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Abstract Vitamin D has attracted much attention by its ability to stop cell proliferation and induce differentiation,
which became of particular interest for the treatment of cancer and psoriasis. We performed an expression profile of
12 hours and 24 hours 1a,25-dihydroxyvitamin D3 (1a,25(OH)2D3) treated primary human keratinocytes, to determine
the changes in gene expression induced by the steroid in order to improve our understanding of the biological activity of
1a,25(OH)2D3. This we expect to be useful for establishing a test system for vitamin D analogs or might open new
therapeutic targets or uses for the hormone. For the filter array experiments a non-redundant set of 2135 sequence verified
EST clones was used. The normalized raw data of 2 filters per time point were combined and subjected to SAM analysis to
further increase the statistical significance. 86 positive and 50 negative geneswere identified after 12 h. The numberswent
down to 43 positive and 1 negative gene after 24 h of treatment. Fifteen genes are up-regulated over a longer period of time
(12 h and 24 h). Results were verified by real-time PCR and/or Northern blots. Targets identified are involved in
intracellular signaling, transcription, cell cycle,metabolism, cellular growth, constitution of the extracellularmatrix or the
cytoskeleton and apoptosis, immune responses, and DNA repair, respectively. Expression profiles showed an initial stop
of proliferation and induction of differentiation, and resumed proliferation after prolonged incubation, most likely due to
degradation of the hormone. J. Cell. Biochem. 100: 574–592, 2007. � 2006 Wiley-Liss, Inc.
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Since McCollum demonstrated the existence
of a vitamin, which promotes calcium deposi-
tion, many more features have been attributed
to vitaminD [McCollum et al., 1922]. Besides its
traditionally known activities on calcium and
phosphorus homeostasis, it has numerous
non-calcaemic functions in the body. It acts
as a strength-preserving agent in the aging
musculoskeletal system [Montero-Odasso and
Duque, 2005] and it helps to prevent several
degenerative as well as autoimmune diseases.
Furthermore it has pronounced effects on cell
proliferation and differentiation [DeLuca, 2004;
Holick, 2004a,b; Nagpal et al., 2005], as it has

been shown to stop proliferation and induce
differentiation of many cells including a wide
variety of cancer cells or psoriatic cells.

Vitamin D is synthesized in the skin from 7-
dehydrocholesterol by irradiation with ultra-
violet light and is turned into its actual active
form1a,25-dihydroxyvitaminD3(1a,25(OH)2D3),
by two successive steps of hydroxylation, one
taking place in the liver and the second one in
the kidney [reviewed by Jones et al., 1998].
Surprisingly it turned out that not only the
conversion of 7-dehydrocholesterol to vitamin
D takes place in the skin but the human skin is
the only organ capable of performing all the
steps to 1a,25(OH)2D3 [Lehmann et al., 2001,
2003; Schuessler et al., 2001]. Therefore, the
human skin and in particular the keratino-
cytes are both a site of 1a,25(OH)2D3 synthesis
and a target of it.

The physiological activities of 1a,25(OH)2D3

aremediated by the vitaminDreceptor (VDR), a
member of the nuclear hormone receptor family
of Zn-finger transcription factors. VDR has
been detected in most organs including the
skin, small intestine, colon, bones, heart, brain,
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gonads, prostate, as well as activated T and B
lymphocytes [DeLuca, 2004; Holick, 2004a].
There are however some actions of

1a,25(OH)2D3 that are too rapid to be explained
viaa transcriptional response through theVDR.
The factor responsible for this non-genomic
or membrane-associated rapid response is
a protein recently termed 1,25D3-MARRS
(membrane-associated, rapid-response steroid-
binding) which has been isolated from chick
intestinal epithelial cells [Nemere et al.,
2004a,b] and it has been demonstrated that it
is responsible for the activation of PKC by
1a,25(OH)2D3 in chondrocytes and osteoblasts
from VDR knock-out mice [Boyan et al., 2006].
1,25D3-MARRS, however, is thought not only

to be responsible for the rapid response, but to
elucidate long-lasting effects too like maintain-
ing differentiated functions of intestinal epithe-
lial cells [Rohe et al., 2005]. This demonstrates
that the regulation of vitaminDtarget genes is a
fairly complex process.
Since 1a,25(OH)2D3 shows very promising

results in the treatment of certain forms of
cancer and psoriasis, it is a major goal in
molecular biology to investigate the underlying
mechanisms and changes in gene expression
which mediate these anti-proliferative effects.
Thus, a number of expression profiling experi-
ments have been performed to identify vitamin
Dtarget genes in several tumor cell lines suchas
LNCaP, which is a prostate tumor cell line
[Krishnan et al., 2004], a colon carcinoma cell
line [Wood et al., 2004], squamous carcinoma
cells [Lin et al., 2002], hHL-60 cells, an acute
myeloid leukemia cell line [Savli et al., 2002],
breast cancer cells [Swami et al., 2003], differ-
ent osteoblastic cell lines [Eelen et al., 2004],
and kidney cells of VDR knock-out mice [Li
et al., 2003]. So far no study on primary human
keratinocytes has been published, and this is
essential for improving our understanding of
the biological activity of 1a,25(OH)2D3. In
accordance with the incubation times used in
the above mentioned studies, we analyzed the
change of gene expression induced in primary
human keratinocytes after 12 h and 24 h of
treatment with 1a,25(OH)2D3, using a filter
array containing 2135 sequence verified genes.
Although there was a certain degree of overlap
between the other arrays and our array, the
majority of upregulated or downregulated
genes were previously not identified as being
regulated by 1a,25(OH)2D3.

The aim of this study is the identification of
1a,25(OH)2D3 target genes in primary human
foreskin keratinocytes in order to improve our
understanding of the biological activity of
1a,25(OH)2D3. This knowledge could help us to
establish a test system for vitaminD analogs, or
identify new therapeutic targets or applications
for the hormone.

MATERIALS AND METHODS

Cell Culture and Treatments

Keratinocytes that were harvested from
human foreskin by separating the dermis and
epidermiswere cultured in keratinocyte growth
medium (modified MCDB 153 Clonetics Bio-
Whittaker) supplementedwith bovine pituitary
extract, insulin (0.1 ng/ml), hydrocortisone,GA-
100, 0.12 mM Ca2þ and streptomycin/penicillin
at 378C and 5%CO2. Cells were grown in 75 cm2

flasks to 70% confluence and treated eitherwith
ethanol (control) or 2� 10�7 M 1a,25(OH)2D3

dissolved in ethanol. 1a,25(OH)2D3 was a kind
gift from W. Reischl in the Department of
Organic Chemistry in Vienna. RNA was iso-
lated after 6 h, 12 h, and 24 h of treatment,
respectively.

RNA Isolation

RNA was isolated using the acidic phenol-
guanidinium-thiocyanate-chloroform extrac-
tion described in Sambrook and Russell, Mole-
cularCloning,A laboratorymanual, CSH, 2001.
The concentration of the isolated RNA was
determined by spectrophotometry and the qual-
ity was checked on a 1.2% agarose gel contain-
ing 2.2 M formaldehyde (2.5% v/v).

Filter Array Production

For the array experiments an EST library
containing 2135 sequence verified non-redun-
dant clones, which had been selected from the
non-redundant human UniGem V2.0 library
(Incyte Genomics, Inc.) and the RZPD Unigene
clone collection (http://www.rzpd.de) was
amplified by PCR as previously described
[Aberger et al., 2001]. PCR products were
spotted onto nylon membranes (Hybond Nþ,
Amersham Biosciences) with the MicroGridII
(Biorobotics,UK) spotting robot. Each clonewas
printed in quadruplicate.

Membranes were hybridized with probes
synthesized from total RNA obtained from
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keratinocytes treated either with 1a,25(OH)2D3

or mock treatment, respectively. Twelve micro-
grams total RNA was reverse transcribed with
SuperScript II (RNase H�) reverse transcrip-
tase (Invitrogen) using 2 mg oligo dT23 primer,
70 mCi a33PdCTP (3,000 Ci/mmol, Amersham
Biosciences), 10ml 3� labeling-buffer (for 200ml:
120 ml 5� SuperScript buffer (Invitrogen), 3 ml
dATP/dGTP/dTTP (100 mM each), 60 ml 0.1 M
DTT, 0.8 ml 1 mM dCTP, 14.2 ml DEPC-ddH2O),
and 2 ml SuperScript II reverse transcriptase
(Invitrogen). The labeled probe was purified
using GFX columns (GFX PCR DNA and gel
band purification kit, Amersham Pharmacia)
according to the manufacturer’s protocol.
Radiolabeled probes were heated to 958C for
5 min and arrays were hybridized for 48 h at
658C in pre-warmed hybridization buffer (5�
Denhardt’s/5� SSC/1% SDS). After hybridiza-
tion membranes were washed for 20 min at
658C once in 2� SSC/0.1% SDS, twice in 0.2�
SSC/0.1% SDS, and finally in 0.1� SSC. Filters
were exposed for 2 days and scanned with a
BAS-1800II (Fuji) phosphoimager. Images
were analyzed using the AIDA Metrix suite
(Raytest).

Data Analysis

Data were normalized for total signal inten-
sity and statistically analyzed using SAM soft-
ware (University of Stanford, [Tusher et al.,
2001]). For significance analysis of microarrays
(SAM) analysis, the fold change parameter was
set to 2, such that only those genes that showed
at least a twofold induction or repression in
response to 1a,25(OH)2D3 were called signifi-
cant. Themedian false detection rate (FDR)was
0 for all filters analyzed. Two independent
filters were made for each time point, resulting
in eight data points/clone. Filterswere analyzed
separately and in combination (two filters per
time point) using SAM analysis. Only genes
that are called significant bySAMonbothfilters
were considered differentially expressed and
included in Table II. Significant genes were
clustered using gene ontologies (GOs see Fig. 1)
and Swiss prot functions that are presented on
thewebpagehttp://bioinfo.weizmann.ac.il/cards/
index.shtml.

Sequencing of cDNA Clones

Selected cloneswere pickedandplasmidDNA
was isolated using a GFX plasmid isolation kit

(Amersham Biosciences) according to the man-
ufacturer’s instructions. cDNA sequences were
determined by using an ABI PRISMTM dye
terminator cycle sequencing ready reaction kit
(Applied Biosystems) containing fluorochrome
labeled ddNTPs. The reaction was carried out
according to the manufacturer’s instructions.
SequencesweredeterminedusinganABIPrism
310 Genetic Analyzer (Applied Biosystems).

The obtained sequences were compared with
the databases byBlast analysis (www.ncbi.nlm.
nih.gov) and compared to the 2135 EST clone
list used for filter array production.

Northern Blots

Ten micrograms of total RNA prepared from
untreatedhuman foreskinkeratinocytes aswell
as RNA isolated from keratinocytes treated for
6 h, 12 h, and 24 h with 1a,25(OH)2D3 was
separated on an 1.2% agarose gel (6.5% for-
maldehyde), transferred to GeneScreen Nylon
membranes (DuPont, New England Nuclear,
and now Perkin Elmer), and covalently cross-
linked to the membrane by UV light. Probes for
positive cDNA clones were prepared using
random primed radioactive labeling reactions
according to Feinberg and Vogelstein [Feinberg
and Vogelstein, 1984]. Probes were purified
using SephadexG-50 columns. The probes were
eluted in 1�NETS buffer (150mMNaCl/10mM
Tris-Cl pH 8.1/1 mM EDTA/0.1% SDS) and
200 ml fractions were collected. The fractions
from the first peak of radioactivity were pooled
and added to the pre-hybridized membranes.
Hybridization was carried out as described in
Sambrook and Russell, Molecular Cloning, A
Laboratory Manual, CSH, 2001. Membranes
were exposed to X-ray films, analyzed with a
BAS reader 1800 (Fuji) using BAS Reader 3.11
software and AIDA analyzer 2.11 software to
determine the intensities of the probes. For
normalization, a probe for the large ribosomal
protein P0 (RPLP0) was used. In addition to
self-madeNorthern blots, a commercially avail-
able Human 12-Lane MTN Blot from BD
Biosciences was used according to the manu-
facturer’s instructions.

Real-Time PCR

Single-stranded cDNA was synthesized with
SuperScript II (RNase H�) reverse transcrip-
tase (Invitrogen) according to the manufac-
turer’s instructions. RNA templates were
hydrolyzed using 250 mM NaOH. Real-time
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PCR analysis was performed on a Rotor Gene
2000 (Corbett Research) using iQTM SYBR
Green Supermix (BIO-RAD). Real-time PCR
primers are shown inTable I.Cycling conditions
were as follows: Cycle 1: 958C, 360 s, then 47
cycles: 958C, 60 s; 658C, 15 s; 728C, 30 s (acquir-
ing onFAMand SybrGreen), and a final cycle of
728C for 300 s. Absence of genomic DNA was
confirmed by omitting reverse transcriptase
during cDNA synthesis. Primer quality was
checked by melting curves: reactions were
heated from 508C to 958C with 12 s holds at
each temperature. Large ribosomal protein P0
(RPLP0)was used as a reference for all analyses
to control the amount of sample material
[Martin et al., 2001]. Fold differences were
calculated by a mathematical model described
by Pfaffl [2001] using the formula: 2�(DDCt),
where DDCt is DCt(1a,25(OH)2D3)�DCt(EtOH)

, DCt is

Ct(test gene)�Ct(control gene) and Ct is the cycle at
which the threshold is crossed.

RESULTS

Filter Array Analysis

To identify differentially expressed genes in
human primary foreskin keratinocytes after
12 h and 24 h of 1a,25(OH)2D3 treatment, we
used a cDNA microarray containing 2135 pre-
selected sequence verified human EST clones.
Two arrays were hybridized for each time point
and condition: mock-treated, 12 h and 24 h of
1a,25(OH)2D3 (2� 10�7 M) treatment. The
combined normalized raw data were subjected
toSAMto calculate the statistical significance of
upregulated or downregulated genes. Themini-
mum fold change for the list of significant genes
was set to 2, which means only those genes,

TABLE I. Primer Sequences for Real-Time PCR

Genbank ID HUGO gene name Sequence (50–30) Amplicon (bp)

L13286 CYP24 Fwd CCATCGCGTTTTGCCAGCGATAATA 185
Rev AGACAGAACAGGCTCCCAGGCCATT

BC040643 SORL1 Fwd AACTGGAGTGTGTGCTGCCTTTCAGGT 199
Rev ACAACCCATCCTCCCTCAACCCATTT

M30703 AREG Fwd CGGTCTCCACTCGCTCTTCCAACAC 199
Rev GGTGTCATTGAGGTCCAATCCAGCA

U02081 NET1 Fwd AAGCCAATGACGTGTTCCACAAGCAG 171
Rev ATGCCCTCCTCTGGGCTGTGAGTTT

Y00272 cdc2 Fwd CAGAGCTTTGGGCACTCCCAATAATGA 187
Rev TTTGCCAGAAATTCGTTTGGCTGGA

D13156 PI 3 (SKALP) Fwd CTGCCCAGGAATCAAGAAGTGCTGTG 183
Rev GCATCCTGAATGGGAGGAAGAATGGA

AI271688 CCNG2 Fwd ACTGCACTCGGCCTCTTTTCCCTTTTT 188
Rev TCCAGGCACCTACCCCTCAATCTCTTC

D87258 PRSS 11 Fwd ATGAGGACTCTGGGCTGCTGGAATAGG 197
Rev CCCAAGCTGGCAAGAAAAAGCACACT

X65024 XPC Fwd CAGCTTCCCACCTGTTCCCATTTGA 199
Rev AGCTTGGCCTCGTCTCCCCTGAC

M69199 G0S2 Fwd GGGAGGGAGACGCAGTAGACAGAGACA 186
Rev CAAACTCCTTTGGTGGATGCTTGTGGT

NM_000095 COMP Fwd GACGTGTGCCAGGACGACTTTGATG 192
Rev GTTCATTGTCTGCACGATCTCCCTTCC

V01512 FOS Fwd CCAAGCCCTCAGTGGAACCTGTCA 173
Rev CAGAGGCTCCCAGTCTGCTGCATAGAA

AA426586 BMP6 Fwd CTCCTCCCCCAAAAACCCACCAA 183
Rev CCCCACTTCCCCGATTTCTGTTCTCT

R72243 OAS2 Fwd GCCGACAATGCAGACACCAGGAAG 195
Rev GGACCATCAAGGGAAGAATGGATGTGA

N48949 Nkx 2.2 Fwd CCCCTTCTACGACAGCAGCGACAAC 170
Rev TACATGGCCCCTTCCCCTTTCACTC

NM_006945 SPRR-2B Fwd GCCAAAGTGTCCACCCAAGAGCAAGT 175
Rev GATCATCACAGGCAGGCCACAGGTTA

NM_033307 CASP4 Fwd CGAATATGGAGGCTGGACCACCTGA 197
Rev CAGCTCCATTCCTCGGAGGCAGA

NM_005909 MAP1B Fwd CCCAAGTCCACCCCAATTAACTGAAGC 193
Rev ACACACGCTCACCCACGTGTTCCT

NM_002467 MYC Fwd CTACGCAGCGCCTCCCTCCACT 170
Rev GGCGCTCCAAGACGTTGTGTGTTC

NM_001002 RPLP0 (ARP) Fwd GGCACCATTGAAATCCTGAGTGATGTG 214
Rev TTGCGGACACCCTCCAGGAAGC

Gene names written in bold are not approved by the HUGO gene nomenclature committee.
Cycling conditions were as follows: Cycle 1: 958C, 360 s, then 47 cycles: 958C, 60 s; 658C, 15 s; 728C, 30 s (acquiring on FAM and Sybr
Green), and a final cycle of 728C for 300 s. Absence of genomic DNA was assured by omitting reverse transcriptase during cDNA
synthesis. Primer quality was checked bymelting curves: reactions were heated from 508C to 958Cwith 12 s holds at each temperature.
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whose expression changed by at least a factor 2
in response to 1a,25(OH)2D3 treatment on two
independent filter sets for each time point
(i.e., each clone was checked eight times for
upregulation or downregulation) are listed in
the Tables II and III. SAM assigns a score (SAM
scored) to eachgene on thebasis of the change in
expression relative to the standard deviation of
repeated measurements [Tusher et al., 2001].
By assimilating a set of gene-specific t-tests,
statistically significant changes in expression
can be identified. Genes with scores greater
than the threshold (delta, D) are considered to
be significant. For combined analysis (two
independent filters) of the 12 h time point, the
delta value was 1.63 and for 24 h 2.16. The
percentage of genes identified by chance was
also calculated and called the false discovery
rate (FDR). The false discovery rate (FDR) was
0% for each of the arrays. The q-value is the
lowest FDR at which the gene is called sig-
nificant. It is like the familiar P-value but
adapted to the analysis of a large number of
genes [Tusher et al., 2001]. The q-value for 12 h
was 0.35 and for 24 h 0.63.

SAM revealed 86 significant positive genes
(see Table II) and 50 significant negative genes
(see Table III) after 12 h of 1a,25(OH)2D3

treatment. After 24 h of treatment fewer genes
were differentially expressed, namely 43 sig-
nificant positive genes (see Table II) and 1
significant negative gene (see Table III). Pre-
vious array studies, which used different meth-
ods and tissues showed significant variance
ranging from as little as 0.09% [Krishnan et al.,
2004] to as much as 11.1% [Farach-Carson
and Xu, 2002] of the investigated genes. In
primary human foreskin keratinocytes, ap-
proximately 7% (165 genes) of the 2135 EST
clones investigated were differentially expres-
sed in response to 1a,25(OH)2D3. As already
mentioned previous expression profiles invol-
ving 1a,25(OH)2D3 (or analog) treatments were
performed on either tumor cell lines or cells
from VDR knock-out mice. Tumor cells might
be expected to show reduced response to
1a,25(OH)2D3. Just recently, it has been shown
that some tumor cell lines have elevated
levels of nuclear corepressors, like SMRT, and
thus, often display reduced sensitivity to
1a,25(OH)2D3 [Khanim et al., 2004]. This
appears to be the case with the expression
profiles of 1a,25(OH)2D3-treated LNCaP (0.09%
target genes) [Krishnan et al., 2004] or colon

carcinoma cells (0.1% target genes) [Wood et al.,
2004]. Certainly one can expect less vitamin D
target genes to be differentially expressed for
VDR knock-outs, due to the missing nuclear
receptor.

For almost all published expression profiles
involving 1a,25(OH)2D3 treatment, different
arrays were used. There is a very large hetero-
geneity ranging from oligonucleotide arrays to
ESTs, aswell as fromglass slides tofilter arrays,
representing different genes. The majority of
these studies used fluorescently labeled probes
(Cy3 and Cy5). However, we decided to use
radioactively labeled probes and ESTs due to
better sensitivity. The 2135 EST clones used
for this experiment were selected from two
different libraries (the human UniGem V2.0
library and the RZPD Unigene clone collection)
and specifically enriched in ESTs representing
transcription factors, molecules involved in
signal transduction, and genes involved in
several diseases. With this bias, the set is thus
most likely to contain more 1a,25(OH)2D3

targets than other arrays used in previous
studies, explaining why the number of genes
influenced in total is about 7%. In addition to
that, this is the first study performed on
primary human keratinocytes, which might be
influenced by the hormone to a greater extent
than tumor cell lines or other cell lines investi-
gated previously, due to their known role in
vitamin D response.

Reduced Number of Target Genes
After 24 h Treatment

The fact that there are less genes upregulated
after 24 h of treatment can be explained by the
degradation of 1a,25(OH)2D3. As expected,
25(OH)D3-24-hydroxylase (CYP24), the degra-
dation enzyme of 1a,25(OH)2D3, was among the
upregulated genes of the filter array.

In fact, real-time PCR and Northern blot
analysis for CYP24 demonstrated a massive
induction of CYP24 mRNA (more than 6,000-
fold) after 24 h of 1a,25(OH)2D3 treatment (see
Fig. 4). Even after only 6 h of 1a,25(OH)2D3

treatment we could already see a 940-fold
induction of CYP24 mRNA in human foreskin
keratinocytes. Since we only used a single
treatment, the concentration of 1a,25(OH)2D3

must have decreased dramatically after 24 h
of incubation. The decreased amount of hor-
mone might also be insufficient to induce
nuclear receptor-independent changes in gene
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expression which might be contributing to the
upregulation of some target genes after 12 h of
1a,25(OH)2D3 treatment. It is most likely that
1a,25(OH)2D3 degradation is responsible for the
smaller amount of target genes detected after
24 h of incubation.

Correlation of Fold Induction
Determined by Different Methods

In order to assess the reliability of the cDNA
microarray, several clones were sequenced and
the induction or repression was validated by
real-time PCR (see Fig. 2A,B) and Northern
blot analysis (see Fig. 3). Experiments were
repeated three times at least and the values
shown in Figures 2 and 3 as well as in Table IV
are the means of at least four independent ex-
periments. In general, the correlation between
the filter experiments, real-time PCR, and
Northern blot analysis was very high with only
one major exception—CYP24 (see Table IV).
CYP24 was among the highest upregulated
mRNAs on the filter array, although the fold
induction determined with this method was
only 6.9-fold (see Table II). As already men-
tioned, real-time PCR and Northern blots
demonstrated a far higher induction (up to
6,000-fold). This discrepancy is due to the fact
that only a very limited amount of cDNA can be
spotted on thefilter, and therefore only a limited
amount of probe can hybridize. Nevertheless,
filter array analysis allows the efficient detec-
tion of upregulated or downregulated genes.
Fold inductions are more accurate when deter-
mined by real-time PCR or Northern blot
analysis, especially when it comes to massive
inductions. A general trend for higher induc-
tions seen with the real-time PCR compared to
filters has been described by several authors
[Savli et al., 2002; Krishnan et al., 2004; Wood
et al., 2004].

To get an insight into the function of the
differentially expressed genes, they were clus-
tered according to their GOs and/or their func-
tions as annotated at Swiss prot. They were
divided into 10 categories: metabolism/
biosynthesis/catabolism, signaling, transcrip-
tion factor/transcription, growth factors/recep-
tors/cell growth, cell cycle, extracellularmatrix/
cytoskeleton, immune response, DNA repair,
apoptosis, and unknown function. Many genes
are involved in multiple cellular processes but
were placed under the category that applied
most for them in the list of upregulated orIm
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downregulated genes. The percentages shown
inFigure1A–Cwere calculated according to the
number of genes, which fell into each cluster.
Genes with multiple functions were calculated
into the total for each cluster they belonged in,
which means one gene can account for the
percentage in more than one cluster (see
Fig. 1A–C).

Fifteen genes are upregulated over a longer
period of time than the rest, meaning that their
expression is increased more than twofold after
24 h as well as after 12 h of 1a,25(OH)2D3

treatment (see Table II). The majority of these
genes were involved in intracellular signaling
processes (NET1, protein kinase alpha, GNAI3,
Rho GDP dissociation inhibitor) or cell cycle
(cell division cycle 2, cyclin G2, and G0S2).
Prolonged effects could also be seen on extra-
cellular matrix constitution and cell adhesion
(PI3, COMP), and metabolism (CYP24A1 and
AUTS2) (see Table II).

Since rather little is known about G0S2, a
multiple tissue Northern, containing RNA from
12 different human tissues, was performed to

get more information on the expression pattern
of G0S2. The highest expression of G0S2
mRNA was found in peripheral blood leuco-
cytes, where it was first identified [Cristillo
et al., 1997]. Expression was also high in heart
and liver. Kidney and skeletal muscle also
contained G0S2 mRNA. Traces of the mRNA
were detected in spleen and lung, but G0S2
mRNA was undetectable in brain, colon, thy-
mus, small intestine, or placenta (see Fig. 5).
G0S2 expression is required to commit cells to
enter the G1 phase of the cell cycle [Cristillo
et al., 1997].

DISCUSSION

Of the 2135 sequence verified genes on the
filter array 136 were differently expressed after
12 h of 1a,25(OH)2D3 treatment compared to
untreated keratinocytes. Eighty-six of these
havebeenupregulatedand50have been repres-
sed. After 24 h these numbers were reduced to
44 upregulated genes and one downregulated.
All these genes are presented in Table II

TABLE IV. Comparison of Filter Array Results and Real-Time PCR

Function Namea
GenBank

accession number

Expression level (fold change)

cDNA arrayb Real-timePCRc

12 h 24 h 12 h 24 h

Metabolism/catabolism CYP24 U60699 4.6 6.9 2,641 6,317
SORL1 BC040643 — 2.54 1.6 3.7

Signaling NET1 U02081 2.4 2.6 3.0 2.5
Transcription/TFs Nkx2.2 N48949 2.8 6.2 4.1 8.2

FOS V01512 — 2.8 2.7 4.1
MYC NM_002467 0.4 — 0.8 0.7

Cell growth/GFs AREG M30703 0.5 3.7 0.9 2.8
PRSS11 D87258 2.2 2.7 2.1 2.7
BMP6 AA426586 — 2.1 3.6 16.3

Cell cycle GOS2 M69199 3.4 9.0 3.1 6.2
CCNG2 AI271688 3.3 3.6 4.3 3.1
cdc2 Y00272 2.7 4.1 4.6 7.4

ECM/cytoskeleton PI3 D13156 2.9 3.1 2.3 2.7
COMP NM_000095 2.3 4.0 4.7 13.2
MAP1B Y09836 0.03 — 0.6 2.8
SPRR-2B M21302 — 0.3 0.4 0.2

Immune response OAS2 R72243 2.9 6.5 1.6 5.4
DNA repair XPC X65024 — 2.4 1.5 6.9
Apoptosis CASP4 U25804 0.4 2.1 1.5 2.7

Two arrayswere hybridized for each time point and condition:mock-treated, 12 h and 24 h of 1a,25(OH)2D3 (2�10�7M) treatment. The
combined normalized raw data were subjected to significance analysis of microarrays (SAM) to calculate the statistical significance of
upregulated or downregulated genes. The minimum fold change for the list of significant genes was set to 2. SAM analysis was
performed for two independent filter arrays (a total of eight measurements per clone).
Fold changes shown calculated for real-time PCR experiments are the mean values of at least four independent experiments. Large
ribosomal protein P0 (RPLP0) was used as a reference for all analyses to control the amount of sample material. Absence of genomic
DNA was confirmed by omitting reverse transcriptase during cDNA synthesis.
aGene names according to the Hugo gene nomenclation committee, gene names written in bold are not approved by the Hugo gene
nomenclation committee.
bValues are the means of two independent array experiments.
cValues are the means of three independent real-time PCR experiments.
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(upregulated) and Table III (downregulated),
respectively.
Aswe aremost interested in the effects on cell

proliferation and differentiation we discuss a
few selected genes from this point of view.

Keratinocytes Respond With Initiation of
Differentiation to 1a,25(OH)2D3 Treatment

After 12 h of Incubation

In human skin c-Jun and c-Fos expression is
restricted to non-proliferating, terminally dif-
ferentiated cells of the stratum granulosum
[reviewed in Angel et al., 2001]. This fits very
well with the upregulation of c-Fos in response
to 1a,25(OH)2D3 in primary human keratino-
cytes that we have observed (2.7-fold after 12 h
and 4.1-fold after 24 h) (see Table IV). c-Fos is
unable to form homodimers but together with
c-Jun it constitutes AP-1. Functional synergism
between AP-1 and Ets proteins has been found
to mediate expression of the two keratinocyte
terminal differentiation markers, the small-
proline rich proteins, SPRR-1A and SPRR-3
[Sark et al., 1998; Sinha et al., 2000]. In con-
trast the expression of SPRR-2 is negatively
regulated. Real-time PCR (see Fig. 2B) and
filter array analysis (see Table III) both showed
a downregulation of SPRR-2B mRNA. This
downregulation points to the induction of c-Fos.

A transcription factor so far not reported in
skin is Nkx2.2. This factor has been reported as
important for the development of brain and
pancreas. Nkx2.2 knock-out mice die within a
few days of birth with severe hyperglycemia
indicating an important role of Nkx2.2 in the
terminal differentiation of pancreatic b-cells
[Sussel et al., 1998]. This suggests a similar role
in terminal differentiation of keratinocytes as
Nkx2.2 is upregulated 4.1-fold after 12 h and
8.2-fold after 24 h of 1a,25(OH)2D3 treatment
(see Fig. 2A and Table IV).

Furthermore retinoid X receptor alpha
(RXRA) and most interestingly retinoic acid
receptor gamma (RARG) were among the 20 up-
regulated transcription factors listed in Table II.

Fig. 1. Clustering analysis for genes influenced by 1a,25-
dihydroxyvitamin D3 in human foreskin keratinocytes. They are
clustered into 10 categories: growth factors/receptors/cell
growth, transcription factor/transcription, cell cycle, metabo-
lism/biosynthesis/catabolism, extracellular matrix/cytoskeleton,
immune response, intracellular signaling, apoptosis, repair, and
unknown function. Genes with multiple functions were calcu-
lated separately for each cluster they fit into, which means one
gene can account for the percentage in more than one cluster. A:
Clustering analysis for genes upregulated after 12 h of
1a,25(OH)2D3 treatment. B: Clustering analysis for genes down-
regulated after 12 h of 1a,25(OH)2D3 treatment. C: Clustering
analysis for genes upregulated after 24 h of 1a,25(OH)2D3

treatment. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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RXRA upregulation can be explained by the
fact that this receptor is the heterodimeric
partner of VDR and is necessary for transcrip-
tional activation of target genes [for review see
Jones et al., 1998]. RARG has been shown to
mediate the growth inhibitory effect of all-trans
retinoic acid and 9-cis retinoic acid on pancrea-
tic adenoma cells [Pettersson et al., 2002].

Proliferation and differentiation are also
interconnected with the control of the cell cycle.
G0S2, cdc2, and cyclin G2 were among the
upregulated genes. Real-time PCR (see Fig. 2A)

and Northern blot analysis (see Fig. 3) con-
firmed an approximately sixfold upregulation
forGOS2 (for comparison of real-time and array
results see Table IV).

G0S2 expression is required to commit cells to
enter the G1 phase of the cell cycle [Cristillo
et al., 1997]. It was previously shown to be
upregulated after treatment of squamous carci-
noma cells with the vitamin D analog EB1089
[Lin et al., 2002]. For cyclin G2 real-time PCR
showed a peak of mRNA expression (4.3-fold)
after 12 h of 1a,25(OH)2D3 treatment in human

Fig. 2. Fold of induction determined by real-time PCR. RNA
isolated from primary human foreskin keratinocytes after mock
treatment, 6 h, 12 h, or 24 h of 1a,25-dihydroxyvitamin D3

treatmentwas used for cDNAsynthesis and subsequent real-time
PCR. Absence of genomic DNA was confirmed by omitting
reverse transcriptase during cDNA synthesis. Large ribosomal
protein P0 (RPLP0) was used as a reference for all analyses to

control for the amount of sample material [Martin et al., 2001].
In figure, (A) shows the foldmRNA induction determined by real-
time PCR for selected clones, whereas (B) shows the fold mRNA
repression of three selected genes. Gene identities are listed
underneath the corresponding graphs. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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keratinocytes (see Fig. 2A). Cyclin G2 mRNA
expression oscillates through the cell cycle,
peaks in the mid/late S phase and decreases
during G2/M phase. It is presumed to be in-
volved in negative growth regulation and in

negative regulation of cell cycle progression
[Bennin et al., 2002]. Cyclin G2 is also hypothe-
sized toplaya role in signal transduction [Horne
et al., 1996]. In a previous study, after 24 h of
1a,25(OH)2D3 treatment, cyclinG1andG2were
found to be upregulated in two human breast
cancer cell lines MCF-7 and MDA MB231
[Swami et al., 2003]. Taken these data together
they strongly suggest that upregulation of
cyclin G2 is one way of 1a,25(OH)2D3 to down-
regulate proliferation.

According to the filter array analysis (see
Table II) and real-time PCR (see Fig. 2A) cdc2
mRNA levels are strongly increased in human
primary foreskin keratinocytes by treatment
with 1a,25(OH)2D3 (see Table IV). Northern
blots also support this finding (see Fig. 3).
Increased expression of cdc2 is often associated
with cell cycle arrest in the G2 to M phase, but
also with apoptotic processes [Wang et al.,
2003]. cdc2 has been demonstrated to be a
downstream effector of aVb3 integrin. Caldes-
mon, a cytoskeleton-associated molecule, is
phosphorylated by cdc2, which contributes to
increased cell motility [Manes et al., 2003]. This
points to a function of cdc2 during themigration
of keratinocytes into upper, more differentiated
layers of the epidermis, where they experience
cell cycle arrest.

In addition to that some differentiation
markers are also turned on, predominantly
keratin 1 and keratin 10 (data not shown), as

Fig. 3. Fold of induction determined by Northern blot analysis.
RNA isolated from primary human foreskin keratinocytes after
mock treatment, 6 h, 12 h, or 24 h of 1a,25-dihydroxyvitaminD3

treatment was used to make Northern blots, which were then
hybridized with specific probes for cdc2, FOS, SorL1, AREG,
NET1, and G0S2. For normalization a specific probe for large
ribosomal protein P0 (RPLP0) was used. Signal intensities were
determined using a phosphoimager (BAS reader 1800, Fuji) and
the fold induction that was determined is shown in the
accompanying table. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Fig. 4. Northern blot analysis for CYP24 as well as for the
control Large ribosomal protein P0 (RPLP0) are shown in (A). The
real-time PCR results for CYP24 are shown in a graphical view
(B), again large ribosomal protein P0 (RPLP0) was used as a
control. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Fig. 5. Multiple tissue Northern blot (MTN; BD Biosciences)
hybridized with a radiolabeledG0S2 probe. MTN contains RNA
isolated from the following human tissues: brain (lane 1), heart
(lane 2), skeletal muscle (lane 3), colon (lane 4), thymus (lane 5),
spleen (lane 6), kidney (lane 7), liver (lane 8), small intestine
(lane 9), placenta (lane 10), lung (lane 11), and peripheral blood
leukocyte (lane 12). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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well as protease inhibitor 3 (PI3), and serine
protease 11 (see Table II and IV).

The downregulation of genes like c-myc,
cyclin A, ribosomal proteins (S29, L17, and
L35) also supports the growth inhibitory effect
of 1a,25(OH)2D3 on keratinocytes.

The Situation After 24 h of
1a,25(OH)2D3 Treatment

The expression of the pro-differentiation
transcription factor c-Fos increased from 2.7-
fold after 12 h to 4.1-fold after 24 h as observed
by real-time PCR and the expression of Nkx2.2
at an even higher level (8.2-fold) after 24 h
supports the induction of differentiation by
1a,25(OH)2D3 (see Table IV).

A few other genes whose expression corre-
lates well with a more differentiated phenotype
are coding for serine protease 11 (PRSS11),
PI3, and cartilage oligomeric matrix protein
(COMP).Mature layers of the epidermis contain
high levels of PRSS11 [De Luca et al., 2003].
PRSS11overexpression inhibits cell growthand
proliferation in vitro and in vivo, thus suggest-
ing a possible role as a tumor suppressor [Baldi
et al., 2002]. Upregulation of serine protease
11 (2.7-fold after 24 h) very likely contributes to
the anti-tumor activity of 1a,25(OH)2D3.

PI3, showed an approximately threefold
induction (Table IV). PI3 is often found to be
upregulated in suprabasal, differentiated kera-
tinocytes of psoriatic skin, in wound healing
processes, and after UV irradiation [Pol et al.,
2003]. Expression of PI3 is downregulated by
retinoic acid, a known inducer of keratinocyte
proliferation. The observed upregulation of PI3
mRNA in response to 1a,25(OH)2D3 treatment
points to a connection to cornified envelop
formation. Among the most strongly upregu-
lated genes is COMP (13-fold by real-time PCR,
see Fig. 2A). COMP is a large disulfide-linked
pentameric, calcium-binding protein, which
plays an important role in extracellular matrix
assembly and matrix–matrix protein interac-
tions [Di Cesare et al., 2002] and this way it
influences differentiation. Its expression is
enhanced by epidermal growth factor [Di
Cesare et al., 2002] and TGFb [Dodge et al.,
1998]. The coiled-coil domain of COMP has
been shown to bind both, vitamin A and
1a,25(OH)2D3, and is thus thought to act as a
storage and delivery protein for signaling
molecules relevant in cartilage tissue [Ozbek
et al., 2002].

Also upregulated are genes involved in
hormone metabolism: CYP24 (1a,25(OH)2D3),
arylsulfatase E (sex hormones), and lipid cata-
bolism (lipoprotein lipase). As CYP24 is by far
the most strongly upregulated gene that we
were able to detect (more than 6,000-fold after
24 h as estimated by real-time PCR) this has
certainly consequences: The observed upregu-
lation of SorL1 mRNA (coding for a multi-
functional endocytic receptor, Jacobson et al.,
1996) after 24 h of 1a,25(OH)2D3 treatment in
primary human keratinocytes (see Figure 2A
and Table IV) might be a result of resumed
proliferation after a major portion of the actual
active hormone has been degraded by CYP24.
Resumed proliferation is most likely also con-
nected with the observed upregulation of the
expression of growth factors: fibroblast growth
factor 7 (FGF7), also termed keratinocyte
growth factor (KGF), a major growth factor for
keratinocytes, is upregulated twofold after 12 h
of 1a,25(OH)2D3 treatment. Also upregulated
are the major autocrine growth factor, trans-
forming growth factor alpha (TGFa) (twofold,
see Table II), as well as amphiregulin (AREG)
(2.8-fold after 24 h, see Table IV, for Northern
blot see Fig. 3). AREG is upregulated in
response to 1a,25(OH)2D3 in Caco-2 cells, a
human colon carcinoma cell line [Wood et al.,
2004], squamous carcinoma cells [Lin et al.,
2002], and breast cancer cell lines [Akutsu
et al., 2001] where it inhibits cell growth
[Shoyab et al., 1988].

Probably also contributing to the induction of
differentiation is the TGFb family member,
bone morphogentic protein 6 (BMP6) which
was found to be highly upregulated after 24 h
of 1a,25(OH)2D3 (16.3-fold in real-timePCR, see
Fig. 2A, for comparisonwitharray seeTable IV).
BMP6 has been shown to induce growth arrest
[McDonnell et al., 2001] and keratinocyte
differentiation via induction of E2F-5, which
in turn recruits histone deacetylases (HDACs)
to turn off transcription of proliferation specific
genes [D’Souza et al., 2001]. BMP6 is synthe-
sized in suprabasal layers of the murine
epidermis and induces the expression of keratin
1, a marker of differentiation [McDonnell et al.,
2001]. 1a,25(OH)2D3 was previously seen to
upregulate the expression of BMP6 mRNA in
human prostatic epithelial cells [Krishnan
et al., 2004].

In addition 11 genes involved in cell cycle pro-
cesses were downregulated in their expression,
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among them cyclin H and cyclin A1 (see
Table III) correlatingwith the anti-proliferative
effect of 1a,25(OH)2D3.
Finallywewant tomention a few geneswhich

are not involved in differentiation but show
some remarkable features: One of the genes
whose expressionwas upregulated 6.9-fold after
24 h of 1a,25(OH)2D3 treatment is Xeroderma
pigmentosum, complementation group C (XPC)
(see Fig. 2A, Table IV). XPC recognizes a variety
of DNA damage [Wang et al., 2003], and
mediates DNA excision repair [Shimizu et al.,
2003]. Given the fact that UV light is needed to
synthesize vitaminD from7-dehydrocholesterol
in the skin, it seems reasonable to protect the
cells against UV damage by upregulating the
DNA repair machinery.
Another interesting finding is the downregu-

lation of microtubule-associated protein 1B
(MAP1B) (see Fig. 2B and Table IV) in response
to 1a,25(OH)2D3 treatment. Phosphorylated
MAP1B co-localizes with neurofibrillary tan-
gles, a commonhallmark ofAlzheimer’s disease.
MAP1B is proposed to act as an effector of cell
death that is triggered by amyloid b deposition
in neurodegenerative disorders. It has also been
suggested that an increase in non-phosphory-
lated MAP1B at the hippocampus may be
responsible for the cytoarchitectural abnormal-
ities found in schizophrenia [Benitez-King
et al., 2004]. This suggests that 1a,25(OH)2D3

might be helpful in treatment of mental illness
and neurodegenerative disorders, like Alzhei-
mer’s disease or schizophrenia.
1a,25(OH)2D3 also caused the downregu-

lation of four anti-apoptotic genes (BAG1,
SERPINB2, SMN1, and IER3) as well as a
2.7-fold upregulation of Caspase 4 (see Fig. 2A).
Induction of CASP4 expression in response to
1a,25(OH)2D3 treatment is one explanation
for the anti-tumor activity observed for this
hormone.

CONCLUSION

1a,25(OH)2D3 is an extremely powerful sub-
stance influencing many biologically important
processes like proliferation and differentiation.
It has immune-modulatory activities and reg-
ulates mineral homeostasis. Human epidermal
keratinocytes are the only cells capable of per-
forming the complete synthesis of 1a,25(OH)2D3

from 7-dehydrocholesterol, but they are also
massively influenced by the hormone.

Using mRNA from 1a,25(OH)2D3-treated
human primary keratinocytes we screened a
non-redundantset of2135sequenceverifiedEST
clones.Of this set, a total of 114 clones showedan
at least twofold upregulation and 51 clones were
downregulatedafter12hor24hof1a,25(OH)2D3

treatment. The majority of these genes are
involved in intracellular signaling, transcrip-
tion, and cell cycle. But there is also a number of
growth factors and proteins involved in metabo-
lism, components of the extracellular matrix, as
well as proteins involved in DNA repair, apopto-
sis, and immune response, which are regulated
to a considerable extent (Tables II and III).

With the identification of this set of target
genes for 1a,25(OH)2D3 in human primary
keratinocytes we have taken the first step in
elucidating the transcriptional network of
1a,25(OH)2D3 action. In the future yeast 2-
hybrid screens will be necessary to identify
reactionpartners for the isolatedgenes.With an
emerging regulatory network of 1a,25(OH)2D3

treatment response, it will be possible to con-
siderably enhance the pharmaceutical applica-
tions of 1a,25(OH)2D3 and its analogs.

LIST OF ABBREVIATIONS

1a,25(OH)2D3 1a,25-dihydroxyvitamin D3

VDR vitamin D receptor
Zn-finger zinc finger
RXR retinoic X receptor
PKC protein kinase C
1,25D3-MARRS 1,25D3-membrane-associat-

ed, rapid-response
steroid-binding

SAM significance analysis of
microarrays

GOs gene ontologies
CYP24 25(OH)D3-24-hydroxylase
FAM carboxyfluorescein
VDR vitamin D receptor
GOs gene onthologies
RXR retinoid X receptor
RXRA retinoid X receptor alpha
RARG retinoic acid receptor

gamma
EST expressed sequence tag
RPLP0 large ribosomal protein P0
SorL1 sortilin-related receptor, L
NET1 neuroepithelial cell

transforming gene 1
AP-1 activator protein 1 (jun and

fos family)
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AREG amphiregulin
PRSS11 serine protease 11
PI3 protease inhibitor 3
COMP cartilage oligomeric protein
XPC xeroderma pigmentosum,

complementation group C
CASP4 caspase 4
TF transcription factor
GF growth factor
IGF insulin-like growth factors
PCR polymerase chain reaction
EGFR epidermal growth factor

receptor
FGF fibroblast growth factor
KGF keratinocyte growth factor
TGFa transforming growth factor

alpha
BMPs bone morphogenetic proteins
cdc cell division cycle
CDKIs cyclin-dependent kinase

inhibitors
HDACs histone deacetlyases
MAP1B microtubule-associated

protein 1B
MTN multiple tissue northern
RPL0 ribosomal protein, large, P0
FDR false discovery rate
BAG1 Bcl2-associated athanogene
SERPINB2 plasminogen activator

inhibitor, type II
(arginine-serpin)

SMN1 survival of motor neuron 1
IER3 immediate early response 3
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