involving the ETS family members

Early Ets gene function analyses involved studies of retroviral infections in mice, and it was
found that upregulation of different Ets genes due to retroviral insertion resulted in
erythroleukemias. In 95% of Friend erythroid tumors induced by spleen focus-forming virus
(SFFV), retroviruses were found integrated upstream of the Spil gene resulting in its
aberrant expression (Morea-Gachelin et al., 1988; Paul ef al. 1989; Ben-David et al., 1991).
In 75% of erythroleukemias resulting from a Friend murine leukemia virus (F-MuLV)
infection, a retrovirus was found upstream of the Flil gene causing overexpression of the
Flil gene (Ben-David et al., 1990; Ben-David er al., 1991). However, one interesting
exception involves the Moloney murine leukemia virus (MoMuLV). This virus integrates
upstream of the rat c-EtsI locus (Bear et al., 1989), but its integration does not significantly

upregulate the expression of the c-Etsi gene (Bellacosta et al., 1994).

1.2.8.2 Overexpression transgenics involving the ETS family members

Overexpression of Ets2, Pu.1, and Flil in mice have resulted in distinctive phenotypes. Efs2
transgenic mice exhibited skeletal/bone abnormalities (Sumarsono ez al., 1996) which are
similar to those seen in human Down syndrome (trisomy 21) patients. Interestingly, the
human ETS2 gene is located on chromosome 21 and therefore it is proposed that
overexpression of ETS2 may contribute to the skeletal/bone abnormalities in those patients
{Sumarsono et al., 1996). Pu.1 is required in lymphoid and myeloid cell differentiation and
overexpression of Pu.1 has caused erythroleukemia in mice (Moreau-Gachelin et ai., 1996).
Study of Flil-overexpressing mice has revealed a severe renal disease due to a defective
imsune system that resulted in renal failure. These mice also had an increased proliferation
rate of the splenic B cells, and these cells survived longer than their normal counterpart in
the presence of mitogen. These resulis suggested that the normal B cell function in the

Flil-overexpressing mice was disrupted (Zhang et al., 1995).
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Overexpression studies of Ers genes in mice suggest distinctive roles of different Ets
proteins, however, care should be taken in interpreting the results from these kinds of
experiments. It is debatable whether the true function of a gene can be reflected by the
outcome of such studies, because it is difficult to precisely mimic the aberrant expression

state of a particular gene in disease (Graves and Petersen, 1998).

1.2.8.3 Drosophila and Cacnorhabditis elegans ets tamily members

There are seven known Drosophila ets genes, e74, pnt, yan, elg, ets3, ets4€ and ets6, and one
Cacnorhabditis elegans ets gene, linl (Graves and Petersen, 1998). Based upon the
sequence similarity in the ETS domain, Drosophila €74, pnt, yan, elg and ets6 fall into the
ELF, ETS, YAN, ELG and ERG groups, respectively (Graves and Petersen, 1998).
Drosophila ets4 is most closely related to hPDEF/mPse (Kas et al., 2000; Oettgen er al.,
2000; Yamada et al., 2000), and C. elegans linl falls into the ELK group. Drosophila ets3
does not have a complete ETS domain sequence, and therefore it is difficult to predict which

group it belongs to.

Mutation analyses have demonstrated important biotogical functions of four Drosophila ets
genes (e74, pnt, elg, and yan). Drosophila €74 is shown to be essential for ecdysone-induced
pupation and metamorphosis (Burtis et al., 1990; Fletcher and Thummel, 1995; Fletcher et
al., 1995). Drosophila pnt was shown to be necessary in the development of midline glial
cells and photoreceptor R7 cells (Brunner et al., 1994; Krasnow, 1996). Mutations in the pnt
gene lead to alterations in the central nervous system due to abnormal interactions between
glial cells and migrating midline neuronal cells, resulting in larval lethality (Klambt, 1993).
Specific disruption of the pnt p2 transcript additionally results in abnormal wings in
heterozygous flies (Scholz et al., 1993). Studies of loss-of-function mutations in the
Drosophila elg gene demonstrated that elg is required for both egg chamber patte:ning and
embryonic patterning (Schulz et al., 1993; Gajewski and Schulz, 1995). Mutations in the yan
gene disrupted proper differentiation of the photoreceptor cells (Lai and Rubin, 1992). The
C. elegans ets gene, linl, was shown to be important in the vulva development due to its

negative regulating effect (Beitel ef al., 1995).
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1.2.8.4 Gene disruptions of the mouse Efs family members

Gene targeting technology is a useful tocl for studying the biological functions of the Ets
transcription factors in mice. Pu.1, Etsl, Flil, Pea3, Tel, SpiB, Ets2, Er81, and Elf3 mutant
mice displayed distinct phenotypes, indicating the functional specificity of these murine Ets

genes.

1.2.8.4.1 Gene disruptions in the SPI group

Spil/Pu.1 is highly expressed in B lymphocytic, granulocytic and monocytic cells (Klemsz
et al., 1990; Galson ef al., 1993; Hromas ef al., 1993; Chen ef al., 1995). Scott et al. (1994a)
demonstrated that Pu.I”" embryos died at day 16.5 of gestation due to the absence of normal
progenitors for B and T lymphocytes, monocytes, or granulocytes. In addition, Pu.1 was
shown to be necessary for the terminal differentiation of the myeloid lineage (Olson er al., 3
1995). Interestingly, McKercher et al. (1996) produced live Pu.I”" mice with no mature B
and T lymphocytes, macrophages, and neutrophils, and the mice died as a result. However,
antibiotic treatments have restored normal development of a small number of T cells in these
mice. Therefore, these experiments demonstrate that Pu.l is only required for the

differentiation of the myeloid and lymphoid cell lineages.

SpiB is :ost closely related to Pu.1, and its expression is lymphoid-specific in the mouse
embryo and adult (Chen et al., 1995; Su et al., 1996). SpiB” mice have mature and
functional T cells, however, these mice have functional defects in mature B cells. In
addition, SpiB™ mice fail to respond to T-dependent antigen stimulation. Therefore, SpiB is
necessary for the B cells to respond and survive upon antigen stimulation mediated by the B

cell receptor (Su et al., 1997).

1.2.8.4.2 Gene disruptions in the ETS group

Etsl is expressed in thymus, astrocytes, heart, lung, gut and spleen (Cher. 1985; Ghysdael et
al., 1986; Wernert et al., 1992; Kola et al., 1993; Maroulakou ez al., 1994, Fleischman et al.,
1995). An Etsl *RAG2" mouse model was generated for studying the Ets1 function in T and
B cells (Bories et al., 1995; Muthusamy et al., 1995). The studies show that Etsl is

necessary to maintain a healthy population of T and B cells, and loss-of-function mutation in
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Ets] gene leads to abnormal T cell apoptosis and B cell differentiation. In addition, Barton et
al. (1998) showed that the development and function of mature natural killer (NK) cells in
EtsI"" mice was severely disrupted. The EtsI” NK cells fail to respond to exogenous IL2,
IL12, or IL15 in vitro. A subsequent study showed that Etsl is also required for the
development of NK1.1* T (NK T) cells (Walunas et al., 2000). Taken together, these results
identify Etsl as an essential regulator for the development of both the NK and NK T cell

lineages.

Ets2 is expressed ubiguitously in all adult organs and in many cell types in developing
mouse embryos (Kola et al., 1993; Maroulakou er al., 1994). The Ets2 protein is most
closely related to Etsl. Disruption of the DNA binding domain of Ets2 protein results in
embryonic lethality around 8.5 days of embryonic development (Yamamoto et al., 1998).
Ets2”" embryos are retarded due to growth arrest in the ectoplacental cone which may reflect
a deficiency in matrix metalloproteinase-9 (MMP9, gelatinase B) expression and consequent
failure to break down the extracellular matrix surrounding the embryo preventing the
trophoblastic cells of the embryo from migrating. Therefore, Ets2 is important for placental
development. Although E1s2” embryos were rescued by aggregation with tetraploid mouse
embryos, Ets2” adult mice still displayed abnormal hair and hair follicle development. In
addition, Ets2 is found to be necessary in regulating growth factor responsive gene
expression of MMP13 (collagenase3) and MMP3 (stromelysinl) in fibroblasts (Yamamoto
et al., 1998). Interestingly, female Ets2*" mice with mamnary tumors induced by the PyMT
oncogene have their tumor size halved in comparison with the wildtype controls. In addition,
the tumor tissues from PyMT/Ets2*" mice were more differentiated than tumor tissues from
PyMT/Ets2** mice. It appears that Ets2 is not playing a role in the tumor growth but rather a

role in regulating its progression (Neznanov ef al., 1999).

1.2.8.4.3 Gene disruptions in the PEA3 group

The formation of direct and indirect connections between proprioceptive sensory and motor
neurons (MNs) during development is important for the control of motor behavior (Brown,
1981; Zelena, 1994). Lin et al. (1998) suggested that ER81 and PEA3 may be important in
establishing these connections since both genes are expressed during this process but turned
off soon after the formation of sensory-motor connections, Er81"" mice have a defect in

motor coordination due to disrupted connections between proprioceptive afferents and MNs,
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and these mice died at 3-5 weeks of age. These results suggest that Er81 is essential for the
establishment of a functional sensory-motor connection in the developing spinal cord (Arber
et al., 2000).

PEA3 is closely related to ER81, however, Pea3” mice are viable with no distinct
phenotype. Interestingly, Pea3” male mice fail to impregnate female mice despite normal
spermatogenesis, spermiogenesis, sperm maturation and sexual behavior. In addition, Pea3™
sperm are shown to fertilize eggs normally in vitro. It is suggested that Pea3 may play a role
in sensory and motor neurons related to reproduction in mice (Laing et al., 2000). Therefore,

Pea3 appears to have a distinct function from Er81.

1.2.8.4.4 Gene disruption of Tel

The TEL (ETV6) gene is known to be involved in chromosomal translocations in both
myeloid and lymphoid leukemias in human (Golub et al., 1994; Buijs et al., 1995; Golub et
al., 1995; Papadopoulos et al., 1995; Romana et al., 1995a; Romana et al., 1995b; Shurtleff
et al., 1995; Golub er al., 1996; McLean et al., 1996; Raynaud et al., 1996a; Raynaud et al.,
1996b). Loss-of-function mutation of the Tel gene results in death of Tel’” embryos between
10.5-11.5 days of embryonic development. The vitelline vessels of the Tel” yolk sacs are
either missing or regressed. In addition, neural cell apoptosis is evident in the Tel” embryo
proper. Therefore, Tel is necessary for angiogenesis in the yolk sac, and the survival of

mesenchymal and neural cells in the embryo (Wang et al., 1997).

1.2.8.4.5 Gene disruption of Flil

The human FLIJ gene is also involved in chromosomal translocations resulting in Ewing’s
sarcoma (Delattre et al., 1992; May et al., 1993). Flil is preferentially expressed in
hematopoietic cells, and its expression is seen in thymus, ovary, bone marrow, spleen and
heart (Ben-David ef al., 1991; Watson et al., 1992; Klemsz et al., 1993). The disruption of
the gene encoding Flil was performed independently by two laboratories. Melet et al.
(1996) disrupted exon II of the Flil gene in mice, however, a truncated but functional Flil
protein was produced. This homozygous mutation in mice resulted in a reduction of
thymocytes and hence a smaller thymus. In contrast, the Flil™ mice created by Spyropoulos

et al. (2000) and Hart ez al. (2000) resulted in embryonic lethality. Fiil 7 embryos exhibited
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severe hemorrhage at 11.0 days of embryonic development that led to death at embryonic
days 12.5. This lethality was found to be associated with the disruption of the columnar
neuroepithelium and its adjacent basement membrane in FilI™” embryos where the
hemorrhaging sites were located. Interestingly, these tissues in F/iI*"* embryos are found to
express high levels of Flil mRNA, suggesting a specific role of Flil in maintaining the
integrity of these tissues (Spyropoulos et al., 2000). In addition, megakaryocyte progenitors
from Flil™" fetal livers fail to differentiate (Hart et al., 2000; Spyropoulos et al., 2000). Hart
et al. (2000) show that the FLII gene is deleted in 14 human patients with Jacobsen or
Paris-Trousseau Syndrome which display dysmegakaryopoiesis. Therefore, a similar defect
to that observed in FIliI” mouse embryos also supports a Flil-specific function in
megakaryopoiesis. Taken together, these results demonstrate that Flil plays an important
role in the regulation of hematopoiesis and hemostasis (Hart et al., 2000; Spyropoulos et al.,
2000).

1.2.8.4.6 Gene disruption of EIf3

ELF3 (ESX/ESE1/JEN/ERT) is a novel epithelial-specific ETS transcription factor, and its
expression is found in almost all epithelial cells examined (Andreoli ef al., 1997; Chang et
al., 1997; Choi et al., 1998; Oettgen et al., 1997; Tymms ef al., 1997). Approximately 40%
of EIf3" embryos die around embryonic day 11.5-12.5. In addition, histological and
immunohistochemical analyses of Elf3"" mice revealed epithelial cell defects in the small
intestine, uterus, prostate and seminal vesicles. Thz results demonstrate that Eif3 plays an
important role during embryonic development, and in ductal morphogenesis and
differentiation of epithelial cells of the small intestine, uterus, prostate and seminal vesicles

in the adult (Ms. A.Y.N. Ng, personal communication).

1.2.8.5 ETS transcription factors in human cancer

Chromosomal transtocation can change specific gene expression patterns and the resulting
protein structure. Chromosoma! translocations involving ETS family members are
frequently associated with human leukemias and other human cancers. Fusion proteins that
contain domains of ETS proteins have been identified in certain types of leukemias and in

Ewing tumors (Dittmer and Nordheim, 1998; Graves and Petersen, 1998).
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In Ewing tumecrs, a fusion protein is produced with an ETS domain fused 10 the N-terminal
portion of the EWS oncoprotein. In the majority of the Ewing’s sarcomas, the ETS domain
is derived from FLI1 (Delattre et al., 1992; May et al., 1993) or ERG (Sorensen et al.,
1994), representing 85% and 10% of the cases, respectively. ER81 (or ETV1), E1AF (or
ETV4) and FEV account for the remaining cases (Jeon et al., 1995; Kaneko et al., 1996;
Peter et al., 1997). It has been shown that EWS-Flil and EWS-Erg fusion proteins have both
a sequence-specific DNA binding domain and a transcriptional activation domain, derived
from the Ets protein and the EWS protein, respectively (Bailly et al., 1994). These fusion
proteins are regarded as oncogenic proteins due to their capabilities of transforming NIH3T3
cells (May et al., 1993) and inhibiting apoptosis in NIH3T3 and Ewing’s sarcoma cells (Yi
et al., 1997). In addition, the anchorage-independent growth and tumorigenicity of Ewing’s
sarcoma cells in mice can be reversed by introducing antisense EWS-Flil or EWS-Erg
(Ouchida er al., 1995; Kovar et al., 1996; Tanaka et al., 1997). These results strongly
support a causative role for EWS-ETS fusion proteins in the development of Ewing tumors
(Dittmer and Nordheim, 1998).

In certain types of human leukemia, fusion proteins are found involving the ETS
transcription factors, TEL (or ETV6) or ERG. Chromosomal translocations involving TEL
and PDGFR§ result in chronic myelomonocytic leukemia (Golub er al.,, 1994), while
translocations between TEL and AML1 lead to acute lymphoblastic leukemia (Golub ez al.,
1995). TEL is also fused to the Janus tyrosine kinase 2 (JAK2) resulting in pre-B acute
lymphoid leukemia and atypical chronic myelogenous leukemia (Peeters ef al., 1997). In
addition, chromosomal translocations between TEL and MN1 can produce fusion proteins
that are associated with myeloid and lymphoid leukemias (Buijs et al., 1995). In the case of
ERG, a fusion protein between ERG and FUS/TLS is found in acute myeloid leukemia
(Ichikawa et al., 1994; Panagopoulos et al., 1994).

ETS proteins, such as PEA3, ER81, ERM (Monte et al., 1995; Chen et al., 1996) and ELF3
(Chang et al., 1997; Tymms et al., 1997), are overexpressed in certain breast cancer ceils.
Interestingly, ER81 is only overexpressed in breast cancers :hat lack estrogen and
progesterone receptors (Monte ef al., 1995), whereas ELF3 overexpression is only found in
breast cancers that are ERBB2/HER2/neu positive (Chang et al., 1997). It was also shown
that recombinant PEA3 (Benz et al., 1997) and ELF3 (Chang et al., 1997) can transactivate
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the ERBB2/HER2/neu promoter in vitro. Therefore, certain types of breast tumors may be

the result of overexpression of certain ETS family members (Ditimer and Nordheim, 1998).

1.3 Perspective of this thesis

Growth factors, hormones, adhesion molecules, and extraceliular matrix molecules are all
required for regulating epithelial cell proliferation and differentiation. In particular, cross
talk between adjacent epithelial ard mesenchymal cells is extremely important for
developing giandular organs. However, the cellular signals and transcriptional reguiators
that are involved in these processes are largely unknown, and very few of the known

transcription factors are restricted to epithelial cells (Kas et al., 2000).

The most common solid tumors in humans are carcinomas that arise from the transformation
of epithelial cells (Birchmeier et al., 1995). Transformed breast epithelial cells, for example,
have been shown to express the ETS family members GABPo, PEA3, ELF1, ETS1 and
ELK1 (Scott et al., 1994b; Delannoy-Courdent et al., 1996), but expression of these ETS
family members is not restricted to epithelial cells. ELF3 (Tymms et al., 1997) is a novel
ETS transcription factor that plays a role in mammary gland remodeling, in the early
differentiation of the ductal epithelium and during terminal differentiation of the epidermis
(Andreoli et al., 1997; Qettgen et al., 1997; Neve et al., 1998). In addition, ELF3 is found to
activate endogenous TGFBRII expression in Hs578t human breast cancer cells, raising the
possibility that ELF3 is a critical regulator of TGFf signaling in certain cancer cells (Choi et
al., 1998; Chang et al., 2000). Interestingly, Brembeck et al., (2000) found that ELF3 is a
transcriptional repressor in regulating genes involved in early squamous epithelial cell
differentiation. Furthermore, knockout experiments in mice have demonstrated that ELF3
plays an important role in embryonic development and in the ductal morphogenesis and
differentiation of the epithelial cells of the small intestine, uterus, prostate and seminal
vesicles in the adult (Ms. A.Y.N. Ng, personal communication). However, experimental
evidence strongly supports the existence of other as yet unidentified ETS transcription
factor(s) that have important functions in epithelial cells (Fujimura et al., 1994; Welte ef al.,
1994; Bradford et al., 1995; Roberson et al., 1995; Fischer et al., 1996; Gambzrotta et al.,
1996; Lee et al., 1996; Olsen et al., 1997; Zhang et al., 1997b; Choi et al., 1998; Xing et al.,
2000). Therefore, it is important to identify any additional ETS factors that are
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'epithelial-speciﬁc. The aim of this study was to clone and characterize a novel ETS family

member, ELF5/EIf5, and to determine its biological function(s) using gene targeting
technology.
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Chapter 2

Materials and Methods

2.1 Gene_ral laboratory reagents

Unless indicated otherwise, all laboratory reagents were analytic grade and supplied by Ajax
Chemicals, Australia, BDH Chemicals, UK; Bio-Rad Laboratories, USA; Boehringer
Mannheim, Germany; Progen Industries, USA; Promega Corporation, USA; or Sigma
Aldrich, USA.

DNA restriction endonucieases and modifying enzymes were supplied by Boehringer
Mannheim, Germany, GIBCO BRL, UK; New England Biolabs, USA; or Promega
Corporation, USA.

Solutions were prepared using Millipore MilliQ H20 (Millipore Corporation, USA) using
the protocols of Sambrook er al., (1989) unless stated otherwise (see Appendix A for

composilion of general laboratory reagents).

2.2 DNA manipulation

2.2.1 _Restriction endonuclease digestion

DNA was digested using appropriate restriction endonucleases under conditions

recommended by the manufacturer (Promega, Madison, W1, USA).
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2.2.2 DNA analysis by gel electrophoresis

Agarose gels of varying concentrations were used for analyses such as sizing, separating and
purifying of DNA fragments. Ethidium bromide (0.2 pg/ml) was added to the gel for the
visualization of DNA under ultraviolet (UV) light (302 nm).

2.2.3 __Purification of DNA fragments from agarose gel

Specific DNA fragments were excised from agarose gels under UV illumination (302 nm),
and purified using the QIAEX II Gel Extraction Kit, according to the manufacturer’s
instructions (Qiagen, Chatsworth, CA, USA).

224 Library screening

The murine Elf5 cDNA was isolated from an adult lung cDNA library in AZAPII
(Stratagene, La Jolla, CA, USA) following hybridization screening with a cDNA probe
containing the ETS domain region of human ELF3. A human ELF5 ¢cDNA fragment was
isolated from a SUPERSCRIPT™ human lung cDNA library (GIBCO BRL, Paisley, UK)
following hybridization screening with a cDNA probe containing the coding sequence of
mouse Elf5. Murine Elf5 genomic clones were isolated from a 129Sv] AFIXII genomic

library (Stratagene) using mEIf5 cDNA probes.

The XL-1 blue MRF' (Stratagene), Y1090r (GIBCO BRL) and XL-1 blue MRA (P2)
(Stratagene) strains of E. coli were used as hosts for bacteriophages Agtll (GIBCO BRL),
AZAPI (Stratagene) and AFIXII (Stratagene), respectively. The host bacteria were incubated
in 50 mls of Luria-Bertani (LB) medium, supplemented with 0.2% w/v maltose and 10 mM
MgS0;, at 37°C with shaking at 200 rpm (4300; Innova, New Brunswick Scientific, New
Jersey, USA) overnight. The bacteria were harvested and resuspended in 10 mM MgSO, to
ODggo = 0.5. Bacteriophage (1 x 10° plaque forming units) (pfu) were incubated with host
bacteria at 37°C for 15 minutes to allow the bacteria to adsorb to plating cells before being
plated on 150-mm LB agar plates (LB medium containing 1.5% w/v agar) with 0.7% w/v
top agar. The plates were inverted and incubated at 37°C for approximately 6-8 hours for

plaque formation.
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The bacteriophage DNA was transferred and fixed onto duplicate Hybond-N nylon
membrane discs (Amersham Pharmacia, Buckinghamshire, UK). The bacteriophage DNA
was denatured and neutralized in 1.5 M NaCl/0.5 M NaOH for two minutes (once) and 1.5
M NaCl/0.5 M Tris(thydroxymethyl)ymethylamine-HCI (Tris-HCI, pH 8.0) for five minutes
(twice), respectively. The DNA was crosslinked onto the membranes by exposure to UV for

five minutes.

The membranes, containing the bacteriophage DNA, were prehybridized in 50 mis of a
solution containing 5x SSC, 5x Denhardt’s, 0.5% w/v SDS and 200 pg/ml denatured herring
sperm DNA (Boehringer Mannhetm, Mannheim, Germany) in a rotating oven (XTRON
HI2002, Bartelt Instruments, Heidelberg West, VIC, Australia) at 50°C for 2 hours. The
membranes were then hybridized with the appropriate denatured cDNA probe (see section
2.2.12), [0-**P] dCTP-labelled (10 mCi/ml; Amersham Pharmacia), in 50 mls of fresh
solution as above at 50°C overnight. Membranes were washed to a final stringency of 0.2x
SSC/0.1% w/v SDS at 50°C. Positive clones were identified by autoradiography and
purified by two more rounds of screening as before. A single plaque from each positive
clone was isolated using a sterile glass Pasteur pipette, and stored in 1 ml of SM buffer

containing a drop of chloroform at 4°C.

The ¢DNA inserts carried by the AZAPII vectors were finally recovered in pBluescript
plasmids by in vivo excision using the ExAssist/SOLR sysiem, according to the

manufacturer’s instructions (Stratagene).
2.2.5 Rapid amplification of ¢cDNA ends (RACE

Additional cDNA sequence was obtained by reverse transcriptase-polymerase chain reaction
(RT-PCR) using a Marathon cDNA synthesis kit and RACE (Rapid Amplification of cDNA
Ends), according to the manufacturer’s instructions (Clontech, Palo Alto, CA, USA).
Adaptor-ligated cDNA libraries were constructed using 1 pg of either day 14 murine
placental or human placental Poly(A)" mRNA. RACE PCR amplification was carried out
using the adaptor and nested adaptor primers (AP1 and AP2), together with ELF5/EIf5
gene-specific and nested gene-specific primers. The ELF5/Elf5 gene-specific PCR products
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were cloned into pGEM-T vector (Promega). All cDNA sequences were confirmed by

sequencing both strands at least once using the vector-based T7 and SP6 primers.

Murine EIf5 primers

5'-RACE gene-specific primer 1: 5'-GCCAGTCTTGGTCTCTTCAGCATC-3'
5"-RACE nested gene-specific primer 2: 5'-AGGAGATGCAG1TGGCATCAAGCT-3'
3'-RACE gene-specific primer 1: 5’-AGCCAGTGTTATGGGTGCTG-3'

3'-RACE nested gene-specific primer 2: 5'-ACAGTCACTTGATCCACGGCCAATCC-3'

Human ELF5 primers

5'-RACE gene-specific primer 1: 5'-GCCTTTCGAATGTCTATTGCAATCTG-3'
5'-RACE nested gene-specific primer 2: 5'-GAGCTTGATGCCTGGAGCAG-3'’

2.2.6 _ DNA ligation

Ligation

Specific DNA fragments were ligated, using T4 DNA ligase, into a linearized vector
backbone, that has been treated with calf intestinal alkaline phosphatase under conditions
recommended by the manufacturer (Promega} to remove 5'-terminal phosphate moieties.
Compatible vector and insert ends were created either by restriction endonucleases or by
creating blunt ends with Kienow DNA polymerase, under conditions recommended by the
manufacturer (Promega). Varying molar ratios of insert:vector were used to achieve optimal
ligation efficiency. The amount of DNA insert to be used was calculated by the following

formula:

ng of vector x insert size (kb)

- x insert:vector molar ratio = ng of insert
vector size (kb)
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Bacterial transformation and ransformant screening

Following ligation, plasmid vectors containing putative DNA inserts were transformed into
JM109 competent cells under conditions recommended by the manufacturer (Promega).
These cells were plated onto LB agar plates containing isopropylthio-f-D-galactosidase
(IPTG, 0.5 mM), 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-Gal, 80 ug/ml) and
ampicillin (100 pg/ml), and incubated at 37°C overnight. Blue/while color selection using
IPTG/X-Gal (Promega) facilitated the identification of putative recombinant bacterial
colonies (white colonies) that contained DNA insert. Following DNA preparation,

appropriate restriction endonuclease digestions were used to characterize the transformants.

2.2.7 __DNA sequencing

Sequencing

DNA sequencing was performed in-house by the sequencing facility (Wellcome Trust
Sequencing Centre, Monash University, Australia) using an ABI PRISM™ Dye Terminator
Cycle Sequencing Ready Reaction Kit (with AmpliTaq® DNA Polymerase, FS; PERKIN
ELMER, Norwalk, Connecticut, USA) and an ABI 373A DNA sequencer (PERKIN

ELMER), according to the manufacturer’s instructions.

Sequence analysis

Analysis and alignment of nucleotide and protein sequences was performed using the
sequence analysis software package by the Genetics Computer Group (GCG; Altschul et al.,
1990, 1997): {i) BLASTN, BLASTP and FASTA - homology searches against the
GenBank, EMBL, PIR, PDB and SWISS-PROT nucleotide and protein databases; (2)
BESTFIT and PILEUP - alignment of multiple ETS protein sequences; and (3) MOTIFS -

scanning of consensus phosphorylation motif sites.

The phylogenetic tree of the ETS domain was produced by maximum likelthood analysis.

The alignment of ETS domains was analyzed using the JTT-F substitution model (Jones et
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al., 1992} and local bootstrap values were estimated for all internal branches, both by using

PROTML in Q mode, follewed by a second run in R mode (Adachi and Hasegawa, 1996).

2.2.8 Sequence Tagged Site (STS) content mapping

The following sequence-specific primers for the human ELFS5 gene were used for PCR.

Forward primer:  5-GGGTGGCAGGAAGACAAGCTATGA-3'
Reverse primer :  5'-CCAATTAAGTCCCAGCTTGATGGC-3'

The PCR reactions contained 5 ul of Opti-Primer™ 10x buffer #3 (100 mM Tris-HCl pH
8.3, 35 mM MgCl,, 250 mM KCl), 1 ul of Master Mix 50x buffer (20 mM Tris-HCI pH 8.0,
250 nM EDTA) (Opti-Primer™ PCR Optimization Kit, Stratagene), 50 ng of template
DNA, 0.2 pg of each primer, 1 pl of 10 mM dNTPs and 0.25 unit of Tag DNA polymerase
(Promega) in a total volume of 50 pl. PCR parameters were an initial denaturation step at
94°C for 1 min, followed by 30 cycles of 94°C (1 min), 65°C (1 min), 72°C (1 min). For the
Genebridge 4 Radiation Hybrid DNA panel (UK HGMP Resource Centre), PCR reactions
were performed separately for each of the individual hybrids. The PCR results from the 93
hybrids were submitted to the Radiation Hybrid Mapping server at the Whitehead
Institute/MIT Center for Genome Research (http://www-genome.wi.mit.edu/cgi-
bin/contig/rhmapper.pl). The STS content mapping experiment was performed in duplicate
and included PCR reactions with no DNA, total human DNA and total hamster DNA as

controls.

2.2.9 _Smali-scale plasmid preparation

A modified alkaline lysis/polyethyleneglycol (PEG) precipitation method (Tartof and
Hobbs, 1987) was used for small-scale plasmid DNA preparation. 1.5 mis of TB (Terrific
Broth), supplemented with ampicillin (50 pg/ml), was inoculated with a single bacterial
colony containing a required DNA insert, and then incubated at 37°C with shaking
overnight. Bacteria were harvested and resuspended in 200 pl of Solution I (1 mM EDTA
pH 8.0, 50 mM Tris/HCI pH 8.0). The cell suspension was mixed with 200 ul of freshly
prepared Solution II (0.2 M NaOH, 1% w/v SDS) and allowed to lyse at room temperature
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for 5 minutes. Bacterial cell debris, genomic DNA and proteins were precipitated by the
addition of 200 pl ice-cold Solution IIT (3 M potassium acetate pH 5.5), and removed by
centrifugation at 13,000 rpm (1-15; SIGMA, Osterode am Harz, Germany) for 10 minutes.
The supernatant containing the plasmid DNA was incubated with RNase A (50 ug/mli
Boehringer Mannheim) at 37°C for 30 minutes. Plasmid DNA was extracted repeatedly with
400 ul of chioroform until no debris was visible at the interface. An equal volume of
isopropanol was added to precipitate the plasmid DNA, which was pelleted by
cet *rifugation at 13,000 rpm (1-15; SIGMA) for 10 minutes. The DNA pellet was washed
with 500 ul of 70% v/v ethanol, air-dried and resuspended in 50 ul of sterile MilliQ water.

The plasmid DNA was further purified with a PEGggu precipitation step if the DNA was to
be sequenced. The plasmid DNA was re-precipitated with 30 pl of 20% w/v PEGeggo (in 2.5
M NaCl) on ice for 1 hour followed by centrifugation at 13,000 rpm (1-15; SIGMA) for 5
minutes at 4°C. The DNA pellet was washed with 70% v/v ethanol, air-dried and

resuspended in 20 ul of sterile MilliQ water.

2.2.10 Large-scale plasmid preparation

A modified alkaline lysis/cesium chloride method (Sambrook et al., 1997) was used for
large-scale plasmid DNA preparation. 200 mis of TB (Terrific Broth), supplemented with
ampicillin (50 pg/ml), was tnoculated with a single bacterial colony containing the required
DNA insert, and then incubated at 37°C with shaking overnight. Bacteria were harvested
and resuspended in 5 mls of Solution I (25 mM Tris/HCI pH 8.0, 10 mM EDTA pH 8.0, 50
mM glucose, stored at 4°C), supplemented with 2 mg/ml lysozyme and 50 pg/ml RNase A.
The cell suspension was mixed with 10 mls of freshly prepared Solution II (0.2 M NaOH,
1% w/v SDS) and aliowed to lyse on ice for 10 minutes. Bacterial cell debris, genomic DNA
and proteins’ were precipitated by the addition of 7.5 mis ice-cold Solution III (5 M
potassium acetate, 11.5% v/v glacial acetic acid) and the mixture was incubated on ice for
20 minutes. The precipitate was removed by centrifugation at 10,000 rpm (J2-21 M/E;
Beckman, Fullerton, CA, USA) for 15 minutes at 4°C, and the supernatant was filtered
through gauze. The supernatant was extracted with 20 mls of Tris buffer saturated
phenol/cihloroform (1:1) followed by 20 mls of chloroform. The aqueous phase was

separated from extraction solvent by centrifugation at 5,000 rpm (J2-21 M/E; Beckman) for
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10 minutes. Plasmid DNA was precipitated by the addition of 11.25 mls of isopropanol and
pelleted by centrifugation at 10,000 rpm (J2-21 M/E; Beckman) for 10 minutes. The DNA
pellet was washed with 70% v/v cthanol, air-dried and resuspended in 2.5 mls of sterile
MilliQ water. Cesium chloride (CsCl, 1 g/ml) and ethidium bromide (0.2 mg/ml) were
added to the plasmid solution. The plasmid solution was transferred to a heat sealable T1.100
ultracentrifuge tube and centrifuged in a Beckman ultracentrifuge (TL100; Beckman,
Fuilerton, CA, USA) at 100,000 rpm at 20°C for 16 hours. Approximateiy 1 ml of plasmid
DNA was collected with a syringe and needle (18G). An equal volume of water-saturated
butanol was added and removed repeatedly to extract the ethidium bromide. Plasmid DNA
was then precipitated by the addition of 10 mls of 80% v/v ethanol and pelleted by
centrifugation at 10,000 rpm (J2-21 M/E; Beckman) for 10 minutes. The DNA peliet was
washed with 70% v/v ethanol, air-dried and retuspended in 0.5-1 ml of 1x TE (pH 8.0).

2.2.11 Large-scale bacteriophage DNA preparation

A modified method of Sambrook et al. (1997) was used for large-scale bacterioj-~age DNA
preparation. 50-100 pl of the bacteriophage suspension (~ 10° pfu) and 100+ * MRA(P2)
host-bacteria were mixed and incubated at 37°C for 20 minutes, and then added to 0.7% w/v
top agarose before being plated onto a LB agarose plate (150-mm plate, containing 1.5%
w/v bottom agarose). The plate was inverted and incubated at 37°C for approximately 6-8
hours until plaques were almost confluent. Bacteriophage were eluted into 10 mis of SM
buffer at room temperature with gentle shaking for 5 hours. Bacterial debris was removed by
centrifugation at 9,000 rpm (J2-21 M/E; Beckman) for 10 minutes at 4°C. The supernatant
was ftreated with RNase A (1 ug/mi) and DNase I (1 pg/ml) at 37°C for 30 minutes.
Bacteriophage particles were precipitaled by incubating the supernatant with an equal
volume of a solution containing 20% w/v PEGes and 2 M NaCl (in SM buffer) at 0°C
(iced-water) for 1 hour, and -then pelleted by centrifugation at 10,000 rpm- (J2-21 M/E;
Beckman) for 20 minutes at 4°C. The pellet was resuspended in 1 ml of SM buffer. The
residual debris was removed by centrifugation at 9,000 rpm (1-15; SIGMA) for 2 minutes at
4°C. The supernatant was incubated with 10 pl of 10% w/v SDS and 10 pl of 0.5 M EDTA
(pH 8.0) at 68°C for 15 minutes. The mixture was then extracted once with Tris buffer
satuiated phenol, once with Tris buffer saturated phenol/chloroform (1:1), and once with

chloroform, The aqueous phase was separated from extraction solvent by centrifugation at
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5,000 rpm (1-15; SIGMA) for 10 minutes at 4°C. Bacteriophage DNA was precipitated by
the addition of an equal volume of isopropanol, and stored at -70°C for 20 minutes. The
DNA was pelleted by centrifugation at 13,000 rpm (1-15; SIGMA) for 15 minutes at 4°C.
The pellet was washed with 70% ethanol, air-dried and resuspended in 50-100 ul of 1x TE
(pH 8.0).

2.2.12 Randem primed labelling of double stranded DNA

Double stranded DNA probes were radio-labelled with [o-*P] dCTP (10 mCi/mi;
Amersham Pharmacia) using a random primed DNA labelling kit, according to the
manufacturer’s instructions (Boehringer Mannheim). The labelled probes were purified by
column chromatography using a 2 ml column of G-50 Sephadex beads (Amersham
Pharmacia) in 1x TE (pH 8.0). The radio-activity of the labelled probe (1 pl) was measured
using a Liquid Scintillation Analyzer (1900 TR; Canberra Packard, Mt. Waverley, Victoria,
Australia) in 5 mls of Hydrofluor Scintillation fluid (Pational Diagnostics, New Jersey,
USA). 2 x 10° cpm of probe per ml of hybridization buffer was denatured by boiling for 5

minutes prior to being added to the hybridization mix.

2.2.13  End-labelling of single stranded oligonucleotides

Single stranded oligonucleotides were radio-labelled with [y-*P] dATP (10 mCi/ml;
Amersham Pharmacia). 100 ng of oligonucleotide was incubated with 2 ul of [y-nP] dATP
and 1 pl of T4 polynucleotide kinase (Promega) in 1x kinase buffer (Promega) in a total

volume of 10 pl at 37°C for 30 minutes prior to being added to the hybridization mix.

2.2.14 Dot blot analysis

Dot blot analysis was performed to characterize the mEIf5 genomic fragments. 100 ng of
bacteriophage DNA was spotted onto the Hybond-N nylon membrane (Amersham
Pharmacia). The membrane was then denatured in 1.5 M NaCl/0.5 M NaOH for five
minutes (once) and neutralized in 1.5 M NaCl/0.5 M Tris-HCI (pH 8.0) for five minutes
(twice). The DNA was crosslinked onto the membrane by exposing to UV for five minutes.

The membrane was prehybridized in 3 mis of a solution containing Sx SSC, 5x Denhardt’s,

Page 46




Jiong Zhou Characterization and Functional Study of @ Novel Epithelial-Specific ETS transcription Factor - ELFS

1% w/v SDS and 100 pg/mi denatured herring sperm DNA (Boehringer Mannheim) at 42°C
for 1-2 hours, and then hybridized in a rotating oven (Bartelt Instruments) with the
appropriate [7-32P] dATP labelled oligonucleotide in 3 mls of fresh solution (as above) at
42°C, overnight. The membrane was washed twice in 1x SSC/0.1% w/v SDS for 10 minutes
at 42°C, and then exposed to a Fuji phosphorimage screen and visualized using a

phosphorimage analyzer (FLLA-2000; FUJIFILM, Tokyo, Japan).

2.2.15  Genomic DNA isolation

Isolation of genomic DNA from mouse embrvonic stem (ES) cells

A modified method of Laird et al. (1991) was used for isolating the genomic DNA from
mouse ES cells. Cells were treated with 500 l of lysis buffer (100 mM Tris-HCl pH 8.0, 5
mM EDTA pH 8.0, 0.2% w/v SDS, 200 mM Na(Cl, 100 ug/ml proteinase K} at 55°C for 3
hours. The genomic DNA was then precipitated by the addition of 1 ml of isopropanot. The
spooled DNA was washed with 70% v/v ethanol, air-dried (30-60 minutes) and resuspended
in 200 ul of 0.25x TE pH 8.0.

Isolation of gencmic DNA ﬁ_‘om mouse tails

Mouse tail (~5 mm) was lysed in 700 pi of tail lysis buffer (1% w/v SDS, 0.1 M NaCl, 0.1
M EDTA, 0.05 M Tris-HCI pH 8.0, 300 ug/ml Proteinase K) at 55°C overnight, and then
extracted once with Tris buffer saturated phenol/chloroform (1:1) and once with chloroform.
The aqueous phase was separated from the extraction solvent by centrifugation at 13,000rpm
(1-15; SIGMA) for 5 minutes, and then treated with 1 pl of 10 mg/ml RNase A for 30
minutes at 37°C. The genomic DNA was precipitated by the addition of 1 ml of 100% v/v
ethanol, spooled out and washed with 70% v/v ethanol, air-dried and resuspended in 200 pl

of 1x TE pH 8.0.
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Isolation of genomic DNA from postimplantation embrvos or yolk sacs

Mouse postimplantation embryo or yolk sac was lysed in 100 pl of lysis buffer (0.45% v/v
NP-40, 0.45% v/v Tween-20, 100 pg/ml proteinase K) at 55°C for 30-60 minutes, and then

boiled for 10 minutes to inactivate the proteinase K.

Isolation of genomic DNA from murine blastocysts

Murine blastocysts were cultured in ES medium for 4 days (see section 2.5.1), and then
lysed in 20 ul of lysis buffer (10 mM Tris-HCI pH 8.3, 50 mM KCl, 2 mM MgCl,, 0.45%
/v NP-40, 0.45% v/v Tween-20, 60 pg/ml proteinase K) at 55°C for 1 hour, followed by
boiling for 10 minutes to inactivate the proteinase K (Takai et al., 2000). Approximately 8

ul of the lysate was subjected to PCR amplification.

2.2.16 Genotypin

Genotyping by Southern blot analysis

Approximately 10 g of mouse genomic DNA was used to determine the genotype by
Southern blot analysis. The Hindlll digested genomic DNA was separated on a 0.8% w/v
agarose gel, and then transferred to GeneScreen Plus nylon membrane (NEN™ Life Science
Products, Boston, MA, USA) using 0.4 M NaOH as transfer and fixation buffer, according
to the manufacturer’s instructions. Posi-blotting, the membrane was air-dried at room
temperature for 1 hour. The membrane was prehybridized in 10 mls of a solution containing
10% w/v dextran sulphate, 1% w/v SDS, 1 M NaCl and 100 pg/ml of denatured herring
sperm DNA, at 65°C for 2 hours, and then hybridized with denatured [a-*2P] dCTP-labelied
DNA probe (see section 5.2.6) in 10 mis of freshly prepared solution (as above) at 65°C, -
overnight. The membrane was washed twice with 2x SSC/0.1% w/v SDS at 65°C for 30
minutes, and then exposed to a Fuji phosphorimage screen and visualized usiag a
phosphorimage analyzer (FLA-2000; FUJIFILM).
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Genotyping by Polvmerase Chain Reaction {I'CR)

10G ng of mouse genomic DNA was used to determine the genotypes of mouse tails and
embryos by PCR. The PCR reaction mix contained 1 ul of Master Mix 50x buffer (20 mM
Tris-HC1 pH 8.0, 250 nM EDTA pH 8.0; Opti-Prime™ PCR Optimization Kit, Stratagene),
5 wl of Opti-Prime 10x buffer #2 (100 mM Tris-HCl pH 8.3, 15 mM MgCl,, 750 mM KCl;
Opti-Prime™ PCR Optimization Kit, Stratagene), 1 ul of 10 mM dNTPs, 1.25 units of Taq
DNA polymerase (Promega), 1) pmol of each oligonucleotide primer (Ps, Pasi, Pnio; see
section 5.2.7), in a 50 ul final volume. The amplification prctocol comprised an initial
incubation at 94°C for 5 minutes, followed by 45 cycles of 94°C for 1 minute, 50°C for 1
minute, and 72°C for 1 minute (Takai ef al., 2000). The PCR reaction was completed with a
polymerization cycle of 15 minutes at 72°C. PCR products were analyzed by agarose gel
electrophoresis, and then transferred and fixed onto a GeneScreen Plus nylon membrane
using 0.4 M NaOH. An internal oligonucleotide (Pas2; see section 6.2.1), labelled with
[7-3213] dATP, was used as a hybridization probe (see section 2.1.14) to determine the PCR

product specificity.

Ps: 5'-GCACACCCAGAATTGAAGATTCC-3'
Pasi ¢ 5'-CCTTCACTGCACGTGGACTG-3'

| S 5-ATTCGCCAATGACAAGACGC-3'
Pasz : 5'-TTGGACAGGCCTGATGGGTC-3'

2.3 RNA manipulation

Len

Solutions associated with RNA manipulations were treated with 0.1% viv
diethylpyrocarbonate (DEPC) at room temperature, overnight, and then autoclaved prior to

© use.
2.3.1 Total RNA isolation

A modified method of Chomczynski and Sacchi (1987) was used for isolating total RNA
from tissues or cells. Frozen tissue or a cell pellet was homogenized in 10 mis of ice-cold

solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% w/v sodium
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lauryl sarkosinate, 720 uM B-mercaptoethanol) at room temperature for 1 minute. The
resulting tissue/cell suspension was mixed with 0.1 volume of 2 M sodium acetate pH 4.0,
followed by 1 volume of waler-saturated phenol and 0.2 volume of ice-cold
chloroform/isoamylalcohol (49:1), and then left on ice for 20 minutes. The aqueous phase
was separated from the extraction solvent by centrifugation at 5,000 rpm (J2-21 M/E;
Beckman) at 4°C for 20 minutes, and then extracted again with 1 volume of water-saturated
phenol and 0.2 volume of chloroform/isoamylalcohol (49:1). The RNA in the aqueous phase
was precipitaied with an equal volume of isopropanol and stored at -20°C overnight. The
RNA was pelleted by centrifugation at 5,000 rpm (J2-21 M/E; Beckman) at 4°C for 15
minutes, and then washed twice with ice-cold 75% v/v ethanol, air-dried and resuspended in
50-100 ul of DEPC-irealed MilliQQ water. The concentration and quality of the RNA were
determined by UV spectrophotometry at OD2¢pnm and ODagonm (Lambda Bio20; PERKIN
ELMER).

2.3.2  Poly(A)" mRNA isolation

Poly(A)" mRNA was extracted from tissues or cells using oligo-dT ceilulose (Boehringer
Mannheim). Frozen tissue or a cell pellet was homogenized in 25 mls of RNA extraction
buffer (20 mM Tris-HCI pH 7.5, 1 mM EDTA pH 8.0, 0.1 M NaCl, 0.5% w/v SDS, 10 mg
proteinase K) for 1 minute, and then incubated at 55°C for 30 minutes. After cooling to
room temperature, the tissue/cell suspension was mixed with 2 mls of 5 M NaCl and 2.5 mls
of oligo-dT cellulose, which was resuspended in RNA binding buffer (10 mM Tris-HCl pH
7.5, 1 mM EDTA pH 8.0, 0.5 M NaCl, 0.1% w/v SDS). The mixture was incubated at room
temperature with shaking for 2 hours. The RNA-bound oligo-dT cellulose was washed twice
with 10 mls of RNA binding buffer, and once with 10 mls of RNA wash buffer (10 mM
Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 0.15 M NaCl, 0.1% w/v SDS), and retrieved by
. centrifugation at 3,000 rpm (J2-21 M/E; Beckman) for 3 minutes. poly(A)’ mRNA was
eluted from oligo-dT cellulose by incubating with 2 mls of RNA elution buffer (10 mM
Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 0.1% SDS) at 60°C for 5 minutes. This elution step
was repeaied with 1.5 mls of RNA clution buffer. The eluants were combined and extracted
once with 3 mls of water-saturated phenol/chloroform (1:1), and once with 3 mls of
chloroform. The aqueous phase was separated by centrifugation at 5,000 rpm (J2-21 M/E;
Beckman) for 5 minutes. The poly(A)" mRNA was precipitated by incubating with 8 mls of
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100% ethanol and 400 ul of 3 M sodium acetate (pH 5.2) at -20°C overnight, and pelleted
by centrifugation at 10,000 rpm (J2-21 M/E; Beckman) for 40-60 minutes at 4°C. The
poly(A)* mRNA pellet was washed with 70% v/v ethanol, air-dried and resuspended in 200
ul of 1x TE (pH 8.0) and 20 units of RNase inhibitor (rRNasin®; Promega). A 10 ul aliquot
of the sample was diluted to 400 ul with TE for the determination of poly(A)* mRNA
concentration and quality spectrophotometrically at ODagonm and ODogpnn (PERKIN
ELMER). The remaining 190 ul of poly(A)" mRNA was mixed with 550 ul of 100% v/v
ethanol and 19 pl of 3 M sodium acetate (pH 5.2) and stored at -70°C. The concentration of
poly(A)’ mRNA was calculated by following formula:

Total amount of poly(A)* mRNA (ug) in 760 ul = ODagonm X 304

2.3.3 RNA gel electrophoresis

Total RNA (20 ug) or poly(A)® mRNA (3 ug) was denatured in 10 pl of RNA loading
buffer (20 mM 3-(N-Morpholino)propanesulfonic acid (MOPS), 1 mM EDTA pH 8.0, 5
mM sodium acetate pH 5.2, 50% v/v formamide, 0.63% v/v formaldehyde) at 65°C for 5
minutes, followed by fractionation on a 1% w/v agarose gel, containing 1x MOPS (20 mM
MOPS, 1 mM EDTA pH 8.0, 5 mM sodivum acetate pH 5.2), 0.63% v/v Formaldehyde, 1
ug of ethidium bromide, in 1x MOPS electrophoresis buffer. RNA was transferred to
Hybond-C Extra nitrocellulose membrane (Amersham Pharmacia) using 20x SSC as the
transferring buffer, according to the manufacturer’s instructions, and then fixed onto the

membrane by baking at 80°C in vacuum for 2 hours.

234 Northern blot analysis

RNA-bound membranes were prehybridized in 10 mls of a solution containing 50% viv
deionized formamide, 5x SSC, 1x Denhardt’s, 300 ug/ml denatured herring sperm DNA, at
42°C for 2 hours, and then hybridized with denatured [a-*’P] dCTP-labelled DNA probe
(see section 4.2.1-4) in 10 mls of a solution containing 50% deionised formamide, 1% w/v
SDS, 1 M NaCl, 10% w/v dextran sulphate, 100 pug/ml denatured herring sperm DNA, at
42°C overnight. The membrane was washed twice with 2x SSC/0.1% w/v SDS, and twice
with 0.2x §SC/0.1% w/v SDS for 30 minutes each at 65°C. The membrane was exposed to a
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Fuji phosphorimage screen overnight and visualized using a phosphorimage analyzer
(FLA-2000, FUJIFILM).

2.3.5  RNase Protection Assay

ELF5 mRNA abundance in total RNA fiom human cell lines was determined as described
previously (Tymms, 1995). Anti-sense RNA probes for human ELF5 and GAPDH
transcribed from linearized plasmid vectors, generated full-length probes of 388 bp and 216
bp, respectively. The prolected products generated by hybridization and RNase digestion are
268 bp for ELF5 and 160 bp for GAPDH.

2.4 _Protein manipulation

2.4.1  Cell lines and culture

Monkey COS7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO
BRL) supplemented with 10% v/v foetal calf serum, 100 U/ml penicillin and 100 pg/ml
streptomycin (GIBCO BRL), and maintained in a humidified incubator in 5% CO; at 37°C.

24.2 _ Plasmids

The pHis6-Elf5 expression vector was constructed as follows: The murine EIf5 cDNA was
amplified using PCR oligonucleotide primers (5'-CGGGATCCTTGGACTCCGTAACCC-
ATAGC-3' and 5'-GCAGATCTCAGAGTTTCTCTTCCTGCC-3'). The forward primer
contains a BamHlI restriction site (underlined) followed by 21 nucleotides of the murine Eif5
coding sequence. The reverse primer contains a Bgl/ll restriction site (underlined) followed
by 19 nucleotides complementary to the last 20 nucleotides of the EIf5 coding sequence. The
PCR fragment was cloned into the pGEM-T vector (Promega), and a BamHI-Sacl restriction
fragment containing the Elf5 coding sequence was then sub-cloned into the BamHI-Sacl
sites of the pQE30 (Qiagen) bacterial expsession vector resulting in a N-terminal fusion of

EIf5 protein to six histidine residues (His-Tag).
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The Elf5 mammalian expression consiruct (pBOSEIf5s) contains the full length mouse Eif5
cDNA blunt cloned into the blunted Xbal site of pEFBCS (Mizushima and Nagata, 1990).
Expression from pEFBOS is driven by the elongation factor-1 promoter. The EIf5 anti-sense
expression construct is similar, but with reverse orientation of the Elf5 cDNA. p5xpoly was

made by cloning multimerized polyomavirus enhancer oligonucleotides into the BamHI site
of pPBLCATZ.

2.4.3  Electrophoretic mobility shift assays

Recombinant Elf5 and Ets1 proteins were produced as oxHis-tag fusions in E. coli using the
QIAexpress expression system (Qiagen). Overnight cultures were diluted 1/10 in LB broth
and grown for 1 hour at 37°C. Expression of recombinant proteins was induced by addition
of 0.1 mM IPTG and culture of cells for two hours. Cells were harvested and sonicated in
lysis buffer (6 M guanidine, 20 mM Tris-HCl, 50 mM NaCl, pH 8.0), and ceil debris was
removed by centrifugation. One ml of metal His-affinity resin (Clontech) was incubated
with the supernatant for 30 minutes, collected, washed in wash buffer (8 M urea, 20 mM
Tris-HCI, 50 mM NaCl, pH 8.0), and resuspended in renaturation buffer (20 mM Tris-HCl,
50 mM NaCl, 3 mM dithiothreitol (DTT), pH 8.0). Proteins were eluted from the beads in
renaturation buffer supplemented with 100 mM imidazole. The purity and integrity of
recombinant proteins was confirmed by denaturing SDS-polyacrylamide gel electrophoresis

(PAGE, Coomassie blue staining).

DNA binding experiments 'with recombinant proteins were performed using elecirophoretic
mobility shift assays (EMSA), as previously described (Thomas et al., 1995; Thomas et al.,
1997). Briefly, purified double stranded oligonucleotides were labelled with [7-32P] dATP
and T4 polynucleotide kinase (Promega). The oligonucleotide probe (1 ng) was incubated
for 10 minutes with approximately 20 ng purified EIf5/Ets] protein in DNA binding buffer
(1 mM EDTA, 10 mM Tris-HCI pH 8.0, 50 mM NaCl, 3 mM DTT, 1 mg/ml BSA, 500
ng/ml poly-d(I-C)d(I-C), 500 ng/m} poly dI-dC, 200 ng/mi sheared salmon sperm DNA), £
100 ng unlabelled competitor oligonucleotide, in 10 pi final volume. Assays were run
through non-denaturing, 7% w/v acrylamide (29 acrylamide: 1 bis-acrylamide; BIO-RAD),
0.5x TBE gels at 4°C.
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Qligonucleotide sequences (shown_in double stranded conformation)

E74 5'-gatctATAACCGGAAGTAACT-3'
3-TATTGGCCTTCATTGACtag-5'
E74ml  5-gatcATAACCAGAAGTAACT-3'
3-TATTGGTCTTCATTGACctag-5'
GMETS 5'-gatctCACAGAGGAAATGATT-3'
3-GTGTCTCCTTTACTAACctag-5'
MSV 5'-gatcGAGAGCGGAAGCGCGC-3'
3'-CTCTCGCCTTCGCGCGctag-5'
ERBB2  5'-gatcGCTTGAGGAAGTATAA-3
3’-CGAACTCCTTCATATTctag-5

2.4.4  Transfection of COS cells and chloramphenicol acetyltransferase assays

COS7 cells were transfected with 5 pg chlorampheniccl acetyltransferase (CAT) reporter
plasmid and 10 ug of expression constructs by eleciroporation. Subconfluent cells were
trypsinized, washed and resuspended in growth medium (as described in section 2.3.1)
supplemented with 20 mM HEPES, at 5 x 10° cells/ml. 300 pl of cells were mixed with 20
ug DNA in 0.4 cm gap electroporation cuvettes and pulsed at 180 V and 960 uF (Biorad
Gene Pulsar; Hercules, CA, USA). Cells were re-plated into 10 cm Petri dishes, and
harvested 48 hours later. Cell Iysates were processed for CAT assays as previously
described (Thomas et al., 1995). The basal expression of pSxpoly was arbitrarily assigned
the value of ‘100°, and other raw data was normalized to this value. Means and standard
error of the means (s.e.m) were generated from four replicates of each experiment. Data was
subject to statistical analysis using unpaired two-tailed #-tests, where resultant p values less

than 0.05 were considered significant.

2.5 Generation of the EIf5 knockout mouse

2.5.1  Generation of the EIf5 knockout targeting construct

Generation of the EIf5 knockout targeting construct is described in detail in section 5.2.5.
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2.5.2  J1 Embryonic Stem (ES) cell culture

J1 ES cells of strain 1295v] were maintained on a monolayer of neomycin-resistant
embryonic fibroblasts in ES medium, comprising DMEM containing 4 mM L-glutamine and
25 mM HEPES (GIBCO BRL) supplemented with 1,000 U/ml leukemia inhibitory factor,
15% fetal calf serum, 1 mM sodium pyruvate, 0.1 mM DMEM non-essential amino acid
solution, penicillin (100 U/ml), streptomycin (100 pg/ml), and 90 pM p-mercaptoethanol
(GIBCO BRL). Cells were grown in tissue culture dishes (Falcon; Becton Dickson Labware,
Franklin Lakes, NJ, USA) pre-coated with 0.2% w/v gelatin (in 1x PBS pH 7.4), and split
every two days by dislodging the ceils using 0.25% Trypsin/EDTA (GIBCO BRL).

2.5.3___Electroporation of J1 ES cells

J1 ES celis (2 x 107 cells; passage 16) were trypsinized and washed once with 10 mls of
electroporation buffer (1x Hanks (GIBCO BRL), 20 mM HEPES (GIBCO BRL), 0.11 mM
-mercaptoethanol, 1mM NaOH) before being resuspended in 0.8 ml of electioporation
buffer. The cells were transferred into an electroporation cuvette (4 ¢cm; BIO-RAD) and
incubated with 33 ng of linearized targeting construct DNA at room temperature for 5-10
minutes. Electroporation was carried out at 240 V and 500 pF using a BIO-RAD Gene
Pulser. After delivering the electric pulse, cells were left at room temperature for 5-10
minutes before being plated on petri dishes that were pre-coated with neomycin-resistant

embryonic fibroblasts.

2.54 G418 and GANC selection of J1 ES cells

Selection began 24 hours after the electroporation using 300 pg/ml of geneticin (G418;
GIBCO BRL) and 2 pM of gancyclovir (GANC; Syntex Ausiralia Limited, North Sydney,
NSW, Australia). One dish was not supplemented and hence was used as a negative control.
After 10 days of selection, with medium being changed daily, 336 surviving colonies were
picked and cultured individually in a 24-well plate (Falcon) pre-coated with
neomycin-resistant embryonic fibroblasts. When 60% confluent, two thirds of the cells were

resuspended in 2x ES cell freezing medium (60% v/v ES medium, 20% v/v FCS, 20% v/v
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DMSO0), and left at -80°C overnight, followed by long term storage in liquid nitrogen. The
remaining one third of cells was re-plated on pre-coated gelatinized plates without
embryonic fibroblasts, and grown to confluency without antibiotic selection for genotyping

purposes (see sections 2.1.15-16).

2.5.5  Generation of EIf5*" and EIf5” mice

The correctly targeted EI5*" J1 ES clones, #1 and #130, were expanded for microinjection
into the blastocoelic cavity of blastocysts derived from the wildtype CS7R./6] females
(Papaioannou and Johnson, 1993). The blastocysts were then transferred into the uterine
horns of CBA x C57BI/6] F1 female recipients that were three days pseudopregnant. The
resulting high percentage male chimaeras were mated with wildtype C57BI/6J females to

generate Elf5*" mice. EIf5*" mice were then intercrossed to generate EIf5” mice.

2.6 _Phenotypic analysis of EIf5*" and EIf5” mice

2.6.1 __In vitro blastocyst outgrowth assays

Blastocysts were obtained from Eif5*" intercrosses. The morning of the day on which a
vaginal plug was detected was designated EQ.5. Blastocysts were collected by flushing the
uterine horns with HEPES-buffered medium 2 (M2) (Sigma, St Louis, MO, UUSA), and then
individually cultured in poly-L-lysine-coated 96 well plates containing ES medium without
leukemia inhibitory factor, in 5% CO; at 37°C (Shen-Li ez al., 2000; Takai et al., 2000).
Blastocyst outgrowths were inspected and photographed daily using a LEICA DMIRB
microscope (5x and 20x objectives; Nussloch, Germany) and a PENTAX MZ-5N camera.
After 4 days in culture, genomic DNA was isolated and genotyped as described in sections
2.1.15-16.

2.6.2 Mammary gland whole mounts
Inguinal mammary glands were dissected and spread onto an ESCO Superfrost Plus slide

(Biolab Scientific, Gymea, NSW, Australia). The mammary tissue was fixed in Carnoy’s

fixative (6 parts of 100% v/v ethanol, 3 parts of chloroform, 1 part of glacial acetic acid) at
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room temperature for 2-4 hours, and then washed in 70%, 35%, 17.5%, 8.75% and 4.375%
v/v ethanol for 15 minuies each. After rinsing in MilliQ waier for 5 minutes, the tissue was
stained in carmine alum (0.2% carmine (SIGMA), 0.5% AIK({S04),) at room temperature
overnight, followed by washing in 70%, 95% and 100% v/v ethanol for 15 minutes each.
The mammary tissue was then cleared in histolene (Fornine, Riverstone, NSW, Australia)
and mounted with 100% v/v glycerol in a Petri dish. Stained mammary tissue was
photographed using a LEICA MZ6 microscope (0.63x and 4.0x objectives) and a PENTAX
MZ-5N camera.

2.6.3  Histological analysis of mammary glands

Inguinal mammary glands were dissected and fixed in Bouin’s fixative (75% v/v picric acid,
10% v/v formaldehyde, 5% v/v glacial acetic acid) at room temperature overnight. After
dehydration with increasing concentrations of ethanol, the mammary tissue was cleared with
histosol, embedded in paraffin wax and sectioned (10 pm) using a paraffin microtome
(LEICA). The ribbons of tissue sections were floated in a 50°C water bath before being
mounted onto ESCO Superfrost Plus slides (Biolab Scientific). Tissue sections were
deparaffinized at 37°C overnight and then treated twice with histolene (Fornine) for 5
minuies each. The slides were treated with 100% (twice) and 70% v/v ethanol (once) for 5
minutes cach, and then cleared in running tap water. After deparaffinization and rehydration,
mammary tissue sections were treated with Harris’s haematoxylin (AMBER Scientific,
Belmont, WA, Australia} (5 minutes), acid-alcohol (1-2 dips to differentiate cell nuclei),
Scott’s tap water (AMBER Scientific) (1 minuie), and then counterstained with eosin
(AMBER Scientific) (5 minutes). Slides were washed in running tap water between each
step. The slides were then dehydrated with 70% v/v ethanol for 2 minutes (once), 100% v/v
ethanol for 2 minutes (twice), and histosol for 2 minutes (twice), before being mounted
“using the permanent DePex mounting media (BDH Chemicals). The mammary tissue

sections were photographed uvsing a LEICA DMR microscope (Sx and 40x objectives).
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2.7 _Animal Work

2.71 General husbandry and maintenance

All mice were housed in windowless rooms with controlied temperature (22 = 2°C)on a 12
hour light (8:00 AM to 8:00 PM) and dark cycle. Pups were weaned from the mothers at 21
days of age, ear tagged and 0.5 cm of their tail cut for genotyping purposes (see sections
2.1.15-16).

2.7.2 _ Collection of mouse embryos and tissues

Mouse blastocysts were obtained as described in section 2.5.1. Postimplantation embryos
were obtained from intercrossed Elf5*" females. The morning of the day on which a vaginal
plug was detected was designated E0.5. The pregnant female was killed by cervical
dislocation. The embryos and their yolk sac were dissected in ice-cold 1x PBS under the
dissecting microscope, and genotyped as described in sections 2.1.15-16. For RNA
expression studies, tissues were dissected from embryos, neonates and adult mice that were

decapitated, and then snap-frozen in liquid nitrogen.
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Chapter 3

Cloning and characterization of a novel

ETS transcription factor, ELF5

3.1 Introduction

The ETS transcription factors are a large family implicated in the control of cellular
proliferation, differentiation and tumorigenesis. The first member of the ETS gene family,
v-ets, was discovered upon studying the avian erythroblastosis virus E26 in the early 1980s
(Leprince ef al., 1983; Nunn et al., 1983). Subsequently, numerous cellular ETS genes were
identified in species ranging from sea urchin to human, to form this still growing

transcription factor family.

The ETS family of transcription factors share a highty conserved DNA binding domain,
which covers approximately 85 amino acids, termed the ‘ETS domain’ (Watson ef al., 1988;
Karim et al., 1990; Gutman and Wasylyk, 1990; Macleod et al., 1992; Seth et al., 1992;
Wasylyk et al., 1993; Graves and Petersen, 1998). The ETS domain recognizes and binds to
purine rich GGA(A/T) core motifs in the promoters and enhancers of various target genes
(Macleod et al., 1992; Janknecht and Nordheim, 1993; Wasylyk et al., 1993; Werner ét al.,
1995; Kodandapani et al., 1996). The ETS family does not maintain overall similarity
outside of the ETS domain, but can be grouped into subfamilies based upon variation within
the ETS domain, and also by the arrangement and presence of other protein domains

(Janknecht and Nordheim, 1993; Wasylyk et al., 1993).

ETS factors also have important developmental roles and many ETS factors have been

implicated in the control of celtular proliferation and tumorigenesis (see chapter 1). ETSI,
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ETS2, ERG2 and PU.1 are proto-oncogenes with mitogenic and transforming activity when
overexpressed in fibroblasts (Seth er al., 1989; Seth and Papas, 1990; Hart ef al., 1995;
Moreau-Gachelin et al., 1996). In addition, chromosomal translocations involving ETS
family members are associated with different human cancers. Also, ETS1, ETS2 and ERG
regulate the expression of metalloproteinase genes, such as siromelysin and collagenase
(Wasylyk et al., 1991; Buttice and Kurkinen, 1993; Buttice et al., 1996), which are
important for extracellular matrix degradation concomitant with tumor vascularization

(angiogenesis) and metastasis.

The ETS factors are almost all expressed in hematopoietic lineages (Bhat et al., 1989; Bhat
et al., 1990; Kola et al., 1993), and indeed appear to function predominantly in these cells
and their related neoplasms. However, the most common solid tumors in humans are
carcinomas that arise from the transformation of epithelial cells. Transformed breast
epithelial cells, for example, have been shown to express ETS family members GABPa,
PEA3, ELF1, ETS1 and ELK1 (Scott et al., 1994b; Delannoy-Courdent et al., 1996), but
expression of these ETS family members is not restricted to epithelial cells. One ETS family
member, ELF3/ESX/ESE-1/JEN/ERT, has recently emerged with epithelial and epithelial
cancer-specific expression (Andreoli er al., 1997; Chang ef al., 1997; Choi et al., 1998;
Oettgen ef ai., 1997; Tymms et al., 1997). Given the cxtensive involvement of ETS factors
in development and tumorigenesis, it becomes important to identify any additional ETS
genes that are epithelial-specific, esp:cially those that may be involved in epithelially

derived cancers.

This chapter describes the cloning and initial characterization of a novel ETS family
member, ELF5 (E74-Like-Factor 3). In a comparison of the ETS domains, ELF5 displays
the strongest similarity to the ELF/E74 subfamily of ETS factors, and is most closely related
to ELF3 and ESE3. Other than a conserved pointed domain, ELF5 has liitle similarity to
ETS Ifamily members outside of the ETS domain. ELFS functions as a transcription factor

with similar sequence-specific DNA binding characieristics to other ETS family members.
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3.2 Results

3.2.1 Isolation of the inouse EIf5 cDNA

The murine EIlf5 ¢cDNA was isolated from an adult mouse lung ¢DNA library following
screening with a ¢cDNA probe containing the ETS domain region of human ELF3.
Compilation of sequence data revealed a 1437 bp sequence with a maximum open reading
frame (ORF) of 759 bp, predicted to encode a 253 amino acid protein of approximately 30
kDa (Figure 3.1 a). An upstream, in-frame stop codon suggaests that this ORF represents the
full-length coding sequence of EIf5. No evidence was found for alternative splicing within
the ORF. Additionally, 91 bp of 5 and 696 bp of 3’ sequence was obtained by reverse
transcriptase polymerase chain reaction (RT-PCR) and rapid amplification of cDNA ends
(RACE), using embryonic day 14 mouse placental RNA. Sequence analysis revealed two
discrete polyadenylation signals present in the 3’ untranslated region (UTR). The first of
these (at 1391 bp) appears to be an overlapping poly-A recognition signal, AATTAA and
ATTAAAA, similar to that identified in the gene for C4b-bindng protein by Kristensen et al.
(1987). The second is a consensus polyadenylation signal, AATAAA, at 2181 bp. These
polyadenylation signals are found close to the 3’ terminus of the original clone and the 3’
RACE product, respectively, suggesting that these represent poly-A signals for two separate
mRNA products. Thus, the two predicted Elf5 cDNAs are 1528 bp and 2224 bp long (Figure
3.1 a). Northern blot analysis, using the EIf5 coding sequence as a probe, confirmed the
presence of two predominant EIf5 transcripts in day 14 mouse placental tissue, £/f5-a and
Elf5-b, of approximately 2.5 kb and 1.5 kb, respectively. Only Elf5-a was identified using a
3’ UTR fragment from between the polyadenylation signals as a probe (Figure 3.1 a & b),
indicating that the transcripts differ in their 3' UTR sequences. Interestingly, the sequence
found in Elf5-a, but not Elf5-b, contains multiple ATTTA motifs that are associated with
rapid mRNA turnover (Savant-Bhonsale and Cleveland, 1992; Akashi ef al., 1994) (Figure
3.1a).

3.2.2 Isolation of the human ELF35 ¢cDNA

A partial 1 kb buman ELF5 ¢cDNA fragment was isolated from a human fetal lung cDNA

library following screening with a cDNA probe containing the coding sequence of mouse
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atcacacggctacaggtgcctttatttctacagtecegetggtgetyggagegeget
tgcctictecttgectigmaagocttctgtectggac

ATGTTGGACTCCGTAACCCATAGCACCTTC
M L D S VvV T H S T F L

TCCTTTTTCAATGATGCTGAAGAGACCAAGACTGGCATCARARGACTATGCTGATTCCAGT
S F F N DAEETHXKTGTI KD Y A D S S8
TGCTTGAARACAAGTGGCATCAAGAGTCARGACTGTCACAGCCGAACARSCCTCCARRGT
C L XK T S5 6 I K 38 QD CH S5 RTSS L Q 8
TCTCACCTGIGGGAATT TG TCRAGAGACTTGCPGCTGTCOCCTGAAGAGAACT CTGGCATC
S HL w E F VvV R DPLIULL S PETEUNTZGCSGTI
CTGGAATGEGAAGACAGGGAGCACGGCATTI TCCGAGTGCTTAAGTCAGARGCCCTGGCA
L EWEUDUREUGQSGTIV FRUYVY VEK S EA AILA
ARGATGTGGGGACAMGGAAGARGAATGACAGGATGACGTACGAGAAGCTGAGCCGRGCC
K M W 6 QR X KNDU RMT®TTYEI KTLSTRA
CTGaGhEncTncTATaaAhCGnGhA:TCTGGhGCGGGTTG!CCGGABGTTAGTGT&CHAA
LRY Y Y KT RTIULUEURYDUBRIUERLUVYTYK
TTTGGARAGAACGCGCACGGGTGGCAGGAAGAGRRACTCTGAtggacaccggacaccagg
F G K N A HGW Q EEK L
ctcatttgatggatttctgttgttggaaacaatcagatcaaactagacatttgaaagtct
ccctectectectecteccectectteccectectettettectececctectectettea
aaacctacaaacacactgataaaatttctgcatgtetcagettacattt _attcagttg
ttgtctattggggcgatgecatcageecttaageaategteticateccaagggggagga
agggatggtettgtggcaacttiggtgtgacactgtectecttaatgaagtgtttggageta
agggagccagtgttatgggtgctgtttcacaagaggacccgttgecaccattaagacacat
gatccteccegttecaggggttctgegeggtcgactgaggcagettgectgtggttagttt
ttaggaaagggagatgtaagacttccttgctttagatttgaaattatcacagttatatte
catagaagaatttttaattaaaaaaattttagtggctaagccactaaactgggacctaat
tggatgtagectaagttactaataagttcttaaccagatcaccatticcaaccacttage
cacagtcacttgatccacggecaatcecttetg

aacttaacatccttytagttagtcacct
tgggaattgcectacctagattgttacecccttecaccteactggtggetatecatcaggteta
cagtgacctgatcaacagacatgtgeattaatttctaaatcactgetgtgectatgatte
aaaccgtcagcgtgttcagtttattgattctctctgaggtcggaE::ZEEtgattctctc
tgaggctaagacattaaacctttaccaagcagagaacgtcectaacaageccacgatagecg
aacacagcatcgatctecttectettttctgatgaatactcaaactttoccaacatattetct
tcacaaaagtaaagacagtgaE::ZEkatcaatcaacgttcatgggttaaagtctgcact
gacatttecttgtetgecegttgeatgecgttggcatgecaaggtgttaatgacetgcaaca
tggtggagtaccctgaaccctaacttecccagagttgggactgtctagtgacoggecactg
aatagcaatgcaggctgaagacctccaggtttagaE:%ZEkcctcaaaagtaacttgttt
ttaaaaagaaatgtgaattactgtaasaataatctatttttggattcegtgigtttttcagg
tggatatagtttatasacaatgtgaataaaaaathtttaacatgtttaaaaaaaaaaaaa
aaaaaaaa

Figure 3.1 Mouse Elf5 cDNA. (a) Complete nucleotide sequence and predicted amino acid sequence of
mouse Elf3. Elf5-a and Eif5-b share the same coding sequence. Elf5-a has additional 636 bp of 3’-UTR
sequence as indicated. The open reading frame (ORF) is shown in one-letter code, with the initiating start and
stop codons underlined. A stop codon, in the same reading frame as the ORF, but 5 prime to the initiating
codon, is also underlined. The Pointed domain is shaded in blue and the Ets domain is shaded in yellow. The
putative polyadenylation signals are underlined. The ATTTA motifs assoctated with rapid mRNA tumover

are boxed. The known exon-intron boundaries are indicated with red arrows.
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Figure 3.1 Mouse Elf5 mRNA. (b) Northem blot analysis of murine Elf5 expression in day 14
mouse placenta: lane 1, probed with random-prime-labelied 940 bp Syl murine Elf5 cDNA
fragment (probe 1); lane 2, probed with random-prime-labelled murine Elf5 696 bp 3°-RACE
PCR product (probe 2). Size markers are indicated. Both lanes were also probed with GAPDH
c¢DNA (lower panels).
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Elf5. Sequence analysis showed that it started with a partial ORF encoding 57 amino acids
prior to the TGA stop codon. Fifty five of these amino acids were identical to the mouse
EMf5 protein sequence. An ATTTA motif that is associated with rapid mRNA turnover
(Savarit—Bhonsale and Cleveland, 1992; Akashi ef al., 1994) was detected in the 3' UTR, but
no polyadenylation signal was detected in the 3’ UTR sequences indicating that the clone did
not contain the 3’ end. RT-PCR and RACE. using human placental RNA was then used to
obtain the full coding sequence of human ELF5. Two alternatively spliced forms, ELF5-a
and ELF5-b, were identified. Sequence analysis revealed an open reading frame of 255
amino acids and a predicted molecular mass of approximately 30 kDa for ELF5-a (Figure
3.2 a) and an dpui reading frame encoding a 160 amino acid protein with a predicted
- molecular mass of approximately 20 kDa for ELFS-b (Figure 3.2 b). Compared to ELF5-q,
ELF5-b is missing a 285 bp spliced DNA fragment. The spliced junctions of the alternative
transcript coincide with the exon-intron boundaries of the human ELF5 genomic structure,
and the spliced DNA fragment encompasses two consecutive exons (Figure 3.2 a & b). This
alternative splicing event has caused an amino acid residue substitution (amino acid #41,
D—>A) at the splice junction in the predicted human ELF5-b protein sequence (Figure 3.2 a
& b). ELF5-b aiso has an additional 24 bp extension at the 5’ UTR, that may be important in .
the regulation of ELF5-b transcription. Human ELF5-a contains an additional (wo amino

acid insertion compared to mouse EIf5 (Figure 3.2 ).

Recently, a third human ELFS isoform, ESE-2a, together with ELF5-a (also named ESE-2b)
was isolated from a human adult prostate cDNA library (Oettgen et al., 1999). Sequence
analysis revealed an open reading frame encoding a 265 amino acid protein with a predicted
molecular mass of 31 kDa for ESE-2a (Figure 3.2 d). The 5'-end of ELF5-a/ESE-2b is
divergent from ESE-2a due to the presence of an alternative 5’ exon, indicating the presence
of different transcription start sites possibly derived from different promoters (Figure 3.2 e).
As a result of this alternative splicing, the ESE-2a isoform has a 10 amino acid extension at
the amino terminus in comparison with ELF5-a/ESE-2b (Figure 3.2 a & ¢ & d). Several
in-frame stop codons upstream of the ATG initiation condon are found in ESE-2a, but no
in-frame stop codons are detected upstream of the ATG initiation codon in ELF5-a/ESE-2b.
The 3’ UTR sequences of both cDNAs are the same and contain four classical
polyadenylation signals, two ATTTA motifs and a highly repetitive sequence element (an

Alu sequence) (Figure 3.2 a-c).
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caaggctacaggtgtetttatticeactgcacgctggtgctaggagege 49 ELF5-a
ctgccttctcttgccttgaaagcctcctctttggacctagccaccgctgucctcaébgta
AYGTTGGACTCGGTGACACACAGCACCTTCCT . .

M L DSV THSTTF L

TCCTTTTTTAAEGACGCTGAAGAAAGCBBGGCCACCATCBAAGRCT3TGCTGATTCCEAC
S F F N DA EZES K aTTII KUDYA AT D S N 140

TGCTTGAEABCAAGTGGCATCAAAAGTCAHGACTGTCACAGTCATAGTAGAACAﬁbCCTG 589
€C L KT SsS 66 I K 8 0 D CH S H S RT & L 160
CAMAGCTTCTCATCTATGGGAATT TGTACRAGACCTGCTTCTATCTCCTGAAGARAACTGT 649
Q 8 8 HL WwWE F V RDILILILGSUPETEW ZNSTC 180
GGCATTCTGGAATGGGAAGATAGGGAACAAGGAATTTTTCGGGTGGTTARATCGGARGCC 709
G I 'E w E D R EQ 61 F R Y V K S E A 200
CIRGE  WGATGTGGGGACAARGGAAGRARAANTGACAGAATGACATRTGAARAGTTGAGC 769 _ ETS
L AKMWNYGOQRIEKTEKNTDRMTTVYETZEKTELS 220 DOMAIN
TACTACTATRARACAGGAATTTTCGAGCGGGTTGACCGRAAGGTTAGTG 829
R AL RY Y ¥ KT 66 1 L E RV P RZERIL VYV - 240
TACAMATTTGGARAAMATGCACACGGGTGGCAGGARGACARGCTATSAL ctgotecagge 889
Y X F 6 K N A HG VW Q E D K L 255
atcaagctoattttatggatttetgtettttaaaacaatcagatigeaatagacattega 949
aaggctteattttotictetitttttttaacctgecaaacatgetgataaaattictecac 1008
atctcagcttacatttggaticagagttgtigtctacggagggtgagagcagaaactett 1069
aagaaatcctttcttcoctoccctaaggggatgaggggatgatctittgtggtgtotigatca 1129
aactttattttecctagagttgtggaatgacaacageccatgecattgatgetgatcagag 1189
aaaaactattcaattctgccattagagacacatccaatgctcecatecccaaaggttcaaa 1249
agttttcasataactgtggcagctcaccaaaggtgggggaaagcatgattagtttgeagg 1309
ttatggtaggagagygtgagatataagacatacatactttagattttaaattattaaagt 1369
caaaaatceatagaaaagtateccttittttttttttgagacgggttctecactatgttge 1429
ccagggctyggtcttgaactectatgetcaagtgatccteccaccteggecteccaaagta 1489
ctgtgattacaagcgtgageccacggcacctgggcagaaaagtatcttaattaatgaaaga 1549
gctaagccatcaagetgggacttaattgglatttalacataggttcacagaaagtttectaa 1609
ccagagcatcetttttgaccactcagcaaaacttccacagacatecttectggacttaaac 1668

acttaacattaaccacattattaattgttgetgagtttattececcttctaactgatgge 1728 ESE-2b
tggcatctgatatgcagagttagtcaacagacactggcatcaattacaaaatcactygcty 1788
tttctgtgattcaagctgtcaacacaataaaatcgaaattcatigattecatctetggte 1848
cagatgttaaacgtttataaaaccggaaatgtcciaacaactetgtaatggcaaattaaa 1908
ttgtgtgtettttttgttttgtetttotacctgatgtgtattcaagegectataacacgta 1268
tttccttgacaaaaatagtgacagtgaattcacactaatasatgttcataggttaaagte 2028
tgcactgacattttctcatcaatcactggtatgtaagttatcagtgactgacagctaggt z2oes
ggactgccecctaggacttetgtttcaccagageaggaatcaagtggtgaggeactgaate 2148
gctgtacaggctgaagacctocttattagagttgaacttcaaagtaacttgttttaaaaa 2208
atgtgaattactgtaaaataatctattttggattcatgtgtttteccaggtggatatagtt 2268
tgtaaacaatgtgaataaagtﬁ??faacatgcgaa 2303

Figure 3.2 Human ELFS cDNA. (a) Complete nucleotide sequence and predicted amino acid sequence of
human ELF5-a. The open reading frame (ORF) is shown in one-letter code, with the initiating start and stop
codons underlined. The putative polyadenylation signals are also underlined. The PNT domain is shaded in
blue and the ETS domain is shaded in yellow. The ATTTA motifs associated with rapid mRNA tumover are
boxed. The known exon-intron boundaries are indicated with red arrows. The additional 3°-UTR sequence
identified in ESE-2b (OQettgen ef al., 2000) is marked and separated by a blank line.




tgtctgtaggtat 13 ELF5-b

cacttatatcacaaggctacaggtgtetttatttecactgoacgetggtgetgggagege 73
ctgecttetettgecttgaaagectectotttggacctagecacegetgeceteachgta 133
ATGTTGGACTCGGTGACACACAGLACCTTCCTGCCTAATGCATCCTTCTGCGATCCCCTG 193
M L DS VT HS T F L P RNRA S F CUDUP L 20
ATGTCGTGGACTGATCTGTTCAGCAATGARGAGTACTACCCTGCCTTTGAGCATCAGACA 253
M s W TDUIL F s NEEYJYPATFTEHAQT 40
GATGCTGATTCCAACTGCTTGAAAACARAGTCGCATCARAAGTCARGACTGTCACAGTCAT 313
D AD S NCLI KTS G TIEK S QDO CH S H 60
AGTAGAACAﬂbCCTCCnhnGTTCTCnwC!lmGGGnBTT!GTBGGAGACCTGCT!CIB&CT 373
S RT S L Q 8 sSs L WEVPFVZ RDILLILS 80
CCPGAAGAARAACTGTGGCATTCTGGARTGGEAAGATAGCGAACAAGGRATTTTTCCGGTC 433
P EENCGITLZEZ2WEDRTEGGTIT FEFRUYV 100
GITAATCGGAAGCCCTGGCAMMGATGTGGEGACAARGGRAGARAAATGRCAGAATGACA 493 ETS
VK 8 E AL A KMWEQRIKIEKNDNDI RMT?T 120 DOMAIN
TAEGaAnaGTTGAGCaGkGcCCTGAdi!aC13CTzEAEAACEGGEAETifGGnGCGGGTT 553
Y E K'L 8 % AL R'Y ¥ ¥ X T G I L E R Y 140
GACCGAAGCTTAZIGCTACAANTTTGGAAAARATCCACACGGGTGGIAGGARGACAAGCTA 613
P R RL V¥ X P G XK N A HGUW @ E D K L 160
TEAtctgcteocaggecatoaagetcattttatggatitctgtcttttaaaacaatcagatt 673
gcaatagacattcgaaaggettcattttotictetttttttttaacctgocaaacatgetg 733
ataaaatttctccacatctecagettacatttggattcagagttgttgtctacggaggytg 793
agagcagaaactcttaagaaatcotttcticteocctaaggggatgaggggatgatettt 853
gtggtgtettgatcaaactttattticctagagttgtggaatgacaacageccatygecat 213
tgatgctgatcagagaaaaactattcaattctgeccattagagacacatccaatgectecca 973
tcccazaaggttcaaaagttttcaaataactgtggeagetcaccaaaggtgggggaaagea 1033
tgattagtttgcaggttatggtaggagagggtgagatataagacatacatactttagatt 1093
ttaaattattaaagtcaaaaatccatagaaaagtatecettrtttittttitgagacygg 1153

: ttcetcactatgttgeccagggetggtettgaactectatgetsaagtgatecectecccacet 1213
cggecteccaaagtactgtgattacaagegtgagecacggcacctgggeagaaaagtate 1273
ttaattaatgaaagagctaagccatcaagctgggacttaattgghtttalacataggttca 1333
cagaaagtttectaaccagagcatctttttgaccactcagcaaaacttecacagacatee 1393
ttctggacttaaac 1407
acttaacattaaccacattattaattgttgctgagtttattececctictaactgatygge 1467 poE-2b
tggcatctgatatgcagagitagtcaacagacactggcatcaattacaaaatcactgectg 1527
tttctgtgattcaagetgtcaacacaataaaatcgaaattcattgattecatctetggte 1587
cagatgttaaacgtttataaaaccggaaatgtecctaacaactctgtaatggcaaattaaa 1647
ttgtgtgtcttttttgttitgtectttetacctgatgtgtattcaagecgectataacacgta 1707
tttecttgacaaaaatagtgacagtgaattcacactaataaatgttcataggttaaagte 1767
tgcactgacattttctecatcaatcactggtatgtaagttatcagtgactgacagetaggt 1827
ggactgecoctaggacttetgtttecaccagagcaggaatcaagtggtgaggeactgaate 1887
gctgtacaggctgaagacctecttattagagttgaacttcaaagtaacttgttttaaaaa 1947
atgtgaattactgtaaaataatctattttggattcatgtgttttccaggtggatatagtt 2007
tgtaaacaatgtgaataaagthtttalacatgcgaa 2042
Figure 3.2 Human ELF5 cDNA. (b) Complete nucleotide sequence and predicted amino acid sequence of L
human ELF5-b. The open reading frame (ORF) is shown in one-letter code, with the initiating start and stop R
codons underlined. The putative polyadenylation signals are also underlined. The ETS domein is shaded in
yellow. The ATTTA motifs associated with rapid mRNA tumover are boxed. The known exon-intron

boundaries are indicated with red arrows. The additional 3°-UTR sequence identified in ESE-2b (Oetigen et
al., 2000) is marked and separated by a blank line.
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Figure 3.2 Human ELF5 gene. (¢) Comparison of human ELF5 and mouse EIf5 ORFs. The
open reading frame (ORF) is shown in one-letter code. Amino acids that are present in at least
two proteins are shaded in yellow. The ETS domain is boxed with a solid line and the pointed
domain with a dashed line. Putative phosphorylation sites, conserved between the two species
are marked: w as CKIil (casein kinase I1), ¢ as PKC (protein kinase C) and & as TyP (tyrosine
kinase). The known exon-intron boundaries are indicated with red arrows.
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Figure 3.2 Human ELF5 cDNA. (d) Complete nucleotide sequence and predicted amino acid sequence of E
human ESE-2a. The open reading frame (ORF) is shown in one-letter code, with the initiating start and stop :
codons underlined. The stop codons, in the same reading frame as the ORF, but 5-prime to the initiating
codon, are also underlined. The PNT domain is shaded in blue and the ETS domain is shaded in yellow. The
putative polyadenylation signals are underlined. The ATTTA motifs associated with rapid mRNA tumover
are boxed. The known exon-intron boundaries are indicated with red arrows,




ELF5-a 1 - {3 4 el 7 8

ELF5-b 3 7 8

ESE-2a 2 3 4

Figure 3,2 Human ELF5 gene. (e) Three isoforms of human ELFS gene arise from the utilization of altemative exons.
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3.2.3 Characterization of human ELFS and mouse EIfS protein sequences

The predicted amino acid sequences of human ELF5-a and mouse EIf5 are highly
conserved, with approximately 95% overall identity (Figure 3.2 ¢). Only a single amino acid
substitution was observed within the putative ETS domains of human ELF5-a and mouse
Elf5, with most of the other amino acid residue changes being conservative substitutions
(8/13), suggesting that the two proteins are homologs (i.e. .having an inferred common
ancestry). However, two additional isoforms are detected in human tissues. The human
isoform ELF5-b was isolated from placenta. ELF5-b has a 95 amino acid deletion that
removes most of the pointed domain, but it is otherwise identical 1o ELF5-a (Figure 3.2 c).
The third human ELF5 isoform, ESE-2a, was detected in prostate. ESE-2a has a 10 amino
acid extension at the amino terminus in comparison with ELF5-a/ESE-2b, but is also
otherwise identical to ELF5-a (Figure 3.2 ¢). The murine counterparts for human ELF5-b
and ESE-2a were not detected.

3.2.3.1 The ETS domain in the ELFS protein is highly conserved

Transcription factors contain DNA-binding domains that recognize specific DNA
motifs/targets, and this sequence-specific DNA binding will result in transcriptional
regulation of the target gene promoter. Interestingly, many transcription factors share similar
structural motifs for DNA binding, and this sequence conservation in the DNA-binding
domains has been used to define and group transcription factors into families. The ETS
family of transcription factors is shown to share a highly conserved DNA-binding domain of
approximately 85 amino acids, termed the ‘ETS domain’ (Watson ef al., 1988; Karim et al.,
1990; Gutman and Wasylyk, 1990; Macleod et al., 1992; Seth et al., 1992; Wasylyk et al.,
1993; Graves and Petersen, 1998).

ELFS5 has a highly conserved DNA-binding domain sitvated at the carboxyl terminus of the
protein. It is highly similar to that of human ELF3, with 65% amino acid identity. However,
this domain is only moderately similar to that of other ETS family members. It shares 51%
amino acid identity with human NERF, 50% with human MEF, Drosophila ets4 and e74,
and 49% with human ELF1, Sequence identity with other family members is in the range of

46% to 31% (Figure 3.3 a). Recent studies have shown that humanr ESE3 is closely related
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Figure 3.3 The ETS domain of ELFS5. (&) Comparison of the ETS domain of human ELF5 with those of known members of the ETS gene family. The alignment was generated by using
CLUSTAL W (Thompson et al., 1994) with the default settings, and the result was subsequently adjusted manually, The ETS factors examined are labelled on the left, where ‘h” denotes
human, ‘m' mouse and ‘d" Drosophila. The ETS consensus sequence is a list of the amino acids most often conserved between ETS family members. Shading denotes amino acid identity
with human ELF35, and the percent identity of each ETS domain is indicated on the right. Tentative a-helices (H) and B-sheets (S) as predicted by NMR and x-ray crystallography for some
of the ETS domains are indicated above the consensus sequence by blue boxes and red arrows, respectively,
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to human ELF3 and human ELF5, with 84% and 69% amino acid identity, respectively,
within the ETS domain (Kas et al., 2000). The human PDEF has also been show to be quite
closely related to human ELF5 within the ETS domain, with 50% amino acid identity
(Oettgen et al., 2000).

The amino acids that are highly conserved amongst ETS family members (Janknecht and
Nordheim, 1993) are also invariant in ELF5 (29/48) (Figure 3.3 a). In particular, all but one
of the amino acid residues in the three a-helices and four B-strands, identified in the ET'S
domains of mEtsl and hFLI1 (Donaldson et al., 1994; Liang et al., 1994), are either

invariant or conservative substitutions.

Based on ETS domain similarities, a recent phylogenetic analysis (Graves and Petersen,
1998) proposed the grouping of ETS factors into subfamilies, one of which is the ELF
(E74-Like-Factor) subfamily. The ELF subfamily includes Drosophila €74, human ELF1
and NERF. We generated a phylogenetic tree, including ELF5 and ELF3, by maximum
likelithood analysis of the ETS domains (Figure 3.3 b). It shows that the human ELF5 and
mouse EIf5 sequences group most closely with the human ELF3 and mouse Elf3 sequences,
and that both ELF3 and ELFS are most closely related to Drosophila etsd, €74 and human
ELF1 and NERF. Thus, Drosophila cts4, and human/mouse ELF3 and ELF5 may also fall
inio the ELF subfamily of ETS factors. It is for this reason that ELF5 {E74-Like-Factor 5) is
so named. Our analysis on the phylogenetic relationship of hELF3, mEH3, detsd4, hELF1,
hNERF, de74, hTEL, dyan, hERM, mE181, mPea3, hELK1, mErp and hSAP1 sequences
was identical to that published by Tymms et al., (1997). However, the phylogenetic
relationship among the remaining 12 sequences (ELF5 excluded) was different. These
differences occur at the basal bipartitions in the data, probably due to the use of a more

rigorous phylogenetic method than that used previously. The same phylogenetic relationship

among the ETS domains in dyan, hTEL, de74, hELF1, hNERF and dets4 was reported by

Graves and Petersen (1998), who obtained a majority-rule consensus of 1,000

neighbor-joining trees generated by bootstrap analysis.

The phylogeny depicted in Figure 3.3 b shows the unrooted relationship among 28 ETS
domains. Any attempt to infer its root would lead to the conclusion that there has been
substantial variation in the substitution rate. Because vanation in this rate may affect the

chances of recovering the true phylogenetic tree (Hillis et al., 1994), we remain cauticus
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Figure 3.3 The ETS domain of ELF3. (b) Phylogenetic tree of the ETS domain produced by
maximum likelihood analysis. The ETS domain alignment was analyzed using the JTT-F
substitution model (Jones ef al., 1992) and local bootstrap values were estimated for all internal
branches, both by using PROTML in Q mode followed by a second run in R mode (Adachi and
Hasegawa, 1996). An underlying assumption of the phylogenetic analysis is that the amino acid
content does not vary significanily among the sequences. This assumption was not assessed
because tools for doing so are still under development (LSJ, unpublished work). Therefore, the
tree may be the result of both historical and compositional components. The four points at
which gene duplications have been inferred are marked A, B, Cand D.
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about the phylogeny as a whole. However, if we assume that the root is somewhere near the
centre of the tree, we may focus on the evolution of ETS domains in dyan, hTEL, de74,
hE_LFl, hNERF, dets4, hELF3, mElf3, hELF5 and mEIf5. Given that these ETS domains

occur in three taxa, we can infer at least four gene duplications (A, B, C & D in Figure 3.3

b). The first two gene duplications (A & B) involve both protostome and deuterostome taxa

(Drosophila and mammals, respectively) and therefore must have occurred before the origin

of the deuterostome lineage 550-750 Myr ago (Doolittle et al, 1996). A third gene

duplication (C) involves two mammalian lineages (Rodenta and Primata) and therefore must
have occurred 115-129 Myr ago (Easteal and Herbert, 1997). A fourth gene duplication (D)

involves human sequences only and therefore we cannot infer its age. Consequently, we
conclude that hELF5 and mEIfS (like hELF3 and mEIf3) are orthologous gene products (ie.

their origin can be traced back to a a speciation event) and that ELF3 and ELF5 are

paralogous gene products (ie. their origin can be traced back to a gene duplication) (Moritz

and Hillis, 1996). Interestingly, ELF5 displays considerable N-terminal sequence similarity

(outside the ETS domain) with ETS1, ETS2, ERG, FLI1, TEL and Gabpa (Figure 3.4)

which will be described in section 3.2.3.2.

Graves and Petersen (1998) produced a dendrogram based on sequence similarity within the

ETS domains. This type of analysis grouped the 49 known ETS family members into nine

subfamilies. Since then, a number of novel epithelial-specific ETS factors have been
identified, including ELF3 (Andreoli et al., 1997; Chang et al.,, 1997; Choi et al., 1998;
Oettgen et al., 1997; Tymms et al., 1997), ELF5, PDEF (Oettgen et al., 2000, Yamada et al.,
2000) and ESE3 (Kas et al., 2000, Bochert et al., 1998). We have extended the dendrogram

to incorporate these new members‘(Figure 3.3 c). Three of the epithelial-specific ETS
transcription factors (ELFS, ESE3 and ELF3) are grouped together close to the ELF
subfamily. Therefore, we suggest that ELFS, ESE3 and ELF3 fall into the ELF subfamily.

The other epithelial-specific ETS factor, PDEF, is most closely related to Drosophila ets4
and appears more distantly related to ELF5, ESE3 and ELF3, than ELF1, NERF, MEF and

Drosophila e74.

3.2.3.2 The Pointed domain ir ¢the ELFS protein is conserved

The PNT domain present in many of the ETS family members, such as pointed p2, TEL,
yan, elg, Gabpa, ETS1, ETS2, ERG, FLIi, ELF3, ESE3 and PDEF, also appears to be
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Figure 3.3 The ETS domain of ELFS5. (¢} Dendrogram showing the ETS domain family tree, based on amino
acid sequence similarity using CLUSTAL W method, The names for the subfamily suggested by Graves and
Petersen (1998) are indicated.
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present in ELFS. Although the hELF5 and mEH5 pointed domains display 93% amino acid
identity, the similarities to the PNT domains of other ETS family members is relatively low.
For example, the PNT domains of hESE3 and mEhf show only 42% and 41% amino acid
identity to the PNT domain of ELFS, respectively. The identity between hELFS5 and hELF3
is 22% whereas the identity between hELFS and mEIf3 within the PNT domain is 26%. The
amino acid residue identity to other ETS family members is in the range of 18% to 25%
(Figure 3.4 a). Although this similarity is relatively weak, of those amino acid residues
conserved between ETS family members, 22/60 are also present in ELES. Indeed, within the
four a-helices (H2-H5), 25 out of 31 amino acid residues are either invariant or conservative
substitutions (Figure 3.4 a). Therefore, it is likely that the ELF5 PNT domain is involved in
similar protein-protein interactions as those described for other ETS family members.
However, a mitogen activated protein (MAP) kinase site, involved in enhancing
transactivation (Yang et al., 1996), present at the extreme amino end of the pointed domains

of ETS1, ETS2 and pnt p2, does not appear to be present in ELFS5.

A dendrogram generated based upon amino acid sequence identity in the PNT domain
changes the groupings slightly. Instead of having hESE3/mEhf and hEIf3/mEIf3 grouped
closely together, hELF5/mEIf5 is grouped with hESE3/mEhf (Figure 3.4 b). However, the
general grouping of ELFS, ESE3 and ELF3 is retained and coincides with the grouping
based on the similarity within the ETS domain (Figure 3.3 c & 3.4 b).

3.2.4 Mouse EIf5 is capable of binding to BDNA in a sequence-specific manner

All ETS proteins bind to similar DNA sequences because of the high conservation within
the ETS domain. A combination of genetic and biochemical findings have provided an
overall picture of this consensus binding sequence (reviewed by Graves and Petersen, 1998).
Short DNA sequences, of approximately 9-15 bp, that contain a GGA core were identified in
the promoters and enhancers of various genes, and were shown to have high affinity for ETS
proteins. A number of ETS proteins were shown to bind an ETS-binding site that normally
binds mouse Etsl (Nye et al., 1992; Gunther and Graves, 1994; Graves et al., 1996).
However, a number of ETS DNA-binding studies have shown that different ETS proteins
can discriminate and select ETS binding sites that deviate from the consensus sequence

(Nelsen et al., 1993; Shin and Koshland, 1993; Ray-Gallet et al., 1995; John et al., 1996).
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Figure 3.4 The PNT domain of ELFS5. {a) Comparison of the Pointed domain of human and mouse ELF5 with those of known members of the ETS gene family. The
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Figure 3.4 The PNT domain of ELFS, (b) Dendrogram showing the Pointed domain family tree, based on amino acid sequence similarity using CLUSTAL W method.
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Therefore, ETS proteins may acquire their specific biological functions due to their

differential DNA-binding affinity toward different targets.

The hallmark of ETS factors ability to bind DNA sites containing a GGAA core in a
sequence-specific manner is shared by ELFS. A recombinant mouse EIf5 HIS-tag protein of
approximately 30 kDa, expressed in E. coli and purified by metal-affinity chromatography
(Figure 3.5 a, lane 4), displayed strong binding to a consensus ETS binding site, as analyzed
by electrophoretic mobility shift assay (EMSA) (Figure 3.5 b). Mouse EIf5 bound the E74
oligonucleotide (containing a GGAA core) (lane 1), but not to the E74m1 oligonucleotide
(containing a mutated AGAA core) (lane 2). The first G residue of the core has been
demonstrated to be a physical point of DNA contact for mouse Etsl, and consequently is
essential for DNA binding (Fisher et al.,, 1991; Nye et al., 1992). Thus, mouse EIf5
displayed sequence-specific binding to a consensus ETS binding site and that binding was
disrupted by a mutation known to similaly affect other ETS family members. These results
were confirmed through competition analysis. The EIfS-E74 complex (lane 3) was
efficiently competed by the addition of a 100-fold excess of unlabelled E74 (lane 4), but not
by E74m1 (lane 5).

Elf5 also displayed sequence-specific binding to different ETS binding sequences, and did
so with differential affinity (Figure 3.5b). The Eif5-E74 complex (lane 3) was competed off
by the addition of oligonucleotides containing ETS sites from the GM-CSF promoter (lane
6), Erb-B2 promoter (lane 7) and moloney sarcoma virus (MSV) long terminal repeat (LTR)
(lane 8). The relative ability of EIf5 to bind these sequences occurred in the order: E74 >
ErbB2 > MSV > GM-CSF. Elf5 binding did not appear to be competed off by an
oligonucleotide containing a consensus AP1 binding site (lane §). Etsl1 binding to E74 was

used as a positive control {ane 10).

3.2.5 Mouse EIfS acts as a transcriptional activator

Transcription factors can activate or repress target gene expression either directly or via
cofactors. Studies have shown that there are both transcriptional activators and repressors in
the ETS family of transcription factors. It was therefore of interest to evaluate the ability of

mouse EIf5 to function as a transcriptional activalor or repressor.
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Figure 3.5 EIf5 can recognize ETS-binding motif. (a) His-tagged EIf5 recombinant protein, present
in E. coli lysates (lane 2), was purified by metai-affinity chromatography to approximately 90%
(lane 3) and eluted with imadazole (fane 4). (b) EIf5 binds to consensus ETS binding sequences.
Specific DNA binding of EIf5 was analysed by electrophoretic mobility shift assay (EMSA), using
labelled double-stranded oligonucleotides as probes. E74 contains a consensus binding site for ETS
family members (fane 1). E74ml is a mutant oligonucleotide based on E74, but with the core
GGAA replaced by AGAA (lane 2). Binding to other consensus ETS sites was analyzed by the
ability of a 100-fold excess of unlabelled double-stranded oligonucleotide to compete with E74 for
EIfS binding. GMETS contains an ETS binding site from the human GM-CSF promoter (lane 6).
ERBB?2 contains an ETS binding site from the human erbB2/HER2 promoter (lane 7). MSV contains
an ETS binding site present in the long terminal repeat of the Moloney sarcoma virus (lane 8). AP1
contains a consensus AP1 binding site used as a negative control. Elf5-DNA complexes are marked.
Binding of ETS1 to E74 was used as a positive control (Jane 10).
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A reporter construct, containing chloramphenicol acetyl-transferase (CAT) driven by a

minimal TK promoter in addition to multiple ETS/AP] binding sites (from the polyomavirus

enhancer), was co-transfected into COS cells together with the mouse EIf5 expression
construct (Figure 3.6). Analysis of CAT activities revealed that EIf5 expression resulted in
an average five-fold transactivation of the reporter. Furthermore, this transactivation was

inhibited by addition of an anti-sense Elf5 mRNA expression vector, indicating that EIf5

transactivation was due specifically to the product translated from the sense construct.

i g e

Page 68




6 - *kd

Relative CAT Activity

Cont EIf6 EIfS EIfs

sense anti-s sense
anti-s

Figure 3.6 Transactivation by EIf5. COS cells were co-transfected with CAT reporter and EIf5
expression constructs. Transcription of the CAT gene was driven by the thymidine kinase (tk)
minimal promoter with five copies of the polyomavirus enhancer inserted upstream (p5Xpoly).
The polyomavirus enhancer contains adjacent ETS and AP1 binding sites. The EIf5 sense
construct (pBOSEIf5s) was designed to express Elf5 protein, and the ElfJ anti-sense construct
(pBOSEIf5as} to produce anti-sense transcripts. In the absence of expression construct, the
equivalent amount of base vector (pEFBOS) was co-transfected. COS cells were processed for
CAT assays and the results of at least 4 replicates are shown as the mean with standard error of
the mean (SEM) bars. Statistically significant results are indicated by asterisks. A single
asterisk indicates moderate significance (0.05>p>0.01) and triple asterisks indicate very high
significance (p<0.001).




Jiong Zhou Characterization and Functional Study of a Novel Epithelial-Specific EYS transcription Factor - ELF5

;LSM

Two predominant mouse EIf5 mRNA species (Elf5-a and Elf5-b), identified in a mouse
placenta cDNA library, appear to arise from utilization of two distinct polyadenylation sites.
The larger of these two transcripts, Eif5-a, incorporates multiple A/T-rich signals that have
been implicated in processes of increased mRNA turnover (Savant-Bhonsale and Cleveland,
1992; Akashi et al., 1994). Two human ELF5 isoforms were also identified in a human
placenta cDNA library. Although the cDNAs appear to share the same 5’ and 3" UTRs, they
differ in their ORFs due to an alternative splicing event in ELF5-b. Consequently, ELFS5-b is
285 bp shorter than ELF5-a in the coding region. A third human ELFS isoform, ESE-2a,
was identified by another group in a human prostate cDNA library (Oettgen et al., 1999).
The predicted protein sequence of ESE-2a has a 10 amino acid extension at the amino
terminus, but whether these 10 amino acids encode any specific function is unknown since
no similarity to any known protein domain or other proteins can be detected. Interestingly,

the murine counterparts for human ELF5-b and ESE-2a were not detected.

The ETS domains are composed of three a-helices (H) and four B-strands (S) arranged in
the order of H1-S1-S2-H2-H3-S3-S4. Similar tertiary structures of the ETS domains are
found in hFLI1, mEtsl, hETS1 and hPU.1 (Donaldson et al., 1994; Liang et al., 1994,
Werner et al., 1995; Donaldson et al., 1996; Kodandapani et al., 1996; Werner et al., 1997a
& b). The amino acid residues within the «-helices and 3-strands of the ETS domain are
highly conserved among the ETS family members. These highly conserved residues
including three tryptophan residues are thought to be structurally critical for DNA binding
(Karim et al., 1990; Gutman and Wasylyk et al., 1990; Wang et al., 1992; Wasylyk et al.,
1992).

Amino acids that are highly conserved amongst ETS family members (Janknecht and
Nordheim, 1993) are also invariant in ELFS (29/48), including the three tryptophan residues
(Figure 3.3a). In particular, all but one amino acid residue in the three a-helices and four
B-strands are either invariant or conservative substitutes. The two arginines in H3, that are
invariant in the ETS family and provide base-specific contacis to the two guanine residues
of the GGA core, are also invariant in ELFS. Furthermore, two key lysine residues, cne in

the loop between S3 and S4, the other within the turn between H2 and H3, provide contacts
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with the phosphate backbone. The first residue ts invariant in ELF5, and the second is found
to be a conservative substitution. Therefore, we expect ELF5 to recognize and bind to the
consensus GGA core like all other ETS family members. However, outside of these highly
conserved residues, ELFS diverges considerably and it is these divergent regions of the ETS
domain that are thought to provide the sequence-specific DNA-binding specificity of each

individual ETS family member (Graves and Petersen, 1998).

Although human ELFS exhibits the highest degree of amino acid sequence identity to human
ELF3 (65%) and ESE3 (69%) in the ETS domain, the relative degree of identity in this
region is not as high as that observed between other ETS subfamily members, where the
identity within the ETS domain is 80-90% (Dalton and Treisman, 1992; Price ef al., 1995;
Oettgen et al., 1996; Kas et al., 2000). Even within its own subgroup, the ELF5 ETS binding
domain is the most divergent, with ELF3 and ESE3 sharing 86% identity. In addition to its
function in DNA-binding, the ETS domain is also involved in protein-protein interactions
with numerous other transcription factors, which is thought io confer another layer of
regulation on the activity of ETS proteins. For instance, ERM binds Jun via the ETS domain
and the C-terminal extension (Nakae «¢ al., 1995). Several other ETS proteins, including
Etsl, Eifl, PU.1 and Flil, have been shown to interact with the basic domain of the Jun
transcription factor through the ETS domain in vifro and in activated human T cells. This
int.eraclion indaces the transcriptional activity of enhancer elements containing adjacent ETS
and AP1 binding sites (Bassuk and Leiden, 1995). ETS1 can aiso associate with PAX-5 via
the ETS domain to form a ternary complex (Fitzsimmons et al., 1996; Wheat et al., 1999).
Therefore, the relatively low degree of sequence identity of the ELF5 ETS domain to other

ETS family members may determine differences in the protein-protein interactions of ELF5.

The PNT domain is also implicated in protein-protein interactions. Some ETS proteins are
capable of forming homo- or heterodimers or possibly higher order complexes via their PNT
domains (Carroll et al., 1996; Golub et al., 1996; McLean et al., 1996; Jousset ef al., 1997,
Schultz er al., 1997; Graves and Petersen, 1998; Kyba et al., 1998; Stapleton et al., 1999).
For instance, ETS2 can associate with ERG via both the ETS domain and the PNT domain
(Basuyaux et al., 1997). ERG and its isoforms are also known to form homodimers or
heterodimers with other ETS proteins, and these protein-protein interactions are mediated
via the PNT and ETS domains (Carrere ef al., 1998). The PNT and ETS domains of TEL are

both required to interact with FLI1, and this protein-protein interaction can inactivate a
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FLI1-specific promoter (Kwiatkowski et al., 1998). The ETS transcription factor human
TEL2 is capable of self-association, presumably via its PNT domain, and it can also
heterodimerize with TEL via the PNT domain of TEL (Potter et al., 2000).

The amino acid sequence similarity in the PNT domain of hwman ELF5/mouse Eif5 is
relatively weak compared to other ETS family members, but 22/60 of the highly conserved
residues are invariant in ELF5. Within the four a-helices (H2-HS5) that are most highly
conserved in the PNT domain, 25 out of 31 amino acid residues are either invariant or
conservative substitutions (Figure 3.4 a). Therefore, we predict the ELFS PNT domain to be
involved in similar protein-protein interactions as described for other ETS family members.
Presumably, analogous to the ETS domain, this reiatively low degree of sequence identity

within the ELFS PNT domain determines specificity for ELF5’s protein-protein interactions.

Notably, human ELF5-b has a 95 amino acid deletion that removes the four a-helices
(H2-H5) in the PNT domain. The function of this human isoform is not known yet, but one
can speculate that it may have an opposing effect on ELF5-a and/or ESE-2a. It is possible
that the ETS domain in ELF5-b can compete with other human ELFS isoforms for the ETS
binding sites in the promoters and enhancers of various target genes and hence quench or
repress their transcriptional regulatory activities. Alternatively, it can associate with other
ELF5 isoforms or other transcription factors and regulate downstream target genes in a

manner different from the whole protein.

Phylogenetic analysis based vpon the amino acid sequence identity in the ETS domain
indicates that human ELF5 displays closest similarity to human ELF3 and ESE3, and these
ETS proteins are also closely related to the members of the ELF subfamily (ELF1, NERF,
MEF and e74). Therefore, we propose that ELF5, ELF3 and ESE3 form part of an extended
ELF subfamily within the ETS family of transcription factors. It is noteworthy that the PNT
domain is not found in the ELF subfamily members, ELF1, NERF, MEF and ¢74, and this
might indicate that hELFS/mEIf5, hELF3/mEIf3 and hESE3/mEhf repiesent a distinctly
separaie subfamily of ETS molecules. However, regardiess of whether the ETS domain or
the PNT domain is used to make the alignment, ETS genes containing a PNT domain cluster

basically to the same group (Figure 3.3 ¢ & 3.4 b).
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Human ELFS5, ELF3 and ESE3 are all expressed in a similar subset of epithelial tissues (Kas
et al., 2000). Interestingly, expression of the SPI subfamily of the ETS factors is restricted to
the immune system. In the case of ERG subfamily, ERG, FLII/ERG-B, and FEV are all
involved in chromosomal translocations resulting in Ewing’s sarcoma (Ida et al., 1995; Peter
et al., 1997). These examples possibly represent a functional similarity among the closely

related ETS subfamily members.

The recombinant mouse EifS protein is capable of binding to several ETS oligonucleotides,
containing a GGAA core motif, in a sequence-specific manner (Figure 3.5b). Recombinant
mouse Elf5 also displays the ability to transactivate a minimal TK. promoter containing
consensus ETS binding sites (Figure 3.6). In addition, recombinant human ELF5-a is
capable of transactivating the whey acidic protein (WAP) promoter (Thomas et al., 2000) in

mouse mammary epithelial cells (HC-11 cells).

Interestingly, binding of EIf5 to the E74 oligonucleotide is efficiently competed by an
oligonucleotide containing an ETS binding site from the ERBB2 promoter (Figure 3.5 b).
This site has previously been shown to bind and be transactivated by recombinant PEA3
(Benz et al., 1997) and ELF3 (ESX) (Chang et al., 1997). PEA3 has also been shown to
suppress ERBB2 overexpression and inhibit tumorigenesis via the ETS binding site in the
ERBB2 promoter (Xing et al., 2000), suggesting that it is other (unidentified) transactivating
factor(s), that recognize the same regulatory element in the ERBB2 promoter, contributing to
ERBB?2 expression (Xing et al., 2000). ERBB2 is expressed in epithelial cells of organs such
as breast, intestine, kidney and ovary (Gullick er al., 1987; Kokai et al., 1987; Mori et al.,
1989; Press et al., 1990). Overexpression of ERBB2 is found in at least 40% of all
non-invasive intraductal breast carcinomas, and its overexpression is also implicated in the
genesis of a number of human tumors, including 20-30% of all breast carcinomas, linking
ERBB2 to an increased propensity of tumors to invade and metastasize resulting in a poor
prognosis for the patient (Singleton and Strickler, 1992; Tripathy and Benz, 1994). The
expression pattern of ELF5 matches closely that of ErbB2, with the exception that ELF5
does not appear to be expressed in the intestine. Thus, ELF5 would appear to be another
candidate for regulating the ERBB2 promoter. The transcriptional activity of ELF5 upon the
ERBB?2 promoter, if any, is yet to be determined.
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It has been suggested that one of the human ELF5 isoforms, ESE-2a, has a negative
regulatory domain within the first 42 amino acids at the amino-terminal end of the protein
(Oetigen et al., 1999). In vitro DNA-binding studies showed that ESE-2a does not bind to
the consensus Drosophila €74 ETS binding site, whereas a truncated ESE-2a,4; protein

docs. The truncated ESE-2a,4; protein was shown to bind to ETS sites in the promoters of
several salivary gland and prostate-specific genes (CRISP-1, CRISP-3, PSP and MP6) and
the prostate and mucous gland-specific PSP94 gene. In addition, it also binds to the ETS
sites in the SPRR2A and Endo-A genes {Oettgen ef al., 1999). A number of ETS proteins,
such as SAP1 (Dalton and Treisman, 1992), Elk1 (Rao and Reddy, 1992; Janknecht et al.,
1994), Net (Giovane et al., 1994; Lopez et al., 1994; Price et al., 1995; Maira et al., 1996),
ERM (Laget et al., 1996), Etsl and Ets2 (Hagman and Grossched], 1992; Lim et al., 1992;
Wasylyk et al., 1992; Fisher et al., 1994; Petersen et al., 1995; Jonsen et al., 1996), are also

shown to contain sequences that inhibit DNA binding activities of their ETS domains.

Despite its inability to bind to the consensus ETS binding sites, ESE-2a is capable of
transactivating the SPRRZA, PSP and PSA promoters in vitro (Oettgen et al., 1999).
SPRR2A is expressed in the cornified cell envelope in the skin, and is associated with
terminal differentiation of keratinocytes (Hohl et al., 1995). PSP is found tv be the most
abundantly expressed protein in the parotid gland (Ann et al., 1997; Laursen and Hjorth,
1997; Laursen et al., 1998; Svendsen et al., 1998), while PSA has been used widely as a
diagnostic indicator for prostate cancer (Ablin, 1997). The transactivating ability of ESE-2a
on these promoters suggests that posttranslational modifications, such as phosphorylation, or
protein-protein interactions may be involved in overcoming the intramolecular inhibition of
the DNA binding activities of ESE-2a (Oettgen ef al., 1999).
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Chapter 4

ELFS5 is an ‘epithelial-specific ETS transcription factor

4.1 Introduction

Gene expressions is a tightly controlied and regulated process during the development of a
single—cell embryo into a complicated organism containing a network of different organs
and cell types. Transcription factors are the kéy regulators of the coordinated gene
expression during the development (Walker ¢ al., 1983; Gehring, 1987; Levine and Hoey,
1988; Scholer, 1991; Biggs et al., 1992; Dressler and Dougtass, 1992; Hoch et al., 1992).
Therefore, the expression patterns of transcription factors may provide clues about their in

vivo biological functions and targets (Kola et al., 1993).

In spite of their wide distribution, many ETS genes play important roles in regulating the
development and differentiation of the hematopoietic iineages. This is strongly supported by
the in vivo transgenic and gene-targeting experiments in the mouse (Sharrocks et al., 1997;
Graves and Petersen, 1998; Dittmer and Nordheim, 1998). In addition, ETS DNA binding
sites are located in the promoters and enhancers of various genes involved in the regulation
of the hematopoietic system (Ghysdael and Boureux, 1997; Bassuk and Leiden, 1997).
Interestingly, many epithelial-specific genes are regulated by ETS factors, including
Prolactin (Howard and Maurer, 1994; Bradford et al., 1995), a~-GSU (Roberson et al.,
1995), MASPIN (Zou et al., 1994; Zhang et al., 1997b), cytokeratin EndoA (Hashido et al,,
1991; Fujimura et al., 1994), SPRR2A (Oetigen ef al., 1997), Aminopeptidase N (APN)
(Olsen et al., 1997), TRANSGLUTAMINASE 3 (Lee et al., 1996) and MET (Gambarotta et
al., 1996). However, very few ETS-related genes are known 1o be expressed preferentially in
epithelial cells. ELF3 (ESX/ESE-1/[JEN/ERT) (Andreoli et al., 1997; Chang et al., 1997,
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Choi et al., 1998; Oetigen et al., 1997; Tymms et al., 1997) was the first ETS factor

identified to have epithelial- and epithelial-cancer-specific expression.

This chapter describes the expression pattern and human chromosomal localization of a
novel ETS family member, ELFS5 (E74-Like-Factor 3). ELFS is the second ETS transcription
factor reported to be expressed exclusively in a subset of epithelial ceils, and ELF5
expression alipe-ars to be lost in some epithelial cancer cell lines derived from tissues i
normally expressing ELFS5. In addition, the human ELFS5 gene is localized to chromosome

11p13-15, a region that frequently undergoes loss of heterozygosity (LOH) in many types of

human cancer, such as breast, lung, kidney and prostate.
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4.2 Results

4.2.1 Mouse Elf5 expression is restricted to tissues rich in epithelial cells

Poly(A)" mRNA derived from various mouse tissues was analyzed by Northern blot
hybridization using the murine EIf5 cDNA as a probe. A GAPDH probe was then used to
contro} for RNA loading.

Analysis of EIf5 expression in adult mouse tissues revealed that Elf5, like mouse Elf3
(Tymms et al., 1997), has a restricted expression pattern. Expression of two Elf5 transcripts,
Elf5-a (2.5 kb) and Elf5-b (1.5 kb), are observed in lung (Lu), kidney (Ki), stomach (St),
ovary (Ov), tongue (To), bladder (Bl), day 2 pregnant mammary glands (2Ma), day 10
pregnant mammary glands {(10Ma), caput epididymus (CA), corpus epididymus (CO) and
seminal vesicles (SV), but no expression was observed in liver (Li), heart (He), small
intestine (Sm), spleen (Sp), thymus (Th), pancreas (Pa), skeletal muscle {8k), colon (Co),
day I2 pregnant fat (2Fa) or day 10 pregnant fat (10Fa) (Figure 4.1 a). Stromal tissue from
day2 (2Fa) and day 10 (10Fa) pregnant mice was used as a control for mammary expression,
since the mammary gland contains much stromal tissue. A single transcript was observed in
brain (arrow — approximately 2.1 kb), but of a different size to either of the two EIf5
transcripts in other organs. However, its appearance was variablz ‘n repeated experiments
with adult tissuves (data not shown) ana at different developmental stages (Figure 4.1 b & ¢).
Pending further analysis, it -pears likely that this brain-spectfic transcript is derived from

cross hybridization to anc .. &r highly expressed Ets family member, rather than EIf5.

4.2.2 Mouse Elf5 expression is restricted to tisswes rich in_epithelial_cells during
development

Some ETS members are implicated in developmental processes. Therefore it was of interest
to characterize the expression pattern of £If5 during mouse development. We examined the
expression of EIf5 in the neonatal mouse (Figure 4.1 b) and during embryogenesis on days
16, 17 and 19 (Figure 4.1 c), and observed a similar expression pattern compared to that of
the aduit. However, at day 16 of embryogenesis, low levels of Eif5 expression were detected
in the brain (reguiar sized transcripts) and small intestine, in addition to the expression

patiern observed in the aduit.
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Figure 4.1 Elf5 expression in mouse tissues. Position of size markers are indicated. Elf5-a and
Eilf5-b transcripts are indicated. (a) Elf5 expression is restricted to adult mouse tissues rich in
epithelial cells. Northern blots probed with murine E{f5 cDNA (top panels) and GAPDH ¢cDNA
(lower panels). Abbreviations; Li: liver; Lu: iung; Br: brain; Ki: kidney; He: heart; Sm: small
intestine; Sp: spleen; Th: thymus; St: stomach; Ov: ovary; Pa: pancreas; To: tongue; Sk: skelctal
muscle; Bl; bladder; 2Fa: day 2 pregnant fat; 2Ma: day 2 pregnant mammary gland; 10Fa: day
10 pregnant fat; 10Ma: day 10 prezeant mammary gland; Co: colon; CA: caput epididymus;
CO: corpus epididymus; SV: seminal vesicles. Arrow indicates position of brain-specific
transcript (see text). (b) EIf5 expression is restricted to neonate mouse tissues rich in epithelial
celis. Northern analysis as above, but using RNA from day 1 neonate mouse tissues. Additional
abbreviation; In: intestine. Arrow indicates position of large transcript (see text).
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Figure 4.1 Elf5 expression in mouse tissues. Position of size markers are indicated. Elf5-a and
Elf5-b transcripts are indicated. {¢} Elf5 expression is restricted to embryonic tissues rich in
epithelial cells. Northern analysis as in a, but using RNA from day 16, 17 and 19 embryonic
tissues. (d) Elf5 expression in placenta during mouse embryogenesis, Northern analysis as in a,
but using RNA from day 9.5 to day 19 placental tissues as indicated. Additional abbreviation;
Pl: placenta.
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Placental expression of EIf5 displays an interesting pattern during embryogenesis (Figure
4.1 d). Both transcripts are increasingly expressed from day 9.5 to day 13 before an overall

decrease is observed from day 14 to day 19, although some expression is observed at day 17.

4.2.3 The two EIf5 isoforms, Elf5-a and Elf5-b, are differeniallv expressed in different

tissues

The two predominant Elf5 mRNA transcripts are observed in variable ratios in different
tissues, suggesting that the polyadenylation sites may be utilized differentially, or that the
two transcripts are subject to differential degradation. Eif5-a is expressed more strongly in
neonatal and embryonic lung and kidney (Figures 4.1 b & ¢), and adult ovary (Figure 4.1 a),
compared to EIf5-b. In contrast, EIf5-b was stronger in adult tongue (Figure 4.1 a), and in all
developmental stages of the stomach (Figures 4.1 a-c), compared to £If5-a. However, since
these two transcripts would appear to differ only in their 3’ UTR sequences, they are likely
to produce the same translation product. In some RNA samples an additional larger (>10 kb)
transcript is variably observed. Despite the fact that the RNA samples were poly(A)*

selected, these bands could represent unspliced EIf5 transcripts or genomic contamination.

4.2.4 Human ELF5 expression is restricted to tissues rich in epithelial cells

Expression of ELF5 in adult human organs was analyzed by Northern biot of poly(A)’
mRNA probed with the human ELF5 ¢cDNA (Figure 4.2 a), a S-ACTIN ¢cDNA probe was
used to control for RNA loading. A single transcript of approximately 2.5 kb is strongly
expressed in kidney (Ki) and prostate (Pr). However, much longer exposures of blots (data
not shown) demonstrated barely detectable expression of ELF5 in placenta (Pl) and lung
(Lu). Furthermore, ELF5 was cloned from human lung and placenta ¢cDNA libraries,
confirming that it is expressed in these tissues, albeit at very low levels. Although this
expression pattern resemibies that observed in the mouse, it is interesting that the human
ELFS5 gene does not appear to utilize alternative polyadenylation sites, having only a single

transcript,
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Figure 4.2 ELFJ expression in human tissues and cell lines. (8) ELFJ expression is restricted to
adult human tissues rich in epithelial cells. Northern blots (Clontech) probed with human ELFS
¢DNA (top panels) and B-ACTIN ¢DNA (lower panels). The ELF5 transcript is indicated.
Position of size markers are indicated. Abbreviations; He: heart; Br: brain; Pl: placenta; Lu:
lung; Li: liver; Sk: skeletal muscle; Ki: kidney; Pa: pancreas; Sp: spleen; Th: thymus; Pr:
prostate; Te: testis; Ov: ovary; Sm: small intestine; Co: colon mucosa; PBL: peripberal blood
lymphocytes. (b) ELF5 expression is restricted to human cancer cell lines of epithelial origin.
RNase protection analysis of £LF5 and GAPDH in cell lines; 1: CaOv-3 (ovarian carcinoma); 2:
BT-549 (breast ductal carcinoma); 3: ZR- 75- 1 (breast carcinoma); 4: T47D (breast ductal
carcinoma, progesterone sensitive); 5: 786- O (renal adenocarcinoma); 6: SK-HEP-1 (liver
adenocarcinoma); 7: AS549 (lung adenocarcinoma); 8: CCL32SK (primary fibroblast); 9:
MEL28 (melanoma); 10: WISH (amnion carcinoma); 11: Jurkat (T cell leukemia); 12: DU145
(prostate carcinoma); 13: PC3 (prostate carcinoma); 14: HEC-1 (endometrium carcinoma); 15:
K562 (erythroid leukemia).
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4.2.5 Human ELF5 expression is not detectable in a subset of epithelial cancer cells

Given the restricted expression pattern of ELF5 in tissues commonly giving rise to
carcinomas, it was of interest to examine ELF5 expression in human cancers. A panel of
cancer cell lines derived from carcinomas of the ovary (CaOv-3), breast (BT-549, ZR-75-1,
T47D), kidney (786-0), liver (SK-HEP-1), lung (A549), amnion (WISH), prostate (DU145,
PC3) and endometrium (HEC-1), in addition to melanoma (MEL28), T cell leukaemiz
(Jurkat) and erythroid leukaemia (K562) cell lines, were analyzed for ELF5 expression by
RNAse protection assay (Figure 4.2 b). A primary fibroblast cell line (CCL328K} was also
included as a sample of non-transformed cells. Of all these cell lines, only T47D, a

progesterone sensitive ductal breast carcinoma, was observed to express ELFS.

A further expression study was performed on eight breast (MCF-7, T47D, PMC42, ADR,
MDA436, MDA435, BT549 and ACC15) and six prostate (LNCaP, C4P36, C4-2, C4-2BP,
TSUP11 and PC3P10) cancer cell lines by Northern blot analysis. In addition to T47D,
MCF-7 (breast cancer cell line) and C4-2BP (prostate cancer cell line, LNCaP subline) are
also found to express lower levels of ELF5. The remaining eleven breast and prostate cancer

cell lines did not express detectable ELF5 (Figure 4.2 ¢).

4.2.6 Southern blot analysis of the human ELF35 genomic locus in epithelial cancer cells

To evaluate the possibility that lack of ELF5 expression in carcinoma was due to genomic
alterations, a panel of breast and lung carcinoma derived cell lines were analyzed by
Southern blot (Figure 4.2 d). ELF5 gene dosage was compared 1o that present in DNA from
normal human blood (based on the 6.5 kb Bgl/ll fragment) and controlled by hybridization
with a S-ACTIN cDNA probe. These results are summarized in the lower panel, where “2”
represents a normal allele complement. No evidence was found for allelic loss or gene
rearrangement in two of the breast carcinoma cell lines that do not express ELF5 (BT-549 —
lane 2, ZR-75-1 — lane 3). However, of nine fung carcinoma cell lines, evidence for loss of
an ELF5 allele was observed in two (NCI-H358 — lane 8, NCI-H441 — iane 11).
Hybridization with an ELF3 cDNA probe, which is localized to the long arm of
chromosome 1 (Tymms et al., 1997), helped to confirm the specific loss of ELF5 alleles
(data not shown, Dr. R.S. Thomas, personal communication). Two other lung carcinoma

lines (SK-LU-1 — lane 10, NCI-H661 — lane 13) displayed multiple fragments (shaded
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Figure 4.2 (¢) ELF5 expression is restricted fo human cancer celi lines of epithelial origin
(Northern blot analysis). Northern blots probed with human ELF5 ¢cDNA (top panels), 28s
rRNA and 18s rRNA are used as loading controls (lower panels). The ELF5 transcript is
indicated. Lane 1-8: human breast cancer cell lines MCF-7, T47D, PMC42, ADR, MDA436,
MDAA435, BT549 and Accl5; lane 9-14: human prostate cancer cell lines LNCaP, C4P36, C4-2,
C4-2BP, TSUP11 and PC3P10. (d) Southern analysis of ELFS in Bglll digested genomic DNA
from human cancer cell lines; 1: normal blood; 2: BT-549 (ductal breast carcinoma}; 3: ZR-75-1
(breast carcinoma); 4:T47D (ductal breast carcinoma); 5: NCI-H1299 (large cell lung
carcinoma); 6: NCI-H187 (small cell Iung carcinoma); 7: NCI-H322 (bronchioalveolar
carcinoma); 8;: NCI-H358 (bronchioalveolar carcinoma); 9: NCI-H522 (lung adenocarcinoma);
10: SK-LU-1 (lung adenocarcinoma); 11: NCI-H441 (bronchioalveolar carcinoma); 12: NCI-
H460 (large cell lung carcinoma); 13: NCI-H661 (large cell lung carcinoma).
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arrows) in addition to those observed in normal DNA (solid arrows), possibly indicating that
at least one ELF5 allele has been rearranged in these lines. Confirmation of rearrangement,
rather than restriction fragment length polymorphism (RFLP), was made by additional
restriction digests (data not shown, Dr. R.S. Thomas, personal communication). Some cell E:
lines appeared to have amplification or additional copies of the ELF5 gene. One of these,

T47D (lane 4), expresses ELF5, and another, SK-LU-1 (lane 10), appears to have rearranged

alleles.
4.2.7 Human ELFS5 is localized to chromosomal 11p13-15, a region implicated in cancer
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Table 4.k Human chromosomal localization of ELFS by PCR using genc-speci_f-ic primers and the ﬁenebn'dge o
4 Radiation Hybrid DNA panel (UK HGMP Resource Centre). ‘+’ represents a positive PCR result while -’

represents a ncgative PCR result.
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The human chromosomal localization of ELF5 was performed by PCR, using gene-specific
primers and the Genebridge 4 Radiation Hybrid DNA panel (UK HGMP Resource Centre).
With these primers, a single product of the expected size (234 bp) was amplified from total
human DNA. The PCR reactions were then performed separately for each of the individual
hybrids. The amplification results (Table 4.1) from the 93 hybrids were submitted to the
Radiation Hybrid Mapping server at Whitehead Institute/MIT Center for Genome Research
for analysis. The result, provided by the Radiation Hybrid Mapping server, demonstrated
that ELFS is localized to human chromosome 11. The markers most tightly linked to ELF5
are D11S3990 (6.5 cR) and D11S3998 (15.9 cR) (lod score > 3.0,. These markers are
located in the region 11pl13-15 (Figure 4.3 a) which frequently undergoes loss of
heterozygosity (LOH) in several types of carcinoma (lizuka er al., 1995; Baffa et al., 1996;
Hirose et al., 1996; Wilson et al., 1996; Dahiya et al., 1997; Kawana et al., 1997; Lichy et
al., 1998).

The human chromosomal localization of ELF5 by fluoresence in situ hybridization (FISH),
using the ELF5 cDNA as a probe, also assigned human ELF5 gene to chromosome 11p13
(Figure 4.3 b, Dr. Erica Woollatt, personal commurication). The genomic localization and

gene symbol was assigned on 27" February 1998 (GDB Accession 1D:9835139).
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Figure 4.3 Chromosomal localization of the human ELFS gene. (a) Polymerase Chain Reaction ,
{PCR). Human chromosomal localization of ELF5 was performed by PCR using gene-specific
primers and the Genebridge 4 Radiation Hybrid DNA panet (UK HGMP Resource Centre). :
Diagram based upon PCR results showing localization of ELFS within chromosome 11. (b)

Fluorescence in situ hybridizations (FISH). Computer enhanced image of metaphase
preparations, showing in situ hybridization of biotinylated probe for ELF3. Hybridization sites !
are indicated with arrows. The FISH analysis was performed by Dr. Woollatt. ]
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4.3 Discussion

Expression of Elf5 in the adult mouse appears to be restricted to lung, kidney, stomach,
ovary, tongue, bladder, epididymus, seminal vesicles and mammary gland. In the
developmental stages examined, this expression pattern remains basically unchanged from
day 16 of embryogenesis to adult (Figure 4.1 a-c). EIf5 is also expressed in the placenta
during embryogenesis (Figure 4.1 d). Two predominant mouse Elf5 mRNA species (Elf5-a
and Elf5-b), identified in a mouse placenta cDNA library, appear to arise from the utilization
of two distinct polyadenylation sites. The larger of these two transcripts, Elf5-a, incorporates
multiple A/T rich signals that have been implicated in processes of increased mRNA
turnover (Savant-Bhonsale and Cleveland, 1992; Akashi et al., 1994). Perhaps these signals
are responsible for the variability of Eif5-a:EIf5-b ratios in different tissues, particularly the

relatively lower proportion of EIf5-a observed in stomach.

Expression of ELF5 in human tissues appears to be even more restricted than that for the
mouse, with expression observed only in kidney and prostate (which was not examined in
the mouse) (Figure 4.2 a). Inconsistencies between the mouse and human data involve the
relatively low ELF5 expression observed in human lung, ovary and placenta compared to
that of mouse. EIf5 expression in the mouse placenta decreases with advancing
developmental time and is completely absent just prior to birth. This may explain the
absence of ELF5 in human placenta by Northern blot since the RNA was presumably
obtained from a term placenta. Similarly, we cannot discount the possibility that ELF5
expression varies with age, or even perhaps is variable within different parts of the lung and

ovary, and that these regions were not present in our analysis.

In contrast, human ELF5 expression was found in lung and placenta in two other studies
(Oettgen et al., 1999; Kas et al., 2000). In addition to the above tissues, salivary gland,
mammary gland, trachea, fetal kidney and fetal lung were also found to express human
ELF5. Therefore, ELF5 expression may be limited to glandular epithelium since these

tissues are all enriched with this cell type.

That three ELFS isoforms exist is not apparent by Northern blot. These isoforms must
therefore exist as mRNA species of similar size. Oettgen et al (1999) demonstrated

differential expression of the isoforms ESE-2a and ESE-2b in a limited set of tissues.
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Interestingly, human prostate expresses both ELF5-a (ESE-2b) and ESE-2a, while kidney
only expresses ESE-2a (Oetigen et al., 1999).

It is noteworthy that the coding sequence differences observed in cDNA clonihg
experiments were not detectable by Northern biot analysis. This may due to other possible
differences in the 5° UTR and 3' UTR ssquences resulting in mRNA transcripts of similar
size. Further expression studies targeting the coding sequence differences should clarify the

expression pattern of all three human ELFS5 isoforms.

Most ETS genes appear to be functional, or are at least expressed, during hematopoiesis
(Bhat et al., 1989; Bhat et al., 1990; Kola ef al., 1993). However, human ELF3 and mouse
Elf3 appear to be examples of epithelial-specific ETS genes (Andreoli ef al., 1997; Chang et
al., 1997; Oetigen et al., 1997; Tymms et al., 1997). hELF5 and mEIf5, similar to hELF3
and mEIf3, are not expressed in hematopoietic compartments, such as the thymus and
spleen, but are expressed in organs such as lung, kidney, stomach and prostate. Together
with the recently isolated hESE3/mEhf and hPDEF/mPse, these novel transcription factors
represent a new subclass of ETS family that have their expression restricted to
epithelial-type organs, and consequently might perform very specialized functions in these
organs. SPI is the only other ETS subfamily that hz= a higaly restricted expression pattern,

being found solely in the immune system.

Of these epithelial-specific ETS factors, hPDEF/mPse has the most sestricied expression
pattern (Oettgen et al., 2000; Yamada ef al., 2000). In contrast, hELF3/mEIf3 exhibits a
widespread expression pattern in different sub-types of epithelia, including the simple
epithelia of the gastrointestinal tract, the glandular epithelia of the mammary gland, uterus
and prostate, and the stratified epithelia of the tongue (Andrecli et al., 1997; Chang c? .,
1997; Oetigen et al., 1997; Tymms et al., 1997; Ms. A. Ng personal communication). The
expression patterns of ELF5 and ESE3 are remarkably similar and restricted to a subset of
epithelial celis, particularly the glandular epithelium (Oetigen et ai., 1999; Kas et al., 2000).
It is interesting to note that ELF5, ELF3 and ESE3 arc ail expressed in a similar subset of
epithelial tissues, and also share considerable sequence similarity. However, several
differences between ELFS, ELF3 and ESE3 expression were observed. ELF3 is expressed

strongly in the small intestine and liver, whereas ELF5 and ESE3 do not appear {0 be
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expressed in these organs at all. Both ELF3 and ESE3 are expressed in colon and pancreas,

but ELFS5 is not.

ELF3 has been demonstrated to be cxpressed in an epithclial«spécific manner, both in
normal and transformed breast epithelium (Chang et al., 1997) and in lung carcinoma cell
lines (Tymms et al., 1997). We have examined ELF5 expression in a panel of human
carcinoma cell lines by RNAse protection assay and found expression in only one of eleven
tested (T47D - a ductal carcinoma of the breast) (Figure 4.2 b). A further study of eight
breast and six prostate cancer cell lines by Northern blot analysis found low levels of ELFS
expression in two more human cancer cell lines, MCF-7 (breast cancer cell line) and
C4-2BP (prostate cancer cell line, LNCaP subline) (Figure 4.2 ¢). It is interesting to note
that most cell lines derived from lung, renal, prostate, ovarian and breast cancers lacked
ELFS5 expression, even though the organs themselves express this gene. Furthermore, none
of the other epithelial-derived carcinoma cell lines, including HeLa (cervical carcinoma),
AA431 (vulvar cartinoma) and C-33A (squamous carcinoma of the cervix) expressed ELF5
(Oettgen et al., 1999). An analysis of the genomic DNA from some of the carcinoma cell
lines was not able to clarify why ELFS5 expression was not observed in two of the three
breast carcinoma lines, but four of nine lung carcinoma lines displayed evidence for either
loss of an allele or gene rearrangement. Interestingly, the rearrangements observed appeared
to be identical in both independently derived cell lines, suggesting a common mechanism for
loss of function. All lines appear to contain at least one normal ELFS5 allele, but sequence

analysis may reveal smaller mutations that adversely influence expression of ELFS5.

The human ELFS5 gene is localized to chromosome 11pl13-15, a region that frequently
undergoes loss of heterozygosity (LOH) in many types of cancer. Examples tnclude ductal
breast carcinoma (Lichy et al., 1998), lung carcinoma (lizuka et al., 1995), rhabdoid tumor
of the kidney (Hirose et al., 1996), prostate carcinoma (Dahtya et al., 1997; Kawana ef al,,
1997), gastric carcinoma (Baffa et al., 1996), and ovarian carcinoma (Wilson et al., 1996).
ELF5 was independently assigned to the WAGR syndrome (wilms tumor, aniridia,
genito-urinary anomalies and mental retardation) deletion region (Gawin et al., 1995) on
chromosome 11p14.1 (Kas et al., 2000). This region is believed to harbour several tumor
suppressor genes (lizuka et al., 1995; Zenklusen ef al., 1995; Baffa et al., 1996; Feinberg,
1996; Ichikawa et al., 1996; Coleman et al., 1997; Gao et al., 1997), based upon both LOH

data and the ability to inhibit the tumorigenicity in chemically-induced murine squamous
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cell carcinomas upon introduction of human chromosome 11 (Zenklusen et al., 1995). 1t is
interesting to note that other ETS genes implicated in tumorigenesis are thought to be
dominant oncogenes, activated by translocation, amplification or viral insertion, rather than
recessive tumor suppressors. Superficially, ELF5 appears to function similarly to other ETS
family members (DNA binding and transactivation), but it is intriguing that ELF5
expression appears to be lost in many cancer cell lines, a subset of which were found to have
lost an allele or have rearrangement of the ELF5 gene. A preliminary examination of ELFS
expression indicates that ELFS5 is not detectable in a number of primary breast carcinomas,
although it is strongly expressed in adjacent normal epithelium (data not shown, Dr. D.
Venter, personal communication). Thus, it may be possible for an ETS gene, such as ELF5,
to have tumor suppressor properties and to be lost in certain cancers. Indeed, it appears that
ETS1 may function to suppress tumorigenicity of colon cancer cells, whereas it is usually

considered to be an oncogene (Suzuki et al., 1995).

Recently, Xing et al., 2060 demonstrated that overexpression of an ETS protein, PEA3, in
ERBB2/HER2/neu overexpressing cancer cells suppressed the cell growth and tumor
development both in vitro and in vivo. However, this suppression effect was not observed .~
cancer cells with a low level of ERBB2/HER2/neu expression. In addition, it was shown that
the ERBB2/HERZ2/neu promoter activity is downregulated by PEA3 via the ETS binding site
within the promoter. 1t is interesting to observe ELFS5 expression in two human breast cancer
cell lines, MCF-7 and T47D, that have low levels of ERBB2/HERZ2/neu (Chang et al., 1997,
Daly et al., 1997), while ELF5 expression is completely lost in the ERBB2/HERZ/neu
overexpressing breast cancer cell line, ZR-75-1(Chang et al., 1997), suggesting a putative
tumor suppressing activity of ELF5. Recombinant human ELF3 (ESX) protein has been
shown to display high affinity for the ETS binding site in the ERBB2/HER?/neu promoter,
and human ELF3 (ESX) is capable of transactivating this promoter in COS cells (Chang et
al., 1997). Recombinant mouse EIf5 protein has also been shown to display high affinity for
the ETS binding site in the ERBB2/HER2/neu promoter (Figure 3.5 b), although it is not yet
known if ELF5 is capable of transactivation. In addition, it has been shown that ELF3
(ESE1) and ELFS (ESE2a) have opposite regulating activities upon the PSA and PSMA gene
promoters. ELF3 (ESE1) activates the PSMA but represses the PSA gene promoter, while
ELF5 (ESE2a) activates the PSA but has no effect on the PSMA gene promoter (Oettgen et
al., 1999). Therefore, ELF3 (ESE1) and ELF5 (ESE2a) may have different biological

functions in the prostate epithelium. Similarly, Drosophila ets proteins pointed and yan also
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regulate the same genes in the photoreceptor cells with opposite effects (O’Neil er al., 1994;
Rebay and Rubin, 1995). Therefore, one can speculate that while ELF3 transactivates the
ERBB2/HER2/neu promoter, ELF5 may have an opposing effect, and that loss of ELFS
expression could lead to the overexpression of ERBB2/HER2/neu. |

Several circumstantial lines of evidence also suggest that there are unidentified ETS family
members with tumor suppressor properties. An ETS element in the MASPIN promoter
appears to be active in norma! mammary and prostate epithelial cells, but inactive in tumor
cells (Zhang et al., 1997a; Zhang et al, 1997b). MASPIN is a lumor-suppressing serpin
expressed in normal breast and prostate epithelium, where ELF5, ELF3 and ESE3 are also
expressed. Also, a recent report implicating ELF3 (ERT) in the positive regulation of TGF-5
RIT transcription (Choi et al., 1998) notes that a poor TGF responsiveness, observed in many
tumors and thought to contribute to malignant transformation, could be caused by defects in
TGF receptor expression. Potentially, defects in TGF-3 RII transcription could be caused by
lack of the IETS factors that normally promote their expression. However, the transcriptional

activity of ELFS upon MASPIN or the TGF-f RII promoters is not known.

Although the study presented in this thesis has indicated loss of ELF5 gene expression in
some cancer cell lines that are derived from tissues that normally express ELF5, the cause of
this loss of expression is still unknown. One can speculate that certain transcriptional
repressors may suppress ELF5 gene expression in these cells. Alternatively, the ELF5 gene
promoter may be silenced by mechanisms such as methylation and/or mutation. Detailed
characterization of the ELF5 gene promoter in the future may be useful for the identification
of putative transcriptional repressors or methylation/mutation sites of this promoter. In
addition, chromosomal rearrangement and mutations in the ELF5 gene locus may also result
in loss of gene expression. Therefore, sequence comparison between normal and cancerous
ELF5 gene loci may identify these defects. However, we can not rule out the possiblity of a
combination of some or all of above mentioned causes exerting their effect on ELFS

expression in cancer cell lines.
Some ETS factors are found clustered 1ogether on a particular chromosome. For instance,

ETSI and FLII co-localize to chromosome 11q23.24 whereas ETS2 and ERG co-localize to

chromosome 21q22. The process that resulted in the close linkage of these ETS genes is stii}
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debatable. One suggestion is that the closely linked ETS and ERG genes resulted from the
duplication of an ancestral ets gene at the same chromosomal locus, which was then
duplicated to another part of the genome during evolution. However, others suggest that
ancestral ets gene was duplicated onto another chromosome, then through a rearrangement
process, these copies were brought together at the same locus before being further
duplicated to another part of the genome (Laudet et al., 1999). Human ESE3 also appears to
be colocalized with human ELF5 on chromosome 11p14.1 (Kas et al., 2000). Besides their
highly similar expression patterns, these two ETS factors also share a high percentage of
prolein sequence similarity. In addition, both ELF5 and ESE3 are able to transactivate the
same epithelial target genes, PSA and SPRR2A, in vitro (Oettgen et al., 1999; Kas et al.,
2000). Therefore, it will be interesting to elucidate whether these two closely related ETS

transcription factors also share functional similarity.

b i pare s
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Chapter §

Characterization of the mouse and human EIf5 genomic loci
and

Generation of mouse EIf5 knockout ES cells and mice

5.1 Introduction

Gene targeting technology has enabled the investigation of the biological functions of
individual genes in the mouse genome. The phenotypes presented by mice with
gene-specific mutations are extremely useful and informative in determining the functional
specificity of a gene. In certain cases, genetic manipulation of the mouse can be used as an
effective tool in modeling human cancers. As described in Chapter 1, nine Ets family
members in mouse: Etsl (Bories ef al., 1995; Muthusamy er al., 1995; Barton et al., 1998;
Walunas et al., 2000), Ets2 (Yamamoto et al., 1998), Pu.1 (Scott et al., 1994a; McKercher et
al., 1996), SpiB (Su et al., 1997), Pea3 (J. Hassell unpublished results, cited in review by
Graves and Petersen, 1998), Er81 (Arber et al., 2000), Tel (Wang et al., 1997), Flil (Melet
et al. 1996; Hart et al., 2000; Spyropoulos et al., 2000) and EH3 (Ms. A.Y.N. Ng
unpublished results, personal communication), have been disrupted, and the phenotypes of
the mutant mice are distinct. These experiments strongly suggest that each Ets gene has
distinct biological functions within the mouse genome, although many family members
seem to have similar biochemical functions and overlapping expression patterns. ELF5/EIS
is a novel ETS transcription factor with a restricted epithelial-specific expression pattern.
Given its transcriptional activity upon certain epithelial gene promoters, it is important for
us to establish the biological function of the EIf5 gene in the mouse, which may then provide

clues to the role(s) played by the ELF5 gene in human biology and human cancer.

Page 87




Jiong Zhou Characterization and Functional Siudy of a Novel Epithelial-Specific ETS transcription Factor - ELF3

Studies of embryonic stem (ES) cell lines, derived from the inner cell mass of developing
blastocysts (Evans and Kaufman, 1981; Martin, 1981), has facilitated the understanding of
mammalian developmental biology. These totipotent ES cells are easily maintained under
defined culture conditions and are able to generate cells of all lineages, including the
germline, after being introduced into host blastocysts (Bradley et al., 1984; Robertson,
1987). Mice with specific genetic mutations can be generated by introducing the required
mutations into murine ES cells by homologous recombination (Thomas and Capecchi, 1987,
Capecchi, 1989). In addition, ES cells can be differentiated 1o generate certain cell lineages
under appropriate conditions in vitro (Martin, 1981; Doetschman et al., 1985; Robertson,
1987; Risau et al., 1988; Wiles and Keller, 1991; Miller-Hance ef al., 1993; Rohwedel et al.,
1994; Bain et al., 1995). Therefore, ES cell lines are ideal for studying gene functions both

in vifro and in vivo.

Gene targeting technology involves the recombination beiween DNA sequences at a specific
genomic locus and newly introduced DNA sequences that are highly similar (Thomas and
Capecchi, 1987). This technology can be applied to a single cell and/or a whole animal. In
particular, mice with specifically-designed genetic alterations have proven to be useful in
elucidating the functions of individual components of complex biological systems (Thomas
and Capecchi, 1987; Capecchi, 1989). Therefore, gene targeting has become one of the most
reliable methods for studying the biological functions of murine genes. Two gene targeting
strategies, conventional and conditional, are commonly used. However, we will only

concentrate on the conventional strategy used in this study.

The first step in a conventional gene targeting experiment involves the generation of a
targeting vector. This vector must contain sequences homologous to the genomic locus to be
targeted. Modifications in the central portion of the targeting vector, between the
homologous sequences, can be tolerated (Hasty and Bradley, 1993). It is also extremely
important to use isogenic genomic DNA for the construction of the targeting vector because
polymorphisms are present in DNA derived from different genetic backgrounds (te Ricle et
al., 1992) which may affect the efficiency of homologous recombination. In addition,
positive and negative selection markers that are controlled by their own promoters and
poly(A) signals, should also be included in the targeting vector to improve the selection of

correctly targeted events.
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Antibiotic resistance genes, such as the neomycin resistance gene (neo) and the hygromycin
B phosphotransferase gene (Aph), are frequently used as positive seiection markers. Cells
carrying these markers are resistant to G418 and Hygromycin B, respectively. Additionally,
a negative selection marker, such as the herpes simplex virus thymidine kinase gene
(HSV-tk), 1s often used to make cells sensitive to gancyclovir (GANC) or 1-[2-deoxy,
2-fluoro-p-D-arabinofuranosyl]-5 iodouracil (FIAU) (Thomas ef al., 1986; Mansour et al.,
1988; Hasty and Bradley, 1993). The positive selection marker is inserted into or replaces a
desired exonic genomic fragment which results in the disruption, deletion andfor
modification of the functional domain(s) in the targeted allele after the homologous
recombination event. In contrast, the negative selection marker is inserted at the 5'- or 3’-end
of the genomic sequence or into the plasmid backbone in the targeting vector. In this way,
the correctly targeted cells are resistant to both G418/Hygromycin B and GANC/FIAU. In
the case of random integration, cells will carry both the positive and negative selection
markers in the genomic DNA, and hence become resistant to G418/Hygromycin B but
sensitive to GANC or FIAU. The presence of GANC/FIAU will eventually cause death in

cells carrying random integrations (Mansour ef al., 1988).

The targeting vector may also contain a reporter gene to facilitate gene expression studies
(Mansour et al., 1990). For instance, an E. coli -galactosidase gene (LacZ) may be inserted
in-frame with the gene to be disrupted so that the endogenous gene controis LacZ
expression. The expression of LacZ can be easily detected as blue staining in the presence of
the chromogenic substrate, 5-bromo-4-chloro-3-indolyl-f#-D-galactosidase (X-gal) (Horwitz
et al., 1964). Inclusion of a nuclear localization signal (NLS) in front of and in-frame with
the LacZ gene has further improved the detection of the temporal and tissue-specific
expression pattern of the endogenous gene in the cell nuclei (St-Onge et al., 1997; Arber et

al., 2000).

After electroporation of the targeting vector into ES cells followed by selection and
screening to verify the homologous recombination event, the correctly targeted ES cell clone
is then microinjected into blastocysts to obtain germline chimaeras (Papaioannou and
Johnson, 1993). XY bearing ES cell lines are most commonly used, because it is desirable to
produce male chimaeras. Males are produced when the injected ES cells colonize sufficient

portions of the sex-determining tissues in the developing embryo (Pascoe ef al, 1992;
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Papaicannou and Johnson, 1993). The coat colour is a convenient way to detect chimaerism
since mice with different genetic backgrounds ofien have different coal colours. The
proporiion of the ES cell-derived coat colour represents the tissue contribution of the
imjected ES cells in the chimaera. If the coat colour from ES cells constitutes more than
50-60% of the chimaera, the chance of the mutation being in the germline is very high
(Papaioannou and Johnson, 1993). A high percentage chimaera is then mated with wildtype
mice to generate heterozygous mice with the desired mutation in the target gene.
Intercrossing the heterozygous mice will then generate mice that are homozygous for the

desired gene mutation.
This chapter describes the characterization of the genomic structure of the murine and

human FIf5 gene loci and the generation of ES cells and mice with a targeted mutation in the

EIlf5 gene using the conventional gene targeting approach.
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5.2 Results

5.2.1 Isolation of the murine Eif5 genomic clones

Murine EIf5 genomic clones were isolated from a 1295v] AFIXI genomic library
{(Stratagene) using either of two mEI5 cDNA probes. The first probe, corresponding to
nucleotides 181 te 1128 of the mouse Elf5 cDNA (Figure 3.1a), hybridized to two genomic
clones, C5 and C7. The second probe, corresponding to nucleotides 121 to 512 of the mouse
Elf5 cDNA (Figure 3.1a), hybridized to another two genomic clones, C2 and C4.

5.2.2 Characterization of the murine EIf5 genomic clones

A series of oligonucleotides (Table 5.1), derived from the murine Eif5 cDNA sequence, was
hybridized to all four genomic clones to map their relative positions in the Elf5 gene locus
(Figure 5.1). Genomic clones C5 and C7 appeared to be identical. Both clones hybridized to
oligonucleotides P4-P6 and P8-P17, but not to oligonucleotides P1-P3 and P18, indicating
that both clones contain most of the murine Elf5 coding sequence. However, the most 5'-end
of the murine EIf5 cDNA sequence, inciuding the translation start codon, appeared to be
missing in both the geromic clones. Genomic clone C4 also does not appear to contain the
most 5'-end of the murine Elf5 cDNA sequence (including the translation start codon). In
contrast, genomic clone C2 hybridized to oligonucleotides P2-P4 but not to oligonucleotide
P1 indicating that C2 extended further to the 5-end of the murine Elf5 coding sequence,
however, the 5'-UTR sequence appears to be missing in this clone. Therefore, genomic
clone C2 appeared to be partially overlapping with the other three genomic clones C4, C5
and C7 (Figure 5.1). Only C2 and C5 were characterized further for genomic mapping.

A single DNA insert of ~14.5 kb and --16.5 kb in length for C2 and C5 respectively was
released by Nodl restriction enzyme digest. A number of EIf5 gene-specific oligonucleotides
hybridized to both DNA inserts confirming their Elf5 genomic sequence content (Figure
5.2). The A phage DNA from both clones was also characterized further by additional

restriction enzyme digests and oligonucleotide hybridization analysis.
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Figure 5.1 Characterization of murine Elf5 genomic clones by dot blot analysis, Genomic DNA and £{f5 cDNA fragments were immobilized onto the nitrocellulose
membrane and probed with Elf3 gene-specific oligonucleatides (Table 5.1) labelled with {y->2P] dATP. The EIf5 cDNA fragment used corresponds to nucleotides 42 to
1526 of the mouse Elf5 full-length cDNA sequence (Figure 3.1 a), and therefore does not contain oligonucleotide P1. Genomic clones C2 and C4 were only hybridized
with oligonucleotide P1-4. Genomic clones C4, C5 and C7 appeared to have similar 5’ends, whilst C2 had more 5’ sequences. A schematic representation of the
oligonuceotide positions relative to the mouse Eif5 fuli-length cDNA is also shown.* mEIlf5 cDNA used for dot blot analysis only contained oligonucleotides P2-18.
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Figure 5.2 Characterization of murine E¥f3 genomic clones by resiriction enzyme dlgestlon and Southern blot analysxs Genomic fragments are flanked by lleII vector
arms. Restriction enzyme sites for two overlapping genomic clones, C2 and CS5, are shown, Elf5 gene-specific oligonucleotides (Table 5.1) labelled with [y-32P] dATP
were hybridized to genomic DNA fragments digested by restriction enzymes as indicated. Only a number of representative Southern blots are shown.
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Primer Starting Oligonucleotide sequence
name nucleotide

position in

E1f5 cDNAat

Pl 43 5’ GCT GGG AGC GCG CTT GCC TT 3

P2 121 5 TGG ACT CCG TAA CCC ATA GCA CCT 3'

P3 200 * 5¢ GCT GAR CAG ATC GGT CCA AGG CAT CA 3'
P4 257 5* ATC AGT GCA CCC TGA ATA CTG GAC 3’

P5 351 * 5' AGG AGA TGC AGT TGG CAT CAA GCT 3

P6 402 5' GAG TTC ATT GAG GCA GCC GGC AT 3

P7 512 * 5" GCC AGT CTT GGT CTC TTC AGC ATC 3'

P8 558 5S¢ AAG AGT CAA GAC TGT CAC AGC CGA 3'

P9 664 * 5 CAT TCC AGG ATG CCA CAG TT 3°

P10 761 * 5’ CTC GTA CGT CAT CCT GTC ATT C 3’

rll 81n 5 GAC CGG AGG TTA GTG TAC AAr 3'

P12 888 5' GAC ACC AGG CTC ATT TGA TGG A 3¢

P13 1113 * 5* ATT GCT TAR GGG CTG ATG GCA TCG 3'
Pl4 1201 5¢ AGC CAG TGT TAT GGG TGC TG 3’

P15 1301 * 5¢ AAG CTG CCT CAG TCG ARCC GC 3'

Plé6 1362 5* ATC ACA GTT ATA TTC CAT AG 3°

P17 1455 » 5/ GTA ACT T:Z GCT ACA TCC AR 3

P18 1498 S* ACA GTC ACT TGA TCC ACG GCC AAT CC 3¢

Table 5.1 Oligonucleotide sequences and their relative starting positions in the raouse EIf5 cDNA (GeneBank
Accession: AF049702). * represents an antisense oligonucleotide sequence, # murine EIf5 cDNA sequence
shown in Figure 3.1a.

Genomic clone C5 was digested with Sacl, Notl and Sall. Both Notl and Notfl+Sall digests
released a single DNA insert of ~16.5 kb i1 Iength indicating that no additional Sa/l site was
present in CS5 (Figure 5.2). Three Sacl digested fragments were subcloned into pBluescript.
These included (a) an ~2.6 kb fragment hybridizing to oligonucleotides P4-P6; (b) an ~2.9
kb fragment hybridizing to oligonucleotide P7; and (c) an ~2.8 kb fragment hybridizing to
oligonucleotides P8-P17 (Figure 5.2). Two additional Sacl fragments of ~3.2 kb and ~2.1 kb
did not hybridize to any of the Elf5 gene-specific oligonucleotides, and therefore probably
represent intronic Elf5 sequences. Since the total insert size is ~16.5 kb, there must be an

additional ~2.9 kb Sacl fragment masked by the 2.9 kb hybridizing fragment.

Genomic clone C2 was digested with Safl, Sacl and Hindlll. Sall released two DNA
fragments of ~3.2 kb and ~11.3 kb in length. The ~3.2 kb Sa/l fragment hybridized to
oligonucleotides P2-P3, whereas the ~11.3 kb Sa/l fragment hybridized to oligonucleotide
P4 (Figure 5.2). Sacl digestion released five DNA fragments. These included (a) an ~2.6 kb
fragment hybridizing to oligonucleotide P4; (b) an ~5.5 kb fragment hybridizing to
oligonucleotides P2-P3 (Figure 5.2); and (c) three Sacl fragments of ~1.5 kb, ~1.7 kb and
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~3.2 kb in length, that did not hybridize to any of the EIf5 gene-specific oligonucleotides,
and may therefore represent intronic Elf5 sequences (data not shown). Finally, the Hindill
digest veleased three DNA fragments of ~2 kb, ~4.2 kb and ~4.6 kb in length. The ~2 kb
Hindlll fragment hybridized to P2-P3, and the ~4.2 kb fragment hybridized to P4 (Figure
5.2). The ~4.6 kb fragment did not hybridize to any of the EIf5 gene-specific
oligonucleotides and may therefore also represent intronic Elf5 sequences (data not shown).
Since the ~3.2 kb Sall and ~5.5 kb Sacl DNA fragments contained the most 5'-end of the
murine Elf5 gene exonic sequence, they were subcloned into pBluescript for use in

subsequent largeting vector construction.

5.2.3 The partial genomic structure of the murine EIf5 gene

Given that C2 and C5 partially overlap and contain most of the murine Eff5 mRNA
sequence (Figure 5.2), the DNA fragments from these two genomic clones were subcloned
and then sequenced 1o determine the exon-intron structure of the murine Elf5 gene locus.
The genomic structure of the murine EIf5 gene locus was only partially determined due to

inccmplete representation of the Elf5 genomic sequence in clones C2 and C5.

At least seven exons and six introns were identified in ~21.4 kb of genomic sequence
(Figure 5.3). The murine counterpart of human ELF5 exon 2 was not found. The exon-intron
boundaries of the Elf5 gene were obtained by comparing the genomic sequence with the
known EIf5 cDNA sequence. The sequences of exon-intron boundaries and the approximate
exon/intron sizes are shown in Figure 5.3. All exon-intron boundaries conform to the
Breathnach (GT/AG) rule (Breathnach et al., 1978), and all splice donor and acceptor site

sequences are similar to the Mount consensus sequences (Mount, 1982).

The exon/intron organization of the murine EIf5 gene is shown in Figure 5.3. The genomic
DNA fragment containing the 5'-UTR was not isolated. It is assumed that the first exon will
contain this sequence and its exact size is unknown. The ATG translation initiation codon
and the TGA translation termination codon are found in exon 3 and exon 8, respectively,
while exon 8 also contains part of the 3'-UTR. The genomic DNA fragment containing the
remainder of the 3’-UTR was not isolated. The conserved PNT domain spans exons 3 and 4,

whilst the ETS domain is enceded by exons 7 and 8.
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Figure 5.3 Genomic organization of the murine Elf5 gene. The partial genomic structure of murine ElfJ is shown. Exons are represented as numbered solid boxes. Murine
Elf5 gene exon/intron sizes, sequences of exon-intron boundaries and their relative genomic positions are shown. Sequences of splice donor and splice acceptor sites are
shown, along with their match to consensus sequences. All exon-iniron boundaries conform to the Breathnach (GT/AG) rule (underlined; Breathnach et al., 1978).
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5.2.4 The partial genomic structure of the human ELFS5 gene

A ‘working draft’ sequence of human chromosome 11 is available in the GenBank databasé,
and the human ELF5 cDNA sequence is found to match sequence fragments in clone
RP4-5941.9 (GeneBank Accession: AL137224). The genomic structure of the human ELF5
gene was obtained by comparing the genomic sequence with the known ELF5 cDNA
sequences. The sequences of exon-intron boundaries and the approximate exon/intron sizes
are shown in Figure 5.4, however, some of the intron sizes can not be determined accurately
due to incomplete genomic sequence presented in this ‘working draft’. All exon-intron
boundaries conform to the Breathnach (GT/AG) rule (Breathnach et al., 1978), and all splice
donor and acceptor site sequences are similar to the Mount consensus sequences (Mount,
1982).

The exon/intron organization of the human ELF5 gene is shown in Figure 5.4. Eight exons
and seven introns were identified in more than 34.4 kb of genomic sequence. Exon 1
encodes the 5'-UTR for ELF5-a and ELF5-b (see Figure 3.2 a & b), whereas exon 2 encodes
an alternative 5'-UTR and 10 additional amino acids for ESE-2a (see Figure 3.2¢). The ATG
translation initiation codons are found in exon 2 and exon 3 corresponding to isoforms
ESE-2a and ELF5-a/ELF5-b, respectively, and the TGA translation termination codon is
located in exon 8 which also contains the 3'-UTR. The conserved PNT domain spans exons
3 and 4, whilst the ETS domain is encoded by exons 7 and 8. Interzstingly, exons 4 and 5

are spliced out in ELF5-b (Figure 3.2 b & c & ¢}.
5.2.5 Generation of the murine EIf5 gene knockout targeting construct

The main objective of this study is to determine the biological role played by EIf5. One
convenient way to achieve this goal is to completely disrupt its in vivo function(s) and study
the consequent phenotype(s) due to this inactivation. Although the murine counterpart of
human ELF5-a is the only isoform found in tissues examined, murine isoforms
corresponding to human ELF5-b and ESE-2a may exist in a tissue-specific manner.
Therefore, it is important to eliminate all possible functional proteins derived from these

isoforms.
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Figure 5.4 Genomic organization of the human ELF5 gene. The partial genomic structure of human ELFS is shown. Exons are represented as numbered solid boxes. Human
ELFS gene exon/intron sizes, sequences of exon-intron boundaries and their relative genomic positions are shown. Sequences of splice donor and splice acceptor sites are
shown, along with their match to consensus sequences, All exon-intron boundaries conform to the Breathnach (GT/AG) rule (underlined; Breathnach ef al., 1978).
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We used a conventional gene targeting strategy in designing the murine EIf5 knockout
targeting construct. A positive selection marker, the neomycin resistance gene (neo), as well
as a promoterless E. coli LacZ gene with a nuclear localization signal (NLS-LacZ), were
inseried into exon 3, 84 bp downstream of the ATG translation initiation codon. A negative
selection marker, the herpes simplex virus thymidine kinase gene (HSV-tk), was inserted at
the extreme 3'-end of the 3’ homologous arm. A detailed outline of the cloning strategy for

the murine EIf5 gene knockout targeting construct is illustrated in Figure 5.5 a-c.

5.2.5.1 Generation of a positive selection cassette for the knockout targeting construct

The NLS-LacZ reporter gene cassette was a gift from Dr Seung Seng Tan (Howard Florey
Cancer Institute, Victoria, Australia). The ~3.3 kb NLS-LacZ reporter cassette is in a
pBluescript vector between the Clal and X#ol restriction sites (Elf5#1 vector, Figure 5.5a).
An ~1.1 kb neomycin resistance gene (neo) DNA fragment between Xhol and Sall
restriction sites was inserted into the unique Xhol restriction site in the EIf5#1 vector in the
reverse orientation to the NLS-LacZ reporter cassette. The resulting vector (EIf5#2 vector)
therefore contained a positive selection marker and was ready for insertion of the

homologous arms (Figure 5.5a).

5.2.5.2 Generation and cloning of the 5’ homologous arm for the knockout targeting

construct

The ~3.2 kb Sall fragment from genomic clone C2 was subcloned into pBluescript vector,
and then used as a template to amplify the genomic sequence between oligonucleotides T7,
derived from the RNA promoter in the pBluescript vector, and P3 (Table 5.1), an Eif5

gene-specific oligonucleotide. This PCR product contained ~2.1 kb intronic sequence,
located at the 5'-end of the PCR fragment, and the first 84 bp of the EIf5 gene coding
sequence, located at the 3'-end of the PCR fragment. The blunted PCR fragment was
digested with Norl to create a 5'-overhang at the 5 end, and then cloned into a pBluescript
vector cut with Noil and EcoRV. The resulting vector was digested again with NotI and Xhol

to release the Elf5 genomic DNA fragment, and the 5'-protruding end created by X/ol was
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Figure 5.5 Generation of the murine EIf5 gene knockout targeting construct. (a) A schematic
representation of the generation and cloning of the positive selection cassetic and the 5’
homologous arm for the knockout targeting construct. An ~1.1 kb pMClneo is used as a positive
selection marker and an ~2.2 kb Eif5 genomic DNA fragment is amplified as a 5° homologous
arm. An ~3.3 kb NLS-LacZ reporter gene cassetie is cloned in-frame of the £{f3 gene translation
initiation codon.
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converted to a blunt-end terminus with dNTPs and Kilenow DNA polymerase. This DNA

fragment was then inserted into the Elf5#2 vector as a 5’ homologous arm (Figure 5.5a).

In order to have the promoterless NLS-LacZ reporter gene expression controlled by the
endogenous Elf5 gene promoter, it must be placed in-frame and in the same orientation as
the endogenous EIf5 gene. An unique Acclll restriction site was found in the NLS sequence
in the EIf5#2 vector. This site is located upstream of the sequence shown to be critical for
nuclear localization of the protein (Kalderon et al., 1984; Figure 5.5a). The Elf5#2 vector
was digested with No#l and Acclll. The Acclll restriction site was converted to a blunt-end
terminus with dNTPs and Klenow DNA polymerase. The 5' homologous arm was then
inserted into the vector in the same orientation as the NLS-LacZ reporter gene cassette. This
placed the NLS-LacZ fusion gene in-frame of the Elf5 gene (Eif5#43 vector, Figure 55 a &

c).

5.2.5.3 Generation_and cloning of the 3' homologous arm for the knockout targeting

construct

An ~1.85 kb Elf5 genomic DNA fragment was excised using restriction enzymes Xbal and
BamHI from the ~5.5 kb Sacl genomic subclone, derived from genomic clone C2. This
fragment (from intron 3 of the murine EIlf5 gene locus) was subcloned into the pBluescript
vector. An ~1.65 kb Sall fragment derived from this construct was excised and inserted in a

-

forward orientation into a compatible and unique Xkol restriction site in EIf5¢ * vector to
form the 3’ homologous arm. The resulting EIf5#4 vector contained a positive nev selection
marker and a NLS-LacZ reporter gene sequence between two arms with sequences

homologous to the murine Eif5 genomic sequence (Figure 5.5 b).

5.2.5.4 Cloning of the negative selection marker into the knockout targeting construct

An ~1.86 kb herpes simplex virus thymidine kinase gene (HSV-tk) DNA fragment was
end-filled with dNTPs and Klenow DNA polymerase. This fragment was then inserted into
the blunted unique Kpnl restriction site in the Elf5#4 vector in a reverse orientation to the
murine ElfS/NLS-LacZ reporter gene cassette. The resulting vector (EIf5#5 vector) contained

an ~2.2 kb 5' murine EIf5 gene-specific arm, an ~3.3 kb in-frame NLS-LacZ fusion gene, an
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~1.1 kb positive (neo) selection marker, an ~1.65 kb 3' murine Elf5 gene-specific arm, and
an ~1.86 kb negative (HSV-1k) selection marker. Both the positive and negative selection
markers were in reverse orientation relative to EIf5/NLS-LacZ (Figure 55 b & c).

Sequencing confirmed that NLS-LacZ was in-frame with EIf5 (Figure 5.5 ¢).

5.2.6 Generation of the EIf5*" ES cells

The final EIf5 gene knockout construct (EIf5#5 vector) was linearized with Sacll and
electroporated into isogenic 129SvJ J1 ES cells. Three hundred and thirty nine surviving ES
cell clones were picked after 12 days of double selection in G418 and GANC. Genomic
DNA was isolated from these ES cell clones and subjected to Southern blot analysis to

identify correctly targeted EIf5*" ES cell clones.

An ~400 bp DNA fragment, located at the extreme 3’-end of the ~5.5 kb Sacl DNA
fragment (derived from genomic clone C2), was used as a 3'-external probe (Figure 55b &
Figure 5.6 a). Hindlll restriction enzyme sites in the murine EIf5 gene locus were used for
the screening purposes (Figure 5.6 a). The 3’-external probe should recognize an ~4.6 kb
Hindlll DNA {fragment in the wildtype allele. In contrast, an ~8.6 kb novel HindlIl DNA
fragment should be generated by the targeted allele. Eleven ES cell clones (#1, #55, #79,
#95, #130, #202, #213, #274, #293, #301 and #325) were identified as having undergone
homologous recombination. A representative Southern blot is shown in Figure 5.6 b. An
expected ~8.6 kb Hindlll DNA fragment was also detected in all positive clones using a

probe for the neomycin resistance gene (11eo) (Figure 5.6 b).

5.2.7 Generation of the EIf5*" and EIf5™” mice

Eif5”’ ES cell clones #1 and #130 were microinjected into C57B1/6) murine blastocysts,
which were then transferred into the uterine horas of F1 (CBAxCS57Bl/6J) pseudopregnant
female mice. The resulting male chimaeras, exhibiting more than 90% agouti coat colour
due to the 129Sv] genetic background, were mated with EIf5*"* C57BI/6] female mice.
Genomic DNA from the pups was isolated and subjected to Southern blot analysis for the

identification of the EIf5*" mice.
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Jiong Zhou Characterization and Functional Study of a Novel Epithelial-Specific ETS transeription Factor - ELFS

The targeted allele was transmitied successfully into the germline for both Elf5 Y ES ceil
clones. Southern analysis revealed a polymorphism in the wildtype EIf5 gene locus (Figure
5.6 a & Figure 5.7 a). Southern blot analysis using the 3’-external probe identified a single
~4.6 kb Hindill fragment in the 1295v] J1 ES cell DNA, and a single ~2.0 kb HindIll
fragment in C57B1/6J mouse DNA (Figure 5.7 a). Therefore, the EIf5*"* progeny resulting
from the chimaera-C57Bl/6) cross carried wildtype Hindlll DNA fragments of ~4.6 and
~2.0 kb, arising from 129Sv] and C57Bl/6] genetic backgrounds, respectively. In contrast,
the EIf5*" littermates carried the ~8.6 kb 129Sv] targeted allele and the ~2.0 kb C57BI/6J
wildtype allele. This polymorphism was not apparent in 129Svter (Figure 5.7a).

E1f5'- ES No. of Total no. E1f5'" E1£5'/- E1f57-
cell clone litters of pups
#130 77 513 99 80 182 152 0 0
Total number 179 334 0
Ratio 1 : 1.87 : 0
#1 8 43 8 5 13 17 0 0
Total number 13 30 0
Ratio x : 2.31 : 0
Expected Mendelian ratio 1 : 2 : 1

Table 5.2 Genotypes of the progen  from the Ef5 ' intercrosscs determined by Southern blot analysis and/or
PCR.

Intercrossing EIf5*" mice should generate progeny of three different genotypes: Elf5™*,
EIfs*" and EIf5”. The genotypes of the mice were determined either by Southern blot

** mice to harbour two wildtype

analysis or by PCR. By Southern blot, we expect the EIf5
 Hindlll DNA fragments of ~2.0 kb; the EIf5*" mice to have the ~8.6 kb targeted and the
~2.0 kb wildtype bands; and the EIf5™" mice to have the ~8.6 kb targeted bands (Figure 5.6 a
& Figure 5.7 b). The PCR screening strategy uses two Elf5 gene-specific primers, Ps and
Pasi, and a neo gene-specific primer, Pngo. The PCR amplifies a single 169 bp DNA

+i+

fragmeat between Pg and Ppgy in EI5™'" mice, and a single 237 bp DNA fragment between
Pneo and Pas; in ElfS"" mice, whilst both DNA fragments will be ainpiified in the E{,‘.‘I”'

mice (Figure 5.6 a & Figure 5.7 b). Five hundred and thirteen three-week-old mnice derived
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Figure 5.7 Genotyping of mouse tail DNA by Southern blot analysis and PCR. Genomic DNA was
extracted from three week old mouse tails. Southern blot analysis using Hindlll digested genomic tail
DNA and the murine EIf5 3’external probe detected 4.6 kb (129Sv] and 1298vter) and 2.0 kb (C57B1/6J)
wildtype bands, and an 8.6 kb mutant band. (a) Germ line transmission of the targeted EIf3 allele.
Southern blot analysis of Hindlll digested genomic DNA fragments as described above. Elf3*” mice are
identified by the presence of 8.6 kb targeted (129Sv]) and 2.0 kb wildtype (C57BV6J) bands. Elf5*/*
mice are identified by the presence of 4.6 kb wildtype (129SvJ)) and 2.0 kb wildtype (C57BL/6J) bands.
(b) Genotyping of tail DNA from the progeny of a Elf5*” intercross. Souther blot analysis (upper panel)
of Hindlll digested genomic DNA fragments as described above. Elf5* mice are identified by the
presence of 8.6 kb targeted (129Sv)) and 2.0 kb wildtype (C57B1/6)) bands. Elf5** mice are identified
by the presence of only the 2.0 kb wildtype C57BY/6) band. No Elf5”- mutant mice (identified by the
presence of only the 8.6 kb targeted 1298v] band) were detected. PCR analysis (lower panel) detects a
169 bp wildtype band between Py and P,y,, and a 237 mutant band between Py and Pyy,,. A no
template H,0 control is used to detect contamination. Elf5*/ mice are identified by the presence of both
the 169 bp and 237 bp bands, Elf5*/* mice are identified by the presence of only the 169 bp band. No
Elf5”- mutant mice (idertified by the presence of only the 237 bp band) were detected.
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from the ES cell clone #130 were genotyped. Ninety nine male and 80 female mice were
EIf5** and 182 male and 152 female mice were Elf5*". Both screening methods failed to
detect any EIf5” mice. Therefore, the genotype distribution of EIf5*'* : EIf5*" : EIf5™ was 1
: 1.87 : 0 (Table 5.2). For the 43 three-week-old mice derived from the ES cell clone #1, 8
male and 5 female mice were ElfS” * and 13 male and 17 female mice were EIf5*". The
genotype distribution of EIf5** : EIfs*" : Elf5” was 1 : 2.31 : 0 (Table 5.2), therefore the
EIf5™ genotype is embryonic lethal.

5.2.8 The targeted EIf5 gene allele is a null allcle

The homozygously deficient ELF5 mice die in utero, therefore obtaining EIf5” tissue for
analysis to confirm that the targeted EIlf5 allele is truly non-functional is impossible.
However, it was reasoned that the heterozygous allele should produce half the amount of
EIf5 transcript. Expression of EIf5 in adult mouse organs from both EIf5*'* and EIf5*" mice
was analyzed by Northern blot of poly(A)" mRNA probed with the mouse ElfS cDNA
(Figure 5.8). A GAPDH cDNA probe was used to control for RNA loading. Expression of
two Elf5 transcripts, Elf5-a (2.5 kb) and EIf5-b (1.5 kb), are observed in day 18.5 pregnant
mammary glands, day 1 lactating mammary glands and seminal vesicles from both EIf5*"*
and Elf5*" mice. However, the EIf5 mRNA levels in EIf5*" day 18.5 pregnant mammary
glands and seminal vesicles are reduced to ~50% of the corresponding Elf5** organs, and
the EIf5 mRNA level in Eif5*" day 1 lactating mammary glands is reduced to ~25% of the

++

corresponding EIf5™" mammary glands. No additional mRNA. transcript was observed in

these EIf5* organs.
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Figure 5.8 Elf5 expression in Elf5*- and EIfS** tissues. Elf5-a and Elf5-b transcripts are
indicated. Northern blots probed with murine Eif5 ¢cDNA (top panels) and GAPDH cDNA
(lower panels). Relative expression levels of Elf3-b/GAPDH are indicated at the bottom.
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5.3 Discussion

The genomic organization of the human ELF5 gene was determined by comparing a
‘working draft’ sequence of human chromosome 11 with the known ELF5 ¢cDNA sequences.
The human ELF5 gene contains eight exons and seven introns spanning more than 34.4 kb

of genomic sequence (Figure 5.4).

Two murine EIf5 genomic clones, C2 and C5, were found to overlap and contain the known
Elf5 gene coding sequence (Figure 5.2). Both clones were extensively characterized by
restriction mapping and sequencing analysis to determine the genomic organization of the
Elf5 gene (Figure 5.2 and Figure 5.3). The murine EIf5 gene contains at least seven exons
and six introns spanning more than 20.4 kb of genomic sequence. We were unable to find
the murine counterpart of the human ELF5 gene exon 2. Library screening and RACE PCR
using cDNA derived from mouse lung and placenta failed to detect the existence of this

murine exon {data not shown).

Approximately 3% of the surviving ES cell clones (11 out of 339) were correctly targeted
EIfs*" ES cell lines. Interestingly, numerous attempts to generate EIf5” ES cell lines were
unsuccessful with up to 10 mg/ml G418 (data not shown). Large numbers of EIf5*" ES celis
survived whilst the EIf5*"* embryonic fibroblast feeder-layer diminished. Since growth on
embryonic fibroblasts is important for retaining the totipotential capacity of the ES cells
(Bradley et al., 1984), higher concentrations of G418 could not be used. However,
alternative options are available for generating the EIfS” ES cells. For example, the Elf5*"
ES cells can be retargeted with a targeting vector containing a different positive selection

cassette. Alternatively, EIfS” ES cells can be isolated from the EIf5” blastocyst.

The targeted EIf5 gene locus was successfully transmitted through the germline by injecting
two independent Elf5*" ES cell lines, #1 and #130. EIf5*" mice were generated by mating
the male chimaeras with C57BI/6J EIfS*'* female mice. Intercrossing the EIfS*" mice should
generate offspring of three different genotypes: EIf5*'*, EIf5*" and EIfS". The genotype
distribution of 513 mice derived from ES cell clone #130 was found to be 1 : 1.87 : O for
EIfs* EIf5*", and EIf5” respectively (Table 5.2). Similarly, the genotype distribution of 43
mice derived from ES cell clone #1 was found to be 1 : 2.31 : 0 (Table 5.2). The expected
Mendelian ratio is 1 : 2 : 1 for EIf5*"* : EIfS* : EIfs” respectively. No EIf5”" mice were
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produced indicating that EIf5 is essential during murine embryogenesis. The EIf5” embryos
derived from the ES cell clone #130 were found dead during an early embryonic stage. The

initial characterization of this phenotype will be described and discussed in Chapter 6.

The EIf5*" mice derived from both Elf5*"ES cell clones #1 and #130 are viable. However, a
severe mammary gland developmental defect is found in the pregnant and lactating EIf5*"

female mice. This phenotype will be described and discussed in Chapter 7.

Northern blot analysis demonstrates that the targeted EIf5 gene allele in ElfS”‘ mice is
inactivated and consequently the Elf5 mRNA levels are reduced by ~50% in the organs
examined (Figure 5.8). In addition, no additional mRNA transcript is observed in these
EIfs*" organs indicating that the targeted EIfS gene allele is incapable of producing any
functional EIf5 protein. Therefore, any phenotypes observed in EIf5*" and Elfs”
mice/embryos are the result of the inactivation of the Elf5 gene. Interestingly, the EIf5
mRNA level in EIf5*" day 1 lactating mammary glands is reduced to ~25% of the

++

corresponding EIf5™"" mammary glands. One can speculate that the loss of one copy of the
functional Elf5 gene in the developing mammary gland may affect the development and
integrity of the mammary epithelial cells, and hence the level of Elf5 expression in these

cells.
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Chapter 6

EIfS5 is essential during mouse early embryogenesis

6.1 Introduction

Many ETS factors have been shown to have imporlaﬁl functions during embryogenesis (as
discussed in Chapter 1), however, in vivo gene disruption experiments have established
distinct roles played by different Ets family members at different embryonic stages (Scott ef
al., 1994; Yamamoto et al., 1998; Hart et al., 2000; Spyropoulos er al., 2000). Eif5 gene
disruption has resulted in embryonic lethality. It is of interest to try to establish the timing
and the cause of this phenotype. This chapter describes the initial characterization of this
lethal phenotype. It was found that lethality occurred around the implantation period of

mouse embryogenesis.

Mouse early embryogenesis

Mouse embryogenesis spans approximately 19 days. A fertilized mammalian egg develops
into a blastocyst after six cell divisions (Collins and Fleming, 1995; Kaufman, 1999;
Kaufman and Bard, 1999). The blastocyst consists of an inner totipotent and nonpolarized
cell mass (ICM), sitting in the blastocoelic cavity, and an outer differentiated and polarized
trophectoderm (TE). The next step of embryogenesis involves the implantation of the
blastocyst in the endometrial lining of the uterus. The “hatching” of the embryo from the
zona pellucida facilitates contact between the trophectoderm and the endometrial cells, and
this contact leads to the normal decidual response (or decidual reaction) surrrounding the

implanting embryo in the uterus (Bell, 1985).
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Just before hatching (~E4.5), the totipotent ICM cells lining the blastocoelic surface, which
have been exposed to the blastocoelic fluid, delaminate/differentiate to furm primary or
primitive endoderm (Dziadek, 1979), while the remaining ICM cells maintain their
pluripotential properties and form the embryonic epiblast. Embryonic stem (ES) cells can be
derived from the ICM cells at this stage if blastocysts are maintained under defined culture

conditions (Evans and Kaufman, 1981).

After hatching, the trophectoderm cells begin to transform into giant cells during
implantation. This process starts at the abembryonic pole and eventually reaches the ICM
region. In addition, the cells at the polar region of the trophectoderm, overlying the inner
cell mass, contribute to the formation of the ectoplacental cone during implantation (Gardner

and Papaioannou, 1975; Copp, 1978, 1979).
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6.2 Results

6.2.1 Genotyping of prenatal and neonatal mice from EIf5*” intercrosses

Given that EIf5 /- animals were not detected among 513 offspring (at three weeks of age)
from heterozygote intercrosses (Table 0.1), we investigated the timing of the presumptive
neonatal and/or embryonic mortality in EIf5” mice by analyzing the genotypes of neonates

and embryos at various stages of embryogenesis.

Embryonic No. of Total no. Genotypes
stage litters of mice

+/+ +/- -/=
E3.5 9 58 i4 26 18
E7.5 4 40 15 25 0
E8.5 3 i8 6 12 0
E9.5 4 36 8 28 0
El10.5 6 46 17 29 0
El1l.5 7 45 14 31 0
E13.5 1 6 2 4 0
El4.5 1 6 2 4 4]
El8.5 4 33 12 21 0
Neonate 4 24 7 17 H
Adult 77 513 179 334 0

Table 6.1 Genotypes of the embryos, neonates and adulis from the Eif5 *" intercrosses as determined by
Southern blot analysis and/or PCR. The Eif5*" mice used for intercrosses were derived from the EIf5*" ES cell
clone #130. All animals werc of 129SvJ and C57BI/6] mixed genetic background. Tail or yolk sac DNA was
used for genotyping.

EIf5" animals were not detected among neonates and embryos at E13.5, E14.5 and E18.5 by
Southern blot analysis (as described in Chapter 5). PCR analysis of postimplantation
embryos dissected from the decidua at E7.5-11.5 (with the morning of vaginal plug
detection corresponding to E0.5) showed that none of these embryos were EIfs™ (Table 6.1,
PCR analysis as described in Chapter 5). However, empty decidua were often observed at
E£7.5-11.5 in heterozygote intercrosses (data not shown). These results suggested that the

lethality of EIf5”" embryos might occur before E7.5.

We isolated blastocysts from intercrossed EIf5*" females at E3.5. PCR analysis detected
EIf5" blastocysts in a ratio expected for a Mendelian distribution (Table 6.1), suggesting
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that ElfS"" embryos die between E3.5 and E7.5. The specificity of the PCR products was
confirmed by the hybridization of an oligonucleotide, Pas; (Figure 6.1), located within the

expected PCR fragment (see Chapter 5 Figure 5.6 a).

6.2.2 In viirg blastocyst outgrowth assay

To assess the growth capability of Elf5’ embryos, we collected E3.5 blastocysts from
heterozygous intercrosses and cultured them individually in vitro for four days in cES
medium on poly-L-lysine coated petri dishes (Figure 6.2 a & b; two examples are shown).
The genotype of each individual blastocyst was then determined by PCR. All blastocysts
appeared normal morphologically and hatched from the zona pellucida. Following hatching,
EIf5*"* blastocysts attached to the culture dish and developed outgrowths. In contrast, EIf5"
blastocysts did not attach to the culture dish and did not develop outgrowths. Instead, these
blastocysts retained their orginal appearance after 48-72 hours in culture, however, their size
increased dramatically. Trophoblast giant cells could not be found in these Elf5™ blastocyst
cultures. Some of the EIf5" blastocysts also staried to degenerate after 72 hours in culture.

After 96 hours in culture, all of the blastocysts underwent severe degeneration.
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Figure 6.1 Genotyping of blastocysts by PCR and Southern blot analysis. Molecular weight
marker (M) is shown. PCR analysis (top panei) detects a 169 bp wildtype (WT) band between Pg
and P,q,, and a 237 mutant band (KO) between Pyg, and P,g,. A no template H,O control is
shown. Elf5*" blastocysts are identified by the presence of both the 169 bp and 237 bp bands.
EIf5** blastocysts are identified by the presence of only the 169 bp band. EIf5- blastocysts are
identified by the presence of only the 237 bp band. The specificity of the PCR products was
determined by Southern blot analysis (Iower panel) probed with P, ¢, labelled with {y-32P] dATP.
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Figure 6.2 Defective growth of Elf5” blastocysts in vitro. (a) Example #1. Blastocysts were removed at E3.5 from intercrossed EJf5*- female and cultured for four
days in poly-L-lysine-coated petri dishes in ES medium, in 5% CO, at 37°C. All pictures are 400x. The length of culturing time is indicated at the top, and the
genotype is indicated on the left. Only one example is shown for each genotype. All blastocysts were haiched from zona pellucida. All Eif5*/* blastocysts

developed outgrowths. In contrast, Elf5* blastocysts retained their blastocyst appearance after 72 hours in culture, and no obvious trophoblast giant cells were
found around the ICM.
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Figure 6.2 Defective growth of EJf5” blastocysts in vitro. (b) Example #2. Blastocysts were removed at E3.5 from intercrossed Elf3*” female and cultured for four
days in poly-L-lysine-coated petri dishes in ES medium, in 5% CO, at 37°C. All pictures are 400x. The length of culturing time is indicated at the top, and the
genotype is indicated on the left. Only one example is shown for each genotype. All blastocysts were hatched from zona pellucida. All Elf5** blastocysts
developed outgrowths. In contrast, Elf57 blastocysts retained their blastocyst appearance afier 48-72 hours in culture, and no obvious trophoblast giant cells were
found around the ICM.
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6.3 Discussion

Genotyping results of mice derived from two independent EIf5S*" ES clones demonstrated
that EIfS is essential during mouse embryogenesis (Table 5.2). We investigated the time of
death by genotyping necnates and embryos from the Elf5*" intercrosses. No Elf5™ animals
were found from embryonic day 7.5 to birth, however, EIf5” embryos were identified in the
expected Mendelian ratio at the blastocyst stage (E3.5) (Table 6.1). These results indicate
that EIf5” embryos die between E3.5-7.5, during the period of embryonic implantation. Of
nine Ets family members that have been disrupted in mice, Pu.1 + Tel”, Flil”" and Elf3" i
mice were embryonic lethal around EI16.5, E10.5-11.5, E11-12.5 and E11.5-12.5,
respectively (Scott ef al., 1994; Wang ef al., 1997; Hart et al., 2000; Spyropoulos et al.,
2000; Ms. A.Y.N. Ng unpublished results, personal communication). In contrast, Ets2”
embryos died before E8.5 due to growth arrest of the ectoplacental cone. In addition, break
down in the vascular interactions between the embryo and the maternal circulation also
contributes to this embryonic lethality. The disruption of Ets2 resulted in apoptosis of the
embryonic ectoderm (Yamamotc et al.,, 1998). EIf5 appears to be another Ets factor

involved in early mouse embryogenesis.

We investigated the growth potential of EIf5” blastocysts in vitro. Blastocysts (E3.5) from
heterozygous matings were individually cultured for four days (Figure 6.2 a & b). All
blastocysts appeared to be normal morphologically and hatched from the zona pellucida.
Unlike EIf5*"* blastocysts, EIf5™ blastocysts failed to develop outgrowths. The
Elf5-deficient embryos retained their blastocyst appearance up to 72 hours in culture. During
this time, the only perceptible change was a dramatic increase in size. In addition, no
obvious trophoblast giant cells formed around Eif5 7 embryos, which was consistent with the
fact that the EIf5” blastocysts did not attach to the culture dish. Trophectoderm possesses
typical epithelial adhesive and junctional cell contacts (Collins and Fleming, 1995). Failure
of giant trophoblast formation would certainly fead to embryonic death. We are still yet to

determine the status of EIf5 gene expression in this cell type.

The ICM of EIf5*'™ blastocysts expanded quickly during culture whilst in contrast, the ICM
of Elf5” blastocysts appeared 1o be defective in cell proliferation (Figure 6.2 a & b). Some
of the Elf5” blastocysts also started to degenerate after 72 hours in culture. Significantly,

numerous attempts 10 generate EIf5” ES cells by increasing the concentration of G418 were
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unsuccessful (data not shown). Taken together, the results from these in vitro experiments

suggested that EIf5 is required for ES cell proliferation and differentiation.

We do not know yet if cellular proliferation and differentiation in the trOphcctodeﬁn and the
ICM were blocked due to this Elf5-deficiency. Histological and immunohistochemical
analyses of the Elf5” embryos at the time of embryonic implantation will be necessary to
clarify the nature of these embryonic defects at the cellular and molecular levels. Although
Ets2” embryos die around a similar time of mouse embryogenesis, EIf5 and Ets2 play
distinctive biological roles since the presence of one Ets factor cannot compensate for the

deficiency of the other.

Epithelial cell proliferation and differentiation it tightly controlled/regulated during
mammalian development. Misregulation of these processes results in many diseases such as
cancer. Studies of the development of the mouse early embryo may provide insight into the
regulation of epithelial cell proliferation and differentiation. In addition, the identification of
the regulators and the regulating pathways of these processes may be invaluble in future

medical research (Collins and Fleming, 1995).
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Chapter 7

EIfS is essential for mouse mammary gland development

7.1 Introduction

A number of epithelial-specific ETS {ranscription factors (ELF3, ELF5, and ESE3) are
expressed in the mammary gland, suggesting potential functions of these proteins in
mammary epithelium (Chang et al., 1997; Neve et al., 1998; Oettgen et al., 1999; Kas et al.,
2000; also discussed in Chapter 4). We have shown that ELF3 and ELFS can transactivate a
pregnancy- and lactation-assoctated milk protein (WAP) gene promoter in vitro (Thomas et
al., 2000). Others have shown that some ETS proteins may be involved in breast cancer
(Chang et al., 1997; Atlas et al., 2000; Xing et al., 2000). This chapter describes a severe
mammary gland developmental defect observed in pregnant and lactating EIf5* females.

The offspring from those females died as a result.

In order to understand and place into context the mammary gland developmental defect
observed in the EIf5*" females, what follows is a brief description of the three temporal
stages of mammary gland growth and development and some of the genes implicated in this
process, The discussion is limited to the genes that when disrupted, demonstrate a mammary

gland phenotype similar to that observed in the EIf5 * females.

7.1.1 The development of the mouse mammary gland

The mammary gland undergoes development at three distinct stages in the life of the mouse;
in utero, at puberty, and during pregnancy. Before mice reach puberty, there is only a small
mammary ductal tree, embedded in a mammary fat pad, around a nipple. The mammary

ductal tree can elongate and branch quickly through the entire mammary fat pad under the
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stimulation of ovarian hormones. Pregnanacy hormones will then promote alveolar
proliferation, and the alveolar epithelial ceils from the resulting iobuloalveolar structures
will eventually differentiate into secretory epithelial cells at parturition (Robinson et al.,
2000). The essential regulaiory hormonal factors involved during puberty are estrogen,
adrenocorticoid and growth hormone. Estrogen, progesterone and placental lactogen and/or
prolactin are essential during pregnancy (Nandi, 1958; Neville and Daniel, 1987). This
hormonally-induced massive growth during pregnancy never fully regresses after estrus or

weaning {Vonderhaar, 1988).

At the start of puberty (about four weeks of age), proliferation of terminal end buds (TEB) at
the end of the growing mammary ducts leads to elongation and branching of the mammary
tree (Daniel and Silberstein, 1987). The TEB contains both body celils and cap cells that are
the precursors of the mammary epithelial cells and the myoepithelial cells, respectively
(Humphreys et al., 1996). The TEBs will eventually disappear when the mammary ductal
tree penetrates the entire mammary fat pad. During the extension of the mammary ductal
tree, cellular proliferation and death is tightly controlled to achieve ductal morphogenesis
(Bresciani, 1968; Humphreys et al., 1996). A single layer of luminal epithelial cells is found
lining the internal wall of the ducts whereas the myoepithelial cells surround the primary

ducts (Hennighausen and Robinson, 1998).

During pregnancy, a]veoiar epithelial cells differentiate to become secretory cells, resulting
in a number of milk proteins being synthesized under a specific regulating system. WDNM1
is the first milk protein produced at ten days of pregnancy, and it is followed by the
praduction of $-casein and whey acidic protein (WAP) at twelve days and fifteen days of
pregnancy, respectively. Therefore, these proteins are useful in determining the

differentiation state of the mammary epithelium (Robinson et al., 1995).

7.1.2 Genes that are involved in the development of the mouse mammary gland

7.1.2.1 Prolactin receptor (PRLR)

Prolactin is the major ligand for the prolactin receptor (PRLR). Most of the six to eight
week-old PRLR*" females exhibited lactation failure due to the defective development of the

mammary gland after their first pregnancy, whilst PRLR” females were sterile (Ormandy et
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al., 1997; Bole-Feysot et al., 1998). Only 14% of the pups bomn to PRLR'" females
survived. A correlation between the extent of mammary gland development and the lactation
capability was observed in PRLR*" females by histological analysis. The non-lactating
PRLR*" mothers had severely underdeveioped mammary glands in comparison to the
lactating PRLR*"* mothers. A second pregnancy in PRLR*" mothers had improved the
overall pup survival rate to 96%. In addition, aged PRLR*" mothers (at 20 weeks of age) had
an overall pup survival rate of 76% after their first pregnancy, and the overall survival rate
of the pups from these females after their second pregnancy increased to 90%. These results
suggested that one copy of the functional PRLR gene might be insufficient for mammary
gland epithelial cell proliferation during pregnancy and the postpartum period (Ormandy et
al., 1997; Bole-Feysot ef al, 1998), and that an alternative pathway in lobuloalveolar
proliferation and differentiation may compensate for the deficiency of PRLR in the

subsequent pregancies.

7.1.2.2 Stat5a and Stat5h

Binding of PRL to its receptor PRLR leads to the activation of the JAK2, Fyn, and MAP
kinase systems, which in turn, stimulates cell growth (Das and Vonderhaar, 1995; Lebrun ef
al., 1995a, b; Bole-Feysot et al., 1998). Stat proteins are involved in PRLR signaling and
PRL-induced mammary development (Darnell er al., 1994; Horseman and Yu-Lee, 1994;
Wakao et al., 1994; Liu et aL; 1997; Bole-Feysot et al., 1998). Stat5 protein is shown to be
activated by tyrosine phosphorylation in response to PRL stimulation, and this
phosphorylation may be important in mammary gland development and milk protein
synthesis (Gouilleux et al., 1994; Wakao et al., 1994). StatSa and Stat5b are encoded by two
genes with 96% similarity (Liu ef al,, 1995). Although Stat5a™ females are fertile, these
mice had defecis in mammary lobuloalveolar proliferation and terminal alveolar
differentiation resulting in lactation failure (Liu et al., 1997). In contrast, although the
ferliiity of StatSh" females was greatly reduced, those mice that maintained their pregnancy,
delivered normal sized litters and were able to lactate, indicating that StatSb is not required
for normal mammary development and function (Udy et al., 1997; Teglund et al., 1998). In
nonfunctional mammary tissues of Star5a” females, StatSb activity and WAP gene
expression was diminished (Liu et al, 1997). A partially functional gland is observed in
Stat5a” females after three pregnancies and extensive stimulation by suckling. Notably,

Stat5h activity and WAP gene expression in the mammary glands of these females was
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restored after parturition. These results suggested that Stat5b could substitute for Stat5a (Liu
et al., 1998). Teglund et al., (1998) showed that pregnant mice lacking both Stat5a and
Stat5b failed to reach term, however, their mammary gland development during puberty was

normal.
7.1.2.3 Galanin

Galanin, a neuropeptide, is expressed in the lactotrophs of the rodent pitnitary and
hypothalamus where PRL is also expressed. Galanin™ females are fertile, but these mice fail
to respond to pregnancy hormones and are unable to develop mature and functional lactating
mammary glands. Loss of Galanin results in reduced PRL expression in lactotrophs, and
failed proliferation of the lactotrophs (Wynick et al., 1998). Therefore, Galanin may have a

regulatory role in PRL-mediated mammary gland development.

7.1.2.4 Osteoprotegerin (OPGL) and receptor activator of NFxB (RANK)

The TNF family member, osteoprotegerin-ligand (OPGL), and its receptor, RANK (receptor
activator of NFxB), are involved in osteoclast-associated bone metabolism. Interestingly,
despite normal mammary gland development before and during early pregnancy, OPGL™"
and RANK™" females failed to develop functional lactating mammary glands at parturition
due to defects in terminal alveolar differentiation. However, local administration of rOPGL
restored mammary gland functionality in OPGL™" females, but not in RANK” females (Fata
et al., 2000). Therefore, this ligand-receptor relationship is also required for the late

pregnancy-associated mammary gland development.

7.1.2.5 Cyclin DI and cyclin E

Cycliné and their associated cyclin-dependent kinases (CDKs) are critical factors in
regulating the mammalian cell cycle (Sherr, 1994). In particular, the G1 phase cyclins,
cyclin Ds and cyclin E, can reverse the cell cycle blockage effect of the Rb tumor suppressor
gene in response to extracellular growth signals (Weinberg, 1995; Sherr, 1996).
Interestingly, although cyclin DI mice were growth retarded and had neurological
abnormalities, these mice were viable and fertile (Fanti ez al., 1995; Sicinski et al., 1995). In

addition, the pregnant cyclin D1 7~ females failed to undergo lobuloalveolar development in
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their mammary glands resulting in lactation failure. (Fantl et al., 1995; Sicinski et al., 1995;
Fantl et al.,, 1999). The mammary alveoli buds failed to proliferate and differentiate in
response to normal levels of pregnancy hormones. Mammary epithelium transplantation
experiments eliminated any extrinsic cause for the defect in the cyclin D17 mammary gland
(Fant! et al., 1999). Interestingly, the mammary developmental defect was rescued by
replacing the cyclin DI gene with cyclin E (Geng et al., 1999). Transplantation of c¢yclin
DI mammary epithelium harbouring a cyclin E knock-in into wildtype females resulted in

full lobuloalveolar development.
7126 LAR

The LAR receptor-like protein tyrosine phosphatase is thought to be involved in the
transduction of extracellular signals. Interestingly, LAR” females failed to lactate at
parturition due to terminal masnmary alveoli differentiation failure (Schaapveld ef al., 1997).
Therefore, in response to pregnancy hormone stimulation, LAR may be responsible for the
activation of the JAK-STAT or other signaling pathways in mammary gland development

(Hennighausen and Robinson, 1998).

Familial breast and ovarian cancer patients frequently carry mutations of BRCA1Z, a tumor
suppressor gene (Casey, 1997; Hill er al., 1997). Marquis ef al., (1995) demonstrated that
mouse mammary epithelial cells expressed high levels of Brcal during pregnancy but lower
levéls during lactation. Breal” females were fertile, but the mammary ductal trees of these
mice were incompletely formed and did not fully penetrate the mammary fat pad during
pregnancy. Although the terminal mammary alveolar differentiation in Breal™” females was
normal al}d these mice were capable of lactation, ~20% of alveolar epithelial cells were
apotosing. In addition, these Brcal™ females developed mammary gland tumors that were

exacerbated by the loss of p53 (Xu et al., 1999).

7.1.2.8 Plasminogen (Plg)

Plasminogen (Plg) is implicated in tissue remodeling (Sternlicht and Werb, 1999). Lund er
al., (2000) demonsirated that the mammary glands from Plg” females had delayed ductal
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branching that led to smaller mammary glands, and consequently ~28% of the females failed
to lactate at parturition. In addition, the mammary gland involution in Plg"' females was
abnormal resulting in the accumulation of fibrotic stroma. Interestingly, 7% of the Plg*"

females also displayed a similar mammary pheno.type but to a lesser extent (Lund et al.,
2000).
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7.2 Results

Elfs*" females, derived from EIf5*" ES cell clone #130, were fertile and give birth to litters
of morphologicaily normal pups whose numbers were comparable to those of Elf5*"*
females. However, despite normal nursing and mothering characteristics displayed by EIf5*"
females, most of their first litter pups died within 24 hours of birth, and virtually the entire
litter had perished by 48 hours. All pups were observed to attach to the nipple and suckle,
but newborns of EIfS*" females died of starvation and dehydration. Lethality of the
newborns was independent of their genotype (EIf5** or EIf5*"). Examination of r.ne day old
pups revealed that they lacked milk in their stomachs. These results suggested that EIf5*"

females might have 2 mammary gland defect.

No. of First pregnancy Subsequent pregﬁancies
E1£5%/-
mothers
All Some All Death of some or Always
died died survived entire litter died
19 v N/A N/A
1 v N/A N/A
7 v v
15 v v
3 v v
4 v v

Table 7.1 Elf5*" mothers, derived from ElfS*" ES cell clone #130, failed to keep their pups. N/A: uot
applicable.

We studied 49 EIf5*" mothers. Of these, only eight supported some or all of their first litter
pups. Nineteen EIf5*" females were culled after the death of their first litter. Seven Elfs*"
females failed to support any of their pups after multiple pregnancies. In the subsequent
~ pregnancies of eighteen EIf5*" females that lost some or all of their first litter pups, this
lactation problem seemed to be less severe, although unpredictably, part of, or entire litters

still died occasionally. Of five EIfS*" females that supported all of their first litter pups, one
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was culled and the remaining four all experienced problems with lactation in subsequent

pregnancies, resulting in death of the newborn pups.

Two EIf5*" females, derived from EIf5*" 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 age-matched virgin EIf5*'* and Elf5*"
females demonstrated that elongation and extension of the mammary ductal tree, as well as
ductal side branching were comparable (Figures 7.1-7.3). Therefore, we hypothesized that
loss of one allele of the EIf5 gene might affect mammary gland development during

pregnancy.

In EIfS*'* 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 (Figures
7.4-7.6 a-d). In EIf5*" females, increased ductal side branching and formation of the initial
alveolar buds also occurred normally (Figures 7.4-7.6 ¢ and f), 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 EIlf5*" females (Figures 7.4-7.6
e-h). Although some proliferation and terminal differentiation of the alveolar buds in very
localized regions was observed in soine mammary glands in a small number of pregnant
Elf5*" temales (Figure 7.4 h), these glands were in no circumstance comparable to the fully

developed wildtype glands (Figures 7.4-7.6 a-d).

The mémmary gland defects in pregnant EIf5 * females remained evident during lactation.
Full mammary growth was attained in lactating Elf5*"* females one day postpartum. The
alveoli subunits expanded and filled with milk indicating that a functional secretory state of
the’ mammary gland was reached (Figures 7.7-7.9 a-d). In contrast, the alveolar buds in
Elf5*" mammary glands did not proliferate and differentiate, and milk was not produced in
these defective glands (Figures 7.7-7.9 e-h). Dilation of primary ducts was also impaired in
some EIf5*" females (Figures 7.7-7.8 g).
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Figure 7.1 Mammary gland development is normal in virgin EJf5*- females (example #1). Mammary ductal elongation and extension was comparable in age-matched Elf5*/+

and E[f5*~ females (48 days old). Whole mount analyses of mammary tissue of Elf5** (a-b) and Elf5*" (c-d) virgin females. Magnifications: a & ¢ x18.9, b & d x120. The
whole mounts of inguinal mammary glands were stained with carmine red,
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Figure 7.2 Mammary gland development is normal in virgin Elf5*- females (example #2). Mammary ductal elongation and branching was comparable in age-matched Elf5*+
and Elf5*" females (131 days old). Whole mount analyses of mammary tissue of EIf5*/* (a-b) and Elf5*" (c-d) virgin females. Magnifications: a & ¢ x18.9, b & d x120. The
whole mounts of inguinal mammary glands were stained with carmine red.




Figure 7.3 Mammary gland development is normal in virgin E{f5** females (example #3). Mammary ductal elongation and branching was comparable in age-matched Elf3**
and Elf5** femalpg (176 days old). Whole mount analyses of mammary tissue of E{f5*/* (a-b) and Elf5** (¢-d) virgin females. Magnifications: a & ¢ x18.9, b & d x120. The
whole mounts of inguninal mammary glands were stained with carmine red.




Figure 7.4 Mammary gland development is defective in pregnant Elf5** females (example #1). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an 18.5 day pregnant Elf5*" female (118 days old, e-h) in comparison to an E}f5*/* female (121 days old, a-d). Whole mount analyses of mammary tissue of
Elf5+* (a-b) and EIf5*" (e-f) females during their first pregnancy. Magnifications: 2 & e x18.9, b & f x120. The whole mounts of inguinal mammary glands were stained with
carmine red. Part of gland was removed for histological analysis. (Continued on next page)
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Figure 7.4 Mammary gland development is defective ?rl pregnant E{?S*’ females (example #1). Mammary alveolar proliferation and telfmmal differentiation was severely
impaired in an 18.5 day pregnant Eif5*- female (118 days old, e-h) in comparison to an Elf5*/* female (121 days old, a-d). Histological analyses of mammary tissue of Elf5+*
(c-d) and EIf5*-(g-h) females during their first pregnancy. Arrows point to the alveoli. The bar denotes 0.5 mm (c & g) or 0.05 mm (d & h). The paraffin histological sections
(c-d & g-h) of inguinal mammary glands were stained with hematoxylin and eosin, (Continued from previous page)




Figure 7.5 Mammary gland development is defective in pregnant Elf3*- females (example #2). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an 18.5 day pregnant Elf5*" female (116 days old, e-h) in comparison to an Elf5*/* female (136 days old, a-d). Whole mount analyses of mammary tissue of
EIf5*/* (a-b) and Elf5*" (e-f) females during their first pregnancy. Magnifications: a & e x18.9, b & f x120. The whole mounts of inguinal mammary glands were stained with
carmine red. Part of gland was removed for histological analysis. (Continued on next page)




Figure 7.8 Mammary gland development is defective in pregnant EI b females (example #2). Mammm', alveolar prollferatlon and tenmnal differentiation was severely
impaired in an 18.5 days pregnant Eif5* female (116 days old, e-h) in comparison to an EIf5** female (136 days old, a-d). Histological analyses of mammary tissue of EIf5*/* (c-
d) and Elf5*" (g-h) females during their first pregnancy. Arrows point to the alveoli. The bar denotes 0.5 mm (c & g) or 0.05 mm (d & h). The paraffin histological sections (c-d &
g-h) of inguinal mammary glands were stained with hematoxylin and eosin. (Continued from previous page)




Figure 7.6 Mammary 'gland development is defective in pregnant Elf5*” females (example #3). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an 18.5 day pregnant Elf5*~ female (119 days old, e-h) in comparison to an EIf5*/* female (119 days old, a-d). Whole mount analyses of mammary tissue of

Eifs*/* (a-b) and Elf5** (e-f) females during their first pregnancy. Magnifications: a & e x18.9, b & f x120. The whole mounts of inguinal mammary glands were stained with
carmine red. Part of giand was removed for histological analysis. (Continued on next page)




Figure 7.6 Mammary gland developmen: is defective in pregnant Elf5*~ females (example #3), Mammary alveolar proliferation and terminal differentiation was severely
impaired in an 18.5 day pregnant Elf5*~ female (119 days old, e-h) in comparison to an Elf5*/* female (119 days old, a-d). Histological analyses of mammary tissue of Elfy*/+
(c-d) and Elf3*"(g-h) females during their first pregnancy. Ammows point to the alveoli. The bar denotes 0.5 mm (¢ & g) or 0.05 mm (d & h). The paraffin histological sections
{c-d & g-h) of inguinal mammary glands were stained with hematoxylin and eosin. (Continued from previous page)
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terminal differentiation was severely
impaired in an one day postpartum EIf5*- female (127 days old, e-h) in comparison to an Elf5** femaie (127 days old, a-d), Whole mount analyses of mammary tissue of
Elf5*/* (a-b) and Elf5*- (e-f) females after their first pregnancy. Magnifications: a & ¢ x18.9, b & f x120. The whole mounts of inguinal mammary glands were stained with

Figure 7.7 Manunarjr gland developtnent is defective in lactating Elf5*~ females (example #1). Mammary alveolar proliferation and

carmine red. Part of gland was removed for histological analysis. (Continued on next page)




Figure 7.7 Mammary gland development is defective in lactating EIf5*- females (example #!). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an one day postpartum EJf5* female(127 days old, e-h) in comparison to an Ef5*"* female (127 days old, a-d). Histological analyses of mammary tissue of Elf3+*
(c-d) and E{f5*" (g-h) females after their first pregnancy. White arrows point to the ducts, and black arrows point to the aiveoli. The bar denotes 0.5 mm (¢ & g) or 0.05 mm (d
& h). The paraffin histological sections (¢-d & g-h) of inguinal mammery glands were stained with hematoxylin and eosin. (Continued from previous page)
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Figure 7.8 Mammary gland development is defective in lactating Elf3*” females (example #2). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an one day postpartum E[f5*- female (169 days old, e-h) in comparison to an E/f5*/* female (137 days old, a-d). Whole mount anafyses of mammary tissue of

EIf5*"* (a-b) and Eif5** (e-f) females after their first pregnancy. Magnifications: a & e x18.9, b & f x120. The whole mounts of inguinal niammary glands were stained with
carmine red. Part of gland was removed for histological analysis. {Continued on next page)
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Figure 7.9 Mammary gland development is defective in lactating Elf5** females (example #3). Mammary alveolar proliferation and terminal differentiation was severely
impaired in an one day postpartum Elf5** female (137 days old, e-h) in compariscr: to an EIf5** female (130 days old, a-d). Whole mount analyses of mammary tissue of

EIf5*'* (a-b) and Elfy*" (e-f) females after their first pregnancy. Magnifications: a & ¢ x18.9, b & f x120. The whole mounts of inguinal mammary glands were stained with
carmine red. Part of gland was removed for histological analysis. (Continued on next page)




Figure 7.9 Mammary gland development is defective in lactating E{f5*~ females (cxample #3). Mammary alveolar proliferation and terminal differentiation weas severeiy
impaired in an one day postparturn Elf5*- female (137 days old, e-h) in comparison to an Eif5*/* female (130 days old, a-d). Histological analyses of mammary tissue of
EYf3+* (c-d) and Elf5*- (g-h) females after their first pregnancy. Black arrcws poini o the alveoli. The bar denotes 0.5 mm (¢ & g) or 0.05 mm (d & h). The paraffin
histological sections (c-d & g-h} of inguinal mammary glands were stained with hematoxylin and eosin. (Continued from previous page)
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The lactational defect observed persisted in the subsequent pregnancies in EIlf5*" females.
Whole mount and histological examination of the 18.5 day pregnant EIfS*” mammary gland
during a second pregnancy revealed some alveolar development (Figure 7.10 i-1). However,
this development was still under-rated in comparison to the wildtype glands (Figures 7.4-7.6
a-d). The EIf5*" gland at one day postpartum after the second pregnancy did not undergo
massive proliferation and differentiation. The alveolar structures were distended whilst the

primaryv duct failed to dilate (compare Figure 7.10 a-d with e-h).

The EIf5 targeted allele was backcrossed to a pure 129Svter genetic background, and six
EIfs*" females were mated with either EIfS** or EIf5*" males. All six females failed to keep

any of their pups after multiple pregnancies (up to four pregnancies).
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Figure 7.10 Mammary gland development is defective in pregnant and lactating Elf5** females (second pregnancy). Mammary alveolar proliferation and terminal
differentiation was severely impaired in an one day postpartum Elf5* female (140 days old, e-h) and in an 18.5 day pregnant Elf5*- female (150 days old, i-{) whilst normal
mammary development was observed in an one day postpartum Elf5** female (140 days old, a-d). Whole mount analyses of mammary tissue of an E{f5** (i-j) female during
the second pregnancy, and Elf5** (a-b) and Elf5*" (e-f) fernales after their second pregnancies. Magnifications: a & ¢ & i x15.8, b & f & j x100. The whole mounts of inguinal
mammary glands were stained with carmine red. Part of gland was removed for histological analysis. (Continued on next page)
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7.3 Discussion

The mammary ductal tree can elongate and branch quickly through the entire mammary fat
pad under the stimulation of ovarian hormones. Pregnanacy hormones will then promote
alveolar proliferation, and the alveolar epithelial cells from the resulting lobuloalveolar

structures will eventually differentiate into secretory epithelial cells at parturition.

Elf5*" females displayed normal ductal elongation and outgrowth during puberty, and
normal side branching and sprouting of alveolar buds during pregnancy, indicating that the
loss of one EIlf5 allele did not disrupt mammary development at these stages (Figures
7.1-7.6). However, the presence of one mutated EIf5 allele resulted in impaired proliferation
and terminal differentiation of the alveolar buds at lite pregnancy and lactation (Figures
7.4-7.10). We are still yet to determine the precise tiining for the onset of this phenotype, but
our results demonstrate that mammary epithelial cell proliferation and differentiation during
pregnancy and the postpartum period depends on a threshold level of Elf5, and that this level
is unobtainable with just one functional EIf5 allele. Death of the pups born to E/f5 * females
was due to the consequences of inappropriate mammary alveolar growth and a failure in

maternal milk production.

Various factors have been implicated at distinct stages in the proliferation, differentiation
and involution of mammary epithelial structures. The study of various animal models in
which the gene of interest has either been overexpressed or deleted has made it possible to
assign each candidate gene to a specific stage of mammary gland development. It should be
noted however, that with the exceptions of PRLR*" and Plg*" females {Ormandy et al.,
1997; Lund et al., 2000), no other gene identified as being involved in mammary gland

development and function, displayed a phenotype in the heterozygous state.

To gain some insight into where ZIf5 may fit into this scheme, it is instructive to compare
the mammary gland phenotype observed in Eif5 *" females with the phenotypes observed in

other models of mammary gland development and function. Similarities may reveal the

existence of common pathways.

The Elf5*" mammary development resembles some aspects of the phenotypes observed in
mice with deficiencies in LAR, Galanin, Stat5a/StatSb, PRLR and OPGL/RANK (see
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Introduction - section 7.1.2). However, the mammary defect observed in EIf5*" females
most closely resembles that seen in cyclin DI” females (Fantl et al., 1995; Sicinski et al.,
1995). Interestingly, it is suggested that growth factor-mediated transcriptional regulation of
the ¢yclin DI gene may involve ETS proteins (Albanese er 4l., 1995). MAP kinases are
shown to be activated by EGF (Pelech and Sanghara, 1992) and several ETS proteins are
shown to be activated by the MAP kinase signaling pathway (Janknecht ef al., 1993; Marais
et al., 1993; Wasylyk et al., 1993; O’Neill et al., 1994). Also, it is found that overexpression
of p41MAPK or c-Ets-2 can activate cyclin DI promoter activity, which is downregulated by
dominant-negative p41MAK In addition, ETS binding sites were identified within the
proximal cyclin DI promoter (Albanese et al., 1995). Therefore, we propose that Eif5 is a
candidate for the transcriptional regulation of the cyclin DI promoter, especially since Ets2”
and Ets2*" females do not exhibit a similar mammary defect to that observed in cyclin D17
(Fantl et al., 1995; Sicinski et al., 1995) and EIf5*'" females.

Members of the ETS transcription factor family are also implicated in the transcriptional
regulation of the PRL promoter (Bradford et al., 1995; Howard and Maurer, 1995; Bradford
et al., 1996; Bradford et al., 1997; Day et al., 1998). Indeed, the cooperative interactions
between Pit-1 and ETS family members appears particularly important in establishing
pituitary lactotroph-specific PRL gene expression. Interestingly, the E/f5S*" mammary defect
resembled that seen in PRLR*" females. In EIfS*" females, mammary development was
insufficient 1o deliver a lactating gland after the first, and some of the subsequent
pregnancies. Similarly, mammary glands of PRLR™ females displayed severely
compromised alveolar proliferation and failed to lactate after their first pregnancy (Ormandy
et al., 1997). Since disruptions in either EIf5 or PRLR produce a similar phenotype, it is
likely that EIf5 and PRLR participate in the same pathway.

Although the mammary defect observed in EIf5*" females was different to that seen in mice
with the Brcal gene deleted in mammary epithelium (Xu er al., 1999), an ETS protein has
been implicated as a critical regulator of the BRCAI promoter (Atlas et al., 2000). Notably,
null mutations of Brcal in mice resulted in early embryonic lethality (E6.5-9) (Gowen et al.,
1996; Hakem et al., 1997; Ludwig et al., 1997), suggesting another possible link between
Elf5 and Brcal.
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Lactational performance in EIf5*" females on a 129SvJ-C57B)/6J mixed genetic background
correlated with the degree of mammary gland development. The variable phenotype
observed is probably due to a genetic modifier present in one of the genetic backgrounds.
EIf5*" females that were backcrossed to a pure 129Svter genetic background were incapable
of lactation after multiple pregnancies, suggesting that the mammary alveclar developmental
defect was 100% penetrant in the 129Svter strain. The histological examination of these

defective mammary glands is currently underway.

Mammary gland development during puberty, pregnancy, and lactation is coordinated
precisely by the actions of the female endocrine hormones upon the mammary gland
epithelium and stroma (Daniel and Silberstein, 1987). 1t was shown that stromal estrogen
expression mediates mammary epithelial mitogenesis (Cunha et al., 1997) whilst stromal PR
is required for mammary ductal outgrowth (Humphreys ef ai., 1997). Wiesen et al., (1999)
also showed that mammary ductal growth and branching is mediated by stromal EGFR. In
addition, OT expression in the myoepithelial cells, surrounding the alveoli, is required for
milk ejection (Young et al., 1996; Nishimori et al., 1996; Wagner et al., 1997). Although
EIfS is apparently epithelial-specific, we are yet to determine its cellular distribution in the
mammary gland. We cannot rule out the possibility that the mammary alveolar proliferation
and terminal differentiation defect in EIf5*" females may be induced by insufficient
expression of EIf5 in the surrounding stromal environment. If the mammary defect in strain
129Svter is 100% penetrant, EIf5*" mammary alveolar epithelial cell proliferation and
differentiation could be studied by transplanting the EIlf5*" glands into the fat pacs of Ef5*'*

females, which are devoid of mammary epithelium.
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Chapter 8

Final discussion

8.1 ELFS5 is a novel ETS transcription factor

ETS factors have important developmental roles and many ETS factors have also been
implicated in the control of cellular proliferation and tumorigenesis (see Chapter 1). Most
ETS factors identified to date appear to function predominantly in hematopoietic lineages.
However, a subclass of ETS factors that are epithelial-specific has emerged suggesting novel

epithelial functions for the ETS transcription factor family.

ELF3, the first epithelial-specific ETS transcription factor described, was found to have
important in vivo biological functions during embryonic development, and in the adult
where it is required for the morphogenesis and differentiation of epithelial cells of the small
intestine, uterus, prostate and seminal vesicles (Ms. A.XY.N. Ng, personal communication).
Subsequently, the identification of a number of other epithelial-specific ETS transcription
factors has been described. (Bochert et al., 1998; Zhou et al., 1998; Kleinbaum et al., 1999;
Oettgen et al., 1999; Kas et al., 2000; Oettgen et al., 2000; Yamada et al., 2000)

We have identified a novel ETS family member, ELFS (Zhou et al., 1998). Sequence
analysis of the gene revealed the presence of two putative functional domains, the ETS and
PNT domains, that are highly conserved among ETS family members (see Chapter 3).
Variation in the sequences of these domains between ELF5 and other ETS factors has
prompted us to suggest that these differences may confer functional specificity to the ELF5
protein. In vitro studies have demonstrated that EIf5 can function through its ETS domain as

a transcriptional activator (sce Chapter 3). In addition, we and others have also identified a
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number of putative downstream targets for ELF5, such as WAP (Thomas et al., 2000),
SPRR2A, PSP and PSA (Oetigen et al., 1999).

The expression pattern of ELFS5/EH5 appears to be highly restricted to tissues rich in
epithelial celis (see Chapter 4). Cell line studies also demonstrated expression of ELF5/EIf5
in epithelial cells only (see Chapter 4; Octtgen et al., 1999). Therefore, ELFS appears to be

another epithelial-specific ETS transcription factor.

8.2 In vivo biological functions of EIfS

Interestingly, hELFS/mEIf5 share a high degree of sequence similarity in the ETS and PNT
domains with other epithelial-specific ETS factors, such as hELF3/mEIf3, hESE3/mEhf, and
hPDEF(hPSE)/mPse (see Chapter 3). In addition, these ETS family members exhibit
partially overapping expression patterns. Moreover, in vitro studies have demonstrated that
these ETS factors can aiso function through the same ETS binding sites in the promoters of
putative downstream target genes (Oettgen ef al., 1999; Kas et al., 2000; Thomas et al.,

2000). Therefore, questions are raised about the functional specificity of these ETS factors.

Knockoui mouse models are commonly used to study the biological functions of a gene of
interest. Studies on the EIlf3” mouse have established specific functions for EIf3 during
embryonic development and in the aduli (Ms. AY.N. Ng, personal communication).
Importantly, these results showed that other epithelial-specific ETS family members could

not substitute for Elf3-specific functions in the affected tissues.

In order to elucidate the biological functions of Elf5, we have generated an EIf5™ mouse
model. Knockout experiments have demonstrated a crucial role for EM5 during early
embryogenesis (see Chapter 6). Null mutations of the EIf5 gene resulted in embryonic
lethality around E3.5-7.5. In vitro blastocyst outgrowth assays revealed defects in the
cellular proliferation and differentiation of EIf5" blastocysts. These blastocysts failed to
outgrow and attach to *he culture dish, suggesting that EIfs” embryos fail to implant.
Although the status of EIf5 expression in the early mouse embryo and its corresponding
extracmbryohic tissues (before E9.5) is unknown, EIf5 was found to be expressed in the
placenta throughout E9.5-18 indicating a potential function for EIf5 in this tissue (see

Chapter 4). The placenta is derived from the trophoblast (Kaufman, 1999; Kaufman and
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Bard, 1999), and the trophectoderm of the blastocyst is important for the exchange of
metabolites between the mother and the embryo (Collins and Fleming, 1995). The early
lethality of EIfS” embryos may be due to the Joss of EIfS function in the embryonic
trophoblast. However, we can not rule out possible defects in the inner cell mass since these
cells appeared to degenerate in vitro earlier than their wildlype and heterozygous
counterparts. Numerous attempts to generate EIfs" ES cells by increasing the concentration
of G418 were unsuccessful, suggesting that these cells had a growth disadvantage. This
supported the in vitro observation of a prematurely degenerated inner cell mass in EIf5”
embryos (see Chapter 6). However, we are yet to determine the expression paitern of the

E1lf5 gene at this early stage (E3.5-7.5) and thus pinpoint the exact loss of function defect.

A defect involving alveolar proliferation and differentiation was observed in the mammary
glands of pregnant and lactating EIf5*" females. This defect resulted in lethality of newborn
pups (see Chapter 7), indicating that a functional lactating mammary gland requires a
threshold level of EIf5 that is unobtainable with just one functional gene allele. This
phenotype resembled closely that seen in PRLR*" females (Ormandy et al., 1997), however,
PRLR*" females appeared to recover from this mammary defect in their subsequent
pregnancies. Since disruptions in either Elf5 or PRLR produce a similar phenotype, it is
likely that Elf5 and PRLR participate in the same pathway. A number of studies have shown
that ETS factors are potentially involved in the transcriptional regulation of the PRL
promoter (Bradford et al., 1995; Howard and Maurer, 1995; Bradford et al., 1996; Bradford
et al., 1997; Day et al., 1998). At first sight, the fact that the mammary developmental defect
of PRL™ females occurs during puberty (Horseman et al., 1997), may seem to rule out any
EIf5 involvement in this pathway, since the Elf5-induced defect occurs just prior to and
during lactation. However, we can not rule out more severe and earlier mammary
developmental defects in mice that completely lack Elf5 expression. In addition, we cannot
rule out a possible alternative pathway for this mammary deveiopmental period which may
compensate for the deficiency of either EIf5 or PRLR. Albanese er al., (1995) suggested that
transcriptional regulation of the cyclin DI gene might involve ETS proteins. Interestingly, a
similar mammary developmental defect was also observed in pregnant and lactating cyclin
D17 females. Taken together, these results suggest a possible functional relationship
between EIfS and PRL/PRLR and/or cyclin D1. It will be necessary to examine the
expression levels of cyclin D1 and critical factors, such as PRL, PRLR, Stat5a and Stat5b in
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the PRL/PRLR signaling pathway in pregnant and lactating Elf5*" mammary glands to

investigate this possibility.

ETS binding sites have been identified in both PRL and PRLR promoters (Hu et al., 1999,
Jacob et al., 1999). This may suggest that ELF5 is a potential regulator of the PRL/PRLR
signaling pathway. The activities of STATS proteins, as downstream targets of PRL
signaling, may also be affected as a result of ELF5 deficiency. Therefore, studies of the
regulation of the PRL/PRLR promoters and the activities of STATS proteins in response to
ELF5 may further strengthen the hypothesis that ELFS5 is involved in PRL/PRLR signaling
in mammary gland development. Several ETS proteins are shown to be activated by the
MAP kinase signaling pathway (Janknecht ez al., 1993; Marais ef al., 1993; Wasylyk et al.,
1993; O’Neill et al., 1994), and it was shown that the regulation of the cyclin DI promoter
may involve ETS proteins in response to growth factor-mediated activation of the MAP
kinase signaling pathway (Albanese et al., 1995). Therefore, future in vitro growth
factor-associated studies of the transcriptional activity of the cyclin DI promoter in the
presence of ELFS may shed additional light. In addition, expression levels of milk proteins
should also be investigated in EIf5*" mammary glands during pregnancy and lactation. Each
of the milk proteins, such as WDNM1, f-casein and whey acidic protein (WAP), are
expressed at a different stage of pregnancy-associated mammary gland development, and
hence represent different mammary alveolar differentiation states. Thomas et al., (2000)
have shown that ELF5 can upregulate the WAP promoter activity via the ETS binding site.
Therefore, the in vive mammary gland developmental defect in the EIf5*” pregnant female

may coincide with WAP-associated alveolar differentiation.

The human ELF5 gene is localized to chromosome 11p13-15 (sce Chapter 4), a region that
frequently undergoes loss of heterozygosity (LOH) iz many types of cancer. Examples
include ductal breast carcinoma (Lichy et al., 1998), lung carcinoma (lizuka et al., 1995),
rhabdoid tumor of the kidney (Hirose et al., 1996}, prostate carcinoma (Dahiya et ¢l., 1997;
Kawana et al., 1997), gastric carcinoma (Baffa et al., 1996), ovarian carcinoma (Wilson et
al., 1996), and the WAGR syndrome (wilms tumor, aniridia, genito-urinary anomalies and
mental retardation) (Gawin et al., 1995). This region is believed to harbour several tumor
suppressor genes (lizuka et al., 1995; Zenklusen et al., 1995; Baffa et al., 1996; Feinberg et
al., 1996; Ichikawa et al., 1996; Coleman et al., 1997; Gao et al., 1997), based upon both

LOH data and the ability to inhibit the tumorigenicity in chemically-induced murine
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squamous cell carcinomas, upon introduction of human chromosome 11 (Zenklusen et al.,
1995). It is intriguing that ELFS5 expression appears o be lost in many cancer cell lines, a
subset of which were found to have lost an allele or to have a rearrangement of the ELFS
gene. Preliminary examination of ELFS5 expression indicates that ELF5 is not detectable in a
number of primary breast carcinomas, although it is strongly expressed in adjacent normal
epithelium (data not shown, Dr. D. Venter, personal communication). Thus, it may be
possible for an ETS gene, such as ELFS5, to have tumor suppressor properties and 1o be lost
in certain cancers. Deiailed characterization of the ELFS5 gene, including its promoter, in the
future may be useful for the identification of putative transcriptional repressors of the
promoter. In addition, possible methylation/mutation sites throughout the who'le gene or
guene rearrangements that are responsible for silencing the ELF5-specific functions may be
identified by screening the ELF5 gene locus in a wide range of cancers. ETS factors have
been proposed to have tumor suppressor properties and to be critical regulators of tumor
suppressor genes (including Breal) (Suzuki ef al., 1995; Zhang et al., 1997a; Zhang et al.,
1997b; Choi et al., 1998; Atlas et al., 2000; Xing et al., 2000). Interestingly, pregnant and
lactating Brcal™ females exhibited a mammary developmental defect (Xu et al., 1999). In
addition, null mutations of Brcal in mice resulted in early embryonic lethality (E6.5-9)
(Gowen et al., 1996; Hakem et al., 1997; Ludwig et al., 1997), suggesting a possible
functional relationship between EIf5 and Brcal. Therefore, it will be necessary to examine
the expression slatus f Brcal in pregnant and lactating EIf5*" mammarv glands. A
GABPo/f§ heterodimer is capable of regulating BRCA! promoter activity via the ETS
binding site in the promoter (Atlas et al., 2000). This transcriptional regulation property may

be shared by ELF5 and can be studied in a similar system in vitro.

Tubulogenesis and branching morphogenesis are developmental processes common to the
formation of many organs, particularly iung, trachea, salivary gland, mammary gland,
pancreas, prostate, and kidney. ELF5/EIf5 expression has been established in most of these
organs. However, early embryonic lethality of the EIf5™ animals has hindered our study of
the biological consequences of null mutations in the EIf5 gene in these organs. In addition,
loss of EIf5 biological function in other tissues may also be masked by this embryonic
lethality. Ets2” embryos died during early embryogenesis due to defects in trophoblast
function, however, this lethality was rescued by introducing normal extraembryonic tissues
to the mutant embryo (Yamamoto ef al., 1998). Elf5” embryos also displayed trophoblast

defects that may be rescued by aggregation with tetraploid meuse embryos. Alternatively, a
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conditional EIf5" mouse model can be generated that is specific to a developmental process.
Any phenotype resulting from the specific mutation can then be compared with the existing

knowledge in the field and addressed by additional in vitro and in vivo studies.

The conditional gene knockout technology has allowed the study of gene functions specific
to a particular tissue or a developmental stage. A LoxP/CRE system could be used to
generate a mammary-specific EIf5 knockout mouse model via the expression of a CRE
transgene controlled by a mammary-specific gene promoter. ldeally, we would cross our
targeted Elf5 mice with mice expressing CRE under a variety of mammary gland specific
promoters to knockout Eif5 at critical stages of development of the mammary gland.
Similarly, in light of the mammary phenotype observed in EIf5*" pregnant and lactating
fernales, it appears that the WAP gens promoter, turned on at approximately 15 days of
pregnancy, is a suitable candidate for turning off EIf5 expression during this critical period
of mammary gland development. However, a more detailed examination of the EIf5*"
mammary gland is required to determine the timing of onset of this phenotype. If mammary
defects are observed during earlier stages of pregnancy, promoters of other milk proteins,
such as WDNM1 and B—casein, may be used for driving CRE transgene expression in the
conditional knockout. In addition, EIf5 may also be essential during the prepuberal and
puberal stages of mammary gland deveiopment. Therefore, genes, such as ER and PR, that
regulate these developmenial stages may be used to control CRE transgene expression. The
mouse mammary tumor virus-long terminal repeat (MMTV-LTR) was used successfully to
drivie CRE transgene expression in the conditional mutation of Brcel in the mouse
mammary gland (Xu ef al., 1999). This promoter also appears to be active in other epithelial
tissues, including prostate, salivary gland, kidney, lung, pancreas, seminal vesicle,
epididymis, and testis (Tsubura ef al., 1981; Imai et al., 1983). Therefore, conditionz!
mutation of Elf5 using MMTV-LTR driven CRE may facilitate studies of the developinent of

other Elf5-expressing tissues.

Deficiency in tumor suppressor genes, such as p53 (Donchower et al., 1992; Harvey et al.,
1993), Pten (Di Cristofano et al., 199%¥) and Brcal (Xu et al., 1999), has led to the
development of tumors in mice. The potential tumor suppressing activity of EIf5 can be
tested by aging the Elf5*" and Elf5” mice (either rescued by aggregation with tetraploid
mouse embryos or generated as tissues-specific conditional knockout) to determine their

susceptibility to spontancous tumor formation. If these mice do form tumors, they can be
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tested further by challenging with carcinogenic agents for accelerated tumor formation.
Alternatively, mutations of known tumor suppressor genes can be introduced into these mice

and examined for accelerated tumor formation.

8.3 Conclusions

The objective of this study was to isolate and characterize a novel epithelial-specific ETS
transcription factor. We have identified a novel ETS factor, ELF3, that is expressed in
tissues rich in epithelial cells. Gene targeting experiments demonstrated an important role

for EIf5 in the proliferation and differentiation of mouse mammary alveolar epithelial cells

during pregnancy and lactation. Mammary gland development during these stages is

extremely sensitive to the level of Elf5 expression. The Joss of one functional allele leads to
complete developmental arrest of the mammary gland. In addition, we have shown that EIf5
has crucial cellular proliferation and differentiation functions during early mouse
embryogenesis. This function may be related to the implantation of the mouse embryo,
where the loss of function leads to embryonic lethality. This study has also identified
possible functional relationships of ELF5 with a hormone signaling pathway (PRL/PRLR), a
cell cycle regulator (CYCLIN D1), and a breast cancer suppressor protein (BRCA1). The
EIfs*" mouse model generated in this study will make an invaluable contribution towards
understanding the function of ETS transcription factors in mammalian development, and

possibly in human disease.
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Appendix A

a—-GSU
AMLI
APN
ATF2
birR
BRCA1
CAP
CAT
CBF
CDKs
CRE
CREB
CRISP-1
CRISP-3
DNA
E1AF
EGF
EGFR
EHF
ELF1
ELF3
ELFS5
EMSA
Endo A
ERS1
ERF
ERG
ERG-B
ERK
ERM
Erp

ES

ESEl
ESE2
ESE3
ERT
ESX
ETS
ETV1
ETV3
ETV4
ETVe6
EWS
FEV
FIAU
FLI1
F-MuLV
FUS/TLS
GABPa/B
GANC
GAPDGH
GM-CSF
HFN-3y
HIV-1
hph
HSF
HSV-tk

Abbreviations

Gonadotropin-releasing hormone a-subunit

Acute myeloid leukemia 1

Aminopepiidase N

Aclivating transcription factor 2

Biston repressor

Breast cancer 1

Catabolite activator prolein

Chloramphenicol acetyl-transferase

Core binding faclor

Cyclin-dependent kinases

Cre recombinase

Cyclic amp response ¢lement-binding protein

Cysteine-rich secretory protein 1

Cysteine-rich secretory prolein 3

Deoxyribonucleic acid

E1A factor, same as ETV4

Epidermal growth factor

Epidermal growth factor receptor

Ets homologous factor, same as ESE3

E74-like faclor 1

E74-like factor 3, same as ESX/ESE/JEN/ERT

E74-Like Factor 5, same as ESE2 -
Electrophoretic mobility shift assay

Extra-endodermal cytoskeletal protein A

Ets translocation variant gene 1, same as ETV1

Ets2 repressor factor

Ets-related gene

Eis-related gene B, same as FLI11

Extracellular-regulated kinase

Ets-related molvcule, ets translocation variant gene 5
Els-related protein

Embryonic stem

Epithelium-specific Ets transcription factor 1, same as ELF3/ESX/JEN/ERT
Epithelium-specific Ets transcription factor 2, same as ELF5
Epithelium-specific Ets transcription factor 3, same as EHF3
Els-related transcription factor, same as ELF3/ESE1/ESX/JEN
Epithelial-restricted with serine box, same as ELF3/ESE1/JEN/ERT
E26 transformation specific or E-twenty-six specific

Ets translocation variant gene 1, same as ER81

Ets Iranslocation variant gene 3, same as PE1

Ets translocalion variant gene 4, same as E1AF

Ets translocation variant gene 6, same 85 TEL

Ewing’s sarcoma

Fifth Ewing variant

1-[2-deoxy, 2-fluoro-f-D-arabinofuranosyl]-5 iodouracil
Friend leukaemia integration 1, same as ERG-B

Friend murine feukemia virus

Fusion/t(12;16) malignant liposarcoma

GA-binding protein transcription factor alpha subunit/beta subunit
Gancyclovir

Glyceraldehyde phosphate dehydrogenase
Granulocyte-macrophage colony-stimulating factor
Hepatocyte nuclear factor-3y

Human immanodeficiency virus type 1

Hygromycin B phosphotransferase

Heat shock factors

Herpes simplex virus thymidine kinase
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HTLV1
ICM
IsH
ILi2
IL15

H ]
JAKZ
K4
LacZ
LEF1
LOH
LTR
MAP
MEF
MMP13
MMP3
MMP9
MMTV-LTR
MN1
MNs
MoMuLV
MPs
MSV
neo
NERF
NET
NFxB
NKT
NK
NLS
NMR
OPGL
ORF
oT
PAX-5
PDEF
PDGFRp
Pcal
Pip

Plg
PNT
PRL
PRLR
PSA
PSE
PSMA
PSP
PSP94
PTEN
PyMT
RACE
RAG2
RANK
RNA
RT-PCR
SAM
SAPL
SAP2
SFFV
SpiB

Human T cell lymphotropic virus type 1
Inner ceil mass

Immunoglobulin heavy-chain

Interleukin 12

Interleukin 15

Interleukin 2

Janus tyrosine kinase 2

Keratin 4

p-galactosidase gene

Lymphoid enhancer-binding factor 1

Loss of heterozygosity

Long terminal repeat

Mitogen-activated protein

Myeloid elf-1-like facior

Matrix metalloproteinase-13 or collagenase3
Matrix metalloproteinase-3 or stromelysinl
Matrix metalloproteinase-9 or gelatinase B
Mouse mammary {vmor virus-long terrninal repeat
Meningioma nuciear [actor 1

Motor neurons

Moloney murine leukemia virus

Mouse proline rich protein

Moloney sarcoma virus

Neomycin resislance gene

New Ets-related factor

New ets lactor

Nuclear factor of kappa light polypeptide gene enhancer in B-cells
Natuvral killer T cell

Natural kilier cell

Nuclear localization signal

Nuclear magnetic resonance
Osteoprotegerin-ligand

Open reading frame

Oxytocin

Paired box genc 5

Proslate-derived Ets faclor, same as PSE
Platelet-derived growth factor receptor §
Polyomavirus eshancer activator 3
PU.1-interacting protein

Plasminogen

Pointed

Prolactin

Prolactin receptor

Prostate-specific antigen

Prostate-specific Ets, same as PDEF
Prostate-specific membrane antigen
Parotid secretory protein

Prostaie secretory protein 94

Phosphatase and tensin homolog

Polyoma middle T oncogene

Rapid amplification of cDNA ends
Recombination-activating gene 2

Receplor activator of NFkB

Ribonucleic acid

Reverse (ranscriptase-polymerase chain reaction
Sterile alpha motif

SRF accessory protein 1

SRF accessory protein 2

Spleen focus-forming virus

Spieen focus forming virus (sffv) proviral integration B

Page 128



Jiong Zhou

Characterization rnd Functional Study of a Novel Epithelial-Specific ETS transcription Factor - ELF5

SPRR2A
SRE

SRF
STATS
TAD
TCR

TE

TEB
TFE3
TGFBRII
TGM3
TK
TN-C
UTR

Uv
WAGR syndrome
WAP
wHTH

Small proline-rich protein 2A

Serum response element

Serum response {actor

Signal transducers and activators of transcription 5
Transactivation domain

T-cell receptor

Trophecioderm

Terminal end buds

Transcription factor for immunoglobulin heavy-chain enhancer 3
Transforming growth factor, beta receptor I1

Transglutaminase 3

Thymidine kinase

Tenascin-C

Untranslated region

Uliraviolet

Wilms tumor, aniridia, genito-urinary anomalies and mental retardation
Whey acidic protein

Winged helix-turn-helix or winged helix
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Appendix B Common solutions
Acid alcohol RNA loading buffer

1% (v/v) HCI in 70% ethanol

Bouin’s fixative
75% (viv) picric acid, 10% (v/v) formaldehyde, 5%
(v/v) glacial acetic acid

100x Denhardt’s solution
2% (w/v) BSA, 2% (w/v} Ficoll, 2% (w/v) PVP

DNA loading dye
0.42% (w/v) bromophenol blue, 67% (w/v) sucrose,
50% (v/v) glycerol

Eosin

1.25% (wiv) eosin, 0.625% (w/v) potassium
dichromate, 12.5% (v/v) picric acid, 12.5% (v/v)
ethanol, 0.0625% (v/v) glacial acetic acid

Harris’s heamatoxylin

0.5% (w/v) haematoxylin, 5% (v/v} ethahol, 10%
(wiv) potassiom aluminium suiphate, 0.25% (w/v)
red mercuric oxide, 4% (v/v) glacial acetic acid

Luria Bertani broth (iLB)
1% (w/v) tryptone, 0.5% (w/v) yeast exiracl, 1%
(wiv) NaCl, pH7.0

1x PBS
0.8% (w/v) NaCl, 0.02% (w/v) KC1, 0.145% (w/v)
Na,HPO,, 0.02% (w/v) KH,PO,, pH7.4

RNase A
10 mg/ml RNase A, 10 mM Tris-HCi pH7.5, 15 mM
NaCl

0.25% (v/v) bromophenol blue, 0.25% (v/v) xylene
cyanol FF, 50% (v/v) glycerol, 1 mM EDTA pH 8.0

Scott’s tap water
0.35% (w/v) sodium bicarbonate, 2% (w/v)
magnesium sulphate, 1 thymol crystal

SM BufTer
0.58% (wiv} NaCl, 0.2% (w/v) MgS0,.7H,0, 56 mM
Tris-HCL, pH 7.5

SOC Medium
2% (w/v) iryptone, 0.5% (w/v) yeasl extract, 10 mM
NaCl, 2.5 mM KC], 20 mM glucose, 20 mM MgCl,,
20 mM MgSO,

20x SSC
3 M Nadl, 0.3 M sodijum citrate , pH 7.0

1x TAE
40 mM Tris-Base, 1 mM EDTA, pH 8.0

Terrifi¢ Broth (TB broth)

1.2% (w/v) tryptone, 2.4% (w/v) yeast extract, 0.4%
(v/v) glycerol, supplement with 17 mM KH,PO, and
72 mM K;HPQ, prior 1o use

Ix TE
10 mM Tris-HC), 1 mM EDTA, pH 8.0
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Appendix C List of equipment

Agarose gel electrophoresis units

Centrifuges

Electroporation apparatus
Homogenizer

Hybridization ovens
Incubator

Liquid scintiflation analyzer

Microscope

MilliQ bioce)

Parrafin embedding centre
Paraffin microtome
Paraffin processor

PCR machires
Phosphorimager

Shaking incubator

UV illuminator

UV/VIS spectrophotometer

Mini-sub horizontal slab, BIO-RAD
MPH, Intermational Biotechnologies, Inc.

1-15, SIGMA

Biofuge stralos, Heraeus

J2-21 M/E, Beckman

TL106G Ultracentrifuge, Beckman

Gene Pulsar, BIO-RAD

Ika-ultra-turrax T25

XTRON HI2002, Bartelt Instuments
SANYO

1900TR, Canberra Parkard

DMIRB, Leica

DMR, Leica

MZ6, Leica

Millipore

EG1160, Leica

RM2135, Leica

TP1020, Leica

GeneAmp PCR System 2400 and 9600, Perkin Elmer
FLA-2000, Fujifilm

innova 4300, New Brunswick Scientific

GelDoc 1000, BIO-RAD

Lambda Bio20, Perkin Elmer
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Appendix D List of suppliers

American Tissvue Cell Cultures (ATCC)
Rockvilie, MD, USA

Amersham Pharmacia Biotech.
Buckinghamshire, UK

AMRAD
Del Mar, CA, USA

Bartelt Instruments
Heidelberg West, VIC, Australia

BDH Biochemicals
Poole, UK

Beckman
Fullerton, CA, USA

Beckton Dickinson Labware
Franklin Lakes, NJ, USA

BIO-RAD
Hercules, CA, USA

Biolab Scientific
Gymea, NSW, Australia

Bochringer Mannheim
Mannheim, Germany

Bresatec
Austin, TX, USA

Canberra Packard
Mit. Waverlev, VIC, Australia

Clontech
Palo Allo, CA, USA

Difco
Michigan, USA

FUJIFILM
Tokyo, Japan

GIBCO BRL
Paisley, UK

Hoefer
San Francisco, CA, USA

Kodak Scientific Imaging Film
Rochester, NY, USA

ICN Bischemicals
Aurora, Ohjo, USA

Leica
Nussloch, Germany

Life Technojogies Inc.
Paisley, UK

NEN-Life Science Products
Boston, MA, USA

Perkin Elmer
Norwalk, Connecticut, USA

Pierce
Rockford, IL, USA

Progen Industries
Rockford, IL, USA

Promega
Madison, WI, USA

Qiagen
Chatsworth, CA, USA

Sigma
St Louis, MO, USA

Stratagene
La Jolla, CA, USA

Syntex Australia Limited
North Sydney, NSW, Australia
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Appendix E List of Publications and Conference Presentations

Part of the work in this thesis is related and published in the following articles:

Zhou }J, Ng AYN, Tymms M, Jermiin LS, Seth AK, Thomas RS and Kola 1 (1998). A novel transcription
factor, ELF5, belongs to the ELF subfamily of ETS genes and maps to human chromosome 11p13-15, a region

subject to LOH and rearranpement in human carcinoma cell lines, Oncogene 17: 2719-32.

Thomas RS, Ng AN, Zhou J, Tymms MJ, Doppler W, and Kola I (2000). The EIf group of Ets-related
transcription factors, ELF3 and ELFS. Adv. Exp. Med. Biol. 480: 123-8.

Tymms MJ, Ng AYN, Thomas RS, Schutte BC, Zhou J, Eyre HJ, Sutherland GR, Scth A, Rosenberg M,
Papas T, Debouck C and Kola I (1997). A novel cpithelial-expressed E7S gene, ELF3: human and murine
cDNA sequences, murine genomic organisation, human mapping 1o 1q32.2 and expression in tissues and
cancer. Oncogene 15: 2449-62.

Part of the work in this thesis was presented as posters at the following conferences:

Zhou J, Lapinskas E, Peeters J, Venter D, Hammacher A, Prilchard M, and Kola I (2000). Characterization of
mouse Elf5 gene by homologous recombination. 12" Lome Cancer Conference, Lorne, Victoria, Australia,
February 10-13".

Zhou J, Lapinskas EJ, Peeters J, Venter D, Hammacher A, Pritchard M, and Kola | (1999). ELF5: A candidate

tumor suppressor gene?. Third PeterMac Symposium, Melbourne, Victoria, Australia November 7-10",

Zhou J, Venter D, Thomas RS, Pritchard M, and Kola I (1999). £if5 belongs to the ELF subfamily of ETS
genes and maps to human chromosome 11p13-15, a region subject to LOH and rearrangement in human

carcinoma cell lines. 11" Lorne Cancer Conference, Lorne, Victoria, Ausiralia, February 11-14".
Zhou J, Ng ANY, Thomas RS, Tymms MJ, and Kola 1 (1998). A novel ETS transcription factor ELF4* is
related 16 the epithehum-specific £78 factor ELF3. 10" Lome Cancer Conference, Lorne, Victoria, Australia,

February 12-15".

* The novel epithelial-specific ETS transcription factor, ELF5, was originally named as ELF4 by us. It was

found out later that ‘ELF4” has been reserved as a gene name for MEF, another novel ETS transcription factor.
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1. INTRODUCTION

We provide an initial characterisation of two new mammalian ETS
transcription factors, ELF3 and ELF5. Expression of ELF3 and ELFS
appears to be restricted to the epithelial cells of multiple organs, and we are
examining their role in normal mammary differentiation and function, and in
mammary neoplasia. We show evidence that both ELF3 and ELFS5 are able
to positively regulate transcription of the whey acidic protein (WAP)
promoter in mammary epithelial cells, independently of hormone treatment.

1.1 Background

One of the major milk proteins produced by mammary epithelial cells
during pregnancy and lactation is whey acidic protein (WAP). WAP
expression is very low until mid-gestation, after which time the combined __
actions of the glucocorticoid and prolactin pathways produce a several 1
thousand-fold increase in transcription. Transcription is also partly i
dependent upon the binding of factors to the mammary-cell activating factor |
(MAF) site"?, a conserved ETS-like element present in the WAP proximal §
promoter and in the regulatory regions of other mammary specific genes.
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The ETS family of transcription factors regulate gene expression during
normal biological processes such as haemopoiesis, angiogenesis and
cartilage/skeletal development, and aberrant forms have also been implicated
with various types of neoplasia. Despite the large variety of ETS factors,
functions in epithelial cells, such as those in the mammary gland, have not
been examined extensively. Overexpression of PEA3 is, however, associated
with aggressive subsets of breast carcinoma that also overexpress erbB2’,
PEA3 does not appear to be involved in normal mammary function, but may
be required for early mammary development.

We have recently cloned two new ETS transcription factors, ELF3* and
ELF5°. The HUGO Nomenclature Committee has upheld the ELF naming
convention despite ELF3 being cloned and differently named by other
groups (ESX®, ESE-1, jen®, ERT®).

2.  EXPRESSION OF ELF3 AND ELF5

We examined the expression of ELF3 and ELFS in mouse organs by
Northern blot analysis of poly A* RNA. The expression patterns of these two
genes were similar, but both differ significantly to the expression of other
ETS family members. Most other ETS factors are expressed strongly in
haemopoietic compartments, but ELF3 and ELFS5 levels were undetectable
in adult thymus or spleen (Figs 1a and 2a), nor in peripheral lymphocytes of
leukaemic cell lines (data not shown). Strong expression, however, was
observed in a subset of organs that contain secretory epithelial cells, such as
the lung, stomach, prostate and mammary gland.

The mammary gland undergoes distinct phases of growth, differentiation
and regression; from virginal mice to pregnancy, parturition and weaning.
Examination of expression levels through these stages revealed that ELF3 is
present in virginal mammary gland and during early pregnancy, when cells
are proliferating, but drops in late pregnancy when epithelial cells undergo
terminal differentiation and begin to produce milk components (Fig 1b).
Expression remains low during lactation, but reappears upon weaning, when
most of the epithelial cells in the mammary gland are undergoing apoptosis.
Another group’s study made similar findings'’. In situ expression analysis in
human mammary gland confirms that ELF3 is expressed specifically in the
epithelial cells of the ductules and lobular structures (Fig 1¢).

One possible explanation for the pattern of ELF3 expression is that it is
associated with a small proportion of epithelial stem cells, rather than the
differentiated functional cells, and that these cells survive apoptosis to re-
colonise the mammary gland during the next pregnancy.
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Fig. 1. Expression of ELF3. a. Northem blot of mouse organs probed with labelled ELF3 and
GAPDH cDNAs. Li; liver, Lu; lung, Br; brain, Ki kidney, He; heart, Sm; small intestine, Sp;
spleen, Th; thymus, Co; colon, Sk; skin, Ut; uterus, Ov; ovary. b. Northern blot of mouse
mammary gland. V; virgin, P; pregnant, L; lactating, I; involuting. ¢. Human mammary gland
section probed with labelled ELF3 cDNA (light field and exposure).

ELFS is also expressed specifically in human mammary gland epithelial
cells (Fig 2bL), and, in two time points, mammary ELF5 expression is
increased during pregnancy in the mouse (Fig 2a), suggesting that the
temporal pattern of ELF5 expression may be very different to that of ELF3.
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Fig. 2. Expression of ELF5. a. Northern blot of mouse organs probed with labelled ELFS5 and
GAPDH cDNAs. As above, and additional organs St; stomach, Pa; pancreas, To; tongue, Bl;
bladder, 2Fa; fat, 2Ma; mammary gland day2 pregnancy, 10Fa; fat, 10Ma; mammary gland
day 10 pregnancy. b. Human mammary gland section probed with labelled ELFS ¢cDNA (light
field and exposure).

3. FUNCTION OF ELF3 AND ELFS5 IN MAMMARY
GLAND

Expression of the WAP gene has been studied extensively as it is highly
specitic to mammary epithelial cells and is induced several thousand fold
during late pregnancy and lactation. The WAP promoter responds to
lactogenic hormones, but also contains other important transcription factor
elements that are essential for expression. In vitro studies indicate that the
MAF site is critical for maximal WAP expression, independently of
hormone treatment’. Mouse transgenic studies indicate that the site is
important for expression of WAP during pregnancy, but not critical during
lactation, when the promoter is most active and under the control of
hormones’.

The MAF site 1s similar to others described as binding sites for the ETS
family of transcription factors. We have investigated the ability of ELF3 and
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ELF5 to control WAP transcription through the MAF site (herein called
ETS/1) and another adjacent ETS site (ETS/2).
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Figure 3. Transactivation of the WAP promoter by ELF3 and ELF5. a. Co-transfection of an
ELF3 expression vector with WAP promoter-reporter constructs in HC-11 celis.
Transcriptional activity is measured by CAT assay. BOS is an empty expression vector
control. b. As above, but with ELF5. ¢. Schematic of the 133 bp WAP promoter attached to
the CAT reporter gene. ETS/1 (MAF) and ETS/2 are binding sites for ELFs. Mutations m4
and m1 of the binding sites are indicated.

Recombinant ELF3 and ELFS5 proteins are able to strongly interact with
the ETS/1 site, and also more weakly with the ETS/2 site, in electrophoretic
mobility shift assay (data not shown). Consistent with the binding, we found
that both ELF3 (fig 3a) and ELFS5 (fig 3b) were able to transactivate a WAP
promoter construct in a mammary epithelial cell line, although ELF3 was
much more potent than ELFS. Both factors were able to function
independently of lactogenic hormones. A longer promoter construct,
containing more distal hormone response elements, behaved similarly (data
not shown).
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Point mutations (fig 3¢) of either ETS/1 or ETS/2 alone were enough to
disable most transactivation, indicating the EL¥F3 and ELFS5 operate: through
these sites. Both mutations together had only a slightly greater effect,
suggesting that the ETS/]1 and ETS/2 sites work cooperatlvely, both being
required for maximal promoter activity.

4. CONCLUSION

Expression of mammary-specific genes is under the control of both
hormone dependent and independent mechanisms, neither of which may be
totally mammary-specific. It seems that a complex interplay of transcription
factors may be responsible for mammary expression. Our challenge is to
determine whether ELF3 and/or ELF5 are important for the expression of
mammary-specific genes in vivo, and whether they cooperate with other
stimuli, such as prolactin. Because the mammary gland is not a static tissue,
but can continually undergo cycles of growth, differentiation and function, it
will be interesting to examine whether ELF3 and ELF5 operate
cooperatively or differentially during these different phases.
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A novel transcription factor, ELFS, belongs to the ELF subfamily of
ETS genes and maps to human chromosome 11p13- 15, a region subject to
ILOH and rearrangement in human carcinoma cell lines
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The ETS transcription factors are a large family
implicated in the control of cellular proliferation and
tumorigenesis. In addition, chromosomal translocations
involving ETS family members are associated with a
range of different homan cancers. Given the extensive
involvement of ETS factors in tumorigenesis, it becomes
important to identify any additional ETS genes that may
also play oncogenic roles. We identify a novel gene,
ELFS, that appears to belong to the ELF (E74-like-
factor) subfamily of the ETS transcription factor family,
based upon similarity within the ‘ETS domain’. ELFS
displays a similar, but more restricted, expression
pattern to that of the newly isolated epithelinm-specific
ETS gene, ELF3. Unlike most other ETS family
members, ELF5 is not expressed in hematopoietic
compartments, but is restricted to organs such as lung,
stomach, kidney, prostate, bladder and mammary gland.
ELFS5 is localized to human chromosome ilpl3-15, a
region that frequently undergoes loss of heterozygosity
(LOH) in several types of carcinoma, including those of
breast, kidney and prostate. We find that ELFS5
expression is mot detectable in a number of carcinoma
cell lines, some of which display loss or rearrangement of
an ELF5 allele. Similar to other ETS family members,
ELF5 displays specific binding to DNA sequences
containing a GGAA-core. In addition, ELFS is able to
transactivate through these ETS sequences, present
upstrearn from a minimal promoter. Our data suggest
that ELF5 may play roles in mammary, tung, prostate
and/or kidney function, and possibly also in tumorigen-
esis.

Keywords: transcription factor; epithelial celis; cancer;
erbB2; transcription; LOH

introduction

The ETS family of transcription factors share a highly
conserved DNA binding domain, termed the ‘ETS
domain’, first identified in the gag-myb-ets fusion
protein of avian leukemia virus E26 (Nunn er al.,
1983; Waison er af., 1988; Karim er af., 1990; Gutman
and Wasylyk. 1991; Seth ez al., 1992). The ETS domain

Coerrespondence: 1 Kola
Received 18 March 199€. revised 4 June 1998; accepted 9 June 1998

recognizes and binds to purine rich GGA(A/T) cure
motifs in the promoters and enhancers of various
target genes (Macleod er al, 1992; Wasylyk er al.,
1993: Janknecht and Nordheim, 1993; Werner ef al.,
1995; Kodandapani et al., 1996). The ETS family does
not maintain overall similarity outside of the ETS
domain, but can be grouped into subfamilies based
upon variation within the ETS domain, and also by the
arrangement and presence of other domains, such as
those involved in transactivation and sites of phos-
phorylation {Lautenberger e7 al. 1992; Wasylyk er af.,
1993; Janknecht and Nordheim, 1993}, Over 30 ETS
gene family members have been identified in species
ranging from sea urchin to human.

Many ETS factors have been implicated in the
control of cellular proliferation and tumorigenesis
(Seth er al., 1992; Macleod et al., 1992; Wasylyk er
al., 1993; Janknecht and Nordheim, 1993; Scott ¢r al.,
1994a; Muthusamy et al., 1995). ETS1, ETS2, ERG2
and PU.I are proto-oncogenes with mitogenic and
transforming activity when overexpressed in fibroblasts
(Seth et al.,, 1989; Seth and Papas, 1990; Hart er al.,
1995; Moreau-Gachelin ¢7 al, 1996). In addition,
chromosomal translocations involving ETS family
members are associated with different human cancers.
ERG and ERGB/FLI] are fused to the EWS gene in
t(21;22) and 1(11:22) translocations, respectively, in
Ewing’s sarcoma and other primitive neuroectodermal
tumors (Sorensen ef al., 1994; Ida et al., 1995). FEV is
fused to EWS in a subset of E\ing’s tumors in t(2;22)
translocations (Peter er al., 1997). TEL is fused to the
platelet-derived growth factor receptor beta (PDGFRf)
gene in t(5:12) translocations of chronic myeiomono-
cytic leukemia, and to the acute myeioid leukemia !
(AML1}) transcription factor gene in 1(12;21) transloca-
tions of acute lymphoblastic leukemia (Golub et al.,
1994, 1995). Fusion of TEL to the receptor-associated
kinase JAK2 results in early pre-B acuie lymphoid
leukemia in t(9;12), and in atypical chronic myelogen-
ous leukemia in t(9;15;12) (Peeters er al., 1997).
Expression of Spil and Flil can be activated by
position specific integration of the Friend murine
leukemia virus in murine erythroleukemias (Ben-
David er al, 1991). Also, ETS!, ETS2 and ERG
regulate the expression of metalloproteinase genes,
such as stromelysin and collagenase (Buttice and
Kurkinen, 1993; Buttice er al., 1996; Wasylyk ef al.,
1991), which are impostant for extracellular matrix
degradation concomitant with tumor vascularization
(angiogenesis) and metastasis.
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ETS factors also have important developmental
roles. Poimted P2 and yan play critical roles in
Drosophila eye development (O'Neill et al, 1994).
ETS2 is involved in skeletal/cartilage development
(Sumarsonc et al., 1996). PU.1 null mutation results
in hemawpoietic abnormatities (McKercher er al,
1996), and ETSI is involved in transactivation of
genes required for T cell function (Muthusamy et 4.,
1995; Sun et af., 1995; Thomas er al., 1995, 1997) and
angiogenesis (Wasylyk er al., 1991: Vandenkunder er
al., 1994; Wernert et al., 1992).

The ETS factors are aimost all expressed in
hematopoietic lineages (Bhat er al., 1989, 1990; Kola
et al., 1993), and indeed appear to function
predominantly in these cells and sheir related
neoplasms. However, the most common solid tumors
in humans are carcinomas which arise from the
transformation of epithelial cells. Transformed breast
epithelial cells, for example, have been shown to
express ETS family members GABPx, PEA3, ELFI,
ETS1 and ELXi (Scott er al., 1994b; Delannoy-
Courdent er al., 1996), but expression of these ETS
family members is not resiricted to epithelial cells. One
ETS family member, ELF3/ESX/ESE-1/ERT, has
recently emerged with epithelial and epithelial-cancer
specific expression (Tymms er al., 1997; Chang et al.,
1997; Choi er al.. 1998 Qettgen er al., 1997). Given the
extensive involvement of ETS factors in tumorigenesis,
it becomes important to identify any additional ETS
genes that may also play oncogenic roles. especially
those that may be involved in epithelially derived
cancers.

Here we report the cloning and initial characteriza-
tion of a novel ETS family member, ELF5. that
displays a similar, but more restricted, expression
pattern to that of ELF3. In a comparison of ETS
domains., ELF5 displays strongest similarity to the
ELF/E74 subfamily of ETS factors. and is most closely
related to ELF3. Other than a conserved pointed
domain, however. ELF5 has little similarity to ETS
family members outside of the ETS domain. ELFS
functions as a transcription factor with similar
sequence-specific DNA binding characteristics to other
ETS family members.

Results

Isolation of mouse and human ELF5 cDNAs

The murine E/f5 cDNA was is¢lated from an adult
mouse lung ¢cDNA library following screening with a
cDNA probe containing the ETS domain of human
ELF3. Amalgamation of sequence data revealed a
1437 bp sequence with a maximum open reading frame
(ORF) of 759 bp. predicted to encode a 253 amino acid
protein of approximately 21 kD (Figure la). An
upstream, in-frame stop codon suggests that this
ORF represents the fuil-length coding sequence ol
ELFS5. No evidence was found for alternative splicing
within the ORF. Additional 91 5p of 5, and 696 bp of
3’ sequences were obtained by reverse transcriptase
polymerase chain reaction (PCR) and rapid amplifica-

tion of ¢cDNA ends (RACE), using day 14 mouse

placental RNA. Sequence analvsis revealed two
discrete polyadenylation signals present in the ¥

uniranslated region (UTR). The first of these (at
1391 bp) appears 1o be an overlapping poly(A)* |

recognition signal, AATTAA and ATTAAAA, similar
to that identified in the gene for C4b-binding protein
by Kristensen ¢r al. (1987). The second is a consensus
polyadenylation signal, AATAAA, at 2181 bp. These
polyadenylation signals are found close to the ¥
termination of the original clone and the 3' RACE
product, respectively. suggesting that these represent

polyA signals for two separate mRNA products. Thus, ;
the two predicted Elf5 ¢DNAs are 2224 bp and |
1528 bp long. Northern blot analysis, using the Elf5 ;
coding sequence as a probe, confirmed the presence of !
two predominant Eff3 transcripts in placental tissue, -
Elf5-aq and EIf3-b, of approximately 2.5 kb and 1.5 kb !
respectively. Only Elf5-a was identified using a 3 UTR
fragment from between the polyadenylation signals as
a probe (Figure 1b), indicating that the transcripts
differ in 3" UTR sequences. Interestingly, the sequence |
found in Elf5-a, but not Elf5-b, contains multiple
ATTTA motifs that are associated with rapid mRNA !
1992;

turnover (Savant-Bhonsale and Cleveland,
Akashi et al., 1994).

A human ELF5 ¢cDNA fragment was isolated from a

human lung cDNA library following screening with a
¢DNA probe containing the coding sequence of mouse

Elf5. The full coding sequence of human ELF5 was i
then obtained by reverse transcriptase PCR and RACE |
using human placental RNA. Unlike the mouse, no .
evidence was found for the utilization of multiple
polyA* signals in human ELF5, which is supported by -

the observation of a single transcript in Northern

analysis of human tissues (see Figure 5a). Analysis

revealed that the ELF5 sequence is predicted to encode
a 255 residue amino acid protein.

Comparison of human and mouse ELF5 amino acid
sequences

The predicted amino acid sequences of human and :

mouse ELF5 are highly conserved, with approximately
95% identity (Figure 2a). Only a single amino acid

substitution was observed within the putative ETS :

domain of human and mouse ELFS. and most of the
other differing amino acid residues in the full-length
sequences are conservative substitutions (8/13), suggest-
ing that the two proteins are homologs (i.e. having an

inferred common ancestry). Interestingly, human ELF5 -
does. however, coatain an additional two amino acid |
insertion compared to mouse EIf5. In addition to the !

ETS domain, other features appear te be conserved
between these two sequences. These include a putative

‘pointed’ domain (Seth er al., 1992: Lautenberger et al.,
1992) and several consensus casein kinase [I (CKII} ;
(Pinna. 1990), protein kinase C (PKC) (Kishimoto ¢t :
al., 1985, Woodget et al, 1986) and tyrosine kinase :
(Patschinsky et al., 1982; Hunter, 1982; Cooper ¢f al..
1984) phosphorylation sites. The ETS and pointed :
domains are discussed below, with reference to other |

ETS family members, but the significance of consensus

phosphorylation sites in ELF3 have not yet been ;

determined.

The ETS domain found within ali members of the ;

ETS family is responsible for sequence-specific DNA

binding {Seth er al., 1992; Lautenberger ef al, 1992 j
Wasylyk er al., 1993). The putative ETS domain of

o

it




human/mouse ELFS, situated at the carboxyl terminal
of the protein, is highly similar to that of human/
mouse ELF3, with amino acid identity being 67%.
However, this demain is only moderately similar to
that of other ETS family members, with the highest
amino acid identity being 49% to human NERF, 48%
to Drosophila ETS4 and E74A, and 46% to human
ELF1 and ELK1 (Figure 2b). Sequence identity to
other family members is in the range of 44-36%.
However, amino acids highly conserved amongst ETS
family members (Janknecht and Nordheim, 1993) are
well conserved in ELF35 (23/38). Some of these highly
conserved residues, such as the three tryptophan
residues in the carboxyl half of w.e ETS domain.
have been demonstrated to be structurally critical for
DNA binding of otaer ETS family members (Wang e/
al.. 1992; Wasylyk et al., 1992).

Based on ETS domain similarities, a recent
phylogenetic analysis (Graves and Petersen, 1998) has
proposed the grouping of ETS factors into subfamilies,
one of which is the ELF (E74-like-factor) subfamily.
The ELF subfamily includes Drosophila E74A, human
ELF1 and NERF. We generated a phylogenetic tree,
including ELF5 and recently isolated ELF3, by
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maximum likelihood analysis of the ETS domain
(Figure 2¢). It shows that the human and mouse
ELF5 sequences group most closely with the human
and mouse ELF3 sequences, and that both ELF3 and
ELF5 are most closely related to Drosophila ETS4.
E74A and human ELF] and NERF within the ETS
family. Thus, Drosophila ETS4. and human/mouse
ELF3 and ELFS may also fall into the ELF subfamily
of ETS factors. It is for this reason that ELFS5 is so
named. The phylogenetic relationship of the mELF3,
dETS4, hELF1, hNERF, dE74A, hTEL., dYAN,
hERM, mERS8], mPEA3, hELK!, mERP and hSAPI
sequences is identical to that published recendy
(Tymms et al, 1997) whereas the phylogenetic
relationship among the remaining 12 sequences
(ELF5 excluded) is different. These differences occur
al the basal bipartitions in the data, probably due 10
the use of a more rigorous phylogenetic method than
that used previously. The same phylogenetic relation-
ship among the ETS domains in dYAN, hTEL,
dE74A, hELF1, hNERF and dETS4 was reported by
Graves and Petersen (1398), who obtained a majority-
rule consensus of 1000 neighbor-joining trees generated
by bootstrap anaiysis.

- 28S

- 18S

Murine £/f5 cDNA sequence and relationship to mRNA transcripts. (a) The nucleotide sequence of murine Eif3 is shown.

Breaks in the sequence indicate the source of sequence data; the central region (92— 1528) was sequenced rom lambda clones. and 3
prime and 3 prime were added (rom sequencing of RACE PCR products. Numbering of the nucleotides. starting with the most 3-
prime sequences obtained, are indicated on the right. The open reading frame {ORF) is shown in capital letters, with the initiating
Aart and stop codons undes fined. A siop codon, in the same reading frame as the ORF. but 3 prime 10 the initiating codon, is also
underlined. The ETS domain is indicated in a shaded box. Putative polyadenyiation sigrals ace underlined with dashed tinzs, A/T
rick tracts in the 3 prime untranslated region are boxed. (b} Northern blot analysis of day 14 mouse placenta: lane 1, probed with
random-pritie-labeled 940 bo Srvl murine Eif5 cDNA fragment (probe 1): lzue 2. probed with random-prime-labeled murine Elf5
696 3p ¥-RACE PCR product {probe 2;. Positions of 288 and 188 vaarkers are indicated, Both lanes were also probed with

GAPDH clINA (lower pancls)
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The phylogeny in Figure 2c¢ shows the unrooted
relationship among 28 ETS domains. Any attempt to
infer its root would lead to the conclusion that there
has been substantial variation in the substitution rate.
Because variation in this rate may affect the chances of
recovering the true phylogenetic tree (Hillis er al.,
1994}, we remain cautious about the phylogeny as a
whole. However, if we assume that the root is
somewhere near the center of the tree. we may focus
on the evolution of ETS domains in dYAN, hTEL,
dE74A, hELFl, hNERF, dETS4, hELF3, mELF3,
hELF5 and mELFS5. Given that these ETS domains
occur in three taxa, we can infer at least four gene
duplications (A, B, C and D in Figure 2c). The first
two gene duplications (A and B} involves both
proiostome and deuterostome taxa (Drosophila and
mammals, respectively) and therefore must have
occurred before the origin of the deuterostome lineage
550~750 Myr ago (Doolittle er al., 1996). A third gene
duplication (C) involves two mammalian lineages
(Redenta and Primata) and therefore must have
occurred 115-129 Myr ago (Easteal and Herbert,
1997). A fourth gene duplication (D) involves human
sequences only and therefore we can not infer its age.
Consequently, we conclude that hELF5 and mELF3

(like hELF3 and mELF3) are orthologous gene
products (i.e. their origin can be traced back to a
speciation event} and that ELF3 and ELF5 are
paralogous gene products (i.e. their origin can be
traced back te a gene duplication) (for more details on
ortholegy and paralogy, see Moritz and Hillis, 1996),

The large degree of sequence divergence among ETS
domains (Figure 2b) is paralled by considerable
amounts of sequences variation outside of this
domain. For instance, similarity between the non-ETS
domain ELF5 and ELF3 sequences is very low, with
PEST (Tymms et al, 1997), serine rich and high
mobility group (HMG) (Chang et al., 1997), and A/T
hook (Oettgen et al., 1997) domains reported in ELF3
not apparent in ELF5. However, the pointed domain
present in many of the ETS family, such as poinred,
TEL, yan, ETS) and ELF3, also appears to be present
in ELFS5, The pointed domain present in many ETS
factors displays weak similarity to helix-loop-helix
domains, responsible for protein-protein interactions
(Littlewood and Evan, 1994). The hELF3 pointed
domain displays 26% amino acid residue identity to
that of ERG, and 23% to 19% amongst a range of
other ETS family members, including hELF3. hTEL.
hGABPa, hETS!, hETS2, dYAN and dPOINTEDP2

a

hELFS 50
mELFS 50
hELFS PE HVWEWLOECCDQYMEDTHETE FCHENI S o EEVER 100
mELFS PEYRINPRVWERLOFCCIKYY XLDANC TS ECHFR I SGLOLC! 4 34 100

[ - i
RELFS AGFCGEYLYFILONIA * SFENDARESKATIKDYADSRELKTSG IRSG 150
mELFS AGLCGEYLYFILONII SEFNDAEETXTG IKDYADS SCLKTSGTINQ 150
hELFS BECHEHSRTSLOSSHLKE LIHPEENCGILEWEDREGGI FRVVESEA 200
mELES DCHS-=RTSLOSS FVED! ENCGITEWEDREQGIFRVVESER 198
CHIT
hELF5 LAKMHGORICN KLSRALRYYYKTGILERVDORRL KEAHGW 250
mELFS LAKMNGORKEND] RALRYYYKTRILERVDRRLV' MKRHEN 248
TyP

hELFS QEDHL* 285
mELFS QEEKL® 253

b IDENTITY
{%)
hELTS LHEFVADLLLSPE-ENCGILEWIDREQGI FRVV~=LSEALAMMRGORK~CIDRME YEKLSRALRY YYKTGILERVD--RRLVYKF 130
mELFS LMEFVROLLLSPE-ENCGILEVEDREQGI FAVV~=-KSEALAMMWRGORK -KNDRMTYEKLSRALRY Y YKETRILERVD=-~RRLVYKF 28
hELF3 LWEFIRDILIAPE~LNEGLMEWLNAREGVFKFL- - RSEAVAQLWGEIKK - KNSWMT YEKLSRAMRY YYKREILERVD-GRRLVYKF 67
mELF3 LWEFIRDILIBFPE-LNEGLMKWENRHEGVFKFL--RSEAVAQLWGOKK-KRSNMTYEKLSRAMRY Y YKRETLERVD-GRRLVYKF 67
ANRERE LWEFLLDLLODKN-TCPRY IKWTQREKGI FKLV- - DSKAVSKLWGKHK-NKPDMNY ETMGRALRYY YORGI LAKVE -GORLVYQF 19
dETSS LWOFLKELLASPQ-VNGTAIRWIDRSKGI FKIE~-DSVRVAKLWGRRK-NR PAMNY DKLSRS IRQYYKKGIMKKTERSQRLVYQF 48
dET4A LWEFLLKLLQDRE-YCPRFIKWTNREKGVFKLY~~DSKAVSRLWGMHE -NKPDMN YETHMGRALRY Y YQRGILAKYD=-GQRLVYHF 18
hELF1 LWEFLLALLQDKA=TCPKYIKWTQREKGIFKLV- - DSKAVSRLWGKHK-NKPDMNYETHGRALRY Y YORGILAKVE~GQRLVYQF 48
hELK1 LWOFLLOLLREQ-~-GNGHIISWTSRDGGEFKLV -~ DAEEVARLWGLRK~NKTHMNY DKLSRALRYYYDKNI I RKVS -GOKFVYKE 46
hTEL LWBYVYQLLSDS-~RYENFIRWEDKESKIFRIV-~ DPNGLARLWGNHK=-NRTHMT YEKMSRALRHY YKLNI IRKEP-GORLLFRF 44
hERM LWOFLVTLLDDP--2ANAHEIAWTGR-GHMEFKLI ~~EPEEVARRHWGIOK-NR PAMNYDKLSRSLRYYYEKGIMQKVA-GERYVYKF 14
mERGL LWQELVALLDOP--SNSHEIANTGR-GMEFKL] - -EPEEVARRWGI U5 -NRPAMNY DKL SRSLIRY LYEKGIMOKVA-GERYVYKE 14
mPEA3Z LWQFLVALLDOP-~THAHFIAWTGR-GMEFKLI -- EPEEVARLWGIQK~NRPAMNY DKLSRS LRfY:fE KGIMQOKVA-GERYVYKFE 14
mGREP& LWOFLLELLTDK~-=-DARDCISWVGDES-EFKLN - ~0PELVACKHGORK-NKPTMNYEKLSRALRY YYDGDMICKVQ-GKREVYKE 44
mERP LWQFLLHLLLDQ- -KHEHLICWTSNOG-EFKLL-~KAEEVAKLWGLRK-NKTRNNYDKLSRALRYYYDKNI IKKV 1 -GQKEVYKF 42
dETS6 LWOFLLELLADS ~~SNANAISWEGQS G- EFRLI - DPDEVARRWGERK - AKPHMNY DRLSRALRY YYDKNIMTKVE~-GKRYRYKE 12
mPyl LYQFLLDLERSG—CMXDS IWWVDKDKG TFOFSSKHKEALAHRWGTOKNE - ITYQKMARRLRNYGKTGEVRKVE-~KKLTYQE 12
hPE1 LWHFILELLOKE~-EFRHVIRWQOGEYCEFVIK-~DPDEVARLWGRRK ~ APOMNYDKLSRALRYYYNKRILHKTH-GKRETYKF §2
hSAP1 LWOFLLOLLOKP--QNKHMICHTSNOG- QFKLL~ ~OREEVARLWG I RE~NKPNMN Y DKLSRALRY Y VKNI IKKVN-GQKEVEKF 42
hSPIB LYQFLLGLLTRG—-DMRECVWWVEPGRSVEQF SSKHKELLARRWGQOKGNRKRMT YQKLARALRNYAKTGE IRKVE~-=-RKLTYQF 42
dYAN LWDTLOQQLLNDRNQKY SDLIAMKCRD TGVEKI V-~ DPAGLAKLHG IQK-NHLSMN YDEKMSRALRY Y YRVRILRKVQ-GERHCYQFE 41
hERG LWQFLLELLSD3—-8NSSCITHWEGTHG-EFKMT—~ DPDEVARRNGERK - SKPNMNYDKLSRALRY Y Y DKNIMTKY H-GKR YATYKE 11
mFLI1 LMOFLLELLSDS--ANASCITWEGTHNG- EFEMT--DPDEVARRWGERK-SKPNMNY DKLSRALRYYY DENIMTKVH~GKRYAYKE 41
dELG LWQFLLEILTDC-~EHTDVIEWVGTEG-EFKLT--DPDRVARLWGEKK-NKPAMINY EKLSRALRY Y ¥ DGDMI SKVS-GKRFAYKF 40
dETS3 LWOFLLELLSDS--NNASCITWESTNG-EFKLT-- DPDEVARRWGEHK - SKPNMNY DELSRALR. —-- 39
mETS1 LWQFLLELLTDK==SCQSFISWTGDGHW-EFKLS~~ DPDEVARRWGKAK-NKPKMNYEKLSRGLRYYYDENI IRKTA-GKRYVYRF 37
mETS2 LWOFLLELLSDK--SCQSTISWTGDGHW ~EFKLA-~CPDEVARRWCKRK -HK PKMRYEKLSRGLAYYYDENI IHKTS -GKRYVYRE n
- mER71 LWQFLLKLLODG--ARSSCIRWTGNSR-EFQLC~-DPHEVARLWGERK-AKPGMNYEKLSAGLRYYYRRDIVLKSG=-GREKYTYRE 36

consensus LWQOFLL LL D 1w EK

VAR HG K P MNY KLSPR LRYYY I K GR Y F
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(Figure 2d). Although this similarity is relatively weak,  the extreme amino end of the pointed domain of ETS).
of those amino acid residues conserved between ETS  ETS2 and pointedP2, and involved in enhancing
family members, 28/63 are also presenl in ELF5. A  transactivation (Yang er al., 1996), does not appear
mitogen activated protein (MAP) kinase site, present at  to be present in ELFS.

c mPUY

D reLr1

dyAN !
hYEL %

Identity

[13]
hELES A= SECOPL-MSWTDLESNEEYYPAFEHQTACDS YW SYHPEYHTKRHVWEWLOFCCOOYKLDT = NCI S~ FCRENI SGLOLCSMIQEEFVERRG - FCGEYLYERLOWIRT 100 H
mELFS h-SFCDPL-MPWTDLESNEDYY PAFEHQTACDS YRTSVHPEYWTKRIVRER LOFCCDOYKLOA-NET S - FCHFNI SGLOLESMIOEEF T EARG - ICGEYLYFTIONIRS 92 f
hERG E-SHPMNYN-SYMDEK-NGPPPPNMTTNEARVIIVRA-DPTLHS TOHVRQWLEWAVKEYGLPOVH- I LLFY- ~-HI DGRELCKMTKOOFQRLTPSYRADI LLS HEHYLRE 26 i
hELF3 A-SVE=PARTFGADDLYLTESNPOMS LEGTEKASWLGECPOTWSKTOVLDHL SYQVERNK Y DA~ SAT D- F5 RCDMDGATLENCALEE LR LY FG=-PLGDOLHAQLROLTS 23 :
hTEL PESPV=PSYASSTFLEVPVPRALRMEEDS IALPAKLRLOPI YWSRDDVAGWLKWAENE FSLRC- IDENT FE- M- ~GRALLLLTKEDPRYRSF=H5GDVLYELLGHIKG 22
hGABPx ITTISDETSEQUTRWAARLEGYRK-EQERLGIPY~ »==DPIOWITDOVLHWVVWYMKEFSMT DI DLTTL- -~ -NI SGRELCANTHEEFNOKLPROFGN T FWTHLQLLKE 22
hETS1 PLLTPSSKEMMSQAEKATESGETK~EQQRLGIF I ==~=DPRAOWTETKVRDWVMWAVNE F SLEGVDEQK - FC-MN--GARLCALGKDCFLELAPDEVGDI LWEKLET LOK 22 :
hETS2 PLLTPSSKAVMSQALKATESGFRK-EQRRLGY PH-~~=NP¥LWS EQQVCONLLWATHE FSLVNVNLQR~FG-MN- -GOMLONLGKERFLELAPDFVGDI LWEHLEDMIK 21 E
dYAN LNSLN=PGIWSDVLWRCPPAPSSOQLAELKTOLYPSLPSDPRLMSREDVLVFLRFCVRE FDL PR~ LOFDLEQ-MN--GKALCLLTRADFGHRCP=GAGDVLHNVLOMLT I 20 |
dPOINTEDPZ PRLTPGTHREVNEVLKASFASWEK-EVOKCNITK=-~-DEFREWTEEHVI YWLNWAKNE FSLYSMNLDP«FYKMK~ -CRAMVDLGKEKFLAI TPPFTGDT IWERLDI LOK 19
consensus P S LY F FKK € QRL IP DP WS HV WL WAVKEFSL HLI F MN GHKELC L KEDFLER P F GDILWEHLE LRK

Figure 2 (a) Comparison of human and mouse ORFs. Amino acid sequences present in both human and mouse ELFS ure shaded.
The ETS domain is boxed with a solid line and 1he pointed domain with a dashed line. Putative phosphorylation sites, conserved
between the two species are circled and labeled as CKII (casein kinase I, PKC (protein kinase C) or TyP (1yrosine kinase)
substrates. (b) Comparison of the ETS domain of human and mouse ELFS5 with those of known members of the ETS gene family.
The alignment was generated using CLUSTAL W (Thompson ¢t of.. 1994) with the defaul settings. and the result was subsequently
adjusted manually. The ETS factors examined are labeled on the lefi and include hELF3. mELF3, hNERF. dETS4. dET4A, hELFI,
hELKI, hTEL. hERM. mER21. mPEA3. mGABPx, mERP. dETS6. mPU1, hPE1L, hSAPI, hSPIB. dYAN, hERG. mFLIt. dELG.
dETS3. mETSt. mETS2, mER7I. where ‘b’ denotes hurnan, *m* mouse and ‘d" Drosophile. The ETS conscnsus sequence is a list of
the amino acids mosi often conserved between ETS [amily members. Shading denotes amino acid identity with human ELFS. and
the percent identity of each ETS domain is indicated on the right. {¢) Phylogeratic tree of the ETS domain produced by maximum
likelihood analysis. The alignment in Figure 2b was analysed using the JTT-F substitution model {Jones er «f., 1992) and local
bootsirap vulues were estimated for all internal branches, both by using PROTML in Q mode followed by a second run in R mode
{Adachi and Hasegawa, 1996). An underlying assumption of the phylogenetic analysis is that the amino acid content does not vary
significantly among the sequences. This assumption was not assessed because tools for doing so are still under development (LS),
unpublished work). Therefore, the tree may be the resull of both historical and compositional components. The four points at which
gene duplications have been inferred are marked A, B, C and D. () Comparison of the pointed domain of human and mouse ELFS
with those of nther members of 1he ETS family. The ETS faciors examined are labeled on the left and include hERG, hELF3,
hTEL. hGABPx, hETS), hETS2, dYAN and dPOINTEDP2. Other jabels and conventions are as described for Figure 2b 3
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Human chromosomal mapping of ELF5

We performed human chromosomal localization of
ELF5 by PCR, using gene specific primers and the
Genebridge 4 Radiation Hybrid DNA panel (UK
HGMP Resource Centre). With these primers, a single
product of the expected size (234 bp) was amplified
from total human DNA. The PCR reactions were then
performed separately for each of the individual
hybrids. The amplification results {data not shown)
from the 93 hybrids were submitted to the Radiation
Hybrid Mapping server at Whitehead Institute/MIT
Center for Genome Research for analysis. The result
provided by Radiation Hybrid Mapping server
demonstrated that ELF5 is localized to chromosome
11. The wmarkers most tightly linked to ELF5 are
D1183990 (6.5cR) and D11S83998 (15.9cR) (lod
score>3.0}), and these markers are located in the
region of 11pl13--15 (Figure 3). This chromosomal
region frequently undergoes loss of heterozygosity
(LOH) in several types of carcinoma (Baffa e¢r al.,
1996; Dahiya et al.. 1997; Hirose et al., 1996; lizuka er
al., 1995; Kawana er al., 1997, Lichy ei al., 1998;
Wilson er al., 1996).

Expression pattern of Elf5 in mouse tissues

Poly(A)* mRNA material derived from various mouse
tissues were analysed by Northern blot hybridization
using the murine Eff5 ¢cDNA as a probe. A GAPDH
probe was then used to control for RNA loading.
Aualysis of Eif§ expression in adult mouse tissues
revealed that Elf5, like mouse ELF3 (Tymms et al.,
1997), has a restricted expression pattern. Expression
of two EIf5 transcripts. ElfS-a (2.5 kb} and EIf5-b
(1.5 kb). were observed in lung (Lu}., kidney {(Ki),
stomach (St). ovary (Ov). wongue (To), bladder (Bl).
and day 2 pregnant (2 Ma) and day [0 pregnant
(10 Ma) mammary glands, but no expression was
observed in liver (Li). heart (He). small intestine
{Sm). spleen (Sp). thymus (Th). pancreas (Pa), skeletal
muscie (Sk). colon (Co) or fat (2 Fa and 10 Fa)
(Figure 4a). Fat from day 2 (2 Fa) and day 10 (10 Fa)
pregnant mice was used as a control for mammary
expression, since the mammary gland contains much
fat tissue. A single transcript was observed in brain

1p155 ..
NP153 ——m e el )
11p13 " 11154 §
1p1.12 Np15.3 o~
11q12.1 1p152 ~—2
1q13.1 11p15.1 S ]|
tiq13.4 l:g::'g +[Dr1sa9s0 |
Nq14.2 1p1as
119221 11p13
11q23.1 11p12
11q24.1
1125

Figure 3 Chromosomal localization of human ELFS5. Human
chromosomal localization of ELF5 was performed by PCR using
gene specific primers and the Genebridge 4 Radiation Hybrid
DNA panel (UK HGMP Resource Centre). Diagram based upon
PCR results (data not shown) showing localization of ELFS
within chromosome 11. with respect 10 adjacent marker oblained
from muapping data (see text)

{arrow — approximately 2.1 kb), but of a different size
to either of the two Eif5 transcripts in other orpans.
However, its appearance was variable in repeated
experiments with adult tissues {data not shown) and
at different developmental stages (Figures 2b and ¢).
Pending further analysis. it appears likely that this

brain specific transcript is derived from cross
hybridization t~ another highly expressed ETS family
member, rather ihan E/f3.

Some ETS members are implicated in developmental
processes. Therefore it is of interest to characterize the
expression pattern of Eff5 during mouse development.
We examined the expression of Elf5 in the neonatal
mouse (Figure 4b) and during embryogenesis on days
19, 17 and 16 (Figure 4c), and observed a similar
expression pattern compared (o that of the adult.
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Figure 4 Eif5 expression in mouse tissues. Positions of 285 und
188 markers are indicated. ElfSa and EN5h (ranscripts are
indicated. (a) Northern analysis of adult mouse tissues probed
with murine Eff5 cDNA (top panels) and GAPDH ¢DNA (lower
panels). Abbreviations; Li: liver: Lu: fung: Br: brain: Ki: kidaey:
He: heart: Sm: small intestine: Sp: spleen; Th: thymus: Su:
stomach: Ov: ovary: Pa: pancreas; To: tongue: Sk: skeletal
muscie: Bl: bladder; 2Fa: day 2 pregnamt far; 2 Ma: day 2
pregnant mammary gland: 10 Fa: day 10 pregnant fat; 10 Ma:
day 10 pregnam mammary gland; Co: colon. Arrow indicates
position of brain specific transcript (sec lext). (b} Northern
apalysis as above, but using RNA (rom day 1 neonate mouse
tissues. Additional abbreviation; In: intestine. Arrow indicates
position of large transcript (see text). {¢) MNorthern analysis us
above. but using RNA from day 16. |7 and 19 embryonic tissues.
(d) Northern analysis as above, but using RNA from day 2.3 1o
day 19 placental tissues as indicated
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However, at day 16 stage of embryogenesis low levels
of Eif5 expression were detected in brain (regular sized
transcripts) and small intestine, in addition to the
expression pattern observed in the adult.

Placental expression of Elf5 displayed an interesting
pattern during stages of embryogenesis (Figure 4d).
Both transcripts were increasingly expressed from day
9.5 to day 13 before an overall decrease observed from
day 14 to day 19, although some expression was
observed at day 17.

The two predominant Ef3 mRNA transcripts were
observed in variable ratios in different tissues,
suggesting that polyadenylation sites may be utilized
differentially, or the two transcripts are subject to
differential degradation. Eff5-a was expressed more
strongly in neonatal and embryonic lung and kidney
(Figures 4b and c¢), and adult ovary (Figure 4a),
compared to Elf5-b. Conversely, E/f5-b was stronger in
adult tongue (Figure 4a), and in all developmental
stages of stomach (Figures 4a, b and c), compared to
ElfS-a. However, since these two transcripts would
appear to differ only in 3’ UTR sequences. they are
likely to produce the same translation product. In some
RNA samples a further large (> 10 kb) transcript was
variably observed. Despite the fact that the RNA
samples were poly(A)* selected, these bands could
represent unspliced EIf5 (ranscripts or genomic
contamination,

Expression pattern of ELFS in human tissues and cancer
cell lines

Expression of ELF5 in adult human organs was also
analysed by Northern biot of poly(A)* mRNA probed
with the human ELFS c¢cDNA (Figure 5a). A single
wranscript  of approximately 2.5kb was strongly
expressed in kidney (Ki) and prostate (Pr). However,
much longer exposures of blots (data not shown)
demonstrated just detectable expression of ELF3S in
placenta (P} and lung (Lu). Further. ELFS was
cloned from human lung and placenta cDNA
libraries, confirming that it is expressed in these
tissues, albeit probably at very low levels. Although
this expression pattern closely resembles that observed
in the mouse, it is interesting that the human ELFS
gene does not appear to utilize alternative polyadeny-
lation sites. resulting in only a single transcript.

Given the restricted expression pattern of ELF5 in
tissues commonly giving rise to carcinomas, it is of
interest to examine ELFS expression in human cancers.
A panel of cancer cell lines, including carcinomas of
the ovary {CaOv-3), breast (BT-549, ZR-75-1. T47D).
kidney (786-0), liver (SK-HEP-1), lung (A349),
amnion (WISH). prostate (DU145, PC3} and endome-
trinm (HEC-1}. and melanoma (MEL28), T-cell
leukemia (Jurkat) and erythroid leukemia (K562}
were analysed for ELF5 expression by RNAse
protection assay (Figure 5b). A primary fibroblast cell
line (CCL32SK) was aiso included as a sample of non-
transformed cells. Of all these cell lines only T47D. a
progesterone sensitive ductal breasi carcinoma, was
observed to express ELFJ.

To evaluate the possibility that lack of ELFS
expression in carcinnvia was duc to genomic 4ltera-
tions, a panel of breast and lung carcinoma derived cell
lines were analysed by Southera blot (Figure 5¢). ELFS
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gene dosage was compared to that present in DNA
from normal human blood (based on the 6.5 kb Bg/li
fragment) and controlled by hybridization with a 8-
actin cDNA probe. These results are summarized in the
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Figure § LELF3 expression in human tissues and cell lines. {a)

Northern analysis of adult human tissues probed with human
ELFS cDNA (top panels) and f-Actin eDNA (lower panels). The
single ELFS transcript is indicated. Other labels and conventions
are as for Figure 4. Abbreviations; He: heart; Br: brain; Pl
placenta: Lu: lung: Lj; liver: Sk: skeletal muscle: Ki: kidney: Pa:
pancreas; Sp: spleen: Th: thymus; Pr: prostate: Te: testis. Ow:
ovary: Sm: small intestine; Co: colon mucosa; PBL: peripheral
bloed Iymphocyies. (b)y RNAse protection analysis ol ELFS and
GAPDE in cell lines: 1: CaOv-3 (ovarian carcinoma) 2; BT-549
(ductal breast carcinoma). 3: ZR-75-1 (breast carcinoma): 4:
T47D {ductal breast carcinema. progesterone sensitive): 5: 786-O
trenal adenocarcinoma): 6: SK-HEP-1 (liver adenocarcinoma); 7:
A549 (lung adenccarcinoma): 8: CCL32SK (primary fibroblast);
9: MEL28 (melanoma): 10: WISH (amnion carcinoma); 11:
Jurkat (T cell leukemia); 12: DUI14S (prostate carcinoma); 13:
PC3 (prostate carcinoma): 14: HEC-1 (endometrium carcinoma);
15: K562 (erythroid teukemia). {¢)} Southern analysis of ELFS in
Befil digesied genomic DNA from cell lines; 1: normal blood; 2:
BT-349 (ductal breast carcinoma); 3: ZR-735-1 (breast carcinomal;
4: T47D (ductal breast carcinoma): 5: NCI1-H1299 (large cell Jung
carcinoma), 6: NCI-HI87 (small cell lung carcinoma): 7: NCL
H322 (bronchioalveolar carcinoma): 8: NCI-H358 (bronchioal-
veolar carcinomir): 9: NCI-H3522 (lung adenocarcinoma): 10: SK-
LU-I {lung adenocarcinoma) 11: NCI-IH441 (bronchioalveolar
carcinoma); 12: NCI-H460 (large cell lurg carcinoma); 13 NCI-
H66) (large cell lung carcinoma)
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lower panel, where ‘2’ represents a normal allele
complement. No evidence was found for allelic loss
or gene rearrangement in the two breast carcinoma cell
lines that did not express ELF5 (BT-549 - lane 2, ZR-
75-1 - lane 3). However, of nine lung carcinoma cei)
lines. evidence for loss of an ELF5 allele was observed
in two (NCI-H358 — iane 8, NCI-H441 - lane 11).
Hybridization with an ELF3 ¢DNA probe, which is
localized to the long arm of chromosome 1 (Tymms et
al. 1997), helped to confirm the specific loss of ELF5
alleles (data not shown). Two other lung carcinoma
lines (SK-LU-1 —~ lane 10, NCI-H66]1 — lane 13)
displayed hybridization with multiple fragments
(shaded arrows) in addition to those observed in
normal DNA (solid arrows), possibly indicating that
at least one ELFS5 allele has been rearranged in these
lines. Confirmation of rearrangement, rather than
restriction fragment length polymorphism (RFLP),
was made by additional restriction digests {(data not
shown). Some cell lines appeared to have amplification
or additional copies of the ELF5 gene. One of these,
T47D (lane 4), was the only cell line demonstrated to
express ELF5, and another, SK-LU-1 (lane 10),
appeared to have rearranged alleles.

Sequence-specific binding of Elf5 to DNA sequences
comtaining consensus ETS sites

Although ELFS5 displays similarity 1o the consensus
ETS domain, characterizing it as an ETS family
member, this sequence is still quite divergent from
most other ETS family members. The hallmark of
ETS factors to bind DNA sites containing a GGAA-
core in a sequence-specific manner is however shared
by ELF5, demonsirating an additional functional
similarity to the ETS f{amily. A recombinant EIf5
HIS-tag protein of approximately 29 kD. expressed in
E. coli and purified by metal-afiinity chromatography
(Figure 6a. lane 4). displayed strong binding 1o
consensus ETS binding sites, as analysed by
electrophoretic mobility shift assay (EMSA) (Figure
6b). EIf5 bound the E74 oligonucleotide {containing a
GGAA-core) (lane 1), bul not to the E74ml
oligonucleotide (which had been mutated to an
AGAA-core) (lane 2). The first G-residue of the
core has been demonstrated to be a physical point of
DNA contact for ETSL. and consequently essential
for DNA binding (Fisher er al., 199); Nye er al.
1992). Thus, EIf5 displays sequence specific binding
lo a consensus ETS binding site. binding that is
disrupted by a mutation known to similarly affect
other ETS family members. These results were
confirmed through competition analysis, The EIf3-
E74 complex (lane 3} was efficiently competed by the
addition of a 100-fold excess of unlabeled E74 (lane
4). but not by E74ml (lane 5).

CIf5 also displayed sequence specific binding to
different consensus ETS binding sequences, and did
so with differential affimity (Figure 6éb). Competition
of the EIfS-E74 complex (lane 3) was achieved by
consensus ETS sites from the GM-CSF promoter
(lane 6). erb-B2 promoter (lane 7) and moloney
sarcoma virus (MSV) long terminal repeat {(LTR)
{lane 8). The relative ability of EIfS to bind these
sequences occurred in the order: E74>
erbB2:>MSV >GM-CSF. EIf5 did not appear to be
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Figure ¢ ENS binds to consensus ETS binding sequences. (a)
His-tagged EIf5 recombinant protein, present in E. coli lysates
{lane 2). was purified by meial-affinity chromatography o
approximaiely 90% {lane 3) and cluted with imadazole (lane
4). (b Specific DNA  binding of EN5 wuas analysed by
electrophoretic mobility shift assay (EMSA). using labcled
double-stranded oligonucleotides as probes. E74 contains
consensus  binding site for ETS family members (lane 1)
E74ml is a mutant oligonucleotide based on E74. but with the
core GGAA replaced by AGAA dane 2). Binding to other
consensus ETS sites was analysed by the ability of a 100-fold
excess of unlabeled double-stranded oligonucleotide to compete
with E74 for EIfS binding. GMETS contains an ETS binding sile
from the human GM-CSF promoter {lane 6). ERBB2 contains
an ETS binding site from the human erbB2fHER2 promoter
{lane 7). MSV contains an ETS binding site present in the long
terminal repeat of the Moloney sarcoma virus (lane 8). AP
contuins a consensus AP binding site used as a negative control.
EIf5-DNA complexes are marked. Binding of ETS! to E74 wus
used as a positive control (lane 10)




competed at all by an oligonucleotide containing a
consensus AP! binding site (lane 9). ETS1 binding to
E74 was used as a positive control (lane 10).

Mouse ELFS acts as a transcriptional activator

In addition to DNA binding, another characteristic of
most ETS factors is their ability to transactivate from
binding sites in promoters and enhancers. An exception
is ERF, which displays strong repressor-like activity
(Sgouras ez al, 1993). It is therefore of interest to
evaluate the ability of EIfS to function as a
transcriptional activator or repressor. This is especially
pertinent to EIf5 given its small size (29 kD), since
absence of a transactivation domain could potentially
result in competitive inhibition of transactivaiion by
other ETS family members,

6 - deded

Relative CAT Activity

Cont E!if5 Eif5 EIf5
sense anti-s sense
anti-s

Figare 7 Transactivition by EN3. COS ceils were co-transiecied
with CAT reporter and ENS expression constructs. Transcriplion
of the CAT gene was driven by the thymidine kinase (tk) minimal
promoter with five copies of the polvomavirus enhuancer insested
upstream  (p5Xpoly). The polyomavirus enhancer contains
adjucent ETS and AP binding sites. The EIfS sense construct
(pBOSEISs) was designed 1o express EIE5 protein. and the EifS
anti-s construct (pBOSEI5as) w0 produce anti-sensc transcripls.
In the absence of expression construct the equivalent amount of
base vecior (pEFBOS) was co-transfccted. COS cells were
processed for CAT assays and the resulis of uat least four
replicates are shown as the mean with standard error of the mean
(s.e.m.) bars, Swaistically significant resufts are indicated by
asterisks. A single asterisk indicates moderate significance
{0.05> P=0,01) and triple asterisks indicate very high signifi-
cance (P<0.001)
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A reporter construcl. containing the chlorampheni-
col acetyl-transferase (CAT) driven by a minimal TK
promoter and muitiple ETS/AP] binding sites (from
the polyomavirus enhancer). was co-transfected into
COS cells together with an EIfS expression construct
(Figure 7). Analysis of CAT activities revealed that
EN5 expression resulted in an average fivefold
transactivation of the reporter. Further, this transacti-
vation was inhibited by addition of an anti-sense EIf3
mRNA expression vector, indicating that EIf5 transac-
tivation was due specifically to the product translated
from the sense construct.

Discussion

The ETS transcription factors comprise a burgeovning
family of proteins with similar sequence-specific DNA
binding properties. Much of the ETS research has
focused upon functions in hematopoietic cells, but very
little is known about the functions of ETS factors in
other cell types. We have isolated a novel gene, ELFS,
that belongs o the ETS transcription factor family.
Unlike .a0st other ETS family members (Bhat et al.,
1989, 1990; Kola er al., 1993). ELF5 is not expressed in
hematopoietic compartments, but is restricted to
organs such as lung. stomach, kidney, prostate,
bladder and mammary gland.

Two predominant Eff5 mRNA species in the mouse
(Elf5-a and Elf5-b) appear to arise from utilization of
two distinct polyadenylation sites. The larger of these
two transcripts. Elf5-a. incorporates multiple A/T rich
signals that have been implicated in processes of
increased mMRNA turnover (Savani-Bhonsale and
Cleveland. 1992; Akashi er af.. 1994). Perhaps these
signals are responsible for the vaniability of Elf5-a: Elf3-
b ratios in different tissues, particularly the relatively
lower proportion of Elf5-a observed in stomach. Only
a single ELFS transcript was observed in human
tissues, of approximately the same size as Elf3-a in
mouse. We are currently sequencing the full-length
human ELF5 ¢DNA to investigate whether one of the
polyadenylation signals, present in mouse, has been
lost. Differences in the polyadenylation sites present in
mouse and human genes has been reported for ETS2
(Watson er af, 1990), bul it is difficult to speculate why
such species differences might exist. The cDNA ORFs
predict a mouse EI5 protein of 253 amino acids and a
human ELFS5 protein of 255 amino acids. These
proteins are highly homologous, with a conserved
ETS domain, pointed domain and multiple putative
phosphorylation sites.

The ETS domain of this new ETS family member
displays highesi similarity to ELF3 (67%) and
moderate similarity to other ETS family members.
Phylogenetic analysis indicates that both ELF3 and
ELFS5 display closest similarity to members of the ELF
sub-family (ELF1. NERF, E74), amongst ETS factors.
Therefore, we propose that ELFS and ELF3 (and
Drosophila ETS4) torm part of an extended ELF
subfamily within the ETS family of transcription
lactors.

Expression of Elf3 in the adult mouse appears to
be restricted to lung, kidney. stomach, ovary, tongue,
bladder and mammary gland. In the developmental
stages examined, this expression pattern remains
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basically unchanged from day 16 of embryogenesis to
adult. Elf5 was also found 1o be expressed in the
placenta during embryogenesis. Expression of ELF5
in human ussues appears to be even more restricted
than that for the mouse. with expression observed
only in kidney and prostate (which was not examined
in the mouse). Inconsistencies between the mouse and
human data involve the relatively low ELF35
expression observed in human Ilung, ovary and
placenta compared to that of mouse. We have
observed that Elf3 expression in the mouse placenta
varies with developmental time points, therefore
perhaps explaining the variability in levels observed
with the human placental data. Similarly, we can not
discount the possibility that ELF3 expression varies
with age, or even perhaps within different parts. of
the lung and ovary, not present in our human
analysis. We are currently investigating the cellular
distribution of ELF5 by in situ analysis. Expression
of ELF5 was not examined in human stomach.
tongue, bladder or mammary gland.

Most ETS genes appear to be functional, or are at
least expressed, during hematopoiesis (Bhat et al.. 1989,
1990; Kola ef al., 1993). However, FLF3 is an example
of an epithelial-specific ETS gene (Tymms er al., 1997,
Oettgen et al., 1997; Chang et al.. 1997). ELF3, similarly
to ELF3, is not expressed in hematopoietic compart-
ments, such as the thymus and spleen. but is expressed
in organs such as lung, kidney. stomach and prostate.
Several diflerences between ELF3 and ELFS expression
were however observed. ELF3 is expressed strongly in
smali intestine, colon and liver, whereas ELFJ does not
appear o be expressed in these organs at all
Conversely, ELFS appears to be expressed. albeit
weakly, in ovary, whereas ELF3 is not. Even so,
ELF5 displays a strikingly similar expression pattern
to that of its closest relative, ELF3, which is perhaps
related to a gene duplication event. ELF3 has been
demonstrated to be expressed in an epithelial-specific
manner, both in normal and transformed breast
epithelium (Chang er al., 1997) and in lung carcinoma
cell lines (Tymms ef al., 1997). We have examined ELF3
expression in a panel of human carcinomas and found
expression in only one of 1. T47D a ductal carcinoma
of the breast. Even given the limited expression of ELF5
amongst the epithelial-derived carcinomas examined, it
appears likely that ELFS5, like ELF3, is also an
epithelial-specific transcription factor. It is interesting
to note that most cell lines derived from lung, renal,
prostate. ovarian and breast cancers lacked ELFS
expression. even though the organs themselves express
this gene. Analysis of genomic DNA [rom carcinoma
ccll lines was not able to clarify why ELF5S expression
was not observed in two of the three breast carcinoma
lines. but four of nine lung carcinoma lines displayed
evidence for either loss ol an all~le or gene rearrange-
ment. Inierestingly the rearrangements observed appear
to be identical in both independently derived cell lines,
suggesting & common loss of [lunction. Aill lines
appeared to contain at least one normal ELF5 allele,
but sequenice analysis may reveal smaller mutations that
adversely influence expression of ELF3 {the possibility
of which is supporied by loss of an allele and gene
rearrangement found in some cases}).

We have shown thai recombinant mouse EIf5
protetn is capable of binding to several ETS consensus

oligonucleotides, containing a GGAA core motil, in a

sequence-specific manner. In addition, EIf5 also
displayed the ability to transactivale a promoler
containing consensus ETS binding sites. Although
these are characteristic of many other ETS factors. it
is interesting that ELFS5 is capable of DNA binding
and transactivation even though it is only approxi-
mately hall the size of most other ETS family
members. The presence of a pointed domain and
muitiple potential phosphorylation sites also suggest
that the economy of ELF5 does not sacrifice regulatory
regions, although we are yet to demonstrate that these
are functional,

Interestingly, binding of EIf5 to the E74 oligonucleo-
tide was efficiently competed by an oligonucleotide
containing an ETS binding site from the erbB2
promoter. This site has previously been shown to
bind ard be transactivated by recombinant PEA3
(Benz et al., 1997) and ELF3 (ESX) (Chang er al.,
1997), but ELF5 would appear to be another ETS
family member that could contribute to erbB2
expression. erbB2 is expressed in the epithelial cells of
organs such as the breast, intestine, kidney and ovary
(Gullick er al., 1987; Kokai er af., 1987; Mori ¢! al.,
1989; Press er al.. 1990), and its overexpression is
thought 10 play a role in human carcinoma progression
(Singleton and Strickler, 1992; Tripathy and Benz.
1994). The expression pattern of ELF5 matches closely
that of erbB2, with the exception that ELFS does not
appear to be expressed in the intestine. ETS factors
have also been implicated in the regulation of other
genes important to epithelial cell function andfor
transformation, including c-met (Gambarotta e/ al.
1996), transforming growth factor-f type 1l receptor
(TGF-# RII) (Choi et al., 1998), transglutaminase-3
(Lee er al., 1996), SPRR2A (Fischer et al.. 1996) and
whey acidic protein (WAP) (Welte et al,, 1994), but
identification of the specific ETS factors involved has
not yet been made,

Finally, we have localized ELF5 to human chromo-
some 11pl3—15, a region which undergoes loss of
heterozygosity (LOH) in many types of cancer, such as
ductal breast carcinoma (Lichy et al, 1998), lung
carcinoma (lizuka er al., 1995), rhabdoid tumeor of the
kidney (Hirose ef al., 1996}, prostate carcinoma
(Kawana et al, 1997; Dahiya et al, 1997), gastric
carcinoma (Baffa er al., 1996), and ovarian carcinoma
(Wilson e al.. 1996). This region is believed to harbor
several tumor suppressor genes (Baffa er of., 1996;
Coleman et al.. 1997; Feinberg, 1996; Gao ¢r al., 1997:
Ichikawa er al.. 1996; lizuka er al., 1995; Zenklusen ef
al., 1995), based upon both LOH data and the ability
to inhibit the tumorigenicity in chemically induced
murine squamous cell carcinomas upon introduction of
human chromosome 11 (Zenklusen er al., 1995). It is
interesting to note that other ETS genes implicated in
tumorigenesis are thought to be dominant oncogenes,
activated by translocation, amplification or viral
insertion, rather than recessive tumor suppressors.
Superficially, ELF5 appears to function similarly to
other ETS family members (DNA binding and
transactivation), but it is intriguing that ELF
expression appears to be lost in many cancer cell
lines, a subset of which were found to have lost an
allele or have rearrangement of the ELF5 gene. A
preliminary examination of ELFS expression indicates




that ELF5 1s not detectable in a number of primary
breast carcinomas, although it is strongly expressed in
adjacent normal epithelium (data not shown). Thus, it
may be possible for an ETS gene, such as ELFS, to
have tumor suppressor properties and to be lost in
certain cancers. Indeed, it appears that ETS1 may
function io suppress tumorigenicity of colon cancer
cells, whereas it is wusually considered to be an
oncogene (Suzuki et al., 1995). Several circumstantial
lines of evidence suggest that there are unidentified
ETS family members with tumor suppressor properties.
An ETS element in the maspin promoter appears 10 be
active in normal mammary and prostate epithelial cells,
but inactive in tumor cells (Zhang et al., 1997a, b).
Maspin 1s a tumor-suppressing serpin expressed in
normal breast and prostate epithelium. A recent report
implicating ELF3 (ERT) in the positive regulation of
TGF-g RH transcription (Choi et al., 1998) notes that
a poor TGF responsiveness, observed in many tumors
and thought to contribute to malignant transforma-
tion, could be caused by defects in TGF receptor
expression. Potentially, defects in maspin and TGF-§
RII transcription could be caused by lack of the ETS
factors that normally promote their expression. We are
currently investigating the possibility that ELFS,
involved in LOH of chromosome 11pl3-15 in
carcinomas, regulates the transcription of tumor
suppressing genes.

In summary, we have isolated a novel ETS gene of
the ELF sub-family which we have named ELFS.
ELF5 displays high ETS domain similarity and similar
expression pattern to that of the recently isolated
epithehal-specific ETS gene, ELF3 (ESX, ESE-1. ERT).
The chromosomal localization of ELFS, and limited
expression and gene rearrangement in human carcino-
ma cell lines, make this an interesting gene for further
study in the field of human cancer.

Materials and methods

Isofarion and characierization of full-length murine EXfS ¢DNA

The murine E}f5 cDNA was isolated {rem an adult lung
c¢DNA library in Lambda ZAPIl (Stratagene) (ollowing
screening with a ¢cDNA probe containing the ETS domain
region of human ELF3 Additional 5 sequence and 3
sequence were obtained by RT-PCR wusing a Marathon
¢DNA synthesis Kit (Clontech) and RACE (Rapid
Amplification of c¢DNA Ends) using day 14 murine
piacenial Poly(A)® RNA. The murine Eif5-specific PCR
products were cloned into pGEM-T vector (Promega
Corp.. Madison, W1, USA), All ¢cDNA sequences were
confirmed by sequencing both strands at least once, 5'-
RACE gene-specific primer 1: 5-GCCAGTCTTG-
GTCTCTTCAGCATC-3:. 5-RACE nested-gene-specific
primer 2. 5-AGGAGATGCAGTTGGCATCAAGCT-3"
Y.RACE gene-specific primer 1: 5¥-AGCCAGTGTTAT-
GGGTGCTG-3; ¥-RACE nested-gene-specific primer 2:
5-ACAGTCACTTGATCCACGGCCAATCC-3',

Isolation of human ELF) coding sequence

A human ELF5 cDNA fragmet . was isolated from a
human lung ¢DNA library (GIBCO BRL) following
screening with a ¢DNA probe containing the coding
sequence of mouse Elf5. The coding sequence was then
obtained by RT-PCR using a Marathon ¢DNA synthesis
Kit (Clontech) and RACE (Rapid Amplification of cDNA
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Ends) using human placental Poly{A}- RNA. The human
ELF5-specific PCR products were cloned into pGEM-T
vector (Promega Corp., Madison, W], USA). Al ¢cDNA
sequences were confirned by sequencing both strands at
least once (data not shown).

STS comtent mapping

The following sequence specific primers for human ELF5
were used for PCR. Forward primer: 5-CCTGTGACT-
CATACTGGACATC-3"; Reverse primer: 5-CTTGTG-
TGCGGATGTTCTGG-3'. The PCR reactions were
performed in Opti-Primer™ 10 x bufler #3 (100 mM Tris-
HCl pH 8.3, 35 mm MgCl., 250 mm KCI) with 1 gl of
Master Mix 50 x buffer (20 mM Tris-HC1 pH 8.0. 250 om
EDTA) (Opti-Primer™ PCR Optimization Kit, Strata-
gene}, 50 ng of template DNA, 0.2 ug of each primer,
I 4l of 10 mM dNTPs and 0.25 U of Taqg DNA polymerase
in a total volume of 30 ul. PCR parameters were an initial
denaturation step at 94°C for | min. followed by 30 cycles
of 94°C (1 min), 60°C (1 min). 72°C (1 min}. For Gene-
bridge 4 Radiation Hybrid DNA panel (UK HGMP
Resource Centre), PCR reactions were performed sepa-
rately {or each of the individual hybrids. The PCR results
from the 93 hybrids were submitted to the Radiation
Hybrid Mapping server at Whitehead Institute/MIT Center
for Genome Research (hitp://www.genome.wi.mit.edu/cgi
bin/contig/rhmapper.pl}. The STS content mapping experi-
ment was performed in duplicate and included PCR
reactions with no DNA, total human DNA and total
hamster DNA as controls.

Southern and Northern blor analvsis

Northern analysis of ELFS expression in human aduh
organs was performed with commercially available blots
containing 2 ug of Poly{AY" RNA {Clontech). For other
Northern blots Poly(A)* mRNA was isolated by a
modification of Gonda er al. (1992). Genomic DNA was
isolated by standard techniques (Sambrook et af.. 1997).
Random-primed probes using a 898 bp human ELFS
¢DNA fragment and a 940 bp S/ mouse Elf5 cDNA
fragment were generated znd Southern/Northern hybridi-
zations performed using standard procedures. Blots were
re-probed with glyceraldehyde-3-phosphate dekydrogenase
(GAPDH) or fi-actin cDNAs 10 verify RNAJ/DNA loading.

RNAse protection analysis

ELF5 mRNA abundance in total RNA from human cell
lines was determined as described previously {Tymuns,
1995). Anti-sense RNA probes [ov human ELF5 and
GAPDH transcribed from linearized plasmid veclors
generated  full-length probes of 388 bp and 216 bp.
respectively. The protected products generated by hybridi-
zation and RNAse digestion are 298 bp for ELFS and
160 bp for GAPDH.

Cell tines and culture

Monkey COS7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
call serum. 100 U/mi penicillin and 100 ug/ml streptomy-
cin, and maintained in a humidified incubator at 5% CO,
and 37°C.

Plasmids

pHis6-EH5 expression vector was made as follows: The
murine EIf5 ¢cDNA was amplified using PCR oligonucleo-
tide primers (§5-CGGGATCCTTGGACTCCGTAACCCA-
TAGC-¥ and 3-GCAGATCTCAGAGTTTCTCTTCC-
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TGCC-3") containing a BamHI restriction site followed by
21 nucleotides of the murine E{f5 coding sequeace and a
Bell} restriction site followed by 19 nucleotides comple-
mentary to the last 20 nucleotides of the EIf5 coding
sequence. The PCR fragment was cloned into the pGEM-T
vector (Promega Corp.. Madison, WI, USA), the BamHI-
Sacl restriction fragment with the Ei3 coding sequence
was then cloned into the BamHlI Sacl sites of the pQE30
(Qiagen, Inc. Chatsworth, CA, 'JSA) bacterial expression
vector resulting in a N-termina! fusion of Elf3 protein to
six histidine residues (His-Tag).

The Elf5 mammalian expression construct {pBOSEIf5s)
conltains the full mouse Eif5 cDNA blunt cloned into the T4
polymerase blunted Xbal site of pEFBOS (Mizushima and
Nagata, 1990}. Expression from pEFBOS is driven by the
elongation [lactor-1 promoter. The Elf5 anti-sense expression
construct is similar, but with reverse orientation of the ElfF
¢cDNA. p5Xpoly was made by cloning multimerized
polyomavirus enhancer oligonucieotides into the BamHI site
of pBLCAT2.

Electrophoretic mobility shift assays (EMSA)

Purified recombinant £ff5 and Eisl proteins were produced
as 6XHis-tag fusions in E. coli using the QlAexpress
expression system (Qiagen). Overnight cultures were
diluted 1/10 in LB broth and grown for 1 h at 37°C,
Expression of recombinant proteins were induced by
addition of 0.1 mm IPTG and culture of cells for 2 h.
Cells were harvested and sonicated in lysis buffer (6 M
guanidine., 20 mM Tris-HCL. 50 mm NaCl, pH 8.0}, and cell
debris removed by certrifugation. One ml of metal His-
affinity resin was incubated with supernatants for 30 min.
collected, washed in wash butfer (8 M urea. 20 mm Tris-
HCL 50 mM NaCl, pH 8.0). and resuspended in renatura-
tion buffer (20 mM Tris-HCL 50 mm NaCl, 3 mm dithio-
threitol (DTT), pH 8.0). Proteins were eluted from the
beads in renaturation bufler supplemented with 100 mm
imidazole. Purification and integrity of recombinant
proteins were confirmed by denaturing SDS-polyacryla-
mide gel electrophoresis {PAGE).

DNA binding experiments with recombinant proteins were
performed using EMSA. as previously described (Thomas e/
al.. 1993, 1997). Briefly. purified double stranded oligonucleo-
tides were labeled with 7-*P dATP and T4 polynucleotide
kinase. Oligonucleotide probe (1l ng) was incubated for
10 min with approximately 20 ng purified E/f5/Etsl protein
in DNA binding buffer (| mm EDTA. 10 mMm Tris-HC!
pH 8.0, 56 mM NaCl. 3 mm DTT. | mg/ml BSA. 500 ng/mi
poly-d({-C)d{[-C}. 500 ng/ml poly dI-dC. 200 ng/ml sheared
salmon sperm DNA) 4100 ng unlabelled competitor oligo-
nucleotides. in 10 4 final volume. Assays were run through
non-denaturing. 7% acrylamide (29 acrylamide:l bis-acrvia-
mide), 0.5 x TBE .z a1 4°C.
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The ETS {amily of genes are implicated in cancers such
as Ewings sarcoma, acute myeloid lenkemia and chromic
myelomoncytic leukemia, Further, they have important
functions in cmbryonic development. Hence, identifica-
tion and characterization of members of this family are
important. We identily 2 novel ETS family member,
ELF3, and report its human and murine c¢DNA
sequences, The mouse cDNA has an aiternatively spliced
transcript with ap extra 60 bp inserted. Hence we
present the crganization of the murine Eif3 gene together
with its exonfintron structure. This gene consists of 9
exons and 8 introns spanning 4.8 kb. ELF3 binds and
transactivates ETS sequences and interestingly also
shows the ability to bind a GGAT-like purine core, a
preferential ETS1/ETS2 type binding site. The expres-
sion of ELF3, unlike most other ETS family members, is
absent in hematopoietic cells and hematopoietic ergans in
humans and mice. Intriguingly, the gene is specifically
expressed in cell lines of epithelial origin and in organs
such as lung, stomach, intestine, kidney that have
specializcd epithelial cells. We localize the human gene
to 1q32.2, a region that is amplified in epithelial tumors
of the breast, hing and prostate. Finally, we show that
ELF3 expression is incrcased in a lung carcinoma and
adenocarcinoma, as compared to normal tissue. ELF3 is
also expressed in cell lines derived from lung cancers.
These results suggest that this novel ETS gene may be
involved in lung tumorigenesis.

Keywords: transcription factor: lung cancer; breast
cancer; ETS; ELF; prostate cancer

Introduction

The ETS family of transcription factors play a role in
cancer and disease (Wasylyk et al., 1993; Hromas and
Klemsz, 1994). The v-ers oncogene was originally
described as a part of the gag-myb-ets fusion gene
expressed by the avian retrovirus E26 (Nunn er al.,
1983). The cellular homolog of v-ezs is ETSI which is a
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transcription factor that binds to a GGA(A/T) core
sequence in the promoters and enhancers of various
cellular genes and viruses. ETS/, ETS2, ERG2 and
PU-1 are proto-oncogenes which have cellular trans-
forming and mitogenic properties when over-expressed
(Seth er al., 1989; Seth and Papas, 1990; Hart ef al.,
1995; Moreau-Gachelin er al., 1996}. Translocations
involving ETS family members are associated with
cancers in humans. ERG and closely related homo-
logue ERGB/FLI-1 have been shown to be disrupted in
1«21;22y and (11;22) chromosomal translocations,
respectively, that are diagnostic of Ewings sarcomas
and other primitive neuroectodermal tumors (Sorensen
et al., 1994), These translocations involve fusion of
ERG/FLH sequences to the EWS gene (Ida er al.
1993). ERG is also involved in t(i6;2]) translocations
associated with acute myeloid leukemia (Shimizu e af.,
1993). ETS family member TEL is involved in t(5;12)
translocations in chronic myelomonocytic leukemia
(Golub er al.. 1994) and t(12;2]} translocations in
acute lymphoblastic leukemia (Golub er al., 1995).
The ETS family of transcription factors are
conserved from Drosophila to humans. In Drosophila,
ETS family members play important developmental
roles: E74 plays a role in early gene regutation following
ecdysone triggering (Burtis et al.. 1990; Fletcher er al.,
1995); pointed P2 and yan play critical roles in eye
development {O’Neill er al., 1994). and D-elg plays a
role in developmental programming (Schulz e al,
1993). In humans and mice ETS proteins may function
in a wide range of biological processes such as
hematopoiesis (Scott et al., 1994a; Muthusamy et al.,
1995), organogenesis and branching morphogenesis
(Kola et al., 1993). and skeietal/cartilage development
{Sumarsono er al., 1996). These proteins have also been
implicated in regulation of gene expression appropriate
for lymphoid-function (Bhat et al., 1989, Ho er al.,
1990; Bhat and Thompson, 1990; Thomas et al., 1995)
and invasive processes such as tumor metastasis and
extracellular matrix degradation (Wernert et al., 1992).
One of the most commnon solid tumors in humans
are carcinomas which arise: from the transformation of
epithelial cells. Transformed breast epithelial cells have
been shown to express ETS family members G4 B8Pq,
PEA-3, ELF! and ELK! (Scott et al., 1994b), but
expression of these members is not restricted to
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epithelial cells. Normal epithelial organization is
dependent upon specific cell adhesion involving E-
cadherin, actin cytoskeletal-associated proteins. and
integrins and the decreased expression of E-cadherin
and integrins occur in breast and prostate carcinomas,
and this decrease correlates with increased invasiveness
(Oka er al., 1993; Zutter et al, 1993). Epilhe]ial
tubulogenesis is responsibie for the intricate organiza-
tion of parenchymal organs such as the lung and
mammary gland where elongation and branching of
epitheliai tubules is critical for organ formation (Wu
and Santoro, 1996). During development new epithelia
usually arise from existing ones but mesenchymal cells
are the source of new epithelial cells during
organogenesis of the kidney, ovary and testis. Soluble
factors produced by mesenchymal celis are thought to
regulate the growth, motility and differentiation of
epithelial cells via tyrosine kinase receptors. One
critical interaction appears to be between HGF
(hepatocyte growth factor or scatter factor) which is
produced by mesenchymal cells and the tyrosine kinase
receptor c-met which is expressed predominantly on
epithelial cells (Weider er al., 1996). Co-expression of
c-mer and its ligand HGF in NIH3T3 fibroblasts
results in the formation of tumors in nude mice with

epithelial characteristics (Tsarfaty er al., 1994). A
number of studies have implicated ETS family
members in the regulation of genes important in
epithelial cell function including erb-B2 (Scott er al.,
1994b), c-mer (Gambarotta et al., 1996) and mammary
whey acidic protecin (Welte er al.. 1994),

In this study we describe a new ETS family member
ELF3 which is expressed in epithelial cells. The human
ELF3 has been mapped to the 1932.2 region which is
frequently associated with epithelial cancers. ELF3,
like other ETS family members, functions as a
sequence specific DNA binding and transactivational
factor. Further investigations may define an important
role for this gene in epithelial cancers of the lung,
breasi and prostalte.

Results

Isolation of a full length human and murine ELF3{EIf3
cDNA

A c¢DNA fragment encoding the ETS1 DNA binding
domain was used to screen the Human Genome Sciences
(HGS) cDNA expressed sequence tag (EST) database. A
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Figure 1 Human and murine ELF3 ¢cDNA sequences. The nucleotide sequences of (a) human ELF3 and (b) murine Elf3, and their deduced
amino acid sequences (one-letter code), are shown. Numbering of the nucleotides and amino acids are irdicated on the right and left
respectively. The ETS DNA-binding domain is in bold. Putative AATAA polyadenylation signals are underlined as are in-frame initiation
and termination codons
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homologous partial ¢cDNA for EPR-1 (ETS-related
protein from prostate, HGS12160) was identified {rom
a human prostate cancer library. Preliminary expression
analysis by RNase protection showed that EPR-/ was
expressed highly in fetal lung, in addition to prostate
cancer cell lines (data not shown). A full length human
cDNA was subsequentiy obtained by a combination of
screening a fetal lung Jambda ¢cDNA library and by 5'-
RACE. The full length cDNA sequence is 1915 bp, and
predicted to encode a protein of 371 amino acids (Figure
la). Northern analysis of human ELF3 mRNA shows
the pressnce of minor larger-sized transcripts (Figure
5a). Analysis of a larger cDNA clone from a fetal lung
lambda ¢cDNA library has established that the minor
transcripts contain additional 3’ untranslated sequences
which result from differential polyadenylation (data not
shown).

The equivaient full-length murine ¢cDNA was also
isolated. This was achieved by screening an adult
mouse lung cDNA library and by 5-RACE. The full-
length murine cDNA is 1900 bp (Figure 1b), which is
predicted to encode a 371 amino acid protein which
displays 89% identity and 93% similarity with the
human aminc acid sequence (Figure 2a). Upon advice
from the Genome Database (GDB) nomenclature
committee, this gene was assigned the gene symbol
ELF3 as of May 10 1996, the date of deposition of the
localization on the GDB (Accession ID: 1230388). The
human and mouse ELF3 cDNAs encode an identical
putative ETS DNA-binding domain (domain C) of 80
amino acids. The ETS domain of FLF3 is moderately
homotogous to that of other ET'S family members,
with the highest amino acid identity being 49%, to
Drosophila E74A (Figure 2b). Of all of the human
ETS family members, ELF3 had the highest identity
with ELF1 (and NERF) within the ETS domain.
However, it is interesting to note that, amongst the
ETS domain sequences of various ETS family
members, ELF3 is relatively divergent. The human
ELF3 sequence also coniains a consensus PEST
domain (rich in proline, serine and threonine amino
acids) and the murine amino acid sequence is highly
homologous in this region (Figure 2a). Thus, this
sequence may play a role in protein stability due to
protease targeting.

A computer-generated phylogenetic tree, based on
ETS domain homology, suggests that ELF3 may have
diverged from other ETS family members, such as
ETS! and ELF1, at a fairly early stage in the evolution
of ETS genes (Figure 2c). Perhaps significantly, ELF3
also displays considerable N-terminal homology
(domain A) with ETSI1, ETS2, ERG2, TEL and
GABP« (Figure 2d).

Isolation of the entire murine genomic sequence

Many ETS genes are alternatively spliced to give mature
mRNAs which encode protein variants. Sequencing of
5-RACE PCR products, during the cloning of the
murine ¢cDNA, identified a clone containing a 60 bp in-
frame insertion in the murine Elf3 ¢cDNA sequence. This
insert could arise from differential splicing of the murine
Elf3 gene. To ascertain if this insertion arose from
splicing and additionally to facilitate gene targeting
experiments, we isolated and sequenced the full Eif3
genomic sequence. Genomic clones were isolated from a
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1295V) genomic library. Two independent clones, A3.24
and 13.26, encompassing 30 kb of genomic sequence,
span the entire Elf3 gene including 10 kb of sequence 5'-
prime to the transcriptional initiation site (Figure 3a).
The 9 exons and 8 introns span 4.8 kb, with the largest
intron (intron 7) only being 853 bp. Exon/intron sizes,
sequences of exonfintron junctions and their genornic
positions are shown in Figure 3b. All exonfintron
boundaries conform to the Breatnach (GT/AG) rule
(Breatnach et al., 1978) and all splice donor and
acceptor sites conform to Mount’s consensus sequence
(Mount, 1982). Examination of the sequence of intron
I1 suggests that the Elf3 ¢cDNA variant containing the
extra 60 bp insertion (named Elf3b) results from the use
of an alternate splice acceptot site 60 bp 5-prime of the
exon 3 splice acceptor site of Elf3a (Figure 3a and b).
This additional exonic sequence is predicted to
contribute 20 more amino acids to the protein encoded
by Elf3b.

The site of transcriptional initiation was determined
by 5-RACE PCR. A specific E{f3 region was amplified
(Figure 3c) and upon sequencing of several clones
containing these PCR products, a dominant transcvip-
tional initiation site was identified (Figure 3d). This
dominant transcriptional initiation site was 51 bp 3’ of
a consensus TATA box and 127 bp 3’ of a CAAT box
(Figure 3d).

ELF3 is localized to human chromosome 1g32.2; a
region implicated in epithelial cancers and encompassing
the Van der Woude Syndrome (VWS) gene

We performed human chromosomal localization of
ELF3 by FISH, using the ELF3 ¢DNA as a probe.
Examination of 20 metaphases from a normal human
male showed 19 metaphases with signal on one or both
chromatids of chromosome 1, in the region 1g32-1q41
(76% of the signal was at 1q32.2) (Figure 4a). There
was a total of 6 non-specific background dots observed
in these 20 metaphases. A similar result was obtained
from hybridization of the probe to 15 metaphases from
a second normal male (data not shown). This
localization data was lodged with the GDB. The
localization of ELF3 is significant as it is 10 a region
of chromosome 1 that encompasses the VIS gene, and
also lies within a region implicated in breast cancer
specifically and epithelial cancers in general {1q).

To assess if ELF3 is a candidate for the VWS gene
and to obtain finer resolution mapping of ELF3 we
carried out STS content mapping using a set of primers
derived from the 3' UTR of ELF3. With these primers,
a single product of the expected size (182 bp) was
amplified from total human DNA (Figure 4b). The
nucleotide sequence of this product was identical to the
ELF3 ¢cDNA sequence (data not shown) demonstrating
that the primers were specific for the ELF3 locus.
Three sets of genomic DNA templates were used for
the STS content mapping experiments. The Coriell
Mapping Panel 2 was used to verify the chromosomal
assignment of ELF3 and two radiation hybrid panels,
Genebridge 4 and Stanford G3, were used to refine the
chromosomal localization. When the ELF3-specific
primers were used in PCR reactions with the Corieli
Monochromosome Panel B, a product of the correct
size was amplified in DNA pools A and B (Figure 4b).
The only human chromosome contained in these two
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pools was chromosome 1, verifying the assignment of
ELF3 to chromosome 1. The same primers were used
to screen the radiation hybrid panels. The amplification
results (data not shown) were submitted to their
respeciive computer servers for analysis (see Materials
and methods). For the Genebridge 4 Panel, the marker
most tightly linked to ELF3 was WI9272 at a distance
of 24cR (lod score>3). A more precise genetic
localization can be inferred by identifying the closest
flanking markers, 1215412 and D1S504, which were
also provided by the Radiation Hybrid Mapper server
(Figure 4c). The relative positions of these markers on
chromosome 1 are 242 ¢cM and 253 cM from the top
(Dib er al., 1996). For the Stanford G3 Panel, the
marker most tightly linked to ELF3 was D18306 at a
distance of 34 cR (lod score >4), which is 249 cM from
the top of chromosome 1 (Dib er al., 1996). ELF3 is
therefore logated 14 ¢cM proximal to the VWS gene,
and hence we have excluded ELF3 as being the gene
involved in VWS, The markers found near £LF3 map
to the YAC contig WCI1.18 (Hudson er af., 1995)
which also contains the cardiac troponin T (TNNT2)

and the slow skeletal muscle troponin 1 (TNN/1) genes
(B Schutte, manuscript in preparation). Both TNNT2
and TNNII map to 1632 (Mesnard er al., 1995; Syre et

al., 1993), and support the cytogenetic localization of
ELF3 shown in Figure 4a.

Unlike most ETS family members ELF3 is not expressed
in hematopoietic cells

Analysis of ELF3 expression in adult human tissues by
Northern blot to poly(A)*RNA (Figure 5a) and m
human fetal tissues by RNase protection analysis
(Figure 5b} demonstrates that ELF3 has a restricted
expression pattern. Most apparent s the lack of
expression in hematopoietic organs such as spleen
and thymus, which are known to express many of the
known ETS family of genes (Bhat er a/., 1997), and in
testicular and ovarian tissues. Further, £LF3 expres-
sion was not detected in peripheral blood lymphocytes
(PBLs), reinforcing the idea that expression is absent;
low in hematopoietic cells. Analysis of cell lines (Figure
5¢) shows that ELF3 expression is absent from all but
those with an epithelial origin. Lung tissue, which
displays ELF3 expression contains a significant
proportion of specialized epithelial cells, type I and
type I1 pneumocytes. Also ELF3 is highly expressed in
fetal Jung (Figure 5b), but at lower levels in adult Jung
(Figure 5a). It is undetectable in brain and heart of
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fetal tissues and seen at low levels in fetal thymus
(Figure 5b). It may be that the expression in fetal
thymus is not due to lymphoid cell expression but in
some other cell-type,

A significant number of lung cancers, adenocarcino-
mas and large cell carcinomas are derived from
respiratory epithelium. We therefore examined ELF3
expression in some primary cancers and cell lines
derived from lung cancers. Expression of ELF3 was
detected in a primary large cell carcinoma and a
primary adenocarcinoma, and at a higher level than in
age matched normal lung {(Figure 5d, lanes P1, P2 and
N). ELF3 was also detected in adenocarcinoma cell line
PL27 (Figure 3d, lane C3) and carcinoma A549 (Figure
5d, lane C5), but not in the small cell carcinoma
RHSCCI1 (Figure 5d, lane C1) or squamous cell
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carcinomas SK-MES2 and L162 (Figure 5d. lane C2
and C4). This pattern of expression suggests that
transeription of ELF3 may be differentially regulated in
different lung cancer sub-types.

Analysis of EJf3 expression in murine tissues
demonstrates a similar pattern to that found in human
tissues (Figure 6). Elf3 expression in adult mice was
observed in small intestine, colen, lung, kidney and
uterus, but no expression was seen in spleen, thymus,
brain, heart, skeletal muscle, or ovary (Figure 6a).
However adult murine liver displayed no EIf3
expression, whereas adult human liver displayed high
ELF3 expression. Further investigation will be
necessary to determine if ELF3 expression occurs in
normal human liver or may have resulied from some
other causes such as liver damage or cancer, especially
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Figure 2 Comparison of human and murine ELF3/EIf] with other ETS lamily members. (a) Alignment of the human {H-ELF3)
and murine (M-ELF3) protein sequences. Gaps, indicated by dashes, were introduced 10 optimize alignment. Identical amino acids
are dark-shaded and similar amino acids are light-shaded. Overall, identity and similarity between the human and murine
counterparts are 89 and 93%, respectively. Numbeting of amino acids is shown. Domain A and domain C {ETS domain) are boxed
and labeled. The region overlined by a solid bar corresponds to a putalive PEST sequence. (b} Alignment and comparison of the
ETS domain (domain C) of human/mouse ELF3 with other ETS family members in different species, ETS proteins are indicated
with a species prefix; D (Drosophila). H (human). M (mouse). Proteins examined include: EF4A (Burtis ef af.. 1990), ELF1 (Leiden
el al., 1992), NERF (QOetigen et al., 1996}, PEPI (Klemsz es ai., 1994), ETS4 (Chen et al., 1992), YAN (Lai and Rubin, 1992), TEL
(Gotub ¢r al., 1994}, ELK! (Rao er al., 198%), ERP (Lopez er al., 1994), SAPI (Dalion and Treisman, 1992), ER7} {Brown and
McKnighy, 1992), ERG (Rao e af, 1987), FLII (Ben-David er al., 1991), ETS6 (Chen er af., 1992), ETS1 {Chen, 1990), ETS2
{Waltson ef al., 1988), GABPa (LaMarco et ai., 1991), ELG {The er of., 1992), ER8I (Monte et al., 1995), ERM (Monte et af., 1994),
PEA3 (Xin er al.. 1992), ETS3 (Chen er al., 1992), PU1 (Klemsz es al., 1990), acdd SPIB (Ray er g/, 1992), Amine acids with jdentity
to ELF3} are shaded. Overall identity is given as a percentage. Alignments were produced with CLUSTAL W (Thompson et al.,
1994). (c) Phylogenetic tree of ETS DNA binding domains produced using maximum likelihood analysis, The alignment shown in b
was analysed using the JTT-F substitution model (Jones er al., 1992} and local bootstrap values were determined for all internal
branches by PROTML using R-mode search (Adachi and Hasegawa, 1996). Only the bootstrap values for branches close to ELF3
are shown. (8) Alignmem and comparison of the N-terminal sequence {domain A) of ELF3 with other ETS family members
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Figure 3 Gene orpanization of the murine Eif3 gene. (a) The
genomic structure and the restriction map of murine Elf3 are
shown. Exons are represented as numbered solid boxes. The
positions of the two overlapping genomic clones, 13.24 and 13.26,
are indicated above. Location of restriction sites for BanmHl (B),
EcoR1 (E) and Sacl (8) are shown. Sequencing of RACE PCR
products revealed two alternate transcripts, Elf3a and Elf3b. The
varizble exonic and aliernately spliced structures, predicted to
give rise to these products, is shown. The 60 bp additional
nucleotides present in Eff3), along with the deduced amino acids

since the exact status/condition of the human RMA
sample is unknown.

In the light that the organ expression patterns of
some ETS genes vary during murine development from
fetus to adult (Kola er al, 1993), we examined the
expression of Elf3 during embryogenesis on days 19
and 17, compared to that of the adult (Figure 6b and
c). Essentially, the EIf3 organ expression patiern
observed in the adult reflects that observed in fetal
organs, at least at the embrogenic stages examined,

ELF3 displays sequence specific binding 1o
oligonucleotides containing consensus ETS sites

The ability of ELF3 to bind specifically to DNA was
tested by electrophoretic mobility shift assay (EMSA).
ELF3 bound strongly to the E74 oligonucleotide,
containing a consensus ETS binding site (Figure 7a,
lane 1). Binding to E74ml, a mutant E74 oligonu-
cleotide, was virtually undetectable (lane 2}, E74ml
contains a GGAA—-AGAA substitution in the core
of the ETS recognition site, which we and others
have previously shown to obliterate the binding of
ETS factors (Wasylyk er al., 1990; Nye er al., 1992:
Thomas et al., 1995, 1997). ELF3 also binds to a
weaker ETS-binding site from the GM-CSF promoter
(GM —lane 4), but not to an AGAA mutant of this
ohigonucleotide (GMml-lane 5). It has been sug-
gested that a GGAT variation of the core ETS
binding site is relatively selective for ETS1 and ETS2
binding, in that these proteins bind GGAT-containing
sequences much more strongly than other ETS
factors (Wang er al, 1992; Bosselut ef al, 1993).
Mutant E74 and GM oligonucleotides (E74m2 and
GMm?2 respectively) contain GGAA—-GGAT substi-
tutions. Interestingly, these stifi retain some binding
activity for ELF3 (lanes 3 and 6 respectively). In
particular, binding of ELF3 to GMm2 appears to be
slightly stronger than that of the wild-type GM (lanes
4 and 6.

The avility of ELF3 to bind DNA specifically was
confirmed by competition experimentis, in which ELF3
binding to E74 was competed by addition of excesses
of unlabeled oligonucleotides (Figure 7bj. Binding of
ELF3 to E74 (lane 1) was competed efficiently by 100-
fold and 300-fold excesses of itself (lanes 2 and 3), and
by E74m2 (lanes 6 and 7). Competition by E74ml was

(one-lewer code), is shown, (b) Exonfintron sizes, sequences of
exon-intron junctions and their relative genomic positions.
Sequences of splice donor and splice acceptor sites are shown,
along with their maich to consensus sequences. All exon-intron
junctions conform to the Breatnach (GT/AG) rule (underlined).
{¢) Elf3 RACE PCR amplification. RACE producis were analysed
by agarose gel electrophoresis. The left panel (1anes 1-3) has been
ethidium bromide stained, and the right panel probed with Elf3
¢DNA (lanes 4-6). Negative controls containing the anchor
primer (API, lanes 2 and 5) or the Eif3-specific primer (P1, lanes
3 and 6} are shown. A major band representing Elf3-specific PCR
product was obtained using both primers (lanes { and 4, position
marked by an arrow). Although other bands were seen on the
EtBr stained gel (fane 1), they were not specific since they failed 10
hybridize with Eff3.specific probe (lane 4). (d) Mapping of Elf3
wranscriptional initiztion sites. The Elf3 RACE PCR product was
subcloned and 7 clones sequenced. The transcriptional initiation
site predicied by each clone are marked by an asterisk (*) above
the nucieotide sequence of Eif3. TATA and CAAT motifs are
boxed
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less effective both at 100 xexcess and 300 x excess
(lanes 4 and 35). Thus ELF3 displays sequence specific
binding to different consensus ETS binding sequences,
and does so with differential affinity, We have
previously conducted similar experiments comparing
the differential binding of ETS! and ELF1 to GM and
GMm2 (Thomas et al.,, 1995). This analysis confirmed
that ETS], but not ELF] could bind to the GGAT-
core modified oligonucleotide. Thus it appears that
ELF3, like ETSI, is capablc of binding GGAT more
effectively than other ETS family members, such as
ELF1, that show litle or no binding to these
SeguUences.
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Figure 4 Genomic localization of human ELF3. (a) Fluorescence
in situ hybridization (FISH). Computer enhanced image of
imectaphase preparations, showing in sitt  hybridization of
biotinylated probe for ELF3 hybridization sites are indicated
with arrows. (b) STS content analysis of the ‘Coriell Mapping
Panel 2° with ELF3-specific primers. PCR products were
separated by agarose gel electrophoresis, following amplification
with ELF3-specific primers using the following penomic
templates: no DNA control (w), total human DNA (h), total
mouse DNA (m), total hamster DNA (ha) and DNA pools of
monochrotmosome hybrids (A—-H). Chromosomes present in
pools are as follows: A (1,8,14,19.22Y), B (1.29,1520X), C
(2,3,8,10,16,21), D (349111417, E (510,12,15,18,19), F
(4,5,6,13,20,22), G {6,7.11.12,16,Y), H (7,13,17,18,21.X). Each
chromosome is represented in two pools. The size of DNA
standards (s} are indicated. (¢) Diagram showing localization of
ELF3 within chromosome ons, with respect 10 adjacent markers
obtained from mapping data (sec text)
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Eif3 transactivates the polyomavirus enhancer,
containing ETS and AP1 binding motifs

COS cells were co-transfected with CAT reporter and
ELF3 expression constructs to determine if ELF3
could function as a transcriptional activator (Figure
8). The CAT reporter gene driven by the thymidine
kinase mimmal promoter pTKmin was not responsive
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Figure 5 ELF3 expression in human tissues and cell lines. (a)
Northern analysis of adult human tissues probed with human
ELF3 cDNA (top pancls) and GAPDH cDNA (lower panels).
Abbreviations; He: heart; Br: brain; Pl: placenta; Lu: lung; Li:
liver; Sk: skeletal muscie; Ki: kidney; Pa: pancreas; Sp: spleen; Th:
thymus; Pr: prosiate; Te: testis: Ov: ovary; Sm: small intestine;
Co: coion mucosa; PBL: peripheral blood lymphocytes. Position
and size of RNA markers are shown (kb) T. (b} RNase protection
analysis of human [etal tissues. ELF3 and GAPDH protected
fragments are shown. (¢) RNase protection analysis of cells lines;
K562 (erythroid);, HEC-1 (endometrial carcinomz); PC-3 (prostate
carcinoma); DU-145 {prostate carcinoma); Jurkat (T-cell); WISEH
{amnion carcinoma); DU-528 {macrophage); MEL28 {(melanoma},
HTI080 (fibrosarcoma). (d} RNA protection analysis of Jung
cancers and cell lines; P1: primary large cell carcinoma; P2:
primary adenocarcinoma; N: normai lung; C1: RHSCCHI (small-
cell carcinoma); C2: SK-MES2 (squamous cell carcinoma); C3:
PL27 (adenocarcinoma); C4: L162 (squamous cell carcinoma);
C5: A549 (carcinoma)
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to expression of the ETS family members ETS2 or
ELF3. The CAT reporter gene driven by five copies of
the polyomavirus enhancer upstream of the TK-
minimal promoter (pSXpolyTK) had relatively higher
basal expression than did pTKmin. Co-transfection
with the ELF3 expression construct resulted in a
further 2.5-fold transactivation of the pSXpolyTK
reporter (this transactivation being statistically signifi-
cant at P«<0.001, as compared with the basal
p5XpolyTK reporter). This transcription was approxi-
mately twofold greaier than that achieved with an
ETS2 expression construct in these cells (Figure 8,
ETS2 tranmsactivation is .also statistically significant,
compared with the basal p5XpolyTK reporter.
P<001).

Li Lu Br Ki He Sm Sp

T,

Th Co Sk Ut Ov

Fipure 6 EIf3 expression in mouse tissues. (a} Northern analysis
of adujt mouse tissues probed with mouse ENf3 cDNA (top
panels) and GAPDH cDNA (lower panels). Abbreviations; Li:
liver: Lu:; Iung; Br: brain: Ki: kidney; He: heart; Sm: small
intestine; Sp: spleen; Th: thymus; Co colon mucosa; Sk: skeletal
muscle; Ut: uterus; Ov: ovary. {b) Northern analysis as above, but
using RNA from day 19 embryonic tissues. Abbreviations, St:
stomach; Pl: placenta. (¢) Northern analysis as above, but using
RNA from day 17 embryonic tissues

Discussion

ETS family transcription factors play an important role
in normal ceular function and in disease. We have
isolated a novel ETS gene (ELF3) from both human
and mouse and additionally report the genomic
organization of the murine gene. Interestingly, the
mRNA expression of ELF3, unlike that of most ETS
family members, was absent in hematopoietic cell lines,
hematopoietic organs (such as thymus and spleen) and
in peripheral blood lymphocytes. Intriguingly, ELF3
expression is only detected in cell lines of epithelial
origin. Further, the gene 15 expressed in organs such as
the lung which contain a high proportion of specialized
epithehial cells. These data suggest a role for ELF3 in
epithelial function.

It appears, however, that not all epithehal cells
express detectable levels of ELF3 mRNA, as organs
such as ovary, thymus, spleen and brain have a
component of specialized epithelial cells. It will be
necessary to undertake detailed cellular localization
studies to define specifically the ceflular distribution of
ELF3. However, the finding that ELF3? is expressed
specifically in cell lines of epithelial origin is significant.
A number of relatively ubiguitously expressed tran-
scription factors such as AP1 (Reddy et al., 1995} and
AP2 (Hennig er al, 1996) have been shown to be
important in regulating transcription of epithehal
genes. Only a small number of the currently described
transcription factors have been shown to be restricted
to epithelial cells and most of these are restricted to
only a subset of specialized epithelial cells. For
example,. Skn-la and Skn-li-2, two Oct-2-related
factors, are restricted to keratinocytes (Anderson et
al., 1993). TTF-1 (thyroid transcription factor-1) s a
homeodomain transcription factor expressed in the
thyroid, lung and parts of the brain (lkeda er al.
1995), and HINF-1 (hepatocyte nuclear factor-1) is a
variant homeodomain protein expressed in hver (Kuo
et al., 1991). Thus, the identification of an ETS family
member expressed specifically or predominantly in
epithelial cells may be relevant to normal function
and to tumorigenic processes in these cells. ldentifica-
tion of epithehal expressed genes with cellular
regulatory functions is of particular interest to the
study of tumorigenesis, since the majority of solid
tumors are of epithelial origin. In this context, it is also
significant that we have identified ELF3 as being over-
expressed in lung cancer cell lines and in primary lung
adenocarcinomas and carcinomas,

The ELF3 gene was mapped to human chromosome
1q32 by FISH and the assignment of ELF3 1o
chromosome | was verified by STS content analysis
with the Coriell Mapping Panel 2. This region of
chromosomie 1 contains the gene responsible for Van
der Woude Syndrome, a dominant craniofacial
disorder. However, when the location of the ELF3
locus was refined with two radiation hybrid panels, it
mapped between the markers D18412 and DI1S504
which are about 10 cM proximal to the Van der
Woude critical region, ruling out ELF3 as a candidate
for the Van der Woude Syndrome gene.

The localization of ELF3 is significant, and this
together with the epithelial expression pattern de-
scribed in this paper and the known oncogenic
properties of members of the ETS family, make
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Figwre 7 ELF3 binding to consensus ETS binding sequences. (a) Specific DNA binding of E. coli produced ELF3 was analysed by
electrophoretic mobility shift assay (EMSA), using labeled double stranded oligonucleotides as probes. E74 contains a consensus
binding site for the ETS family member E74A. E74m! and E74m2 are mutam oligonucleotides based on E74, but with the core
GGAA replaced with AGAA and GGAT, respectively. GM contains an E'WS binding site from the human GM-CSF promoter.
GMm] and GMm2 contain the AGAA and GGAT mutations. respectively. ELF3-DNA complexes are marked. (b) Competition of
ELF3 binding to the E74 probe by an excess of unlabeied oligonucleotide. Competitor oligonucieotides (E74, E7T4ml, E74m2) were
added in either 100-fold {100 x} or 300-foid (300 x ) excess, relative to the amount of probe

ELF3 a candidate gene for involvement in epithelial
cancers. Cytogenetic markers involving 1q are the most
frequently observed Kkaryotypic changes in breast
cancer. Loss of heterozygosity with allelic loss of
g23-932 has been commonly observed (Chen et af..
1989). The common region, shown to be deleted in this
study, was between the renin gene and marker AT3.
This is the same region identified by our ELF3
localization. On the other hand, other data associates
over-expression of 1q localized gene(s) with cancer.
Chromosomal abnormalities in 1q are common in a
wide range of solid tumors including carcinomas
(Brito-Babapulle and Atkin, 1981; Douglass er af,
1985) and some leukemias (Oshimura er af, 1976).
Trisomy of 1q or a portion of 1q has been shown to be
frequently present in carcinomas including breast
carcinoma (Pandis er a/., 1992; Ried et al., 1995), and
large bowel adenocarcinomas (Reichmann er al., 1984).
This has led to the speculation that over-expression of
a gene or genes between 1924 and 1g32 contnbutes to
tumor progression in carcinomas (Chromosome |1
woarkshop 1995). 1q32 is a fragile site and transioca-
tions involving 1q32 have been shown to be associated
with bladder carcinoma (Barrios et al, 1990} and
ovarian cancers (Belio and Rey, 1990} and also some
acute myelomonocytic leukemias (Yip ef al, 1991}
Thus, it is possible to speculate, on the basis of these
data, that aberani over-expression of ELF3 in human
cancers may result in the transcriptional upregulation
of genes important in tumor progression, especially

since we have shown ELF3 over-expression in some
cancers and cancer cell lines. For example ETS family
members have been implicated in the transcriptional
regulation of c-mer (Gambarotia et al., 1996) and erb-
B2 (Scott er al., 1994b), which are expressed in
epithelial cells and are thought to play a role in
carcinoma tumor progression.

Protein sequence homology and conservation
between various ETS family members has proven
useful in identifying functional domains. For this
reason, the structure of the ELF3 protein, in relation
to other ETS family members, is of interest and
involves the following points. Firstly, the amino acid
sequence of ELF3 is quite divergent from other ETS
family members, and secondly, in addition to the ETS-
DNA binding domain at the C-terminal end of the
protein, ELF3 shows some homology with the N-
terminal region of a number of ETS members. This N-
terminal domain found in a number of ETS family
members has been termed the ‘A-domain’ {Seth and
Papas, 1990) and more recently it has been shown to be
important for dimerization by TEL. and called the
TEL domain {Jousset et al.. 1997). This domain may
play a critical role in transactivation by specifyiug
protein-protein interactions., Human ELF3 also has a
consensus PEST sequence which is thought to be
important for protein stability. Amongst the ETS
family members, PU.I also has this structural motif
(Klemsz et ai., 1990), but its significance in protein
stability will need to be assessed.
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Figure 8 Transactivation by ELF3. COS cells were co-
sransfected with CAT reporter and transcription factor exspres-
sion constructs. T-inscription of the CAT gene was driven by
either pTKm'n (minimal thymidine kinase promoter) or
pSXpolyTK (five copies of the polyomavirus enbancer inserted
upstream of TKmin}. ETS {actor expression constructs used were
ETS2 {pBOSETS2) or ELF3 (pBOSELF3). In Lhe absence of
expression construct the equivalent amount of base vecior
{pEFBOS) was co-iransfected. COS cells were processed for
CAT assays and the results of at least four replicates are shown as
the mean relative CAT activity with standard error of the mean
(s.e.m.) bars. The mean relative CAT activity for each experiment
is also given numerically. Statistically significant results are
indicated by asierisks. Double asterisks indicate high significance
(P<0.01) and triple asierisks indicate extremely high significance
(P<0.001)

The ETS domain of ELF3 putatively involved in
DNA binding shows an amino acid identity of only
32-49% to a number of ETS family members (Figure
2b). However the critical residues shown to be
important for DNA contacts in the crystal structures
appear to be conserved (Donaldson er al, 1996;
Kodandapani er al., 1996). The closest ELF3 amino
acid identity is observed to Drosophila E74A (49%)
and human ELF! (43%).

Using recombinant ELF3 we have shown that it
binds to an ETS consensus oligonucleotide sequence
containing GGAA and GCAT core nucleotides.
Furthermeore, we have shown that ELF3 can bind 10 a
lower affinity binding site such as that from the human
GM-CSF promoter, which 1s ETS! regulated in T cells,
(Thomas er al., 1995; Thomas er al., 1997) The binding
of ELF3 to sequences containing a GGAT core
sequence may be especially significant, since it has
been suggesied that this variation of the GGAA core
may exclude or greatly reduce the binding of ETS
family members other than ETS] (Wang er al., 1992).
The ability of ETS] to bind GGAT core sequences

appears to be associated with a critical lysine residue
(amino acid 383) in its DNA binding domain (Bosselut
el al., 1993), an amino acid missing in ETS family
members, such as ELF1 and E74A but present in ELF3.
In this study, GGAA-only core specificity could be
induced in ETS] by mutation of this {ysine. Recipro-
cally, GGAT-permissive binding could be provoked in
ELFI1 by mutation of the corresponding site to a lysine.
Several ETS family members that contain the GGAT
binding-associated lysine residue, similarly to ETS1, can
also bind a GGAT core, but do so only in particular
circumstances. Hence ELKI can bind an ETS site with
a GGAT core, but only in association with adjacently
bound serum response factor (SRF) (Rao and Reddy,
1992: Treisman et al., 1992; Shore and Sharrocks, 1995).
ELK]1 related SAP! binds weakly to GGAT core
binding sites, but both ELK1 and SAPI] require ACC
residues fianking one side of the core (positions — 5, —4
and -3, in the ETSI consensus) and prefer GT residues
fianking the other side (positions +3 and +4) 10
achieve binding to GGAT containing sites. It is
interesting to mnote that these specific flanking
sequences, as present in the E74 oligonucleotide, confer
very high affinity binding for ETS1 (Nye er al., 1992;
Woods et al., 1992). FLI1 also contains the GGAT
binding-associated lysine residue, but appears to bind
GGAT sequences very rarely (1 in 22 binding sites
tested) (Mao er al., 1994), and again only in the context
of the highest affinity flanking sequences. The situation
of ETS1 binding to GGAT sequences is different, where
a wide range of flanking sequences are permissible (Nye
et al., 1992;: Woods er al., 1992). Thus, ETSt can bind
GGAT core sequences, even when the flanking
sequences specify low affinity binding, and other ETS
family members appear to bind GGAT core sequences:
(1) only in the context of required flanking sequences
specifying high affinity; (2) only in conjunction with
other factors; or (3) not at all. In the experiments
presented here, ELF3 appears to display ETSI-like
binding characteristics in contrast to other ETS family
members such as ELFI1. Thus, on a functional basis,
ELF3 could also be classified in the ETS1 subfamily of
ETS genes, although its DNA-binding domain sequence
alone place it in the E74/ELF1 subfamily.

ETS family members containing the ‘A domain’
(Seth and Papas, 1990) such as ETSI, ETS2 and
ERG2 are able to transactivate reporter constructs
containing multimerized Ets-binding sites from the
polyoma enhancer. ELF3 is able to transactivate 2
polyoma-TK minimal promoter construct (Figure 8).
Even though the level of transaclivation in COS cells
is modest, it is statistically significant and greater
than that achieved by ETS2. Furthermore, at this
stage no data is available on phosphorylation of
ELF3 which may influence transactivation. Recent
data has shown that ETSlI and ETS2 require
phosphurylation of a specific residue in the N-
terminal domain by the MAP kinase paihway for
full transactivational activity (Yang et al., 1996). This
phosphorylation site found in ETS] and ETS2 is
conserved with Drosophila ETS family member
pointed, which plays a critical role in photoreceptor
downstream of the tyrosine kinase receptor sevenless
(O'Neill ef al.,, 1994). ELF3 does not appear to have
the pointed phosphorylation domain but does coniain
a number of consensus phosphorylation sites for
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other protein kinases which may regulate ELF3
function.

In conclusion, this manuscript reports murine and
human sequences of a novel ETS gene that is
specifically expressed in epithelial cell lines. It maps
to a region that is implicated in epithelial cancers and
thus future experimentation will be aimed at studving
its functional role in normal epithelial developmewt/
function and in epithelial cancers such as lung, breast
and prostate.

Materials and methode

Cell lines and cuiture

Monkey COS7 cells were grown in DMEM supplemented
with 10% fetal calf serum, 100 U/ml penicillin and
100 pg/ml streptomycin, and maintained in a humidified
incul:ator at 5% CO, and 37°C. Cell lines PL27 and L162
(Lukeis ¢ al., 1993) were obtained from Dr S Hasthorpe
(Royal Childrens Hospital, Melbourne) and maintained
as for COS ceils. Other cell lines were obtained from
ATCC.

Plasmids

The human ETS) ¢cDNA, encoding the p42 isoform, was cut
from pSG42 with Bgill and bluni-ended with T4 polymer-
asc. The mouse er52 ¢cDNA was cut from pGEM7-ME2A
with BamHI and blunt-ended with T4 polymerasc. The
human ELF] cDNA was cut from pSK-ELF] (the gift of Dr
1 Leiden, University of Chicago, Illinois 60637, USA) with
EroR] and Xhol, and blunt-ended with T4 polymerase.
ETS1, ETS2, ELF! and ELF3 cDNAs were ligated into
Xbal cut, T4 polymerase blunted, pEFBOS mammalian
expression vector (Mizushima and Nagata, 1990}, to give
pBOS-ETS1, pBOS-ETS2. pBOS-ELF1 and pBOS-ELF3,
respectively, pX5polyTK was made by cloning multimerized
polyoma enhancer oligonucleotides into the BamHi site of
pBLCAT2. pHis6-ELF3 expression vector was made as
follows: The human ELF3cDNA was amplified using PCR
oligonucleotide primers (5'-CGQGATCCGCTGCAAC-
CTGTGAGATTAGC-3 and 5-GCAGATCTCAGTTCC-
GACTCTGGAGAACC-3) conlaining a BamHI restriction
site which encodes codon 2 followed by 21 nucleotides of the
human ELF3 coding sequence and a Bglll restriction site
followed by 21 nucleotides complementary to the last 22
nucleotides of the ELF2 coding sequence. The BamHI-
Bglll restriction fragment was cloned into the BamHI site of
the pQE-30 (Qiagen, Inc. Chatsworth, CA) bacterial
expression vector resulting in a N-terminal fusion of ELF3
protein to six histidine residues (His-Tag).

Electrophoreric mobility shift assays ( EMSA)

Purified recombinant ELF3 protein was produced in E. coli
using pHis6-ELF3. An overnight culture was diluted 1/10
in LB broth and grown for 1 h at 37°C. Recombinant
protein  expression was induced by addition of
0.1 mM IPTG and ciolture of cells for 2 h at 25°C. Cells
were harvesied and lysed by sonication in PBS and debris
removed by centrifupation. One ml of Talon mairix
(Clontech, Pale Alto, CA) was incubated with the
supernatant for 30 min and the. beads collected and
washed with TEN bufler (20 mM Tris-HCI, 30 mm NaCl,
pH 8.0), ELF3 was eluted from the beads in TEN buffer
supplemented with 100 mM imidazole. Analysis of the
preparation by standard denaturing SDS-polyacrylamide
gel electrophoresis revealed that the preparation contained
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approximately 90% monomer ELF3, having the expected
molecular weight of 42 kD.

Recombinant ETS1 and ELF] were produced by
transient transfection of the respective expression vectors
into COS cells. Sub-confluent cells were trypsinized, washed
in growth medium and resuspended in PBS with 20 mm
HEPES at 5x10° cells/ml. 300 gl of cells were mixed with
20 ug DNA in 0.4cm gap electroporation cuvettes and
pulsed at 170 V and 500 uF (Biorad Gene Pulsar). Celis
were re-plated into 10 cm petri dishes axd harvested 24 h
later. Nuclear lysates from COS ceils were prepared as
previously described (Thomas er al., 1995). DNA binding
experiments with nuclear Jysates were performed using
EMSA, as previously descibed (Thomas er al, 1995).
Briefly, purified double stranded oligonucleotides were
labeled with a-P-dATP by Klenow fill-in reaction. 10 ng
oliponuclectide probe was incubated for 10 min with
approximately 0.1 pg purified ELF3 protein or 2 yg COS
nuclear extract in DNA binding buffer {1 mM EDTA,
10 mM Tris-HC) pH 8.0, 50 mM NaCl, 5 mM MgCl,, 3 mM
dithiothreitol (DTT), 1 mg/ml BSA, 500 ng/ml poly-d(I-
C}.d(1-C), 500 ng/ml poly dl-dC, 200 ng/m! sheared salmon
sperm DNA), +1 pgf3 pg unlabeled compefitor oligonucleo-
tides, in 10 pi final volume. Assays were un through non-
denaturing, 7% acrylamide (29 acrylamide:1 bis-acrylamide},
0.5 x TBE gels at 4°C.

Oligenucleotide sequences used (shown in double stranded
conformation):

E74 gatCATAACCGGAAGTAACT
TATTGGCCTTCCATTGAC LA
E74ml gat cATRACCAGAAGTAACT
TATTGGTCTTCATTGACtag
E74m2 g9at cATAACCGGATGTAACT
TATTCGCCTACATTGAC LAY
GM gat cCACAGAGGAAATGATT
GTGTCTCCTTTACTAAcCtag
GMm1 gat cCACAGAAGAAATGATT
GTGTCTTCTTTACTAACtag
GMm2 gat cCACAGAGGATATGATT
GTGTCTCCTATACTAACtag

Transfection of COS cells and chloramphenicol acetyiiransfer-
ase (CAT) assays

COS7 celis were transfected with 3 ug CAT reporter
plasmid and 10 pg of expression constructs by electropora-
tion, as described above. Cells were harvested 48 h later
and processed for CAT assays as previously described
{Thomas er al., 1995). All raw CAT data was normalized to
the expression of p5XpolyTK, which was given the value of
‘100°. The mean and standard error of the mean (s.e.m.)
were generated {rom four replicates of each experiment.
Data was subject to statistical analysis using unpaired two-
tailed r-tests, with resultant P values less than 0.05
considered significant.

Isolation and characterization of full-length hwman and murine
ELF3/EI3 ¢cDNAs

An EST from prostate cDNA library was used to screen a
fetal lung cDNA library {(Clontech HL3022b}. A number of
cDNA cloncs werc obtained but none encoded the full-
length transcript. Additional 5-prime sequence was
obtained by RT-PCR using a Marathon ¢cDNA synthesis
kit {Clontech) and RACE (Rapid Amplification of cDNA
Ends) using human fetal lung RNA., The murine Elf3
cDNA was isolated from an adult Jung cDNA library in
Lambda ZAPli (Clontech). Additional S-prime sequence
was obtained by RACE using murine adult lung RNA (see
below). All eDNA sequences were confirmed by sequencing
both strands at least once.
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Determination of the murine Elf3 transcriptional initiation site

An adapter-lipated CDNA library was made with 2 ug of
murine adult lung poly(A)~ RNA using a Marathon
cDNA synthesis kil, according to the manufacturers
instructions (Clontech). RACE amplification was carried
out using the supplied anchor primer APY together with
the  Elf3-specific  primer Pl (5“GGGTCAACAC-
CAAGTCTTCAGTGCCAA-Y) close to the 5 end of the
c¢DNA. A second round of ampljfication was then carried
oul using the nested anchor primer AP2 and the nested
Elif3 primer P2 (5.GCTGTACATGGCGTTGAAG-
TAGTTAC-3). PCR products were analysed on a 2.0%
agarose g:l, Southern bliotted and probed with a 1.6 kb
murine Ei3 ¢DNA which conpained the poly(A)* 1ail
(obtained from library screening) The Elf3-specific PCR
product was cloned into pGEM-T vector (Promega Corp.,
Madison, WI) and DNA sequencing carried out.

fsolation and characierization of the full murine EIf3 genomic
sequernce

Genomic DNA clones were isolated by screening a murine
1298V] library in the [ambda F1X1I vector (Siratagene).
Genomic sequences were subcloped for sequencing by
cither direct subcloning of reg riction f{ragments into
appropriate plasmid veclors or by cloning of PCR-
generated fragments into pPGEM.T plasmid vector. PCR
reactions were performed in 3 Perkin Elmer 9600
thermocycler with 1uL of phage stock in reaction buffer
containing 1.5 mM MgCl, and 0.2 U/uL Tag DNA poly-
merase (Boehringer Mannheim, Indianapolis, IN) with a 30
cycle amplification of 94°C (30 s), 50°C (30 s}, 72°C (from
1-8 min).

FISH

Human chromosomal localization by FISH was as
previously described (Cailen ei ai,, 1990). A 900 bp ELF3
c¢DNA probe was nick ranslated with biotin-*-dATP and
hybridized independently to metaphases from two normal
males.

STS content mapping

PCR primers specific for ELF3 were designed with the
computer program Primer v0.5. The 5 nucleotide for the
forvard (5-CTCCAGCACCTTCTTTCTGG-3') and re-
verse  (3-TGGAACAGTCCAGCACTCTG-3') primers
were 1622 and 1803, respectively. The PCR reactions
were performed in standard puffer (10 mMm Tris-HCI
pH 8.3, 1.5 mm MgCl,, 50mm KCl) with 25ng of
genomic template DNA_ 1 uM of each primer, 200 pM of
each dNTP and 0.25 U of Taq DNA polymerase in a total
volume of 10 ul.. PCR parameters were an initial
denaturatich step at 94°C for 2 min. followed by 35
cycles of 94°C (30 5). 55°C (30 s), 72°C (30 5). For PCR
experiments with the Coriell Mapping Panel 2 {(Coriell
Institute, Camden NIJ), the DNA from the 24 mono-
chromosome hybrids were pooled as described in Figure
4b in order o reduce the number of reactions. For PCR
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experiments with the Genebridge 4 and Staniord G3
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RNase proiection analysis

ELF3 mRNA abundance in total RNA from human
tissues and cell lines was determined as described
previously (Tymms, 1995). Antistnse RNA probes for
human ELF3 and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) transcribed from linearized plasmid
vectors generated full-length probes of 451 bp and
216 bp respectively, The protected products generated by
hybridization and RNase digestion are 373 bp for ELF3
and 160 bp for GAPDH.

Northern analyvsis

Northern analysis of ELF3 expression in human adult
organs was performed with commercially availabie blots
containing 2 pg of poly(A)*RNA (Clontech). For other
Northern blots poly(A)*RNA was isolated by a modific-
tion of Gonda er al. (1992). Random-primed probes using
a 700 bp BamHI-Bgill human ELF3 cDNA fragment and a
1.6 kb murine Elf3 fragment containing the poly(A)~ tail
{obtained from cDNA library screening) were generated
and hybridizations performed using standard procedures.
Blots were reprobed with GAPDH c¢DNA to verify RNA
loading.

Note added in proof

After this manuscript was submited a manuscript describ-
ing the human ELF3 ¢DNA appeared {Chang e/ al,
Oncogene, 14, 1617-1622) with the gene name ESX.
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