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Abstract

The active metabolite of vitamin A, retinoic acid (RA), is a power-
ful regulator of gene transcription. RA is also a therapeutic drug. The
oxidative metabolism of RA by certain members of the cytochrome
P450 (CYP) superfamily helps to maintain tissue RA concentrations
within appropriate bounds. The CYP26 family—CYP26A1, CYP26B1,
and CYP26C1—is distinguished by being both regulated by and active
toward all-zrans-RA (at-RA) while being expressed in different tissue-
specific patterns. The CYP26A1 gene is regulated by multiple RA re-
sponse elements. CYP26A1 is essential for embryonic development,
whereas CYP26B1 is essential for postnatal survival as well as germ cell
development. Enzyme kinetic studies have demonstrated that several
CYP proteins are capable of metabolizing at-RA; however, it is likely
that CYP26A1 plays a major role in RA clearance. Thus, pharmacolog-
ical approaches to limiting the activity of CYP26 enzymes may extend
the half-life of RA and could be useful clinically in the future.
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INTRODUCTION

Vitamin A, through metabolism to all-trans-
retinoic acid (at-RA), plays a crucial role in
cellular proliferation and differentiation. The
physiological actions of RA begin early in devel-
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opment and continue throughout life. RA also
is a clinically useful drug (16, 23, 106). At-RA
functions as an endogenous ligand for nuclear
retinoic acid receptors (RARw, 3, and y), which
dimerize with retinoid X receptors (RXR«, £,
and y) and bind to specific DNA sites, known as
retinoic acid response elements (RAREs), usu-
ally located in the promoter regions of the genes
that are direct transcriptional targets of RA (6,
7,22, 115). Although altogether more than 500
genes are regulated by RA under various physi-
ological conditions, the mode of regulation has
been discovered for relatively few of them (5).
The need for close regulation of RA concen-
trations at the cellular and tissue levels is well
demonstrated by the observations that both a
deficiency and an excess of RA, during criti-
cal developmental periods, are teratogenic to
the embryo (15, 95). Tissue levels of RA are
regulated both by synthesis from retinol and
by catabolism (15, 62) (Figure 1). In recent
years, studies have provided new insightinto the
processes by which RA is catabolized and the
means through which catabolism is markedly
increased in response to nutritional or pharma-
cological situations in which the concentration
of RA rises. This review focuses on mechanisms
that regulate RA through the process of oxida-
tive metabolism, and particularly on the gene
family cytochrome P450 (CYP)26, for which
at-RA is often a strong inducer at the level of
gene transcription as well as the substrate for
the gene product at the level of enzyme activity.

Initial Studies on Retinoic
Acid Oxidation

In the 1960s, original studies by Roberts and
DeLuca (18, 83) reported on the metabolism of
4C-radiolabeled RA, prepared with the label in
various positions, including at carbon positions
6and 7, 14, and 15, which were administered to
intact vitamin A—deficient rats. On the basis of
the presence of labeled metabolites in the feces
and urine, they speculated that RA might be
metabolized through at least three pathways.
One of these pathways, which accounted for
nearly two-thirds of RA metabolism, involved
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Metabolism of vitamin A, showing production and metabolism of retinoic acid (RA) (boxed). CYP,

cytochrome P450.

the excretion of the retinoid with an intact
isoprenoid side chain, which they assumed to
include retinoyl-f-glucuronic acid (18), which
had been characterized earlier as a metabolite
in the bile of RA-treated rats (20, 48). The
remaining two pathways apparently involved
oxidative loss of the C-14 and C-15 positions.
Further studies, after the advance of techniques
in retinoid analysis, reported the identification
of metabolites formed in vivo, in cells, or in
cell-free membrane systems (17, 24, 25, 30, 31,
57,58, 63, 84-86). From these early studies, the
principal oxidative reaction in RA metabolism
was postulated to be catalyzed by an enzyme or
enzymes with properties similar to cytochrome
P450-mediated monooxgenase systems, based
on the localization of activity to the microso-
mal fraction, the requirement for oxygen and
nicotinamide adenine dinucleotide phosphate
(NADPH)) for catalysis, and the inhibition of
RA metabolism by carbon monoxide (84, 85).
Second, the enzymatic reaction system deduced
from these studies is also apparently sensitive
to the vitamin A status of the animal, because
pretreatment in vivo with vitamin A or RA
boosted the system for the metabolism of at-RA
to polar metabolites, including 4-hydroxy-
and 4-oxo-RA (46). Later, various CYP450
isozymes purified from human (47), rat (96),
and rabbit (87) liver were shown to have signif-

icant RA hydroxylation activity in the presence
of NADPH, whereas imidazole-based reagents
such as ketoconazole were able to reduce the ox-
idative metabolism of RA in vitro and increase
the half-life of RA in vivo (111, 112). Other
studies suggested that several cytochrome P450
members including CYP2C8 (47) and CYP3A
(55) exhibit RA hydroxylase activity. However,
it was not until 1996 that the first member of
the cytochrome P450 family, known as CYP26,
was cloned and shown to be not only specific
toward the enzymatic oxidation of at-RA but
also highly induced by its own substrate (117).
The CYP26 family is now recognized as a
major contributor to the oxidative metabolism
of RA under nutritional and pharmacologic
conditions. A schematic of the phase 1 (oxi-
dation) and phase 2 (conjugation) metabolism
of RA, as mediated sequentially by CYP26
and uridine 5’-diphospho (UDP)-glucuronosyl
transferase enzymes, is illustrated in Figure 2.

CHARACTERIZATION OF CYP26
FAMILY MEMBERS

Cloning of the Individual Members
of the CYP26 Family

Based on knowledge from the studies above,
White et al. (117) used a differential display
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Retinoic acid
receptor (RAR): a
family of three nuclear
receptor genes, RAR,
3, and y, that are
expressed differentially
in a wide variety of
cells. Of the three
types, RAR o has the
widest tissue
distribution. All three
bind at-RA as ligand.
The binding of an
RAR protein to an
RXR protein forms a
heterodimeric receptor
complex that binds to
specific elements in
DNA, termed retinoic
acid response
elements. [See (5, 6,
10, 22, 115) for further
details on RAR
proteins and genes
regulated by RARs]
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Retinoid X receptor
(RXR): the retinoid X
receptor family
comprises three
nuclear receptor
genes, RXRe, 3, and
7, that are expressed
differentially in a wide
variety of cells. RXR«&
has the widest
distribution. Their
physiological ligand,
which is still debatable,
may be 9-cis-RA or a
long-chain fatty acid,
or they may not
require a ligand. The
RXRs form
heterodimers not only
with RAR proteins,
but also with several
other nuclear receptor
proteins including
peroxisome
proliferator-activator
receptors
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approach to identify genes thatare responsive to
RA, using zebrafish as a model organism. They
tested for genes expressed during regeneration
of the amputated caudal fin of zebrafish, in the
absence or presence of at-RA. By this approach
an RA-responsive cDNA fragment was isolated,
which was then used to clone P450RAI (for RA
inducible) from a cDNA library from zebrafish
embryo. Similar to all cytochrome P450 super-
family members, the predicted protein from
this clone contains a conserved heme-binding
domain motif located in the C-terminal part of
the protein. This domain consists of a cysteine
residue at the center, involved in the heme
binding, surrounded by a series of conserved
amino acid residues. However, the predicted
cytochrome P450 protein was found to have
less than 40% amino acid identity to other
known cytochrome P450s, and therefore the
gene was classified as a member of a new cy-
tochrome P450 gene family, designated CYP26
(80, 116), with P450RAI becoming CYP26A1
(66). After transfection of CYP26A1 cDNA
into COS-1 cells, the expressed CYP26Al
protein catalyzed the conversion of at-RA to
4-hydroxy-RA, 4-oxo-RA, and 18-hydroxy-RA
(117). A year later, the same authors reported
the human ¢cDNA ortholog of CYP26A1 (116),
and at the same time two independent groups
cloned the mouse cDNA version of CYP26A1
(26, 80). CYP26A1 c¢DNA has now been
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reported for several other species including
chicken, xenopus, rat, and cow (32, 40, 99, 114).

The gene for CYP26B1 was identified
on the basis of an in silico search using the
sequence alignment available for CYP26A1
and available ESTs in the Genbank database,
from both human and zebrafish (66). This gene
was also cloned, as P450RAI2 (CYP26B1),
by polymerase chain reaction (PCR) from a
human retina ¢cDNA library (118). The third
member of the CYP26 family, CYP26CI,
was discovered through searching the high-
throughput genomic sequences database at the
National Center for Biotechnology Informa-
tion using the amino acid sequences of human
CYP26A1 and CYP26B1. The information on
the sequence of an available bacterial artificial
chromosome clone containing the CYP26Cl1
gene was used for PCR-based cloning from hu-
man adrenal gland (101). This strategy yielded
the nucleotide region corresponding to the
open reading frame (ORF) of the third novel
member of the CYP26 family, CYP26C1. A
zebrafish gene that was reported as CYP26D1
is 99% similar to CYP26C1 and thus should
be classified as CYP26C2 according to the
nomenclature for the cytochrome P450 super-
family (65). On the basis of available sequence
information in the Genbank database for
human, mouse, and rat CYP26 family genes,
it appears likely that the CYP26A1, CYP26B1,
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and CYP26C genes complete the CYP26 gene
family, although additional protein variants
may exist through either alternative RNA
splicing or alternative usage of promoters.

The three human CYP26 proteins are pre-
dicted to range from 497 to 522 amino acids
in length, which may correspond to about a
molecular mass of 50 to 60 kDa with possi-
ble glycosylation, which is typically observed in
other cytochrome P450s. Each protein is pre-
dicted to contain several membrane-spanning
regions (101). Upon alignment of all three
human CYP26 proteins, less than 55% of
the amino acids are identical: CYP26A1 and
CYP26B1 share only 43 % amino acid identity,
CYP26A1 and CYP26C1 45%, and CYP26B1
and CYP26C1 51%. Similar patterns of iden-
tity have been observed in other species. How-
ever, for each of the three genes, the CYP26
proteins from human, rat, mouse, and zebrafish
are closely related, suggesting there has been
strong pressure for amino acid sequence preser-
vation throughout vertebrate evolution (33).
Of the three proteins, CYP26B1 is the most
highly conserved and CYP26C1 the least con-
served. The greater conservation observed for
CYP26B1 might be related to its essential role
in germ cell development, as discussed further
below in this review.

Expression Patterns

In general, cytochromes P450 comprise a su-
perfamily of membrane-bound oxidative hemo-
protein enzymes, which are expressed in many
tissues in vivo but most often are present at
the highest level in mammalian liver. These en-
zymes have been found to be the principal route
of metabolism for many hormones, drugs, and
other xenobiotics. The patterns of expression
for each of the three CYP26 genes differ both
in the adult and in embryonic tissues (the lat-
ter are discussed in the section titled Role of
Vitamin A in Embryonic Development) and
have much broader expression patterns than
many cytochrome P450s. In the adult,
CYP26A1 is mostly highly expressed in the
liver, but less in brain and testis (80, 114, 120)

(see examples in Figure 3). In the adult hu-
man liver, comparative studies found the level
of CYP26A1 expression to be highly variable
among individuals (105). This might be at-
tributable to the variability among individuals
in vitamin A intake, since CYP26A1 is highly
regulated by vitamin A in the liver, and/or ge-
netic background, as discussed further below.
CYP26A1 is also expressed in cell lines from
several tissue origins. For CYP26A1, cell lines
tend to fall into two groups. One group ex-
presses the gene at a very low level but exhibits
a high response to vitamin A or RA; these in-
clude HepG2 and MCF-7 cells (49, 50, 116,
124). The other group expresses the CYP26A1
gene at a higher basal level but is less regulated
by vitamin A or RA; this includes HEK293T
and SK-LC6 (116, 124). Human epidermal ker-
atinocytes, on the other hand, express only low
basal levels of CYP26A1 and do not exhibit in-
duction by RA (78).

By comparison, CYP26B1 is expressed
mainly in brain tissue, but also at low levels
in other tissues (118, 120). For human adult
cerebellum, CYP26B1 mRNA levels were
approximately twofold higher than in adult
whole-brain tissue (102, 107). CYP26B1 is
also expressed in adult liver tissue as well as
immune cells (102, 107). In lung, CYP26B1
appears to be the predominant CYP26 gene
(119). CYP26B1 is expressed in T-cells in the
gut, apparently to control RA signaling by
regulating the concentrations of RA originated
from the synthesis in the dendritic cells of the
gut-related organs (102). Among cell lines,
HepG2 cells, MCF-7 cells, and aortic smooth
muscle cells all express CYP26B1 at higher
levels when treated with RA (71, 104, 118).

In contrast, the CYP26C1 gene is expressed
mainly during embryonic development (81, 82,
90, 100), although it is detectable at low levels
in several adult tissues including adrenal gland,
lung, spleen, testis, and brain (120). CYP26Cl1
is expressed in keratinocyte cell lines treated
with either 9-cis-RA or at-RA (101). However,
9-cis-RA was much more effective than at-RA
in inducing expression of the gene (101).
It is not known whether such difference in
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Retinoic acid
response element
(RARE): a specific
DNA sequence to
which RAR-RXR
heterodimers bind in a
manner that regulates
gene transcription.
The canonical RARE
consists of two
hexameric sequences,
(A/G)G(G/T)TCA,
also known as half
sites, that are spaced
by 2 or 5 intervening
nucleotides [this type
of RARE is referred to
as direct repeat (DR),
e.g., DR-2 or DR-5].
However, sequences
differing from this
have also been shown
to act in a functional
manner as an RARE

CYP: cytochrome
P450 gene or protein
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Relative abundance of CYP26A1 mRINA in rat tissues and CYP26A1 promoter regulation in HepG2
hepatocytes. (4) CYP26A1 mRNA is much more abundant in the liver compared with lung, small intestine,
and testis of rats and is down-regulated in vitamin A deficiency. Northern blot analysis from (114).

(B) Diagram of the CYP26A1 promoter showing three RAREs and a half site (RARE4), R1, R2, R3, and R4.
Distances from the transcription start site are marked. Promoter activity (relative luciferase activity) in
HepG2 cells for the full-length (FL) wild-type promoter sequence and response elements (R), and for
sequences mutated (M), at M1, M2, M3, or M4. Whereas RA increased activity ~20 fold for the FL
promoter, mutation of any one of the RARE sites reduced luciferase activity by 80% to 90%, indicating that
all of these RARESs are necessary for the RA-induced expression of CYP26A1. Data from (124).
Abbreviations: CYP, cytochrome P450; RARE, retinoic acid response element; VAD, vitamin A deficient;

VAS, vitamin A sufficient.

induction might be related to the preference
of this isozyme for 9-cis-RA as the substrate.
Finally, numerous genomic polymorphisms
have been reported for each of the three mem-
bers of the CYP26 family (for more informa-
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tion, see http://www.ncbi.nlm.nih.gov/snp/).
For CYPA1 member, two mutant alleles that
result in coding changes (F186L and C358R)
were found to have 40% to 80% lower activity
toward RA metabolism as compared with the
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wild-type proteins (45). Since CYP26A1 as well
as CYP26B1 have been shown to be nonredun-
dant and indispensable during development, as
discussed further below in this review, signifi-
cant contributions of all of these genomic poly-
morphisms could be important in determining
RA metabolism and signaling.

PHYSIOLOGICAL AND
MOLECULAR REGULATION OF
CYP26 GENE EXPRESSION

That at-RA is not only the specific substrate
for CYP26A1 and CYP26B1 isozymes but also
a potent inducer of these genes is particularly
evident for CYP26A1 in liver (26, 80, 89, 105,
114, 121, 125) (see also Figure 3) and for
CYP26B1 in lung tissue (12, 119). In liver,
CYP26A1 mRNA is present at a low but
detectable level in the vitamin A-adequate
state, whereas in the vitamin A-deficient state,
CYP26A1 mRNA falls to a nearly undetectable
level (114). In a nutritional study in which rats
were fed graded doses of vitamin A (marginal,
adequate, and supplemented), both liver
total retinol concentration, an indicator of
vitamin A status, and CYP26A1 mRINA levels
exhibited dose-dependent responses to dietary
vitamin A (14). A similar graded response to
dietary vitamin A was observed in the liver of
rats fed vitamin A-adequate and vitamin A-
supplemented diets across their entire life span,
from young to old age (121). CYP26A1 mRNA
increased progressively with age for each level
of dietary vitamin A, which also correlated
with age-related increases in liver vitamin A
content in rats fed either a vitamin A—adequate
or vitamin A—supplemented diet. Thus, under
steady state conditions, differences in the intake
of vitamin A and the duration of exposure to
vitamin A correlate well with CYP26A1 mRNA
levels. However, although the CYP26A1 gene
is responsive to differences in dietary intake
of vitamin A, the most dramatic response is
observed after administration of at-RA and,
again, especially in the liver. CYP26A1 mRNA
levels increased some 2,000-fold 6 hours after
vitamin A-deficient rats were treated with

~100 pg of at-RA and then declined to near
basal levels by 72 hours (89, 114). These results
suggest that a continuous presence of RA is
necessary to maintain elevated expression of
CYP26A1. The rapid decrease in the level of
CYP26A1 mRNA after reaching its peak, in
the absence of additional RA, also suggests
that the half-life of the message is relatively
short. In metabolic studies, the conversion of
SH-RA to *H-labeled polar metabolites in the
liver and level of CYP26 mRNA increased
concomitantly in the same animals (14, 89).
The CYP26A1 gene also exhibits moderate
regulation by retinoid treatment in other
tissues including testis, lung, kidney, and small
intestine (12, 114, 124) (Figure 3A4). Similar
to the response of CYP26A1 in the liver of
intact animals, CYP26A1 mRNA also increases
rapidly in hepatocyte cell lines, such as HepG2
cells, after treatment with at-RA or its analogs
(104, 116, 124). Like in liver, the concentration
of vitamin A is nil in the extrahepatic tissues
of vitamin A—deficient rats, including testis,
lung, kidney, and small intestine; however,
upon treatment with RA the CYP26A1 mRNA
level increased significantly, but not more than
10-fold after 10 hours (114).

Comparatively, CYP26B1 mRNA also in-
creased nearly linearly with RA dose in the
liver, but by not more than 10- to 15-fold
within ten hours after treatment and then, sim-
ilar to CYP26A1, it decreased to basal lev-
els by 72 hours (125; R. Zolfaghari & A.C.
Ross, unpublished data). In the lung, CYP26B1
may be the predominantly responsive form of
CYP26 mRNA (119). In the lungs of neona-
tal rats treated with vitamin A, RA, or a com-
bination of both, CYP26B1 mRNA increased
rapidly and, relative to CYP26A1, to a higher
level, and the increase was also more persis-
tent (119). In T cells from gut-related lymphoid
organs, CYP26B1 has been shown to be up-
or down-regulated by at-RA and transforming
growth factor-p (TGF-B), respectively (102).
Additionally, CYP26B1 is expressed in the post-
natal mouse ovary, where it is down-regulated
by activin, a member of the TGF-f family. In
this tissue, CYP26B1 is proposed to function
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in the control of granulosa cell proliferation
(38).

Regarding CYP26C1, which appears to
be a minor CYP26 in adult tissues, little is
known about its physiological expression of
CYP26C1 under dietary or pharmacological
conditions. However, whereas both CYP26A1
and CYP26B1 genes are induced by vitamin
A and RA, the CYP26C1 gene is either up-
regulated or down-regulated by RA dependent
on tissues or cell types (81, 101). At present,
CYP26C1 stands apart as an atypical member
of this gene family due to its relatively low
expression in adult tissues, wider substrate
utilization, and preference for 9-cis-RA, and
down-regulation as well as up-regulation of its
mRNA in response to retinoid treatment.

For all three CYP26 genes, even where their
tissue distribution has been defined, there is
limited information on their cell-type-specific
expression. By in situ hybridization analysis,
CYP26A1 is located in liver hepatocytes (89).
CYP26B1 has been localized to brain regions
but not cell types. For CYP26C1, no cell-level
information is available for adult tissues. Addi-
tional studies are needed to clarify in greater
detail the cellular distribution of these genes
and, for CYP26B1 and CYP26C1, how they are
regulated.

Transcriptional Regulation of
CYP26A1 in Cell Lines and Liver

Research to understand the mechanism of reg-
ulation of CYP26 genes has focused to date on
CYP26A1 because of its rapid and high level
of response in vivo and in cells. Originally,
CYP26A1 transcriptional activation by RA was
shown to be controlled by a conserved RARE
element present in a reversed direction located
in the proximal region of CYP26A1 putative
promoter close to the transcription start site of
the gene (49). This element region in coopera-
tion with the nearby guanine-guanine-rich re-
gion representing SP1/SP3 binding sites was
found to increase the promoter activity in re-
sponse to RA in a few cell lines, including F9
and P19 cells of embryonic origin. Since the
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magnitude of the response of the promoter to
RA was still far less than the endogenous re-
sponse of the gene, it was speculated that there
should be another additional element(s) act-
ing in control of the promoter in response to
RA. Later, another conserved RARE element,
RARE2 (Figure 3B),located in the distal region
of the CYP26A1 gene, was found to be active in
cooperation with the proximal RARE1 region
in response to at-RA in P19 cells as well as in
MCF-7 breast carcinoma cells (50).

As mentioned above, the induction of
CYP26A1 is particularly strong in the liver.
Physiologically, hepatocytes are likely to be
the first cells to sense the concentration of
RA entering the liver via the portal vein from
the intestines, via the splanchic circulation,
and via the hepatic vein from the systemic
circulation, and CYP26A1 in concert with
UDP-glucuronidyl transferases (92), as liver-
expressed phase I enzymes, are ideally situated
to convert excess RA into polar metabolites and
then to further convert them to water-soluble
compounds for elimination from the body as
biliary metabolites (Figures 1 and 2). Among
liver-expressed genes, none have exhibited a
larger response to dietary vitamin A and exoge-
nous RA than CYP26A1 (89). As analyzed by
nuclear run-on assay in the liver of intact rat, al-
most the entire induction of CYP26A1 mRNA
by retinoids is due to the activation of the tran-
scriptional process (125).

Sequence analysis indicates that at least
four RAREs are present within about 2.2 kbp
region upstream of the transcription start
site of the CYP26A1 gene; one (RAREIL, as
discussed above) is present in the proximal
region and the other three (RARE2, RARE3,
and a half-site, RARE4) in a cluster in the distal
region about 2.0 kbp away from the proximal
element (Figure 3B). These elements together
with the distances between them are highly
conserved, at least between human and rodent
CYP26A1 promoter regions. The promoter is
highly responsive to RA in HepG2 cells (124).
Like CYP26A1 mRNA, the promoter of the
CYP26A1 gene is perhaps the most responsive
promoter to RA, as compared to any other
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gene promoters reported in the literature. In
fact, the response of the CYP26A1 promoter
has been proposed as a tool for analyzing RA
concentrations in biological systems (50). Each
of the four individual elements in both the
distal and proximal regions is essential for full
activity of the promoter in response to RA in
HepG2 cells because deletion or mutation of
any one of these elements significantly blunted
or abrogated the promoter response to at-RA
(124) (Figure 3B). In comparison, HEK293
cells, used as a model for nonhepatic cells in
which CYP26A1 expression is less responsive
to RA than in liver cells and as also observed for
kidney and other peripheral tissues in vivo (114,
124), did not exhibit the same dependency on
all four RAREs for maximal expression (124).
Although the group of distal response elements
is relatively far away from RAREI and the
transcription start site, it is possible that
the distal region is brought into proximity to
the proximal region by chromatin looping,
resulting in the increased transcriptional re-
sponse of the gene to elevations in vitamin A in
vivo and RA concentration in vivo and in cul-
tured cells. By chromatin immunoprecipitation
assay using chromatin from RA-treated and
untreated HepG2 cells, DNA-dependent RNA
polymerase II (Pol-II) occupied not only the
region around RAREI but also the more distal
region after RA treatment (124), suggesting
that the binding of RA to RARs on these
elements may facilitate interaction between
these regions and with the basal transcriptional
machinery. In the future, additional studies
to map changes in chromatin conformation
may help to further clarify how CYP26A1 is
regulated by its multiple and essential RAREs.

Unlike for CYP26A1, the mechanism of reg-
ulation of gene expression for CYP26B1 is not
understood. The proximal regulatory region of
the CYP26B1 gene lacks the retinoid response
elements found in CYP26Al1. From an anal-
ysis of hundreds of retinoid responsive genes,
Balmer & Blomhoff (5) concluded that for only
a few dozen has a direct mechanism been de-
fined, although indirect regulation may be more
common.

As mentioned above, the CYP26C1 gene is
either induced or suppressed by RA depend-
ing upon tissue and cell types. Like CYP26B1,
the upstream region of the CYP26C1 gene, as
a possible regulatory region, lacks any RARE.
However, as the CYP26C1 gene is located just
upstream of the CYP26A1 gene, itis not known
whether the regulatory region of CYP26Al
gene could have any influence on the expres-
sion of the CYP26C1 gene.

CATALYTIC ACTIVITY OF THE
CYP26 FAMILY

Like other cytochrome P450 family members,
CYP26 proteins are endoplasmic reticulum
(microsomal) proteins. They are difficult to
isolate and apparently require a membrane
environment for activity. Thus, studies of enzy-
matic activity of the CYP26 proteins have relied
on assays in microsomal fractions prepared
from cultured cells and tissue samples (105,117,
118, 121), especially from liver, or supersome
assemblies as a source of cDNA-expressed
enzymes (51). In general, similar oxidized
products have been reported for microsomal
extracts from liver of mice and rats treated in
vivo with at-RA (89, 121) as compared to those
observed in transfected cells (101, 117, 118).
The substrate specificity of both CYP26A1
and CYP26B1 appears to be similar based on
studies in transfected COS-1 cells. Each of
them exhibits very high catalytic activity to-
ward at-RA but a much lower activity toward
other retinoids, including 9-¢is-RA, retinal, and
retinol (101, 117, 118). Although the activity of
CYP26C1 was similar to that of CYP26A1 and
CYP26B1 for oxidation of at-RA, CYP26Cl1
catalyzed equally the oxidation of 9-cis-RA
(101). Thus, whereas all three members of the
CYP26 family are able to convert at-RA to 4-
hydroxy- and 4-oxo-at-RA and 18-hydroxy-at-
RA as the primary products (51, 101, 117, 118),
the major oxidative metabolites of 9-cis-RA by
CYP26C1 are the corresponding 4-hydroxy-
9-cis-RA and 4-0x0-9-cis RA (101). Recombi-
nant CYP26A1 protein catalyzed the oxidative
conversion of at-RA efficiently in a reaction
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supplemented with P450 oxidoreductase and
NADPH but was independent of cytochrome
b5 (51). The catalytic activity of all three CYP26
enzymes is blocked by compounds, such as
ketoconazole (101, 117, 118), which function
as general inhibitors of cytochrome P450 en-
zymes; however, CYP26CI activity is inhib-
ited only at a much higher concentration of
ketoconazole as compared to CYP26A1 and
CYP26B1 (101), another distinction between
CYP26C1 and the other two CYP26s.

The functional activity of the products of RA
metabolism has been a subject of some debate.
Results from several studies showed that some
of the oxidative products of at-RA metabolism
such as 4-oxo-RA and 5,6 epoxy-RA may have
some biological activity. These activities in-
clude the induction of differentiation and subse-
quent proliferation of growth-arrested A sper-
matogonia in vitamin A-deficient mice testis
(27), modulation of positional specification in
early embryo in Xenopus (77), good growth re-
sponse in vitamin A—deficient rats as compared
to retinyl acetate (36), and epithelial differenti-
ation (58). However, based on genetic evidence,
at-RA—but not the oxidative derivatives of
at-RA metabolism—is involved in embryonic
development (67). Thus, the data currently
are inconsistent, and no firm conclusion can
be drawn regarding the biological activity of
oxidized retinoids. Whether these metabolites
are active or inactive could be context specific,
according to where they are produced and
available.

CYP26 AND EMBRYOGENESIS

Role of Vitamin A in Embryonic
Development

Vitamin A is essential for reproduction in
both the male and female. During embryonic
development, RA plays a pivotal role in pattern
formation both in the early embryo and
during the period of organogenesis. Vitamin
A deficiency at the time of mating and during
pregnancy results in a collection of defects
and malformations in the fetus, referred to as
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vitamin A-deficiency syndrome (15, 60, 93).
On the other hand, an excess intake of vitamin
A, RA, or acidic retinoid analogs is highly
teratogenic and induces abnormalities that are
not very different from those that result from
deficiency, including defects in craniofacial,
central nervous, and cardiovascular systems
(15, 60, 95). Nearly all of the cells of the em-
bryo are capable of RA signaling, as isoforms
of each of the retinoid nuclear receptors are
expressed during embryonic development (10).
Because RA molecules can easily diffuse across
distances or be transported by proteins such as
albumin and are rapidly taken up by cells, it is
presumed that the proper regulation of local
concentrations of RA is essential for normal
development (76). Tissue RA concentrations
are regulated both by enzymes that generate
RA—retinol and retinal dehydrogenases—and
by enzymes that metabolize RA to less active
metabolites, including all members of the
CYP26 family (19, 68). All members of the
CYP26 family are expressed in human, rodent,
and chicken embryos, but their special and
temporal regulation is highly specific (76).

Role of Retinoic Acid in Germ
Cell Development

During germ cell development, whether germ
cells develop as oocytes or spermatogonia
depends on the time at which the cells enter
meiosis. Although germ cells in the embryonic
ovary progress to meiosis, those in the embry-
onic testis are retarded, and meiosis does not
occur until puberty (9). In an expression screen
to detect genes expressed sex-specifically
during mouse gonadogenesis, CYP26B1 was
identified as a gene that becomes essentially
male specific by 12.5 days postcoitum (dpc)
(8). Whereas RA, which is known to stimulate
meiosis (39), is produced in the mesonephros
adjacent to the developing gonads of both
sexes, as demonstrated by expression of an RA-
sensitive reporter gene, by 13.5 dpc only the
male gonad expresses CYP26B1, apparently in
Sertoli cells, and the relative amount of RA in
the male gonad is reduced to 25% of that in



Annu. Rev. Nutr. 2011.31:65-87. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/03/12. For personal use only.

the female gonad. Moreover, in male gonadal
organ cultures the addition of ketoconazole
to reduce RA oxidation resulted in elevated
expression of Scp3 and Dmcl, genes that
normally are higher in the female. Similarly
in other studies, CYP26B1 together with an
unknown secreted “meiosis inhibitory factor”
inhibited meiosis specifically in male germ cells
(29). However, conversely, in CYP26B1-null
mouse embryos, the levels of Stra8 and Scp3,
considered markers of female germ cells,
were up-regulated in XY gonads, and meiosis
progressed earlier than normal (8, 9). It also
may be that CYP26B1 expression at an earlier
stage of female germ cell development serves
as an inhibitory signal to prevent premature
induction of meiosis by RA, with the inhibition
then being released when CYP26B1 gene
expression is extinguished from 11.5-13.5
dpc (8). Bowles et al. (8, 9) concluded that
CYP26B1 in Sertoli cells, acting as a meiosis-
inhibiting factor in males, holds the key to
the appropriate timing of male germ cell
maturation by retarding meiosis in the male
fetal testis. Recently, studies have indicated
that sex-specific timing of meiotic initiation is
regulated by the expression of CYP26B1, simi-
lar to findings of the work cited above, but that
RA is not required for the induction of Stra8
in the female, since increased Stra8 expression
was observed in the ovaries of mice lacking
genes involved in RA production (41). Further
studies are needed to elucidate how CYP26B1
expression is turned on in a sex-specific manner
in the fetal Sertoli cells and extinguished in
female germ cells and whether RA is required
for meiotic progression in the female embryo.

Expression of CYP26 During
Embryonic Development and Stem
Cell Differentiation

During murine embryonic development, all
three CYP26 family isozymes are distinctly
expressed in relatively nonoverlapping re-
gions, which are particularly sensitive to the
teratogenic effects of RA (19, 68). CYP26A1
is present at an earlier stage of embryonic

development as compared to CYP26B1 and
CYP26C1. Whereas CYP26AL1 is expressed as
early as embryonic day (E)6.0 in extraembry-
onic and embryonic endoderm (26), just before
gastrulation stage and presumably to protect
the embryo from excess maternal vitamin A
or RA, the expression of CYP26B1 is initiated
at E8.0 in the hindbrain (52), in distinctive
rhombomeric regions that differ from those
that express either CYP26A1 or CYP26Cl1
at the same stage of development. During
human prenatal development, CYP26B1
mRNA expression is much higher in cephalic
tissues than hepatic tissues (107), and in the
early gestation period, CYP26B1 expression in
cephalic tissue is about ten times higher than at
later gestational stages (107). CYP26C1 starts
to be expressed as early as E7.5 in the amnion
(100). As development progresses, whereas the
CYP26 family members each continue to be
expressed in distinctive rhombomeres of the
hindbrain, CYP26A1 is strongly expressed in
the tail bud, and CYP26B1 is detectable in the
limb buds (26, 52). At later stages during the
development of the eye, CYP26A1 alone is ex-
pressed in the developing neural retina, whereas
both CYP26A1 and CYP26B1 are coexpressed
in the retinal pigment epithelium (2). In devel-
oping visceral organs, CYP26A1 is expressed
only in the diaphragm and outer stomach
mesenchyme, whereas CYP26B1 transcripts
are detected in the developing lung, kidney,
spleen, thymus, testis, and specifically in dermis
surrounding the developing hair follicles (2).
At the same stages, CYP26CI1 expression is
found in the inner ear and tooth buds (100).
As CYP26 isozymes function to catalyze the
oxidation of RA to less active metabolites, any
ablation of these enzymes may result in abnor-
malities similar to those observed in RA or vi-
tamin A toxicity. Whereas null mutations of
the genes for CYP26A1 (1, 91) and CYP26B1
(123) are lethal, the CYP26C1 gene seems to
be nonessential because CYP26C1-null mice
lack any particular phenotype and appear to be-
have like wild-type mice (108). CYP26A1-null
mouse fetuses die at mid-late gestation, with
multiple organ defects similar to those observed
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in excess RA signaling resulting from excessive
intake of vitamin A or use of RA (1, 91). Abnor-
malities include spina bifida, caudal regression
patterning, hindbrain defects, and embryonic
transformations. CYP26B1-null mice that are
born alive die right after birth due to respiratory
defects (123). CYP26B1 is normally expressed
during limb bud development (52), and limb
bud development is defective in CYP26B1-null
mutants (123). Consistent with a critical role
of CYP26B1 in normal male germ cell devel-
opment (9), CYP26B1-null mice have smaller
testes and lack any germ cells, indicating that
CYP26B1 not only acts as a meiotic inhibiting
factor but also is essential for germ cell sur-
vival, apparently by preventing premature ex-
posure to RA (9, 53, 76). Despite CYP26C1-
null mouse mutants not showing a particular
phenotype, the loss of this gene in combina-
tion with the other two members of CYP26
family exacerbated the teratogenic effects of RA
on embryonic development (76, 108). Overall,
the differences among CYP26A1, CYP26B1,
and CYP26Cl1 in their expression patterns, tim-
ing of expression, and consequences of gene
deletion, together with the conservation of all
three genes in all vertebrates studied, imply that
CYP26A1 and CYP26B1 are essential for sur-
vival, but in different ways, while CYP26Cl1
confers a protective advantage against excessive
RA signaling that may be tissue specific.
CYP26A1 expression and potential function
has also been studied in embryonic stem (ES)
cells undergoing differentiation. In undifferen-
tiated ES cells, removal of leukemia inhibitory
factor (LIF), which functions to prevent differ-
entiation, resulted in increased CYP26A1 ex-
pression and increased conversion of all-trans-
retinol to 4-oxo-retinol; however, neither RA
nor 4-oxo-RA were detected (43). In another
study using AB1 ES cells, the disruption of both
alleles of the CYP26A1 gene by homologous re-
combination resulted in an 11-fold higher con-
centration of intracellular RA in cells treated
48 hours earlier with RA together with reduced
expression of RA-responsive genes involved in
cell differentiation (44). Thus, the expression
of CYP26A1, through regulation of retinoid
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concentrations in undifferentiated pluripotent
ES cells, is important for their differentiation,
which may involve CYP26-produced metabo-
lites of retinol as well as of RA.

OTHER CYP FAMILIES
WITH RETINOIC
ACID-METABOLIZING ACTIVITY

Well before the CYP26 family was identified,
at-RA-4-hydroxylation activity was known
(24, 46, 47, 55). Most of the research on
at-RA-4-hydroxylation has focused on the
liver owing to its major role in the cytochrome
P450-mediated detoxification of many bioac-
tive metabolites. In human liver, the capacity
for hepatic at-RA-4-hydroxylation activity
seems to vary among individuals. For example,
RA-4-hydroxylation activity measured in
microsomal samples from 19 different liver
transplantation donors ranged about sevenfold
(61), and, comparatively, in a recent study
testing hepatic microsomal activity among 37
individuals the variation was ~100-fold (105).
Substrate affinity (Km values for at-RA) and
maximum velocity also differed considerably
among individuals within studies (59, 61). At
present, little information exists on the reasons
for this variation. Activities have also differed
among studies, which may be attributable to
differences in substrate concentrations used or
other assay factors.

As liver is the major site of at-RA-4-
hydroxylation, several hepatic CYP isoforms
have been analyzed so far for their relative
contributions, using assays of liver microsomes,
transfected lymphoid or HEK293 cells, or
enzymes in supersome assembly. Among them,
significant RA-4-hydroxylation activity was
observed for CYP3A4, 3AS5, 3A7, 2C8, 2C9,
2C22, and 2C39 (3, 46, 54, 59, 61, 79, 105). In
two separate studies using either microsomes
from insect cells transformed with cDNA of
human CYPs (61) or microsomal fractions
of lymphoid cells transfected with individual
human CYP ¢cDNA (59), CYP2C8 was shown
to be more efficient than either CYP2C9 or
CYP3A4 isozymes in at-RA-4-hydroxylation.
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However, the total contribution of CYP3A4 in
at-RA-4-hydroxylation in liver may not be
greatly different from CYP2C8 because
CYP3A4 represents about 20% to 30% of
the total CYP in the liver, whereas CYP2C8
constitutes only 2% (59). In a study comparing
CYP2C8, CYP2C9, CYP3A4, CYP3Aj,
and CYP3A7 in the microsomal fraction of
lymphoblasts and HEK293 cells transfected
with human CYP ¢DNAs, CYP3A7 was the
most active isoform for the formation of all
three metabolites of at-RA oxidation including
4-hydroxy-RA, 4-oxo-RA, and 18-hydroxy-RA
59).

Recently, a kinetic comparison of CYP26
isoforms to other CYPs with the potential
for RA-4-hydoxylation has been reported
(105). First, in a comparison study of 12
different purified CYP450 isoforms tested
in supersome form for oxidative conversion
of at-RA to 4-hydroxy-RA as the primary
product, in a reaction containing NADPH,
P450 reductase, and 10 uM at-RA, CYP2CS8,
CYP3A4, CYP3AS5, and CYP3A7 had sig-
nificant 4-hydroxylase activity and therefore
were further evaluated kinetically (105). The
Km values for at-RA-4-hydroxylation for
all four of these CYPs were similar, in the
range of 11.1 to 19.4 puM, and Vmax values
equaled 2.3 to 4.9 pmol/min/pmol P450.
Comparatively, the Km and Vmax values for
at-RA 4-hydroxylation by purified CYP26A1
in supersomes were 9.4 nM, nearly three orders
of magnitude lower than those above, and
11.3 pmol/min/pmol P450, respectively. On
the basis of these results, CYP2C8, CYP3A4,
CYP3AS5, and CYP3A7 were calculated to have
similar clearance activities to each other, all
in the range of 0.2 to 0.4 ul/min/pmol P450.
These rates are much lower than the clearance
rate of 1.2 ml/min/pmol P450 calculated for
CYP26A1. Based on the concentrations of
individual CYPs in the liver and these kinetic
data, CYP26A1 was predicted to be the primary
CYP for the hepatic clearance of at-RA at both
endogenous and therapeutic concentrations
(105). In the absence of CYP26A1, however,
CYP3A isoforms, and specifically CYP3A4, are

proposed to be the primary enzyme responsible
for RA hydroxylation for clearance (105).

The oxidative metabolism of RA has also
been studied in rodent models. Among ro-
dent CYP2C subfamily members, CYP2C7,
CYP2C22, and CYP2C39 exhibit catalytic
activity toward RA oxidation (3, 46, 79). Mouse
CYP2C39 expressed in Escherichia coli has a
relatively high affinity for at-RA with a Km of
0.8 uM, but a low Vmax of 48 fmol/min/pmol
P450, as compared to other CYP2C subfamily
members (3). Apparently, the expression of
the enzyme is repressed in the liver of mice
lacking the aryl hydrocarbon receptor gene
(3), indicating that the expression of the gene
may be controlled by xenobiotics. The rat
CYP2C22, an ortholog of human CYP2C8 and
CYP2C9, is expressed nearly exclusively in the
liver and was recently reported to metabolize
at-RA when expressed in HEK293 cells (79).
Like CYP26A1, CYP2C22 mRNA is increased
in the liver by vitamin A and exogenous RA
(89). The CYP2C22 promoter region contains
a DR-5 RARE located about 2 kbp upstream
of the transcription start site (79). Under
normal dietary conditions, the relative level
of CYP2C22 mRNA expression exceeds that
of CYP26A1 by about 100 fold (89). Thus,
CYP26A1, due to its strong and rapid induc-
tion by at-RA in the liver, as discussed above,
may function as an “emergency CYP” that
responds most dynamically to an increase in
hepatic RA concentration, whereas CYP2C22
could be important in maintaining a low level
of RA under basal conditions. Kinetically,
CYP26A1, CYP26B1, and CYP2C22 mRNAs
all increased rapidly in the liver in response to
treatment with RA, as early as 30 minutes after
RA administration, and reached a maximum
at about 6-10 hours. However, the CYP2C22
mRNA level stayed elevated longer than either
CYP26A1 or CYP26B1 mRNA. These results
imply that multiple CYP activities are present
in the liver and are regulated simultaneously
in response to an influx of RA. In vitro,
microsomes from HEK293T cells transfected
with CYP2C22 metabolized *H-at-RA to polar
retinoids (79). Interestingly, the metabolism of
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$H-at-RA was effectively inhibited by 9-cis-RA
and certain long-chain fatty acids, although
SH-9-cis-RA itself was poorly metabolized.
These results suggest that 9-cis-RA and long-
chain fatty acids could function as inhibitors or
competitors of this CYP isoform.

EFECTS OF BIOLOGICAL
AGENTS AND DISEASE STATES
ON CYP EXPRESSION AND
RETINOIC ACID METABOLISM

CYP enzymes in general are often affected by
many factors besides compounds that are con-
sidered to be their specific inducers or sub-
strates. A limited number of studies have ex-
amined whether the oxidative metabolism of
RA is affected by the use of bioactive com-
pounds or drugs and whether agonists for other
nuclear receptors, such as PPARs, might al-
ter the induction of CYP26 gene expression by
retinoids.

Metabolic Stress

The ability of vitamin A and RA to induce
CYP26 expression, as studied mainly in the
liver, is influenced by the health status of the
organism and also by the presence of certain
bioactive compounds. The metabolism of vi-
tamin A is disturbed during inflammation and
infection, as evidenced by reductions in plasma
retinol and plasma retinol-binding protein dur-
ing infection and inflammation (88, 97, 113).
Originally, it was found that the induction
of CYP26A1 mRNA expression by at-RA was
highly suppressed in lipopolysaccharide (LPS)-
treated THP-1 human monocytic cells (13),
and similar studies in intact rats showed that the
induction of CYP26A1 and CYP26B1 mRNA
expression by orally administered RA is greatly
attenuated in the liver of rats treated with LPS
(125). However, no significant change was ob-
served in the mRNA levels of either CYP26A1
or CYP26B1 in the liver of control rats treated
only with LPS. This may be due to the low
levels of expression of these genes in the liver
under normal dietary regimens.
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Drug-Retinoid Interactions

Apparently, smoking and alcohol use do not
significantly affect the RA-4-hydroxylation ac-
tivity as measured in human liver specimens
(61), although chronic alcohol use influences
the storage of vitamin A in the liver. However,
these factors have not been specifically evalu-
ated regarding effects on the CYP26 family.

RA-4-hydroxylation activity in hepatic mi-
crosomes was inhibited by more than 75%
by parathion, a potent insecticide; by 50% by
quinidine, a heart antiarrhythmic drug; and by
30% by ketoconazole, a general inhibitor of cy-
tochrome P450 enzymes (61). The inhibitory
effects of drugs on RA metabolism appears to
be consistent with findings of lower serum con-
centration of at-RA and 13-¢is-RA (21) and their
metabolites, including 13-cis-4-oxo-RA (64) in
patients using anticonvulsant drugs, such as
phentoin, carbamazepine, and valporate, and
antiepileptic drugs.

Although the contributions of CYP2C and
CYP3A subfamily members to the hepatic
clearance of RA may be less than for CYP26A1
(105), they may have an influence on the
metabolism of therapeutic levels of RA. As the
CYP2C and CYP3A isoforms have apparently
wider specificity in the metabolism of drugs, an
important question is whether the coadminis-
tration of RA during therapy with some drugs
may cause some kind of drug-RA interaction.
CYP2CS8 is involved in biotransformation of
several widely used drugs such as taxol, tolbu-
tamide, and warfarin, and RA has been shown
to be a potent inhibitor of this reaction (122).
The CYP3A subfamily is involved in the bio-
transformation of tamoxifen (34), a commonly
used anticancer drug. These CYP3A isozymes
were highly induced by RA, which may cause
enhanced catabolism of the drug (37).

Other bioactive compounds may also
alter the regulation of CYP26 genes or the
metabolism of RA. In a study of Caco-2 human
colon carcinoma cells, treatment with phytanic
acid and docosahexaenoic acid, activators of
PPAR«x and agonists for RXR«x, together
with either at-RA or Am580, the specific
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agonist for RAR, increased CYP26A1 mRNA
more than did treatment with either at-RA
or Am580 alone (42). Recently, clofibrate, a
specific PPAR« agonist, was shown to suppress
the mRNA expression of both CYP26Al
and CYP26B1 in HepG2 cells incubated
with low concentration of at-RA (104). In
the same report, however, ligands for both
PPARy (rosiglitazone and pioglitazone) and
PPARB/S (L-165,041) dramatically and dose-
dependently increased CYP26B1 mRNA in
HepG2 cells incubated with at-RA. These lig-
ands had much lower effect on CYP26A1 than
on CYP26B1 (104). In parallel to these results,
the CYP26B1, but not CYP26A1, transcript
was higher in individual donors positive for
fatty liver than in donors negative for fatty liver
(104). In contrast to the latter results, a separate
study showed that CYP26A1 transcripts were
about seven to nine times higher in the indi-
viduals with simple and nonalcoholic fatty liver
steatosis disease than in normal individuals (4).

Ischemia, as another factor, may also affect
the expression of CYP26A1 but not CYP26B1
(104). The CYP26A1 mRNA transcript has
been shown to be significantly lower in the liv-
ers of ischemic versus nonischemic individual
livers.

A deficiency of vitamin A has long been as-
sociated with carcinogenesis, and several stud-
ies have shown an up-regulation of CYP26A1
mRNA expression in cancer cell types and tu-
mors in vivo (94, 110). A concomitant decrease
in the level of RA and increase in CYP26A1
mRNA has been shown in Barrett’s associated
dysplasia and esophagus adenocarcinoma, both
in vitro and in vivo (11). CYP26A1 mRNA
was elevated in 42% of primary breast can-
cer specimens (72). The enhanced expression
of CYP26A1 suppressed cellular responses to
anoikis and consequently resulted in promotion
of anchorage-independent growth, whereas
suppression of CYP26A1 by a specific siRNA
reversed the oncogenicity, suggesting a direct
link between RA signaling and tumorigenicity.

Inhibition of the Catalytic Activity of
CYP26 by Specific Compounds

The antiproliferative properties of RA make
it a drug of choice for the treatment of
various disorders including leukemia, skin
disorders such as psoriasis and acne, as well
as an emerging therapy for conditions such as
atherosclerosis (16, 23, 35, 103). Because RA
is a specific substrate and a potent inducer for
both CYPA1 and CYPBI, the long-term use of
RA may result in the development of resistance
to RA therapy. Therefore, a better therapeutic
approach for those disorders could be to inhibit
the catalytic actions of CYP26 enzymes. Such
an idea has led to the development of RA
metabolism-blocking agents (RAMBAs). A
number of RAMBASs have been developed with
high potency for inhibiting the metabolism
of at-RA (for comprehensive reviews, see 56,
69). Among them, for example, are compounds
R116010 and R115866. R116010 enhances
the biological activity of at-RA and exhibited
antitumor activity in a mouse mammary carci-
noma model (109), whereas a single oral dose
of R115866 in intact rats resulted in increases
in endogenous tissue RA levels in plasma, skin,
fat, kidney, and testis, and as a result R115866
exerted retinoidal activities (98). Compound
R115866 has also been shown to be effective in
treating skin disorders, to potentially increase
the endogenous level of RA in the keratinocytes
and epidermis (28, 74), and to increase retinoid
signaling in intimal smooth muscle cells,
which is postulated to offer potential new
therapeutic ways to treat vascular proliferative
disorders (70). In organotypic organ cultures
of human skin, the addition of the cytochrome
P450 inhibitors liarozole and talarozole in the
presence of a very low concentration of RA
(I nM) increased CYP26A1 expression (73),
which may be due to the build up of RA to a
sufficient level to activate nuclear receptors and
thus increase transactivation of the CYP26A1
gene.
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So

SUMMARY POINTS

1. The mode of regulation has been discovered for relatively few of the more than 500 genes
that have shown to be regulated by RA under various physiological conditions. Of these
few, CYP26A1 is the most responsive to at-RA, at least in liver and certain cell types, and
its mode of regulation through RAREs has been partially defined. It is also likely to be a
major player in the clearance of RA, based on studies of RA-4-hydroxylase by expressed
human CYP enzymes.

2. CYP26A1 and CYP26B1 exhibit nutritional regulation according to vitamin A status.
They are both strongly regulated by at-RA in cells and the intact organism.

3. The CYP26 family plays critical roles in development. Studies in knockout mice have
demonstrated that CYP26A1 is essential for the development of the embryo, CYP26B1
is essential for postnatal survival, and CYP26CI can be eliminated without causing a
major phenotype, but it still appears to contribute positively by reducing the sensitivity
of the embryo to excessive RA. CYP26B1 also plays a unique role in male germ cell
development, serving to restrain RA signaling in embryonic testis and thus to prevent
premature meiosis.

4. CYP2C22, a liver-specific gene in the rat that is orthologous to human CYP2C8 and
possibly CYP2C9, also responds physiologically to increases in at-RA concentration and
possesses an RARE through which its expression is induced. 9-¢is-RA and long-chain
fatty acids inhibit its activity, suggesting potential interactions.

5. Interactions between the metabolism of RA and that of medically important drugs are
suggested by a variety of studies, but little is yet known of the pathways through which
drugs may affect retinoid homeostasis. When RA is used pharmacologically, it could
potentially alter the expression of CYPs (such as CYP2CB8) that also metabolize other
drugs. Thus, further studies on interactions are needed.

6. Cancer cell studies in which suppressing CYP26A1 expression has reduced tumorigenic-
ity, as well as studies using RAMBAS, suggest that strategies to limit the ability of CYP26
enzymes to clear RA may have an important place in retinoid therapy in the future.

FUTURE ISSUES

1. For CYP26A1, although important DNA elements have been mapped and tested for
functionality, the regulation of the gene at the level of complex chromatin structure has
not been determined. Given the very strong regulation of this gene by at-RA, CYP26A1
appears to be an ideal model for future studies at the chromatin level.

2. Evidence suggests that CYP26A1, CYP26B1, and CYP26CI fulfill different functions,
based on developmental studies and on nonidentical tissue distributions in the adult
vertebrate, but their specific functions are not well defined. The discovery that CYP26B1
is essential in germ cell development provides strong evidence that CYP26B1 serves a
different purpose from the other CYP26 family genes including CYP26A1, even though
enzyme studies have demonstrated similar catalytic activities of CYP26A1 and CYP26B1
toward at-RA, and they are coexpressed in some tissues (e.g., liver, lung). Moreover,

Ross o Zolfaghari



Annu. Rev. Nutr. 2011.31:65-87. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/03/12. For personal use only.

studies of gene expression have been conducted mainly at the organ/tissue level. Future
research is needed to understand the cell-specific expression and regulation of the CYP26
genes.

3. CYP26 genes typically show not only a rapid increase in mRINA in response to treatment
with RA in vivo or in cells, but also a rapid decrease in mRNA after induction. Currently,
there is little understanding of the regulation of the CYP genes at the post-mRNA
levels. Similarly, although progress has been made in better understanding the catalysis
of RA oxidation, there is still inadequate understanding of what controls protein levels
and none on the process of CYP protein translation and any possible translational or
post-translational control of CYP proteins.

4. Many members of the cytochrome P450 superfamily have been shown to utilize substrates
other than those for which they are named, and it cannot be concluded that the CYP26
family exclusively metabolizes RA; thus, additional enzyme studies using other substrates
as competitors, especially structurally similar substrates such as long-chain fatty acids,
should be conducted.

5. Evidence suggests there is considerable person-to-person variability in the ability of liver
microsomes to oxidize at-RA. Polymorphisms are known, but population-genetic studies
and the effects of polymorphisms on vitamin A requirements or RA used pharmacolog-
ically should be conducted. And since RA is used clinically, and CYP2C genes (e.g.,
human CYP2CS8) are well known to metabolize many clinically important drugs and can
also oxidize RA, the potential for RA-drug interactions seems imminent. Thus, addi-
tional studies with patient samples and/or in vitro studies to investigate retinoid—drug
interactions and the effects of CYP26 gene polymorphisms are likely to yield important
new information.
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