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Abstract

Cellular binding-proteins (BP), including CRBP1, CRBP2, CRABP1, CRABP2, and FABP5, 

shepherd the poorly aqueous soluble retinoids during uptake, metabolism and function. Holo-BP 

promote efficient use of retinol, a scarce but essential nutrient throughout evolution, by sheltering 

it and its major metabolite all-trans-retinoic acid from adventitious interactions with the cellular 

milieu, and by imposing specificity of delivery to enzymes, nuclear receptors and other partners. 

Apo-BP reflect cellular retinoid status and modify activities of retinoid metabolon enzymes, or 

exert non-canonical actions. High ligand binding affinities and the nature of ligand sequestration 

necessitate external factors to prompt retinoid release from holo-BP. One or more of cross-linking, 

kinetics, and colocalization have identified these factors as RDH, RALDH, CYP26, LRAT, RAR 

and PPARβ/δ. Michaelis-Menten and other kinetic approaches verify that BP channel retinoids to 

select enzymes and receptors by protein-protein interactions. Function of the BP and enzymes that 

constitute the retinoid metabolon depends in part on retinoid exchanges unique to specific 

pairings. The complexity of these exchanges configure retinol metabolism to meet the diverse 

functions of all-trans-retinoic acid and its ability to foster contrary outcomes in different cell types, 

such as inducing apoptosis, differentiation or proliferation. Altered BP expression affects retinoid 

function, for example, by impairing pancreas development resulting in abnormal glucose and 

energy metabolism, promoting predisposition to breast cancer, and fostering more severe outcomes 

in prostate cancer, ovarian adenocarcinoma, and glioblastoma. Yet, the extent of BP interactions 

with retinoid metabolon enzymes and their impact on retinoid physiology remains incompletely 

understood.
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1. Introduction

Retinol (vitamin A) and its major metabolites retinal and all-trans-retinoic acid (atRA) are 

known collectively as naturally-occurring retinoids (Napoli, 1999; Das et al., 2014). Retinal 

serves as the cofactor for the visual cycle, whereas atRA supports systemic effects of 

vitamin A by sustaining spermatogenesis, embryonic development, epithelial differentiation, 

and nervous and immune system functions (Ulbricht et al., 2012; Hogarth & Griswold, 

2013). atRA also controls energy balance and adiposity and suppresses inflammation (Chen 

& Chen, 2014; Brown & Noelle, 2015).

Vitamin A deficiency remains one of the three most prevalent nutrient deficiencies 

worldwide, with highest incidence in developing countries, but also occurring in pockets of 

developed countries http://www.who.int/vmnis/vitamina/data/database/countries/en/). Severe 

vitamin A/atRA depletion primarily affects children, because of their need related to rapid 

growth (Sommer & Vyas, 2012; Akhtar et al., 2013). The most deleterious consequences of 

severe depletion include xerophthalmia, a degeneration and ulceration of the corneal 

epithelium that can cause permanent blindness (as opposed to nyctalopia or night blindness, 

a fairly benign condition that manifests early during suboptimum vitamin A status), and 

immune suppression, associated with a higher incidence of infection and increased mortality 

(Wiseman et al. 2016).

Vitamin A has limited solubility in aqueous media (~60 nM), which occurs below its 

concentrations in serum and most tissues (Szuts & Harosi, 1991). Its poor aqueous solubility 

and often scarce availability induced mechanisms to enhance its efficiency of absorption, 

distribution, metabolism and function. These challenges have been addressed by evolution of 

cellular lipid binding-proteins (BP) that sequester and chaperone retinoids and other lipids to 

protect them from the cellular milieu, and direct them to dedicated enzymes and receptors 

(Napoli, 1993; Ross, 1993; Ong, 1994; Napoli, 2012).

The conserved gene family of cellular lipid BP, FABP, includes a subset that binds retinoids 

exclusively (Bass, 1993). Four cellular retinol BP (CRBP) have been identified that bind 

retinol and retinal specifically, along with two cellular BP (CRABP) that bind all-trans-

retinoic acid (atRA) with high affinity. In addition, the “non-retinoid” FABP5 also has high 

affinity for atRA, as well as for long-chain fatty acids (LCFA) (Shaw et al., 2003; Levi et al., 

2013) (Table 1). The most thoroughly studied of the retinoid binding-proteins, CRBP1, 

CRBP2, CRABP1, CRABP2, and FABP5, appear essential to efficient retinoid homeostasis 

and function. Although the function(s) of CRBP3 and CRBP4 remain to be studied as 

comprehensively as the others, they also facilitate retinoid metabolism and action. This 

article will focus on functions of the first five BP as integral to retinoid homeostasis under 

physiological conditions, will emphasize kinetic data that support BP-target interactions, and 

will discuss the health-related contributions of retinoid BP.

2. Diverse metabolic functions of cellular retinol binding-proteins

Where assessed, CRBP1 and 2 occur in concentrations that exceed their ligands and 

sequester most, if not all cellular retinoids, despite the ability of membranes to absorb much 
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greater amounts of retinoids than occur in cells (Ong et al., 1976; Harrison et al., 1987; Ong 

et al., 1994). For example, testes of vitamin A-sufficient rats express 200 pmol CRBP1/g 

tissue, whereas human testes have 445 pmol/g tissue (Ong et al., 1976; Arnold et al., 2015). 

Thirty to 43% of the CRBP1 in rat testes occurs occupied by retinol. Retinol concentrations 

in mouse testes occur at ~80 pmol/g tissue (Kane et al., 2008a), which agrees well with the 

earlier conclusion about the degree of saturation in rats, ~40%. This outcome of seemingly 

total sequestration of retinol should not amaze, based on the high affinity of CRBP1 and 2 

for their ligands and their concentrations in excess relative to their ligands. Ratios of ligand 

to BP still need to be determined for CRBP3 and 4.

2.1. CRBP2 channels diet-derived retinoids into RE biosynthesis

Sequestration of retinoids within BP with a negligible dissociation rate suggests that the 

holo-BP itself would promote uptake of retinoids and chaperone them selectively to 

enzymes that interact with the BP “cassette”, while preventing metabolism by enzymes that 

cannot interact with the BP. CRBP2 function supports this model. CRBP2 comprises ~1% of 

the cytosolic protein in the intestinal enterocyte, where its expression exceeds other cells by 

500-fold and CRBP1 abundance by 1000-fold (Ong & Page, 1987). Ablation of CRBP2 

impairs efficient uptake of retinol in mice fed a diet copious in vitamin A and causes 

embryonic lethality in mice fed a vitamin A-marginal diet (E et al., 2002). The process, 

however, is much more complex than simply increasing retinoid uptake. Carotenoids, 

especially β-carotene, usually provide the major dietary sources of vitamin A. Carotenoids 

undergo central cleavage by the cytosolic dioxygenase BCO1 to generate retinal, the 

immediate precursor of atRA (Olson & Hayaishi, 1965; Goodman & Huang, 1965; 

Redmond et al., 2001; von Lintig & Vogt, 2000; dela Seña et al., 2014). The irreversible 

conversion of retinal into atRA occurs beyond the rate-limiting reaction of atRA 

biosynthesis, catalyzed by retinol dehydrogenases (RDH) converting retinol into retinal 

(Napoli, 1999). Thus, consumption of pro-vitamin A carotenoids in large amounts ought to 

cause illness, because excess atRA produces both toxicity and teratogenicity. Carotenoids, 

however, are neither toxic nor teratogenic (Biesalski, 1989; Collins & Mao, 1999). The 

abundant and high-affinity CRBP2 affords protection from excess atRA by chaperoning 

retinal into reduction (Fig. 1a) (Kakkad & Ong, 1988). The rate of reduction of CRBP2-

delivered retinal exceeds its conversion into atRA by at least 300-fold.

Retinol esters (RE) provide another source of dietary vitamin A. A brush border retinyl ester 

hydrolase (REH), similar to/identical with phospholipase B, catalyzes RE hydrolysis into 

retinol (Rigtrup & Ong, 1992; Rigtrup et al., 1994a; Rigtrup et al., 1994b). Regardless of the 

source, CRBP2 delivers retinol to lecithin:retinol acyltransferase (LRAT) for conversion into 

RE (Ong et al., 1987). Esterification of CRBP2-bound retinol specifically requires 

phosphatidyl choline (lecithin) as co-substrate, and does not proceed with other 

phospholipids or acyl-CoA as acyl group donor, which accounts for LRAT producing RE in 

vitro with a composition that reflects the composition of endogenous RE (MacDonald & 

Ong, 1988b; Ong et al., 1987).

Kinetic data demonstrate that the reductase and LRAT recognize the CRBP2-retinoid 

complexes and access the retinoids and incorporate them into their active sites. Low “free” 
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retinoid concentrations, if any, occur in cells that express BP, as predicted by the kd values 

and demonstrated by the intracellular association of retinoids with BP despite alternative 

acceptors with much higher capacity, albeit with lower affinity, such as membranes and non-

specific proteins. Michaelis-Menten relationships reveal BP concentration-dependent, 

saturable reactions that would occur only if the holo-BPs deliver substrates directly to 

enzymes and by-pass diffusion (Fig. 1b). Michaelis constants (Km values) identical with the 

values generated with “free” retinol with rates similar to those generated with “free” retinol 

(within experimental error) also demonstrate a substrate-delivery relationship between BP 

and reductase and BP and LRAT that does not rely on diffusion (Fig. 1c). These rates far 

exceed rates that would be supported by the calculated hypothetical concentrations of “free” 

retinoids in the presence of BP. The selectivity of both reactions further supports unique 

relationships between CRBP2 and these enzymes. CRBP2-bound retinal does not undergo 

dehydrogenation efficiently. Nor does CRBP2-bound retinol undergo esterification 

efficiently by acyl-CoA:retinol acyltransferase (ARAT) activity, which relies on long-chain 

acyl-CoA derivatives and “free” retinol as co-substrates.

Thus, CRBP2 in the intestinal enterocyte enhances dietary carotene and retinol absorption 

by effecting irreversible uptake through fostering efficient retinal reduction and RE 

biosynthesis, while preventing toxicity from atRA. Not incidentally, the selectivity of 

CRBP2-retinol for the co-substrate lecithin led to the discovery of LRAT.

2.2. CRBP1 chaperones retinol into RE biosynthesis in cells other than intestinal 
enterocytes

CRBP1 functions as a master regulator of retinol homeostasis in numerous human and 

rodent tissues and cell types, including the developing embryo, liver, kidney, lung, sex 

organs and various areas of the brain (Porter, et al., 1983; Ong & Page, 1986; Levin, et al., 

1987; Rajan, et al., 1990; Folli et al., 2001). Liver serves as the major site of vitamin A 

storage as RE, and LRAT catalyzes RE biosynthesis in liver, recognizing CRBP1-retinol as 

delivery vehicle (Fig. 1d). The criteria discussed above for CRBP2-retinoid also apply to the 

reaction between CRBP1-retinol and LRAT (Ong et al., 1988; MacDonald & Ong, 1988a; 

Yost et al., 1988; Randolph et al., 1991; Herr & Ong, 1992). Namely, the Michaelis constant 

(Km) and maximum reaction rate (Vm) do not support retinol having to dissociate from 

CRBP1 and diffuse through the aqueous medium to LRAT, because the values for both 

“free” retinol and CRBP1-retinol do not differ within experimental error (Fig. 1e). This 

would not occur if LRAT did not recognize CRBP1-retinol and have ability to tease retinol 

from the BP. If only “free” retinol were substrate, adding the BP would greatly diminish the 

rate, because of its effect on the concentration of “free” retinol.

CRBP1, like CRBP2, imposes selectively on the esterification reaction. Only LRAT 

catalyzes RE formation in liver and in most other tissues under physiological conditions. 

Two exceptions are mammary gland and skin—organs with lower concentrations of CRBP1. 

In these organs, the activity known as ARAT, now identified as diacylglycerol 

acyltransferase 1 (DGAT1), contributes to RE formation (Randolph et al., 1991; Orland et 

al., 2005; Yen et al., 2005; Shih et al., 2009). DGAT1-ablation does not reduce the amount 

of hepatic RE (Wongsiriroj et al., 2008), whereas LRAT-ablation greatly diminishes the 
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amount of RE in tissues (Batten et al., 2004; Liu & Gudas, 2005; O’Byrne et al., 2005). This 

indicates that LRAT generates the predominant amount of RE under physiological 

conditions in tissues that express a form of CRBP. During LRAT ablation, however, DGAT1 

can partially compensate for LRAT loss by generating a limited amount of RE, ~10% of 

normal. DGAT1 also generates RE from pharmacological exposure to retinol (Wongsiriroj et 

al., 2008). This implies a mechanism for retinol toxicity, i.e. dietary amounts of retinol that 

exceed BP concentrations can contribute to retinoid pools. This also illustrates the point that 

the retinoid BP facilitate retinoid homeostasis, but are not obligatory, especially if diets have 

copious vitamin A.

2.3. The ratio apo-CRBP1/holo-CRBP1 signals cellular retinol status

apo-CRBP1 inhibits LRAT competitively, with ~1 μM of the former causing ~60% 

inhibition (Herr & Ong, 1992) (Fig. 2a). Inhibition is inherent to the CRBP1 structure and is 

specific, because chemically disabled apo-CRBP1 that cannot bind retinol still inhibits 

LRAT, and apo-CRBP2 does not have a similar effect. apo-CRBP1 also stimulates 

hydrolysis of endogenous RE (Boerman & Napoli, 1991). Other proteins that bind retinol 

non-specifically do not duplicate this effect, such as albumin, which has lower affinity but 

higher capacity, and therefore might have affected the reaction by removing product. Both 

effects of apo-CRBP1 display saturable kinetics, which implies a direct relationship of apo-

BP with LRAT/REH. Sensing of the intracellular quantity of retinol by the ratio apo-

CRBP1/holo-CRBP1 affords a simple but elegant mechanism to direct retinol traffic into and 

out of RE, to balance storage vis-à-vis substrate availability for atRA biosynthesis.

2.4. CRBP1 directs retinol to RDH for retinal biosynthesis

Crosslinking CRBP1-retinol with microsomal RDH indicated that the two approach each 

other closely (Fig. 3a). Crosslinking was achieved by derivatizing holo-CRBP1 with a 

cleavable, radio-iodinated reagent, activated upon light exposure. Incubating derivatized 

holo-CRBP1 with microsomes, exposing the reaction to light and then cleaving the reagent, 

produced only two radio-iodinated bands on SDS-PAGE, one at ~37 kDa and the other at 

~25 kDa (Boerman & Napoli, 1995). The 37 kDa band appeared only in presence of 

pyridine nucleotide co-factor (NADP+ or NAD+). Dehydrogenases function through an 

ordered bi-substrate mechanism, i.e. they first must bind cofactor before they can bind co-

substrate. Crosslinking therefore, occurred as expected if CRBP1 delivers retinol to RDH via 

channeling. The 25 kDa band was identified as LRAT (Ruiz et al., 1999; Zolfaghari & Ross, 

2000). Cross-linking of only two bands, both retinoid metabolizing enzymes, reveals the 

selective nature of holo-CRBP1’s delivery of retinol in an environment of numerous 

enzymes.

Kinetics also showed that holo-CRBP1 provides substrate for retinal biosynthesis directly to 

microsomal RDH (Posch et al., 1991). The rate of retinal production from holo-CRBP1 

proceeds via a Michaelis-Menten relationship, and exceeds the rate observed experimentally 

from the calculated concentrations of unbound retinol that would maximally occur in the 

presence of BP (Fig. 3b, c). Holo-CRBP1 also supports a lower Km value (~1.6 μM) than 

free retinol (4.7 μM) (Song et al., 2003). The Vm with BP is lower than the Vm supported 

by free retinol, but the rate with BP generates more than sufficient retinal to satisfy cellular 
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demands for atRA, which occurs in low nM in tissues (Obrochta et al., 2014). The lower rate 

with BP might reflect transfer of retinol from BP to RDH becoming the rate-limiting event, 

rather than release of retinal from the RDH. Varying the ratio total CRBP1/retinol had no 

effect on the reaction rate or the Km value. Changing the ratio retinol/CRBP1 from 1/1.1 to 

1/1.5 would decrease any unbound retinol 5-fold, which would have a major impact on the 

reaction rate, if only “free” retinol were substrate.

Compared to cytosol, microsomes harbor 80–94% of the enzyme units that convert CRBP1-

bound retinol (5:2, holo-CRBP1:apo-CRBP1) into retinal (Boerman & Napoli, 1996). Apo-

CRBP1 and ethanol inhibit cytosolic activity with IC50 values of 1 and 20 μM, respectively, 

but have no effect on microsomal RDH activities. These data indicate that most RDH 

activity occurs in microsomes, and corroborate inability of chronic alcohol exposure to 

inhibit atRA biosynthesis in vivo (Kane et al., 2010).

Amino acid sequence obtained from the cross-linked 37 kDa band enabled cloning the 

cDNA of rat RDH2 and RDH7 (initially RoDHI and RoDHII) (Chai et al., 1995a; Chai et 

al., 1995b; Zhang et al., 2001) and confirmed identity of RDH as short-chain 

dehydrogenase/reductase gene family members (Krozowski, 1994). These data supported 

identification and cDNA cloning of multiple additional RDH, including RDH1 (mouse 

ortholog of RDH2, aka hRDH16), RDH10 (mouse, rat, human), and DHRS9 (mouse, rat, 

human) and the reductases DHRS3 and DHRS4 (Napoli, 2012; Kedishvili, 2013).

2.5. CRBP1 presents retinal to DHRS4 for reduction

Several reductases of the short-chain dehydrogenase/reductase gene family convert retinal 

into retinol, including DHRS3, DHRS4, and RDH11. Of these, only DHRS4 (formerly 

RRD) has been tested for ability to recognize CRBP1-retinal as substrate (Lei et al., 2003). 

DHRS4 accesses retinal bound to CRBP1 without requiring dissociation of retinal prior to 

uptake, as indicated by saturable kinetics, generated with a 2:1 ratio of total CRBP1/retinal 

at each concentration (Fig. 3d). The presence of BP decreases the Vm by ~75%. This could 

result because the rate of retinal transfer from the BP to DHRS4 behaves as the rate-limiting 

event in the overall reaction, rather than release of reduced co-factor from the 

dehydrogenase. Alternatively, apo-CRBP1 might inhibit the reaction. To determine whether 

inhibition by apo-CRBP1 caused the decreased rate, the effect of adding graded doses to 4 

μM retinal was assayed. Adding 1 or 2 μM total apo-CRBP1 to 4 μM retinal decreases the 

free retinal concentration by ~1 and 2 μM, respectively, but did not decrease the rate of 

retinal reduction (two blue points in Fig. 3e). An equal molar amount of CRBP1/retinal (red 

point in Fig. 3e) decreased the rate by 57%, but also left ~0.18 μM apo-CRBP1 in the 

reaction (calculated from a kd of 9 nM, Kane et al., 2011). Increasing the total CRBP1 

beyond the concentration of retinal decreased the rate proportionately. These data are 

consistent with both free retinal or CRBP1-retinal delivering substrate, but also with apo-

CRBP1 inhibiting. This indicates apo-CRBP1 as a signal of cellular retinoid status that 

prioritizes atRA biosynthesis over retinal reduction, when retinoid concentrations are too 

low to saturate BP.
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2.6. CRBP1 conducts retinal into atRA biosynthesis

Microsomes are not efficient at producing atRA from retinal—cytosolic aldehyde 

dehydrogenases (ALDH) catalyze this reaction. At least 19 genes contribute to the ALDH 

gene family (Vasiliou et al., 2013). Of these, RALDH1 (ALDH1A1) was the first 

unequivocally identified to contribute physiologically to atRA biosynthesis (Posch et al., 

1992). The activity was identified, distinguished from other cytosolic ALDH (especially the 

phenobarbital-inducible ALDH, which had been postulated as identical) and purified based 

on ability to produce atRA from retinal generated in situ by microsomes with CRBP1-retinol 

as substrate (Fig. 4a). These data are consistent with the observation that retinal generated 

from CRBP1-retinol occurs bound with CRBP1 (Ottonello, et al., 1993). Recombinant 

RALDH1 generated Michaelis-Menten kinetics with CRBP1-retinal produced from a 2:1 

ratio of total CRBP1/retinal, to minimize the amount of “free” retinoid, albeit with a Vm 

~20% of the maximum rate with free retinal (Fig. 4b) (Penzes et al., 1997). Competition 

between apo-CRBP1 and CRBP1-retinal caused the lower rate, as shown by plotting 1/v vs 

the amount of apo-CRBP1 at each substrate concentration. This graph allowed calculating 

the rate as if only CRBP1-retinal were present (theoretical zero apo-CRBP1), which verified 

that the rate in the absence of apo-CRBP1 was 91% of the rate with free retinal (red point in 

Fig. 4c). The Km value with CRBP1-retinal was 0.8 μM vs. 1.4 μM with free retinal, 

indicating the reaction was more efficient (kcat/Km) with the former delivering substrate. The 

reaction was run at 25°C, which decreases the rate by 8-fold, to avoid excess substrate 

consumption that occurred at 37°C for the lower substrate concentrations, i.e. to maintain 

the steady-state assumption, crucial to enzyme kinetics.

A second RALDH, RALDH2 (ALDH1A2), was identified, cloned, expressed in E. coli and 

characterized (Wang et al., 1996), and subsequently cloned from embryonic cells (Zhao et 

al., 1996). The purified recombinant enzyme produces atRA from retinal generated in situ by 

microsomes using CRBP1 to deliver retinol. RALDH2 recognizes CRBP1-retinal with 

enzymatic efficiency similar to its kinetics with free retinal (Fig. 4d). Apo-CRBP1 does not 

inhibit RALDH2, as disclosed by equivalent rates with free retinal and a 2:1 ratio of CRBP1/

retinal. The lower Km value with CRBP1-retinal (0.2 μM) than the 0.7 μM value with free 

retinal, suggests a possibility of a more efficient reaction when the BP delivers substrate.

The differences between RALDH1 and RALDH2 with respect to apo-CRBP1 suggest that 

during reduced vitamin A status, RALDH2 would continue to generate atRA, whereas 

RALDH1 would have a reduced contribution. Different subcellular locations also suggest 

different participation in generating atRA. In primary astrocytes, RALDH1 localizes to both 

cytosol and nuclei, whereas RALDH2 localizes most intensely in the perinuclear regions. 

These differences suggest that multiple RALDH exist to generate atRA in specific regions of 

the cell, perhaps to support different vitamin A functions.

RALDH3 (ALDH1A3, aka ALDH6) and RALDH4 (ALDH8A1) complete the complement 

of known ALDH that catalyze retinoid metabolism (Grün et al., 2000; Lin et al., 2003). 

RALDH3 has a Km value of 0.3 μM with free all-trans-retinal (Grün et al., 2000) and has the 

same Vm with CRBP1-retinal as substrate—indicating that it too interacts with CRBP1 

(Arnold et al., 2015). RALDH4 has highest activity with 9-cis-retinal and low activity with 

all-trans-retinal. It has not been tested with CRBP1.
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2.7. CRBP1 colocalizes with LRAT, RDH and RALDH

Since its discovery in 1973, CRBP1 has been viewed as a soluble protein, because it 

localizes in the cytosolic fraction upon differential centrifugation (Bashor et al., 1973). Later 

work concluded that CRBP1 localizes to lipid droplets (LD), and was mistaken as cytosolic 

(Kuppumbatti, et al., 2001). Subsequent work also relying on confocal microscopy, however, 

showed CRBP1 colocalizing precisely with the mitochondria marker MitoTracker, when 

expressed with a C-terminal GFP conjugate in COS7 cells (Jiang & Napoli, 2012). 

Incubation of the cells with oleate or retinol to stimulate LD biosynthesis induced CRBP1 to 

migrate to the surfaces of LD and colocalize with LRAT, which originates in microsomes 

(Fig. 5). A major RDH, RDH10, also colocalizes with MitoTracker in the absence of LD 

biosynthesis (Jiang & Napoli, 2013). Like CRBP1 and LRAT, RDH10 migrates to the 

surfaces of LD during triacylglycerol or RE biosynthesis. Co-localizations of CRBP1, LRAT 

and RDH10 on the surfaces of LD corroborate the kinetic data indicating BP-enzyme 

interactions, and place the three proteins at a major source of retinoids for substrate storage 

and access.

Additional data consistent with interactions between CRBP1 and other elements of the 

retinoid metabolon include in situ hybridization, which revealed mRNAs of CRBP1, RDH2 

and RDH7 co-localizing in multiple cell types of liver, kidney, lung and testis (Zhai et al., 

1997). Also, CRBP1 and DHRS9 proteins express concurrently during estrus in the rat 

uterine lining (Rexer & Ong, 2002), and co-localize in multiple cells of the rat respiratory 

and urogenital tracts and pancreas, although there are mismatches, likely due to presence of 

RDH other than DHRS9 (Everts et al., 2005). The observation that CRBP1 co-localizes with 

either RALDH2 or 3 supports this conclusion. Co-localization of retinoid metabolon 

constituents occurs in a complex array during various stages of the hair cycle, consistent 

with spatial-temporal regulation of atRA biosynthesis (Everts et al, 2007).

2.8. CRBP1 modulates retinoid homeostasis, regulates intermediary metabolism, and 
suppresses tumorigenesis

Mice with an Rbp1 knockout (encodes CRBP1), when fed a diet containing copious vitamin 

A (25,000 IU retinyl palmitate/kg), are fertile, grow normally, seem healthy, and present no 

obvious morphological abnormalities (Ghyselinck et al., 1999). These mice, however, have a 

metabolic phenotype. Hepatic stellate cells normally store up to 80% of the body’s vitamin 

A as RE and express CRBP1 and retinoid metabolizing enzymes (Blaner et al., 2009; Senoo 

et al., 2007). Stellate cells in Rbp1-null mice had fewer and smaller cytoplasmic lipid 

droplets than WT mice. RE concentrations in knockout mice were ~50% of WT at 4 weeks 

old, due in part to a 6-fold faster RE elimination rate. The impact of ablating CRBP1 is 

especially noteworthy considering that dietary vitamin A exceeded the 4000 IU/kg 

recommended for rodents by the National Research Council (Reeves, 1997). Thus, CRBP1 

enhances efficiency of retinol uptake and storage and protects retinol from metabolism by 

enzymes that cannot access CRBP1-bound retinol (Napoli, 2000).

The Rbp1-null mouse has disrupted retinoid homeostasis in multiple tissues, which impairs 

function. This includes abnormal pancreas development, illustrated by α-cell infiltration into 

the islet β-cell field and an 80-fold increase in islet Rbp2 mRNA (encodes CRBP2) with 
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reduced Pdx-1, Glut2, and GK (glucokinase) expression (Kane et al., 2011). The four-fold 

increase in fasting glucagon in the null mouse produces an abnormally high rate of 

gluconeogenesis after re-feeding causing hyperglycemia (glucose intolerance). Null mice, 

moreover, have an increased rate of fatty acid oxidation and resist obesity when fed a high-

fat diet. Thus, CRBP1 contributes to post-natal glucose homeostasis and lipid metabolism.

The totality of studies in mammary cell models verifies that retinoid signaling through atRA 

promotes differentiation and suppress tumorigenesis, which relies on CRBP1-mediated 

retinol uptake. About 24% of human breast carcinomas express relatively low CRBP1 

concentrations, suggesting its modulation of retinoid homeostasis prevents disease 

(Kuppumbatti et al., 2000). Indeed, CRBP1 expression suppresses foci and colony formation 

by decreasing cell survival through inhibiting the PI3K/AKT survival pathway 

(Kuppumbatti et al., 2001). The SV40-immortalized human mammary epithelial cell line 

MTSV1-7 does not express Rbp1. Retinol uptake relies on transfection with CRBP1 and/or 

LRAT, which prompts cells to activate RAR, consistent with biosynthesis of atRA (Farias et 

al., 2005). MTSV1-7 cells transfected with Rbp1 point mutants with lower affinities for 

retinol (L29A and R58E) or with an LRAT mutant (C161A) that eliminates catalytic activity 

have impaired RAR activation (Mondal, et al., 2000).

Tumorigenic epithelial cell lines that lack CRBP1 are ~50% as active as non-tumorigenic 

cells generating atRA from retinol, and Rbp1-null mice have 40% less atRA in mammary 

tissue compared to WT (Pierzchalski et al., 2013). atRA-depleted mammary tissue suffers 

epithelial hyperplasia and stromal hypercellularity.

Concurrent loss of CRBP1 expression and decreased atRA biosynthesis also occurs early 

during onset of human ovarian cancer (Roberts et al., 2002; Williams et al., 2009). CRBP1 

loss also may contribute to the onset of nasopharyngel and esophageal squamous cell 

carcinoma (Kwong et al., 2005; Mizuiri et al., 2005). Hypermethylation of Rbp1 seems to 

underlie the loss of expression that precedes the onset of human cancers (Esteller et al., 

2002).

2.9. CRBP4 provides retinol to LRAT

LRAT accesses CRBP4-retinol to form RE, but kinetic values were not determined, so 

efficiency relative to CRBP1 has not been determined (Piantedosi et al., 2005). Unlike apo-

CRBP1, apo-CRBP4 (encoded by Rbp7) does not inhibit LRAT. The 30% fewer RE in milk 

from Rbp7-null mice compared to WT illustrate the physiological importance of this 

association. Rbp7-null mice fed a high-fat diet reduce their food intake by ~25% and 

experience ~50% less hepatic steatosis, a decreased rate of adipose lipolysis, an 11% 

decrease in fat mass, increased expression of fatty acid oxidation genes, a slightly increased 

rate of carbohydrate use (respiratory exchange ratio), and increased cold tolerance. The 

phenotype does not result from a direct effect on the hypothalamus, because the brain does 

not express Rbp7. atRA concentrations were not determined, leaving open the question of 

how CRBP4 impacts retinoid activation.
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3. CRABPs perform multiple tasks fundamental to atRA metabolism and 

function

As indicated in Table 1, retinoic acid BP very much favor the trans forms of RA and its 

metabolites. For example, 13-cis-retinoic acid (13cRA) binds CRABP1 and CRABP2 with 

affinities an order of magnitude or more lower than atRA, and has little if any affinity for 

RAR (Fiorella et al., 1993; Kim et al., 1994). These observations indicate that 13cRA, which 

converts into atRA in vivo, serves as a slow-release reservoir of atRA (i.e. a prodrug), 

thereby accounting for its more favorable therapeutic index. This does not preclude 13cRA 

functioning independently of retinoid BP or RAR, but such remains to be determined.

CRABP1 concentrations exceed atRA where tested. Testes of vitamin A-sufficient rats, for 

example, express 117 pmol CRABP1/g tissue (Ong et al., 1976), whereas mouse testes have 

atRA concentrations ~9 pmol/g tissue (Kane et al., 2008a; Kane et al., 2008b). In contrast to 

CRABP1, CRABP2 concentrations are low outside of select tissues. Unfortunately, 

comprehensive data relating concentrations of either BP to atRA concentrations in multiple 

tissues and species have not been generated.

As to sites of atRA biosynthesis, CRABP1 does not correlate strictly with cells that 

biosynthesize atRA, but CRABP2 correlates with many areas of atRA biosynthesis. Oddly, 

two tissues of fairly robust atRA biosynthesis, liver and kidney, do not express CRABP2, but 

express CRABP1. In one of a few detailed studies, CRABP2 co-localized in multiple cells of 

the rat respiratory and urogenital tract that express atRA biosynthesis enzymes, although 

there are mismatches (Everts et al., 2005). Detailed studies also have been done of CRABP1 

and 2 localization in the rat uterus (Bucco et al., 1997). Prepubertal and proliferative stromal 

cells and smooth muscle cells express CRABP1 at all stages of the estrus cycle, whereas 

surface epithelial cells express CRABP2. CRABP2 expression in cultured uterine epithelial 

cells occurs only during atRA biosynthesis. Uterine cells that express CRABP1 do not 

biosynthesize atRA. These and other studies have prompted the hypothesis that CRABP2 

enhances, whereas CRABP1 limits, atRA function. This seems true to a large extent, but the 

situation can be more complex.

3.1. CRABPs deliver atRA to catabolic enzymes

Cytochrome P450 (CYP)-catalyzed oxidation of atRA at multiple carbon atoms in the β-

ionone ring initiates its catabolism (Fig. 6a). The microsomal CYP26A1, B1 and C1, which 

are induced by atRA and its catabolites, function as the most dominant oxidases (Ross & 

Zolfaghari, 2011; Topletz et al., 2012, 2015). Each has unique tissue-specific expression 

patterns, which often overlap, and each seems to have effects on specific atRA-functions.

Holo-CRABP1 delivers substrate to microsome-catalyzed atRA catabolism in multiple 

tissues through direct interactions with enzymes (Fiorella & Napoli, 1991, 1994). Several 

observations support this conclusion, including: 1) high affinity of CRABP1 for atRA, 

which reduces free atRA to negligible amounts; 2) a Michaelis-Menten relationship between 

BP-bound atRA and catabolic enzymes; 3) a lower Km value for CRABP1-atRA (1.8 nM) 

compared to free atRA (49 nM) (Fig. 6b); 4) a 7-fold higher reaction efficiency (Vm/Km) for 
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CRABP1-atRA than with free atRA; 5) a marginal decrease in the reaction rate (~35%) in 

the presence of a 3-fold excess of total CRABP1 over atRA, which could not occur if 

diffusion were required from the BP; 6) an elimination t1/2 for atRA that does not differ 

between free and BP bound atRA. These data indicate no need for catabolic enzymes to rely 

only on atRA that diffuses from CRABP1.

CRABP1 binding has tissue-specific effects on catabolite compositions through binding 

major catabolites, such as 4-OH-RA, 4-oxo-RA, and 18-OH-RA. Rates of 4-OH-RA and 4-

oxo-RA catabolism decrease 2- and 70-fold, respectively, when CRABP1 bound, despite 

affinities close to atRA, suggesting decreased ability of enzymes to tease them from the BP 

(Fiorella et al., 1993). The latter data suggest that 4-oxo-RA and 4-OH-RA contribute to 

atRA toxicity. Normally, 4-oxo-RA and 4-OH-RA tissue concentrations are very low relative 

to atRA. They increase markedly during atRA excess and have high affinities for RAR. In 

addition, they may inhibit atRA catabolism through their BP complexes blocking CYP.

The aforementioned work used microsomes as source of CYP, because specific CYP that 

catalyze atRA metabolism had not been identified. Studies of interactions between CRABP1 

and CRABP2 with several recombinant CYP, which recognize free atRA as substrate, 

revealed that only CYP2B1 recognizes BP-bound atRA: CYP3A4 and CYP2C8 do not 

(Nelson et al., 2016). CYP26A1 and C1 have not been tested. Binding atRA with albumin 

greatly arrests catabolism, in contrast to CRABP binding (Fig. 6c). Isotope dilution studies 

that evaluated competition between unlabeled atRA vs deuterium labeled atRA, with either 

one bound to BP and the other “free”, corroborate BP-enzyme interactions. Km values were 

lower for holo-CRABP1 (~22 nM) and holo-CRABP2 (~24 nM) than for free atRA (~65 

nM). Overall reaction efficiencies (kcat/Km) were somewhat higher with holo-CRABP1 and 

2 (relative values of 8 and 12 respectively vs 7 for free atRA). These data are consistent with 

the earlier results. This study, however, found that both apo-BPs compete with holo-CRABP. 

With CYP26B1, both apo-BP titrated in excess of atRA had a substantial impact on rates of 

catabolism (Fig. 6c, third panel). The differences may reflect examining multiple CYP in 

their native environment (microsomes) vs a specific recombinant CYP in a reconstituted 

environment, or may reflect differences among CYP26 isomers. Nevertheless, the 

cumulative data indicate that both CRABP1 and CRABP2 deliver atRA to CYP for 

catabolism via BP-enzyme interactions.

In cells that express CRABP, non-CRABP-recognizing CYP probably would not have access 

to atRA. This suggests a mechanism for discriminating metabolically between endogenous 

atRA and pharmacologically-dosed retinoids that exceed CRABP capacity or have low 

affinity for CRABP.

The principle that CRABP1 delivers atRA to catabolism has been verified in several 

tumorigenic cell lines. Transfection of CRABP1 into tumorigenic cells lines that either do 

not express the BP or to enhance expression confers or increases resistance to the anti-

proliferative effects of atRA. These cell lines include the mouse teratocarcinoma F9, the 

human head and neck squamous cell carcinoma line AMC-HN-7, and the human renal cell 

carcinoma line A-498 (Boylan & Gudas, 1991; Won et al., 2004; Pfoertner et al., 2005). 

CRABP1, however, may have more complex, tumor specific effects (see below).
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3.2. The CRABP1-atRA complex regulates the cell cycle

Upon atRA binding, CRABP1 activates ERK1/2 independently of RAR (Persaud, et al., 

2013). Activated ERK1/2 translocates to the nucleus and induces p27 phosphorylation and 

stabilization, thereby inhibiting G1-S progression in an embryonic stem cell model. Holo-

CRABP1 also activates protein phosphatase 2A, which similarly delays the cell cycle and 

sensitizes the CRABP1-positive breast cancer cell line MCF7 to apoptosis. This does not 

occur in CRABP1-null A2780 (ovarian) and KPC (pancreatic duct) cancer cell lines 

(Persaud et al., 2016).

3.3. CRABP2 delivers atRA to nuclear RAR

CRABP1 and 2 have been detected in both cytosol and nucleus in several cell lines and 

mouse tissues, but the function(s) of nuclear CRABP1 remain(s) unclear (Takase et al., 

1986; Venepally et al., 1996; Gustafson et al., 1996; Gaub et al., 1998). Diffusion controls 

transfer of atRA from CRABP1 to atRA nuclear receptors (RAR), whereas transfer from 

CRABP2 occurs via protein-protein interaction between the BP and RAR, as revealed by 

kinetics (Dong et al., 1999). In a diffusion controlled process, the rate of ligand transfer from 

a BP will not increase with increases in acceptor concentration, whereas ligand transfer 

through protein-protein interactions will accelerate with increases in acceptor concentration, 

by increasing the collision rate between donor and acceptor. Kinetic differences between 

transfer from CRABP1 or 2 to RAR illustrate this phenomenon (Fig. 6d). Direct interaction 

of CRABP2 with RAR denotes evolution of a specific process, which implies physiological 

function. In support, expression of CRABP1 does not increase the transcription rate from 

atRA response elements that drive reporters in COS-7 or CV-1 cells, but CRABP2 

expression does (Venepally et al., 1996; Dong et al., 1999). In further support of CRABP2 

delivery to RAR modifying atRA action, the level of CRABP2 in the MCF-7 mammary 

carcinoma cell line correlates directly with sensitivity to atRA-induced growth inhibition 

(Budhu & Noy, 2002).

3.4. A CRABP2 Interaction with HuR promotes mRNA stabilization and controls cytosolic/
nuclear cycling

The mRNA BP HuR shuttles between the cytosolic face of the endoplasmic reticulum and 

the nucleus. When in cytosol, HuR attaches to AU-rich sections in 3′-untranslated regions of 

mRNAs involved in cell proliferation, apoptosis and differentiation. HuR binding protects 

transcripts from degradation and regulates translation (Meisner & Filipowicz, 2011; 

Grammatikakis et al., 2016). HuR binding with apo-CRABP2 enhances its affinity for select 

mRNAs >3 orders of magnitude, i.e. lowers kd values from ~400 nM to <0.1 nM (Vreeland 

et al., 2014; Zhang et al., 2016). atRA binding causes CRABP2 to change its conformation, 

releasing it from HuR and forming a nuclear localization signal, not present in apo-CRABP2 

(Sessler & Noy, 2005). This conformational change also results in SUMOylation at K102, an 

event critical for nuclear transfer (Majumdar et al., 2011). Transfer of CRABP2 to the 

nucleus concludes within 30 min. Once CRABP2 delivers atRA to nuclear RAR, it returns to 

cytosol. Short residence time in the nucleus explains how CRABP2 shuttling has only a 

minor effect on its ability to stabilize mRNA. CRABP2 entrance into the nucleus requires 
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multiple components of the nuclear import apparatus regulated by HuR. Thus, the HuR-

CRABP2 interaction augments functions of both proteins.

4. The FABP5/PPARδ/β partnership enables atRA to stimulate proliferation 

and survival

Three intracellular lipid BPs, CRABP2, FABP4 and FABP5, partner selectively with the 

nuclear receptors, RARα, PPARγ, and PPARδ/β, respectively (Tan et al., 2002). These 

partnerships result in each BP transferring a select few of their ligands from cytosol to their 

cognate nuclear receptors. This implies that binding select ligands imparts conformational 

changes to BP that expose nuclear localization signals or prompt post-translational 

modifications to induce nuclear uptake. This BP “bridge” would instill selectivity by 

controlling ligand access to receptors, which in turn controls idiosyncratic gene expression. 

BP expression, therefore, contributes to regulating cell-specific gene expression.

4.1. FABP5 transfers atRA to the nucleus to transactivate PPARδ/β target genes

atRA and the PPARδ/β agonist GW0742 bind FABP5 with kd values ~42 and ~35 nM, 

respectively, i.e. with affinities similar to pan-PPAR ligand parinaric acid (~42 nM) and the 

synthetic PPAR ligand L165041 (~46 nM) (Schug et al., 2007a). The former two bind 

FABP5 selectively, whereas the latter two bind FABP4 and 5 with similar affinities. 

Although atRA has much lower affinity for FABP5 than for CRABP1 or 2, atRA and 

GW0742 induce transfer of FABP5 from cytosol to the nuclei of COS7, NaF and HaCaT 

(keratinocytes) cells, in contrast to parinaric acid, L165041, and another pan-PPAR ligand, 

the saturated long-chain fatty acid (LCFA) stearate.

FABP5-mediated transfer to the nucleus delivers atRA specifically to PPARδ/β and activates 

target genes, but does not activate PPARα or PPARγ-responsive genes (Shaw et al., 2003b; 

Schug et al., 2007a). Binding affinities of atRA (~0.1–3 nM) for the three RAR isoforms 

exceed affinity for PPARδ/β (17 nM) by 3-orders of magnitude (Allegretto et al., 1993; 

Allenby et al., 1993). Likely, the kd values of atRA for both FABP5 and PPARδ/β have been 

underestimated because of technical limitations of determining kd values by fluorescence 

titration. Nevertheless, the much higher affinity of atRA for the CRABP2/RAR pair vs the 

FABP5/PPARδ/β pair indicates that the former pair will prevail over the latter in most cells, 

and the later pair will effect atRA function only in cells that have an especially low 

CRABP2/FABP5 ratio. This has been demonstrated to occur in the breast cancer cell lines 

MCF-7 and NaF, and in the keratinocyte cell line HaCaT. Actions of CRABP1 and 2 are 

summarized in Fig. 6e.

4.2. Physiological consequences of atRA activating PPARδ/β vs RAR

atRA has cell-specific functions. In some cells, atRA inhibits cell proliferation and induces 

differentiation or apoptosis; in other cell types atRA promotes proliferation and enhances 

cell survival. These dueling effects have been attributed to the intracellular ratio CRABP2/

FABP5, because CRABP2 delivers atRA to RAR, whereas FABP5 delivers atRA to 

PPARδ/β (Schug et al., 2007a). RARs mediate atRA inhibition of proliferation, but PPARδ/

β mediates atRA stimulation of proliferation. The sensitivity of breast cancer cell lines to 
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atRA growth inhibition seems directly proportional to the degree of RAR expression, 

especially RARα (Centritto et al., 2015; Carrier et al., 2016). It follows that breast cancer 

cell sensitivity should depend on the CRABP2/FABP5 ratio. To test this premise, CRABP2 

concentrations were manipulated in a model of atRA-resistant breast cancer, the MMTV-
her2/neu transgenic mouse (Tari et al., 2002), by overexpressing CRABP2 or cross breeding 

these mice with CRABP2-null mice (Schug et al., 2008b). The resulting strains did not 

express RAR, PPARδ/β, or FABP5 differently, and had either no or enhanced CRABP2 

expression. In tumors of the unmodified MMTV model, which have a relatively low 

CRABP2/FABP5 ratio, atRA upregulated PPARδ/β-target genes. In mice lacking CRABP2 

totally, atRA up-regulated PPARδ/β-target genes to a greater extent. In high CRABP2/

FABP5 ratio mice, atRA up-regulated some RAR-target genes to a much greater extent than 

in the unmodified mice, decreased tumor growth, increased apoptosis and increased 

differentiation. Ablation of FABP5 has effects on mammary tumor growth similar to over-

expression of CRABP2 (Levi et al., 2013). FABP5-null mice cross-bred with MMTV-

ErbB2/HER2 oncomice have decreased PPARδ-target gene expression and mammary tumor 

development.

To demonstrate the importance in vivo of PPARδ/β activation by atRA, mice with a global 

reporter driven by a RAR response element were dosed with atRA, and mice with a global 

reporter activated by PPARδ/β were dosed with atRA or the PPARδ/β-specific ligand 

GW1516. In the former, atRA (1 mg) activated RAR response elements. In the latter, atRA 

(4 mg or ~140 μg/kg) activated PPAR response elements similar to GW1616. Therefore, 

exogenously-dosed atRA affects both response elements, and does so at reasonably low 

pharmacological doses, but in a dose-dependent manner (Levi et al., 2015). This suggests 

exercising caution in choosing pharmacological doses of atRA.

Ligand interactions with FABP5 have complex consequences. Both saturated and 

unsaturated LCFA bind FABP5 with kd values about twice the affinity of atRA, but do not 

prompt the same outcome (Levi et al., 2015). Saturated LCFA do not induce FABP5 to 

migrate to the nucleus and do not activate PPARδ/β. Competition between saturated LCFA, 

which occur in higher concentrations than atRA, displace atRA from FABP5. This increases 

the amount of atRA available to bind with RAR. Both actions of saturated LCFA promote 

the anti-cancer actions of atRA. Unsaturated LCFA induce FABP5 migration to the nucleus 

to activate PPARδ/β. This still increases the amount of atRA available to activate RAR, 

which competes with activation of PPARδ/β, but the outcome would not occur to the same 

degree of clarity as with saturated LCFA. These data suggest that saturated LCFA may 

function as anti-cancer agents.

5. Impact of CRABP1, CRABP2 and FABP5 on human cancer in vivo

Teasing out the relationships between CRABP1, CRABP2 and FABP5 in human cancer 

samples vs. non-tumorigenic tissues remains in its infancy. Although the preponderance of 

data from primary tumors show that CRABP1 and FABP5 correlate with deleterious cancer 

outcomes, and CRABP2 has an ameliorating effect, contrary observations have been 

reported for Wilms tumors (nephroblastomas) (Takahashi et al., 2002). In Wilms tumors, 

CRABP2 expresses 11-fold more intensely than in non-cancerous adult kidney tissue, and 
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has especially high expression in tumors associated with poor prognoses. It is not clear 

whether this reflects the tumor type or confounding factors.

5.1. Prostate cancer

The transcription repressor capicua impedes prostate cancer progression by suppressing 

proliferation, invasion, and migration of tumorigenic cells. Human prostate intra-epithelial 

tumors express relatively low capicua, and advanced prostate adenocarcinomas do not 

express capicua (Choi et al., 2015). Loss of capicua increases expression of its target gene 

CRABP1. CRABP1 increases proliferation and invasiveness of PC-3 cells, an aggressive 

grade IV human prostate adenocarcinoma cell line. Because PC-3 cells respond to retinoids 

(Hammond et al., 2001), the deleterious action of CRABP1 may reflect sequestration of 

atRA followed by delivery to catabolism. This is the opposite of shifting the atRA dose-

response curve to the left (lower IC50 value) by inhibiting catabolism (Williams & Napoli, 

1985). In contrast, carcinoma cells express CRABP2 mRNA and protein less intensely 

relative to non-tumor glandular cells (Okuducu et al., 2005), and CRABP2 cytobands co-

localize with loci of prostate cancer predisposition (Thompson et al., 2008).

5.2. Breast cancer

Increased cytoplasmic CRABP1 expression levels correlate with tumor virulence and lower 

patient survival in multiple classes of human breast cancers, but higher nuclear CRABP2 
levels associate with improved prognoses (Liu et al., 2015). These actions were attributed to 

CRABP1 sequestering atRA in cytosol, inhibiting its nuclear action, and ability of CRABP2 

to activate RAR. In these cells, knocking down CRABP1 up-regulated CYP26A1 at high 

atRA concentrations, prompting the argument that this negative association shows that 

CRABP1 does not contribute to catabolism. In the absence of CRABP1 and high doses of 

atRA, however, the efficiency of atRA catabolism would decrease, shunting atRA to 

CRABP2, which activates RAR to induce CYP, as well as atRA-induced anti-cancer genes. 

Thus, negative association of CRABP1 with tumor prognosis in the presence of high atRA 

doses likely reflects increased ligand available for CRABP2 and activation of RAR target 

genes, such as CYP. Non-genomic actions of cytosolic CRABP1 also must be considered.

5.3. Other cancers

A recent study concluded that reduced CRABP1 correlates with serious cases of human 

ovarian adenocarcinoma and denotes poorer overall survival (Miyake et al., 2011). This 

study, however, did not evaluate atRA effects on the tumors or catabolic rates.

The median ratio FABP5/CRABP2 mRNA expression of 3.6 in short-term survivors (≤ 6 

months) with glioblastomas significantly surpassed the ratio of 1.4 in long-term survivors (≥ 

36 months) (Barbus et al., 2011). Differences in ratios were contributed solely by increased 

FABP5 mRNA. Consistent with the functions credited to FABP5 and CRABP2, RAR target 

genes were expressed to a much lesser extent in the short-term survivors, compared to the 

long-term survivors, and PPARδ/β-target genes were expressed robustly in tumors from 

short-term survivors. A second study observed no decrease in CRABP2 mRNA in 282 

astrocytic gliomas, but found decreased protein expression that correlated with tumor 

malignancy and shorter patient survival (Campos et al., 2011).
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5.4. Clinical uses of retinoids for chemoprevention or cancer treatment

A review of the vast literature that summarizes successes and failures of retinoid therapy for 

cancer chemoprevention and treatment lies well beyond the scope of this review. Briefly, 

notable successes have been achieved with use of retinoids to treat skin cancers and other 

skin maladies, neuroblastomas, breast cancer, and some leukemias, and in select instances of 

chemoprevention. Retinoids, however, have not realized the wide-ranging potential in 

clinical trials that was anticipated from their mechanisms of action regarding cell 

proliferation and differentiation (Tang and Gudas, 2011; Uray et al., 2016). Multiple factors 

have stymied systemic use of retinoids, including toxicity, differential effects on different 

cell types, pharmacology (absorption, distribution, metabolism and excretion) and epi-

genetic changes induced onto retinoid signaling apparatus, such as silencing CRBP1 and the 

tumor suppressor RARβ. Despite not providing a panacea, retinoids continue to undergo 

basic and clinical research that ventures beyond the initial straightforward assumptions 

about their promise. Emerging data about BP, for example, recurrently provide new insight 

that should direct therapy, or at least aid diagnosis, and new retinoids are consistently 

evaluated to improve therapeutic utility, as well use as a component of combination therapy. 

Alternative approaches to increasing intracellular atRA by inhibiting catabolism also 

undergo consideration to treat retinoid-related diseases (Stevison et al., 2015).

6. Structures of retinoid binding-proteins

Members of the lipid BP gene family fold into similar three dimensional structures despite 

low primary amino acid sequence similarities (Newcomer, 1995; Li & Norris, 1996). 

CRBP1 (135 residues, 15.9 kDa) and CRBP2 (134 residues, 15.7 kDa), however, share 

~56% primary amino acid identify. CRABP1 and 2 share ~78% identity. Different species 

share high amino acid identities for each retinoid BP. Between human and mouse, as an 

example, CRABP1 differs in only one amino acid residue (15.6 kDa) and CRABP2 differs 

in 9 of 138 residues (15.7 kDa). FABP5 (135 residues, 15.1 kDa) does not have the same 

degree of conservation between human and mouse, differing by 23 residues, but with more 

than half conservative substitutions.

6.1. CRBP1 structure

Among the retinoid BP, the structure of CRBP1 has been investigated most thoroughly by X-

ray crystallography, NMR, and proteolytic digestion followed by mass spectrometric 

analysis of the fragments. X-ray crystallography revealed that the residues of CRBP1 

arrange into a flattened β-clam formed by two orthogonal sheets, each consisting of five 

anti-parallel β-strands (Cowan et al., 1993). Loops connect the strands, except for strands 

βA and βB, which a helix-loop-helix connects. Retinol occupies the binding-cavity in a 

planar conformation, hydroxyl group deep within, isolated totally from the cellular milieu 

(Fig. 7a–d). The N-terminus blocks the end of the ligand-binding pocket. Eight water 

molecules in the binding cavity surround the isoprene side-chain. The helix-loop-helix 

covers an entrance portal along with turns βC/βD and βE/βF. The β-ionone ring occurs in a 

hydrophobic environment formed by close contacts with residues around the entrance portal. 

Side-chains L29, I32, and L36 project from the αII helix inward. L29 associates with the β-

ionone ring and with residues F57 and R58. I32, also in αII helix, associates with F57. L36 
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associates with the β-ionone ring and F57. The side-chains of F57 and R58, which occur in 

the turn between βC and βD, or in βD, respectively, project inward to associate with each 

other, the β-ionone ring, and the aforementioned residues. Residue I77 projects inward from 

the turn between βE and βF to associate with the isoprene side chain. These associations 

stabilize and impart rigidity to holo-CRBP1.

The hydrophilic environment of the cavity would exert pressure on the isoprene ring to push 

the β-ionone ring against the cap (Jamison et al., 1994). This pressure would oppose the 

stability of the cap. Ligand egress would be prompted by external forces, such as enzymes 

interacting with external residues. Significant differences between apo- and holo-BP 

supported these notions, revealed by a difference in chromatographic mobility, and further 

by limited proteolysis (Herr & Ong, 1992b; Jamison et al., 1994). One hour treatment with 

the endopeptidase Arg-C (clostripain) cleaved each apo-BP at a conserved R residue (R30 in 

CRBP1) in helix αII (Fig. 7e). Notably, this area includes the residues in the αII helix that 

contact the β-ionone ring and each other. The data in Fig. 7e show results of 1 hr incubation 

with Arg-C, but holo-BP resisted proteolysis at least 20 hours. These data confirm 

biochemically the less ordered structure of apo-BP and the flexible nature of the entrance 

portal. Single mutants of portal residues decreased the rigidity of the holo-BP, as evaluated 

by proteolysis rates and decreased ligand affinities (Penzes and Napoli, 1999). No consistent 

relationship occurred between ability of mutant holo-BP to deliver substrates for retinal 

biosynthesis (Vm values) and rigidity or ligand affinities, dissociating these internal residues 

from consistently affecting the substrate delivering properties of CRBP1 (Fig. 7f).

High conservation of external residues among species of individual retinoid BP, despite no 

requirement for such conservation to allow family members to fold in the same secondary 

and tertiary structures, implies function for exterior residues other than protein shape. This 

was confirmed by site-directed mutagenesis (Penzes & Napoli, 1999). Residues V27, K31, 

L35 and K37 also occur in helix αII, but point outward into the cellular milieu (Fig. 7d). 

Mutation of L35 decreased ability of CRBP1 to deliver retinol to RDH by 50% (Vm), but 

did not affect ligand binding affinity and affected rigidity modestly. Contrast this with L36, 

the inward projecting neighbor, which associates with the β-ionone ring and F57, and had 2-

fold increased efficiency as substrate, accompanied by a 5-fold decrease in ligand affinity 

and 4.5-fold decrease in rigidity. These data suggest that L36 enhances ligand binding and 

holo-BP stability, and L35 provides a “handle” for enzyme interaction, but does not affect 

ligand binding.

Data generated since the first X-ray crystallography and the proteolysis and mutagenesis 

experiments support the results and deductions of these early studies, concerning differences 

in structure between apo and holo CRBP1, a conformation change upon ligand binding, the 

contribution of the helix-turn-helix and other portal residues to the conformation change 

and/or to ligand binding, and ligand egress relying on “external” partners, rather than by 

diffusion (Li et al., 1991; Franzoni et al., 2002; Lu et al., 2003; Careri et al., 2006; Mittag et 

al., 2006; Franzoni et al., 2010; Silvaroli et al., 2016). These studies have refined and added 

additional detailed insight into the nature of the apo- and holo-CRBP1 structures. Kinetics 

and cross-linking, discussed above, have identified external partners as the intuitive 

candidates: LRAT, RDH, and RALDH.
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6.2. CRBP2 structure

The CRBP2 structure resembles closely that of CRBP1, but is not identical. 

Multidimensional NMR indicated that major differences between the structures localize to 

the αII helix, and likely account for differences in ligand binding and interactions with 

enzymes (Lu et al., 2003).

6.3. CRABP structures

The crystal structures of CRABP1 (Fig. 7g) and CRABP2 show a more open ligand access 

portal, with the β-ionone ring readily accessible to interacting enzymes that derivatize on the 

4 and 18-carbons (Kleywegt et al., 1994; Thompson et al., 1995). The precise residues 

essential to ligand binding have not been verified through site-directed mutagenesis, but the 

RAR interaction domain has been identified. Three spatially close residues in the entrance of 

the portal have been identified as necessary and sufficient for the difference between 

CRABP1 and 2 with respect to RAR binding (Budhu et al., 2001). In CRABP2, these 

include Q75, P81 and K102. In CRABP1, E, K and E, respectively, provide the similarly 

situated residues. Mutating CRABP1 and 2 to effect an exchange of residues, enables 

CRABP1 binding of RAR and prevents CRABP2 from binding RAR. Other than this, the 

only other information available notes the absolute need for R132 to enable ligand binding 

(Chen et al., 1995).

7. Summary

Cellular retinoid BPs contribute to cell uptake of retinoids (CRBP1 & 2), protect retinoids 

from non-specific interactions with enzymes, while delivering retinoids for metabolism by 

enzymes capable of teasing ligands from the BP (CRBP1 & 2, CRABP1 & 2), regulate 

intracellular retinol flux (apo-CRBP1), deliver atRA to nuclear receptors (CRABP2, 

FABP5), and contribute non-canonical functions in mediating atRA action (CRABP1 & 2). 

These actions foster efficient use of retinoids, scarce throughout evolution. Low nM binding 

affinities and the nature of ligand sequestration require “external factors” to prompt release 

of BP ligands. These external factors include RDH, RALDH, CYP26, LRAT, RAR and 

PPARβ/δ. Although ablation of BP does not cause extensive impairment of morphological 

developmental, loss of CRBP1 results in aberrant pancreas development, abnormal glucose 

and energy metabolism, and a predisposition to breast cancer. Loss of CRBP2 impairs 

retinol absorption during low or normal vitamin A dietary intake, resulting in pup death 

during low intake, but is tolerated when diets contain copious vitamin A. Variations in 

CRABP1 & 2 and FABP5 expression affect severity of multiple human cancers. Despite 

advances in knowledge concerning retinoid BP functions in the last 40 years, much still 

remains to learn about enzymatic and other protein partners, and the physiological 

consequences of diminished BP expression. Although cancer has been a focus of diseases 

related to aberrant BP expression, given the functions of retinol through its major metabolite 

atRA, it is reasonable to expect that retinoid BP will affect the immune system and the 

nervous system, to cite just a few atRA dependent processes.
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Abbreviations

1 RA 13-cis-retinoic acid

atRA all-trans-retinoic acid

BP binding-protein(s)

CRABP cellular retinoic acid BP

CRBP cellular retinol BP

CYP cytochrome P-450

FABP fatty acid BP

LCFA long-chain fatty acids

LD lipid droplet(s)

LRAT lecithin:retinol acyltransferase

PPAR peroxisome proliferator activated receptor

RAR retinoic acid receptor(s)

RALDH retinal dehydrogenase(s)

RDH retinol dehydrogenase(s)

RE retinyl ester(s)
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Fig. 1. 
Impact of CRBP1 and 2 on retinal reduction and RE biosynthesis. a) Model of CRBP2 

actions in the intestinal enterocyte that direct retinoids into RE formation and arrests atRA 

biosynthesis. A brush border REH converts dietary vitamin A esters into retinol for 

absorption (Rigtrup & Ong, 1992; Rigtrup et al., 1994a; Rigtrup et al., 1994b). Alternatively, 

metabolism of carotenoids produces retinal. CRBP2 directs retinoids into RE formation and 

prevents atRA biosynthesis (Kakkad & Ong, 1988). b) Michaelis-Menten relationships of 

CRBP2-mediated retinal reduction and retinol esterification (Ong et al., 1987; MacDonald & 

Ong, 1988b). c) Kinetic constants demonstrating holo-CRBP2 channeling retinol through 

protein-protein interactions into RE biosynthesis. d) Model showing CRBP1 and 2 actions in 

liver directing retinol to LRAT for RE formation (Ong et al., 1988; MacDonald & Ong, 

1988a; Yost et al., 1988; Randolph et al., 1991; Herr & Ong, 1992). e) Kinetic constants that 

illustrate ability of holo-CRBP1 to deliver retinol through protein-protein interaction to 

LRAT for RE biosynthesis in liver.
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Fig. 2. 
Apo-CRBP1 enables mobilization of RE. a) Kinetics of apo-CRBP1 inhibiting LRAT and 

stimulating endogenous RE hydrolysis (Herr & Ong, 1992; Boerman & Napoli, 1991). b) 

Model relating actions of apo-CRBP1 to cellular retinoid homeostasis. Apo-CRBP1 acts as a 

sink to draw retinol into cells from the serum BP, RBP4, and also signals cell retinoid status. 

In the absence of apo-CRBP1, CRBP1 directs retinol into RE formation, while maintaining 

atRA biosynthesis. As apo-CRBP1 increases, inhibition of LRAT preserves remaining holo-

CRBP1 to support atRA biosynthesis.
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Fig. 3. 
Contribution of CRBP1 to atRA homeostasis. a) Crosslinking with holo-CRBP1 identified 

RDH as members of the short-chain dehydrogenase/reductase gene family (SDR) by radio-

iodinating this CRBP1 target enzyme (Boerman & Napoli, 1995). b) Michaelis-Menten 

kinetics confirmed ability of holo-CRBP1 to deliver retinol to RDH. The lack of change in 

Km or Vm with differences in the ratio CRBP1/retinol further confirmed direct interaction 

between holo-CRBP1 and RDH (Posch et al., 1991). c) Illustration of CRBP1’s impact on 

the amount of “free” retinol, calculated using a kd value of 2 nM. d) Kinetics of the 

reductase DHRS4 with free retinal or CRBP1-retinal (Lei et al., 2003). e) Inhibition of the 

DHRS4 reaction by apo-CRBP1, illustrating the mechanism of a decreased Vm with 

CRBP1-retinal as substrate shown in d. The filled blue symbols show that partial 

sequestration of retinal does not lower the reaction rate, indicating that both free and bound 

retinal are available as substrate. The red symbol shows the impact of equimolar amounts of 

BP and retinal, indicating ability of apo-CRBP1 to inhibit DHRS4.
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Fig. 4. 
Interactions of RALDH1 and 2 with CRBP1. A) Model depicting ability of cytosolic 

RALDH to access retinal generated in microsomes by RDH. CRBP1 acts as intermediate 

delivering retinal to the tetrameric RALDH for conversion into atRA. b) Kinetics of retinal 

generation from free retinal or CRBP1-bound retinal by RALDH1 (Penzes et al., 1997). A 

2/1 ratio of CRBP1/retinal ensured total binding of retinal. The Vm from this ratio was 

lower than from retinal because apo-CRBP1 inhibits RALDH1. c) A plot allowing 

calculation of the Vm in the presence of an exact 1/1 ratio of CRBP1/retinal (red point). This 

approach showed that the Vm with no apo-CRBP1 present was 91% of the value using free 

retinal, which could occur only with direct interaction between CRBP1 and RALDH1. d) 

Michaelis-Menten kinetics illustrating channeling between CRBP1 and RALDH2, and lack 

of inhibition of RALDH2 by apo-CRBP1 (Wang et al., 1996).
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Fig. 5. 
LRAT, RDH10 and CRBP1 co-localize around LD during RE biosynthesis. Confocal 

microscopy of LRAT, CRBP1 and RDH10 with fluorescent reporters (Jiang & Napoli, 2012; 

Jiang & Napoli, 2013). LRAT localizes around LD containing RE, as does CRBP1. White 

arrows designate LD. RDH10 also concentrates on LD surfaces. This places LRAT and 

RDH10 at a major source of substrate for their reactions and also places the enzymes with 

the substrate delivery vehicle CRBP1. CRBP1 does not associate as tightly with LD as the 

two enzymes, consistent with its function of conducting retinol from the cell membrane to 

LD. These data suggest that LD act as organelles of hormone generation.
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Fig. 6. 
Functions of atRA BP. a) Structure of atRA designating two of the carbons oxidized by 

CYP26, C4 and C18. b) Michaelis-Menten kinetics revealing the differences between 

catabolism of free atRA vs. CRABP1-bound atRA. The reaction with BP was done with a 

3/1 ratio of total CRABP1 to atRA to ensure lack of free atRA, yet enhanced the reaction 

rate at low concentrations of substrate. The reaction with BP-bound atRA followed typical 

Michaelis-Menten kinetics, whereas that of unbound atRA seemed unsaturable at 

concentrations that exceed the concentrations of atRA in tissues. The table shows the effects 

of binding atRA and two of its metabolites on their rates of catabolism, suggesting high 

concentrations of catabolites bound to CRABP contribute to atRA toxicity by blocking 

further catabolism of atRA (Fiorella & Napoli, 1991, 1994). c) Rate of 4-OH-atRA 

biosynthesis from free atRA or albumin bound atRA showing that not all protein-bound 

atRA behaves similar to CRABP-bound atRA. Michaelis-Menten kinetics illustrating 

protein-protein interactions between recombinant CYP26B1 and CRABP1 and 2. Impact of 

CRABP1 and 2 on the ability of recombinant CYP26B1 to catalyze atRA catabolism, 

indicating inhibition of CRP26B1 by the two atRA BP (Nelson et al., 2016). d) Effect of 

increasing the RAR concentration on the rate of transfer of atRA from BP. The decrease in 

the transfer rate indicates that only CRABP2 directly interacts with RAR (Dong et al., 

1999). e) Summary of CRABP and FABP5 functions.
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Fig. 7. 
Structure-activity relationships of retinoid BP. a) Ribbon diagram of CRBP1 illustrating the 

entrance portal, key residues, orientation of retinol in the binding pocket, and the structure of 

the β-clam (Cowan et al., 1993; Franzoni et al., 2002; Lu et al., 2003; Careri et al., 2006; 

Mittag et al., 2006; Franzoni et al., 2010; 2016 Silvaroli et al., 2016). Red shows the 

hydroxyl group of retinol. Structure PDB ID 5HBS, NCBI. b) Partial structure focusing on 

interactions of entrance portal residues with each other and with the β-ionone ring. Red 

depicts the retinol hydroxyl group. c) Partial space-filling structure illustrating close contacts 

of residues in the entrance portal. Red illustrates the β-ionone ring. d) Total space-filling 

structure of CRBP1 showing sequestration of retinol from the cellular milieu, and residues 

that project from the αII helix out from the BP, which serve as putative “handles” that allow 

enzymes to tease retinol from the BP. Red indicates the β-ionone ring. e) Differences in 

proteolysis rates between apo- and holo-BP. BP were exposed to the endopeptidase Arg-C 

(clostripain). Degrees of proteolysis were analyzed by SDS-PAGE: scale: 0, no proteolysis; 

1, low (<50%); 2, moderate (>50%); 3, complete. These data were obtained after 1 hour 

incubation, but holo-forms remained protease resistant up to 20 hours (Jamison et al., 1994). 
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f) Effects of point mutations on ability of CRBP1 to deliver retinol to RDH, ligand affinity 

and rigidity (proteolysis rate) (Penzes and Napoli, 1999). g) Structure of CRABP1, which 

folds similarly to CRABP2, showing the carboxyl group (red) of atRA and the location of 

the three residues that enable RAR binding in CRABP2. Structure PDB ID 1CBR, NCBI.
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Table 1
Characteristics of retinoid BP

Specified tissues represent sites of most intense expression.

BP Specificity kd (nM)d Tissue distribution References to kd values

CRBP1 (Rbp1) retinol
retinal

0.1 to 3
9

extensive Li et al., 1991; Malpeli et al., 1995; Kane 
et al., 2011

CRBP2 (Rbp2) retinol
retinal

10
11

limited (intestinal enterocytes) Li et al., 1991; Kane et al., 2011

hCRBP3a (RBP5) retinol
retinal

60 <CRBP1 & >CRBP2 (liver and 
kidney)

Folli et al., 2001

mCRBP4b,c (Rbp7) retinol 109 limited (heart, muscle, adipose, 
mammary)

Vogel et al., 2001; Folli et al., 2002

hCRBP4 (RBP7) retinol 200 extensive Folli et al., 2001

CRABP1 atRA = 
metabolites ≫ 

isomers

0.4–16 widespread Ong & Chytil, 1978; Fiorella et al., 1993; 
Norris et al., 1994; Wang & Yan,1997

CRABP2 atRA ≫ RA 
isomers

2–14 limited (skin, uterus, ovary) Giguère et al., 1990; Fiorella et al., 1993; 
Norris et al., 1994; Wang & Yan, 1997

FABP5 atRA
LCFA

35
15–20

many (liver) Shaw et al., 2003a; Schug, et al., 2007b; 
Levi et al., 2015b

a
The mouse does not express an ortholog of human CRBP3. Many other species express all retinoid BP.

b
Mouse CRBP4 is the only CRBP that binds 13-cis-retinol and 9-cis-retinol with kd values similar to all-trans-retinol.

c
Originally also named CRBP3, but encoded by a homologous gene.

d
For technical reasons, where a range of values are given, the lower values are probably more accurate.
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