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Abstract

The transcriptional activity of the vitamin D receptor (VDR) is regulated by a number of
coactivator and corepressor complexes, which bind to the VDR in a ligand (1,25(0OH),D3)
dependent (coactivators) or inhibited (corepressors) process. In the keratinocyte the major
coactivator complexes include the vitamin D interacting protein (DRIP) complex and the steroid
receptor coactivator (SRC) complexes. These coactivator complexes are not interchangeable in
their regulation of keratinocyte proliferation and differentiation. We found that the DRIP complex
is the main complex binding to VDR in the proliferating keratinocyte, whereas SRC2 and 3 and
their associated proteins are the major coactivators binding to VDR in the differentiated
keratinocyte. Moreover, we have found a specific role for DRIP205 in the regulation of g-catenin
pathways regulating keratinocyte proliferation, whereas SRC3 uniquely regulates the ability of
1,25(0OH),D3 to induce more differentiated functions such as lipid synthesis and processing
required for permeability barrier formation and the innate immune response triggered by
disruption of the barrier. These findings provide a basis by which we can understand how one
receptor (VDR) and one ligand (1,25(OH),D3) can regulate a large number of genes in a
sequential and differentiation specific fashion.
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1.1 INTRODUCTION

The epidermis is composed of four layers of keratinocytes at different stages of
differentiation (Fig. 1). The basal layer (stratum basale, SB) rests on the basal lamina
separating the dermis and epidermis. Within this layer are the stem cells. These cells
proliferate, providing the cells for the upper differentiating layers. They contain an extensive
keratin network comprised of keratins K5 and K14. The layer above the basal cells is the
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spinous layer (stratum spinosum, SS). These cells initiate the production of the keratins K1
and K10, which are the keratins characteristic of the more differentiated layers of the
epidermis. Cornified envelope precursors such as involucrin also appear in the spinous layer
as does the enzyme transglutaminase, responsible for the e-(y-glutamyl) lysine cross-linking
of these substrates into the insoluble cornified envelope. The granular layer (stratum
granulosum,SG), lying above the spinous layer, is characterized by electron-dense
keratohyalin granules containing profilaggrin, the precursor of filaggrin, a protein thought to
facilitate the aggregation of keratin filaments, and loricrin, a major component of the
cornified envelope. The granular layer also contains lamellar bodies, lipid-filled structures
that fuse with the plasma membrane, divesting their contents into the extracellular space
between the SG and stratum corneum (SC) where the lipid contributes to the permeability
barrier of skin. The outer layer of the epidermis provides both a barrier to water loss
(permeability barrier) and a barrier to invasion by infectious organisms (innate immunity).

The keratinocytes not only produce vitamin D3 from 7-dehydrocholesterol (7-DHC) but
convert D3 to its active metabolite 1,25(0OH),D3. These cells also possess the receptor for
1,25(0OH),D3 (VDR), enabling them to respond to 1,25(0OH),Dj3 in an intracrine, autocrine
or paracrine fashion [1]. 1,25(OH),D3 increases involucrin, transglutaminase activity,
loricrin, filaggrin and cornified envelope formation at subnanomolar concentrations [2-7],
while inhibiting proliferation at least at concentrations above 1nM. In addition,
1,25(0OH),D3 induces the enzymes responsible for the processing the long chain
glycosylceramides that are critical for permeability barrier formation [8] and the toll like
receptors (TLR2), coreceptor CD14, and defensins critical for the innate immune response
in skin [9] .

The process of epidermal differentiation is sequential. 1,25(0OH),D3 and VDR regulate all
steps from the control of proliferation in the SB, to the regulation of K1, K10, involucrin,
and transglutaminase production in the SS, to the regulation of loricrin and filaggrin
production in the SG, to the synthesis of lipids required for the permeability barrier in the
SC, and to the development of the innate immune system [1,7,9]. The major question being
addressed in our current studies is how does this occur? In previous studies we noted the
differential distribution of VDR coactivators DRIP 205 and SRC2,3 within the epidermis,
and their differential binding to VDR depending on the state of differentiation of the
keratinocyte [10-12]. In this study we show that in addition to differential distribution, these
coactivator complexes are differentially selective for genes regulated by VDR. Our data
support the hypothesis that SRC facilitates the ability of VDR to regulate the more
differentiated functions of the keratinocyte including barrier formation and the innate
immune response, whereas DRIP facilitates the ability of VDR to regulate proliferation.

1.2 MATERIALS AND METHODS

Keratinocyte cultures

Normal epidermal keratinocytes were isolated from neonatal human foreskin, and grown in
154CF medium (KGM, Cascade). The cells were cultured with KGM containing 0.03mM
calcium to obtain proliferating keratinocytes; differentiation was induced with 1.2mM
calcium, and in some experiments with ascorbic acid and serum to maximize lamellar body
formation [13] .

VDR and coactivator knockdown and overexpression

Four individual siOligos (Dharmacon) were initially tested alone and in combination for
VDR and the coactivators (except for SRC3 which used a previously published sequence),
and the best combination was chosen for efficient knockdown of gene expression. For long
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term knockdown studies, the most efficient oligonucleotide was subcloned into an
adenovirus [7]. Constitutive expression of VDR was achieved by cloning a translational
fusion of VDR to green fluorescent protein (GFP) into pDNR-CMV (BD Biosciences) for
subsequent cloning into the adenoviral host [7]. Primary second passage human
keratinocytes were transfected at a rate of 75-250 ifu/cell and grown for 3 days in 0.03m
Ca?* KGM media. Depending on the experiment they were then transferred into media
containing 1.2mM Ca?* and/or treated with vehicle or 1078M 1,25(0OH),Ds.

Morphologic assessment

Routine phase microscopy was used to visualize cell morphology. Confocal microscopy was
used to colocalize B-catenin and E-cadherin in cellular membranes. Ultrastructural
examination was performed to look for changes in cell-cell adhesion, lamellar body (LB)
secretion, and barrier disruption. LB density and its content, lipid secretion and its location,
and lipid processing were assessed visually in randomly photographed micrographs.

Cell proliferation and apoptosis

Proliferation was assessed by BrdU incorporation using the Zymed BrdU staining kit
according to the manufacturer’s instructions. The identification of apoptotic cells was
determined using TACS™ 2 TdT-DAB In Situ Apoptosis Detection Kit from Trevigen.

MRNA and protein levels

The mRNA levels of various genes critical for keratinocyte proliferation and differentiation
were measured by quantitative real time PCR using standard procedures as we have
previously described [7]. The protein levels were analyzed by western blots using standard
techniques available in our laboratory [14] .

Lipid analysis

Epidermal specific lipids were measured in the epidermis and cultured keratinocytes using
high performance thin-layer chromatography as we have recently published [8] .

Innate immune response

Skin wounds were generated by a 5 mm full thickness incision under aseptic conditions. A
small biopsy was subsequently obtained and processed by qRTPCR, western analysis and
immunohistochemistry for cathelicidin, CD14, and toll like receptors using methods
described above.

1.3 RESULTS

The role of VDR and its coactivators in regulating proliferation and apoptosis

The function of DRIP205 and SRC3 in regulating keratinocyte proliferation and apoptosis
was examined using siRNA-silencing technology. Human epidermal keratinocytes were
transfected with siRNA for VDR, DRIP205, or SRC3 to block their expression. Efficiency
of knockdown was at least 75% (Fig 2A,B). Both DRIP205 and VDR silencing resulted in
changes in keratinocyte morphology (from cuboidal to spindle-shaped cells), but knockdown
of SRC3 did not (Fig. 2C, phase contrast). Keratinocyte proliferation was then assessed by
BrdU incorporation demonstrating that knockdown of VDR and DRIP205 increased
proliferation, whereas knockdown of SRC3 had the opposite effect (Fig. 2C,D). Apoptosis
as assessed by TUNEL staining, on the other hand, was decreased by knockdown of VDR
and DRIP, whereas SRC3 knockdown increased apoptosis (Fig 2E).
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jB-catenin, by inducing genes such as cyclin D1 and Glil (an important transcription factor in
the hedgehog pathway), promotes the proliferation of keratinocytes. These genes are known
to contain both LEF/TCF and VDR response elements [15]. Therefore, to explore the
mechanism by which silencing of DRIP205 and VDR results in hyperproliferation, we
investigated their roles in B-catenin signaling. Initial experiments demonstrated that
1,25(0OH),D3 and VDR overexpression inhibited the expression of B-catenin reporter
constructs (cyclin D1 promoter, TOPGlow) (data not shown). Following these studies we
examined whether DRIP205 played a role in the regulation of cyclin D1 and Glil in
keratinocytes. These results are shown in Fig. 3. The data demonstrated that silencing of
DRIP205 increased the expression of both cyclin D1 and Glil, like that seen with the
silencing of VDR. SRC3 knockdown did not show this response (data not shown). Although
1,25(0OH),D3 tended to suppress cyclin D1 and Glil expression in the cells in which VDR
and DRIP205 had been silenced, presumably because the knockdown was incomplete, these
effects of 1,25(0OH),D3 were no longer significant. Using confocal microscopy, we then
observed that knockdown of VDR and DRIP205 but not SRC3 blocked calcium induced
formation of the E-cadherin/B-catenin complex in the membrane, suggesting that by keeping
jB-catenin anchored to the membrane, less was available to stimulate proliferation through its
nuclear interactions with LEF/TCF (data not shown). These results indicated that DRIP205
played a greater role than SRC3 in mediating VDR regulation of keratinocyte proliferation
at least in part through regulation of B-catenin signaling.

Effect of VDR and coactivators on differentiation markers

To evaluate the role of these coactivators in keratinocyte differentiation keratinocytes were
maintained in high calcium for up to 7 days. Differentiation was evaluated by measuring
mMRNA levels of various differentiation markers. These results are found in Fig. 4. After 3
days of culture, levels of the early markers keratin 1 (K1) and keratin 10 (K10) increased.
When DRIP205, SRC3 or VDR was silenced, the induction of K1 and K10 was significantly
inhibited. Late differentiation markers, filaggrin (FLG) and loricrin (LOR) were induced
after 7 days of culture. As for the early differentiation markers, silencing of DRIP205, SRC3
or VDR markedly inhibited their induction by calcium. These results indicated that both
DRIP205 and SRC3 play critical roles in the induction of these markers of keratinocyte
differentiation.

Effect of VDR on permeability barrier formation

One of the most differentiated functions of the keratinocyte is the formation of the
permeability barrier. This involves the formation of the cornified envelope, a process in
which proteins such as involucrin and loricrin are crosslinked into an insoluble matrix, and
the production and secretion of long chain lipids, glucosylceramides in particular, into this
matrix to water proof it. To examine whether DRIP and SRC complexes differ in their roles
in the production and secretion of the lipids for barrier formation, a vitamin C and serum
supplemented submerged culture system was employed, in which keratinocytes form barrier
layers with lamellar bodies resembling those of the epidermis in vivo. The expression of
DRIP205, SRC3, and VDR was blocked using adenovirus encoding shRNA for each
coactivator (75 ifu/cell) or the control adenovirus. The blocking efficiency for VDR and the
coactivators was VDR 70%, DRIP 90%, SRC3 80% as assessed by protein levels [7]. The
infected keratinocytes were maintained in vitamin C supplemented serum for an additional
5-10 days to allow formation of the multilayered, epidermis-like tissue. The results are
shown in Fig. 5.

We first assessed the relative levels of the immediate precursors of the barrier ceramides,
i.e., the glucosylated ceramides (GlcCer) (Fig. 5A). When VDR was silenced, total GlcCer
and epidermis specific GlcCer (acylGlcCer) levels decreased. Silencing SRC3, but not DRIP
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also decreased total GlcCer and epidermis specific acylCer species. We then used electron
microscopy to examine these cells for their ability to carry out three key steps in barrier
formation: i) stratification, ii) lamellar body (LB) formation, iii) lipid secretion processing.
The results are shown in Fig. 5B. Stratification was assessed as the extent of formation of
organelle depleted flattened corneocyte layers enclosed by a cornified envelope. LB
formation was evaluated as the number, density (per um? cytosol) and lamellar contents of
individual LBs in osmium tetroxide post-fixed samples. LB secretion and processing of
secreted lipids into lamellar bilayers within the extracellular spaces were assessed by post-
fixation with ruthenium tetroxide. Control tissues infected with control adenovirus showed
significant stratification and cornification, as well as a reasonable density of LBs, some of
which secreted their contents into the extra-cellular spaces (Fig. 5B, sicontrol). Most of
these organelles exhibited internal lamellar contents. In addition, organelle secretion and
post-secretory processing into mature extracellular lamellar membrane structures were
readily observed. In contrast, when VDR is silenced, both incomplete stratification and
abnormal lamellar bilayer formation were observed (Fig. 5B, siVDR). In these VDR
silenced tissues, we also found decreased numbers of LBs, and individual LBs often lacked
typical lamellar contents. In addition, very little LB secretion appeared to occur into the
extracellular spaces in VDR silenced cells. SRC3 silenced cells showed more marked
abnormalities, with no stratification, no LB formation, and no lamellar bilayers (Fig. 5B,
siSRC3). When DRIP205 was blocked, stratification was incomplete, but a reasonable
number of LBs, replete with internal lamellar content and relatively normal appearing
lamellar bilayers, were observed (Fig. 5B, siDRIP). The results are summarized in the table
contained in Fig. 5. To examine the mechanism by which VDR and SRC3 regulate
glucosylceramide synthesis and barrier formation in cultured keratinocytes we measured
changes in the expression of the key enzymes involved (Fig. 5C). We found that the mRNA
level of the fatty acid elongase ELOVL4, essential for N-acyl fatty acid chain elongation and
a key step in acylCer and acylGlcCer synthesis, was significantly decreased when either
VDR or SRC3 was silenced but not when DRIP205 was silenced (Fig. 5C). Furthermore, the
expression and enzyme activity of ceramide glucosyl transferase (UGCG) and the lipid
transporter, ABCA12, responsible for transporting lipids into LB, were selectively reduced
by silencing VDR and SRC3, but not DRIP205 (Fig. 5C). Together, these results indicate
that VDR and SRC3 but not DRIP205 regulate specific enzymes in the acylCer/GlcCer
synthetic pathway, including steps involved in the elongation of fatty acids (ELOVL4), Cer
glucosylation (UGCG) and lipid loading into LB (ABCA12).

Role of 1,25(0H),D3/VDR and its coactivators in the innate immune response of the

epidermis

The barrier function of the epidermis includes its resistance to pathogenic organisms. Part of
this defense involves the innate immune system. Innate immune responses involve the
activation of toll-like receptors (TLRs) that interact with specific membrane patterns
(PAMP) shed by infectious agents that trigger the innate immune response in the host.
Activation of TLRs leads to the induction of antimicrobial peptides such as cathelicidin and
reactive oxygen species, which Kill the organism (Fig 6 model). In previous studies we (9,
12) have shown that 1,25(OH),Dj is critical for this system to work. In these studies skin
was wounded with a small incision. This induced the expression of TLR2 and CD14 (key
receptors in the innate immune response), cathelicidin, and CYP27b1 (the enzyme
producing 1,25(0H),D3) in the skin (Fig. 6A). The induction of CD14 and cathelicidin by
wounding the skin of mice lacking CYP27b1 did not occur (CD14) or was blunted
(cathelicidin) (Fig. 6B). We then showed in human keratinocytes that 1,25(0OH),D3 induced
TLR2, CD14, and cathelicidin (Fig. 6C,D), and finally, that this action of 1,25(OH),Ds/
VDR was blocked in keratinocytes in which SRC3 was silenced, although not in
keratinocytes lacking DRIP205 (Fig. 6D). These results suggest that like formation of the
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lipids required for the permeability barrier, the innate immune response requires SRC3, not
DRIP205.

1.4 DISCUSSION

In this study we explored the different roles of the coactivators DRIP205 and SRC3 in
modulating 1,25(0OH),D3/VDR transcriptional activity for a number of genes involved with
proliferation and differentiation of keratinocytes. This approach was motivated by our initial
findings that DRIP binding to VDR dominated extracts from proliferating keratinocytes,
whereas SRC 3 binding to VDR dominated extracts from differentiated keratinocytes. We
then proceeded to demonstrate that DRIP205 was mainly expressed in proliferating
keratinocytes, whereas SRC3 was mainly expressed in differentiated keratinocytes both in
vitro and in vivo. This differential distribution has functional consequences. Although some
genes or keratinocyte functions such as CYP24 expression and a number of differentiation
markers appeared to be regulated equally well whether DRIP205 or SRC3 was the
coactivator, other genes/functions clearly showed preferences. For example, proliferation of
keratinocytes and the regulation of genes associated with proliferation such as cyclin D1 and
Glil clearly favored DRIP205, in that knockdown of SRC3 unlike that of DRIP205 failed to
have a significant effect on proliferation. On the other hand, more differentiated functions
such as formation of the permeability barrier and development of the innate immune
response favored SRC3, in that knockdown of DRIP205 unlike that of SRC3 failed to alter
these processes or the induction by 1,25(0OH),D3/VDR of the genes involved in these
processes. These results support our hypothesis that DRIP205 and SRC3 differentially
regulate 1,25(0OH),D3/VDR actions in keratinocytes such that the appropriate actions are
accomplished in the appropriate cell—ie. proliferation is regulated in proliferating
keratinocytes using DRIP205 as coactivator whereas terminal differentiation and
maintenance of the protective barrier is regulated in differentiated keratinocytes using SRC3
as coactivator.

At this point these studies have involved keratinocytes in vitro. We have developed mice
selectively null for DRIP205 or SRC3 in their keratinocytes. DRIP null mice show
hyperproliferation of both hair follicles and epidermis similar to VDR null mice during first
3 weeks of life, but with time develop alopecia as the hair follicles subsequently atrophy
again like VDR null mice. SRC3 null mice do not show such changes. On the other hand
SRC3 null mice have both a defective permeability barrier due to changes in lipid
processing in the epidermis, and fail to mount an innate immune response to wounding.
Thus the in vitro experiments reported here have successfully predicted the changes
observed in vivo.
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Coactivators VDR Function Target genes

Barrier formation ABCA12, UGCG, ELOVL4
Innate Immunity Cathelicidin, CD14

" Epidermal Differentiation K1, K10, FLG, LOR

Hair Differentiation Hair keratins

Proliferation CyclinD1, Gli 1
Whnt signaling

Figure 1. A model showing the differential expression of various markers and functions in the
epidermis with differentiation

DRIP205 is most highly expressed in the stratum basale and spinosum where it participates
with VDR in regulating proliferation. SRC3 on the other hand is found in highest
concentration in the stratum granulosum where it participates with VDR in the regulation of
terminal differentiation including formation of the permeability barrier and innate immune
responsiveness.
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Figure 2. Impact of VDR, DRIP205, and SRC3 knockdown on keratinocyte morphology,
proliferation and apoptosis

The keratinocytes were transfected with siRNAs to VDR, DRIP205, and SRC3,
respectively. The efficiency and specificity of the knockdowns are shown at both the mRNA
(A) and protein (B) level. Phase contrast was used to assess morphology (C). Proliferation
was evaluated using BrdU (C,D), and apoptosis was determined by TUNEL staining (E).
Statistical significance is shown by asterisks (*P<0.05 **P<0.01).
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Figure 3. Regulation by VDR and DRIP205 of cyclin D1 and Glil expression

The keratinocytes were transfected with the specific and control siRNAs to VDR, DRIP205,
and SRC3. The cells were treated with 10nM 1,25(0OH),D3 or vehicle as in Fig. 2. The
MRNA levels of cyclin D1, Glil, and control L19 were measured by real time PCR. The
expression is shown as % of the sicontrol vehicle cultures. The error bars enclose mean +/—
SD of triplicate cultures. Statistical significance is shown by asterisks (*P<0.05 **P<0.01).

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2011 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Bikle et al.

Page 11

K1

= sicontrol
— siVDR
i siDRIP
A siSRC3

mitiiiii}

NS~
ExnmssmnILﬂ"/-‘
REEEEE
"i“”“”
Expression/L19 %

¥ 8858

B3E38is

._._._.__‘_._.
&
Expression/L19 %

'R ER

Expression/L19 %

;;;;;;;;

Figure 4. Impact of DRIP205, SRC3, and VDR silencing on calcium induced expression of
keratinocyte differentiation markers

The keratinocytes were transfected with siRNAs to VDR, DRIP205, and SRC3,
respectively. The cells were then switched to 1.2mM calcium, and the mRNA levels of the
indicated differentiation markers determined at 3 and 7 days by gRTPCR. Silencing of both
DRIP205 and SRC3, as well as VDR inhibited the calcium induced expression of these
markers. The error bars enclose mean +/—SD of triplicate cultures, and in most cases are
within the symbol.
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Table I Silencing of VDR and coactivators resulted in abnormal barrier formatior |
Summ ary of morphological analy sis of barrier form ati on markers

shRINA Stratifi cation LB numbers LB content  Lipid processing

Control Complete +H+ OK OK

VDR Incomplete ++ abnormal abnormal i

DRIP Incomplete +H+ OK OK =

SRC3 No NolB Not evident Mot evident Osmium Ruthenium

Figure 5. VDR and SRC3 but not DRIP205 regulate production of epidermal specific GlcCer
species, the formation of lamellar bodies, and the key enzymes and transporter involved
Human epidermal keratinocytes were infected with shRNA adenovirus for VDR and its
coactivators to block their expression. Keratinocytes were maintained in medium
supplemented with vitamin C and serum to induce LB production. A. The levels of key
lipids were determined expressed as % of control. Data are represented as mean +/— SD of
three measurements. (* p<0.03). B. The tissues were examined by electron microscopy to
determine number of LBs and their content (left panels). The lipid secretion and processing
were evaluated using ruthenium staining (right panels). Bars represent 1.0 um (left panels)
and 0.2 um (right panels). The table summarizes the results. C. The transcription of lipid
synthesis enzymes was evaluated by gRTPCR. The mRNA levels were normalized to
control gene L19, and relative expression to control group was expressed as a percentage
(%). Only the significantly affected genes are shown (ELOVL4, UGCG, and ABCA12).
Data are represented as mean +/— SD of at least three independent experiments (* p<0.01).
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Figure 6. The innate immune response in the epidermis requires 1,25(0OH),D3 and the
coactivator SRC3

A. The expression of cathelicidin, CD14, CYP27b1, and TLR2 (but not other TLRS) in
human skin were increased by wounding. B. This experiment was repeated in CYP27b1 null
mice demonstrating that CYP27b1 was required for the induction of CD14 and cathelicidin.
C. Cultured human keratinocytes were used to demonstrate the ability of 1,25(0OH),D3
(100nM) to stimulate TLR2, CD14, and cathelicidin. D. Silencing of SRC3 but not of
DRIP205 blocked the ability of 1,25(0OH),D3 to induce cathelicidin expression in these
cultured human keratinocytes. All data are expressed as mean +/— SD of triplicate
experiments.
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