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Abstract
Pendrin (SLC26A4), a Cl-/anion exchanger encoded
by the gene PDS, is highly expressed in the kidney,
thyroid and inner ear epithelia and is essential for
bicarbonate secretion /chloride reabsorption, iodide
accumulation and endolymph ion balance,
respectively. The molecular mechanisms controlling
pendrin activity in renal, thyroid and inner ear epithelia
have been the subject of recent studies. The effects
of ambient pH, the hormone aldosterone and the
peptide uroguanylin (UGN; the “intestinal natriuretic
hormone”), known modulators of electrolyte balance,
on transcription of the pendrin gene, have been
investigated. Luciferase reporter plasmids containing
different length fragments of the human PDS (hPDS)
promoter were transfected into renal HEK293, thyroid
LA2, and inner ear VOT36 epithelial cells. Acidic pH
decreased and alkaline pH increased hPDS promoter
activity in transfected HEK293 and VOT36, but not in
LA2 cells. Aldosterone reduced hPDS promoter
activity in HEK293 but had no effect in LA2 and VOT36
cells. These pH and aldosterone-induced effects on

the hPDS promoter occurred within 96-bp and 89-bp
regions, respectively, which likely contain distinct
response elements to these modulators. Injection of
UGN into mice resulted in decreased pendrin mRNA
and protein expression in the kidney. Exposure of
transfected HEK293 to UGN decreased hPDS
promoter activity. The findings provided evidence for
the presence of a UGN response element within the
96-bp region overlapping with the pH response
element on the hPDS promoter. Pendrin is also
expressed in airway epithelium. The cytokins
interleukin 4 (IL-4) and interleukin-13 (IL-13), known
regulators of airway surface function, have been shown
to increase hPDS promoter activity by a STAT6-
dependent mechanism. In conclusion, systemic pH,
the hormone aldosterone, and the peptide UGN
influence renal tubular pendrin gene expression and,
perhaps, pendrin-mediated Cl-/HCO3

- exchange at the
transcriptional level. Pendrin-driven anion transport
in the endolymph and at the airway surface may be
regulated transcriptionally by systemic pH and IL-3/
IL-4, respectively. The distinct response elements and
the corresponding transcription factors mediating the
effect of these modulators on the PDS promoter
remain to be identified and characterized.
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Introduction

The Pendrin Gene (PDS/SLC26A4) and its
Product, Pendrin/SLC26A4 Protein
Everett et al. [1] identified the PDS gene as the

locus of mutations causing Pendred syndrome, an
autosomal recessive disorder characterized by
sensorineural hearing loss and enlargement of the thyroid
gland [2, 3]. The 21 exon PDS gene resides immediately
3' to the closely homologous DRA/SLC26A3 gene on
chromosome 7q31.1 [4], suggesting an ancient gene
duplication [5]. The ~5 kb PDS transcript is most highly
expressed in thyroid, kidney and inner ear [1, 6, 7], but is
detected also in respiratory epithelial cells [8], trophoblasts
[9], endometrium [10], testis [11], vas deferens [12], and
mammary gland [13]. The PDS transcript encodes the
780 amino acid pendrin protein, sharing with other SLC26
superfamily proteins the predicted topographic disposition
of a short N terminal cytoplasmic domain followed by
~12 transmembrane spanning regions and a C-terminal
cytoplasmic STAS domain [1, 14-16]. However, the exact
number of transmembrane spanning regions of pendrin is
controversial [16]. Functional studies in heterologous
expression systems have revealed that pendrin functions
as an electroneutral plasmalemmal anion exchanger [17].
Pendrin functions in the renal cortical collecting duct
(CCD) in Cl-/HCO3

- [18, 19] and Cl-/I- exchange [20].
Pendrin is believed also to mediate Cl-/HCO3

- exchange
in the inner ear and Cl-/I- exchange in the thyroid [21,
22].

Pendred Syndrome
Pendred syndrome is the most common form of

syndromic deafness, and accounts for up to 10% of
hereditary deafness [23-25]. The profound hearing loss
in Pendred syndrome is particularly pronounced at high
frequency, and occasionally accompanied by impaired
vestibular function [23]. It is associated with radiologically
detectable enlargement of the vestibular aqueduct (EVA)
and with temporal bone abnormalities [2, 26]. Pendred
syndrome is further characterized by a thyroidal iodide
organification defect variably accompanied by euthyroid
goiter [2, 3]. Pendrin mutations without thyroid dysfunction
are linked to recessive nonsyndromic deafness (DFNB4)
[27] with EVA [28]. Among the more than 200 different
PDS mutations identified in deaf patients, we with our
collaborators have reported 14 PDS variants novel at time
of publication, and functionally characterized those
encoding nontruncated missense mutants [28-30].

Expression and Function of Pendrin

Pendrin in the kidney
The CCD plays a vital role in acid-base homeostasis

and electrolyte balance [31, 32], and includes principal
cells and intercalated cells (types A, B, and non-A non-B
[31, 32]). Pendrin protein is located at or near the apical
membrane of type B- and non-A non-B intercalated cells
(IC) of the CCD [32]. Pendrin contributes to acid–base
balance by secreting HCO3

- into the tubular lumen in
exchange for luminal Cl- [18], and to regulation of blood
pressure and systemic fluid balance via the same Cl-

reabsorption [19, 33, 34]. In contrast to the impaired inner
ear and thyroid function of Pendred syndrome, no overt
acid-base disturbances such as metabolic alkalosis or
electrolyte abnormalities have been detected in these
patients under otherwise unstressed conditions, but at least
two Pendred syndrome patients with intercurrent illnesses
exhibited unusually severe metabolic alkalosis [35, 36].

Pendrin in the inner ear
Pendrin knockout mice develop profound deafness,

show signs of vestibular disease and have marked
dilatation of inner ear structures [37]. Pendrin is expressed
in several locations of the cochlea and the vestibule of
the mouse inner ear [38, 39]. This expression pattern
involves regions important for endolymphatic fluid
resorption, consistent with pendrin’s essential role in the
normal development and proper function of the inner
ear [38].

Immunohistochemical analysis demonstrating
coexpression of pendrin, vacuolar H+-ATPase and
cytosolic carbonic anhydrase II in epithelial cells of the
murine endolymphatic sac [39] suggests that pendrin
may exert its action on the endolymph by controlling acid-
base balance in this fluid compartment, which is essential
for normal hearing. The pendrin-positive cells in the
endolymphatic duct and sac resemble morphologically the
pendrin-expressing non-A non-B intercalated cells of
the renal CCD [39]. The role of pendrin in maintaining
acid base balance in the inner ear is further supported
by the recent demonstration [21, 40] of markedly lower
pH, higher [Ca2+], and complete loss of endocochlear
potential in the endolymph of slc26a4-/- mice relative to
those of wild-type and heterozygous mice. However,
pendrin’s transport substrates in situ, and its exact
role in inner ear function and in determining the
ionic composition of the endolymph, remain incompletely
defined.
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Pendrin in the thyroid gland
Pendrin resides on the thyrocyte apical membrane,

where its activity as a Cl-/I- exchanger is essential for
cellular iodide efflux into the follicular lumen [22, 23].
Pendred syndrome-associated loss-of-function mutations
in the pendrin protein impair the ability of the thyroid gland
to accumulate iodide in the follicular lumen which leads
to insufficient thyroid hormone synthesis, and
compensatory goiter in Pendred syndrome patients [2].
Since other transporters are able to transport I- into the
follicular lumen, patients with Pendred syndrome are
usually euthyroid. Occasional mutant pendrin alleles
unique to patients with DFNB4 and EVA may maintain
residual anion exchange activity which is sufficient to
eliminate or postpone the onset of goiter, but not of inner
ear disease [41].

Epithelial cell-specific expression of the pendrin
gene in the kidney, inner ear, and thyroid
Cell type-specific promoter activity was analyzed

by luciferase expression in transiently transfected
epithelial and nonepithelial cells driven by all or part of
4.2kb of human PDS (hPDS) 5'-flanking sequence [42].
Distinct differences in expression/activity of deduced
positive/negative regulatory elements (PREs/NREs)
within the hPDS promoter between thyroid LA2, renal
HEK293 and inner ear VOT36 cells were demonstrated
with only basal activity in fibroblast NIH3T3 cells [42].
These studies showed putative PREs between -1433bp
and -1342bp in renal HEK293 cells, between -1952bp
and -1838bp in thyroid LA2 cells, and between -2060bp
and -1952bp in VOT36 inner ear cells. The PRE at -
1433bp to -1342bp contains consensus binding sites for
the transcription factors hepatocyte nuclear factor 3
(HNF-3) and Wilms tumor protein (WT1). The PRE at -
1952bp to -1838bp has thyroid transcription factors 1 and
2 (TTF-1 and TTF-2) sites. The TTF-1 and/or TTF-2
binding sites located between -1946bp and -1938bp and
between -1942bp and -1933bp, respectively, on the hPDS
promoter are essential for the activity of this promoter in
thyroid LA2 cells [42] (Fig. 1). The inner-ear PRE at -
2060bp to -1952bp lacks known consensus binding sites.

Pendrin in the airway epithelium
Pendrin is highly expressed at the apical membrane

of bronchial epithelial cells following exposure to
interleukin 4 (IL-4) or interleukin-13 (IL-13) (see later)
or antigen exposure, or in models of asthma or chronic
obstructive pulmonary disease [8, 43, 44]. Pendrin
functions as a CI-/HCO3

- exchanger in airway epithelial

cells [45]. It has been demonstrated that pendrin regulates
airway surface liquid (ASL) thickness via its function as
an anion exchanger [43]. This action of pendrin has
been attributed to the movement of Cl- into the epithelial
cell in exchange for secreted HCO3

- ,which leads to
osmotic flow of water from lumen to the interstitium,
thereby decreasing the thickness of the ASL and
increasing viscosity of the luminal mucus [43]. In line
with this action of pendrin, this anion exchanger has been
shown to mediate mucus production in bronchial
asthma and chronic obstructive pulmonary disease [44],
and to contribute to asthma exacerbation induced by
viral infections and allergens [43]. Pendrin also functions
in the bronchial epithelial cell as a SCN-/Cl- exchanger
[8]. Since SCN- is an anion with antioxidant/antimicrobial
properties, the pendrin-mediated secretion of SCN- into
the lumen (in exchange for Cl- entering the cell) may
contribute to the innate defense of the mucosal
surface. Interestingly, however, there is no evidence of
respiratory disease in individuals affected by mutations
in the pendrin gene.

Modulation of Pendrin Activity

Modulation of pendrin activity in the kidney
Several factors are known to control acid-base

transport in various nephron segments including the CCD.
These factors include systemic pH, body K+ and Cl- stores,
extracellular fluid volume, as well as hormones such as
aldosterone, parathyroid hormone, thyroid hormone, and
angiotensin II [32, 46, 47]. Whereas the modulation of
renal acid-base transport has been thoroughly investigated
at the tubular and cellular levels, the molecular
mechanisms of this modulation remain to be established.
Systemic pH, aldosterone, angiotensin II, and Cl- levels
regulate the activity of several ion transport processes
involved in acid-base transport in the CCD, including
pendrin activity [18, 19, 33, 34, 48-50].

Effect of pH. Immunolocalization studies [48, 49,
51] in acid-loaded rats and mice revealed decreased levels
of pendrin protein expression in the apical membrane of
IC accompanied by a shift of immunoreactive protein from
membrane to cytosolic regions as well as decreased
expression of PDS mRNA. In HCO3

- -loaded animals,
pendrin protein was exclusively expressed in the IC apical
membrane [51]. In addition, acid-loading decreased,
whereas alkali-loading increased, the proportional number
of pendrin-positive cells in the CCD [51]. Pendrin was
absent from the kidneys of slc26a4 -/- mice, and tubules
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from alkali-loaded null mice failed to secrete HCO3
- [18].

These studies have suggested that pendrin plays an
important role in acid base regulation and that this
anion exchanger is essential for HCO3

- secretion
following systemic HCO3

- loading.
Effect of aldosterone. Aldosterone stimulates

proton secretion in the CCD by activating several transport
processes, including epithelial Na+ channels in the
apical membrane of principal cells as well as H+-ATPase
and H+/K+-ATPase activity in the apical membrane
and Cl-/HCO3

- exchanger activity in the basolateral
membrane of α-intercalated cells [46, 47]. These actions
of aldosterone, which result in net excretion of acid in
the distal tubule, are mediated by a variety of genomic
mechanisms involving the action of aldosterone-induced
regulatory proteins, as well as by nongenomic pathways
[52-54]. Verlander and colleagues [19] demonstrated
upregulation of pendrin mRNA and protein in
mouse kidney in response to administration of the
aldosterone analog, deoxycorticosterone.

It has been proposed that in addition to the role
of pendrin in acid-base balance, mediated by
HCO3

- secretion into the tubular lumen [18, 51], this
anion exchanger may also play an important role in blood
pressure regulation by reabsorbing Cl- in exchange
for secreted HCO3

- [19, 33, 34]. Verlander et al. [19]
found that Pds(-/-) mice failed to show weight gain
and hypertension in response to chronic mineralocorticoid
(DOC) administration, responses characteristic of

wildtype mice. The same investigators showed
that angiotensin II increased transcellular Cl- reabsorption
in the isolated perfused mouse CCD through a pendrin-
dependent process [50, 55]. These studies indicate
that pendrin-mediated Cl- transport may be important in
the pathogenesis of hypertension induced by
mineralocorticoid and/or angiotensin II. Recently, Kim
et al [56] showed that epithelial Na+ channel (ENaC)
function and abundance were lower in pendrin null
mice than in wild type mice leading to reduced blood
pressure in the former mice. Pendrin was shown to
modulate ENaC function by changing luminal
HCO3

- concentration [57]. These studies further
support the important role of pendrin in blood pressure
control.

Effect of Cl-. Systemic and tubule lumen Cl-

concentrations affect pendrin protein levels and
activity [33, 34, 50, 58]. Quentin et al. [33] showed
decreased pendrin protein abundance in the rat renal
cortex in response to high Cl- intake, and increased
pendrin protein abundance in response to Cl- depletion.
Verlander et al. [58] described pendrin protein
upregulation in response to NaCl restriction and
downregulation in response to NaCl load in β intercalated
cells of the mouse kidney. These data reveal pendrin’s
importance to transcellular chloride reabsorption in the
connecting tubule and CCD, and suggest a major role for
pendrin in electrolyte homeostasis and blood pressure
regulation.

Fig. 1. A schematic model of the 5’ flanking region of the human pendrin gene depicting the 600bp and the 200bp DNA regions
between -0.8kb and -1.4kb and between -1.8kb and -2.0kb, respectively, on the hPDS promoter. These regions contain functionally
significant elements that appear to play a role in the regulation of this gene by various modulators and transcription factors.
ABRE, acid-base response element, AIE, aldosterone-induced element, URE, uroguanylin response element, FOXI1, forkhead
box transcription factor I1, STAT6, signal transducer and activator of transcription protein 6, TTF1/2, thyroid transcription
factors 1 and 2. See text for details.
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Modulation of pendrin activity in the thyroid and
inner ear
Thyroid function and Na+/I- symporter activity are

known to be regulated by several factors including thyroid-
stimulating hormone (TSH), I-, and thyroglobulin (Tg) [59].
Northern blot analysis [60] has demonstrated induction
of PDS expression by low concentration of Tg, but not
by TSH, insulin NaI or interferon γ (IFN-γ) in the rat
thyroid cell line FRTL-5. In contrast, in the more
differentiated rat thyroid PC Cl3 cell line, TSH increased
PDS mRNA expression, and pendrin expression and
localization were regulated by insulin and influenced by
PKC-ε-dependent intracellular pathway [61]. In addition,
the transcription factor TTF-1, a regulator of thyroid
differentiation in vivo, was found also to regulate the
expression of pendrin in rat FRTL-5 cells [62]. There is
evidence that the transcription factor forkhead box I1
(Foxi1), which is necessary for pendrin expression in type
B IC of the mouse CCD [63], is also an upstream
regulator of the pendrin gene during mouse inner ear
development [64]. Moreover, mutations in the Foxi1
binding sites, located between -889bp and -873bp on the
hPDS promoter (Fig. 1), abolish Foxi1-mediated
transcriptional activation of hPDS, and may result in
enlarged vestibular aqueduct syndrome [28, 65].
However, the cellular and molecular mechanisms
controlling pendrin activity in the thyroid and inner ear
are essentially unknown.

Modulation of pendrin in the airway epithelium
Interleukin-4 (IL-4) and interleukin-13 (IL-13),

cytokines produced by Th2 cells, act directly on airway
epithelial cells to induce mucus production, increased
viscosity of the ASL, and airway hyperreactivity [66].
IL-4 and IL-13 alter the expression of several genes in
bronchial epithelial cells including the pendrin gene [8,
43, 44, 67]. Both cytokines have been shown to stimulate
PDS mRNA levels in human and mouse airway epithelial
cells [44, 68]. Pendrin knockout mice had reduced
allergen-induced airway hyperactivity and inflammation
compared with control mice, and IL-13 stimulation of
tracheal epithelial cells of the pendrin-deficient mice
caused an increase in ASL thickness compared with
wildtype mice [43]. Also, IL-4 induced strong upregulation
of pendrin-mediated SCN-/Cl- exchange in the human
bronchial epithelium [8]. Finally, γ INF, a Th1 cytokine
induced during viral infection, has been implicated in the
increased PDS mRNA expression in human bronchial
epithelial cells in the setting of virus-induced exacerbations
of asthma [43].

Regulation of PDS promoter Activity

Effect of Ambient pH on hPDS Promoter Activity
Ambient pH modulates pendrin mRNA and protein

expression in the CCD [48, 49, 51]. Also, pendrin plays
an important role in controlling the acid-base status of
the endolymphatic sac [6, 39, 69]. To explore further the
molecular mechanisms of these pendrin regulatory
influences, we examined the direct effect of ambient pH
on activity of the hPDS promoter [42]. For this purpose,
renal HEK293, thyroid LA2 and inner ear VOT36 cells,
were transiently transfected with reporter vectors
expressing luciferase under the upstream control of hPDS
promoter fragments of decreasing length. Transfected
cells were exposed to acidic pH (7.0-7.1), normal pH
(7.35-7.45) or alkaline pH (7.6-7.7). Ambient acid pH
decreased and alkaline pH increased hPDS promoter
activity in renal and inner ear cells but not in thyroid cells.

These results suggest that ambient pH likely plays a
role in modulating pendrin activity at the transcriptional
level in kidney and inner ear, but is without effect in the
thyroid. In addition, the findings provided evidence for
the presence of a pH-regulated cis-acting element(s) on
the hPDS promoter within the 389bp between -1433bp
and -1044bp upstream to the hPDS translation start site.

To further define this putative pH-response element
located within the 389bp protein region, fine deletion
analysis of this region was performed. For this purpose,
the plasmids pL1, pL1.1, pL1.2, pL1.3 and pL1,4 (Fig.
2A) were transfected into HEK293 and VOT36 cells
which were exposed to acidic, normal and alkaline pH,
as above. A similar pattern of reporter gene activity was
evident in HEK293 cells (Fig. 2B) and in VOT36 cells
(data not shown). While transfection with pL1.4 (1.4kb),
pL1.3 (1.3kb), pL1.2 (1.2kb), and pL1.1 (1.1kb) resulted
in similar magnitude of acidic pH-induced inhibition and
alkaline pH-induced stimulation of luciferase activity in
HEK293 and VOT36 cell lines, further truncation of the
fragment to 1.0kb (pL1) caused a marked reduction in
acidic pH- and alkaline pH-induced effects in both cell
lines.

These findings provide evidence for the presence
of a putative acid-base response element (ABRE) within
the 96bp between -1140bp and -1044bp on the hPDS
promoter in the kidney and the inner ear (Figs. 1, 2B). In
silico analysis of this region [70, 71] detected no
transcription factor binding sites or regulatory elements
known to be influenced by pH changes.

The findings are in line with the modulatory effects
of acidosis and alkalosis on pendrin protein activity

Transcriptional Regulation of the Pendrin Gene Cell Physiol Biochem 2011;28:385-396
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observed in the rodent kidney at the tubular and cellular
levels [19, 48-51] and demonstrate, for the first time, that
systemic pH may directly regulate pendrin-mediated, renal
tubular HCO3

- secretion and Cl- reabsorption at the
transcriptional level. These data further suggest that
systemic pH may modulate endolymph pH by directly
regulating pendrin gene transcription. The molecular
mechanisms by which this pH-induced effect on the PDS
promoter is achieved remain to be explored.

Li and colleagues [72] have shown that the proline-
rich tyrosine kinase 2 (Pyk2), a member of the focal
adhesion kinase family, is directly activated by acidic pH
and that Pyk2 activation is required for acid activation of
c-Src kinase and the proximal tubular Na+/H+ exchanger

3 (NHE3). The authors suggest that Pyk2 may serve as
a pH sensor that, via phosphorylation of c-Src, provides
subsequent activation of the MAPK and JNK signaling
pathways, in turn increasing transcription of the NHE3
gene [72, 73]. The proximal tubular basolateral Na+-
HCO3

-cotransporter, NBCe1, may be regulated by a
similar pathway [70]. Similar pH-sensing mechanisms in
the CCD and the endolymphatic sac of the inner ear [39]
might modulate pendrin gene promoter activity.

The 96-bp 5'- flanking region of PDS between _1044
and _1140 harbors a putative pH response element that is
active in transfected renal and inner ear cells (Figs. 1,
2B). In silico analysis [70, 71] of this DNA region
revealed putative binding sites for transcription factors

Fig. 2. Effect of ambient pH (A and B) and of aldosterone (C and D) on the hPDS promoter in HEK293 cells. A and C: schematic
representation of the DNA constructs of hPDS promoter in the luciferase reporter vector, pGL3-basic, used in these experiments.
ABRE, putative acid-base response element; AIE, putative aldosterone-induced element. B and D: cells were transfected with
pGL3-basic or pGL3-basic containing segments of decreasing size corresponding to the 5'-flanking region of hPDS (pL1.4, pL1.3,
pL1.2, pL1.1, and pL1). Cells were exposed to acidic pH (7.0-7.1), normal pH (7.35-7.45), or alkaline pH (7.6-7.7) (B) or to 10-8 M
aldosterone (D) for 24 h. Subsequently, luciferase activity was measured. To control for transfection efficiency, cells were
cotransfected with the LacZ- containing vector, pCH110, and luciferase activity was normalized to β-galactosidase activity. Data
represent the %change in luciferase activity in cells exposed to experimental media (with acidic pH, alkaline pH, or aldosterone)
relative to cells exposed to control medium (pH 7.35-7.45 without aldosterone). Values are means ±SE of 3-5 independent
experiments, each performed in quadruplicate. Acidic pH-induced inhibition and alkaline pH-induced stimulation of luciferase
activity were evident in HEK293 cells, which markedly decreased when the fragment size was shortened from 1.1 kb to 1 kb (B).
Aldosterone-induced inhibition of luciferase activity was demonstrated in HEK293 cells, which markedly diminished when the
fragment size was truncated from 1.3 kb to 1.2 kb (D). *P < 0.01 (modified from reference [42]).

Rozenfeld/Efrati/Adler/Tal/Carrithers/Alper/ZelikovicCell Physiol Biochem 2011;28:385-396
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known to be regulated by Mitogen-activated protein kinase
(MAPK) signaling pathways, including Elk-1, c-Jun,
activating transcription factor-2 (ATF-2), cAMP response
element-binding (CREB), nuclear factor of activated T-
cells -4 (NFAT-4), c-Myc and N-Myc, among others. Thus,
the MAPK pathway may be involved in pH-induced
modulation of the pendrin gene promoter, just as it has
been implicated in regulation of other H+ and HCO3

-

transporting pathways [72-74]. Alternatively, a direct
effect of ambient pH-mediated alterations in intracellular
pH on this pH-response element residing on the PDS
promoter cannot be excluded. Further studies are needed
to elucidate the exact location and the molecular nature
of this novel pH-response element.

Our findings on the effects of ambient pH on the
hPDS promoter in transfected renal cells were further
supported by our experiments demonstrating acid-induced
inhibition and alkali-induced stimulation of endogenous
PDS mRNA levels in renal HEK293 cells [42].

Effect of Aldosterone on hPDS Promoter Activity
Aldosterone modulates pendrin protein and mRNA

expression in the CCD [19]. To explore the molecular
mechanisms of this aldosterone-induced effect on pendrin
activity, we examined the direct effect of aldosterone on
the hPDS promoter [42]. To this end, HEK293 as well
as LA2 and VOT36 cells were transiently transfected
with different length fragments of this promoter, as above,
and exposed to 10-8 M aldosterone. Aldosterone caused
a marked decrease in hPDS promoter activity in HEK293
cells without alterating pH of the experimental medium
(7.35-7.45). Aldosterone had no effect on PDS promoter
activity in transfected LA2 and VOT36 cells. Taken
together, these results suggest that aldosterone may
directly affect the hPDS promoter to transcriptionally
modulate pendrin activity in the kidney, but not in thyroid
and inner ear. The findings provide evidence that the hPDS
promoter likely contains an aldosterone induced element
(AIE) located in the 389 bp region between -1433 and -
1044 of the hPDS gene upstream region [42].

Further analysis of the aldosterone-induced element
residing within this 389bp promoter region, required fine
deletion analysis. To this end, HEK293 cells transfected
with plasmids pL1, pL1.1, pL1.2, pL1.2, pL1.3 and pL1.4
(Fig. 2C) were exposed to 10-8M aldosterone. As seen in
Fig. 2D, the aldosterone-induced 35% inhibition in
luciferase activity driven by the 1.4kb fragment (pL1.4)
remained essentially unchanged when the fragment was
shortened to 1.3kb (pL1.3). However, truncation to 1.2kb
(pL1.2) markedly reduced aldosterone-dependent

inhibition of reporter gene activity. No additional reduction
in reporter activity was noted upon further truncation to
1.1kb (pL1.1) or 1kb (pL1) [42].

These data indicate that a putative aldosterone-
response element likely resides within the 89bp between
-1342 and -1253 on the hPDS promoter in the kidney
(Figs. 1, 2C). In silico analysis [70, 71] revealed a single
mineralocorticoid receptor (MR) binding site within this
region between -1293 and -1287. Additional aldosterone-
sensitive sites within this 89 bp region remain undefined.

RT-PCR analysis detected MR mRNA in
aldosterone-responsive HEK293 cells, but not in the LA2
and VOT36 cells that showed no response to this hormone
[42]. The association of aldosterone-regulated promoter
activity with the presence of MR in renal HEK293 cells
suggests that aldosterone influences pendrin gene activity
directly via the genomic pathway, and this may reflect
the biology of the intact kidney.

Verlander and colleagues [19] demonstrated
upregulation of pendrin mRNA and protein in mouse
kidney in response to systemic administration of the
aldosterone analog, deoxycorticosterone. To explain this
effect of aldosterone, consistent with NaCl retention but
not with the acid-secreting properties of this hormone,
the authors proposed that in their in vivo model, pendrin
attenuated aldosterone-induced metabolic alkalosis by
augmenting HCO3

- secretion. However, the direct effect
of aldosterone on the PDS gene was not investigated in
these studies. Using the model of transfected cell lines,
we have isolated the effect of aldosterone on the pendrin
gene promoter, and we demonstrate that this hormone
directly inhibits PDS promoter activity in renal cells (Fig.
2D). This finding demonstrates, for the first time, that
aldosterone may regulate pendrin-mediated HCO3

-

secretion at the transcriptional level. Moreover, our finding
of isolated, aldosterone-induced direct inhibition of the
pendrin gene promoter [as opposed to the complex
aldosterone/alkalosis-induced stimulation of pendrin
activity demonstrated in vivo [19]] is in concert with the
net H+-secretion and HCO3

- reabsorption associated
with aldosterone action [46, 47]. The PDS promoter-
inhibiting action of aldosterone involved the 89-bp region
between -1342 and -1253 of the PDS 5' - flanking region
(Fig. 2D), and was not secondary to pH changes in the
medium (see above).

In line with this kidney-specific inhibitory effect of
aldosterone on hPDS promoter activity was our finding
demonstrating an aldosterone-induced decrease in
endogenous pendrin mRNA levels in renal HEK293 cells
[42]. Our findings on the direct effect of aldosterone on
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pendrin gene transcription and a possible role of Cl- on
transcription of this gene (currently under investigation)
may be of major biological importance and may improve
our understanding of blood pressure control at the level
of the gene.

The modulators of acid-base balance used in our
studies, namely, ambient pH and aldosterone, had no effect
on the hPDS promoter in the thyroid cell line LA2. This
finding is not surprising considering that acid-base
conditions are not known to regulate thyroid hormone
metabolism and that the thyroid gland does not contain
aldosterone-responsive epithelial cells. Pendrin functions
in both thyroid gland and kidney as an exchanger of Cl-

and I-. Hence, future studies examining the modulatory
effect of these two anions on pendrin activity and
transcription in thyrocytes and collecting duct intercalated
cells will be of great importance.

Effect of uroguanylin on the hPDS promoter
In preliminary experiments, we have investigated the

effect of uroguanylin (UGN) on the hPDS promoter.
UGN is a low molecular weight peptide hormone similar
in structure and activity to the secretary diarrhea-causing
E. coli heat-stable enterotoxin (STa) and produced
primarily in intestine [75-77]. Salt ingestion induces
secretion of UGN into the intestinal lumen which results
in intestinal secretion of electrolytes and water [76, 77].
In addition, UGN plays a major role in the regulatory link
between the intestine and the kidney by increasing urinary
NaCl and water excretion in response to dietary NaCl
intake (but not intravenous administration), thereby
serving as an “intestinal natriuretic factor” [78-81]. UGN
activates guanylate cyclase C in proximal tubular epithelial
cells [77, 78], but the cellular and molecular pathways
responsible for UGN action in the CCD remain poorly
understood.

Real time-PCR analysis of human embryonic
kidney (HEK293) cells exposed to UGN (1 µM) for 24
hrs showed a decrease in endogenous pendrin mRNA
levels compared to control cells. Adult mice received
UGN (20U) or vehicle intravenously. Twenty four hours
later, kidneys were harvested for pendrin mRNA
quantification (real time PCR) and pendrin protein
visualization (immunofluorescence). UGN- injected
animals displayed a decrease in pendrin mRNA
and protein expression in renal tubules. The effect of
UGN on the human PDS (hPDS) promoter was examined.
Luciferase reporter plasmids containing different
length fragments of this promoter were transfected
into HEK293 cells. Exposure of cells to UGN (1 µM)

decreased hPDS promoter activity compared to activity
in control cells. Furthermore, the findings provided
evidence for the presence of a hypothetical UGN
response element within the 96bp region between -1140bp
and -1044bp on the hPDS promoter (Fig. 1). This
region overlaps with the previously demonstrated
hypothetical pH response element, but is distinct
from the proposed aldosterone response element.
Characterization of the role of UGN transcriptional
reglation in extracellular fluid homeostasis and
blood-pressure regulation awaits future studies.

Effect of IL-4 and IL-13 on the hPDS promoter
Upregulation of pendrin expression by IL- 4 and

IL- 13 results in increased production of mucus
and increased viscosity of the ASL [43, 44]. To investigate
the molecular mechanisms responsible for this effect of
IL-4 and IL-13 on pendrin activity, Nofziger et al [67]
examined the effect of these cytokines on the
hPDS promoter. To this end, hPDS promoter fragments
of decreasing size, cloned into luciferase reporter
vectors, were transfected into HEK-Blue cells. Stimulation
of these cells with IL-4 and IL-13 induced markedly
increased hPDS promoter activity that was maximal
with a construct containing 1894 bp of the hPDS 5’
flanking region.

IL-4 and IL-13 regulate gene transcription
through activation of the transcription factor STAT6
(signal transducer and activator of transcription protein
6; also known as IL- 4 nuclear activated factor,
IL- 4NAF). STAT6 exerts its activity by binding to the
N4GAS motif (consisting of 5’ TTC(N4)GAA 3’
where N is any nucleotide) on the promoter of the
target gene [82, 83]. Having identified this STAT6
DNA binding sequence at positions -1812 to -1803 on
the hPDS promoter, Nofziger et al [67] examined
the involvement of this cis- acting element in the
IL-4/IL-13 - induced effect on the promoter. The
authors first demonstrated loss of IL-4/IL-13 activity on
the hPDS promoter in STAT6-deficient HEK293
Phoenix cells. Mutation of the STAT6 binding site of
the hPDS promoter rendered the promoter insensitive to
IL-4/IL-13. In addition, fusion of the STAT6 binding
site with an IL-4/IL-13-unresponsive promoter
sequence conferred cytokine-sensitivity onto the
unresponsive promoter.

Taken together, these studies provide strong
evidence for the importance of the STAT6 pathway in
the transcriptional regulation of the pendrin gene by
IL-4 and IL-13.
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In summary, acidic pH, aldosterone, and UGN
decrease, and alkaline pH increases, hPDS promoter
activity by acting on distinct response elements within
this promoter (Fig. 1). The findings summarized in this
review provide the first direct evidence that pendrin-
mediated Cl-/HCO3

- exchange in the renal tubule, iodide
accumulation in the thyroid, and endolymph ion balance
in the inner ear may be differentially regulated at the
transcriptional level by systemic pH and aldosterone. In
addition, evidence suggests that IL-4/IL-13-induced
effects on airway surface liquid composition and/or
viscosity may be achieved by STAT6-mediated
transcriptional regulation of the pendrin gene (Fig. 1).
Future studies will investigate the molecular nature of
the distinct response elements within the hPDS promoter
mediating the effects of these modulators on pendrin gene
transcription.

Regulated expression of other SLC26 genes
Transcriptional regulation of other SLC26 genes has

been reported. The basal activity of the SLC26A3
promoter in Caco-2 and LS174T colon carcinoma cells is
sustained by nuclear factor HNF-4 [84]. Na butyrate
stimulates this activity by increasing binding of Yin Yang
1 (YY1) and GATA factors to defined cis-elements,
whereas interferon gamma (IFN-γ) reduces
transcriptional activity [84]. The effect of IFN-γ is
mediated through an IFN-γ response element containing
a critical STAT-1 binding site at -933 to-925, mutation of
which abrogated the inhibitory activity of IFN-γ [85]. An
IFN-γ inhibitory response element active in Caco-2 cells
was also found in the SLC26A6 promoter between -318
and -300. This is consistent with inflammatory suppression
of both intestinal Cl- reabsorption and HCO3

- secretion.
Lactobacilli exert an anti-inflammatory action on
enterocytes. Raheja et al demonstrated that exposure of
Caco-2 cells or intact mice to lactobacilli increased
SLC26A3 promoter activity in parallel with increased
surface expression of the protein [86]. The transcriptional
elements involved remain undescribed.

Transcriptional regulation of the pendrin gene by IFN-
γ in respiratory tract has not been reported. However,
Like the SLC26A4/pendrin gene, the outer hair cell gene
encoding the mechanotransducer prestin/SLC26A5 is
induced during development by thyroxine. Thyroxine
activates SLC26A5 gene transcription through the TRβ

receptor [87]. SLC26A3/DRA mRNA abundance in
Caco-2 colon carcinoma cells is also increased by
thyroxine by an unknown mechanism [88].

The SLC26A2/DTDST sulfate/anion exchanger is
induced during differentiation of C3H10T1/2 chondrocytes
by bone morphogenetic protein-2 (BMP-2). The
SLC26A2 promoter contains a TATA box preceded by a
GC-rich region with two specificity protein-1 (SP-1)
binding sites and a core binding factor alpha 1 (CFBA1)
binding site. Basal transcriptional activity required the
region between -309 and -275 containing a xenobiotic-
responsive element (XRE). BMP-2 enhancement of
transcriptional activity was associated with increased
binding of undefined nuclear proteins to a fragment
including this XRE [89].

Colonic expression of the SLC26A2/DTDST gene
is also decreased in colon cancer, in parallel with
decreased expression of sialyl 6-sulfo-Lewisx antigen. This
transformation-associated downregulation, as well as
engineered suppression of transcription, is associated with
markedly increased growth rate. However, most cultured
colon carcinoma cells exhibit increased SLC26A2
expression after treatment with inhibitors of histone
deacetylase, consistent with epigenetic control of gene
expression [90]. Direct transcriptional regulation of
SLC26A2 has not been reported. Possible epigenetic
regulation of pendrin transcription remains a topic of future
investigation.
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