
BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 246, 176–181 (1998)
ARTICLE NO. RC988560

Molecular Cloning and Expression of Ehf, a New Member
of the ets Transcription Factor/Oncoprotein Gene Family

Michelle A. Bochert,1 Laurie A. Kleinbaum,1 Li-Yan Sun,2 and Frank H. Burton3

Department of Pharmacology, University of Minnesota, Minneapolis, Minnesota 55455-0347

Received March 28, 1998

domain’’ (4,5), which may be involved in homodimeriza-
The ets family is a large multigene family of tran- tion (4), cooperative binding to other transcription fac-

scription factors that share a conserved DNA-binding tors (3, 5) and transactivation (3, 5). Several members
‘‘ETS’’ domain and include several oncoproteins that of the ets gene family are known oncogenes, or have
induce tumorigenesis when overexpressed. Here we been shown to be transcriptionally stimulated in prolif-report the cDNA cloning from mouse pituitary somato- erating cells, including ets-1, ets-2, PEA3, ESX, erg,troph tumors, sequence characterization and tissue-

FLI-1, ERP, PU.1, and tel (6–15). Consequently, manyspecific expression pattern in mice of a novel ets family
ets family members may contribute not only to normalgene, ‘‘Ehf’’ (‘‘ets homologous factor’’). The putative 300
development but to abnormal cellular proliferation as-amino acid Ehf protein is a highly divergent ets family
sociated with tumorigenesis.member, but is most related to the recently identified

Although many ets factors are expressed specificallyoncoprotein ESX (36% overall and 84% ETS domain
in hematopoetic cells, others are expressed in differentamino acid identity). Thus, Ehf and ESX comprise a
cell types such as epithelium or even in multiple adultnew ets subfamily. Ehf is a single-copy gene, but pro-
organs, including ets-1, ets-2, elf -1, elf-2, ER81, ERM,duces four distinct mRNA transcripts. Ehf transcripts
ERP, NERF and ESX (3, 12, 16–21). ESX (Epithelial-are abundant in mouse kidney and lung, less so in mus-

cle and liver, and not detected in brain, spleen or tes- Restricted with Serine boX) is a recently identified
tes. Because of its presence in somatotroph tumors and novel ets family gene which is more divergent than
its relationship to ESX, Ehf may represent a new onco- most other members of the ets family (9). Interestingly,
protein. q 1998 Academic Press ESX is transcriptionally stimulated in early stage

Key Words: mouse; pituitary; adenoma; somatotroph; breast cancer (9), suggesting a role in inducing or medi-
lung; kidney; skeletal muscle; liver; ESX; ESE-1. ating tumorigenesis of mammary secretory epithelium.

This likelihood is supported by evidence that the breast
cancer oncogene HER2/neu is transcriptionally acti-
vated by ESX (9). ESX is expressed only in epithelialThe ets family is a class of transcription factors that
cells and is induced during terminal differentiation ofshare homology to one another within an approxi-
the epidermis and in a primary human keratinocytemately 85 aa long, highly conserved DNA binding do-
differentiation system (19).main called the ‘‘ETS domain’’ (1, 2). Although their

In the pituitary, the presence of an ets-responsive DNAgreatest similarity to each other is within this domain,
element that cooperates with a Pit-1 binding site in theets factors can also have additional homologous do-
promoter of the prolactin (PRL) gene has led to the predic-mains including an ‘‘acidic domain’’ (3) and a ‘‘pointed
tion that an as yet undiscovered endogenous pituitary ets
factor may regulate both PRL expression and possibly
pituitary hormone-secreting cell development in vivo (22,1 The first two authors should be regarded as joint first authors.

2 Current Address: Hughes Institute, 2657 Patton Road, Roseville, 23). However, the only ets gene shown to be expressed
MN 55113. in the pituitary to date, c-ets-1, is apparently expressed3 Corresponding author: Department of Pharmacology, University

naturally only in angiogenesis-associated vascular endo-of Minnesota, 3-249 Millard Hall, 435 Delaware Street S.E., Minne-
apolis, MN 55455-0347. Fax: (612) 625-8408. E-mail: burto006@ thelial cells, rather than in pituitary hormone-secreting
maroon.tc.umn.edu. cells (24), although c-ets-1 has been reported to be ex-

Abbreviations: aa, amino acid(s); nt, nucleotide(s); bp, base pair(s); pressed in the GH4 pituitary cell line (22).
kb, kilobase pair(s); ORF, open reading frame; UT, untranslated; Here we report the discovery of a novel member ofcDNA, complementary DNA; PRL, prolactin.

the ets gene family which we call Ehf (ets-homologousThe nucleotide sequence has been deposited in GenBank with the
Accession No. AF035527. factor). Ehf is most closely related to, yet still consider-
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tion of 5U/mg DNA of either EcoRI or HindIII and loaded ontoably divergent from, the putative oncogene ESX. Ehf
agarose gels for horizontal electrophoresis, Southern blotting ontocDNA was isolated from mouse pituitary somatotroph
nitrocellulose membranes, and DNA blot hybridization using a 991tumor tissue, indicating a possible role for Ehf in the bp radiolabeled Ehf probe encompassing the entire Ehf ORF region,

regulation of somatotroph development, gene expres- prepared as described above for the northern blot analysis. Auto-
radiography was performed using 24- to 72-hour exposures with asion, tumorigenesis, or tumor angiogenesis. Ehf is also
‘‘lightning-plus’’ intensifier screen (Fisher) to detect single-copyexpressed in a variety of adult mouse organs in addi-
Ehf gene sequence.tion to pituitary, including lung, kidney, muscle and

Computer analysis of DNA and amino acid sequence. Ehf cDNAliver, but excluding spleen, brain and testes, which sug-
nucleotide (nt) sequence was searched to EMBL, GenBank, DDBJ,gests that Ehf expression is probably not restricted to
PDB, and EST divisions of EMBL, GenBank and DDBJ nt databasesepithelial cells like ESX (19) or to hematopoetic cells via the NIH-NCBI ‘‘BLASTN’’ search engine. Putative ORF identifi-

like several other ets genes. Together, these data indi- cation and amino acid (aa) sequence translation of the Ehf cDNA
cate that Ehf is potentially a new multi-organ oncopro- clone nt sequence was performed using DNASTAR software (DNA*),

while the putative Ehf aa sequence was searched to the GenBanktein, comprising with ESX a new and divergent sub-
CDS translations, PDB, Swiss-PROT and PIR protein databases viafamily of the ets transcription factors.
the NIH-NCBI ‘‘BLASTP’’ search engine. Subsequent full-length aa
sequence alignments and calculations of the extent of similarity be-
tween the 300 aa putative Ehf sequence and related database aa
sequences discovered by BLASTP were performed by Align QueryMATERIALS AND METHODS
using sequence data at the GENESTREAM SSEARCH network
server, CRBM Montpellier, France.cDNA clone isolation. Pituitary somatotroph tumor (25) mRNA

from C57Bl/61Balb/c hybrid mice was extracted with the QuickPrep
Micro mRNA Purification Kit (Pharmacia), and cDNA was synthe-
sized by oligo-T primed reverse transcription, linker ligation, and

RESULTS AND DISCUSSIONdirectional cloning into pGEM11Zf-NotI/EcoRI/BAP vector, using the
TimeSaver cDNA Synthesis Kit and Directional Cloning Toolbox
(Pharmacia). The cDNA libraries of complexity 106 or greater were

Isolation and Sequence Analysis of a cDNA Cloneamplified and library plasmid DNA was prepared (Qiagen Megaprep
Encoding Mouse EhfKit). Partial cDNA clones were isolated from Ç1.5 kb–4.0 kb insert

size-selected tumor library DNA by colony lift hybridization with an
Ehf-specific probe obtained by differential display RT-PCR compari-

Two plasmid cDNA libraries were constructed fromsons of normal vs. tumorous pituitary total RNA (M. Bochert, unpub-
lished data). Plasmid miniprep DNA of the two largest positive cDNA poly(A)/ mRNA of either normal mouse pituitary or pitu-
clones as well as several smaller clones were isolated using the Wiz- itary somatotroph tumor tissue, the latter isolated from
ard miniprep kit (Promega). Double-stranded plasmid DNA inserts a transgenic mouse model of Gs-dependent somatotroph
of each clone were single-pass sequenced from both ends and from

tumorigenesis (25). The cDNA libraries were screenedinternal primers based on the sequence of the original Ehf differen-
with a 230 bp probe representing a part of the ORF oftial display cDNA, using the 35S radiolabeled Sanger dideoxy-method

(USB Sequenase Version 2.0 DNA Sequencing Kit) followed by auto- Ehf cDNA. This probe was first obtained as a differential
radiography. These sequences indicated that all smaller cDNA clones display RT-PCR product that was differentially ex-
represented 5* truncated subsets of a single cDNA with an invariant pressed between normal pituitary mRNA and pituitaryinternal open reading frame (ORF) sequence which was completely

somatotroph tumor mRNA, whose nt sequence exhibitedcontained within the largest two cDNA clones. Plasmid DNA was
ets family homology (M. Bochert, unpublished data).prepared from one of the larger Ehf cDNA clones by a standard

alkaline lysis procedure (26). The complete DNA sequence of this Probing of both normal and tumorous pituitary cDNA
larger Ehf cDNA clone (1319 base pair (bp), GenBank accession libraries revealed the presence of Ehf-positive clones,
#AF035527) was obtained on both strands by fluorescence-tagged which were subsequently isolated from the tumor library.dideoxy-sequencing on an Applied Biosystems model 373A auto-

Two of six Ehf-positive size-selected clones isolated frommated sequencer, in the University of Minnesota Department of Hu-
man Genetics Microchemical Facility. This sequence matched a com- the tumor library had Ehf inserts of approximately 1.4
posite sequence compiled from the prior single-pass sequences. kb, while the remainder of the clones had smaller inserts.

Complete double-stranded sequencing of one of the twoNorthern blot analysis A mouse multi-tissue poly(A)/ mRNA
northern blot (Clontech) containing 2 mg of purified poly(A)/ RNA largest Ehf cDNA clones, whose length was 1319 nt (Fig-
from heart, brain, spleen, lung, liver, skeletal muscle, kidney and ure 1), and partial sequencing of the remaining cDNA
testes was probed with a 32P-alpha-dCTP radiolabel-incorporated, clones (not shown) identified that the largest two cDNA230 bp PCR-amplified portion of the ORF region from the Ehf cDNA.

clones both contained a long ORF bounded by 5* andThe Northern blot was exposed to X-ray films (X-OMAT-AR) for an
initial 24 hour period followed by various longer exposure times of 3* untranslated (UT) regions. The smaller cDNA clones
up to 2 weeks with a ‘‘lightning-plus’’ (Fisher) intensifier screen, to represented 5* truncated Ehf cDNA inserts presumably
generate both short and long autoradiographs detecting moderate to created by incomplete reverse transcription. All of the
low level Ehf expression in various tissues. cDNA clones appeared internally primed from an A-rich

Genomic Southern blot analysis. Tail genomic DNA was iso- 3* UT region not preceded by a canonical poly-A addition
lated from normal Balb/c mice by digesting the tails with 0.3 mg/ site, suggesting that full length Ehf mRNA probably con-ml Proteinase K at 607C overnight, extracting the DNA with chloro-

tains additional uncloned 3* UT sequences not detectableform, and precipitating the DNA with ethanol. 10 mg of genomic
DNA was restriction-digested to completion with a final concentra- with our ORF-specific probe. The absence of any cDNA
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FIG. 1. Nucleotide sequence of a 1319 nt mouse Ehf partial cDNA containing the complete Ehf protein coding region (GenBank accession
#AF035527). Putative aa sequence is shown below the nt sequence within the ORF. Numbering of nt or aa (bold) is shown at right. Regions
homologous to known ets family domains are underlined as follows: pointed domain homology (nt 282-401); ETS domain homology (nt 750-
1007). In-frame terminator codons within the 5* and 3* UT regions that bound the ORF are also shown (boldface).

clones containing both ORF and complete 3* UT sequence may also have an incomplete 5* UT region. Nevertheless,
the ORF sequence in all examined Ehf clones was invari-in our library screening suggests such clones may be in-

frequent, perhaps due to a large 3* UT region. This is ant, suggesting that this ORF represents the complete
Ehf coding sequence. This 900 nt ORF is bounded at itssupported by our preliminary finding that human Ehf

cDNA has a very long 3* UT region (L. Kleinbaum, un- 5* end by appropriate eukaryotic translation initiation
sequences (27) and by a stop codon at its 3* end, and ispublished data). In addition to being incomplete at their

3* UT ends, the two largest Ehf cDNA clones differed further surrounded on both 5* and 3* sides by UT regions
containing multiple stop codons (Figure 1).slightly in their 5* endpoints, suggesting that these clones
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FIG. 2. Amino acid alignment of the ETS domain between mouse Ehf and PU.1 (accession #P17947), ESX (accession #U66894), elf-1
(accession #P32519), elk-1 (accession #P19419) and ets-1 (accession #P14921). The ets proteins to which Ehf is aligned show essentially
zero divergence in their ETS domain between rodents and humans (data not shown). Percent aa identity to Ehf is shown at right. Dashes
represent spaces inserted for optimal alignment.

divergent ets factor that is epithelial cell-specific andHomology of Ehf to the ets Transcription Factor/
has been variously called ESE (19), Elf3 (accession #Oncoprotein Family
AF016294), ERT (accession # AF017307), and jen (ac-

Ehf is a novel cDNA sequence, revealing no exact cession # U97156) in more recent mouse and human
or close nt matches in the non-redundant GenBank, cDNA cloning studies. The similarity of mouse Ehf aa
EMBL, DDBJ, and PDB nt sequence databases, includ- sequence to human ESX is 36% aa identity overall,
ing the dbEST, STS and GSS divisions, and only one with 84% aa identity within the ETS domain (Figure
nearly exact match to an unpublished 253 nt mouse 2). Ehf is equally similar (39% overall and 84% ETS
partial expressed sequence tag (EST) in the dbEST da- domain aa identity) to the more recently reported
tabase (accession #AA466217). The complete and in- mouse homolog of ESX, Elf3 (accession # AF016294),
variant 900 nt Ehf ORF putatively encodes a 300 aa confirming that Ehf is not mouse ESX but is a separate
polypeptide (Figure 1). This putative Ehf aa sequence gene distantly related to ESX. The similarity of Ehf to
shows no exact or close matches in the PIR, PDB, Gen- ESX is greater than Ehf’s similarity to other ets factors
Bank CDS translations or Swiss-PROT aa databases. like ets-1 (20% overall and 40% ETS domain aa iden-
However, both the Ehf ORF DNA sequence and puta- tity) (28) and elk-1 (14% overall and 48% ETS domain
tive Ehf aa sequence reveal significant homology to aa identity) (29) (Figure 2). Thus, Ehf is not only a
other ets family genes and their encoded proteins (Fig- novel ets factor, but, along with its distant relative
ures 2, and 3), and mostly to ESX, a recently identified ESX, constitutes a new and divergent ets subfamily

(Figure 3). Based on ETS domain divergence, this
‘‘ESX-Ehf’’ subfamily is the second most divergent
clade of known mammalian ets factors, behind the most
divergent mammalian ets protein known to date, the
oncoprotein PU.1 (Figure 3).

Amino Acid Composition Analysis of Ehf

Amino acid composition analysis of the putative Ehf
polypeptide sequence indicates that Ehf contains a sig-
nature ETS domain (Figure 1), indicating that it is a
transactivator of other genes. Ehf also contains a
‘‘pointed domain’’ (Figure 1), an approximately 100 aa
sequence which is highly conserved within some mem-
bers of the ets protein family including ets-1, ets-2, erg,
erg-B (30) and ESX (9). The ‘‘pointed domain’’ has been
postulated to be involved in homodimerization (4) or
transcriptional activation (5). As with ESX, the func-
tional significance of Ehf’s ‘‘pointed domain’’ homology
is not known, especially given that both Ehf and ESX

FIG. 3. Dendrogram showing the evolutionary relationship of the lack a conserved MAP Kinase substrate site found inETS domains in Ehf and other representative ets family members.
the ‘‘pointed domain’’ of ets-1, ets-2, and the DrosophilaThe dendrogram was derived from the distance matrix of the percent
ets protein, Pointed P2 (9).aa difference between the ets factor alignments shown in Figure 2.

PU.1, ESX, elf-1, elk-1 and ets-1 were chosen for alignment because
each represents a major mammalian ets family clade (2,9), with the Tissue Specific Expression of Ehf mRNA in MousePU.1 branch containing only the PU.1 gene (2); the ESX branch
containing only ESX and Ehf; the elf-1 branch containing only elf-1 Northern blot analysis of 2 mg of poly(A)/ RNA ex-(2); and the elk-1 and ets-1 branches each containing many divergent

tracted from multiple tissues of adult mice showed fourto highly homologous ets factors comprising the remainder of the
mammalian ets family (2). transcripts of 1.4 kb, 2.0 kb, 2.3 kb and 3.8 kb in length
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itary tumor mRNA, as well as our detection of Ehf tran-
scripts in total RNA extracts of these tissues by differen-
tial mRNA display (M. Bochert, unpublished data).

Analysis of Ehf Gene Copy Number

Genomic Southern blot analysis of EcoRI-restricted
or HindIII-restricted tail DNA extracted from normal
Balb/c mice and hybridized with an Ehf ORF-specific
probe detected a single genomic DNA band in EcoRI-
digested DNA and two bands in HindIII-digested DNA
(Figure 5). The intensity of these bands was equivalent
to that of a single-copy control marker, indicating that
the probable copy number of the Ehf gene is one per
haploid genome. Thus, Ehf is probably a single gene
rather than one of a group of closely related genes.
Moreover, this supports the contention that the four
distinct Ehf mRNA transcripts (Figure 4) are most
likely made from one Ehf gene, rather than being sepa-
rate transcripts made from multiple Ehf genes.

Conclusion

Our data indicate that Ehf is a new member of the
FIG. 4. (A) Northern analysis of Ehf mRNA levels in mouse tis- ets transcription factor family. Ehf comprises a new

sues. RNA size marker locations are shown at left. Lane abbrevia- and divergent ets subfamily along with its closest ho-tions: H (heart), B (brain), Sp (spleen), Lu (lung), Li (liver), Sk (skele-
mologue, ESX. ESX is transcriptionally up-regulatedtal muscle), K (kidney), T (testes). (B) Beta actin re-probing of blot

to confirm equivalent RNA loading per lane. The different banding in early-stage breast cancer, and in turn induces the
pattern evident in skeletal muscle and heart (cardiac muscle) reflect transcription of the HER2/neu oncogene (9). Although
different beta-actin mRNA transcripts in muscle tissues. Ehf is expressed in other tissues besides those which

express ESX, Ehf may act similarly to ESX, as well as
to many other ets family oncogenes (6-15), inducing

that were variably detected in certain tissues using an proliferation in the distinct tissues where it is ex-
Ehf-specific probe from within the Ehf ORF region (Fig- pressed. Ehf is the first ets family gene known to be
ure 4). The major Ehf mRNA transcript is 3.8 kb, indicat- expressed in pituitary somatotroph tumors, as well as
ing most Ehf cDNA clones should be primed from this in a variety of normal organs. The only other ets gene
large mRNA species. However, all our cDNA clones were
smaller than 1.4 kb and were primed internally at an A-
rich 3* UT sequence. This suggests the predominant Ehf
transcript contains an additional long 3* UT region not
detectable with our ORF probe, a conclusion supported
by our recent detection of a very large 3* UT region in a
human Ehf cDNA clone (L. Kleinbaum, unpublished
data). Because every Ehf cDNA clone examined contains
an invariant ORF, the most likely form of differential
processing resulting in the four Ehf mRNA species is
alternative 3* UT polyadenylation or UT splicing, rather
than alternative ORF splicing.

Ehf mRNA transcripts were differentially expressed in
kidney, lung, skeletal muscle, heart (cardiac muscle) and
liver, in order of decreasing abundance, and were not FIG. 5. Southern analysis of Ehf gene copy number in the mouse
detected in brain, spleen, or testes. Re-probing of the genome. DNA size marker locations are shown at left. 1x, single-
commercial northern blot with a beta-actin specific probe copy Ehf control DNA diluted in salmon sperm DNA; H, HindIII-

digested Balb/c mouse genomic DNA; E, EcoRI-digested Balb/c mouseconfirmed approximately equal loading of mRNA. In ad-
genomic DNA. Signals in each lane were autoradiographically de-dition to these above tissues, Ehf mRNA is also present
tected after hybridization with a PCR-radiolabeled Ehf ORF-specificin adult pituitary tissue and pituitary somatotroph tumor fragment. The detection of a single band exhibiting 1x-equivalent

tissue. This is based on our isolation of multiple Ehf intensity in EcoRI-digested mouse DNA indicates that Ehf is most
likely a single-copy gene.clones from cDNA libraries made from pituitary and pitu-
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gene 8, 1751–1755.to be naturally expressed only in vascular cells during

6. Seth, A., and Papas, T. S. (1990) Oncogene 5, 1761–1767.embryonic pituitary development, and is assumed to
7. Seth, A., Watson, D. K., Blair, D. G., and Papas, T. S. (1989)be involved with angiogenesis rather than pituitary

Proc. Natl. Acad. Sci. USA 86, 7833–7837.
hormone-secreting cell development, proliferation or

8. Trimble, M. S., Xin, J.-H., Guy, C. T., Muller, W. J., and Hassell,
function (24). The expression of Ehf in both adult pitu- J. A. (1993) Oncogene 8, 3037–3042.
itary and pituitary tumor tissues is thus of interest 9. Chang, C. H., Scott, G. K., Kuo, W. L., Xiong, X., Suzdaltseva,
because unidentified ets protein(s) have been assumed Y., Park, J. W., Sayre, P., Erny, K., Collins, C., Gray, J. W., and

Benz, C. C. (1997) Oncogene 14, 1617–1622.to regulate pituitary-specific gene expression and possi-
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tors enhance PRL transcription by acting cooperatively 13. Moreau-Gachelin, F., Tavitian, A., and Tambourin, P. (1988) Na-

ture 331, 277–280.with the POU domain protein Pit-1, a known regulator
14. Moreau-Gachelin, F., Ray, D. Mattei, M. G., Tambourin, P., andof PRL and pituitary development. The endogenous pi-
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Cell 77, 307–316.pects of pituitary somatotroph cell development, physi-
16. Bhat, N., Fisher, R. J., Fujiwara, S., Ascione, R., and Papas, T. S.ology and tumorigenesis, has not yet been identified (1987) Proc. Natl. Acad. Sci. USA 84, 3161–3165.

(23). Thus, Ehf is a possible candidate because of its 17. Monté, L., Baert, J. L., Defossez, P. A., and de Launoit, Y., and
expression in the pituitary and in somatotroph cell tu- Stéhelin, D. (1994) Oncogene 9, 1397–1406.
mors in vivo. In the future, overexpressing Ehf protein 18. Oettgen, P., Akbarali, Y., Boltax, J., Best, J., Kunsch, C., and
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USA 85, 7862–7866.3. Monté, D., Coutte, L., Baert, J. L., Angeli, I., Stéhelin, D., and
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