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Abstract—The ability of the immunosuppressive agent FK506 to affect growth of the epidermal growth
factor-receptor (EGF-R) overexpressing cell line, A431, was compared with that of the structurally
unrelated immunosuppressive compound, cyclosporin A (CyA). Both were shown to inhibit growth,
although neither of them caused down-regulation of the EGF-R or affected epidermal growth factor
(EGF)-induced tyrosine phosphorylation of the EGF-R. Inhibition of growth was not specific to EGF-
R pathways, as both FK506 and CyA also inhibited EGF-and platelet-derived growth factor (PDGF)-
induced DNA synthesis in fibroblasts. In all assays FK506 was less potent than CyA even though it is
10-100 times mcre potent as an immunosuppressive agent. The role of calcineurin in CyA- or FK506-
induced growth inhibition was investigated using the synthetic pyrethroid insecticides: cypermethrin,
deltamethrin and fenvalerate, which are known calcineurin inhibitors. Failure of these agents to block
cell growth or influence growth factor-induced mitogenesis indicated that the biochemical pathway(s)
by which CyA or FK506 inhibited cell growth did not depend solely on inhibition of calcineurin.
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immunosuppressive drug complex has beenidentified

pounds (a cyclic undecapeptide and a cyclic ester,
respectively) that share similar immunosuppressive
properties. The more recently discovered compound,
FKS506, is 10-100 times more active, as an
immunosuppressant, than CyA [1]. Both agents
prevent the activation of T-cells that normally occurs
following antigen binding to the T-cell receptor and
which ultimately leads to T-cell proliferation [2]. A
number of intracellular binding proteins has been
identified which bind to CyA and FK506. These
proteins, which belong to the immunophilin
superfamily [reviewed in 3,4], have distinct
specificities for CyA and FK506 and are known as
cyclophilins and FKBPs, respectively [4, 5]. Although
the immunophilins possess PPIase activity [5, 6] the
immunosuppressive effect of the drugs does not
appear to be due to inhibition of the PPIase as some
drug analogues that block this enzyme activity fail
to suppress the immune response [4,7]. Rather,
evidence suggests that the drug-receptor complexes
bind to and inactivate components of intracellular
signalling pathways. One such target for the
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i Abbreviations: EGF, epidermal growth factor; TGFa,
transforming growth factor alpha; EGF-R, epidermal
growth factor receptor; PDGF, platelet-derived growth
factor; bFGF, basic fibroblast growth factor; IGF-1, insulin-
like growth factor-1; CyA, cyclosporin A; FKBP, FK506-
binding protein; PPlase, peptidyl-prolyl cis-trans isomerase;
DMEM, Dulbecco’s modified Eagle’s medium; FBS, foetal
bovine serum; FUdR, 5’-fluoro-deoxyuridine; IUdR, 5'-
iodo-deoxyuridine; TCA,, trichloroacetic acid; PMSF,
phenylmethylsulfonyl fluoride; DTT, dithiothreitol.
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as calcineurin [8,9], a calcium/calmodulin-depen-
dent serine/threonine phosphatase (Type 2B) [10].
Inhibition of calcineurin appears to block nuclear
translocation of the transcription factor NF-AT
which is necessary for activation of cytokine genes
during T-cell activation [11, 12].

CyA is used in the treatment of psoriasis [13], a
condition characterized by over-proliferation of
keratinocytes. Cultured keratinocytes express EGF-
R [13] and synthesize the EGF-R ligands TGFa [14]
and amphiregulin [15], indicating that epidermal
proliferation in vivo may be regulated by an
autocrine loop or loops. While the mechanism of
epidermal hyperproliferation in psoriasis has not
been established, psoriatic epidermis displays
increased EGF-R levels [16] and overproduction of
TGFa [17], suggesting that overstimulation of the
EGF-R may play a role in the pathogenesis of the
disease. In addition to modifying T-cell-mediated
skin reactions, CyA has been shown to inhibit
keratinocyte growth in vitro [18] and in vivo [19]
and may, therefore, modulate mitogenic signalling
via the EGF-R. Although CyA-induced growth
inhibition of keratinocytes is not associated with
decreased expression of TGFa in vitro [13], the
effect of CyA on down-regulation of the EGF-R is
controversial. The drug has been reported to cause
substantial down-regulation of EGF-R in cultured
keratinocytes [20] but other workers have failed to
reproduce this effect in vitro [13] or in vivo [21].
FK506 has also been shown to be effective as a
treatment for psoriasis and pyoderma gangrenosum
[22]; however, its beneficial effects may be more
related to suppression of T-cell involvement than
inhibition of keratinocyte proliferation [23].
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In this study, we have probed growth factor-
stimulated signal transduction pathways using CyA
and FK506. We have compared the effect of FK506
and CyA on the growth of the malignant keratinocyte
cell line, A431, that expresses high levels of EGF-
R [24], and have investigated whether growth
inhibition specifically involves blockade of EGF-R
activation or of pathways downstream of the
receptor. In addition, we have used a series of Type
1I synthetic pyrethroid insecticides that are reported
to be potent inhibitors of calcineurin [25] to
determine whether inactivation of calcineurin is
sufficient for growth inhibition.

MATERIALS AND METHODS

Materials. Recombinant hEGF was purchased
from Life Technologies (Paisley, U.K.). ['**I|EGF
was prepared using Iodo-beads (Pierce, Luton,
U.K.) according to the manufacturer’s instructions.
Partially purified porcine PDGF was purchased from
Bioprocessing. A431 cells were obtained from The
European Collection of Animal Cell Cultures,
Centre for Applied Microbiology and Research
(Porton Down, Salisbury, U.K.). NR6/HER cells
(NRG6 cells transfected with human EGF-R) were a
gift from Dr G. Panayatou, Ludwig Institute for
Cancer Research, (London, U.K.). Biotinylated
mouse monoclonal anti-phosphotyrosine antibody
(PY20) was purchased from ICN Biochemicals
(Thame, U.K.). Synthetic pyrethroid insecticides
were purchased from Calbiochem-Novabiochem,
(Nottingham, U.K.). FK506 was a gift from Fujisawa
Pharmaceutical Co., Ltd (Osaka, Japan). Cell
culture reagents were purchased from Life Tech-
nologies, with the exception of Ultraculture serum-
free medium which was purchased from Bio-
Whittaker (Reading, U.K.). CyA and FK506 were
dissolved in dimethyl sulphoxide at 10 mM and
further diluted in assay buffer. Dilutions of the
vehicle alone had no effect on cell growth or DNA
synthesis.

Cell culture. Cells were grown routinely in DMEM
containing 10% FBS, 2 mM glutamine, non-essential
amino acids, 10 U/mL penicillin and 10 pug/mL
streptomycin at 37° in a humified atmosphere of air
containing 5% CO,.

Cell proliferation assay. Methylene blue dye was
used to assess the cell density of adherent cell
cultures [26]. A431 cells were trypsinized and
resuspended in 10% FBS/DMEM. A total of 5 x 10°
cells/well was aliquoted into sterile 96-well tissue
culture plates and incubated at 37° for S hr to allow
the cells to adhere to the plate. The medium was
then pipetted off and replaced with 100 uL/well of
triplicate samples of test solution in serum-free
medium (Ultraculture). The plates were incubated
for 4 days; the medium was removed by pipette each
day and replaced with fresh medium to minimize
exhaustion or degradation of the test solution.

To measure cell density, the medium was removed
and the cells were fixed in 200 uL/well of formol
saline (4% formaldehyde, 0.15M NaCl) at room
temperature for a minimum of 1 hr. The fixative was
then tipped off and the plates were blotted on
absorbent paper. The cells were stained with 100 ul./

well of methylene blue solution (1% methylene blue
in 10 mM disodium tetraborate, pH 8.5) for 30 min
at room temperature. Excess dye was washed from
the plates with 10 mM disodium tetraborate, pH 8.5,
and the plates were blotted. Methylene blue was
extracted from the cells by incubation with 100
uL/well of acidified ethanol (1:10.1 M HCl/ethanol)
for 30 min at room temperature. The absorbance at
650 nm of individual wells was determined using a
microplate photometer (Dynatech, Billingshurst,
U.K.). An Agspnm of 1.0 was equivalent to 2.25 x 10*
cells/well.

Measurement of mitogenic activity. NR6/HER
cells were trypsinized and resuspended in 10% FBS/
DMEM. A total of 5 x 10° cells/well was aliquoted
into sterile 96-well trays and incubated at 37° for 3
days. The medium was then changed to 80 uL/well
of 1% FBS/DMEM and the cells were incubated for
a further 24 hr at 37°. Test substances, standards and
controls were prepared on sterile 96-well trays at
appropriate dilutions in buffer consisting of equal
volumes of PBS (9.2mM Na,HPO,, 0.01M
NaH,PO,, 150 mM NaCl) and DMEM containing
25 mM HEPES, pH 7.5, 2% BSA, 8 ug/mL insulin
and 480 ug/mL transferrin. Eighty microlitres of test
sample was then transferred from the reagent tray
to the cell tray and the cells were incubated at 37°
for 22 hr. Fifty microlitres of DMEM containing
92.5 KBq/mL {!*IJUdR (sp. act. 74 TBq/mmol) and
2 uM FUdR was added to each well and the cells
were incubated for a further 2 hr at 37°. The medium
was then pipetted off the cells and discarded. The
cells were fixed with 200 uL/well of 5% TCA at 4°
for 10 min. The fixed cells were washed twice with
200 uL/well of 5% TCA followed by two washes
with 200 ul./well of methanol. The trays were left
to dry at room temperature. Remaining acid-
insoluble material was dissolved in 100 uL/well of
0.2M NaOH, transferred to plastic tubes and
counted for 1 min/tube in a gamma counter.

Measurement of EGF-receptor phosphorylation.
AA431 cells were seeded into sterile 96-well plates
and grown to 80% confluence in 10% FBS/DMEM.
Cells were then incubated with 10% FBS/DMEM
alone or containing 10 uM CyA or FK506 at 37° for
24 hr. The medium was then removed and the cells
were incubated with 100 ng/mL EGF for 10 min.
The cells were washed twice with PBS containing
100 mM NaF, 1 mM NaVQ,, 1 mM PMSF, 5 ug/mL
leupeptin and 1 ug/mL aprotonin (this cocktail of
inhibitors was included in all subsequent washes and
incubations), solubilized with 100 uL/well of 80 mM
Tris, pH 6.8, containing 0.1M DTT, 2% SDS,
bromophenol blue and 10% glycerol, and the samples
boiled for 2 min.

Proteins were separated by SDS-PAGE [27] on a
7.5% acrylamide gel and transferred to nitrocellulose
membranes (Hybond C, Amersham, Little Chalfont,
U.K.) by electrophoresis. Immunoblotting was
performed after incubating the membranes in
blocking buffer (PBS/3% BSA) for 1hr at 22°.
Membranes were incubated with PY20 anti-
phosphotyrosine antibody at 1/2000 for 4 hr at 22°,
washed, and then incubated with streptavidin bio-
tinylated-horseradish peroxidase conjugate (1/500)
for 1hr at 22°. Bound antibody was detected
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Fig. 1. Effect of FK506 or CyA on A431 cell growth. Cell
growth was measured by Methylene Blue uptake of the
cell culture, as described in Materials and Methods after a
4 day growth period in serum-free medium alone or plus
FK506 (W) or CyA (@) at the doses shown. The Agsqpm Of
the cell cultures on day 0 was subtracted from the Agspnn
on day 4. Data points are the means + SEM (N = 3). The
corrected Agsonn On day 4 for cells grown in serum-free
medium without immunosuppressant was 4.8 = 0.1.

using enhanced chemiluminescence and autoradio-
graphy according to the manufacturer’s instructions
(Amersham, U.K.).

['PI|EGF binding assay. A431 cells were seeded
into sterile 96-well plates and grown to 80%
confluence in 10% FB3S/DMEM. Cells were then
incubated with 10% FES/DMEM alone or containing
10 uM CyA or FK506 at 37° for 24 hr. The medium
was then removed from the cells and replaced with
100 uL./well of DMEM containing 1% BSA and
0.02% sodium azide. Following a 30 min incubation
at 22° the medium was replaced with 100 ul./well of
10ng/mL [PIEGF (sp. act. 0.75MBg/ug) in
DMEM/1% BSA/0.02% azide and incubated at 22°
for 4hr. Under these conditions there was no
internalization of EGF-R. The radiolabelled cells
were then washed with PBS/0.1% BSA. One set of
wells was fixed with formol saline and stained
according to the methylene blue protocol above to
determine cell number/well. A second set of wells
was dried and the cells were redissolved in 100 uL/
well 0.5 M NaOH. The samples were aliquoted into
tubes and counted for 1min/tube in a gamma
counter. Non-specific binding of [PIJEGF was
measured in the presence of 2 ug/mL unlabelled
EGF, and was <5% of total binding.

RESULTS

Effect of FK506 and CyA on A431 cell growth

CyA and FK506 were tested for their ability to
inhibit proliferation of A431 cells in serum free
medium over a 4 day period, and the results are
shown in Fig. 1. As previously reported [18, 28],
CyA blocked cell growth at uM concentrations (ICsg
2.5 uM). By comparison, FK506 was a less potent
inhibitor of growth (approximately three times less
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Fig. 2. Effect of FK506 or CyA on the level of cell surface
EGF-R. Membane EGF-R on A431 cells was measured
by binding of ["®I|JEGF as described in Materials and
Methods. Treated cells were incubated with 10 uM FK506
or CyA for 24 hr before addition of ['®IJEGF. Specific
binding of ['"®I]JEGF is expressed as a % of that measured
in untreated cells. Data points are the means = SD of two

individual experiments.

active than CyA) even though it is 10-100 times
more immunosuppressive than CyA. Similar results
were obtained when the assay was performed in
10% FBS/DMEM (results not shown).

Effect of CyA and FK506 on EGF-R

To determine whether CyA or FK506 had any
direct effect on the EGF-R, the immunosuppressants
were assayed for their ability to down-regulate
the EGF-R or inhibit ligand-induced receptor
autophosphorylation. When A431 cells were pre-
incubated with CyA or FK506 in 10% FBS/DMEM
for 24 hr and cell surface EGF-R was subsequently
assayed by ['IJEGF binding, it was found that
treatment of cells with 10 uM CyA in 10% FBS/
DMEM resulted in only a 10% reduction in
cell surface EGF-R (Fig. 2), even though this
concentration of drug was cytostatic. Similarly,
10 uM FK506, which reduced cell growth in 10%
FBS/DMEM by 62% over 4 days, had no effect on
the level of cell surface EGF-R (Fig. 2).

To determine the effect of CyA or FK506 on
EGF-stimulated tyrosine phosphorylation of its
receptor, A431 cells were pretreated with immuno-
suppressant drug as above and then stimulated
with EGF and the level of EGF-R tyrosine
phosphorylation determined by western blot analysis
of solubilized cells. As shown in Fig. 3, following
stimulation by EGF a band corresponding to
the tyrosine-phosphorylated 170 kDa EGF-R was
observed (Fig. 3b). Twenty-four hour pretreatment
of cells with either CyA or FK506 did not significantly
alter the level of EGF-R phosphorylation observed
after ligand stimulation (Fig. 3c, d, respectively).

Effect of FK506 and CyA on growth factor-induced
mitogenesis

To assess the specificity of growth inhibition, the
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Fig. 3. Effect of FK506 or CyA on EGF-R tyrosine
phosphorylation. Control A431 cells or cells pre-incubated
with 10 uM FK506 or CyA for 24 hr were stimulated with
100 ng/mL EGF. Tyrosine phosphorylation of cell proteins
was determined by SDS-PAGE and western blotting as
described in Materials and Methods. The lanes show: (a)
unstimulated cells; (b) cells stimulated by EGF; cells
stimulated by EGF following incubation with (c) CyA or
(d) FK506. The position of mol. mass markers (kDa) are
shown on the right and the 170 kDa band corresponding
to the EGF-R is indicated by an arrow on the left.
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Fig. 4. Effect of FK506 (white symbols) or CyA (black

symbols) on mitogenesis induced by 1 ng/mL EGF (O,®)

or 2.5 IU/mL PDGF (UJ, B). DNA synthesis was measured

by incorporation of ['*IJUdR into NR6/HER fibroblasts

during S-phase as described in Materials and Methods.
Data points are the means = SEM (N = 3).

ability of FK506 and CyA to inhibit the mitogenic
activity of EGF or PDGF was assayed using NR6/
HER fibroblasts which possess receptors for both
EGF and PDGF. CyA blocked both EGF- and
PDGF-induced mitogenesis with similar ICss
(approx. 1.5 uM) (Fig. 4). FK506 was also inhibitory
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Fig. 5. Effect of FK506 or CyA on growth factor-induced
mitogenesis when added at different time points. The
mitogenesis assay was performed as described in the legend
for Fig. 4. DNA synthesis was stimulated by 1 ng/mL EGF
(unhatched bars) or 2.51U/mL PDGF (hatched bars).
12.5 uM CyA or FK506 was added (a) with the growth
factor or (b) cells were incubated with growth factor alone
for 22 hr and the inhibitor was added with the ['*IJUdR.
Incorporation of ["*IJUdR in the presence of growth factor
plus CyA or FK506 is expressed as a percentage of
incorporation in the presence of growth factor alone. Data
points are the means = SEM (N = 3).

but was approximately 10 times less active than CyA
(Fig. 4).

The inhibitory effect of FK506 and CyA was
maximal when they were added to the quiescent
cells together with growth factor; however, some
inhibition was also observed if the cells were
stimulated with growth factor alone for 22 hr and
the immunosuppressant was added in S-phase during
the [*®IJUdR pulse-labelling step of the assay (Fig.
5). For CyA, there was almost complete inhibition
of DNA synthesis when added with the growth
factor; this was reduced to approximately 55%
inhibition when the drug was added at 22 hr. The
inhibitory effect of FK506 was similar at both time
points. This suggested that, in these assays, the drugs
were affecting either uptake or utilization of
thymidine by the cells.

Effect of the pyrethroid insecticides on A431 cell
growth

As neither FK506 nor CyA showed specific
inhibitory effects towards EGF as opposed to PDGF,
this suggested that they might share a common
intracellular target. Thus, as both CyA and FK506
inactivate calcineurin [8,9], experiments where
performed to determine whether inhibition of
calcineurin alone was responsible for growth
inhibition. However, incubation of A431 cells with
the potent calcineurin inhibitors cypermethrin,
deltamethrin and fenvalerate (ICsq for calcineurin
inhibition: 40 pM, 100 pM and 2-4 nM, respectively
[25] or permethrin, a weak calcineurin inhibitor [25],



Growth effects of CyA independent of calcineurin inhibition in

A 650nm

Fig. 6. Effect of FK206, CyA and synthetic pyrethroid
insecticides on A431 cell growth. Cell growth was measured
by Methylene Blue uprake of the cell culture, as described
in Materials and Methods, after a 4 day growth period in
serum-free medium alone or plus 10uM CyA, 10uM
FK506, or 50 nM pyrethroid. The Agso o Of the cell cultures
on day 0 was subtracted from the Ago.n On day 4. Data
points are the means + SEM (N = 3).

over a range of concentrations (500 pM—50 nM) had
no significant effect on growth in serum-free medium
(Fig. 6) or in 10% FBS/DMEM (results not shown).

Effect of the pyrethroid insecticides on growth factor-
induced mitogenesis

Consistent with the lack of effect of the pyrethroid
insecticides on A431 cells, EGF- or PDGF-induced
mitogenesis using NR6/HER cells was also insensitive
to inhibition by these compounds when assayed from
250 pM to 250 nM (Fig. 7).

DISCUSSION

In this study we have shown that FKS506, like
CyA, is able to inhibit proliferation of transformed
keratinocytes as well as EGF- and PDGF-induced
DNA synthesis in cultured fibroblasts. As previously
reported [13, 18, 29], we found that the ICs, for CyA
inhibition of keratinocyte growth in vitro was in the
uM range. FK506 was found to be three times less
active than CyA. This observation is in direct
contrast to the comparative immunosuppressive
activity of the two drugs where the ICsy values for
inhibition of T-cell proliferation in vitro are 5-50 nM
(6~60 ng/mL) and 0.5 nM (0.4 ng/mL) for CyA and
FK506, respectively [7, 8]. During the course of this
study, Duncan [23] reported that FK506 at doses
between 10 and 1000 ng/mL (i.e. up to 1.2 uM) had
no effect on proliferation of normal keratinocytes.
These results are consistent with our observations
using malignant A431 cells, as doses of FK506
greater than 1.2 yM were required to achieve growth
inhibition.

It has been suggested that the effectiveness of

Incorporation of ['?5]]-UdR (cpm x 10%)

Fig. 7. Effect of FK506, CyA and pyrethroids on growth

factor-induced mitogenesis. DNA synthesis in NR6/HER

cells stimulated by 1ng/mL EGF (solid bars) or 2.51U/

mL PDGF (hatched bars) alone or in the presence of

12.5uM CyA, 12.5 uM FK506 or 250 nM pyrethroid was

assayed as described in the legend for Fig. 4. Data points
are the means = SEM (N = 3).

CyA as a treatment for psoriasis could, in part, be
attributable to a direct effect on keratinocyte growth
as well as to inhibition of helper T-cell proliferation
and resulting cytokine release [29]. Up-regulation of
EGF-R and TGF« in psoriatic epidermis [17],
together with the observation that CyA inhibits
EGF-induced DNA synthesis, suggests that the drug
may modulate signalling via the EGF-R. However,
it has been shown that the growth inhibitory effects
of CyA are not limited to keratinocytes but are also
observed with fibroblasts and endothelial cells [28-
30]. Moreover, CyA can inhibit growth induced by
other ‘growth factors such as PDGF, IGF-1 and
bFGF [28, 30]. In the present work, we have further
shown that neither CyA nor FK506 inhibits the
ability of EGF to stimulate receptor auto-
phosphorylation; we have also shown that neither
drug caused substantial EGF-R down-regulation, in
agreement with the observations of Khandke and
co-workers [13]. These results indicate that the
immunosuppressants act on a pathway common to
a number of growth factors and downstream of
receptor phosphorylation.

Following stimulation by growth factors such as
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EGF and PDGF, a similar series of events has been
identified within target cells. These include changes
in phosphorylation of cellular signalling proteins,
activation of ras GTPase, changes in ion fluxes and
phosphoinositide metabolism and activation of
transcription [31]. The intracellular binding proteins
for CyA and FK506 are PPlases (cyclophilins and
FKBPs, respectively) and, in T-cells, the pathway
leading to immunosuppression in both cases involves
the drug/PPlase complexbindingto, andinactivating,
calcineurin. Calcineurin is a calcium/calmodulin-
dependent serine/threonine phosphatase (Type 2B)
[10] whose inhibition blocks nuclear translocation of
the transcription factor NF-AT, which is necessary
for activation of cytokine genes during T-cell
activation [11,12]. To determine whether inac-
tivation of calcineurin could account for the growth
inhibition or blockade of mitogen-induced DNA
synthesis by CyA or FK506, we examined the effects
on growth of the type II synthetic pyrethroid
insecticides which are potent calcineurin inhibitors
[25], as well as neuronal sodium channel modifiers
[32]. It was found that even high concentrations of
inhibitors failed to induce growth inhibition in A431
cells or modulate the response of fibroblasts to EGF
or PDGF. Assuming that the pyrethroids reached
their intraceltular target, this indicated that the effect
of CyA and FK506 was unlikely to result from
inhibition of calcineurin alone. The lack of effect of
the pyrethroids is consistent with observations in
yeast, where generation of calcineurin-deficient
mutants has demonstrated that -calcineurin is
dispensible for growth under normal conditions [33]
even though it is necessary for recovery from a-
mating factor arrest [34].

Although binding of a growth factor to its receptor
stimulates a rapid cascade of intracellular signals, in
order to generate a full mitogenic response, the
growth factor needs to be present for the first 10—
12 hr of the pre-replicative phase [35]. Thyberg and
Hansson [30] have shown that addition of CyA 4-
6 hr after growth factor, compared with simultaneous
addition, did not reduce the inhibitory effect of the
compound on growth factor-stimulated DNA
synthesis in cultured cells. This effect was apparently
not associated with a decrease in growth factor-
induced RNA and protein synthesis. More recently,
rapamycin, a macrolide structurally related to FK506
which also binds FKBPs, has been shown to cause
G1 arrest when added to osteosarcoma cells 4-6 hr
after addition of serum growth factors. This appears
to be due to inhibition of a cyclin-dependent kinase
activity and a cyclin D1-cdk association during early
G1 [36]. In the present experiments, the effect of
CyA or FK506 on growth factor-induced DNA
synthesis was observed not only when the drug was
added with the mitogen but also, to a lesser degree
in the case of CyA, when the drug was added 22 hr
after addition of mitogen when the cells were in S-
phase. As DNA synthesis is generally measured by
the incorporation of radiolabelled nucleotides into
new DNA, the possibility exists that the drugs
interfered with uptake and phosphorylation of
thymidine by the cells; thus, interpretation of any
experiments utilizing this protocol for determining
the effect of CyA on proliferation should be viewed

with caution. However, as growth inhibition can also
be observed in proliferation assays based directly on
cell number, it is conceivable that another part of
the growth inhibitory activity of CyA and FK506
results from interference with DNA synthesis itself.

If calcineurin is not a key target for growth
inhibition by CyA or FKS506 in keratinocytes and
fibroblasts, this suggests that there may be other
endogenous targets for cyclophilin- or FKBP-drug
complexes. For example, it has been proposed that
FKBP25, a 25 kDa FK506 binding protein which has
the ability to associate with casein kinase II, may
regulate growth by modulating the function of casein
kinase IT[37]. Other FKBPs have also been described
which associate with steroid hormone receptors via
heat shock proteins [38,39]. Alternatively, the
inhibition of PPlase activity, which appears to have
no causative role in immunosuppression, may
contribute to the inhibition of growth factor
signalling pathways. For example, it could prevent
conformational changes in signalling proteins or
cause improper folding or trafficking of cellular
proteins. The differences in activity between CyA
and FK506 may be due to differences in the
specificities and comparative activities of their
corresponding PPlase receptors within the target
cells.

Acknowledgements—This work was supported by the
Cancer Research Campaign, U.K.

REFERENCES

1. Thomson AW, FK506- How much potential? Immunol
Today 10: 6-9, 1989.

2. Kunz J and Hall MN, Cyclosporin A, FK506 and
rapamycin: more than just immunosuppression. Trends
Biochem Sci 18: 334-338, 1993.

3. Galat A, Peptidylproline cis-trans-isomerases: immuno-
philins. Eur J Biochem 216: 689-707, 1993.

4. Ryffel B, Cyclosporin binding proteins. Biochem
Pharmacol 46: 1-12, 1993.

5. Harding MW, Galat A, Uehling DE and Schreiber SL,
A receptor for the immunosuppressant FK506 is a cis-
trans peptidyl-prolyl isomerase. Nature 341: 758-760,
1989.

6. Fischer G, Wittmann-Liebold B, Lang K, Kiefhaber T
and Schmid FX, Cyclophilin and peptidyl-prolyl cis-
frans isomerase are probably identical proteins. Nature
337: 476-478, 1989.

7. Schreiber SL, Chemistry and biology of the immuno-
philins and their immunosuppressive ligands. Science
251: 283-287, 1991.

8. Fruman DA, Klee CB, Bierer BE and Burakoff SJ,
Calcineurin phosphatase activity in T lymphocytes is
inhibited by FK506 and cyclosporin. Proc Natl Acad
Sci USA 89: 3686-3690, 1992.

9. Swanson SK, Born T, Zydowsky LD, Cho H, Chang
HY, Walsh CT, and Rusnak F, Cyclosporin-mediated
inhibition of bovine calcineurin by cyclophilins A and
B. Proc Natl Acad Sci USA 89: 3741-3745, 1992.

10. Klee CB, Crouch TH and Krinks MH, Calcineurin: a
calcium- and calmodulin-binding protein of the nervous
system. Proc Natl Acad Sci USA 76: 6270-6273, 1979.

11. Emmel EA, Verweij CL, Durand DB, Higgins KM,
Lacy E and Crabtree GR, Cyclosporin A specifically
inhibits function of nuclear proteins involved in T cell
activation. Science 246: 1617-1620, 1989.

12. Flanagan WM, Corthesy B, Bram RJ and Crabtree



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Growth effects of CyA independent of calcineurin inhibition

GR, Nuclear association of a T-cell transcription factor
blocked by FK506 and cyclosporin A. Nature 352: 803
806, 1991.

Khandke L, Krane JF, Ashinoff R, Staiano-Coico L,
Granelli-Piperno A, Luster AD, Carter M, Krueger
JG and Gottlieb A, Cyclosporine in psoriasis treatment.
Arch Dermatol 127: 1172-1179, 1991.

Gottlieb AB, Chang CK, Posnett DN, Fanelli B and
Tam JP, Detection of transforming growth factor alpha
in normal, malignant and hyperproliferative human
keratinocytes, J Exp Med 167: 670675, 1988.

Cook PW, Mattox PA, Keeble WW, Pittelkow MR,
Plowman GD, Shoyab M, Adelman JP and Shipley
GD, A heparin sulphate-regulated human keratinocyte
autocrine factor is similar or identical to amphiregulin.
Mol Cell Biol 11: 2547-2557, 1991.

Nanney LB, Stoscheck CM, Magid M and King LE Ir,
Altered I-epidermal growth factor binding and
receptor distribution in psoriasis. J Invest Dermatol 86:
260-265, 1986.

Elder JT, Fisher GJ, Lindquist PB, Bennett GL,
Pittelkow MR, Coffey RJ, Ellingsworth L, Derynck R
and Voorhees JJ, Overexpression of transforming
growth factor alpha in psoriatic epidermis. Science 243:
811-814, 1989.

Furue M, Gaspari AA and Katz ST, The effect of
Cyclosporin A on epidermal cells. II. Cyclosporin
inhibits proliferation of normal and transformed
keratinocytes. J Invest Dermatol 90: 796-800, 1988.
Urabe A, Kanitakas J, Viac J and Thivolet J,
Cyclosporin A inhibits directly in vivo keratinocyte
proliferation of living human skin. J Invest Dermatol
92: 755-757, 1989.

Nickoloff BJ and Mitra RS, Inhibition of *I-epidermal
growth factor binding to cultured keratinocytes
by antiproliferative molecules gamma interferon,
cyclosporin A, and transforming growth factor-beta. J
Invest Dermatol 93: 799-803, 1989.

Horrocks C, Ormerod AD, Duncan JI and Thomson
AW, Influence of systemic cyclosporin A oninterleukin-
2 and epidermal growth factor receptor expression in
psoriatic skin lesions. Clin Exp Immunol 78: 166-171,
1989.

Ackerman C, Abu-Elagd K, Venkataramanan K, Fung
J, Todo S, Starzl T and Jegasothy B, Recalcitrant
psoriasis and pyoderma gangrenosum treated with
FKS506. J Invest Dermatol 96: 536, 1991.

Duncan JI, Differential inhibition of cutaneous T-cell-
mediated reactions and epidermal cell proliferation by
cyclosporin A, FK506 and rapamycin. J Invest Dermatol
102: 84-88, 1994.

Haigler H, Ash JF, Singer SJ and Cohen §,
Visualisation by fluorescence of the binding and
internalisation of epidermal growth factor in human
carcinoma cells A431. Proc Natl Acad Sci USA 175:
3317-3321, 1978.

Enan E and Matsumura F, Specific inhibition of
calcineurin by type II synthetic pyrethroid insecticides.
Biochem Pharmacol 43: 1777-1784, 1992.

Oliver MH, Harrison NH, Bishop JE, Cole PJ and
Laurent GJ, A rapid and convenient assay for counting

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

373

cells cultured in microwell plates: application for
assessment of growth factors. J Cell Sci 92: 513-518,
1989.

Laemmli UK, Cleavage of structural protein during
the assembly of head of bacteriophage T4. Nature 227:
680-685, 1970.

Sharpe RJ, Arndt KA, Bauer SI and Maione TE,
Cyclosporine inhibits basic fibroblast growth factor-
driven proliferation of human endothelial cells and
keratinocytes. Arch Dermatol 125: 1359-1362, 1989.
Sharpe GR and Fisher C, Time-dependent inhibition
of growth of human keratinocytes and fibroblasts by
cyclosporin A: effect on keratinocytes at therapeutic
blood levels. Br J Dermatol 123: 207-213, 1990.
Thyberg J and Hansson GK, Cyclosporine A inhibits
induction of DNA synthesis by PDGF and other
peptide mitogens in cultured rat aortic smooth muscle
cells and dermal fibroblasts. Growth Factors 4: 209-
219, 1991.

Rozengurt E, Early signals in the mitogenic response.
Science 234: 161-166, 1986.

Ginsburg KS and Narahashi T, Differential sensitivity
of tetrodotoxin-sensitive and tetrodotoxin-resistant
sodium channels to the insecticide allethrin in rat dorsal
root ganglion neurons. Brain Res 627: 239-248, 1993.
Nakamura T, Liu Y, Hirata D, Namba H, Harada SI,
Hirikawa T and Miyakawa T, Protein phosphatase type
2B (calcineurin)-mediated, FK506-sensitive regulation
of intracellular ions in yeast is an important determinant
for adaptation to high salt stress conditions. EMBO J
12: 4063-4071, 1993.

Foor F, Parent SA, Morin N, Dahl AM, Ramadan N,
Chrebet G, Bostian KA and Nielsen JB, Calcineurin
mediates inhibition by FK506 and cyclosporin of
recovery from alpha-factor arrest in yeast. Nature 360:
682-684, 1992.

Westermark B and Heldin CH, Similar action of
platelet-derived growth factor and epidermal growth
factor in the prereplicative phase of human fibroblasts
suggests a common intracellular pathway. J Cell Physiol
124: 43-48, 1985.

Albers MW, Williams RT, Brown EJ, Tanaka A, Hall
FL and Schreiber SL, FKBP-rapamycin inhibits a
cyclin-dependent kinase activity and a cyclin D1-Cdk
association in early G1 of an osteosarcoma cell line. J
Biol Chem 268: 22825-22829, 1993.

Yong JJ and Burakoff SJ, The 25-kDa FK506-binding
protein is localized in the nucleus and associates with
casein kinase II and nucleolin. Proc Natl Acad Sci USA
90: 7769-7773, 1993.

Jung Testas I, Delespierre B and Baulieu EE, The
immunosuppressant FK506 inhibits the antigluco-
corticosteroid activity of RU486 on the growth of
mouse fibroblasts in culture. C R Acad Sci 316: 1495~
1499, 1993.

Renoir JM, Pahl A, Keller U and Baulieu EE,
Immunological identification of a 50 kDa Mr FK506-
binding immunophilin as a component of the
non-DNA, binding hsp90 and hsp70 containing,
heterooligomeric formof the chick oviduct progesterone
receptor. C R Acad Sci 316: 1410-1416, 1993.



