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Abstract. The evolution of mammalian protein struc-
ture and regulation, specifically transcriptional and post-
transcriptional regulation, may include among its tools
the use of abundant retroviral long terminal repeats
(LTRs). In particular, LTRs may be turned into switches
for alternative splicing. This type of regulatory pathway
is illustrated by the alternative splicing in the human
leptin receptor (OBR). The human leptin receptor is in-
volved in the control of important biological processes
including energy expenditure, production of sex hor-
mones, and activation of hemopoietic cells. OBRa and
OBRb are the two major, alternatively spliced forms of
the leptin receptor, called the ‘‘short form’’ and the
‘‘long form,’’ respectively. We report that the OBRa
short form is the result of a double splicing event which
occurs within the LTR of the endogenous retrovirus
HERV-K. Working as a switch of alternative splicing,
this LTR also encodes the terminal 67 amino acid resi-
dues in OBRa. We suggest the possibility of transcrip-
tional and posttranscriptional regulation of OBR expres-
sion by steroids that bind the LTR.
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The present report provides an example of the impact of
retroviral elements on the evolution of mammalian ge-
nomes.

Leptin, OB, is a hormone secreted by adipose tissue
and encoded by the obese (ob) gene (Zhang et al. 1994).
ob/obmice, homozygous for mutation in the obese gene,
display obesity because of leptin secretion failure. The
intensive research over the last 3 years demonstrates that
leptin affects regulation of body weight, energy expen-
diture, puberty, and production of sexual hormones, he-
mopoiesis, and macrophage functions (Pelleymounter et
al. 1995; Halaas et al. 1995; Campfield et al. 1995; Yu et
al. 1997; Chehab et al. 1997; Gainsford et al. 1996).
Leptin’s effects are thought to be mediated by its inter-
action with the leptin receptor, OBR, related to the class
I cytokine receptor family (reviewed by Tartaglia 1997).

The human leptin receptor gene consists of 20 exons
and spans over∼70 kb on chromosome 1q31. A major
fraction of OBR intronic sequences is still unknown.
There are two major forms of leptin receptor expressed
in human cells: (short) OBRa and (long) OBRb (Tarta-
glia 1997; Tartaglia et al. 1995). The OBRb exon 20
encodes a 303-amino acid-long intracellular domain (see
Fig. 1), presumed to be essential for intracellular signal
transduction by activation of JAK tyrosine kinase and
STATs [signal transducers and activators of transcription
(Chen et al. 1996; Lee et al. 1996)]. In OBRa, the trans-
lation of exon 20 is replaced by translation of an unre-
lated sequence generating new 67 terminal amino acids
(aa). The remaining exons are identical in both proteins.Correspondence to:V.V. Kapitonov;e-mail:vladimir@charon.girinst.org
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The short form is not likely to be involved in activation
of STATs (Ghilardi et al. 1996) but may be important for
transfer, clearance, and regulation of concentration of
free leptin in the bloodstream.

We report that the nucleotide sequence encoding the
terminal 67 aa in OBRa is 88% identical to the consensus
sequence of LTR5 (Figs. 1 and 2), which is a long ter-
minal repeat from primate-specific endogenous retrovi-
rus HERV-K10 (Ono 1986). As shown here, the LTR5
sequence is responsible for the generation of the short
form by induction of alternative splicing. We found the
alternative splicing to be mediated by the OBR donor
splice site at the 38 end of exon 19 and the three splice
signals encoded by the LTR5 sequence (CAGA acceptor
splice signals at positions 217–220 and 695–698 and
CAGGTA donor splice signal at position 328–333; see
Fig. 2). As a result, two short internal LTR5 fragments
become terminal exons in OBRa coding for 67 terminal
amino acids (Figs. 1 and 2), which replace the intracel-
lular domain encoded by exon 20 of the OBR gene.
Thus, working as a switch of alternative splicing, this
LTR also encodes the terminal 67 aminio acid residues in
OBRa.

The portions of the LTR5 consensus sequence ho-
mologous to the OBRa terminal exons contain two stop
codons interrupting the 67-aa-long ORF. Only two point
mutations are needed to make this region translatable.
One is deletion of T (position 288) and the other is a
T → G substitution at position 786. Our search of the
NCBI database using BLAST server did not reveal any

proteins similar to the 67 terminal amino acid sequence.
It is therefore likely that this sequence was generated
from the usually untranslatable LTR5 insert. In addition
to the splice signals and the ORF, the LTR5 encodes a
putative polyadenylation signal and a translation stop
codon in OBRa (Fig. 2). Regardless of the lack of evi-
dence of short form function, it is unlikely that fixation
of the LTR5 was a neutral event since the alternative
splicing changes the concentration of the long form,
which is evidently an important regulatory element in-
volved in many functions.

LTR5 of HERV-K10 retrovirus is known to contain a
glucocorticoid response element followed by a transcrip-
tion enhancer and its transcription is activated by steroids
such as progesterone and estradiol (Ono 1987). The tran-
scription of LTR from another HERV-K-related retrovi-
rus, murine mammary tumor virus (MMTV), is also ac-
tivated by steroids (Le Ricousse et al. 1996).
Furthermore, it has been shown that glucocorticoid and
progesterone may affect the posttranscriptional process-
ing of various genes (Hayward-Lester et al. 1996; Ehrets-
mann et al. 1995) including alternative splicing of the
human insulin receptor gene (Norgren et al. 1994) in a
dose-dependent way. Finally, it has been shown that
splicing may depend on transcription (Cramer et al.
1997; McCracken et al. 1997). In this context it is very
striking that leptin expression and function depend on
steroids (Shimizu et al. 1997; Zachow and Magoffin 1997;
Chehab et al. 1996). Therefore, it is possible that the gen-
eration of OBRa by alternative splicing is regulated by

Fig. 1. Putative model of alternative splicing of leptin receptor gene
(OBR). The∼71-kb OBR gene consists of 20 exons (e1, e2, . . ., e18,
e19, and e20). Exons 1–18 are indicated asblack boxes;exons 19 and
20 are shown aslight anddark hatched boxes,respectively. Nucleotide
sequences of the exons were deposited in GenBank as sequences
U59246–U59263. The 58 and 38 untranslated regions of the OBR
mRNA are shown aswhite terminal boxes.Two alternative splicing
events leading to the expression of the OBR long and short forms are
indicated schematicallyaboveandbelow the OBR gene, respectively.

Theangular linesindicate the joining of the exons. There is no differ-
ence in splicing of the first 19 exons in the OBRa and the OBRb
transcripts (GenBank sequences U66496 and U43168, respectively).
Two putative terminal exons in the OBRa mRNA (shaded boxes) come
from the shaded portions of the LTR5 sequence inserted between exon
e19 and exon e20. Nucleotide positions are indicated ontop of the
schematic LTR5 consensus sequence and the OBRa and the OBRb
mRNAs. Sequences of acceptor and donor splice sites, as well as of the
poly(A) signals, are indicatedbelow the LTR5 consensus sequence.
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steroids which may interact with the LTR5 element fixed
in the OBR gene. It has been noticed in experiments
(reviewed by Woods et al. 1998) that glucocorticoid hor-
mones are endogenous antagonists of leptin in the con-
trol of energy homeostasis. This is consistent with our
hypothesis that glucocorticoids may induce alternative
splicing in the leptin receptor, thereby switching expres-
sion from the long to the short form. Since the short form
of the leptin receptor does not have the intracellular do-
main, the binding leptin cannot transduce regulatory sig-
nals.

Interestingly, leptin itself contains the MER11 repeat

(Kaplan et al., 1991; Smit 1995), recently identified as
HERV-K-related LTR (Kapitonov and Jurka 1997) in its
58 UTR region (GenBank Accession No. U43589; posi-
tions 412–1382). It has been shown (Bi et al. 1997) that
a 60-bp region of the MER11 sequence acts as an en-
hancer of leptin expression in placenta. Moreover, this
MER11 contains a motif TGTTATcttcataaGCTAAG
(see GenBank Accession No. U43589; positions 570–
589), in which capitalized sequences are similar to the
steroid responsive element TGTTAT and the enhancer
core GTGCTAAG, immediately following each other in
LTR5 (Ono 1987). Taken together, these observations

Fig. 2. Alignment of the LTR5 consensus and OBRa nucleotide se-
quences. Identical bases are indicated byasterisks; transitions and
transversions are represented bycolonsanddots,respectively.Hyphens
indicate alignment gaps. The LTR5 sequence is a fragment of a 974-
bp-long consensus sequence deposited in RepBase Update (http://
www.girinst.org); nucleotide positions in the aligned LTR5 fragment
are shown on thetop. The 3100-bp OBRa nucleotide sequence comes
from GenBank (Accession No. U66496). The nucleotide positions in
the aligned fragment are indicated on thebottom.The 38 end of exon

19 is double underlined,and it is differentfrom the LTR5 sequence.
Regions of OBRa mRNA that come from the LTR5 sequence are
overlined.The internal part of the LTR5 sequence (positions 371–669)
is dottedout. The poly(A) signal in the LTR5 isunderlined.Acceptor
and donor splice signals areboxed. Vertical lineswithin the boxes show
alternative exon/intron boundaries. The 67-residue-long amino acid
sequence encoded by the ORBa alternative exons is presentedbelow
the nucleotide sequences.
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may imply that transcription of leptin and splicing of its
receptor are regulated by steroids. Thus, our hypothesis
regarding a role for LTR5 in the control by steroids of
alternative splicing, combined with previous data (Hay-
ward-Lester et al. 1996; Ehretsmann et al. 1995; Norgren
et al. 1994; Cramer et al. 1997; McCracken et al. 1997;
Shimizu et al. 1997; Zachow and Magoffin 1997; Che-
hab et al. 1996), suggests that the proportions of OBRa
and OBRb forms of leptin receptor may be regulated by
steroids, possibly through interaction with the LTR5 se-
quence. By using similar functional elements, LTR5 and
MER11 may provide an evolutionary basis for the coor-
dinate expression of leptin and its receptor. Viral LTRs,
at least those carried by HERV-K endogenous retrovi-
ruses, may be among the tools used in evolution for
coupling the expression of regulatory factors and their
receptors.
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