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Abstract

We cloned the rabbit transferrin (rTf) cDNA and gene, and quantified the expression of the rTf gene at the RNA level in
various organs. The tissue-specific pattern of expression of rTf gene is different to those in other species, with a high
expression in mammary gland and kidney. The exon/intron structure of the rTf gene (17 exons/16 introns) is similar to those
of transferrins from other species. The sequence of the rTf cDNA already published is corrected and lengthened in the
5P region, and a likely polymorphism is documented. ß 1998 Elsevier Science B.V. All rights reserved.
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Transferrin (Tf) is the major iron-binding glyco-
protein found in the serum of all vertebrates, and
is mainly secreted by the liver. In mammals, another
iron-binding glycoprotein related to Tf lactoferrin
(Lf) is also produced. The exon/intron structure of
both genes is the same (17 exons and 16 introns) [1^
6]. Consequently, the Lf gene is thought to have
arisen from a Tf gene duplication during evolution
[7]. Despite its name, Lf is not only found in milk but
also in a variety of other exocrine secretions [8^10]
and in granules of neutrophils [11]. Moreover, organs

expressing the Lf gene are not the same in all species,
and in some like rabbit, rat and dog the milk is
devoid of Lf [8]. In the same manner, tissue-speci¢c
transferrin expression di¡ers between species, and
only mice, rats and rabbits have been shown to ex-
press the Tf gene in their mammary glands. This
mammary-speci¢c Tf expression is at least as high
as the liver-speci¢c expression in the mouse [12], two-
fold higher in the rat [13] and threefold higher in the
rabbit [14]. The rabbit thus appears to display some
unique features in the tissue speci¢city of the Tf gene
expression. In order to de¢ne the precise pattern of
the rabbit Tf gene expression, we ¢rst cloned the rTf
cDNA and quanti¢ed the expression of the rTf gene
at the RNA level in various organs. We then cloned
the entire rTf gene, determined its structure and com-
pared it with those of other Tf and Lf genes.

Rabbit Tf cDNA was cloned by RTPCR following
standard procedures and using two oligonucleotides
Tf1.1 (5P-CCACCACCCCTGAGCTACAA-3P) and
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Tf17.2 (5P-CTGCATTCTACACACTTGGC-3P) de-
duced from the published rTf cDNA sequence [15].
To examine the pattern of rTf expression, we per-
formed Northern blot analysis on total RNA isolated
from various organs. As shown in Fig. 1, the rTf
cDNA probe revealed a single transcript of 2.3 kb
in all the organs tested. Hybridization signals ¢xed
on the membranes were quanti¢ed using an Image-
Quant PhosphoImager (Molecular Dynamics). If by
convention the value 100 is assigned to the rTf ex-
pression in the liver, the rTf expression was 344 in
mammary gland, 22 in brain, 19.7 in kidney, 10 in
spleen, 7 in testis and less in other organs. If this
pattern is compared to those known in other species,
the following points are to be noted. First, in the
rabbit the mammary-speci¢c Tf gene expression is
highest, and exceeds the maximum levels of Tf gene
expression in any organ in all other species exam-

ined. Second, the signi¢cant levels of Tf RNA found
in brain are consistent with the data obtained in rats
[16,17], mice [18] and baboons [19]. Third, the rela-
tively high expression in kidney was unexpected as Tf
gene expression in kidney has been recorded as very
low in rats [16,17], mice [18] and baboons [19].
Fourth, rabbit appears to have a lower testicular/liv-
er Tf expression ratio (7%) than the baboon [19], but
higher than the rat (1.8%) [16]. The high levels of Tf
expression in mammary gland and in kidney were
thus very striking features of the rTf gene pattern
of expression. Whilst it is easy to propose that Tf
might function as an iron transporter in the milk,
high expression of the Tf gene in rabbit kidney is
less easy to explain.

Using an entire rTf cDNA probe [15], 40 genomic
V clones were ¢rst isolated. Since the exon/intron
structure of the Tf gene is conserved between human

Fig. 1. Northern blot analysis of rabbit transferrin. Except where otherwise stated, 20 Wg of total RNA were loaded in each lane.
RNA were from liver (lanes 1 and 2 (1 Wg)), brain (lane 3), heart (lane 4), intestine (lane 5), muscle (lane 6), ovary (lane 7), pancreas
(lane 8), lung (lane 9), spleen (lane 10), kidney (lane 11), adrenal gland (lane 12), testis (lanes 13 and 14) and mammary gland (lanes
16 (200 ng), 17 (1 Wg) and 18). The control hybridization with an 18S RNA probe is presented below. Total RNA were isolated using
standard methods [28] and separated to 1.5% agarose gels containing formaldehyde, transferred to Biohylon-Z+ membranes (Bio-
probe) by the capillary method, and immobilized by UV irradiation. Membranes were hybridized using rTf cDNA as a probe follow-
ing standard procedures.
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[2], chicken [1] and medaka [3], the putative exon
boundaries in the rTf cDNA were hence deduced
by comparison with the human cDNA and gene.
Seventeen pairs of 18-mer oligonucleotide PCR pri-
mers were designed to amplify each exon. These oli-
gonucleotides were named TfN.1 and TfN.2 when
they ampli¢ed exon N, and their sequences are avail-
able and will be sent on request. Each exon was
either ampli¢ed from genomic DNA and used as a

probe with which to map the V clones, or ampli¢ed
from VDNA to check the presence of the exon in
each V clone. Three clones, V23, V25 and V6, were
selected, characterized and mapped with these exon
probes. The entire rTf gene was isolated from these
three V clones. The rTf gene covers 27.3 kb and is
thus smaller than the human gene (33.5 kb) [2], but
larger than the murine gene (23 kb) [20], the chicken
gene (10.5 kb) [1], and the medaka gene (7.0 kb) [3].

Fig. 2. Agarose gel electrophoresis of PCR products for introns 1^16. Roman numerals correspond to the intron number. The ampli¢-
cation of each intron and its two £anking exons was performed with genomic DNA (G) and with V DNA. Due to the large size of
some introns of the rTf gene, the Expand Long Template PCR System (Boehringer-Mannheim) was used following the manufacturer's
speci¢cations. All elongations were performed at 68³C. For introns 1, 2, 9, 13 and 14, the elongation time was increased from 1 to
3 min. The molecular weight marker used is the 1 kb ladder from Life Technologies.

Fig. 3. Comparison of the size of exons and introns in transferrin genes from medaka [3], chicken [1], human [2] and rabbit (this
study), and in murine [4,5] and bovine [6] lactoferrin genes.
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Of note, the Lf gene also shows a species-speci¢c size
variation: the mouse Lf gene covers 23 kb [5], the
human Lf gene nearly 35 kb [21] and the bovine Lf
gene 34.5 kb [6].

In order to determine the size of the introns, the
same oligonucleotides used to amplify the exons were
used to amplify each intron and its two £anking
exons. Fig. 2 shows agarose gel electrophoresis of
PCR products for introns 1^16 with DNA from the
V clones and with genomic DNA. The length of the
ampli¢cation products was the same with genomic
and V DNA. Fig. 3 summarizes and compares the
sizes of exons and introns of the four Tf genes and
the two Lf genes studied so far. These data demon-
strate clearly that the sizes of exons are conserved
especially in Tf genes of both mammalian species,
whereas the sizes of introns vary. In both mamma-
lian Tf genes, the relative size of the introns is con-
served with the exception of the last one.

The 17 exons and part of their £anking introns
were sequenced using an Abi Prism Model 377 auto-
mated DNA sequencer (Perkin Elmer) and a Perkin
Elmer Terminator kit. The two strands were se-
quenced using ¢rst the 17 couples of oligonucleotides
already described, and then newly synthesized oligo-
nucleotides. The sequences of all the exons and of
introns 1 and 6 can be found in GenBank under
accession Nos. AF031611^AF031625. The 16 introns
begin with GT and ¢nish with CAG, following the
general rule. In order to determine the transcription
start point (tsp), a primer extension experiment was
performed. The longer band occurred 58 nucleotides
upstream from the ATG codon, and the size of the

¢rst exon is thus 101 nucleotides (data not shown).
This tsp is entirely homologous to that found for the
human gene [2]. It is interesting to note that another
strong band was present, suggesting the possible ex-
istence of a second initiation site of transcription two
nucleotides downstream, a position homologous to
the tsp found in the murine gene using a di¡erent
method of analysis [20].

The 5P-UTR region of the rTf gene shows the same
interesting feature as the human gene. The 5P-UTR
region of the hTf gene has been found to bind liver
cytoplasmic protein, and this binding was readily in-
hibited competitively by ferritin IRE RNA [22].
Moreover, puri¢ed bovine IRP binds to hTf RNA
sequences, and mutations therein similarly a¡ect
binding by IRP and liver cytoplasmic extract [23].
A model comprising a stem-loop structure and its
3P £anking region with complementarity to the loop
was proposed, and the importance of these two com-
ponents was demonstrated [23]. Indeed, the possibil-
ity to construct such a stem loop (9 bp for the stem,
and 10 nucleotides for the loop) with complementar-
ity to the 3P £anking region is also observed in the
rTf sequence (Fig. 4) supporting the proposed model.
However, the pentanucleotide sequence CUGUG
thought to be an IRE in the hTf gene was not found
in the rabbit loop. Rather, the pentanucleotide
CAGCG was present at this site instead. Moreover,
whilst neither the loop sequence nor the 3P £anking
sequence is entirely conserved between rabbit and
human genes, the complementarity between these
two regions is conserved, allowing the structure to
form. It is of note that the complementarity between
the loop and the 3P £anking region does not imply
the presence of the same nucleotides in the two spe-
cies.

The cDNA sequence deduced from the rTf gene
showed two di¡erences with the published cDNA
sequence [15]. The ¢rst occurs in the ¢rst exon and
concerns a GCC trinucleotide encoding the seventh
amino acid of the signal peptide which was lacking in
the previously published cDNA sequence. In order to
verify this point, we sequenced two of our cDNA
clones, and con¢rmed that both harboured this sup-
plementary codon. As this amino acid exists in all
other mammalian Tf sequences studied so far [24],
the most likely explanation is an error during entry
of the cDNA sequence in database. The second dif-

Fig. 4. Possible secondary structure of the 5P-UTR of rTf
mRNA following the model of Cox [21]. Dashed lines connect-
ing the loop bases with the 3P £anking region bases represent
Watson-Crick complementarity.
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ference is a single nucleotide in exon 13 changing
amino acid 517 from isoleucine (ATC) to valine
(GTC). The two V clones, V25 and V6, showed the
same sequence. This GTC codon was also found in
our two cDNA sequences. The most likely explana-
tion for this di¡erence is polymorphism. Tf polymor-
phism at the protein level has been reported in wild
rabbits [25,26], but not in New Zealand rabbits
where only allele A was found [27]. It is clear that
the isoleucine/valine polymorphism could not be de-
tected at the protein level by the methods used (agar-
ose or starch gels). Another possibility which cannot
be ruled out, is an error in the previously published
sequence, because the 3P part of the cDNA compris-
ing this nucleotide was ampli¢ed by PCR with the
accompanying risks of polymerase errors. Moreover,
the authors did not mention whether they sequenced
the ampli¢cation product directly, or whether they
cloned it before sequencing [15]. Whilst the cause
of this di¡erence remains unknown, we proposed to
name our sequence with a valine allele A1, and the
published sequence with an isoleucine allele A2. A
search for allele A2 is currently in progress in our
laboratory. It also would be of great interest to es-
tablish the nucleotide sequences of the other known
alleles (B, C and D) of the rabbit transferrin, and to
look for such a variation in amino acid 517.
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ment Supërieur et de la Recherche (MENESR). We
wish to thank N. Winston for reading the manuscript
in its early stage.

References

[1] M. Cochet, F. Gannon, R. Hen, L. Maroteaux, F. Perrin, P.
Chambon, Organization and sequence of the 17-piece chick-
en conalbumin gene, Nature 282 (1979) 567^574.

[2] E. Schae¡er, M.A. Lucero, J.M. Jeltsch, M.C. Py, M.J. Lev-
in, P. Chambon, G.N. Cohen, M.M. Zakin, Complete struc-

ture of the human transferrin gene. Comparison with anal-
ogous chicken gene and human pseudogene, Gene 56 (1987)
109^116.

[3] N. Mikawa, I. Hirono, T. Aoki, Structure of medaka trans-
ferrin gene and its 5P-£anking region, Mol. Marine Biol.
Biotechnol. 5 (1996) 225^229.

[4] N.V. Shirsat, S. Bittenbender, B.L. Kreider, G. Rovera,
Structure of the murine lactotransferrin gene is similar to
the structure of other transferrin-encoding genes and shares
a putative regulatory region with the murine myeloperoxi-
dase gene, Gene 110 (1992) 229^234.

[5] G.A. Cunningham, D.R. Headon, O.M. Conneely, Structur-
al organization of the mouse lactoferrin gene, Biochem. Bio-
phys. Res. Commun. 189 (1992) 1725^1731.

[6] H.M. Seyfert, A. Tuckoricz, H. Interthal, D. Koczan, G.
Hobom, Structure of the bovine lactoferrin-encoding gene
and its promoter, Gene 143 (1994) 265^269.

[7] C.T. Teng, B.T. Pentecost, A. Marshall, A. Solomon, B.H.
Bowman, P.A. Lalley, S.L. Naylor, Assignment of the lacto-
transferrin gene to human chromosome 3 and to mouse
chromosome 9, Somat. Cell Mol. Genet. 13 (1987) 689^693.

[8] P.L. Masson, J.F. Heremans, Lactoferrin in milk from dif-
ferent species, Comp. Biochem. Physiol. 39 (1971) 119^
129.

[9] D.Y. Mason, C.R. Taylor, Distribution of transferrin, ferri-
tin and lactoferrin in human tissues, J. Clin. Pathol. 31
(1978) 316^327.

[10] N.I. Kazachkina, I.D. Kokhanova, S.E. Egorova, E.R.
Nemtsova, K.K. Pugachev, Immunohistochemical detection
of lactoferrin of human milk in the tissues of the human and
the fetus, Arkh. Anat. Gistol. Embriol. 94 (1988) 19^23.

[11] J. Miyauchi, Y. Watanabe, Immunocytochemical localiza-
tion of lactoferrin in human neutrophils : an ultrastructural
and morphometrical study, Cell Tissue Res. 247 (1987) 249^
258.

[12] L.H. Chen, M.J. Bissell, Transferrin mRNA level in the
mouse mammary gland is regulated by pregnancy and ex-
tracellular matrix, J. Biol. Chem. 262 (1987) 17247^17250.

[13] M.R. Grigor, F.J. McDonald, N. Latta, C.L. Richarson,
W.P. Tate, Transferrin-gene expression in the rat mammary
gland. Independence of maternal iron status, Biochem. J. 267
(1990) 815^819.

[14] C. Puissant, M. Bayat-Sarmadi, E. Devinoy, L.M. Houde-
bine, Variation of transferrin mRNA concentration in the
rabbit mammary gland during the pregnancy-lactation-
weaning cycle and in cultured mammary cells. A comparison
with the other major milk protein mRNAs, Eur. J. Endo-
crinol. 130 (1994) 522^529.

[15] D.K. Ban¢eld, B.K. Chow, W.D. Funk, K.A. Robertson,
T.M. Umelas, R.C. Woodworth, R.T. MacGillivray, The
nucleotide sequence of rabbit liver transferrin cDNA, Bio-
chim. Biophys. Acta 1089 (1991) 262^265.

[16] R.L. Idzerda, H. Huebers, C.A. Finch, G.S. McKnight, Rat
transferrin gene expression: tissue-speci¢c regulation by iron
de¢ciency, Proc. Natl. Acad. Sci. USA 83 (1986) 3723^3727.

[17] A.R. Aldred, P.W. Dickson, P.D. Marley, G. Schreiber, Dis-

BBAEXP 91144 1-7-98

B.A.A. Ghareeb et al. / Biochimica et Biophysica Acta 1398 (1998) 387^392 391



tribution of transferrin synthesis in brain and other tissues in
the rat, J. Biol. Chem. 262 (1987) 5293^5297.

[18] F. Yang, W.E. Friedrichs, J.M. Buchanan, D.C. Herbert,
F.J. Weaker, J.H. Brock, B.H. Bowman, Tissue speci¢c ex-
pression of mouse transferrin during development and aging,
Mech. Ageing Dev. 56 (1990) 187^197.

[19] W.B. Winborn, F.J. Weaker, Z.D. Sharp, P.J. Sheridan,
B.H. Bowman, G.S. Adrian, F. Yang, D.C. Herbert, The
expression of transferrin mRNA in the salivary glands and
other tissues of baboons, Cytobios 74 (1993) 101^109.

[20] R.L. Idzerda, R.R. Behringer, M. Theisen, J.I. Huggenvik,
G.S. Mc Knight, R.L. Brinster, Expression from the trans-
ferrin gene promoter in transgenic mice, Mol. Cell. Biol. 9
(1989) 5154^5162.

[21] J.J. Johnston, P. Rintels, J. Chung, J. Sather, E.J. Benz Jr.,
N. Berliner, Lactoferrin gene promoter: structural integrity
and nonexpression in HL60 cells, Blood 79 (1992) 2998^
3006.

[22] L.A. Cox, G.S. Adrian, Posttranscriptional regulation of
chimeric human transferrin genes by iron, Biochemistry 32
(1993) 4738^4745.

[23] L.A. Cox, M.C. Kennedy, G.S. Adrian, The 5P-untranslated
region of human transferrin mRNA, which contains a puta-
tive iron-regulatory element, is bound by puri¢ed iron-regu-
latory protein in a sequence-speci¢c manner, Biochem. Bio-
phys. Res. Commun. 212 (1995) 925^932.

[24] G.S. Baldwin, Comparison of transferrin sequences from
di¡erent species, Comp. Biochem. Physiol. (B) 106 (1993)
203^218.

[25] A. Arana, P. Zaragoza, C. Rodellar, B. Amorena, Evidence
for transferrin polymorphism in spanish wild rabbits, Anim.
Genet. 18 (1987) 125^132.

[26] N. Ferrand, G. Carvalho, A. Amorim, Transferrin (Tf) poly-
morphism in wild rabbit Oryctolagus cuniculus, Anim. Gen-
et. 19 (1988) 295^300.

[27] P. Zaragoza, A. Arana, B. Amorena, Relationship between
rabbit transferrin electrophoretic patterns and plasma iron
concentrations, Anim. Genet. 18 (1987) 51^62.

[28] C. Puissant, L.M. Houdebine, An improvement of the
single-step method of RNA isolation by acid guanidinium
thiocyanate-phenol-chloroform extraction, Biotechniques 8
(1990) 148^149.

BBAEXP 91144 1-7-98

B.A.A. Ghareeb et al. / Biochimica et Biophysica Acta 1398 (1998) 387^392392


