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BACKGROUND AND PURPOSE
The rise in intracellular Ca2+ stimulates the expression of the transcription factor c-Fos. Depending on the mode of entry of Ca2+

into the cytosol, distinct signal transducers and transcription factors are required. Here, we have analysed the signalling pathway
connecting a Ca2+ influx via activation of transient receptor potential melastatin-3 (TRPM3) channels with enhanced c-Fos
expression.

EXPERIMENTAL APPROACH
Transcription of c-Fos promoter/reporter genes that were integrated into the chromatin via lentiviral gene transfer was analysed in
HEK293 cells overexpressing TRPM3. The transcriptional activation potential of c-Fos was measured using a GAL4-c-Fos fusion
protein.

KEY RESULTS
The signalling pathway connecting TRPM3 stimulation with enhanced c-Fos expression requires the activation of MAP kinases. On
the transcriptional level, three Ca2+-responsive elements, the cAMP-response element and the binding sites for the serum re-
sponse factor (SRF) and AP-1, are essential for the TRPM3-mediated stimulation of the c-Fos promoter. Ternary complex factors
are additionally involved in connecting TRPM3 stimulation with the up-regulation of c-Fos expression. Stimulation of TRPM3
channels also increases the transcriptional activation potential of c-Fos.

CONCLUSIONS AND IMPLICATIONS
Signalling molecules involved in connecting TRPM3 with the c-Fos gene are MAP kinases and the transcription factors CREB, SRF,
AP-1 and ternary complex factors. As c-Fos constitutes, together with other basic region leucine zipper transcription factors, the
AP-1 transcription factor complex, the results of this study explain TRPM3-induced activation of AP-1 and connects TRPM3 with
the biological functions regulated by AP-1.
Abbreviations
AP-1, activator protein-1; bZIP, basic region leucine zipper; CREB, cAMP-response element-binding protein; SRE, serum
response element; SRF, serum response factor; TCF, ternary complex factor; TPA, phorbol 12-myristate 13-acetate; TRP,
transient receptor potential
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Introduction
Transient receptor potential (TRP) proteins are cation channels
that contain six transmembrane domains and a pore domain
between the fifth and sixth transmembrane domains. The TRP
melastatin-3 (TRPM3) protein is expressed in various tissues
and functions as a Ca2+-permeable non-selective ion channel
(Grimm et al., 2003; Lee et al., 2003; Oberwinkler et al., 2005;
Wagner et al., 2008; Naylor et al., 2010; Wagner et al., 2010;
Vriens et al., 2014). Many biological functions have been
attributed to TRPM3 activation, including vascular smooth
muscle cell contraction (Naylor et al., 2010), glutamatergic
transmission of cerebellar Purkinje cells (Zamudio-Bulcock
et al., 2011) and insulin secretion (Wagner et al., 2008). However,
TRPM3-deficient mice did not show alterations in resting blood
glucose levels (Vriens et al., 2011), suggesting that TRPM3 may
play no or only a marginal role in controlling insulin secretion
as previously suggested (Colsoul et al., 2011; Thiel et al., 2013).
Instead, the analysis of TRPM3-deficient mice revealed that
TRPM3 is a noxious heat sensor in somatosensory neurons
(Vriens et al., 2011). Recently, it has been shown that TRPM3mu-
tation underlies inherited cataracts and glaucoma (Bennett et al.,
2014), indicating that TRPM3 is associated with inherited ocular
diseases in humans. The analysis of TRPM3-deficient mice argues
against a major role for TRPM3 in visual processing in the outer
retina (Brown et al., 2015). Moreover, TRPM3 channel activation
promotes growth of clear cell renal carcinoma (Hall et al., 2014).

In our laboratory, we discovered that stimulation of
endogenous TRPM3 channels with pregnenolone sulfate
activates a signal cascade in insulinoma cells that leads to
an up-regulation of gene transcription (Mayer et al., 2011;
Müller et al., 2011). This observation was confirmed in
HEK293 cells expressing a tetracycline-inducible TRPM3
transcription unit (Lesch et al., 2014). Several transcription
factors have been identified as responsive to TRPM3-initiated
signalling, including activator protein 1 (AP-1), cAMP-
response element-binding protein (CREB), Egr-1 and ternary
complex factors (TCFs) (Mayer et al., 2011; Müller et al.,
2011; Lesch et al., 2014, 2015).
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Here, we have analysed the signalling pathway leading
to increased transcription of the c-Fos gene following stim-
ulation of TRPM3 channels. The c-Fos gene encodes a basic
region leucine zipper (bZIP) transcription factor that consti-
tutes, together with proteins of the c-Jun and ATF families
of transcription factors, the AP-1 transcription factor com-
plex. The c-Fos gene is activated by a variety of extracellu-
lar signalling molecules, including Gαs- and Gαq-coupled
receptor ligands, receptor tyrosine kinase ligands, phorbol
ester, cytokines, calcium ionophores and others. The c-Fos
gene thus functions as a point of convergence for many in-
tracellular signalling cascades involving the transcription
factors CREB, STAT, AP-1, serum response factor (SRF), and
TCFs. In fact, many of these transcription factors have been
characterized by analysing the regulation of c-Fos gene
transcription. c-Fos expression is highly responsive to an
increase in free cytoplasmic Ca2+. The nature of the Ca2+

source determines which genetic elements, transcription
factors and protein kinases are required to activate c-Fos ex-
pression (Gallin and Greenberg, 1995). In previous studies,
Ca2+ influx was induced either by activating voltage-gated
Ca2+ channels, ionotropic NMDA receptors and Gαq-
coupled receptors or by adding Ca2+ ionophores to the cells
(Sheng et al., 1990; Lee and Gilman, 1994; Misra et al.,
1994; Thompson et al., 1995; Xia et al., 1996; Johnson
et al., 1997; Ely et al., 2011; Glidewell-Kenney et al.,
2014). Here, we have identified the signalling molecules
that connect TRPM3 Ca2+ channel stimulation with en-
hanced c-Fos expression. Previous studies from our labora-
tory showed that stimulation of endogenous TRPM3
channels in insulinoma cells or TRPM3-expressing HEK293
cells increases c-Fos promoter activity and expression
(Müller et al., 2011; Lesch et al., 2014). The results of this
study show that TRPM3-mediated up-regulation of c-Fos ex-
pression and activity requires the activation of MAPKs. At
the transcriptional level, the cAMP-response element
(CRE), the AP-1 and the SRF binding sites are essential
genetic elements that connect TRPM3 stimulation with
enhanced c-Fos expression.
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Methods

Cell culture
HEK293 cells containing the human TRPM3 coding region
under the control of a tetracycline-regulated promoter were
kindly provided by David Beech and Yasser Majeed, Univer-
sity of Leeds, UK, and cultured as described previously
(Naylor et al., 2008). TRPM3 expression was induced by
adding tetracycline (1 μg·mL�1, Sigma-Aldrich, Steinheim,
Germany, # T7680, dissolved in water) to the culture medium
containing 0.05% FBS for 24 h before the stimulation with
putative TRPM3 activators. As a control, cells that had not
received tetracycline were analysed. Stimulation with preg-
nenolone sulfate (20 μM, Sigma-Aldrich # P162, dissolved in
DMSO) was performed for 24 h. Stimulation with phorbol
12-O-tetradecanoylphorbol-13-acetate (TPA, 10 ng·mL�1,
Calbiochem # 524400-1, dissolved in DMSO) or forskolin
(Calbiochem, Cat # 344270, dissolved inDMSO)was performed
in a medium containing 0.05% FBS, which lacked tetracycline.

Lentiviral gene transfer
The lentiviral transfer vectors pFUW-REST/Elk-1ΔC, pFUW-
REST/CREB, pFUW-c-JunΔN, pFUW-MKP-1, pFUW-MKP-5
and pFUW-GAL4-c-Fos have been described previously
(Mayer et al., 2008; Mayer and Thiel, 2009; Mayer et al.,
2009; Rössler and Thiel, 2009; Müller et al., 2010; Spohn
et al., 2010; Thiel and Rössler, 2011, 2014; Thiel et al., 2012).
The viral particles were produced as previously described
(Keim et al., 2012).

Reporter assays
The lentiviral transfer vectors pFW-hc-Fos.luc, pFWc-Fos
(CRE)4luc and pFW-UAS5Sp12luc have been described else-
where (Rössler et al., 2008; Thiel and Rössler, 2011; Ekici
et al., 2012; Thiel et al., 2012; Kaufmann et al., 2013). The
lentiviral transfer plasmid pFWc-FosΔTKluc, which encodes
the luciferase reporter gene under the control of a minimal
thymidine kinase (TK) promoter and a truncated human
c-Fos promoter, was generated by subcloning a PacI/Eco47III
fragment of the human c-Fos promoter, derived from plasmid
pFW-hc-Fos.luc, in a lentiviral transfer vector upstream of the
minimal TK promoter and the luciferase open reading frame.
The mouse promoter/luciferase plasmids were kind gifts of
Djurdjica Coss, UC San Diego (Ely et al., 2011). Lentiviral
transfer vectors were generated by cloning of HindIII/BglII
fragments of these plasmids upstream of the luciferase re-
porter gene in a lentiviral transfer vector. Cell extracts were
prepared using reporter lysis buffer (Promega, Mannheim,
Germany) and analysed for luciferase activities as described
previously (Thiel et al., 2000). Luciferase activity was normal-
ized to the protein concentration. Each experiment was
performed at least three times in quadruplicate giving
consistent results.

Western blots
Whole cell extracts and nuclear extracts were prepared as
described previously (Kaufmann and Thiel, 2002). Proteins
were separated by SDS-PAGE, blotted and incubated with
antibodies directed against c-Fos (Santa Cruz, Heidelberg,
Germany, # sc-52) or histone deacetylase-1 (loading control).
The M2 monoclonal antibody (Sigma-Aldrich # F3165) was
used to detect FLAG-tagged proteins. Immunoreactive bands
were detected via enhanced chemiluminescence as described
previously (Spohn et al., 2010; Mayer et al., 2011). Quantifica-
tion of Western blot data was performed with the ChemiDoc
XRS+ imaging system from Bio-Rad (Bio-Rad Laboratories
GmbH, München, Germany), using the Quantity One 1-D
analysis software.

Statistics
Statistical analysis was carried out by using Student’s
two-tailed t-test. Data shown are mean ± SD from three to four
independent experiments performed in quadruplicate. Statis-
tical probability is expressed as *P < 0.05, **P < 0.01 and
***P< 0.001. Values were considered significant when P< 0.05.
Results
The steroid pregnenolone sulfate activates endogenous
TRPM3 channels and L-type voltage-gated Ca2+ channels
in insulinoma cells leading to an up-regulation of c-Fos
promoter activity (Müller et al., 2011). The stimulation of
the c-Fos promoter was blocked in cells pretreated with
the L-type Ca2+ channel blocker verapamil. To elucidate
the signalling pathway connecting TRPM3 stimulation
with enhanced c-Fos gene transcription, we used an
engineered HEK293 cell line, in which TRPM3 expression
is induced by adding tetracycline to the culture medium.
As HEK293 cells do not express L-type voltage-gated Ca2+

channels (Wagner et al., 2008; Majeed et al., 2010), interfer-
ence between TRPM3 and L-type voltage-gated Ca2+ channel
signalling was avoided. HEK293 cells expressing TRPM3 are
frequently used as a cellular model system to analyse TRPM3
stimulation and signalling (Grimm et al., 2003; Lee et al., 2003;
Wagner et al., 2008; Majeed et al., 2010; Vriens et al., 2014).
Pregnenolone sulfate triggers an up-regulation
of c-Fos promoter/luciferase reporter gene
transcription in HEK293 cells expressing
TRPM3
We used lentiviral gene transfer to integrate either a human
c-Fos promoter/luciferase reporter gene (hc-Fos.luc) or a
murine c-Fos promoter/luciferase reporter gene (mc-Fos.luc)
into the genome of the cells. The eukaryotic chromatin
structure is repressive to transcription that requires accessi-
bility to DNA. The implantation of the reporter genes into
the chromatin ensured that these genes were packed into
an ordered nucleosomal structure. In contrast, plasmids
containing reporter genes that are introduced into the cells
via transient transfection may be incompletely organized
in comparison with cellular chromatin and thus resemble
a prokaryotic gene organisation with a nonrestrictive tran-
scriptional ground state. A schematic depiction of the inte-
grated proviruses encoding the luciferase reporter gene
under the control of the human or murine c-Fos regulatory
regions is shown in Figure 1A. The landmark genetic ele-
ments within the c-Fos regulatory regions are indicated.
British Journal of Pharmacology (2016) 173 305–318 307



Figure 1
Stimulation of TRPM3 activates transcription of c-Fos promoter/luciferase reporter genes. (A) Schematic representation of integrated proviruses
encoding a human c-Fos promoter/luciferase reporter gene (hc-Fos.luc) or a murine c-Fos promoter/luciferase reporter gene (mc-Fos.luc). The
landmark transcription factor binding sites are depicted, including the SIS-inducible element (SIE), Ets, the CArG box, the AP-1 binding site,
and the CRE. (B) HEK293 cells containing a tetracycline-inducible TRPM3 transcription unit were infected with recombinant lentiviruses encoding
either a human c-Fos promoter/luciferase reporter gene (hc-Fos.luc) or a murine c-Fos promoter/luciferase reporter gene (mc-Fos.luc)
respectively. The cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate
(PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein
concentration. Data shown are mean ± SD from three independent experiments performed in quadruplicate (***P < 0.001).
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HEK293 cells containing a tetracycline-responsive TRPM3
expression cassette were infected with lentiviruses encoding
one of the c-Fos promoter/luciferase reporter genes. Cells
were treated with tetracycline to induce TRPM3 expression,
serum starved for 24 h and stimulated with pregnenolone
sulfate for 24 h. Figure 1B shows that pregnenolone sulfate
stimulation of HEK293 cells expressing TRPM3 induced an
up-regulation of c-Fos promoter-regulated reporter gene
transcription.
308 British Journal of Pharmacology (2016) 173 305–318
Protein phosphatases MKP-1 and MKP-5
attenuate pregnenolone sulfate-induced
activation of the c-Fos promoter and c-Fos
expression in HEK293 cells expressing TRPM3
Several studies addressed the role of MAPKs in connecting a
rise in the intracellular free Ca2+ concentration with en-
hanced c-Fos expression. The activation of ERK was impor-
tant for neurons to induce gene transcription following
activation of L-type Ca2+ channels (Dolmetsch et al., 2001).
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Likewise, stimulation of c-Fos expression via activation of
nerve growth factor (NGF) or EGF receptors requires ERK
(Johnson et al., 1997). In contrast, ERK-independent stimula-
tion of c-Fos gene transcription was observed in ionomycin-
treated PC12 cells and in KCl/FPL64176-treated AtT20 cells
(Johnson et al., 1997). To assess the impact of ERK and other
MAPKs as signal transducers for TRPM3, we overexpressed
MAPK phosphatases (MKPs) in the cells. MKP-1, the enzyme
that dephosphorylates and inactivates the MAPK ERK, p38
and JNK in the nucleus (Shapiro and Ahn, 1998; Slack et al.,
2001), reduced pregnenolone sulfate-induced up-regulation
of Egr-1 expression in insulinoma cells (Mayer et al., 2011)
and the up-regulation of AP-1 activity in pregnenolone
sulfate-stimulated HEK293 cells expressing TRPM3 (Lesch et al.,
2015). Therefore, we asked whether overexpression of MKP-1
attenuates the pregnenolone sulfate-induced transcription of
c-Fos promoter/reporter genes as well. Figure 2A and B shows
that reporter gene transcription was significantly reduced in
pregnenolone sulfate-stimulated TRPM3-expressing HEK293
cells that had been infected with an MKP-1 encoding lentivi-
rus. Moreover, reporter gene transcription was also reduced
in cells expressing MKP-5, the enzyme that dephosphorylates
and inactivates the MAPKs, p38 and JNK. Expression of either
Figure 2
MAPKs connect TRPM3 activation with stimulation of c-Fos promoter activit
inducible TRPM3 transcription unit were infected with a recombinant lentivi
the human (A) or murine (B) c-Fos promoter. Cells were infected with a
expressed under the control of the human ubiquitin-C promoter. As a cont
transfer plasmid pFUW (mock). The cells were serum starved for 24 h in the
nenolone sulfate (PregS, 20 μM) for 24 h. Cell extracts were prepared and a
the protein concentration. Data shown are mean ± SD of three experiments
Expression of either MKP-1 or MKP-5 attenuates c-Fos expression in pregne
cells containing a tetracycline-inducible TRPM3 transcription unit were
MKP-5. As a control, cells were infected with lentiviral stocks prepared with
for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated
prepared and subjected to western blot analysis using an antibody directed
loading control. (D) Quantification of c-Fos expression. The intensity of the
Data shown are mean ± SD of three independent experiments (*P < 0.05).
MKP-1 or MKP-5 significantly reduced the up-regulation of
c-Fos expression following stimulation of TRPM3 channels
with pregnenolone sulfate (Figure 2C and D). Probably be-
cause of phosphorylation, c-Fos is visualized as a doublet
band on western blots, as reported earlier (Monje et al.,
2003; Koga et al., 2009; Kaufmann et al., 2013). These data
indicate that activation of MAPKs is essential to connect
TRPM3 stimulation with enhanced c-Fos gene transcription
and c-Fos expression.
The TRPM3-induced signalling cascade targets
the CRE within the c-Fos promoter
The CRE within the c-Fos gene was the first identified genetic
element that connects elevated intracellular Ca2+ levels with
increased c-Fos transcription (Sheng et al., 1990). This
element was therefore termed ‘calcium-response element’
(CaRE). However, stimulation of c-Fos expression in T-cells
does not require the CRE/CaRE (Lee and Gilman, 1994).
Recently, we showed that treatment of insulinoma cells with
pregnenolone sulfate leads to a significant up-regulation of
CREB-mediated gene transcription (Müller et al., 2011). The
involvement of TRPM3 was verified in these experiments
y and c-Fos expression. (A, B) HEK293 cells containing a tetracycline-
rus containing the luciferase reporter gene under the control of either
lentivirus encoding either MKP-1 or MKP-5. The transgenes were
rol, cells were infected with a lentivirus generated with the lentiviral
presence of tetracycline (1 μg·mL�1) and then stimulated with preg-
nalysed for luciferase activities. Luciferase activity was normalized to
performed in quadruplicate (*P< 0.05, **P< 0.01, ***P< 0.001). (C)
nolone sulfate-stimulated HEK293 cells expressing TRPM3. HEK293
infected with a recombinant lentivirus encoding either MKP-1 or
the lentiviral transfer vector pFUW (mock). Cells were serum starved
with pregnenolone sulfate (PregS, 20 μM). Nuclear extracts were
against c-Fos. The antibody directed against HDAC1 was used as a
c-Fos signal was normalized to the intensity of the HDAC1 control.
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via expression of a TRPM3-specific shRNA that significantly
down-regulated TRPM3 expression. However, the pregneno-
lone sulfate-induced up-regulation of a CRE-controlled
reporter gene was also impaired by pre-incubation of the
cells with the L-type voltage-gated Ca2+ channel inhibitor
verapamil (Müller et al., 2011). Thus, both TRPM3 and
voltage-gated Ca2+ channels are involved in regulating preg-
nenolone sulfate-induced CRE-mediated gene transcription
in insulinoma cells. The previous experiments have shown
that TRPM3 stimulation enhanced c-Fos gene transcription
in HEK293 cells in the absence of L-type voltage-gated Ca2+

channels. Now, we asked the question whether the CRE
within the c-Fos promoter functions as a pregnenolone
sulfate-responsive element not only in insulinoma cells but
also in HEK293 cells that lack L-type voltage-gated Ca2+ chan-
nels. First, we confirmed that a rise in the intracellular
cAMP concentration stimulated transcription of c-Fos
promoter/luciferase reporter genes (Figure 3A). We used the
c-FosCRE4.luc reporter gene to measure CRE-regulated gene
transcription, because transcription of this gene is only regu-
lated by CREs (Figure 3B). Figure 3C shows that transcription
of this CRE-controlled reporter gene was significantly stimu-
lated in pregnenolone sulfate-treated HEK293 cells express-
ing TRPM3. As a control, we showed that this transcription
unit is highly responsive to elevated cAMP levels in the cells
Figure 3
Stimulation of HEK293 cells expressing TRPM3 with pregnenolone sulfate
c-Fos gene. (A) Up-regulation of c-Fos promoter activity by elevated
tetracycline-inducible TRPM3 transcription unit were infected with recombin
of the human (left panel) or murine (right panel) c-Fos promoter respectiv
forskolin (Fo, 20 μM) for 24 h. Cell extracts were prepared and analysed for
concentration. Data shown are mean ± SD from three independent expe
representation of the integrated provirus encoding a c-Fos CRE/luciferase r
minimal promoter consisting of the human immunodeficiency virus TATA
copies of CRE derived from the human c-Fos gene. (C) HEK293 cells contai
with recombinant lentiviruses containing the CRE/luciferase reporter gene
of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate
for luciferase activities. Luciferase activity was normalized to the protein c
experiments performed in quadruplicate (**P < 0.01). (D) Cells were in
c-FosCRE4.luc, serum starved for 24 h and stimulated with Fo (20 μM)
activities. Luciferase activity was normalized to the protein concentration
performed in quadruplicate (***P < 0.001).
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(Figure 3D). Thus, the CRE functions as CaRE within the
c-Fos gene, when the intracellular Ca2+ concentration is
elevated as a result of TRPM3 stimulation.

To corroborate this finding, we expressed a dominant-
negative mutant of CREB, REST/CREB, in HEK293 cells
containing a tetracycline-responsive TRPM3 expression
unit. This mutant retains the bZIP domain of CREB but lacks
the activation domains (Figure 4A). Nuclear proteins of
mock-infected HEK293 cells or HEK293 infected with a
REST/CREB encoding lentivirus were fractionated by SDS-
PAGE, and the fusion protein was identified by Western blot
analysis using antibodies targeting the FLAG epitope
(Figure 4B). Next, we assessed the functional effects of
REST/CREB expression on the pregnenolone sulfate-induced
activation of the c-Fos promoter. Figure 4C shows that expres-
sion of REST/CREB significantly attenuated the up-regulation
of c-Fos promoter/reporter gene transcription in pregnenolone
sulfate-stimulated HEK293 cells that expressed TRPM3.
In addition, expression of REST/CREB attenuated the
up-regulation of c-Fos expression in HEK293 cells follow-
ing activation of TRPM3 (Figure 4D and E). These data
indicate that CREB is part of the signalling cascade that
connects a rise in cytoplasmic Ca2+ via TRPM3 channel
stimulation with enhanced c-Fos promoter activity and c-Fos
expression.
induces transcription mediated by the CRE derived from the human
intracellular cAMP concentrations. HEK293 cells containing a

ant lentiviruses encoding a luciferase reporter gene under the control
ely. The cells were serum starved for 24 h and then stimulated with
luciferase activities. Luciferase activity was normalized to the protein
riments performed in quadruplicate (***P < 0.001). (B) Schematic
eporter gene. The regulatory region of the reporter gene contains a
box, the adenovirus major late promoter initiator element and four
ning a tetracycline-inducible TRPM3 transcription unit were infected
c-FosCRE4.luc. The cells were serum starved for 24 h in the presence
(PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed
oncentration. Data shown are mean ± SD from three independent
fected with recombinant lentiviruses encoding the reporter gene
for 24 h. Cell extracts were prepared and analysed for luciferase
. Data shown are mean ± SD from three independent experiments



Figure 4
A dominant-negative CREB mutant attenuates the up-regulation of c-Fos promoter activity and c-Fos expression in HEK293 cells expressing
activated TRPM3 channels. (A) Schematic representation of CREB and the dominant-negative mutant REST/CREB. The phosphorylation-
dependent transcriptional activation domain of CREB [kinase-inducible domain (KID)] is depicted. The bZIP domain is located on the C-terminus.
The mutant lacks the KID domain but retains the DNA-binding and dimerization domains. The mutant is expressed as a fusion protein together
with a transcriptional repression domain derived from the transcriptional repressor REST. (B) Western blot analysis of HEK293 cells either mock
infected or infected with recombinant lentiviruses encoding REST/CREB. Western blots were probed with an antibody against the FLAG tag.
Molecular mass markers in kDa are shown on the left. (C) HEK293 cells containing a tetracycline-inducible transcription unit were double infected
with a lentivirus encoding either human c-Fos promoter-controlled (left panel) or murine c-Fos promoter-controlled luciferase reporter gene (right
panel) and with a lentivirus encoding REST/CREB. As a control, cells were infected with lentiviral stocks prepared with the lentiviral transfer vector
pFUW (mock). The cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate
(PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein con-
centration. Data shown are mean ± SD from three independent experiments performed in quadruplicate (***P < 0.001). (D) Expression of REST/
CREB attenuates c-Fos expression in pregnenolone sulfate-stimulated HEK293 cells expressing TRPM3. HEK293 cells containing a tetracycline-
inducible TRPM3 transcription unit were infected with a recombinant lentivirus encoding REST/CREB. As a control, cells were infected with lentiviral
stocks prepared with the lentiviral transfer vector pFUW (mock). Cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and
then stimulated with pregnenolone sulfate (PregS, 20 μM). Nuclear extracts were prepared and subjected to western blot analysis using an
antibody directed against the c-Fos protein. The antibody directed against HDAC1 was used as a loading control. (E) Quantification of c-Fos
expression. The intensity of the c-Fos signal was normalized to the intensity of the HDAC1 control. Data shown are mean ± SD from three
independent experiments (*P < 0.05).
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Mutational analysis of the murine c-Fos
promoter identified the AP-1 site and the CArG
box as pregnenolone sulfate-responsive
elements
To test whether the CRE within the c-Fos promoter is
the only pregnenolone sulfate-responsive genetic element,
we deleted this sequence within the human c-Fos pro-
moter. A schematic depiction of the integrated proviruses
encoding the luciferase reporter gene under the control of
the truncated human c-Fos regulatory region is shown in
Figure 5A. Stimulation of HEK293 cells with forskolin re-
vealed that transcription of a reporter gene under the con-
trol of the truncated c-Fos promoter is no longer responsive
to elevated cAMP levels in the cells (Figure 5B). However,
transcription of the truncated c-Fos promoter/luciferase re-
porter gene was still responsive to pregnenolone sulfate
stimulation, as long as TRPM3 was expressed (Figure 5C).
These data suggest that – in addition to the CRE – other
Ca2+-responsive genetic elements participate in the up-
regulation of c-Fos expression following stimulation of
TRPM3 with pregnenolone sulfate.
To identify other TRPM3-responsive elements, we analysed
mutants of the murine c-Fos promoter, which contained base
pair mutations of the SIS-inducible element, and the binding
sites for TCFs (Ets), SRF (CArG box) and AP-1, respectively
(Figure 5D). The results show thatmutation of the binding sites
for AP-1 and SRF significantly impaired pregnenolone sulfate-
induced up-regulation of c-Fos promoter/luciferase gene tran-
scription (Figure 5E). In contrast, mutation of the Ets site and
the SIS-inducible element, which bind TCFs or STAT transcrip-
tion factors, respectively, had no effect on the TRPM3-induced
up-regulation of reporter gene transcription.
Expression of a dominant-negative mutant of
the transcription factor Elk-1 reduces c-Fos
promoter-regulated reporter gene transcription
and c-Fos expression in HEK293 cells
expressing activated TRPM3 channels
Previous experiments performed with insulinoma cells
revealed that expression of a dominant-negative mutant of
the TCF Elk-1, termed REST/Elk-1ΔC, reduced c-Fos promoter
British Journal of Pharmacology (2016) 173 305–318 311



Figure 5
Mutational analysis identifies the AP-1 binding site and the CArG box as pregnenolone sulfate-responsive elements within the c-Fos promoter. (A)
Schematic representation of the integrated provirus encoding a truncated c-Fos promoter/luciferase reporter gene lacking the CRE. (B) HEK293
cells containing a tetracycline-inducible TRPM3 transcription unit were infected with recombinant lentiviruses containing a luciferase reporter
gene under the control of the truncated human c-Fos promoter. The cells were serum starved for 24 h and then stimulated with forskolin
(Fo, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein concen-
tration. Data shown are mean ± SD from three independent experiments performed in quadruplicate (n.s., not significant). (C) HEK293 cells con-
taining a tetracycline-inducible TRPM3 transcription unit were infected with a recombinant lentivirus containing the truncated human c-Fos
promoter/luciferase reporter gene hc-FosTK.luc. The cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stim-
ulated with pregnenolone sulfate (PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was
normalized to the protein concentration. Data shown are mean ± SD from three independent experiments performed in quadruplicate (***P < 0.001).
(D) Sequence of the murine c-Fos promoter from�350 to�280, depicting mutated base pairs of the SIS-inducible element (SIE), Ets and SRF and AP-1
binding sites respectively. (E) HEK293 cells containing a tetracycline-inducible TRPM3 transcription unit were infected with recombinant lentiviruses
encoding either the wild-type murine c-Fos promoter/luciferase reporter gene or one of the mutated murine c-Fos promoter/luciferase reporter genes.
The cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulatedwith pregnenolone sulfate (PregS, 20 μM) for 24 h.
Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein concentration. Data shown are
mean ± SD from three independent experiments performed in quadruplicate (***P 3< 0.001).
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activity following stimulation of endogenous TRPM3 chan-
nels with pregnenolone sulfate (Müller et al., 2011). This
mutant retains the DNA-binding and SRF interaction
domains but lacks the C-terminal activation domain of Elk-1.
REST/Elk-1ΔC additionally contains the N-terminal repres-
sion domain of the transcriptional repressor REST (Figure 6A).
We expressed the mutant in HEK293 cells containing a
tetracycline-responsive TRPM3 expression unit (Figure 6B)
and assessed the impact of this mutant on the regulation
of c-Fos promoter activity. The results show that expression
of the mutant reduced the up-regulation of reporter gene
transcription in pregnenolone sulfate-stimulated HEK293
cells expressing TRPM3 (Figure 6C). Thus, although the Ets
binding site is not required for the up-regulation of c-Fos ex-
pression by pregnenolone sulfate/TRPM3 (Figure 5E), expres-
sion of the dominant-negative Elk-1 mutant, which binds
to the Ets site of the c-Fos promoter and also retains the
SRF binding domain, attenuates the pregnenolone sulfate-
induced activation of the c-Fos promoter. In addition, ex-
pression of the Elk-1 mutant attenuated the up-regulation
of c-Fos expression in HEK293 cells expressing activated
TRPM3 channels (Figure 6D and E). These data indicate that
Elk-1 is an important signalling molecule that connects
TRPM3 stimulation with enhanced c-Fos promoter activity
and c-Fos expression.
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Expression of a dominant-negative mutant of
the transcription factor c-Jun reduces c-Fos
promoter-regulated reporter gene transcription
and attenuates c-Fos expression in HEK293
cells expressing activated TRPM3 channels
The mutational analysis of the murine c-Fos promoter revealed
that the AP-1 site within the promoter is involved in connecting
TRPM3 stimulation with an increase in c-Fos promoter activity.
We also recently showed that stimulation of TRPM3 channels
with pregnenolone sulfate induces the biosynthesis of c-Jun in
HEK293 cells expressing TRPM3 (Lesch et al., 2014). To corrobo-
rate the role of c-Jun in the regulation of c-Fos promoter activity,
we expressed the dominant-negative mutant c-JunΔN in
HEK293 cells containing a tetracycline-inducible TRPM3 expres-
sion unit. The modular structure of c-Jun and the dominant-
negative mutant of c-Jun, c-JunΔN, are depicted in Figure 7A.
Figure 7B shows that expression of c-JunΔN significantly reduced
c-Fos promoter-regulated reportergene transcription inpregneno-
lone sulfate-stimulatedHEK293 cells that expressed TRPM3 chan-
nels. Expression of c-JunΔN also attenuated the up-regulation of
c-Fos expression in HEK293 cells expressing activated TRPM3
channels (Figure 7C and D). Thus, c-Jun is required to connect
TRPM3 stimulation with enhanced c-Fos promoter activity and
c-Fos expression.



Figure 6
Expression of a dominant-negative mutant of Elk-1 attenuates the up-regulation of c-Fos promoter activity and c-Fos expression in HEK293 cells
expressing activated TRPM3 channels. (A) Schematic representation of Elk-1 and the dominant-negative mutant REST/Elk-1ΔC. The DNA-binding
domain of Elk-1 is located on the N-terminus. The transcriptional activation domain is located on the C-terminus. A regulatory domain lies within
this transcriptional activation domain encompassing the key phosphoacceptor serine residues S383 and S389. Elk-1 binds with its B-domain to
SRF, leading to the formation of the ternary Elk-1–SRF complex. The B-domain also couples the C-terminal phosphorylation of Elk-1 with en-
hanced DNA binding via the Ets domain. The dominant-negative mutant REST/Elk-1ΔC lacks the phosphorylation-regulated activation domain
but retains the DNA-binding and SRF-binding domains. The mutant is expressed as a fusion protein together with a transcriptional repression
domain of REST. (B) Western blot analysis of HEK293 cells that were either mock infected or infected with a recombinant lentivirus encoding
REST/Elk-1ΔC. The Western blot was probed with an antibody against the FLAG tag. Molecular mass markers in kDa are shown on the left. (C)
HEK293 cells were double infected with a lentivirus containing the luciferase reporter gene under the control of either the human (left panel)
or murine (right panel) c-Fos promoter. In addition, cells were infected with a lentivirus encoding REST/Elk-1ΔC. As a control, cells were infected
with lentiviral stocks prepared with the lentiviral transfer vector pFUW (mock). The cells were serum starved for 24 h in the presence of tetracycline
(1 μg·mL�1) and then stimulated with pregnenolone sulfate (PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase
activities. Luciferase activity was normalized to the protein concentration. Data shown are mean ± SD from three independent experiments
performed in quadruplicate (***P < 0.001). (D) Expression of REST/Elk-1ΔC attenuates c-Fos expression in pregnenolone sulfate-stimulated
HEK293 cells expressing TRPM3. HEK293 cells containing a tetracycline-inducible TRPM3 transcription unit were infected with a recombinant
lentivirus encoding REST/Elk-1ΔC. As a control, cells were infected with lentiviral stocks prepared with the lentiviral transfer vector pFUW (mock).
Cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate (PregS, 20 μM).
Nuclear extracts were prepared and subjected to Western blot analysis using an antibody directed against the c-Fos protein. The antibody
directed against HDAC1 was used as a loading control. (E) Quantification of c-Fos expression. The intensity of the c-Fos signal was normalized
to the intensity of the HDAC1 control. Data shown are mean ± SD of three experiments (*P < 0.05).
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Stimulation of TRPM3 channels with
pregnenolone sulfate increases the
transcriptional activation potential of c-Fos
The previous experiments analysed the intracellular signal-
ling molecules responsible for the up-regulation of c-Fos gene
transcription following stimulation of TRPM3 channels.
Now, we asked whether the transcriptional activation poten-
tial of c-Fos is increased under these conditions as well. We
expressed a GAL4-c-Fos fusion protein in HEK293 cells con-
taining a tetracycline-regulated TRPM3 transcription unit as
a tool to examine the transcriptional activation potential of
c-Fos (Figure 8A). In addition, we incorporated a GAL4-
responsive reporter gene into the chromatin of the cells to
measure the biological activity of the GAL4-c-Fos fusion pro-
tein. The transcriptional activation potential of c-Fos was in-
creased in pregnenolone sulfate-stimulated HEK293 cells that
expressed TRPM3, the GAL4-c-Fos fusion protein and the
GAL4-responsive reporter gene (Figure 8C). As a control, we
stimulated the cells with either forskolin or TPA. In these
experiments, cells were not treated with tetracycline, so that
TRPM3 was not expressed. Figure 8D and E shows that while
the phorbol ester TPA enhanced the transcriptional activa-
tion potential of c-Fos, forskolin treatment did not increase
c-Fos activity.
Discussion
The c-Fos protein is a transcription factor that contains a cen-
tral ‘core’, a basic region leucine zipper (bZIP) domain, for
DNA binding and dimerization. The transactivation domain
is located at the C-terminus. c-Fos dimerizes with bZIP pro-
teins from the Jun family of transcription factors to generate
the AP-1 transcription factor complex. Targeted inactivation
of the c-Fos gene in transgenic mice resulted in viable mice
that were growth retarded and lacked osteoclasts (Johnson
British Journal of Pharmacology (2016) 173 305–318 313



Figure 7
The transcription factor c-Jun connects TRPM3 activation with increased c-Fos promoter activity and c-Fos expression. (A) Modular structure of
c-Jun and the dominant-negative form c-JunΔN. The mutant encompasses amino acid residues 188 to 331 of c-Jun, retaining the bZIP domain
responsible for DNA binding and dimerization, but lacking the NH2-terminal transcriptional activation domain. (B) HEK293 cells containing a
tetracycline-inducible TRPM3 transcription unit were infected with a lentivirus encoding the luciferase reporter gene under the control of the
human (left panel) or murine (right panel) c-Fos promoter. In addition, cells were infected with a lentivirus encoding the c-Jun mutant c-JunΔN.
As a control, cells were infected with lentiviral stocks prepared with the lentiviral transfer vector pFUW (mock). The cells were serum starved for
24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate (PregS, 20 μM) for 24 h. Cell extracts were
prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein concentration. Data shown are mean ± SD of three
experiments performed in quadruplicate (**P < 0.01). (C) Expression of c-JunΔN attenuates c-Fos expression in pregnenolone sulfate-stimulated
HEK293 cells expressing TRPM3. HEK293 cells containing a tetracycline-inducible TRPM3 transcription unit were infected with a recombinant
lentivirus encoding c-JunΔN. As a control, cells were infected with lentiviral stocks prepared with the lentiviral transfer vector pFUW (mock). Cells
were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate (PregS, 20 μM). Nuclear
extracts were prepared and subjected to Western blot analysis using an antibody directed against the c-Fos protein. The antibody directed against
HDAC1 was used as a loading control. (D) Quantification of c-Fos expression. The intensity of the c-Fos signal was normalized to the intensity of
the HDAC1 control. Data shown are mean ± SD of three independent experiments (**P < 0.01).
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et al., 1992). In the nervous system, c-Fos expression is in-
duced by neuronal activity. Accordingly, an up-regulation of
c-Fos immunoreactivity is frequently used as an indirect
marker to identify activated neurons. Elimination of c-Fos ex-
pression in the hippocampus revealed that c-Fos is essential
for neuronal excitability and survival. The mutant mice
exhibited more severe kainic acid-induced seizures, increased
neuronal excitability and neuronal cell death in comparison
with wild-type mice (Zhang et al., 2002).

Expression of the c-Fos gene is induced by various
means, leading to an increase in the intracellular Ca2+ con-
centration. The route of Ca2+ entry plays a key role in
selecting which signal transducers and transcription factor
complexes are activated to trigger an up-regulation of c-Fos
expression. The objective of this study was to investigate
the intracellular signalling cascade connecting Ca2+ influx
via TRPM3 channels with an up-regulation of c-Fos expres-
sion and activity. In various cell types, it has been shown
that stimulation of L-type voltage-gated Ca2+ channels re-
sults in an up-regulation of c-Fos expression (Thompson
et al., 1995; Rajadhyaksha et al., 1999; Jinnah et al.,
2003; Zhao et al., 2007). Thus, the use of insulinoma cells
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as cellular model system, as previously used in our labora-
tory, would make it difficult to investigate the role of Ca2+

influx via TRPM3 channels on c-Fos expression, as the ef-
fects of pregnenolone sulfate on TRPM3 and L-type
voltage-gated Ca2+ channels could not be distinguished.
We therefore switched to an engineered HEK293 cell line
that expresses TRPM3 but not L-type voltage-gated Ca2+

channels.
Recent experiments performed with insulinoma cells

showed that both TRPM3 channels and L-type voltage-
dependent Ca2+ channels are required to induce gene tran-
scription following application of pregnenolone sulfate to
the cells (Mayer et al., 2011; Müller et al., 2011). We therefore
hypothesized that stimulation of TRPM3 with pregnenolone
sulfate triggers the depolarization of the plasmamembrane of
insulinoma cells that, in turn, activates L-type voltage-gated
Ca2+ channels. As a result, the influx of Ca2+ into the cells in-
creases, which initiates an intracellular signalling cascade,
leading to changes in the gene expression pattern of the cells.

The connection between a rise in cytoplasmic Ca2+ and an
up-regulation of c-Fos gene transcription is accomplished by
protein kinases, and MAPKs, PKC and Ca2+/calmodulin-



Figure 8
Stimulation of TRPM3 channels up-regulates the transcriptional activation potential of c-Fos. (A) Schematic representation of the modular struc-
ture of c-Fos and GAL4-c-Fos. The bZIP DNA-binding and dimerization domains are depicted. The transcriptional activation domain is localized on
the C-terminus. The GAL4-c-Fos fusion protein lacks the bZIP domain but retains the C-terminal activation domain of c-Fos. The truncated c-Fos
protein is expressed as a fusion protein together with the N-terminal DNA-binding domain of GAL4. (B) Schematic representation of the inte-
grated provirus encoding a luciferase reporter gene under the control of the minimal promoter, consisting of five GAL4 binding sites [upstream
activating sequence (UAS)], two Sp1 binding sites, a TATA box and an initiator element. (C) HEK293 cells containing a tetracycline-inducible
TRPM3 expression unit were double infected with a lentivirus containing the GAL4-responsive luciferase reporter gene and a lentivirus encoding
GAL4-c-Fos. The cells were serum starved for 24 h in the presence of tetracycline (1 μg·mL�1) and then stimulated with pregnenolone sulfate
(PregS, 20 μM) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the protein
concentration. Data shown are mean ± SD from three independent experiments performed in quadruplicate (**P < 0.01). (D, E) HEK293 cells
containing a tetracycline-inducible TRPM3 expression unit were double infected with a lentivirus containing the GAL4-responsive luciferase re-
porter gene and a lentivirus encoding GAL4-c-Fos. The cells were serum starved for 24 h and then stimulated with either forskolin (Fo, 20 μM)
(D) or TPA (10 ng·mL�1) (E) for 24 h. Cell extracts were prepared and analysed for luciferase activities. Luciferase activity was normalized to the
protein concentration. Data shown are mean ± SD of three experiments performed in quadruplicate (n.s., not significant; **P < 0.01).
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dependent protein kinases have been proposed to function
as signal transducers (Johnson et al., 1997; Dolmetsch
et al., 2001; Ely et al., 2011; Glidewell-Kenney et al., 2014).
The experiments described in this study shed light on the
importance of MAPKs in the regulation of c-Fos expression
by a TRPM3-induced signalling cascade. We showed that
overexpression of either MKP-1 or MKP-5, enzymes that
dephosphorylate and inactivate MAPKs in the nucleus,
attenuated pregnenolone sulfate-induced transcription of a
c-Fos promoter-controlled reporter gene. Thus, the nuclear
phosphatases MKP-1 and MKP-5 function as nuclear
shut-off devices, as shown for other signalling pathways
(Rössler et al., 2008; Rössler and Thiel, 2009; Mayer et al.,
2011; Thiel and Rössler, 2011, 2014; Thiel et al., 2012;
Kaufmann et al., 2013), which interrupt the signalling cas-
cades induced by pregnenolone sulfate stimulation of
TRPM3 channels. Future work will elucidate which of the
MAPKs are in fact required to stimulate c-Fos promoter ac-
tivity following the influx of Ca2+ ions via activated TRPM3
channels.

Recently, we showed that transcription of a CRE-
controlled reporter gene is up-regulated in insulinoma cells
following pregnenolone sulfate treatment (Müller et al.,
2011). We concluded that the CRE functions as a pregneno-
lone sulfate-response element. As phosphorylation of CREB
and stimulation of CRE-mediated gene transcription are also
induced in various cell types following opening of L-type
Ca2+ channels (Thompson et al., 1995; Rajadhyaksha et al.,
1999), the results of the insulinoma study did not unequivo-
cally prove that TRPM3 stimulation is responsible for the
activation of CRE-containing genes in pregnenolone sulfate-
stimulated cells. Using HEK293 cells as a cellular model
system that are devoid of L-type voltage-gated Ca2+ channels,
we showed in this study that stimulation of the cells with
pregnenolone sulfate up-regulated the transcription of a re-
porter gene that was controlled solely by the CRE derived
from the human c-Fos gene. Thus, elevation of the intracellu-
lar Ca2+ concentration, via stimulation of either TRPM3 or
L-type voltage-gated Ca2+ channels, is sufficient to activate
transcription of CRE-containing genes. Hence, the CRE does
not only connect elevated cAMP concentrations with en-
hanced c-Fos promoter activity but also mediates the effect
of elevated Ca2+ levels upon transcription. The CRE within
the c-Fos promoter has therefore been termed Ca2+ response
British Journal of Pharmacology (2016) 173 305–318 315
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element (Sheng et al., 1990). Deletion of this motif within the
c-Fos promoter completely abolished the responsiveness to
elevated cAMP levels within the cells, but the ability to
respond to pregnenolone sulfate stimulation in TRPM3
expressing HEK293 cells was retained. Thus, in addition to
the CRE, other Ca2+-responsive genetic elements function as
response elements for the signalling pathway induced by
activation of TRPM3.

In addition to the CRE, the SRE of the c-Fos gene has been
identified as a second integrator of Ca2+ signalling pathways
within the cells (Lee and Gilman, 1994; Misra et al., 1994;
Xia et al., 1996; Johnson et al., 1997). In fact, the molecular
biology of SRE-mediated gene transcription was elucidated
in the analysis of the c-Fos gene (Cahill et al., 1995; Treisman,
1995). In the nervous system, a rise of intracellular Ca2+,
either via activating neurotransmitter receptors (i.e. NMDA
receptors) or by stimulating L-type voltage-gated Ca2+ chan-
nels, induces transcription of the c-Fos gene mediated by
the SRE (Misra et al., 1994; Xia et al., 1996). The SRE is com-
posed of the SRF binding site encompassing the consensus
sequence CC[A/T]6GG (the CArG box) and TCF binding sites
adjacent to the CArG box with the Ets consensus core
sequence GGAA/T. Mutational analysis of the c-Fos promoter
revealed that the SRF site is necessary for connecting TRPM3
signalling with enhanced c-Fos promoter activity. The adja-
cent TCF binding site could be mutated without having any
negative effect upon stimulus-transcription coupling. Simi-
larly, activation of the c-Fos promoter by stimulating G
protein-coupled receptors requires SRF, but not the binding
of TCFs (Hill and Treisman, 1995; Ely et al., 2011), indicating
that Ca2+ influx into the cytosol either via activation of
voltage-gated or ionotropic Ca2+ channels or via the IP3/IP3
receptor pathway activates distinct signalling molecules to
up-regulate c-Fos expression. Recently, we showed that
TRPM3 activation up-regulates the transcriptional activation
potential of the TCF Elk-1 (Lesch et al., 2014), one of the ma-
jor MAPK substrates, that connects intracellular signalling
cascades with SRE-mediated transcription. Moreover, we
showed that a dominant-negative mutant of Elk-1 attenuated
TRPM3-induced transcription of reporter genes under the
control of either the Egr-1, c-Fos or the collagenase promoter
(Mayer et al., 2011; Lesch et al., 2015; this study). Thus, Elk-1
is a target for the pregnenolone sulfate-induced signalling
cascade via activation of TRPM3. As TCF activation is re-
quired, together with an SRF dimer, to activate transcription
via the SRE, other cryptic TCF binding sites within the c-Fos
promoter may compensate for the mutation of the Ets site
5´ of the CArG box. Alternatively, Elk-1 may be recruited to
the c-Fos promoter via protein–protein interaction with SRF,
as described recently for the GnRH-induced activation of
c-Fos expression in gonadotropes (Ely et al., 2011) or the
neurokinin B-stimulated c-Fos transcription in immortalized
GnRH neurons (Glidewell-Kenney et al., 2014). This scenario
would explain the biological effects of the Elk-1 mutant
REST/Elk-1ΔC reported in this study, which retains the
B-domain of Elk-1 and therefore interfered with the Elk-1–SRF
interaction. The regulation of c-Fos gene transcription by
TCF also explains previously published data showing that
TCF activation is essential to connect TRPM3 stimulation
with enhanced AP-1-mediated gene transcription (Lesch
et al., 2015).
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Mutational analysis of the c-Fos promoter revealed that
the AP-1 binding site, in addition to the CRE and the CArG
box, confers responsiveness to an increase in cytoplasmic
Ca2+ as a result of TRPM3 activation. This site has been
shown to mediate c-Fos gene transcription following stimu-
lation with EGF or phorbol ester (Fisch et al., 1989). In ad-
dition, in T-cells, the AP-1 site controls c-Fos mRNA
induction by intracellular Ca2+ (Lee and Gilman, 1994).
Using a dominant-negative approach, we have proved that
this site contributes to the up-regulation of reporter gene
transcription controlled by the c-Fos promoter in HEK293
cells expressing activated TRPM3 channels. These experi-
ments shed light on the importance of the bZIP protein
c-Jun within the TRPM3-induced signalling cascade.
Originally, AP-1 was described as a heterodimer of c-Jun
and c-Fos. c-Jun is involved in regulating c-Fos expression
and also regulates its own expression via AP-1 binding
sites within the c-Jun gene regulatory region (Thiel and
Rössler, 2011; this study). In addition, our experiments
support previous observations that c-Jun functions as a Ca2+-
responsive transcriptional activator (Cruzalegui et al., 1999;
Müller et al., 2011).

In summary, we present here the first study characteriz-
ing the signalling molecules required to up-regulate c-Fos
expression as a result of Ca2+ entry in the cells via acti-
vated TRPM3 channels. This study shows that the activa-
tion of MAPKs is essential for connecting a rise in
cytoplasmic Ca2+ via TRPM3 channels with enhanced
c-Fos promoter activity. In the nucleus, c-Fos expression
requires three Ca2+-responsive elements, the CRE, the
CArG box and the AP-1 binding site, involving the tran-
scription factors CREB, c-Jun and SRF following stimulation
of TRPM3 expressing cells with pregnenolone sulfate.
Experiments employing a dominant-negative mutant of
Elk-1 additionally suggest an important role for TCFs in
the regulation of c-Fos gene transcription in cells express-
ing activated TRMP3 channels. The stimulation of c-Fos
expression and activity via pregnenolone sulfate-induced
TRPM3 activation connects TRPM3 with the biological
functions of the AP-1 transcription factor that is involved
in the regulation of proliferation, transformation, differ-
entiation and programmed cell death (Shaulian and
Karin, 2002).
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