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Abstract
Serotonin (5-HT) decreases NHE2 and NHE3 activities under acute conditions in human intestinal
epithelial cells. Here, we have investigated the effects of 5-HT on expression of the human NHE3
gene and the mechanisms underlying its transcriptional regulation in differentiated C2BBe1 cells.
Treatment of the human intestinal epithelial cell line, C2BBe1, with 5-HT (20 μM) resulted in a
significant decrease in NHE3 mRNA and protein expression. In transient transfection studies, 5-HT
repressed the NHE3 promoter activity by ~55%. The repression of the NHE3 promoter activity in
response to 5-HT was accompanied by reduced DNA-binding activity of transcription factors Sp1
and Sp3 to the NHE3 promoter without alteration in their nuclear levels. Pharmacological inhibitors
of protein kinase C reversed the inhibitory effect of 5-HT on the promoter activity. Our data indicate
that 5-HT suppresses the transcriptional activity of the NHE3 promoter and this effect may be
mediated by PKCα and modulation of DNA binding affinities of Sp1 and Sp3.
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Introduction
Serotonin (5-hydroxytryptamine, or 5-HT) is an important neurotransmitter predominantly
present in the gut and brain. It is synthesized and secreted into the blood stream and intestinal
lumen by enterochromaffiin cells in the gastrointestinal tract representing the largest store
(~95%) of 5-HT in the body [1,2]. Serotonin plays a critical role in regulating the
gastrointestinal motility, secretion and absorption. Increased serotonin levels have been
implicated in the pathophysiology of diarrhea associated with carcinoid syndrome [3],
ulcerative colitis and irritable bowel syndrome [4]. We have recently shown that serotonin
decreases NHE2 and NHE3 activities via 5-HT4 receptors in human intestinal epithelial cells
under acute conditions [5]. However, the effects of serotonin on NHE3 gene expression are
not known.
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To date nine members of the NHE gene family have been identified and characterized in
eukaryotic cells. The NHE gene family is involved in the regulation of a diverse range of
biological functions including intracellular pH and cell volume regulation, and sodium
absorption in the human intestine. NHE1, NHE2, NHE3 and NHE8 are expressed in the human
gastrointestinal tract. In polarized cells, NHE1 is localized to the basolateral membrane while
NHE2, NHE3 and NHE8 are localized to the apical membrane [6,7]. The importance of the
NHE3 isoform in electrolyte and fluid homeostasis has been demonstrated by reduction of
Na+ absorption in NHE3 knockout studies [8] and by inhibition of its transport activity in
diarrheal diseases [7].

We have previously shown that the NHE3 core promoter region, bp −95 to +5, which harbors
a number of cis-elements including Sp1 binding sites is sufficient for the basal NHE3 promoter
activity in C2BBe1 cells [9]. Our subsequent studies revealed that this promoter region plays
a critical role for the NHE3 promoter activity in response to various stimuli. For example, the
signaling pathways responsible for the effects of phorbol ester PMA, butyrate or IFN-γ/TNF-
α, converge at an overlapping Sp1/Egr-1 motif in the core promoter region and each pathway
triggers a distinct response [10–12]. Our current data show that serotonin represses the NHE3
transcription and the Sp1/Egr-1 motif is also responsible for the repression elicited by serotonin.
Furthermore, we show that serotonin-response may be mediated by a PKCα signaling pathway
and modulation of the DNA-binding activity of Sp1 and Sp3 to the Sp1/Egr-1 motif.

Materials and methods
Reagents

Most of the chemical reagents including serotonin hydrochloride were purchased from Sigma-
Aldrich Inc., (St. Louis, MO), unless otherwise noted. Briefly, Dulbecco’s modified Eagle’s
Medium, fetal bovine serum, and LipoFectamine™2000 were obtained from Invitrogen life
Technologies Inc., (Carlsbad, CA). Protein kinase inhibitors obtained from Calbiochem (La
Jolla, CA). Gel shift assay core system was from Promega (Madison, WI). The NHE3, Sp1,
Sp3 and mouse monoclonal actin and tubulin antibodies, were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

Promoter-Reporter Plasmids
Plasmids used for functional analysis of the NHE3 promoter activity were generated using
pGL2-Basic (Promega) and have been previously described [9].

Cell Culture, Transfections and Reporter Assays
C2BBe1 cells were obtained from the American Type Culture Collection (Manassas, VA) and
maintained as previously described [13]. For transient transfection studies, cells (1.5×105 cells/
well) were seeded onto collagen coated 12-well plates and grown for 12 days. Differentiated
cells were co-transfected with one of the NHE3-reporter constructs along with pSV-βgal as an
internal control using LipoFectamine™2000 (Invitrogen). A total of 4.0 μg DNA at a ratio of
4:1 for experimental to pSV-βgal was used for each transfection. Cells were incubated with
the DNA/transfection mixture for 6 h. Subsequently media was replaced with serum-reduced
media (0.5% FBS) for 24 h and incubation continued in the presence or absence of serotonin.
All serotonin treatments were for 16 h with, unless otherwise noted. Serotonin containing media
were replenished after 8 hours for prolonged incubation periods. For signal transduction
experiments, transfected cells were pre-incubated with the pathway specific inhibitors for 1 h
prior to the addition of serotonin (20 μM) and incubation continued for additional 16 h.
Luciferase activity was determined as described [12].

Amin et al. Page 2

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 May 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RNA Extraction and RT-PCR Analysis
Total RNA extraction, reverse transcription and polymerase chain reactions (PCR) were
performed as described [12].

Western Blot Analysis
Total cell extracts or nuclear proteins were prepared from differentiated C2BBe1 cells as
described [12]. For NHE3, 100 μg total cell lysate and for Sp1 and Sp3, 20 μg nuclear proteins
were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred onto PVDF
membrane (Immobilon-P Millipore). The NHE3, Sp1 and Sp3 proteins were detected using
NHE3, Sp1 and Sp3 antibodies, respectively. The blots were re-probed with either actin or
tubulin mouse monoclonal antibodies as loading control. For immunoprecipitation studies, 200
μg total cell proteins from C2BBe1 cells were immunoprecipitated using the NHE3 (3H3)
monoclonal antibody (kindly provided by Dr. O.W. Moe) and subjected to Western blot
analysis using the NHE3 antibody from Santa Cruz Biotechnology as described above.

Gel Mobility Shift Assay (GMSA)
GMSAs were performed as described previously [10].

Statistical Analyses
Differences between the two groups were evaluated using Student’s t-test. P < 0.05 was used
to indicate statistical significance.

Results
The dose- and time-dependent effect of serotonin on the expression of NHE3 mRNA and
protein in C2BBe1 cells

RT-PCR experiments were performed to investigate the effect of serotonin on NHE3 mRNA
expression. Total RNA was obtained from differentiated C2BBe1 cells treated with or without
serotonin and subjected to reverse transcription and subsequent PCR amplification using NHE3
and GAPDH gene-specific primers. As shown in Figure 1A, the NHE3 mRNA expression level
decreased significantly in the presence of 20 and 100 μM Serotonin. By densitometric
quantifications, the reduction in mRNA expression was estimated to be approximately 50% at
20 and 100 μM Serotonin (Fig. 1A, right panel).

To establish a time-course for the NHE3 mRNA reduction in response to serotonin, cells were
exposed to 5-HT (20 μM) for various time intervals and NHE3 mRNA expression assessed by
RT-PCR. Serotonin exposure led to decreased NHE3 mRNA expression in a time-dependent
and transient manner with the maximum repression after 4 h and subsequent recovery by 24 h
(Fig. 1B). Replenishing 5-HT during longer incubation periods showed no effect on the
recovery of NHE3 mRNA at 24 h. Intestinal serotonin is inactivated by metabolic degradation
after reuptake mediated by the serotonin transporter SERT. Inactivation of serotonin is
important to limit its action both temporally and spatially. Moreover, enteric 5-HT receptors
are subject to desensitization [14]. Therefore, it is possible that with continuous availability
and prolonged exposure to 5-HT desensitization of 5-HT receptors may be responsible for
blunting the signaling pathways mediating the effects of 5-HT on the NHE3 transcription in
these cells.

To demonstrate a relationship between NHE3 mRNA and protein levels, we analyzed the total
cell extracts from 5-HT treated cells by immunoblotings. As shown in Figure 1C, 5-HT
treatment was associated with a time-dependent reduction in the level of NHE3 protein in the
treated cells and correlated with the NHE3 mRNA expression in response to 5-HT. The
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authenticity of the signals detected in the immunoblot (Fig. 1C) was confirmed by using NHE3
(3H3) monoclonal antibody. In these studies, NHE3 antibody (Santa Cruz Bioteh) was used
to detect NHE3 protein in Western blots of the immunoprecipitated proteins using the NHE3
(3H3) monoclonal antibody. Both antibodies detected a signal at 85 kDa (data not shown).

The effects of serotonin on the NHE3 promoter and identification of the serotonin-responsive
region

We next investigated whether the serotonin-induced repression of the NHE3 mRNA is
impacted through its effects on the NHE3 promoter. The NHE3 promoter construct, p-1507/
+131, was transiently transfected into C2BBe1 cells and reporter gene activity was analyzed
in the presence of increasing concentrations of serotonin for 16 h. A gradual decrease in NHE3
promoter activity was observed with increasing 5-HT levels (Fig. 2A). The highest
concentration (20 μM) led to a significant reduction in the reporter gene activity compared to
the untreated control suggesting that the repressive effect of serotonin on the NHE3 mRNA
expression is mediated by transcriptional regulation.

Next, we identified the serotonin-responsive region by functional analysis of various 5′-
deletion constructs of p-1507/+131. The construct carrying bp −95/+5 was capable of
conferring the repressive effects of 5-HT on the NHE3 promoter activity (~55% reduction)
whereas, deletion of an additional 20-nucleotide led to a diminished basal promoter activity
and disappearance of 5-HT response (Fig. 4B). Thus, these data suggest that the cis-element
(s) required for 5-HT responsiveness must be localized in the region between bp −95 to −76.

Identification of proteins interacting with the serotonin-responsive region
Previously, we have shown that sequence motifs composed of overlapping sites for Sp1/Egr-1
(bp −89 to −68), and Sp1/AP-2 (bp −73 to −49) could interact with transcription factors Sp1/
Sp3 and AP-2, respectively, and control the constitutive NHE3 promoter activity [9,10]. Our
results (Fig. 2), suggested that serotonin might regulate the NHE3 promoter activity through
Sp1/Egr-1 motif. To address this possibility, we performed GMSAs with probes A and B using
nuclear proteins from the control and serotonin treated cells. As expected, in the control
reactions nucleoprotein complexes were formed between probe A and transcription factors Sp1
and Sp3; and AP-2 and probe B (Fig. 3B). Interestingly, DNA-binding affinities of both the
Sp1 and Sp3 to probe A were diminished by serotonin treatment, while no obvious alteration
in AP-2 interaction with probe B was detected. Figure 3C shows a representative GMSA using
probe A and nuclear proteins from untreated (lanes 1–5) and serotonin-treated (lanes 6–9) cells.
Consistent with the presence of Sp1 and Sp3 proteins in these complexes, an unlabeled Sp1
specific oligonucleotide competed out all nucleoproteins (Fig. 3C, lane 5). In the presence of
Sp1 antibody, a slow migrating band was formed (SS) and complex 1 (C1) was eliminated
(Fig. 3C, lanes 2 and 7); and Sp3 antibody completely removed C2 and C3 complexes (Fig.
3C, lanes 3 and 8). A combination of Sp1 and Sp3 antibodies eliminated all these bands
indicating that protein component of these complexes were Sp1 and Sp3 (Fig. 3C lane 4 and
9).

To investigate whether reduced DNA-protein interactions observed between Sp1/Sp3 and
NHE3 promoter were the result of decreased protein levels in the serotonin-treated nuclear
extracts or their reduced DNA-binding affinities, Western blot analyses were performed. As
demonstrated (Fig. 4D), Sp1 and Sp3 levels were not altered by 5-HT treatment. Thus reduced
DNA-binding affinity of Sp1 and Sp3 to the NHE3 core promoter may be mediated via
mechanisms other than the absolute quantity of the proteins.
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Serotonin-induced repression of NHE3 promoter activity is mediated via activation of PKC
pathway

Recently we reported that the acute treatment of intestinal epithelial cells with serotonin
decreases the transport activity of both NHE2 and NHE3 via a process that involves the
activation of PKCα [5]. To examine the possible regulatory effect of PKC on the NHE3
promoter activity in response to serotonin, C2BBe1 cells were transfected with the p−95/+5
and pretreated with PKC inhibitors, chelerythrine chloride (2 μM), or GÖ6976 (5 nM),
followed by serotonin treatment. Inhibition of PKC pathway by chelerythrine chloride led to
complete reversal of the suppressor effect of 5-HT on the NHE3 promoter activity (Fig. 4A).
Consistent with the inhibition by chelerythrine chloride, GÖ6976, a PKCα-specific inhibitor,
also blocked the 5-HT response (Fig. 4B). Neither one of these inhibitors by themselves had
any effect on the NHE3 promoter activity. To assess the involvement of PKA, p-95/+5
transfected cells were treated similarly using PKA inhibitor Rp-8-Br-cAMP (0.5 mM).
Inhibition of PKA pathway did not alter the serotonin-mediated repression of the NHE3
promoter activity (Fig. 4C). These data suggest that the suppressor effect of serotonin on the
human NHE3 expression is mediated by PKCα-dependent pathway, but is PKA independent.

Discussion
In previous studies, we showed that the interactions of various transcription factors with the
cis-elements present in the human NHE3 core promoter region mediate the basal and regulated
NHE3 gene expression [9–12]. Here, we investigated the effects of serotonin on the NHE3
gene expression in the human intestinal epithelial cell line, C2BBe1. Serotonin is released from
enterochromaffin cells in the intestine and plays an important role in intestinal function. Studies
from our group showed that acute serotonin treatment repressed the NHE3 transport activity
[5].

In this study, by 5′-deletion analyses of the NHE3 promoter-reporter constructs we localized
the 5-HT responsive region to the sequences between bp −95 to −76 in the core promoter region.
Previously, we have shown that transcription factors Sp1 and Sp3 interact with an overlapping
Sp1/Egr-1 motif in this region and regulate the constitutive NHE3 expression under the basal
growth conditions [10]. Here, we demonstrate that 5-HT treatment leads to reduced DNA-
binding activity of Sp1 and Sp3 although their nuclear contents are not affected. Consistent
with these results the NHE3 promoter activity and transcript levels are down-regulated upon
5-HT treatment and expression of NHE3 protein is diminished. Thus our data indicate that the
Sp1/Egr-1 motif in the NHE3 core promoter region plays a dual regulatory role in expression
of NHE3 gene; i.e., not only it can server as a transcriptional enhancer [10], but can also play
a role as suppressor of transcription. Regulation of gene expression by Sp1 is complex and
involves multiple mechanisms including direct protein-DNA binding and protein-protein
interactions [15]. In addition, transactivation potential of Sp1 itself is dictated by various
posttranslational modifications such as phosphorylation, acetylation, and glycosylation [16].
Previous studies have established that phosphorylation of Sp1 may decrease its DNA-binding
affinity [15–17]. Chu, et. al., [18] have shown that exposure of the lung epithelial cells to protein
phosphatase 1, reduces the DNA-binding activity of Sp1 and Sp3 to the α-ENaC2 promoter
and leads to diminished promoter activity. This mode of gene regulation has also precedence
in the NHE3 gene expression [12]. We have shown that chronic exposure of C2BBe1 cells to
a combination of TNF-α and IFN-γ results in repression of the NHE3 promoter activity,
transcript and protein levels. Furthermore, repression of NHE3 promoter activity was mediated
via a PKA signaling pathway leading to phosphorylation of Sp1/Sp3 and their reduced
interactions with the core promoter region [12].

We speculate that reduced Sp1/Sp3 DNA-binding affinity to the NHE3 promoter in response
to 5-HT may be controlled by posttranslational modification of these transcription factors by

Amin et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 May 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphorylation. Earlier reports have shown the involvement of PKC isozymes in Sp1-
mediated transcriptional regulation of the target genes [19,20]. Using pathway specific
pharmacological inhibitors we examined the contribution of the PKC signaling pathway to the
serotonin-mediated inhibition of NHE3 promoter activity. Exposure to chelerythrine chloride,
a general PKC inhibitor, led to a complete reversal of the suppressor effect of 5-HT on the
NHE3 promoter activity. Similarly, GÖ6976, a PKCα-specific inhibitor, also prevented the 5-
HT response. Therefore, we conclude that PKCα is involved in mediating the effect of serotonin
on the NHE3 transcription. Alterations in Sp1 interactions with other proteins have also been
documented to influence its DNA-binding affinity and transactivation potential [17,21].
Therefore, we could not exclude the possibility that regulatory mechanisms other than
interference with direct protein-DNA interaction might affect Sp1/Sp3 availability for
interactions with the NHE3 promoter.

In conclusion, transcriptional down-regulation of the NHE3 gene may be an important
mechanism responsible for the decreased expression of NHE3 in response to long-term
exposure to 5-HT. This mode of regulation may play a critical role in repression of NHE3 in
response to stimuli such as serotonin, IFN-γ, and TNF-α and may account for, in part, the
underlying reduction in Na+/H+ exchange activity implicated in the onset of diarrhea associated
with intestinal inflammatory disorders.
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Fig. 1.
Dose- and time-dependent effects of serotonin on the expression of the NHE3 mRNA in
C2BBe1 cells. Differentiated serum-starved C2BBe1 cells treated with different doses of 5-
HT for 4 h (A), or with 20 μM concentration for 0, 2, 4, 6, 8 and 24 h; total RNA was extracted
and subjected to RT-PCR (B). GAPDH was used as an internal control. Effect of serotonin on
the NHE3 protein levels examined by Western blot analysis (C), differentiated serum-starved
cells were treated with serotonin for the indicated time period and total cell proteins were
prepared and separated (100 μg/lane) by 10% SDS-polyacrylamide gel electrophoresis. NHE3
protein was detected using anti-NHE3 goat polyclonal antibody. The blot was re-probed with
tubulin antibody. Densitometric analysis of each experiment is shown on the right panels. Data
are presented as intensity of the experimental sample relative to the GAPDH intensity in the
corresponding sample. The activity in the control was set at 100. Results were obtained from
three separate experiments (mean ± S.D.). * P<0.05 compared to control.
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Fig. 2.
Functional analysis of the NHE3 promoter by luciferase assays and identification of serotonin-
responsive region. Promoter construct p-1507/+131 was transiently transfected into
differentiated C2BBe1 cells (A). The effect of indicated doses of serotonin on NHE3 promoter
activity was determined by luciferase assays. The luciferase activities are presented relative to
the normalized activity of the promoter-less pGL2-Basic. 5′deletion NHE3 promoter constructs
were transiently transfected into C2BBe1 cells and treated with or without serotonin (20 μM)
for 16 h (B). Values shown are mean ± S.E. obtained from three different experiments
performed in triplicate assays on different days. Statistical differences from the control values
were determined by Student’s t test (‡ P = 0.007; * P = 0.006; ** P = 0.0002; *** P = 0.0001).
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Fig. 3.
Effect of 5-HT on the DNA-binding activity of nuclear proteins to the NHE3 core promoter
region. Nucleotide sequence of the NHE3 core promoter region (bp −95 to −5) is shown and
probes used for GMSAs are indicated (A). DNA-binding of nuclear proteins from untreated
and serotonin treated cells to the probes A and B (B). Detailed analysis of DNA-binding
characteristics of probe A and nuclear proteins from untreated and 5-HT treated cells (C). Lanes
1–5 and 6–9 show complex formation between probe A and nuclear proteins from untreated
or serotonin-treated cells, respectively. The binding specificity of these complexes was
examined by competition assays where excess unlabeled Sp1-specific probe was used (lane
5). The identities of the proteins present in these complexes were established by supershift
assays and are indicated by slow migrating supershift bands (SS). Effects of serotonin on the
nuclear expression of Sp1 and Sp3 in C2BBe1 cells (D). Nuclear proteins (20 μg/lane) were
separated by 10% SDS-polyacrylamide gel electrophoresis and Western blots were performed.
Sp1 and Sp3 were detected using Sp1 and Sp3 antibodies, respectively. The blots were re-
probed with actin antibody. C, control; Ab, antibody; NP, nuclear proteins.
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Fig. 4.
Effects of protein kinase inhibitors on the serotonin-mediated repression of the NHE3 core
promoter activity. Differentiated C2BBe1 cells were transiently transfected with the p-95/+5.
After serum-starvation, cell were treated without (control) or with the chelerythrine chloride
(CC) (A), GÖ6976 (B), or Rp-8-Br-cAMP (C), for 1 h prior to further incubation in the presence
or absence of 5-HT for 16 h. The luciferase activities are presented as percentage of the control
(n=3, mean ± S.E.). ‡, *** P < 0.0005; * P = 0.49.
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