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a b s t r a c t

The main transport mechanism of reabsorption of sodium bicarbonate and fluid in the renal proximal
tubules involves Naþ/Hþ exchanger 3 (NHE3), which is acutely and chronically downregulated by
parathyroid hormone (PTH). Although PTH is known to exert an inhibitory effect on NHE3 expression and
transcription, the molecular mechanisms involved remain unclear. Here, we demonstrated that, in
opossum kidney proximal tubule (OKP) cells, PTH-induced inhibition of Nhe3 gene promoter occurs even
in the core promoter that controls expression of the reporter gene. We found that inhibition of the
protein kinase A (PKA) and Janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathways transformed PTH from an inhibitor of promoter activity into an activator of that same activity,
as did point mutations in the EGR1, Sp1, and Sp3 binding consensus elements in the promoter. In nuclear
extracts of PTH-treated OKP cells, we also observed increased expression of EGR1 mRNA and of some Sp3
isoforms. Electrophoretic mobility shift assay showed a supershift of the �61 to �42-bp probe with an
anti-EGR1 antibody in PTH-treated cells, suggesting that EGR1 binding is relevant for the inhibitory
activity of PTH. We conclude that PTH-induced inhibition of NHE3 transcription is related to higher EGR1
expression; to EGR1 binding to the proximal and core promoters; and to PKA and JAK/STAT pathway
activation. This mechanism might be responsible, at least in part, for lower NHE3 expression and sodium
reabsorption in renal proximal tubules in the presence of high PTH levels.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The Naþ/Hþ exchanger proteins constitute a family of electro-
neutral exchangers, present in the plasmamembrane of cells and in
other intracellular organelles, that are particularly relevant for the
maintenance of renal volume and acidebase homeostasis. In renal
proximal tubules, the Naþ/Hþ exchanger 3 (NHE3) is the primary
transporter of transcellular sodium reabsorption in the apical
membrane and, consequently, of reabsorption of bicarbonate,
chloride, and water through the epithelium [1,2]. NHE3 is a highly
regulated protein that is directly or indirectly influenced by a va-
riety of factors [3e5].

Parathyroid hormone (PTH) is known to regulate phosphate
transport in proximal tubules. Animal and cell culture studies have
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shown that PTH also inhibits NHE3 activity and expression, acutely
and chronically [6e8]. In a previous study, we demonstrated that
PTH chronically downregulates NHE3 in rats (over an eight-day
period) and in opossum kidney proximal tubule (OKP) cells (after
6, 16, and 24 h), reducing total and apical protein levels, as well as
NHE3 mRNA abundance [6,9]. PTH reduces the activity of the prox-
imal NHE3 promoter and has been associated with a slight decrease
in NHE3mRNA half-life. Protein kinase A (PKA) inhibitors have been
shown to abolish the effect of PTH on NHE3 expression [9,10].

A GC box is a promoter type found in more than 80% of all genes,
typically containing binding sites for the transcription factors Sp1/
Sp3 and EGR1 [11e13]; and the Nhe3 promoter is GC box-rich. In a
detailed analysis of this promoter, Neri et al. [14] showed that nu-
cleotides between �44 and þ33 bp are essential for efficient
transcription of the reporter gene, and that Sp1/Sp3 and EGR1
binding sites are essential for Nhe3 transcription. Those transcrip-
tion factors have zinc finger DNA-binding domains, which bind
with high affinity to CpG islands present in the promoter and
contribute to regulating the transcription rate [15,16].
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Considering the relevance of the proximal Nhe3 promoter for
efficient transcription, we proposed to investigate the mechanisms
involved in PTH-induced downregulation of NHE3. To that end, we
analyzed the promoter activity of the progressively shorter 50

flanking sequence (50FS), the main transcription factors that bind
the proximal promoter, and the signaling pathways related to PTH
effects.

2. Materials and methods

2.1. Materials

We purchased Dulbecco's modified Eagle's medium (DMEM),
heat-inactivated fetal bovine serum (FBS), sodium pyruvate, and
penicillin-streptomycin from Life Technologies (Gaithersburg, MD);
1-34 bovine PTH from Bachem (Torrance, CA); and PKA inhibitor
(KT5720) and STAT3 inhibitor (Static) from Tocris Bioscience
(Ellisville, MO).We obtained anti-Sp3 antibodies (Sp3-Ab) and anti-
glyceraldehyde-3-phosphate dehydrogenase antibodies from Santa
Cruz Biotech (Dallas, TX); anti-Sp1 and anti-EGR1 rabbit polyclonal
antibodies (Sp3-Ab and EGR1-Ab, respectively) from Abcam
(Cambridge, MA); a monoclonal anti-actin antibody (JLA20) from
Calbiochem (San Diego, CA); and horseradish peroxidase-
conjugated secondary antibodies from Zymed (San Francisco, CA).
We obtained Lipofectamine Plus Reagent and Platinum Taq DNA
Polymerase from Invitrogen (Carlsbad, CA); a Dual Luciferase Assay
System, pGL3-Basic vector, pRL-CMV vector, and restriction endo-
nucleases from Promega (Madison, WI); and SYBR Green Core Re-
agents and other reagents employed for real-time quantitative
reverse transcription polymerase chain reaction (real-time qRT-
PCR), from Applied Biosystems (Foster City, CA). The OKP cells,
derived from a clonal subline of the opossum kidney cell line [17],
were kindly provided by Dr. O. W. Moe (University of Texas
Southwestern Medical Center, Dallas, TX). Other reagents and
chemicals were obtained from Sigma (St. Louis, MO).

2.2. Cell culture

OKP cells were maintained in 75-cm2 tissue culture flasks in
DMEM containing 10% heat-inactivated FBS, 1 mM sodium pyru-
vate, 100 U/ml penicillin, and 100 g/ml streptomycin. Cultures were
incubated at 37 �C in a humidified atmosphere of 5% CO2. Cells were
subcultured with Ca/Mg-free phosphate buffered saline and 0.25%
trypsin/ethylenediaminetetraacetic acid. For RNA and protein
extraction, cells were transferred to 6- or 24-well plates and serum-
starved for 24 h after confluence. In all experiments, PTH was used
at a final concentration of 10�7 M for 24 h.

2.3. Assembly of reporter gene constructs

We chose the segments of the proximal promoter containing
binding sites for Sp1/Sp3 and EGR1. The �65 to þ31-bp regulatory
sequence of the of the gene encoding NHE3 was obtained by PCR
amplification of the recombinant pGL3 vector containing
the�2095 toþ55-bp NHE3 promoter, with the forward and reverse
primers 50-AGCAGGTACCAAGGCCCCGCCCTG-30 and 50-AGCAAAGC
TTCTCTGCGCTATCCGGAG-30, respectively. We obtained the
segment extending from �44 bp of the 50FS to 31 bp of the first
exon (lowercase) by annealing the corresponding synthetic sense
and antisense oligonucleotides, resulting in the double-stranded
sequence 50-AGGGGGCAGCGGGATTAAAGGCCACCCGGGCAGGCCTG
GGGACCGtgactgctgccagctccgggatagcgcagag-30, which was inserted
into the pGL3-basic reporter vector. We introduced specific point
mutations using PCR with mutated oligonucleotides.
2.4. Luciferase reporter gene assay

Using Lipofectamine Plus Reagent, we transiently transfected
OKP cells with the recombinant pGL3 vectors. After transfection,
cells were treated or not with 10�7 M PTH for 24 h.When indicated,
specific inhibitors were added to the culture medium 30min before
the addition of PTH.

2.5. Preparation of nuclear extracts and electrophoretic mobility
shift assay (EMSA)

Nuclear extracts were prepared with a Nuclear Extraction Kit
(Chemicon, Billerica, MA). Using the wild-type probes 50-32P-
CCCCGCCCTGGCGCGGGAGG-OH-30 (�61 to �42 bp) and 50-32P-
CGCGGGAGGGGGCAGCGGGATTAAAGG-OH-30 (�50 to �24 bp), we
performed electrophoretic mobility shift assays (EMSA) as
described previously (24) (Sp1/3 or EGR1 binding sites are in bold).
The binding specificity of each probe was verified by competition
EMSA with cold wild-type probes at 20-, 50-, 100-, 200-, and 300-
fold molar excesses and with a cold mutated �50 to �24-bp probe
at a 300-fold molar excess, added to the reaction mixture 20 min
before the labeled probe. We performed antibody supershift assay
by incubating 2 mg of Sp1-Ab, EGR1-Ab, or Sp3-Ab in binding re-
action mixtures, overnight at 4 �C.

2.6. Immunoblotting

Nuclear proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), after which we
performed immunoblotting, as previously described [9], with Sp1-
Ab and EGR1-Ab. Protein band density was quantified with the
ImageJ program, version 1.44p (National Institutes of Health,
Bethesda, MD).

2.7. Cell RNA extraction and real-time qRT-PCR analysis

OKP cells were treated with vehicle or 10�7 M PTH for 24 h, and
total RNAwas isolated as described elsewhere [9]. Random primers
were used for reverse transcription, and the following forward
and reverse primers were used for real-time qRT-PCR: Sp3d50-
GGCGCCAATCTTGGGAAAAA-30 and 50-A GCGTTTTGAACATTCT
GGACA-30, respectively; EGR1d50-CTGGAGAGAAACCCTTCGCC-30

and 50-ACAATAGGAGGTGGGTACTGGA-30, respectively; and b-actin
(housekeeping gene used as an internal control)d50-GTGATCAC-
CATTGGCAATGAGAG-30 and 50-CGGTATTGGCATACAAATCCTTACG-
30, respectively. The relative amplicon abundance was detected
with SYBR Green, using the comparative threshold cycle method.
The results are given as relative expression of Sp3 or EGR1 mRNA,
normalized to the respective internal control.

2.8. Statistical analysis

Values are presented as means ± SE. Statistical significance was
determined by ANOVA followed by Bonferroni post hoc test. Stu-
dent's t-tests were used when indicated. Values of P < 0.05 were
considered statistically significant.

3. Results

3.1. Proximal Nhe3 promoter activity

We previously demonstrated that at least 44 bp of the Nhe3 50FS
are necessary for efficient transcription of the luciferase reporter
gene [14]. Although rat and human proximal Nhe3 promoters are
highly similar in the first 100 bp of the 50FS [13], including binding
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sites for some transcription factors, they diverge beyond �100 bp.
As shown in Fig. 1, PTH caused a significant (z30%) decrease in the
promoting activity of segments spanning the �65 to þ31-bp
and �44 to þ31-bp ranges, including nucleotide of the 50FS and
of the first exon (P ¼ 0.0019 and P ¼ 0.0301, respectively), which
include the core promoter (defined as the �40 to þ40-bp nucleo-
tide sequence) and the proximal promoter (defined as the �200
to �40-bp nucleotide sequence) in the 50FS, respectively [18].
3.2. Involvement of PKA and JAK/STAT signaling pathways

We have previously shown that PTH increases cAMP levels in
OKP cells, and that the PKA signaling pathway is involved in PTH
inhibition of Nhe3 transcription [9]. Here, we observed that PTH
does not inhibit the�44 toþ31-bp Nhe3 core promoter in OKP cells
incubated for 30 min with 10�6 M of the PKA inhibitor KT5720
(Fig. 2A), suggesting that transcription modulators that interact
with the transcription initiation complex recruited by PTH are
regulated by PKA. Recent studies have shown that, in the cytoplasm
and in the nucleus, there is crosstalk between the PKA and JAK/
STAT signaling pathways [19,20]. To determine whether such
crosstalk occurs in our model, transiently transfected cells with
the �44 to þ31-bp Nhe3 promoter construct were incubated for
30 minwith 5 � 10�5 M 1,2,3,4,5,6-hexabromocyclohexane (a JAK2
autophosphorylation inhibitor) or 10�5 M Static (a STAT3 inhibitor)
and exposed to 10�7 M PTH for 24 h. The results suggest that the
JAK/STAT pathway is involved in PTH inhibition of Nhe3 promoter
activity, the PTH-induced reduction of promoter activity being
Fig. 1. PTH effects on the proximal NHE3 promoter (n ¼ 6). The inhibitory effect of PTH wa
(�65/þ31 and �44/þ31, respectively) but not in its �85 to þ31-bp segment (�85/þ31). *P
determined by Student's t-test.
completely abolisheddPTH in fact becoming an activator of that
activitydin the presence of the JAK2 and STAT3 inhibitors (Fig. 2B).
In the absence of PTH, neither inhibitor affected promoter activity.

3.3. Effects of mutations at EGR1/Sp1/Sp3 binding sites in the
proximal Nhe3 promoter

We designed proximal Nhe3 promoter constructs in which nu-
cleotides of consensus binding sites for EGR1 and Sp1/Sp3 were
mutated: G�72 to A�72 and G�70 to A�70; CG�58 to �57 to AA�58 to �57
and CG�50 to �49 to AA�50 to �49; and GC�36 to �35 to AA�36 to �35. The
point mutations in the �80 to þ31-bp, �60 to þ31-bp, and �40
to þ31-bp promoter regions abrogated the inhibitory effect of PTH
(Fig. 2C). Mutations in the �80 to þ31-bp and �60 to þ31-bp
regulatory regions resulted in PTH-induced activation, rather than
inhibition, of transcription in the promoter regions.

3.4. Sp3/EGR1 nuclear expression

The complex immunoblot pattern of Sp3 is due to alternatively
spliced mRNA, together with post-translational modification of the
proteins by addition of small ubiquitin-like modifier (SUMO), a
process known as SUMOylation [21]. The Sp3 immunoblot pattern
of OKP cells is similar to that of human cells, presenting long and
short isoforms (Sp3li and Sp3si, respectively). PTH increased the
abundance of Sp3li-1; probably SUMOylated Sp3si3 or Sp3si4,
Sp3si-3, and extra bands detected by SDS-PAGE; and reduced Sp3li-
2 and Sp3si-4 (Fig. 3A and B). PTH did not alter Sp3 mRNA
s observed in the �65 to þ31-bp and �44 to þ31-bp segments of the promoter region
< 0.05 vs. the control cells transfected with the same recombinant pGL3 vectors, as



Fig. 2. (A) The inhibitory effect of PTH on the �44 to þ31-bp segment of the proximal NHE3 promoter was transformed into an activating effect by the PKA inhibitor KT5720 (n ¼ 6),
as well as (B) by the inhibitor of JAK2 autophosphorylation e hexabromocyclohexane (Hexabromo) (n ¼ 6) e and the STAT3 inhibitor Static (n ¼ 6). ANOVA, *P < 0.05 treated vs.
control and #P < 0.05 inhibitor vs. PTH and ##P < 0.01 inhibitor vs. PTH. (C) Effect of double-point mutations on consensus binding sites for transcription factors in the proximal
NHE3 promoter (n ¼ 6). Mutations in Sp1/3 and Sp1/3-EGR1 binding elements located upstream of nucleotide �37, within the �80 to þ31-bp (a), �60 to þ31-bp (b), and �40
to þ31-bp (c) segments, abolished/inverted the inhibitory effect of PTH on the promoter. *P < 0.05 and # #P < 0.01, as determined by Student's t-test.
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abundance (data not shown). Although EGR1-protein expression
was unchanged after treatment with PTH (Fig. 3C and D), we
detected a significant PTH-induced increase in EGR1 mRNA abun-
dance (Fig. 3E).

3.5. EGR1 binding to the proximal NHE3 promoter

The EMSA employing the probe corresponding to �61 to �42-
bp segment of the proximal NHE3 promoter, which includes po-
tential binding sites for Sp1/Sp3 and EGR1, is depicted in Fig. 4. In
PTH-treated cells, EGR1-Ab induced a supershift, suggesting
increased EGR1 binding to its consensus binding element at the
promoter in the presence of PTH. In addition, Sp3-Ab apparently
induced a slight displacement of the labeled probe.

We also tested the �50 to �24-bp probe, which includes a
complete Sp1/Sp3 binding site but only a partial EGR1 binding site.
We observed reduced protein binding to the �50 to �24-bp probe
in presence of PTH, albeit with no supershift (data not shown).
4. Discussion

We previously reported that persistently high PTH levels lead to
a reduction in NHE3 expression [6], as confirmed by Wang et al.
[22]. In another study, we showed that chronic PTH treatment
downregulates NHE3 promoter activity and reduces mRNA stabil-
ity, both effects inhibiting NHE3 expression [9]. Here, we showed
that, in OKP cells, PTH has an inhibitory effect on the�65 toþ31-bp
and �44 to þ31 bp nucleotide sequences (proximal and core pro-
moters, respectively, of the Nhe3 gene), indicating direct interfer-
ence with the transcription machinery. PTH-induced inhibition of
NHE3 expression has previously been reported to be sensitive to
PKA inhibitors [9], which is in agreement with our present findings.
However, we found that the effect was also sensitive to JAK/STAT
inhibitors. The relationship between the PKA and JAK/STAT
signaling pathways has been described in intracellular signaling
triggered by some membrane receptors, such as corticotropin re-
ceptors in adrenal cells, and alpha-adrenergic receptors in



Fig. 3. (A) Western blot analysis of Sp3 expression in PTH-treated cells (n ¼ 4) vs. control cells (n ¼ 3); PTH induced changes in Sp3 expression, which could be due to differential
expression of long and short isoforms (Sp3li and Sp3si, respectively) derived from splicing variants or SUMOylation. (B) Densitometry of bands. ANOVA, *P < 0.01; #P < 0.05. (C)
Western blot analysis of EGR1 expression in PTH-treated cells (n ¼ 3). (D) Densitometry of bands. (E) Real-time qRT-PCR analysis of EGR1 mRNA in PTH-treated cells (n ¼ 7).
GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase. Student's t-test, *P < 0.05.
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adipocytes [19,20]. JAK-tyrosine kinase is a key molecule that can
initiate multiple signal transduction pathways by inducing phos-
phorylation of cytokine receptors, including glycoprotein 130
(gp130), the common receptor subunit of the interleukin-6 super-
family, to which various signaling molecules are recruited,
including STAT [23]. These multiple signal transduction pathways
closely regulate the expression of several genes, including EGR1. It
is noteworthy that gp130 is required for PTH-induced osteoblast
differentiation [24], suggesting that gp130 is related to PTH acti-
vation of JAK/STAT in the renal proximal tubules, which merits
investigation.

In rats, the proximal and core promoters of the gene encoding
NHE3 encompass consensus binding sites for EGR1 and Sp1/Sp3, to
which OKP transcription factors can bind [14e16]. It is known that
Sp1/Sp3 and EGR1 are involved in the regulation of NHE3 tran-
scription bymultiple agents [25e27]. Point mutations in consensus
sequences where these transcription factors can bind, located up-
stream of �37 bp, abrogate the inhibitory effect of PTH, indicating
that these sequences are important for PTH-induced down-
regulation of NHE3 gene transcription.

We observed PTH-induced changes in the relative expression of
splicing isoforms of Sp3 and possibly in Sp3 SUMOylation, which
was not explored here. Although PTH did not change the relative
abundance of Sp3 mRNA, it increased that of EGR1 mRNA.
Expression of Sp1 (unphosphorylated and phosphorylated), was
unchanged by PTH (data not shown). Although Sp1 is mainly
considered an activator of transcription, various studies have
demonstrated efficient repression of Sp1-mediated transcription by
Sp3 in promoters containing adjacent multiple Sp1/Sp3 binding
sites [28e30].

Our EMSA and antibody supershift assay results indicate that
PTH induces increased EGR1 binding to the �61 to �42-bp DNA



Fig. 4. EMSA and antibody supershift assay with a �61 to �42-bp probe (n ¼ 3). A supershift was observed in the presence of EGR1-Ab (solid arrows). Sp3-Ab also induced slight
displacement of a band (dashed arrow).
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segment, in which there is one EGR1 consensus element. We also
observed PTH-induced changes in the relative expression of
different isoforms of Sp3, which apparently also binds to this re-
gion, contributing to the PTH effect on NHE3 gene promoter ac-
tivity. Sp3 can act as activator or inhibitor of transcription
depending on the promoter context [31]. Our data suggest
increased SUMOylation of small isoforms of Sp3. SUMOylated Sp3
can recruit inhibitors of transcription to the promoter, as reported
by Ross et al. [32]. Other mechanisms of repression have been
associated with Sp3, including phosphatase recruitment, which
seems important for Sp3 regulation of the local balance between
kinase and phosphatase activities [33]. By regulating phosphory-
lation of proteins that coordinate RNA polymerase II pausing, such
as negative elongation factor, Sp3 might modulate the transition
from pausing to productive elongation, an important mechanism
for fine-tuning gene expression.

Taken together, our results indicate that PTH-induced inhibition
of NHE3 expression is related to a complex intracellular signaling
involving PKA and JAK/STAT activation, which changes the Sp3
isoform expression profile and increases EGR1 binding to the core
and proximal promoters. The PTH-mobilized transcription factors,
due to the proximity of their binding sites to the Nhe3 gene tran-
scription start site, might interfere with the assembling of the basal
transcriptionmachinery or with the transition of RNA polymerase II
to the productive elongation phase.
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