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Farnesyl pyrophosphate (FPP), a key intermediate in the
mevalonate pathway and protein farnesylation, can act as an
agonist for several nuclear hormone receptors. Here we show a
novel mechanism by which FPP inhibits wound healing acting as
an agonist for glucocorticoid receptor (GR). Elevation of endog-
enous FPP by the squalene synthetase inhibitor zaragozic acid A
(ZGA) or addition of FPP to the cell culture medium results in
activation and nuclear translocation of the GR, a known wound
healing inhibitor. We used functional studies to evaluate the
effects of FPP on wound healing. Both FPP and ZGA inhibited
keratinocyte migration and epithelialization in vitro and ex vivo.
These effects were independent of farnesylation and indicate
that modulation of FPP levels in skin may be beneficial for
wound healing. FPP inhibition of keratinocyte migration and
wound healing proceeds, in part, by repression of the keratin 6
gene. Furthermore, we show that the 3-hydroxy-3-methylglu-
taryl-CoA-reductase inhibitor mevastatin, which blocks FPP
formation, not only promotes epithelialization in acute wounds
but also reverses the effect of ZGA on activation of the GR and
inhibition of epithelialization. We conclude that FPP inhibits
wound healing by acting as a GR agonist. Of special interest is
that FPP is naturally present in cells prior to glucocorticoid
synthesis and that FPP levels can be further altered by the
statins. Therefore, our findings may provide a better under-
standing of the pleiotropic effects of statins as well as molecular
mechanisms by which they may accelerate wound healing.

Cutaneous wound healing is a complex biological process
that is mediated through a network of signaling pathways that
coordinate multiple cellular processes including migration and
proliferation, ultimately leading to barrier restoration (1, 2).
Keratinocytes are biologically equipped to maintain the integ-
rity of the epidermal barrier (2, 3). Restoration of the epidermis
through epithelialization is an important component of wound
healing and is often used as its defining parameter. Keratino-
cytes are the first cells to respond to injury, and after the epi-
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dermal barrier is broken they become activated and express
keratins 6, 16, and 17 (4, 5). Glucocorticoids (GCs)? are known
inhibitors of wound healing (6). We have previously shown that
GCs inhibit wound healing and epithelialization through mod-
ulation of diverse physiological processes including metabo-
lism, migration, cell proliferation, differentiation, and inflam-
mation (7). The actions of GCs are mediated by glucocorticoid
receptor (GR). Binding of GCs to the ligand-binding domain
(LBD) of GR elicits a conformational change, leading to dimer-
ization and nuclear translocation of the ligand-receptor com-
plex. In the nucleus GR interacts with glucocorticoid response
elements (GRE) on promoters of regulated genes and recruits
various co-activators or co-repressors to regulate expression of
target genes (8). We previously reported that GC-mediated
inhibition of epithelialization occurs through a complex molec-
ular mechanism that involves four GR monomers, the arginine
methyltransferase CARM1, and B-catenin as co-repressors in
the context of the keratin 6/16 (K6/16) promoters (7, 9-11). In
addition, in a recent study we have shown that farnesyl pyro-
phosphate (FPP) can bind to and activate a subset of nuclear
hormone receptors including GR (12). This prior study was
limited to an analysis of the effect of activation of a Gal4-GR-
LBD chimera using transient transfection. However, the effec-
tiveness of FPP to target endogenous promoters via GR as well
as functional impact and biological consequences of GR-FPP
interaction has never been studied.

FPP is considered a branch point intermediate in the meval-
onate pathway, essential for synthesis of cholesterol and isopre-
nylated cellular metabolites. Because of the importance of ste-
rols in barrier formation, the skin epidermis is a major site of
cholesterol biosynthesis (13), and the mevalonate pathway has a
central role in this process. This pathway involves the forma-
tion of mevalonic acid by HMG-CoA reductase (rate-limiting
step), which is then converted to geranyl-PP, a precursor of
FPP. FPP has two fates: it is converted to squalene, a precursor
of cholesterol, or is involved in the farnesylation of a variety of
proteins including small GTP-binding proteins like Rho, Ras,
and Rac (14 -16). Interestingly, studies have shown that barrier

2 The abbreviations used are: GC, glucocorticoid; FPP, farnesyl pyrophos-
phate; GR, glucocorticoid receptor; ZGA, zaragozic acid A; HMG, 3-hy-
droxy-3-methylglutaryl; GRE, glucocorticoid response element(s); HEK,
human epidermal keratinocytes; DEX, dexamethasone; PBS, phos-
phate-buffered saline; EGF, epidermal growth factor; TBS, Tris-buffered
saline; CAT, chloramphenicol acetyltransferase; K, keratin.
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disruption and release of different growth factors and hor-
mones can affect the activity of HMG-CoA reductase (17, 18).
The mevalonate pathway is the target for statins, which act
through inhibition of HMG-CoA reductase. Although inhibi-
tion of cholesterol synthesis and reduction in lipid levels are
clinically important uses of the statins, they also show addi-
tional cholesterol-independent effects. These cholesterol-inde-
pendent pleiotropic actions of statins involve immunomodula-
tory effects, decrease of oxidative stress, anabolic effects on
bone, and stimulation of fracture healing (19-22) and wound
healing (23-25).

The molecular mechanisms underlying the pleiotropic
effects of statins are not well understood. In addition to effects
on cholesterol synthesis, statins can reduce the activity of the
small GTP-binding proteins Rho, Ras, and Rac, where proper
membrane localization and function are dependent on isopre-
nylation (26). However, the finding that FPP can act as an ago-
nist for several nuclear hormone receptors including GR may
explain, in part, the pleiotropic effects of statins as well as cer-
tain actions of farnesylation inhibitors in cells (12).

In the current study we show that FPP, by acting as a ligand
for GR, mediates inhibition of keratinocyte migration, epithe-
lialization, and wound healing. We found that elevation of
endogenous FPP by the squalene synthetase inhibitor zaragozic
acid A (ZGA) (27, 28) or addition of FPP to the media of cells
activates GC signaling pathways in primary human epidermal
keratinocytes (HEK), leading to inhibition of keratinocyte
migration and inhibition of epithelialization and wound clo-
sure. These effects are independent of isoprenylation. Further-
more, we show that mevastatin not only reverses inhibition of
epithelialization by ZGA or FPP but also enhances the epithe-
lialization rate in acute wounds. We show that the inhibitory
effects of FPP on migration and epithelialization are mediated,
in part, by FPP-GR-mediated repression of the K6 promoter. In
summary, we have found that FPP, an intermediate product of
the mevalonate pathway, can inhibit wound healing by acting as
an agonist for GR ex vivo and in vitro. Identification of FPP as an
inhibitor of wound healing may provide new therapeutic ave-
nues for treatment of wound healing disorders.

EXPERIMENTAL PROCEDURES

Human Skin Organ Culture Wound Model and Histology—
Specimens of normal human skin were obtained from reduc-
tion surgery according to an approved Institutional Research
Board protocol. Wounds were created using 3-mm punch biop-
sies through the reticular dermis as previously described (29).
They were maintained at the air-liquid interface using Dulbec-
co’s modified Eagle’s medium (Invitrogen) with antibiotics and
antimycotics and stripped bovine serum. The wounds were left
untreated or treated with either dexamethasone (DEX) (1 um),
FPP (10 uMm), mevalonate (10 um), or ZGA (50 um) (all from
Sigma) as indicated. Four days after the treatment, the tissues
were fixed and processed for paraffin embedding. Seven-um
sections were cut and stained with hematoxilin and eosin.
Staining was analyzed using a Nikon Eclipse E800 microscope,
and the digital images were collected using SPOT camera
advanced program. The wounds were quantified by planimetry
as described previously (9, 30).
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Immunocytochemistry and Immunohistochemistry—HEK
were grown on coverslips to 70% confluence. The cells were
incubated for 24 h in a basal serum-free medium custom made
without hydrocortisone (Invitrogen). The cells were then incu-
bated with the following concentrations for 24 h alone or in the
combination indicated in the figures: DEX (1 um), FPP (10 um),
ZGA (50 um), and mevastatin (10 um). The cells were then fixed
in acetone-methanol (1:1) for 2 min, permeabilized with 0.1%
Triton X-100 for 10 min and incubated overnight at 4 °C with
anti-Ser(P)*'" GR antibody (gift from Dr. M. Garabedian, New
York University School of Medicine) (31) and visualized using a
secondary fluorescein (AlexaFluor 488) anti-rabbit antibody
(Invitrogen). The incubated wounded tissue was fixed in 10%
formalin overnight and embedded in paraffin.

Seven-um-thick sections were dewaxed in xylene, rehy-
drated, and washed with 1X phosphate-buffered saline (PBS).
For antigen retrieval, paraffin sections were heated in a 95 °C
water bath in target retrieval solution (DAKO Corporation,
Carpinteria, CA) and washed. The sections were blocked with
5% bovine serum albumin (Sigma) in 1X PBS for 30 min. Incu-
bation with antibody against K6 (Gift from Dr. P. Coulombe,
Johns Hopkins University) (32) was carried out in 5% bovine
serum albumin overnight at 4 °C. The slides were then rinsed in
PBS and incubated with Alexa Fluor 488-conjugated goat anti-
rabbit antibody (Invitrogen) for 1 h at room temperature. All
of the coverslips and slides were mounted with mounting
medium containing propidium iodide (Vector Laboratories,
Burlingame, CA) to visualize the cell nucleus.

Keratinocyte Migration Assay and Scratch Test—Primary
HEK were grown to 80% confluence as described above.
Twenty-four hours before the experiment, the cells were
switched to the basal medium described above. Prior to the
study, the cells were treated with 8 ug/ml mitomycin C (ICN,
Irvine, CA) for 1 h and washed with basal media. Scratches were
then performed as described previously (9). Keratinocytes were
incubated with or without DEX (1 uMm), epidermal growth fac-
tor (EGF) (25 ng/ml) (Invitrogen), ZGA (50 uMm), EGF and ZGA
simultaneously, B581 (0.7 um), or RU486 (10 um) as indicated
for 48 h. The cells were photographed immediately after intro-
ducing the scratch. After 48 h, the same fields were rephoto-
graphed, and cell migration was quantified as previously
described (9, 10). Fifteen measurements were taken for each
experimental condition, and the distance the cells migrated
into the scratch area was quantified using Sigma Scan 5.0 soft-
ware (Systat Software Inc., San Jose, CA). Three images were
analyzed per condition, per time point, and the averages and
standard deviations were calculated.

Western Blots—Extracts for immunoblotting were prepared
from a subconfluent 10-cm plate of normal HEK treated with
DEX (1 uM), FPP (10 uMm), RU486 (10 uM), co-treatment DEX/
RU486, FPP/RU486, or an equal volume of ethanol vehicle 4 h
prior to lysis. The cells were placed on ice, washed twice with
PBS, and lysed in 0.5 ml of modified radioimmune precipitation
assay buffer containing 50 mm HEPES, pH 7.5, 150 mm NacCl, 1
mM EDTA, 1 mm EGTA, 1 mMm NaF, 1% Triton X-100, 10%
glycerol, and additional protease and phosphatase inhibitors (1
mM phenylmethylsulfonyl fluoride, 20 mm glycerophosphate, 8
mM sodium pyrophosphate, 1 ug/ml leupeptin, 1 ug/ml pep-
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statin A, and 1 pg/ml aprotinin (Roche Applied Science)
through fine needle aspiration. The lysates were centrifuged at
12,000 rpm for 15 min at 4 °C. The soluble supernatants were
normalized for total protein concentration using the Bradford
protein assay, and the samples were stored at —20 °C. The cell
extracts were boiled for 5 min in Laemmli sample buffer, sepa-
rated by 10% SDS-PAGE, and transferred to nitrocellulose
membrane (VWR, Batavia, IL) on 100 V for 1 h in Tris/glycine
transfer buffer. The membranes were blocked for 30 min in 5%
bovine serum albumin in blocking solution (TBS, pH 7.4) at
room temperature and then incubated in blocking solution
with primary antibody at 4 °C overnight using 1:1000 of serum
for anti-c211 antibody. The membranes were washed three
times for 5 min with TBS and 0.1% Triton X-100 and twice with
TBS and incubated for 1 h at room temperature with horserad-
ish peroxidase-conjugated secondary antibody (Santa Cruz).
The blots were then washed three times for 5 min with TBS and
0.1% Triton X-100 and developed using Super Signal West Pico
Chemiluminescent substrate (Pierce) and exposed on x-ray
film (Eastman Kodak Co. Bio Max MR-Film) according to the
manufacturer’s instructions. For loading control we used anti-
GAPDH antibody (Santa Cruz). Western blot quantification
was done using Total Lab Program (Non-linear Dynamics Inc.).

Plasmids and Transient Transfections—pK6CAT has been
described previously (9, 11), and a GRE-CAT reporter that is
stimulated by GC was a gift from Dr. P. Chambon. Normal
HEKs were split into six-well plates at 1 X 10° cells/well and
grown to 60% confluence. Twenty-four h prior to transfection,
the cells were washed and transferred to basal serum-free
medium custom made without hydrocortisone (Invitrogen).
Three ug of plasmid DNA were transfected using FuGENE 6
reagent (Roche Applied Science) following the commercial
protocol. The cells were then incubated for 48 h in the presence
or absence of DEX (1 um), FPP (10 um), ZGA (50 um), or RU486
(10 um) (Sigma). Cell extracts to be used for CAT assay were
normalized by total protein determined by protein assay (Bio-
Rad). 30 ug of protein were used for each reaction. CAT assays
were performed using FastCat (Molecular Probes, Eugene, OR)
following a commercial protocol. CAT assay values were quan-
tified by Fluor Imager 575 (Molecular Dynamics, Piscataway,
NJ). All of the results were generated from three independent
experiments and were performed in duplicate.

Chromatin Immunoprecipitation Assays—Chromatin im-
munoprecipitation assays were performed with HEK untreated
or treated with DEX (1 uM) or FPP (10 uMm) for 24 h, as described
(33, 34). Keratinocytes were fixed using cross-linking buffer (50
mM HEPES, pH 8.0, 1% formaldehyde, 1 mm EDTA, 0.5 mMm
EGTA, and 100 mm NaCl) for 10 min at room temperature. The
cross-link was quenched using 0.125 mol of glycine, and the
cells were rinsed twice with cold PBS, collected by centrifuga-
tion, resuspended, and nutated in buffer I (50 mm HEPES, pH
8.0, 1 mm EDTA, 10% glycerol, 5% Nonidet P-40, and 0.25%
Triton X-100) for 10 min at 4 C. The nuclei were pelleted by
centrifugation and then washed in Buffer IT (10 mm Tris, pH 8.0,
1 mm EDTA, 0.5 mMm EGTA, and 200 mMm NaCl) for 10 min at
room temperature. The nuclei were pelleted by centrifugation
and resuspended in radioimmune precipitation assay buffer (10
mM Tris, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 140 mMm NaCl, 5%
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glycerol, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, and 1% Triton X-100). The samples were sonicated on ice
nine times for 20 s each time at 60-s intervals. Cell debris was
removed by centrifugation at 12,000 X g for 10 min. Protein-
DNA complexes were immunoprecipitated using 5 pg of
anti-GR (N499) antibody (33), which was a gift from Dr. L.
Rogatsky, or 2 ug of rabbit IgG (Santa Cruz). Immuno-
precipitated purified chromosomal DNA was used for PCR
amplification with the following primers: K6 forward, ATGC-
AGGTGTGAATCTCACTATTTGTAAAGCC; and K6 re-
verse, AGGAATCGGACTCCAGTAGCAGC. One percent of
the input chromatin was processed and used for PCR amplifica-
tion in parallel. PCRs were carried out for 35 cycles, and the prod-
ucts were resolved on 2% agarose gels and visualized by ethidium
bromide staining.

RESULTS

FPP Activates GR in Primary Keratinocytes—FPP can enter
cells in culture and act as a ligand for GR (12). To further con-
firm that FPP activates GR in human keratinocytes, we used
immunocytochemistry to determine the localization of ligand-
activated GR. It was previously shown that phosphorylation of
Ser”'! is fully dependent on the binding of an agonist DEX to
GR (31) and that the presence of Ser(P)*''-GR in the cell
nucleus is associated with the DEX-mediated nuclear translo-
cation of total cytosolic GR (Fig. 1A4). Also, the transcriptional
activity of GR correlated with the amount of Ser(P)*''-GR, sug-
gesting that Ser*'" phosphorylation is a biomarker for ligand
activated GR in vivo (31, 35). Primary human keratinocytes
were incubated with either DEX, ZGA (which elevates FPP in
cells by blocking its conversion to squalene) (12, 27, 28), or FPP,
which were added to the medium for 24 h. Control cells
received no additions or just mevastatin. We also pretreated

cells with mevastatin for 2 h and then incubated the cells with
ZGA. Localization and activation of GR was determined by

using anti-Ser(P)*'' GR antibody that recognizes ligand-in-
duced phosphorylation at Ser®'' (31). Weak Ser(P)*'' GR
immunoreactivity was observed in the cytoplasm and
nucleus of untreated cells (Fig. 14). As expected, prominent
Ser(P)*>'' GR staining was evident in the nuclei of cells
treated with DEX (Fig. 1A4). Similarly, prominent Ser(P)>""
GR staining was detected in the nuclei of cells treated with
either ZGA or FPP (Fig. 1A). Pretreatment with mevastatin,
which blocks formation of FPP, abolished GR activation by
ZGA (Fig. 1A). These findings indicate that FPP can act as a
GR agonist, which results in GR activation and nuclear local-
ization in primary human keratinocytes.

FPP-GR Targets and Represses Expression of the K6 Promoter—
To determine whether FPP-mediated activation of GR leads to
transcriptional regulation of target genes in keratinocytes, we
utilized transient transfections and CAT assays. We have pre-
viously shown that GC through GR mediates repression of the
K6 and K16 promoters (10, 11) Thus, we analyzed whether
DEX, FPP, or ZGA affects K6 promoter activity in transfection
experiments. We used a GRE-CAT reporter (containing a con-
sensus glucocorticoid response element), which is stimulated
by GC as a positive control. As expected from prior studies, we
found that DEX stimulates the activity of GRE-CAT while it
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FIGURE 1. FPP mediates activation and function of GR in human keratino-
cytes. A, FPP activates GR. Primary human keratinocytes stained with anti-
Ser(P)?'" GR antibody reveal localization and activation of GR. This antibody
recognizes ligand-induced phosphorylation at Ser>'". The nuclei were visual-
ized by propidium iodide staining. Weak Ser(P)?'" GR immunoreactivity was
observed in the cytoplasm and nuclei of untreated cells. In contrast, strong
signal was evident in the nuclei of all treated cells: DEX, FPP, and ZGA, which
elevates endogenous FPP levels. Mevastatin abolishes ZGA-induced activa-
tion of GR by preventing accumulation of endogenous FPP. B, FPP activates
GR-mediated transcriptional regulation in keratinocytes. Transfection exper-
iments of primary human keratinocytes with the K6-CAT and GRE-CAT report-
ers are shown. The data are presented as relative CAT activity, a measure of
actual CAT activity normalized for total protein. The results show that DEX,
ZGA, or FPP treatment lead to repression of the K6 promoter. Similar to DEX,
FPP or ZGA also stimulated the GRE-CAT reporter. C, FPP targets the K6 pro-
moter through GR. HEK were either untreated (—) or treated with 1 um DEX or
10 um FPP. Similar amounts of genomic DNA (/nput) was used in each treat-
ment. K6 promoter sequences were amplified by PCR after immunoprecipi-
tation with anti-GR antibody or rabbit IgG.

represses the activity of the K6 promoter (Fig. 1B). The addition
of 10 wmol of RU486, a GR antagonist, to the cells inhibited
stimulation of GRE-CAT by DEX or FPP and reversed the inhi-
bition of the K6 promoter-CAT reporter, further indicating
that the FPP response we are studying acts through GR (Fig. 2,
A and B). Interestingly, treatment with either DEX or FPP led to
increased levels of Ser(P)*''-GR in HEK as observed with
immunoblotting, and this effect was readily reversed with the
addition of RU486 (Fig. 2C). To further confirm that FPP acts as
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FIGURE 2. FPP-activated GRis transcriptionally active. A and B, transfection
experiments of HEK with the K6-CAT and GRE-CAT reporters are shown. The
data are presented as relative CAT activity, a measure of actual CAT activity
normalized to total protein. The results show that DEX and FPP treatment
lead to repression of the K6 promoter and stimulation of the GRE-CAT
reporter. The effect of both DEX and FPP was reversed with RU486 antagonist
of GR. C, quantitative analysis of immunoblotting with anti-Ser(P)?"' GR anti-
body normalized to GAPDH and plotted as fold change in GR phosphoryla-
tion. HEK were incubated in the presence or absence of 1 um DEX, 10 um FPP,
10 um RU486, or a combination for 4 h. Both DEX and FPP induce an increase
in Ser?"" GR phosphorylation, which was reversed with RU486.

a GR agonist in the context of the K6 promoter in vivo, we
carried out chromatin immunoprecipitation assays using poly-
clonal antibodies to GR or IgG as a negative control and primers
amplifying a 122-base pair PCR product from —143 to —21
relative to the K6 transcription start (10). The cells were incu-
bated in the presence or absence of FPP for 24 h, and chromatin
fragments containing identical amounts of total genomic DNA
(input) were used for the immunoprecipitations (Fig. 1C). Nor-
malized to control IgG, both DEX and FPP yielded an enrich-
ment of the K6-containing fragment when antibody to GR was
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FIGURE 3. FPP blocks keratinocyte migration. A, ZGA and DEX inhibit kerat-
inocyte migration in the wound scratch assay. EGF treatment stimulated ke-
ratinocyte migration, and after 48 h cells covered the scratch completely.
When present together, ZGA blocks EGF-stimulated keratinocyte migration.
The average coverage of the scratch widths in percentage is presented by the
histograms. B, HEK were wounded by scratch and incubated with or without,
EGF, FPP, EGF + FPP, B581, or B581 + FPP. Keratinocyte migration was mon-
itored for 48 h. FPP shows the same inhibitory effect on keratinocyte migra-
tion as ZGA. Interestingly, treatment either with B581 alone or with FPP had
the same effect, indicating that enhanced protein farnesylation mediated
through increased FPP in cells does not inhibit migration. CTRL, control.

used for the immunoprecipitation (Fig. 1C). We concluded that
FPP-GR binds to the K6-GRE and mediates its repression.

FPP Inhibits Keratinocyte Migration, Whereas Statins Reverse
It—To establish the biological significance of these findings, we
focused on wound healing because we have shown previously
that the GC-GR complex targets the K6 promoter, inhibits ke-
ratinocyte migration, and blocks EGF-mediated stimulation of
migration (10). To determine whether FPP exerts similar
effects, we utilized the keratinocyte migration scratch assay.
Primary human keratinocytes were “wounded” by a scratch and
incubated with DEX, EGF, ZGA, or EGF/ZGA. Keratinocytes
that received no addition served as a control. Keratinocyte
migration was monitored for 48 h after the scratch, and cell
migration was quantified (Fig. 3A4). 48 h after the scratch, kerat-
inocytes in control plate covered 54% of the scratched area. As
expected, DEX blocked keratinocyte migration, reducing their
migration to 13%, whereas keratinocytes incubated in the pres-
ence of EGF completely covered the scratch after 48 h (100%
closure). ZGA treatment blocked keratinocyte migration,
decreasing the extent of closure to 4%. Similarly, ZGA blocked
EGEF-stimulated keratinocyte migration, reducing it from 100%
(EGF) to 25% (ZGA + EGF). We concluded that FPP inhibits
keratinocyte migration, similarly to GCs. In addition, FPP dom-
inantly blocks keratinocyte migration in the presence of EGF
(Fig. 3B).
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FIGURE 4. FPP inhibits HEK migration, whereas mevastatin promotes it.
A, DEX (1 um) and FPP (10 um) inhibit keratinocyte migration in the wound
scratch assay. When present together, RU486 (10 um) reverses both DEX and
FPP inhibition of keratinocyte migration. B, mevastatin (MEV, 10 um) increases
keratinocyte migration in the wound scratch assay. Simultaneous treatment
with FPP (10 um) abolishes the effect of mevastatin and leads to a similar
inhibition of migration as a FPP treatment alone. EGF treatment served as a
positive control (CTRL) in both experiments. As expected, it stimulated kerat-
inocyte migration. The average coverage of the scratch widths in percentage
is presented by the histograms.

In cells two molecules of FPP condense to form squalene, a
precursor of cholesterol. FPP is involved in the farnesylation
of a variety of proteins including small GTPases such as Ras.
We previously reported that ZGA or inhibitors of farnesyla-
tion (e.g. B581), which increases the levels of FPP in cells,
leads to activation of several nuclear receptors (12). To test
whether ZGA-mediated inhibition of migration occurred via
an effect of FPP on GR, through enhanced farnesylation, or
as a result of inhibition in sterol synthesis, we performed the
study shown in Fig. 3B. Primary human keratinocytes were
wounded by scratch and incubated with either EGF, FPP, EGF/
FPP, B581, or B581/FPP, and migration was monitored and
quantified after 48 h. As found with ZGA (Fig. 3A), FPP inhib-
ited keratinocyte migration. Interestingly, treatment with B581
by itself or with FPP had the same inhibitory effect, supporting
the notion that FPP-mediated inhibition of keratinocytes
migration is due to activation of GR rather than to enhanced
protein farnesylation. To confirm that FPP inhibition of HEK
migration is exerted through activation of GR, we performed
the additional migration assay shown in Fig. 44. HEK after
scratch were incubated in presence or absence of DEX, EGF,
FPP, DEX/RU486, or FPP/RU486. RU486 almost completely
restored inhibition of HEK migration mediated by either DEX

VOLUME 285-NUMBER 3+-JANUARY 15, 2010



Statins Accelerate Wound Healing by Blocking FPP Synthesis

20 -

N —

CTRL DEX

Wound Width Coverage (%)

e
FPP

FIGURE 5. FPP inhibits epidermal wound healing. A, FPP completely inhib-
ited epithelialization in a human skin organ culture model. Topical DEX treat-
ment delayed epithelialization when compared with control (CTRL) untreated
skin. The open arrowheads indicate wound edges after initial wounding,
whereas solid arrowheads point to the epithelialized edges of the migrating
fronts 4 days after the wounding. B, the experiment shown in Fig. 5 was
repeated three times in triplicate using human skin obtained from three dif-
ferent donors. Quantification of wound epithelialization using planimetry is
shown.

or FPP. Interestingly, mevastatin treatment enhanced HEK
migration 2-fold compared with control, and co-treatment
with FPP not only abolished this stimulatory effect but further
inhibited migration in a similar manner to FPP (Fig. 4B). These
results support the notion that FPP inhibits HEK migration via
GR and that statins may prevent this inhibition by blocking the
endogenous FPP formation.

Statins Promote Wound Healing and Reverse FPP-mediated
Inhibition of Epithelialization and Wound Closure—To test
whether FPP-mediated inhibition of keratinocyte migration
correlates with inhibition of epithelialization and wound heal-
ing, we utilized an established human skin organ culture wound
model (29). Normal human skin was wounded using 3-mm
punch biopsy, and the tissues were maintained at the air-liquid
interface in the presence or absence of DEX or FPP. Four days
after the treatment, organ cultures were processed for paraffin
embedding and stained with hematoxilin and eosin for the eval-
uation of epithelialization. We observed epithelialization in
untreated, control wounds as indicated by black arrows
pointing at the migration front (Fig. 54). As expected, topi-
cal treatment with DEX inhibited epithelialization, i.e. the
wound edges remained almost at the same initial position 4
days after the treatment. Similarly, topical treatment with FPP
completely inhibited epithelialization because the wound edges
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FIGURE 6. FPP inhibits epithelialization in skin organ culture, whereas
mevastatin reverses this inhibition and promotes wound closure. Open
arrowheads indicate wound edges after initial wounding, whereas solid
arrowheads point at the epithelialized edges of the migrating fronts 4 days
after wounding. Mevastatin improved epithelialization by decreasing endog-
enous levels of FPP. Both FPP and ZGA treatment completely inhibited epi-
thelialization when compared with control untreated skin, whereas mevasta-
tin reversed the inhibitory effect of ZGA.

remained at the same position after 4 days of FPP treatment.
The experiments were repeated three times in triplicates using
human skin obtained from three different donors and quanti-
fied (Fig. 5B). We concluded that exogenously added FPP inhib-
its epithelialization during acute wound healing.

We examined next whether alteration in endogenous FPP
levels affects wound healing. Normal human skin was sub-
jected to 3-mm punch biopsy, and the tissues were main-
tained at the air-liquid interface and incubated with either
mevastatin, ZGA, FPP, mevastatin/ZGA, or mevastatin/
ZGA/FPP (Fig. 6). We observed epithelialization in
untreated, control wounds as indicated by black arrowheads
pointing at the migration front. Mevastatin-treated speci-
mens, which would decrease the levels of endogenous FPP,
significantly promoted epithelialization and wound closure
as compared with the untreated wound. Topical treatment
with ZGA completely inhibited epithelialization. This effect
likely reflects the accumulation of endogenous FPP because:
1) co-treatment with mevastatin reversed the inhibitory
effect of ZGA on wound healing and 2) addition of exoge-
nous FPP to cells incubated with mevastatin + ZGA restored
inhibition of epithelialization. This finding also indicates
that the inhibitory effect of ZGA is not related to decreased
production of sterols but rather results from an increase in
EPP levels in cells.
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MEVASTATIN

MEVASTATIN/ZGA

MEVASTATIN/ZGA/FPP

FIGURE 7. Altering endogenous levels of FPP modulates epithelialization
through inhibition of K6, whereas mevastatin reverses it. Shown isimmu-
nolocalization of K6 (green) at the wound edge and epithelial tongue after
injury to epidermis in the human skin organ culture model. The white arrows
indicate the initial wound edges. Mevastatin induces the expression of K6 at
the wound edge. Both ZGA and FPP reduce the levels of K6 at the wound
margin and inhibit epithelialization. Mevastatin reverses the effect of ZGA
because of an upstream block in mevalonate pathway. The addition of exog-
enous FPP restores inhibition of wound healing and K6 expression.

We have shown previously that GCs through GR inhibit ke-
ratinocyte migration and wound epithelialization in part by tar-
geting expression of the early markers of wound healing, K6 and
K16 (9, 10). In this study we have shown that both ZGA and FPP
can act similarly to GC and repress K6 transcription. To test
whether suppression of K6 participates in the inhibition of ke-
ratinocyte migration and epithelialization, acute wounds were
maintained at the air-liquid interface in the absence or presence
of either mevastatin, ZGA, FPP, mevastatin/ZGA, or mevasta-
tin/ZGA/FPP. The tissues were harvested 4 days post-wound-
ing, and sections were stained with keratin 6-specific antibody
(Fig. 7). In control skin, K6 was present both at the wound
margin and in epithelial tongue. Treatment with mevastatin
induced expression of K6 at the wound edge and epithelial
tongue, whereas FPP and ZGA not only inhibited wound heal-
ing, they also abolished expression of K6 at the wound margin.
Co-treatment with mevastatin reversed the inhibitory effect of
ZGA on K6 levels at the wound margin and in the epithelial
tongue, whereas addition of exogenous FPP restored the inhi-
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bition. We conclude that decreasing FPP levels may be benefi-
cial for wound healing and that, at appropriate concentrations,
cholesterol synthesis inhibitors may promote epithelialization
and wound closure.

DISCUSSION

In the current study we report novel findings that may
directly impact treatment of patients suffering from wound
healing disorders. We found that FPP, a product of cholesterol
synthesis pathway, inhibits epithelialization and wound closure
by acting as GR agonist. Conversely, we show that statins pro-
mote wound healing. The finding that FPP inhibits keratinocyte
migration and epithelialization introduces a new paradigm
shift, because the activation of GR does not depend on the pres-
ence of glucocorticoids. These findings provide novel mecha-
nisms of inhibition of wound healing and open new therapeutic
approaches.

Several lines of evidence strongly support the notion that
FPP inhibits wound healing by acting through GR rather
than through an effect on protein farnesylation. First, incu-
bation of cells with FPP leads to nuclear translocation of GR
(Fig. 1A). Second, DEX and FPP similarly stimulate or inhibit
gene expression depending on the gene promoter (Fig. 1B).
Third, DEX or FPP incubation leads to the binding of GR on
the K6 gene promoter as determined by chromatin immuno-
precipitation assays (Fig. 1C). In addition, RU486 inhibits
stimulation by GR (FPP or DEX) on a reporter containing a
positive GRE and reverses the DEX- or FPP-mediated inhi-
bition of a negatively regulated gene (K6) (Fig. 2). In a scratch
assay, keratinocyte migration was similarly inhibited by DEX
or by elevation of endogenous FPP (ZGA) (Fig. 3). FPP or
B581, a protein farnesylation inhibitor that increases FPP
levels in cells, similarly inhibited keratinocyte migration
(Fig. 2B). Thus, it is unlikely that mevastatin acts to enhance
keratinocyte migration through inhibition of protein farne-
sylation. Our studies do not support the notion that the
effect of mevastatin on stimulating keratinocyte migration is
through an effect of inhibiting cholesterol synthesis. Thus,
both ZGA (which inhibits cholesterol synthesis but elevates
FPP) and FPP (which would increase cholesterol synthesis)
inhibit keratinocyte migration. Similar effects on epidermal
wound healing with FPP, ZGA, DEX, and mevastatin were
found in a human skin organ culture model (Figs. 5-7),
which closely mimics wound healing in vivo. Taken together,
our findings indicate that the stimulation of wound healing
by mevastatin results from a decrease in cellular FPP levels
and not from a decrease in cholesterol synthesis or protein
farnesylation.

In vitro studies document that FPP can directly bind to and
recruit co-activators to the GR LBD (12). However, these prior
studies were limited to an analysis of the effect of activation of a
Gal4-GR-LBD chimera using transient transfection. In this cur-
rent study, we have extended our research to endogenous levels
of GR to examine the effect of FPP on a fundamentally impor-
tant biologic effect on the processes involved in wound healing
in keratinocytes and skin. We have previously shown that GC-
mediated inhibition of migration and epithelialization occurs in
part through repression of K6/16, early markers of keratinocyte
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activation (7,9 —11). In this study we also show that FPP inhibits
keratinocyte migration and epithelialization through a similar
mechanism involving repression of K6. Both ZGA and FPP
mimic GC inhibition of keratinocyte migration and epithelial-
ization, and these effects appear to be independent of the syn-
thesis of cholesterol and farnesylation.

Although the full biological implications of these findings
remain to be elucidated, they raise a number of interesting
possibilities. FPP is an important branch point intermediate
in the mevalonate pathway, essential for synthesis of sterols
and isoprenylated cellular metabolites. We have previously
shown that FPP can act as a ligand for several nuclear recep-
tors that may participate in mediating some of the pleiotro-
pic effects of statins (12). One of the well documented pleio-
tropic effects is improved tissue repair (21, 22, 24, 25,
36 -38). Simvastatin was also recently shown to improve
wound healing in diabetic mice and their normoglycemic
littermates (24). However, increased doses of statins could
have completely opposite effects because of antiprolifera-
tive, antimigratory, and proapoptotic actions (23, 39 —42).
Similarly, we show here that topical application of mevasta-
tin promotes wound closure. Interestingly, when a 10-fold
higher concentration was used, it inhibited wound epitheli-
alization (data not shown). Such effects of higher doses may
originate from complete inhibition of sterol synthesis, which
would influence cell membrane function and lead to a
decrease in cell migration. Taken together, our findings indi-
cate that FPP may be an important regulator of wound heal-
ing, and thus, modulation of endogenous concentrations by
different physiologic states or drugs may control epithelial-
ization and clinical outcome.

In the current study we found that increasing endogenous
FPP levels leads to activation of the GR pathway and conse-
quent inhibition of HEK migration and wound healing.
Moreover, this effect was independent of modulation of iso-
prenylation and sterologenesis and could be reversed by
mevastatin treatment. Of special interest, mevastatin alone
was capable of enhancing epithelialization compared with
control samples. Thus, it is possible that statin treatment
could elicit beneficial effects on wound healing in humans.
However, the efficacy of such therapy depends on whether
sufficient levels of FPP occur in the skin iz vivo or in patho-
logical processes such as chronic wounds, to mediate effects
through GR. It is well documented that growth factors, hor-
mones, and barrier disruption can induce epidermal HMG-
CoA reductase activity (18, 43, 44). Of further interest, a
study of FPP levels in liver before and after ZGA administra-
tion indicates a basal level of ~5 and 140 um post-ZGA
administration (27). In our study, the addition of just 10 um
EPP to cell culture medium is sufficient to activate GR and
cause profound effects on keratinocyte migration. There-
fore, decreasing the basal level of FPP in skin could be ben-
eficial for wound healing in vivo. Further studies are neces-
sary to address this question because topical application of
statins may be safe and clinically useful as drugs for the treat-
ment of patients with chronic refractory wounds that do not
respond to standard modes of treatment.
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