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Abstract—This review highlights the generation of various types of short forms of membrane hormonal receptors and the
mode of regulation of their tissue-specific patterns. The short forms of membrane receptors are classified on the basis of local-
ization of missing functional fragments. The review provides examples of tissues for which expression of short forms may serve
as a marker of changes of ontogenetic stage, physiological state, or the development of pathological process. The short forms
of receptors are shown to participate in determining tissue-specificity and efficacy of hormonal signal transduction, as well as
in transport of hormones within cell, through physiological barriers, and in blood circulation. Peculiarities of signal trans-
duction pathways for short receptor forms and potential physiological significance of these forms are analyzed. It is conclud-
ed that the ratio of long and short receptor forms may serve as a key marker of dynamic changes of differentiation stage and
alterations of metabolic and proliferative activity of tissues under normal and pathologic conditions, and thus to be an impor-
tant indicator of therapeutic effect for many pathological processes.
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According to the initial classification of membrane
hormone receptors based on the main principles of their
structure-functional organization, receptors were divided
into several superfamilies, each characterized by a “cen-
tral” signal transduction pathway. These include G-pro-
tein coupled receptors; receptors coupled with tyrosine
kinases, receptor tyrosine kinases, receptor serine/threo-
nine kinases, receptor guanylate cyclases, receptor phos-
phatases, receptor ion channels, etc.

Later shorter homologs of known receptors lacking
some functional domains have been recognized. In the

Abbreviations: CREM) cAMP responsive element modulator;
CPSF) cleavage polyadenylation specific factor; hnRNP) het-
erogeneous nuclear ribonucleoproteins; IGFII) insulin like
growth factor I1I; JAK) Janus kinases; MAP) mitogen activated
protein kinases; NAPOR) neuroblastoma apoptosis-related
RNA binding protein; NPR(A,B,C)) natriuretic peptide recep-
tor (type A, B, C); PACAP) pituitary adenylate cyclase activat-
ing peptide; PBFII) polypurine binding factor II; PRAP) pro-
lactin receptor associated protein; SF2/ASF) splicing factor
2/alternative splicing factor; STAT) signal transducer/activator
of transcription.

* To whom correspondence should be addressed.

present review we define the short form of receptors as
both protein products of shortened members of a
homolog gene family, and also as shortened protein prod-
ucts encoded by the one gene, but generated due to vari-
ous mechanisms. Gene polymorphism as the mechanism
responsible for appearance of individual receptor forms is
out of consideration in this review. Short forms have been
found for the following receptor superfamilies: G-pro-
teins coupled receptors (some receptor subtypes for
dopamine, glutamate, vasoactive intestinal peptide,
PACAP and other signaling compounds); receptors cou-
pled with tyrosine kinases (receptors for growth hormone,
prolactin, leptin, erythropoietin and other cytokines);
receptor tyrosine kinases (receptors for insulin, epidermal
growth factor, fibroblast growth factor, and other growth
factors) [1-5]. Usually, their role and physiological
importance have not been specially investigated because
short forms cannot transduce a signal typical for full-
length receptors.

However, recent data provide increasing evidence
that short receptor forms may underline tissue specificity
and efficacy of realization of hormonal effect; they also
seem to be involved in intercellular (systemic and local)
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and intracellular hormone transport. In this review, we
summarize current knowledge on the role of short forms
of membrane receptors in additional specialization of
hormone signal transduction and regulation of its magni-
tude depending on tissue type and physiological state of a
tissue.

1. MECHANISMS OF GENERATION
OF SHORT RECEPTOR FORMS

Short forms of receptors can be classified by local-
ization of missing functional domain of a receptor mole-
cule. Using this criterion, the following groups of short
receptors can be recognized: forms with shortened extra-
cellular domain, forms with shortened intracellular
domain, and also special receptor forms lacking trans-
membrane and intracellular domains. These special
forms are also known as soluble receptors or hormone
transport proteins of receptor type.

During production of short receptor forms almost all
ways of generation of related proteins with variations in
amino acid sequence and domain composition described
for eukaryotes are used [1-6] (see below).

1.1. Expression of various genes. Receptors for many
hormones are often encoded by a family of genes (e.g.,
receptors for natriuretic peptide [3], somatostatin [7],
etc.). In the case of neurotransmitter receptors, this is
even a “rule of the game” (e.g., dopamine receptors [§],
glutamate receptors [5], etc.). Natriuretic peptide recep-
tors (NPR) represent an illustrative example of the use of
various genes for generation of receptor forms that have
homologous amino acid sequences but differ in the pres-
ence of some structural domains and in their functions.
There are three genes encoding NPR-A, NPR-B, and
NPR-C, respectively [3]. Two receptors (NPR-A and
NPR-B) share high homology, and their C-terminus con-
tains a catalytic guanylate cyclase domain. These two
types of receptors contain all domains typical for this
superfamily and transduce comprehensive signal of natri-
uretic peptides: atrial natriuretic peptide acting via NPR-
A regulates natriuresis and water balance; C-type natri-
uretic peptide acting via NPR-B functions as a local reg-
ulator of endothelial functions. NPR-C (also known as
clearance receptor) shares homology with NPR-A and
NPR-B in its extracellular domain, but it practically lacks
the cytoplasmic domain and guanylate cyclase activity [9].
In contrast to NPR-A and NPR-B, this type of receptor is
considered as a negative regulator of natriuretic peptide
signal transduction and a transporter of natriuretic pep-
tides through physiological barriers (see Section 4) [10].

1.2. Alternative splicing of pre-mRNA. This is one of
the most common modes for generation of various forms
of receptors: e.g., for growth hormone [11], prolactin
[12], leptin [13], insulin [14], luteinizing hormone [15,
16], dopamine (types 2 and 3) [17], PACAP [18, 19], etc.

SMIRNOVA, BOGORAD

Variants of alternative splicing of prolactin receptor
pre-mRNA represent a good illustration. The mam-
malian gene encoding prolactin receptor (>100 kb) con-
sists of 11 exons [20]. In various species, there are 3-4
alternative promoters and 3-4 corresponding non-coding
first exons [21, 22]. There are many variants of alternative
splicing of 3'-non-coding region, which significantly
influence length of mature mRNA (from 1.5 to 9.5 kb)
[23]. Different mammalian species are characterized by
distinct arrangement of alternative splicing resulting in
generation of various forms of prolactin receptor. In
rodents long form of prolactin receptor is generated with-
out the use of exon 11 (termination of translation occurs
within exon 10 due to the presence of an internal stop-
codon there). During generation of short form of pro-
lactin receptor exon 10 is not used; a sequence from the
end of exon 9 up to the beginning of exon 11 is excluded
(the site of termination of translation localizes in exon 11)
[24] (figure, (a)). Moreover, the existence of several vari-
ants of exon 11 in rodents serves as a basis for expression
of several short forms of prolactin receptor in rodents (in
mouse there are 1 long and 3 short forms, see figure, (¢))
[25]. Besides short form, a pathological intermediate
form of prolactin receptor expressed in Nb2 cell is found
in rat. This intermediate form was generated due to dele-
tion of 597 bp in exon 11 (figure, (b)) [26, 27]. Short form
of prolactin receptor differs from long and intermediate
forms by the structure of cytoplasmic domain: it lacks the
so-called second box, required for activation of
JAK/STAT cascade, which is ultimately important for the
superfamily of receptors coupled with tyrosine kinases
[28, 29]. In contrast to the long receptor form mediating
almost all prolactin effects (expression of gene encoding
B-casein, cell proliferation, etc.), the short form of pro-
lactin receptor is involved in negative regulation of recep-
tor long form activity and in tissue specific signals (see
Section 4) [30]. Long, intermediate, and two short forms
of prolactin receptor are expressed in humans. The cyto-
plasmic domain of the first short form, Sla, contains
amino acid residues encoded by a part of exon 10 and also
a unique 39-membered amino acid sequence encoded by
exon 11. Generation of intracellular domain of S1b form
does not involve exon 10 at all; this domain contains only
3 amino acid residues formed due to reading frame shift
in exon 11 resulting in formation of an early stop codon
[31]. Generation of the intermediate form in humans
involves the same mechanism as in rodents; the only
exception is that in humans deletion causes reading frame
shift, and the C-terminus of the receptor is non-homolo-
gous to the long form [27].

In humans, besides alternative variants of intracellular
domain a form with shortened extracellular domain due to
alternative splicing has been revealed. This form known as
AS1 form is generated by deletion of exons 4 and 5 result-
ing in the absence of N-terminal fibronectin-like domain
(one of two fibronectin-like domains in the prolactin
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Short form
of rat prolactin receptor

a
Exon9 —————— Exon II:I _____

Long form
of rat prolactin receptor

b Exon9 ————-—

Nb2 form of rat prolactin receptor

Short forms
of mouse prolactin receptor

Exon 9

Long form
of mouse prolactin receptor

Scheme illustrating generation of various forms of prolactin receptor in rodents: a) generation of long and short forms of rat prolactin recep-
tor by alternative splicing; b) generation of intermediate (Nb2) form of rat prolactin receptor by joining of exons 9 and 10 and deletion (597
bases) within exon 10; c¢) generation of 1 long and 3 short forms (due to use of three alternative 11th exons) of mouse prolactin receptor by
alternative splicing. Rectangles show exons: white and black rectangles designate coding and non-coding regions. Dashed lines show introns.
SC and DL designate stop codons located within reading frame and deletions, respectively

receptor molecule) in the mature receptor molecule; such
deletion significantly influences receptor affinity [32].

In rodents (and even-toed ungulates), along with
anchored membrane bound forms soluble secretory form
of receptor is also formed by alternative splicing. This
form is produced by exclusion of exons 7 and 8; reading
frame shift accompanying this exclusion results in forma-
tion of a short hydrophilic C-terminal domain of the
receptor molecule, which differs from the corresponding
domain of the long form of prolactin receptor [33]. In
humans, generation of the secretory form of prolactin
receptor involves proteolysis rather than alternative splic-
ing (see Section 1.4)'. The soluble form of prolactin
receptor is not involved in signal transduction; it is con-
sidered as a transport prolactin binding protein, which
negatively influences activity of the long form.
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1.3. Alternative polyadenylation. Polyadenylation of
pre-mRNA is the other mechanism of alternative form
generation at the stage of pre-mRNA processing.
Conservative sequences representing polyadenylation sig-
nals are now well characterized. Some eukaryotic genes
possess several alternative polyadenylation signals; their
“use” may change length of the coding site [34]. For
example, in mammals generation of secretory forms of
epidermal growth factor receptors [35, 36] involves usage
of a polyadenylation site localized in the intron between
exons 12 and 13; the resultant mature mRNA lacks a site

! Recently, the possibility of generation of soluble forms of
human prolactin receptor via alternative splicing has been
demonstrated in direct experiments (Trott, J. E, et al. (2003)
J. Mol. Endocrinol., 30, 31-47).
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corresponding to exon 17, encoding a transmembrane
domain. Generation of membrane-unbound form of
mouse growth hormone receptor (which is a receptor-
type transport protein for growth hormone) may be not
only a result of alternative splicing, but also involve alter-
native polyadenylation site localized in exon 8a [37].
Alternative polyadenylation may serve as an effective
mechanism responsible for regulation of expression of
alternative receptor forms at the stage of translation. For
example, use of proximal polyadenylation sites leads to
removing of mRNA instability signals and thus increasing
of expression level of such form [38].

1.4. Proteolysis. Generation of receptor forms by
proteolytic cleavage is typical for soluble receptors (trans-
port hormone-binding proteins). For example, in
humans (in contrast to many other mammalian species)
transport proteins for growth hormone [39], leptin [40],
and prolactin [41] are formed mainly due to proteolysis of
full-size receptor. Proteolysis of many receptors is per-
formed by metalloproteases of metzicin family, known as
TACE and ADAM17. These proteases cleave an extracel-
lular domain of receptor expressed on the cell surface
[42]. However, currently specific sequences of sites for
cleavage remain unrevealed.

2. REGULATORY MECHANISMS UNDERLYING
EXPRESSION OF RECEPTOR FORMS

2.1. Regulation of transcription. In the case of gener-
ation of receptor forms as protein products of some dif-
ferent genes, the expression of each element of a receptor
system can be regulated independently. For example,
expression of active natriuretic peptide receptors (NPR-A
and NRP-B) and clearance receptor (NPR-C) is deter-
mined by various transcription factors [43]. Such a mech-
anism seems to be required for effective regulation of
receptor forms in neurotransmitter systems, which are
characterized by the existence of a set of genes encoding
various receptor forms.

2.2. Regulation of RNA processing. The main mech-
anism of control of alternative splicing involves the
action of factors (responsible for selection of exons)
interacting with small nuclear RNA spliceosomes finally
leads to preferential use of proximal or distal exon. These
factors are universal for all pre-mRNAs, including
receptor pre-mRNAs. SF2/ASF belongs to a family of
splicing trans-factors, known as SR proteins, which are
enriched with serine and cysteine residues. /n vivo and in
vitro experiments have demonstrated that this factor is
responsible for preferential use of proximal acceptor
exon [44, 45]. Proteins of the hnRNP family exhibit an
antagonistic effect resulting in preferential use of distal
acceptor exons [46]. Thus, “choice” of exon during
alternative splicing may be determined by ratio of expres-
sion and activity of proteins of SR and hnRNP families.

SMIRNOVA, BOGORAD

Regulation of such ratio can be controlled at the tran-
scriptional level or by change of phosphorylation degree
and also by some other factors [47]. Participation of sev-
eral types of serine/threonine kinases—calmodulin-
dependent kinase, MAP-kinase, and some others—in
phosphorylation of these proteins has been revealed at
the present time.

Besides universal regulatory mechanisms, there are
tissue-specific factors regulating alternative splicing of
some pre-mRNA. For example, NAPOR protein (neu-
roblastoma apoptosis-related RNA binding protein) reg-
ulates splicing of NMDA 1 glutamate receptors in rat
forebrain increasing probability of exclusion of exon 21
and inclusion of exon 5 [48].

Along with transcription trans-factors, selection of
exon ultimately requires cis-elements of mRNA sequence
(splicing enhancers and silencers) as well as 5'- and 3'-
untranslated regions [49]. Thus, it is relevant to suggest
that the use of various promoters (even with non-coding
alternative 5'-exons) can finally influence amino acid
sequence of protein product via modulation of alternative
splicing. Although the interrelationship between use of
some promoter and generation of certain forms remains
to be demonstrated, we can suggest that in the case of
prolactin receptor such interrelationship actually exists. A
correlation between tissue specific promoters and domi-
nation of certain forms of prolactin receptor in some tis-
sues indirectly supports such hypothesis. In rat gonads,
promoter I and long form of prolactin receptor dominate,
whereas in liver, promoter II and short form of prolactin
receptor dominate [50-53].

Hormonal regulation is one of the most important
tools controlling alternative splicing of many mRNA:s,
particularly receptor mRNA (see Table 1) [54-62]. For
example, two forms of insulin receptor are expressed in
humans and rat; one form contains an amino acid
sequence encoded by exon 11 (11+ form), whereas the
other one lacks such amino acid sequence. Insulin
increases the proportion of 11+ form of the receptor [56].
Estrogens increase the proportion of dopamine receptors
type 2 with included exon [54]. Sex steroids also regulate
alternative splicing of prolactin receptor mRNA. For
example, in rats estradiol promotes preferential use of
distal exon (this results in synthesis of short receptor
form), whereas testosterone promotes inclusion of proxi-
mal exon, resulting in decreased generation of short form
[61].

All the abovementioned hormones act on SF2/ASF
and hnRNP splicing regulators at the level of their tran-
scription, phosphorylation, and change of cellular local-
ization [63]. The role of hormones activating cascade of
serine/threonine kinases in the regulation of alternative
splicing has been studied in detail [64]. Taking into con-
sideration the fact that many hormones (insulin, growth
hormone, leptin, growth factors, etc.) activate receptor
tyrosine kinases or receptors associated with tyrosine
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Table 1. Hormonal regulation of alternative splicing of membrane receptors

355

Splicing Effect Method of evalu-
Receptor Tissue; species regulator | of regulator* | _ation of ratio | Reference
of these receptor
forms

Dopamine 1) long form (444 residues) con-| pituitary pro- estradiol, T long form | semi-quantitative [54]
receptor type 2 | taining insertion in the third lactin secreting | testosterone | mRNA RT-PCR**

intracellular loop; cells; rat

2) short form (415 residues)

without insertion
Fibroblast 1) long membrane-bound form | vein endotheli- | interleukin-6 T mem- RT-PCR [55]
growth factor | (842 residues) containing exon | um; human brane-bound
receptor type 1 | I11b; form mRNA

2) short form (~700 residues)

containing early stop-codon in

the alternative exon Illa
Insulin 1) long form of extracellular a- | liver, hepatoma | insulin 7T long form | semi-quantitative [56]
receptor subunit receptor (730 residues) | HepG2; human mRNA RT-PCR

containing insertion at C-end;

2) short form of extracellular o.-

subunit receptor (718 residues)

without insertion
Leptin recep- | 1) long form (1171 residues): adrenals; rat leptin  long form | semi-quantitative [57]
tor intracellular domain of 332 mRNA RT-PCR

residues;

2) 3 short forms (873, 883, 935

residues): intracellular domain

of 5, 15, and 67 residues
Leptin recep- | 1) long form (1171 residues): testicles; rat estrogens T short form | semi-quantitative [58]
tor intracellular domain of 332 mRNA RT-PCR

residues;

2) 3 short forms (873, 883, 935

residues): intracellular domain

of 5, 15, and 67 residues
Prolactin 1) long form (557 residues): embryonic liver; | cortisol 1 long form | ribonuclease [59]
receptor intracellular domain of 323 sheep mRNA protection assay

residues;

2) short form (272 residues):

intracellular domain of 38

residues

1) long form (591 residues): corpus luteum; | prolactin d long form | semi-quantitative [60]

intracellular domain of 357 rat mRNA RT-PCR

residues;

2) short form (291 residues): liver; rat estradiol 1 short form | quantitative RT- [61]

intracellular domain of 57 mRNA PCR

residues

liver; rat testosterone | 4 short form quantitative RT- [61]
mRNA PCR

Follicle stimu- | 1) long form (678 residues), ovarian follicles; | gonadotropin| T short form | RT-PCR, [62]
lating hormone | G-protein coupled receptor mouse (serum of mRNA immunoblotting

receptor

containing seven transmem-
brane domains;

2) short form (242 residues),
receptor of growth factor recep-
tor superfamily contains unique
transmembrane and intracellu-
lar domains encoded by exon 11
(alternative to exons 9 and 10)

foaled mares)

* Arrows T and { show increase or decrease, respectively.
** RT-PCR, reverse transcription-polymerase chain reaction.
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kinases, it is very important to study the role of tyrosine
kinases in regulation of splicing.

It should be noted that transition of cell cycle stages
is closely related to change in alternative splicing pattern.
Many regulatory factors of the cell cycle share structural
resemblance and functions with factors regulating alter-
native splicing; it is believed that some factors may share
both functions. For several factors, cell cycle-dependent
expression profile was demonstrated [65]. Thus, the ratio
of expressed forms may change from one stage of the cell
cycle to another.

Polyadenylation is controlled by CPSF (cleavage
polyadenylation specific factor) and PBFII (poly(A)
binding factor) [66]. These factors can influence the cod-
ing sequence of mRNA and also length of 3’-untranslat-
ed region, regulating mRNA stability. Both mechanisms
are used for control of generation and expression of
receptor forms by alternative polyadenylation (see
Section 4.1). Several examples illustrating hormonal reg-
ulation of polyadenylation factors are known: follicle
stimulating hormone increases stability of CREM-1
(cAMP responsive element modulator) mRNA. It influ-
ences activity of polyadenylation factors, and this results
in preferential use of weaker proximal polyadenylation
signal (and thus increases expression level of a given
mRNA due to cleavage of mRNA instability signal) [38].
Similar mechanisms may also be employed for regulation
of expression of soluble receptor forms, which are often
formed by alternative polyadenylation.

2.3. Regulation of proteolysis. No convincing evi-
dence exists on the role of proteolysis in regulation of
generation of soluble receptor forms. However, it was
demonstrated that activation of phospholipase C can
increase the proportion of cleavage of extracellular
domain of growth hormone receptor [67]. It is possible,
that proteolysis may be controlled indirectly via regula-
tion of expression of substrates for proteolysis. For exam-
ple, short forms of leptin and growth hormone receptors
formed by alternative splicing are more readily subjected
to proteolysis than long forms [42, 67].

3. TISSUE SPECIFIC EXPRESSION
OF RECEPTOR FORMS

Various regulatory factors are responsible for genera-
tion and maintenance of tissue-specific ratios of expres-
sion of different receptor forms. Some tissues are charac-
terized by predomination of certain form(s) of receptors,
whereas in other tissues such predomination has not been
recognized. Table 2 shows examples of tissues where short
receptor forms dominate [4, 13, 27, 53, 68-74]. For
example, the expression of prolactin receptor forms was
qualitatively evaluated in many human and rat tissues. In
the rat, long form predominates in gonads and hypothal-
amus, whereas short form predominates in liver [53].

SMIRNOVA, BOGORAD

Characteristic distribution of short and long forms of
some neurotransmitter receptors is found in pre- and
postsynaptic membranes: short form of dopamine recep-
tor type 2 is the predominant form in bodies and axons of
dopaminergic neurons and long form is the main type of
postsynaptic receptor [69]. The existence of hormone-
sensitive tissues with predomination of short receptor
forms suggests existence of tissue-specific effects realized
by these short receptors.

An intriguing illustration underlying the importance
of short receptor is a change in predominant receptor
form during development of the fetus. For example, it is
shown that the long form of fibroblast growth factor
receptor type 1 predominant in embryonic rat cardio-
myocytes is replaced by the short form in adult heart [74].
Similar changes are also found in the case of prolactin
receptors of rat and bovine liver: the long form dominates
early embryogenesis, whereas predominance of the short
form develops during late embryogenesis [73, 75]. Short
form of insulin receptor lacking o-subunit encoded by
exon 11 of the insulin receptor gene dominates in embry-
onic but not in adult hepatocytes [76]. The replacement
of a predominant receptor form in the course of organo-
genesis is a perfect natural model for investigation of
change of both regulatory factors pattern and direction of
hormonal effects realized in these tissues at different
stages of pre- and postnatal development. This replace-
ment emphasizes the importance of short receptor forms
in the development of tissues. Study of characteristic fea-
tures of expression of receptor forms under pathological
conditions is especially important from both theoretical
and practical viewpoints. Under pathological conditions
(e.g., tumor development) both receptor forms typical for
normal tissues, as well as new, altered forms may be
expressed. Rat lymphoma Nb2 cells express a specific
intermediate form of the prolactin receptor, which is not
typical for normal tissues [26]. Analysis of expression of
receptor forms can be used to evaluate sensitivity of tis-
sues to hormones under pathological conditions and to
diagnose disease. For example, in the case of pancreatic
adenocarcinoma predominance of short form of fibro-
blast growth factor receptor type 1 is an important mark-
er of high rate of tumor growth [77]. Rat erythroleukemic
cells (partially lost erythroid characteristics) differ from
normal cells by dramatically reduced level of expression
of short form of erythropoietin receptor [78]. Diabetes
mellitus type 2 is characterized by reduced level of short
form of insulin receptor [79]. Under development of thy-
roid gland cancer an increased content of short form of
insulin receptor and local production of IGFII is one of
the leading way for automitogenic stimulations [80]. We
also found change in expression pattern of receptor forms
under experimental pathological conditions: develop-
ment of obstructive cholestasis in female rats caused
reduction in expression of short (predominant) form and
increase in expression of long form in liver [72].
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Table 2. Tissues with predominant expression of short forms of membrane receptors
Method Ratio
Receptor Tissue; species of evaluation of forms* | Reference
Substance P 1) long form (407 residues); salivary glands; | immunohisto- n.d.*** [68]
receptor 2) short form (324 residues)** rat chemistry
(NKI1-R) (antibodies
against long
form) and
analysis of
total binding
Dopamine 1) long form (444 residues) containing neuron bodies RT-PCR n.d. [69]
receptor type 2 insertion in the third intracellular loop; and dendrites;
2) short form (415 residues) without inser- rat
tion
substantia RT-PCR n.d. [4]
nigra, hypothal-
amus; rat
Insulin receptor 1) long form of receptor extracellular o~ lymphocytes, RT-PCR long form [70]
subunit (730 residues) containing insertion spleen, brain; was not
at C-end; human detected
2) short form of receptor extracellular o.-
subunit (718 residues) without insertion
Luteinizing 1) long membrane bound form (601 lungs; hen semi-quantita- 7:1 [71]
hormone receptor | residues); tive RT-PCR
2) 2 soluble forms: one of 211 residues,
insertion with early stop codon, and the
other one of 234 residues, insertion with
early polyadenylation signal
Leptin receptor 1) long form (1171 residues): intracellular choroid plexus, | RT-PCR n.d. [13]
domain of 332 residues; kidneys, lung;
2) 3 short forms (873, 883, 935 residues): mouse
intracellular domain of 5, 15 and 67
residues
Prolactin 1) long form (591 residues): intracellular liver; female rat | quantitative 10: 1 [53, 72]
receptor domain of 354 residues; RT-PCR
2) short form (291 residues): intracellular
domain of 54 residues
Prolactin 1) long form (557 residues): intracellular liver; cow semi-quantita- 2:1 [73]
receptor domain of 323 residues; tive RT-PCR
2) short form (272 residues): intracellular
domain of 38 residues
Prolactin 1) long form (599 residues): intracellular kidney; human | semi-quantita- 3:1 [27]
receptor (inter- domain of 362 residues; tive RT-PCR
mediate form) 2) intermediate form (325 residues): intra-
cellular domain of 88 residues
Fibroblast growth | 1) long form (842 residues) containing three | cardiomyo- semi-quantita- 6:1 [74]
factor receptor Ig-like regions in the extracellular domain; cytes; rat tive RT-PCR

type 1

2) short form (753 residues) containing two
Ig-like regions in the extracellular domain

* Ratio of mRNA (protein) of short to long forms considered to be predominant when it significantly exceeds 1.
** No data on mechanism of formation.
*** n.d., no data or authors did not provide quantitative results (in Tables 2 and 3).
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Table 3. Modes of generation of membrane receptor soluble forms
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Type of soluble receptor* Tissue Method of formation Reference
1 2 3 4 5
4-1 BB (family of growth | SE, 178 residues B cells, AS** (exclusion of exon 8 containing [112]
factor/tumor necrosis fac- | ME, 222 residues macrophages; TMD***)
tor receptors) human
Growth hormone receptor | SF, 105 residues liver; hen AP (alternative splicing of polyadenylation [113]
ME, 592 residues in exon 5, TMD in exon 8)
SF, 60 kD liver; human proteolysis [39]
ME, 103 kD
SF, 273 residues liver; mouse AS (formation of soluble form involves [114]
ME, 626 residues alternative exon 8a, localized between 7th
and 8th exons, which encodes C-end;
TMD is encoded in exon 8)
Interleukin-1 receptor SF, 336 residues HepG2; human |AS (formation of the membrane-bound [115]
(additional protein) ME, 556 residues form involves excision of exon 9 fragment
containing 3’-end of soluble form and
polyadenylation signal)
Interleukin-4 receptor SF, 204 residues lymphoid cells; AS (formation of the membrane bound [116]
ME, 800 residues human form involves exclusion of exon 8 encoding
three C-terminal amino acid residues of
soluble form and early stop-codon)
Interleukin-6 receptor SFE, 50 kD leukocytes; proteolysis [117]
ME, 80 kD human
Interleukin-17 receptor SF, 186, 269, 332, 348, |prostate; human |AS (TMD is localized in exon 17, soluble [118]
372, 409 residues forms are generated by excision of exon 17
or due to appearance of early stop-codon
MEF, 553, 683, 693, 703, resulting from reading frame shift)
705, 720 residues
Leptin receptor SF, 204 residues placenta; mouse |AS (alternative insertion after exon 14; [40]
ME, 1171 residues TMD in exon 18)
SFE, 150 kD liver; human proteolysis [40]
ME, 150, 207 kD
Prolactin receptor SE, 32 kD liver; human proteolysis [41]
ME, 45, 80 kD
SE, 174 residues liver; deer AS (generation of soluble forms involves [33]
ME, 557 residues exclusion of exons 7 and 8, early codon
formation in exon 9; TMD in exon 8)
Thyrotropin receptor SE, 253 residues thyroid gland; AS (insertion after exon 8 (possibly intron), [119]
MEF, 764 residues human TMD in exon 10)
Keratinocyte growth fac- | n.d. corneal tissue; AS (n.d.) [120]
tor receptor human
Fibroblast growth factor SF, ~700 residues vein endothelium; | AS (generation of soluble form involves [55]
receptor type 1 ME, 842 residues human alternative exon Illa containing early stop-
codon)
Fibroblast growth factor n.d. osteosarcoma AS (exons 8, 9, 10 are excluded; early stop- [2]
receptor type 3 Sa0S-2; human |codon)
Follicle stimulating hor- SF, 206 residues Sertoli cells; rat | AP (alternative polyadenylation site after [121]
mone receptor ME, 678 residues exon 8, TMD in exon 10)
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Table 3. (Contd.)

1 2 3 4 5
Epidermal growth factor | SF, 447 residues human; rat AP (alternative polyadenylation site [35]
receptor ME, 1193 residues between exons 12 and 13; TMD in exon 17)
Erythropoietin receptor n.d. spleen; rat AS (alternative insertion (of 105 bp) to the [78]

site responsible for corresponding extracel-
lular domain of receptor; this insertion
encodes 21 amino acid residues and con-
tains early stop-codon)

* SF and MF are soluble and membrane-bound forms, respectively.
** AS, alternative splicing; AP, alternative polyadenylation.
*** TMD, transmembrane domain.

The peculiarities of short receptor form distribution
in tissues under normal and pathological conditions,
increase of their expression at certain stages of ontogene-
sis, as well as their possible importance for diagnostics
and therapy attract an interest in the role of short recep-
tors in signal transduction. Results of such studies are
summarized in the next section.

4. MECHANISMS UNDERLYING ROLES
OF SHORT RECEPTOR FORMS
IN SIGNAL TRANSDUCTION
AND THEIR PHYSIOLOGICAL IMPORTANCE

Short receptor forms (including soluble ones, see
Table 3) lacking some functionally important domain
cannot transduce a signal that is normally mediated by
the full-length receptor. However, these short forms are
involved (together with long form or independently) in
modulation of magnitude of regulatory signal and/or
modification of certain stages of signal transduction such
as specific ligand binding to receptor, oligomerization,

activation of cascade of downstream high molecular
weight and/or low molecular weight messengers, and also
internalization of hormone—receptor complexes.

Since the extracellular domain of membrane recep-
tors determines specificity and affinity of a ligand binding,
short receptor variants significantly influence these
parameters. PACAP receptor type 1 containing full-length
sequence of extracellular domain binds preferentially
PACAP38, whereas the shorter form (lacking 21 amino
acid residues due to exclusion of exon 4) binds PACAP38
and PACAP27 with nearly equal effectiveness [81, 82].
The short form of insulin receptor binds insulin molecule
with the same effectiveness as the long form and it is 10-
fold more effective in IGFII binding ([70]) (Table 4).
Specificity and affinity of ligand binding may also depend
on the receptor form which is a partner for oligomeriza-
tion. For example, formation of heterodimers between
NPR-A and NPR-B (receptor guanylate cyclases) with
short clearance receptor (NRP-C) results in preferential
binding of a certain type of natriuretic peptide.
Homodimers of receptor forms with shortened extracel-
lular domain can modulate rate of response to hormonal

Table 4. Effective ligand concentrations required for 50% inhibition of PACAP receptor type 1 and insulin receptor

binding
Receptor Ligands Reference
Insulin receptor insulin IGFII [76]
long form 0.9 nM >20 nM
short form 1 nM 2.5nM
PACAP receptor type 1 PACAP38 PACAP27 [81]
long form 3.3nM 16 nM
short form 2.8 nM 4.4 nM
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signal due to differences in oligomerization rate. Affinity
of human prolactin receptor AS1 lacking one of the extra-
cellular subdomains for this hormone is two times in mag-
nitude less than that of full-length form (dissociation rate
constants of hormone—receptor complex are 1.3-107° and
1.3-107% M, respectively). However, the short form is more
active in signal transduction than the long one (maximal
effect is observed after 10 and 15 min, respectively) due to
effective homodimerization [32].

The existence of several receptor forms influences
such stage of signal transduction as oligomerization of
hormone—receptor complexes. For many receptor super-
families (receptor tyrosine kinases, receptor serine/threo-
nine kinases, receptors associated with tyrosine kinases)
oligomerization is the ultimate precondition for signal
transduction pathways because it promotes reciprocal
phosphorylation of effector domains of these receptors
(or proteins associated with these receptors) due to their
bringing together. Mutations inducing ligand-independ-
ent dimerization of receptors of these superfamilies cause
activation of corresponding cascades. For example, sub-
stitution of Gly380 in fibroblast growth factor receptor
type 3 with Arg results in hormone-independent dimer
stabilization and finally to some variant of dwarfism.
Mutations in glial neurotrophic factor receptor (RET)
leading to substitution of one of six cysteines localized in
peri-membrane extracellular domain of receptor (609,
611, 618, 620, 630, 634) for other amino acids result in
disulfide bonding between two receptor molecules; this
causes constant activation of RET receptors and develop-
ment of syndrome of multiple endocrine neoplasia type 2.
Similar mutations are also known for other type of recep-
tors [83].

It is believed that heterodimer formation between
short and long forms (and also soluble and long forms) of
receptors of these superfamilies cause inhibition of signal
transduction realized by a long receptor form. For exam-
ple, dimers of long form of prolactin receptor may effec-
tively activate promoter of B-casein gene. In in vitro
experiments, co-transformation with short and long
forms of prolactin receptor taken in various proportions
has resulted in proportional decrease in activation of 3-
casein gene promoter with increasing proportion of short
form [30]. Decrease in signal efficiency may be achieved
by decreasing the concentration of long homodimers and
parallel increasing of expression of short isoform.
However, correct evidence of the existence of such inhi-
bition of hormonal signal in vivo requires demonstration
of co-expression of these receptor forms within the same
cell. At present, there are a limited number of studies on
co-expression of several forms of various receptors in one
cell. Nevertheless, co-localization of short and long forms
of dopamine receptor type 2 was demonstrated in neurons
[54]. Co-localization of PACAP receptor type 1 differing
in structure of the third intracellular loop was found in rat
gonads; however, single-cell PCR analysis revealed that
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only 10% of individual cells simultaneously contain
mRNA of both short and long forms of this receptor [84].

It should be noted that short forms partially lacking
active subdomains of a cytoplasmic domain of a receptor
realize some but not all variants of classic signal transduc-
tion pathways typical for full-length receptor. For exam-
ple, a short form of PACAP receptor (with shortened
third intracellular loop responsible for binding to G-pro-
teins) may activate adenylate cyclase but not phospholi-
pase C [85]. A short form of the prolactin receptor lack-
ing a part of the intracellular domain essential for JAK
kinase activation does not phosphorylate STAT proteins.
Nevertheless, the short isoform is involved in signal trans-
duction pathway, which leads to proliferation of epithelial
cells [86]; this signaling is mediated via cascade activation
of MAP-kinases and some other proteins (Vav, phospho-
lipase Cy, etc.). Thus, signal transduction pathways cou-
pled with short receptor forms influences the ratio of acti-
vated second messengers and, consequently, the spectrum
of modified effector proteins. These events determine
changes in cell response to hormonal signal.

Recently, it was demonstrated that short receptor
forms also possess their own downstream pathways of sig-
nal transduction that are not involved in long form signal
transduction. For example, in corpus luteum short form
of prolactin receptor is associated with PRAP protein
(prolactin receptor associated protein), which is 17-
ketosteroid dehydrogenase [87, 88]. Short form of
dopamine receptor type 2 can inhibit both adenylate
cyclase (as in the case of the long form) and phospholi-
pase C [89]. Moreover, a short form of follicle stimulating
hormone receptor (generated due to exclusion of exons 9
and 10 and use of additional exon 11) belongs to the
superfamily of growth factor receptors rather than to the
superfamily of receptors associated with G-proteins (as is
for its long form). Activation of this form of receptor
requires dimerization and activated receptor stimulates
cascades of serine/threonine kinases and finally L-calci-
um channels [62].

At the stage of internalization the role of short and
long receptor forms may differ. The rate of internalization
of short forms of some receptors is higher than that of
long ones (e.g., prolactin [90], leptin [91, 92], and insulin
[93] receptors). Differences in the rate of internalization
of short and long forms of prolactin receptors may be
attributed to the fact that the former has two motifs
increasing the internalization rate, whereas the latter has
only one such motif [90]. Short receptor forms play an
important role in intracellular transport of hormones
between functionally distinct membranes of certain cells.
In some cases internalization of hormone—receptor com-
plexes into cells is accompanied not only by degradation
of both hormone and its receptor but also by transporta-
tion of hormone and/or hormone—receptor complex to
the nuclear membrane; such intracellular route of hor-
mone (or hormone—receptor complex) may induce acti-
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vation of “non-classic” nuclear pathways of peptide/pro-
tein hormone signal transduction pathways [94]. Good
evidence for the presence of such a pathway is the demon-
stration that nuclei contain receptors for insulin [95],
prolactin [96], growth hormone [97], and numerous
growth factors [98, 99]. Results of in vitro experiments on
prolactin effects on purified cell nuclei [100, 101] and
binding of insulin [95, 102] and prolactin [103-105]
receptors in cell nuclei also support this viewpoint.

A physiological role of short forms may also consist
of transcytosis, specific intracellular transport of hor-
mones from one functional site of a cell membrane to
another; this leads to active transfer of high molecular
weight hormones through physiological barriers (e.g., the
blood—brain barrier). For example, it was shown that
short form of leptin receptor can transfer this hormone
through membrane-cultivated monolayers of kidney cells
of Madin—Darby dogs in vitro [106]. High level of expres-
sion of receptor short form for leptin and prolactin in vivo
in choroid plexus, a region of intensive liquor generation
and putative site of hormone transfer through the
blood—brain barrier [53, 107], and a decreased efficacy of
leptin transfer in brain of rats lacking short form of leptin
receptor [108] additionally supports this viewpoint.
Clearance natriuretic peptide receptor (NPR-C) is wide-
ly distributed in endothelial membranes, where it is
involved into natriuretic peptide internalization; this
mechanism may effectively reduce blood concentration
of natriuretic peptides [109-111].

4.1. Mechanisms of action of soluble receptors. Many
soluble forms of membrane receptors lacking transmem-
brane and cytoplasmic domains are known to date (Table
3) [2, 33, 35, 39-41, 55, 78, 112-121]. They may bind
hormone ligand as effectively as full-length forms.
Soluble receptors can be subdivided into two groups:
receptors acting locally in tissues and acting systemically
via the circulation. The first group includes soluble
cytokine receptors, which are involved in hormone pre-
uptake for subsequent binding to transmembrane recep-
tor in the form of oligomeric complex with receptor for
homologous and heterologous cytokine. Such mecha-
nism is widely used for control of specificity of interaction
of receptor complexes with hormone. Receptors of the
second group can be referred to transport proteins
(growth hormone binding protein [122], Ieptin binding
protein [40], prolactin binding protein [123]). The possi-
ble role of these soluble receptors may consist of hormone
storage and inhibition of ligand action in tissues [124].
However, there are some evidences that in vivo soluble
receptors may potentiate hormone effect (e.g., growth
hormone [125] and leptin [126]) due to increase in circu-
lation time in blood. Besides the transport function, sol-
uble receptors exhibit additional functions. For example,
in in vitro experiments treatment of mouse osteoblasts
with complex of interleukin-6 with its soluble receptor
resulted in osteoclast formation, whereas treatment of
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these cells with interleukin-6 did not produce such effect.
Stimulation of differentiation and protection of neurons
against apoptosis are also attributed to a complex of solu-
ble receptor with its ligand [127].

Thus, the existence of short forms of various recep-
tors in combination with “usual” long forms allows mod-
ification of: 1) type of hormone signal; 2) rate of signal
transduction; 3) efficacy of realization and proportion of
various pathways involved in signal transduction. These
parameters selectively “fit” to certain cell type, its physi-
ological or pathological state, stage of differentiation,
and/or stage of cell cycle. Short receptor forms may also
serve as highly selective hormone transporters to various
cell compartments and also to various organs and tissues
that are protected by physiological barriers; they may be
involved into systemic specific hormone transport and
also in special signaling pathways realizing various hor-
mone effects.
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