Modulation of Keratinocyte Proliferation In Vitro

by Endogenous Prostaglandin Synthesis

Alice P. Pentiand and Philip Needleman

Departments of Dermatology and Pharmacology, Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

To understand the relationship between the proliferation of epi-
dermis and its arachidonic acid metabolism, we studied human
keratinocytes grown in vitro at confluent or nonconfluent den-
sities. Keratinocyte cultures incubated with ['“Clarachidonic acid
synthesized prostaglandin (PG)E, PGD,, PGF,,, and small
quantities of 6-keto-F,,. Nonconfluent cultures, however, syn-
thesized fourfold more PGE, than did confluent cultures. When
proliferation was studied using [’H]thymidine incorporation into
DNA, it was found that this increased synthesis of PGE, was
accompanied by a fourfold increase in the rate of proliferation.
When PGE, synthesis was inhibited by indomethacin, the rate
of proliferation of nonconfluent cultures was decreased 40%,
while the rate of proliferation of confluent cultures was un-
changed. Addition of 1 ng/ml of PGE,, but niot PGF,,, PGD,,
or a stable analog of PGI, to the indomethacin-treated noncon-
fluent cultures restored the initial rate of proliferation. These
results suggest that PGE, is a growth-promoting autocoid for
epidermis. The synthesis of PGE, by epidermis may be enhanced
in wound healing and disease states where epidermal continuity
is disrupted.

Introduction

The participation of prostaglandin (PG)' synthesis in keratino-
cyte proliferation has been suggested in several ways. In hyper-
proliferation induced in mouse epidermis by 12-O-tetradeca-
noylphorbol-13-acetate (TPA), there is an associated increase in
endogenous synthesis of PGE, (1). This TPA-induced hyper-
proliferation can be blocked by indomethacin and restored by
topical application of PGE, (2, 3). It has also been shown that
intradermal injection of PGE, or PGE, results in increased epi-
dermal proliferation (4, 5). Similar increases in the rate of pro-
liferation (6) have been shown in cultured keratinocytes after
exogenous addition of PGE,. In addition, healing of partial
thickness burns requires three times longer in essential fatty acid-
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deficient (EFAD) rats, which are devoid of fatty acid precursors
for PG synthesis (7).

There is also conflicting evidence that shows that PGE, in-
hibits epidermal proliferation. It has been shown that addition
of PGE,, PGE,, PGF,,, and PGF,, to the culture medium of
human epidermal explants results in 35-87% inhibition of pro-
liferation (8). In essential fatty acid-deficient rats, presumably
with deficient epidermal synthesis of PGE,, the rate of epidermal
proliferation is increased fivefold over control values (9). Topical
application of PGE, daily for 1 wk restores the slower, normal
rate of proliferation (10).

The confusion in the results of these studies may be attrib-
utable to several factors: (a) the wide variety of doses and types
of prostaglandin selected for study, (b) the varying intervals of
treatment, (c) the different animal models or culture conditions
selected, and (d) the failure to identify the intrinsic product pro-
file of arachidonic acid metabolism in keratinocytes. To clarify
the role of arachidonic acid metabolism in epidermal prolifer-
ation, we have done a series of experiments to determine the
endogenous pattern of arachidonate metabolism in cultured hu-
man keratinocytes and studied the role of endogenously syn-
thesized prostaglandins in keratinocyte proliferation.

Methods

Primary human keratinocyte cultures. Full-thickness skin from pannic-
ulectomies and breast reductions from healthy individuals was used. The
basal cells from these biopsy specimens were cultured according to a
modification of the technique of Liu and Karasek (11). The tissue was
defatted, then placed in 0.25% trypsin in M-199 medium at pH 7.0 and
trypsinized overnight in air at room temperature. The skin was then
rinsed in Dulbecco’s modified Eagle’s medium (DME) (Basic Cancer
Center, Washington University, St. Louis, MO) with 10% fetal calf serum
(KC Biologicals, Inc., Lenexa, KS) and the epidermis was separated from
the dermis. Cells were gently shaken from each surface with forceps. The
cells were dispersed by trituration and passed through sterile gauze to
remove collagen clumps. The epidermal cells were then suspended at a
concentration of 1 X 10%/ml and plated in 16-mm wells (Corning Glass
Works, Corning, NY) coated with collagen (Collagen Corp., Palo Alto,
CA). The cultures were grown at 37°C in 5% CO,/95% air. The culture
medium was changed every other day. For studies in which PGE, syn-
thesis and proliferation were measured, serum-containing medium was
used to prevent changes in growth secondary to serum deprivation. For
studies where exogenous arachidonate was added, serum-free medium
was used.

DNA assay and [*Hthymidine ([*H)Tdr) incorporation. To measure
proliferation, keratinocyte cultures were labeled with 1 uCi/ml of [*H]Tdr
(47 Ci/mmol, Amersham Corp., Arlington Heights, IL) for 12 h. Cultures
were then rinsed twice with cold phosphate-buffered saline and harvested
by addition of 1 ml of 6% trichloroacetic acid. After centrifugation, the
pellet was resuspended in 200 ul 3% perchloroacetic acid and heated to
95°C for 15 min to extract DNA. This extract was centrifuged again and
40 ul of supernatant was counted to determine thymidine incorporation.
A 140-ul aliquot was then assayed for DNA content by the diphenylamine
method of Burton (12). For cultures plated at 0.25 X 10° cells/cm?, four



cultures were pooled for assay. To create triplicate values, 12 wells were
plated at this cell density.

Proliferative autoradiography. Cultures intended for autoradiography
by the method of Durie and Salmon (13) were grown on thermanox
sterile coverslips (Flow Laboratories, Inc., McLean, VA). At the desired
time point, cultures were incubated with 1 xCi/ml [*H]Tdr overnight.
The coverslips were then removed from medium and placed cell-side-
up into small dishes and fixed. The cultures were then allowed to air-
dry, after which they were mounted on a clean slide with PRO-TEXX,
(Lerner Labs, New Haven, CT) cell-side-up. These slides were then dipped
in NTB-2 emulsion (Eastman Kodak Co., Rochester, NY) diluted 1:1
in water in the dark. Once dry, the slides were left to expose at —78°C
for 7 d. After the exposure interval, the slides were developed and stained
with toluidine blue. When the slides were dry, labeled nuclei per total
nuclei present per high power field were counted in a minimum of 20
fields in triplicate slides, yielding a direct visual assay of proliferation.

Analysis of metabolism of [!*Clarachidonate by cultures. The cultured
cells were incubated for 1 h with [*Clarachidonic acid (0.6 xCi/ml, 60.1
mCi/mmol, Amersham Corp.) in serum-free medium. Medium from
two petri dishes containing 2 X 10° keratinocytes was pooled, acidified
to pH 3.5, and extracted three times with an equal volume of ethyl
acetate. Samples were evaporated to dryness under nitrogen and resus-
pended in chloroform/methanol 2:1, plated on silica gel plates, and thin
layer chromatography was performed in system A-9 (the organic phase
of ethyl acetate/2,2,4-trimethylpentane/acetic acid/H,0, 55:25:10:50).
This system separates prostaglandins and lipoxygenase products. Auto-
radiograms of the thin layer plates were made with X-OMAT XAR-5
film (Eastman Kodak Co.) and the bands that comigrated with authentic
standards were cut from the plates and counted using scintillation spec-
troscopy (14).

Radioimmunoassay (RIA) of PGE,. PGE, was assayed using rabbit
antisera as previously described (15). The incubations for RIA contained
(in a total volume of 0.2 ml): PGE,, 2.0 to 200 pg; 0.05 M potassium
phosphate buffer, pH 7.4, containing bovine serum albumin, 0.1%; an-
tiserum in 1:16,000 dilutions; and [°’H]PGE,, 2,500 cpm (100 Ci/mmol,
New England Nuclear, Boston, MA). Tubes were placed in the cold for
18 h and then dextran-coated charcoal (0.025% dextran, 0.15% charcoal
in saline) was added to all tubes, which were centrifuged to pellet the
charcoal. The supernatant was then decanted into scintillation fluid
(complete counting cocktail 3a70, Research Products International Corp.,
Mount Prospect, IL) and counted (15).

Protein determination. Cells from all experiments were washed twice
with phosphate-buffered saline (50 mM potassium phosphate). 0.62 M
NaOH was added to each well to solubilize the protein. The protein
concentration in each culture was then determined fluorometrically with
fluorescamine (Fluram, Hoffman-La Roche, Inc., Nutley, NJ) using bo-
vine serum albumin as a standard (16).

Results

Culture morphology. When keratinocyte cultures were plated at
5, 2.5, 0.75, or 0.25 X 10° cells/cm?, marked differences in the
culture morphology occurred. Cells plated at the heaviest density
(5 X 10° cells) were polygonal with their cytoplasm full of dense,
filamentous material. 2-3 cell layers were present by the second
day after plating so that the morphology of these cultures resem-
bled normal epidermis. In cultures plated at 2.5 X 10° cells/
cm?, a confluent culture was formed in 1-2 d, but there were
only a few areas of stratification. In these areas, the cell cytoplasm
contained some dense filamentous material. Experiments were
begun shortly after the cultures plated at this density became
confluent.

Nonconfluent cultures resulted when cells were plated at a
density of 0.75 X 10° cells/cm?. These cultures contained epi-
thelial islands, with small central areas of stratified cells. In some

areas, the islands of epithelium coalesced. Occasionally, cyto-
plasmic filamentous material was present in the central area of
large islands. At the lowest plating density, the morphology was
similar, but with the islands of cells more widely dispersed. No
filamentous material could be found in the cytoplasm of cells
plated at this low density.

The total protein content of the cultures decreased with the
decrease in plating density. Stratified confluent cultures (5 X 10°
cells/cm?) contained 518+77 ug protein per 16-mm well, while
unstratified confluent cultures contained 331266 ug protein per
well. Nonconfluent cultures plated at a density of 0.75 X 10°
cells/cm? contained 72+21 ug of protein per well, while cultures
plated at the lowest density contained 18+5 ug protein per well.

Analysis of metabolism of arachidonate by the cultures. Initial
studies were done to identify the profile of arachidonate metab-
olites synthesized by the cultures. ['“C]Arachidonic acid was
added to the culture medium and incubated with the cultures
for 1 h. The culture medium from 4 X 10° cells was then extracted
and analyzed by thin layer chromatography. These studies
showed that the cyclooxygenase products synthesized by the
keratinocyte cultures comigrated with PGE,, PGF,,, PGD,, and
6-keto F,,. Lipoxygenase products were also synthesized, but
were not identified.

The effect of confluence on prostaglandin synthesis was
studied by plating 2 X 10° cells in either 35-mm petri dishes (2
X 10° cells/cm?) or in 25 cm? flasks (0.8 X 10° cells/cm?). The
cultures in the 35-mm dishes became confluent in 2 d, while
the cells plated in the flasks remained nonconfluent for up to
10 d. After 3-5 d in culture, the profile of arachidonate metab-
olites synthesized by the cultures was determined (see Fig. 1).
All of the products synthesized by confluent cultures were made
by nonconfluent cultures (PGE,, PGF,,, PGD,, and 6-keto
PGF,,). The quantity of metabolites produced per microgram
of protein was approximately the same in the two groups, with
the exception of PGE,. This prostaglandin was consistently syn-
thesized in fourfold greater quantities in the nonconfluent cul-
tures.

To quantify the difference in PGE, synthesis between the
two groups, unlabeled arachidonic acid (1-30 uM) was incubated
with cultures plated at confluent (5 X 10° cells/cm?) or noncon-
fluent (0.75 X 10° cells/cm?) densities for 2 h. The amount of
PGE,/ug of protein synthesized was then determined by RIA
(Fig. 2). The dose of arachidonate that resulted in 50% of the
maximal PGE, synthesis (ECsy) was ~2 uM for both confluent
and nonconfluent cultures. The maximal response in noncon-
fluent cultures, however, was ~20-fold greater.

The increased capacity for PGE, synthesis demonstrated in
nonconfluent cultures using exogenous arachidonate was also
reflected in the cultures’ basal rate of PGE; synthesis. Decreased
plating density resulted in a marked increase in the basal rate
of PGE, accumulation in the medium. 3-5-d-old cultures that
were confluent or stratified at the time of the assay produced
very little PGE; over a 24-h incubation period. However, non-
confluent cultures produced 50 times this amount over the same
period. PGE, synthesis was completely inhibited by the addition
of indomethacin 24 h before the start of the assay (Fig. 3 A).

Studies of proliferation in confluent and nonconfluent cultures.
When proliferation was measured using [*H]Tdr incorporation
into DNA, it was found that increased synthesis of PGE, was
associated with increased proliferation. Nonconfluent, unstrat-
ified cultures proliferated four times more rapidly than did their
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Figure 1. Autoradiogram of thin layer chromatography plate showing
products of ['“CJarachidonic acid formed by 4 X 10° keratinocytes. In-
cubations were done as described in Methods either in the presence or
absence of 5 ug/ml indomethacin (Indo). Chromatographic standards
include prostaglandin (PG) 6-keto-F;,, PGF,,, PGE,, PGD,, and
PGA,;. Nonconfluent cultures synthesized four times as much PGE,/
ug protein as confluent cultures. The numbers on the photo show the
counts per minute of ['“C] present in the band indicated. A represen-
tative experiment is shown. This experiment was repeated four times
with similar results.

fully stratified, confluent counterparts (Fig. 3 B). These studies
also showed that confluent, unstratified cultures (2.5 X 10° cells/
cm?) still proliferate rapidly despite very low levels of PGE, syn-
thesis. This difference in the cultures’ proliferative rate was
dependent only on cell density and not on the number of
days after plating on which the assay was performed (days 3
through 7).

Since the total counts per minute of [*H]Tdr incorporated
into DNA can be influenced by differences in the transport of
the radioactive thymidine into the cells, autoradiography was
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Figure 2. Effect of plating
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mean+SEM, n = 3.
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used as a second method to measure the cultures’ rate of pro-
liferation. Using this method, results are obtained by counting
the number of cells labeled per total cell number. Since differ-
ences in transport will only change the density of labeling, not
the number of cells labeled, the results obtained by this method
are valid even if differences in radioactive thymidine transport
are present. Increases in [*H]Tdr uptake that are due to DNA
repair will be visualized as a generalized increase in radioactive
background. This is readily distinguished from the intense la-
beling of mitotic nuclei. The results obtained using proliferative
autoradiography confirmed the data obtained by assay of in-
corporation of [*’H]Tdr into DNA (Table I).

To determine if the increase in the rate of proliferation ob-
served in the nonconfluent cultures was modulated by their in-
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Figure 3. (A) Effect of plating density on PGE, production. Keratino-
cytes were incubated with 1 ml DME with 10% fetal calf serum for 24
h. Cultures plated at 2.5 X 10° cells/cm? became confluent 24-48 h
before the assay. Values shown are the mean+SEM of six experi-
ments. (B) Effect of plating density on proliferation. Cultures were la-
beled with 1 uCi/ul [*H]thymidine for 12 h before assay. Cultures that
were nonconfluent (0.25 X 10° cells/cm?, 0.75 X 10° cells/cm?) or
were unstratified (2.5 X 10° cells/cm?) proliferated four times faster
than confluent, stratified cultures (o). Cultures exposed to 10 ug/ml
indomethacin (o) for 3 d before [*H]Tdr incorporation determination
showed a marked inhibition of proliferation at nonconfluent densities.
Values shown are the mean+SEM of six experiments. This inhibition
of proliferation was statistically significant. *P < 0.02; **P < 0.01,
student’s paired ¢ test.



Table I. Effect of Confluence on Keratinocyte
Proliferation (cells labeled/100 cells)

Confluent (2.5 X 10° cells/cm?) Nonconfluent (0.75 X 10° cells/cm?)

+10 pg/pl +10 pg/ml
indomethacin indomethacin
2.8+0.5 2.6+0.5 11.5+£2 5.2+0.7

Keratinocytes were plated at confluent or nonconfluent densities. 2 d
after plating, half of the cultures were treated with 10 ug/ml indo-
methacin. After 3 d of drug treatment, the cultures were processed for
proliferative autoradiography. The numbers represent the number of
cells labeled per 100 cellsSEM in each treatment group. n = 3.

creased rate of PGE, synthesis, the cultures were treated with
indomethacin for 3 d. PGE, synthesis was completely inhibited
at concentrations of indomethacin as low as 0.1 mg/ml. The
rate of proliferation of indomethacin-treated cultures was then
assayed. It was found that in nonconfluent cultures only, the
rate of proliferation was decreased 35-45% in the presence of
the drug (Figs. 3 4 and 4).

At each concentration of indomethacin that suppressed PGE,
synthesis, proliferation was inhibited. At a concentration of 0.01
pug/ml indomethacin, however, PGE, synthesis was not fully
suppressed. In these cultures, the rate of proliferation was the
same as controls. This decrease in proliferation was also con-
firmed by proliferative autoradiography (see Table I). The rate
of proliferation of confluent cultures (stratified or unstratified)
was unchanged by indomethacin treatment (Fig. 3 B).

To document that PGE, was the product of the cyclooxy-
genase pathway that was responsible for the increased prolifer-
ative rate observed in nonconfluent cultures, exogenous PGE,,
PGF,,,, PGD,, and the stable PGI, analog ONO-OP4193 were
added to indomethacin-treated cultures and the effect on their
rate of proliferation was assessed after 3 d. Cultures were plated
at a density of either 5 X 10° cells/cm? (fully confluent and
stratified) or at 0.75 cells/cm? (nonconfluent). The concentration
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of prostaglandin added to the cultures (0.01 to 100 ng/ml) was
in the physiologic range of the products synthesized by keratin-
ocytes in a 24-h period. These experiments showed that addition
of PGE,; to the cultures resulted in reconstitution of their normal
rate of proliferation as measured by incorporation of [*H]Tdr
into DNA (Fig. 5). This response was dose-dependent, with the
proliferative rate reconstituted to the control value at a dose of
1 ng/ml PGE;. In sharp contrast, the cultures’ proliferative rate
in the presence of up to 100 ng/ml of the other prostaglandins
that keratinocytes synthesize was the same as the indomethacin
control.

Discussion

These data indicate that keratinocyte PGE, synthesis is modu-
lated by cell density, and that PGE, is a growth promoting au-
tocoid in nonconfluent keratinocyte cultures. The increase in
endogenous PGE, accumulation observed in the nonconfluent
keratinocyte cultures was apparently mediated by an increase
in cyclooxygenase activity, as suggested by the studies using ex-
ogenous arachidonate (Fig. 2). These studies indicated that the
ECs, for both confluent and nonconfluent cultures is approxi-
mately the same, but that the quantity of product which can be
synthesized in nonconfluent cultures is increased 20-fold. The
apparent preferential synthesis of PGE, over PGF,,, PGD,, and
6-keto PGF,, may be the result of increased PGH,-PGE; isom-
erase activity or relative decreases in the enzymes synthesizing
PGF,,, PGD,, and PGI,. The mechanism by which keratino-
cytes preferentially synthesize PGE; is not addressed in these
studies.

The relationship of the increase in prostaglandin synthesis
to the state of confluence of the keratinocyte culture was sup-
ported by several observations. The quantity of prostaglandin
synthesized was not influenced by the number of days the cells
were in culture, only by their degree of confluence. When the
same number of cells were plated in different sized petri dishes,
resulting in confluent or nonconfluent cultures, synthesis was
increased fourfold in the nonconfluent cultures. These studies
do not address whether confluence, the cessation of cell spread-
ing, or differentiation of the keratinocyte cultures is responsible
for the observed decrease in prostaglandin synthesis as plating
density increases.
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In the studies in which keratinocyte proliferation was mea-
sured (Fig. 3), it was shown that the increased synthesis of PGE,
by nonconfluent keratinocyte cultures enhances their rate of
proliferation. It was also demonstrated that once these cultures
are confluent, prostaglandin synthesis no longer facilitates pro-
liferation, which suggests that keratinocytes are able to proliferate
by both a prostaglandin-dependent and prostaglandin-indepen-
dent pathway. Also note that confluent, unstratified cultures
proliferate as fast as nonconfluent cultures but synthesize much
less PGE,, which indicates that while confluence modulates
PGE, synthesis, it does not directly modulate proliferation.
Confluent cultures continue to proliferate rapidly until they are
stratified, despite very low levels of PGE, synthesis. These results
may explain the great diversity of effects reported in the literature
when the relationship between keratinocyte proliferation and
arachidonic acid metabolism has been studied. The dependence
of proliferation on prostaglandin synthesis only under certain
experimental conditions has been encountered in in vivo studies.
Marks et al. (2) showed that while TPA-induced hyperprolifer-
ation was dependent upon PGE; synthesis, the hyperproliferation
produced by its close analogue, 4-O-methyl-TPA, was not.

The decreases in arachidonate metabolism and proliferation,
which occur as keratinocytes become confluent and differentiate,
is different from the pattern of events observed in other cell
types. Taylor and Polgar (17) showed that in quiescent fibroblast
cultures (nonproliferative) bradykinin-stimulated synthesis of
PGE, is greatly enhanced (17). Friend erythroleukemia cells and
the human promyelocytic cell line HL. 60 have been observed
to have increased cyclooxygenase and phospholipase activity after
differentiation was induced with dimethyl sulfoxide (18, 19).
These examples indicate that in many cell types, increased PGE,
synthesis occurs with increased differentiation and decreased
proliferation. Keratinocytes, however, are able to enhance the
rate of proliferation of undifferentiated cells through increased
PGE; synthesis.

In quiescent Swiss 3T3 fibroblast cultures, DeAsua et al. (20)
have shown that another prostaglandin, PGF,,,, can function as
a growth factor. Exogenous addition of 75 ng/ml PGF,, can
initiate DNA synthesis. Physiologic quantities of PGF,, can also
initiate synthesis in the presence of PGE, and insulin (21). A
similar role for PGE, in keratinocyte proliferation is demon-
strated by the present studies.

In a recent report by Rice and Levine (22) using keratinocytes
cultured from a squamous cell carcinoma, the cultures’ synthesis
of prostaglandins in response to mellitin was shown to decrease
as the cultures became confluent and presumably proliferated
more slowly (22). Our studies confirm these findings in normal
cells, and in addition, document the relationship between the
culture’s rate of proliferation and its prostaglandin synthesis.

In studies of EFAD rats with burn or incisional injuries (7),
epithelial repair is markedly delayed, with regeneration requiring
three times longer than normal to occur. Since the skin of EFAD
animals does not contain the precursor essential fatty acids for
PGE; synthesis (10), this increase in repair time may represent
the in vivo correlate of the findings reported here. In vitro, non-
confluent keratinocyte cultures may behave similarly to the re-
generating islands of epithelium, which appear after partial
thickness injury. In an EFAD animal, the absence of PGE, may
slow the rate at which these nonconfluent islands of epithelium
become confluent. The study of nonconfluent keratinocyte cul-
tures’ arachidonic acid metabolism as a model of wound healing
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may give insight into the process of epithelial repair. An abnor-
mality in the epithelial ability to augment PGE, synthesis after
injury may also be of importance in hyperproliferative inflam-
matory disease states such as psoriasis, where increased arachi-
donic acid metabolism and increased epithelial proliferation are
present (21).
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