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Abstract

 

The skin is an attractive tissue for regulated target gene ex-

pression by virtue of its accessibility to topical regulating

stimuli. We have used synthetic ligand-driven intracellular

oligomerization to accomplish specific target gene regula-

tion in human skin keratinocytes and fibroblasts. GAL4

DNA binding domains and VP16 transactivation domains,

each linked to the FK506 binding protein, were expressed in

normal human skin keratinocytes and fibroblasts. These hy-

brid proteins underwent heterodimerization via the novel

intracellular dimerizing agent FK1012 to generate a hetero-

dimeric activator of target gene expression in vitro. Dimeric

FK1012, but not monomeric FK506M induced target gene

expression in a dose-dependent fashion. FK1012 exerted no

detectable nonspecific effects on expression of cutaneous

genes and did not alter cellular proliferation kinetics. Con-

trolled oligomerization of hybrid transcription activators of-

fers a potential approach to target gene regulation in cells of

normal human skin. (

 

J. Clin. Invest.

 

 1997. 99:2610–2615.)
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Introduction

 

The ability to control the magnitude of expression of specific
target genes in intact cells and tissues holds the promise of per-
forming complex genetic experiments with quantitative bio-
chemical precision as well as for delivering dosed genetic ther-
apies. One example of the importance of the magnitude of
gene expression involves the relative expression of Bcl-2 and
Bax in cell death where the level of expression of each protein
determines a critical ratio of Bcl-2 to Bax protein that is deci-
sive in determining if a cell will die or live in response to cer-
tain stimuli (1). The skin is an attractive tissue for exogenously
controlled experimental and therapeutic gene regulation in
vivo because of its accessibility and proven ability to deliver
polypeptides to the systemic circulation (2). Currently avail-
able approaches to accomplish precise cutaneous gene regula-
tion have major limitations. Topical glucocorticoids and retin-
oids have been therapeutic mainstays for many years but these
steroid receptor family binding molecules produce significant
side effects, alter expression of a wide range of genes and dis-
play consistent background expression from responsive pro-
moters (3). Other widely used approaches have major draw-

backs as well. Those among the best known involve the mouse
metallothionein promoter (4) and the tetracycline (Tet) re-
pressor (5). In the case of the metallothionein promoter, ad-
ministration of metals is necessary to activate gene expression,
itself associated with certain toxicities and with activation of
other subsets of genes. In the case of the Tet system, the rela-
tively broad spectrum antibiotic action and effects on inflam-
mation of tetracycline along with the topical photosensitizing
potential of this agent limit its usefulness in the skin. Utiliza-
tion of the epidermis for experimental and therapeutic target
gene regulation has awaited development of new approaches.

Targeted intracellular oligomerization of engineered tran-
scription factors offers a promising avenue to accomplish regu-
lated target gene transcription in a range of tissues. Oligomer-
ization of biomolecules to generate a biologic response is a
recurrent theme in biology in a wide variety of processes. Two
examples include cell surface receptor cross-linking (6) and
transcription activator dimerization (7). In the case of cell sur-
face receptor cross-linking, among the best investigated system
is the mammalian T lymphocyte surface antigen receptor (8).
A well-studied example in gene transcription involves AP-1
where 

 

jun

 

 and 

 

fos

 

 family members heterodimerize to specifi-
cally alter gene expression (9). While the use of specific anti-
bodies has allowed targeted cross-linking of extracellular or cell
surface proteins (10), a general method to oligomerize mole-
cules inside living cells with precise specificity—a key to reca-
pitulating and regulating major intracellular processes such as
signal transduction and gene expression—has, until recently,
not been available. A novel approach to accomplishing this
task has emerged in the form of the intracellular dimerizing
agent FK1012, constructed as a dimer of the immunosuppres-
sant macrolide FK506 (11). Dimeric FK506 (FK1012), in con-
trast to FK506 monomer, exerts no apparent immunosuppres-
sive effects (11). FK1012 is capable of cross-linking proteins
engineered to contain the hydrophobic pocket of its intracellu-
lar ligand, FK506 binding protein (FKBP),

 

1

 

 at high efficiency.
FK1012 has been used to trigger antigen receptor signal trans-
duction pathways in transformed lymphoid cells (11). Interest-
ingly, topically applied FK506 based compounds readily pene-
trate into the epidermis by virtue of their hydrophobic nature
and exert effects on hair follicle growth kinetics (12) and in-
flammation (13). Here we have applied this approach to take
the first step to developing regulated cutaneous gene expres-
sion by controlling the magnitude of gene expression in nor-
mal diploid human skin keratinocytes and fibroblasts in vitro
utilizing a novel FK1012-driven transcription system.

 

Methods

 

Cell harvesting and tissue culture. 

 

Primary human keratinocytes (14)

and fibroblasts (15) were isolated from neonatal foreskin and grown
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as previously described. Keratinocytes were cultured in growth media

consisting of 50% serum-free medium plus supplements (SFM;

Gibco, Grand Island, NY), 50% Medium154 plus supplements (Cas-

cade Biologics, Portland, OR), amphotericin 0.05 ng/ml, and genta-

mycin 0.05 

 

m

 

g/ml. Fibroblasts were cultured in growth media consist-

ing of Iscove’s Modified Dulbecco’s Medium (Gibco), 10% bovine

calf serum (Hyclone Laboratories, Logan, UT), penicillin-streptomy-

cin, Hepes, 

 

L

 

-glutamine. Cells were incubated at 37

 

8

 

C in 5% CO

 

2

 

 air

atmosphere. The effects of FK1012 on proliferation were determined

with the cells grown in triplicate in the presence or absence of 100 nM

FK1012. The population of cells was determined by counting at tripli-

cate cultures at serial timepoints in keratinocytes fibroblasts growing

from sparse density to confluence.

 

Gene transfection. 

 

Primary human keratinocytes were cultured

in 35-mm plates to 

 

z

 

 70–80% confluency then were transfected by li-

pofection (16). In lipofection, 283 

 

m

 

l serum-free medium without an-

tibiotics was mixed with 17 

 

m

 

l of 1 mg/ml lipofectin (Gibco). After 10

min of incubation at room temperature the mixture was added to the

cells and incubated at 37

 

8

 

C for 3–6 h. At the end of the incubation pe-

riod, the medium was replaced with complete growth medium and

the cells were incubated overnight at 37

 

8

 

C. Cell extracts were pre-

pared and analyzed for luciferase and chloramphenicol acetyl-trans-

ferase (CAT) activity. Primary human fibroblasts were cultured in

35-mm plates to 

 

z

 

 70–80% confluence then were transfected by mod-

ified polybrene shock (16). For polybrene transfection 760 

 

m

 

l of

growth media was mixed with the plasmid to be transfected and are

vortexed vigorously. 3.8 

 

m

 

l of 1 mg/ml hexadimetherine bromide (Al-

drich Chemical Co., Milwaukee, WI) in HBSS was added and again

vortexed. This mixture was overlaid on the cells for 6 h. A 28%

DMSO (Sigma Chemical Co., St. Louis, MO) in growth media mix

was applied to the cells after the media has been aspirated. The cells

were incubated for 90 s before the DMSO was aspirated and replaced

with PBS containing 10% bovine calf serum. The plates were rinsed

twice and fresh growth media added, then cells were incubated over-

night at 37

 

8

 

C. Cell extracts were prepared and analyzed for luciferase

and CAT activity. The GAL4-FKBP and FKBP-VP16 expression con-

structs in PBJ5 and the reporter plasmid with GAL4 sites driving lu-

ciferase were constructed previously (17). For glucocorticoid-driven

transcription, the GRE-luciferase reporter plasmid (generous gift of

K. Yammamoto) was used and transcription activated with dexameth-

asone (Sigma Chemical Co.). All transfections were internally con-

trolled with either cytomegalo virus (CMV) promoter-driven lu-

ciferase or CAT depending on the test reporter gene used and data

normalized for transfection efficiency.

 

Analysis of FK1012 effects on keratinocyte and fibroblast gene ex-

pression. 

 

cDNA from keratinocytes and fibroblasts treated either

with or without 100 nM FK1012 was prepared with reverse transcrip-

tase (18), modified for 500 cells. 500 cells were isolated, washed, and

suspended in PBS then added in l 

 

m

 

l volume to 20 

 

m

 

l reverse tran-

scriptase lysis buffer as described (18). 2 

 

m

 

l of resultant cDNA was

analyzed with primers for the indicated genes. All samples were inter-

nally controlled for cDNA quality and reaction efficiency using prim-

ers for GAPDH.

 

Results

 

The magnitude of FK1012-driven gene expression is compara-

ble to transfected endogenous keratinocyte and fibroblast pro-

moters. 

 

The model system (17) tested relies on FK1012-driven
heterodimerization of the inactive monomers GAL4-FKBP
and FKBP-VP16 to reconstitute the potent transcriptional ac-
tivator GAL4-VP16 (Fig. 1 

 

a

 

). To determine the potency of
our gene regulation system, we compared its activity to re-
porter gene activity driven by the human keratin 5 (K5) pro-
moter (19), a constitutively active promoter in basal kera-
tinocytes that has been extensively used to target gene
expression to epidermis in transgenic mouse studies. As shown

in Fig. 1 

 

b

 

, FK1012-driven transcription is inducible from 13 to
470% that driven by a transfected K5 promoter–reporter con-
struct, providing support for its ability to drive expression of
target genes through the physiologic range in these cells. We
confirmed that target gene expression could be activated by
synthetic ligand in primary human fibroblasts as well; we com-
pared its activity to the basal activity of the human stromelysin
promoter (20) in primary fibroblasts. The magnitude of GAL4
site-responsive reporter gene activity driven by GAL4:FKBP
and FKBP:VP16 in the absence and presence of 100 mM
FK1012 was compared with a transfected reporter gene driven
by the native human stromelysin promoter (Fig. 1 

 

c

 

). The mag-
nitudes of target gene expression in this experiment lend sup-
port to the ability of FK1012 to drive expression of target
genes from minimal levels up to physiologic ranges in these
cells.

 

Concentration-dependent FK1012-driven gene expression.

 

While a stoichiometric proportion of inactive monomers may
form inactive homodimers in this model gene regulation sys-
tem, those that heterodimerize would be predicted to form a
functional activator molecule capable of more avid DNA bind-
ing than the inactive homodimers, by enhanced competition
with nucleosomes for the specific promoter sites and activation
of target gene transcription. After establishing that synthetic
ligands could direct this system of gene expression in kerati-
nocytes and fibroblasts, we wished to determine if this system
would allow control of the magnitude of gene expression in a
concentration-dependent manner. To do this, we tested if tar-
get gene expression could be regulated as a function of syn-
thetic ligand concentration in primary human keratinocytes
and fibroblasts. Primary human cells of both types transiently
transfected in vitro and subjected to a range of FK1012 con-
centrations showed a dose-dependent activation of target gene
expression (Fig. 2 

 

a

 

). As can be seen, synthetic ligand concen-
trations in the 20 nM range effectively activate target gene ex-
pression. The FK506M monomer, a molecule that binds at
high affinity to FKBP but is incapable of acting as a dimerizing
cross-linker, was entirely inactive in activating target gene ex-
pression. For comparison, an endogenous transcription control
mechanism activated by cell permeable ligands, glucocorticoid
receptor-driven transcription (21), was tested as well and dem-
onstrated dose-dependent target gene activation (Fig. 2 

 

b

 

). To
determine the kinetics of synthetic ligand-driven target gene
activation, a reporter gene induction time course was per-
formed and demonstrated that reporter gene expression was
activated within 60 min of synthetic ligand addition (Fig. 2 

 

c

 

).
These data demonstrate that this novel system of target gene
expression in cells of the skin can be rapidly regulated in a syn-
thetic ligand dose-dependent fashion.

 

FK1012 does not alter proliferation kinetics of primary hu-

man keratinocytes and fibroblasts.

 

An evaluation of the toxic-
ity of FK1012 in normal diploid human skin cells was necessary
since initial studies utilizing synthetic ligands in the receptor,
noted above, were performed in a transformed lymphoid line
(11). We determined that FK1012 had no dramatic adverse ef-
fect on normal growth kinetics in vitro of primary human kera-
tinocytes and fibroblasts, in cells growing form low density on
tissue culture plates to near confluence (Fig. 3).

 

FK1012 does not dramatically alter mRNA expression of

differentiation and tissue-specific genes in normal fibroblasts.

 

To be useful in experimental and therapeutic cutaneous gene
regulation, synthetic ligands, in contrast to steroid receptor
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ligands, should be highly specific for the targeted gene of inter-
est and not adversely impact expression of other housekeeping
or inducible genes. To screen for such nonspecific effects of the
FK1012 synthetic ligand we examined mRNA levels of a num-
ber of constitutive and inducible genes in keratinocytes and fi-
broblasts in vitro in the presence or absence of FK1012. Using
reverse transcriptase PCR internally controlled for GAPDH
expression, we found no synthetic ligand effect on mRNA lev-
els of all genes examined (Fig. 4). Expression of actively tran-
scribed genes in keratinocytes, such as IL-1

 

a

 

, appear grossly
uninhibited while genes normally silent in keratinocytes, such
as pro

 

a

 

2(I) collagen, do not appear activated by administra-
tion of FK1012. Furthermore, FK1012 did not appear to non-
specifically trigger keratinocyte differentiation in that it did
not activate expression of K10, a marker of keratinocyte dif-

ferentiation. Although K10 mRNA expression was undetect-
able in primary human keratinocytes treated with FK1012, it
was readily seen in the well-characterized human HaCaT (22)
cell line (Fig. 4 

 

a

 

). In addition, FK1012 did not interfere with
activation of collagenase or c-

 

fos

 

 gene expression by PMA in
fibroblasts and keratinocytes, respectively, suggesting a lack of
nonspecific blocking effects on cellular gene induction pro-
cesses (Fig. 4 

 

b

 

).

 

Discussion

 

The magnitude of expression of individual genes within a liv-
ing cell is often of central biologic importance and the ability
to rapidly control this magnitude will have significant experi-
mental and therapeutic applications. The ability to precisely

Figure 1. A synthetic ligand-driven promoter is active in primary keratinocytes 

and fibroblasts. (a) A flow diagram of the synthetic ligand driven system. GAL4-

FKBP 5 DNA binding domain of the yeast transcription factor GAL4 (amino

acids 1–147) fused to three tandem FK506 binding protein (FKBP) domains, 

FKBP-VP16 5 3 tandem FKBPs fused to the activation domain of the herpes

virus transactivating protein VP16 (amino acids 1–78) (17). Rectangular boxes in 

the promoter region diagrammed represent specific GAL4 DNA recognition 

sites. (b) The activity of the human keratin 5 promoter was compared with a syn-

thetic ligand responsive GAL4 site-driven promoter in transiently transfected 

primary human keratinocytes in the absence or presence of 100 nM FK1012. Ke-

ratinocytes were transfected with synthetic ligand transcription expression and 

reporter plasmids or with the keratin 5 promoter luciferase reporter. Transfec-

tions were performed in triplicate and were normalized to internal CMV-CAT 

controls. Synthetic ligand-driven reporter activity is expressed as a percentage of 

transfected constitutive K5-driven promoter activity. (c) The activity of the

human stromelysin promoter was compared with a synthetic ligand responsive 

GAL4 site-driven promoter in transiently transfected primary human fibroblasts 

in the absence or presence of 100 nM FK1012. In this experiment the chloram-

phenicol acetyl transferase reporter gene was used. Fibroblasts were transfected 

with synthetic ligand transcription expression and reporter plasmids or with the 

stromelysin-promoter reporter plasmid. Transfections were performed in tripli-

cate and were normalized to the cotransfected constitutive cytomegalovirus 

(CMV)-luciferase plasmid. Reporter activity is expressed as a percentage of 

transfected stromelysin promoter activity.
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control the magnitude of expression of specific target genes in
intact cells and tissues holds the promise of performing com-
plex genetic experiments with quantitative biochemical preci-
sion and for dosed genetic therapies. Precise control of this
magnitude in gene therapy efforts is, in a subset of cases, an
absolute requirement. Our current lack of a generally effective

 

way to accomplish this has hampered even initial efforts at cor-
rection of certain gene defects, such as in the case of muco-
polysaccharidosis type I (MPS I). An attempt to correct MPS I
patient fibroblasts lacking 

 

a

 

-

 

L

 

-iduronidase by transfection
with the wild-type gene led to uncontrolled expression of ex-
cessive amounts of 

 

a

 

-

 

L

 

-iduronidase and the unintended devel-

Figure 2. Concentration-dependent synthetic 

ligand-driven gene expression. (a) Primary human 

keratinocytes (open circles) and primary human 

fibroblasts (solid circles) were transiently trans-

fected with synthetic ligand transcription expres-

sion and reporter plasmids. 16 h after gene trans-

fer, cells were incubated with synthetic ligand in 

concentrations shown on the abscissa for 48 h. 

The experiments were performed in triplicate in-

dependent transfections and internally controlled 

for transfection efficiency using the cotransfected 

CMV-CAT expression plasmid. FK506-M (open 

squares) is a modified FK506 monomer without 

immunosuppressive qualities that retains high

affinity for FKBP. (b) As a comparison of gene in-

duction efficacy with steroid receptor family tran-

scription factors triggered by steroid ligand, pri-

mary human keratinocytes were cotransfected 

with reporter and expression plasmids for gluco-

corticoid-driven gene expression. 16 h after trans-

fection, cells were incubated in media containing 

the range of dexamethasone concentrations 

shown on the abscissa; the experiments were per-

formed in triplicate independent transfections, 

and were internally controlled for transfection

efficiency using the cotransfected CMV-CAT

expression plasmid. (c) Timecourse of synthetic 

ligand-activated target gene induction. Primary 

human keratinocytes were transiently transfected 

with synthetic ligand transcription expression and 

reporter plasmids. 16 h later media was adjusted 

to contain 100 nM FK1012. Cell extracts were pre-

pared at 0, 1, 4, 8, and 24 h after FK1012 addition 

and assayed for reporter gene activity. Data were 

normalized for transfection efficiency using 

CMV-CAT internal controls and are expressed as 

fold induction over time zero.
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opment of a cellular phenotype analogous to another MPS dis-
ease in the transfected cells (23). The development of general
approaches to precisely regulate target gene expression, then,
will represent a major advance in experimental and therapeu-
tic biomedicine. Keratinocytes and fibroblasts can be readily
removed from the skin, engineered with desired genetic ele-
ments, and grafted back to the original donor. Such engi-
neered cells have been used to deliver a number of poly-
peptides to the systemic circulation, including apolipoprotein
E, growth hormone, and factor IX (24–27). Topically regulated
cutaneous production of therapeutic polypeptides for systemic
delivery can be envisioned for a number of disorders, including
production of colony stimulating factors in patients recovering
from bone marrow suppression and interferon production in

chronic hepatitis. Because the skin is accessible for both deliv-
ery of genetic elements as well as for topical regulation of their
expression, we have focused on target gene regulation in nor-
mal keratinocytes and fibroblasts in vitro as a first step toward
precise and nontoxic target gene regulation in vivo. Here we
use synthetic ligand-driven targeted intranuclear oligomeriza-
tion to regulate target gene expression in primary human kera-
tinocytes and fibroblasts. The current approach is a prototype
system that offers versatility in the diversity of modular DNA
binding domains that can be used. Combined with develop-
ment of new ligands, such an approach may ultimately allow
the magnitude of many target genes to be regulated with preci-
sion simultaneously within the same cell or tissue to achieve
specific biological effects. Application of this new approach to

Figure 3. FK1012 does not alter 

proliferation kinetics of primary 

human keratinocytes and fibro-

blasts. Primary human kerati-

nocytes and fibroblasts were 

seeded in 35-mm plates and 

grown in the presence or ab-

sence of 100 nM FK1012 from 

sparse density to confluence. 

FK1012, in concentrations suffi-

cient to generate induction of 

target gene expression, had no 

adverse effect on mitotic growth 

kinetics of primary human kera-

tinocytes in vitro in cells growing 

from low density on tissue culture plates to near confluence. Primary human fibroblasts were seeded in 35-mm plates and grown in the presence 

or absence of 100 nM FK1012 from sparse density to confluence. Experiments were performed in triplicate.

Figure 4. FK1012 does not sig-

nificantly alter mRNA expres-

sion in cells of normal human 

skin. (a) Differentiation and

tissue-specific genes in normal 

keratinocytes. mRNA levels of a 

number of constitutive and

inducible genes were examined 

in keratinocytes in vitro in the 

presence or absence of FK1012. 

Shown are results of internally 

controlled reverse transcriptase 

PCR analysis of marker genes 

obtained in normal human kera-

tinocytes grown in the presence 

(1) or absence (2) of 100 nM 

FK1012. Lane 12 showing K10 

expression in HaCaT cells is in-

cluded as a positive control dem-

onstrating detection of K10 mes-

sages in cells known to express 

this gene in vitro. (b) Tissue-spe-

cific genes in normal fibroblasts. 

Levels of mRNA expression of 

constitutive and inducible fibro-

blast-expressed genes were ana-

lyzed by internally controlled re-

verse transcriptase PCR analysis 

after growth in the presence (1) 

or absence (2) of FK1012.
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regulating the magnitude of gene expression by an apparently
biologically inert intracellular dimerizing agent in primary hu-
man keratinocytes and fibroblasts reported here may find fu-
ture utility in experimental and therapeutic gene regulation in
the skin.
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