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1. ABSTRACT

Cotricotropin-releasing hormone (CRH) and 1) and cAMP responsive element binding protein (CREB).
related peptides are produced in skin that is dependent on The cellular functions affected by CRH depend on cell type
species and anatomical location. Local peptide production and nutritional status and include modulation of
is regulated by ultraviolet radiation (UVR), glucocorticoids differentiation program(s), proliferation, viability and
and phase of the hair cycle. The skin also expresses the immune activity. The accumulated evidence indicates that
corresponding receptors (CRH-R1 and CRH-R2), with cutaneous CRH is also a component of a local structure
CRH-R1 being the major receptor in humans. CRH-R1 is organized similarly to the hypothalamo-pituitary-adrenal
expressed in epidermal and dermal compartments, and axis.
CRH-R2 predominantly in dermal structures. The gene
coding for CRH-R1 generates multiple isoforms through a 2. INTRODUCTION
process modulated by UVR, cyclic adenosine
monophosphate (cAMP) and phorbol 12-myristate 13- CRH is the central trigger of HPA axis, and
acetate. The phenotypic effects of CRH in human skin cells together with related peptides urocortin I-III also regulate
are largely mediated by CRH-R1alpha through increases in behavioral, autonomic, endocrine, reproductive,
concentrations of cAMP, inositol triphosphate (IP;), or cardiovascular, gastro-intestinal, metabolic and immune
Ca®* with subsequent activation of protein kinases A (PKA) systemic functions (1-11). Other actions include local
and C (PKC) dependent pathways. CRH also modulates the immunomodulatory ~ (predominantly  proinflammatory)
activity of nuclear factor of kappa light polypeptide gene effects (12-14), differing from a central
enhancer in B-cells (NF-kappaB), activator protein 1 (AP- immunosuppressive activity (through the HPA axis) (3). Of
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note, locally produced CRH can directly regulate steroid
hormone production by adrenals and gonads (1, 2).
Furthermore, CRH in the immune cells can induce
production and release of proopiomelanocortin (POMC)
derived adrenocorticotropin (ACTH) and beta-endorphin
peptides.

In vertebrates these peptides interact with membrane-bound
CRH-R1 and CRH-R2 (1, 2). Both receptor types belong to
the group II subfamily of G protein-coupled receptors
(GPCRs). CRH-R1 binds CRH and urocortin I with high
affinity; it does not bind urocortin II (strescopin related
protein). CRH-R2 shows preferential affinity for urocortin
I1, although it also binds CRH, however, with lower affinity
than CRH-R1. Signal transduction through CRH-Rs is
coupled to the activation of adenylate cyclase (AC),
phospholipase C (PLC) and calcium channels (1, 2, 5, 6).

3. ALTERNATIVELY
ISOFORMS: AN OVERVIEW

SPLICED CRH-RS

In humans the gene coding for CRH-R1 generate
at least 7 alternatively spliced CRH-R1 transcripts (1, 2, 6,
15, 16); it contains 14 exons with exon 6 being unique in
that it is only present in CRH-R1beta (that contains all 14
exons). In the main functional isoform, CRH-Rlalpha,
exon 6 is spliced out; in other isoforms there are additional
splicing sites, for example, CRH-R1c (exon 3 is spliced
out), CRH-R1d (exons 13 is absent), CRH-R1e (exons 3, 4
are absent, which cause frame shift and early stop codon in
exon 8), CRH-RIf (exon 12 is absent resulting in frame
shift), CRH-R1g (exons 11, 27 bp of exon 10 and 28 bp of
exon 12 are absent), and CRH-R1h (insertion of cryptic
exon between exons 4 and 5 cause frame shift and early
termination codon in exon 5). Alternatively spliced CRH-
R1 isoforms have also been identified in the rat (17), mouse
(15) and hamster (18).

As predicted from the analysis of human genomic
DNA the CRH-R2 gene contains 15 exons (6), and
generates at least 3 major isoforms (CRH-R2alpha, beta
and gamma) (1, 2). Additional alternatively spliced forms
of CRH-R2, as well as multiple promoters for the gene,
have also been described (Figure 1) (19, 20).

4. PREDICTED STRUCTURE AND FUNCTION OF
ALTERNATIVELY SPLICED CRH-R1 ISOFORMS
IN THE SKIN

4.1. Overview

In human skin, CRH-R1 is the major receptor,
expressed in both epidermal and dermal compartments;
CRH-R2 is detected predominantly in dermal structures
(20). The protein structures predicted for the CRH-RI
isoforms are presented in figures 2 and 3. Amino acid
sequences predicted are based on cDNA of full sequences
of CRH-Rlalpha (NM_004382), CRH-Rlc (HSU16273),
CRH-R1d (AF180301), and of partial sequences
demonstrating alternative splicing of CRH-R1e, f, g and h
(AF369651, AF369652, AF369653 and AF374231
respectively). The predicted protein structures indicate that
CRH-Rlalpha, beta, c, d, f and g represent membrane
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bound proteins, while CRH-R1e and h are soluble proteins.
The above receptor isoforms are translatable in mammalian
cell system (21).

4.2. Membrane bound receptors

Extensive analysis of skin specimens and
cutaneous cell lines has determined that CRH-R1alpha is
the most prevalent isoform expressed in the skin (20).
However, a protein of 45-47 kD (corresponding to the
theoretical mass of unprocessed protein) has been detected
only in selected skin cells (22). The most abundant and
prevalent receptor forms are glycosylated that have high
molecular weight (mw) (60-70 kD), although a 55 kD form
has been found in normal melanocytes and in selected
cancer and melanoma lines (22). Exposure of skin cells to
CRH or related peptides results in the rapid activation of
the CRH-R1alpha receptor, coupling to Gypha s followed by
cAMP synthesis or coupling to Gypha o With activation of IP3
signaling (6, 22, 23), similarly to other systems (1, 2).
Ligand activation of CRH-Rlalpha in skin cells also
induces Ca®* influx (24); this requires opening of voltage-
activated Ca®'ion channels separate from the cyclic
nucleotide-gated ion channels (25). Thus, in the same skin
cell CRH-Rlalpha can be coupled to different signal
transduction pathways (22), in agreement with results
obtained with COS cells transfected with CRH-R1alpha. In
COS cells ligand binding to the receptor can be coupled to
different G proteins (26) or lead to the transcriptional
activation of differing cis-elements such as cAMP, calcium
and serum response elements (CRE, CaRE, SRE,
respectively) or AP-1 (21).

So far, expression of CRH-R1beta has not been
detected in the skin. As regards the CRH-R1c isoform, this
was detected only in selected abnormal skin cells (15).
CRH-RIc has a deletion of the large fragment of
extracellular domain 1 (ECD1) (Figure 3), responsible for
proper ligand binding, affecting therefore ligand affinity
and/or specificity.

The three splicing variants predominanting in the
skin, CRH-R1 d, f, g have a partial deletion within the
seven transmembrane domain (7TM) (figures 2, 3). All of
them possess ECD1 (27) and two other extracellular coils 2
(EC2) and EC3 (28) (involved in substrate binding), but
their stability inside the membrane, interactions with G
proteins and thus ligand signal transduction may be
impaired. Our detection of absent CRH or urocortin
induced cAMP production in COS cells transiently
transfected with isoforms f and g is consistent with this
predicted structure (21). It is also possible that these
isoforms may not reach cell surface being instead targeted
for degradation.

As regards to CRH-R1d, the fragment 7TM
domain is substituted by a sequence coded by exon 13
(Figure 2), but the predicted model (Figure 3) suggests an
intramembrane location for the crucial residues responsible
for Gyipha s and Gyppha q interactions. Deletion of exon 13 has
been found to be devoid of an effect on CRH binding but
decreases coupling to G-proteins and lowers (by 10 fold)
cAMP stimulation (as compared to CRHRlalpha), and
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Figure 1. Schematic representation of mammalian CRH-R2 gene structure. A. Human CRH-R2 according to Slominski et al,
2000. (6). Arrows represent position of PCR primers. B. Human CRH-R2 according to Catalona et al, 2003. (19). Putative
promoters sites are shown by * (19). C. Alternatively spliced CRH-R2 isoforms alpha, beta, gamma (6, 19) and the isoform from
stomach (GenBank accession No. E12750; Patent: JP199707289-A). D. Predicted structure of mouse CRH-R2 gene. The
structure of mouse gene has been obtained by comparing mouse genomic DNA with published mouse CRH-R2 ¢cDNA and by
comparing mouse genomic DNA with human CRH-R2 exons (Blast program at http://www.ncbi.nlm.nih.gov/blast). The black
box represents mouse exon 3 corresponding to human exon 3 (65% homology). Murine exon 3 contains multiple stop codons
and its insertion into the final CRH-R2 mRNA would not produce a functional CRH-R2 receptor. Thus, the equivalent of the
human CRH-R2gamma isoform will not be expressed in the mouse. Exon 4 has 77% homology at the nucleotide level and 91.3%
at the protein level with its human counterpart. Arrows represent position of PCR primers. (Reproduced with permission from

Endocrine Society "20").

totally abolishes IP; production (29). A recent study on the
calcitonin receptor (also belonging to family B of GPCRs)
revealed that expression of CTRdelta el3 isoform
(structurally similar to the CRH-R1 variant d) significantly
reduced surface expression of the calcitonin receptor Cla
(homolog of CRH-R1alpha), and consequently reduced the
cAMP response and Erk phosphorylation after ligand
stimulation (30). Deletion of a fragment of the 7TM
domain was also noted in a splicing variant of sheep
CRHRI1 lacking 133 nucleotides from C terminus. It was
shown that the deletion did not affect binding of CRH
physiological level, but it did impair Gyjppa s activation and
cAMP accumulation.(31). Although the deletion in sheep
CRH-R1 was larger then in CRH-R1d, the properties of the
protein was similar to CRHR1d (29). The reported frame
shift resembled CRHRI1f, which lacks exon 11 with the
following frame shift resulting in the absence of the
transmembrane fragments: TM6 and TM7. Compared to
CRHR1alpha, the isoform CRHR1g lacks exons 11, 27 bp
of exon 10 and 28 bp of exon 12. This region codes TM5
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and TM6 and the third intracellular loop (IC3). It has been
shown that the deletion in this region abolishes the
receptor’s ability to transfer signals to the Gypn, y/AC/PKA
pathway, which could result in a switch to the Gyjppa
o/PLC/PKC/ERK1-2 pathway as already reported (32).

4.3. Soluble CRHR1 isoforms with full deletion of TM
Soluble forms of CRHR1 (27) and CRHR2 (33)
containing only ECD1 domain are still able to bind ligands,
but the constructs will not be able to interact with G-
proteins to pass a signal through the cAMP or IP; pathways
due to absence of the whole 7TM domain. Because both
isoforms possess the signal peptide allowing protein
transport, but lack the 7TM region, it has been concluded
that they are likely to be released from the cells. The
CRHRI1h, as natural model of the ECD1 domain, should
however be able to bind ligands and so act as a scavenger
for CRH and urocortin peptides. In accordance with this
postulate, co-transfection of CRH-R1 h with CRH-R1alpha
did modify CRH-Rlalpha activity (21), suggesting a
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Figure 2. Predicted amino acid sequences of CHR-R1 isoforms. The amino acid sequences of CRH-R1 isoforms were predicted
on the basis of their cDNA sequences (NM_004382; HSU16273; AF180301; AF369651; AF369652; AF369653 and AF374231),
and aligned using Align Plus 5 (Clone Manager 7, Scientific & Educational Software, Cary, NC). Poorly aligned fragments
caused by frame shifts in CRH-R1 e, f and h (shown in italic) were corrected to match with organization of exons. Exons 1, 3, 5,
7,9, 11, 13 are underlined and arrows indicate the positions of introns. The localization of exon 6 is indicated by a space. Cryptic
exon of CRH-R1h is shown in bold. The transmembrane regions of CRH-R1 isoforms (shown in blue) were detected with
TMHMM server which uses a hidden Markov model to predict proteins’ transmembrane topology (111). The probable sequence
of distorted TM region of CRH-R1d and CRHR1g (shown in red) was confirmed with HMMTOP transmembrane topology
prediction server (112). Note that the predicted coding regions for both soluble isoforms of CRH-R1 (e and h) also contain
additional open reading frames (orf) named CRH-R1e2 and CRH-R1h2, respectively. These code putative 7TM domains of
CRH-R1 of unknown function (15). Signal peptide sequence 1-23 (green) is also shown as previously reported (27).
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Figure 3. Models and localization of human CHR-R1 isoforms. Models of ECD1 and 7TM domains of human CRH-R1
isoforms were prepared separately based on the comparison of protein sequences (Figure 2). Arrows mark deleted or inserted
regions of CRH-R1 isoforms caused by alternative splicing in comparison to CRH-R1alpha. Modeling was preformed with the
Swiss Model server and Deep View/Swiss-PdbViewer (103) ECD1 of human CRH-R1alpha was modeled using solved structure
of mouse CRH-R2 (1u34A.pdb) and protein sequence of human CRH-R1alpha (NM_004382). Then model of CRH-R1alpha was
served as a template for modeling of CRH-R1c, e and h domains. CRH-R1 isoforms: beta, d, f and g possess identical protein
sequence of ECD1 as CRH-R1alpha. 3D models of 7TM domains of human CHR-R1 isoforms were prepared with CRH-R1
model generated by G. Vriend as a template (CRFR_HUMAN.ent file was downloaded from www.gpcr.org server (113). Note
that Vriend’s model was automatically created by WHAT IF software on based of the alpha carbon coordinates provided by J.
Baldwin (114). CRH-R1 isoforms: alpha, beta, and ¢ possess identical protein sequence of 7TM as CRH-R1alpha. The structure
of whole receptor remains unknown and orientation of ECD1 to 7TM is arbitrary (model of ECD1 is placed above 7TM for each
isoform except isoforms ¢ and h, where 7TM domain is not present). CRH-R1e with frame shift, codes a fragment of 61 amino
acids in length without homology to any known structure. This fragment is shown as a random chain. C-terminal ends followed
by seventh transmembrane helix are shown as random fragments and were not modeled. Presented models of human CRH-R1
isoforms are also available in separated pdb files.
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Figure 4. Corticotropin-releasing hormone (CRH)
increases CREB binding activity in HaCaT cells. HaCaT
cells were stimulated with 100 nM CRH in serum free
Dulbecco’s modified Eagles’s medium (DMEM) for 0
(control), 15, 30 and 60 minutes. Nuclear extracts were
subjected to electrophoretic mobility shift assay analysis
using a **P-labelled CREB oligonucleotide probe (5’-AGA
GAT TGC CTG ACG TCA GAG AGC TAG -3°) as
described (42, 53). Cold represents nuclear extract pre-
incubated with 50X excess of cold oligonucleotide.

modulatory property of the soluble form of the receptor, a
property well described in cytokine receptor family (34)
and in the receptors for advanced glycation endproducts
(RAGE) (reversion of symptoms in mouse models of
atherosclerosis) (35).

CRH-R1e has a deletion of exons 3 and 4, which
causes frame shift and a predicted C-terminal fragment
without similarity to any known protein. The existence of
binding properties for this isoform is questionable because
of the deletion of most of the ECD1 domain (CRH-R1e
sequence codes amino acids 1-40 of CRH-Rlalpha
containing signal peptide covering amino acids 1-23 (15))
(figures 2, 3). We speculate that this isoform could act as
modulator of signaling of the membrane bound CRH-R1
isoform(s) or, that it could affect the isoforms mRNA
levels. Splicing of CRH-R1 mRNA in favor of CRH-R1e
isoform, could result in unstable mRNA or protein, which
would then be degraded leading to lower membrane
expression of full length receptor (futility cycle).

In summary, the functional assignments to any of
the different CRH-R1 isoforms may represent specific
endocrine responses to stress at the cellular level. This
selective processing could provide a mechanistic
explanation for the organ and cell type dependent
variability in the phenotypic responses to CRH or related
peptides, and would contribute towards better
understanding of the general biology of alternative splicing.
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5. CUTANEOUS CRH-R1 COUPLING TO SIGNAL
TRANSDUCTION PATHWAYS

5.1. Second messengers

Studies of CRH-R1 activation in skin cells of the
signal transduction pathways close to the cell membrane
showed stimulation of three different second messengers:
Ca®', cAMP and IP; (6, 12, 21-23, 25, 36-39). Thus, CRH
and urocortin induce increases in intracellular
Ca®" concentration (in HaCaT keratinocytes, epidermal
keratinocytes, melanocytes and melanoma cells) caused by
a Ca”influx from the opening of voltage-activated
Ca®" ion channels (inhibited by EGTA, d-cis-diltiazem and
verapamil) (25, 39). CRH-R1 effect on Ca®* ion channels
did not involve cyclic nucleotide-gated ion channels (no
effect of Mg™") (25). Increased Ca?'levels were also
detected at extremely low ligand concentrations (107 M).
A very interesting finding was noted in HaCaT
keratinocytes, where the Ca® flux induced by CRH
occurred in the cytoplasm. The increase was steady,
whereas that induced by urocortin was restricted to the cell
nucleus and exhibited a remarkable oscillatory pattern,
defining a unique intracellular signal transduction pathway
(25). These results imply that different CRH-R1 signaling
pathways co-exist in the same cell. CRH also stimulated IP3
production in all the tested skin cells (melanocytes,
keratinocytes and fibroblasts) (22, 23). Taken together, the
data (6, 7, 12, 22-25, 39) indicate that increases in
intracellular Ca”" concentrations are induced by two
mechanisms: a) stimulation of IP;, which activates release
of Ca*" from intracellular stores; and b) direct coupling to
voltage-activated Ca®* ion channels, whose opening leads
to rapid cytosolic Ca?" influx. We also found that CRH
induced the production of cAMP in skin cells expressing
CRH-Rlalpha. These included epidermal melanocytes,
HaCaT keratinocytes, dermal fibroblasts and the majority
of melanoma cells (22, 37, 38). However, cAMP
accumulation was not detected after CRH-Rlalpha
activation in normal epidermal keratinocytes (22). In the
case of normal human epidermal keratinocytes, the lack of
CRH/urocortin-induced production of cAMP (22)
together with lack of effect of PKA inhibitors on CRH
induced keratinocyte differentiation program (23)
indicates poor coupling of CRH-R1lalpha to G in these
cells. In SKMEL-188 melanoma cells, which only
express the CRH-R1d isoform, the lack of coupling to
cAMP with overt stimulation of Ca®" flux suggests that
the CRH-R1d signal transduction pathway is only
coupled to either voltage-activated Ca*" ion channels or
PLC (12, 15, 22, 25, 39).

5.2. Transcriptional regulators
5.2.1. CREB

Classically, the activation of CRH-Rlalpha is
known to stimulate G protein with activation of AC,
cAMP accumulation, PKA activation and CREB
phosphorylation at Ser-133. Phosphorylated CREB
activates CRE elements in respective gene promoters (6,
16, 40). Indeed, we found that CRH does stimulate CREB
DNA binding activity in HaCaT cells (Figure 4), although
this was not seen in normal adult epidermal keratinocytes.
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Figure 5. CRH decreases IFN-gamma-enhanced expression of ICAM-1 on HaCaT cells. Cells were stimulated for 48 hours in
DMEM medium containing 1% serum. IFN-gamma (1000 U/ml) was added for 48 hours and CRH (100 nM) for 24 hours. Cells
were stained with fluorescein isothiocyanate (FITC)-conjugated anti-ICAM-1 antibody (DAKO, Carpinteria, CA) and read with
Epics Coulter cytometer. Histograms were created from listmode data using Winmdi 2.8 (freeware from Joseph Trotter, The
Scripps Research Institute, La Jolla, CA, USA). Representative histograms: red — unstained cells, black — cells stained with
isotype control antibody; remaining histograms show cells stained with FITC-conjugated anti-ICAM-1 antibody: green — not
stimulated cells, blue — cells stimulated with IFN-gamma, violet - cells stimulated with IFN- gamma and CRH. The mean
fluorescence intensities are recorded in arbitrary units. Data shown in the table are related to the mean of untreated control

(100%) and presented as mean + SD (n=4), *p<0.05.

5.2.2. AP-1

CRH stimulates Gq protein that activates
phospholipase C, leading to IP; accumulation with
subsequent PKC activation. This leads indirectly to
stimulation of expression and accumulation of AP-1
transcription factors in the nucleus (6, 16, 40).
Differentiation of the keratinocytes has been linked to
activation of AP-1 family members such as JunB, JunD,
Fral (41). We have tested in keratinocytes activation of
AP-1 induced by CRH (23, 42), and found that CRH
activated JunD, which is linked to the early steps of the
keratinocyte differentiation program (23, 42).

5.2.3. NF-kappaB

NF-kappaB acts as a “switch-board” in the
regulation of cell differentiation, cell viability and cytokine
production. NF-kappaB activation is stimulated by many
pathways that converge on inhibitor of NF-kappaB
(Ikappa-B) kinases complex (43). Phosphorylation and
subsequent degradation of Ikappa-B proteins allow for
release and then translocation of NF-kappaB to the nucleus,
where it can bind to transcription-regulatory sequences to
activate specific genes. Keratinocytes are active players in
the skin immune system releasing cytokines that initiate
inflammation and affect the mode of immune response
(Thl versus Th2) (44-48). Peripheral CRH may exert
predominantly a proinflammatory effect with selective

2236

increase in Thl-type responses in experimental models of
inflammation (49). In agreement with this, we found that
CRH stimulates secretion of interleukin 6 (IL-6) and IL-11
in immortalized HaCaT keratinocytes (50) and stimulates
intercellular adhesion molecule 1 (ICAM-1) and human
leukocyte antigen DR (HLA-DR) expression by normal
human keratinocytes (51). We also found that CRH
decreased the levels of IL-1beta in the supernatants from
cultured HaCaT (50) and of interferon (IFN)-gamma-
stimulated expression of ICAM-1 in HaCaT keratinocytes
(Figure 5). CRH also down-regulates expression of IL-18
(a member of IL-1 family) in HaCaT keratinocytes (52). In
an attempt to define the mechanisms underlying the above
(contradictory) immunoregulatory effects we tested
immortalized HaCaT keratinocytes and observed a dual
effect of CRH (Figure 6) (12, 53). Thus, in stressed cells
(defined as maintained in medium without growth factors),
CRH either enhanced or diminished NF-kappaB activation
depending on the length of incubation (Figure 6).
Specifically, in mode 1 when cells are subjected to
prolonged starvation (twelve hours) the addition of CRH
upregulates NF- kappaB signaling pathway (probably to
enhance cell survival) (Figure 7A). Under conditions when
p50/p50 dimers were downregulated and p50/p65 dimers
were activated, IL-1beta production was increased (Figure
7B). In mode II, under the stress of acute serum starvation
(15-30 min) that activates the NF- kappaB pathway; the
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B: Control c: CRH

Cells deprived of FCS for 30 min.
p: Control E: CRH

Figure 6. Effect of CRH on p50 antigen localization in HaCaT keratinocytes is dependent on growth conditions. Mode I: pS0
antigen was localized to the cytoplasm in cells cultured for 12 hours either in serum containing medium (A) or serum free media
(B). Treatment with CRH resulted in translocation of p50 to the nucleus (C). Mode II: treatment of cells with serum free media
for 30 minutes resulted in translocation of p50 to the nucleus (D), while concomitant addition of CRH prevented this process
(p50 remained in the cytoplasm) (E). Cells were fixed, permeabilized, stained with anti-p5S0 goat polyclonal IgG and FITC-
conjugated donkey anti-goat IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and photographed with a NIKON Eclipse
E800 microscope. Images were processed with Lucia G (Laboratory Imaging, Ltd., Prague, Czech Republic) and Adobe
Photoshop (San Jose, CA, USA) software. Magnification 40X. The results shown are representative of three independent

experiments.
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Figure 7. CRH modulates NF-kappaB activity in HaCaT keratinocytes pre-incubated in serum free medium for 12 hours prior to
the experiments (Mode I). A. CRH increases transcription of NF-kappaB-dependent reporter construct. HaCaT cells were
transiently transfected with pUX-CAT (empty) or pUX-CAT 3XHLAkappaB (NF-xB-CAT) vector (53), incubated for 12 hours in
serum free media and then treated with 100 nM CRH (+CRH) or vehicle (0) for 30 minutes. The data represent the mean + SEM
of four assays. The differences are statistically significant (P<0.001). A, insert. CRH modulates NF-kappaB DNA binding in a
time dependent fashion. Nuclear extracts were prepared from control cells (0) or cells treated with 100 nM CRH (+) for 0-180
minutes and subjected to EMSA with a *P-labeled NF-kappaB probe (59). The CRH-modulated complexes are denoted by
arrow-heads. Specific Rel proteins in DNA complexes in untreated cells were detected by supershift assay with p50 and p65
antisera. Cold represents extract incubated with a 50-fold excess of unlabeled NF-kappaB probe. B. CRH stimulates IL-1beta
mRNA transcription in HaCaT cells preincubated for 12 hours in serum free medium (Mode I). The cells were treated with 1 or
100 nM CRH for 30-120 minutes. Control (0) represents untreated cells. Specific mRNAs were assayed by colorimetric
Quantikine mRNA test (R&D Systems, Inc., Minneapolis, MN).
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Figure 8. CRH treatment of HaCaT keratinocytes attenuates
NF-kappaB DNA activity in induced by immediate serum
deprivation (Mode II). CRH inhibits NF-kappaB DNA
binding. Nuclear extracts were prepared from HaCaT cells
treated with serum free medium without (0) or with 100 nM
CRH (CRH) and subjected to electrophoretic mobility shift
assay with a *P-labeled NF-kappaB probe (59). CRH-
modulated complexes are marked with arrow-heads.

T  0.00125-
E *
= 0.00100+
=z
S 0.00075-
[+
B
S 0.00050
5
g i
b 0.00025 #
=
S  0.00000-
0 0% 10 10° 107 logntalarmin
CRH [M]

Figure 9. Effect of CRH on the activity of POMC promoter
in human epidermal adult keratinocytes overexpressing
CRH-R1alpha. Human epidermal adult keratinocytes were
transfected with luciferase reporter gene plasmid containing
POMC promoter region (from -771 to -8 bp), transfection
efficiency control plasmid (phRL-TK, Promega) and
plasmid overexpressing CRH-R1alpha (21, 62). Cells were
incubated with CRH for 24 hours (peptide added every 12
hours). Then cells were lysed and luciferase activity was
measured as described previously. Data is presented as a
ratio of POMC-promoter-specific signal divided by
efficiency control signal (mean £ SEM, n=4). Treatment
with CRH increased of POMC-promoter-driven signal.
Incubation of cells with 10 antalarmin for 1 hour before
addition of CRH to abrogate the signal.

pathway was significantly attenuated by CRH (Figure 8).
Specifically, CRH downregulated p50/p50 and p50/p65
dimers of NF- kappaB, diminished kappaB-driven CAT
reporter gene activity and inhibited IkappaB-beta
degradation (12, 53). Moreover, CRH inhibited the
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transcription of the NF-kappaB responsive genes, IL-2 and
heat shock protein 90 (HSP-90) (12, 53). Therefore, we
suggest that to counteract the sustained (prolonged
starvation) or acute (rapid serum starvation) stress, CRH
activates or inhibits, respectively, NF-kappaB in an attempt
to stabilize internal homeostasis of HaCaT keratinocytes.
This is in agreement with reports showing either
stimulatory or inhibitory effects of CRH on immune cells
(54, 55), and the dependence of CRH effect on NF- kappaB
activity on experimental models (56, 57). Hence the
apparently contradictory effects of CRH may simply
depend on the prevailing environmental context (12, 58)
through actions on NF-kappaB.

In normal epidermal keratinocytes CRH solely
stimulates NF-kappaB activity (59), by inducing translocation
of the NF-kappaB subunit p65 from the cytoplasm to the
nucleus with expression of the kappaB-driven CAT reporter
gene. NF-kappaB translocation was accompanied by
degradation of IkappaB-alpha. Specificity of the CRH effects
was documented by the use of CRH-R1 antagonists antalarmin
and alpha-helical-CRH-[9-41](59). These findings are in
agreement with reports showing CRH stimulated expression of
cell surface adhesion molecules in normal keratinocytes (51),
CRH-induced NF-kappaB activation in human primary
epidermal keratinocytes is consistent with reported CRH-
induced NF-kappaB activation in the immune system (56). At
basal levels the triggering of the NF-kappaB pathway by CRH
in normal keratinocytes further supports the concept of local
epidermal regulatory circuits based on substances also found in
the nervous system (6, 7, 12, 60). Because the skin is exposed
to noxious environmental stimuli it must be able to
differentiate among them and respond accordingly in a
localized and timely manner.

The differences between CRH responses in
HaCaT immortalized keratinocytes and normal epidermal
keratinocytes can be best explained by either a molecular
defect in HaCaT cells (their p53 gene is mutated and
therefore not functional (61) or, by an extra coupling of the
CRH-R1alpha signaling system to AC (22, 36), which is
absent in normal keratinocytes (22).

Initial experiments with CRH in human
epidermal melanocytes showed that it inhibited
translocation of the subunit p65 (from cytoplasm to the
nucleus), of NF-kappaB DNA binding activity, and of
kappaB-driven luciferase activity (62). It is likely that in
normal melanocytes, the inhibition of NF-kappaB activity
may reflect indirect stimulation of downstream
(immunosuppressor) elements of the HPA axis (62) (and
see below), since POMC derived ACTH and alpha
melanocyte stimulating hormone (alpha-MSH) are both
known to inhibit NF-kappaB signaling (63, 64). This is in
contrast to normal epidermal keratinocytes, where CRH
directly stimulates NF-kappaB, probably because CRH-R1
signaling is uncoupled from cAMP (22) and does not affect
POMC activity (37), favoring pro-inflammatory and Thl-
skewed immune response. Nevertheless, when CRH-
Rlalpha is overexpressed in normal keratinocytes and co-
transfected with POMC promoter its activity is stimulated
upon CRH addition (Figure 9). Accordingly, in
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Figure 10. UVB radiation stimulates CRH in human adult
dermal fibroblasts. Fibroblasts were stimulated with UVB
radiation, and after 24 hours RNA was extracted from cells
and protein collected. A: CRH mRNA levels were
measured with real-time RT-PCR based on Tagman
chemistry (Applied Biosystems, assay Hs00174941 m1 for
CRH and Hs99999901 sl for 18SrRNA). Results are
presented as mean = SEM (n=3), **p<0.005. A, insert:
CRH level was measured with ELISA (Phoenix
Pharmaceuticals, Belmont, CA). Results are presented as
mean = SEM (n=3), *p<0.05. B: POMC mRNA levels
were measured with the real-time RT-PCR based on Sybr
Green chemistry (37). Bands representative of products of
POMC and 18SrRNA PCR reactions are shown in the
insert.

melanocytes, the CRH induced production of POMC
effectors would counterbalance or abrogate the
proinflammatory environment.

6. CRH RELATED PEPTIDES IN THE SKIN

Human skin expresses the genes for CRH and urocortin I
(urc T/urocortin) and produces the corresponding peptides
as documented by reversed phase-high performance liquid
chromatographic  and  liquid chromatography/mass
spectrometry analyses (7, 24, 65-69). These are also
produced by cells of epidermal and dermal origin (normal,
immortalized and  malignant  keratinocytes  and
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melanocytes, fibroblasts, sebocytes and mast cells CRH)
(66, 67, 70, 71). Immunocytochemistry has further detected
the peptides in epidermal, dermal and adnexal
compartments under physiologic and pathologic conditions
(6, 20, 51, 68, 72-74). We have also found expression of
mRNA for urc II (strescopin-related peptide) in the human
skin and in cultured human normal and malignant
epidermal melanocytes and keratinocytes, normal dermal
fibroblasts and subcutaneous adipose tissue (20),
suggesting that major cutancous compartments have the
capability to produce the peptide for local use.

In contrast to human skin, production of the CRH
peptide in mouse skin (although it varied in a hair cycle
dependent fashion) was not accompanied by corresponding
CRH gene expression (6, 24, 65, 75). This suggested an
extracutaneous source for the CRH presumably, release
from local nerve endings (6, 75). Mouse skin, however,
does express the urc I gene with production of the
corresponding peptide in hair cycle-dependent fashion,
albeit in a pattern opposite to the expression of CRH (68).
In relation to urc II its mRNA and peptide antigens were
also detected in the mouse skin (20, 76), being highly
expressed in epidermal, dermal, and adexal compartments,
as well as in skeletal muscle (76).

In human skin CRH production is regulated by
environmental and other factors, i.e., ultraviolet radiation
and forskolin stimulate CRH production, while
dexamethasone inhibits it (66, 67). Most recently we have
produced new data documenting UVB stimulation of CRH
production in epidermal melanocytes (Zbytek et al, in
preparation). Thus, UVB stimulated gene transcription,
with translation of the corresponding message, and
secretion of CRH peptide into the extracellular
environment. This effect was time and dose dependent
(Zbytek et al, in preparation). In cultured dermal
fibroblasts, UVB similarly stimulated CRH production and
release, and increased POMC expression (Figure 10).

In conclusion, skin has the capability to produce
CRH and the related peptides urc I and II; peptide
production is species dependent and regulated by intrinsic
factors (hair cycle in mice), and environmental agents
(UVB in humans). The variety of skin cell populations
producing the peptides and their pleiotropic effects requires
high selectivity in the signal transduction pathways systems
through, for example, differential expression of CRH-Rs
and their isoforms.

7. PHENOTYPIC EFFECTS OF CRH AND
UROCORTIN IN CULTURED SKIN CELLS

In rodent skin both CRH and urocortin can
modify function of the skin immune system and activate
mast cells (12, 13). CRH can also modify DNA synthesis in
the dermal and epidermal compartments of cultured mouse
skin depending on the phase of the hair growth cycle (24).
These differential effects are apparently related to
fluctuations in CRH-R1 and CRH-R2 expression during the
hair growth cycle (20, 24, 65). In the mouse activation of
CRH-R2 can stimulate hair growth; this effect has been
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claimed as proprietary (see patent from 2005 by Vale et al.
US patent 20040034882).

Skin vasculature is a recognized target for CRH
and urocortin peptides (6, 77-79), where, depending on the
animal model used, CRH can induce local vascular
dilatation (6, 77-79) and either inhibit or stimulate
angiogenesis (80, 81). Interestingly, both CRH and
urocortin demonstrated anti-edema effects (82-84). In the
specific case of human skin, Clifton et al clearly have
shown vasodilatory action of CRH, mediated by
mechanisms that included both indirect effects, activation
of mast cells or endothelial-dependent pathways, and a
direct action on the blood vessel wall (77-79). These
vascular effects of CRH appear to be dependent on the
local level of estrogenization (77).

In human cultured normal and immortalized
keratinocytes CRH and urocortin inhibited cell proliferation
(23, 42, 51, 68), while stimulating the cell differentiation
program (23, 42) through overlapping mechanisms (12, 23,
42), consistent with coupling of CRH-R1 to either IP; or
Ca®' signaling (see above). Thus, the activation of CRH-R1
in keratinocytes leads to inhibition of cell proliferation
through GO/1 arrest, which is accompanied by increased
expression of inhibitor of cyclin dependent kinase pl6
(Ink4a) protein (23, 42). This antiproliferative effect is
attenuated by PKC inhibitors but not by inhibitors of PKA
or mitogen activated protein (MAP) kinases (23). The cell
cycle withdrawal was associated with the induction of
keratinocyte differentiation, with CRH stimulating
expression of cytokeratin 1 and involucrin, and inhibiting
expression of cytokeratin 14 at both mRNA and protein
levels (23, 42). CRH also increased cell granularity and
size of the cells. We have concluded that activation of
CRH-R1 induces non-random parallel activation of
sequential signal transduction cascades governing both
keratinocyte differentiation and inhibition of cell
proliferation through GO0/1 arrest. We also propose that this
program is triggered by activation of CRH-R1, and that it
includes induction of transduction pathway involving
sequential activation of PLC, PKC, AP-1 and p16 (23).

In immortalized HaCaT keratinocytes, where
CRH produces a dose dependent inhibition of proliferation;
the shape of the inhibition curve is determined by the
concentration of Ca*" in the growth medium (36, 42). In
these cells CRH action also pointed to inhibition of the
GO0/1 to S phase transition of the cell cycle. CRH increased
AP-1 binding activity, cell granularity, cytokeratin 1 and
involucrin expression, and inhibited cytokeratin 14
expression.  These results are consistent with CRH
induction of the differentiation program in normal
epidermal keratinocytes. Thus, the overall CRH cutaneous
actions promote protective functions for the epidermis, that
appear to include the triggering or acceleration of the
differentiation program.

CRH modulates keratinocytes immune functions
through changes in expression of cell surface adhesion
molecules (51) and in cytokine production (50). CRH-Rs
are also expressed on sebaceous glands (6, 50) and their
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activation by CRH can stimulate steroidogenic and
secretory activities of sebocytes (70). These phenotypic
effects could be connected to modulation of intracellular
concentrations of cAMP, IP;, Ca** or NF-kappaB activity
(12, 68) (23-25, 39, 42), generally supporting a mixture of
endocrine-related and non-endocrine related actions for
CRH and related peptides in the skin.

CRH can affect cutaneous expression of growth
factors/pleiotropic cytokines that can regulate proliferation,
differentiation and immune interactions (4, 12, 22). In this
regard we have found skin cell type dependent coupling to
signal transduction pathways, whereas the effects on cell
proliferation, were also dependent on cell type and nutrition
conditions. Specifically, CRH stimulated dermal fibroblast
proliferation, by increasing transition from G1/0 to the S
phase, while in keratinocytes it inhibited cell proliferation.
In both normal and immortalized melanocytes CRH
showed the nutrition-related dichotomy effect inhibiting
melanocyte proliferation in serum-containing medium,
while enhancing DNA synthesis in serum free media. The
latter effect was related to inhibition of early and late
apoptosis. Thus, under the stress of starvation CRH acts on
epidermal melanocytes as survival factor (anti-apoptotic)
simultaneously, while inhibiting growth factor-induced cell
proliferation. In conclusion, CRH and related peptides
couple CRH-R1 to any of a series signal transduction
pathways, to regulate cell viability and proliferation in cell
type and growth condition dependent manners.

8. CRH/UROCORTIN - CRH-RS AXIS
HUMAN HAIR FOLLICLE

IN THE

8.1. Overview

Accumulating evidence from studies on human
skin have revealed the expression of a neuroendocrine
system in the human hair follicle, which included at least
CRH, urocortin, and CRH receptors, the POMC peptides
alpha-MSH, ACTH and beta-endorphin and their
associated receptors: melanocortin receptor 1 (MCI1-R),
and mi-opiate receptor etc. (6, 7, 20, 24, 51, 70, 72-74, 85-
95). These studies indicate that human hair follicles are also
peripheral endocrine mini-organs that are both a source
(including a metabolizing source) and a target of multiple
neuro-steroido-hormones (4, 74, 91, 95-98). This endocrine
capacity resides in the main cell populations of the hair
follicle (keratinocytes, melanocytes and fibroblasts). The
human hair follicle expresses the full capacity to respond to
CRH with functional changes including hair fiber
elongation, melanocyte proliferation and melanogenesis
(20, 73, 74,91, 92).

The first description of the simultaneous
expression of CRH, CRH-R1 and POMC system in human
hair follicles in situ was provided by Kono and colleagues
(72), complementing and confirming previous studies on
the in situ detection of the above elements (6, 24, 51, 68,
85, 89). Subsequent studies from different laboratories
further confirmed non-random expression of CRH-R1 and
CRH-R2 and their ligands in the human hair follicle
(Figure 11) (20, 73, 74) (99). All these components were
expressed at both the message and protein levels both in
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Figure 11. Human hair follicles express CRH, Urocortin and CRH-R1 and CRH-R2. CRH and urocortin expression is detected in
keratinocytes of the outer root sheath (ORS) and hair bulb pre-cortex, but only weakly in basal keratinocytes of the hair matrix
(M). Only relatively undifferentiated melanocytes located in the peripheral and proximal matrix express CRH and urocortin. Hair
follicle fibroblasts including follicular papilla (FP) cells and dermal sheath (DS) fibroblasts also expressed CRH and urocortin (a,
b). A similar distribution of both CRH-R1 and CRH-R2 is observed, but the expression commonly exhibited a marked nuclear
pattern, especially in ORS keratinocytes (c, d). Negative control incubated with an irrelevant primary antibody (e). Tissue source:

49 year old female.

situ and in vitro in various hair follicle cell populations
(figures 11 and 12). CRH-Rlalpha was the predominant
isoform in hair follicle keratinocytes and melanocytes and
follicular dermal papilla fibroblasts suggesting that this
receptor is the likely principal regulator of local CRH-
dependent activities.

The CRH-R2alpha gene (but not CRH-R2beta)
was readily detected in hair follicle keratinocytes and
follicular papilla fibroblasts, but not in cultured follicular
melanocytes and dermal fibroblasts (20). Similarly, CRH-
R2 protein was strikingly absent from epidermal
keratinocytes in situ, but strongly expressed in multiple
keratinocytes lineages of the human anagen hair follicle,
including outer and inner root sheaths, hair bulb matrix,
and the differentiating pre-cortex, as well the hair growth—
controlling follicular papilla. A potential role for
CRH/urocortin in hair cycling was inferred by the
upregulation of CRH-R2 protein expression in those parts
of the hair follicle close to, but not directly affected by, the
apoptosis-driven regression characteristic of catagen (20).
These cells included not only the most proximal
keratinocytes, but also fibroblasts of the catagen follicular
papilla and its collapsing capillary endothelium (20). Thus,
the molecular and in situ data are in agreement, except for
the detection of CRH-R2 protein (but not message) in
epidermal and follicular melanocytes. This discrepancy
may be explained in part by changes induced during the
enforced melanocyte proliferation in vitro. However, we
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have more recently also detected CRH-R2 protein
expression in cultured follicular melanocytes using both
immunocytochemistry (Figure 12) and immunoblotting
(99), which raises the alternative possibility that variation
in melanocyte gene expression may reflect their
heterogeneous differentiation status in the hair follicle in
situ and in vitro (100, 101). The Paus laboratory reported a
similar distribution of CRH and CRH-R1 in human scalp
hair follicles both at the gene and protein levels (73, 74).
Interestingly, the expression of CRH-R1 and CRH-R2 (and
also of MCI1-R and MC2-R) is upregulated after treatment
of anagen hair follicles in ex vivo organ culture with CRH
(74) that also upregulated the expression of POMC mRNA
and the expression of ACTH and alpha-MSH peptides in
the outer root sheath of the same hair follicles.

8.2. CRH/urocortin and hair follicle pigmentation

The POMC system is fully expressed in the
human scalp hair follicle pigmentary unit and the behavior
of follicular melanocytes in vitro is modulated via action at
the MCI1-R (by alpha-MSH and ACTH) and the mi-opiate
receptor (by beta-endorphin) pathways (90, 91). Under our
own cell culture conditions, beta-endorphin was as potent
as the traditional melanocortins ACTH and alpha-MSH at
inducing melanogenesis and dendricity in follicular
melanocytes (90, 91). Because the supply of POMC may be
regulated locally via CRH, we assessed the role of CRH,
urocortin and receptor-selective CRH-related peptides in
the human hair follicle and its pigmentary unit (91, 102).
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Figure 12. CRH, urocortin, CRH-R1 and CRH-R2 are expressed in hair follicle melanocytes, hair follicle keratinocyte and
follicular papilla fibroblasts in vitro. CRH (a), urocortin (b), CRH-R1 (c), CRH-R2 (d) were variably expressed in cultured hair
follicle melanocyte (HFM, female 58ys), hair follicle keratinocytes (HFK, male 59 yrs) and follicular papilla fibroblasts (FPF,
female 53 yrs). Negative control HFM (e), HFK (f) and FPF (g) incubated with an irrelevant primary antibody.

While CRH and urocortin were detected in the anagen hair
follicle epithelial and mesenchymal subpopulations (7, 20)
(99), these proteins were expressed at conspicuously low
levels in the differentiated melanogenic zone of the anagen
hair bulb. Melanocytes distributed in this region on the
anagen hair follicle are highly differentiated (92, 100, 103).

However, like with the POMC system
components, both CRH and urocortin, together with CRH-
R1 and R2 are expressed in a minor population of poorly
differentiated follicular melanocytes located in the most
peripheral and proximal hair bulb and outer root sheath (73,
91), suggesting that follicular melanocytes may only be
responsive during the early stages of melanocyte
differentiation. While CRH, urocortin and CRH-R1 and R2
are detected on follicular papilla fibroblasts (Figure 12),
urocortin alone is absent from cultured follicular
keratinocytes  (Figure 12), related, perhaps, to
differentiation status in culture.

CRH and related peptides can also modulate
follicular melanocyte phenotype in vitro (102) involving
both CRH-R1 and/or CRH-R2 pathways. Using a modified
urocortin peptide with reduced affinity for CRH-RI1,
signalling preferentially through CRH-R2 (104), we found
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that signalling via CRH-R1 is likely to be more important
for stimulating melanogenesis, dendricity and cell
proliferation in follicular melanocytes. Further support for
these findings may be found in the stimulation of follicular
melanogenesis in ex vivo cultured hair follicles incubated
with CRH (73). However, experiments with CRH analogs
that are active at both CRH-R1 and CRH-R2 suggest that
both receptor systems are differentially active in these cells.

8.3. CRH/urocortin and hair follicle fiber growth

The hair bulb matrix contains one of the body’s
most rapidly proliferative tissues and the hair fiber is the
product of a differentiation program involving eight or
more distinct keratinocyte lineages. In this regard CRH can
significantly inhibit hair fiber elongation in organ cultured
hair follicles (74, 102) (Figure 13) due to the inhibition of
proliferation in the anagen hair bulb and corresponding
premature precipitation into an apoptosis-driven catagen
like state. However, treatment of human scalp hair follicles
with urocortin does not inhibit hair fiber elongation and
may even protect the hair follicle from entry in catagen
(102) (Kauser et al unpublished data). Thus, like in the
epidermis, CRH signalling via CRH-R1 leads to inhibition
of keratinocyte proliferation with corresponding induction
of keratinocyte differentiation, while preferential activation
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Figure 13. Photo-micrographs showing effect of CRH-related peptides on hair fiber elongation at day 0 (D0) and day 9 (D9) in

ex vivo organ culture.

with CRH-R2-selective urocortin analogs may invoke the
opposite effect facilitating continue hair fiber production.

9. CRH ACTIVATES LOCAL EQUIVALENT OF
HPA AXIS

Since CRH plays a central role in the response to
systemic stress via the HPA axis, we proposed that a
similar structural organization is preserved in the skin
(105). Indeed, the human skin expresses molecular
elements of that axis including POMC with processing to
final ACTH peptide, MC2-R, CRH and functional CRH-
R1, and the skin has also corticosteroidogenic activity (6, 7,
60, 106-108).

When normal epidermal melanocytes and dermal
fibroblasts were incubated with CRH, a functional cascade
was released that was structured hierarchically along the
same algorithm as in the HPA axis: CRH activated CRH-
R1 and stimulated cAMP accumulation, with increased
POMC gene expression and production of ACTH (38).
This effect was absent in keratinocytes. Melanocytes also
responded to CRH and ACTH with enhanced production of
cortisol and corticosterone, abolished by POMC gene
silencing or by the potent CRH-R1 antagonist, antalarmin.
Cortisol chemical identity was confirmed by liquid
chromatography-mass  spectrometry/mass spectrometry
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(38). Fibroblasts responded to CRH and ACTH with
enhanced production of corticosterone but not cortisol,
with ACTH being a more potent stimulator (37). Thus,
the skin displays a CRH-led system organized similar to
that operating at the systemic level, although in
fibroblasts, it diverges in its distal step, where
corticosterone, instead of cortisol, is the main product
stimulated by ACTH (37). This pattern defines a fractal
nature in the responses to stress with analogous
activation sequences at the single cell and whole body
levels.

Tests performed on isolated human hair
follicles showed that CRH treatment upregulated the
expression of POMC mRNA, of ACTH and alpha-MSH
peptides, of CRH-R1 and CRH-R2 and also of MC1-R
and MC2-R (74). CRH thus induces upregulation of the
POMC, its cleavage into the melanocortin peptides, as
well as stimulation of melanocortin receptor expression.
Either CRH or ACTH stimulation of these hair follicles
resulted in the enhanced expression of cortisol in
keratinocytes of the outer root sheath of the human scalp
hair follicle, and secretion into the media (74).
Conversely, hydrocortisone treatment of isolated hair
follicles was associated with a down-regulation of CRH-
R1 in the hair follicle outer root sheath, mirroring its
classical central feedback regulatory mechanisms (74).
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10. PERSPECTIVE

While the biological significance of the
cutaneous HPA axis (7, 60, 109) as whole remains to be
determined (4), the isolated effects of each and every one
of its elements is currently being uncovered (37, 38, 74). It
already appears that some of them may become
therapeutically important in the management of skin
diseases (CRH and CRH-R isoforms), other have already
proven their value in this area (corticosteroids). Selective
targeting of CRH-R1 has been proposed for the treatment
of skin hypeproliferative disorders and malignant tumors
that include melanoma (patent WOO0153777). An anti-
melanoma effect for selective CRH-R1 agonists has already
been observed in experimental models of melanoma (110).
Moreover, the therapeutic use of alterantively spliced CRH-
R1 isoforms has also been proposed (patent W003024990)
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