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ABSTRACT 

Involvement of Cellular Retinoic Acid (CRABP) or Retinol 

(CRBP) Binding Proteins and 1,25-dihydroxyvitamin 03 (1,25(OH)203) 

receptors in the response of cultured cells to retinoic acid and 

1,25(OH)203 was examined. A new method for saturation analysis of 

CRABP and CRBP was applied to human tumors, human neuroblastoma cells, 

which retinoic acid causes to differentiate, and a bioselected subline 

resistant to retinoic acid. These data suggest that CRABP may not 

mediate cell differentiation by retinoic acid. In oth~r studies, 

1,25(OH)203 receptors and bioresponses were ch~racterized in cultured 

primate cells. Rhesus monkey kidney cells (LLC-MK2) were resistant to 

1,25(OH)203-dependent induction of 25(OH)0-24-hydroxylase enzyme. The 

E050 in LLC-MK2 cells was 10-100 fold higher than in other cultured 

cells. This resistance resulted from a low affinity receptor. Since 

the LLC-MK2 variant receptor did not differ in size from the wild type 

rhesus 1,25(OH)203 receptor, (Mr = 52 kOa) a subtle alteration in the 

receptor likely caused the decreased ligand affinity. Also of 

interest was the possible cellular resistance to 1,25(OH)203' in the 

owl monkey (Aotus trivurgatus), which generally occurs in new world 

primates. Owl monkey kidney (OMK) cells had the same content of 

receptors f?r 1,25(OH)203 and sensitivity to this hormone as cells 

from the rhesus monkey (old world primate). The E050 for induction of 

24hydroxylase was 2-3 nM in both the OMK cells and the rhesus monkey 

fibroblasts. Both cells contained 2300 high affinity receptor 

xi 



molecules per cell, which bound DNA and were characterized by immuno

blot as 52 kOa proteins. 1,25(OH)203 treatment increased the content 

of 1,25(OH)203 receptors in OMK cells, by increasing the synthesis of 

receptor mRNA. These data indicate the owl monkey is not resistant to 

1,25(OH)203' unlike other new world primates. This finding was con

firmed independently by demonstration that the owl monkey maintained 

mean serum 1,25(OH)203 levels (29 pg/ml) in the range of old world 

primates <33 pg/ml) and humans, in contrast to the elevated 

1,25(OH)203 in other new world primates (97-129 pg/ml). This result 

suggests the alteration of 1,25(OH)203-endocrine dynamics in new world 

primates occurred subsequent to the evolutionary divergence of the owl 

monkey. 

xii 



CHAPTER 1 

INTRODUCTION 

The elucidation of the roles of the fat soluble nutritional 

principles, vitamins A and 0, are textbook examples of the application 

of biochemical techniques to provide fundamental insights into nutri

tional physiology. A brief history of the pioneering research in 

these areas as well as a summary of our current knowledge of the 

molecular mechanisms by which these essential compounds exert their 

effects at the cellular level will be provided in this chapter. These 

topics are the subject of several recent reviews (1-8) and will not be 

extensively referenced in this chapter. 

Fat Soluble Vitamin A 

In 1909 Stepp demonstrated the existence in egg yolk of a fat

soluble nutritional principle essential for the sustenance of mice 

grown on lipid free diets. These studies were confirmed and extended 

largely through the efforts of E.V. McCollum, who named the widely 

occurring, lipid soluble, growth promoting substance Fat-Soluble A, to 

distinguish it from the water soluble essential nutrients (Water 

Soluble B). In 1920 Drummond suggested the name vitamin A for this 

factor which was absolutely essential for viability. It was rapidly 

recognized that this substance could prev'ent xerophthalmia and night 

blindness in addition to promoting growth and health. The structure 

1 
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of vitamin A (retinol) was determined by Karrer who also recognized 

its relationship to the plant pigment a-carotene. 8-Carotene was 

later shown to be a nutritional precursor to vitamin At as are the 

long chain fatty acyl esters of retinol, which are found in animal 

tissues. In a classic study, Wolbach and Howe demonstrated that 

vitamin A deficiency resulted in improper differentiation of 

epithelial tissues (9). The normal mucociliated epithelia were 

replaced by keratinized squamous epithelia in vitamin A deficient 

animals. In the testes the germinal epithelia atrophied and 

spermatogenesis was halted. These lesions were all reversible 

following vitamin A supplementation. The studies described above 

underscore the importance of vitamin A and its physiologic necessity. 

Metabolites of Vitamin A 

The diverse actions of vitamin A are now considered to be 

mediated by more than one biologically active substance. Collective-

ly, the naturally occurring vitamin A compounds and their synthetic 

analogs are known as retinoids. 

Functions of Fat Soluble Vitamin A 

Reproduction Visual Cycle Growth; 
Epithelial Cell 
DiHerentiation 

Figure 1. Structure and function of vitamin A metabolites. 
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The structures of the three naturally occurring vitamin A 

derivatives with currently recognized biologic functions are depicted 

in Fig. 1. As indicated by the arrows, these compounds are subject to 

interconversion in various animal tissues. Retinol (vitamin A 

alcohol) the parent compound displaying a hydroxyl function at carbon 

15 is essential for maintenance of reproductive capability owing to 

its marked effect on the germinal epithelia. Retinal (vitamin A 

aldehyde) is formed enzymatically, in the intestinal wall from 

S-carotene, or peripherally via oxidation of retinol. The biologic 

role of this compound as the chromophore of the visual pigment, 

rhodopsin, is understood much better at the molecular level than those 

of either retinol or retinoic acid. The latter compound contains a 

carboxyl function at carbon 15 and is derived from retinol or retinal 

via enzymatic oxidation in a variety of tissues. This enzymatic 

conversion is irreversible. Therefore, animals maintained on a 

vitamin A deficient diet supplemented with synthetic retinoic acid 

grow normally and maintain healthy epithelial tissues but are blind 

and sterile (10). This fact suggests retinoic acid exerts the growth 

promoting and epithelial differentiating activities of vitamin A. 

Therefore, the compounds retinol and retinal apparently function at 

the molecular level in the processes of reproduction and vision, 

respectively. 

The observation that the morphology of vitamin A-deficient 

epithelial tissues is strikingly similar to the squamous metaplasia 

which follows application of chemical carcinogens to animal tissues, 
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has greatly stimulated research into the relationship between 

retinoids and cancer (3,4). These studies clearly indicate that 

retinoids display antineoplastic effects, which most likely result 

from the ability to control proliferation and differentiation. 

Retinoids suppress the development of a variety of experimentally 

induced epithelial malignancies, including bladder, breast and skin 

cancers, in experimental animals (4). Retinoids prevent malignant 

transformation of cultured cells treated with chemical carcinogens, 

transforming growth factors or Y-irradiation (3). They also sup

press the growth of a variety of cultured cells. Retinoids also 

effect the differentiation of several types of cancer cells to a 

differentiated, less malignant phenotype. Despite these potent 

effects in vitro, the results of retinoid treatment of human malig

nancies have been quite variable (11). This finding may stem in part 

from the toxicity. of large doses of retinoids, which limits their 

therapeutic value. However, neoplastic cells still remain a valuable 

tool for the characterization of retinoid action on both cell prolif

eration and differentiation. 

Mechanism of Retinoid Action 

Despite decades of intense research, there is no current 

unifying hypothesis regarding the molecular events by which retinol 

and retinoic acid exert their effects on epithelial tissues. HQwever, 

two recently proposed mechanisms have received experimental support. 

The first hypothesis is that retinoids control the gene expression of 

target cells via interaction with specific intracellular receptors in 



a manner analogous to that of steroid hormones (4). High affinity 

cytosolic binding proteins for retinoic acid and retinol have been 

identified in a variety of vitamin A target tissues and cultured 

cells (4). 
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These proteins designated cellular retinoic acid binding pro

tein (CRABP) and cellular retinol binding protein (CRBP) display 

molecular weights of 15,000 and bind their respective ligands with 

high affinity (Kd = 10-9 - 10-8M) and specificity. Like steroid 

hormone receptors, these proteins have a critical sulfhydryl residue 

in their ligand binding domains and hence are sensitive to alkylating 

agents and organo-mercurials (12). In contrast to the receptors for 

steroid hormones and vitamin 0, CRABP and CRBP do not associate 

tightly with DNA. Reconstitution experiments have demonstrated that 

CRBP can deliver retinol to chromatin in a specific, saturable fashion 

(13). CRBP itself, however, does not remain in the nucleus, presum

ably indicating that transfer of retinol to an unidentified chromo

somal acceptor protein is effected by CRBP. The number of acceptor 

sites is greater in chromatin from vitamin A deficient animals than in 

vitamin A replete chromatin suggesting these results may be physiol

ogically significant, although more definitive experiments will be 

required for substantiation of this conclusion. Whole cell uptake 

experiments have demonstrated the nuclear localization of 

[3H]~retinoic acid in cultured cells. These experiments indicated the 

[3H]-retinoic acid was complexed with CRABP in the nucleus, unlike the 

results for CRBP. However, these studies failed to demonstrate that 



the nuclear localization of CRABP was not an artifact of cell frac

tionation (14). 
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Following nuclear localization of retinoic acid or retinol it 

is postulated that both DNA synthesis and transcription are altered, 

thus effecting the response of the cell to the vitamin derivatives. 

Administration of retinoic acid or retinol to vitamin A deficient 

animals results in altered mRNA expression as judged by homologous and 

heterologous hybridization studies (16). In vitro translation of mRNA 

from vitamin A deficient and supplemented animals reveals that admin

istration of retinoic acid or retinol rapidly alters the pattern of 

polypeptides produced, providing further evidence for retinoid induced 

changes in gene expression. Retinoic acid induced differentiation of 

HL-60 human myeloid leukemia cells is accompanied by a rapid decline 

in c-myc oncogene expression (17). The results of these studies, 

taken together, indicate retinoids do influence gene transcription 

although they provide no direct insight into the mechanism of these 

effects. 

The second hypothesis is that retinoids control cell growth 

and/or differentiation via posttranslational alterations in cell sur

face glycoprotein synthesis (2). This mechanism is based on the 

observations that retinol and a metabolite of retinoic acid can be 

phosphorylated and act as carrier molecules for mannose. Thus, these 

compounds may participate in cell surface glycosyl transfer reactions 

in a manner similar to dolichol phosphate. Presumably, retinoid 

induced alterations in cell surface glycoproteins modulate the inter

action of the cell with neighboring cells and the extracellular 
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environment. Retinoid treatment of 3T6 fibroblasts is known to alter 

both epidermal growth factor binding to its glycoprotein receptor and 

subsequent mitogenic effects (17). The extranuclear hypothesis of 

retinoid action has received experimental support from stUdies with 

enucleated cells (18). Retinoic acid treatment of enucleated cells 

reverses the tumor promoter (TPA)-induced cell surface shedding and 

decreased synthesis of fibronectin. Fibronectin is an important 

membrane molecule involved in cell-substratum adhesion and in this 

capacity may playa significant role in regulation of cell growth. 

These experiments dramatically demonstrate that some effects of 

retinoids are mediated via extranuclear pathways. However, retinoid 

induced differentiation of epidermal keratinocytes, which is accom

panied by altered keratin synthesis that results from transcriptional 

regulation clearly underscores the participation of retinoids in the 

control of nuclear events (19). Therefore, at the present time it is 

not possible to determine whether one or both of the putative mech

anisms of retinoid action is directly involved in the control of 

epithelial growth and differentiation. Studies with cultured cells 

have indicated that retinoid suppression of monolayer growth does not 

correlate with the presence of CRABP and CRBP, suggesting that these 

proteins are not obligate mediators of the antiproliferative effects 

of retinoids (3). In the case of retinoic acid induced cell di£feren

tiation, there is a strong correlation with the presence of CRABP. 

Moreover, mutant embryonal carcinoma cells which do not differentiate 

in response to retinoic acid were found to lack CRABP providing 
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important evidence for the involvement of this macromolecule in these 

events (20). The above observations may suggest that cell differen

tiation is controlled via CRABP mediated nuclear action while the 

antiproliferative effects may be exerted through extranuclear pathways 

involving modulation of signals controlling cell growth. 

Fat Soluble Vitamin 0 

In 1922 E.V. McCollum proposed the name vitamin 0 for the 

lipid soluble substance found in cod liver oil which prevented bone 

disease (rickets) in animals raised on lipid free diets. Thus this 

nutritional factor was clearly distinguished from the previously 

recognized growth promoting agent vitamin A, also contained in fish 

liver oils. The structure of vitamin 0 was described by Windaus in 

1936. Vitamin 03 or cholecalciferol (9,10-seco-5,-7,10(19)

cholestatrienol) is recognized as the naturally occurring form of 

vitamin 0 which is produced in the skin of birds and mammals from 7-

dehydrocholesterol via ultraviolet light induced photolysis and 

thermal rearrangement. Nutritional intake of this compound is only 

required when access to ultraviolet radiation is limited, as occurred 

during the industrial age in England. Therefore, this agent is not 

strictly a vitamin. 

Subsequent to its identification, vitamin 0 was demonstrated 

to control blood calcium and phosphorus levels, insuring an adequate 

supply for the mineralization of bone as well as the multitude of 

vital cellular functions requiring calcium (5). It was quickly recog

nized that this action of vitamin 0 involved primarily the intestine, 
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kidney and bone, where vitamin 0 acts to stimulate absorption or 

reabsorption of calcium and 'phosphate resulting in increased serum 

concentrations of these essential minerals. It is now recognized that 

the control of serum calcium and phosphorus levels is accomplished via 

a complex interaction of vitamin 0, and the peptide hormones, para

thyroid hormone (PTH) and calcitonin. 

Metabolism of Vitamin 0 

Pivotal observations regarding the biochemical mechanism of 

vitamin 0 action were made in the 1960's following the synthesis of 

radioactive (tritiated) vitamin 03• Subsequent studies suggested 

vitamin 0 was biologically activated to metabolites which were more 

potent and displayed a more rapid onset of effects (5,7,8). In 1968 

Haussler et a1 demonstrated the saturable localization of a biologic

ally active, polar metabolite of vitamin 0 in target tissue (intes

tinal) chromatin, following vitamin 0 administration (21). It was 

subsequently demonstrated that this metabolite was bound to a chrom

osomal protein, which could be extracted with Ke1, and displayed a 

molecular weight of 50,000-70,000 as determined by gel filtration 

analysis. This biologically active metabolite was later identified as 

1,25(OH)203 (22) and was shown to arise from sequential hydroxy1ations 

of vitamin 03 in the liver and kidney. This compound is now generally 

cons~dered to act as a steroid hormone. In agreement with the potency 

of 1,25(OH)203' its synthesis is tightly regulated, this being 

accomplished by delicate control of the specific activity of the renal 

1a-hydroxy1ase enzyme (24). This key enzyme is stimulated by 
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hypocalcemia, hypophosphatemia and PTH. la-hydroxylase activity is 

inhibited by hypercalcemia and (in an indirect fashion) by the product 

of its reaction, 1,25(OH)2D3. In addition to controlling its own 

synthesis, the hormone also induces its catabolism via the 24-hydrox-

ylase pathway, the ultimate products of which are excreted via the 

biliary tree. Thus, the synthesis, degradation and excretion of 

1,25(OH)2D3 are all tightly regulated in response to its action. 

1,25(OH)2D3: Receptors and Actions 

It is now clear that the key to the molecular action of 

1,25(OH)2D3 (as with all steroid hormones) is its receptor 

protein (7). As originally demonstrated by Brumbaugh and Haus~ler, 

these proteins bind 1,25(OH)2D3 with high affinity and spec-

ificity (24). Following the identification of 1,25(OH)2D3 receptors 

in intestine, biochemically similar proteins were identified in the 

remaining traditional vitamin D target organs, parathyrold gland, bone 

and kidney (7). Because 1,25(OH)2D3 receptors are extremely rare and 

labile proteins, their physical characterization has remained an 

arduous task. 1,25(OH)2D3 receptors sediment as 3.0-3.7S proteins in 

high salt sucrose gradients. 1,25(OH)2D3 receptors from a variety of 

sources bind 1,25(OH)2D3 with high affinity (Kd = 10-11 M). In 1979 it 

was demonstrated that 1,25(OH)2D3 receptor-hormone complexes are DNA

binding proteins, a highly significant finding in light of their known 

nuclear localization and their putative function as modulators of gene 

transcription (25). Unoccupied 1,25(OH)2D3 receptors also bind to DNA 

and the affinity of this interaction is enhanced by hormone binding. 
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The observation that the unoccupied receptor is a DNA-binding protein 

suggests that it will be localized in the nucleus under physiological 

conditions, although "this has not been conclusively proven. 

As stated above, 1,25(OH)2D3 receptors are extremely Fare 

cellular proteins. In the chick intestine, the tissue with the 

highest receptor concentration, these proteins constitute approximate

ly 0.003 percent of the soluble protein. This has made their isola

tion and characterization an Herculean task. Pike et al purified the 

chick intestinal receptor 10,000 fold to approximately 20 percent 

homogeneity and used this material to generate monoclonal anti-

bodies (25,26). These antibodies cross react extensively with mam

malian 1,25(OH)2D3 receptors and have been extremely useful in the 

structural analysis of these proteins. SDS-polyacrylamide gel elec

trophoresis of avian and mammalian receptors with subsequent immuno

detection indicates these proteins display species dependent varia

tions in molecular weight, ranging in size from 50,000-60,000 dal

tons (7). There is, however, no evidence for heterogeneity of 

1,25(OH)2D3 receptors from different tissues within a given species. 

While it is clear that 1,25(OH)2D3 receptors are highly conserved 

proteins, which function to bind both DNA and hormone, there is no 

direct evidence available regarding the subsequent events which lead 

to altered gene expression within the target cell. 

In addition to the traditional vitamin D target organs, 

1,25(OH)2D3 receptors have more recently been identified in an 

extensive variety of tissues and cultured cells (6-8). These data, 
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which have been accumulated both by classical ligand binding technique 

and autoradiographic localization of high specific activity 

1,25(OH)2[3HJD3, suggest that 1,25(OH)2D3 may participate in many 

physiologic functions in addition to the traditional role in calcium 

homeostasis. 1,25(OH)2D3 receptors have been identified in brain and 

spinal cord neurons, pituitary thyrotrophs and pancreatic beta-cells, 

suggesting that 1,25(OH)2D3 may be directly involved in neuroendocrine 

physiology. In addition to these potential neuroendocrine target 

tissues, 1,25(OH)2D3 receptors have been identified in lymphocytes, 

monocytes, and myelogenous leukemia cells. This identification of 

1,25(OH)2D3 receptors in divers~ cell types within the immune system 

reveals that 1,25(OH)2D3 may directly influence the immune response. 

1,25(OH)2D3 causes differentiation of human HL-60 promyelocytic 

leukemia cells into macrophage like cells which display many of the 

functional properties associated with this cell type (27). These 

events may be related to the known function of 1,25(OH)2D3 to increase 

the number of multinucleated bone resorbing cells (osteoclasts) in 

vivo, which are believed to originate via fusion of bone marrow mono

cyte precursors. 

Cultured cells derived from traditional vitamin D target tis

sues have also allowed the examination of the mechanism by which 

1,25(OH)2D3 exerts its action at the cellular level. The inhibition 

of 1a-hydroxylase activity and the induction of 24-hydroxylase activ

ity by treatment of cultured renal cells with 1,25(OH)2D3 are 

inhibited by actinomycin D and cycloheximide, indicating that these 



events require active synthesis of mRNA and proteins (28). Studies 

with osteoblastic (bone forming) cells also have demonstrated the 

dependence of 1,25(OH)2D3 action on genomic expression (29). The 

actinomycin D sensitive response of cultured renal cells to 
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1,25(OH)2D3 is temporally related to nuclear localization of 

1,25(OH)2[3HJD3 which is a rapid event, occurring within 2 hours (30). 

The dose response relationships of cultured cells treated with analogs 

of vitamin D closely parallel the affinity of these compounds for the 

1,25(OH)2D3 receptor, providing strong evidence that the receptor is 

the mediator of these cellular responses (30,31). These studies 

indicate that 1,25(OH)2D3 exerts its effects via actions on genomic 

expression, which are mediated by the 1,25(OH)2D3 receptor protein. 

Therefore, 1,25(OH)2D3 functions as a steroid hormone in the claSSic 

sense. 

Vitamin D Resistance 

Perhaps the best evidence that 1,25(OH)2D3 is the bioactive 

metabolite of vitamin D and that 1,25(OH)2D3 receptors are the molec

ular mediators of vitamin D action, has been provided by the analysiS 

of human clinical syndromes of peripheral resistance to vitamin D 

(32). These syndromes are characterized by hypocalcemia and racQitic 

bone disease despite adequate dietary intake of vitamin D and calcium. 

It is now recognized that these rare, hereditary syndromes result from 

heterogeneous defects and are now further classified into a type I 

disease and a type II disease. Vitamin D Dependent Rickets (VDDR) -

type I results from genetic dysfunction of the renal la-hydroxylase, 
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the primary etiology of the disease, therefore is lack of 1,25(OH)2D3 

and the patients respond readily to treatment with 1,25(OH)2D3- In 

contrast patients with VDDR-II have normal to high serum 1,25(OH)2D3 

levels and the etiology of the disease is target organ resistance to 

the hormone. Studies with both cultured bone cells and fibroblasts 

derived from VDDR-II patients have revealed that this disease stems 

primarily from dysfunctional receptor proteins (32). Three main 

classes of defects (phenotypes) have been described_ These phenotypes 

are i) hormone binding deficient, lack of hormone binding activity in 

cellular extracts; ii) nuclear binding deficient, receptors which bind 

hormone in vitro, but do not accumulate within the nucleus; iii) post 

receptor defect, receptors which bind hormone and nuclei but do not 

result in functional responses. The majority of patients examined 

display the hormone binding deficient phenotype. Extracts of cultured 

fibroblasts from several patients displaying this phenotype have been 

probed with monoclonal anti-receptor antibody and were found to con

tain immunoreactive receptor material, indicating that hormone 

resistance results from synthesis of defective receptor proteins but 

not from genetic deletion of the gene encoding the receptor pro-

tein (33). Many patients with the hormone binding deficient phenotype 

of VDDR-II respond to treatment with massive doses of 1,25(OH)2D3 (32) 

suggesting that this receptor functions to bind hormone although with 

greacly reduced affinity. 
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At the present time there is little doubt that 1,25(OH)2D3 is 

the active form of vitamin Do The studies reviewed in this chapter 

clearly indicate that the 1,25(OH)2D3 receptor is critically involved 

in the molecular functions of 1,25(OH)2D3. In contrast, the active 

metabolites of vitamin A are still under investigation as are the 

involvements of CRABP and CRBP in retinoid mediated responses. 

The goal of this dissertation is to provide insight into the 

cellular proteins which bind metabolites of vitamins A and D, as well 

as to examine their necessity in the cellular function of these metab

olites. The studies described herein make extensive use of cultured 

cells which are biochemically resistant to the actions of the biolog

ically active metabolites of vitamins A or D. Such cells provide 

unique laboratories for the investigation of the components and events 

which are crucial to the action of these potent biological modifiers. 

In chapter 2 the characterization of CRABP and CRBP in cul

tured cells via ligand binding techniques is described. In addition, 

the quantitation of CRABP in human neuroblastoma cells, which dif

ferentiate in response to retinoic acid, and in a bioselected retinoic 

acid resistant substrain is reported. This study reveals the presence 

of this protein is not sufficient for cellular responsiveness to 

retinoic acid. 

In Chapter 3 the identification of a low affinity 1,25(OH)2D3 

receptor protein, and the characterization of its involvement in the 

response of cultured LLC-MK2 rhesus monkey kidney cells to 



1,25(OH)203' are described. Chapter 4 presents the further charac

terization of this variant receptor via ligand binding and imrnuno

chemical techniques as well as the comparison of the properties of the 

low affinity mutant receptor with those of the wild type rhesus monkey 

1,25(OH)203 receptor. The study described in Chapter 5 examines 

whether the owl monkey, a new world primate, is resistant or respon

sive to 1,25(OH)203. The unique conclusion is reached that the owl 

monkey, in contrast to other new world primates, is as responsive to 

1,25(OH)203 as the old world primates. 



CHAPTER 2 

SATURATION ANALYSIS OF CELLULAR 

RETINOID BINDING PROTEINS: 

Application to Retinoic Acid Resistant Human 

Neuroblastoma Cells and to Human Tumors 

Summary 

A method for saturation analysis of cellular retinoic acid and 

retinol binding proteins, CRABP and CRBP, respectively, in cultured 

cells apd human tumor samples, and its application to a retinoic acid 

resistant subline of the human neuroblastoma LA-N-5 cell line is 

described here. Retinoid binding was assessed by incubation of cyto

sols with increasing concentrations of [3H]retinoid (28-43 Ci/mmol) . 

for 24 h. Bound retinoid was separated from free by adsorption with 

dextran coated charcoal. Nonspecific binding was quantitated in 

parallel incubations containing p-chloromercuribenzene sulfonate 

(PCMBS), which selectively eliminates sulfhydryl-dependent ligand 

binding to both CRABP and CRBP. Quantitation was accomplished by 

Scatchard analysis of specific (PCMBS sensitive) binding. Employing 

this technique, specific retinoid binding was attr~buted to the 

presence of 2 S macromolecules which displayed the known propeFties of 

CRABP and CRBP, namely ligand specificity, saturability, high ligand 

affinity and PCMBS senSitivity. The apparent dissociation constants 

(Kd) for retinoic acid binding in cytosols prepared from murine 3T6 
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fibroblasts, rat testes and a human ovarian tumor were 7, 11 and 35 

nM, respectively. These preparations also bound retinol with high 

affinity, exhibiting Kd's of 12, 26 and 48 nM, respectively. A 

retinoic acid resistant subline of LA-N-5 cells, designated LA-N-5-R9 

was established by long-term culture in the presence of 10-6 M 

retinoic acid. This subline is resistant to the effects of retinoic 

acid (requires 10-fold higher concentrations of retinoic acid for 50% 

inhibition of growth than the parent line and displays no retinoic 

acid induced morphologic differentiation). Saturation analysis of 

CRAEP in the parent and resistant subline revealed no significant 

alteration in either CRAEP content or affinity. These results 

indicate that resistance to retinoic acid induced differentiation in 

LA-N-5-R9 occurs distal to CRAEP binding or that CRAEP does not 

mediate this bioresponse to retinoic acid. 

Introduction 

Retinol, retinoic acid and their analogues (retinoids) inhibit 

the development of certain epithelial tUmors (34,35) and alter the 

rate of growth of many transformed cell lines (3,36). Retinoids also 

induce differentiation in embryonal carcinoma, neuroblastoma and 

leukemic cell lines (37-39). Currently, the mechanism(s) of retinoid

induced differentiation and antitumor action are not understood. It 

has been suggested that the effects of retinoida are mediated ~40), in 

part, by the cellular vitamin A binding proteins - cellular retinol 

binding protein (CRBP) and cellular retinoic acid binding protein 

(CRAEP). The most appealing evidence for this hypothesis is the 
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demonstration that the biological effects of various retinoids in 

several systems parallel their affinity for the binding proteins (41). 

Recently, it has been demonstrated that retinol is delivered specif

ically to isolated chromatin via purified CRBP-retinol complexes, 

indicating that CRBP may function to transfer retinol to chromatin 

where it may in turn influence gene expression (13,15). The hypoth

esis that CRABP functions in a similar fashion has also received 

experimental support from studies on the retinoic acid mediated 

differentiation of embryonal carcinoma cells (37,42). Embryonal 

carcinoma cells were later shown to contain CRABP (43) and nuclear 

localization of [3HJretinoic acid-CRABP complexes was observed. 

Further support for mediation of differentiation by CRABP was provided 

by the demonstration that the affinity of a variety of retinoids (41) 

and arotinoids (44) for CRABP correlated well with their potency as 

inducers of differentiation. Furthermore, Schindler et ale have iso

lated retinoic acid resistant embryonal carcinoma cell mutants and 

demonstrated they lacked CRABP (20). However, differentiation 

resistant mutants which contain CRABP have been subsequently 

reported (45). CRABP containing melanoma cell mutants, (46) which are 

resistant to the antiproliferative effects of retinoic acid, have also 

been described. tacroix et ale have derived retinoic acid resistant 

human breast cancer cell sublines by continued culture in the p~esence 

of retinoic acid (18). These sublines were examined for CRABP content 

and affinity by saturation analysis techniques and it was demonstrated 
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that they did not differ in CRABP content or affinity from the 

parental cell line (47). 

Described in this chapter is a method for cellular retinoid 

binding protein analysis, which appears applicable to both whole 

tissues and cultured cells. In addition, the application of this 

technique to a human neuroblastoma cell subline resistant to both the 

antiproliferative and differentiation promoting effects of retinoic 

acid is described. 

Experimental Procedures 

Materials. All-trans-retinol, all-trans-retinoic acid, 

activated charcoal, crystalline bovine serum albumin and PCMBS were 

purchased from Sigma Chemical Co. (St. Louis, MO). 13-Cis-retinoic 

acid and [3H]retinoic acid (28.7-30 Ci/mmol) were gifts from Dr. 

Arnold Liebman of Hoffmann-La Roche Inc. (Nutley, NJ). [3H]Retinol 

(43 Ci/mmol) was generously supplied by Drs. Kelvin Hughes and Martin 

Bye of Amersham International (Arlington Heights, IL). Dextran T-70 

was secured from Pharmacia (Piscataway, NJ). All other chemicals were 

reagent grade or better. Media and sera for cell culture were pur-

chased from Grand Island Biological (Santa Clara, CA). Tissue culture 

plas~icware was obtained from Costar (Cambridge, MA) or Falcon (Ox-

nard, CA). Antibiotics were purchased from Eli Lilly and Co. 

(Indianapolis, IN). . . 

High performance liquid chromatography (HPLC). The 

[3H]-retinoids were routinely analyzed and purified when necessary via 

reversed phase high performance liquid chromatography employing a 
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Beckman model 322 HPLC system. Chromatography was performed on a 

Ultrasphere-ODS-C 18 column (5u; 0.46x25cm) with a mobile phase con

sisting of either 81.5 percent or 88 percent methanol in water con

taining 1 percent ammonium acetate for analysis of Fetinoic acid or 

retinol, respectively (48), at a flow rate of 1 ml per minute. The 

retinoids employed in these studies were greater than 90 percent pure. 

Cells and culture methods. 3T6 (mouse embryo fibroblast) 

cells were obtained from the American Type Culture Collection (ATCC), 

Rockville, MD. Cells were maintained in Dulbecco's modified Eagle 

medium supplemented with 10 percent fetal calf serum. Culture media 

were supplemented with 100 units/ml penicillin and 100 ~/ml strepto

mycin. Cells were grown in monolayer cultures in tissue culture 

plasticware and were routinely subcultured and media changed as neces

sary. Cultures were maintained at 370 C in a humidified atmosphere 

consisting of 5 percent CO2-95 percent air. 3T6 cells from confluent 

cultures were released with Dulbecco's PBS (Ca++- and Mg++-free 0.14 M 

NaCI, 8.1 mM Na2HP04 1.5 mM KH2P04, 2.7 mM KCI, pH 7.4) containing 

0.25 percent trypsin and 0.02 percent EDTA. Cells were washed free of 

serum with Dulbecco's PBS before assays were performed. LA-N-5 and 

LA-N-5-R9 human neuroblastoma cells were cultured in RPMI 1640 con

taining 10% heat-inactivated fetal calf serum, 50 IU/ml penicil~in, 50 

~/ml streptomycin and 1 ~g/ml fungizone. Cells were grown and subcul

tured as previously described (49). Cultures were treated with 

retinoic acid in either ethanol or DMSO; the final vehicle concentra

tion in the culture media was less than 0.1% and 0.05%, respectively. 
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Selection of retinoic acid resistant strains of LA-N-5 cells. 

LA-N-5 cells were cultured as described above in the presence of 10-6 

M retinoic acid for 4 weeks at which time the outgrowth of multiple 

foci of cells was observed. These foci of morphologically undiffer

entiated cells were then subcultured in the continued presence of 10-6 

M retinoic acid for 6 months, followed by culture in media without 

retinoic acid. These cells designated LA-N-5-R9 have retained the 

retinoic acid resistant phenotype for up to 3 months in the absence of 

retinoic acid. 

Assessment ££ retinoic acid induced morphologic differentia

tion ~ anti-proliferative effects. Measurement of cellular differ

entiation into neuron-like cells was performed exactly as de-

scribed (49). [3HJThymidine incorporation was performed as de

scribed (49), with the modification that thymidine incorporation was 

measured after 6 days of culture in the presence of either retinoic 

acid or vehicle. 

Tissue specimens. Testes were obtained from 150 g male 

Sprague-Dawley rats, freed of epididymis and fat, and used immediately 

for cytosol preparation. Samples of human tumors were obtained 

incidentally from operative specimens in a protocol approved by the 

University of Arizona Committee on Human Experimentation. Tissue 

specimens were frozen in liquid nitrogen and stored at -800 C until 

analY~ed. Histopathological examination confirmed the diagnosis of 

cancer in all cases. 
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Cytosol preparation. Cultured cells were sonicated in 1 ml of 

ET buffer (1 mM EDTA, 10 mM Tris-HC1, pH 7.4) per 40 x 106 cells and 

centrifuged at 159,000 x ~ for 45 min to obtain a supernatant 

(cytosol) fraction. In the case of tissue specimens, 1~g was homog

enized with a polytron (Brinkmann Instruments) in 5 ml ET buffer and 

centrifuged at 12,000 x ~ for 10 min, with the resulting supernatant 

being centrifuged at 159,000 x ~ for 45 min to yield the cytosol frac

tion. 

Sucrose gradient analysis. Cell cytosols, prepared as de

scribed above, were diluted with an equal volume of either 4 mM PCMBS 

in ET buffer or ET buffer alone and pre incubated for 45 min at 4oC. 

Tumor cytosol was diluted 3:4 (v/v) with either ET buffer or 8 mM 

PCMBS in ET buffer and incubated as described above. For qualitative 

identification of CRBP and CRABP, 0.4 ml of appropriately treated 

cytosol was incubated 4-6 h at 40 C with 50 nM of the appropriate 

[3HJretinoid alone, or in combination with a 100-fold excess of radio

inert retinol or retinoic acid. Immediately prior to addition of 

cytosol, all retinoid solutions were pipetted into 16 x 100 mm boro

silicate tubes and the solvent removed with a stream of nitrogen. All 

operations were carpied out in very dim light. After incubation, the 

400 ~l samples were analyzed by centrifugation on 4.6 ml 5-20 percent 

sucrose gradients (in ET buffer containing 0.3 M KC1) at 234,000 x ~ 

for c2 h. Five drop fractions taken from the top of the gradient were 

counted in 5 ml of ACS (Amersham International) scintillation cocktail 
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(26 percent efficiency). Sedimentation markers used were lactoglobu

lin (2.0S), ovalbumin (3.7S) and bovine serum albumin (4.4S). 

Saturation analysis. Freshly prepared cytosols were diluted 

as follows: 3T6, as described in legend to Fig. 3; LA-N-5 and LA-N-5-

R9, 1:10; testis, 1:4; tumor, 1:2; with ET buffer or ET buffer con

taining PCMBS (pH readjusted to 7.4 with KOH) to a final organomerc

urial concentration of 2mM. Incubation with PCMBS was carried out for 

45 min at 40 C to block CRABP/CRBP binding sites for retinoic 

acid/retinol (12). One hundred microliters of diluted cytosol or 

PCMBS treated cytosol was then incubated for 24 h at 40 C with 0-150 nM 

[3HJretinoid (previously pipetted into 12 x 75 mm borosilicate tubes 

and the solvent evaporated with nitrogen gas in very dim light), with 

the former set of incubations yielding total binding and the latter 

giving a measure of nonspecific binding. All points were run in 

triplicate and bound and free retinoid were separated by adding 1 ml 

of 2.5 percent dextran T-70 coated charcoal (50) in gelatin-phosphate 

buffer (0.15 M NaCl, 0.015 M NaN 3, 0.1 M Na2HP04' 0.039 M NaH2P0 4, pH 

7.03, and 0.1 percent gelatin). After 15 min, the charcoal suspension 

was centrifuged at 4000 x ~ for 15 min and the supernatant counted in 

10 ml of ACS (26 percent efficiency). Cytosolic protein was deter

mined by the method of Lowry (51) using crystalline bovine serum 

albumin (Sigma) as standard. 
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Results 

Inhibition of Retinoid Binding to CRABP and CRBP by the Sulfhydryl 

Reagent PCMBS 

Initial studies were carried out with the embryonic mouse 

fibroblast (3T6) cell line. Figure 2A demonstrates the presence of a 

2S macromolecule which binds [3H]retinoic acid in a manner which is 

saturable, i.e., displaceable by a 100-fold excess of unlabelled 

retinoic acid and specific, i.e., relatively unaffected by 100 fold 

excess of radioinert retinol. A similar observation of CRABP in 3T6 

cytosol has been made by Jetten et al (52). Also reported here is the 

presence of CRBP in 3T6 cytosol as evidenced by the specific binding 

of [3H]~etinol to a 2S macromolecule (Figure 2C). To examine the 

effect of PCMBS on the association of CRABP and CRBP with their 

respective ligands, cytosol was pretreated with the organomercurial 

agent and then sedimentation analysis of [3H]retinoid binding was 

performed as before. Pretreatment with 2mM PCMBS completely inhibited 

the formation of specific 2S CRABP- or CRBP-retinoid complexes 

(Figures 2B and D). The presence of a 4S retinoic acid binding macro-

molecule, which probably represents a slight contamination by serum 

albumin (Figure 2B), indicates the selectivity of PCMBS for the 2S 

receptor-like ~oiety. These data verify the effectiveness of PCMBS as 

an inhibitor of retinoid binding to CRABP/CRBP (12), which can be 
. 

employed as a tool for assessing the level of nonspecific binding. 
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Figure 2. Sucrose gradient analysis of retinoid binding in 3T6 cell 
cytosol. 

Cytosol was prepared as described in methods and diluted (1:2) with 
either ET buffer alone (A ani C) or 4 mM PCMBS 1n ET buffer (B and D) 
to the equivalent of 20 x 10 cells/ml (approximately 2.3 mg protein 
per ml) and incubated 45 min at 4oC. (A a~d B): a liquots (0.4 ml) 
were incubated at 40 C for 4 h with 50 nM [ H]retinoic acid alone 
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(-.-) , or in combination with 5 ~M non-radioactive retinol (-0-) or 
retinoic acid (-.... -). (C and D): aliquots (O.4 ml) were incubated at 
40 C for 4 h with 50 nM [3H]retinol alone (-1-), or in combination with 
5 ~ M radio inert retinoic acid (-0-) or retinol (-.... -). Sucrose 
gradient analysis was performed as described in Experimental Pro
cedures. 
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Figure 3. Saturation analysis of retinoid binding in 3T6 cell 
cytosol. 
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Cytosol was prepared and diluted with either ET buffer alone (-1-) or 
ET buffer containing PCMES to a final %oncentration of 2 mM (-A-). 
(A): 1:12 dilution of cytosol <3.3 x 10 cell/ml, 0.37 mg protein/ml) 
was incubated at 40 C for 24 h with increasing concentrations of puri
fied [3H]-all-trans-retinoic acid (28.7 Ci/mmol) and monitored for 
bound li~and by charcoal separation. (C) 1:5.5 dilution of cytosol 
(7.3 x 10 cell/ml, 0.7 mg protein/ml) was incubated with increasing 
concentrations of [3H]retinol (43 Ci/mmol) at 40 C for 24 h and binding 
assessed as described above. Specific binding (-0-) was calculated by • subtraction of nonspecific binding (i.e. in the presence of PCMES) (-A 
-) from total binding (-.-) and is plotted by method of Scatchard in 
(B) and (D). The concentration of receptor like molecules determined 
from. the X-axis intercept in (B) corresponds to 47 pmol CRAEP/mg 
protein. The CRBP level calculated from data in (D) is 21.4 pmol/mg 
protein. 
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Saturation of CRABP and CRBP in 3T6 Cell Cytosol 

3T6 cell cytosol was incubated with increasing concentrations 

of either [3HJretino1c acid or [3H]retinol to quantitate total [3HJ

ligand binding. In each case PCMBS pr~in~ubation was employed to 

appraise the level of nonspecific ligand binding; specific binding was 

calculated as the difference between total and nonspecific binding. 

As illustrated in Figures 3A and C, specific retinoid binding to both 

CRABP and CRBP saturates at approximately 50 nM concentration of the 

appropriate ligand in these highly diluted cytosols. In each case 

when these data were analyzed by the method of Scatchard (Figures 3B 

and D), there was evidence for high affinity binding to a single class 

of receptor-like molecules. The apparent dissociation constant (Kd) 

for the retinoic acid-CRABP complex was calculated to be 7 nM 

(r = -~91), which compares quite favorably with the published value 

of 4 nM obtained with the pure protein (54). In the case of the CRBP

retinol complex, a value of 12 nM is the determined Kd (r = -0.98), 

again a number which corresponds closely to that of 16 nM obtained for 

the pure protein (54). Extrapolation of the data indicates that 3T6 

cells contain 3 x 106 CRABP molecules and 1.3 x 106 CRBP molecules per 

cell. Thus, both the sucrose gradient and saturation data indicate 

that the methodology measures the binding of retinoids to single 

classes of high affinity binding sites in cultured cells. 

Establishment of Retinoic Acid Resistant Human Neuroblastoma Cell Lines 

Previous experiments have suggested that retinoic acid respon

sive human neuroblastoma cell lines may contain subpopulations of 
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cells resistant to the antiproliferative and differentiating actions 

of retinoic acid (38). This possibility indicated that continued 

culture of neuroblastoma cells in the presence of 10-6 M retinoic acid 

could be used as a means to select a retinoic.acid resistant cell 

population. LA-N-5 human neuroblastoma cells, when cultured in the 

presence of 10-7_10-5 M retinoic acid undergo extensive morphological 

differentiation with a concomitant cessation of mitosis. However, 

after culture for 4 weeks in the presence of retinoic acid, the out

growth of multiple foci of cells resembling untreated LA-N-5 cells was 

observed. These resistant cells, designated LA-N-5-R9 cells, were 

subcultured in the presence of 10-6 P1 retinoic acid for 6 months. 

Subsequent subculture in medium without retinoic acid demonstrated 

that these cells maintained the retinoic acid-resistant phenotype for 

3 months at which time, a slow increase in retinoic acid responsive

ness was obobserved. Assessment of the retinoic acid induced dose 

dependent inhibition of cellular proliferation, as measured by 

[3HJthymidine incorporation, indicated that LA-N-5-R9 cells were 

markedly resistant to the actions of retinoic acid; requiring a 10-

fold higher dose of retinoic acid (10-6 M), than the parent cell line 

for a 50 percent decrease in thymidine incorporation. The photographs 

in Figure 4 demonstrate the absence of morphologic differentiation in 

response to retinoic acid treatment in the LA-N-5-R9 cells as compared 

with. the parent cell line. As shown in Figures 4A and C, LA-N-5 and 

LA-N-5-R9 cells cultured with vehicle for 8 days, appear as teardrop 

shaped neuroblasts with relatively few neurite-like processes. How-



Figure 4. Morphology of LA-N-5 and LA-N-5-R9 neuroblastoma cells 
cultured with and without retinoic acid. 
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(A) LA-N-5 cells cultured for 7 dgys with vehicle alone. (B) LA-N-5 
cells cultured for 7 days with 10- M retinoic acid demonstrating 
cellular clustering and formation of long, interconnecting neurite
like processes. (C) LA-N-5-R9 cells cultured/or 7 days with ~ehicle 
alone. (D) LA-N-5-R9 cells cultured with 10- M retinoic acid demon
strating the resistance of these cells to retinoic acid induced mor
phologic differentiation. 
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ever, treatment of LA-N-5 cultures with 10-6 M retinoic acid for 8 

days resulted in marked differentiation into cellular aggregates con

nected by long trunk~like bundles of neurites (Figure 4B). In con

trast, retinoic acid treatment of LA-N-5-R9 cells caused no discern

ible morphologic differentiation as depicted in Figure 40. These 

results demonstrate that LA-N-5-R9 cells are resistant to both the 

antiproliferative and differentiating effects of retinoic acid. 

Analysis of 3H-Retinoic Acid Binding to Cytosols from Retinoic Acid 

Responsive and Resistant Neuroblastoma Cells 

It was of obvious interest to determine whether the decline in 

retinoic acid responsiveness was associated with a decrease in the 

levels of CRABP (putative mediator of retinoic acid's effect) in LA-N-

5-R9 cells. Saturable specific binding of [3H]retinoic acid was 

observed in cytosols prepared from both retinoic acid sensitive and 

resistant cell types (panels 5A and C, respectively). Scatchard 

analysis (panels 5B and 0) indicated that the specific binding was to 

a single class of binding sites, in both cytosols, which displayed 

high affinity (Kd's of 12 and 16/ nM for LA-N-5 and LA-N-5-R9 cytosol, 

respectively). Calculation of the number of CRABP molecules per cell 

resulted in the values of 3.3 x 106 CRABP molecules/LA-N-5 cell and 

2.9 x 106 CRABP molecules/LA-N-5-R9 cell. These data confirm our 

previous report (55) of the presence of CRABf in human neurobla3torna 

cells, and indicate that loss of sensitivity to retinoic acid in LA-N-

5-R9 cells is not due to a significant decrement in CRABP concentra

tion or affinity. In order to determine that LA-N-5-R9 CRABP was not 
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Figure 5. Saturation analysis of retinoic acid binding to human 
neuroblastoma cytosols. 
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Cytosols were prepared from LA-N-5 cells (panel A) or LA6N-5-R9 cells 
(panel C) and diluted to a final concentration of 4 x 10 cell equiv
alents/ml (final protein concentrations of LA-N-5 and LA-N-5-R9 cyto
sols were 0.95 and 1.38 mg/ml, respectively). Saturation analysis was 
performed as described for Fig. 3. Symbols are as described in legend 
to Figure 3. Panels (B) and (D): Scatchard analyses of specific 
binding data in (A) and (C), respectively. 
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qualitatively different from that of LA-N-5 cells, sucrose gradient 

analysis was performed (Figure 6). In both lines, CRASP sediments as a 

2 S macromolecule t~ which ° [3HJretinoic acid binding is abolished by 

PCMBS pretreatment. These data also support the results of the 

Scat chard analysis (Figures 5B and D), and demonstrate the applic

ability of this technique to a variety of cultured cells. 

Measurement of CRABP and CRBP in Rat Testes and Human Tumor Specimens 

The previous experiments indicated that saturation analysis 

employing PCMBS was a useful tool for examining CRASP in cultured 

cells which had been washed free of serum retinoid binding contam

inants. It was then of interest to test its applicability to samples 

of whole tissue. The first experiment with whole tissues employed rat 

testes as a source of tissue cytosol and analyzed retinoid binding 

using the method depicted in Figure 3. The results presented in 

Figure 7 demonstrate that in crude tissue saturable specific binding 

of the retinoids is obtained, which corresponded to KdYs of 11nM and 

26nM for CRASP and CRSP, respectively. These dissociation constants 

are similar to those obtained in diluted 3T6 cytosols but are slightly 

higher than those previously reported for the purified proteins 

(53,54). The testes cytosol preparations contained 14.9 pmol CRASP/mg 

protein and 28.8 pmol CRBP/mg protein. These levels are in excellent 

agreement with published values (53). Thus, even in crude tis~ue 

specimens, PCMSS can be employed to measure CRASP and CRSP without 

interference from serum retinoid-binding components. Similar analysis 

of human tUmors was then undertaken; typical results are shown in 
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Figure 6. Sucrose gradient analysis of CRABP in human neuroblastoma 
cytosols. 

Cytosols were prepared from LA-N-5 cells (A) or LA-N-5-R9 cells (B) as 
described in Methods and diluted with either ET buffer (I,t) or 4 mM 
PCMBS in ET buffer (0) to a final concentration of 25 x 10 cell 
equivalent/ml. After a 45 min preincubation, 400 ~l aliquo~s of the 
treated cytosols were incubated at 40 C for 4 h with 50 nM [ H]retinoic 
acid alone (1,0) or in combination with 5 ~M radioinert retinoic acid 
(- .. -). Centrifugation was then performed. 
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Figure 7. Saturation analysis of retinoid binding in rat testes 
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Cytosol was prepared and diluted (0.66 mg/ml final protein concentra
tion). Symbols are as described in legend to Fig. 3. (A): Cytosol 
aliquots were incubated with [3H]retinoic acid as described for Fig. 
3A.- (C): Cytosol aliquots were incubated with [3H]retinol as 
described for Fig. 3C. (8) and (D): Scat chard plots of specific 
binding in (A) and (C), respectively. 
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Figure 8. Retinoid binding analysis in human ovarian tumor cytosol. 

The cytosol was prepared and diluted as described in Methods (2.9 
mg/ml, final protein concentration). Symbols are as described in 
legend ~o Fig. 2. (A): Cytosol aliquots incubated with purified all
trans-[ H]retinoic acid as described for Fig. 3A. (C): Cytosol 
aliquots were incubated with [3H]retinol as described for Fig. 3C. 
(B) a.nd (D): Scat chard analysis of specific binding in (A) and (C). 
The concentration of CRABP determined in (B) was 8.0 pmol/mg soluble 
protein and that of CRBP in (D) was 5.4 pmol/mg soluble protein. 
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Figure 9. Sucrose gradient analysis of retinoid binding in human 
ovarian tumor cytosol. 
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Cytosol was prepared and used directly after a 3:4 dilution with 
either ET buffer (-.-, -A-) or ET buffer containing PCMBS (-0-) to a 
final concentration of 2 mM (final protein concentration was 4.2 
mg/ml). After a 45 minute preincubation, the treated cytosol aliquots 
(0.4 ml) were incubated at 40 C for 4 h with retinoids as described 
below. (A): 50 nM [3H] retinoic acid alone (-.-, -0-) or in combina
tion with 5 ~M radioinert retinoic acid -A-. (B): 50 nM [3H]retinol 
alone (-t-, -0-) or in combination with 5 ~M radioinert retinol -A-. 
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Figure 10. Retinoid binding protein content of human tumors. 

CRABP and CRBP were determined in tumor specimens as described in 
Experimental Procedures. 
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Figures 8 and 9. Scatchard analysis (Figure 8) o£ an ovarian tumor 

cytosol revealed significant levels of both GRABP and GRBP (GRABP, 8.0 

pmol/mg protein, r :; -0.99; GRBF, 5.4 pmol/mg protein, r = -0.91). 

Veri£ication o£ the existence of GRABF and GRBP in this ovarian tumor 

was obtained by sucrose gradient.centri£ugation (Figure 9). Figures 

9A and B demonstrate the presence o£ 2S radioactive peaks correspond

ing to GRABP and CRBP, respectively, which are both abolished by 

excess radioinert ligand or preincubation with PCMES. To date the 

CRABF and CRBF levels in 31 human tumor specimens have been examined 

using the above methodology (Figure 10). The binding proteins were 

measurable (>0.1 pmol/mg protein) in virtually all tumors and, in 

general, GRBP was more abundant than GRABP in the specimens analyzed. 

~he ovarian tumors contained the highest levels o£ both GRABP and 

CRBP. The GRABP levels in the cervical cancers were lower and more 

variable than those o£ the ovarian cancers. Two uterine tumors con

tained intermediate CRABF levels and low CRBP levels. These findings 

are qualitatively and quantitatively similar to those reported for a 

series of gynecological cancers (56). Thus, this simple procedure £or 

the estimation o£ GRABP and CRBP appears well suited for application 

to clinical samples. 

Discussion 

This chapter details the application of saturation ana~ysis 

techniques to the determination of GRBP and CRABP in cultured cells 

and whole tissues. The requirements of this technique include: i) 

the use o£ high speci£ic activity [3H]retinoids, ii) PCMBS inhibition 
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of retinoid association with CRABP and CRBP, iii) dextran-coated 

charcoal adsorption of unbound retinoids and iv) incubation with a 

series of retinoid concentrations approaching saturation. To estab

lish the general validity of this assay, sucrose gradient analysis was 

performed on each sample and there was a complete correlation between 

PCMBS inhibitable retinoid binding and the occurrence of 2S CRASP and 

CRBP macromolecules. The Scat chard analysis data confirm that 

specific binding of both retinoic acid and retinol are to single 

classes of high affinity binding sites, namely CRABP and CRBP. Thus, 

this method is shown to be adaptable to measurement of CRASP and CRBP 

in both cultured cell and tissue preparations without interference 

from serum retinoid binding contaminants. 

The initial application of this technique was to the murine 

fibroblast 3T6 cell line. In agreement with previous reports (52), 

this cell line contained significant levels of CRABP and the presence 

of CRBP in 3T6 cells is also described here. These findings are in 

concert with the known biological effects of retinoids on cultured 3T6 

cells, which include inhibition of proliferation (52,57) as well as 

alterations in cellular morphology and adhesiveness (57). This 

method was also employed for the analysis of CRASP in both retinoic 

acid responsive and resistant human neuroblastoma celJs. Both the 

parental (LA-N-5) and the resistant line (LA-N-5-R9) were found here 

to contain CRABP which sediments as a 2S macromolecule. Scatchard 

analysis of the saturation data indicated both cell types contained 

high levels of CRABP (-3 x 106 molecules/cell). In addition, no 
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appreoiable differenoes in affinity of the CRABP preparations were 

noted. This finding suggests that either the bioohemioal lesion 

responsible for resistanoe to retinoio aoid in LA-N-5-R9 oells ooours 

subsequent to the formation of retinoio aoid-CRABP oomplexes or that 

CRABP is not intimately involved in retinoio aoid induoed neuroblast-

oma oell differentiation. These results are similar to those observed 

with embryonal oaroinoma mutants (45) whioh differentiated poorly in 

response to retinoio aoid treatment, although they oontained CRABP. 

LaCroix et al., (47) also have reported the seleotion of human breast 

oancer cells whioh are resistant to the antiproliferative effects of 

retinoic acid, by a strategy similar to that employed here. No 

alteration in CRABP content or affinity was found in the resistant 

sublines as compared to the parental line. Thus, these data all tend 

to indicate that cellular resistance to retinoic acid can occur 

without concomitant changes in CRABP content, in contrast to the 

previous study by Schindler et al. (20). An additional explanation 

for the resistance of LA-N-5-R9 cells to retinoic acid induced 

differentiation remains, although less likely. It is possible that 

LA-N-5-R9 cells exhibit reduced internalization of retinoic acid. 

However, retinoic acid, unlike retinol, is thought to enter the cell 

by diffusion (58). Therefore, it is unlikely that reduced uptake of 

retinoic acid is responsible for the resistance observed in LA-N-5-R9 
. 

cells. Indeed, previous studies have demonstrated that retinoic acid 

resistance could not be accounted for by significant decreases in 

cellular retinoic aoid uptake (20,46,47). For these reasons, the two 
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mechanisms proposed above appear to be more feasible. 

In addition to the measurements of CRABP and CRBP in cultured 

cells described above, this chapter also details the evaluation of 

CRABP and CRBP in cytosols prepared from human tumors of gynecologic 

origin. The fact that these data are in good agreement with published 

results for a series of gynecologic cancers (56) suggests that this 

method should be useful for the assessment of CRABP and CRBP in clin

ical specimens. Unfortunately, at the time of this study, normal 

tissue specimens were not available for analysis, therefore, the 

biological significance of these data are unclear. However, in 

general, CRABP and CREP have been found to be elevated in tumor tissue 

as compared to adjacent normal tissue (59-61). The major exception is 

in ovarian carcinoma where CRBP is reported to be lower than that in 

normal ovarian tissue (56). At present, the Significance of retinoid 

binding proteins in neoplastic tissues is not understood. However, 

the presence of CRABP and CRBP in both tumors and established cell 

lines suggests that they may be a part of the tumor biology puzzle. 

The existence of the binding proteins in a tumor may be indicative of 

rapid proliferation and the dedifferentiated state. Alternatively, 

the occurrence of CRABP/CRBP could predict whether a malignancy might 

be inhibited by vitamin A compounds or possibly even require the 

vitamin for growth. By analogy, a dramatic advancement in the manage

men~ of breast cancer has arisen from the assay of estrogen receptors 

in breast tissue and application of the results to endocrine therapy 

(62). In conclusion, the assay and further characterization of 
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CRABP/CRBP promises to not only clarify the molecular mechanism of 

retinoid action but may be of import in the evaluation and management 

of certain epithelial cell cancers. 



CHAPTER 3 

A VARIANT FORM OF THE 1,25-DIHYDROXYVITAMIN D3 

RECEPTOR WITH LOW APPARENT HORMONE AFFINITY IN CULTURED 

MONKEY KIDNEY CELLS (LLC-MK2): A Model 

for Tissue Resistance to Vitamin D 

Summary 

Chandler et ala (1984, J. Biol. Chern.: 259, 2214-2222) 

previously demonstrated that 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) 

caused the induction of 25-hydroxyvitamin D3-24-hydroxylase (24-

hydroxylase) in a rhesus monkey kidney cell line (LLC-MK2) apparently 

deficient in the high affinity 1,25(OH)2D3 receptor. This phenomenon 

has been reexamined and the results reported in this chapter indicate 

that 24-hydroxylase induction is mediated by a receptor variant in 

LLC-MK2 cells with low hormone affinity. Dose response analysis 

showed that in contrast to LLC-PK1 (a typical receptor-positive cell 

line), the LLC-MK2 line was less sensitive to 1,25(OH)2D3 by 2 orders 

of magnitude. Employing optimal concentrations of 1,25(OH)2D3 for 24-

hydroxylase induction in each cell type, the early time courses of 

this bioresponse were identical in LLC-MK2 and LLC-PK1 and were con

sistent with a nuclear action of hormone-receptor complexes. More

over, the rank order of potency of vitamin D3 congeners as inducers of 

24-hydroxylase activity in LLC-MK2 cells agreed well with their 

44 
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relative affinity for the 1,25(OH)2D3 receptor. An examination of 

1,25(OH)2D3 receptor content via DNA-cellulose chromatography in llC~ 

MK2 cells incubated"at ligand concentrations 10-25 fold higher than 

the normal 2 nM revealed a minimum of 1600 receptor-like molecules per 

llC-MK2 cell. These results show that llC-MK2 cells possess a variant 

receptor form with apparent low affinity for 1,25(OH)2D3. This system 

should serve as a model for clinical syndromes characterized by the 

requirement for massive doses of vitamin D to prevent rickets. 

Introduction 

The control of renal 25-hydroxyvitamin D3 (25(OH)D3) metab

olism by the steroid hormoQe, 1,25-dihydroxyvitamin D3 1,25(OH)2D3 

(5), is well substantiated (28,64). An important feature of this' 

metabolic regulation is the enhancement of renal 25-hydroxyvitamin D3-

24-hydroxylase (24-hydroxylase) by 1,25(OH)2D3. This is thought to 

represent a classic steroid hormone induction process mediated by 

1,25(OH)2D3 receptors, which are present in avian and mammalian kidney 

(65-67). More recently, established cell lines have been exploited as 

models for the elucidation of the mechanism of 1,25(OH)2D3 elicited 

24-hydroxylase induction. Both Colston and Feldman (68) and Chandler 

et al (30,69) have examined the porcine renal (llC-PK1) cell line and 

have correlated the presence of the 1,25(OH)2D3 receptor with actino

mycin D-sensitive, 1,25(OH)2D3-inducible 24-hydroxylase activity. The 

1,25(OH)2D3-mediated induction of 24-hydroxylase activity in a rhesus 

monkey kidney cell line, llC-MK2 (68,69), in which the 1,25(OH)2D3 
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receptor could not be identi£ied has also been reported by these 

researchers. Several di££erences in the induction phenomenon were 

noted, however. The" response in the receptor-de£icient line appeared 

to require higher doses o£ inducer and exhibited a prolonged lag time. 

In this chapter these di££erences are investigated in greater detail 

and direct evidence is provided that 24-hydroxylase induction is 

receptor mediated in LLC-MK2 cells. However, this receptor displays 

low a££inity £or 1,25(OH)2D3' Tbis low a££inity receptor variant 

appears to be a good model £or the hormone binding de£ective receptors 

(33) observed in some cases o£ tissue resistance to 1,25(OH)2D3 (70). 

Experimental Procedures 

Sterols - 25(OH)[26,27-3H]D3 (158 Ci/mmol) was obtained from 

Amersham International, plc; (Arlington Heights, IL). 1,25(OH)2[3H]D3 

was generated from 25(OH)[3H]D3 as described previously (71). Cryst

alline radioinert 25(OH)D3, 1 (OH)D3, 1,25(OH)2D3' 24,24-F2-

1,25(OH)2D3' 24R,25(OH)2D3 and 1,24R,25(OH)3D3 were generously 

provided by Dr. M. Uskokovic o£ Hoffmann-laRoche (Nutley, NJ). 

Buffers - The composition of the bu££ers used in these experi-

ments are as follows: PBS (0.14M NaCl, 8.1mM Na2HP04' 1.5mM KH2P04, 

2.7mM KC1, pH 7.4); KETD (0.01 M Tris-HC1, pH 7.4,1 mM EDTA, 5 mM 

dithiothreitol, and variable molar concentrations of KCl as indicated, 

e.g.. KETD-0.5). 



Cell Culture - The porcine kidney cell line (LLC-PK1; 

ATCC-CL-101) (72) and the rhesus monkey kidney cell line (LLC-MK2; 

ATCC-CCL 7.1) (73) were obtained from the American Type Culture 
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Collection. The LLC-PK1 cell line was cultured in DMEM/10$ FCS 

(Gibco, Grand Island, NY) plus 100 ~g of streptomycin and 100 units of 

penicillin per ml. The LLC-MK2 cell line was maintained in MEM/10$ 

NBCS containing the above antibiotics. Both cell lines were grown in 

75 cm2 plastic flasks in an humidified 95$ Air/5~ CO2 environment 

(37oC). Cultures were routinely passaged at visual confluency (every 

4 days). 

24-Hydroxylase Measurements - Assessment of metabolism of 

25(OH)[3Hl D3 was performed via the method of Chandler ~ ale (30). 

Briefly, confluent cultures of LLC-PK1 or LLC-MK2 cells were treated 

in ~ for the times indicated with sterol or 0.1$ ethanol vehicle 

alone. The cultures were then rinsed with PBS and detached by trypsi-

nization (0.25$ Trypsin, Gibco; and 0.5 mM EDTA in PBS). Cells were 

removed with complete growth medium and collected by centrifugation at 

500 x ~ for 3 min. After three washes in serum free medium, the final 

cell pellet was suspended in growth medium containing 1$ serum at a 

concentration of 107 cells/ml. Cell suspensions (0.2 ml, 2 x 106 

cells) were incubated in triplicate with 100 pmol of nitrogen dried 

25(OH)[26,27-3HlD3 (specific activity 4-10 Ci/mmol) for 30 min at 37°C 
. 

in a.shaking water bath, and the reactions were terminated by the 

addition of 0.62 ml of chloroform/methanol (1:2). After supplementa-

tion with 200 pmol of radioinert reference steroid (24R,25(OH)2D3)' 



48 

the sterols were extracted by a modification (30) of the method of 

Bligh and Oyer (74). Extraction efficiency was routinely >90%. The 

sample containing the 24R,25(OH)2[3HJ03 product was fractionated by 

HPLC on a 0.46 x 25 cm Zorbax-Sil column in 10% 2-propanol/n-hexane at 

a flow rate of 1 ml/min and quantitated by liquid scintillation spec-

trometry. The organic scintillant counting solution used was 42 ml 

Liquifluor (New England Nuclear, Boston, MA) in one liter of toluene 

with an efficiency of 42%. The major radioactive metabolite synthe-

sized in both LLC-PK1 and LLC-MK2 cells has been verified as authentic 

24R,25(OH)2[3HJ03 based' upon its sensitivity to periodate oxidation as 

well as its coelution with radioinert 24R,25(OH)203 in three HPLC 

systems including reverse phase HPLC with 15% water in methanol as the 

eluting agent (71). These HPLC systems have previously been shown to 

separate 24R,25(OH)203 from other metabolites of 25(OH)03 (71). 

Whole Cell Labeling-ONA-Cellulose Chromatography - 1,25(OH)203 

receptor identification and quantitation was performed using highly 

sensitive receptor conserving techniques as detailed by Pike and 

Haussler (75). Intact cells (5 x 107), prepared as described above 

from confluent cultures, were incubated in the appropriate growth 

medium containing 1% serum plus either 2, 20 or 50 nM 1,25(OH)2[3HJ03 

(158 Ci/mmol) for 90 min at 370 C in a shaking water bath. After the 

incubation period, the cells were pelleted and rinsed three times in 

ice ~old PBS containing 0.1% BSA. Then nuclei were isolated and 

extracted with KETO-0.3 as described previously (30,76). The result-

ant nuclear extracts were diluted with KETO-O to achieve a final KCl 
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concentration of 0.05 M and applied to 10 ml DNA-cellulose columns 

(76) pre-equilibrated in KETD-0.05. After extensive low salt washing, 

the adsorbed proteins were eluted at a flow rate of 1 ml/min with a 

100 ml linear gradient between 0.05 and 0.5 M KCl in KETD buffer. 

Aliquots containing the radioactivity were quantitated in 10 ml ACS 

scintillation cocktail (Amersham) in a LS-7500 scintillation spectro

meter (Beckman Instruments, Palo Alto, CA) with an efficiency of 26%. 

Immunoprecipitation of the hormone-receptor complexes in the peak 

fraction was accomplished by incubation with anti-chick intestinal 

1,25(OH)2D3 receptor monoclonal antibody followed by precipitation 

with secondary antibody coupled to formalin fixed Staphylococcus 

aureus cells as previously described (77). 

Results 

Comparison of Bioresponsiveness to 1,25(OH)2D3 in LLC-MK2 and LLC-PK1 

Cells 

A previous study (30) indicated that the concentration of 

1,25(OH)2D3 necessary for maximal 24-hydroxylase induction in normal 

receptor containing kidney cells such as LLC-PK1 was 1 nM. However, 

LLC-MK2, an apparently receptor deficient cell line by standard 

criteria, appeared qualitatively resistant in that it was minimally 

responsive at 1 nM, and the optimal concentration for stimulation of 

24-hydroxylase was not determined. The results of a complete dose 

response analysis in both cell lines are depicted in Fig. 11, where 

the data are expressed as the ratio of 24R,25(OH)2D3 synthesis in 
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Figure 11. Dose response analysis of 1,25(OH)2D3 dependent 24-
hydroxylase induction in LLC-PK1 and LLC-MK2 cel~s. 
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Confluent cultures were treated in situ with the indicated concentra
tion of hormone or ethanol vehicle for 12 h. Cells were then har
vested and 24R,25(OH)2D3 production assessed as described in Experi
mental Procedures. Data are expressed as the percent of 24R,25(OH)2D3 
synthesis observed in control cultures ~ S.E.M. The contgol raees of 
24R,25(OH)2D3 production observed were 0.50 + .04 pmol/10 cells/30 
min in LLC-PK l cells and 0.80 !. .18 pmol/10o cell/30 min in LLC-MK2 
cells. 
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Figure 12. Kinetics of 24-hydroxylase induction at optimal inducer 
concentrations in cultured kidney cells. 
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24R,25(OH)2D3 production was quantitated after treatment of LLC-PK, 
and LLC-MK2 with 1 and 100 nM 1,25(OH)2D3' respectively (determined 
from the data in Fig. 1 to be optimal for induction) for the ind~cated 
period of time. A significant alteration in the rate of 24R,25(OH)2D3 
production was not observed in either cell type until 2 h after the 
addition of hormone to the cultures (P<0.05). 



52 

1,25(OH)2D3 treated cultures to that observed in control cultures. 

Maximal (3-fold) stimulation of 24R,25(OH)2D3 formation was observed 

in LLC-MK2 cells after exposure to 100 nM 1,25(OH)2D3. Comparison of 

the dose response curves for LLC-PK1 and LLC-MK2 in Fig. 11 reveals 

that the monkey kidney line displays 100-fold less sensitivity to 

1,25(OH)2D3. These data are consistent with either a receptor inde

pendent induction mechanism or the presence of a receptor variant in 

LLC-MK2 cells, which displays lower affinity for 1,25(OH)2D3. 

To gain insight into the mechanism, the time course of 24-

hydroxylase induction was delineated in both cell types treated with 

optimal concentrations of 1,25(OH)2D3. Fig. 12 displays the early 

time course of 24-hydroxylase induction in LLC-PK1 and LLC-MK2 cells 

after treatment of the cultures with 1 nM and 100 nM 1,25(OH)2D3' 

respectively. Exposure of both cell types to the optimal concentra

tion of inducer resulted in nearly identical induction profiles, with 

a significant (P<0.05) increase after incubation with inducer for 2 h. 

These data, suggest that induction in both cell types is receptor 

mediated, but that LLC-MK2 contains a molecular variant of the 

1,25(OH)2D3 receptor requiring higher hormone levels for binding. 

Identification and Quantitation of a Low Affinity 1,25(OH)2D3 Receptor 

In order to approach the detection of this putative variant, 

whole cell labeling with subsequent DNA-cellulose chromatography of 

nuclear extracts was performed. Depicted in Fig. 13 are the profiles 

of receptor bound 1,25(OH)2[3HJD3 eluted from the DNA-cellulose column 

with a linear salt gradient. Receptors for 1,25(OH)2D3 were 
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Figure 13. DNA-cellulose chromatographic quantitation of 1,25(OH)2D3 
receptor-hormone complexes in nuclear extracts of cultured kidney 
cells labeled in cell suspension. 

Intact LLC-PK1 cells (upper panel) were incubated with 2 nM 
1,25(OH)2[3H]D3 prior to preparation and DNA-cellulose chromatography 
o~ nuclear extracts as described in Experimental Procedures. 
[ H]Hormone- receptor complexes formed during the incubation period 
were eluted from DNA-cellulose with a linear gradient of 0.05 - 0.4 M 
KCI (-),. Only the fractions eluted between 0.1 and 0.4 M KCI are 
shown here. The insets depict the number of copies of 1,2S(OH)2D3 
receptor per cell determined by integration of the radioactive peak 
eluting at 0.23 M KCI after incubation of the intact cells with the 
indicated concentration of 1,25(OH)2[3H]D3• 
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undetectable when LLC-MK2 cells were labeled with 2 nM 

1,25(OH)2[3HJD3, (Fig. 13, lower panel) and (30). In contrast, incu

bation with 20 nM and 50 nM 1,25(OH)2[3HJD3 produced clearly detect

able levels approaching 1600 molecules per cell (inset, Fig. 13, lower 

panel). These results should be compared to a normal line, LLC-PK1 

(Fig. 13, upper panel) in which 5400 receptor copies per cell were 

detected after incubation with a saturating concentration (2nM) of 

1,25(OH)2D3. Additional evidence for the receptor variant in LLC-MK2 

was provided by the observation that 100 percent of the macromolecular 

bound radioactivity (assessed by DEAE-filter adsorption) in the peak 

fraction after incubation of cells with 50 nM 1,25(OH)2[3HJD3 was 

immunoprecipitable with specific anti-chick intestinal 1,25(OH)2D3 

receptor monoclonal antibody (77) (data not shown). These results 

demonstrate a low concentration of a 1,25(OH)2D3 receptor variant in 

LLC-MK2 cells which displays reduced apparent affinity for 

1,25(OH)2D3· 

Sterol Specificity of the Low Affinity Receptor Variant 

Analysis of 24R,25(OH)2D3 production after treatment with 

varying concentrations of vitamin D3 congeners was performed to assess 

the relative sterol specificity of the variant receptor. The results 

reported in Fig. 14 are a composite of a series of experiments which 

compared the sensitivity of 24-hydroxylase induction in LLC-MK2 cells 

for a given vitamin D3 analog to that observed for 1,25(OH)2D3. In 

order to normalize the inter-experimental variations in the rate of 

production of 24R,25(OH)2D3 observed in both control and treated 
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Figure 14. Specificity analysis of 24-hydroxylase induction in LLC
MK2 cells. Confluent cultures of LLC-MK2 were treated in ~ with 
varying concentrations of the indicated vitamin D3 analogs. 

After 12 h, the cells were harvested and 24-hydroxylase activity 
determined as described in Experimental Procedures. The vitamin D3 
analog-dependent induction of 24-hydroxylase activity is expressed as 
the J of the maximum response (100nM 1,25(OH)2D3 treatment) observed 
in that experiment. This analysis allowed the comparison of experi
ments in which the maximum rate of 24R,25(OH)2D3 production attained 
varied by as much as 100J, although the percent of the maximum 
response observed after treatment with a given concentration of . 
1,25(OH)2D3 was quite reproducible (S.E.M. : 5J). Data points repre
sent the average of triplicates where intra-assay variations were 
routinely less than 10J. 
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cultures, the data in Fig. 14 are expressed as the percent of the 

maximum response observed in that individual experiment. As expected 

(78,79), the long acting analog, 24,24-F2-1,25(OH)2D3 (80), which 

displays receptor affinity equivalent to that of 1,25(OH)2D3 (78), was 

9-fold more potent than 1,25(OH)2D3 as an inducer of 24-hydroxylase 

activity in LLC-MK2 cells. The following analogs were less active 

than 1,25(OH)2D3: 1,24R,25(OH)3D3» 25(OH)D3>24R,25(OH)2D3. The 

values for their percent activity relative to 1,25(OH)2D3 (1,25(OH)2D3 

= 100%) were 18, 1.3, and 0.72, respectively, which agrees remarkably 

well with their relative percent crossreactivities for the chick 

intestinal 1,25(OH)2D3 receptor of 21, 3, and 0.4, respectively 

(81,82). Thus, these data confirm that 24-hydroxylase induction in 

LLC-MK2 is mediated by a receptor which, although low in affinity for 

1, 25(OH)2D3' retains specificity for the active compound. 

Discussion 

In this chapter the further characterization of the mechanism 

of 1,25(OH)2D3-dependent 24-hydroxylase induction in established 

kidney cell lines is described. Although 24-hydroxylase induction is 

thought to occur via a receptor mediated mechanism involving actino-

mycin D-sensitive mRNA synthesis, significant enzyme induction in LLC-

MK2, a cultured rhesus monkey kidney cell line apparently devoid of 
. 

the· classical 1,25(OH)2D3 receptor has been reported. Upon reexamina-

tion of the induction process in LLC-MK2 cells it was found that these 

cells are quantitatively resistant to the actions of 1,25(OH)2D3. 
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Furthermore, this resistance is conferred upon them by the presence of 

a 1,25(OH)2D3 receptor molecule which displays an aberrantly low 

hormone affinity (Figure 13). 

Assessment of the dose dependency of 24-hydroxylase induction 

by 1,25(OH)2D3 revealed that the rhesus kidney cell line (IC50 = 9 nM) 

was approximately 100-fold less sensitive than the porcine renal line 

(IC50 = 0.1 nM) to the action of 1,25(OH)2D3 (Fig. 11). Nevertheless, 

when the time course of 24-hydroxylase induction was examined using 

the optimal concentrations of 1,25(OH)2D3 for each line, both 

responded identically with a significant detectable response only 

after 2 h of hormone treatment (Fig. 12). The results indicated the 

mechanism of induction was similar in both cell types and was consis

tent with the temporal requirements of receptor mediated hormone 

binding, nuclear localization (75), and presumed subsequent altera

tions in transcription resulting in increased synthesis of 24-hydrox

ylase enzyme protein. Indirect evidence for a receptor-dependent 

mechanism of action was obtained by examining a series of vitamin D3 

analogs of varying biologic activity in LLC-MK2 24-hydroxylase induc

tion. The dose response curves (Fig. 14) for the tested series of 

analogs corresponds to their rank order of biological activity as well 

as their relative binding affinities for the classical 1,25(OH)2D3 

receptor. However, in terms of p~tency in 24-hydroxylase enhancement, 

the dose response curves for all vitamin D3 analogs are displaced to 

the right by two orders of magnitude compared to biological actions in 
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traditional vitamin ° bioassays (82), including 24-hydroxylase induc-

tion in LLC-PK1 cells (30). 

Since the data suggested a low affinity receptor variant, 

direct evidence for the existence of this variant receptor was 

obtained via DNA-cellulose chromatography of nuclear extracts prepared 

after labeling LLC-MK2 cells in suspension with supra-normal concen

trations of 1,25(OH)2[3HJD3• This experiment (Fig. 13) clearly 

revealed the presence of a DNA binding macromolecule complexed with 

1,25(OH)2[3HJD3 in LLC-MK2• This macromolecule was judged to be 

1,25(OH)2D3 receptor-like based on its association with hormone and 

its elution from DNA at the ionic strength characteristic of mammalian 

1,25(OH)2D3 receptors as well as by its immunoprecipitation with anti

chick intestinal 1,25(OH}2D3 receptor monoclonal antibody. This 

putative variant receptor displays low affinity for hormone as demon-

strated by the requirement, for its detection, of 1,25(OH)2D3 concen

trations 10-25 times larger than that required for whole cell satura

tion of typical mammalian 1,25(OH)2D3 receptors (30,75). However, its 

very low abundance and low affinity have made it thus far impossible 

to detect in cytosolic fractions or to perform accurate saturation 

analysis. 

The observation that the receptor-hormone complex can be 

extracted from nuclei and elutes from DNA cellulose at the ionic 

strength characteristic of mammalian 1,25(OH)2D3 receptors suggests 

the LLC-MK2 receptor is 'defective primarily in hormone-binding and not 

nucleophilicity. This suggestion is consistent with recent ex peri-
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ments by Pike et ale (83) which demonstrate that binding domains for 

hormone and DNA within the receptor are separate entities. Moreover, 

characterization of 1,2S(OH)2D3 receptors from 1,2S(OH)2D3-resistant 

fibroblasts have also demonstrated that receptors can be dysfunctional 

with regards to either hormone binding (33) or nuclear uptake (70). 

Interestingly, only the affinity of the receptor variant appears to be 

lowered since the vitamin D3 analog response data reveal that this 

receptor retains the relative specificity of the chick intestinal 

receptor (81,82). 

At present on the origin of the low affinity 1,2S(OH)2D3 

receptor observed in LLC-MK2 cells can only be speculated upon. 

Recent reports have shown that the marmoset, a new world primate 

species, has very high circulating levels of estradiol and 

progesterone (84), cortisol and aldosterone (8S) and 1,2S(OH)2D3 (86). 

With the exception of 1,2S(OH)2D3' the tissue levels of receptors for 

these hormones have been found to be low. Thus, the high circulating 

levels of the former four hormones may be a compensation for concomi

tant decreases in target tissue receptor levels (84,8S). However, the 

LLC-MK2 line is derived from the rhesus monkey in which circulating 

2S(OH)D3 and 1,2S(OH)2D3 levels (SO nglml and 90 pglml, respectively) 

(86) are intermediate between hUmans and the presumably steroid 

resistant marmoset. Furthermore, another old world primate species, 

the gorilla, has normal tissue 1,25(OH)2D3 receptors (John S. Adams, 

personal communication). Thus, the low affinity receptor observed in 

LLC-MK2 cells more likely represents a genetic variant generated by 
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mutation during the establishment and passage of this cell line in 

culture. Further studies will answer this question. Even more impor

tant will be the definition of the actual dissociation constant (Kd> 

for the receptor-hormone complex as well as the molecular nature of 

the apparent defect in the LLC-MK2 1,25(OH)2D3 receptor protein. This 

will however, be difficult because of its low concentration in the 

cells «1600 molecules/cell), its instability, and the necessity for 

significant enrichment so that quantitation can be achieved. If 

enrichment can be accomplished, two further viable possibilities are 

its detection by immunoblot techniques and comparison with the normal 

primate receptors after selective proteolytic cleavage (83). If the 

LLC-NK2 receptor variant actually contains a mutation affecting the 

hormone binding site it will be an excellent model for the hormone 

binding defective 1,25(OH)2D3 receptor observed in some kindreds with 

hereditary tissue resistance to vitamin D (vitamin D-dependent 

rickets-type II) (33,70). 



CHAPTER 4 

VARIANT RECEPTOR MEDIATING RESPONSIVENESS TO 1,25-DIHYDROXYVITAMIN D3 

IN CULTURED MONKEY KIDNEY CELLS (LLC-MK2). Immunologic Identification 

of a 52 Kilodalton Protein Displaying Low Hormone Affinity 

Summary 

Biologic responsiveness to 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3) is mediated in the rhesus monkey kidney cell line, LLC

MK2, by a variant receptor. This putative receptor mutant is charac

terized .here utilizing ligand binding, immunochemical methodologies, 

and comparison to high affinity 1,25(OH)2D3 receptors obtained from 

rhesus monkey fibroblasts (RMF-1) and porcine renal LLC-PK1 cells. 

Internalization ex~eriments employing 1,25(OH)2[3H]D3 indicate satur

able, receptor mediated uptake of hormone in these cells. LLC-MK2 

cells displayed both an apparent 10-fold lower affinity of the inter-

Gction with hormone, Kinternalization = 2 nM, and a decreased concen-

tration of receptors as compared to the LLC-PK1 cells. Analysis of 

ligand binding, to LLC-MK2 receptor-containing chromatin preparations, 

identified 320 receptor-like molecules per cell with low affinity for 

hormone (Kd = 1.6 nM), indicating that the low hormone affinity of 

intact LLC-MK2 cells reflects an intrinsic property of the rec~ptor. 

Rhesus fibroblast cytosols bound hormone with high affinity (Kd = 60 

pM), demonstrating the LLC-MK2 receptor was atypical of that native to 

rhesus tissues. The presence of the wild type receptor correlated 
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with increased sensitivity of the RMF-1 cells to 1,25(OH)2D3' as 

judged by 1,25(OH)2D3-dependent 25-hydroxyvitamin D3-24-hydroxylase 

induction. SDS-PAGEimmunoblot analysis utilizing monoclonal anti-
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1,25(OH)2D3 receptor antibody (9A7 ) detected in both cell types a 52 

kilodalton immunoreactive species, which eluted from DNA-cellulose 

affinity columns with the characteristics of homologous [3H]hormone 

receptor complexes. Coelectrophoresis of enriched receptor samples 

revealed no detectable difference in the molecular weight of the two 

immunoreactive rhesus proteins, suggesting that only a subtle physical 

alteration was responsible for the aberrant affinity of the LLC-MK2 

variant. 

Introduction 

Cellular responsiveness to 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3)' like that of other steroid hormones, is mediated by 

intracellular receptor proteins which bind hormonal agonists with high 

affinity and specificity (5-7,84). Avian and mammalian 1,25(OH)2D3 

receptors are a family of 3.3 - 3.7 S proteins (7), which display 

species specific variations in molecular weight (Mr = 50-60 kDa) 

(88-90). Consistent with their putative functions"as modulators of 

the transcription of genes encoding specific effector proteins 

(91,92), 1,25(OH)2D3 rec~ptors associate tightly with both nuclei and 

DNA (25,93). Proteolytic digestion of avian 1,25(OH)2D3 recep~ors 

(94' and biochemical analysis of dysfunctional human receptor proteins 

from patients with hereditary tissue resistance to 1,25(OH)2D3' vita

min D Dependent Rickets - Type II (VDDR-II), indicate that receptor 



63 

proteins contain distinct molecular domains for interaction with 

either hormone or nuclear components (33,95). Defects associated with 

either functional domain result in cellular resistance to the action 

of the calcium regulating hormone. 

The results in the preceding chapter suggested the presence in 

LLC-MK2 cells of a variant 1,25(OH)2D3 receptor which had previously 

escaped detection due to a low affinity for hormone. Reported in this 

chapter are: i) the direct biochemical measurement of the hormone 

affinity of this variant; ii) the demonstration that its hormone 

affinity differs from receptors obtained from rhesus monkey fibro-

blasts, iii) the immunologic identification of both the variant and 

wild type receptor proteins as 52 kDa macromolecules. 

Experimental Procedures 

Sterols and Radiochemicals. 1, 25(OH)2[26, 27-3H]D3 (158-180 

Ci/mmol) was synthesized enzymatically from 25(OH)[26,27-3H]D3 

(Amersham International, Arlington Heights, IL) as described previous-

ly (71). Crystalline 25(OH)D3, 24R,25(OH)2D3 and 1,25(OH)2D3 were 

generously provided by Dr. M. Uskokovic of Hoffmann-La Roche (Nutley, 

NJ). Radioiodinated protein A (30-40 uCi/ug) was obtained from rCN 

Biochemical (Cleveland, OH). 14C_Low molecular weight protein 

standards: phGsphorylase B, bovine serum albumin, ovalbumin, carbonic 

anhydrase and lysozyme; were purchased from Amersham International. 

Rad~oisotopes were quantitated by liquid scintillation spectrometry in 

ACS aqueous scintillation cocktail (Amersham International) in a 

Beckman LS 5801 instrument. 
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Buffers. The composition of the buffers employed in these 

studies are as follows: KETD (0.01 M Tris-Hel, pH 7.4, 1 mM EDTA, 5 

mM dithiothreitol, and variable m,'lal'" concentrations of KCl as indi

cated, e.g. KETD 0.3); Dulbecco's PBS (Ca++, Mg++ free - 0.14 M NaCl, 

8.1 mM Na2HP04' 1.5 mM KH 2P0 4, 2.7 mM KC1, pH 7.4); PBS (0.02 M 

Na2HP04' pH 7.2, 0.15 M NaCl); STT (0.25 M sucrose, 0.01 M Tris-HC1, 

pH 7.8, 0.5~ triton X-100, 1 mM EDTA, 1.1 mM MgCL2 , 5 mM dithio

threitol and 0.05 M KC1); TBS (0.05 M Tris-HC1, pH 7.5, 0.2 M NaCl and 

0.05~ Tween 20). 

Cell Culture. The rhesus monkey kidney (LLC-MK2) cells, ATCC

CCL 7.1; and the porcine kidney (LLC-PK1) cells, ATCC-CL101, were 

obtained from the American Type Culture Collection (Rockville, MD), 

and maintained in monolayer culture as described in Chapter 3. The 

rhesus monkey fibroblast (RMF-1) cell line was established from a 

dermal punch biopsy of a female monkey (Macacca mulatta) via standard 

techniques (96). The RMF-1 cells were cultured in complete growth 

medium consisting of MEM plus nonessential amino acids/10~ FBS con

taining 1 mM pyruvate plus 100 ug streptomycin and 100 units penicil

lin per ml. Cultures were maintained in a humidified 95~ air/5~ CO2 

environment at 37°C and were routinely passaged at confluency. Cells 

were harvested prior to 1,25(OH)2D3 receptor measurement or 24-

hydroxylase assessment as follows: confluent mono layers were rinsed 

with nulbecco's PBS and detached by trypsinization (0.25% trypsin, 

Gibco; and 0.5 mM EDTA in Dulbecco's PBS). Cells were rinsed from the 

flasks with complete growth medium and collected by centrifugation at 



65 

200 x ~ for 4 min. The cell pellets were washed three times with 

serum-free medium at room temperature prior to preparation of cell 

suspensions for either 24-hydroxylase measurements or suspension incu-

bation of intact ~ells with hormone for preparation of hormone-recep-

tor complexes. Alternatively, the cell pellets were rinsed three 

times with ice cold PBS prior to subcellular fractionation and in 

vitro receptor assays. 

Assessment 2! 24-hydroxylase activity. Measurement of 

24R,25(OH)2[3HJD3 formation in cell suspensions incubated with 

25(OH)[3HJD3 was performed as described in Chapter 3. Enzyme activity 

was induced by treatment of confluent cultures with the indicated 

concentrations of 1,25(OH)2D3 for 12 h. Control cultures received 

0.1~ ethanol vehicle alone. Following the hormone pretreatment 

period, the cells were harvested and cell suspensions (107 cells/ml) 

were prepared in growth medium containing 1% serum. Aliquots con

taining 2 x 106 cells were incubated with 0.5 uM substrate 

(25(OH)[26,27-[3HJD3, 2-20 Ci/mmol) for 30 min at 37°C with shaking. 

The 24R,25(OH)2[3HJD3 product was extracted with methanol/chloroform 

(2:1 v/v) and quantitated by HPLC analysis on a Zorbax-sil column 

eluted with 10% 2-propanol in n-hexane as described in Chapter 3. 

1,25(OH)£D1 Receptor Analysis -Intact Cell Methodology. Anal

ysis of 1,25(OH)2[3HJD3 internalization and receptor saturation was 

performed as described by Pike and Haussler (75). The following 

procedural modifications were incorporated to both increase the assay 

sensitivity and maximize the ratio of specific binding to non-specific 
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binding. Cell suspensions (1-4 x 107 /ml) were prepared in media 

containing 0.1% serum. Aliquots (0.2 - 0.3 ml) were incubated with 

the indicated concentrations of 1,25(OH)2[3HJD3 (79-90 Ci/mmol) at 

370 C for 90 min. Parallel incubations included a 200-fold molar 

excess of radio inert 1,25(OH)2D3 for the determination of non-specific 

binding. Subsequently, the cells were washed 3 times with ice cold 

PBS containing 0.1% bovine serum albumin and collected by centrifuga

tion at 1,000 x ~ for 10 min. Nuclei were prepared by vortexing of 

the washed cell pellet in 2 ml of STT buffer (97) and recovered by 

centrifugation at 2,000 x ~ for 5 min. The crude nuclear pellets were 

washed 2 times in STT buffer. The [3HJhormone-receptor complexes were 

extracted (solubilized) with 0.1 ml of KETD 0.3. The nuclear debris 

was collected by sedimentation at 4,000 x ~ and the supernatant recep

tor complexes were adsorbed to 2 volumes of a 1:4 slurry of hydroxy

apatite (Bio Rad-HTP; Richmond, CA) in KETD 0.05 as described by 

Wecksler and Norman (98). The macromolecular hormone-receptor com

plexes bound to the resin were recovered by centrifugation at 2,000 x 

~ for 5 min. Nonspecifically adsorbed radioactivity was removed by 

washing the pellets 4 times with 2.0 ml Tris-Triton (0.1 M Tris-HC1, 

pH 7.2 containing 1% Triton X-100). The radioactive ligand was then 

extracted from the hydroxyapatite pellet with 3 ml acetone, trans

ferred to a glass scintillation vial, the acetone was evaporated under 

a stFeam of air on a hot plate and the radioactivity quantitated in 

5 ml of ACS scintillation cocktail. 
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Subcellular f~actionation ~ in vitro receptor measurement. 

1,25(OH)2[3HJD3 binding in vitro was evaluated in cytosolic f~actions 

obtained by ultracentrifugation of cell sonicates prepa~ed in KETD 0.3 

(30,75). In an alternate protocol, hypotonic chromatin preparations 

were obtained by washing nuclei, which had been isolated in STT buf-

fer, with 0.01 M Tris/1% Triton pH 7.4 followed by washing with KETD 

0.05. The crude chromatin was sheared by passage through a 22 gauge 

needle prior to assessment of 1,25(OH)2D3 receptor content. 

Saturation analysis of 1,25(OH)2[3HJD3 binding was accomp

lished by incubating 100 ul aliquots of either cytosol or chromatin 

suspension with the indicated concentrations of 1,25(OH)2[3HJD3, in 

triplicate, for 4-8 h at 4oC. Nonspecific binding was estimated from 

parallel incubations containing a 200-fold molar excess of radioinert 

1,25(OH)2D3. Following incubation, hormone-r~ceptor complexes were 

quantitated by adsorption to hydroxyapatite as described above. 

DNA-cellulose chromatography of hormone-receptor complexes. 

Chromatographic identification and quantitation of 1,25(OH)2D3 recep

tors was performed as outlined in Chapter 3. 1,25(OH)2[3HJD3-receptor 

complexes were prepared by suspension labeling of intact cells with 2 

nM 1,25(OH)2[3HJD3 as described. Alternatively, radioinert 

1,25(OH)2D3-recepto~ complexes (to be employed in immunoblot analysis) 

were obtained by either suspension incubation of intact cells, or by 
. 

treatment of monolayer cultures for 12 h with 100 nM 1,25(OH)2D3. The 

nuclear, hormone-receptor complexes were extracted with KETD 0.3 from 

nuclei prepared as described above. The nuclear extracts were 
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clarified by ultracentrifugation at 165,000 x ~ for 40 min at 40 C and 

diluted with KETD 0 to a final KCl concentration of < 0.08 M. The 

samples were applied to a 10 ml column of DNA-cellulose (75,76), which 

had been preequilibrated in KETD 0.05, at a flow rate of 0.5 ml/min. 

The column was then washed with 50 ml of KETO 0.05 at a flow rate of 

mllmin to remove nonspecifically bound proteins. The tightly adherant 

species were eluted with a 100 ml gradient of KCl (0.05-0.5M) in KETD 

buffer and collected in 3 ml fractions. Aliquots were removed for the 

determination of KCl molarity, and for the determination of radio-

activity, where applicable. Alternatively, the eluent proteins, 

including radio inert hormone-receptor complexes were recovered from 

the column fractions by precipitation with 6% trichloroacetic acid and 

prepared for SDS-PAGE analysis. 

SDS-PAGE Immunoblot Protocol. Immunoblot analyses were per-

formed as described by Pike and Haussler (89). Prior to electro-

phoresis the samples were extracted with diethyl ether for the removal 

of residual trichloroacetic acid. The samples wer'e then denatured by 

boiling for 5 min in Laemmli sample buffer. The denatured proteins 

were electrophoretically resol ved in 1 a polyacrylamide slab gels 

(99). The resolved proteins were electrophoretically transferred to 

nitrocellulpse sheets (BA 85, Schleicher and Schuell, Keene, NH). The 

transfer buffer consisted of 25 mM Tris, 192 mM glycine and 0.015% SDS 
. 

(1001. Following electrotransfer, the nitrocellulose membranes were 

incubated in a 3% (w/v) solution of Carnation Instant Nonfat Dry Milk 

in PBS (3% milk) for 1-4 h at 22oC. Subsequent to the blocking step, 
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the nitrocellulose sheets were incubated 16 h"at 4°C with purified 

monoclonal anti-1,25(6H)2D3 receptor antibody, 9A7 , (4 ug/ml PBS) 

with gentle shaking., The membranes were then washed for 90 min at 

220 C with four changes of TBS. The washed membranes were reblocked 

for 10 min in 3% milk and incubated overnight with rabbit anti-9A7 

antisera (1:10,000 dilution) in PBS containing 1% milk. The membranes 

were then washed, reblocked and incubated with [125I ]_iodo_protein A 

(100,000 cpm/ml) in PBS containing 1% milk for 2 h. The sheets were 

then washed, dried and exposed to Kodak X-OMAT-AR film with Cronex Hi

plus intensifying screens at -700 C. 

Results 

Quantitation of Ligand Affinity of the LLC-MK2 1,25(OH)2D3 Receptor 

Variant 

The preceding chapter provided evidence based on the charac

terization of 24-hydroxylase induction, that 1,25(OH)2D3 responsive

ness in LLC-MK2 cells was mediated by an atypical receptor molecule. 

The goal of the present study was to define the physical properties of 

this atypical receptor protein, with ~articular emphasis on obtaining 

direct measurements of hormone affinity. Preliminary experiments 

indicated the presence of saturable specific binding of 1,25(OH)2D3 in 

intact LLC-MK2 cells, yet due to the extremely low ratio of bound to 

free hormone it was impossible to obtain a statistically meaningful 

estimation of hormone affinity. Therefore several features of the 

preexisting protocol, were modified to provide an extremely efficient 

separation of bound and free hormone, thus increasing the sensitivity 
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of receptor detection at high ligand concentrations. 

The results of the modified 1,25(OH)2[3HJD3 internalization 

assay in both LLC-MK2 and LLC-PK1 cells are presented in Fig. 15. The 

data depicted in panel A confirm the-presence of a component, in the 

pig kidney cells, which binds 3H-ligand in a saturable-specific 

fashion. Scat chard analysis (panel B) demonstrates the binding is to 

a single class of high affinity sites (Kint = 0.2 nM), which display 

the apparent affinity of the classical 1,25(OH)2D3 receptor. In 

contrast, analysis of the data from LLC-MK2 cells (panel C), showed 

much lower levels of saturable specific hormone binding. In support 

of the previous biologic data (Chapter 3), the affinity of the inter

action with hormone was much lower in the LLC-MK2 cells (Kint =1.8 nM) 

(panel D). To demonstrate that the decreased affinity was caused by 

an intrinsic property of the receptor protein and not a hormone inter

nalization defect, the hormone binding properties of this macro

molecule were examined utilizing subcellular fractionation procedures. 

Analysis of [3HJhormone binding to LLC-MK2 hypotonic-chromatin prep

arations clearly demonstrates the presence of a low number of 

receptor-like molecules (Fig. 16). Scatchard analysis of the satura

tion data (inset) provides the first direct visualization of the in 

vitro ligand binding parameters of this receptor. As indicated, the 

apparent Kd was calculated to be 1.6 nM, providing confirmation of the 

results for the intact cell preparations (Fig. 150). However, the 

level of specific binding observed in these experiments was approxi

mately 50~ less than that obtained via DNA-cellulose chromatography of 
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Figure 15. Saturation analysis of 1,25{OH)2[3HJD3 internalization and 
receptor occupation in intact kidney cells. 

Suspensions of intact LLC-PK1 cglls {panel A, 4 x 106 cells/0.2 mD or 
LLC-MK2 cells (panel B, 12 x 10 cell/0.3 ml) in medium, containing 
0.1% serum plus the indicated concentration of 1,25{OH)2[3HJD3, were 
incubated for 90 min at 37°C. Nonspecific binding was assessed in 
parallel incubations containing a 200 fold molar excess of radioinert 
1,25{OH)2D3. Following the labeling period, nuclear receptor com
plexes were isolated and quantitated as described. Specific binding 
(-0-) was calculated by subtraction of nonspecific binding (data not 
shown) from total binding (-.-). Panels Band D represent the 
Scatchard analysis of the specific binding data (-O-) depicted in 
panels A and C, respectively. The number of 1,25(OH)2D3 receptors per 
LLC-PK1 and LLC-MK2 cell calculated from the x-intercep~s are 3,000 
and 200 receptors per cell, respectively. The coefficients of cor
relation (r) for the scatchard lines were -0.99 in panel Band -0.97 
in panel D. 
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Figure 16. In vitro binding of 1,25(OH)2[3HJD3 to LLC-MK2 chromatin 
preparations. 

Chromatin was prepared from LLC-MK2 cells as described in "Experi
mental Procedures" and sheared by passage through a 22 gauge needle. 
Aliquots of the chromatin suspension, (100 ul) were incubated, in 
triplicate, at 40C for 4 h with 1,25(OH)2[3HJD3 (85 Ci/mmol)in the 
presence (not shown) or absence (-1-) of a 200 fold molar excess of 
1,25(OH)2D3. The inset depicts the Scatchard analysis of specific 
binding (-~-). The correlation coefficient of the regression line was 
-0.92. Similar results have been

3
0btained via immunoprecipitation of 

saturable low affinity 1,2S(OH)2[ H]D1 binding to a nuclear macrq
molecule with monoclonal ant1-1,25(Off)2D3 receptor antibody (data not 
shown) • 
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Figure 17. Saturation analysis of 1,25(OH)2[3HJD3 binding to rhesus 
monkey fibroblast extracts. 

Left Panel: Cellular extract (cytosol) was prepared from RMF-1 cells 
aS

6 
described in "Experimental Procedures." Al iquots (200 ul, 2.8 x 

10 cell equivalents) were incubated for 8 h at 4oC, in triplicate, 
with 1 ,25(OH)2[ 3HJD3 (180 Ci/mmol). Hormone receptor complexes were 
estimated by the hydroxyapatite procedure. Nonspecific binding (- & -) 

was estimated from parallel incubations containing a 200-fold molar 
excess of 1,25(OH)2D3. Specific binding (-0-) was calculated by sub
traction of nonspecffic binding (-& -) from total binding (-1-). 
Right panel: Scatchard analysis of specific binding (-0-), the cor
relation coefficient of the regression line was -0.99. 
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hormone-receptor complexes formed during incubation of intact LLC-MK2 

cells with 20 nM 1,25(OH)2[3HJD3 (Chapter 3, Fig. 13). 

Having demonstrated the presence of a low affinity 1,25(OH)2D3 

receptor in cultured LLC-MK2 cells, it was deemed important to deter

mine the relationship of the variant molecule to that of wild type 

rhesus 1,25(OH)2D3 receptors. Previous studies have indicated the 

presence of 1,25(OH)2D3 receptors in dermal fibroblasts (97), which 

were chosen as a convenient source of receptor material. The rhesus 

fibroblast cytosol bound the equivalent of 2300 molecules of 

1,25(OH)2[3HJD3 per cell, with high affinity, Kd = 60 pM (Fig. 17). 

These data are comparable to those observed with cytosolic 1,25(OH)2D3 

receptors obtained from a variety of cultured mammalian cells, 

including LLC-PK1 renal cells and the 3T6 mouse fibroblast cell 

line (30,75). This finding indicates that the receptor observed in 

LLC-MK2 cells displays an affinity which is atypical of the wild type 

rhesus 1,25(OH)2D3 receptor. 

Comparison of 1,25(OH)2D3 Bioresponsiveness in Cultured Rhesus Cells 

The relationship between hormone affinity and 1,25(OH)2D3 

sensitivity was examined via assessment of the inducibility of 24-

hydroxylase activity in the established rhesus cell lines. In agree-
9 

ment with the results in Fig. 11 (Chapter 3), treatment of LLC-MK2 

cultures with 100 nM 1,25(OH)2D3 resulted in a maximal (16-folq) 
. 

increase in the rate of 24R,25(OH)2D3 formation (Fig. 18). The ED50 

calculated for this response was 10 nM, also in good agreement with 

the preceding data. Treatment of RMF-l cells with 1,25(OH)2D3 also 
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Figure 18. 1,25(OH)2D3-dependent induction of 24-hydroxylase activity 
in cultured rhesus ceTI lines. 

Confluent cultures of LLC-MK2 and RMF-1 cells were treated for 12 h in 
situ with the indicated co~centration of 1,25(OH)2D3. The cells were 
harvested and 24R,25(OH)2[ H]D3 production determined as described in 
"Experimental Procedures". 1,"25 (OH) 2D3-dependent 24-hydroxy lase .. 
activity is expressed as the percent of the maximum response observed. 
The rates of 24R,25(OH)2D3 synthesis in control c~ltures of RMF:1 
cells and LLC-MK2 cells were 0.4 and 0.22 pmol/10 cells/30 min, 
respectively. The maximal rates attained were 3.1~ pmol/106 
cells/30min in the RMF-1 cultures and 3.80 pmol/10 cells/30m!n in the 
LLC-MK2 cells. 
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resulted in a large (8-fold) increase in 24-hydroxylase activity. 

This response was saturated at a slightly lower inducer concentration 

(SO nM) and the EDSO observed was 2 nM. Thus, the RMF-1 cells are 

intermediate in sensitivity to 1,2S(OH)2D3 action between the LLC-PK1 

cells (EDSO 0.2 nM) (Fig. 11, Chapter 3) and the LLC-MK2 cells (EDSO 

10 nM). This observation suggests that in addition to receptor 

affinity, other factors, which may include receptor number, playa 

significant role in determining cellular responsiveness. 

Immunoblot Analysis of Rhesus 1,25(OH)2D3 Receptors 

Initial attempts at immunodetection of 1,25(OH)2D3 receptors 

in extracts of either RMF-1 or LLC-MK2 cells were unsuccessful. This 

is in agreement with the observation that immunoblot visualization of 

1,25(OH)2D3 receptors from less abundant sources requires chromato

graphic receptor enrichment (88,89). DNA-cellulose chromatography was 

chosen as a means of obtaining samples with sufficient specific con

tent for the visualization of receptors via immunoblot methodology. 

Figure 19 represents a composite of the results of two separate DNA

cellulose chromatographic analyses of RMF-1 1,25(OH)2D3 receptors, 

with detection by quantitation of radioactive hormone or via immuno

blot (inset). Radioactive hormone receptor complexes prepared by 

incubation of intact fibroblasts with 1,25(OH)2[3HJD3 were isolated 

and ~he receptor-complexes were chromatographed on DNA-cellulose as 

described. The 1,25(OH)2[3HJD3-receptor complexes eluted from the 

column as a single radioactive peak centered around fraction 39 (0.23 

M KC1). This is consistent with elution profiles for both avian and 
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Figure 19. Immunoblot detection of DNA-cellulose enriched rhesus 
fibroblast 1,25(OH)2D3 receptors. 
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A suspension of rhesus fibroblasts (RMF-1, 32 x 106 cells) was incu
bated with 2nM 1,25(OH)2[3H]D3 for 90 min at 37oC. [3H]hormone
receptor complexes were then isolated and subjected to DNA-cellulose 
chromatography as described in "Experimental Procedures." 
1,25(OH)2[3H]D3 in the effluent column fractions (-1-) was determined 
by liquid scintillation spectroscopy. The inset represents an auto
radiogram of an immunoblot of aliquots of column fractions of a 
separate, preparative receptor isolation. The samples electrophoresed 
and probed wit~monoclonal anti-1,25(OH)2D3 receptor antibody corres
pond to 31 x 10 cells. The position of coelectrophoresed molecular 
weight markers are indicated; 0, origin of electrophoresis; D, dye 
front. The autoradiogram was exposed to film for 60 h. 
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mammalian 1,25(OH)2D3 receptors. Integration of the radioactive peak 

yielded an estimate of receptor content equivalent to 2,250 receptors 

per cell which confirms the previous determination via saturation 

analysis (Fig. 17). The inset in Fig. 19 depicts the autoradiographic 

results of immunoblot analysis of an equivalent sample obtained from 

the preparative fractionation of radio inert hormone-receptor complexes 

utilizing the same DNA-cellulose column. The presence of a major 

immunoreactive protein species which elutes from the DNA-cellulose 

column as a single discrete peak centered around fraction 39 (0.23 M 

KC1) is readily apparent. This 52 KDa macromolecule is judged to 

represent 1,25(OH)2D3 receptor based on its elution from the column in 

the position of homologous [3HJhormone-receptor complexes. The 

fainter, higher molecular weight immunoreactive signal appears to 

represent a nonspecific, low affinity interaction of the monoclonal 

antibody with a more abundant protein. Interestingly, the rhesus 

1,25(OH)2D3 receptor displays a molecular weight (52 kDa), similar to 

that reported for the human 1,25(OH)2D3 receptor, 52.2 kDa (89). 

A similar strategy was adopted for the identification of the 

low affinity variant 1,25(OH)2D3 receptor. Depicted in Fig. 20 is an 

autoradiogram representing the immunoblot analysis of samples obtained 

from the indicated column fractions of a preparative chromatographic 

receptor fractionation. Inspection reveals the presence of several 

immuhoreactive species. However, only one immunoreactive band 

interacts with the DNA-cellulose affinity resin in the manner charac-

teristic of the 1,25(OH)2D3 receptor protein. This protein species 
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Figure 20. Immunoblot analysis of DNA-cellulose enriched LLC-MK2 
1,25(OH)2D3 receptor variant. 
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2 x 109 LLC-MK2 cells were suspension labeled with 1,25(OH)2D3 (100nM) 
for 90min. Nuclei were prepared and 0.3 M KCl extracts obtained as 
described in "Experimental Procedures." The nuclear extract was frac
tionated via DNA-cellulose chromatography, electrophoresed and probed 
with monoclonal antibody as described above. The KCl molarity of 
fraction 38 was 0.23M. The aliquots electrophoresed here are the 
equivalent of 95 x 106 cells. The autoradiogram was exposed to film 
for )20 h. 
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Figure 21. Coelectrophoresis of primate 1,25(OH)2D3 receptors. 

Primate 1,25(OH)2D3 receptors, partially purified via DNA-cellulose 
chromatography, were subjected to electrophoresis and detected by 
immunoblot. The samples are as follows: lane 1, LLC-MK2 receptor ob
tained from fraction 39 of the preparation analyzed in Fig. 20.; lane 
2, rhesus fibroblast receptor from fraction 39 of the material tested 
in Fig. 19; lane 3, aliquot of purified receptor obtained from new 
world primate (owl monkey) kidney cells; lane 4, DNA cellulose • 
enriched LLC-MK2 receptor complexes obtained by in situ incubation of 
monolayer cultures with 100 nM 1,25(OH)2D3. Symbols are as described 
in the legend to Fig. 19. The autoradiogram was exposed to film for 
22 h. 
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displays a molecular weight of 52 kDa and elutes as a single peak, 

with the highest signal intensity in fraction 38 (0.23 M KCl). This 

immunoreactive species is deduced to represent the low affinity 

variant receptor based on its elution from the column in the position 

of homologous [3H]hormone receptor complexes (Fig. 11, Chapter 3), as 

well as similarity in molecular weight to the wild type rhesus and 

human receptor proteins. 

The immunoblot detection of chromatographically enriched, 

coelectrophoresed, primate 1,25(OH)2D3 receptors is presented in Fig. 

21. The samples represent aliquots of the peak fraction of DNA

cellulose enriched receptor preparations. This autoradiogram demon

stratesthe coexistence of only one immunoreactive species in all four 

purified primate receptor preparations. This species, which is indi

cated by the arrow, represents the 52 kDa protein tentatively classi

fied above as receptor. These results indicate that 1,25(OH)2D3 recep

tors from both new world (Platyrrhini) and old world (Catarrhini) 

monkey species share a common molecular weight. More importantly, the 

autoradiogram suggests that only a subtle alteration in the structure 

of the LLC-MK2 receptor protein (i.e. undetectable difference in one 

dimensional electrophoresis) is responsible for the observed altera

tion in hormone binding properties. 

Discussion 

Cultured cells have proven to be tractable model systems for 

the elucidation of the mechanism of action of the secosterol hormone, 

1,25(OH)2D3. Previous studies employing primary cultures of avian 
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renal cells (28), as well as established mammalian renal cell lines 

(30,65), have shown that the mechanism by which 1,25(OH)203 augments 

the catabolism of both the prehormone, 25(OH)03 and the hormone 

itself, via hydroxylation at C-24, displays the requisite features of 

a classic, steroid hormone induction process. These features include 

the presence, in renal tissue and cultured cells, of specific receptor 

proteins (65,68) which interact with DNA (30,66), and the sensitivity 

of the bioresponse to inhibition by both actinomycin ° and cyclohexi

mide (28,30,68). In apparent contradiction to the aforementioned 

studies was the observation by Chandler et al (30) of the 1,25(OH)2D3-

dependent induction of 24-hydroxylase activity in cultured LLC-MK2 

cells, in which 1,25(OH)203 re~eptors could not be demonstrated. The 

preceding chapter described the detection of a 1,25(OH)203 binding 

moiety, in these monkey kidney cells, which displayed the DNA-interac

tion characteristic of 1,25(OH)203 receptors. The biologic response 

data coupled with the requirement of high ligand concentrations for 

efficient detection, as well as the inability to observe this macro

molecule directly in cell extracts, were taken as strong evidence for 

a defect in the interaction of this receptor variant with hormone. In 

this chapter these findings are extended to include both direct bio

chemical measurements of hormone affinity and physical characteriza

tion of the receptor variant via immunologic methodology. 

An initial goal was to assess the ligand affinity of tHe puta

tive receptor variant in intact LLC-MK2 cells in order to determine 

the relationship between receptor affinity and hormone responsiveness. 

The results of these experiments (Fig. 15) revealed the presence of 
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-200 receptor-like molecules per LLC-MK2 cell which bound hormone with 

an apparent 10 fold reduction in affinity as compared with the porcine 

kidney cell. Surprisingly, the number of receptors observed in this 

experiment was much lower than the previous chromatographic estimate 

(Fig. 13, Chapter 3). Comparison of the LLC-PK1 data reported here 

(3,000 receptor molecules per cell) with results obtained from both 

cytosolic receptor analysis and DNA-cellulose chromatography, 5,400 

receptors per cell (Chapter 3 and Ref. 15) indicates that the determ

inations of receptor number performed in this study may be an under

estimation of the actual value by as much as forty percent. This is 

likely attributable to the increased complexity of the assay, which is 

necessitated by the extremely low ratio of bound hormone to free 

hormone «0.003) in the LLC-MK2 cells. In support of this procedure, 

the apparent affinity constant determined here for the LLC-PK1 cells 

(0.2 nM) is in close agreement with the cytosolic m~asurements 

(_10-10 M) as well as the ED50 for the 1,25(OH)2D3-mediated 24-hydrox

ylase induction (0.2 nM). Furthermore, the receptor content of LLC

MK2 cells, as determined with the intact cell methodology, agrees 

quite well with the ~ vitro binding data (320 receptors per cell) 

after adjustment of the former value for procedural loss. In addi

tion, the immunoblot analyses presented above, as well as the immuno

precipitation of 1,25(OH)2D3 receptors prepared by in vitro transla

tion of mRNA (data not shown) indicate that the LLC-MK2 variant is 

much less abundant than the receptors in either the rhesus fibroblasts 

or the pig kidney cells. Therefore, the number of receptor molecules 
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observed in the present study appears accurate, although they do not 

reflect the previous estimation (Figure 13). The reasons for this 

discrepancy are not readily apparent, although cellular 1,25(OH)203 

receptor content may fluctuate due to alterations in culture condi

tions, medium hormone concentrations or the stage of cell cycle 

(101-103). One or all of these factors may be responsible for the 

observed differences in receptor content. 

An additional aspect of the research described in this chapter 

is the relationship ·of the native rhesus 1,25(OH)203 receptor to that 

of the LLC-MK2 variant. The data presented in Fig. 17 indicate that 

cultured rhesus monkey fibroblasts contain high affinity 1,25(OH)203 

receptors in contrast to the finding for the LLC-MK2 variant (Fig. 

150). This comparison provides the first direct evidence that the 

LLC-MK2 receptor is a variant isoform of the wild type receptor. 

Immunoblot characterization of both the native rhesus 1,25(OH)203 

receptor and the LLC-MK2 variant as 52 kOa proteins, suggests that 

only a subtle alteration in the receptor protein is responsible for 

the decreased hormone affinity of the latter. That the 52 kDa protein 

detected by immunoblot represents the low affinity receptor is inde

pendently supported by experiments (data not shown) in which saturable 

specific binding of 1,25COH)2[3HJ03 to a low affinity macromolecule, 

as depicted in Fig. 16, was visualized via immunoprecipitation with 

monoclonal anti-1,25(OH)203 receptor antibody. At present, the origin 

of the putative mutation responsible for the hormone binding defect in 

LLC-MK2 cell can only be speculated upon. It is quite likely that 
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this alteration occurred spontaneously during the establishment or 

culture of this cell line as mutations resulting in hormone resist

ance, in vivo are rare events. Unfortunately, early passage LLC-MK2 

cells (73) are not available for a definitive analysis of this hypo

thesis. Regardless, the future characterization of this variant at 

the molecular level should yield significant insights regarding the 

relationship of receptor structure to hormone affinity. Due to the 

extremely low abundance of the LLC-MK2 variant, these considerations 

will likely require the utilization of molecular biological approaches 

to the characterization of receptor structure, as recently reported 

for the estrogen and glucocorticoid receptors (104,105). 

In addition to the characterization of 1,25(OH)2D3 receptors, 

bioresponsiveness was also surveyed in the cell lines employed here. 

These studies suggest that non-receptor factors may modulate the 

sensitivity of the induction process. Despite the presence of high 

affinity 1,25(OH)2D3 receptors in both cell types, the porcine kidney 

cell line (LLC-PK 1) is approximately 10-fold more sensitive to the 

actions of 1,25(OH)2D3 than the rhesus fibroblast line. This differ

ence may reflect the presence of a previously uncharacterized regula

tory factor, or a predisposition of cells of proximal tubular lineage 

to the expression of 24-hydroxylase activity. Alternatively, this 

observation may reflect a difference in chromatin structure of the 24-

hydroxylase gene sequence in readily induced cell types. At present, 

there is no information available regarding the stoichiometry of 

1,25(OH)2D3-receptor complex mediated alterations in gene 
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transcription, although the advent of cloned DNA sequences to 

1,25(OH)2D3 regulated proteins, including osteocalcin (92), collagen 

(106) and vitamin D-dependent calcium binding protein (107,108), sug

gests these data will be forthcoming. Clearly a cDNA probe to the 24-

hydroxylase gene would be useful in this regard. 

In Chapter 3 it was suggested that the LLC-MK2 receptor 

variant might serve as an instructive model for the hormone binding 

defect(s) which result in some forms of the familial, 1,25(OH)2D3 

tissue resistance syndrome (VDDR II). A recent study (33) demon

strated the presence of immunoassayable 1,25(OH)2D3 receptors in cul

tured fibroblasts from these patients, some of which were shown to be 

devoid of 1,25(OH)2D3 binding via the biochemical protocol employed. 

The medical histories (32) reveal that many patients displaying this 

syndrome show improvement of rickets upon treatment with massive doses 

of 1,25(OH)2D3' thereby predicting that these receptors may function 

to bind hormone albeit with greatly reduced affinity. The finding 

reported here, namely, that variant receptors exist which bind hormone 

with reduced but discrete (i.e. quantifiable) affinity suggests that a 

reexamination of the hormone binding negative phenotypes of VDDR-II 

via this methodology is warranted. Future studies with these cell 

types should yield information relevant to this problem. The identifi

cation of the LLC-MK2 variant by 2-dimensional electrophoresis qoupled 

with-immunoblot detection, in order to delineate physical differences 

between it and the high affinity isoform would also be useful in this 

regard. These studies, as well as the initiation of molecular 



biological approaches to this problem, are feasible and should gen

erate useful knowledge regarding receptor structure, function and 

their relationship to human disease. 
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CHAPTER 5 

MOLECULAR CHARACTERIZATION OF 1,25(OH)2D3 RECEPTORS 

AND BIORESPONSES IN OWL MONKEY (AOTUS TRIVURGATUS) CELLS: 

Demonstration that the Owl Monkey is a 1,25(OH)2D3 

Responsive New World Primate 

Summary 

New world primates exhibit a form of cellular resistance to 

the calcium regulating hormone, 1,25-dihydroxyvitarnin D3 

(1,25(OH)2D3). In the marmo~et, this syndrome has been characterized 

as an osteomalacia accompanied by high serum 1,25(OH)2D3 levels and a 

decreased concentration of 1,25(OH)2D3 receptors in vitamin D target 

organs. Described in this chapter is the examination of this phenom

enon in the owl monkey, a new world primate, utilizing cultured cells 

for the evaluation of 1,25(OH)2D3 receptors and bioresponses. 

1,25(OH)2~3 sensitivity was evaluated via the dose dependent induction 

of 25-hydroxyvitamin D3-24-hydroxylase. The ED50 of 2 nM for this 

response in the fibroblast-like owl monkey kidney (OMK) cells, did not 

differ substantially from that of the rhesus monkey fibroblasts which 

was 3nM. Maximal 24-hydroxylase induction required treatment of both 

ceil types with 50-100 nM 1,25(OH)2D3· Scatchard analysis of 

1,25(OH)2[3HJD3 binding to cellular extracts revealed N2300 high 

affinity receptor molecules per OMK cell. SDS-PAGE immunoblot 
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analysis employing monoclonal anti-1,25(OH)2D3 receptor antibody 

detected, in OMK cells, a 52 kDa protein which eluted from DNA

cellulose column in. the position of homologous [3H]hormone receptor 

complexes. Exposure of OMK cells to 100 nM 1,25(OH)2D3 for 12-24 h 

increased the cellular content of 1,25(OH)2D3 receptors. This 

reflected an increased rate of receptor synthesis as determined b,y 

immunoprecipitation of OMK cell proteins metabolically labeled with 

[35SJ-methionine. This effect apparently resulted from transcrip

tional regulation, as exposure of OMK cells to 1,25(OH)2D3 for 24 h 

resulted in an increased level of translatable 1,25(OH)2D3 receptor 

mRNA. Examination of primate serum samples demonstrated that the owl 

monkey maintained signi£icantly lower (p<0.001) serum 1,25(OH)2D con

centrations (29 pg/ml) as opposed to the elevated levels of the 

squirrel, (129 pg/ml) cebus, (97 pg/ml) and marmoset monkeys 

(101 pg/ml), des~ite the presence of comparable 25(OH)D levels. These 

findings reveal that the owl monkey is not resistant to the actions of 

1,25(OH)2D. These results suggest the alteration of 1,25(OH)2D endo

crine dynamics observed in other new world primates occurred after the 

evolutionary segregation of this species. 

Introduction 

New world primates display a generalized, "compensated" 

steroid hormone resistance syndrome (109). The species examined to 

date maintain high circulating levels of cortisol (110), aldosterone 

(85), progesterone (84), estrogen (84), testosterone, (111) and 1,25-

dihydroxyvitamin D3 (1,25(OH)2D3) (86). These high plasma hormone 
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concentrations represent a compensation for either a diminished con

centration or affinity of the respective receptor protein in the 

steroid target tissues (84,85,110,112). New world primates also 

suffer from an inability to effectively utilize dietary supplements of 

vitamin 02 (113-115). However, recent studies indicate that 

marmosets, tamarins, and presumably ather new world primates raised in 

captivity, display a high incidence of metabolic bane disease even 

when maintained an diets containing large amounts of vitamin 03 

(86,116). This pathologic syndrome appears to represent a true target 

organ resistance to 1,25(OH)20, as law serum calcium values are 

accompanied by elevated serum levels of 1,25(OH)20 and a decreased 

concentration of 1,25(OH)2D3 receptors in the duodenum, the organ 

responsible for dietary calcium absorption (112). Adams and coworkers 

have reported that cultured marmoset fibroblasts are deficient in bath 

1,25(OH)2D3 receptors and bioresponsiveness as compared to fibroblasts 

cultured from old world primates (116). Furthermore, they have pro

vided evidence that several species of new world primates from bath 

the Callithricid and Cebid families maintain high circulating levels 

of 1,25(OH)2D (117). The study described in this chapter analyzes 

this phenomenon in the awl mankey, Aotus trlvurgatus, a cebid monkey, 

which has not been examined previously. The measurement of 

1,25(OH)2D3 receptors and bioresponsiveness in cultured cells derived 

from the awl monkey and the rhesus mankey, as well as the determina

tion of serum 25(OH)D and 1,2~(OH)2D levels in these primates, are 

reported here. 
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Experimental Procedures 

Sterols and Radiochemicals. 25(OH)[26,27-3H]D3, specific 

activity 158-180 Ci/romol, was obtained from Amersham International, 

Arlington Heights, IL. 1,25(OH)2[3H]D3 was synthesized enzymatically 

from 25(OH)[3H]D3 as previously described (71). Crystalline-25(OH)D3, 

24R,25(OH)2D3 and 1,25(OH)2D3 were generously provided by Dr. M. 

Uskokovic of Hoffmann-laRoche, Nutley, NJ. Radioiodinated protein A 

(30-40 uCi/ug) was purchased from ICN Biochemicals, Cleveland, OH. 

[14C]-Methylated, low molecular weight electrophoretic protein 

standards: phosphorylase B, bovine serum albumin, ovalbumin, carbonic 

anhydrase and lysozyme were obtained from runersham International. 

Radioisotopes were quantitated by liquid scintillation spectrometry in 

ACS aqueous scintillation cocktail (Amersham Int.) in a Beckman LS5801 

instrument. 

Cell Culture. The owl monkey kidney cell line (OMK 637-69; 

ATCC CRL 1556) was obtained from the American Type Culture Collection 

(Rockville, MD). The rhesus monkey fibroblast (RMF-1) cell line was 

described in Chapter 4. Both fibroblast-like cell lines were cultured 

in complete growth medium consisting of Minimum Essential Medium (MEM) 

supplemented with non-essential amino acids, 10% fetal bovine serum, 

1mM pyruvate, plus 100 ug of streptomycin and 100 units of penicillin 

per ml. Cultures were maintained in a humidified 95% air/5% CO2 

env~ronment at 37°C. Cells were harvested prior to receptor measure-

ment or 24-hydroxylase analysiS as follows. Confluent monolayers were 

rinsed with Dulbecco's PBS (Ca++, Mg++-free, 8.1mM Na2HP04' 1.5mM 
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KH2P04, O.14M NaCl, 2.7mM KC1, pH 7.4) and detached by trypsinization 

(0.25% trypsin, Gibco; 0.5 mM EDTA in Dulbecco's PBS). Cells were 

rinsed from the flasks with complete medium and collected by centri

fugation at 200 x ~ for 4 min. Cell pellets were resuspended three 

times in room temperature, serum-free medium prior to preparation of 

cell suspensions for use in 24-hydroxylase assay or incubation with 

1,25(OH)2D3 for formation of hormone receptor complexes. Alterna

tively, the cell pellets were washed three times with ice cold 

Dulbecco's PBS prior to preparation of cell extracts for receptor 

analysis. 

Metabolic Labeling. Confluent monolayer cultures of OMK cells 

were rinsed twice with methionine-free DMEM. The cultures were incu

bated for 4 h in methionine-free DMEM supplemented with 2% dialyzed 

fetal bovine serum and [35SJ-methionine (250 uCi/ml; 1100 Ci/mmol, 

Arnersham Int.). One group of cul tures a lso contained 100 nM 

1,25(OH)2D3. Control cultures received 0.1% ethanol (vehicle) alone. 

Following the labeling period, the monolayers were rinsed three times 

with PBS then lysed on the plates in KETD 0.3 buffer (O.OlM Tris HC1, 

lmM EDTA, 5mM dithiothreitol, plus the indicated molar concentration 

of KC1) containing 0.5% triton-X-l00. The lysates were then subjected 

to ultracentrifugation at 165,000 x ~ for 30 min and the resulting 

supernatants (107 cell equivalents/ml) were utilized for immunopre

cipitation of radio labeled receptor protein. 
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Measurement of 25(OH)D3-24-hYdroxylase activity .!.!l ~ ~ 

pensions. Assessment of 24R,25(OH)2[3HJD3 formation was performed as 

described in Chapter 3. 24-Hydroxylase activity was induced by treat-

ment of confluent cultures with the indicated concentrations of 

1,25(OH)2D3 for 12 h. Control cultures received vehicle (ethanol) 

alone. The cultures were harvested and cell suspensions prepared in 

medium containing 1$ fetal bovine serum. Aliquots (200 ul, 2 x 106 

cells) were incubated with substrate, 0.5 uM 25(OH)[3HJD3 (2-20 

Ci/mmol), for 30 min at 37°C. The 24R,25(OH)2[3HJD3 product was 

supplemented with 200 pmol radioinert 24R,25(OH)2D3 and extracted with 

methanol/chloroform (2:1, v/v). Quantitation was achieved by HPLC 

analysis on a Zorbax-sil column (Dupont, Wilmington, DE) eluted with 

10$ 2-propanol in n-hexane. The radiolabeled metabolite comigrating 

with authentic 24R,25(OH)2D3 was collected, dried under N2 gas and 

quantitated in 5ml ACS cocktail. 

Saturation Analysis of 1,25(OH),g,D1 Receptors. 1,25(OH)2[3HJD3 

binding was investigated in cellular extracts (cytosols) obtained by 

ultracentrifugation (165,000 x~, 45 min) of cell sonicates prepared in 

KETD 0.3 as previously described (75). All procedures were performed 

at 40 C. Saturation analysis of 1,25(OH)2[3HJD3 binding was accomp

lished by incubating 200 ul aliquots of cytosol with increasing 

concentrations of 1,25(OH)2[3HJD3 (90 Ci/mmol), in triplicate, for 8 h 

at 4~C. Nonspecific binding was assessed in parallel incubations 

which contained a 200-fold molar ex·cess of radio inert 1,25(OH)2D3. 

Following incubation, [3HJ-hormone receptor complexes were separated 
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from free ligand by incubation with Dextran T-70 coated charcoal as 

described in Chapter 2. [3HJ-Hormone receptor complexes were quanti-

tated in 5ml ACS cocktail. 

DNA-Cellulose Chromatography of Hormone-Receptor Complexes. 

1,25(OH)2D3 receptors were identified and quantitated via DNA-cellu

lose chromatography as detailed in Chapters 3 and 4. 1,25(OH)2[3HJD3-

receptor complexes were prepared by suspension labeling of intact 

cells with 2nM 1,25(OH)2[3HJD3 in media containing 1% serum. 

Following the go min incubation period, the cells were collected by 

centrifugation at 500 x ~ for 5 min and rinsed three times with ice 

cold PBS containing 0.1% (w/v) bovine serum albumin (Sigma Chemical 

Co., St. Louis,MO). Nuclei were isolated by dounce homogenization in 

HPB buffer (0.01 M Tris-HCl, pH 7.5, 2mM EDTA, 0.5mM EGTA, 0.15mM 

spermine, 0.5mM spermidine, 5mM dithiothreitol), pelleted by centrifu-

gat ion at 1,000 x ~ for 5 min and extracted with KETD 0.3. The 

nuclear extract containing the solubilized hormone receptor complexes 

was diluted with KETD 0 buffer to a final molarity of < 0.08M KCl. 

The sample was then applied to the column at a flow rate of 0.5 ml per 

min. After washing with 50 ml KETO 0.05, the bound proteins were 

eluted with a 100 ml gradient of KCl between 0.05 and 0.5M in KETD 

buffer. Fractions (3 ml) were collected throughout the procedure, and 

aliquots were removed for the determination of molarity and the 

qUantitation of 1,25(OH)2[3HJD3• Alternatively, radio inert 

1,25(OH)203 receptor complexes were formed by exposure of confluent 

mono layers to 5 x 10-8M 1,25(OH)2D3 for 12 h. The cultures were 
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harvested, nuclei isolated, 0.3M KCl extracts obtained, diluted and 

chromatographed as described above. The proteins eluted in the column 

fractions were precipitated with 6S trichloroacetic acid and prepared 

for SDS-PAGE immunoblot analysis. 

SDS-PAGE Immunoblot Analysis. Immunoblot analysis was 

performed as outlined in Chapter 4. 

!lli! Isolation and In Vitro Translation of Poly !t RNA. Total 

cellular RNA was isolated from control or 1,25(OH)2D3 treated (100nM, 

24 h) OMK cells by the guanidinium isothiocyanate/cesium chloride 

method (118,119). Polyadenylated (poly A+) RNA was prepared by 

Oligo(dT)-cellulose affinity chromatography (120). Poly A+ RNA was 

translated in vitro utilizing nuclease-treated rabbit reticulocyte 

lysate via a modifiction of the manufacturers protocol (Promega 

Biotec, Madison, WI). The reaction mixture contained 1mM amino acids 

(methionine-free), 1U/ul RNASIN, 500 uCi [35SJ-methionine and 5ug poly 

A+ RNA in a total volume of 200 ul. Following the 60 min translation 

period at 30oC, the mixture was subjected to ultracentrifugation at 

165,000 x ~ for 40 min at 40 C and the resultant supernatant was 

utilized for immunoprecipitation. 

Immunoprecipitation of 1,25(OH)gDI Receptors. Immunoprecipi

tation was accomplished as detailed by Mangelsdorf et al (121). 

Lysates of metabolically labeled cells or in vitro translation 

products were sequentially precleared by incubation with non-immune 

sera and non-specific antisera. Immunoprecipitation was then effected 



by the addition of immunoaffinity resin (10 ul). The affinity resin 

consisted of monoclonal anti-1,2S(OH)2D3 receptor antibody 
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(9A7yor 4ASY) coupled to sepharose 4B (Pharmacia, Piscataway, NJ) 

via the cyanogen bromide-activated intermediate. The derivatized 

resin contained 10 ug of antibody per 10 ul resin. The specificity of 

immunoprecipitation was examined in parallel incubations which also 

received excess, soluble, monoclonal anti-receptor antibody. The 

immunoprecipitation reaction was incubated overnight at 40 C. The 

affinity resin was washed by repeated resuspension in KETO O.S buffer 

containing O.Si Tween-20, 0.1i SDS, O.S% NP-40 and 1i sodium deoxy

cholate. The affinity gel was then sedimented through 1M sucrose in 

the above buffer and rinsed in KETO 0 buffer. The final pellet was 

boiled for S min in Laemmli sample buffer and electrophoresed as 

described earlier. Following electrophoresis the gels were fixed in 

40i methanol/10% acetic acid, treated with Enhance (New England 

Nuclear, Boston, MA) and fluorographed at -700 C on Kodak X-Omat-AR 

film. 

Determination of 2S(OH)D and 1,25(OH)2D in Primate Sera. 

Serum samples from the following primates were obtained from regional 

primate centers, new world primates: Aotus trivurgatus, Saimiri 

sciureus, Cebus apella, Saguinus Oedipus; old world primates: Macacca 

mulatta and Pan troglodytes. Serum 25(OH)D was quantitated utilizing 

competitive protein binding methodology employing vitamin D-deficient 

rat serum as described (122,123). Serum 1,2S(OH)2D was measured via 

the non-chromatographic, calf thymus 1,2S(OH)2D receptor technique, as 
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described by Reinhardt et al (124). Statistical analysis of serum 

25(OH)D and 1,25(OH)2D were performed with an Apple IIe computer using 

the student's non-paired t-test. 

Results 

Analysis of Bioresponsiveness to 1,25(OH)2D3 in Cultured Cells Derived 

from New-World and Old World Primates 

The results of dose response analysis of 1,25(OH)2D3-mediated 

induction of 24-hydroxylase activity in cultured, rhesus and owl 

monkey cells are presented in Fig. 22. Exposure of either cell type 

to 1,25(OH)2D3 for 12 h led to substantial (8-20 fold) increases in 

24-hydroxylase activity. The ED50 (2-3 nM) for this bioresponse was 

nearly identical in both fibroblast-like cell types. Therefore, as 

judged by induction of 24-hydroxylase activity, the owl monke"y cells 

are not resistant to the action of 1,25(OH)2D3. This conclusion is 

substantially different from that obtained with marmoset fibroblasts 

which indicated that the new world primate cells displayed a markedly 

diminished bioresponse to 1,25(OH)2D3 as compared to cells cultured 

from the gorilla, an old world primate (116). 

Owl Monkey 1,25(OH)2D3 Receptor Quantitation and Characterization 

Saturation analysis of 1,25(OH)2[3H]D3 binding was performed 

with cytosol from the new world primate cells (Fig. 23). The satura-

tion analysis data (left panel) confirms the presence of a high 

affinity 1,25(OH)2[3H]D3 binding moiety in these cells. The Scat chard 

analysiS (right panel) reveals the capacity of 2,250 high affinity 
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Figure 22. Dose response analysis of 1,25(OH)2D3 mediated 24-hydrox
ylase induction in cultured primate cells. 

Confluent cultures of RMF-1 and OMK cells were treated for 12 h with 
the indicated concentrations of 1,25(OH)2D3. The cultures were then 
harvested and 24R,25(OH)2[3HJD3 synthesis evaluated. The results are 
expressed as the percent of tne maximum response observed. The ~ate 
of 24R,25(OH)D3 formation in the control cUltures of OMK and RMF-1 
cells were 0.2 + 0.02 and 0.4 + 0.03 pmol/10 cells/30min, respect
ively. The maximum rates of synthesis observed in the 1,25(OH)2D 
treated cultures were 4.7 and 3.13 pmol/106 cells/30min, respect~vel~ 



-[ 8,000 

:s. 
"'CI 
§ 6,000 
o 
m 

C') 

C 4,000 ...... 
:c 
£2.... 
~ :c 2,000 

e-
li) 
NR ... 

0.3 0.6 0.9 1.5 

1,25(OHh[3H]D3 nM 

Kd = 70 pM 1.25 
2250 Receptors/Cell 

2.4 0 50 100 

1.0 

! 0.75 "'CI 
C 
:::I o 0.5 m 

0.25 

Specific Binding pM 

99 

Figure 23. Saturation analysis of 1,25(OH)2D3 receptors prepared from 
new world primate cells. 

Left panel: OMK cells were harvested and cytosol prepared as 
described. Aliquots (200 ul, 4.5 x 106 cell equivalents) were incu
bated with 1,25(OH)2[3HJD3 (90 Ci/mmol), in triplicate, for 8 h at 
4oC. [3HJHormone-receptor complexes were quantitated by the dextran 
coated charcoal method. Symbols are as described in the legend.to 
Figure 17. Right panel: Scat chard analysis of specific 
1,25(OH)2[3HJD3 binding. The correlation coefficient of the regres
sion line was r -0.98. 



(Kd = 8 x la-11 M) receptors per fibroblast-like OMK cell. These 

results demonstrate that the owl monkey cells are equivalent to the 

rhesus fibroblasts (Fig. 17, Chapter 4) in both 1,25(OH)2D3 receptor 

content and bioresponsiveness. 

The results of DNA-cellulose chromatographic analysis of owl 
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monkey 1,25(OH)2D3-receptor complexes are illustrated in Fig. 24. The 

1,25(OH)2[3HJD3-receptor complexes bind to DNA-cellulose and are 

eluted with the salt gradient as a single radioactive peak (fraction 

38, 0.23M KCl). Integration of this radioactive peak indicates that 

laOS of the receptors observed via saturation analysis (Fig. 23) were 

competent in DNA-binding activity. Depicted in the inset (Fig. 24) is 

an autoradiogram representing the immunodetection of radioinert, 

hormone-receptor complexes obtained from a separate preparative frac-

tionation. The samples correspond to column fractions obtained from 

DNA-cellulose chromatography utilizing both the column and protocol 

described above. The presence of two distinct immunoreactive species 

in the column fractions, is evident. Both proteins appear to elute 

from the column in the position of homologous [3HJ-hormone-receptor 

complexes. Specificity analysis demonstrated that the immunoreactiv-

ity of the larger species is not dependent on monoclonal antibody 

(data not shown). ThUS, these results indicate the 52 kDa polypeptide 

represents the 1,25(OH)2D3 receptor macromolecule. The data in Fig. 

21 (Chapter 4) indicates the new world primate 1,25(OH)2D3 receptor is 

identical in size to the rhesus 1,25(OH)2D3 receptor. 



-c 
.2 
(j 
ca ... 
!t:. 

3 

[2 
"CI .., 
CI .... -

0-

92-

&a.j 
I 

c! 48-: .... , 
.. i 

~ ~j 

--~- -

• , t , I t I , 

30 32 34 Je 31 40 .2 .. 

DNA-Cellulose Fraction Number 

" 

..... .,. .... 
,~ 

..". .... -- ..... , 
.,. .... ,......... O.23M 

0.41. 
0.3 !. 
0.2 (j 
~ 

0.1 
" --,,--------------------- -_ ....... 

O+~~==~~~---r------~----_:~----~--~~ 
o 10 20 30 40 50 

Fraction Number 

Figure 24. DNA-cellulose chromatographic characterization of Owl 
Monkey 1,25(OH)2D3 receptors. 
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A suspension of OMK cells (18 x 106) in medium contajning 1% serum was 
incubated with 2nM 1,25(OH)2D3 for 90 min at 37°C. H-hormone recep
tor complexes were isolated and chromatographed on DNA-cellulose. 
1,25(OH)2[3HJD3 (-1-) in the column fractions was quantitated by 
liquid scintillation spectrometry. The inset represents the immuno
blot analysis of a preparative isolation of radioinert 1,25(OH)2D3 
receptor complexes. The aliquots of the column fractions which were 
electrophoresed and probed with monoclonal a~ti-1,25(OH)2D3 rec~ptor 
anti~ody (9A7y) are the equivalent of 18 x 10 cells. The position of 
coelectrophoresed molecular weight markers a~e indicated; 0, origin of 
electrophoresis; D, dye front. The autoradiogram was exposed to film 
for 20h. 
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Hormone Dependent Regulation of Receptor Content in OMK Cells 

Exposure of culture~ cells to 1,25(OH)2D3 often results in 

substantial increases in cellular 1,25(OH)2D3 receptor content 

(31,103). This bioresponse is inhibited by actinomycin D, suggestive 

of a receptor mediated effect on transcriptional regulation. Fig. 25 

presents the immunodetection of purified, nuclear, hormone-receptor 

complexes derived from OMK cells exposed to 1,25(OH)2D3 for 2-48 h. 

Comparison of the immunoreactive species, which migrate as 52 kDa 

proteins, indicates exposure of cells to 1,25(OH)2D3 for 12-24 h 

results in a modest increase (-2 fold) in receptor content as compared 

to the control group (2 h exposure). This response is transient, by 

48 h the content of nuclear, hormone-receptor complexes is below the 

basal level detected in the 2 h treatment group. The time course is 

similar to that observed for 24-hydroxylase activity in cells exposed 

to a single dose of 1,25(OH)2D3 (30, unpublished observations), 

suggesting that the complexes detected here represent functional, 

transcriptional regulatory components. The decrease in concentration 

of nuclear 1,25(OH)2D3-receptor complexes apparently results from 

continued degradation of hormone through the C-24-hydroxylation 

pathway with a subsequent decline in the number of hormone-receptor 

complexes. This phenomenon could represent a cellular attenuation 

mechanism which may be physiologically relevant. Further exper~menta

tion will be required for documentation of this relationship. 
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Figure 25. Effect of 1,25(OH)2D3 exposure on 1,25(OH)2D3 receptor 
content in OMK cells. 
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Confluent OMK cell cultures were exposed to 1,~(OH)2D3 (100 uM) for 
the indicated time periods. The cells (25 x 10 ) were then harvested, 
nuclei were prepared and 1,25(OH)2D3-receptor complexes were extracted 
and applied to 1ml DNA-cellulose co~umns. The columns were washed 
with 20 column volumes of KETD 0.05 followed by 10 volumes of ~TD 
0.15 •. The adsorbed receptors were then eluted with 10 volumes of KETO 
0.4. The 0.4M KCl fraction was precipitated with 6~ trichloroacetic 
acid and subjected to SDS-PAGE immunoblot analysis. The autoradiogram 
was exposed to film for 40 h. 
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Whether the increase in receptor content, observed in OMK 

cells exposed to 1,25(OH)2D3' reflected an increase in 1,25(OH)2D3 

receptor mRNA content was analyzed via ~ vitro translation of poly A+ 

RNA prepared from control and 1,25(OH)2D3-exposed OMK cells (Fig. 26, 

panel A). The major polypeptide reactive with the 9A7Y affinity resin 

is a 52 kDa protein (lane 1). This species is absent when the immuno-

precipitation is performed in the presence of excess, soluble mono-

clonal antibody (lanes 2 & 4). The content of translatable mRNA 

encoding the polypeptide is increased (-2 fold) by exposure of the 

cells to 1,25(OH)2D3 (lane 3). The identity of the fainter, higher 

molecular weight species (-73 kDa) is unknown. Although it appears to 

display specificity for monoclonal antibody 9A7Y , this species is not 

reactive with the 4A5y affinity resin (Panel B, lanes 6 and 8), indi-

cating it is not receptor related. The results in panel B demon-

strate that increased synthesis of the immunoprecipitable 52 kDa 

polypeptide oc~urs in 1,25(OH)2D3-treated cells metabolically labeled 

with [35S]-methionine (lane 4) as compared to control cells (lane 2). 

This species comigrates with coelectrophoresed, DNA cellulose purified 

receptor detected via immunoblot (lane 1), as well as the species 

synthesized in vitro from poly A+ RNA prepared from control (lane 6) 

or 1,25(OH)2D3 treated cells (lane 8). These results indicate that 

increased synthesis of 1,25(OH)2D3 receptors and receptor mRNA occurs 

in OMK cells exposed to 1,25(OH)2D3. These results provide an inde

pendent confirmation of the bioresponsiveness of the owl monkey cells. 
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Figure 26. Effect of 1,25(OH)2D3 on synthesis of 1,25(OH)2D3 receptor 
protein and mRNA in owl monkey kidney cells. 

Radiolabeled 1,25(OH)2D~ receptors were obtained by metabolic labeling 
of cultured cells with L35SJ-methionine, or by in vitro translation of 
mRNA. Panel A: mRNA prepared from control cultures (lanes 1,2) or 
cells exposed to 100 nM 1,25(OH)2D3 for 24 h (lanes 3,4) was 
translated in vitro and the products were immunoprecip1tated with 
9A7 -affinity resin, subjected to electrophoresis and detected by 
fluorography. Specificity of the immunoprecipitation reaction was 
examined via competition with excess, soluble, monoclonal antibody 
(9A7 ) (lanes 2,4). Panel 8: The samples electrophoresed are as 
follows. Lane 1 represents OMK 1,25(OH)2D3-receptor complexes ob
tained by DNA-cellulose chromatography, following electrophoresis this 
lane was cut off, electrotransferred and subjected to immunoblot 
analysis. Lanes 2-5 contain immunoprec~ates (4A5 -affinity resin) of 
OMK cells metabolically labeled with [3 S]-methionine in the presence 
(lanes 4,5) or absence of 100nM 1,25(OH) D3 (lanes 2,3). Lanes 6-9 
contain the immunoprecipitates (4A5 afffnfty resin) of the in vitro 
translation products synthesized from mRNA prepared from control 
(lanes 6-7) or 1,25(OH)2D3 treated cells (Lanes 8,9). The immuno
precipitation reactions analyzed in lanes 3, 5, 7, and 9 contained 
excess, soluble monoclonal antibody 4A5. Immunoprecipitation, elec
trophoresis and fluorography were performed as described in Experi
mental Procedures. 
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Primate Species 25(OH)D 1,25(OH)2D 

nglml pglml 

Infraorder Catarrhini 

(Old World Primates) 

Macacca mulatta 82 !. 6 71 !. 8 

Pan troglodyte 17 !. 3 33 !. 3 

Infraorder Platyrrhini 

(New World Primates) 

Aotus trivurgatus 58 !. 5 29 !. 3 

Saimiri sciureus 61 + 6 129 .:!: 10 

Saquinus oedipus 50 !. 7 101 + 10 

Cebus apella 74 .:!:. 8 97 .:!: 9 

Table I. Serum levels of vitamin D metabolites in old world and new 
world primate species. 

Sera from 10 individuals of each primate species were obtained from 
primate centers. The content of 25(OH)D and 1,25(OH)2D were evaluated 
as described in Experimental Procedures. The data are recorded as the 
mean.:!:. the standard error of the mean (S.E.M.). Mean serum 1,25(OH)2D 
was significantly (P<0.001) lower in A. trivurgatus than in the other 
new world primates. 



Examination of the Concentrations of 25(OH)D and 1,25(OH)2D in 

Primate Sera 
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In light of .the biologic responsiveness data presented above 

for the owl monkey cells, it was deemed important to determine whether 

owl monkeys displayed the elevated serum 1,25(OH)2D levels character

istic of new world primates (117). The levels of 25(OH)D and 

1,25(OH)2D in commercially obtained primate serum samples are sum

marized in Table 1. The serum c~ncentration of 1,25(OH)2D3 in the owl 

monkey (29 pg/ml) was in the range of the chimpanzee (33 pg/ml) and 

that reported for the human. The serum 1,25(OH)2D concentrations were 

significantly (p<0.001) higher in the remaining new world primates 

(97-129 pg/ml). Serum 25(OH)D concentrations were similar in all the 

new world primates, a finding which suggests the high serum 1,25(OH)2D 

concentrations observed in the 1,25(OH)2D resistant new world primates 

reflect an increased rate of renal 1 -hydroxylation of 25(OH)D. 

Discussion 

The results presented in this chapter (Table 1) reveal that 

the owl monkey (Aotus trivurgatus, a new world primate) maintains 

serum 1,25(OH)2D levels comparable to that of old world primates, 

including the human. In contrast, elevated levels of 1,25(OH)2D were 

observed in serum of the remaining species of new world (ceboid) 

primates examined. The 1,25(OH)2D content of the new world pr~mate 

serum samples examined in this study, which were obtained commer-

cially, was not as high as that previously reported by Adams ~ al 

(117). This may reflect some difference in the care or feeding of the 
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populations examined. Examination of the serum 25(OH)0 level of the 

owl monkey clearly indicates that the low content of 1,25(OH)20 

results from a decreased rate of 1 a-hydroxylation of 25(OH)0 compared 

to the remaining new world primates, -and not a dietary deficiency of 

vitamin O. Therefore, the owl monkey, in contrast to the remaining 

ceboid monkeys, does not appear to suffer from hypocalcemia and 

secondary hyperparathyroidism with subsequent bone resorption (112). 

In further support of the observations presented above, no reports 

were found, in the literature, of nutritional bone disease in owl 

monkeys. In contrast, the high incidence of nutritional bone diseases 

in other new world primate species is well documented (113-116,125). 

In support of the above conclusion, evidence is provided (Fig. 

22) that owl monkey cells display 1,25(OH)2D3-responsiveness equiv

alent to that of cells from the old world primate (rhesus monkey). 

These results contrast sharply with those obtained using cultured 

fibroblasts derived from Saguinus imperator, a new world primate, 

which displays a high incidence of metabolic bone disease (116). The 

latter study demonstrated a 95% reduction in the inducibility of the 

24-hydroxylase enzyme in the new world primate fibroblasts as compared 

with hUman and gorilla fibroblasts. The decreased bioresponsiveness 

correlated with a substantial (80%) decrease in the 1,25(OH)2D3 

receptor capacity of the new world primate cells. Diminished 

1,25(OH)203 receptor capacity also occurs in the duodenum of the 

common marmoset, Callitrhix jacchus (112). Therefore, the results 

revealing equivalent receptor content and affinity in the two fibro-
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blast-like primate cell lines examined here (Figs. 17 and 23) are 

unique in this regard. Owl monkey 1,25(OH)2D3 receptors are also 

shown here to be fully competent in DNA-binding activity (Fig. 24) 

unlike that of the common marmoset which displayed a limited capacity 

for DNA interaction (112). However, as the latter results were 

obtained with intestinal cytosols, receptor proteolysis with sub

sequent loss of DNA-binding activity (94) should not be excluded as a 

possible cause of this phenomenon, despite the presence of the pro

tease inhibitor, phenyl methyl sulfonyl fluoride during cytosol prep

aration. Additional research is required to establish both the cause 

and significance of this observation. 

The effect of 1,25(OH)2D3 on the content of its receptor in 

owl monkey cells was also examined. The results (Fig. 25) indicate 

that the nuclear content of 1,25(OH)2D3-receptor complexes is moder

ately increased by exposure to hormone for 12 and 24 h. The decrement 

in nuclear 1,25(OH)2D3-receptor complex content observed at 48 hours 

indicates the occupation of receptor by hormone is transient, and 

appears chronologically related to the profile of 1,25(OH)2D3 induced 

24-hydroxylase activity. Similar observations of an augmentation of 

cellular receptor content by exposure of cultured cells to 1,25(OH)2D3 

or dexamethasone have been made previously (31,126). These studies by 

Feldman and coworkers demonstrated that the alteration in cellular 

receptor content correlated with increased responsiveness to 

1,25(OH)2D3. The homologous regulation of receptor content by vitamin 

D3 agonists is actinomycin D sensitive (31) suggesting it is a result 
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of transcriptional regulation. This finding is supported by a 

detectable increase in the level of translatable 1,25(OH)2D3 receptor 

mRNA in cells exposed to 1,25(OH)2D3 (Fig. 27). This result presum

ably reflects an increased rate of transcription of the gene encoding 

the 1,25(OH)2D3 receptor protein, although an effect on mRNA stabil

ity, while less likely, cannot be ruled out. Studies employing either 

transcriptional inhibitors or cDNA probes to the 1,25(OH)2D3 receptor 

should clarify the mechanism of this hormonal action. 

The observation that the owl monkey is responsive to 

1,25(OH)2D3 is of evolutionary significance. This finding suggests 

that the adaptation of new world primates to the maintenance of high 

serum 1,25(OH)2D3 levels occurred after the evolutionary divergence of 

the species. Although the evolutionary relationships of the new world 

primates are not entirely agreed upon (127), both the fossil evidence 

and the molecular (albumin) data (127,128) indicate the evolutionary 

segregation of the owl monkey occurred early in the adaptive radiation 

of new world primate species. The last common ancestor shared by the 

owl monkey, squirrel monkey and the marmoset probably existed 30 

million years ago (128,129), while that of the marmoset and squirrel 

monkey was much more recent (10 million years ago), although these 

dates are currently under debate. In accord with this observation 

several differences exist between the owl monkey and the more closely 

related marmoset and squirrel monkey. The latter species both main

tain greatly elevated levels of both total and free cortisol in plasma 

(110). In contrast, the owl monkey maintains total cortisol levels in 



111 

the range of old world monkey species, although the free (biologically 

active) cortisol concentration is elevated because of the decreased 

capacity and affinity of cortisol binding globulin (110). Owl monkey 

cortisol binding globulin has been observed to be more closely related 

immunologically to that of the old world primates than to the squirrel 

monkey (129). In addition, the affinity of the owl monkey glucocorti

coid receptor is intermediate between that of the old world primates 

and those of the marmoset and squirrel monkey which display a much 

lower ligand affinity (109). These findings all lend support to the 

data reported here which indicate a delineation between the owl 

monkey, and the marmoset and squirrel monkey. The reason(s) for this 

evolutionary distinction in 1,25(OH)2D3 - endocrine dynamics is not 

clear. However, it is possible that because the owl monkey is a 

nocturnal animal, and therefore, is exposed to less sunlight, that it 

could not form enough vitamin D3 from the cutaneous photolysis of 7-

dehydrocholesterol, to maintain elevated circulating levels of 

1,25(OH)2D3. Alternatively, a mutational event resulting in decreased 

cellular 1,25(OH)2D3 receptor content may have occurred after the 

divergence of this species from the mainstream of ceboid evolution. 

The evolutionary advantage of either increased serum hormone levels or 

a decrease inpcellular receptor content is not clearly understood at 

this time. The observation that the owl monkey is responsive to 

1,25(~H)2D3' while displaying generalized compensated resistance to 

other steroid hormones reveals the discrete nature of these processes. 

Therefore, it is unlikely that the generalized steroid hormone 



resistance results from a defect in a subunit or regulatory feature 

common to t~e receptor proteins, for 1,25(OH)2D3 and the steroid 

hormones, as has been suggested (109). 
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CHAPTER 6 

CONCLUDING REMARKS 

The goals of the research described in this dissertation were 

to provide insights into the involvement of the intracellular binding 

proteins for metabolites of vitamins A and D in the cellular responses 

to these bioactive agents. As discussed in Chapter 2, the results 

provided herein do not allow a direct conclusion as to the involvement 

of' CRABP in retinoic acid mediated cell differentiat\on. The biosel

ected retinoic acid re~istant subline (LA-N-5-R9) which fails to dif

ferentiate when treated with retinoic acid, is shown to contain CRABP 

in equivalent amounts to the responsive parent line. This finding 

suggests that either CRABP is not the mediator of retino1c acid action 

1n these cells, or that cellular events subsequent to the interaction 

of retinoic acid with CRABP are altered resulting in the apparent 

ineffectiveness of the compound. There is precedent for post receptor 

lesions which result in cellular resistance to hormone action. As 

described 1n Chapter 1, one phenotype of VDDR-II results from an 

apparent post-receptor defect(s) (32). Similar events could account 

for the resistance of LA-N-5-R9 cells to retinoic aid. 

Alternatively, CRABP may not be the molecular mediator 9f the 

genomic action of retinoic acid. There is a growing body of evidence 

which suggests this may be the case. HL-60 promyelocytic leukemia 

cells differentiate into functional granulocytic cells when exposed to 
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retinoic acid (39). However, these cells do not contain detectable 

amounts of CRABP. Since retinoic acid treatment of these cells 

results in decreased"expression of the c-myc oncogene (131) and an 

induction of tissue transglutaminase (132) it is apparent tnat 

retinoids can alter genomic expression within target cells in the 

absence of CRABP. 
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If the above hypothesis is correct, then what is the function 

of CRABP? The structure of bovine adrenal CRABP has recently been 

determined (133). The amino acid sequence of CRABP shows striking 

homology with four other low molecular weight proteins suggesting 

these proteins constitute a family with similar cellular functions. 

The members of this protein family are CRABP, CRBP, myelin protein P2' 

intestinal fatty acid binding protein and the fatty acid binding Z 

protein. The known function of the latter two proteins is the intra

cellular solubilization and transport of fatty acids, while that of 

the other three members of the family are not yet understood. How

ever, the high degree of homology shared by the members of the family 

suggests they all function to transport lipophilic ligands intracel

lularly. These proteins do not appear to function analogously to 

steroid hormone receptors, which are larger and display multiple 

domains unique to their complex functions (104,105). The concept that 

CRABP and CRBP act to transport insoluble ligands to the sites of 

cel!ular metabolism have received support from analysis of retinoic 

acid metabolism in embryonal carcinoma (EC) cells (134). Retinoic 

acid is rapidly metabolized in EC cells. Mutant EC cells which lack 
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CRABP metabolize retinoic acid poorly. This result suggests that 

CRABP functions to deliver retinoic acid to the microsomes and other 

sites of metabolism.- Similarly, retinol bound to CRBP is a better 

substrate for microsomal esterification than free retinol (135). The 

ultimate conclusion reached after pondering the studies described 

above is that cellular retinoid binding proteins are most likely 

involved in the solubilization and subcellular transport of the hydro

phobic retinoids and are probably not multifunctional mediators of 

retinoid induced alterations in genomic expression and DNA synthesis. 

If the above conclusion is correct, how do retinoids control 

genomic expression and cellular proliferation? While it is possible 

that retinoids function primarily via the alteration of cell surface 

glycoprotein synthesis, this mechanism has not received physiological 

support as of yet. A viable hypothesis of retinoid action must 

account for the often observed antagonism between retinoids and mito

gens such as the phorbol ester tumor promoters (e.g. tetradecanoyl 

phorbol acetate, TPA) and growth factors (epidermal growth factor, 

EGF; insulin; sarcoma growth factor, SGF) (136). The common mechan

istic feature of these mitogens is the activation of cellular protein 

kinase activities. TPA interacts with and activates the calcium, 

phospholipid-dependent protein kinase (protein kinase C) (137). 

Insulin and EGF interact with their respective receptor proteins, both 

of which contain homologous tyrosine kinase domains (138,139). The 

ligand stimulated activity of these cellular kinases is transduced to 

the nucleus via unknown events which ultimately result in augmented 
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DNA synthesis and altered gene expression. Tumor promoter activity is 

closely linked to the induction of ornithine decarboxylase (ODC), a 

key enzyme controlling polyamine synthesis (140,141). Retinoids are 

known to inhibit both tumor promotion and ODC induction, suggesting 

they act to attenuate the molecular signal(s) produced by TPA activa

tion of protein kinase C. However HL-60 cells treated simultaneously 

with TPA and retinoic acid differentiate into monocytes not granulo

cytes, indicating that in this system protein kinase C activation 

overrides the effect of retinoic acid, i.e., granulocytic differentia

tion (142). Paradoxically, retinoic acid treatment of cultured fibro

blasts results in increased EGF binding but decreased EGF dependent 

DNA synthesis (136). In contrast, TPA (protein kinase C) induced 

phosphorylation of fibroblast EGF receptors (143) results in decreased 

EGF binding, but increased DNA synthesis. The inhibition of EGF 

binding results from phosphorylation of a critical threonine res-

idue (143). TPA induced phosphorylation of EGF receptors causes a 

reduction in EGF receptor tyrosine kinase activity (144). This is 

undoubtedly a unique observation in light of the fact that tyrosine 

kinase activity is considered to be a signal for proliferation and TPA 

enhances EGF mediated proliferation. 

The underlying theme of the above studies is that retinoids 

interact with TPA and growth factors and their subsequent cellular 

actions, which are mediated by alterations in protein kinase activity. 

Th£refore, retinoids must act to either inhibit receptor-mediated 

kinase activity and subsequent events or to activate a phosphatase 
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activity which dephosphorylates the receptor kinases or their sub-

strates, thereby inhibiting their cellular actions. 

It is also of " interest that clinical vitamin A resistance 

syndromes have not been identified in humans. In contrast, hereditary 

syndromes characterized by tissue resistance to steroid hormones and 

1,25(OH)2D3 are well documented in humans. However, as vitamin A 

(retinoic acid) plays a crucial role in embryogenesis, genetic res is-

tance to its action, would result in defective organogenesis and 

consequent fctal resorption as occurs during vitamin A deficiency. 

For this reason mutant genes resulting in vitamin A resistance would 

be lethal and rapidly lost from the gene pool. 

It is also possible that some epithelial cancers may represent 

a form of acquired cellular resistance to vitamin A. The carcinogen 

induced loss of an individual cells ability to respond to vitamin A or 

retinoic acid by differentiation and concomitant cessation of prolif-

eration could result in subsequent malignant growth. Perhaps future 

studies will clarify whether epithelial malignancies (particularly 

those varieties which do not respond to vitamin A in vitro) represent 

an acquired cellular resistance to vitamin A. 

In contrast to CRABP and its questionable involvement in 

retinoic acid-mediated nuclear events, there is little doubt that the 

1,25~OH)2D3 receptor is intimately involved in the cellular act~ons of 

the active metabolite of vitamin D. This observation is substantiated 

by the fact that cellular resistance to 1,25(OH)2D3 often results from 

defective cellular receptor proteins. The results presented in 
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chapters 3 and 4, namely that the decreased sensitivity of 24-hydrox

ylase induction in LLC-MK2 cells is caused by a low affinity receptor 

provide further molecular evidence for the importance of receptors in 

1,25(OH)2D3 action. That 1,25(OH)2D3 receptors exist which bind 

hormone with low but discrete affinity also provides a biochemical 

basis for the observation that patients with VDDR-II often respond to 

therapeutic interventions which produce massive serum 1,25(OH)2D3 

levels (32). 

Paradoxically, recent reports have indicated that VDDR-II 

fibroblasts displaying the nuclear uptake deficient phenotype also 

respond to high levels of 1,25(OH)2D3 with increased 24-hydroxylase 

activity. While it is known that 1,25(OH)2D3 binding influences the 

DNA-binding affinity of the receptor protein, presumably through an 

allosteric mechanism, it is not clear how concentrations of hormone in 

excess of the level required for receptor saturation lead to a cellu

lar response. One possibility is that the DNA-binding domain of the 

defective receptors is not inactive, just unstable. High levels of 

hormone might result in rapid occupancy of newly translated receptor 

protein and thermodynamically fix its conformation in the functional 

state. Alternatively, the lack of DNA-binding activity could result 

from proteolytic inactivation of unoccupied receptors (94), ligand 

binding could alter the receptors conformation rendering it a p~or 

substrate for the protease. Once again, the requirement for extremely 

high levels of hormone to prevent this inactivation thereby resulting 

in functional responses may be kinetic, insuring rapid interaction of 
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unproteolyzed-newly synthesized receptor with hormone. This hypoth

esis would also predict that the genetic defect (mutation) resulting 

in hormone resistance is a primary sequence alteration which causes 

lability to a cellular proteolytic activity not normally acting on the 

receptor. Thus, the above mechanisms might serve to reconcile the 

apparent inconsistency between the thermodynamics of hormone receptor 

interaction and the dose response requirements for 1,25(OH)203 

mediated cellular events in nuclear uptake deficient VDOR-II fibro

blasts. 

I would also like to speculate here regarding the post-recep

tor defects responsible for inactivity of 1,25(OH)203 in some cases of 

VODR-II. It has recently been reported that 1,25(OH)203 receptors are 

rapidly phosphorylated upon exposure of 3T6 mouse fibroblasts to 

1,25(OH)203 (146). This event, which is not required for 1,25(OH)2D3 

enhanced affinity' of the interaction of receptor with non-specific DNA 

~ vitro, may represent a functional activation which guides the 

receptor to specific genomic sequences, the transcription of which are 

then affected by the 1,25(OH)203-receptor complex. In a similar 

fashion, recent experiments have demonstrated that activation of pro

gesterone receptors in uterine tissue in vitro is also accompanied by 

a rapid increase in receptor phosphorylation (147). Therefore, if 

phosphorylation is a key event in receptor activation, post receptor 

inaction of 1,25(OH)203 could result from structural mutations in the 

receptor protein which render it either a poor substrate for receptor 

kinase, or enhance its dephosphorylation by cellular (nuclear) 
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phosphatases. Alternatively, the genetic mutation could cause inac

tivity of the receptor kin~se (as yet uncharacterized) thus resulting 

in deficient activation of the receptor proteins. 

It does not seem likely that a single genetiC mutation could 

alter all the specific ONA sequences through which the receptor pre

sumably interacts with its target genes, in vivo. These sequences are 

postulated to be scattered throughout the 5' flanking regions 

(promoters) of the genes over which 1,25(OH)203 exerts control; 

analagous to the interaction of steroid hormone receptors with 

enhancer-like sequences in the 5' promoter regions of regulated genes 

(148,149). Unless 1,25(OH)203 acts to induce only one specific pro

tein which acts as its second messenger within the nucleus, it does 

not seem likely that a single mutational event could result in inac

tivity of 1,25(OH)203 subsequent to receptor interaction. Future 

studies with cultured cells, particularly the VOOR-II fibroblasts 

described above, should provide insight into the functional role (if 

any) of ligand stimulated receptor phosphorylation. 

An additional aspect of the research described in this disser

tation is the enhancement of cellular receptor content by 1,25(OH)203 

exposure, in vitro. As discussed in Chapter 5, there is a growing 

body of evidence which suggest this may be a rather widespread phen

omenpn, ~ vitro. There is no evidence for 1,25(OH)203 induction of 

receptor content in intact animals (150). However, this phenomenon 

may have been overlooked due to the inadequacy and complexity of the 

current exchange assays which are required for the simultaneous 
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measurement of occupied and unoccupied 1,25(OH)203 receptors. Per

haps, quantitative immunoblot procedures employing monoclonal anti-

1,25(OH)203 receptor antibody will prove more useful in this regard 

owing to their independence from quantitation of receptor via [3H]_ 

ligand binding. Regardless, the regulation of 1,25(OH)203 receptor 

content by exposure of cultured cells to 1,25(OH)203 provides a suit

able venue for the investigation of 1,25(OH)203 action at the cellular 

level. The results in Chapter 5 suggest that 1,25(OH)203 acts to 

either stabilize, or stimulate the synthesis of, the mRNA encoding its 

receptor protein. This suggests that the 1,25(OH)203 gene may contain 

specific regulatory regions which interact with receptor-1,25(OH)203 

complexes, resulting in enhanced transcriptional activity. If this is 

the case, then one might predict that the low levels of 1,25(OH)203 

receptor in tissues and cultured cells derived from 1,25(OH)203-

resistant new world primate species could result from a mutation in 

the specific ONA sequence required for 1,25(OH)203 regulation of the 

transcription of the receptor gene. Thus, even in the presence of 

high levels of 1,25(OH)2D3' receptor synthesis would not be augmented 

and could also be reflected in a low basal receptor content. As 

stated above, it is not clear if this regulatory mechanism occurs in 

vivo, but this hypothesis could stimulate research into these cellular 

events. 

In light of the fact that the new world primates, which are 

resistant to 1,25(OH)203' also display low levels of target tissue 

receptors for several steroid hormones, it is possible that some 
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regulatory feature common to these proteins or the genes which encode 

them is the primary cause of the decreased amounts of these receptors. 

It has been observed that the multimeric cytosolic forms of steroid 

hormone receptors contain a common non-hormone binding subunit, the 

functional significance of which is unknown (151). However, 

1,25(OH)2D3 receptors sediment as 3.0 - 3.7 S proteins, consistent 

with their monomeric molecular weights of 50,000-60,000, indicating 

they do not associate into multimolecular aggregates containing the 

putative common subunit described above. Therefore, the possibility, 

that the low cellular content of receptors in hormone resistant pri

mates results from defective synthesis of the common subunit, can be 

eliminated. 

It is also possible that the low content of steroid and seco

steroid hormone receptors in these primates results from defective 

synthesis or action of a tissue specific trans-acting factor which may 

regulate transcription of the hormone receptor genes in conjunction 

with other cellular components (152). This possibility can not be 

directly ruled out since at the present time, the concentrations of 

all steroid hormone receptors have not been determined in a given new 

world primate species. However, it can probably be eliminated based 

on the fact that the various steroid receptors are distributed non

uniformly in animal tissues. Therefore, the action of a single factor 

can probably not explain the differences in their tissue distribution. 

Characterization of estrogen, progesterone, and aldosterone receptors 

in owl monkeys, might provide information relative to this problem, as 
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they synthesize normal amounts of the receptors for 1,25(OH)2D3 and 

glucocorticoids. Therefore, if an essential transcription factor 

exists, which acts upon all steroid receptor genes, the levels of all 

the steroid receptors should be normal in this species. This is 

unlikely in that peak serum estrogen and progesterone levels are very 

high in this species (111), suggesting that the target tissue receptor 

levels for these hormones will be diminished. Future studies will be 

required to determine the etiology of the multiple derangements in 

steroid hormone physiology in these new world primates, and whether 

they are causally related to the observed alterations in 1,25(OH)2D3 

receptor physiology and calcium homeostasis. Hopefully, the results 

described in this dissertation will serve to advance our knowledge of 

1,25(OH)2D3 action as well as to provoke future research into the 

mechanisms of its actions and cellular resistance to these actions. 
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