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Abstract

Vitamin A, retinol, circulates in blood bound to serum retinol binding protein (RBP) and is
transported into cells by a membrane protein termed stimulated by retinoic acid 6 (STRA®S). It was
reported that serum levels of RBP are elevated in obese rodents and humans, and that increased
level of RBP in blood causes insulin resistance. A molecular mechanism by which RBP can exert
such an effect is suggested by the recent discovery that STRAG is not only a vitamin A transporter
but also functions as a surface signalling receptor. Binding of RBP-ROH to STRAG induces the
phosphorylation of a tyrosine residue in the receptor C-terminus, thereby activating a JAK/STAT
signalling cascade. Consequently, in STRA6-expressing cells such as adipocytes, RBP-ROH
induces the expression of STAT target genes, including SOCS3, which suppresses insulin
signalling, and PPARY, which enhances lipid accumulation. RBP-retinol thus joins the myriad of
cytokines, growth factors and hormones which regulate gene transcription by activating cell
surface receptors that signal through activation of Janus kinases and their associated transcription
factors STATS.

1. Introduction

Vitamin A was recognized as an essential factor in foods about a century ago [1,2] and a
substantial body of knowledge on the mechanisms that regulate its absorption and
disposition in the body and on its biological functions has since accumulated [3]. The
vitamin plays key roles in embryonic development, vision, immune function, and tissue
remodeling and metabolism. It is usually believed that most of these functions are exerted
not by the parental vitamin A molecule, retinol, but by active metabolites (Fig. 1). Hence,11-
cis-retinal mediates phototransduction and is essential for vision, and all-trans-retinoic acid
regulates gene transcription by activating the nuclear receptors retinoic acid receptors
(RARs) and peroxisome proliferator-activated receptor /6 (PPARp/S) [4,5,6,7]. Other
retinoids, most notably 9-cis-retinoic acid, display transcriptional activities. However, while
this isomer can efficiently activate the nuclear receptor retinoid X receptor (RXR), it has
been difficult to establish whether it is in fact present in tissues that express RXR in vivo,
other than the pancreas [8]. It thus remains unclear whether 9-cis-retinoic acid is a
physiologically meaningful RXR ligand [9].
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Vitamin A is obtained from the diet either from animal sources, where it is present in the
form of retinylesters, or from plants that contain carotenoids such as p-carotene (Fig. 1). In
intestinal absorptive cells, retinol derived from either source is esterified to long chain fatty
acids to form retinyesters. Retinylesters are then packaged in chylomicrons, secreted through
the lymphatic system into blood and are taken up by the liver. The liver thus serves as the
major storage for vitamin A in the body [10]. The mechanisms by which vitamin A needs
are “sensed” by the liver and that trigger the release of retinol from its hepatic storage pool
are unknown. However, when such a release is induced, retinol is mobilized from the liver
bound to a protein called serum retinol binding protein (RBP). Other tissues, including
adipose tissues, kidney, lung, heart, skeletal muscle, spleen, eye, and testis express RBP.
However, corresponding to its function in vitamin A storage, the liver is the main site of
synthesis and secretion of this protein. In blood, retinol-bound RBP is associated with a 55
KDa homotetrameric protein termed transthyretin (transporter of thyroxin and retinol,
TTR), which, in addition to binding RBP, transports thyroxin (T,4). The ternary retinol/RBP/
TTR complex is the circulating vitamin A source for extrahepatic tissues. Uptake of retinol
from blood into target cells is mediated by a protein called stimulated by retinoic acid 6
(STRAG), a cell surface transporter which binds RBP and facilitates the movement of retinol
from the serum protein into cells [11,12]. In target cells, retinol can be stored in the form of
retinylesters or it can be converted into the transcriptionally active metabolites retinoic
acids. In retinal pigment epithelium in the eye, retinol can also be metabolized to 11-cis-
retinal which is transported to photoreceptor cells where it serves to regenerate the visual
pigment rhodopsin.

It is well documented that vitamin A is involved in lipid metabolism and insulin responses
through its ability to activate the nuclear receptors termed retinoic acid receptors (RAR), and
peroxisome proliferator-activated receptor p/d6 (PPARB/8). Upon their activation, these
receptors regulate the expression of proteins that control adipocyte differentiation, lipolysis,
energy dissipation, fatty acid oxidation, and glucose transport [13,14,15,16,17,18]. Indeed, it
has long been thought that the only function of RBP is to allow the hydrophobic vitamin A
to circulate in blood, and that retinol participates in regulating energy homeostasis and
insulin responsiveness solely through serving as a precursor for retinoic acid. However,
more recently, it was reported that expression of RBP in adipose tissue and,
correspondingly, serum levels of the protein, are markedly increased in obese mice and
humans. It was further demonstrated that elevation in serum RBP levels causes insulin
resistance [19]. By linking RBP to impairment of insulin responses in obese animals, these
observations raise the intriguing possibility that the protein has biological activities other
than to serve as the plasma carrier of vitamin A. In pursuing such a possibility, we
discovered that association of retinol-bound RBP with the vitamin A transporter STRA6
triggers a signalling cascade mediated by the Janus kinase JAK2 and its associated
transcription factors Signal Transducers and Activators of Transcription (STATS). The
observations further revealed that activation of a JAK/STAT cascade by RBP-retinol results
in upregulation of expression of STAT target genes including genes that inhibit insulin
signalling and that control lipid homeostasis. Here, we review available information on the
newly found signalling pathway initiated by retinol-bound RBP (holo-RBP). We summarize
the observations that led to the surprising conclusions that the circulating RBP-retinol
complex regulates gene transcription by a mechanism that is independent of the function of
retinol as a precursor for retinoic acid, and that STRAG6 functions as a signalling membrane
receptor.

2. The retinol-RBP-TTR complex

Retinol is secreted from the liver into blood bound to RBP, a member of the lipocalin family
which includes small, mostly extracellular, proteins found in vertebrate and invertebrate
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animals, plants, and bacteria. Lipocalins have diverse functions but, like RBP, many of them
serve as transporters for small hydrophobic molecules [20,21]. These proteins share a very
low sequence homology but display a highly conserved overall fold. They are comprised of
an eight-stranded antiparallel -sheet that is folded over itself to form a B-barrel which
constitutes the ligand binding pocket. The amino termini of lipocalins wrap around the back
of the barrel, capping that side of the pocket. In contrast, the front of the B-barrel is open,
providing a portal for the ligand which is flanked by a single loop scaffold. In RBP, retinol
is encapsulated in the binding pocket with the -ionone ring innermost and the hydroxyl
head-group reaching to the protein surface where it is coordinated to a water molecule at the
pocket entrance ([22,23], see Fig. 2). The association of retinol with RBP is stabilized
mainly by hydrophobic interactions between the B-ionone ring and the isoprenoid chain with
amino acid residues that line the interior of the pocket [23,24]. In addition to binding
hydrophobic ligands, many lipocalins interact with accessory proteins. Indeed, holo-RBP is
found in blood associated with the thyroxin transporter TTR. It is thought that complex
formation between RBP with TTR serves to prevent loss of the low molecular weight RBP
by glomerular filtration in the kidneys.

The major sites of synthesis of TTR are the choroid plexus in the brain and the liver, and the
protein is found in plasma and in cerebrospinal fluid [25]. Where RBP is assembled with
TTR and how this process occurs are not fully understood but it has been suggested that the
complete ternary retinol:RBP:TTR complex is formed in hepatocytes prior to secretion into
blood [26]. In addition to transporting retinol and T4, TTR displays protease activities and
participates in the biology of the nervous system [27]. Notably, TTR is one of the 30 human
proteins known to be associated with amyloidoses disorders, i.e. pathologies characterized
by aggregation of misfolded proteins which lead to the formation of extracellular deposits
and impair organ function [28].

TTR is a tetrameric protein comprised of four identical subunits. In vitro, two RBP
molecules can bind to the TTR tetramer, but, corresponding to the serum levels of the
proteins, the retinol:RBP:TTR complex circulates in blood under normal circumstances at a
1:1:1 molar stoichiometry. The reported 3-dimensional crystal structure of the
retinol:hRBP:hTTR complex [29] reveals that TTR tetramer is comprised of a dimer of
dimers with the two RBPs bound to opposite dimers (Fig. 3). In the complex, the open end
of the RBP p-barrel is positioned at the 2-fold dimer axes of TTR and the association is also
stabilized by amino acid residues at the C-terminal of RBP (Fig. 3). Notably, association
with TTR blocks the entrance to the ligand-binding pocket of RBP (Fig. 2 and Fig. 3). These
observations raise the question of the mechanism that allows retinol to exit the protein prior
to moving into target cells. The association of RBP with TTR displays an equilibrium
dissociation constant (Kd) of 0.07 uM and critically requires the presence of the native
ligand, retinol [30]. The higher stability of the RBP-TTR complex in the presence of retinol
appears to emanate from participation of the hydroxyl group of retinol in the contacts with
TTR [31], and from retinol-triggered conformational change in RBP that places a loop
containing residues 34-37 in a position favorable for interaction with TTR [29]. Notably,
RBP does not associate with TTR in the presence of either retinal or retinoic acid although
these retinoids bind to RBP with affinities similar to that displayed by retinol [32]. It seems
that the larger head groups of these retinoids sterically interfere with binding of RBP to its
serum partner protein.

The tight interaction of retinol with RBP allows the poorly-soluble vitamin to circulate in
plasma. However, target tissues for vitamin A do not take up the protein and, in order to
reach the interior of cells, retinol must dissociate from RBP prior to uptake. It has long been
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postulated that there exists a receptor for RBP which functions to transport retinol from the
protein into cells [33,34,35]. The identity of such a receptor has remained elusive until a
recent report suggested that an integral plasma membrane protein, termed stimulated by
retinoid acid gene 6 (STRAG6), may function in this capacity [12]. It was demonstrated that
STRAG directly associates with RBP, that ectopic over-expression of STRAG in cultured
cells facilitates retinol uptake from the RBP-retinol complex, and that, conversely, reducing
the expression level of STRAG6 decreases retinol uptake. It was thus suggested that STRAG is
a retinol transporter that mediates the extraction of the vitamin from RBP and its transfer
across plasma membranes and into target cells [12]. It was also proposed that STRAG can
function bi-directionally to both take up retinol from the circulation and to secrete the
vitamin from cells [36]. Interestingly, it was reported that STRA6-mediated retinol uptake
does not proceed in the absence of lecithin retinol acyl transferase (LRAT), an enzyme that
metabolically traps retinol by converting it into retinylesters [36]. Hence, vitamin A uptake
appears to be closely linked to its metabolism.

STRAG lacks homology to any known protein. It is a largely hydrophobic protein which can
be predicted by computer modeling to contain 11 trans-membrane helices, a number of
loops, and a large cytosolic domain (Fig. 4, top). Alternatively, it was suggested, based on
epitope tagging analysis, that the protein may be arranged in 9 trans-membrane helices [11]
(Fig. 4, bottom). In the context of the latter model, it has been proposed that the interactions
of STRAG with RBP are stabilized by residues in an extracellular loop located between helix
6 and 7 [37] (Fig. 4, bottom). The details of the structure of STRA6 remain to be further
elucidated. In the adult, STRAG is expressed in blood-organ barriers, retinal pigment
epithelial of the eye, brain, adipose tissue, spleen, kidney, testis, and female genital tract
[38,39]. Interestingly, the expression level of STRAG is elevated in colorectal, ovarian, and
endometrium cancers, as well as in wilm’s kidney tumors and melanomas [38]. The
functional significance of the increased expression of STRAG in carcinoma cells is
unknown.

Mutations in the STRAG gene in humans lead to Matthew-Wood syndrome, a collection of
defects in embryonic development resulting in malformations of multiple organ systems
including severe microphthalmia, pulmonary agenesis, bilateral diaphragmatic eventration,
duodenal stenosis, pancreatic malformations, and intrauterine growth retardation [39,40]. As
RBP serves to deliver vitamin A to the embryo [41] and as the retinol metabolite retinoic
acid plays key roles in embryonic development [42], developmental defects observed in the
absence of STRA6 may reflect perturbation in retinoic acid homeostasis. It has been
proposed in regard to this that such defects emanate from a failure to clear retinol from
blood, resulting in nonspecific vitamin A excess in embryonic tissues [36]. Genetic analyses
of families with Matthew-Wood syndrome revealed that disease-causing mutations can
occur from insertion of a premature stop codon, from mutations within loops that connect
the transmembrane helices, or from mutations in two residues at the C terminus of the
protein [39]. Interestingly, one of the latter residues, T644, is located within a protein motif
recognizable as a phosphotyrosine motif, a protein sequence often used by membrane
signalling receptors to recruit downstream effectors (Fig. 4). The presence of such a motif in
STRAG and the apparent critical need for this sequence for proper function of the protein
raise the intriguing possibility that STRA6 may be involved in cellular signalling, perhaps in
response to RBP.

4. JAK/STAT pathways transduce extracellular signals to the nucleus
4.1 JAK/STAT signalling

In animals, from flies to humans, extracellular polypeptides such as cytokines, hormones,
growth factors, and at least one adipokine, leptin, function by binding to cognate
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transmembrane receptors that, in turn, activate a signalling cascade mediated by the
transcription factors termed Signal Transducers and Activators of Transcription (STAT) and
their associated tyrosine kinases called Janus kinases (JAK). Activation of JAK/STAT
pathways induced by extracellular signalling peptides and their receptors transduces
extracellular signals to reprogram gene expression and thus to regulate multiple aspects of
cellular behavior [43,44,45]. Members of the STAT family (STATL, STAT2, STAT3,
STAT4, STAT5a, STATSD, and STAT6) harbor an SH2 domain which allows them to
associate with phosphotyrosines in cell surface signalling receptors. In addition to STATS,
cytokine receptors recruit JAKs (JAK1, JAK2, JAK3 and Tyk?2). Binding of an extracellular
ligand to its receptor results in phosphorylation and activation of a receptor-associated JAK.
In turn, JAK phosphorylates a tyrosine residue in the cytosolic domain of the receptor,
leading to recruitment of STAT. Subsequently, JAK catalyzes the phosphorylation of a
conserved tyrosine residue near the STAT C-terminus. Activated STATS then form dimers
that translocate to the nucleus, bind to DNA, and function as transcription factors. STAT
dimers recognize a response element comprised of the sequence 5-TT(N4-6)AA-3' in
regulatory region of target genes which, based on its original identification as a y-interferon
activation sequence, is usually referred to as a GAS element. STATS thus facilitate gene
transcription in response to a myriad of cytokines, hormones, and growth factors (Fig. 4).
STAT1 and STAT? are closely involved in regulating immunity and inflammation and were
reported to display tumor suppressive activities [46,47]. In contrast, STAT3, STAT5a, and
STATS5b enhance cell cycle progression, angiogenesis, and survival, and they are considered
to be oncogenes [48,49]. Target genes that mediate procarcinogenic activities of these
STATS include the cell cycle regulators cyclin D1 and cyclin D3, the oncogene c-Myc, the
growth factor VEGF, genes involved in migration and invasion such as MMP-2 and MMP-9,
and anti-apoptotic genes including survivin, Mcl-1, and Bcl-XL [50]. In the context of the
issues addressed here, STAT5 is of particular interest because it is recruited to cognate
receptors by a consensus motif of the sequence YTXL [51,52], which corresponds to the
YTLL sequence found at the C-terminus of STRAG. It is worth noting that, in addition to
mediating cytokine signalling, STATS5 is an important component of signaling downstream
of other receptors including some G-protein coupled receptors [53] and insulin and leptin
receptors [54,55].

Cytokine signalling mediated by JAK/STAT pathways is “switched off” by several types of
negative regulators. The phosphotyrosine phosphatases SHPs, CD45, and PTP1B/TC-PTP
downregulate cytokine signalling by dephosphorylating the activated cytokine receptors,
JAK, and STAT [44]. Protein Inhibitor of Activated STAT (PIAS) inhibits the DNA binding
and transcriptional activity of STATSs both through direct interactions and through its
intrinsic SUMO E3-ligase activity [56,57].

4.2 STAT target genes involved in regulating energy homeostasis and insulin responses

The activities of JAK/STAT cascades are also potently downregulated by proteins encoded
by the direct STAT target genes called Suppressors of Cytokine Signaling (SOCS, including
CIS, SOCS1-SOCS7). Following their upregulation by STAT, SOCS function as
components of negative feedback loops that dampen cytokine signalling [44,58,59,60].
SOCS possess a central SH2 domain, a variable N-terminal domain, and a C-terminal 40-
amino-acid module called the SOCS box. These proteins inhibit JAK/STAT signalling by
competing with STATS for binding to phosphotyrosines in activated receptors and by
blocking the catalytic activity of JAK. SOCS can also recruit ubiquitin ligases and,
consequently, proteins with which they interact, such as JAK, become ubiquitinated and
degraded by the proteasome. SOCS proteins have been implicated in inhibiting the activities
of multiple extracellular signalling molecules, including interleukin-6 (IL-6), leukemia
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inhibitory factor (LIF), granulocyte colonystimulating factor (G-CSF), 1L-10, growth
hormone, and the interferons IFN-B and IFN-y.

In the same vein, SOCS are potent inhibitors of the activities of two pathways that play
central roles in regulating energy homeostasis and insulin responses. Specifically, upon
binding of their respective ligands, the leptin receptor (LR) and the insulin receptor (IR)
activate STATS, leading to upregulation of SOCS3 which, in turn, suppresses signalling
[55,61,62,63,64]. In addition to inhibiting their own activities by the SOCS3-mediated
negative feedback loop, insulin and leptin actions can be suppressed in response to induction
of SOCS by other cytokines. For example, induction of SOCS3 by IL-6 leads to insulin
resistance [65,66,67].

Leptin functions in hypothalamic neurons where it inhibits food intake by suppressing
orexigenic neuropeptides and inducing the expression anorexigenic neuropeptides. The
leptin receptor LRD is also expressed in peripheral tissues including skeletal muscle, liver,
adipose tissue, and pancreatic B cells. In these, leptin is involved in the metabolism of
glucose and lipids, cell proliferation and differentiation, and in cross-talk with other
hormonal regulators, most notably, insulin [68,69]. For example, in muscle, leptin triggers
lipid oxidation thereby enhancing insulin sensitivity [70]. Induction of SOCS3 upon
activation of STAT in cells that respond to insulin and/or leptin would thus suppress
signalling triggered by these cytokines and would lead to increased adiposity and impaired
insulin responsiveness [71,72].

Another STAT-regulated gene closely involved in lipid metabolism and energy homeostasis
is the nuclear receptor PPARY, which was shown to be a direct target for STAT5 in
circulating angiogenic cells and in adipocytes [73,74]. PPARYy is a master regulator of
adipocyte biology. Its expression and activation during adipocyte differentiation induce the
expression of multiple proteins that promote adipogenesis. In mature adipocytes, PPARy
regulates the expression of genes involved in hallmarks of adipocyte function such as
triglyceride uptake and storage. Factors that increase the expression of PPARYy, e.g. STATS,
would thus promote the formation of new adipocytes and enhance lipid accumulation in
adipose tissue.

5. STRAG transduces RBP-retinol signalling to trigger a JAK/STAT cascade
that regulates insulin responses and lipid homeostasis

Previous studies revealed that, in obese and insulin resistant mice, synthesis of RBP in
adipose tissue is enhanced and that the protein is secreted from this tissue into blood
resulting in a marked elevation in its serum levels. It was further demonstrated that
administration of RBP to lean mice leads to insulin resistance, and that mice lacking RBP
are protected from insulin resistance induced by a high fat diet. These observations led to the
surprising conclusion that RBP functions as an adipokine that contributes to obesity-induced
insulin resistance [19]. In accordance, it was reported that treatment of mice with RBP
impairs insulin signaling in muscle and in adipocytes and increases PEPCK expression and
glucose production in the liver [19,75]. Both in rodents and humans, a strong correlation was
found between elevated serum levels of RBP and obesity as well as various obesity-
associated pathologies, including inflammation, fatty liver disease and insulin resistance
[76,77,78,79]. It was therefore proposed that decreasing serum RBP may comprise a novel
therapeutic approach for reversing insulin resistance [19,80,81,82]. One compound that was
suggested to serve in this capacity is N-(4-hydroxyphenyl)retinamide (fenretinide) whose
binding to RBP prevents its association with TTR, resulting in rapid loss of the small protein
in the kidney. Fenretinide is currently being tested for treatment of insulin resistance in
obese humans (Medical Research Foundation, University of California, San Diego
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(http://clinicaltrials.gov/ct2/show/study/NCT00546455). It is worth noting however that the
efficacy of fenretinide as an insulin sensitizer may be mediated by mechanisms other than
lowering serum RBP levels [82]. In addition, fenretinde inhibits the visual cycle and thus
diminishes dark adaptation, i.e. it causes night blindness [83,84]. Such effects are however
reversible upon cessation of drug intake. Whether RBP may be a target for treatment of
insulin resistance remains to be established but the observations that the protein links
between obesity and insulin resistance challenge the long-held notion that the only function
of this protein is to transport vitamin A in blood. These observations raise important
questions regarding the molecular mechanisms and the cellular components that mediate
RBP-induced suppression of insulin responses.

RBP is known to associate with two proteins, its binding partner in serum TTR and the
retinol transporter STRAG. In considering possible mechanisms by which RBP may affect
insulin signalling, it was noted that the cytosolic domain of STRA6 contains a stretch of
residues that conform to a consensus phosphotyrosine motif [39,74] (Fig. 4).
Phosphotyrosines are often found in surface receptors that transduce extracellular signals by
activating JAK/STAT cascades. The presence of such a motif in STRAG suggests the
intriguing possibility that, in addition to serving as a vitamin A transporter, STRA6 may
function as a signalling receptor which is activated by RBP. Recent studies indeed
established that retinol-bound RBP (RBP-ROH) serves as an extracellular ligand that
activates STRA6 which, in turn, modulates cellular responses by triggering JAK/STAT
signalling [74]. In support of this notion, it was demonstrated that treatment of STRAG6-
expressing cells with RBP-ROH triggers phosphorylation in the phosphotyrosine motif at
the cytosolic domain of STRAG, induces recruitment of JAK2 and STAT5 to STRAG, and
leads to phosphorylation of STATS5 ([74], Fig. 6a). It was further shown that RBP-ROH-
induced activation of STAT results in upregulation of the expression of STAT target genes
(Fig. 5b). As this activity did not require de novo protein synthesis, the data indicated that it
is a direct response [74]. Importantly, neither RBP nor retinol triggered JAK/STAT
signalling when administered alone, and retinoic acid had no effect on this cascade either
alone or when complexed with RBP (Fig. 6b, 6¢). These observations establish that the
RBP-ROH complex functions like classical cytokines and like another adipokine, leptin, to
activate a STRA6/JAK2/STATS pathway. Hence, RBP-ROH regulates gene transcription in
a manner that does not involve the known transcriptionally active vitamin A metabolite
retinoic acid or its associated nuclear receptors. It is worth noting that ectopic expression of
STRAG variants that lack a functional SH2-binding motif, including a STRA6-T644M
mutant found in Matthew-Wood patients, inhibits the ability of RBP-ROH to activate STAT
([74], Fig. 6a). These observations raise the possibility that impairment of this pathway may
contribute to the development of Matthew-Wood-associated pathologies.

At least two genes whose expression is directly controlled by STATS are known to be
involved in regulation of insulin responses and lipid homeostasis. One of these, SOCS3, is a
potent inhibitor of signalling by cytokine receptors, including the insulin and leptin receptors
[61,62,85]. The other is PPARY, a key regulator of adipocyte differentiation and adipose
lipid storage [86,87]. Activation of STAT5 by RBP-ROH in STRA6-expressing cells
induces the expression of both of these genes ([74], Fig. 6b). In accordance with
upregulation of SOCS3, RBP-ROH was found to suppress the activation of the insulin
receptor and its ability to signal to downstream effectors in cultured adipocytes and an in
vivo mouse model, and to do so in a STRA6-dependent fashion ([74], Fig. 6d). Upregulation
of PPARY upon treatment of adipocytes with RBP-ROH is accompanied by a STRAB-
depndent increase in triglyceride accumulation ([74], Fig. 6e).

Taken together, these observations demonstrate that STRAG functions as a signalling surface
receptor which, upon its activation by extracellular RBP-ROH, triggers a JAK/STAT
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cascade to induce the expression of STAT target genes. RBP-ROH thus joins the more than
30 extracellular cytokines, hormones, and growth factors that signal through surface
receptors associated with JAKs and STATSs (Fig. 5). The model that emerges from these
observations (Fig. 7) also suggests a mechanism through which the RBP-ROH complex is
involved in regulating insulin responses and lipid homeostasis.

6. Open Questions

The identification of the novel signalling cascade mediated by RBP-ROH, STRAG6, JAK2,
and STATS establish that STRAG is not only a vitamin A transporter but also a surface
signalling receptor. An important question that remains open is whether the two functions of
the receptor are inter-related. Does signalling by STRA6 modulate STRA6-mediated retinol
uptake? Conversely, is the uptake necessary for signalling?

Cytokine receptors often communicate with more than one signalling cascades. While it has
been demonstrated that STRAG activates a STAT/JAK pathway, it is possible that the
receptor also functions through other cascades. Whether STRAG transduces RBP-ROH
signalling through multiple pathways remain to be clarified.

Available information demonstrates that RBP-ROH and STRAG regulate the expression of
genes involved in insulin responses and lipid homeostasis. However, the pathway must also
control the expression of other genes, most likely in a tissue- and cell-specific manner. The
involvement of RBP-ROH and STRAG in other biological functions remains to be
investigated. Notably in regard to this, mutation in the SH2 binding motif of STRAG is
associated with embryonic defects classified within the Matthew-Wood syndrome. It would
be of great interest to understand whether and how signalling by STRAG is involved in
development.

STAT3, STAT5a, and STAT5b promote cell cycle progression, angiogenesis, and survival.
The observations that the expression of STRAG is upregulated in a number of cancers and
that RBP-ROH-induced signalling by this receptor activates STATS5, suggest that the newly
found cascade may be involved in cancer development. Whether this notion is correct and
the exact roles that STRAG6 plays in tumor initiation and growth remain to be clarified.

It has been reported that administration of RBP to mice results in upregulation of expression
of hepatic PEPCK. As the liver does not express STRAG®, this activity cannot be attributed to
direct RBP-ROH/STRAG signalling. Possibly, the response reflects a secondary, indirect
effect resulting from systemic induction of insulin resistance by RBP. The mechanism by
which RBP affects gene expression in the liver remains to be elucidated.

Finally, the structural features of STRAG that allow this unique protein to associate with its
accessory proteins and to facilitate vitamin A uptake as well as trigger signalling await
additional investigations. Importantly in regard to this query, the observations that, in the
circulating retinol-RBP-TTR complex, the entrance to the ligand-binding pocket of RBP is
blocked by TTR raise the question of the mechanism that allows retinol to exit the protein
prior to moving into target cells. Presumably, STRAG is involved in dissociating TTR from
RBP but the details of the process through which this is accomplished are unknown.
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Figure 1. Chemical structures of vitamin A (retinol), its precursors, and two important active
metabolites

Retinol can be generated from B-carotene, present in plants, or from retinylesters, originating
from animal sources. Retinol can then be metabolically transformed to active metabolites
including all-trans-retinoic acid, which regulates gene transcription by activating the nuclear
receptors RAR and PPARp/3, and 11-cis-retinal, which serves as a cofactor for the visual
chromophore rhodopsin and is critical for vision.
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Figure 2. The three dimensional crystal structure of holo-retinol binding protein (RBP-ROH)
The human holo-RBP structure [23] (PDB ID 1BRP) was generated using Pymol
(http://www.pymol.org/). The structure shows the eight stranded antiparallel B-sheet folded
over itself to form a p-barrel. Retinol (yellow) is encapsulated by the barrel with the -
ionone ring buried in the binding pocket and the alcohol group is at the protein surface.
Residues that stabilize the interactions of RBP with TTR are highlighted in blue. The
location of these residues emphasize that interactions of RBP with TTR block the entrance
to the RBP ligand-binding pocket.
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Figure 3. The three dimensional crystal structure of the retinol-RBP-TTR complex

Human retinol-RBP-TTR [29] (PDB ID 1QAB) was generated using Pymol
(http://www.pymol.org/). The TTR tetramer (magenta) is comprised of a dimer of dimers
with two RBP molecules (red) bound to the opposite dimers. Interactions between RBP and
TTR are mediated by residues at the entrance to the ligand binding pocket and span across
the two TTR dimers.
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Figure 4. Alternative models for the structure of STRAG

Top: Computer model of STRAG suggests that the protein is arranged in 11 transmembrane
helices, a number of loops, and a large cytosolic domain. The phosphotyrosine motif in the
cytosolic domain is highlighted. The model of STRA6 (GenelD 64220) was generated by
the software http://bp.nuap.nagoya-u.ac.jp/sosui. Bottom: an alternative model in which
STRAG is arranged in 9 trans-membrane helices has been suggested [11]. It was proposed
that highlighted residues in an extracellular loop located between helix 6 and 7 in this model
stabilize the interactions of STRA6 with RBP [37].
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Ligand Receptor JAK-Kinase STAT family member
IL-2 IL-2Ro+IL-2RB+yc JAK1,2,3 Stat3,5
1L-3 IL-3Ra+pe JAK2 Stat3,5,6
1L-4 IL-4Ro+ycR JAK1,3 Stat6
IL-5 IL-5Ro+Bc JAK2 Stat3,5,6
IL-6 IL-6Ra+gp130 JAK 1,2 Statl, Stat3
IL-7 IL-7R+yc JAK1,3 Stat1,3,5
IL-9 IL-9R+yc JAK1,3 Stat3,5
IL-10 IL-10Ra+IL-10RB JAK1 Statl.3,5
IL-11 IL-11R+gp130 JAK 1,2 Stat3
1L-12 (p40+p35) IL-12RBI+IL-12RB2 JAK2 Stat4
IL-13 IL-13Ro+L-4R JAK1,2 Stat6
IL-15 IL-15Ro+IL-2RB+yc JAK1,3 Stat3,5
IL-19 IL-20Ra+IL-20RB JAKI Stat3
IL-20 IL-20Ra+IL-20RB+IL-22R+IL-20RB JAKI Stat3
IL-21 IL-21R+yc JAKI1,3 Stat1,3,5
1L-22 IL-22R+IL10RB JAKI1 Statl,3,5
1L-23 (p40+p19) IL-12RBI+IL-23R JAK2 Statd
1L-24 IL-20Ra+IL-20RB+IL-22R+IL-20RB JAK1 Stat3
IL-26 IL-20Ra+IL-10RB JAK1 Stat3
1L-27 (EB13+p28) gpl130+WSX1 JAK1,2 Stat1,2,34.5
1L-28A, 1L-28B, IL-29 1L-28R+IL-10RB JAK1 Stat1,2.3.4,5
IL-31 IL-31Ra+OSMR JAK1,2 Stat1,3,5
IL-35 (p35+EB13) gp130+WSX1 JAK1,2 Stat1,3,5
GH GHR JAK2 Stat3,5
Tpo TpoR (c-Mpl) JAK2 Statl,3,5
Epo,Pro EpoR, ProlactinR JAK2 Stat5
Interferon (IFNw/pB) IFNAR1+IFNAR2 JAKI Predominantly Stat1.2/Secondary Stat3,4,5
IFNy INF-yRI+IFN-yR2 JAK1,2 Stat]
TLSP TSPLR+IL-7R JAK, possibly JAK2 Stat3,5
EGF EGFR JAKI1 Statl,3,5
PDGF PDGFR JAK1,2 Statl,3,5
CNTE,CT-1,LIF,OSM CNTFR+gp130 JAK1,2 Sta3/secondary Statl,5
G-CSF G-CSFR JAK2 Stat3
Leptin LeptinR JAK2 Stat3,5,6
GM-CSF GM-CSFR+fc JAK2 Stat3,5
Angiotensin GPCR JAK2 Stat1,2,3
Serotonin GPCR JAK2 Stat3
a-Thrombin GPCR JAK2 Statl,3
Chemokines CXCR4 JAK2,3 ?

Figure 5. Extracellular signalling molecules that utilize JAK/STAT pathways

The Table depicts known cytokines, hormones and growth factors that signal through
cognate cell surface receptors to activate JAK/STAT signalling (adapted from Cell
signaling, http://www.cellsignal.com/).
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Figure 6. RBP-ROH activates STATS5 and induces STAT target genes to inhibit insulin signalling
and enhance lipid accumulation

(a) Treatment of HepG2 cells with RBP-ROH triggers STAT5 phosphorylation. The effect
is enhanced upon ectopic expression of STRAG and abolished in the presence of a STRA6
lacking the SH2 binding motif. (b) RBP-ROH, but neither RBP nor ROH alone, induces the
expression of the STAT target genes SOCS3 and PPARYy. (c) The ability of RBP-ROH to
induce STAT target genes is not recapitulated by RBP-bound retinoic acid (RA) or retinal
(RAL). (d) In cultured adipocytes, RBP-ROH suppresses the ability of insulin to trigger the
phosphorylation of the insulin receptor, and does so in a STRA6-dependent fashion. (e)
RBP-ROH enhances lipid accumulation in cultured adipocytes in a STRA6-depndent
fashion. For details see [74].
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Figure 7. Model of the RBP-ROH/STRA6/JAK/STAT pathway

Binding of RBP-ROH to the extracellular moiety of STRAG triggers tyrosine
phosphorylation in the receptor’s cytosolic domain. Phosphorylated STRAG recruits and
activates JAK2 which, in turn, phosphorylates STAT5. Activated STATS5 translocates to the
nucleus to upregulate the expression of target genes, including SOCS3, which inhibits
insulin signalling, and PPARYy, which enhances lipid accumulation.
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