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Retinoids, vitamin A (retinol) and its metabolic derivatives, are
required for normal vertebrate development. In murine embryonic
stem (ES) cells, which remain undifferentiated when cultured in the
presence of LIF (leukemia inhibitory factor), little metabolism of
exogenously added retinol takes place. After LIF removal, ES cells
metabolize exogenously added retinol to 4-hydroxyretinol and
4-oxoretinol and concomitantly differentiate. The conversion of
retinol to 4-oxoretinol is a high-capacity reaction because most of
the exogenous retinol is metabolized rapidly, even when cells are
exposed to physiological (~1 uM) concentrations of retinol in the
medium. No retinoic acid or 4-oxoRA synthesis from retinol was
detected in ES cells cultured with or without LIF. The cytochrome
P450 enzyme CYP26 (retinoic acid hydroxylase) is responsible for
the metabolism of retinol to 4-oxoretinol, and CYP26 mRNA is
greatly induced (> 15-fold) after LIF removal. Concomitant with the
expression of CYP26, differentiating ES cells grown in the absence
of LIF activate the expression of the differentiation marker gene
FGF-5 whereas the expression of the stem cell marker gene FGF-4
decreases. The strong correlation between the production of polar
metabolites of retinol and the differentiation of ES cells upon
removal of LIF suggests that one important action of LIF in these
cells is to prevent retinol metabolism to biologically active, polar
metabolites such as 4-oxoretinol.

eukemia inhibitory factor (LIF) is a member of the IL-6

family of cytokines, which exhibit a variety of effects on
different cell types, including embryonic stem (ES) cells, pri-
mordial germ cells, neurons, adipocytes, and osteoblasts. The
actions of LIF are mediated through a specific LIF receptor
(LIF-R) that heterodimerizes with the IL-6 signal-transducing
receptor component gpl130 (1, 2). Signal transduction through
LIF involves the activation of both the Jak/STAT (signal trans-
ducer and activator of transcription; specifically STAT3) and
Ras/mitogen-activated protein kinase pathways (3-7).

The physiological importance of LIF and the LIF receptor for
normal development has been shown in mice with targeted
disruptions in these genes (8—10). Mice lacking both alleles of the
LIF gene exhibited growth retardation and female sterility.
Female mice that lack both alleles of the LIF gene can produce
fertile oocytes, but the blastocysts cannot implant (11). Mice that
lack both alleles of the LIF-R were not able to survive past 1 day
postnatally and exhibited several defects, including abnormal
placentation, decreased fetal bone volume, and decreased motor
neuron number (9, 10). An increase in LIF mRNA occurs in the
uterine endometrial glands of mice on the fourth day of gesta-
tion, just before blastocyst implantation (12). LIF mRNA also is
expressed in the differentiated trophectoderm cells of murine
blastocysts, whereas LIF-R mRNA is expressed in the inner cell
mass (embryonic ectoderm) but not in the trophectoderm; these
data suggest that LIF affects the maintenance of the pluripo-
tency of the early mouse embryo (13). LIF also functions to
prevent the differentiation of cultured murine embryonic stem
cells, which are analogous in many respects to the inner cell mass
cells of the blastocyst (14).
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The metabolism of retinol is complicated and varies depend-
ing on the cell type. In many cell types, including epithelial cells,
retinol is metabolized primarily via esterification to retinyl esters
(refs. 15 and 16; for review, see ref. 17). In other cell types,
retinol is metabolized to retinoic acid and/or 14-hydroxyretro-
retinol and anhydroretinol (17-20). F9 teratocarcinoma cells, the
MCF-7 and T47D human breast carcinoma cell lines, and NB-4
human promyelocytic leukemia cells metabolize retinol to 4-oxo-
retinol under certain culture conditions (21-23). We demon-
strated previously that 4-hydroxyretinol and 4-oxoretinol are
biologically active retinoids that can activate transcription
through the retinoic acid receptors (R ARs), but not through the
retinoid X receptors (RXRs) (21). 4-Oxoretinol causes terato-
genic effects similar to those caused by RA in Xenopus embryos
(21). Additionally, 4-oxoretinol is a more potent activator of
gene transcription than 4-hydroxyretinol, especially with respect
to RARYy (21).

In this paper we characterize the metabolism of retinol to
4-oxoretinol in ES cells stimulated to differentiate by culture in
the absence of LIF. We demonstrate that upon LIF removal, ES
cells quantitatively metabolize vitamin A (retinol) into the more
biologically active metabolites 4-hydroxyretinol and 4-oxo-
retinol.

Materials and Methods

Cell Culture. CCE WT embryonic stem cells, grown in monolayer
culture, were maintained in DMEM supplemented with 10%
FCS, 2 mM glutamine, 1 mM MEM nonessential amino acids
(Life Technologies, Grand Island, NY), 10 mM pyruvate,
0.0008% 2-mercaptoethanol, 1,000 units/ml penicillin, and 1,000
wg/ml streptomycin. Four days before addition of the radiolabel,
cells were trypsinized and seeded at a density of approximately
5 X 10% cells/60-mm dish with or without 1,000 units/ml LIF
(Life Technologies). New LIF was added to the “+LIF” cultures
every 24 h.

At 96 h, the medium was removed and 2 ml of radiolabeling
medium, consisting of supplemented DME plus 5% FCS and 50
nM [*H]retinol (specific activity, 35.2 wCi/nmol; 1Ci = 37 GBq)
or 100 nM [*H]retinol and 900 nM unlabeled retinol (total
retinol concentration of 1 uM) was added. A control of labeling
medium without cells also was included. Cell and media samples
(0.5 ml) were harvested at various time points as described (16).

Abbreviations: ES, embryonic stem; FGF, fibroblast growth factor; LIF, leukemia inhibitory
factor; LIF-R, leukemia inhibitory factor receptor; RA, all-trans retinoic acid.
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All samples were frozen at —70°C until extraction, and all
retinoid manipulations were performed under subdued light.
Cell number for each treatment was determined from duplicate
dishes during the incubation period.

For the photodiode array experiments to examine the endog-
enous retinoids in the cells, CCE WT cells were plated at a
density of 1 X 106 cells/150-mm dish in supplemented medium
with or without 1,000 units/ml LIF. Twenty-four hours later,
fresh medium was added to all plates. LIF was added to the
appropriate plates every 24 h for the next 72 h. After 96 h, the
medium was changed and cells were incubated with supple-
mented DME, containing 5% FCS and 1 uM unlabeled retinol,
for 16 h.

Retinoid Extraction and HPLC Analysis. Retinoids were extracted by
the method described previously (16, 24). Retinoids were sep-
arated by using a Waters Millennium System. The samples (100
wul) were loaded onto a 5-um analytical reverse-phase C-18
column (Vydac, Hesperia, CA) at a flow rate of 1.5 ml/min. The
retinoids were separated by using a gradient from 100% 15 mM
ammonium acetate in water, pH 6.5, to 100% acetonitrile over
60 min. The elution of the nonlabeled retinoid standards in-
cluded in the samples was monitored at 340 nm, and a Packard
A-500 radiochromatography detector was used to detect radio-
labeled retinoids. The identities of the retinoids were determined
by coelution of the radiolabeled samples with the known retinoid
standards included in the samples and UV absorption spectra
comparison of nonradiolabeled samples, analyzed via PDA, with
known standards. To assess the retinol metabolism quantita-
tively, each peak (retinol) or group of peaks (polar metabolites)
was integrated and the total retinoid concentration was calcu-
lated as described (16).

Diazomethane Treatment of Extracted Medium Samples. A medium
sample from CCE ES cells, cultured for 96 h without LIF and
cultured in the presence of 50 nM [*H]retinol for 16 h as
described above, was mixed with a standard of nonradioactive
4-oxoRA at a concentration of 40 uM. This sample then was
divided and diazomethane (10 ul) was added to one-half of the
sample (250 wl) until the sample turned yellow. The other half
of the sample was left untreated. Both samples then were
analyzed by HPLC.

Cloning of the Full-Length CYP26 c¢DNA. Expressed sequence tag
(EST) clones that partially encoded the enzyme CYP26 (25)
were used to screen a cDNA library prepared from mRNA
isolated from murine F9 cells cultured with RA, cAMP, and
theophylline and ligated into a Agtl0 vector (26). A clone
containing all but the first 24 bases from the 5’ most segment of
the cDNA encoding CYP26 (RA hydroxylase) was obtained
from the library and subcloned into pBluescript. The full-length
cDNA clone was synthesized by using PCR to attach the
remaining 5" portion of the cDNA. The upstream primer was
5'-AAAAAGGATCCGAATTCATGGGGCTCCCGGCGCT-
GCTGGCCAGTGCGCTCTGCACCTTCGTGCTGCCGCT-
GCTG (EcoRI and BamHI sites followed by nucleotides 1-57).
The downstream primer was GCTCGCCGCAGCTTAGC-
CACTGCTCCA (inverse complement to nucleotides 491-507).
Ten nanograms of plasmid containing the incomplete clone of
CYP26 in pBluescript were incubated with 1 pg/ul of upstream
primer, 0.5 pg/ul of downstream primer, NTPs, and 2.5 units of
Amplitaq DNA polymerase in 1X reaction buffer. The approx-
imately 500-bp reaction product was isolated and ligated into the
BamHI site of the vector and the internal BlpI site in CYP26, and
its DNA sequence was confirmed (27).

RNA Isolation and Northern Blot Analysis. Total RNA was isolated
from cells cultured with and without LIF as described above. At
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96 h the culture medium was removed, and supplemented
medium, containing 5% FBS and 50 nM or 1 uM retinol, was
added. After 16 h, cells were harvested and the RNA was isolated
by using RNA Stat-60 (Tel-Test, Friendswood, TX). Additional
cells were incubated with supplemented medium, containing 5%
FBS and 50 nM or 1 uM retinol and 2 pg/ml actinomycin D, for
4 or 8 h before cell harvest. RNA was electrophoresed through
1.2% agarose/2.2 M formamide gels, transferred to nylon filters,
and cross-linked to the filters with a UV-Stratalinker (Strat-
agene). The cDNA probes were labeled via the random primer
method (Boehringer Mannheim) with [a-3?P]dCTP. The CYP26
probe used was isolated from the cDNA library screening
described above. The cDNAs encoding mouse fibroblast growth
factor 4 (FGF-4) and FGF-5 were obtained from Gail Martin
(28), and mouse GAPDH cDNA was obtained from Ambion
(Austin, TX).

Blots were prehybridized and hybridized overnight at 42°C in
50% (wt/vol) deionized formamide/0.2% BSA/0.2% polyvinyl
pyrrolidone/2% Ficoll (molecular weight 400,000 g/mol)/50
mM TrissHCl, pH 7.5/0.1% sodium pyrophosphate/1% SDS/
10% dextran sulfate/100 pg/ml salmon sperm DNA. After
hybridization, blots were washed once at 42°C with 2X SSC/
0.1% SDS/0.8% sodium pyrophosphate for 15 min and at 42°C
and 65°C for 20 min with 2X SSC/1% SDS. The final wash was
performed at room temperature for 15 min in 0.5X SCC. All
autoradiographs were quantitated by using a PhosphorImager
(Molecular Dynamics).

Transient Transfection of CYP26 in COS Cells. The full-length CYP26
cDNA then was subcloned into the EcoRI site of pSGS5 for
expression in COS cells. One day before transfection, 2 X 10°
COS cells were plated per 100-mm dish. On the day of trans-
fection, 20 ug of pSGS5 containing CYP26 was added to 1.9 ml
of PBS. pSGS5 lacking an insert (20 ug) was added to another 1.9
ml as a control. DEAE-dextran solution (100 ul of a 10-mg/ml
stock) was added to the tubes, COS cells were rinsed with PBS,
and the DNA was added to each plate. After a 30-min incubation
at 37°C, medium containing 80 uM chloroquine was added to the
cells for 2.5 h. New medium containing 10% DMSO then was
added for 2.5 min at room temperature (29). This medium was
removed and the cells were incubated with 50 nM [*H]retinol for
1-12 h. The media and cell samples were processed for HPLC
analysis as described above.

Results

Retinol Metabolism in ES Cells Cultured in the Absence of LIF. When
CCE wild-type ES cells were cultured in the presence of LIF,
little metabolism of [3H]retinol was observed (Fig. 1 A and B).
In contrast, when ES cells were cultured without LIF for 4 days,
exogenously added 50 nM [*H]all-trans retinol was almost com-
pletely converted to more polar metabolites, primarily [3H]all-
trans-4-hydroxyretinol and [*H]all-trans 4-oxoretinol, which were
eluted at 15.0 and 16.8 min, respectively (Fig. 1 C and D).
Additional, more polar metabolites of [*H]retinol, eluting be-
tween minutes 4 and 10, also appeared primarily in the medium
of cells cultured without LIF (see arrows, Fig. 1D). The identities
of the radiolabeled compounds [*H]4-hydroxyretinol and [*H]4-
oxoretinol were confirmed by comparing their wavelength spec-
tra with those of authentic, nonradiolabeled standards for 4-hy-
droxyretinol and 4-oxoretinol and by photodiode array analysis
of endogenous retinoids extracted from CCE cells cultured
without LIF (ref. 21; Fig. 2). Similar patterns of [*H]retinol
metabolism were observed when AB1, E14, and J1 ES cell lines
were cultured with or without LIF (data not shown). Thus, the
dramatic increase in [*H]retinol metabolism to more polar
metabolites upon LIF removal observed in the CCE ES cells is
a general property of ES cells.
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Fig. 1. Metabolism of [3H]retinol by CCE ES cells. CCE wild-type ES cells were
cultured in DMEM supplemented with 10% FCS (30). Cells were cultured for 4
days plus or minus 1,000 units/ml LIF (Life Technologies). LIF was added every
24 h to the +LIF samples. After 4 days, new DMEM containing 5% FCS and 50
nM [3H]retinol was added for various times (16 h is shown). [The concentration
of nonradioactive retinol in this 5% FCS was ~50 nM (X. Guo and L.J.G.,
unpublished data).] The retinoids were extracted (16) and separated by HPLC
(21). The identities of the retinoids were determined by coelution of the
radiolabeled samples with known retinoid standards included in the samples
and UV absorption spectra comparison of nonradiolabeled samples, analyzed
via photodiode array, with known standards. Radiolabeled retinoids ex-
tracted from ES cells (A) or from the medium (B) of ES cells cultured with LIF
for 4 days and with 50 nM [3H]retinol for 16 h. Radiolabeled retinoids ex-
tracted from cells (C) or from the medium (D) of ES cells cultured for 4 days
without LIF, followed by culture with 50 nM [3H]retinol for 16 h. The all-trans-
4-hydroxyretinol elutes at 15.0 min, 13-cis-4-hydroxyretinol elutes at 15.9 min,
and the all-trans-4-oxoretinol elutes at 16.8 min. The arrows in D indicate
unidentified, more polar [3H]retinol metabolites in the medium of cells —LIF.
(E) Retinoid standards are as follows: all-trans 4-oxoRA, 6.2 min; all-trans-4-
oxoretinol, 16.8 min; all-trans RA, 20.6 min; all-trans retinol, 38.7 min. (F)
[3H]Retinol extracted at time zero from a control plate including medium and
FCS but no cells. This experiment, including multiple time points, was per-
formed five times with similar results.

Retinol Is Not Metabolized to RA in ES Cells. It also should be noted
that no detectable [*H]RA or [*H]4-0xoR A was produced from
[*H]retinol by ES cells cultured either in the presence or absence
of LIF (Fig. 1). No peaks were observed in Fig. 1 A-D, where
standards for RA (20.5 min) and 4-oxoretinoic acid (6.2 min, Fig.
1E) elute from the HPLC column. Diazomethane also was
utilized to prove that no RA or 4-oxoRA was present. Dia-
zomethane converts RA to methyl retinoate, a more lipophilic
compound, with a retention time of 40.5 min, which is different
from that of RA (22). Diazomethane also converts 4-0xoRA to
methyl-4-oxoretinoate, which elutes at 30 min (Fig. 3). When the
sample from CCE cells cultured without LIF was treated with
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Fig.2. Contour plot of the photo diode array analysis of retinoids present in
ES cell extracts. CCE ES cells (1 X 108 cells per dish; 10 dishes) were grown for
96 h without LIF. Nonradiolabeled retinol (1 uM) was added for 16 h. The
retinoids were extracted from the cell samples and analyzed via HPLC and
photodiode array. The arrows at 16.6 min and 38.5 min indicate the all-trans
4-oxoretinol and all-trans retinol, respectively.

4-Oxoretinol

diazomethane, none of the radioactive metabolites of [*H]retinol
was shifted (Fig. 3 4 vs. C). In contrast, nonradiolabeled
4-0x0R A was completely shifted by the diazomethane treatment
(Fig. 3 B vs. D). This experiment conclusively shows that there
is no detectable [PHJRA or [*H]4-0xoRA produced from
[*H]retinol by the ES cells. [There is a more polar metabolite of
[*H]retinol that elutes about 30 sec before 4-0xoRA (see arrow
in Fig. 34), but this clearly is not identical to 4-oxoRA because
this peak was not shifted by diazomethane treatment (Fig. 3 A
vs. C).]

Time Course of 4-Oxortetinol Production from Retinol. CCE cells
were cultured with or without LIF, followed by culture in the
presence of either 50 nM (Fig. 4 4 and C) or 1 uM [*H]retinol
(Fig. 4 B and D). A dose of 50 nM retinol does not, by itself,
induce ES cells to differentiate; it is lower than the physiological
concentration of retinol. The concentration of retinol in 100%
serum is 1-2 uM (31); thus, cells also were cultured in this higher
concentration of [*H]retinol to determine the capacity of the
cells to metabolize retinol under physiologically relevant condi-
tions. Even when high, physiological concentrations of [*H]reti-
nol (31) were added exogenously; almost all of the 1 uM
[*H]retinol was metabolized to more polar compounds, includ-
ing [*H]4-hydroxyretinol and [*H]4-oxoretinol, within 8-12 h
(Fig. 4 B and D). Thus, the metabolism of retinol to 4-hydroxy-
retinol and 4-oxoretinol by the ES cells cultured without LIF is
a high-capacity reaction. The [*H]4-hydroxyretinol and [*H]4-
oxoretinol levels peaked in these cells at 4—8 h and then declined
at 12 and 16 h both as a result of further metabolism of
4-oxoretinol to aqueous soluble metabolites and the lack of
remaining [*H]retinol substrate in the cells without LIF (Fig. 4
C and D); for example, note that by 8 h, approximately 800 nM,
or 80% of the 1 uM [*H]retinol added exogenously to the cells
cultured without LIF, had been metabolized to 4-hydroxyretinol
and 4-oxoretinol (Fig. 4B).

The P450 Enzyme CYP26 Converts Retinol into 4-Oxoretinol in COS cells
and Is Expressed in Differentiating ES Cells. Inhibitors of P450
enzymes such as SKF525A block the conversion of retinol to
4-hydroxyretinol and 4-oxoretinol (data not shown). Although

Lane et al.
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Fig. 3. Diazomethane treatment of extracts. One sample from CCE ES cells,
cultured without LIF, as described above, containing radiolabeled metabolites
of retinol, was mixed with a standard of nonradioactive 4-oxoRA. This sample
then was divided and diazomethane was added to one-half of the sample, and
the other half was left untreated. Both samples then were analyzed by HPLC.
(A) One-half of the sample of [3H]retinoids from the CCE cells without dia-
zomethane treatment. (B) The nonradiolabeled 4-oxoRA standard (6.4 min)
measured at wavelength 340 nm without diazomethane treatment. (C) One-
half of the sample shown in A after treatment with diazomethane. (D)
One-half of the sample shown in B after treatment with diazomethane. The
standards in B and D are: 4-oxoRA, 6.4 min; all-trans RA, 21.3 min. Methyl
4-oxoretinoate, 30.0 min, and methyl retinoate, 40.5 min, are only in dia-
zomethane-treated samples.

previous research has shown the ability of CYP26 to convert RA
to 4-oxoR A, it was reported that this enzyme does not metab-
olize retinol to 4-oxoretinol (32-34). Our data indicate that the
cytochrome P450 enzyme CYP26 (RA hydroxylase) (25, 32-34)
catalyzes the conversion of retinol to 4-oxoretinol. COS cells
transfected with a mammalian expression vector driving expres-
sion of the full-length murine CYP26 cDNA quantitatively
metabolized [*H]retinol to [3H]4-oxoretinol and [H]4-
hydroxyretinol, whereas mock-transfected COS cells did not
metabolize [*H]retinol to [*H]4-oxoretinol (Fig. 5 +CYP26, is a
1-h time point, and B, vector control, is a 12-h time point).
FGF-4 is a marker of undifferentiated ES cells whereas FGF-5
is expressed in differentiated ES cells (28). When CCE ES cells
were induced to differentiate by the removal of LIF, the level of
FGF-4 mRNA was reduced and the level of FGF-5 mRNA
increased (Fig. 6). In addition, CYP26 mRNA was highly
induced (>15-fold) when ES cells were cultured without LIF
(Fig. 6), consistent with the massive conversion of [*H]retinol to
more polar metabolites (Fig. 1). This increase in CYP26 mRNA
could be the result of increased stability of the mRNA or
increased gene transcription after LIF removal. To determine
which was the case, ES cells were cultured without LIF, with 50
nM retinol, and with or without actinomycin D for 4 or 8 h (Fig.
7). Addition of actinomycin D, an inhibitor of RNA transcrip-
tion, to ES cells that had been cultured in the absence of LIF
prevented the increase in CYP26 mRNA, suggesting that the
removal of LIF results in an increase in the rate of transcription
of the CYP26 gene (Fig. 7, lanes 3 and 4 vs. 7 and 8). These results
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Fig.4. Metabolism of [3H]retinol in CCE ES cells cultured with or without LIF.
The tracings are @, +LIF; O, —LIF. Total amounts of [3H]retinol metabolized
over time in cells cultured with or without LIF in the presence of 50 nM [3H]
retinol (A) or 1 uM [3H]retinol (B) for 4, 8, 12, and 16 h. Total amounts of
[3H]4-hydroxyretinol and [3H]4-oxoretinol produced from [3H]retinol by the
CCE cells cultured with or without LIF in 50 nM [3H]retinol (C) or 1 uM
[3H]retinol (D). The concentrations of retinol and polar metabolites, y axis;
time in hours, x axis. This experiment was repeated three times for the 8- and
16-h time points and twice for the 4- and 12-h time points with results within
10%. One representative experiment is shown here.

suggest that one action of LIF is to prevent the transcription of
the P450 CYP26 gene in embryonic stem cells and, by analogy,
in the pluripotent inner cell mass cells of the mammalian
blastocyst.

Discussion

We have shown that when either 50 nM or 1 uM all-trans retinol
is added to ES cells cultured without LIF, more than 95% of this
retinol is metabolized to the polar metabolites all-trans 4-hy-
droxyretinol, 13-cis-4-hydroxyretinol, and all-frans 4-oxoretinol
and to even more polar metabolites eluting between minutes
4-10 (Figs. 1 and 4). Some of these polar retinol metabolites are
secreted into the medium (Fig. 1). Only trace amounts of retinyl
esters are synthesized from retinol in the ES cells (data not
shown). This quantitative conversion of retinol to 4-hydroxyreti-
nol and 4-oxoretinol, even when 1 uM retinol is added exog-
enously, indicates that this is a high-capacity reaction. In con-
trast, in ES cells cultured without LIF, [*H]retinol is nor metab-
olized to retinoids with acid moieties such as retinoic acid and
4-oxoretinoic acid (Figs. 1-3). These data indicate that metab-
olism of retinol to retinaldehyde, and the subsequent metabolism
of retinaldehyde to RA, does not occur in all cell types and is not
a property of embryonic stem cells.

Retinol is the form of vitamin A to which cells are generally
exposed in the animal, because retinol is the form of vitamin A
that is transported through the blood bound to the serum
retinol-binding protein (for review, see ref. 35). The retinol
concentration in 100% serum is 1-2 uM (31). Concomitant with
the increase in retinol metabolism to 4-oxoretinol in the ES cells
cultured without LIF, a decrease in the expression of stem cell
markers, such as FGF-4 mRNA (Fig. 6) (28), and an increase in
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Fig. 5. Transfection of COS cells with CYP26. COS cells were transiently
transfected with the full-length murine CYP26 cDNA (A) or vector pSG5 alone
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asthe 4-oxoretinol standard (C). All-transRA, 21 min; all-trans retinol, 36.5 min
(C). The elution times of the retinoid standards in this experiment are slightly
different from those in Fig. 1 because a different reverse-phase column was
used for this experiment.

the expression of markers of differentiation, such as FGF-5
mRNA (Fig. 6), occur. Because no retinoic acid was added

A. B.
50 nM Retinol 1 pM Retinol

+LIF -LIF +LIF -LIF

& &

- o -®

- cGrs
e B GAPDH &

Fig. 6. Northern blot analysis. Northern blot analysis of CYP26 (RA hydrox-
ylase), FGF-4, FGF-5, and GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) mRNAs. CCE cells were cultured asin Fig. 1, and 50 nM retinol (A) or 1 uM
retinol (B) was added 16 h before RNA harvest. The Northern analyses were
performed three times with different RNA preparations with similar results.
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Fig. 7. Actinomycin D treatment of CCE. Cells were cultured as in Fig. 1, and
50 nM retinol, plus or minus 2 ug/ml actinomycin D, was added for 4 or 8 h
before cell harvest and RNA preparation. RNA was hybridized with CYP26 and
GAPDH. Lane 8 had a lower signal because the cells were beginning to be
affected by actinomycin D toxicity at this 8-h time point (+Actinomycin D,
—LIF). This experiment was performed twice with identical results.

exogenously and ES cells do not metabolize retinol to RA (Figs.
1-3), our data suggest that rather than RA, the metabolism of
retinol to 4-hydroxyretinol and 4-oxoretinol is involved in the
activation of the differentiation program in these cells cultured
without LIF. It is likely that the transactivation of the retinoic
acid receptors by 4-oxoretinol (21, 36) is involved in regulating
some aspects of the differentiation pathway of ES cells that
occurs upon LIF removal.

We present data that demonstrate that the enzyme that
metabolizes retinol to 4-hydroxyretinol and 4-oxoretinol is
CYP26 (Fig. 5). This cytochrome P450 gene CYP26 (RA
hydroxylase) was cloned recently (25, 32-34), and the CYP26
enzyme was shown to metabolize RA to 4-oxoretinoic acid. A
degradative function, i.e., the removal or inactivation of RA, has
been suggested for this enzyme (32, 34, 37). It was reported that
retinol was not a substrate for this enzyme (32, 34), but our data
indicate instead that CYP26 is responsible for the production of
a more bioactive retinoid, 4-oxoretinol, from retinol in some cell
types (Figs. 5 and 6). Although previous studies showed that RA
is preferred over retinol as a substrate for CYP26 (34), these
studies were conducted by using microsomal fractions whereas in
the experiments reported here, retinol metabolism in cultured
cells was assessed. Even if CYP26 has a higher K, for retinol than
for RA, a much higher concentration of retinol is present in
serum and in many cell types (for review, see ref. 35), making the
metabolism of retinol by CYP26 in specific cell types physiolog-
ically relevant. In fact, for maximal induction of the CYP26
mRNA, the cells must be cultured in the absence of LIF plus
exogenous retinol (Fig. 6). More 4-oxoretinol is produced when
exogenous retinol is added to the medium to supplement the
amount of retinol in the 10% FBS, which is ~50 nM (X. Guo and
L.J.G., unpublished data). The retinoic acid concentration in
10% FBS is <2 nM, for comparison (A.C.C. and L.J.G., unpub-
lished data). Our hypothesis is that the absence of LIF leads to
an increase in the transcription and/or activity of CYP26. Some

ES CELLS
+ LIF =LIF

RETINOL —p 4+-HYDROX YRETINOL
Cypae OXORETINOL

N\

DIFFERENTIATION
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Fig. 8. Model of interaction of LIF with ES cells.
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retinol is metabolized to 4-oxoretinol, and then the 4-oxoretinol
produced from retinol further transcriptionally activates the
CYP26 gene via a DNA response element in the promoter,
leading to the production of greater amounts of 4-oxoretinol
(Fig. 8). Additional experiments are required to prove this
hypothesis.

Because 4-oxoretinaldehyde and 4-oxoretinol are the major
retinoids detected in developing Xenopus embryos and RA was
not detected in these embryos (36) or in murine ES cells (Fig. 1),
our results suggest that during early embryonic development the
regulation of the conversion of retinol to 4-oxoretinol is critical
for appropriate cell differentiation. Thus, one of the important
actions of LIF in the embryo may be to prevent the metabolism
of retinol via CYP26 to more biologically active metabolites,
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