
Expression of 25-Hydroxyvitamin 
D3-24-Hydroxylase mRNA in Cultured 

- 

Human Keratinocytes (43791) 
MING L. CHEN,* GERHARD HEINRICH,? YOSH-IHIKO O H Y A M A , ~  KYUICHIRO O K U D A , ~  JACK L. OMDAHL,~ 

TAI C. CHEN,* AND MICHAEL F. HOLICK*~~ 
Vitamin D,  Bone, and Skin Research Laboratory, * Endocrine Section, Department of Medicine, Boston University 

Medical Center; Section of Biomolecular Medicine, f Evans Department of Clinical Research, Department of Medicine, 
University Hospital, Boston, Massachusetts 021 18; Department of Biochemistry,$ Hiroshima University School of 

Dentistry, Hiroshima 734, Japan; and Department of Biochemistry,§ School of Medicine, University of New Mexico, 
Albuquerque, New Mexico 87131 

Abstract. It is well documented that 1 a,25-dihydroxyvitamin D, (1 a,25[OH],D3), the 
most active vitamin D metabolite, inhibits epidermal keratinocyte proliferation and 
promotes differentiation. 1 a,25(OH),D3 can be produced in keratlnocytes from 25- 
hydroxyvitamin D, by the enzyme 25-hydroxyvitamln D,-l a-hydroxylase (l-OHase). 
Hydroxylation of 1 a,25(OH),D3 by 25-hydroxyvitamln D3-P4-hydroxylase (24-OHase), 
the first step in the catabolic pathway of la,25(OH),D3 could significantly reduce the 
intracellular concentration of 1 a,25(OH),D3. Therefore, the expression of 24-OHase 
could have a critical regulatory role in 1 a,25(0H),D3-dependent gene expression. As 
a first step to examine this possibility, the steady state level of 24-OHase mRNA in 
cultured human keratinocytes (CHK) was investigated. 24-OHase mRNA was not de- 
tected in control CHK. la,25(OH),D3 caused a dose- and time-dependent increase in 
24-OHase mRNA level. The highest accumulation of 24-OHase mRNA was observed in 
CHK treated with 0.1-1 pM la,25(OH),D3. The level of 24-OHase mRNA reached a 
plateau 12-24 hr after la,25(OH),D3 treatment. 1 P,25-dihydroxyvitamin D,, the stereo- 
isomer of 1 aY25(OH),D3, failed to Induce 24-OHase mRNA expression significantly. In 
addition to 24-OHase mRNA, a 1.0-kb mRNA hybridized strongly with both rat and 
human 24-OHase cDNA probes. The origin of this 1.0-kb message is unknown at 
present, however, it was regulated by 1 CK,~~(OH),D,. These results demonstrate that 
la,25(OH),D3 up-regulates the expression of 24-OHase mRNA, and this may be an 
important first step in the initiation of catabolism of 1 a,25(OH),D3 in human 
keratinocytes. [P.S.E.B.M. 1994, Vol2071 

E pidermal keratinocytes differentiate from pre- 
cursor cells in the basal layer of the epidermis. 
During differentiation, these cells begin to ex- 

press in a spatially and temporally ordered pattern a 
set of genes that regulate the increasing differentiation 

and special functions of keratinocytes in the outer lay- 
ers of the epidermis. Among the genes that are induced 
are transglutaminase, involucrin, and keratins (1-3). 
As they differentiate, keratinocytes eventually stop 
synthesizing DNA and become postmitotic. 

1a1,25-dihydroxyvitamin D, ( 1a,25[OHI2D3) has 
been shown to inhibit DNA synthesis in cultured hu- 
man keratinocytes (CHK) and to increase levels of 
transglutaminase and cornified envelopes (4-7). These 
observations suggest an important function of 
1~~,25(0H)~D, in keratinocyte proliferation and differ- 
entiation. Consistent with such a function is the pres- 
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ence of high-affinity intracellular vitamin D receptor 
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The VDR is believed to regulate gene transcription 
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by interacting with regulatory elements in target genes 
(10). Since cellular differentiation at the molecular 
level is a well-ordered pattern of sequential activation 
and deactivation of gene transcription, the effects of 
~ c x , ~ ~ ( O H ) , D ~  on keratinocyte differentiation are most 
likely mediated at the level of transcription and in- 
volves the VDR. These genomic actions require bind- 
ing of la,25(OH)$, to the VDR, and this binding and 
the resulting effects on transcription are dose depen- 
dent (10). 

A critical question is how intracellular levels of 
la,25(OH)$, are regulated during keratinocyte differ- 
entiation. 1a,25(OH),D3 is probably available to kera- 
tinocytes via microvessels in the dermis. In addition, 
1a,25(OH),D3 can be produced locally by 25- 
hydroxyvitamin D,- la-hydroxylase ( 1-OHase) in kera- 
tinocytes (8, 11). An effective way to regulate the in- 
tracellular concentration of 1a,25(OH),D3 is via the 
degradation pathway, which is initiated by 25-hy- 
droxyvitamin D3-24-hydroxylase (24-OHase) (1 1, 12). 
24-OHase catalyzes the conversion of 1a,25(OH),D, 
and 25(OH)D3 to their respective 24-hydroxylated de- 
rivatives (12). Such a catabolic pathway may reduce 
the intracellular level of 25(OH)D, and la,25(OH),D3 
and thus the biological action of la,25(OH),D3 (13). 

Expression of 24-OHase in epidermis could serve 
an effective regulatory role in keratinocytes differen- 
tiation by modulating the intracellular level of 
101 ,Z(OH),D,. We have therefore investigated wheth- 
er this enzyme is expressed and regulated in kerati- 
nocytes. Our data show that 24-OHase mRNA and 
activity a re  expressed in keratinocytes and 
1a,25(OH),D3 is a potent inducer of 24-OHase. This 
observation suggests that a negative regulatory mech- 
anism is operative in limiting 1a,25(OH),D3 levels and 
the subsequent effects of ~ c x , ~ ~ ( O H ) ~ D ,  in epidermal 
keratinocytes. 

Materials and Methods 
Culture Conditions. CHK cultures were pre- 

pared from human newborn foreskin as described (5) .  
Cells were maintained in culture medium consisting of 
MCDB 153 and supplemented with the following 
growth factors, EGF (25 ng/ml; Perpro Tech., Rocky 
Hill, NJ), insulin ( 5  pg/ml; Sigma Chemical Co., St. 
Louis, MO), PGE, (50 ng/ml, Sigma) and pituitary ex- 
tract (30 pg/ml; Collaborative Research, Lexington, 
MA). The concentration of calcium in this medium 
was 0.15 mM. 

To analyze the time-dependent induction of 24- 
OHase mRNA, subconfluent keratinocytes were fed 
with fresh medium containing 0.1 p M  1a,25(OH),D3. 
la,25(OH)$3 was the gift of Dr. M. Uskokovic (Hoff- 
mann-La Roche, Nutley, NJ). Control cells received 
vehicle (0.1% ethanol) only. Cells were collected at 
times indicated in the figure legends and stored at 

- 80°C until analysis. In the dose-dependent experi- 
ments, CHK were treated with varying concentrations 
of ~ c x , ~ ~ ( O H ) ~ D ,  and analyzed 24 hr later. To deter- 
mine the specificity of 1~~,25(OH)$3 action, parallel 
dishes were treated with either 0.1 p M  vitamin D, or 
1 P,25-dihydroxyvitamin D, ( lP,25[OH],D3). 

RNA Isolation and Northern Hybridization. 
RNA was isolated according to Chomczynski and 
Sacchi (14) using RNAzol (Tel-Test B Inc., Friends- 
wood, TX). Twenty-five micrograms of RNA from 
each sample were loaded and separated on 1% aga- 
rose-formaldehyde gel using standard procedures (1 5 ) .  
Gels were routinely stained with ethidium bromide to 
check the integrity of RNA samples. RNA was trans- 
ferred to a Zeta-probe membrane (Bio-rad, Rockville 
Center, NY) and hybridized with the rat kidney 24- 
OHase cDNA clone (p108) (16). A fragment of p108 
(nt. 564-1864) containing the coding region of 24- 
OHase was extracted by digestion with AccI and 
KpnI. This cDNA fragment was labeled with 32P- 
dCTP (Prime-it I1 kit; Stratgene, La Jolla, CA) and 
utilized as the hybridization probe. A human renal 24- 
OHase cDNA clone (ph24-1.8; J. Omdahl, unpub- 
lished result) was used as a hybridization probe in the 
experiment described in Figure 1 and found no spe- 
cies-specific effect. The blots were hybridized in 
buffer containing 6X SSPE, 5X Denhardt's solution, 
1% SDS, 10% dextran sulfate and 100 pg/ml sonicated 
sperm DNA, at 60"C, overnight. Excess probe was 
removed by washing the blot twice in 1X SSC, 0.1% 
SDS at 65°C for 30 min each. The blots were exposed 
to X-ray film (Hypefilm-MP; Amersham, Arlington 
Hts, IL) for 4 days. The autoradiographic images were 
quantified by densitometric scanning. 

The blots were stripped and reprobed with a glyc- 
eraldehyde phosphate dehydrogenase (GAPDH) olig- 
onucleotide (Oncogene Science, Uniondale, NY). The 
concentrations of 24-OHase mRNA were normalized 
to the GAPDH mRNA levels. 

HPLC Analysis of Vitamin D, Metabolites. The 
conversion of [ ,H]-25 (OH)D, to [ -24,25( OH),D3 
was analyzed in control cells and in CHK treated with 
0.1 p M  la,25(OH),D3 for 24 hr. Cells were incubated 
with 80,000 cpm (120 Ci/mmol) of 25(0H)-[,H]D3 for 1 
hr. The lipid phase of both cells and medium were 
extracted according to Bligh and Dyer (17). Vitamin D 
metabolites were separated using a Waters 501 HPLC 
system (Waters Associates, Milford, MA) equipped 
with a Zorbax Sil column (4.6 mm x 25 cm; DuPont, 
Wilmington, DE). The metabolites were eluted with a 
solvent of n-hexane-isopropanol-methanol (v/v, 
88:6:6) and radioactivity was detected by Radiomatic 
Flo One HP radioactivity detector. The elution times 
for 24,25(OH)2D, and la,25(OH)$, were determined 
with authentic vitamin D metabolites applied in the 
same column. 

58 24-OHASE EXPRESSION IN HUMAN KERATINOCYTES 



Results 
Two mRNA Species Are Detected with Rat and 

Human 24-0Hase cDNA Probes. Figure 1 shows 
that the rat 24-OHase cDNA probe hybridized with 
two mRNA species of la,25(0H),D3-treated CHK. 
The size (3.4 kb) of the slow migrating band is consis- 
tent with that of 24-OHase mRNA (15). The faster 
migrating band has an estimated size of 1.0 kb. The 
ratio of 3.4 kb/l.O kb band intensity was 1.15 in CHK 
treated with 0.1 p M  1a,25(OH)$3 for 24 hr. The blot 
was reprobed with a human renal 24-OHase cDNA. 
There was no difference in the hybridization patterns 
and the ratio of 3.4 kb/l.O kb observed with either rat 
or human probes. 

la,25(OH)*D3 Induced 24-OHase mRNA Ex- 
pression. 24-OHase mRNA (3.4 kb) was not detect- 
able in the control CHK cultures (Fig. 2). The level of 
24-OHase mRNA increased significantly in CHK 
treated with 1a,25(OH),D3 in a dose-dependent man- 
ner and plateaued at 1a,25(OH),D3 concentrations of 
0.1-1 p M .  The specificity of la,25(OH)$, to stimu- 
late 24-OHase mRNA expression was confirmed since 
both lp,25(OH),D3 and vitamin D, (0.1 pM) failed to 
induce 24-OHase mRNA accumulation significantly 
(Fig. 2). Time course studies indicated that the in- 
crease in 24-OHase mRNA was evident at 4 hr in CHK 
treated with 0.1 pM h,25(OH),D3 and reached a peak 
between 12 and 24 hr (Fig. 3). 24-OHase mRNA then 
declined gradually but remained elevated above the 
basal level at 48 hr. There was no significant change in 
GAPDH mRNA level over the same treatment period. 

The presence of 24-OHase mRNA in CHK treated 
with 1a,25(OH),D3 is consistent with the increased 24- 
OHase enzyme activity in these cells. In CHK treated 

Figure 1. Northern analysis of 24-OHase and 1.0-kb mRNAs. 
Poly A( +)  mRNA (5 pg), isolated from CHK treated with (D) or 
without (C) 0.1 pM la125(OH),D, for 24 hr, was analyzed by 
Northern blot. The nylon membrane was probed with rat 24- 
OHase cDNA (p108). It was then stripped and reprobed with 
human 24-OHase cDNA (ph24-1.8). The blot was exposed to 
X-ray film for 48 hr. Numbers on the left indicate MW marker 
in kb. 

Concentration of 1 ,25(OH),D3 (log M) 
Figure 2. Concentration-Dependent induction of 24-OHase and 
1 .O-kb mRNAs by 1 a125(OH)2D3. Keratinocytes were treated with 
varying concentrations of la,25(OH),D3 for 24 hr. Some dishes 
received 0.1 pM vitamin D, or 1P,25(OH),D3. Control cells re- 
ceived vehicle (0.1% ethanol) only. Twenty-five micrograms total 
RNA from each sample were analyzed. (A) Autoradiograph of a 
representative experiment. The blot was exposed for 4 days. The 
positions of 24-OHase and 1 .O-kb mRNAs are indicated. The bot- 
tom panel shows GAPDH mRNA. (B) Densitometric data of 
scanned autoradiographs. The levels of 24-OHase and 1 .O-kb 
mRNAs (mean +- SD, n = 3) were normalized to those of GAPDH 
levels. 

with 0.1 p M  1a,25(OH),D3 for 24 hr, the conversion of 
3H-25(OH)D3 to ,H-24,25(OH),D3 was 7.2 k 0.9 pmol/ 
mg protein/hr (n = 3). We were unable to detect 24- 
OHase activity in control CHK. 
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Time (hrs) 
Figure 3. Time-Dependent induction of 24-OHase and 1 .O-kb 
mRNAs by la,25(OH),D3. Keratinocytes were treated with 0.1 kA4 
1 a,25(OH),D3 for indicated time. Samples were then processed 
as described in the legend to Figure 2. (A) Autoradiograph of a 
representative experiment. (6) Densitometric values of 24- 
OHase and 1.0-kb mRNAs (mean k SE, n = 2). 

1 a,25(OH),D3 Increases the 1 .O-kb mRNA 
Level. The primary sequence of this 1 .O-kb message is 
not known at present, and, therefore, we do not yet 
understand its precise relationship to the 24-OHase 
mRNA. Interestingly, it was regulated by la,25(OH)2D3. 
The dose-response experiments (Fig. 2) showed that 
the 1.0-kb mRNA was induced by 1 nM of 
1a,25(OH),D3 and reached a plateau at 0.1 p M .  In 
contrast to the 24-OHase mRNA, the 1.0-kb mRNA 
did not further increase but rather decreased at a 
higher concentration of 1a,25(OH)2D3 (1 pM). In 
CHK treated with 0.1 pA4 10!,25(0H)$3, this 1.0-kb 

mRNA accumulated up to 24 hr, in parallel with 24- 
OHase mRNA (Fig. 3). 

Discussion 
We demonstrated that 24-OHase mRNA in CHK 

was up-regulated specifically by 1a,25(OH),D3 in a 
time- and dose-dependent manner (Fig. 2 and 3). 
1 p,25(OH)2D3, a biologically inert isomer of 
la,25(OH)2D3 (9, failed to induce 24-OHase mRNA 
expression substantially (Fig. 2). This increase could 
be due to increased gene transcription or mRNA sta- 
bilization or both. Enhanced transcription probably 
accounts for most of the initial accumulation of 24- 
OHase mRNA (prior to 4 hr), since 24-OHase mRNA 
in CHK was not detected under basal conditions. 
Moreover, 24-OHase message accumulated rapidly in 
the first 12 hr after la,25(OH),D3 administration (Fig. 
3) ,  suggesting a la,25(0H),D3/VDR-mediated up- 
regulation of 24-OHase gene transcription. 

After 24 hr of continuous accumulation, 24-OHase 
mRNA level in CHK began to decline (Fig. 3). In ad- 
dition to the normal turnover of mRNA, this decline 
could be partially due to the depletion of la,25(OH)2D3 
in culture medium. We and others (11, 18) have ob- 
served that the concentration of 1~~,25(OH)2D3 in 
CHK reduces to the background level after 16-24 hr of 
incubation. The decrease in the I a,25(OH),D3 concen- 
tration coincides with the increase of 24-hydroxylated 
vitamin D metabolites. This suggests a high degree of 
sensitivity of 24-OHase expression to cellular 
la,25(OH),D3 levels. 

The la,25(0H),D3-induced 24-OHase expression 
in CHK was dose-dependent (Fig. 2). Two possible 
mechanisms may account for the dose-dependence. 
First, binding of 1a,25(OH)$3 to the VDR enhances 
the stimulation of transcription of genes whose pro- 
moters contain VDR-response elements (VDREs) 
(19). Several potential VDREs have been identified in 
the 24-OHase genomic DNA (20). In the absence of 
ligand, the VDR binds to the VDREs with low affinity 
(19). Thus, there is a dose relationship between occu- 
pancy of the VDR and transcription activity of 
l~x,25(OH)~D~ target genes. Another mechanism ap- 
pears to involve the stabilization of the VDR against 
degradation by its ligand (21). Whatever the mecha- 
nisms, our data add to the increasing body of evidence 
that suggests that the availability and intracellular con- 
centration of 1~,25(OH)2D3 determine the extent of 
VDR-regulated transcription responses. 

Keratinocytes contain both 24-OHase and 
1-OHase (8, 11). The relative activities of these hy- 
droxylases may control the intracellular concentration 
of 1a,25(OH),D3 in keratinocytes. Interestingly, it has 
been shown that 24-OHase activity, in a reciprocal 
relationship to 1-OHase, is higher in the differentiated 
keratinocytes compared with the proliferating cells (8). 
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We showed that 24-OHase mRNA expression and en- 
zyme activity are induced by its own substrate. These 
observations suggest that 24-OHase, together with 
1-OHase, could be an important determinant in 
1 a, 25 (OH),D,/VDR-mediated keratinoc yte differenti- 
ation. 

In addition to 24-OHase mRNA (3.4 kb), a 1.0-kb 
mRNA was detected in CHK. This 1.0-kb mRNA ap- 
pears to be polyadeylated based on its presence in the 
pool of oligo-dT selected mRNA (Fig. 1). The 1.0-kb 
mRNA was not reported in rat kidney and intestine 
(22, 23), or HL-60 promyelocytes (24). It is possible 
that the 1.0-kb mRNA is encoded by a different gene 
and cross-hybridized with rat 24-OHase cDNA probe. 
A recent report described a 6.0-kb mRNA in human 
colon carcinoma HT-29 cells was cross-hybridized to 
rat 24-OHase cDNA probe (25). Another possibility is 
that this 1.0-kb mRNA is derived from the same tran- 
scription unit as the 3.4-kb mRNA. The coregulation 
of 3.4-kb and 1.0-kb mRNAs by 1a,25(OH),D3 sup- 
ports this possibility. 
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