
Summary

The bovine leukaemia inhibitory factor was
isolated from a phage library and sequences
for the gene, in addition to 1213 bp of 5' and
432 bp of 3' sequences, were obtained and
compared with other mammalian leukaemia
inhibitory factor genes. Comparisons indi-
cated amino acid homologies ranging from
89·6% to 77·2% with the human and mouse
homologues, respectively. Analysis of 500 bp
of 5' regulatory regions indicated homologies
ranging from 83·6% to 74·4% with the corre-
sponding human and sheep sequences, respec-
tively. Additionally, bovine leukaemia
inhibitory factor-specific primers were pre-
pared, and a panel of bovine × hamster somatic
cell lines were analysed by the polymerase
chain reaction (PCR). Data indicated 93% con-
cordance of leukaemia inhibitory factor with
aldehyde dehydrogenase 2 located on bovine
chromosome 17, and concordance of 81% with
myelin basic protein situated on bovine chro-
mosome 24. Southern analysis of selected
hybrids confirmed the PCR results, thus con-
clusively assigning the bovine leukaemia
inhibitory factor gene to chromosome 17.
Sequence analysis also revealed a microsatel-
lite in intron 2 of the bovine leukaemia
inhibitory factor. Analysis of this region by
PCR in 22 unrelated Bos taurus and 19 unre-
lated Bos indicus cattle detected nine different
alleles. Polymorphic information content val-
ues were 0·53 and 0·80 in B. taurus and B.
indicus, respectively. Additionally, the same
leukaemia inhibitory factor primers success-
fully detected allelic variants at this locus in
Bos javanicus, Bos guarus and Bison bison but
not in Odocoileus virginianus.
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Introduction

Recently, it has been demonstrated that
leukaemia inhibitory factor (LIF), a member of
the haematopoietic cytokines, has a primary role
in control of differentiation of the early preim-
plantation murine embryo. Uterine LIF expres-
sion has been detected during the early stages of
preimplantation mouse embryo development,
with levels increasing from the time of ovula-
tion, peaking at day 4, and becoming unde-
tectable thereafter (Shen & Leder 1992). The pat-
tern of expression points to a role of LIF in the
process of early embryonic differentiation and
implantation. Indeed, females lacking the LIF
gene are barren owing to the inability of the
embryos to implant even if those same embryos
can go to term in a normal recipient (Stewart et
al. 1992). Equally important, Shen & Leder
(1992) and Conquet et al. (1992) demonstrated
that LIF inhibits the differentiation of early
embryonic cells and embryonic stem (ES) cells
into primitive ectoderm, as well as into meso-
dermal derivatives. This information strongly
suggests a role for LIF in the inhibition of differ-
entiation of cells of the inner cell mass (ICM)
until after implantation when very active differ-
entiation of the cells of the ICM takes place.
Here we report the isolation, sequence, chromo-
some assignment and microsatellite analysis of
the bovine LIF gene.

Materials and methods

Isolation of the bovine LIF gene

A bovine genomic library prepared in phage
EMBL3 SP6/T7 (Clontech, Palo Alto, CA) was
screened by conventional methods (Sambrook et
al. 1989). The library was screened with a
700 bp human LIF cDNA probe obtained as a gift
from Dr Nobuyo Maeda, University of North
Carolina, NC. After harvesting phage DNA from
positive clones, the DNA was digested with sev-
eral restriction enzymes, separated by agarose
gel electrophoresis, transferred to nylon mem-
branes and probed with the human LIF probe.
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Two positive bands, a 2·5 kb SacI fragment and a
2·3 kb KpnI/SacI fragment, were subcloned into
pBluescript (Stratagene Inc., La Jolla, CA) for
further analysis. Both were then digested into
smaller fragments and subcloned to facilitate
cycle sequencing.

Sequencing of the bovine LIF

All positive subclones were subjected to poly-
merase chain reaction (PCR)-based dye termina-
tor cycle sequencing of both strands using
M13–20 and reverse universal primers. Primers
were then prepared from each new sequence for
primer walking. Reactions consisting of 0·5–1 µg
QIAGEN™ purified plasmid DNA, 3·2 pmol
primer and 8 µl dye terminator premix with
AmpliTaq® (Perkin Elmer, Branchburg, NJ), in a
total 20 µl volume, were cycled 25 times at 96°C
for 30 s, at 50°C for 15 s and at 60°C for 4 min.
Excess nucleotides and dye terminators were
removed with Centri-Sep™ columns and reac-
tions analysed using an ABI PRISM 377 auto-
mated DNA sequencer. The resulting sequences
were aligned with the ASSEMBLYLIGN™ program
and then compared with known LIF sequences
using the MacVector™ DNA analysis package
after identifying intron-exon boundaries, remov-
ing the putative introns and translating the
remaining exons. For identification of 5' tran-
scription-factor binding sites, 1213 bp of 5'
bovine sequences were compared with known
transcription factor sequences. Additionally, the
first 500 bp of 5' sequence was compared with the
equivalent regions of human, mouse and sheep.

Chromosome assignment

For chromosome assignment of the bovine LIF, a
set of bovine-specific PCR primers was devel-
oped, which amplified a 184-bp region of intron
1 located 1497–1681 bp from the transcription
start site (forward primer, 5'-TGGAGGGTTG-
GTATCACTCTGAATC-3'; reverse primer, 5'-
TCCAGCTCTCTCTTCTCAAGACCTG-3') utiliz-
ing the murine, human and bovine genomic
sequences (Gearing et al. 1987; Moreau et al.
1988). Specificity of the primers was confirmed
by lack of amplification of mouse or hamster
genomic DNA and amplification of bovine DNA.
Intron sequences were selected as they are less
conserved than exon sequences, thus facilitating
the differentiation between the hamster and the
bovine LIF genes.

Utilizing the bovine-specific primers, a panel
of bovine × hamster hybrid somatic cell lines
(Womack & Moll 1986) was analysed by PCR.
The reaction mixture for PCR (50 µl) contained

100 ng template DNA, 20 pmol each primer,
200 µM dNTP, 10 mM Tris-HCl (pH 8·3 at 20°C),
1·5 mM MgCl2, 50 mM KCl and 0·5 units Taq poly-
merase (Boehringer Mannheim, Indianapolis, IN).
PCR was performed using an Ericomp (San Diego,
CA) thermal cycler with 35 cycles of 57°C anneal-
ing, 74°C extension and 94°C melting. Each cycle
was of 30 s duration except for an initial 2 min
denaturation and a final 5 min extension period.

Prior to analysing the cell lines, a set of
restriction enzymes was tested to determine
which enzyme would permit us to differentiate
between the hamster and the bovine LIF gene.
Five µg each of bovine and hamster genomic
DNA were digested with EcoRI, BamHI, BglII,
HindIII and PstI, separated by agarose gel elec-
trophoresis, transferred to nylon membranes
and probed with the human LIF probe. This
probe was used as it could clearly detect both
the bovine and the hamster LIF genes.

Microsatellite DNA analysis

Primers flanking the microsatellite detected in
intron 2 (LIF-in2; positions 2547 and 2666 relative
to the transcription start site) were synthesized
and microsatellite allelic variation examined by
PCR. The primer sequences for the forward
primers were 5'-GGACAGTCCCGAGATGCCTGC-
3' and for the reverse primers 5'-CGCCTGTG-
GTCAGCCCTTG-3'. For this analysis, primers
were end-labelled with 32P using T4 polynu-
cleotide kinase and combined in a 50µl volume
with 50 ng genomic DNA, 200 µM dNTPs, 3 mM
MgCl2 and 0·5 units Taq polymerase (Boehringer
Mannheim) in standard PCR buffer (Promega,
Madison, WI). PCR consisted of an initial 1 min
denaturation at 94°C followed by 35 cycles of
94°C denaturation, 63°C annealing and 72°C
extension, for 30 s each, with a final 1 min exten-
sion at 72°C. The amplicons were separated on
6% polyacrylamide gels and autoradiographed.

Fifty-eight animals representing Bos taurus (n
= 22), Bos indicus (n = 19) and four other ungu-
late species: Bison bison (bison, n = 2), Bos
javanicus (banteng, n = 1), Bos gaurus (gaur, n =
1) and Odocoileus virginianus (white-tailed
deer, n = 10), were examined. Allelic frequen-
cies and polymorphism information content
(PIC) values were determined from 22 unrelated
B. taurus and 19 unrelated B. indicus species.

Results

Bovine LIF cloning and sequencing

The bovine LIF gene, isolated from a phage
genomic library (Clontech, Palo Alto, CA) utiliz-
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ing a 700-bp human LIF cDNA probe, was sub-
cloned into pBluescript (Stratagene) for
sequencing. The hLIF probe had been used pre-
viously to detect LIF from different mammalian
species by zooblot analysis with DNA from
sheep, pig, bovine and human (data not
shown). From the subclones, the complete LIF
genomic sequence in addition to 1·2 kb of
upstream sequences and 432 bp of downstream
sequences was obtained and has been submit-
ted to GenBank (acc. no. U63311). Sequence
comparison of this sequence with human,
porcine, murine and ovine sequences indicated
homologies at the amino acid level of 89·6%,
88·6%, 87·1% and 77·2%, respectively. Eight
amino acids from the bovine protein differed
from all four of these species, while seven
other positions differed from three of the
species. Of these, nine could be considered
non-conservative amino acid changes (Fig. 1).
Our results confirm and extend the unpub-
lished bovine LIF sequences available in
GenBank (acc. no. D50337).

Comparison of the two available bovine
sequences indicated the presence of several mis-
matches, including insertions, deletions and
substitutions, located throughout the gene. A
total of nine single bp insertions occurred in
both introns, while a 3 bp insertion, CGC,
occurred in intron 1. Deletions of a single G and
five dinucleotide TG repeats, which led to iden-
tification of the microsatellite, were found in
intron 2. Fourteen substitutions also occurred,
three being transitions and 11 transversions.
Two substitutions occurred in exons, one each
in exon 2 and exon 3. In exon 2, a G was
exchanged for a C causing the amino acid to
change from valine in the previously reported
bovine LIF sequence to leucine in our sequence,
which is common to all other species at this
position; yet, it should be noted that this
remains a conservative amino acid change. A
cytosine to thymine transition occurred in exon
3; however, the amino acid remained histidine.

Additionally, we were able to extend the
sequence to cover 1·2 kb of upstream regulatory
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Fig. 1. Amino acid (aa) comparisons between bovine (b), human (h), mouse (m), porcine (p), and ovine (o). A
bovine sequence from GenBank (acc. no. D50337) is also included (bg). A (.) identifies identical aa, while
mismatches are shown with the different aa one letter code. Boxes indicate positions differing in three or four
species. Shading identifies non-conservative aa changes at these locations.
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sequences. Comparison of 500 bp of upstream
sequence with that of the corresponding human,
mouse and sheep sequences indicated overall
homologies of 83·6%, 76·0% and 74·4%, respec-
tively, based on MacVector™ alignment (Fig. 2).

Furthermore, homology among these species
increased nearer the transcription and transla-
tional start sites as is evidenced when compar-
ing consecutive 100 bp regions of each species
with the bovine sequence. The human sequence

© 1997 International Society for Animal Genetics, Animal Genetics 28, 14–20

Fig. 2. Comparison of 5' regulatory regions between bovine (b), human (h), mouse (m), and ovine (o). Shading
indicates conserved transcription factor binding sites. A (.) indicates identical nucleotides, while dashes were
introduced to maximize alignment.



exhibited homologies of 72% (–500 bp to
–400 bp), 67% (–400 bp to –300 bp), 91%
(–300 bp to –200 bp), 92% (–200 bp to –100 bp)
and 96% (–100 bp to +1 bp), while the mouse
sequence matched 50%, 53%, 87%, 96% and
94% respectively, of the base pairs within these
same regions. The sheep diverged the most from
the bovine sequence with 43%, 62%, 83%, 94%
and 90% identities in this 500 bp region.
Moreover, several transcription factor binding
motifs have been found to be conserved within
the regulatory regions of all four species.
Particularly, there are three (CWKKANNY) γ-
interferon regulatory elements (Yang et al. 1990)
and two binding sites for the haematopoietic
growth factor, GM–CSF (CATTW), also known
as granulocyte macrophage–colony stimulating
factor (Nimer et al. 1990). Several single binding
sites are also conserved for other well known
transcription factors including one interferon-α
(AARKGA); one interferon regulatory element
(AAGTGA), which serves as an inducible
enhancer for the cellular growth regulator inter-
feron-β (Fujita et al. 1987); and one site for acti-
vator protein 2 (CCCMNSSS), which induces
transcription through phorbol ester activation of
protein kinase C and cAMP-dependent protein
kinase C (Imagawa et al. 1990). In addition,
there are single binding motifs present for the
liver-specific AABS, A-activator-binding site
(GTGNNGYAA), similar to the interleukin-6
responsive element in mammalian acute phase
genes (Kaling et al. 1991); C/EBP, core C
enhancer binding protein (TKNNGYAAK),
which binds a site within the cytokine respon-
sive element essential for conferring transcrip-
tional activation by the cytokines ciliary neu-
rotrophic factor, CNTF, and LIF (Symes et al.
1995); and interferon response sequence bind-
ing protein, IBP-1 (AAGTGA), a γ interferon
inducible factor whose binding site is located
within the interferon response sequence (Blanar
et al. 1989). Equally important are the binding
sites for NFκB (GGGRNTYYC), a nuclear factor
found constitutively in B cells undergoing light
chain expression and implicated in the tran-
scriptional regulation of cytokines (Lenardo &
Baltimore 1989); and NF-IL6, nuclear factor-
interleukin-6 (TKNNGNAAK), involved in acute
phase reactions, inflammation and haemato-
poiesis (Faisst & Meyer 1992).

Chromosome assignment of bovine LIF

Utilizing a set bovine-specific primers, a panel
of bovine × hamster hybrid somatic cell lines
(Womack & Moll 1986) was analysed by PCR.
Results idicated 93% concordance with alde-

hyde dehydrogenase 2 (ALDH2) located on
chromosome 17 and a concordance of 81% with
myelin basic protein (MBP), situated on bovine
chromosome 24. None of the other concordancy
values was higher than 69% (data not shown).
To assign conclusively LIF to chromosome 17,
selected hybrid cell lines were analysed using
Southern blots and a LIF probe.

Five restriction enzymes were tested to deter-
mine which enzyme would permit differentia-
tion between the hamster and the bovine LIF
gene. All five restriction enzymes identified a
species-specific restriction fragment length
polymorphism. Approximate band sizes were
8·0 kb (EcoRI), 2·0 kb (BamHI), 6·0 kb (BglII),
1·5 kb (HindIII) and 14 kb (PstI) for hamster
DNA, and 11 kb (EcoRI), 3·5 kb (BamHI), 10 kb
(BglII), 2·5 kb (HindIII) and 19 kb (PstI) for
bovine DNA (data not shown). EcoRI digestion
was selected for analysis of hamster × bovine
somatic cell hybrids.

Two hybrid cell lines were selected for further
analysis. DNA (5 µg) from hybrid cell line
BO8·2B containing bovine chromosome 17 but
not 24, and cell line BO19·0 containing bovine
chromosome 24 but not 17 (Womack and Moll
1986) were digested with EcoRI and the frag-
ments separated by 0·7% agarose gel elec-
trophoresis and probed as described previously
with the human LIF probe. Southern blot results
indicated that cell line BO8·2B contained both
the 11 kb bovine-specific and the 8·0 kb hamster-
specific fragments, while cell line BO19·0 con-
tained only the 8·0 kb hamster-specific frag-
ment. These results combined with our PCR
analysis of a panel of hamster × bovine hybrids
conclusively assign the bovine LIF gene to chro-
mosome 17.

Microsatellite analysis of LIF-in2

Sequencing the bovine LIF revealed a TG
microsatellite repeat in the second intron. PCR
primers flanking this region were designed and
utilized to analyse DNA from two representative
cattle breeds and several additional ungulate
species. Intraspecific variation was determined
from 22 unrelated Angus cattle (B. taurus) and
19 Brahman cattle (B. indicus). From both
breeds, a total of nine alleles were uncovered,
five of which were shared between B. taurus and
B. indicus cattle. The alleles ranged in size from
121 to 142 bp. In B. taurus, five alleles were
detected with allelic frequencies ranging from
0·02 to 0·52. Twelve of 22 animals were het-
erozygous (H = 0·55) and the calculated PIC
value was 0·53. In B. indicus, nine alleles were
detected with frequencies ranging from 0·03 to
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0·29. Fifteen of the 19 animals were heterozygous
(H = 0·79) and the calculated PIC value was 0·80.

In order to test the utility of these PCR primers
in animals other than cattle, we examined
genetic variation at this microsatellite locus for
several other ungulate species including B.
javanicus, B. guarus, Bison bison and
Odocoileus virginianus. A total of eight alleles
were detected ranging in size from 117 to 142 bp
(Fig. 3). Only Odocoileus virginianus failed to
produce a scorable amplicon at this microsatel-
lite locus (data not shown). However, as shown
in lanes 9 and 11 of Fig. 3, some alleles among
these different species differed by only 1 bp.

Discussion

Our interest in the isolation and characteriza-
tion of the bovine LIF is related to its potential
use for the maintenance of the undifferentiated
state of bovine ES cells. Previous work by our-
selves and others has indicated that it is not pos-
sible to isolate bovine ES cells utilizing either
murine or human LIF. As an initial step in deter-
mining whether this lack of response is caused
by species-specific differences in the LIF
molecule itself, we isolated and sequenced the
complete bovine LIF gene. Translation of the
putative coding sequence indicated that the
amino acid homology was 89·6%, 88·6%, 87·1%
and 77·2% conserved with human, porcine,
sheep and mice. Of those changes, nine were
non-conservative changes, which may be impli-

cated in species-specific activities. At present
we are expressing the bovine LIF protein to com-
pare its biological activity with human and
murine LIF. Additionally, we examined 1·2 kb
of upstream sequence to determine whether reg-
ulatory elements present in other mammalian
species have been conserved in the bovine
sequence. As can be seen in Fig. 2, certain
regions implicated in appropriate expression of
the LIF protein have been conserved between
bovine, human, sheep and mice. Similarly, tran-
scription factor binding sites such as those for
granulocyte macrophage–colony stimulating
factor, GM–CSF; core C enhancer binding pro-
tein, C/EBP; and nuclear factor, NFKB, are pre-
sent in all species analysed.

Utilizing sequence information generated pre-
viously in our laboratory, we made a set of
primers designed to differentiate between
bovine and hamster LIF in order to chromoso-
mally assign LIF using bovine × hamster somatic
cell hybrids. We chose an intron region as our
target because the hamster LIF sequence is
unknown and we wanted to maximize the
changes of divergence between the bovine and
the hamster sequence. Concordances of 93%
with ALDH2 and 81% with MBP were observed.
Southern analysis indicated LIF was indeed pre-
sent in chromosome 17. The high concordance
with MBP can only be explained by cross-con-
tamination of DNA from somatic hybrids result-
ing in one or two false positives. Assignment of
the bovine LIF gene to chromosome 17 corre-
lates with reported chromosome assignments in
human (Sutherland et al. 1989) and mouse (Kola
et al. 1990). The human LIF gene has been
assigned to chromosome 22q12 and comparative
mapping has previously indicated that a region
of bovine chromosome 17 maps to human chro-
mosome 22 (Womack & Kata 1995). Our results
confirm and expand previous comparative map-
ping observations.

In the course of our sequence analysis of the
bovine LIF we identified a microsatellite embed-
ded in intron 2. This microsatellite has been
determined to be highly polymorphic in B. indi-
cus and to a lesser extent in B. taurus and to be
detectable in several ungulate species. At pre-
sent we are analysing several reference families
with this microsatellite to obtain genetic linkage
data for the bovine LIF.
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Fig. 3. Analysis of the LIF TG repeat length polymorphism in intron 2. DNA
isolated from several ungulate species was utilized for PCR amplification of a TG
repeat detected in intron 2 of the bovine LIF gene using the primers and PCR
conditions described in the text. Lane 1, molecular weight markers (141 bp,
136 bp, 134 bp, 133 bp, 131 bp, 130 bp, 125 bp, 123 bp); lane 2, Bos indicus; lane
3, Bos guarus; lane 4, Bos javanicus; lanes 5 & 6, Bos taurus; lane 7 & 8, Bison
bison. Lanes 9–11 re-examine samples from B. javanicus (lane 4) and B. taurus
(lane 5) to illustrate the 1 bp molecular weight difference between the two alleles.
Lane 10 contains molecular weight markers. Eight alleles ranging from 142 bp to
117 bp were identified.
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