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Abstract

Retinol binding protein 4 (RBP4), is synthesized in liver where it binds vitamin A, retinol, and
transports it to tissues throughout the body. It has been shown in some studies that the level of
circulating RBP4 increases with body mass, and the protein has been implicated as a mediator in
development of insulin resistance and the metabolic disease. Adipose tissue serves as another site
of RBP4 synthesis, accounting for its designation as an adipokine. In addition to its function as a
transport protein, RBP4 serves as a signaling molecule which, by binding to the membrane
receptor STRAG, triggers downstream activation of pro-oncogenic pathways including JAK2/
STAT3/5. Taken together, available information suggests the possibility that RBP4 may be a link
between obesity and cancer.

Introduction

Vitamin A, retinol, is an essential nutrient obtained from food sources. In the enterocytes,
retinol is esterified to retinylesters which are incorporated into chylomicrons and secreted to

¢orresponding Author: Nathan A. Berger, nab@case.edu.
Co First Authors



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Noy et al.

Page 2

the circulation to be taken up by the liver. The liver stores the vitamin and provides it to the
body in times of dietary vitamin A deficiency. As retinol is a hydrophobic compound, it
cannot exit from tissues on its own. Instead, it is secreted from the liver into blood bound to
retinol-binding protein 4 (RBP4, encoded for by the RBP4 gene), a soluble 21 kDa
polypeptide which contains one binding site for retinol [1]. Thus, Retinol circulates in one of
two forms: it is incorporated in chylomicrons, or it is bound to RBP4. While RBP4 can bind
other retinoids in vitro, this is not considered physiologically relevant. RBP4 allows retinol
to remain in the circulation and provides it to extrahepatic tissues. Indeed, in RBP4-null
mice, vitamin A is sequestered in the liver and animals rapidly become deficient if it is not
provided in the food [2]. Hence, while chylomicrons-associated retinol can comprise a major
fraction of the vitamin in blood following a meal, peripheral tissues solely rely on the RBP4-
retinol complex for obtaining retinol during vitamin A deficiency. Notably, RBP4 is
secreted from the liver only when complexed with retinol and its blood levels are reduced
upon depletion of the vitamin. The nature of the signal that triggers secretion of RBP4-
retinol from the liver or whether such a signal exists is currently unknown.

Although the liver comprises the main storage site for retinol and the main site of RBP4
synthesis, the protein can be both synthesized in and secreted from adipose tissue and is
consequently referred to as an adipokine. In addition to hepatic and adipose tissue, some
other tissues including lung, kidney, testis, brain, and retinal pigment epithelium in the eye
also synthesize and presumably secrete RBP4. Overall, while liver is expected to contribute
most circulating RBP4, as much as 20% has been estimated to derive from adipose tissue
[3]. Further demonstrating the importance of the liver as the major source of circulating
RBP4, blood levels of the protein significantly decrease with progressive hepatic fibrosis
and cirrhosis [4]. In plasma, retinol-bound RBP4 (holo-RBP4) is associated with another
protein, transthyretin (TTR), a 56-kDa protein which, in addition to binding RBP4, functions
as a carrier for thyroid hormone [5]. Binding of RBP4 to TTR serves to prevent the loss of
the smaller protein from the circulation by filtration in the glomeruli. Thus, as unbound
RBP4 does not bind TTR and is therefore filtered by kidney, the predominant fraction of
circulating RBP4 is retinol bound. The holo-RBP4:TTR complex circulates at a molar
stoichiometry approximating 1:1 but this ratio can change under different physiological
conditions. For example, while it has been reported that serum levels of RBP4 are elevated
in obese mice [6, 7], plasma levels of TTR do not change under these circumstances [8]. It
has been suggested that elevation of serum RBP4 levels in obese animals originates from
upregulation of its expression in adipose tissue [7].

RBP4 was discovered to affect insulin sensitivity in a seminal paper published in 2005 by
Barbara Kahn and coauthors [7]. This paper was the first to link the retinol carrier with
reduced expression of the insulin-responsive glucose transporter, GLUT4, and the first to
introduce the notion that adipose tissue-derived RBP4 possesses signaling properties that
affects systemic insulin resistance. These authors showed also that injection of recombinant
RBP4 into C57BL mice resulted in insulin resistance and glucose intolerance [7]. This
investigative team further showed in a follow-up human study that serum levels of RBP4
correlated strongly with not only insulin resistance, obesity, and impaired glucose tolerance,
but also with indicators of metabolic syndrome such as waist-to-hip ratio (WHR), body mass
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index (BMI), systolic blood pressure, and decreased HDL cholesterol [6]. These studies
strongly suggest that RBP4 may play a potentially causative role in insulin resistance and its
sequela such as metabolic syndrome and type 2 diabetes mellitus. Recent observations also
strikingly showed that RBP4 is closely involved in cancer development [9]. RBP4 may thus
constitute a potentially important link between obesity, diabetes and cancer and the protein
and its associated signaling appear to be promising candidates for clinical intervention

RBP4 in obesity, insulin resistance, and the metabolic syndrome: an

epidemiological review

The work by Kahn, et al [7] has generated tremendous interest in the relationship of RBP4
with insulin resistance and metabolic syndrome, a constellation of metabolic abnormalities
believed to be driven by insulin resistance. However, data from subsequent epidemiological
studies on the association of RBP4 with insulin resistance have not been entirely consistent.
While a large number of studies have reported a positive association of circulating levels of
RBP4 with various parameters of insulin resistance [10-23], others have not [24-29]. In a
cohort of 3,289 Chinese patients aged 50-70 years, the largest of these studies, the authors
found a strong and independent association of RBP4 with metabolic syndrome and
decreased insulin sensitivity in both men and women [14]. An intervention study in Chinese
patients showed that oral Rosiglitazone, a peroxisome proliferator receptor y (PPARY)
agonist that serves as an insulin sensitizer, markedly decreased the circulating levels of
RBP4, corroborating the initial discovery made in rodents [7, 13]. These two studies
conducted in a Chinese population, the largest epidemiological investigations reported to
date, together with a number of other smaller studies showing a positive association for
RBP4, provide supporting evidence for an etiological role of RBP4 in insulin resistance.

Among the studies reporting null results, the largest included 365 male patients with either
type 2 diabetes mellitus (DM) or coronary artery disease [25]. Another study reported that
administration of pioglitazone, another PPARY agonist and insulin sensitizer, had no effect
on plasma levels of RBP4 although RBP4 gene expression in adipose and muscle tissues
were increased [27]. It is speculated that part of the discrepancies among studies may be due
to differences in the ELISA method to determine RBP4 levels across studies [30]. The
original assays that linked RBP4 to insulin resistance were designed to detect very small
amounts of RBP4, but the reagents have changed throughout the course of the following
years [31]. In addition, variations in age of the sample populations may have contributed to
discrepancies as one study noted marked differences in the association of RBP4 with insulin
resistance between younger and older patients [26].

For various parameters of metabolic syndrome, RBP4 has been consistently and positively
associated with low density lipoproteins (LDL) [14, 25, 26, 32], triglycerides [13, 14, 26, 33,
34], total cholesterol [14, 25, 33, 35], and blood pressure [14, 33, 34]. Similarly, RBP4 was
also observed to have a consistent and inverse association with high density lipoproteins
(HDL) [14, 32-34]. Only one study observed contrary results with no relationship between
RBP4 and blood pressure, cholesterol, or triglycerides [29].
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Similarly to the relationship of RBP4 with insulin resistance, the epidemiological
assessments of the correlation of serum and plasma levels of the protein with obesity varied.
While the first investigation of RBP4 and obesity in human subjects noted a strong
correlation with BMI and WHR, subsequent findings were less consistent depending on the
specific measures of adiposity used [31]. Among the findings that blood levels of RBP4
were related with obesity, strong correlations were observed separately with BMI and waist
circumference, visceral fat opposed to subcutaneous fat, liver fat, and various inflammatory
markers related to obesity [10, 13, 14, 16, 22, 27, 31, 32, 36], although not in all studies [12,
24, 37, 38]. Again, the largest of these studies was performed in a Chinese cohort and
identified independent associations with BMI and waist circumference [14].

A few studies were able to evaluate levels of RBP4 before and after weight loss
interventions, such as gastric bypass surgery, physical activity intervention, and dietary
intervention [10, 16, 33, 36, 37, 39-42]. All except one study evaluating physical activity
intervention in a sample of Korean women noted marked decreases in levels of RBP4 after a
variety of obesity interventions [39]. Of the several measures of obesity, one of the more
consistent associations was between circulating RBP4 and visceral adipose tissue [32, 36,
42]. A few of these investigations were able to evaluate RBP4 gene expression in patient’s
visceral versus subcutaneous fat yet there was no clear consensus as to preferential
expression [24, 43].

Similar to epidemiological studies relating RBP4 with insulin resistance and metabolic
syndrome, the majority of evidence is convincing for an association between RBP4 and
obesity. Given the consistent evidence, circulating RBP4 appears to be related to central
adiposity, particularly visceral adipose tissue. Though the two may be correlated, results of
preferential RBP4 gene expression in adipose tissue were inconclusive and the mechanism
through which excess weight leads to elevation of circulating RBP4 levels remain to be
elucidated.

Circulating RBP4 and neoplasia

Energy imbalance and, in particular, insulin resistance and obesity have been identified as
major risk factors for several cancers [44—46]. The potential role of RBP4 in obesity and
insulin resistance raise the intriguing possibility that a positive relationship between serum
levels of RBP4 and risk of cancer exists. To-date, only a few studies have investigated such
a possibility [47-51]. Of these, three have been reports of large scale proteomic analysis
[49-51] and two have evaluated its potential as a cancer biomarker [47, 48]. Results showed
that increased sera levels of RBP4 were found in pancreatic cancer patients, compared to
controls [48].

We have recently shown, in a cohort of subjects with average-risk, scheduled for screening
colonoscopy, that high circulating levels of RBP4 are associated with increased risk of colon
adenomas, a precursor lesion of colorectal cancer. Furthermore, we found that the positive
association was limited to ‘lean’ subjects (with BMI lower than the cohort median < 27
kg/m?2) with over 2-fold increase of risk among those in the top tertile of RBP4 as compared
to those in the lowest tertile of RBP4 [47]. In sharp contrast, no association was found for
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those with higher BMI (= cohort median 27 kg/m?2). As shown in Table 1, including or
excluding participants with DM did not alter the results. To our knowledge, this is the first
epidemiological study to show an association of RBP4 with risk of neoplasia. The
underlying mechanisms by which RBP4 may promote carcinogenesis is a priority area of
investigation given the well-established etiologic role of obesity and insulin resistance in
various cancers, including colorectal and breast cancers [52, 53], and the emerging role of
RBP4 in the development of insulin resistance.

RBP4 initiates cell signaling by activating STRAG6, a cognate cytokine

receptor

Retinol can enter cells from circulating holo-RBP4 by two distinct mechanisms. Due to its
lipophilic nature, it can readily diffuse through the plasma membrane [54-57]. At some
tissues, retinol is also internalized by a plasma membrane protein termed STRA6 which
binds extracellular holo-RBP4, and mediates uptake of the vitamin into cells while leaving
RBP4 in the circulation [58]. In the adult, STRAG is expressed in the blood-brain barrier,
retinal pigment epithelium (RPE) in the eye, brain, spleen, Kidney, testis, female genital tract
and adipose tissue [59, 60]. Interestingly, it has been reported that STRAG is upregulated in
multiple human cancers including Wilm’s kidney tumors, melanomas, and breast, colorectal,
ovarian, and endometrial cancers [59]. The functional significance of upregulation of
STRAG in carcinoma cells is unknown. Interestingly, although vitamin A is critical for
embryonic development, vision, reproduction and post-natal life [61, 62], characterization of
STRAG-null mice showed that, with the exception of RPE cells, ablation of Sra6 has little
effect on the retinoid content of tissues and does not disrupt physiological functions that
critically depend on the vitamin A metabolite retinoic acid either in the embryo or in the
adult, even under conditions of vitamin A deficiency [63-65]. Hence, the major fraction of
vitamin enters cells by free diffusion through the plasma membranes and, although STRAG6
partially contributes to retinol uptake by cells, it does not appear to be mandatory for
vitamin A availability in tissues other than the eye. These observations suggest that STRA6
may have biological function(s) other than serving as a retinol transporter.

Our recent studies revealed that STRAG functions as surface signaling receptor [8, 64, 66—
69]. The cytosolic tail of STRAG contains the amino acid sequence tyr-thr-leu-leu,
recognizable as a phosphotyrosine motif. Such a motif is often used by cytokine signaling
receptors that recruit and activate the tyrosine kinases Janus kinases (JAKSs), and the
transcription factors STATS. Binding of extracellular cognate ligands to cytokine receptors
results in activation of JAKs which, in turn, phosphorylate STATS. Activated STATS
translocate to the nucleus where they induce expression of specific target genes. JAK/STAT
pathways thus regulate gene expression in response to more than 30 cytokines, hormones,
and growth factors [70]. Our studies showed that transport of retinol from holo-RBP4 across
STRAG results in recruitment and activation of JAK2. The exact mechanism by which
STRAG6-mediated retinol transport activates JAK2 is unknown at present, but, by analogy to
gp130 activation, may involve JAK phosphorylation [71]. Following its activation, JAK2
catalyzes the phosphorylation the STRAB, leading, in a cell-specific manner, to recruitment
and activation of STAT3 or STATS.
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These observations establish that RBP4 functions as a classical cytokine to initiate cell
signaling transduced by its cognate receptor STRAG. The two functions of STRAG are
critically interdependent, i. e. receptor activation requires retinol transport, and the transport
does not occur if STRAG phosphorylation is impaired [68]. Both retinol transport and cell
signaling by STRAG also rely on the presence of two intracellular proteins: cellular retinol-
binding protein 1 (CRBP1), and the retinol metabolizing enzyme lecithin:retinol acyl
transferase (LRAT) [68, 69]. CRBP1 associates with an intracellular region of STRA6
where it serves as a direct acceptor for retinol. Upon its ligation, CRBP1 dissociates from
the receptor and delivers retinol to LRAT which catalyzes its esterification to the storage
form retinylesters. LRAT thus maintains an inward-directed retinol concentration gradient,
enabling continuing transport and signaling. In addition to STRA6-associated CRBP1, a
major fraction of this binding protein exists in a cytosolic pool which binds retinol that
enters cells by diffusion through the plasma membrane. However, retinol that enters the cell
by the later mechanism neither activates STRAG nor triggers cell signaling [66].

STRAG thus couples ‘sensing’ serum levels of holo-RBP and intracellular retinol transport
and metabolism to cell signaling (Fig. 1). Importantly, we found that TTR, the binding
partner of holo-RBP4 in blood, effectively competes with STRA6 for RBP4 and thus blocks
both retinol uptake and cell signaling mediated by the receptor [8]. Consequently, STRA6
functions only under conditions where serum level of RBP4 exceeds that of TTR, e.g. in
obese animals [8], or in tissues that express very high levels of STRAB, such as the eye [63,
64].

RBP4/STRAG signaling in regulation of insulin responses and lipid

homeostasis

The discovery that activation of STRAG by holo-RBP triggers JAK2/STAT3/5 signaling
provides a clear rationale for understanding how elevated serum levels of RBP4 induce
insulin resistance. A well-established STAT target gene in adipose tissue and muscle is
Socs3, a member of the Suppressors of Cytokine Sgnaling (Socs) group of genes which
encode for negative regulators of cytokine receptors [72, 73]. SOCS3 efficiently inhibits the
activity of several cytokine receptors and is a potent suppressor of insulin receptor (IR)
signaling [74, 75]. It has been demonstrated that holo-RBP4 inhibits IR activation and
blocks insulin-triggered mobilization of the insulin responsive glucose transporter Glut4 to
the plasma membranes and that this activity is mediated by SOCS3 whose expression is
upregulated following activation of the holo-RBP4/STRAG pathway [64, 66]. Further
attesting to the central role of the RBP4/STRAG6 pathway in suppressing insulin signaling,
STRAG-null mice were found to be protected from insulin resistance brought about by
ectopic administration of RBP4, as well as from insulin resistance brought about by feeding
a high fat diet [64]. Moreover, even partial reduction of STRAG expression restricted to
adipocytes led to improved insulin sensitivity in obese mice [76].

Another STAT target gene in adipocytes is PPARYy, a key regulator of adipogenesis and of
lipid homeostasis in adipocytes [77]. In accordance with upregulation of this nuclear
receptor, holo-RBP4 treatment increases triglyceride accumulation, an activity that critically
depended on STRAG and its associated signaling [66].
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RBP4/STRAG6 signaling in cancer

Expression of STRAG6 as well as RBP4 is upregulated in various human cancers, including
colorectal and breast cancers [9, 59]. The discovery that STRAG signaling triggered by holo-
RBP4 activates a JAK2/STAT3/5 cascade provides a clue to the functional significance of
the increased expression of these proteins in tumors. These STATS, considered to be
oncogenes, are associated with inflammation, oncogenic transformation, survival,
proliferation, invasion, and angiogenesis [78-81]. Tumor-promoting STAT target genes
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-9, and anti-apoptotic
genes including survivin, Mcl-1, and Bcl-XL [79, 82]. Hence, an intriguing possibility is that
STRAG and its associated machinery are involved in oncogenic activities. In support of this
notion, it has been shown that RBP4 and STRA6 promote oncogenic properties in cultured
mammary and colon carcinoma cells where they induce various oncogenic hallmarks
including cell proliferation, migration, invasion, and ability to form colonies in soft agar.
STRAG6 and RBP4 were also found to induce oncogenic transformation of fibroblasts [9] and
to potently promote tumorigenesis by colon cancer cells in xenograft mouse models [9].

As discussed above, a large body of epidemiological studies indicates that obesity is a risk
factor for multiple types of cancers [80-82]. The association is particularly strong with
colorectal cancer where convincing evidence identified obesity to be a cause for the disease
[52]. Breast and colorectal cancer are also associated with insulin resistance. For example,
high levels of fasting insulin have been associated with a 2-3-fold increase in risk of
mortality from breast cancer [83]. The observations that the RBP4/STRAG6 pathway is highly
oncogenic and that serum RBP4 levels are elevated in obese animals suggest that this path
comprises an important mediator through which excess weight promotes cancer
development, and may serve as a useful target for disrupting the obesity-cancer linkage.
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RBP4-retinol

STAT3/5JAK2

LRAT

Figure 1. The RBP4/STRAG6 pathway
STRAG binds extracellular holo-RBP4 and mediates transport of retinol to receptor-

associated cellular retinol-binding protein 1 (CRBP1). Retinol transfer triggers
phosphorylation of STRAB, resulting in recruitment and activation of JAK2 and its
associated transcription factors STAT3/STATS. Activated STAT translocates to the nucleus
where it induces target gene expression. Upon binding retinol, CRBP1 dissociates from
STRAG and delivers retinol to lecithin:retinol acyl transferase (LRAT) which catalyzes the
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formation of retinylesters. STRAG6 (GenelD 64220RBP) was drawn in accordance with
prediction of a model generated by the software http://bp.nuap.nagoya-u.ac.jp/sosui.
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