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ABSTRACT Vitamin A (retinol) plays a sig-
naling role in the development of skin and other
epithelial tissues. This is accomplished by a two-
step metabolic pathway in which the rate-limit-
ing step is oxidation of retinol to retinal, followed
by oxidation of retinal to retinoic acid, which
serves as the active ligand to activate nuclear
retinoic acid receptors. Previous studies inmouse
skin have shown that retinol oxidation is cata-
lyzed by a cytosolic retinol dehydrogenase that
may be a member of the alcohol dehydrogenase
(ADH) enzyme family. Analysis of the ADH family
has shown that class IV ADH is the most efficient
isozyme for retinol oxidation but that other iso-
zymes can catalyze this reaction. Here we have
examined mouse skin for the expression of genes
encoding class I ADH and class IV ADH, the only
ADH isozymes in this species able to function as
retinol dehydrogenases in vitro. In situ hybridiza-
tion analysis of mouse skin revealed that class I
ADH mRNA was absent, whereas class IV ADH
mRNAwas abundant and localized in the epider-
mal basal layer, providing evidence that the skin
retinol dehydrogenase previously identified was
class IVADH. Immunohistochemical studies indi-
cated that class I ADH protein was absent in the
mouse skin, but class IV ADH protein was de-
tected primarily in the basal layer of the epider-
mis, with less detection in the spinous layer and
no detection in the cornified layer. This apparent
down-regulation of class IV ADH expression dur-
ing keratinocyte terminal differentiation pro-
vides evidence that the basal layer of the epider-
mis may be the primary site of local retinoic acid
synthesis needed for retinoid signaling in the
skin. Dev. Dyn. 208:447–453, 1997.
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INTRODUCTION

Vitamin A deficiency is known to cause defects in
many epithelia throughout the body (Wolbach and
Howe, 1925; Wilson et al., 1953), including skin defects
characterized by hyperkeratinization of the epidermis

(Frazier and Hu, 1931; Klein-Szanto et al., 1980). The
vitamin A metabolite retinoic acid (RA) has been pro-
posed to regulate the level of keratinization during
terminal differentiation of epidermal keratinocytes as
they migrate from the basal to cornified layers (re-
viewed by Darmon, 1991). Administration of RA to
vitamin A-deficient animals restores epithelia to their
normal state of keratinization, indicating that RA is the
active form of vitamin A needed for maintenance of
epithelia (Dowling and Wald, 1960). Recent studies
have shown that RA serves as a ligand for nuclear
retinoic acid receptors (RAR), which are capable of
regulating gene transcription (Kastner et al., 1994;
Mangelsdorf et al., 1994). RARs have been localized in
the epidermis (Elder et al., 1991; Tavakkol et al., 1992)
and are able to mediate the retinoid response in cul-
tured keratinocytes (Xiao et al., 1995). Transgenic mice
expressing a dominant-negative mutant form of RAR in
the epidermis suffer from an inhibition of skin develop-
ment during late embryogenesis, providing further
evidence for the importance of RA signaling in the skin
(Saitou et al., 1995; Imakado et al., 1995). Although
much progress has been made identifying the receptors
involved in skin retinoid signaling, relatively little is
known about the enzymatic pathway involved in produc-
ing the RA ligand or its spatiotemporal regulation.
RA synthesis occurs by two sequential oxidation

steps in which retinol is first oxidized to retinal (the
rate-limiting step), followed by oxidation of retinal to
retinoic acid (Leo et al., 1989; Napoli, 1986; Kim et al.,
1992). Several lines of evidence show that epidermis
contains the cellular machinery necessary for endog-
enous RA production from retinol provided from the
blood stream. Keratinocytes have been reported to
possess a serum retinol-binding protein receptor that
facilitates retinol uptake (Båvik et al., 1995). Epidermis
has been found to express cellular retinol-binding pro-
tein, which might facilitate the uptake of plasma
retinol destined to be converted to either retinyl esters
for storage or RA for retinoid signaling (Fisher et al.,
1995). Biological activation of retinol has been shown to
require its oxidation to RA in both mouse epidermis
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(Connor, 1988) and human keratinocytes (Kurlandsky
et al., 1994). This metabolic pathway is summarized in
Figure 1.
Recent studies suggest that RA is produced locally in

the epidermis from retinol and retinal. Inmouse epider-
mis, endogenous RA is below the limit of detection by
HPLC analysis; however, application of retinol tomouse
skin leads to concomitant detection of RA in epidermis,
suggesting that the synthetic pathway is functional in
this tissue (Connor and Smit, 1987a). Topical applica-
tion of retinol to human skin stimulates the same
biological effects as topical RA treatment, probably by
local metabolism to RA (Kang et al., 1995). Similarly,
treatment of human skin with retinal leads to RA
biological activity, further suggesting local conversion
to RA (Saurat et al., 1994). Measurement of retinoids in
cultured human keratinocytes has shown that RA can
be detected in these cells (Siegenthaler et al., 1990;
Randolph and Simon, 1993).
The retinol dehydrogenase catalyzing retinol oxida-

tion in mouse epidermis has been partially purified and
shown to be a cytosolic enzyme having properties of an
alcohol dehydrogenase (ADH) isozyme (Connor and
Smit, 1987b), although the specific nature of this iso-
zyme remains unknown. The mouse epidermis was also
found to have a cytosolic retinal-oxidizing activity
(retinal dehydrogenase) with the properties of an alde-
hyde dehydrogenase isozyme (Connor and Smit, 1987b).
Similar studies with human keratinocytes have de-
tected a cytosolic retinol dehydrogenase that is distinct
from ethanol-active class I ADH (Siegenthaler et al.,
1990). Human keratinocytes also possess a microsomal

retinol dehydrogenase activity (Kurlandsky et al., 1996),
which may be similar or identical to rat liver micro-
somal retinol dehydrogenase, which was recently found
to be a member of the short-chain dehydrogenase/
reductase enzyme family (Chai et al., 1995). However,
the enzymatic properties of this enzyme suggest that it
may function in the reverse direction as a retinal
reductase to convert retinal to retinol for retinoid
storage (Duester, 1996).
Enzyme purification and gene cloning have led to the

identification of a humanADH gene family consisting of
five distinct classes (Jörnvall et al., 1995; Duester et al.,
1995). The mouse has conserved only three of these
forms, i.e., class I ADH, class III ADH, and class IV
ADH (Zgombic-Knight et al., 1995). Enzymatic studies
have shown that liver class I ADH is most efficient for
ethanol oxidation but is weakly effective with retinol
(Boleda et al., 1993; Yang et al., 1994). Liver class III
ADH does not function in retinol or ethanol oxidation
but instead acts as a glutathione-dependent formalde-
hyde dehydrogenase (Koivusalo et al., 1989; Holmquist
and Vallee, 1991). Class IVADH catalyzes the oxidation
of ethanol very inefficiently and is not present in liver;
however, this isozyme isolated from stomach mucosa
has a catalytic efficiency for retinol that is approxi-
mately 100-fold higher than that of either liver class I
ADH (Yang et al., 1994; Kedishvili et al., 1995) or liver
microsomal retinol dehydrogenase (Duester, 1996). The
spatiotemporal expression pattern of class IV ADH in
the mouse correlates with sites of retinoic acid synthe-
sis during embryogenesis (Ang et al., 1996a), spermato-
genesis (Deltour et al., 1997), and epithelial differen-

Fig. 1. Proposed retinoic acid synthetic pathway in skin. Retinol is
transported in serum bound to retinol-binding protein (RBP) and can be
taken up by keratinocytes and bind to cellular retinol-binding protein
(CRBP), which may facilitate uptake. Retinol can be converted to retinyl
esters for storage or converted to retinoic acid. Synthesis of retinoic acid
involves first the oxidation of retinol to retinal by certain isozymes of

alcohol dehydrogenase (ADH), followed by the oxidation of retinal to
retinoic acid by specific forms of aldehyde dehydrogenase (ALDH).
Retinoic acid binds to a nuclear retinoic acid receptor (RAR), which
mediates retinoid signaling by directly regulating transcription of key
target genes.
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tiation (Ang et al., 1996b). Thus, it is becoming
increasingly clear that class IV ADH may function as
the physiological retinol dehydrogenase for many tis-
sues.
In this study we have examined the expression of

ADH in mouse skin. Using murine cDNAs encoding
class I ADH (Edenberg et al., 1985; Ceci et al., 1986)
and class IV ADH (Zgombic-Knight et al., 1995), we
have performed in situ hybridization to identify cell
types exhibiting ADH mRNA expression. In addition,
we have conducted immunohistochemical studies using
specific antisera for class I ADH and class IV ADH to
identify sites ofADH protein localization inmouse skin.
These results provide insight into the mechanism gov-
erning spatiotemporal regulation of RA synthesis dur-
ing epidermal differentiation.

RESULTS
Expression of Class I ADH and Class IVADH
Genes in Mouse Skin

Sections of adult mouse skin were examined by in
situ hybridization to detect expression of the genes
encoding class IADH or class IVADH.Astained section
of adult mouse skin indicates dermal and epidermal

morphology as well as the location of the stratum
basale, the basal layer of epidermal cells lying at the
basement membrane adjacent to the dermis (Fig. 2A).
Hybridization with an antisense riboprobe for class I
ADH indicated no specific signal in the skin (Fig. 2B)
compared to a control sense riboprobe (Fig. 2D); the
integrity of the class I ADH antisense riboprobe was
verified by its ability to detect a specific class I ADH
mRNA signal in sections of testis (data not shown). On
the other hand, an antisense riboprobe for class IVADH
indicated a distinct zone of detection along the basal
layer of the epidermis (Fig. 2C). In comparison to the
control, there appeared to be no class IV ADH mRNA
detection above background in the outer layers of the
epidermis (spinous or cornified layers). Because of the
low numbers of cells in the dermis (primarily dermal
fibroblasts embedded in extracellular matrix), we could
not conclude from these studies whether class I or class
IVADHs were expressed in this tissue.

Immunohistochemical Analysis of Class I ADH
and Class IVADH in Skin

Paraffin sections of adult mouse skin were subjected
to immunohistochemical staining using affinity-puri-

Fig. 2. In situ hybridization analysis of class IV ADH mRNA in mouse
skin. A: Brightfield view of mouse skin section stained with hematoxylin-
eosin. B: Darkfield view of mouse skin section following in situ hybridiza-
tion to a class I ADH riboprobe showing no specific detection.

C: Hybridization to a class IV ADH riboprobe showing a highly specific
signal along the stratum basale in mouse epidermis. D: Hybridization to a
sense control riboprobe showing no specific detection. 3100.
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fied polyclonal antibodies specific for either class IADH
or class IV ADH. In a transverse section of skin, a high
level of immunodetection for class IV ADH protein was
observed in the epidermis, with detection also being
observed in dermal fibroblasts (Fig. 3A). In contrast,
there was no class I ADH immunodetection in either
the epidermis or the dermis, indicating an absence of
this enzyme in the skin (Fig. 3B). The integrity of the
class IADH antibody was verified by its ability to detect
class I ADH in sections of mouse testis (data not
shown). Control experiments, in which either the pri-
mary antibody was omitted or preimmune serum was
used, showed essentially the same result as was seen
with the class I ADH antibody (data not shown).
Preferential localization of class IV ADH along the

basal layer of the epidermis was more easily observed
by immunohistochemical analysis of tangential sec-
tions showing a broader layer of epidermal cells (Fig.
3C). A high-magnification view of a tangential section
indicates that class IV ADH immunodetection was
localized primarily in the basal layer, with much less
detected in the spinous layer and essentially none
detected in the cornified layer (Fig. 3D).

DISCUSSION

Class I and class IVADHs function as retinol dehydro-
genases in vitro (Connor and Smit, 1987b; Boleda et al.,
1993; Yang et al., 1994) and thus may participate in RA
synthesis in tissues where they are present. In this
study we have sought to determine the presence and
specific location of ADH isozymes in mouse epidermis.
Our findings provide firm evidence that class IVADH is
abundantly expressed in the adult mouse skin. Both
mRNA and protein for class IV ADH were observed in
the epidermis. Class IV ADH mRNA in the epidermis
was restricted to only the basal layer, whereas protein
localization was highest in the basal layer, with less
detection in the spinous layer and no detection in the
cornified layer. These results indicate that class IV
ADH mRNA and protein expression are down-regu-
lated as keratinocytes in the basal layer differentiate
and migrate into the spinous and cornified layers. In
contrast, neither mRNAnor protein for class IADHwas
detected in any skin cell types.
Retinol is locally converted to RA in both mouse

(Connor, 1988) and human (Kurlandsky et al., 1994)

Fig. 3. Immunohistochemical localization of class IV ADH in mouse
and human skin. A: Immunostain of a section of mouse skin using
affinity-purified class IV ADH polyclonal antibodies showing specific
protein localization in the epidermis and dermal fibroblasts. B: Immuno-
stain of a nearby section using class I ADH affinity-purified polyclonal
antibodies indicating an absence of protein detection in the entire skin

layer. C: Tangential section showing class IV ADH immunodetection
across the epidermis.D: Higher magnification view of the previous section
showing class IV ADH immunodetection in gradient across the epidermis,
with highest level of detection in the stratum basale. 3200 (A,B,D).
3100 (C).
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epidermis. Localization of class IV ADH in mouse
epidermis provides strong evidence that this enzyme is
the retinol dehydrogenase participating in RA synthe-
sis. The function of RA in skin development has been
proposed to involve an RAR-mediated signaling event
controlling keratinocyte terminal differentiation (Dar-
mon, 1991; Fisher and Voorhees, 1996). Expression of
RARg1 mRNA in skin has been found to be uniformly
distributed across the epidermis (Tavakkol et al., 1992),
suggesting that all layers of the epidermis may be
capable of responding to an RA signal. However, the
preferential localization of class IV ADH in the epider-
mal basal layer suggests that RAmay be synthesized at
a higher rate in this layer relative to the spinous and
cornified layers. Thus, the primary role of RAmay be to
control the differentiation of basal stem cells into
suprabasal keratinocytes, such that, subsequent to that
event, RA and retinoid signaling is down-regulated as
keratinocytes migrate to the surface of the skin. This
hypothesis is supported by studies indicating that an
excess supply of retinol or RA administered to skin
leads to a proliferation of suprabasal cells in the
epidermis (Kang et al., 1995) and that a reduction in
the retinoid supply during vitaminA deficiency leads to
hyperkeratinization, an increase in the size of the
cornified layer (Frazier and Hu, 1931; Klein-Szanto et
al., 1980).
Recent examination of the entire mouse ADH gene

family determined that the mouse possesses only three
ADH isoforms, i.e., class I ADH, class III ADH, and
class IV ADH (Zgombic-Knight et al., 1995), formerly
named ADH-A2, ADH-B2, and ADH-C2, respectively
(Holmes, 1978). Previous studies on the enzymology of
RA synthesis in mouse skin led to partial purification of
a cytosolic retinol dehydrogenase present in epidermis,
the kinetic properties of which were found to be similar
to ADH-C2 (Connor and Smit, 1987b). Thus, it is now
clear from the studies reported here that the retinol
dehydrogenase activity previously identified in mouse
epidermis is ADH-C2, now known as class IVADH.
Cultured human keratinocytes possess a cytosolic

retinol dehydrogenase activity, which was reported to
be distinct from ADH insofar as it was not inhibited by
ethanol or 4-methylpyrazole (Siegenthaler et al., 1990).
In fact, these inhibitors are effective against liver class
I ADH (Mezey and Holt, 1971; Vallee and Bazzone,
1983), making it possible to rule out a role for this class
of ADH as a keratinocyte retinol dehydrogenase. How-
ever, since those findings were reported, there has been
a tremendous increase in our knowledge of the ADH
family, including discovery of class IV ADH, which is
not very sensitive to inhibition by these inhibitors
(Parés et al., 1990; Moreno and Parés, 1991). Thus, the
cytosolic retinol dehydrogenase present in human kera-
tinocytes may be class IV ADH, the form we have
identified in mouse epidermis.
Class IV ADH may play a widespread role in RA

synthesis. Expression of class IV ADH in adult tissues
is localized in several epithelial cell populations that

may require RA for differentiation, including epider-
mis, stomach and esophageal mucosa, adrenal cortex,
seminiferous tubule, and epididymal basal cells (Ang et
al., 1996b; Deltour et al., 1997). Expression of class IV
ADH inmouse embryos during gastrulation and neuru-
lation coincides spatially and temporally with sites of
RA detection, suggesting that this ADH isozyme may
play a role in the initiation of RA synthesis during
embryogenesis (Ang et al., 1996a; Deltour et al., 1996).
Genetic studies with the mouse can be used to examine
further the physiological role of class IV ADH in the
epidermis as well as in other retinoid target tissues.

EXPERIMENTAL PROCEDURES
Tissue Sectioning

Skin samples from adult female mice (strain FVB/N)
were fixed in Bouin’s reagent, embedded in paraffin,
and sectioned at 6–10 µm using standard histological
procedures. Paraffin sections were used for both in situ
hybridization and immunohistochemical studies.

In Situ Hybridization

Tissues were processed for in situ hybridization
under high-stringency conditions as described previ-
ously (Wilkinson and Nieto, 1993). The hybridization
probes consisted of 35S-labelled antisense RNAs derived
from the full-length cDNAs for mouse class I ADH
(Edenberg et al., 1985; Ceci et al., 1986) and class IV
ADH (Zgombic-Knight et al., 1995) subcloned in pBlue-
script II KS (Stratagene Cloning Systems, Inc., La
Jolla, CA). Antisense RNAs were synthesized using
[a-35S]UTP and T3 or T7 RNA polymerase as described
elsewhere (Wilkinson and Nieto, 1993). We have previ-
ously shown that there is no cross-hybridization ob-
served between theADH classes under high-stringency
conditions in either Northern or Southern blots, likely
resulting from the low ADH interclass sequence iden-
tity, which is in the 60% range (Zgombic-Knight et al.,
1995). As a control to monitor background detection, we
used a sense RNA probe transcribed from the plasmid
containing the mouse class I ADH cDNA. For a positive
control, we analyzed sections of mouse testis, which has
previously been shown to contain mRNAs for both class
I ADH and class IV ADH (Ang et al., 1996b; Deltour et
al., 1996b). Slides were exposed to emulsion for 2–3
weeks prior to development. Staining of hybridized
sections was performed with neutral red, and adjacent
nonhybridized sections were stained with hematoxylin
and eosin as described previously to observe tissue
morphology (Kaufman, 1992). Hybridization results
were observed by darkfield microscopy, and stained
adjacent sections were observed by brightfield micros-
copy.

Immunohistochemistry

Antibodies used in this study were affinity purified
from rabbit polyclonal antisera raised against mouse
class I ADH and class IV ADH expressed as glutathi-
one-
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S-transferase fusion proteins in E. coli as previously
described (Deltour et al., 1997). Tissue sections were
subjected to immunohistochemical detection using the
Vectastain avidin-biotin-horseradish peroxidase ABC
kit (Vector Laboratories, Inc., Burlingame, CA). Diami-
nobenzidine was used for color detection, and slides
were not counterstained prior tomounting and observa-
tion by brightfield microscopy. Control experiments
included those in which the primary antibody was not
used as well as serial dilutions of each specific antibody
and preimmune sera as previously described (Deltour
et al., 1997). Sections of mouse testis previously shown
to contain immunoreactive proteins for both class I
ADH and class IVADH (Deltour et al., 1997) were used
as positive controls.
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