
Molecular and Cellular Endocrinology 349 (2012) 214–221
Contents lists available at SciVerse ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier .com/locate /mce
Melatonin inhibits glucocorticoid-dependent GR–TIF2 interaction in newborn
hamster kidney (BHK) cells

Diego M. Presman a,b, Valeria Levi a, Omar P. Pignataro a,c, Adali Pecci a,b,⇑
a Departamento de Química Biológica, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires C1428EGA, Argentina
b IFIBYNE-CONICET, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires C1428EGA, Argentina
c IBYME-CONICET, C1428ADN, Buenos Aires, Argentina

a r t i c l e i n f o
Article history:
Received 26 August 2011
Received in revised form 13 October 2011
Accepted 25 October 2011
Available online 4 November 2011

Keywords:
Glucocorticoids
Melatonin
Luzindole
Antagonism
TIF2
0303-7207/$ - see front matter � 2011 Elsevier Irelan
doi:10.1016/j.mce.2011.10.026

Abbreviations: BHK21, baby hamster kidney
EGFPGR, enhance green fluorescence protein; EMSA,
GCs, glucocorticoids; GR, glucocorticoid receptor; G
elements; LUZ, luzindole; MEL, melatonin; MMTV, m
N&B, number and brightness; TIF2, transcriptional in
⇑ Corresponding author at: Departamento de Qu

Ciencias Exactas y Naturales, Universidad de Buenos A
Argentina. Tel./fax: +54 11 4576 3342.

E-mail address: apecci@qb.fcen.uba.ar (A. Pecci).
a b s t r a c t

The antagonism exerted by melatonin on the glucocorticoid response has been well established, being
strongly dependent on the cellular context. Previously, we found that melatonin inhibits glucocorticoid
receptor (GR) dissociation from the chaperone hetero-complex and nuclear translocation on mouse thy-
mocytes. Here, by performing confocal fluorescence microscopy and the Number and Brightness assay we
show that in newborn hamster kidney cells (BHK21) melatonin neither affects GR nuclear translocation
nor GR homodimerization. Instead, co-immunoprecipitation studies suggest that physiological concen-
trations of melatonin impair GR interaction with the transcriptional intermediary factor 2 (TIF2). This
melatonin effect was not blocked by the MT1/MT2 receptor antagonist luzindole. Curiously, luzindole
behaved as an antiglucocorticoid per se by impairing the glucocorticoid-dependent MMTV-driven gene
expression affecting neither GR translocation nor GR–TIF2 interaction.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is known to be
involved in several physiological functions, including the entrain-
ment of seasonal and circadian rhythms. In humans, melatonin
participates in the regulation of sleep, seasonal disorders and
aging. Moreover, antitumoral properties of this hormone, as well
as its involvement in the responsiveness of the immune system
have been described. Lastly, melatonin and its metabolic derivates
function as a broad-spectrum antioxidant and a free radical scav-
enger (Reiter et al., 2010).

Some of melatonin’s effects are attributed to its interaction with
the membrane receptors MT1 and MT2, acting mainly through a
cAMP-dependent pathway (Vanecek, 1998). On the other hand,
numerous data support the fact that this indoleamine readily
passes through cell membranes and seemingly has access to all
sub-cellular organelles (Hevia et al., 2008; Reiter et al., 2010). In
this context, experimental data support the idea that the antioxi-
d Ltd. All rights reserved.
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dant melatonin protects tissues against free radicals-mediated
damage (Laothong et al., 2010; Milczarek et al., 2010). Further-
more, it was suggested that melatonin modulates the activity of
Ca2+ binding proteins such as calmodulin (del Rio et al., 2004).

Glucocorticoids (GCs) are involved in numerous physiological
processes such as cellular proliferation, differentiation, apoptosis
and metabolism (Franchimont, 2004), forming also the basis of
current anti-inflammatory and immunosuppressive therapies. GR
localizes in the cytoplasm bound to a multiprotein heterocomplex
composed by chaperones, including hsp90, hsp70, and immunophi-
lins among others (Pratt et al., 2004). GCs can freely diffuse across
the plasma membrane and once in the cytoplasm, they interact
with GR, leading to its activation. Activated GR translocates into
the nucleus, dissociates from chaperone complex and regulates
gene expression (Necela and Cidlowski, 2004). The classical mode
of action involves GR binding to glucocorticoid response elements
(GRE) located in promoter region of target genes. For transcription
to occur the subsequent recruitment of co-activator proteins is also
required (Xu and Li, 2003). GR interacts with the p160 family of
coactivators, which includes SRC-1, SRC-2 (also known as TIF2)
and SRC-3 (McKenna et al., 1999). On the other hand, GR is capable
of modulating gene expression by an indirect mechanism where the
receptor interacts with other transcription factors, such as NFjB,
AP-1 or STATs, by regulating their transcriptional activities (Kassel
and Herrlich, 2007).

Several reports propose a link between melatonin and glucocor-
ticoids activities. In fact, it has been suggested that melatonin
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modulation of the immune system is carried out through its inhib-
itory effect on glucocorticoid actions (Nelson and Drazen, 1999;
Provinciali et al., 1996; Sainz et al., 1995). Though the molecular
mechanism regarding the antagonism between melatonin and
GCs are still unclear, it was shown that melatonin inhibits GR mRNA
expression (Sainz et al., 1999) and modulates GR ligand interaction
(Blackhurst et al., 2001). In a previous work, we have demonstrated
that melatonin inhibits apoptosis by preventing cytochrome C
release and reducing glucocorticoid mediated-increase in Bax levels
(Hoijman et al., 2004). Melatonin also prevents dexamethasone-in-
duced gene expression (Persengiev, 1999); suggesting that the
methoxyindole may control the ability of activated GR to reach
their specific target genes. In this sense, we have found that mela-
tonin impairs GR nuclear translocation on murine thymocytes,
most likely by blocking GR-Hsp90 dissociation (Presman et al.,
2006).

In the present work, we present a novel mechanism by which
melatonin antagonizes glucocorticoid action. In the kidney-derived
hamster BHK21 cells, we found that melatonin does not inhibit GR
nuclear translocation nor GR homodimerization, but rather re-
duces GR interaction with TIF2 co-activator, impairing in this
way GR mediated induction of MMTV-driven luciferase expression.
Surprisingly, we also found that the well-known MT1/MT2 receptor
antagonist luzindole have per se potentially antiglucocorticoid
properties; as it is capable of inhibiting glucocorticoid-dependent
gene expression on BHK21 and Cos-7 cells.
2. Material and methods

2.1. Reagents and hormones

Dexamethasone (DEX), melatonin (MEL), luzindole (LUZ) and
200-monosuccinyladenosine-30,50-cyclic monophosphate tyrosyl
methyl ester (TME-cAMP) was purchased from Sigma–Aldrich
(St. Louis, MO, USA); Dulbecco’s modified Eagle’s medium (DMEM)
from Invitrogen (Carlsbad, CA, USA) and Fetal calf serum (FCS) from
Internegocios S.A. (Buenos Aires, Argentina). Charcoal-stripped FCS
was prepared with charcoal-dextran as described elsewhere
(Lippman et al., 1976). DEX and melatonin were prepared as
1000X stock solution in ethanol and used at a final concentration
of 10 nM and 100 nM, respectively. Luzindole was prepared as
stock solutions (10 mM in DMSO) and stored in small aliquots at
�20 �C. The TME-cAMP was radiolabeled with Na125I in our labora-
tory by the method of chloramine T (specific activity, 600Ci/mmol)
previously described (Del Punta et al., 1996). The specific antibody
for cAMP was provided by Dr. A.F. Parlow (National Hormone and
Pituitary Program of the NIDDK).
2.2. Cell culture and transient transfection assays

BHK21 and Cos-7 cells were cultured in DMEM supplemented
with 10% FCS plus penicillin (100 IU/ml) and streptomycin
(100 lg/ml) at 37 �C under humidified atmosphere with 4.5% CO2.
Transient transfections were performed with Lipofectin 2000
(Invitrogen) according to manufacturer’s instructions. Briefly, 3 �
104 BHK21 cells were co-transfected on 24-well plates with
0.3 lg pMMTV-luciferase (Horwitz et al., 1978) vector and/or
0.3 lg pEGFPGR (Galigniana et al., 1998) when indicated; 0.2 lg
pCMV-LacZ was added as transfection control in transactivation as-
says. Cos-7 cells (3 � 105) were co-transfected in 60 mm plates
with 3 lg pMMTV-luciferase or 3 lg BclX-P4-Luciferase (Viegas
et al., 2004), 1.5 lg pCMV-LacZ and 1 lg pRSV-hGR (Godowski
et al., 1987) as previously described (Presman et al., 2006). After
transfection, cells were incubated in DMEM containing 5% char-
coal-stripped FCS and the corresponding compounds from 1000-
fold stock solutions as indicated in each experiment. Control sam-
ples were treated with vehicle (Ethanol and/or DMSO). Luciferase
activity was measured according to the manufacturer’s protocol
(Promega Inc. cat # E1501). b-galactosidase activity was measured
as previously described (Truss et al., 1995).

2.3. Cellular localization, intranuclear distribution and N&B analysis

Cells (3 � 105) were transfected with 1 lg of pEGFPGR
(Galigniana et al., 1998) or the empty vector pEGFP-C3 (Clontech)
and incubated with the corresponding hormones for at least
40 min. Next, the medium was replaced with RAB buffer (Hepes
10 mM pH 7.4; NaCl 135 mM, KCl 10 mM, MgCl2 0.4 mM; CaCl2

1 mM; Glucose 1%) supplemented with the indicated hormones
and then analyzed by confocal fluorescence microscopy. All
measurements were done in a FV1000 confocal laser scanning
microscope (Olympus), with an Olympus UPlanSApo 60X oil
immersion objective (NA = 1.35). The excitation source was a mul-
ti-line Ar laser tuned at 488 nm (average power at the sample,
700 nW). Fluorescence was detected with a photomultiplier set
in the pseudo photon-counting detection mode. Intranuclear anal-
ysis and N&B measurements were done as previously described
(Presman et al., 2010).

2.4. Electro mobility shift assay (EMSA)

EMSAs were performed as previously described (Presman et al.,
2010). For binding studies, reactions were carried out in 25 ll reac-
tion buffer (5 mM Tris–HCl, pH 8, 0.5 mM EDTA, 5% glycerol,
0.5 mM 2-mercaptoethanol, 1 lg poly(dI–dC), 90 ng Calf thymus
DNA, and 30 lg BSA), 10 ng of radiolabeled probe and 200-fold ex-
cess of unlabeled specific or unspecific probe when indicated. Three
micrograms of the nuclear extract were added to the binding reac-
tion and incubated for 20 min at room temperature. Then, reaction
mixtures were subjected to 6% acrylamide gel in Tris-Borate-EDTA
solution. For dissociation studies, reactions were carried out in
100 ll reaction buffer containing 50 ng of radiolabeled probe and
18 lg of nuclear extract. After 20 min incubation at room tempera-
ture, 200-fold unlabeled probe was added and reaction aliquots
(16 ll) were loaded at different times into a gel running at 200 V.
Images were taken with STORM 820 PhosphorImager and analyzed
with NIH-Image J v1.63 software analysis. For the comparison of
DNA dissociation, all extracts showed similar DNA binding at the
initial time point prior to the addition of excess GRE; thus, dissoci-
ation rates were independent of the fraction of DNA bound.

2.5. Co-immunoprecipitation and western blot assays

BHK21 cells (2 � 106) co-transfected on 100 mm-plates with
5 lg pRSV-hGR (Presman et al., 2010) and 5 lg pTIF2 (Nojek
et al., 2004) were incubated with the corresponding hormones
for 90 min at 37 �C. Then, cells were lysated with CytoBuster Pro-
tein Extraction Buffer (EMD Biosciences, Darmstadt, Germany)
supplemented with Protease inhibitor cocktail (Calbiochem, San
Diego, CA, USA) and clarified by centrifugation at 15,000g for
5 min at 4 �C. Protein extracts (1 mg per treatment) were pre-
cleared with protein A/G plus agarose solution (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA; sc-2003). Samples were mixed by
rotation for 1 h at 4 �C and centrifuged for 2 min at 15,000g. Super-
natants were immunoprecipitated with TIF2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; sc-8996) and protein A/G plus
agarose solution. Samples were then mixed by rotation for 4 h at
4 �C and centrifuged for 3 min at 15,000g. Pellets were washed
three times with TEGM buffer (10 mM HEPES pH 7.5, 1 mM EDTA,
20 mM Na2MoO4, 5% glycerol, 50 mM NaCl) and centrifuged for
3 min at 15,000g. Proteins were extracted with SDS sample buffer,
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separated in 7% SDS–PAGE and transferred to PVDF membrane
(Bio-Rad) by electroblotting. Immunodetection was achieved with
a 1:1 mixture of GR antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA, USA; sc-1002; sc-1003).

2.6. cAMP assessment

Intracellular cAMP was determined as described previously
(Mondillo et al., 2009). After a 30-min incubation of the BHK21
cells with any combination of drugs in the presence of 0.5 mM
IBMX, the plates were placed on ice and the medium was aspirated.
Next, 0.5 ml of cold distilled water was added to each well, and
cells were scraped and disrupted by ultrasonic oscillation. Samples
were heated in boiling water three times during 1 min to destroy
endogenous protein kinase. After centrifugation for 3 min, samples
were diluted using 50 mM sodium acetate buffer (pH 6.0). Un-
known samples and standards were acetylated and assayed by
RIA. The inter-assay and intra-assay variations of coefficients were
lower than 10%.

2.7. Statistical analysis

Results were expressed as means ± standard error measure
(SEM). Statistical analyses were performed with STATISTICA 7.0
(StatSoft, Inc.) and consisted of one- or two-way ANOVA followed
by Tukey’s multiple comparisons tests. Transient transfection
experiments have three independent replicates per treatment
while RIA measurements have two independent replicates per
treatment. Differences were regarded as significant at P < 0.05. Be-
fore statistical analysis, data were tested for normality and homo-
scedasticity using Lilliefors and Bartlett’s tests, respectively. In all
cases, bars with different superscript letters are significantly differ-
ent from each other.

3. Results

3.1. Melatonin inhibits GR–TIF2 interaction in BHK21 cells

Melatonin ability to antagonize GCs depends on cellular con-
text. While melatonin inhibits glucocorticoid action in a few cell
types, including thymocytes and neuronal cells (Hoijman et al.,
2004; Quiros et al., 2008; Sainz et al., 1995); other cell lines such
as Cos-7, L929, or HC11 cells are resistant to melatonin effect on
glucocorticoids (Presman et al., 2006). Melatonin inhibition of
Fig. 1. DEX-induced GR transcriptional activity is inhibited by melatonin in BHK21
cells. BHK21 cells were transfected with pMMTV-Luciferase reporter and pCMV-
LacZ vectors. Cells were incubated for 18 h with ethanol (Control), 10 nM DEX,
10 nM DEX and/or 100 nM MEL as indicated. Values were expressed as fold
induction (luciferase/b-galactosidase activity) relative to the control. Means ± S.E.
from four independent experiments are shown. Bars with different superscript
letters are significantly different from each other (P < 0.05).
DEX ability to induce MMTV-driven luciferase expression was also
observed by transient transfection assays on the newborn hamster
kidney-derived BHK21 cell line (Fig. 1). This result adds another
cell type to the list of experimental models in which melatonin
antagonizes GCs effects.

We wondered whether melatonin affects GR sub-cellular distri-
bution in BHK21 cells as occurs in thymocytes and neuronal cells.
Thus, a GFPGR vector was overexpressed in this cell line and its dis-
tribution upon hormone-treatment was evaluated by confocal
microscopy. Fig. 2A shows that most of the fluorescence localizes
into the cytoplasm in untreated cells (control) or in cells treated
with melatonin alone. However, as expected, upon DEX addition
GFPGR fluorescence localizes almost completely into the nuclear
compartment. Interestingly, melatonin did not prevent GFPGR
translocation (Fig. 2A) despite its inhibition of DEX-dependent
GFPGR-mediated MMTV-activation (Fig. 2B). This result suggests
Fig. 2. GFPGR nuclear translocation is not affected by melatonin. BHK21 cells
transfected with pEGFPGR (A) or pMMTV-Luciferase plus pCMV-LacZ plus pEGFPGR
(B) and incubated with 10 nM DEX and/or 100 nM MEL as indicated. (A) Cells were
visualized by confocal scanning microscopy. The figure shows one representative
cell for each treatment. Scale bar = 20 lm. (B) Values were expressed as fold
induction (luciferase/b-galactosidase activity) relative to the control. Means ± S.E.
from four independent experiments are shown. Bars with different superscript
letters are significantly different from each other (P < 0.05).
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that in BHK21 cells, melatonin modulates GR activity through a dif-
ferent mechanism from that observed in thymocytes (Presman
et al., 2006) or neuronal cells (Quiros et al., 2008), by affecting an
event downstream GR nuclear translocation.

Previous published studies have shown that active GR–ligand
complexes form focal domains into the nucleus, consisting of sev-
eral receptor molecules (van Steensel et al., 1995). However, while
some authors found a correlation between ligand dependent GR
intranuclear distribution and transcriptional activity (Htun et al.,
1996), other ones suggest that the foci distribution would depend
on affinity-based differences between ligands rather than on GR
transcriptional properties (Presman et al., 2010; van Steensel
Fig. 3. GFPGR intranuclear distribution, receptor homodimerization and GR–DNA in vit
were incubated with 10 nM DEX and/or 100 nM MEL as indicated. (A) Cells were visualiz
treatment and the coefficient of variation (CV) quantitation as previously described (Pres
after hormone addition. Previous studies indicated that the intensity of the signals for nu
2010). For each cell (15 6 n 6 30 per treatment) the apparent brightness was calculated
real brightness (e) relative to the cytoplasm for each cell type. Bars with different supers
extracts were prepared and incubated with a 32P-radiolabeled oligonucleotide containin
indicated times and images were analyzed. The figure shows a representative gel and the
fraction bound (relative to time zero) expressed as the ratio between GR–DNA complexes
et al., 1995). Accordingly, GR foci formation in the presence of
MEL was then evaluated. Fig. 3A shows that MEL does not affect
GFPGR intranuclear distribution triggered by DEX-treatment.

GR homodimerization is considered an essential step in the
receptor’s transactivation pathway (Necela and Cidlowski, 2004),
therefore we wondered whether melatonin prevents GR activation
by inhibiting GR dimer formation. To test this hypothesis, in vivo
mapping of GR oligomerization state was performed by using the
Number and Brightness (N&B) assay (Presman et al., 2010). This
new technique, based on moment-analysis, provides the average
number of moving, fluorescent molecules and their brightness at
every pixel of images (Digman et al., 2008). Fig. 3B shows the real
ro dynamics are not affected by melatonin. BHK21 cells transfected with pEGFPGR
ed by confocal scanning microscopy. The figure shows representative cells for each
man et al., 2010). Scale bar = 20 lm. (B) Images were taken between 40 min and 6 h
clear and cytoplasmic GR appear to be stable over that time-frame (Presman et al.,

as previously described (Presman et al., 2010). The figure shows fold-increase of the
cript letters are significantly different from each other (P < 0.05). C. Nuclear protein

g a GRE sequence. Aliquots for each treatment were loaded into a running gel at the
dissociation curves (mean ± S.E.) from three independent experiments showing the
and free DNA probe. The arrows indicate the free DNA and the GR–DNA complexes.
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brightness (e) fold increase (a measure of fluorophore oligomeriza-
tion) corresponding to GFPGR protein expressed in BHK21 cells. In
the absence of ligand, e values are similar in nucleus and cyto-
plasm; indicating the same oligomerization status of GR in both
Fig. 4. Melatonin prevents GR–TIF2 association in BHK21 cells. BHK21 cells co-
transfected with pRSV-hGR and pTIF2 vectors were incubated with the indicated
hormones for 90 min at 37 �C. Cells were washed; cytosols were extracted and
analyzed for TIF2-associated GR as described in ‘‘Materials and Methods’’. Immu-
noadsorptions were performed with TIF2 antibody (aTIF2). Inputs correspond to
10% of the sample previously to the immunoprecipitation protocol. Arrows on input
gel indicate the three isoforms of aGR (GRA; GRB; GRC as previously described
(Presman et al., 2010)). Gels in A correspond to one representative experiment
(n = 3). Mean ± SE values of immunoprecipitated (IP) GR levels (respect to Dex
treatment) are shown (B).

Fig. 5. Luzindole effect on MMTV-driven gene expression. BHK21 cells were
transfected with pMMTV-Luciferase reporter vector. Cells were incubated for 18 h
with a combination of 10 nM DEX and the indicated concentrations of MEL and/or
LUZ. Values were expressed as% induction (luciferase/b-galactosidase activity)
relative to DEX treatment. Means ± S.E. from five independent experiments are
shown. Bars with different superscript letters are significantly different from each
other (P < 0.05).
cellular compartments. However, upon DEX addition e values sig-
nificantly increased (approximately 2 fold) in the nucleus with re-
spect to the cytoplasm, consistent with GR dimerization.
Interestingly, in the presence melatonin e values are similar to
those observed with DEX alone. Therefore, we conclude that mela-
tonin does not affect GR dimer formation.

In order to test whether melatonin modulates GR–DNA interac-
tion, we performed gel-shift assays with nuclear extracts obtained
from BHK21 cells treated with Dex in the presence or absence of
melatonin. Extracts were incubated with a radiolabeled oligonu-
cleotide containing two GRE sites from the MMTV promoter. As
it was previously reported, nuclear extracts prepared in the ab-
sence of ligand generate a double retarded band corresponding
to GR–MMTV probe complexes which does not differ from ligand
treated extracts (Pandit et al., 2002). Accordingly, melatonin does
not affect GR–DNA association (Fig. 3C; compare time 0 min, Dex
vs. Dex + Mel). Given this lack of ligand effects on the GR affinity
for GRE-sites, we investigated whether melatonin-treatment af-
fects the association/dissociation rate between Dex-GR complexes
and DNA. Results show that melatonin had no appreciable effect on
GR–DNA interaction dynamics (Fig. 3C).

GR ability to induce gene expression depends on the receptor’s
capacity to recruit co-activators (Collingwood et al., 1999). There-
Fig. 6. Luzindole as a potential antiglucocorticoid. (A) Cos-7 cells were transfected
with pRSV-hGR and pMMTV-Luciferase reporter vector. Cells were incubated for
18 h with increasing concentrations of luzindole (Luz) in the presence or absence of
10 nM DEX. (B) Cos-7 cells were transfected with pRSV-hGR and pMMTV-Luciferase
reporter vector or BclX.P4-Luciferase reporter vector. Cells were incubated for 18 h
with 10 nM DEX, 20 lM LUZ (MMTV-Luc), 20 nM Luz (BclX.P4-Luc) or 100 nM MEL.
Values were expressed as% induction (luciferase/b-galactosidase activity) relative to
DEX treatment. Means ± S.E. from at least four independent experiments are shown.
Bars with different superscript letters are significantly different from each other
(P < 0.05).
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fore, one might postulate that melatonin could antagonize GR acti-
vation through the impairment of co-activators recruitment. To
test this hypothesis, GR–TIF2 co-immunoprecipitation (Co-IP) as-
says were performed with BHK21 cells co-transfected with hGR
and TIF2 expression vectors. Cells were treated with DEX in the
presence or absence of melatonin. Subsequently, protein extracts
were precipitated with a specific TIF2 antibody and western blot
analysis were performed against GR. Results showed that GR is
Fig. 7. Dexamethasone, melatonin and luzindole effect on intracellular cAMP levels
in BHK21 cells. BHK21 cells were treated for 30 min with vehicle (Control); 10 nM
DEX, 100 nM MEL, 20 lM LUZ or any combination indicated. Then, a RIA protocol
was performed as described in ‘‘Material and Methods’’ section. The figure shows
Means ± S.E intracellular cAMP levels expressed as [pmol/mg of protein extract];
from two independent experiments performed by duplicate. Bars with different
superscript letters are significantly different from each other (P < 0.05).

Fig. 8. Luzindole affects neither GR nuclear translocation nor TIF2–GR association. A. BH
hormones. The figure shows one representative cell for each treatment. Scale bar = 20 l
with the indicated hormones for 90 min. Immunoadsorptions were performed as describ
(n = 3) and Mean ± SE values of immunoprecipitated (IP) GR levels (respect to Dex treat
not able to co-precipitate with the coactivator in the presence of
melatonin (Fig. 4).

3.2. Luzindole as a potential antiglucocorticoid

As we mentioned above, most of melatonin’s effects have been
attributed to its interaction with the membrane receptors MT1

and MT2. Thus, we asked whether these receptors are involved in
the signaling pathway involved on melatonin/GCs antagonism.
Since luzindole has been characterized as a specific MT1 and MT2

antagonist (Boutin et al., 2005), melatonin’s ability to inhibit GR-
dependent gene expression in the presence of this inhibitor was
tested. Surprisingly, luzindole inhibited GR transcriptional activity,
independent of the presence of melatonin (Fig. 5). Moreover, no
additive effect was observed when both methoxyindoles where
added, either in high or low doses. This per se action of luzindole
does not allow us to evaluate the potential of MT receptors to be in-
volved on the melatonin signaling pathway.

In order to test the possible antiglucocorticoid activity of luzin-
dole, we analyze glucocorticoid activity on Cos-7 cells expressing
the hGR protein. This cell line does not express MT receptors (Roca
et al., 1996). Interestingly, a dose-dependent antiglucocorticoid
effect of luzindole was observed in this cell line (Fig. 6A), where
melatonin is unable to block GR action (Fig. 6B and (Presman
et al., 2006)). Consistently, luzindole also inhibited the activation
of the murine bcl-X.P4 promoter (Fig. 6B), which is also responsive
to glucocorticoids (Viegas et al., 2004). This result indicates that
the antiglucocorticoid activity of luzindole is not only restricted
to the MMTV promoter.

Since MT1 and MT2 receptors acts mainly through a cAMP-
dependent pathway (Vanecek, 1998), intracellular cAMP levels in
K21 and Cos-7 cells transfected with pEGFPGR were incubated with the indicated
m. B. BHK21 cells co-transfected with pRSV-hGR and pTIF2 vectors were incubated
ed in Fig. 4. The figure shows gels corresponding to one representative experiment

ment).
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BHK21 cells were determined by radioimmunoassays. DEX de-
creased cAMP levels (Fig. 7, Dex vs. Control) as it was previously re-
ported on other cellular types (Dong et al., 2004; Hoijman et al.,
2004; Iwasaki et al., 1997). Melatonin had neither effect per se
nor antagonized GC action (Fig. 7). However, in the presence of
luzindole, DEX effect was reverted (Fig. 7, LUZ vs. Dex). On one
hand, these results indicate that cAMP-dependent pathway would
not be involved on GR-melatonin antagonism. On the other hand,
since luzindole inhibits both GR-dependent transcriptional activity
and cAMP downregulation, we postulate luzindole as a putative
antiglucocorticoid.

In order to understand the mechanism by which luzindole
antagonizes GC effects, we next analyzed GFPGR sub-cellular local-
ization in BHK21 and Cos-7 cells. As shown in Fig. 8A, luzindole
does not impair DEX-induced GR nuclear translocation; nor pro-
motes its nuclear import in the absence of DEX. Thus, similarly
to melatonin, luzindole would block GR action at some point
downstream nuclear import. Therefore, GR–TIF2 interaction was
then analyzed by performing Co-IP assays from extracts treated
with luzindole. Fig. 8B shows that luzindole – unlike melatonin –
does not prevent GR–TIF2 association.
4. Discussion

As stated before, melatonin antagonism on GR action has been re-
ported in several works. However, most studies did not clarify about
the mechanism by which melatonin impairs GR activation: i.e. does
melatonin affect GR–ligand binding? Does it impair GR-Hsp90 dis-
sociation? May melatonin block GR nuclear translocation? Does it
affect GR–DNA interaction or does it impede GR homodimerization
or GR co-activators recruitment? These questions still were not fully
assessed. In a previous work we have demonstrated in mouse thy-
mocytes that melatonin inhibits GR nuclear translocation, most
likely by blocking GR–Hsp90 dissociation (Presman et al., 2006).
Similar results were also reported in the neuron HT22 cell line model
(Quiros et al., 2008). Here we found that melatonin has the ability to
inhibit GR-dependent MMTV-driven gene expression on BHK21
cells, but surprisingly this antagonistic effect does not involve mod-
ulation on GR sub-cellular localization nor intranuclear distribution.
In fact, melatonin even seems to affect neither GR homodimeriza-
tion in vivo nor GR–DNA interaction in vitro. Interestingly, Co-IP re-
sults suggest that dexamethasone-dependent GR–TIF2 interaction
is compromised in the presence of the methoxyindole. Since it has
been demonstrated that GR-dependent MMTV induction drastically
decreases when TIF2 is down-regulated (Li et al., 2003); results pre-
sented here suggest that although GR may still be able to bind GRE
elements in BHK21 cells, it would be unable to induce the expression
of target genes due to its inability to recruit TIF2. In this sense, it is
possible that melatonin would also modulate the recruitment of an-
other cofactor or even influence the role of any of the GR-associated
transcription factors such as NFjB, AP-1 or STATs. Together, these
results suggest that melatonin antagonizes glucocorticoids by dif-
ferent mechanisms according to cell type. The modulation of sub-
cellular localization (thymocytes or neuronal cells) or cofactor
recruitment impairment (BHK21 cells) could account for at least
two possibilities.

How can melatonin antagonize glucocorticoids at different
points of the GR activation pathway? Assuming that melatonin
indirectly acts on the glucocorticoid receptor, different signaling
pathways would be involved on melatonin effect depending on
each cell type. In this sense, both nuclear and membrane receptors
could mediate melatonin signaling (Reiter et al., 2010). As stated
before, MT1 and MT2 receptors act mainly through a cAMP-depen-
dent signaling pathway (Vanecek, 1998). The fact that melatonin
does not antagonize glucocorticoids effect on cAMP levels in both
thymocytes (Hoijman et al., 2004) and BHK21 cells (Fig. 7), indi-
cates that MTs involvement on melatonin-glucocorticoid antago-
nism would be a highly unlikely event. On the other hand, cell
specific expression of proteins involved on GR signaling pathway
could explain melatonin dependent cell-type differential response.
In this sense, it has been proposed that GR–Hsp90 interaction with
a ligand-bound GR mimics the receptor’s interaction with tran-
scriptional co-activators (De Bosscher and Haegeman, 2009). In
this context, if melatonin directly or indirectly modulates GR
conformation on thymocytes (i.e. leading to the regulation of the
GR–Hsp90 heterocomplex), it is also possible that a similar mech-
anism could explain the lack of GR–TIF2 interaction on BHK21
cells. Nevertheless, further studies focused on the docking of differ-
ent proteins on a specific GR domain should be performed.

Luzindole is a well-known antagonist of MT receptors. In fact,
this molecule presents high affinity for MT1 and MT2 (Boutin et al.,
2005). Despite the extensive use of luzindole, many pharmacologi-
cal characteristics of this substance still remain unknown (Mathes
et al., 2008). For example, it has been shown dose-dependent varia-
tions in its response on the rat caudal artery (Masana et al., 2002);
partial agonistic action on HL-60 leukemic cells (Cabrera et al.,
2003) and an antioxidant activity in vitro (Mathes et al., 2008). With
the original objective of testing MT receptor’s involvement on the
melatonin-GC antagonism, we tested luzindole effect on melatonin
action. Surprisingly, we found that this compound also present an
antagonistic effect on GR action. Here, we demonstrated that luzin-
dole is able to inhibit the glucocorticoid-dependent expression of an
MMTV-driven reporter gene in a dose-dependent manner and also
to reduce the activity of the glucocorticoid-sensitive BclX.P4 repor-
ter gene. Moreover, opposite to melatonin behavior, luzindole was
able to prevent DEX-dependent downregulation of cAMP levels in
BHK21 cells and to inhibit MMTV activity on Cos-7 cells. Involve-
ment of MT receptors on luzindole effect is highly unlikely because
Cos-7 cells do not express any melatonin receptors (Roca et al.,
1996).

Regarding luzindole mechanism of action, we found no effect on
DEX-dependent GR nuclear translocation. Since this process occurs
upon DEX-binding even in the presence of luzindole, this fact
strongly suggests that this methoxyindol does not affect DEX abil-
ity to bind GR. Strikingly; luzindole has no detectable effect on
DEX-dependent GR–TIF2 interaction on BHK21 cells. This result
suggests that this compound – also differing from melatonin –
would affect an event downstream to GR cofactor recruitment.
Nonetheless, the fact that no additive effects on GR antagonism
was observed when relatively low concentrations of both meth-
oxyindoles were used, suggests that a more complex mechanism
would be implicated on the effect of either compound.

In conclusion, results presented here indicate that melatonin
would modulate GR activity by different mechanisms and suggest
luzindole as a potentially new antiglucocorticoid.
Acknowledgments

The authors thank Dr. M.D. Galigniana (FIL-CONICET) and Dr.
M.A. Costas (Inst. Lanari-UBA) for pEGFPGR and pTIF2 vectors,
respectively. We also thank Dr. E. Gratton and Dr. Michelle Digman
(University of California) for useful help with N&B analysis. This
work was supported by the grants from the CONICET, ANPCyT
and the University of Buenos Aires. The authors are members of
the CONICET.
References

Blackhurst, G., McElroy, P.K., Fraser, R., Swan, R.L., Connell, J.M., 2001. Seasonal
variation in glucocorticoid receptor binding characteristics in human
mononuclear leucocytes. Clin. Endocrinol. (Oxf.) 55 (5), 683–688.



D.M. Presman et al. / Molecular and Cellular Endocrinology 349 (2012) 214–221 221
Boutin, J.A., Audinot, V., Ferry, G., Delagrange, P., 2005. Molecular tools to study
melatonin pathways and actions. Trends Pharmacol. Sci. 26 (8), 412–419.

Cabrera, J., Quintana, J., Reiter, R.J., Loro, J., Cabrera, F., Estevez, F., 2003. Melatonin
prevents apoptosis and enhances HSP27 mRNA expression induced by heat
shock in HL-60 cells: possible involvement of the MT2 receptor. J. Pineal Res. 35
(4), 231–238.

Collingwood, T.N., Urnov, F.D., Wolffe, A.P., 1999. Nuclear receptors: coactivators,
corepressors and chromatin remodeling in the control of transcription. J. Mol.
Endocrinol. 23 (3), 255–275.

De Bosscher, K., Haegeman, G., 2009. Minireview: latest perspectives on
antiinflammatory actions of glucocorticoids. Mol. Endocrinol. 23 (3), 281–291.

Del Punta, K., Charreau, E.H., Pignataro, O.P., 1996. Nitric oxide inhibits Leydig cell
steroidogenesis. Endocrinology 137 (12), 5337–5343.

del Rio, B., Garcia Pedrero, J.M., Martinez-Campa, C., Zuazua, P., Lazo, P.S., Ramos, S.,
2004. Melatonin, an endogenous-specific inhibitor of estrogen receptor alpha
via calmodulin. J. Biol. Chem. 279 (37), 38294–38302.

Digman, M.A., Dalal, R., Horwitz, A.F., Gratton, E., 2008. Mapping the number of
molecules and brightness in the laser scanning microscope. Biophys. J. 94 (6),
2320–2332.

Dong, Q., Salva, A., Sottas, C.M., Niu, E., Holmes, M., Hardy, M.P., 2004. Rapid
glucocorticoid mediation of suppressed testosterone biosynthesis in male mice
subjected to immobilization stress. J. Androl. 25 (6), 973–981.

Franchimont, D., 2004. Overview of the actions of glucocorticoids on the immune
response: a good model to characterize new pathways of immunosuppression
for new treatment strategies. Ann. NY Acad. Sci. 1024, 124–137.

Galigniana, M.D., Scruggs, J.L., Herrington, J., Welsh, M.J., Carter-Su, C., Housley, P.R.,
Pratt, W.B., 1998. Heat shock protein 90-dependent (geldanamycin-inhibited)
movement of the glucocorticoid receptor through the cytoplasm to the nucleus
requires intact cytoskeleton. Mol. Endocrinol. 12 (12), 1903–1913.

Godowski, P.J., Rusconi, S., Miesfeld, R., Yamamoto, K.R., 1987. Glucocorticoid
receptor mutants that are constitutive activators of transcriptional
enhancement. Nature 325 (6102), 365–368.

Hevia, D., Sainz, R.M., Blanco, D., Quiros, I., Tan, D.X., Rodriguez, C., Mayo, J.C., 2008.
Melatonin uptake in prostate cancer cells: intracellular transport versus simple
passive diffusion. J. Pineal Res. 45 (3), 247–257.

Hoijman, E., Rocha Viegas, L., Keller Sarmiento, M.I., Rosenstein, R.E., Pecci, A., 2004.
Involvement of Bax protein in the prevention of glucocorticoid-induced
thymocytes apoptosis by melatonin. Endocrinology 145 (1), 418–425.

Horwitz, K.B., Zava, D.T., Thilagar, A.K., Jensen, E.M., McGuire, W.L., 1978. Steroid
receptor analyses of nine human breast cancer cell lines. Cancer Res. 38 (8),
2434–2437.

Htun, H., Barsony, J., Renyi, I., Gould, D.L., Hager, G.L., 1996. Visualization of
glucocorticoid receptor translocation and intranuclear organization in living
cells with a green fluorescent protein chimera. Proc. Natl. Acad. Sci. USA 93 (10),
4845–4850.

Iwasaki, Y., Aoki, Y., Katahira, M., Oiso, Y., Saito, H., 1997. Non-genomic mechanisms
of glucocorticoid inhibition of adrenocorticotropin secretion: possible
involvement of GTP-binding protein. Biochem. Biophys. Res. Commun. 235
(2), 295–299.

Kassel, O., Herrlich, P., 2007. Crosstalk between the glucocorticoid receptor and
other transcription factors: molecular aspects. Mol. Cell Endocrinol. 275 (1–2),
13–29.

Laothong, U., Pinlaor, P., Hiraku, Y., Boonsiri, P., Prakobwong, S., Khoontawad, J.,
Pinlaor, S., 2010. Protective effect of melatonin against Opisthorchis viverrini-
induced oxidative and nitrosative DNA damage and liver injury in hamsters. J.
Pineal Res. 49 (3), 271–282.

Li, X., Wong, J., Tsai, S.Y., Tsai, M.J., O’Malley, B.W., 2003. Progesterone and
glucocorticoid receptors recruit distinct coactivator complexes and promote
distinct patterns of local chromatin modification. Mol. Cell Biol. 23 (11), 3763–
3773.

Lippman, M., Bolan, G., Huff, K., 1976. The effects of androgens and antiandrogens
on hormone-responsive human breast cancer in long-term tissue culture.
Cancer Res. 36, 4610–4618.

Masana, M.I., Doolen, S., Ersahin, C., Al-Ghoul, W.M., Duckles, S.P., Dubocovich, M.L.,
Krause, D.N., 2002. MT(2) melatonin receptors are present and functional in rat
caudal artery. J. Pharmacol. Exp. Ther. 302 (3), 1295–1302.

Mathes, A.M., Wolf, B., Rensing, H., 2008. Melatonin receptor antagonist luzindole is
a powerful radical scavenger in vitro. J. Pineal Res. 45 (3), 337–338.
McKenna, N.J., Xu, J., Nawaz, Z., Tsai, S.Y., Tsai, M.J., O’Malley, B.W., 1999. Nuclear
receptor coactivators: multiple enzymes, multiple complexes, multiple
functions. J. Steroid Biochem. Mol. Biol. 69 (1–6), 3–12.

Milczarek, R., Hallmann, A., Sokolowska, E., Kaletha, K., Klimek, J., 2010. Melatonin
enhances antioxidant action of alpha-tocopherol and ascorbate against NADPH-
and iron-dependent lipid peroxidation in human placental mitochondria. J.
Pineal Res. 49 (2), 149–155.

Mondillo, C., Pagotto, R.M., Piotrkowski, B., Reche, C.G., Patrignani, Z.J., Cymeryng,
C.B., Pignataro, O.P., 2009. Involvement of nitric oxide synthase in the
mechanism of histamine-induced inhibition of Leydig cell steroidogenesis via
histamine receptor subtypes in Sprague–Dawley rats. Biol. Reprod. 80 (1), 144–
152.

Necela, B.M., Cidlowski, J.A., 2004. Mechanisms of glucocorticoid receptor action in
noninflammatory and inflammatory cells. Proc. Am. Thorac. Soc. 1 (3), 239–246.

Nelson, R.J., Drazen, D.L., 1999. Melatonin mediates seasonal adjustments in
immune function. Reprod. Nutr. Dev. 39 (3), 383–398.

Nojek, I.M., Werbajh, S.E., Colo, G.P., Rubio, F.M., Franco, L.D., Nahmod, V.E., Costas,
M.A., 2004. Different enzymatic activities recruitment by specific domains of
TIF2 are involved in NF-kappaB transactivation. Medicina (B Aires) 64 (2), 135–
138.

Pandit, S., Geissler, W., Harris, G., Sitlani, A., 2002. Allosteric effects of
dexamethasone and RU486 on glucocorticoid receptor–DNA interactions. J.
Biol. Chem. 277 (2), 1538–1543.

Persengiev, S.P., 1999. Multiple domains of melatonin receptor are involved in the
regulation of glucocorticoid receptor-induced gene expression. J. Steroid
Biochem. Mol. Biol. 68 (5–6), 181–187.

Pratt, W.B., Galigniana, M.D., Morishima, Y., Murphy, P.J., 2004. Role of molecular
chaperones in steroid receptor action. Essays Biochem. 40, 41–58.

Presman, D.M., Alvarez, L.D., Levi, V., Eduardo, S., Digman, M.A., Marti, M.A., Veleiro,
A.S., Burton, G., Pecci, A., 2010. Insights on glucocorticoid receptor activity
modulation through the binding of rigid steroids. PLoS One 5 (10), e13279.

Presman, D.M., Hoijman, E., Ceballos, N.R., Galigniana, M.D., Pecci, A., 2006.
Melatonin inhibits glucocorticoid receptor nuclear translocation in mouse
thymocytes. Endocrinology 147 (11), 5452–5459.

Provinciali, M., Di Stefano, G., Bulian, D., Tibaldi, A., Fabris, N., 1996. Effect of
melatonin and pineal grafting on thymocyte apoptosis in aging mice. Mech.
Ageing Dev. 90 (1), 1–19.

Quiros, I., Mayo, J.C., Garcia-Suarez, O., Hevia, D., Martin, V., Rodriguez, C., Sainz,
R.M., 2008. Melatonin prevents glucocorticoid inhibition of cell proliferation
and toxicity in hippocampal cells by reducing glucocorticoid receptor nuclear
translocation. J. Steroid Biochem. Mol. Biol. 110 (1–2), 116–124.

Reiter, R.J., Tan, D.X., Fuentes-Broto, L., 2010. Melatonin: a multitasking molecule.
Prog. Brain Res. 181, 127–151.

Roca, A.L., Godson, C., Weaver, D.R., Reppert, S.M., 1996. Structure, characterization,
and expression of the gene encoding the mouse Mel1a melatonin receptor.
Endocrinology 137 (8), 3469–3477.

Sainz, R.M., Mayo, J.C., Reiter, R.J., Antolin, I., Esteban, M.M., Rodriguez, C., 1999.
Melatonin regulates glucocorticoid receptor: an answer to its antiapoptotic
action in thymus. FASEB J. 13 (12), 1547–1556.

Sainz, R.M., Mayo, J.C., Uria, H., Kotler, M., Antolin, I., Rodriguez, C., Menendez-
Pelaez, A., 1995. The pineal neurohormone melatonin prevents in vivo and
in vitro apoptosis in thymocytes. J. Pineal Res. 19 (4), 178–188.

Truss, M., Bartsch, J., Schelbert, A., Hache, R.J., Beato, M., 1995. Hormone induces
binding of receptors and transcription factors to a rearranged nucleosome on
the MMTV promoter in vivo. EMBO J. 14 (8), 1737–1751.

van Steensel, B., Brink, M., van der Meulen, K., van Binnendijk, E.P., Wansink, D.G., de
Jong, L., de Kloet, E.R., van Driel, R., 1995. Localization of the glucocorticoid
receptor in discrete clusters in the cell nucleus. J. Cell Sci. 108 (Pt. 9), 3003–
3011.

Vanecek, J., 1998. Cellular mechanisms of melatonin action. Physiol. Rev. 78 (3),
687–721.

Viegas, L.R., Vicent, G.P., Baranao, J.L., Beato, M., Pecci, A., 2004. Steroid hormones
induce bcl-X gene expression through direct activation of distal promoter P4. J.
Biol. Chem. 279 (11), 9831–9839.

Xu, J., Li, Q., 2003. Review of the in vivo functions of the p160 steroid receptor
coactivator family. Mol. Endocrinol. 17 (9), 1681–1692.


	Melatonin inhibits glucocorticoid-dependent GR–TIF2 interaction in newborn  hamster kidney (BHK) cells
	1 Introduction
	2 Material and methods
	2.1 Reagents and hormones
	2.2 Cell culture and transient transfection assays
	2.3 Cellular localization, intranuclear distribution and N&B analysis
	2.4 Electro mobility shift assay (EMSA)
	2.5 Co-immunoprecipitation and western blot assays
	2.6 cAMP assessment
	2.7 Statistical analysis

	3 Results
	3.1 Melatonin inhibits GR–TIF2 interaction in BHK21 cells
	3.2 Luzindole as a potential antiglucocorticoid

	4 Discussion
	Acknowledgments
	References


