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Increased Vitamin D Receptor Level Enhances 1,25-
Dihydroxyvitamin D,—Mediated Gene Expression and
Calcium Transport in Caco-2 Cells*T

A. SHAO' R.J. WOOD! and J.C. FLEE®

ABSTRACT

Altered vitamin D receptor (VDR) level has been proposed to explain differences in intestinal responsiveness
to 1,25-dihydroxyvitamin D5 [1,25(0OH),D;]. We tested whether the enterocyte VDR level influences
1,25(0OH),D;-mediated gene expression and transepithelial calcium (Ca) transport in the human intestinal cell
line Caco-2. Cells were stably transfected with a human metallothionein (hMT) IIA promoter—human VDR
(hVDR) complementary DNA (cDNA) transgene that overexpressed hVDR in response to heavy metals. In
MTVDR clones, induction of 25-hyroxyvitamin Dz;—24-hydroxylase (24-OHase) messenger RNA (mRNA)
expression by 1,25(0OH)D, (10~° M, 4 h) was correlated to metal-induced changes in nuclear VDR level{ =
0.99). In MTVDR clones, basal VDR level was 2-fold greater and 1,25(OHIP,-mediated Ca transport (10°7
M, 24 h) was 43% higher than in parental Caco-2 cells. Treatment of MTVDR clones with Cd (1uM, 28 h)
increased VDR level by 68%, significantly enhanced 1,25(OHP;-mediated Ca transport by 24%, and
increased accumulation of calbindin Qx MRNA by 76% relative to 1,25(0OH),D; alone. These observations
support the hypothesis that the enterocyte VDR level is an important modulator of intestinal responsiveness
to 1,25(OH),D; (J Bone Miner Res 2001;16:615—-624)
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INTRODUCTION a nuclear vitamin D receptor (VDRY. 1,25(OH)D, also
can stimulate the active, transcellular component of intesti-
HE AcTIVE form of vitamin D, 1,25-dihydroxyvitamin D nal calcium (Ca) absorption that is essential for the main-
[1,25(0OH)D], is a steroid hormone that affects thetenance of Ca homeosta&sAberrations in Ca homeosta
expression of a wide variety of genes through the action efs can lead to low serum Ca, decreased bone mineral
density (BMD), and increased fracture riSk> For exam
*Presented in part at the 82nd and 83rd annual meetings of tRL?’ age-gssomated intestinal re,SISta,mce to vitarifir D
American Society for Nutrition Science in Washington, DC, and1ay contribute to Ca malabsorption in the eldéfly.
San Diego, CA, USA, respectively, (FASEB J 18%:A2009; An altered intestinal VDR level has been proposed as a
FASEB J 200(t4:A562) and the 2nd joint meeting of The Amer-mechanism to explain differences in intestinal responsiveness
ican Society for Bone and Mineral Research and The Internationg 1,25(0OH)Ds. In vivo, high intestinal VDR levels may be

Bone and Mineral Society (J Bone Miner Res 123885258). ; ;
tThe contents of this publication do not necessarily reflect thrgsponsmle for hyperresponsiveness to 1,25¢D)n the

. S 0)
views or policies of the U.S. Department of Agriculture and tradg_enet'c hypercaIC|ur|c_ rdt Whereas low VDR Concenti_ra .
names, commercial products, or organizations do not imply eHOn has been associated with reduced Ca absorption in
dorsement by the U.S. government. aging and estrogen deficien€y:*? In rats, aging reduces
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Boston, Massachusetts, USA.
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both the intestinal VDR level and the Ca absorpfitit® pCR3.1 expression vectors to create the plasmids
Age-related decreases in the intestinal calbindijp Des pCR3.1IMTIA and pCR3.1hVDR. The plasmids were re-
senger RNA (MRNA) level in rat intestine may be explainedtriction enzyme—digested to verify the orientation of the
by a decrease in intestinal VDR levél$:*® A similar trend inserts and PCR inserts in the correct orientation were
toward a declining intestinal VDR level with aging has beesequenced by a PCR-based method to verify the sequence.
reported in sonfé” but not alf*® human studies. ChangesSequencing was conducted by the DNA Sequencing Center
in VDR level also have been proposed as the biologicat Tufts University and New England Medical Center, Bos-
mechanism to explain the effects of several restriction fragpn, MA, USA. The MT promoter was then removed from
ment length polymorphisms in the VDR gene on bone amaCR3.1MTIIA by digesting withHindlll and subcloned
Ca metabolisnit® 2V into pCR3.1hVDR at alindlll site 75 bases upstream from
Cell culture—based studies have shown an associatihie hVDR cDNA, yielding the metal-inducible transgene
between elevated VDR levels and increased 1,25(0H) construct pCR3.1MTIIA-hVDR
mediated gene expressifi-? An association also was
shown to exist between the VDR level and the activity of5nsfection of Caco-2 cells and selection
the 1,25(OH)Ds-inducible enzyme 25-hydroxyvitaminb of stable clones
24-hydroxylase (24-OHase) in cultured mouse osteoblast-
like cells after treatment with varying concentrations of Caco-2 cells were seeded at 2510° cells in 35-mm
1,25(0OH)D;.® These associations suggest that alteratiomsilture plates and grown overnight. Cells were transfected
in the level of VDR protein in vitamin D-responsive tissuesvith pCR3.1MTIIA-hVDR using a cationic lipid (pFx-2;
such as bone or intestine may have profound influences lmvitrogen) along with 4ug of plasmid at a lipid to plasmid
Ca metabolism. However, although these studies are highbtio of 3:1 in serum-free medium for 4 h. After an over-
suggestive, they are associative, and there is little diregight incubation in Dulbecco’s modified Eagle’s medium
evidence that more moderate differences in the VDR levDMEM) containing 20% fetal bovine serum (FBS), cells
for example, as may occur with aging, have an importamtere grown in medium containing 0.5 mg/ml G-418 sulfate
influence on physiological functions such as Ca transport. {Geneticin; Gibco-BRL, Grand Island, NY, USA). Those
this study, we show that moderate increases in VDR levebntinuing to grow in the G-418 medium through at least
enhance cellular responsiveness to 1,25(DH)n the hu  five passages were considered to be stable transfects. Indi-
man Caco-2 intestinal cell line as measured by the inductieidual clones were isolated from very low density cultures
of 24-OHase and calbindin JQ mMRNA expression and (2000 cells/100 mrdish) using cloning rings. Inducibility
transepithelial Ca transport. of the transgene and VDR overexpression were confirmed
by treating clones with increasing amounts of Zn (as Zn
acetate) or Cd (as Cdglfor 8 h. Transgene mRNA level
MATERIALS AND METHODS was assessed by RT-PCR and VDR protein level was as-
Maintenance of Caco-2 cells in culture sessed by Western blot analysis. Clones were characterized
further to assess their appropriateness as a model for intes-
Caco-2 cells (American Type Tissue Collection, Rockiinal Ca absorption.
ville, MD, USA) were cultured in 75-cfflasks (1x 10°
cells per flask), 6-well dishes (20 10° cells per well), or

. Experimental pr I
permeable membrane filter supports (X510° cells per perimental protocols

well) as described previousfs? Experiment 1. Characterization of the MTVDR clones:
Transgene inductionMTVDR clones and parental Caco-2
Construction of the metallothionein-hVDR-pCR3 cells were seeded in 6-well plastic dishes, grown to conflu-

ence and then treated with increasing concentrations of Zn
(0-500 uM) or Cd (0—10uM) for 8 h. For analysis of

To create a cell culture model in which the VDR levetransgene-driven expression of VDR, total cellular RNA
could be manipulatedCaco-2 cells were stably transfectedvas isolated and subjected to RT-PCR. For VDR protein
with an expression vector containing the human VDRevels, cells were harvested and nuclear extracts were iso-
(hVDR) complementary DNA (cDNA) downstream fromlated and subjected to Western blot analysis for VDR.
the heavy metal-responsive metallothionein-llIA (MT) pro- Experiment 1. Characterization of the MTVDR clones:
moter®” The full-length hVDR cDNA was obtained by MTVDR clones as an in vitro model for absorptive epithe-
reverse-transcription polymerase chain reaction (RT-PCR)m: To determine whether the MTVDRA3 clone was
on RNA from Caco-2 cells using primers specific for theomparable with the parent Caco-2 cell line as a model for
hVDR coding region {14-1281)Y?® The MT promoter vitamin D-mediated intestinal Ca transport, several param-
(=736 to —47) was amplified by PCR from a plasmideters of cellular differentiation were assessed. First, the
containing the MT gene (American Type Culture Collectiogrowth rates of the two cell lines were compared using a
[ATCC], Manassas, VA, USA¥® A Hindlll site was in commercially available assay (the Cell Titer 96 Aqueous
corporated into the ‘3end of the PCR product to facilitate Assay, Promega, Madison, WI, USA). Briefly, cells were
the removal of the MT promoter from the expression vect@eeded in 96-well plates at 1000 cells per well, and growth
pCR3.1 (Invitrogen, Carlsbad, CA, USA). The VDR cDNAwas assayed at days 1, 2, and 3 postseeding. At each time
PCR product and MT promoter were ligated into separafmint, a solution containing 5@l of tetrazolium reagent

expression vector
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3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethylphenyl)-2-and treated with various doses of Zn (0-5@M) or Cd
(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) per 1 m(0—10uM). The percent movement of 5Q0M phenol red
phenazinemethosulfate (PMS) reagent was warmed gder hour across the monolayer was assessed as described
37°C. Twenty microliters of the solution was added to eadbelow.
well and incubated fo4 h at37°C (5% CQ, humidified). Experiment 2: Effect of increased VDR on the regulation
The reaction was stopped by adding g610% sodium of 24-OHase mRNA level by 1,25(QB): MTVDRA3
dodecyl sulfate (SDS) per well, and the production of glones were seeded in 6-well dishes (X010° cells per
water-soluble formazan compound was measured by abs@ell) and grown for 15 days. Cells were then pretreated with
bance at 490 nm. The absorbance at 490 nm is correlatgshtrol medium or medium containing 5QV Zn for 8 h
directly to the number of living cells in each well. to induce VDR expression. Cells were washed with Hanks’
Next, the mRNA levels for two markers of intestinal cellbalanced salt solution (HBSS) and treated with increasing
differentiation sucrase and calbindin,5°°" were analyzed concentrations of 1,25(0kl (ethanol, 10° 10°%, or
in cells cultured for up to 21 days. MTVDRAS3 clones andip~7 M) for 2 h or 8 h.Ethanol treatments were diluted to
parental Caco-2 cells were seeded in 6-well plastic dishestgé same extent as the 70M 1,25(0H),D; solution. An
1.5 X 107 cells per well. Cells were then harvested on day Zqditional experiment was conducted to show that the re-
(50% confluent) confluence and days 4, 11, and 17 postcQfjits from MTVDRAS3 were not unique to that clone. Three
fluence. Total RNA was isolated and analyzed for sucrasonal lines MTVDRA3, MTVDRAS5, and MTVDRA7
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), afjdre seeded into 6-well dishes as described previously and
calbindin Dy, mMRNA levels by RT-PCR. grown 15 days in culture. At this point, cells were pretreated
Finally, the ability of 1,25(0OHD; to stimulate a net it 500 uM zn for 8 h, washed with HBSS, and then
@ncrease in apical-to-basolateral Ca transport was assesggdied with 1 nM 1,25(0OHP; or ethanol for an additional
in the MTVDRAS clone. Clones were seeded at X80° g, after each experiment, total RNA was isolated and

cells per well onto permeable membrane filter mser§4-OHase the mMRNA level was assessed by RT-PCR
(24.5-mm diameter, 0.4m pore size; Costar, Cambridge, Experiment 2: Correlation between nuclear VDR level

MA, USA) and grown for 13 days. On day 14, cells Were, 4 re :

: gulation of 24-OHase mMRNA level by 1,25(¢IH)
treated with 107 M 1’25(.OH)2D3f0.r %8{1' Net Ca transport MTVDRA3 clones and parental Caco-2 cells grown on
was assessed as described previoliSly. é_)lastic 6-well dishes were pretreated with increasing con-

Experiment 1. Characterization of the MTVDR clone . . : g
Effect of heavy metal treatment on cell viability and funclgeentratmns of Zn (0-50QM, 8 h) to induce increasing

tion: Cell viability after heavy metal exposure was assess d/els of VDR expression. Cells were washed and then

H 9
by measuring protein synthesis using &Jf¢ucine incor reated with 10° M 1,25(0H)D, for 4 h. Cells were
poration assa§’® MTVDR clones were seeded in 6_We"harvested and analyzed for VDR level by Western blot or

plastic dishes (2.0x 10° cells per well) or permeable for 24-OHase MRNA by RT-PCR as described below.

membrane inserts (2.5 10° cells per well) and maintained Experiment 3: Effect of increased VDR on regulation of

. . transport and calbindin [ mRNA level by
in culture for 13 days. Cells were then exposed to varyin a
doses of Zn (50-50QM) or Cd (1-10uM) for up to 24 h. ,25(0OH}D5: Parental Caco-2 cells and MTVDRAS clones

A 30-minute treatment with 2gg/ml cycloheximide was VETe seeded onto permeable membrane filter inserts(2.5
used to inhibit protein synthesis and this served as a positiyd Cells per well, 24.5-mm diameter, Opdm pore size;

control. Cells were washed three times with serum-fre&0star) and grown for 14 days. On day 14, cells were
leucine-free minimal essential medium and incubated fé¥etreated with QuM or 1 uM Cd for 4 h (basolateral side

1 h with [H]-leucine—containing MEM (2+Ci/ml; NEN- of the. membrane only) and then treated Wlth fresh medium
Life Science, Boston, MA, USA) at 37°C. Cells were harfontaining O%M or 1 uM Cd (basolateral side only) and
vested into ice-cold phosphate-buffered saline (PBS) afé1anol or 10°M 1,25(0H),D; (both apical and basolateral
pelleted by centrifugation. Cell pellets were then mixed witfides) for 24 h. In one experiment, unidirectional apical-to-
0.1 mg/ml bovine serum albumin (BSA) solution containingg@solateral calcium transport was assessed in parental
0.02% NaN along with 20% trichloroacetic acid (TCA) andaco-2 cells and the MTVDRAS3 clone under the treatment

incubated for 30 minutes. The resulting cell homogenag@nditions described previously; in another experiment net
was subjected to vacuum filtration on 2.5-cm microfibefalcium transport was determined in the MTVDRAS3 clone
disks (Whatman Paper, Maidstone, UK), followed by tw@nly. Apical-to-basolateral, basolateral-to-apical, and net
washes with 10% TCA and two washes with 100% ethandialcium transport were assessed as described below.
Disks were dried, transferred to vials containing scintilla- Two additional, parallel experiments also were conducted
tion fluid, and counted. [f-leucine incorporation is ex using the same protocol as described previously. In the first,
pressed as percentage of the nontreated control group. Saniclear extracts were isolated from parental Caco-2 cells
ples were analyzed in triplicate and each experiment wagd MTVDRAS3 clones grown on permeable membrane
repeated three times. inserts and treated as described previously. These extracts
An additional parameter used to assess the effects wére analyzed for VDR level by Western blotting. In the
metals on monolayer integrity and cell viability was the rateecond, MTVDRAS3 clones were seeded in 6-well plastic
of phenol red transport (a marker of paracellular transporjshes (2.0x 10° cells per well) and treated as described
during Ca transport studies. MTVDR clones and parentpteviously. Total RNA was isolated and calbindig,nd
Caco-2 cells were grown on permeable membrane supp@&-OHase mRNA levels were analyzed by RT-PCR.
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TaBLE 1. PCR RIMER INFORMATION

cDNA
Gene Reference citation Primer Sequence location
Calbindin Dy, Jeung et af*” Forward 5’ - ATGAGTACTAAAAAGTCTCCT - 3’ 1-21
Reverse 5'-CTGGGATATCTTTTTTACTAA-3’ 216-237
24-OHase Chen et &2 Forward 5'-CTCATGCTAAATACCCAGCTG- 3’ 1633-1653
Reverse 5'-TCGCTGGCAAAACGCGATGGG- 3’ 1912-1932
VDR Baker et af®® Forward 5'-CCCGGCGGCCAGCGGCGGAAC -3’ 536-556
Reverse 5'-GTCTAGCAGAGTCCACGCTCC- 3’ 1053-1073
Sucrase Lorentz et &9 Forward 5'-GGTGGTCACATCCTACCATGTCAAG-3’ 5121-5145
Reverse 5'-CCAGTTGATTTCTATTGGTTCTTCT -3’ 5516-5540
GAPDH Fort et af>® Forward 5'-CCATGGAGAAGGCTGGGG- 3’ 386-403
Reverse 5'-CAAAGTTGTCATGGATGACC- 3’ 561-580
MRNA analysis extracts was assessed by the Bio-Rad Protein Assay (Bio-

) o Rad, Hercules, CA, USA). Samples were subjected to SDS-
The expression of VDR, 24-OHase, calbindigDand o\yacrylamide gel electrophoresis (PAGE) on a 10% Tris-
sucrase mRNA !Egg's was assessed by RT-PCR as preyfijcine gel (NOVEX, San Diego, CA, USA). Proteins were
ously described”'Briefly, cells were harvested into Tri yansterred electrophoretically to a nitrocellulose mem-
Reagent and total cellular RNA was isolated as per thgane and VDR was detected using the enhanced chemilu-

manufacturers directions (Molecular Research Center, Cifinescence (ECL)—based detection procedure (Amersham
cinnati, OH, USA). cDNA libraries were prepared frompparmacia Biotech Piscataway, NJ, USA).

isolated total cellular RNA using an oligo dt primer (Gibco
BRL). Full-length cDNAs were prepared using an oligo d
primer, and 0.Jug RNA equivalent of cDNA was analyzed
by PCR for VDR (30 cycles), 24-OHase (22 cycles), calbi- Transcellular Ca transport in the apical-to-basolateral di-
ndin Dy (25 cycles), sucrase (27 cycles), and GAPDH (1gction was assessed as previously desciftfet:*¥Trans
cycles) using primers designed from previously publishgsbrt buffer contained 50aM Ca as CaGl, 5 uCi/ml “°Ca,
sequences (Table 1). The GAPDH mRNA level was used g@ad 500uM phenol red. The quantitation of phenol red

a constitutively expressed control gene. Cycle numbefgovement was used as an assessment of paracellular (dif-
were preViOUSly determined to fall within the linear range qfusiona|) Ca transport through the mono|a§f@}_5aturab|e
amplification efficiency for each of the primer sets (data n@ta transport was determined by calculating the percentage
shown). Each target message was detected in a sepagit@henol red transported per minute and subtracting the
PCR reaction. The resulting PCR products were subjectgguivalent amount of Ca from the value for total Ca trans-
to electrophoresis on a 2.5% agarose gel containifpgrt, as previously describé® Experiments had either 3
ethidium bromide and the PCR products were visualizest 6 wells per treatment and were conducted three times.
under UV light. A photo negative of each gel was subjected Experiments requiring determination of both apical-to-
to laser scanning densitometry. Results were normalized fg4isolateral and basolateral-to-apical transport (e.g., for as-

ﬁ'ranscellular Ca transport studies

the expression of GAPDH. sessment of net transport) were conducted as described by
Fleet et af?® Before the assay, an equal volume of transport
VDR analysis buffer containing an equimolar concentration of Ca (500

M) was placed on both sides of the monolayer. When

Western blotting:The relative increase in VDR from apjcal-to-basolateral transport was assessedziim| “°Ca
Caco-2 clones containing the MT-hVDR transgene wagas placed in the apical compartment and movement was
determined by Western blot analysis using the rat anti-VDRetermined by sampling of the basolateral side. When
monoclonal antibody 9A7 (Affinity Bioreagents, Goldenpasolateral-to-apical transport was assessed?ba was
CO, USA). Cell monolayers were rinsed in HBSS, scrapegllaced on the basolateral side and movement was deter-
and resuspended in ice-cold homogenization buffer contaifiined by sampling the apical compartment. Net Ca trans-
ing 10 mM Tris-HCI, 10 mM NaMoQ, 1.5 mM EDTA, and port was calculated as the difference between apical-to-
1.6 mM dithiothreitol (DTT), along with 20Qug/ml soy- basolateral and basolateral-to-apical calcium flux rates from
bean trypsin inhibitor, 0.3 mM phenylmethylsulfonyl fluo-paired wells. Each treatment was done in 3 wells and each

ride (PMSF), and 500 trypsin inhibitory unit (TIU)/ml apro-experiment was conducted three times.
tinin. Cells were sonicated on ice and centrifuged at 500

for 10 mmutes at 4°C, and the supernatant was d'scar.d%{atistical analysis
The resulting crude nuclear pellets were washed three times
with detergent buffer (homogenization buffer containing Treatment effects were compared by analysis of variance
0.5% Triton X-100). Total protein level of the nuclearANOVA) using the SYSTAT statistical software package
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(A) MRNA or protein in the parental Caco-2 cells (data not
shown).
MTVDR CLONES Because not all clones from the parental Caco-2 cells
differentiate sufficiently to justify their use as a model for
T3 5 7 8wt transcellular calcium transport, we examined MTVDRA3
. ‘ oY, for various features related to its ability to differentiate in
culture. First, MTVDRA3 clones grew at a similar rate
relative to the parent cells (doubling time 16 h), and
expression of sucrase and calbindig,INRNA increased
comparably in both cell lines with increasing culture time
(approximately 20-fold for sucrase mRNA and 300-fold for
(B) calbindin Dy, from proliferating cells to 21 days in culture).
In addition, the clones showed positive net Ca transport that

500 uM
Zn,8h |T -

+ -+ -

+ -

VDR —

uM zn8h was increased from 0.094 0.021 nmol/well per minute in
VDR | 0 100 200 500 | the absence of 1,25(0Ok), to 0.403+ 0.017 nmol/well per
o g minute after pretreatment with 1,25(0); (107 M,
48 h). Furthermore, phenol red transport was comparable
48 kDa — ~ (0.55 = 0.07% per hour) to that observed in the parent

Caco-2 cells and was unaffected by 1,25(GIbd)treatment.

These features show that the MTVDRAS clone has retained
the characteristics of the parental strain that make this cell
line a good model system to study the mechanisms of

FIG. 1. Zn induction of the MT-hVDR transgene in transfectedyitamin D—mediated intestinal Ca absorption.
clones. MTVDR clones were seeded in 6-well plastic dishes and grown

to confluence. Cells were then treated with up to %@ Zn for 8 h. o
(A) The VDR mRNA level was assessed by RT-PCR. WT refers t&ffect of heavy metal treatment on cell viability

basal VDR expression in nontransfected parental Caco-2 cells. (B) .
Nuclear extracts from the MTVDRA3 clones were analyzed for the The heavy metals that induce the MT promoter can be

VDR protein level by Western blot analysis using antibody 9A7 antPXiC to cells. Initial characterization was done to determine
blots were quantified by laser scanning densitometry. Values are dRe time and dose of heavy metal exposure that was detri-
pressed relative to AM Zn control = 1.0; 10ug nuclear protein used mental to the cells. Exposure to high doses of Zb00
per lane (rhVDR, recombinant hVDR). uM) and Cd &10 wM) for 24 h or more inhibited protein
synthesis by 50% (30 minutes of cycloheximide treatment
resulted in 70—80% inhibition), increased phenol red trans-
port by 600%, and caused significant cell detachment. To
(SYSTAT 8.0; Systat, Inc., Chicago, IL, USA). Comparidetermine the proper level of heavy metal pretreatment, we
sons of multiple group means were performed using Fistitrated down the dose of metal to a point where cells did not
er's protected least significant difference (LSD). Differdetach from the surface of the dishes or filter inserts, phenol
ences between treatment means wjth<< 0.05 were red transport was not increased (for transport studies only),
considered statistically significant. Data are expressed in thed protein synthesis was not affected. For studies using
text and figures as meah SEM. cells seeded on plastic, doses of €d.0 uM and Zn< 500
uM did not markedly reduce protein synthesis or cause cell
detachment. For studies using cells seeded on Transwell
RESULTS filter inserts, we found simultaneous metal treatment on
both the mucosal and the basolateral sides of the filter insert
Characterization of stably transfected Caco-2 cells  to be extremely toxic to the cells. However, treatment with
either 200uM of Zn or 1 uM of Cd for up to 36 h on only
Figure 1A shows that pretreatment of five differenthe basolateral side of monolayers had no effect on protein
MTVDR clones with 500uM Zn for 8 h increased VDR synthesis or phenol red transport, suggesting a lack of
mRNA between 5- and 10-fold depending on the clone. lghronic toxicity of metals at these doses.
addition, because the MT promoter is leaky, basal VDR
mRNA and protein levels were higher in all MTVDR clone§ncreased VDR level enhances 24-OHase mRNA
than in parental cells (2- to 5-fold for mMRNA and 2-fold for; ;
protein). MTVDR clone A3 (MTVDRA3) was selected forlndUCtIOI’] by 1,25(0HPD,
further characterization. Figure 1B shows that treatment of Without 1,25(OH)D, treatment, 24-OHase mRNA was
MTVDRA3 with increasing amounts of Zn f@ h resulted not detected in either the parental Caco-2 cells or any of the
in progressively higher levels of VDR protein productionMTVDR clones. In MTVDRA3, 24-OHase mRNA level
Similar responses were seen when cells were treated witicreased in response to 1,25(QB) treatment in both a
Cd, although significantly less Cek(LO uM) was needed to time- and a dose-dependent manner (Table 2). Pretreatment
see such responses (data not shown). There was no effeafd¥I TVDRA3 with Zn (500 M, 8 h) increased the nuclear
either Cd €10 uM) or Zn (<500 uM) treatment on VDR VDR level 7-fold (Fig. 1B) and enhanced accumulation of

VDRLEVEL 10 26 39 69
(relative value)
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TaBLE 2. EFFeCT OFINCREASED NUCLEAR VDR LEVEL ON 1,25(OH}D4-MEDIATED INDUCTION OF 24-OHase MRNA

1,25(0OH)D; Time 2h 8h

Dose ControP 7X 1 VDR Controf 7X 1 VDR
None ND ND ND ND
10°M ND 1.0x0.0 11+1.0 12.0£ 1.3
108 M 1.8x0.7 4.0+ 0.9 6.6 2.9 29.0£ 4.5
10" M 41+0.9 7615 11.2= 4.7 21.0= 2.3

VDR overexpression (7-fold) was induced in MTVDRAS clones by treatment with/8@0zn for 8 h. Cells were washed and then
treated with ethanol, I, 108 or 10 * M 1,25(0OH),D, for 2 h or 8 h.Without 1,25(OH)D, treatment, Caco-2 cells do not have
detectable 24-OHase mRNA levels. Thus, values are expressed relative to 24-OHase mRNA induction from high 2DRM
1,25(0H)}D, at 2 h= 1. Values represent meart (SEM) derived from three independent experimemis= 3 per observation).

&Control, basal VDR in uninduced clone; 7X VDR, MTVDRAR cells pretreated with 50@M Zn for 8 h; ND, not detectable.
Significant main effects were observed by ANOVA for time of 1,25-(GH)treatment, 1,25-(OHP, dose, and VDR levelf <
0.001).

24-OHase mRNA in response to 1,25(QB) at all con 10 -

centrations and time points examined (Table 2). For exam-

ple, afte 2 h of treatment with 10° M 1,25(OH),D, < 8 |

24-OHase mRNA level went from undetectable to detect- §Tg‘

able (relative value of 1X). At 8 h, the largest relative effect £F ¢ |

of increased VDR was observed with 10 M of 20

1,25(0OH)}Dg; vitamin D—induced 24-OHase mRNA level %-E 4 |

was increased by 10-fold (1.12 1.04 to 11.95+ 1.32, O%

Table 2). The effect of the VDR level on 24-OHase mMRNA ¢~ 9 |

accumulation was diminished as the 1,25(GIBY)dose was N

increased, that is, 4-fold enhancement atél®l and 2-fold 0 ] ' . . i
enhancement at 13 M 1,25(0OH),D, (Table 2). The effect 0 1 2 3 4 5
seen in MTVDRAS3 also was observed in the two other

clones we examined. Although increasing VDR content VDR LEVEL

with 500 uM Zn for 8 h increased the response to (relative value)

1'25(OHLD,3, (1 nM, 8 h) ,by 12-f0|d. in MTVDRAS' the FIG. 2. Correlation between VDR level and induction of 24-OHase
same conditions resulted in a 9-fold increase in MTVDRARRNA by 1,25(0H)D.. VDR expression was induced in MTVDRA3

and a 5-fold increase in MTVDRA?Y. Neither Zn=600  clones by pretreating cells with 0-5@ Zn for 8 h. Cells were then

M) nor Cd (=10 uM) pretreatment had any effect ontreated with ethanol or 18 M 1,25(0H),D; for 4 h or harvested for

induction of 24-OHase mMRNA by 1,25(0OfD); in parental VDR analysis. 24-OHase mRNA level was assessed by RT-PCR and

Caco-2 cells (data not shown). normalized to GAPDH expression. The VDR level was assessed by
In a subsequent experimen[’ Varying the amount of Zn Mfestern blot using antibody 9A7. Values for 24-OHase mRNA are

an 8-h pretreatment from 0 to 50 M produced expressed relativg to induction from 1OM at baseline VDR levek

MTVDRAS3 cells with VDR levels up to 5-fold higher than 1 (Slope= 2.03;r" = 0.99).

untreated MTVDRAS3 clones. Treatment of the clones con-

taining varying levels of VDR with 10° M 1,25(0OH),D,

for 4 h showed that the accumulation of 24-OHase MRNfyinyte, respectively), the higher VDR level in MTVDRA3
in response to hormone was directly and positively corrg;as associated with enhanced 1,25(cC4ymediated Ca
lated with the nuclear VDR levett = 0.99, slope= 2.03; transport compared with the parental Caco-2 cells (43%

Fig. 2). higher, Fig. 3A). It takes 12-16 h for 1,25(0); to
enhance Ca transport and increase calbindip IPRNA
Increased VDR enhances 1,25(QB)-mediated levels in Caco-2 cell€® In addition, VDR has a short
induction of transcellular Ca transport biological half-life (2 H®). Thus, we altered the induction
and calbindin Q, mRNA protocol to permit a constant, low-level stimulation of the

MTVDR transgene with .uM Cd to investigate the possi-
Because of the high basal activity of the MT promotetle effects of the VDR level on calbindinggmRNA level
the VDR level was 2.2-fold greater in MTVDRAS3 com-and Ca transport. Twenty-eight hours of treatment with 1
pared with the parental Caco-2 line (Fig. 3B). AlthougiuM Cd in the basolateral compartment was sufficient to
basal apical-to-basolateral Ca transport was not differencrease the VDR level of MTVDRAS by 68% (to 3.7-fold
between MTVDRA3 and the parental Caco-2 cells (0:26 above the level found in parental Caco-2 cells, Fig. 3B). Cd
0.02 nmol/well per minute vs. 0.24 0.01 nmol/well per treatment (and thus higher VDR content) did not effect
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NP CONTROL 1,25 (OH), D,
FIG. 3. Enhancement of 1,25(Okp;-mediated induction of Ca (10'7M 24 h)
transport by an increased nuclear VDR lev€laco-2 cells (WT) and '

MTVDRAS3 (A3) clones were seeded in parallel on permeable meng i 4. Ephancement of 1,25(0b);-mediated induction of calbi

brane filter inserts and grown for 14 days. Cells were pretreated with,Lin Dy, MRNA by increased nuclear VDR level. MTVDRA3 clones
uM Cd (basolateral side only) fet h toinduce VDR expression. Cells grown on plastic 6-well dishes were pretreated wita or 1 uM Cd

were then treated with fresh media containingu! Cd (basolateral o 4 1 followed by 0uM or 1 uM Cd combined with ethanol or 10

side only) combined with ethanol or T0M 1,25(OH),D, (both apical M 1,25(0H),D; for 24 h. 24-OHase and CalbindingDmRNA levels

and basolateral exposure) for 24 h and the VDR content and Gare then assessed by RT-PCR and normalized to GAPDH expression.
transport were assessed. (A) Bars represent total ap|ca|—to-basolatFA§tIShown is a representative gel from one experiment(3). (B)
calcium transport. Total transport can be divided into diffusional trangg|ative expression of calbindingDmRNA level. Values represent the

port, represented by the open areas on top of each bar (derived fraaan ¢- SEM) from three independent studies, with each treatment
phenol red movement), and saturable transport, represented by tagtormed in triplicater{ = 9 per observation). Bars with the same

filled bars (the portion of total transport remaining after the correctioer superscripts are not significantly different from one another.
for diffusion). Values represent the mean SEM) for data from three
independent studies, with each treatment performed in triplicate ¢

per observation). Bars with the same letter superscripts have saturabl

. A . movement of calcium across the monolayer. Compared with
calcium transport levels that are not significantly different from one

another. (B) Representative blot of the VDR level measured by Weéf-r,‘treated ContrOI cells (0.07% 0.012 nmol/well per .
ern analysis on nuclear extracts from cells treated as described prélinUte), net apical-to-basolateral Ca transport was not in-
ously. Values are expressed relative to nontreated WT Caco-2=cellscreased by 28 h of treatment with AM Cd alone. As
1.0; 10ug nuclear protein used per lane (rhVDR, recombinant hvDREXpected, 1,25(OHP; treatment (100 nM, 24 h) caused a
significant 2.5-fold increase in net calcium transport (to
0.184 = 0.039 nmol/well per minutgy < 0.05). Similar to
basal apical-to-basolateral Ca transport in the absencetloé effect on apical-to-basolateral calcium transport, the
1,25(OH)}D; (0.24 = 0.01 nmol/well per minute; Fig. 3A). combined treatment of Cd and 1,25(QB) increased net
However, Cd treatment/higher VDR level enhancedalcium transport an additional 23% above 1,25(¢IH)
1,25(OH)}Ds-mediated Ca transport in MTVDRA3 by antreatment alonep(< 0.05). Thus, the net calcium transport
additional 24% (Fig. 3A). This level of Cd (M) had no data are consistent with the unidirectional apical-to-
effect on phenol red transport in either cell line and did ndiasolateral calcium transport data.
alter either VDR level, basal Ca transport, or vitamin Figure 4 shows that treatment of MTVDRA3 with 10
D-induced Ca transport in the parental Caco-2 cells (Fig. 3y1 1,25(0OH),D; for 24 h increased calbindin JJ MRNA
We also examined how the treatment protocol influenceevels by 80%. As we noted previously .M Cd pretreat-
net calcium transport using MTVDRAGS, that is, the differment increased VDR levels by 68%. This was associated
ence between apical-to-basolateral and basolateral-to-apie@h a 76% increase in 1,25(0OkD)5-induced calbindin B
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MRNA levels (Figs. 4A and 4B) and a doubling of 24VDR level is associated with enhanced 1,25(Gib4}
OHase mRNA levels (2.06- 0.21 relative increase; Fig. induced 24-OHase activi§?’ and mRNA level*® Our data
4A) in MTVDRAS. In parental Caco-2 cells, Cd treatmentorrelating the Caco-2 cell VDR level with induction of the
had no impact on basal or vitamin D-induced increases #84-OHase mRNA level (Fig. 2) is consistent with data from
24-OHase or calbindin  mRNA levels (data not shown). Chen et al. who observed that the VDR level was related to
gene expression during the various growth phases of mouse
osteoblast-like cell€>
DISCUSSION With the use of stably transfected prostate and leukemic
cell lines overexpressing the VDR, others have shown that
Our findings directly show that moderate, graded iman increased VDR level enhances the antiproliferative effect
creases in VDR level enhanced three distinct 1,25(Dk) of 1,25(0H)D..“®*" Those data suggest that important
mediated events in Caco-2 cells: expression of 24-OHaghysiological processes can be influenced by the VDR level.
MRNA (a transcriptional response), accumulation of calbiWe used a similar approach with an inducible transgene to
ndin Dy, MRNA (a posttranscriptional evéfft), and the show that moderate increases in the VDR level would
physiological process of transcellular calcium transporénhance 1,25(OHDs;-mediated Ca transport in Caco-2
These data support the hypothesis that the VDR level is aalls. Caco-2 cells possess many characteristics of small
important factor controlling the intestinal responsiveness totestinal epithelial cellé®>and have been shown to be a
1,25(0OH)}D,. Previously, others have observed higher dwseful model for 1,25(OHpPs-mediated intestinal Ca ab
odenal VDR mRNA® or protein level§%4? in genetic sorptiont?6333®Qur findings show that in the absence of
hypercalciuric Ca stone-forming rats and they have su;25(OH)D5 stimulation, the VDR level has no effect on
gested that higher VDR levels may drive intestinal hypetransepithelial Ca transport across Caco-2 cell monolayers,
responsiveness to 1,25(0B) in these animals. In addi but after vitamin D treatment, Ca transport is enhanced
tion, estrogen increases both intestinal Ca absorffland markedly. First, both the VDR level and the vitamin
intestinal VDR levels in ovariectomized rdt$) Con D-stimulated apical-to-basolateral Ca transport are greater
versely, studies performed in both rats and humans hawveMTVDRAS3 clones than the parental Caco-2 cells (2-fold
shown the existence of age-associated Ca malabsorptand 43%, respectively). Second, further increasing the VDR
and intestinal resistance to vitamin D that could be causéalel in MTVDRA3 with Cd pretreatment (by 68%) en-
by a decreased VDR level. For example, Horst et al. fourfthnces 1,25(OBDs-mediated apical-to-basolateral (24%,
that the intestinal unoccupied VDR level drops 75% be-ig. 3) and net (23%) Ca transport. These observations are
tween 1 and 18 months of age in fatswhereas Takamoto consistent with the hypothesis that the enterocyte VDR level
et al. showed that the total VDR level falls from 580 to 45@ould be an important determinant of intestinal resistance to
fmol/mg protein between 6 and 24 months of age in f4ls. 1,25(0H)D, associated with agifg® or estrogen defi
A similar age-associated trend toward a reduced intestiraéncy***? The effect of increased VDR on 1,25(04B)-
VDR level has been reported in humdh8. This fall in mediated Ca transport probably is caused by the enhanced
VDR coincides with a period of reducing efficiency of Cdevel of mMRNA for the Ca-binding protein calbindingp
absorptiof°*% yet it was not clear from these in vivo that we observed (Figs. 4A and 4B). Calbindig.Das been
association studies whether alteration in intestinal VDRBroposed as the rate-limiting determinant controlling trans-
level alone was responsible for the observed changes in Ggithelial Ca transport in the intestiffé) Our data are
absorption or intestinal responsiveness to vitamin D. Howeonsistent with observations showing a correlation between
ever, recent observations in the VDR knockout mouse sub;25(OH)}D;-mediated transcellular Ca transport and either
gest that the primary function of the VDR in young growingcalbindin Dy, proteirf”*® or mRNA level in the intes
mice is to maintain high levels of intestinal Ca absorptine &
tion.“? Collectively, these in vivo studies and our study We acknowledge several potential limitations to our ex-
using stably transfected Caco-2 cells, a human intestinal cpirimental approach. First, supraphysiological doses of
culture model, strongly support the hypothesis that the VDR25(OH)D, (=10"° M) were used in the experiments
level is an important regulator of vitamin D responsivenesgported here. Also, the observations in Caco-2 cells may be
in the intestine. different from what occurs in vivo. For example, Caco-2
First, we showed that 24-OHase mRNA induction isells have very low VDR levels (40 fmol/mg proté&if)
strongly influenced by the cellular VDR level (Table 2 anéven after maximal stimulation of the transgene (250
Fig. 2). 24-OHase is a vitamin D—dependent gene regulatédol/mg protein). In contrast, intestinal VDR levels are high
at the transcriptional levét® and it has been shown to bein humans and rats (between 500 and 1000 fmol/mg pro-
expressed in Caco-2 cells in response to 1,25¢Dk{f*  tein®>*®) and aging is proposed to reduce these levels by
(unpublished data). Our current studies show that high lewnaly 50%31#1"Thus, the Caco-2 cells are a VDR-limited
els of VDR increase both the sensitivity and the maximalystem in which we have enhanced capacity, while in vivo,
response of Caco-2 cells to 1,25(QH), (Table 2) and that the VDR level may not be limiting in the intestine even after
similar effects are seen over a wide range of cellular VDR has fallen by 50%. Additional research using an animal
levels and 1,25(0OHP; treatments (Table 2; Fig. 2). A model such as the VDR knockout mouse and comparing
similar relationship has been observed in rat osteoblast-lisgld-type (100% VDR level), heterozygous (50% VDR
cells treated with either dexamethasone or parathyroid hdevel) and VDR null mice will be instructive as to whether
mone (PTH) to induce the VDR level; 2- to 3-fold higherthe cell culture findings in Caco-2 cells we report here apply
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in vivo. Finally, although we have shown a direct role fod0.

VDR level in the modulation of responsiveness to
1,25(0OH)}D; in Caco-2 cells, other factors also can play an
important role in determining cellular vitamin D responsive=
ness. For example, VDR-mediated transcription is now
known to require a large number of coactivators and cofac-

tors (summarized by FreednfaH). Alterations in the level 12

of p300, SRC1, or specific components of the vitamin D
receptor interacting protein (DRIP) complex could theoret-

ically influence VDR function and cellular vitamin D action.13-

In addition, nongenomic actions of 1,25(QB), have been
identified®® and these may modulate vitamin D actio
through phosphorylation of the VDR® Because age-
associated reductions in nongenomic actions of vitamin D

have been reported in the intestine of fatéthe importance 15.

of this pathway in intestinal resistance to vitamin D cannot
be discounted. Thus, further research will be necessary to

determine whether additional factors contribute to the a5

tered tissue responsiveness to 1,25(§0H)observed under
various physiologically relevant states (e.g., aging and es-
trogen deficiency).
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