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Conserved elements within first intron of aquaporin-5 (Aqp5) function
as transcriptional enhancers
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Abstract

A 4.3 kb rat aquaporin-5 (Aqp5) promoter that directs lung and salivary cell-specific expression in vitro directs low level expression of
a GFP reporter in lungs of transgenic mice. Alignment of rat, mouse, and human AQP5 genomic sequences identified a highly conserved
region in the 3 0 portion of intron 1, here termed ci1. To investigate the role of ci1 in Aqp5 expression, transient transfections were under-
taken in AQP5-expressing mouse lung epithelial (MLE-15) and rat salivary (Pa-4) cells and AQP5-non-expressing NIH/3T3 cells. A
536 bp ci1 fragment enhanced transcriptional activity of the rat Aqp5 minimal promoter specifically in MLE-15 cells in an orienta-
tion-independent manner. Enhancer activity was Aqp5 promoter-specific, since no increase in activity was detected with the TK pro-
moter. These results suggest that expression of transgenes in mouse lungs under direction of the 4.3 kb rat Aqp5 promoter may be
augmented by inclusion of ci1 in transgenic constructs.
� 2007 Elsevier Inc. All rights reserved.
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The Aqp5 gene encodes the water channel protein aqu-
aporin-5 (AQP5) and is highly expressed in lung, salivary
glands, and lacrimal tissue [1–8]. In adult rat lung alveolar
epithelium, AQP5 is selectively expressed on the apical sur-
face of alveolar epithelial type I cells [2,4,5]. We have pre-
viously shown that a 4.3 kb upstream promoter fragment
of Aqp5 is capable of driving high levels of expression of
a luciferase reporter specifically in cell lines derived from
lung (MLE-15), and salivary gland (Pa-4) [9]. However,
efforts to direct transgenic expression of a green fluorescent
protein (GFP) reporter using the same 4.3 kb upstream
fragment of Aqp5 have resulted in low levels of expression
in lung, despite the fact that expression in salivary gland is
high [10]. These findings suggest that transcriptional regu-
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lation of the Aqp5 gene in vivo differs between lung and sal-
ivary gland, where sequences located outside the 4.3 kb
fragment are needed for high level expression in lung.

One approach to identify potentially important regula-
tory elements is to perform multi-species alignments of
genomic DNA. Evolutionary conservation of non-coding
sequences suggests important regulatory (including enhan-
cer) functions. In an effort to identify sequences of gene
regulatory importance outside the Aqp5 promoter, we per-
formed alignments of rat, mouse, and human genomic
AQP5 DNA sequences using the VISTA computational
tools at http://genome.lbl.gov/vista/index.shtml [11,12].
We found a high level of conservation in intron 1, suggest-
ing the presence of an intronic enhancer, possibly of impor-
tance for expression in lung. We investigated the role of
this conserved intron 1 fragment (here called ci1) in regu-
lating Aqp5 gene expression by performing transient
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transfection assays. We used both AQP5-expressing (MLE-
15 and Pa-4) and non-expressing (NIH/3T3) cell lines to
determine whether any potential enhancer activity was cor-
related to endogenous Aqp5 expression. By using one lung-
derived cell line (MLE-15) and one salivary gland-derived
cell line (Pa-4), we could determine whether any potential
enhancer function of ci1 could be attributed more specifi-
cally to the lung. Additionally, luciferase reporter con-
structs harboring either the homologous rat Aqp5 or
heterologous thymidine kinase (TK) minimal promoter
were generated in order to test whether any enhancer activ-
ity was specific to the Aqp5 minimal promoter or if activity
also could be detected in the context of a heterologous
promoter.

Materials and methods

Maintenance of cell lines and transient transfection assays. MLE-15 cells
(a generous gift from J. Whitsett, University of Cincinnati) were cultivated
in 25 cm2 culture flasks (BD Biosciences, San Jose, CA) in HITES medium
[9]. Pa-4 cells (a generous gift from D.O. Quissell, University of Colorado)
were maintained in 25 cm2 culture flasks as described [9]. NIH/3T3 cells
were obtained from ATCC and maintained in DMEM (Dulbecco’s
modified Eagle’s medium) supplemented with 2 mM glutamine and 10%
fetal bovine serum (FBS). Transient transfection assays were performed in
triplicate on 24-well Primaria plates (BD Biosciences). Briefly, 1 lg of test
plasmid DNA was added per well together with 25 ng of phRL-TK
plasmid (Promega, San Luis Obispo, CA) expressing Renilla luciferase
used for normalization of transfection efficiency. Corrections were made
for plasmid size differences to ensure that the same molar amounts of the
test vectors were added. MLE-15 cells were plated at 60,000 cells/well and
NIH/3T3 cells at 80,000 cells/well 24 h prior to transfection. Both cell lines
were transfected using 6 ll/well of Superfect reagent (Qiagen, Valencia,
CA). Pa-4 cells were plated at 100,000 cells/well, and transfected 24 h later
using 1.6 ll/well of Lipofectamine (Invitrogen, Carlsbad, CA). Cells were
harvested 48 h after transfection and the Dual-Luciferase Reporter Assay
System (Promega) was used to measure firefly luciferase activity from the
test plasmid and Renilla luciferase activity from phRL-TK.

Construction of luciferase reporter plasmids. Vectors constructed for
transient transfection experiments were all based on the firefly luciferase
reporter plasmid pGL2-Basic (Promega). The rat Aqp5 minimal promoter
(bp �173 to �6, relative to the ATG start codon) was generated by
exonuclease deletion of a larger Aqp5 genomic fragment that had previ-
ously been cloned upstream of the luciferase gene [9], creating the vector
pGL2-Aqp5-Pmin. The conserved intron 1 (ci1) fragment of the rat Aqp5

gene was amplified by PCR and in the same process equipped with
flanking restriction enzyme sites appropriate for vector construction as
described below. The ci1 fragment includes 523 bp of genomic sequence,
corresponding to nucleotides 478–1001 in the 1033 bp rat Aqp5 intron 1
sequence. PCR products were subcloned into pCR-BluntII-TOPO
(Invitrogen) and verified by sequencing. The ci1 fragment was then cloned
into the SmaI site 5 0 of the Aqp5 minimal promoter in pGL2-Aqp5-Pmin,
in both a forward and a reverse orientation, generating the constructs
pGL2-Aqp5-Pmin/USF (upstream forward) and pGL2-Aqp5-Pmin/USR
(upstream reverse). As positive control, we used a previously characterized
construct (pGL2-180F-170) containing an additional 180 bp of rat Aqp5

promoter-enhancer sequence, located immediately 5 0 of the �170 minimal
promoter fragment [9]. The thymidine kinase (TK) promoter was obtained
from the vector phRL-TK (Promega) as a BglII/HindIII fragment and was
cloned into BglII/HindIII sites upstream of the luciferase gene in pGL2-
Basic to generate pGL2-TK. The ci1 fragment was then cloned into the
KpnI site 5 0 of the TK promoter, in both directions generating pGL2-TK/
USF and pGL2-TK/USR.

Statistical analysis. Data are shown as means ± standard error of the
mean. Statistical analysis was performed by two-way analysis of variance
(ANOVA), followed by post hoc comparisons of group means using the
Bonferroni post-tests. p < 0.05 was considered significant.
Results

Identification of evolutionary conservation in Aqp5 intron 1

We performed alignments of rat, mouse, and human
genomic AQP5 DNA sequences using the VISTA browser
(http://genome.lbl.gov/vista/index.shtml) and identified
the presence of a highly conserved sequence within Aqp5

intron 1, potentially suggesting an intronic enhancer, pos-
sibly of importance for high level expression in lung. Intron
1 of the rat Aqp5 gene includes 1033 bp, and the evolution-
arily conserved sequence resides in the 3 0 part of the intron.
Maximum homology is 82% within the region correspond-
ing to nucleotides 556–882 in the rat intron 1 sequence.

Subcloning of conserved intron 1 and generation of

constructs for transient transfections

The conserved intron 1 fragment (ci1) of the rat Aqp5

gene (Fig. 1) was amplified by PCR and included in con-
structs used in transient transfection assays. The amplified
ci1 fragment contains 523 bp of genomic sequence, corre-
sponding to nucleotides 478–1001 of rat intron 1. The firefly
luciferase reporter plasmid pGL2-basic was used to make a
series of constructs utilized in this study (Fig. 2). First, a con-
struct was generated harboring the Aqp5 minimal promoter
fragment (Pmin) immediately upstream of the luciferase
reporter. In parallel, another construct harboring the TK
promoter in the same position in pGL2-basic was engi-
neered. The ci1 fragment was subsequently cloned upstream
of the respective promoter, in both a forward and a reverse
direction to test for enhancer activity. As a positive control
in transient transfections, we used a previously characterized
construct [9] here called 180F-170, containing an additional
180 bp of Aqp5 promoter-enhancer sequence, located imme-
diately 5 0 of the �170 minimal promoter fragment (Figs. 1
and 2). Activities of the vectors harboring only the Aqp5

minimal promoter (Pmin) and the TK promoter (TK),
respectively, were used as baseline activities.

Transient transfections

In transient transfection experiments, we used three dif-
ferent cell lines: MLE-15 (mouse lung epithelial) cells [13],
Pa-4 (rat parotid acinar) cells [14], and NIH/3T3 (mouse
embryo fibroblast) cells [15]. Both MLE-15 and Pa-4 cells
express the Aqp5 gene [9], and were used in this study to
represent lung and salivary gland, respectively, two
AQP5-expressing organs. NIH/3T3 cells, of mouse embryo
fibroblast origin [15], do not express AQP5 [9] and were
used to represent an AQP5-non-expressing cell type. The
results shown below are from three independent transfec-
tion experiments, where all plasmids were tested in tripli-
cate in each experiment.

http://genome.lbl.gov/vista/index.shtml
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Fig. 1. Schematic of Aqp5 minimal promoter, exon 1 and conserved intron 1. The minimal promoter (Pmin) from the rat Aqp5 gene (nucleotides �6 to
�173 relative to the ATG start codon) is shown, along with the location of the conserved intron 1 (ci1) fragment and the extended 180F-170 Aqp5

promoter fragment (nucleotides �353 to �6 relative to the ATG start codon). These fragments were cloned into pGL2-Basic vector to generate the
constructs shown in Fig. 2.
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Fig. 2. Constructs used in transient transfection assays. Luc represents the
firefly luciferase reporter gene, Pmin the Aqp5 minimal promoter, 180F-170
an extended fragment of the Aqp5 promoter, ci1 the conserved intron 1
fragment, and TK the herpes simplex thymidine kinase promoter. In the
transfection experiments, pGL2-Aqp5-Pmin and pGL2-TK served as
reference (baseline) vectors. The pGL2-180F-170 vector was used as
positive control, while all vectors containing the ci1 fragment were test
vectors. The ci1 fragment was tested for enhancer activity by placing it in
either a forward or a reverse position upstream of the promoters.
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Fig. 3. Transient transfections in MLE-15, Pa-4 and NIH/3T3 cells with
constructs harboring the Aqp5 minimal promoter. *Luciferase activity
significantly different from Pmin, p < 0.001.
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Fig. 4. Transient transfections in MLE-15, Pa-4 and NIH/3T3 cells with
constructs harboring the TK promoter. *Luciferase activity significantly
different from Pmin, p < 0.001.
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In transient transfections in MLE-15 cells, the Pmin/USF
and Pmin/USR vectors directed substantial increases in
luciferase activity, �8- and 11-fold, respectively, relative
to Pmin (Fig. 3). These results demonstrate that ci1 harbors
enhancer activity, since activity is independent of the direc-
tion of the ci1 insert. The 180F-170 control vector showed
a robust 14-fold increase in luciferase activity compared to
Pmin (Fig. 3). When MLE-15 cells were transfected with the
TK promoter constructs a small (1.4-fold) but statistically
significant increase was observed with TK/USF, but not
with TK/USR (Fig. 4).

In Pa-4 cells, transfections with the Pmin/USF and Pmin/
USR constructs resulted in increased reporter expression of
�6- and 3-fold, respectively (Fig. 3). However, only the
Pmin/USF construct directed an increase that was statisti-
cally significant, indicating that in Pa-4 cells ci1 does not
strictly meet the criteria for enhancer function. In Pa-4
cells, the 180F-170 control vector directed a 27-fold
increase in luciferase activity compared to Pmin (Fig. 3).
Similar to MLE-15 cells, transfection of Pa-4 cells with
the TK/USF vector, but not TK/USR, resulted in a small
(1.3-fold) but significant increase in luciferase reporter
activity (Fig. 4). In NIH/3T3 cells, very high luciferase
activity was evident after transfection with the 180F-170
positive control vector, an approximate 112-fold increase
in reporter activity (Fig. 3). Pmin/USF and Pmin/USR both
resulted in �3-fold increases which were not statistically
significant. Transfection of NIH/3T3 cells with TK/USF
and TK/USR, resulted in small but statistically significant



Table 1
Summary of transfection results with the Aqp5-Pmin constructs

Cell line Pmin 180F-170 USF USR

MLE-15 1.00 14.3 8.33 10.7
Pa-4 1.00 27.3 5.73 2.75
NIH/3T3 1.00 112 3.02 2.85

Numbers indicate fold induction of luciferase activity relative to reference
vector Pmin.
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decreases in luciferase activity (Fig. 4). Altogether, the
transfection results demonstrate that ci1 meets the criteria
for an enhancer in the context of the homologous Aqp5

minimal promoter, but not the TK promoter. Statistically
significant enhancer activity was observed in MLE-15 cells
only, not in Pa-4 and NIH/3T3 cells. Activities of the
Aqp5-Pmin reporter constructs in all three cell lines are
summarized in Table 1, where activity of the pGL2-
Aqp5-Pmin construct is specified as 1.00.
Discussion

In this study, we identified enhancer activity in an evo-
lutionarily conserved region of intron 1 in the rat aquapo-
rin 5 (Aqp5) gene. The conserved part of intron 1 (ci1), was
able to enhance luciferase reporter activity in the lung cell
line MLE-15 when placed in either direction upstream of
the Aqp5 minimal promoter. However, in Pa-4 cells, ci1

was only able to increase reporter expression significantly
when placed in a forward direction, thus not meeting the
requirements for true enhancer activity. In NIH/3T3 cells,
neither of the constructs Pmin/USF and Pmin/USR was able
to direct a statistically significant increase in luciferase
activity. In the context of the heterologous TK promoter,
ci1 did not fulfill the criteria for an enhancer in MLE-15
or Pa-4 cells since significantly increased reporter activity
was detected only when ci1 was placed in a forward orien-
tation. In NIH/3T3 cells, ci1 had a small but statistically
significant repressor effect on activity of TK constructs.
These results demonstrate that ci1 exhibits significant
enhancer activity only in the context of the Aqp5 minimal
promoter in MLE-15 cells, suggesting a more important
role for ci1 in regulating AQP5 expression in lung.

Activity of the proximal enhancer present immediately
upstream of the Aqp5 minimal promoter in the 180F-170
positive control construct was extremely high in NIH/
3T3 cells, despite the fact that this cell line does not express
endogenous Aqp5. Previous transfection experiments with
luciferase constructs containing the more extended 4.3 kb
upstream fragment of Aqp5 have shown very low activity
in NIH/3T3 cells [9]. One possible interpretation of these
observations is that, in contrast to the 180F-170 construct,
the 4.3 kb fragment contains upstream elements that bind
repressors present in NIH/3T3 cells only, eliminating activ-
ity of the proximal enhancer in these non-AQP5-expressing
cells.

We analyzed the rat ci1 fragment for potential transcrip-
tion factor binding sites using MatInspector (Genomatix).
Among others, three potential sites for GATA-binding fac-
tors and one site for Sp1 were found in ci1 (data not
shown). These transcription factors have been shown to
be important regulators of the Aqp5 promoter [16,17] and
might also be of importance for Aqp5 gene regulation
through binding to the ci1 enhancer fragment. The role
of these and other transcription factors in enhancing gene
expression through interactions with consensus sites in
ci1 will be characterized in future studies.

Intronic enhancers have previously been identified in a
number of genes, an example of which is the immunoglob-
ulin heavy chain locus [18–20] which is only active in anti-
body producing B-cells. Another example of a tissue-
specific intronic enhancer is found in the cystic fibrosis
transmembrane regulator, where an element in intron 1
has been demonstrated to have an important role in regu-
lating expression in the small intestine, but not lung, in
transgenic mice [21].

Aquaporin-5 (AQP5) is a member of a family of water
channel proteins [22,23] and is expressed at high levels in
the lung, salivary gland and lacrimal tissues [1–8]. In the
human, mouse and rat genome, the Aqp5 gene is located
in a closely spaced tandem arrangement with Aqp2 and
Aqp6 [24]. All three genes are similar in genomic organiza-
tion with four exons and, interestingly, multispecies VISTA
alignment reveals that they all have intronic sequences that
have been conserved during evolution. In the Aqp2 gene,
the conserved intronic sequence is located in intron 1, while
in Aqp6 it is located in intron 3. Furthermore, evolutionary
analysis of aquaporins has shown that these genes have
evolved by several rounds of gene duplication [25]. The
most recent gene duplication gave rise to Aqp2 and Aqp5,

and it is interesting that both these genes show evolution-
ary conservation of the 3 0 portion of intron 1. This struc-
tural similarity is compelling and suggests that an
important function in intron 1 of both Aqp2 and Aqp5

has been retained through gene duplication and further
evolution.

Adult alveolar epithelium is comprised of two morpho-
logically and functionally distinct cell types, type I (AT1)
and type II (AT2) cells. AT2 cells have been extensively
characterized with regard to their role in surfactant pro-
duction, whereas AT1 cells have been presumed to provide
the major surface for gas exchange across the lung. How-
ever, the relative importance of each cell type for certain
homeostatic functions within the alveolar epithelium
(e.g., ion transport) remains unclear. One approach to
establishing the importance of a given cell type for a spe-
cific function in vivo is to perform cell-specific (conditional)
gene knockouts using the Cre/loxP recombination system.
However, this approach requires availability of a cell-spe-
cific promoter to drive expression of Cre. Mice are avail-
able for this purpose to make AT2 cell-specific knockouts
[26,27], but no transgenic mouse line yet exists that
expresses Cre specifically in AT1 cells. In adult lung alveo-
lar epithelium, AQP5 is selectively expressed in alveolar
type I cells [2,4,5,9], suggesting that the Aqp5 promoter is
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potentially useful to direct expression of Cre in AT1 cells.
In an attempt to characterize promoter elements of the
Aqp5 gene required to direct expression specifically in
AT1 cells in vivo, we generated transgenic mice in which
a GFP reporter was driven by a 4.3 kb upstream fragment
from the rat Aqp5 gene which includes the transcriptional
start site and upstream promoter sequences. Despite the
fact that this 4.3 kb fragment directs salivary and lung-spe-
cific gene expression in vitro, and is capable of directing
easily detectable expression of GFP in salivary gland, only
low levels of GFP expression were found in lungs of trans-
genic mice, suggesting that additional regulatory sequences
outside the 4.3 kb fragment are necessary for efficient
expression in lung (and in particular AT1) cells. Based on
our current observations, it is possible that expression in
lungs of transgenic mice may be augmented by inclusion
of ci1 (and possibly other) conserved genomic elements,
together with the 4.3 kb upstream fragment, in transgenic
constructs. To unequivocally establish the importance of
the ci1 fragment in the full genomic context in vivo will
likely require a transgenic strategy similar to that used by
Stemmler et al. [28] to delineate the function of intron 2
in regulation of the E-cadherin gene. In this approach, a
reporter gene (e.g., LacZ) is inserted at the ATG start
codon of the Aqp5 gene with conditional deletion of the
ci1 fragment using the Cre/loxP recombination system.
Quantitation of LacZ reporter gene expression before
and after deletion of ci1 should provide important informa-
tion regarding the regulatory role of this intronic fragment
in Aqp5 expression in different tissues.

In summary, we have demonstrated that an evolution-
arily conserved fragment of intron 1 in the rat Aqp5 gene
harbors enhancer activity. Statistically significant enhancer
activity was only observed in the context of the Aqp5 pro-
moter in the lung cell line MLE-15, but not in Pa-4 cells,
despite the fact that the latter also expresses the endoge-
nous Aqp5 gene. These results suggest that ci1 may be par-
ticularly important for enhancing Aqp5 gene expression in
the lung, and that its inclusion in transgenic constructs may
lead to higher levels of expression in lung epithelial cells.
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