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ABSTRACT

Retinoids, metabolites and synthetic derivatives of vitamin A (retinol),
have been shown to inhibit carcinogenesis in various epithelial tissues in
animal model systems and to have clinical efficacy as chemotherapeutic
agents against certain types ofcancer, including squamous cell carcinomas
(SCCs). We examined the metabolism of[3H]retinol in normal human cell
strains and SCC lines from the oral cavity and skin, and we report here

that the cultured normal human epithellal cell strains esterifled [3Hjreti

nol to a much greater extent than the SCC lines. Furthermore, microso
mal extracts of normal cell strains (e.g., OKF4) exhibited about 7-fold

more palmityl-CoA-dependent, phenylmethylsulfonyl fluoride-resistant
retinol esterificatlon activity than extracts from SCC lines (e.g., SCC25).

The fact that the esterification of retinol was phenylmethylsulfonyl fluo
ride resistant suggests that the enzyme acyl-CoA:retinol acyltransferase is
involved. Culture of both the normal and SCC lines in the presence of 1
@LMall-trans-retinoic acid (RA) for 48 h enhanced the formation of

[3H]retinyl esters from [3H]retinoi All of the cell lines examined can also
metabolize [3H]retinol to [3H]RA, [3H]14-hydroxy-4,14-retroretinol,
[3H]retinaldehyde, and [3H]3,4-didehydroretinol, but this metabolism oc
curs to varying extents in different cell lines. Culture of the cells in the
presence of BA for 48 h did not affect the subsequent metabolism of
[3H]retinol to [3H]RA and [3H]14-hydroxy-4,14-retroretinol, but it did
reduce the metabolism of [3H]retinol to [3H]3,4-didehydroretinoL When
cultured for 6â€”10 h in the presence of nanomolar concentrations of

exogenous [3H]retinol, both the normal and SCC lines had much higher
intracellular [3H]retinol concentrations, in the micromolar range. No cor
relation was seen between CRABP II or CRBP I mRNA levels and the
levels of either intracellular [3H]retinol or [3H]retlnol metabolism in these
lines. The reduced ability to esterify retinolin these tumor cells may result
in inappropriate cell growth and the loss of normal differentiation re
sponses because ofthe lack ofa sufficient amount ofinternal retinol stored

as retinyl esters.

INTRODUCTION

Retinoids [retinol (vitamin A) and its metabolites] have been shown
to act as chemopreventive or chemotherapeutic agents against several
types of cancer (1â€”7).Retinoids exert profound effects on the growth
and differentiation of normal, premalignant, and malignant epithelial
cells in vitro and in vivo (8, 9). For example, hypervita.minosis A
causes mucous metaplasia, whereas deficiency leads to squamous
metaplasia in epithelial tissues (10). Retinol can be metabolized to
retinyl esters and to various structurally related compounds, such as
RA,3 RAL, 4-oxoretinol, l4-HRR, and anhydroretinol, in many cell

Received 7/21/97; accepted 10/23/97.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

I This work was supported by NIH Grants R01CA43796 and DE10389 (to L. J. 0.)

and in part by NIH Fellowship IF32DEO5666 (to X. 0.).
2 To whom requests for reprints should be addressed, at Department of Pharmacology,

Cornell University Medical College, 1300 York Avenue, New York, NY 10021. Phone:
(212)746-6250; Fax: (212)746-8858.

3 The abbreviations used are: RA, all-trans-retinoic acid; ARAT, acyl-CoA:retinol

acyltransferase; CRABP, cellular retinoic acid binding protein; CRBP, cellular retinol
binding protein; ddRO, 3,4â€”didehydroretinyloleate; ddROH, 3,4-didehydroretinol; ddRP,
3,4-didehydroretinyl paimitate; ddRPO, 3,4-didehydroretinyl palmitoleate; HPLC, high
performance liquid chromatography; 14-HRR, l4-hydroxy-4,14-retro-retinol; LRAT, lee

types (11â€”18).RA in particular has been shown by many research
groups to be useful in the prevention and treatment of different
cancers in humans (7, 19, 20).

The actions of retinol and RA are mediated by their binding
proteins (CRBP I and II and CRABP I and II) and by two different
families of nuclear RA receptors, RARs and RXRs, each consisting of
three receptor types, a, (3, and y (for review, see Ref. 21). RARs and
RXRs act as ligand-activated trans-acting factors that regulate the
expression of a set of retinoid-responsive genes and thereby alter the
growth and differentiation of normal and tumor cells. The major RA
receptors expressed in epidermis are RAR-y (22, 23) and RXRa (24).
RAR'y and RXRa form heterodimers that are the major regulators of
retinoid-responsive target genes in adult human skin (25, 26). RARa
mRNA has also been detected in human skin (27). RARa, (3, and â€˜y
transcripts are all expressed in normal human cell strains derived from
the soft palate and the floor of the mouth in the human oral cavity
(28). CRABP-ll is the predominant form of RA binding protein in
human keratinocytes, and it has been postulated that CRABP-ll main
tains appropriate intracellular RA concentrations for the differential
regulation of gene transcription because it is markedly and selectively
induced by topical retinoid treatment in vivo and by agents that induce
keratinocyte differentiation in vitro (24).

Many studies of retinol metabolism have been carried out in normal
human skin or cultured skin keratinocytes. Among the retinoids that
have previously been detected in skin are retinol, retinyl esters,
3,4-ddROH, RAL, and RA (29, 30). The biological activity of retinol
requires metabolic conversion to PA and/or other active retinoids (15,
31, 32). These metabolites are biologically active in effecting changes
in gene expression.

The oral cavity exhibits extensive regional variation in epitheial
differentiation (33) and responses to retinoids (28). Normal epithelial
cells cultured from the various oral epitheial regions and the epider
mis continue to exhibit distinctive patterns of differentiation in an
experimental graft model, indicating that morphologically distinct,
stratified squamous epithelia are formed by epitheial stem cells of
intrinsically distinct subtypes (34). These characteristics make oral
epitheia an excellent model for studies of retinoid action during the
differentiation process of such epitheia.

The majority of oral cavity cancers are SCCs (35). Administration
of retinoids, such as l3-cis-RA, can prevent some precancerous oral
lesions (e.g., oral leukoplakia) from progressing to invasive, malig
nant SCCs (36â€”38). In both cultured cell lines and tumor biopsy
samples, RARJ3mRNA levels are much lower than in normal epithe
hal cells from various regions of the oral cavity (28, 38). Furthermore,
RA treatment of human patients can reverse this decrease in BAR(3
mRNA expression in preneoplastic epithelial cells of the oral cavity
(38). Because one of the regulators of the RAR(3gene is RA itself (28,
39,40),wereasonedthatthelowRA.R(3mRNAlevelin tumorcells

ithin:retinol acyltransferase; PDA, photodiode array; pCMB, p-chloromercuribenzoate;
PMSF, phenylmethylsulfonyl fluoride; RAC, all-trans-retinyl acetate; RAL, retinalde
hyde; RAR, retinoic acid receptor, ROH or retinol, all-trans-retinol; RO, retinyl oleate;
RP, retinyl palmitate; RPO, retinyl palmitoleate; 5CC, squamous cell carcinoma.
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Table 1 Summary ofhuman cell strains and SCClinesTissue

of originNormal cell strainSCClineSoft

palateOKP7SCC4O,SCC7IBase
of tongue/floor ofmouthOKF4SCC25Facial

skinN4EPSCCI2, SCC 13

RETINOL METABOLISM IN NORMAL AND 5CC LINES

could in part reflect an alteration in the metabolism of retinol in tumor
versus normal cells.

We report here the examination of retinol metabolism in eight cell
lines derived either from SCCs or from normal epithelial cells in
different regions of the human oral cavity or skin. These 5CC cell
lines have been previously characterized and shown to exhibit aber
rant morphological characteristics and responses to growth and dif
ferentiation factors in culture which distinguish them from their
normal counterparts (28, 41). We have found major differences in the
metabolism of retinol in these SCC lines when compared to normal
cell strains from the oral cavity.

MATERIALS AND METHODS

Materials. Radiolabeled retinol (all-trans-[ll,12-3H]retinol; specific activ
ity in the range of 27â€”47Cilmmol) was purchased from New England Nuclear
(Boston, MA). The retinoid standard 4-oxoretinol was from Dr. F. Derguini
(Sloan-Kettering Cancer Center, New York, NY); ddROH, anhydroretinol, and
l4-HRR were from Dr. J. Buck (Cornell University Medical College, New
York, NY); retinyl esters RO, RP, RPO, ddRO, ddRP, and ddRPO were from
Dr. M. Simon (State University of New York, Stonybrook, NY). All other
chemicals used, unless specified, were purchased from Sigma Chemical Co.
(St. Louis, MO).

Cells and Culture Conditions. The origins and propertiesof the cell
strains are summarized in Table 1. They have been described previously (28,
41, 42). For maintenance ofthe cell strains, SCC13, 5CC25, OKP7, OKF4, and
N4EP were cultured in keratinocyte serum-free medium (Life Technologies)
according to the manufacturer's guide; SCC12, SCC4O, and SCC71 were

maintained in a consensus medium consisting of a mixture of DMEM and
Ham's F-12 medium (1:1) supplemented with 5% FCS, 0.4 @ig/ml hydrocor

tisone, 10 i.tgmml epidermal growth factor, and 5 @g/mlinsulin. The media
permit growth of high-density cultures of all of the cell types studied here. All

of the normal cell strains used for experiments were passage 5 or less.
[3HlRetinol Radlolabeling. All retinoidsolutions and samples were han

dled under red or dim light. Cells were plated at 1 X 106 cells per 60-mm dish
24 h prior to RA treatment. Some cultures received RA for 48 h before culture

in the presence of radiolabeled retinoids; for these experiments, nonradiola
beled RA at a concentration of 1 mM was dissolved in ethanol and diluted
1:1000 to a final concentration of 1 @Minto the culture medium. Control
cultures received 0. 1% ethanol (vehicle) alone. The retinol concentration in the
5% fetal bovine serum was calculatedto be 5 nM,based on the measurements
in this laboratory. This is in the range of earlier reports (29, 43, 44).

Cells were washed three times with the consensus medium prior to labeling
and cultured for various time periods in 2 ml oflabeling medium containing 50
nM [3Hjretinol in the consensus medium (about 2 @&Ci/mi).A separate control

consisting of labeling medium without cells was included during the incuba

tion period. Cells and one-fourth of the media were collected. Cells were
washed once with 0.5 nil of PBS and removed from the monolayer in 0.5 ml
of PBS by scraping. Samples were stored at â€”70Â°Cuntil retinoid extraction.
The cell numbers were counted from parallel dishes from each treatment at the
time of harvest.

Extraction of Retinoids and HPLC. The retinoids were extracted as
described previously (45). Briefly, 350 pi of acetonitrile/butanol (50:50, v/v),

0.1% butylated hydroxytoluene were added to 0.5 ml of cells or medium
samples. The mixtures were vortexed thoroughly for 30 s. After addition of
300 pi of a saturated (1.3 kg/liter) K2HPO4solution and thorough mixing, the
samples were centrifuged for 10mm at 3000 X g. The upper organic layer was
collected, dried using a SpeedVac (Savant), and resuspended in acetonitrile:
ethanol (135:15) containing nonradiolabeled retinoid standards. Certain dried
samples were resuspended in 130 @dof methanol, 15 pAof ethanol containing
standards and 5 @tlof trimethylsilyl diazomethane (Aldrich; 2 M solution in
hexane) to derivatize retinoids. The samples were mixed thoroughly, centri
fuged for 5 mm, and transferred to an injector vial for HPLC analysis.

The HPLC analysis was performed using a Waters Millenium system
(Waters Corp.) to separate the various retinoids. Samples were applied to an

analytical 5-p.m reverse-phase C18 column (Vydac, Hesperia, CA) at a flow
rate of 1.5 mI/mm. Two mobile-phase gradient systems were used. Gradient 1

was described by Chen and Gudas (46). Gradient 2 consisted of a 35-rain linear

gradient from 15 mMammonium acetate, pH 6.5, in water to 85% acetonitrile
and a 10-mm linear gradient from 85% acetonitrile to acetonitrile-dichlo
romethane (80:20) followed by a 15-mm hold. These two gradient mobile
phases were chosen for their ability to resolve the acids, alcohols, and esters of

the retinoid classes. Nonradiolabeled retinoid standards were run concurrently
and monitored at a wavelength of 340 nm, whereas a Packard A-500 radio
chromatography detector (Packard Instruments, Downers Grove, IL) was used

to monitor the labeled retinoids.

For detection of endogenous, nonradiolabeled retinoids, approximately
4 X 108 cells from subconfluent cultures were harvested, and retinoids were

extracted, separated by HPLC, and analyzed by a PDA.
Retinoids were identified by HPLC based on at least two criteria: an exact

match of the retention time of unknown peaks with that of authentic retinoid

standards and identical UV spectra (220â€”400 nm) of unknowns against spectra
from authentic retinoid standards during HPLC by the use of the PDA detector.
RA was also identified by the shift of the retention time of the methylated RA

derivative to the same position as the corresponding methyl ester of the RA
standard. The methyl ester of RA was synthesized by reaction with diazometh
ane (29).

Determination of the Concentrations of [3H]Retinoids. The total retinoid
concentration for each peak of the HPLC tracings was calculated according to
(46) by using the following formula:

cpm@ + 4(cpmm)
Total [retinoid] X 50 nM

cpmjnjtjal ROH

where cpm, = tritiated retinoid counts in the cell sample, cpmm tritiated
retinoid counts in the medium sample, and cpmjnj,jal ROH the number of

tritiated cpm from [3Hlretinolin the medium at the start of the experiment prior
to the addition of cells.

The intracellular and extracellular [3Hlretinoid concentrations were calcu
lated by converting the [3H]retinoid counts associated with the cells and in the
media, respectively, to the [3H]retinol concentration according to Chen and
Gudas (46). The total [retinoid] was then normalized to the cell number.

RNA Isolation and Northern Blot Analysis. Total cellular RNA was
isolated from cells cultured in the presence or absence of 1 X lO_6 M RA for

48 h as described by Chen and Gudas (46). RNA was electrophoretically
fractionated by size on 1% agarose/2.2 M formaldehyde gels, transferred to

nylon filters by blotting, and attached to the filters using a UV Stratalinker
1800. The eDNA probes used in the analysis were labeled with [32P]dCTP
using a random primer labeling kit (Boehringer Mannheim) according to the

manufacturer's directions. Mouse CRABP I, CRABP II, actin, and glyceral
dehyde phosphate dehydrogenase cDNAs were used as probes for Northern
blots as described previously (46). An 800-bp PstI fragment containing the

entire human CRBP I eDNA was excised from pSG-CRBP and was also used
as a probe.

Blots were prehybridized and hybridized at 42Â°Cin 50% (w/v) formamide/
5 x SSC, 50 mM NaH,P04, pH 7.4, 5 mMEDTA, 0.08% polyvinylpyrrolli
done, 10% (w/v) BSA, and 10% (w/v) salmon sperm DNA. After 10â€”16h of
hybridization, blots were washed once in 2X SSC, 0.5% SDS for 20 mm at
room temperature, once in 1X SSC, 0.1% SDS at 60Â°C,and once in 0.2X SSC,
0.1% SDS at 60Â°C.Autoradiographs were quantitated using a Phosphorlmager
(Molecular Dynamics).

Microsome Preparation. Mouse liver microsomes were prepared as de
scribed by Ball (47). Microsomes from human cells were prepared as follows:
cells were cultured to confluence, washed once with ice-cold PBS, and re
moved from the monolayer in PBS by scraping. Cells were pelleted by
centrifugation at 4Â°Cand 1000 X g for 5 mm. The cell pellet was resuspended
in 3 volumes of 250 mM sucrose, 15 mM KH2PO4, pH 7.4, and the pellet was

homogenized by means of a tight-fitting Teflon pestle. Microsomes were then
prepared by differential centrifugation at 4Â°Cas described for mouse liver
microsome preparation (47). The concentration of microsomal protein was
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RETINOL METABOLISM IN NORMAL AND 5CC LINES

grams from SCC12 and SCC2S (data not shown) were similar to those
of SCC4O and SCC13, shown in Fig. 1, despite the fact that two
different culture media were used.

Identification of Metabolites of [3H]Retinol in Normal Strains
and SCC Lines. We next compared the eight cell lines described in
Table 1 with respect to their ability to metabolize [3H]retinol. This
metabolism assay using [3H]retinol is a more sensitive assay for
retinol metabolism. Cells were cultured in the absence or presence of
1 @.LMRA for 48 h, followed by culture in the presence of 50 nr@
[3Hlretinol for 22 h. After the 22-h radiolabeling period, cells and
media were harvested, retinoids were extracted, and the metabolites of
[3H]retinol were resolved by HPLC. Nonradiolabeled retinoid stand
ards were added to each sample to permit the identification of many
of the radiolabeled retinoids. The HPLC tracings of [3Hjretinol and its
metabolites from several different cell lines (OKP7, SCC4O, SCC71,
OKF4, SCC2S, N4EP, SCC12, and SCC13) are shown in Fig. 2. After
1 X 106 cells were cultured for 22 h in the presence of 50 ni@i
[3H]retinol, a number of metabolites of [3H]retinol were detected,
including [3H]RA, [3H]14-HRR, [3H}ddROH, [3H]RAL, [3H]ddRPO,
[3H]RPO, [3H}ddRO, [3H]RO, [3H]ddRP, and [3H]RP (Fig. 2).

Because some cell lines were cultured in keratinocyte serum-free
medium and others in the consensus medium, we compared the
culture conditions with respect to [3H]retinol metabolism. SCC4O
cells were cultured in either the consensus medium or keratinocyte
serum-free medium for three passages, followed by labeling with 50
nM [3H]retinol in the consensus medium for 22 h. We did not observe

any differences in [3H]retinol metabolism between the samples of
SCC4O cells cultured in the two different media (data not shown).

Determinations by mass (Fig. 1) and by isotopic labeling with

[3HJretinol (Fig. 2) yielded essentially identical results. The most
abundant retinoids present in the normal cell strains OKP7, OKF4,
and N4EP were esters of long-chain fatty acids of retinol and 3,4-
ddROH (Fig. 2). The retinoids synthesized from [3H]retinol in N4EP
cells, derived from human skin, are consistent with an earlier report of
retinol metabolites in human epidermal keratinocytes (29). In all five
SCC lines, the majority of the [3H]retinol in the cells remained
unmetabolized after 22 h of culture (Fig. 2).

Analysis of multiple samples of [3H]retinoids extracted from both
cells and media allowed the determination of the concentration of
each metabolite of [3H]retinol. The total concentration of [3H}retinol
remaining in the cells and in the medium after 22 h of culture of the
various cell lines in the presence of 50 nivt [3H}retinol is shown in
Table 2. The total concentration of [3H]retinol remaining after 22 h of
culture varied dramatically when different cell lines were compared
(Table 2). The total concentration of [3H]retinol remaining after 22 h
was approximately 37â€”44aM for the five SCC lines, whereas the total
[3H}retinol concentration remaining in the normal cell strains N4EP,
OKP4, and OKF4 was in the range of 10â€”24ni@s.

Furthermore, the intracellular [3H]retinol concentrations were much
higher (3â€”10-foldhigher) in the SCC cell lines than in the normal cell
strains after the 22-h period of culture in the presence of 50 nrvi
[3H]retinol, partially because of the reduced rate of [3H}retinol me
tabolism to [3H]retinyl esters in the SCC lines (Table 2). Interestingly,
both the normal and SCC cells contain high cell-associated concen
trations of [3H}retinol when compared to the extracellular [3H]retinol
concentrations. After culture in the presence of 50 n@t[3H]ROH for
22 h, the extracellular concentrations of [3H]ROH were 24â€”40ni@ifor
the SCC lines and 4â€”23flM for the normal cell strains; the intracel
lular [3H]retinol concentrations ranged from 684 ttM to 1.3 p.M in the
SCC lines and from 120 to 340 nr@iin the normal strains (Table 2).

Retinyl Ester Formation in 5CC Lines versus Normal Cell
Strains. One of the most striking findings from these studies was that
all five SCC lines (SCC12, SCC13, SCC4O, SCC71, and SCC25)

determined by Bradford's method with the reagent from Bio-Rad Laboratory

Inc. (Richmond, CA) and BSA from New England Biolabs as a protein
standard.

ARAT Assay. The desired amount of microsomal protein was added to an
ice-cold test tube containing 20 @MBSA, 5 m@iDTT, 60 @Mpalmitoyl-CoA,
and 600 @MROH in a volume of 0.5 ml in 150 mrvi KH2PO4, pH 7.4 buffer.

In some experiments, either 5 mMpCMB or 1 missPMSF was included in the
reaction. In some experiments, palmitoyl-CoA was excluded from the reaction.
After incubation at 37Â°Cwith shaking for the desired time, the reaction was
stopped by adding 350 Mlbutanol/acetonitrile (50/50 vlv) and vortexing for
30 5. Retinoids were extracted as described above and analyzed with reverse

phase HPLC using gradient 2 as described above.

RESULTS

Identification of Retinoids in Cells Cultured from the Oral
Cavity. We have examined four SCC lines, SCC4O, SCC25, SCC12,
and SCC13, for the presence of retinol and its various metabolites by
a PDA. SCC4O and SCC12 cells were cultured in the consensus
medium containing 5% FCS, whereas SCC13 and SCC2S cells were
cultured in keratinocyte serum-free medium. The retinol was added to
the culture medium at a final concentration of 1 LM52 h prior to cell
harvest. Approximately 4 X 108 cells and their incubation medium
were collected, extracted, and analyzed by HPLC. Typical HPLC
PDA chromatograms of retinoids from extracts of SCC4O and SCC13
are shown in Fig. 1. The gradient shown in Fig. 1 resolves the alcohols
and individual fatty acid esters of retinol. The following retinoids can
be detected in these SCC cells: RA, l4-HRR, ddROH, 13-cis-ROH,
ROH, ddRPO, RPO, ddRO, RO, ddRP, and RP.

The identification of each retinoid was based on two criteria:
coelution with a known standard and UV-spectral analysis. The com
pounds marked as 1â€”11in Fig. 1 were identified as follows: 1, RA,
which exhibits an absorption spectra with Amaxat 344 nm; 2, l4-HRR
with Amaxat 340; 3, ddROH with Amas at 347 nm; 4, cis-ROH with
Amas at 328 nm; 5, all-trans-ROH with Amas at 326 nm; 6, ddRPO

with Amaxat 356.2 nm; 7, RPO with Amasat 328.7 nm; 8, ddRO with
Amas at 328.7 nm; 9, RO with Amas at 328.7 nm; 10, ddRP with Amax

at 356.2 nm; and 11, RP with Amasat 328.7 nm. Their retention times
match those of the corresponding standards in our HPLC gradient. In
the SCC lines, the majority of the retinol in the cells remained
unmetabolized after 52 h of culture (Fig. 1). The major retinyl esters
in all of the cell lines examined are RO and ddRO, with RPO, ddRPO,
RP, and ddRP the next most prevalent.The HPLC PDA chromato

10 40 60

Retention time (mm)
Fig. 1. PDA analysis of the retinoids present in extracts from SCC4O and SCC13.

Retinoids were extracted from approximately 4 X l0@SCC4O and SCC13 cells cultured
in a consensus medium containing 5% FCS and keratinocyte serum-free medium, respec
tively, plus 1 @u@iretinol for 52 h, and then retinoids were subjected to reverse-phase
HPLC separation. The spectrum of each peak was monitored by PDA. The data are plotted
at A340 tan versus retention time. Numbers 1â€”II, identified compounds (see â€œResultsâ€•).
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metabolized much less [3H]retinol to [3H]retinyl esters than the nor
mal cell strains (N4EP, OKP7, and OKF4; Fig. 2). Although this
observation was true for all of the tumor cell lines compared to the
normal cell strains, differences were also observed among the differ
ent SCC lines with respect to their ability to metabolize [3H]retinol to
[3H]retinyl esters (Figs. 2 and 3D). The lines SCC12 and SCC13,
derived from the skin, were able to metabolize more [3H}retinol to
[3H]retinyl esters than the SCC lines from the oral cavity (SCC4O,
SCC71 , and SCC25).

The kinetics of [3H}retinol metabolism in the various cell lines were
examined (sÃ§Ã§Fig. 3A for results from N4EP cells). Multiple samples
of the [3Hlretinoids extracted from both the cells and the media at
different times after the addition of [3H]retinol were analyzed on
HPLC (Figs 3, A and B). As can be seen in Fig. 3A, the [3H]retinol
within the N4EP cells was almost completely converted to [3H]retinyl
esters by approximately 16 h of incubation. The concentration of
[3H]retinyl esters in the N4EP cells increased almost linearly over the
first 16 h, and then there was essentially no or very little further

169

Control cells Cells treated with RA

uN

sIN SCC13

INN

@i@@

Fig. 2. The HPLC profiles of [3HJretinolmetabolites in various cell lines. Cells were cultured in the presence of ethanol (as the vehicle control) or 1 psi HA for 48 h. Cells were
thenculturedin thepresenceof 50nsi[3H]retinoladdedto themediumfor22h.Cellswereharvested,retinoidswereextracted,andreverse-phaseHPLCanalysiswasperformedusing
gradient 2, as described in â€œMaterialsand Methods,â€•to separate the retinoids. The data shown are of intracellular retinoids. Media samples were also run but are not shown here.
Nonradiolabeled retinoids were included with each sample as standards to determine the elution times of the various retinoids (data not shown). The data for each sample are plotted
as tritiated counts/mn versus HPLC retention time, normalized to cell number. The peaks corresponding to [3H]retinol and its metabolites are indicated in the tracings. The experiment

was done at least three times (some cell lines were examined in six separate experiments), and very similar results were obtained.
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Fig. 3. Kinetics of [3Hlretinol metabolism in SCC4O, OKP7, and OKP4. A, HPLC tracings of N4EP cells labeled for 6, 10, 16, and 22 h with 50 nsi [3H]retinol. Cells and one-fourth
of the media were harvested, and retinoids were extracted and separated by reverse-phase HPLC analysis using gradient 1. (Only the intracellular retinoids are shown in A).
Nonradiolabeled retinoids were included with each sample as standards to determine the elution times ofthe various retinoids. The data for each sample are plotted as tritiated counts/mm
versus time. The peaks that correspond to [3H]retinol and [3Hlretinyl esters are indicated in the tracings. B, kinetics of [3H)ROH metabolism in the cells described above. The data
are plotted as the intracellular concentration of [3H]retinyl esters or [3H]retinol (psi) remaining versus time (0. in SCC4O; 0 , in OKP7; 0, in N4EP). Note that the Y-axes for retinyl

esters and retinol are different. C, effect of substrate concentration of [3HJretinol on [3Hjretinol metabolism. Cells were cultured in either 50 rat [3H]ROH or 50 nsi [3HJROH plus 450
nM ROH for 9 or 23 h. OKF4 and SCC25 cells and media were harvested and retinoids were extracted and separated by HPLC (gradient 2). The data are plotted as the total concentration

of retinyl esters (nM;& in OKF4; (>, in SCC25) synthesized from 50 and 500 flMretinol or the total concentration of retinal (nsi; 0, in OKF4; 0, in SCC25) remaining versus time.
(Total concentration = retinol in the cells plus retinol remaining in the medium). D, comparison of the [3Hlretinyl esters produced from [3H]retinol in different cell types. Approximately
I X l0'@cells were cultured in the presence of 50 n@i[3Hlretinol for 22 h. Cells and one-fourth of the medium were harvested. Cell numbers for each cell line were determined by
counting a separate dish, seeded with the same number of cells, at the time of harvest. Retinoids were extracted and separated by reverse-phase HPL.Cgradient 2. The concentration
of each of the [3Hlretinyl esters produced from 50 nM[3Hlretinol in 22 h per I X l0@cells was calculated according to the method of Ball (47) and plotted versus different cell types.
This experiment was performed twice with very similar results.
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Table 2 The concentration of (3HJretinol after culture for 22 h in the presence
of 50 n@i(3Hjretinol

Cellswereculturedfor22h in thepresenceof[3H]ROH,eitherwithoutor withinitial
culture in the presence of 1 gu@iRA. [3H]Retinoids were isolated and separated by
reverse-phase HPLC. The total amount of [3H]retinol remaining after 22 h of radiolabel
ing was nonnalized to the cell numbers and expressed as the total [3Hjretinol concentra
tion (in nsi) remaining after 22 h of radiolabeling with 50 nsi [3HJretinolper I X 106cells.
These data are from three different experiments. An average value was calculated. Note
that the intracellular concentrations of retinoids are much higher than the extracellular
concentrations.
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increase in [3H'Jretinyl esters between 16 and 22 h, presumably be
cause there was little [3H]retinol substrate remaining. A comparison
of the intracellular [3H]retinol concentration versus the intracellular
[3H}retinyl ester concentration over time for the OKP7, SCC4O, and
N4EP cell lines is shown in Fig. 3B. Again, it can be seen that the
normal cell strains OKP7 and N4EP metabolize retinol to esters at a
faster rate than the tumor cell line SCC4O (Fig. 3B). Conversely, the
SCC lines contain high concentrations of intracellular, unmetabolized
[3H]retinol for long periods of time because of their reduced ability to
metabolize [3H]retinol to [3H]retinyl esters (Fig. 3B).

That the retinol esterification is proportional to the concentration of
exogenous [3H]retinol is shown in Fig. 3C. These data suggest that the
esterification process in the normal cell strains, such as OKF4, is a
high-capacity process, because the rate of esterification is similar in

the presence of 50 and 500 niviexogenously added retinol. The types
of retinyl esters generated from [3H]retinol are shown in Fig. 3D. The
major esters of retinol synthesized by both the normal strains and SCC
lines are RO, 3,4-ddRO, RP, ddRP, RPO, and ddRPO, in agreement
with prior published data on normal human keratinocytes from skin
(29).

Metabolism of [3H]ROH to [3H]RA. For the normal cell strains,
OKP7 from the soft palate contained more [3H]RA, synthesized from
[3H]retinol, than did OKF4 from the floor of the mouth and N4EP
from the epidermis. Thus, [3H]RA levels at 22 h after addition of
[3H]ROH are inversely correlated with the degree of keratinization of
the regions of the oral cavity from which these normal strains were
isolated. Additionally, the normal strain (OKP7) and the SCC cell
lines from the soft palate (SCC4O and SCC71) contained about
5â€”7-foldmore [3H]RA than the normal cell strain from the skin
(N4EP; Fig. 4A). However, the SCC12 and SCC13 lines contained
more [3H]RA than their normal counterpart N4EP after culture in the
presence of [3H]ROH for 22 h (Fig. 4A).

That the cells could metabolize [3H]retinol to [3H]retinoic acid was
confirmed using a chemical modification method. Samples were
mixed with diazomethane (10:1, v/v) prior to HPLC analysis. As
shown in Fig. 4B, the [3H]retinoic acid peak in both the OKF4 and
N4EP normal cell strains was shifted, and the position of the shifted
peak exactly matched that of the corresponding methyl ester of the
authentic retinoic acid standard. This data represents further evidence
that the human cell lines can metabolize [3H]retinol to [3H]retinoic
acid under the culture conditions used in these experiments.

Culture in the Presence of RA Influences [3H]Retinol Metabo
lism. In these experiments, the eight cell lines and strains were
cultured in the presence of exogenously added 1 p.MRA for 48 h. The
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Fig. 4. Identification of [3HJRA metabolized from 13H]retinol by chemical modifica

tion. A, synthesis of [3H]RAfrom I3Hlretinol.Retinoids were extracted from both medium
and 1 X 106cells cultured in the presence of 50 nss [3Hjretinol for 22 h and separated by
reverse-phase HPLC. The [3H]RA level in each cell line was calculated and normalized
to the cell number. The data are plotted as the amount of I3HIRA (nsi) present after
1 X l0@cells were cultured in the presence of 50 nz@t[3Hlretinol for 22 h. Columns, mean
of three determinations; bars, SD. B, OKF4 and N4EP cells were cultured in the presence
of 50 nMI3HJretinOlfor 22 h and harvested. Approximately 2.5 X l0-@'OKF4 cells and
3.4 X 10-' N4EP cells were harvested. Nonradiolabeled RA was added to samples and
retinoids were extracted, dissolved in methanol, and divided into two tubes. Hexane, as the
solvent control, was added to one tube, and diazomethane was added to the other. Samples
were then subjected to reverse-phase HPLC separation using gradient I, and the tracings
are presented as a function of the absorbance or the tritiated counts/mm versus retention

time. Arrows, RA peak before and after the methylation shift.
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Fig. 5. The effects of RA on I3Hlretinol metab
olism. Control cells and cells first cultured in the
presence of RA (1 @LMRA, 48 h) were subsequently
cultured in the presence of 50 ass I3Hlretinol for
22 h, followed by extraction and HPLC analysis of
[3Hlretinoids from RA-treated (+RA) or ethanol
treated (control) cells. The total amount of [3HJreti
nol remaining and the total amounts of metabolites
of [3H)retinol were calculated as described in â€œMa
terials and Methods.â€•The data are plotted as the
total retinoid (nM)synthesized from 50 nsi [3H]reti
nol in 22 h per I x l0@cells. A, [3H]retinylesters;
B, [3Hjdidehydroretinol; C, [3H114-HRR. In B and
C, columns, mean of these determinations; bars,
SD.
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cells were then rinsed with PBS and incubated in the consensus
medium with 5% FCS in the presence of 50 nr@i[3H]retinol for 20 h.
Approximately 1 X 106 cells from each cell strain and cell line were
harvested, the [3H]retinoids were extracted, and the [3HJretinoids
were analyzed on HPLC. We found that culturing these cells in 1 @aM
RA for 48 h increasedthe metabolismof [3H]retinolto [3H]retinyl
esters by about 20â€”50%in all of the cell lines (Fig. 2A, right panel).

RA treatment for 48 h affected the formation of various retinyl
esters differently (Fig. SA). For example, the formation of radiola
beled RPO, RO, and RP from [3H]ROH in OKF4 cells was dramat
ically increased, whereas the conversion of [3HJROH to ddRPO,
ddRO, and ddRP in OKF4 cells was decreased by RA treatment
(Fig. SA).

In contrast to the stimulatory effect that the treatment for 48 h with
retinoic acid had on the formation of [3H]retinyl esters from [3H]reti
nol (Fig. SA), culturing the cells in the presence of retinoic acid for
48 h generally reduced the metabolism of [3H]retinol to [3H]didehy
droretinol (Fig. SB). The rates of metabolism of [3H]retinol to other
derivatives, such as [3H] 14-HRR (Fig. SC), were generally not af
fected by initial culture in the presence of retinoic acid. We also found
that RA treatment for 48 h prior to the addition of [3H]retinol in
creased the 22-h intracellular concentration of [3H]retinol by about
1.5â€”3.5-foldin the SCC lines SCC4O, SCC71, SCC25, SCC12, and
SCC13, but not in their normal counterpart cell strains, OKP7, OKF4,
and N4EP (Fig. 2 and Table 2).

Expression of CRBP and CRABP Genes. Because CRABP H has
been reported to be the major retinoic acid-binding protein in epithe
hal cells of the skin (24), we examined the levels ofCRABP H mRNA
by Northern analysis to determine whether the expression of CRABP
II transcripts was correlated with some aspect of [3H]RA level in the
different cell lines (Fig. 6). We observed that the SCC25 line cx
pressed high levels of CRABP H transcripts, as did the normal cell
strain OKF4. A smaller amount of CRABP II mRNA was expressed
in OKP7 cells, whereas CRABP H transcripts were barely detectable
in the SCC4O and SCC7I cell lines. Similarly, CRBP I was highly
expressed in SCC25 but not in other cell lines (Fig. 6). Furthermore,
culture of the cells in the presence of 1 @Mretinoic acid for 48 h did
not lead to an increase in the levels of CRABP II transcripts in any of
cell lines (Fig. 6). CRABP I mRNA was detected at a high level only
in OKF4 cells (data not shown). The same Northern blots were
hybridized to human keratin 19, which is a known RA-responsive
gene (28), as a positive control; a greatly increased keratin 19 mRNA
level was observed in RA-treated samples (data not shown), indicating
that the PA treatment was effective. Thus, these normal cell strains
and SCC lines from the oral cavity behave differently from other cell
types with respect to their expression and regulation of the CRABP II
gene. No correlation between the level of [3H]retinol metabolism to
[3H]RA and the level of expression of the CRBP I, CRABP I, and
CRABP II genes was observed (compare Fig. 6 to Fig. 4), despite the
fact that the CRBP I protein has been implicated in the metabolism of
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retinol to RA and to retinyl esters in some other model systems
(48â€”SO).

ARAT Assays. Because we had observed that the normal cell
strains were more active in metabolizing [3H]retinol into [3H]retinyl
esters than the SCC lines (Figs. 2, 3D, and 5A), we assayed micro
somes from the normal strain OKF4 and the lines SCC25, SCC12, and
SCC13 for ARAT (acyl-coA:retinol acyltransferase) activity and
LRAT activity. ARAT activity has been reported in both mouse and
human epidermal keratinocytes (12, 51). We used mouse liver micro
somal protein to perform the assay as a positive control for the assay
conditions (Fig. 7A). The activity was increased in proportion to
microsomal protein amount and incubation time. The ARAT and
LRAT enzymes were completely inhibited by the presence of 5 mi@i
pCMB, a reagent that modifies sulfhydryl residues, and the measured
activity was inhibited by about 65% by 1 nmi PMSF, a serine esterase
inhibitor. The addition of palmitoyl-CoA increased the ARAT activity
(Fig. 7A). Because LRAT is completely inhibited by 1 mi@iPMSF (47,
52, 53), our results imply that approximately one-third of the enzyme
activity detected in the liver microsomes is ARAT, whereas two-thirds
of the measured activity in the liver microsomes is LRAT.

When microsomes from OKF4 and SCC25 cells were incubated
with retinol dispersed in DMSO, retinol esterification was observed
(0.35 nmol/30 mm per 66 pg of protein and 0.05 nmol/30 mm per 66
lAg of protein, respectively; Fig. 7B). The enzyme activity was ap
proximately 2-fold higher at pH 7.4 than at pH 6 or pH 5.5 (data not
shown). This esterification was inhibited by pCMB (data not shown).
However, the presence of 1 m@iPMSF in the reaction did not inhibit
the retinol esterification reaction. Furthermore, approximately 7-fold
more ARAT activity per @agof protein was seen in microsomes from
the normal cell strain OKF4 than in microsomes from the SCC25 line
(Fig. 7B). Fig. 7C shows the HPLC tracings of the ARAT assay with
microsomes prepared from SCC12 cells. The synthesis of RP from
retinol by SCC12 microsomes was sensitive to pCMB but not to
PMSF and was dependent on the addition of palmitoyl-CoA (Fig. 7C).
Our results suggest that ARAT, not LRAT, is the major enzyme
responsible for the conversion of retinol to retinyl esters in these
microsomal extracts of OKF4 and SCC25 cells from oral cavity (Fig.
7B) and SCC12 cells from skin (Fig. 70.

DISCUSSION

Esterification of Retinol and Didehydroretinol. The most signif
icant result from our studies is that all of the five SCC cell lines tested
exhibited a large reduction in their ability to metabolize [3H]retinol to
[3H}retinyl esters relative to the normal cell strains (Figs. 2 and 3).
Although to our knowledge, this is the first report of such a decrease
in the conversion of [3Hjretinol to [3H]retinyl esters in human SCC
lines from the oral cavity relative to normal cell strains from the oral
cavity, significantly lower levels of retinyl esters have been reported
in UV-induced murine SCCs of the skin versus normal epidermis (54).

Furthermore, TÃ¶rmaand Vahlquist (12) showed that ARAT activities
in basal cell carcinomas and carcinomas of the skin were less than
50% of the control (normal skin) values.

Normal human keratinocytes from the skin contain two major
retinoids, retinol and ddROH, and both of these retinoids exist to a
great extent in an esterified state (12, 29, 55â€”57).Two enzyme
activities have been shown to catalyze retinyl ester synthesis, ARAT
and LRAT (for review, see Ref. 58). These two enzymes can be
distinguished from each other by their substrate preferences and their
differential sensitivities to inhibitors (52, 59). In cultured keratino
cytes from human skin, LRAT activity has been detected, and this
activity is up-regulated by culturing these cells in the presence of
retinoic acid (51). However, ARAT has also been detected in skin and
cultured human keratinocytes (12, 51). Kurlandsky et a!. (51) present
data that basal keratinocytes predominantly express LRAT activity,
whereas the differentiating suprabasal keratinocytes express a lower
level of ARAT activity. These conclusions are based on inhibitor
studies and on whether or not the microsomal ester production is
stimulated by palmityl-CoA (51). Although the enzyme that esterifies
retinol in these cultured cells from the oral cavity must be more fully
characterized, our observation that this activity is resistant to PMSF
and is inhibited by pCMB (Fig. 7, B and C) suggests that ARAT is
responsible for esterification of retinol in the SCC lines. We have
detected an approximately 7-fold lower level of ARAT activity per @tg
of protein in two SCC lines (SCC25 and SCC12) versus the normal
cell strain OKF4 under assay conditions in which the [3H]retinol
concentration was severalfold above the Km (Fig. 7). These data
indicate that these SCC lines exhibit less ARAT activity than the
normal cell strain OKF4.

The reduced ARAT activity in the SCC lines as compared to the
normal cell strains could result from decreased gene transcription,
reduced mRNA or protein stability, or reduced enzyme activity due to
mutation or altered protein modification. This reduced ability of the
SCC lines relative to the normal cell strains to esterify retinol may
reflect a phenotypic change that is required for cells to become
neoplastically transformed. Another explanation is that this activity
could be lower in the 5CC lines than in the normal cell strains because
of a change in the state of differentiation of the SCC cells relative to
their normal counterparts, which could influence their ability to es
terify retinol. This is not a likely explanation, however, because prior
to radiolabeling with [3H]retinol, the cells were cultured at various
densities and for various lengths of time under culture conditions that
could influence the differentiation state of the normal cell strains (41,
44), but the differencein esterificationwasconsistentlyobserved.
Furthermore, no differences in ARAT activity in different layers of
epidermal cells (i.e., different states of differentiation) were observed
previously (12). A third possibility is that the SCC lines contain a
lower level of unsaturated fatty acids than the normal cell strains,
because Randolph and Simon (60) showed that unsaturated 16 and 18
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Fig. 7. In vitro assay for microsomal ARAT activity. A, mouse liver microsomes (protein amount as indicated) were incubated at 37CC for indicated length of time in the presence
of 0 or 60 p@ipalmitoyl-CoA, 0 or 5 mst pCMB, 0 or 1 nmiPMSF, 5 inst DTI', 20 @sMBSA, and 600 @ssiROH in 0.5 ml of 0. 15 MKH@PO4buffer, pH 7.4. B, microsomes from OKF4
or SCC25 (66 @gof protein) were incubated at 37'C for 30 mm in the presence of 60 @Mpalmitoyl-CoA, 5 m@,iDTF, 20 @MBSA, and 600 @LMROH, with or without 1 inst PMSF.
C, HPLC analysis of ARAT activity in ndcro@mes prepared from cultured SCCI2 cells, incubated with or without 5 inst pCMB or 1 mt@iPMSF. This experiment was performed three
times; results of the three experiments were within 10% of each other.

carbon fatty acids promote an increase in the retinyl ester content of
normal human epidermai keratinocytes. However, the data from our
microsomal ARAT assays argue against this third possibility because
we observed very low ARAT activity in the absence of palmitoyl
CoA added to the assay, and palmitoyl-CoA is present at a high
concentration (60 p.M) in the ARAT assay. In summary, a large
difference was seen in ARAT activity per @gof protein between the
normal and SCC lines (Fig. 7).

Our results demonstrating that initial culture of the normal cell
strains in the presence of retinoic acid led to an increase in the ability

of the cells to metabolize [3H]retinol to [3H]retinyl esters confirms
and extends the finding of Randolph and Simon (61) with normal
human keratinocytes. These researchers demonstrated that treatment
of the normal epidermal cells with retinoic acid, followed by labeling
with [3H]retinol, led to an increase in [3H]retinyl ester mass. We have
extended these observations to demonstrate that an increase in the
production of [3H]retinyl esters from [3H]retinol also takes place in
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the SCC lines of the oral cavity and the skin in response to culture in
the presence of RA for 48 h. Because the SCC lines are deficient in
their levels of retinyl esters compared to the normal cell strains, we
speculate that one action of RA in these cells is to enhance the
production of retinyl esters from retinol, and this may be related to the
chemotherapeutic effects of retinoids such as RA.

The observation that the SCC lines exhibit a lower level of con
version of [3H]retinol to [3H]retinyl esters than the normal cell strains
may be very important clinically. A number of tumors, both in cell
culture and in biopsies taken directly from patients (28, 38, 62â€”66),
exhibit low or undetectable levels of the message of RAR@, a gene
that is retinoic acid inducible in many cell types and has been
implicated as a biomarker reflecting the content of active retinoids in
the cells. Although in the studies reported here, we have only exam
med the short-term metabolism of [3H]retinol, the ability of cells to
store retinol in the ester form is likely to be important for proper
regulation of their growth and differentiation. Although much dietary
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retinol is stored in the liver in the ester form, individual cells through
outthebodyalsostoreretinolin theesterform(forreview,seeRef.
67). If the ability to convert retinol to retinyl esters is impaired in the
tumor cells, this could result in their inappropriate growth and the loss
of normal differentiation responses because of the lack of a sufficient
amount of internal retinol stored as retinyl esters.

Retinol Metabolism to Dldehydroretinol. It has been shown that
the metabolism of retinol to didehydroretinol takes place predomi
nantly in the stratum spinosum of normal skin, the layer that contains
keratinocytes at intermediate stages of differentiation (68). Vahlquist
et al. (69) have shown that the concentration of ddROH is markedly
elevated (6â€”7-fold) in SCCs of the skin versus normal controls.
Although SCC13, derived from skin, did exhibit an elevated conver
sion of [3H}retinol to [3H]ddROH relative to the normal keratinocyte
strain from skin, N4EP (Fig. SB), an elevation was not seen in SCC12,
a second SCC line derived from skin. We did not observe a large
increase in the [3H}retinol metabolism to [3H]ddROH in the 5CC lines
from the oral cavity relative to the normal cell strains (Fig. SB).
Andersson et a!. (70) have also reported that the conversion of
[3H]retinol to [3H]ddROH in human keratinocytes is correlated with
high levelsof the retinoicacid bindingproteinCRABPII. However,
we did not observe this correlation between CRABP H mRNA cx
pression and the presence of didehydroretinol (Figs. SB and 6). We
did observe a large decrease in the metabolism of [3H}retinol to
[3HIddROH in all cell lines tested, both normal and SCC lines, in
response to initial culture for 48 h in the presence of 1 pM RA (Fig.
SB). These results are in agreement with previous results in human
epidermal keratinocytes (61).

Retinol Metabolism to Retinoic Acid. It has been shown by a
number of laboratories that retinol can be converted to retinoic acid in
a variety of cell types (e.g., Refs. 11, 13, 14, 58, and 71). We have
shown that all of the cell lines and cell strains examined in this study
metabolize [3Hjretinol to [3H]RA (Fig. 4A). However, we did not
detect CRBP I transcripts in OKP7, SCC4O, SCC71 , and OKF4 cells
by Northern analysis (Fig. 6), suggesting that the presence of detect
able CRBP I mRNA is not required for retinol to be converted to
retinoic acid in these cells.

Internal Retinol Concentration. Our results showed that the in
tracellular concentrations of retinol were much higher (about 6â€”100-
fold) than the extracellular retinol concentrations in all of the cell lines
examined (Table 2), suggesting that cells have a mechanism to con
centrate the retinol from the medium. CRBP I is unlikely to play a
major role, because all lines have high intracellular retinol concentra
tions but not all of the cell lines express CRBP I mRNA (Fig. 6). Both
the SCC lines and their normal counterparts take up large amounts of
[3H}retinol from the medium (Figs. 1â€”3;Table 2). An initial RA
treatment for 48 h increased the internal [3H]retinol concentration in
all of the SCC lines examined. This effect of RA could result from
either an increase in [3H]retinol uptake or a decrease in [3H]retinol
efflux. However, RA treatment for 48 h did not affect the intracellular
[3H]retinol concentration in the normal cell strains OKP7, OKF4, and
N4EP, most likely because the normal cell strains rapidly esterified
the [3H]retinol (Fig. 2 and Table 2).

These studies of retinol metabolism in human cells cultured from
the oral cavity demonstrate that this metabolism is complex. The
functions of the many retinol metabolites, including the different
esters of retinol and didehydroretinol, are not fully understood. It is
known that certain cell types, such as resting peripheral T-cells, do not
esterify retinol; after activation, much more retinol is esterified by
these T-cdlls.4 Such data suggest that retinyl esters play a functional

4 J. Buck, personal communication.

role in individual cells in the body, in addition to their role as the
storage form of vitamin A in the liver (67). Future studies analyzing
these functions of retinyl esters will require methods for perturbing
ester formation from retinol in cells to examine the consequences in
terms of cell growth and differentiation.
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