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As a potential regulator of nutrient partitioning in
eef cattle, we have cloned and genetically mapped
he bovine PREF-1 gene. A full-length PREF-1 cDNA
as isolated by iterative purification from a mixed-

issue cDNA library to which adipose contributed
RNA. Analysis of partial cDNAs from this library

evealed that the 3*-terminal exon of the bovine
REF-1 mRNA is spliced in a manner analogous to its
urine ortholog. However, we have also detected a
REF-1 splice form apparently unique to cattle. Aside

rom this alternative selection of a splice donor in the
ovine fifth exon, the exon/intron junctions of the bo-
ine PREF-1 gene recapitulate those observed for
ice. The sequences proximal to the bovine PREF-1

ranscription start site are homologous to the mouse
REF-1 promoter. Importantly, the sequence experi-
entally identified as critical to PREF-1 “suppression

n adipocyte differentiation” is conserved in the bo-
ine gene. The bovine PREF-1 gene was mapped to the
elomeric end of BTA 21 by virtue of a physically
inked microsatellite with seven alleles and 285 infor-

ative meiosis. © 1999 Academic Press

The adipocyte serves as a storage depot for excess
nergy reserves in the form of fatty acids and triacyl-
lycerides. These reserves are mobilized when caloric
xpenditure surpasses intake. Though fat serves a cru-
ial function in the storage, metabolism and release of
ipids, the diversion of feed into adipose production
esults in significant loss to meat producers. In addi-
ion, health-conscious consumers desire a low-fat, yet
ender and flavorful beef product. Genetic variation for
arcass and meat palatability traits has been described
mong and within cattle populations [1, 2]. Dissection
f the underlying genetic variation responsible would

1 To whom correspondence should be addressed at USDA, ARS,
.S. Meat Animal Research Center, Spur 18D, P.O. Box 166, Clay
enter, NE 68933-0166. Fax: 402-762-4390. E-mail: fahrenkrug@
mail.marc.usda.gov.
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ll rights of reproduction in any form reserved.
ermit an evaluation of carcass merit early in the
ife-cycle.

The ontogeny of adipocytes is not well understood,
hough they are known to arise from mesenchymal
recursors widely distributed in the vertebrate embryo
3]. One of the molecules involved in controlling adipo-
yte differentiation is the epidermal growth factor
EGF)-like homeotic protein pref-1 (a.k.a. dlk, zog-1,
A-1, SCP-1 [4–9]). The expression of PREF-1 is sup-
ressed during in vitro preadipocyte differentiation.
dipogenic conversion requires PREF-1 suppression
ince ectopic expression inhibits in vitro preadipocyte
ifferentiation [10, 11]. PREF-1 is also expressed in
etal pancreatic and adrenal tissues, becoming re-
tricted to cells of the adrenal medulla, the zona glo-
erulosa, pancreatic b-cells and the somatotroph cells

f the pituitary gland later in development [6, 12, 13].
hus, PREF-1 expression may play an important role

n the development, differentiation and function of tis-
ues central to the endocrine regulation of nutrition
artitioning.
The protein encoded by the PREF-1 gene is a trans-
embrane molecule comprised of six extracellular,

ysteine-rich, EGF-like repeats and a short cytoplas-
ic tail, similar to the Drosophila neurogenic protein
elta [7, 14]. Alternative-splicing of the mouse PREF-1

ranscript has been observed that gives rise to four
plice-forms, generating proteins with various in-
rame deletions in the terminal EGF-like repeat and
uxtamembrane domain [14]. The pref-1 proteins en-
oded by the two largest splice-forms undergo cleavage
n the juxtamembrane region to release a soluble 50-
Da ectodomain [15], raising the possibility that pref-1
ay influence not only the development and/or function

f endocrine tissues, but may itself act as a hormone.
We report the genomic structure of the bovine

REF-1 gene which will facilitate the assessment of
llelic variation for this gene in beef cattle populations.
e also report the development of a polymorphic
arker closely linked to this gene, which will allow for

he assessment of this gene as a positional candidate
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or production trait quantitative trait loci (QTL) in
attle.

ATERIALS AND METHODS

PCR primers. PCR primer pairs were designed using Oligo 5.0
NBI) and synthesized on an Oligo 1000M oligonucleotide synthe-
izer (Beckman). Amplification primers were designed from partial
DNA sequence of the cattle PREF-1 gene (AB009278).

FIG. 1. The sequence of the isolated full-length bovine PREF-1 c
n bold. The amino acid sequence of the pref-1 protein is presented b
redicted EGF repeats are underlined, the predicted transmembrane
re underlined and bold.
663
Isolation of cDNA clones. The cDNA clones were isolated by an
terative screen [16] with PREF-1 specific primers (CCATGGG-
ATCTCTTCCTCA-39 and 59-GCCGGCCTCCTTGGTGAA-39) from a
ovine library prepared using pooled RNA isolated from mesenteric
ymph node, hilar lymph node, ovary, kidney-pelvic-heart fat, hypothal-

us, pituitary and subcutaneous fat (Smith et al., in preparation).
lternative splice forms were detected by amplification with the prim-
rs 59-GGTGACTTCCGCTGCCGTTGC-39 and 59-CTACGGGTACC-
CGGGTCCTG-39 which bracket the alternative splice-donors and
plice-acceptor. PCR products were cloned using the TOPO-TA cloning

A is presented. The initiation and termination codons are indicated
w the coding sequence. The putative signal peptide is italicized, the
main is italicized and underlined, the potential N-glycosylation sites
DN
elo
do
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it (Invitrogen), identified by colony hybridization and sequenced. Com-
arison of bovine PREF-1 to mouse and human PREF-1 sequences were
onducted using the BLAST algorithm [17, 18] with equivalent portions
f cDNAs in the case of alternative splice-forms.

Isolation of genomic clones. The PREF-1 cDNA was used as a
robe to screen a bovine BAC library (RPCI-42) by high-density filter
ybridization (Warren et al., in preparation). A total of 10 BACs were

dentified and isolated. DNA was pooled, digested by PstI or Sau3A
(LTI), and subcloned. Colonies containing portions of the PREF-1
ene were identified by colony lift hybridization. Clones were iso-
ated and sequenced with cDNA-specific and vector primers on an
BI 377 automated DNA sequencer (PE Applied Biosystems, Foster
ity, CA). Sequences were aligned using VectorNTI (Informax).

Marker development. Large insert genomic clones were sub-
loned by standard techniques [19]. Microsatellites were identified
nd sequenced as described [20]. A PREF-1 linked microsatellite was
dentified and the primers 59-GCAGAGCAGGTGCAGGAC-39 and
9-CCACCACTCTCCTCTCCCTTA-39 were developed for genotyping.

Linkage analysis. Marker genotypes were generated from bovine
eference populations and entered into the U.S. Meat Animal Re-
earch Center (MARC) relational database [21–23]. Linkage analysis
ere performed using Cri-Map version 2.4 software [24].

ESULTS AND DISCUSSION

Cloning of the PREF-1 cDNA. We isolated bovine a
REF-1 cDNA via iterative screen of the MARC bovine
DNA library #1 (Smith et al., in preparation) using
rimers based on a partial bovine PREF-1 cDNA (Gen-
ank AB009278 by Minoshima et al., 1997). A 176-bp
roduct was generated by PCR amplification of cDNA
nd its identity was verified by sequencing. The clone
ith the longest 59-end was identified by amplification
ith the SP6 vector-specific primer and a reverse
REF-1 specific primer. After four rounds of iterative

FIG. 2. Alignment of partial cDNAs representing alternative spl
he clone does not contain the sequence presented. The amino acid se
he sixth EGF repeat is underlined. The potential N-glycosylation s
664
creening a single 1315-bp cDNA clone was isolated
Fig. 1, AF181462). The isolated cDNA extends 34-bp
urther 5-prime than AB009278 and used the same
olyadenylation site, though no consensus poly(A) sig-
al is present. Comparison of the bovine PREF-1 cDNA
ith that of other species reveals 87% identity with
uman and mouse sequences. An analysis of the pre-
icted amino acid sequence of bovine pref-1 reveals
pproximately 82 and 80% amino acid identity
ith human and mouse pref-1 proteins, respectively.
hough most of the protein domains previously identi-
ed [14] as important for pref-1 function are encoded in
he isolated bovine cDNA (Fig. 1), like AB009278, our
ovine PREF-1 cDNA does not encode the entire sixth
GF repeat, the entire juxtamembrane domain, or the

hird potential N-glycosylation site. This is analogous
o splice-form C2, previously described for mouse
REF-1 [14]. This splice-form of mouse PREF-1 is pre-
icted to encode a form of the protein that is not sus-
eptible to cleavage, and so does not give rise to soluble
ref-1 [15]. This would have important implications for
he potential function of the pref-1 protein as a soluble
ignaling molecule. It has been suggested that mem-
rane and secreted pref-1 protein variants play oppo-
ite roles in the control of adipogenesis and that the
ref-1 protein not only participates in processes lead-
ng to inhibition of adipogenesis, but that the control of
ts expression and different spliced variants is essen-
ial for the adipogenic response to extracellular signals
25]. We undertook the characterization of additional
DNAs present in all four MARC bovine cDNA librar-

forms of the bovine PREF-1 mRNA. The dashed line indicates that
nce of the peptide encoded by the partial cDNAs is indicated in bold.
present exclusively in splice form A is italicized.
ice-
que
ite
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es in search for other splice-forms analogous to those
escribed for mouse PREF-1. The bovine cDNA library
as subject to PCR amplification with a primer pair

orresponding to sequences flanking the alternative
plice-junctions in mouse PREF-1. Cloning and se-
uencing revealed the predominant amplification prod-
cts to be 180 bp, 258 bp, and 405 bp in length. The
80-bp and 405-bp products correspond to splice-forms
2 and A, respectively, as described for the mouse [14].
he 258-bp product is apparently unique to bovine
REF-1, heretofore referred to as E, and derives from

FIG. 3. (A) Splice junctions for the bovine PREF-1 gene are
plice-junctions. SA, splice acceptor; SD, splice donor. Underlined
djacent intron. As discussed in the text, exon 5 is alternatively splic
n the case of splice-form A. (B) The sequence proximal to the bov
ull-length cDNA is underlined. The transcription start site predicte
equence surrounding the predicted bovine SAD element is bold. (
lements.
665
he use of a splice-donor 78 nt downstream of that used
y splice form C2. The splice-forms detected in this
DNA library are aligned in Fig. 2. The additional
rotein-segment encoded by splice-form A is 82 and
3% identical to mouse and human pref-1, respectively
nd encodes the missing portions of the sixth EGF
epeat and juxtamembrane domain, as well as the
hird potential N-glycosylation site. The splice-form
etected exclusively in cattle encodes the entire sixth
GF-like repeat, but does not encode the full juxta-
embrane domain.

n. Twenty base-pairs of sequence is given on either side of the
uence is from the indicated exon. Italicized sequence is from the
to exon 6 by the use of alternative splice-donors, or not spliced at all
PREF-1 gene is presented (AF181831). The 59-end of the isolated

y comparison to the murine promoter is indicated by an arrow. The
A comparison of the published murine and predicted bovine SAD
give
seq
ed
ine
d b
C)
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Genomic organization of the PREF-1 gene. Se-
uence data derived from genomic subclones indicated
hat the bovine PREF-1 gene is comprised of six exons
AF181463, AF181464, AF181465, AF181466) like its
urine counterpart. The intron/exon boundaries are

ndicated in Fig. 3. The phase with respect to the open
eading frame and the position of the splice-junctions
s completely conserved between mice and cattle, indi-
ating the isolation of the bovine PREF-1 orthologue
14]. As mentioned previously, the 39-end of the bovine
REF-1 cDNA does not reveal any obvious polyadenyl-
tion site. However, because the genomic sequence at
he 39-end of this gene does not contain an A-rich
equence, the termination site detected is likely to be
egitimate, suggesting a non-canonical poly(A) signal

ay be used. Comparison of bovine PREF-1 genomic
equence with the mouse PREF-1 cDNA (D16847) re-
eals sequence extending 84 bp beyond the detected
ovine transcriptional termination site that is 89%
dentical to the 39-end of the mouse PREF-1 cDNA,
uggesting the possibility that the bovine PREF-1
RNA may in some cases be polyadenylated at an

nalogous position. A more extensive analysis is
eeded to determine whether alternative polyadenyla-
ion may play a role in the regulation of PREF-1
xpression.
We have also isolated a genomic clone containing

equence proximal to the detected bovine PREF-1
tart-site (Fig. 3, AF181831). Comparison of this se-
uence to the published portion of the mouse PREF-1
romoter suggests our cDNA is nearly full-length, with
CAP site homologous to that for mouse only 17 nt

pstream [14] (Fig. 3). The full-extent to which the
ovine and murine promoters are conserved cannot be
ssessed because the full murine PREF-1 promoter
equence is unpublished. However, a bovine sequence
lement resembling that identified as a “suppression in
dipocyte differentiation” (SAD) element in the mouse
REF-1 gene [26], is located at approximately the
ame distance from the transcription start site (2154
o 2193 for mouse, 2156 to 2193 for bovine, Fig. 3).
his suggests the importance of this element and a
onservation of the mechanism employed for regulat-
ng PREF-1 gene expression.

Mapping of the bovine PREF-1 gene. A number of
TL affecting fat deposition in cattle have been de-

ected [27]. To determine whether bovine PREF-1 gene
s in a chromosomal position potentially important to

eat quality traits we developed a polymorphic
arker to position it on the bovine linkage map. The
uman PREF-1 gene has been physically mapped, us-

ng the GB4 cR3000 RH panel, to the telomeric end of
SA 14 [28]. The mouse PREF-1 gene has been re-
orted as residing on the mouse X-chromosome [29].
owever, this assignment is unlikely based on the

bservation that a genetic knockout of the mouse
666
REF-1 gene does not segregate in sex chromosome-
inked manner (Smas, personal communication, 1999).
he map position of bovine PREF-1 was determined by

inkage to a microsatellite (AF181714) isolated from a
ovine BAC containing PREF-1. Genotyping of the mi-
rosatellite locus in MARC bovine reference families
dentified seven alleles and produced 285 informative

eiosis. Linkage analysis positioned the marker at the
elomeric region of BTA 21. Two-point linkage analysis
evealed PREF-1 was linked (LOD . 3.0) to 23 mark-
rs previously mapped to BTA 21 with the greatest
upport (LOD 5 54.91) for linkage to BMS743 at a
ecombination frequency of 0.03. Multipoint linkage
nalysis suggested the most likely interval to be be-
ween IDVGA-30 and OY3 (http//sol.marc.usda.gov).
hese data support the predicted conservation of syn-
eny between the telomeric regions of HSA 14 and BTA
1 [30].
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