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Abstract. Gene expression underlying cellular growth
and differentiation is only partly understood. This study
analyzed transcript levels of the formaldehyde-metabo-
lizing enzyme alcohol dehydrogenase 3 (ADH3) and var-
ious growth and differentiation-related genes in human
oral keratinocytes. Culture of confluent cells both with
and without fetal bovine serum inhibited colony-forming
efficiency and induced a squamous morphology. Conflu-
ency alone decreased the transcript levels of ADH3, the
proliferation markers cell division cycle 2 (CDC2) and
proliferating cell nuclear antigen (PCNA), and the basal

cell marker cytokeratin 5 (K5), but increased transcripts
for the suprabasal differentiation markers involucrin
(INV) and small proline-rich protein 1B (SPR1). These
changes were variably influenced by serum, i.e., loss of
CDC2 and PCNA was inhibited, loss of K5 promoted, in-
crease of SPRI transcripts inhibited, and increase of INV
promoted. The extent and onset of the effects implied that
ADH3 transcription serves as a proliferation marker and
that confluency with or without serum exposure can serve
to selectively analyze proliferative and differentiated cel-
lular states.

Key words. Oral mucosa; keratinocyte; alcohol dehydrogenase; formaldehyde metabolism; squamous differentiation;

proliferation; transcript profiling.

Squamous epithelia, including those of the oral cavity,
eliminate cells primarily by desquamation to maintain a
homeostatic balance with cells generated by proliferation
[1]. During the basal to suprabasal transition, keratino-
cytes gradually lose their proliferative ability and un-
dergo terminal squamous differentiation (TSD) before
the cells or cell remains are shed from the outermost layer
[1, 2]. Various genes/proteins signify proliferative and
differentiated cellular states. Markers of proliferation in-
clude cell division cycle 2 (CDC2), also termed cyclin-
dependent kinase 1, which constitutes a key component
of the cell cycle control system, and proliferating cell nu-
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clear antigen (PCNA), which is part of a multiprotein
complex regulating DNA replication [3, 4]. Expression of
the corresponding genes decreases when cells commit to
TSD as cells then cease to divide [5—7]. The process of
oral keratinocyte TSD is coupled with the expression of
numerous structural proteins, including those involved in
cornification, e.g., involucrin (INV) and small proline-
rich proteins [8]. Among the approximately 20 cytoker-
atins identified so far, K5 is one of the principal basal ker-
atins in stratified epithelia, yet other keratins, like K13,
are associated with the induction of TSD [2, 8, 9].

Culture of keratinocytes and the application of different
conditions variably mimic epithelial tissue homeostasis
and physiological processes [10, 11]. Gene expression un-
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derlying loss of proliferation and onset of TSD is only
partly understood. Transfer cultures of oral keratinocytes in
serum-free medium are reminiscent of basal cells, and
show high proliferative ability, relatively small cell size, in-
tense expression of basal keratins but low expression of
TSD markers [12, 13]. Addition of fetal bovine serum
(FBS) and/or the transition from a proliferative, confluent
to a post-confluent stage, induces irreversible growth arrest
and TSD, associated with increased cell surface area and
the expression of TSD markers [6, 12, 13]. An opportunity
to investigate these processes further is provided by the
variable expression of these under different culture proto-
cols [reviewed in ref. 11]. Notably, results from other types
of epithelia may not apply to oral epithelium due to tissue
specific expression of structural proteins and differential
responsiveness to toxic agents [6, 14, 15].

Formaldehyde is a toxic, mutagenic and carcinogenic
chemical [16, 17]. Oral inhalation of vapor in tissue fixa-
tives, tobacco smoke, and automotive emissions, usage of
certain dental materials as well as the ingestion of fruits
and other foods lead to oral exposure to formaldehyde
[16]. Atmospheric formaldehyde even below permissible
exposure limits causes micronuclei and chromosome
breakage in oral buccal and nasal epithelium, implying a
need to characterize the enzymatic defense against form-
aldehyde [18]. Alcohol dehydrogenase 3 (ADH3), also
known as glutathione-dependent formaldehyde dehydro-
genase, is the primary formaldehyde scavenger [16, 19].
Assessment of ADH3 expression in oral epithelium
demonstrated transcripts in the basal and parabasal layers
without detectable transcripts in upper layers [20]. In con-
trast, the ADH3 protein was present throughout the epi-
thelium and, moreover, it remained expressed and meta-
bolically functional in cultured oral keratinocytes under
several conditions [20].

Previous analysis of contact-inhibited, differentiated cul-
tured oral keratinocytes showed decreased levels of
ADH3 transcripts compared to sparse, proliferative cells,
but the coupling to alteration of proliferation and differ-
entiation remained unclear [20]. The current study uti-
lized oral keratinocytes under several growth protocols to
analyze the association of ADH3 transcription with mark-
ers of proliferation and/or TSD, including those normally
expressed at basal or more superficial positions in oral
epithelium. The cultures were expanded from a sparse to
a confluent state and then maintained at confluency for up
to 15 days, with or without the presence of 2 and 10%
FBS. Proliferative and differentiated states were initially
assessed from changes in colony-forming efficiency
(CFE) and induction of morphological changes. Numeri-
cal data for the transcript levels relative to the number of
P-actin transcripts were then obtained for ADH3, CDC2,
PCNA, K5, INV, and small proline-rich protein 1B
(SPR1) using a recently established technique for quanti-
tative RT-PCR (StaRT-PCR), shown to be reproducible
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among different laboratories [21]. Finally, Northern blot
analysis was used to quantify the levels of f-actin tran-
scripts and K13 under the different conditions; the latter
gene served as a positive control since the level of the cor-
responding transcript was previously shown to increase
upon serum exposure under confluency [6]. The overall
results demonstrate several means of inducing TSD
markers in oral keratinocytes and, moreover, indicate that
ADH3 transcription terminates in association with a loss
of proliferation without association with the onset or
execution of TSD.

Materials and methods

Cell cultures

Procedures used to culture human oral keratinocytes, in-
cluding the preparation of the serum-free epithelial
medium with high amino acid supplementation (EMHA
medium) have been described recently [11]. Buccal tissue
was obtained from healthy donors (non-tobacco users)
undergoing reconstructive surgery, with the approval of
the ethical committee at Karolinska Institutet. Primary
cell cultures were initiated from incubation of tissue for
18—24 h at 4°C with 0.17% trypsin in phosphate-
buffered saline to form single cells and small aggregates.
The mixture was resuspended in EMHA and plated onto
fibronectin/collagen-coated dishes at an approximate
density of 5 x 103 cells/cm?. Cultures were transferred at
4-5 x 103 cells/cm? in 60- or 100-mm Petri dishes. The
various analyses were made with cells in second passage.
Keratinocytes were seeded at 5 x 103 cells/cm? to reach
confluency (100%) at 6—8 days. The term confluency
(100%) was regarded as the stage/moment when the cul-
tures were (first) grown to fully occupy the dish surface
area as determined from visual inspection and photo-
graphic documentation under a phase contrast micro-
scope. Thereafter, the assessments were based on time,
and cultures were analyzed at 5, 10 and 15 days at the
post-confluent stage using EMHA with or without FBS
(2 or 10%) as culture condition. Medium was exchanged
at 2-day intervals.

Statistical analysis

The various results were based on a minimum of three
separate experiments and statistical differences were de-
termined by analysis of variance (ANOVA). Dunnett’s
multiple-comparison post-test was subsequently used for
comparison of multiple values to one reference value, and
the Tukey-Kramer post-test was used for comparison of
all results among multiple values.

Colony-forming efficiency
CFE was assayed at confluency and beyond (0, 5, 10 and
15 days). Briefly, the cells were removed using trypsin
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and seeded at a density of 50 cells/cm? dish as described
elsewhere [11]. The cells were subsequently incubated for
8 days in EMHA until the surviving colonies were clearly
detectable under phase contrast microscope. The cultures
were then fixed in 10% formalin and stained with 1%
aqueous crystal violet. The mean CFE was determined
from duplicate dishes and based on microscopic counting
of colonies, each containing at least 12 cells.

Standardized quantitative RT-PCR

An established protocol termed ‘standardized quantitative
RT-PCR’ (StaRT-PCR) was utilized [22, 23]. The SV Total
RNA Isolation System protocol (Promega, Madison,
Wis.) was applied for isolation of total RNA. Reverse tran-
scription of 1 pg RNA to a corresponding amount of
cDNA was carried out and the sample was stored at
—20°C. Standardized mixtures of internal standard com-
petitive templates (CTs) for the genes under study (table
1) were purchased from Gene Express (Toledo, Ohio).
Briefly, the reagents for the quantitative PCR amplifica-
tion of cDNA were mixed in a 0.6-ml Eppendorf tube in-
cluding 0.05 pg of the respective forward and reverse
primer (Invitrogen, Glasgow, UK) dissolved at 1 mg/ml in
RNA-free water (Sigma-Aldrich, St. Louis, Mo.), 0.5 U
Taq polymerase (5 U/pl stock; Promega) 1 pl PCR buffer
(10 x stock, Ficoll Dye, 30 mM MgCl,; Idaho Technology,
Idaho Falls, Idaho), 0.2 mM dNTPs (2 mM stock;
Promega) 5 pl RNAse-free water, 1 pl of the CT mixture,
1 pl of the relevant primers (final concentration 5 ng/pl)
and 1 pl of the cDNA sample. The mixture was transferred
to a glass capillary and the reactions were amplified (35
cycles) in a RapidCycler (Idaho Technology). Amplified
fragments were then subjected to electrophoresis on a 3%

Table 1. Primers used for PCR amplification.
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NuSieve/1 % SeaKem agarose gel (FMC Bioproducts,
Rockland, Me.) followed by visualization by ethidium
bromide staining. Band intensities were analyzed by den-
siometry using the Gel Doc 1000 system (Bio Rad, Hemel
Hempstead, UK) and NIH Image software [obtained from
http://rsb.info.nih.gov/nih-image; for details, see ref. 22]
The values for transcript levels at each growth condition
were derived from analysis of a minimum of three sepa-
rate PCR reactions. Depending on the efficiency of the
PCR, including aspects related to the primer hybridiza-
tions, the sensitivity of the assay was between 1—10 mol-
ecules per 10° molecules of B-actin [21-23].

Northern blot analysis

The SV Total RNA Isolation System protocol (Promega)
was applied for isolation of total RNA, and 25 pg of RNA
was then subjected to electrophoresis under denaturing
conditions in 1% agarose containing 6.5% formalde-
hyde. After electrophoresis, the RNA was blotted to Hy-
bond-N nylon membranes (Amersham Biosciences,
Amersham, UK) and cross-linked by oven baking or UV
exposure according to the manufacturer’s recommenda-
tions. Keratin 13 (K13) mRNA was probed with an
EcoRl/Hindlll fragment from a human K13 cDNA clone
and a 2-kb human f-actin fragment was used as control.
The probes were labeled with [a-*?P]dCTP (megaprime
DNA labeling system; Amersham Biosciences) and hy-
bridizations were performed as described elsewhere [24].
Quantification of signals was performed by phosphorlm-
ager analysis using ImageQuant software (Molecular Dy-
namics, Sunnyvale, Calif.) and obtained values were cor-
related to the amount of RNA, determined spectrophoto-
metrically (OD,,), loaded on the gel.

Gene Abbrevia-  Accession Native ~ CT Primer sequence
tion number (bp) (bp)

forward reverse

P-actin P-actin X0035/ 532 416 5" GAT TCC TAT GTG 5" CCATCT CTT GCT CGA

J0074 GCC GAC GAG 3’ AGTCC3

Alkohol ADH3 M30471/ 408 338 5" CCA GCT GGT AAC 5" GGA GGA GCATCC AGA

dehydro- M29872 AGG TCG CAC ATG AAA CAG GTT CAT G 3"

genase 3 GAAAZ

Proliferating PCNA J04718 346 286 5" GCT CCA GCG GTG 5" CGT GCA AAT TCA CCA

cell nuclear TAAACCTGCA 3’ GAA GGCA %

antigen

Cell division CDC2 X05360 340 222 5" GGC CTT GCC AGA 5" AGC CAT TTT CAT CCA

cycle 2 GCTTTT GGA ATA CC 3’ AGT TTT TGA CA 3’

Keratin 5 K5 M19723 371 262 5" CTC AAG GAT GCC 5" ACA CTG AGC CCA CCA
AGGAACAAY CCT AG 3

Small proline- SPR1 M84757 371 285 5" CCA GCCACT GTT 5" AGG CAA ATG GGA CTC

rich protein 1B GCA GCATGA 3’ ATA CAC 3

Involucrin INV M13902 348 266 5" CCT TAC TGT GAG 5"TGG GTTTTC TGC TTT
TCT GGGTTGA 3’ CTGATAT3
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Results

Morphology of confluent and post-confluent mass
cultures

Oral keratinocytes were grown from a stage of single,
separated cells into a confluent monolayer of pleomor-
phic, mostly polygonal and epithelial-like cells (fig. 1 A).
Further culture for 5, 10, and 15 days generated a tightly

Figure 1. Morphologies of normal human oral keratinocytes grown
to a confluent and post-confluent state. The cells were grown to
confluency in serum-free EMHA and subsequently maintained for
up to 15 days in EMHA alone or in EMHA with FBS as described
in Materials and methods. Photographic documentation was made
at phase contrast (x 100). (4) A culture that has just reached a con-
fluent state. (B, C) Confluent cultures maintained for 15 days in
EMHA (B) or in EMHA with 10% FBS (C).
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packed mass of cells that progressively exhibited the typ-
ical flattened, squamous phenotype. Confluent cultures
showed lack of further expansion due to enlargement of
cell surface areas and some cell detachment (not shown).
At 15 days, the cultures variably exhibited differences in
shape and size, including signs of multi-nucleation, vac-
uolization and multi-focal growth (fig. 1B, C). The latter
phenomenon, including formation of ridges, was more
pronounced in cultures grown without FBS (fig. 1B).
Cultures maintained with 2% FBS showed an intermedi-
ate phenotype to those maintained without serum and
with 10% FBS (not shown).

Colony-forming efficiency

Keratinocyte cultures grown from three individuals exhib-
ited a mean CFE of 7% following growth to a stage when
they had just reached confluency (fig. 2). Subsequent
maintenance at confluency resulted in significant loss of
CFE at all time points. Especially apparent at 5 days, the
presence of FBS counteracted the loss of CFE in a concen-
tration-dependent manner. At day 15, the ability to form
colonies was essentially abolished under all conditions.

Gene expression determined by StaRT-PCR
The mRNA levels for ADH3, CDC2, PCNA, K5, INV,
and SPR1 were quantified relative to B-actin; numerical
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Figure 2. CFE of oral keratinocytes maintained at confluency with
or without FBS. The cells were grown to confluency in EMHA and
subsequently maintained for 5, 10, and 15 days in EMHA alone or
in EMHA with 2 or 10% FBS. The CFE was assessed following
passage of cells as described in Materials and methods. Cultures
grown to just reach 100% confluency are indicated as day 0 and the
respective number of days shown indicate the length of subsequent
maintenance of cells at a post-confluent state. The data were ob-
tained from three separate experiments, each with duplicate dishes,
and the results are expressed as mean £ SE. EMHA alone (open
columns); EMHA with 2% FBS (light-gray columns); EMHA with
10% FBS (dark-gray columns). *, significantly different from the
value at day 0 (p < 0.05); **, significant differences compared to
0% FCS (p < 0.05); ***, significant difference compared to 2%
FCS (p <0.05).
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data for the relative expression of these genes, including
statistical analyses, are shown in table 2. The abundance
of transcripts varied greatly among the respective genes
and with the conditions, including a range of <10? to
> 106 per 10° B-actin transcripts. Post-confluent culture
without FBS decreased the levels of ADH3, at all time
points and conditions (fig. 3). The presence of FBS gen-
erally had marginal effects on ADH3, except for the in-
crease noted at 15 days in 2% FBS relative to no FBS.
The levels of the established proliferation markers CDC2
and PCNA also decreased at confluency, in all conditions
(fig. 3). The presence of FBS somewhat counteracted
these decreases, including at least one of the markers at
each time point. The influences of FBS seemed to be
more pronounced at the earlier time points, especially for
CDC2.

Transcript levels of the basal keratinocyte marker K5, and
the TSD markers INV and SPR1 are depicted in figure 4.
Expression of K5 at confluency remained unchanged fol-
lowing 5 days in serum-free medium although it de-
creased after 10 or 15 days. In contrast, both concentra-
tions of FBS promoted the decrease in K5 at all time
points. The transcript levels of INV and SPR1 were in-
creased many-fold under confluency (table 2). Exposure
to FBS, especially at 2% supplementation, promoted the
increase in INV expression. Interestingly, FBS markedly
counteracted the confluency-induced increase in SPR1
transcripts noted without FBS.

Gene expression determined by Northern blot
analysis

The level of B-actin mRNA in confluent and post-conflu-
ent cultures was determined by Northern blot analysis
following spectrophotometric quantitation to ensure

ADH3 in human oral keratinocytes

equal gel loading. The f-actin mRNA levels did not dif-
fer among the samples and growth conditions, including
with or without FBS, implying that the relative compar-
isons based on p-actin was a valid protocol (data not
shown). Assessment of ADH3 transcripts by Northern
blot analysis (data not shown) agreed with the StaRT-
PCR-based analysis (fig. 3), and with previous results
[20]. K13 was then assessed relative to B-actin at 15 days
as a positive control for FBS-induced TSD. In agreement
with published work [6], maintenance at confluency
without FBS had marginal effects on the levels of K13
transcripts, whereas FBS increased expression several-
fold (data not shown). Finally, the RNA yields were sim-
ilar among samples at different time points ranging from
40 to 80 pg from the approximately 2.5 x 10° cells col-
lected per 100-mm tissue culture dish.

Discussion

The processes underlying growth and differentiation
show variable degrees of tissue specificity, also among
different epithelia, and the definition of marker genes for
the respective processes aid mechanistic studies [25, 26].
Oral keratinocytes, if regularly transferred in culture
without serum, efficiently undergo TSD from confluency
and/or serum exposure [11, 27]. Previous efforts to char-
acterize the enzymatic defense against formaldehyde tox-
icity in oral epithelium demonstrated an absence of
ADH3 transcripts in terminally differentiated tissue and
keratinocyte cultures although without a similar absence
of ADH3 protein [20]. The current study analyzed ADH3
and various other genes at the transcript level using
growth conditions that enriched the cell population for

Table 2. Influence of confluency and serum exposure on transcript levels of ADH3 and markers of growth and differentiation in cultured
human oral keratinocytes (number of mRNA molecules per 10° molecules of B-actin).

Time-exposures ~ ADH3 (x10%) PCNA (x10%) CDC2 (x10%) K5 (x10°) SPR1 (x10° INV (x10%)
Day 0 65+13 42+0.6 89+ 1.1 2.7+£0.5 0.1 £<0.1 0.1 £<0.1

+ 5 days

without FBS 1.6 £0.1* 0.9 +<0.1* 1.8£0.1% 29+03 32+£0.7% 25+£03*

2% FBS 26+0.4% 1.6 £0.1* 6.6 £ 1.0%** 1.0 £ 0.1 *** 0.2 £<0.1%** 51+05%*
10% FBS 1.8 +£02% 20£0.8% 5.1 £0.8%%** 0.9 £ 0.1%** 0.2 £<0.1%** 6.5+19*

+ 10 days

without FBS 1.4£0.1% 03+£<0.1* 02+£0.1% 1.6+£0.1* 4.0£0.6* 51+04%

2% FBS 1.3£03* 03+0.1* 19+£13* 09+03* 0.1 £<0.1%* 8.8 £ [.2%**
10% FBS 14+0.1% 0.9 £ 0.1 %***%% 34+ (02% 1.2+03* 0.2 £<0.1%** 4.6 £ 0.3 % %**
+ 15 days

without FBS 1.2+04%* 14+0.1% 02+0.1% 1.2+£03* 2.7£0.8% 22+0.6%
2% FBS 3.0 £ 0.3%%* 23+£0.5% 2.4 £ 0.2%%* 1.1+£0.1* 0.5£<0.1%** 287+ 6.0%**
10% FBS 1.7£02% 0.7 £ 0.1 %*** 14£04* 0.6 £<0.1* 0.1 £<0.1%* 7.1 £0.9%***

The level of the respective transcripts were determined by StaRT-PCR as described in Materials and methods. The cells were grown to a
confluent state (denoted as day 0), and then maintained with or without FBS for up to 15 days as indicated. The results are presented as the
mean * SE from a minimum of three separate experiments. *, significantly different relative to day 0, p < 0.05; **, significantly different
relative to cells maintained without FBS, p < 0.05; ***  significantly different relative to 2% FCS, p < 0.05.
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Figure 3. Transcript levels of the ADH3, CDC2, and PCNA genes
in oral keratinocytes maintained at confluency with or without FBS.
Cells were grown to confluency in EMHA and subsequently main-
tained for 5, 10, and 15 days in EMHA alone or in EMHA with 2 or
10% FBS. The respective level of mRNA was quantified relative to
P-actin by StaRT-PCR and expressed as described in Materials and
methods. Cultures grown to just reach 100% confluency are indi-
cated as day 0 and the respective number of days shown indicates
the length of subsequent maintenance of cells at a post-confluent
state. EMHA alone (open columns); EMHA with 2% FBS (light-
gray columns); EMHA with 10% FBS (dark-gray columns).

T —

non-proliferative and terminally differentiated states. The
overall assessment showed that ADH3 transcription is as-
sociated with expression of transcripts for cell prolifera-
tion markers, notably without the corresponding (inverse)
correlation with transcript levels of TSD markers. Ac-
cordingly, ADH3 transcription may serve as a useful pro-
liferation marker in gene expression studies.

The current study utilized a well-established concept for
driving proliferative keratinocytes into a state where pro-
liferation is counteracted and TSD induced, i.e., mainte-
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Figure 4. Transcript levels of the K5, INV, and SPR1 genes in oral
keratinocytes maintained at confluency with or without FBS. Cells
were grown and mRNA quantitated as described in the legend to
figure 3. EMHA alone (open columns); EMHA with 2% FBS
(light-gray columns); EMHA with 10% FBS (dark-gray columns).

nance at confluency without or with FBS [reviewed in ref.
11]. However, the current work expanded previously
available protocols by studying different FBS concentra-
tions, a prolonged exposure time, and several time points.
The morphological changes confirmed induction of TSD,
including increases in cell surface areas, multi-nucleation,
multi-focal growth, and formation of ridges and, more-
over, measurement of CFE confirmed loss of proliferative
ability (cf. figs 1 and 2). Notably, confluency alone with-
out FBS resulted in the most efficient means of inducing
the squamous morphology, whereas FBS promoted reten-
tion of proliferative cells. In agreement, viable epithelial
sheets suitable for grafting are commonly generated under
confluency and FBS exposure [reviewed in ref. 11].

The transcript analysis agreed with the efficiency of the
culture protocols in arresting proliferation and inducing
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TSD (cf. table 2, figs 3, 4). All post-confluency samples
showed significant decreases in both CDC2 and PCNA,
and significant increases in both INV and SPR1. Expres-
sion of K5 remained high at 5 days without FBS but was
otherwise significantly decreased at all conditions and
time points. A growth-promoting effect of FBS under
confluency was indicated by the relatively higher levels
of CDC2 and PCNA transcripts noted in several samples.
In contrast, the absence or presence of FBS had a pro-
found effect on the TSD markers, i.e., transcripts of SPR1
were found at many-fold higher levels in the absence of
FBS, whereas the transcript levels of INV was promoted
by FBS, especially at the 2% level. The numerical data
for TSD marker transcripts agrees with previous reports
on the relative distribution of proliferation- and differen-
tiation-specific proteins in oral epithelium [1, 2, 5-9].
However, the results also show that several culture proto-
cols may be required for expression of the full array of
genes/proteins that constitute a terminally differentiated
tissue.

ADH3 transcripts may serve as a sensitive marker of ker-
atinocyte proliferation as indicated from a higher degree
of correlation with CDC2 and PCNA than the other tran-
scripts, considering both direct or inverse relationships,
and at various growth conditions, time points, and ampli-
tudes (cf. figs 3, 4). The association of ADH3 with a basal
phenotype, i.e., K5 transcripts, was less apparent, al-
though as indicated for K5, ADH3 transcripts might also
be retained for a limited period at confluency [20]. A gen-
eral association of ADH3 with proliferation would agree
with the high transcript levels previously noted in im-
mortalized and malignant keratinocytes, since such lines
usually exhibit a higher proliferative potential than nor-
mal keratinocytes [11]. The association with proliferation
suggests that ADH3 might critically regulate physiologi-
cal levels of formaldehyde, e.g., for DNA synthesis [16].
Interestingly, the cellular levels of glutathione, the cofac-
tor used by ADH3 and which offers direct protection
against formaldehyde, also increase in proliferative states
[28, 29]. Since mutability is a hallmark of proliferative
cells, the ability to regulate ADH3 transcription might
also be essential for protection against formaldehyde ex-
posure and, as recently implied, nitrosative stress, where
ADH3 irreversibly metabolizes nitrosoglutathione to pre-
vent nitrosolysation within the cell [30, 31]. Alternatively,
once the ADH3 protein is abundant and stable over the
expected cellular lifespan, the cell might simply conserve
energy by avoiding unnecessary mRNA synthesis.

The current study utilized oral keratinocytes in various
growth conditions to explore mechanisms underlying
ADH3 transcription. Of significance for the full interpre-
tation of the results, proliferative cultures, which are nor-
mally considered to mimic the basal layer, may also be
regarded as a disrupted epithelium undergoing regenera-
tion, while a high-density, ‘confluent’ culture can be re-
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garded as normal unperturbed tissue, and serum exposure
is likely to activate functions related to wound healing
[11, 32]. Application of the StaRT-PCR technique was in-
strumental in this study, i.e., well above 10° PCR reac-
tions analyzed by gel separation provided a coordinate
expression analysis including standardized numerical
data for six genes in cells under a total of ten variables
(conditions and time points, table 2). Since reagents were
not available to analyze K13 expression by StaRT-PCR,
the preferential transcription of K13 in serum-exposed
confluent oral keratinocytes [6] was confirmed in the cur-
rent study by Northern blot analysis. The relative lack of
exact correlation, direct or inverse, among various mark-
ers and the growth assessment in this study may reflect
inter-individual-based variations, since quantitatively, but
not qualitatively, the responsiveness to stimuli that induce
TSD is known to vary considerably among donor cultures
[11]. Furthermore, keratinocyte cultures cannot be cul-
tured to fully represent proliferative versus non-prolifer-
ative or non-differentiated versus fully differentiated
states [11]. For example, inherent to the method of ana-
lyzing single-cell cloning with the CFE assay, cell injury
from proteolytic removal and dissociation of cells main-
tained under prolonged confluency may contribute to an
overestimated loss of cloning potential (cf. fig. 2).

In conclusion, different culture protocols were used to en-
rich replicative oral keratinocyte cultures for non-prolif-
erative and terminally differentiated cells in efforts to de-
lineate influences on ADH3 transcription. The overall re-
sults demonstrated an association of ADH3 transcripts
with transcription of two proliferation markers without
consistent positive or negative association with markers
of basal and suprabasal differentiation. Therefore, ADH3
transcription associates primarily with a state of cellular
proliferation. The overall marker analysis also indicates
that subpopulations of oral keratinocytes may be sensitive
to growth inhibition and/or induction of TSD, as is the
likely scenario in vivo, but that the utilization of one cul-
ture protocol is unlikely to allow expression of the fully
differentiated phenotype. In contrast, as shown to advan-
tage here, comparison of different growth protocols under
confluency and serum may serve to dissociate gene tran-
scription among proliferative/non-proliferative and dif-
ferentiated/non-differentiated cellular states, and lead to
the definition of additional markers useful for the analy-
sis of keratinocyte biology.
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