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Endothelin-1 (ET-1) triggers poorly understood nuclear signaling cascades that control gene expression, cell
growth, and differentiation. To better understand how ET-1 regulates gene expression, we asked whether
voltage-insensitive Ca®>* channels and Ca**/calmodulin-dependent protein kinases (CaMKs) propagate sig-
nals from ET-1 receptors to the c-fos promoter in mesangial cells. Ca>* influx through voltage-insensitive Ca®*
channels, one of the earliest postreceptor events in ET-1 signaling, mediated induction of c-fos mRNA and
activation of the c-fos promoter by ET-1. A CaMK inhibitor (KN-93) blocked activation of the c-fos promoter
by ET-1. Ectopic expression of CaMKII potentiated stimulation by ET-1, providing further evidence that
CaMKs contribute to c-fos promoter activation by ET-1. The c-fos serum response element was necessary but
not sufficient for CaMKII to activate the c-fos promoter. Activation of the c-fos promoter by ET-1 and CaMKII
also required the FAP cis element, an AP-1-like sequence adjacent to the serum response element. Thus,
voltage-insensitive Ca®>* channels and CaMKs apparently propagate ET-1 signals to the c-fos promoter that
require multiple, interdependent cis elements. Moreover, these experiments suggest an important role for

voltage-insensitive Ca>* channels in nuclear signal transduction in nonexcitable cells.

Endothelins (ETs) are a family of paracrine and autocrine
regulatory peptides related to sarafotoxin snake venom pep-
tides (57). ET-1, a 21-amino-acid endothelium-derived pep-
tide, maintains vascular homeostasis and regulates vasocon-
striction and cell growth (28, 30, 42, 56, 57). ET-1 has also been
implicated in compensatory remodeling of vascular cells in
response to injury (3, 7, 11, 27, 43) and in the development of
several tumors (34, 55). Gene targeting experiments demon-
strate an essential role for ETs in development of neural crest-
derived cell lineages, pharyngeal arch tissues, and the great
vessels derived from cephalic and cardiac tissues (2, 21, 24, 25).
Thus, the ability to activate new programs of gene expression
is fundamental to the biological actions of ET-1. Binding of
ET-1 to its heterotrimeric G protein-coupled receptors stimu-
lates a complex network of transmembrane signals (28, 30, 44),
but it is not yet clear how these postreceptor signals control
gene expression.

One of the earliest ET-1 postreceptor signals is Ca** con-
ductance through voltage-insensitive Ca?* channels in the
plasma membrane (see references 30, 44, 46, and 52 for re-
views). ET-1 does not directly activate voltage-gated Ca**
channels, even though it can increase the probability of chan-
nel opening in response to other depolarizing stimuli (14, 30,
35, 44). Although voltage-insensitive Ca®* channels are widely
expressed in nonexcitable cells, they are not well characterized
and relatively little is known about their ability to regulate gene
expression in response to cell activation by agonists. Induction
of c-fos is among the earliest genomic responses to ET-1, and
previous experiments by Pribnow et al. (37) with fibroblasts
(which express mostly voltage-insensitive Ca®* channels)
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showed that chelation of extracellular Ca®* inhibits transcrip-
tion of the c-fos immediate-early gene by ET-1. These results
suggest an important function for voltage-insensitive Ca®"
channels in c-fos induction by ET-1. Although mechanisms
whereby voltage-gated Ca®>" channels induce c-fos have been
extensively investigated (10), almost nothing is known about
the potential role of voltage-insensitive Ca®>"* channels and
downstream effectors in c-fos regulation by ET-1 or other reg-
ulatory peptides.

In this study, we investigated the hypothesis that voltage-
insensitive Ca®" channels evoke nuclear signaling cascades
that link ET-1 receptors in the plasma membrane to the c-fos
promoter. These experiments employed glomerular mesangial
cells, an important microvascular cell type in which ET-1 ac-
tivates voltage-insensitive Ca*>* channels. We report that volt-
age-insensitive Ca®" channels propagate ET-1 signals to the
c-fos promoter. Activation of the c-fos promoter by ET-1 ap-
parently involves Ca**/calmodulin-dependent protein kinases
(CaMKs) and multiple, interdependent cis elements including
the serum response element (SRE), the FAP cis element, and
to a lesser extent the Ca®*/cyclic AMP (cAMP) cis element
(Ca/CRE). These results point to an important function for
voltage-insensitive Ca®>" channels and CaMKs in ligand-acti-
vated networks of gene expression in nonexcitable cells.

MATERIALS AND METHODS

Reagents. Antihemagglutinin (anti-HA) monoclonal antibodies (12CAS) were
obtained from Boehringer Mannheim (Indianapolis, Ind.). Anti-CaMKII and
anti-CaMKIV monoclonal antibodies were obtained from Transduction Labo-
ratories (Lexington, Ky.). Peroxidase-labeled goat anti mouse immunoglobulin
(heavy and light chains) was obtained from Kirkegaard & Perry (Gaithersburg,
Md.). ET-1 was purchased from American Peptide Company (Sunnyvale, Calif.).
Nifedipine, SKF-96365, and KN-93 were from Calbiochem (La Jolla, Calif.).
Fetal bovine serum (FBS) was from HyClone (Logan, Utah).

Mesangial cell culture. Mesangial cell strains from male Sprague-Dawley rats
were isolated and characterized as previously reported (45). Cells were main-
tained in RPMI 1640 medium supplemented with 17% FBS, 100 U of penicillin
per ml, 100 pg of streptomycin per ml, 5 pg each of insulin and transferrin per
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ml, and 5 ng of selenite per ml at 37°C in a 5% CO, incubator. Cells in passages
5 to 30 were employed in this study. All experiments were performed in quiescent
mesangial cells (approximately 80% confluence) incubated in Dulbecco modified
Eagle medium (DMEM)-0.5% FBS for 24 h. Viability of mesangial cells was
confirmed by incubation with 5(6)-carboxyfluorescein diacetate and monitoring
retention of the cleaved, fluorescent product carboxyfluorescein by epifluores-
cence microscopy to assess membrane integrity as previously described (45).

Plasmids. The following plasmids were used: pCaMKII wt and pCaMKII 290
(31), pRSVCaMKIV wt and pRSVCaMKIV 313 (53), pCGN (54), pSRELUC
(40), and p-356wt/fosCAT and point mutant (pm)/fosCATs (4, 12, 13, 15). To
construct the p-356wt/fos and pm/fosLUC reporter plasmids, the HindIII-Xbal
fragment of p-356wt/fosCAT or specific p-356pm/fosCATs, containing genomic
DNA sequences —356 to +109 of the murine c-fos promoter, were subcloned
into the HindIII-Xbal sites of the pBK-RSV (Promega, Madison, Wis.) multiple
cloning site. The c-fos promoter fragments were then excised as Sacl-Xbal
fragments and directionally subcloned into the Sacl-Nhel sites of pGL3LUC
(Promega). The resulting constructs, which were verified by restriction mapping,
expressed the luciferase gene under transcriptional control of the wild-type or
point-mutated —356 to +109 sequences of the c-fos promoter. To construct the
CaMKII wt expression vector, a 1.4-kb Xbal-BamHI fragment was made from a
35-cycle PCR with rat CaMKII cDNA (31) as the template, a 5’ oligodeoxynucle-
otide primer (GCTTCTAGAATGGCTACCATCACCTGC), and 3’ oligode-
oxynucleotide primer (CGGGATCCATCAATGGGGCAGGACGGAG). For
CaMKII 290, a 1.0-kb Xbal-BamHI fragment was made from a 35-cycle PCR
with rat CaMKII cDNA as the template, the upstream primer as described
above, and a downstream primer (CGGGATCCATCACAGGCAGTCCACGG
TC) that terminated the coding sequence at Leu-313. The full-length and trun-
cated CaMKII cDNA fragments were then subcloned in frame into the unique
Xbal-BamHI sites of pCGN (54). The orientation and sequence of each plasmid
were verified. The resultant plasmids, pPCMVCaMKII wt and pCMVCaMKII
290, expressed the wild-type and constitutively active truncated CaMKII proteins
under transcriptional control of the cytomegalovirus (CMV) promoter/enhancer,
respectively.

Determination of intracellular free [Ca?*];. [Ca?"]; in mesangial cell mono-
layers grown on Aclar coverslips was determined by dual-wavelength spectroflu-
orometry using the Ca®"-sensitive dye fura-2 (Molecular Probes, Eugene, Oreg.)
exactly as previously reported (47). Calibration of the fluorescent signal was
made with ionomycin followed by EGTA [ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid], and [Ca®*]; was calculated by the formula of
Grynkiewicz et al. (16) assuming the K, of the fura-2-Ca®" interaction to be 224
nM. All agonists were tested for autofluorescence, and after lengthy incubations
leakage of fura-2 was assessed by addition of 100 uM Mn2" followed by rapid
chelation with 4 mM diethylenetriaminepentaacetic acid.

Mesangial cell transfection and reporter gene assays. We transiently trans-
fected mesangial cells using the calcium phosphate method as previously re-
ported (17, 49). Briefly, cells in six-well plates (35 mm; 2 X 10° cells per well)
were transfected with 1 pg of the wt or pm fosLUC reporter, 0.1 pg of
pRSVBGal internal control, and the indicated expression vectors (usually 2 pg)
and carrier DNA (pUC19) to a total of 6 ug of DNA per well. Total promoter
strength in control transfections was held equivalent by inclusion of expression
plasmids lacking a cDNA insert. After incubating with precipitates for 16 to 18 h
at 37°C, cells were washed three times with DMEM and incubated with DMEM-—
0.5% FBS for an additional 24 h before cell lysis (RLB buffer; Promega). Where
indicated ET-1 or FBS was added for 16 h before lysis. Luciferase activity was
measured as previously described (17) by adding 20 pl of cell lysate to a buffer
containing 20 mM Tricine (pH 7.8), 1.07 mM (MgCO;),Mg(OH),, 2.7 mM
MgSO,, 0.1 mM EDTA, 33.3 mM dithiothreitol, 0.3 mM coenzyme A, 0.5 mM
luciferin, and 0.53 mM ATP and measuring relative light units in a Berthold
Lumat Luminometer (Wallac, Gaithersburg, Md.) for two 10-s intervals. Trans-
fection efficiency was determined with a pRSVBGal construct that directed
B-galactosidase expression from the viral long terminal repeat. B-Galactosidase
activity was measured by using the Galacto-Light protocol as described by the
manufacturer (Tropix, Bedford, Mass.). All reporter gene assays were in the
linear range.

Immunoblot assessment of CaMK protein levels. Quiescent mesangial cells or
mesangial cells transiently transfected with pCMVCaMKII wt and pCMV-
CaMKII 290 in 100-mm dishes were washed once in Dulbecco phosphate-buff-
ered saline and scraped into 1-ml sample lysis buffer (0.5 M Tris-HCI [pH 6.8]
[2.5 ml], 10% [wt/vol] sodium dodecyl sulfate [SDS] [4.0 ml], glycerol [2 ml],
0.1% bromophenol blue [0.5 ml], B-mercaptoethanol [0.5 ml], distilled water to
10 ml). The lysate was vortexed and boiled for 5 min, aliquots were resolved on
SDS-8 to 16% polyacrylamide gradient gels, and proteins were transferred to
0.2-wm-pore-size nitrocellulose filters. Transferred proteins were stained with
Ponceau S, and the filter was blocked in blocking buffer (1.0% bovine serum
albumin [BSA], 10 mM Tris [pH 7.5], 100 mM NaCl, 0.1% Tween 20) with
shaking overnight at 4°C. To detect native CaMKs in untransfected mesangial
cells, blots were incubated with monoclonal antibodies at 250 pg/ml in blocking
buffer for 1 h at 22°C. To detect the HA epitope-tagged CaMKII wt and CaMKII
290 in transfected cells, blots were incubated with the monoclonal anti-HA
antibody as described above. After extensive washing, the appropriate peroxi-
dase-labeled secondary antibodies in blocking buffer (1:10,000) were added, and
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the proteins were detected by chemiluminescence (ECL; Amersham, Arlington
Heights, Il1.). Typical exposure times were 30 to 60 s.

Semiquantitative RT-PCR analysis of c-fos mRNA. Preparations of total mes-
angial cell RNA and reverse transcription PCR (RT-PCR) were carried out as
described previously (48) with modifications to permit the semiquantitative anal-
ysis of mRNA levels. Optimal oligonucleotide primer pairs of 21 nucleotides (40
to 60% GC) were designed (OLIGO; NBI, Plymouth, Minn.) on the basis of the
sequence of the rat c-fos gene (6) to yield a predicted product of 308 bp spanning
the third and fourth exons. The upstream rat c-fos primer was 5’'CCGAAGGG
AAAGGAATAAGAT; the downstream rat c-fos primer was 5" TGAGAAGAG
GCAGGGTGAAGG. GAPDH primer pairs yielding a product of 452 bp were
from Clontech (Palo Alto, Calif.). Total RNA (0.5 wg) was reverse transcribed in
a reaction mixture containing 5 mM MgCl,, 50 mM KCl, 10 mM Tris (pH 8.3),
1 mM each deoxynucleoside triphosphate, 1 U of RNase inhibitor per pl, 1 M
downstream c-fos or GAPDH primer, and 2.5 U of avian myeloblastosis virus
reverse transcriptase per ul at 42°C for 25 min and 99°C for 5 min. A 20-pl
aliquot of the RT reaction mixture was then used for PCR in a reaction mixture
containing 2 mM MgCl,, 50 mM KCIl, 10 mM Tris (pH 8.3), and 2.5 U of
AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.). Samples
were denatured for 2 min at 95°C, and PCRs were conducted for 30 cycles (1 min
at 95°C, 1 min at 60°C) followed by final extension for 7 min at 72°C. Concen-
trated PCR products were resolved on a 2.0% agarose gel stained with ethidium
bromide and were quantified by scanning densitometry using NIH Image (ver-
sion 1.55); the amount of c-fos mRNA was normalized for the amount of
GAPDH in each lane. Under these conditions the amounts of c-fos and GAPDH
PCR products were linear with respect to the amount of input RNA and the
number of cycles (see Fig. 1).

Data analysis. Statistical significance was calculated by a paired ¢ test in which
repeated experiments run at different times were compared with their own
controls. Data presented (three to five independent experiments) are means =
standard errors of the means normalized to the intraexperimental control value.
Statistical analysis was performed with InStat for the Macintosh (version 2.0;
GraphPAD software).

RESULTS

Voltage-insensitive Ca>* channels control c-fos mRNA and
promoter induction by ET-1. As a model to study voltage-
insensitive Ca®* channels and ET-1 nuclear signaling, we used
rat glomerular mesangial cells, in which ET-1 stimulates c-fos
induction and mitogenesis by binding to an ET, receptor sub-
type (47). In these cells ET-1 rapidly increases intracellular
free [Ca®"]; by stimulating Ins(1,4,5)P;-dependent release of
intracellular Ca** stores and by activating voltage-insensitive
Ca®* channels (46, 51). Under certain conditions voltage-
gated Ca®" channels can also contribute (22), but most of the
[Ca*"]; waveform results from voltage-insensitive Ca>* chan-
nels (46). Thus, mesangial cells are a useful model to investi-
gate whether voltage-insensitive Ca®" channels contribute to
c-fos induction by ET-1.

As a first step we asked whether influx of extracellular Ca®*
was required for c-fos mRNA induction by ET-1. An RT-PCR
assay was established to measure steady-state c-fos mRNA
levels. As shown in Fig. 1A, oligodeoxynucleotide PCR primers
spanned the third and fourth exons of the rat c-fos gene to
allow detection of products amplified from potential contam-
ination with genomic DNA. Under the conditions described,
the assay was linear and demonstrated the expected rapid and
transient pattern of c-fos mRNA induction by ET-1 (Fig. 1A,
lanes 2 to 5). Omission of the RT reaction further confirmed
that the products derived from amplification of mRNA tran-
scripts (Fig. 1A, lane 5), and the amplicons were also verified
by restriction mapping (data not shown). Endogenously ex-
pressed GAPDH mRNA was coamplified to control for sam-
ple-to-sample variation in RT or PCR and for recovery of
RNA.

The effect of voltage-independent Ca®* entry on c-fos
mRNA induction was tested by addition of nonsaturating con-
centrations of the Ca*>* ionophore ionomycin. lonomycin stim-
ulated a 4.8-fold increase in c-fos mRNA at 30 min, similar to
the 5.4-fold induction of c-fos mRNA by ET-1 (Fig. 1B). c-fos
mRNA induction by both ionomycin and ET-1 was transient
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and declined to near basal levels by 3 h. Using mesangial cells
loaded with the Ca®*-sensitive fluorescent indicator fura-2, we
confirmed that ionomycin at 10 pM and ET-1 at 100 nM
produced similar maxima of [Ca®"],, although, as expected, the
[Ca®"]; waveform was protracted in cells treated with ionomy-
cin (Fig. 1B). These experiments demonstrated that Ca** in-
flux in mesangial cells mimics c-fos induction by ET-1.
Several experiments demonstrated that Ca®" influx was re-
quired for induction of c-fos mRNA by ET-1. Preincubation
(30 s) with EGTA to chelate extracellular Ca*>* blocked c-fos
mRNA induction by ET-1 (Fig. 1C). EGTA prevented ET-1-
stimulated Ca®" influx but not release of Ca>* from the intra-
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FIG. 1. Voltage-independent Ca®>* channels mediate induction of c-fos
mRNA by ET-1. (A) RT-PCR analysis of c-fos mRNA levels. The schematic
illustrates positions of primers that span exons 3 and 4 of the rat c-fos gene. A
representative ethidium-stained gel shows induction of c-fos mRNA by ET-1 as
analyzed by RT-PCR. The graph shows that the amounts of GAPDH and c-fos
amplicons obtained were proportional to the amount of input RNA. (B) Quies-
cent cells were treated with 100 nM ET-1, 10 pM ionomycin, or vehicle (H,O or
dimethyl sulfoxide), and the steady-state level of c-fos mRNA was determined by
RT-PCR. In concurrent experiments cells labeled with fura-2 were treated with
ET-1 and ionomycin, and the [Ca®*]; waveforms were measured by spectroflu-
orometry. (C) Cells were treated with 100 nM ET-1 or pretreated with EGTA (3
mM; 30 s), SK&F 96365 (100 nM; 30 min), or nifedipine (10 wM, 3 min) before
addition of ET-1. c-fos mRNA and [Ca>"]; were measured as described above.
Tracings of [Ca?*]; waveforms are representative of three independent experi-
ments.
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cellular stores (Fig. 1C) (46), suggesting that intracellular Ca**
release is insufficient to induce c-fos mRNA in response to
ET-1. SK&F 96365 is a structurally distinct antagonist of volt-
age-independent Ca®* channels (32). Preincubation with
SK&F 96365 inhibited ET-1-stimulated c-fos mRNA induction
(Fig. 1C) and attenuated the [Ca®*]; waveform evoked by
ET-1. Finally, a dihydropyridine that blocks voltage-gated
Ca®" entry, nifedipine, failed to block ET-1-stimulated c-fos
mRNA or [Ca®"]; (Fig. 1C). These results are consistent with
a role for voltage-insensitive Ca®>" channels in mediating c-fos
mRNA induction by ET-1.

We (17, 49) and others (37) have previously shown that ET-1
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activates the c-fos promoter in mesangial cells. To test whether
voltage-insensitive Ca®>* channels mediate c-fos promoter ac-
tivation by ET-1, we transiently transfected mesangial cells
with a plasmid containing a luciferase reporter gene under
transcriptional control of a —356 to +109 genomic DNA frag-
ment of the c-fos promoter. This c-fos promoter fragment,
which responds to ET-1 (49), contains the major cis elements
for ligand-induced c-fos transcription in vivo and in vitro (13,
38) (Fig. 2). ET-1 stimulated a 4.8-fold increase in c-fos pro-
moter activity that was blocked by SK&F 96365 and EGTA
(Fig. 2). SK&F 96365 and EGTA did not significantly alter
c-fos promoter activity stimulated by FBS, suggesting that
these compounds do not nonspecifically inhibit the c-fos pro-
moter. Taken together, these results demonstrate that voltage-
insensitive Ca>* channels mediate activation of the c-fos pro-
moter by ET-1 and that the cis elements responsive to Ca**
influx reside between —356 and +109.

CaMKs are downstream effectors of ET-1 nuclear signaling
to the c-fos promoter. Ca>" influx activates diverse downstream
effectors including CaMKs. Both CaMKII and CaMKIV have
been implicated in transcriptional regulation of the c-fos gene
(10, 31, 53); thus, we asked whether CaMKs contribute to
activation of the c-fos promoter by ET-1. Mesangial cells ex-
pressed abundant amounts of a 54-kDa CaMKII, but CaMKIV
was undetectable (Fig. 3A). Preincubation with a selective
CaMK inhibitor, KN-93 (29), blocked activation of the c-fos
promoter by ET-1 but did not inhibit activation by FBS (Fig.
3B). Inhibition by KN-93 was dose dependent. Although
KN-93 might antagonize Ca®" signaling by mechanisms other
than CaMK blockade, these results suggest that CaMK con-
tributes to activation of the c-fos promoter by ET-1.

To further support a role for CaMK, we asked whether
overexpression of CaMKII would potentiate activation of the
c-fos promoter by ET-1. Plasmid vectors were constructed ex-
pressing wild-type (pCMVCaMKII wt) and constitutively acti-
vated mutant (pCMVCaMKII 290) CaMKII under transcrip-
tional control of the CMV promoter (Fig. 4). Western blotting

No Agonist ET-1

D .
B s

SK&F26365

FBS
FIG. 2. Ca?* influx is required for stimulation of the c-fos promoter by ET-1. Cells were transiently transfected with the p-356wt/fosLUC reporter plasmid

(diagrammed at the top), rendered quiescent, and treated with 100 nM ET-1 or 10% FBS. Where indicated, cells were pretreated with EGTA (3 mM; 30 s) or SK&F
96365 (100 mM; 30 min) before agonist addition. Luciferase activity was measured as an index of c-fos promoter activity as described in Materials and Methods.

(immunoblotting) of the epitope-tagged proteins demon-
strated expression of CaMKII of the expected molecular
weights (Fig. 4). These vectors were then cotransfected with
the c-fos reporter construct to assess the effects of CaMK on
activation of the c-fos promoter by ET-1. Wild-type CaMKII
alone did not significantly stimulate the c-fos promoter, but
mutant CaMKII 290 stimulated an 8.6-fold increase, indicating
that CaMKII activates the c-fos promoter in mesangial cells
(Fig. 5A). Moreover, wild-type CaMKII potentiated stimula-
tion of c-fos transcription by ET-1 (Fig. 5B). ET-1 did not
further increase c-fos promoter activity in cells transfected with
CaMKII 290, presumably because of the robust stimulation of
c-fos in these cells (data not shown). Taken together, these
results suggest that CaMKII contributes to activation of the
c-fos promoter by ET-1.

CaMKII requires multiple cis elements to activate the c-fos
promoter in mesangial cells. To better understand the nuclear
targets of ET-1 and CaMKII signaling, we identified cis ele-
ments of the c-fos promoter that respond to ET-1 and CaMKII
in mesangial cells. We previously showed that activation of the
c-fos promoter by ET-1 requires both the SRE and Ca/CRE cis
elements (17, 49). CaMKII 290 did not stimulate transcription
from a c-fos promoter construct containing an inactivating
point mutation in the CArG sequence (i.e., SRF binding site)
of the SRE (pm 12; Fig. 6), demonstrating that the SRE is
required for the response to CaMKII. Stimulation of the c-fos
promoter by an activated mutant of CaMKIV, CaMKIV 313,
was inhibited but not completely blocked by pm12 (Fig. 6). It
is important to note that transfection efficiencies in cells that
received different reporter plasmids were not always equiva-
lent; thus, a direct comparison of signals from fosLUC reporter
plasmids in different panels cannot be made. To determine
whether the c-fos SRE is sufficient for the response to CaMKII,
we transfected mesangial cells with a minimal promoter con-
struct containing only a single copy of the SRE upstream from
a minimal c-fos promoter. Expression of CaMKII 290 or
CaMKIV 313 did not increase transcription from this construct
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FIG. 3. A pharmacological CaMK antagonist inhibits activation of the c-fos promoter by ET-1. (A) Analysis of CaMK isotypes in mesangial cells (MC). Cells were
lysed, and proteins (40 ug) separated by electrophoresis were transferred to nitrocellulose. Blots were probed with specific monoclonal antibodies against rat CaMKII
and CaMKIV, and bands were visualized by chemiluminescence. Control lysates were from HeLa and Jurkat cells for CaMKII and CaMKIV, respectively. (B) Cells
transiently transfected with the p-356wt/fosLUC reporter plasmid were pretreated for 20 min with increasing doses of KN-93, a pharmacological CaMK antagonist,
before addition of 100 nM ET-1 (m) or 10% FBS (O) (mean * standard error of the mean; n = 3 in duplicate).

(SRE; Fig. 6). However, treatment with FBS demonstrated
that the SRE luciferase construct was responsive to signals.
Collectively, these results demonstrate that the c-fos SRE is
required but not sufficient for c-fos promoter activation by
CaMKII. Thus, other cis elements must cooperate with the
SRE to confer responsiveness to CaMKII.

Because the Ca/CRE at —65 responds to Ca** in neuronal
cells (41) but not in T cells (26), we asked whether the Ca/CRE
cooperates with the SRE to mediate c-fos promoter activation
by CaMKII in mesangial cells. Inactivating point mutations in
the Ca/CRE (C-to-G conversions, pm3) that block binding of
cAMP response element binding proteins (CREB) (4) inhib-
ited approximately 40% of the c-fos promoter activity stimu-
lated by CaMKII 290 and CaMKIV 313 (Fig. 6). Inactivating
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FIG. 4. Expression of epitope-tagged CaMKII wt and CaMKII 290. Cells
were transiently transfected with plasmid vectors expressing N-terminal HA
epitope-tagged CaMKII wt and a truncated, constitutively active mutant
(CaMKII 290) lacking the regulatory and association domains encoded by amino
acids 290 to 478. Control cells were transfected with the pCMYV expression vector
alone. Expression of the properly processed proteins was confirmed by immu-
noblotting of whole-cell lysates using an anti-HA monoclonal antibody.

point mutations in the Ca/CRE did not inhibit FBS-stimulated
c-fos promoter activity (Fig. 6). Collectively these results sug-
gest that the Ca/CRE makes a modest contribution to activa-
tion of the c-fos promoter by CaMKII and that other cis ele-
ments must cooperate with the SRE for full induction by
CaMKII.

The FAP cis element contributes to ET-1- and CaMK-stim-
ulated c-fos transcription. Recent work by Lee and Gilman
(26) with T cells demonstrates that Ca>" signaling targets the
FAP site, a CRE/AP-1-like site adjacent to the SRE. We there-
fore asked if ET-1, CaMKII, or both utilize the FAP site in
mesangial cells to activate the c-fos promoter. Inactivating
point mutations in the c-fos FAP (pm 9 [4]) inhibited ET-1-
and CaMKII 290-stimulated c-fos promoter activity (Fig. 7). In
contrast, FAP point mutations did not significantly affect acti-
vation of the c-fos promoter by CaMKIV 313 or FBS (Fig. 7).
Inactivating point mutations in the sis-inducible element (pm 6
[4]), which is regulated by the JAK/STAT pathway, did not
inhibit activation of the c-fos promoter by ET-1, CaMKII 290,
and CaMKIV 313 but did inhibit FBS-induced activation (Fig.
7). Thus, the FAP, but not the sis-inducible element, appar-
ently cooperates with the SRE to regulate c-fos promoter ac-
tivation by ET-1 and CaMKII.

DISCUSSION

Activation of voltage-insensitive Ca** channels and influx of
extracellular Ca®" is one of the earliest postreceptor events in
transmembrane signaling by ET-1. In this study we asked
whether voltage-insensitive Ca** influx and Ca®"-activated
downstream effectors contribute to regulation of gene expres-
sion by ET-1. Our results show that Ca®>* influx through volt-
age-insensitive Ca®" channels is essential for induction of c-fos
mRNA and activation of the c-fos promoter by ET-1. CaMKII
is apparently a downstream effector in pathways leading mainly
to the c-fos SRE, FAP, and to a lesser extent the Ca/CRE at
—65.

ET-1-stimulated Ca?* influx is necessary for c-fos induc-
tion. Several experiments demonstrated that voltage-insensi-
tive Ca®" influx is required for c-fos mRNA induction by ET-1.
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FIG. 5. CaMKII potentiates activation of the c-fos promoter by ET-1. (A) Mesangial cells were transiently transfected with the p-356wt/fosLUC reporter plasmid
and with wild-type CaMKII or a truncated CaMKII 290 mutant. (B) Overexpression of CaMKII wt potentiates activation of the c-fos promoter by ET-1. Cells
transfected with p-356wt/fosLUC and the plasmid expressing CaMKII wt (4 pg) or the vector control (pCMV) were treated with 100 nM ET-1 before lysis and
measurement of luciferase activity (shaded bars). Solid bars, no addition. **, P < 0.01.

The Ca®" ionophore ionomycin mimicked the kinetics and
magnitude of c-fos mRNA induction by ET-1. Chelation of
extracellular Ca*" by EGTA, which prevented influx of extra-
cellular Ca?" but not intracellular release of Ca®*, inhibited
ET-1-stimulated c-fos mRNA induction. An antagonist of volt-
age-insensitive Ca®" channels, SK&F 96365 (32), also blocked
Ca®* influx and c-fos mRNA induction by ET-1, providing
further evidence for the importance of Ca?* influx in the ET-1
c-fos signaling pathway. As expected (46), a dihydropyridine
antagonist of voltage-gated Ca*" channels, nifedipine, did not
block ET-1-stimulated Ca®* influx or c-fos mRNA induction.

SIE SRE Fap Ca/CRE

We (17, 49) and others (37) have previously shown that ET-1
activates the c-fos promoter. Our present results demonstrate
that Ca®" influx mediates activation of the c-fos promoter in
cells treated with ET-1. Transcription of a luciferase reporter
gene by a —356 to +109 fragment of the c-fos promoter was
blocked by chelation of extracellular Ca*>* with EGTA or by
pretreatment with SK&F 96365. Using nuclear run-on assays,
Pribnow et al. (37) previously showed that an increase in
[Ca*"]; is required for ET-1-stimulated c-fos transcription. Our
present results confirm this finding and further demonstrate
that the cis elements responsive to voltage-insensitive Ca>*

c-fos LUC/RGal Activity
{fold increase)

4 & 2 10 12 14 16

FIG. 6. The c-fos SRE is necessary but not sufficient for activation of the c-fos promoter by CaMKII 290. Cells were transfected with c-fos promoter LUC constructs
with inactivating point mutations (pm) as indicated schematically at left. X, point mutations in the Ca/CRE (pm3) and SRE (pm12). The SRELUC construct (bottom)
contained a single-copy SRE upstream of a minimal c-fos promoter. Serum-starved cells were transfected with pCMYV (no addition) (open bars), CaMKII 290 (solid
bars), or CaMKIV 313 (shaded bars) or treated with FBS (hatched bars). The data are means from three independent experiments; error bars are omitted for clarity

but were never more than 16% of the mean.
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FIG. 7. The c-fos FAP cis element is required for c-fos promoter activation by ET-1 and CaMKII. Serum-starved cells transfected with the c-fosLUC promoter
constructs indicated schematically at left (wt, pm9, and pm6) were cotransfected with plasmids expressing CaMKII 290 or CaMKIV 313. Alternatively, the cells were
treated with 100 nM ET-1 or 10% FBS. Inactivating mutations (pm9) in the FAP cis element prevented activation of the c-fos promoter by ET-1 and CaMKII 290.

influx lie within DNA bp —356 to +109 of the c-fos promoter.
The same c-fos genomic DNA sequences are regulated by
voltage-gated Ca®" channels in PC12 cells and neurons (1, 10,
33), suggesting that similar Ca**-based mechanisms might reg-
ulate gene expression following activation of voltage-insensi-
tive and voltage-gated Ca®" influx. These results argue for an
important function of voltage-insensitive Ca** influx to regu-
late gene expression in nonexcitable cells.

CaMKs propagate ET-1 signals to the c-fos SRE and Ca/
CRE. Having established a role for voltage-insensitive Ca*"
influx, we next attempted to identify Ca*>*-dependent effectors
of c-fos promoter activation by ET-1. One of several mecha-
nisms by which Ca®" regulates c-fos gene expression is through
activation of CaMKs (10, 31, 33, 41, 53). We found that mes-
angial cells expressed a 54-kDa CaMKII protein. A pharma-
cological antagonist of CaMKs, KN-93 (29), prevented activa-
tion of the c-fos promoter by ET-1. These results support a role
for CaMKII in activation of the c-fos promoter by ET-1; how-
ever, KN-93 inhibits multiple isotypes of CaMKs, and it is
possible that mesangial cells express CaMKs other than
CaMKII that also contribute. In addition, overexpression of
wild-type CaMKII potentiated the effects of ET-1, providing
further evidence that CaMKII participates in signaling cas-
cades that link ET-1 receptors to the c-fos promoter.

To further understand how Ca**-dependent signals regulate
the c-fos promoter, we sought to identify the cis elements
responsive to CaMKII. We have previously shown that activa-
tion of the c-fos promoter by ET-1 requires both the SRE and
Ca/CRE (17, 49). Our present results suggest that CaMKII-
mediated activation of the c-fos promoter requires the SRE,
FAP, and to a lesser extent the Ca/CRE. Inactivating point
mutations in the Ca/CRE only partly inhibited activation of the
c-fos promoter by CaMKII in mesangial cells. Although the
ability of Ca®" influx and CaMKs to phosphorylate and acti-
vate CREB at the Ca/CRE is well established (31, 41, 53),
regulation of the Ca/CRE and CREB by Ca?" is cell type
specific and does not appear to operate in T cells (26) or HeLa
cells (8). Similarly, the Ca/CRE appears to be only partially
responsible for activation of the c-fos promoter by CaMKII in
mesangial cells. In addition, there are multiple sequences in
the c-fos promoter that respond to cAMP (4, 9), and it is
possible that these sequences are also responsive to Ca®*
and/or CaMKII.

We also found that CaMKII contributes to activation of the

SRE by ET-1. Previous work demonstrates that the c-fos SRE
contributes to c-fos transcription stimulated by NMDA type
glutamate receptors (1); although not required, activation of
voltage-gated Ca** channels in PCI12 cells also stimulates
SRE-dependent transcription that requires SRF but not ter-
nary complex factors (33). Our present results suggest that the
SRE is required but not sufficient for activation of the c-fos
promoter by Ca** influx and CaMKII. Point mutations in the
SRE (pm12) that inhibit SRF binding completely abolish stim-
ulation of c-fos transcription by CaMKII. These results are
consistent with a role for ET-1-stimulated Ca** influx and
CaMKII in SRE activation. However, a single SRE upstream
of a minimal promoter was not sufficient for activation by
CaMKII 290, and other point mutant constructs with an intact
SRE were similarly unresponsive to CaMKII 290 (i.e., pm3).
Collectively, these results suggest that cis elements in addition
to the SRE and Ca/CRE must be required for full activation of
the c-fos promoter by CaMKs.

An additional cis element required for full activation of the
c-fos promoter by ET-1 and CaMKII was the FAP site. The
c-fos FAP site was a potential candidate since Ca*>* signaling
targets this cis element in T cells (26). Indeed, inactivating
mutations in the FAP prevented upregulation of the c-fos pro-
moter by ET-1 and CaMKII 290. Interestingly, promoter acti-
vation by CaMKIV 313 was only slightly inhibited, suggesting
that different isoforms of CaMKs interact differently with dis-
tinct cis elements in the c-fos promoter. Point mutations in the
cis-inducible element had no effect on c-fos promoter activa-
tion by ET-1 or CaMKII 290. The specific trans-acting factors
involved in Ca®"-FAP signaling in T cells or mesangial cells
have not been identified; however, our work suggests that
CaMKII is probably involved in this pathway.

This ET-1-stimulated, Ca®"-based pathway to the SRE is
different in several important respects from the voltage-gated
Ca®* channel/SRE pathway in PC12 cells. For example, the
voltage-gated Ca®" channel/SRE pathway is independent of
Ras (33), whereas we have previously shown that ET-1-stimu-
lated SRE activity depends on Ras (17). Activation of the SRE
by ET-1 (17, 49) and other G-protein-coupled receptor ligands
(i.e., lysophosphatidic acid [18-20]) occurs independently of
p62 ternary complex factors such as Elk-1 or Sap-1. However,
unlike other G-protein-coupled receptor ligands, ET-1 utilizes
Ras in this pathway (17-20). Differences in the requirement for
Ras in this pathway might reflect differences in signals con-
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trolled by the lysophosphatidic acid and ET-1 receptors or
cell-type-specific differences in signaling. We also believe that
a GTPase cascade (see references 5, 23, and 36 for reviews) is
required for full activation of the SRE by ET-1 in mesangial
cells. For example, we find that dominant negative mutants of
RhoA also block ET-1-stimulated SRE activity (43a), a finding
similar to the results of Hill et al. (20) in which dominant
negative RhoA blocked activation of serum response factor by
G-protein-coupled receptors. Although ET-1 might need to
evoke a GTPase cascade for full activation of the SRE, this
hypothesis remains to be tested.

In summary, our results favor a model in which Ca** influx
contributes to a complex, interdependent network of signals
whereby ET-1 regulates the c-fos promoter. One pathway of
this network apparently involves a previously characterized
mechanism requiring activation of the c-fos Ca/CRE by
CaMKII, although effectors in addition to CaMKII might also
contribute to this pathway in mesangial cells. Another pathway
involves the SRE and effectors such as c-Src and Ras (17, 49),
which are both activated by Ca*>* influx (39, 50, 58, 59). It is
now apparent that CaMKII also contributes to the SRE path-
way. Finally, ET-1 also activates the FAP cis element by mech-
anisms that apparently involve CaMKII. Further experiments
are required to elucidate the mechanisms by which ET-1/
CaMKII signals are relayed to the FAP site.
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