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Diabetes affects many organs including the stomach. Altered
number and function of interstitial cells of Cajal (ICC), the gas-
trointestinal pacemaker cells, underlie a number of gastrointes-
tinal motility disorders, including diabetic gastroparesis. In the
muscle layers, ICC selectively expressAno1, thought to underlie
classical Ca2�-activated Cl� currents. Mice homozygous for
Ano1 knock-out exhibit abnormal ICC function and motility.
Several transcripts for Ano1 are generated by alternative splic-
ing of four exons. Here, we report expression levels of tran-
scripts encoded by alternative splicing of Ano1 gene in gastric
muscles of patients with diabetic gastroparesis and nondiabetic
control tissues. Expression of mRNA from two alternatively
transcribed exons are significantly different between patients
and controls. Furthermore, patients with diabetic gastroparesis
expressmRNAfor apreviously unknownvariant ofAno1.The5�

end of this novel variant lacks exons 1 and 2 and part of exon 3.
Expression of this variant in HEK cells produces a decreased
density ofCa2�-activatedCl� currents that exhibit slower kinet-
ics compared with the full-length Ano1. These results identify
important changes in expression and splicing of Ano1 in
patients with diabetic gastroparesis that alter the electrophysi-
ological properties of the channel. Changes in Ano1 expression
in ICC may directly contribute to diabetic gastroparesis.

Ca2�-activated Cl� channels are essential for a variety of
physiological functions including sensation (1), smoothmuscle
contraction (2), and secretion (3). Recently Ano1 (also known
as TMEM16A) was identified as a Ca2�-activated Cl� channel
expressed in epithelial cells of many organs including lung (4),
salivary glands, and kidney (5, 6). The voltage- and Ca2�-de-
pendent properties of the heterologously expressed channel
suggest that it is responsible for a significant subset of “classical”
endogenous Ca2�-activated Cl� currents. It may also have a
role in the pathology of several tumors, including gastrointes-
tinal stromal tumors, where Ano1 is highly expressed (7).

In the muscle layers of the gastrointestinal tract, Ano1 is
selectively expressed in the interstitial cells of Cajal (ICC)2 (8)
and appears to play an important role in the electrical activity of
ICC (9, 10). ICC are required for normal gastrointestinal motil-
ity. Abnormalities in both the number and function of ICC are
associated with motility disorders such as slow transit consti-
pation and gastroparesis, in particular diabetic gastroparesis
(see Ref. 11 for a review). Gastroparesis is a disorder of the
stomach characterized by a delay in gastric emptying of solids
and/or liquids in the absence of mechanical obstruction. Nau-
sea and vomiting are frequent symptoms associated with
delayed gastric emptying. Gastroparesis is a well recognized
complication of diabetes, but the pathophysiology of this dis-
ease is still not understood. Multiple cellular defects have been
reported in diabetic gastroparesis (12) with the most common
defect being the loss or altered function of ICC both in animal
models (13, 14) and in human studies (15–17).
Pacemaker activity of ICC (9) and generation of slow waves

(10) have been postulated to depend on Ano1 function. The
Ano1 gene contains 26 exons, and several transcripts of Ano1
have been identified that are generated by alternative inclusion/
skipping of coding regions (segments nameda, b, c, andd in Ref.
4), resulting in proteins containing eight transmembrane span-
ning domains, which range in size from840 to 1008 amino acids
(4). It has been suggested that segment a, corresponding to
exon 1 and part of exon 2, is skipped when an alternate pro-
moter is used (18); the identity of segment a as a distinct splice
variant is not clear. The resulting protein lacks the first 116
amino acids. The other segments, whose inclusion/skipping is
due to alternative splicing of single exons, correspond to exon
6b (segment b), localized also in the N terminus of the protein,
and exons 13 (segment c) and 15 (segment d), localized in the
first intracellular loop. Furthermore, splicing of exons 6b, 13,
and 15 is differentially processed across various organs (18).
Exons 6b and 13 were shown to influence the Ca2� sensitivity
and voltage dependence of Ano1 currents, respectively (18).
The other alternatively spliced exons have not been function-
ally characterized. All isoforms of Ano1 examined to date have
produced chloride currents when expressed in HEK cells
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including the isoform without all four alternative segments (4).
Recently, Ferrera et al. (18) failed to identify transcripts lacking
segment a. They concluded that its inclusion/exclusion could
be under the control of an alternate promoter and restricted to
particular physiological or pathological conditions.
Alteration of the equilibrium between different Ano1 pro-

teins could potentially have physiological and pathological
effects. Splicing is the process bywhich exons are joined to form
mRNA through the removal of introns contained in the precur-
sor heterogeneous nuclear RNA. Alongside its established role
in expansion of transcriptome and proteome complexity, alter-
native splicing is also emerging as amajormechanism formod-
ulation of gene expression (19). Likewise, the use of alternative
promoters can vary the expression and function of proteins
(20). We hypothesized that the relative expression levels of
Ano1 variants are associated with diabetic gastroparesis, a dis-
ease involving well established changes in ICC, an Ano1-ex-
pressing cell type. In this study, we show significant differences
in expression of mRNA from alternatively spliced exons in
patients with diabetic gastroparesis when compared with age-
and sex-matched nondiabetic controls.We also identifymRNA
for a novel variant of Ano1 with an alternative 5� end that is
expressed in patients with diabetic gastroparesis. Expression of
this isoform of Ano1 results in altered current densities and
activation kinetics compared with expression of the full-length
isoform. We conclude that regulation of Ano1 expression is
complex and results in different electrophysiological properties
of Ca2�-activated Cl� currents in diseased tissue.

EXPERIMENTAL PROCEDURES

Tissue Collection—Full thickness gastric biopsies were col-
lected from the anterior aspect of the stomach. Tissue was
obtained from 12 patients with diabetic and 8 with idiopathic
gastroparesis undergoing surgery for placement of a gastric
stimulator following institutional review board-approved pro-
tocols (Table 1 and supplemental Table S1, respectively). Con-
trol tissue was from 12 age- and sex-matched nondiabetic and 7
diabetic patients undergoing duodenal switch gastric bypass
surgery following institutional review board-approved proto-
cols (Table 1 and supplemental Table S1, respectively). The
location of the tissue for the controls was matched to the
patients. All of the patients with gastroparesis had delayed gas-
tric emptying on a standardized radionuclide gastric emptying
test, and the diabetic patients presented either type 1 or type 2
diabetes.
Immunofluorescence—Tissue was fixed in 4% paraformalde-

hyde (Sigma-Aldrich) in 1� phosphate buffer for 24 h and then
washed five times over 1 h in 0.1 M PBS. After overnight incu-
bation at 4 °C in a solution containing 30% sucrose (Sigma-
Aldrich) in 1� PBS, the specimens were cut in cross-section
(parallel to the circular muscle) and frozen in Tissue-Tek OCT
compound (Electron Microscopy Sciences). 12-�m cryostat
sections were cut, and slides were stored at �80 °C until use.
For immunofluorescence staining, the sections were warmed
up to room temperature and rinsed twice in 1�PBS followedby
a blocking step for nonspecific antibody bindingwith a solution
of 1� PBS containing 10% normal donkey serum (Jackson
ImmunoResearch Lab) and 0.3% Triton X-100 (Pierce) for

an hour at room temperature. Antibodies against Kit (Lab
Vision Corporation) were diluted to 500 ng/ml in 1� PBS, 5%
normal donkey serum, 0.3% Triton X-100 and incubated over-
night at 4 °C.Next, the slideswere rinsed in 1�PBS three times,
followed by a 1-h incubation with Cy-3-conjugated secondary
antibodies diluted in 1� PBS and 0.5% Tween 20. For Ano1
staining, the sections were subjected to antigen retrieval, car-
ried out by the steamer method with the use of preheated anti-
gen retrieval solution (Dako) for 15 min. After washing in PBS,
tissues were subjected to a blocking step for 2 h at room tem-
perature in 0.3% Triton X-100 plus 1% BSA in PBS, followed by
incubation overnight at 4 °Cwith an in-house primary antibody
for Ano1 diluted to 160 ng/ml in blocking solution. The next
day, the slides were rinsed in 1� PBS three times, followed by
1 h of incubation with Cy-5-conjugated secondary antibodies
diluted in blocking solution. Finally, the slideswere rinsed three
times in 1� PBS and mounted in SlowFade Gold with DAPI
(Invitrogen).
To quantify ICCbodies, two or three nonadjacent slideswere

analyzed per patient. The fields were selected using an auto-
mated stage. ICC cell bodies were counted from 38–40 fields
per patient with 40� or 60� objectives on an Olympus FV300
confocal microscope. Before counting, the images were
renamed using a random number generator. An ICC body was
defined as a Kit-positive structure with a DAPI positive nucleus
within the structure. Mast cells were excluded by their larger,
more circular appearance and brighter fluorescence.
Quantitative RT-PCR—For RNA extraction, the tissue col-

lected as described above was immediately frozen in liquid
nitrogen, and RNA was extracted using the RNA-Bee solution
(Tel-Test Inc.) according to the manufacturer’s instructions,
followed by an in-column clean-up with RNeasy kit (Invitro-
gen). RT was performed using SuperScript VILO enzyme
(Invitrogen), and the reaction protocol consisted of annealing
at 25 °C for 10min, followedby one cycle at 42 °C for 60min and
terminated by incubation at 85 °C for 5 min. The cDNA was
then used for real time PCR using the Prism 7000 Sequence
Detector (Applied Biosystems) with RT2 SYBR Green/ROX
MasterMix (SABioscience) and primers specific for the exon of
interest. The standard protocol used was the following: 10 min
at 95 °C to activate the Taq polymerase followed by 40 cycles of
15 s at 95 °C and 1 min at 60 °C. Melting curves generated with
a dissociation protocol were used to ensure the specificity of
primers for a single product for each reaction. Plasmid DNA
containing the inserted PCR products were constructed to ver-
ify by sequencing the identity of the products and used to gen-
erate standard curves of concentration of plasmid DNA versus
threshold cycle number for each product of interest with the
aim to convert cycle number to transcript copy number.
The expression of the exons of interest was normalized to the

expression of Ano1, measured by using primers annealing in a
region of the gene not subjected to alternative splicing. The
sequences of all the primers used for the quantitative PCR
experiments are listed in supplemental Table S2.
Construction of Expression Vectors for Ano1 Isoforms and

Transfection in HEK293 Cells—The expression vector contain-
ing the full-length Ano1 (Ano1) was constructed as previously
described (4). The other Ano1 isoforms were constructed by
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site-directed mutagenesis introducing the desired mutations
on the full-length expression vector using the QuikChange XL
site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. All of the constructs were verified
by sequencing.
The Ano1�1,2(5�) isoform was constructed by introducing a

point mutation in the starting ATG causing a G to C base
change in position 3 in exon 1. This resulted in a substitution of
the starting methionine with an isoleucine. The next ATG, in-
framewith the expression vector promoter, is in position 349 in
exon 2, right after the end of segment a.
A similar mutation from ATG to ATC in position 349 was

introduced to construct Ano1�1,2,3(5�) isoform identified in
patients with diabetic gastroparesis. The next ATG in-frame is
in position 526 in exon 3, corresponding to the one predicted as
possible translational start site in position 866 by the NetStart
server (see supplemental Fig. S2).

LipofectamineTM 2000 reagent (Invitrogen) was used to
transiently co-transfect vectors containing green fluorescent
protein pEGFP-C1 (Clontech) and the Ano1 isoform of interest
intoHEK293 cells (ATCC). Transfected cells were identified by
fluorescence microscopy prior to patch clamping.
Electrophysiology—Electrodes were prepared by pulling

KG-12 glass on a Sutter P-97 puller (Sutter InstrumentCo.), fire
polishing tips to 2–5 M�, and then coating glass with R6101
compound (Dow Corning). HEK293 cells expressing the fol-
lowing constructs: full-length Ano1 (Ano1), Ano1�1,2(5�), or
Ano1�1,2,3(5�) and co-transfected fluorescent marker GFP,
were patch-clamped (Axopatch 200B, Digidata 1322A, and
pCLAMP9 software;Molecular Devices) in standardwhole cell
configuration in a glucose-freeN-methyl D-glucamine extracel-
lular solution (149.2 mMNMDG�, 4.74 mM K�, 2.54 mMCa2�,
0.01 mMGd3�, 159 mMCl�, 5 mMHEPES, pH 7.35; osmolality,
290 mmol/kg) with CsCl and 500 or 50 nM free Ca2� in the
pipette (145 mM Cs�, 5 mM Na�, 5 mM Mg2�, 1.27 or 0.3 mM

Ca2�, 162.5 or 160.6 mM Cl�, 2 mM EGTA, 5 mM HEPES, pH
7.2; osmolality, 290 mmol/kg). Free Ca2� was calculated using
an online software tool. Under these conditions, Cs�, NMDG�,
andGd3� blockK�, Na�, and nonselective cation currents, and
equimolar Cl� results in a reversal potential at 0 mV.

The cells were held at �60 mV between 1-s 10-mV voltage
steps from �100 to �120 mV. Start-to-start time between
sweeps was 5 s. The data were analyzed using Clampfit and
Excel (Microsoft). In current-voltage (I-V) relationships (see
Figs. 5B and 7B and supplemental Fig. S3B), Cl� currents at 1 s
are shown as a fraction of total cell capacitance (pA/pF). Non-
transfected cells displayed currents �2 pA/pF in high or low
free Ca2� (data not shown). Activation or deactivation kinetics
(Figs. 6 and 8 and supplemental Fig. S3, C and D) were fitted
from 0.050 to 1.000 s or from 1.050 to 1.250 s, respectively, by a
one-term weighted exponential function: f(t) � K0(f1e�t/�(1)) �
C, where �1 was the time constant of activation or deactivation.
Significancewas determined by a two-tailed unpaired Student’s
t test. A p value less than 0.05 was considered significant.

Single channel recordings were made with an Axon Instru-
ments 200B patch clamp amplifier with an accompanying
Cyberamp. The current records were sampled at 10 kHz and
filtered through a 2000-Hz analog 8-pole Bessel filter. The elec-

trodes were pulled from Schott 8250 glass using a two stage pull
on the Sutter puller. For the measurements, both the electrode
and the bath were filled with a solution containing 150 mM

NMDG Cl, 2.5 mM CaCl2, and 5 mM HEPES. The fine-tipped
electrodes when filled had resistances in the 23–30-megaOhm
range. The recordings were made from inside-out patches with
the electrode positioned very near the surface of the bathing
medium so as to reduce capacitance and noise.When required,
the records were additionally filtered at 500 Hz using a digital
eight-pole Bessel filter.
Rapid Amplification of cDNAEnds—The rapid amplification

of cDNA ends (RACE) technique was used to isolate full-length
5� ends of Ano1 mRNA, and it was performed using the
SMARTerTM RACE cDNA amplification kit (Clontech)
according to the manufacturer’s instructions. Briefly, total
RNA was extracted from control and patient tissues as
described above and cleaned up using the in-column treatment
of the RNeasy kit (Invitrogen) according to directions. 1 �g of
RNA was reverse-transcribed into first strand cDNA using
SMARTer II A oligonucleotide by incubation at 42 °C for 90
min, followed by 70 °C for 10 min. The resulting cDNA was
diluted to 100 �l with Tricine-EDTA buffer and used for a PCR
performed using a universal primer mix from the kit, which
binds to the 3� ends of first-strand cDNA, in combination with
a primer specific for exon 3 of Ano1 (5�-CGGCCTCTCTGCA-
CAGCACGTTCCAGGGG-3�). The reaction mixtures were
denatured at 94 °C for 3 min followed by 38 cycles of 94 °C for
30 s and 68 °C for 3min and then 1 cycle of 68 °C for 3min using
the Advantage-GC2 polymerase mix (Clontech). PCR from the
samples were then resolved by electrophoresis in a 1% agarose
gel, and the bands were gel-purified, cloned into the pCR2.1
vector of a TA cloning kit (Invitrogen), and subjected to DNA
sequence analysis.
Identification of Possible Translational Start Sites for the

Alternative 5� End of Ano1—We used the NetStart 1.0 predic-
tion server freely available on the web. TheNetStart server pro-
duces neural network predictions of translation start in verte-
brate and Arabidopsis thaliana nucleotide sequences (21). The
newly identified Ano1 with an alternative 5� end was used as
input, and the predicted translation start sites were reported in
a table showing the positions and the scores of all instances of
ATG in the sequence (supplemental Fig. S2). Scores greater
than 0.5 represented a probable translation start site.

RESULTS

Patients with Diabetic Gastroparesis Had Fewer Interstitial
Cells of Cajal in the Smooth Muscle Layers of the Stomach—To
determine whether patients with diabetic gastroparesis had
altered expression of ICC in the gastric smooth muscle layers
compared with controls, we labeled sections of stomach
smooth muscle tissue collected from 12 patients with diabetic
gastroparesis (Fig. 1A) and 12 age- and sex-matched nondia-
betic controls (Fig. 1D) with antibodies against Kit, amarker for
ICC. The ages and sexes of the patients whose tissue was used
for this study are shown in Table 1. ICC numbers were mark-
edly fewer in the entire thickness of the stomach smooth mus-
cle in patients with diabetic gastroparesis (4.4, 3.2–4.7 ICC/
field in controls compared with 1.8, 1.2–3.3 in patients, p �

Altered Ano1 Variant Expression in Diabetic Gastroparesis

APRIL 15, 2011 • VOLUME 286 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 13395

http://www.jbc.org/cgi/content/full/M110.196089/DC1
http://www.jbc.org/cgi/content/full/M110.196089/DC1
http://www.jbc.org/cgi/content/full/M110.196089/DC1
http://www.jbc.org/cgi/content/full/M110.196089/DC1


0.05; the data aremedian, interquartile ranges; Fig. 1G). Double
labeling of sections fromcontrol andpatientswith antibodies to
Ano1 (Fig. 1, B and E, respectively) resulted in signals com-
pletely overlapping to Kit staining (Fig. 1, C and F, show the
merged signals). These data suggest that both Kit and Ano1 are
decreased in diabetic gastroparesis.
Expression of Ano1 Transcriptional Variants Is Altered in

Diabetic Gastroparesis—To test whether expression of tran-
scriptional variants of Ano1 was different in patients with dia-
betic gastroparesis compared with controls, we performed
quantitative RT-PCR on total RNA extracted from the gastric
smooth muscles of the two patient groups. We used primers
specific for each alternatively spliced exon. Fig. 2A is a sche-
matic of the 5� end ofAno1 including the first three exons. Exon
1 togetherwith the 5� region of exon 2 constitutes segment a (in

black). As shown in Fig. 2B, the expression of segment a was
significantly reduced in patients with diabetic gastroparesis.
Approximately 40% of the Ano1 transcripts in tissues from
patients with diabetic gastroparesis contained segment a (0.41,
0.28–0.47; Table 2), compared with 	80% of transcripts from
control tissues (0.81, 0.64–0.92; Table 2, p � 0.004). As shown
in Fig. 2C, the proportion of the transcripts that included
sequence from exon 6b (segment b) was significantly higher in
patients with diabetic gastroparesis (0.38, 0.29–0.68; Table 2)
compared with controls (0.25, 0.16–0.29; Table 2, p � 0.004).
No significant differences were found between the two groups
with respect to expression of Ano1 transcriptional variants that
included sequences from exon 13 (segment c; Fig. 2D) or exon
15 (segment d; Fig. 2E) (values in Table 2). The results from the
gastrointestinal tract of control patients were consistent with
expression data of variants in control tissues fromother parts of
the body (18). No correlation was observed between the num-
ber of ICC per field and the expression of each of the alterna-
tively transcribed exons examined in samples from patients
with diabetic gastroparesis (data not shown). There was also no
correlation between the expression of either segment a or exon
6b and the duration of diabetes or the blood glucose level
(measure as level ofHbA1C), norwas there associationwith sex
of the patient or type of diabetes for expression of exon 6b (data
not shown). However, expression of segment a was higher in
gastroparesis patients with type 2 diabetes compared with
patients with type 1 (Fig. 2F).
Characterization of the 5� End of Ano1 mRNA by RACE—To

investigate the predicted splicing pattern of Ano1, we analyzed

FIGURE 1. Patients with diabetic gastroparesis had fewer interstitial cells of Cajal in the smooth muscle layers of the stomach. A, B, D, and E, represent-
ative images showing labeling for Kit (A and D) and for Ano1 (B and E) as markers for ICC on stomach section of nondiabetic control and patient with diabetic
gastroparesis, respectively. C and F show the merged images. G, quantification of ICC for nondiabetic controls and diabetic gastroparesis. The circles represent
individual patients, and the lines are the median values. Scale bars, 20 �m. *, p � 0.001 (Mann-Whitney test).

TABLE 1
Demographics of patients who provided tissue

Nondiabetic
control Diabetic gastroparesis

Sex Age Sex Age Type

1 Female 49 Female 49 1
2 Male 64 Male 68 2
3 Male 36 Male 34 1
4 Female 40 Female 35 1
5 Female 48 Female 50 1
6 Male 39 Male 39 1
7 Female 37 Female 33 1
8 Female 30 Female 30 2
9 Female 26 Female 25 1
10 Female 58 Female 55 2
11 Female 52 Female 50 2
12 Male 58 Male 56 2
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the whole Ano1 gene using ASPicDB. This data base resource
provides access to alternative splicing patterns of human genes
based on published data on gene sequences and transcripts,
including functional annotations (22). ASPicDB showed a com-
plex predicted alternative splicing pattern for human Ano1
(supplemental Fig. S1) by comparison between the Ano1 gene
(genomic location between bp 69602050 and 69713299 of chro-
mosome 11), the transcript of the reference sequence (acces-
sion number NM_018043), and 156 published expressed
sequence tags. Many of those transcripts had a shorter 5� end
with amissing exon 1 (such as in transcripts 3, 5, 6, 9, 11, 12, and
14 in supplemental Fig. S1) or both exons 1 and 2 (transcripts 7,
13, 15, and 16 in supplemental Fig. S1).

Given this information and the results obtained from quan-
tification of segment a (the 5� end of Ano1) in patients with

diabetic gastroparesis, we performed 5� RACE on total RNA
extracted from gastric smoothmuscle tissue from four patients
with diabetic gastroparesis and four nondiabetic controls to
obtain the complete sequence of the 5� end of the Ano1mRNA
transcripts. Fig. 3A represents a schematic of the human Ano1
gene including all 26 known exons. The primer used for the
RACE reaction was located in exon 3 of Ano1 andwas designed
based on the published reference sequence (GenBankTM acces-
sion number NM_018043.5). RACE amplification products
separated electrophoretically as one distinct band andmultiple
smaller sized bands (Fig. 3B). DNA obtained from these two
regions of each gel was subcloned into a plasmid vector, and the
sequences were determined. In control tissues, a band of 845 bp
contained the sequence corresponding to the published 5� end
of the coding region of the Ano1 gene (Fig. 3B, black arrow). No

FIGURE 2. Expression of Ano1 transcriptional variants is altered in diabetic gastroparesis. A, schematic of the 5� end of Ano1. Segment a (exon 1 and the
5� region of exon 2) is indicated in black. B and C, the expression of transcripts that contain segment a (comprised of exons 1 and 2) was significantly reduced
(B), whereas the expression of exon 6b was increased in patients with diabetic gastroparesis compared with controls (C). D and E, no difference was detected
for the expression of exons 13 (D) and 15 (E). F, graph shows lower expression of mRNA for segment a in patients with type 1 diabetes versus type 2. In each
graph, the circles represent individual patients, and the lines are the median values; the data are expressed as ratios to the total Ano1 in each sample. *, p �
0.004; **, p � 0.05 (Mann-Whitney test).

TABLE 2
Quantification of expression of Ano1 alternatively spliced exons
The data are reported as median and interquartile ranges.

Exon 1 Exon 6b Exon 13 Exon 15

Control 0.81, 0.64–0.92 0.25, 0.16–0.29 0.23, 0.18–0.28 0.19, 0.14–0.21
Diabetic gastroparesis 0.41, 0.28–0.47a 0.38, 0.29–0.68a 0.28, 0.19–0.43 0.2, 0.1–0.43

a p � 0.004 using Mann-Whitney test.
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other clones were obtained from this band. From the smaller
amplification products of control tissues (Fig. 3B, gray arrow), a
650-bp sequence was identified as an alternative isoform of Ano1
lacking exon1 and containing a 217-bp sequence located in intron
1, 2081 bp upstream of the start of exon 2, and all of exon 2 (Fig.
3C).We therefore called this isoformAno1�1,2(5�) and iden-
tified it as corresponding to the 5� end of the computation-
ally theoretical transcripts 3, 5, 9, and 11 predicted by
ASPicDB (in supplemental Fig. S1) and matching a previ-
ously identified sequence (GenBankTM accession number
BC033036.2).
In tissues from patients with diabetic gastroparesis, we

obtained two cDNA products that ran on the gel as a single
band (Fig. 3B, white arrow). One product contained 845 nucle-
otides and corresponded to the one identified in the control
samples. The other product contained 846 nucleotides and was
identified as anAno1 transcript with an alternative 5� end com-
pletely lacking exons 1 and 2 and containing a 779-bp sequence
located in intron 2 that was immediately upstream and contig-
uous with 67 bp in exon 3. This sequence is illustrated schemat-
ically in Fig. 3D and reported in Fig. 3E (GenBankTM acces-

sion number HQ418153). We defined this novel isoform
Ano1�1,2,3(5�). Other products cloned from the smaller sized
multiple bands fromboth control and patient tissueswere iden-
tified as mixed fragments of unrelated genes.
Expression of mRNA of Ano1 with the Alternative 5� End,

Ano1�1,2,3(5�), Is Increased in Gastroparesis—To quantify
Ano1�1,2,3(5�) in gastric smooth muscle tissue collected from
patients with diabetic gastroparesis, we designed specific prim-
ers within the newly identified sequence (supplemental Table
S2). Quantitative RT-PCR established that expression of this
isoform of Ano1 was extremely low in control tissue (0.002,
0.0015–0.0027), whereas it was about 10 times higher in tissues
from patients with diabetic gastroparesis (0.029, 0.018–0.041,
p � 0.0001; Fig. 4A). Ano1�1,2,3(5�) was similarly increased in
patients with idiopathic gastroparesis (0.016, 0.0045–0.031,
p � 0.001; Fig. 4B) compared with controls.
Electrophysiological Properties of Ano1�1,2(5�)—The pres-

ence of multiple transcripts of the Ano1 gene that have altered
expression in diseased tissue raised the possibility that the var-
ious proteins encoded by these transcripts have differing func-
tional properties. To test this hypothesis, we constructed

FIGURE 3. Identification of 5� end of Ano1 mRNA by RACE. A, schematic of the Ano1 gene with open bars indicating exons and lines indicating introns. Filled
boxes indicate alternatively spliced exons. The cross-hatched box indicates the 5� UTR, whereas the dotted box represents the 3�-UTR. B, representative agarose
gel for bands obtained after RACE for controls (CTRL) and diabetic gastroparesis patients (DG). Black arrow, full-length Ano1; gray arrow, Ano1�1,2(5�); white
arrow, Ano1�1,2,3(5�) and full-length Ano1. C, schematic of the 5� end of Ano1�1,2(5�), the isoform identified after RACE in control samples, compared with
full-length Ano1. The arrowhead in exon 3 indicates the position of the primer used for RACE. D, schematic of the 5� end of Ano1�1,2,3(5�), the isoform
identified in patients with diabetic gastroparesis, compared with full-length Ano1. E, sequence of the newly identified Ano1�1,2,3(5�) with the beginning of
exon 3 indicated in bold.
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expression vectors bearing the isoforms of Ano1 with alterna-
tive 5� ends identified in control and patients by RACE. For
Ano1�1,2(5�), the isoform lacking exon 1 and part of exon 2, we
used site-directed mutagenesis to disrupt the ATG transla-
tional start site in exon 1. This forced translation to start at the
second available in-frame ATG at the end of exon 2. The
deleted region represents segment a, and this construct corre-
sponds to Ano1�1,2(5�). Whole cell patch clamp recordings
were obtained fromHEK293 cells transfected with this expres-
sion vector and compared with recordings from cells trans-
fected with a plasmid containing the full-length Ano1 (Fig. 5).
Transfections with both vectors resulted in expression of chan-
nels that produced Ca2�- and voltage-dependent outwardly
rectifying currents. Current densitiesmarkedly increased when
the intracellular concentration of Ca2� was changed from 50 to
500 nM (at 120mV, IANO1, 7.0
 1.2 to 264.6
 50.4 pA/pF, n�
10 each, p� 0.01; IAno1�1,2(5�), 2.3
 0.2 to 358.5
 128.6 pA/pF,
n � 10 each, p � 0.01; Fig. 5A). At 500 nM free Ca2�, Cl�
current densities were not significantly different in between the
two isoforms (p 	 0.05 at all voltage steps comparing IANO1 to

IAno1�1,2(5�), n � 10 each; Fig. 5B). No Cl� currents were
recorded in nontransfectedHEK293 cells (INONTRANSFECTED�
2 pA/pF, n � 4; data not shown). The activation and deactiva-
tion kinetics of the Ano1 channel were fit well with a single
exponential (tau). Significant differences were observed
between the activation and deactivation rates of the two cur-
rents generated from the two constructs. The Ano1�1,2(5�)
transcriptional variantwas slower to activate (at 120mV, �ANO1�
344.1 
 31.4 ms versus �Ano1�1,2(5�) � 669.4 
 83.6 ms, n � 10
each, p � 0.01; Fig. 6A) and deactivate (at 120 mV, �ANO1 �
70.4
 6.3ms versus �Ano1�1,2(5�) � 103.5
 9.7ms, n� 10 each,
p � 0.01; Fig. 6B). The activation rates for Ano1�1,2(5�)
showed a loss of the voltage-dependent slowing seen for Ano1.
Electrophysiological Properties of Ano1�1,2,3(5�)—To char-

acterize the electrophysiological properties of the newly iden-
tified isoform of Ano1 lacking exons 1 and 2 and the 5� end of
exon 3, we determined the possible translation start site of the
protein. To do so we ran the newly identified sequence in the
NetStart 1.0 prediction server (21) and obtained four possible
translation initiation sites in position 49, 206, 313, and 866

FIGURE 4. Expression of Ano1�1,2,3(5�) is increased in gastroparesis. A, graph showing the increased expression of the mRNA for Ano1�1,2,3(5�) in
patients with diabetic gastroparesis versus nondiabetic controls. B, graph showing the increased expression of the mRNA for Ano1�1,2,3(5�) in patients with
idiopathic gastroparesis versus nondiabetic controls. The data are expressed as ratios to the total Ano1 in each sample. The circles indicate individual patients,
and the lines are the median values. *, p � 0.001 (Mann-Whitney test).

FIGURE 5. Ano1�1,2(5�) does not show altered current density. A, outwardly rectifying chloride currents recorded from HEK293 cells transfected with
full-length Ano1 or with Ano1 isoform without exon 1 and the 5� end of exon 2 (Ano1�1,2(5�)) at a free intracellular Ca2� concentration of 50 and 500 nM

showing the Ca2� dependence of the chloride currents. Dotted line, 0 pA. B, current-voltage graph for chloride currents at 1 s showing a difference in the current
density of the channel at 500 (filled symbols) and 50 nM (empty symbols) calcium concentrations, but no significant difference between the full-length (circle) and
mutated (triangle) isoforms of Ano1 tested (n � 10, p � 0.01 low to high free Ca2� for each isoform, p 	 0.05 between isoforms at high free Ca2�).
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(supplemental Fig. S2A). The first three putative start sites gen-
erated very short open reading frames (supplemental Fig. S2B,
underlined); however, the translation initiation site in position
866 (supplemental Fig. S2B, boxed), located in a region of the
transcript encoded by exon 3, was in-frame with the coding
sequence for the full-length Ano1 protein. To test the function
of this novel isoform of Ano1, a new expression vector bearing
Ano1�1,2,3(5�) was generated, as described under “Experimen-
tal Procedures.”
Whole cell patch clamp recordings were obtained from

HEK293 cells transfected with an expression vector bearing the
Ano1�1,2,3(5�) isoform. Ano1�1,2,3(5�) was activated by Ca2�

(at 120mV, IAno1�1,2,3(5�) from 50 to 500 nM free Ca2�, 2.2
 0.6
to 114.2
 16.2 pA/pF, n� 8, p� 0.01; Fig. 7A), but the current
densities were lower when compared with full-length Ano1 at
voltages higher than 80 mV at 500 nM Ca2� (at 80 mV, IANO1,
91.1 
 20.7 pA/pF (n � 10) versus IANO1�1,2,3(5�), 39.5 
 7.5
pA/pF, (n � 8), p � 0.05; Fig. 7B). Significant differences were
also observed in the kinetics of Ano1�1,2,3(5�). As for the

Ano1�1,2(5�) (Fig. 6A), the activation rate for Ano1�1,2,3(5�)
was slower when compared with full-length Ano1 (at 120 mV,
�ANO1 � 344.1 
 31.4 ms versus �Ano1�1,2,3(5�) � 550.4 
 52.0
ms, n � 8–10, p � 0.05; Fig. 8A). Activation rates for
Ano1�1,2,3(5�) also showed voltage-dependent slowing similar
to Ano1 but lost in Ano1�1,2(5�) (Fig. 6A). However, unlike the
differences in deactivation noted for Ano1 and Ano1�1,2(5�)
(Fig. 6B), the deactivation rates for Ano1�1,2,3(5�) were similar
to Ano1, differing only at very positive voltages (�120 mV)
(�ANO1 � 70.4 
 6.3 ms versus �Ano1�1,2,3(5�) � 92.3 
 8.0 ms,
n � 8–10, p � 0.05; Fig. 8B).
Single Channel Properties of Ano1 Isoforms—To study the

kinetics of Ano1, we also carried out single channel recordings
in the inside-out patch mode in cells transfected with expres-
sion vectors bearing the full-lengthAno1 and both the isoforms
with shorter 5� ends (Fig. 9). Despite several measures to
increase resolution, wewere unable to definitely establish a sin-
gle conductance suggesting a very low unitary conductance.
This is consistent with a recent report (23). Multiple sweeps of
single channel data were averaged for each expression vector to
enable comparisons between single channel andwhole cell cur-
rent recordings. The averaged single channel traces showed
rates of rise similar to the whole cell currents.
Electrophysiological Properties of Ano1�15—No difference

in expression of the Ano1 transcript lacking exon 15 was found
between tissue from patients with diabetic gastroparesis and
controls. However, because the Ano1 transcript lacking exon
15 has not yet been characterized, we used whole cell patch
clamp recordings from HEK293 cells transfected with this
expression vector and compared them with recordings from
cells transfectedwith a plasmid containing the full-lengthAno1
(supplemental Fig. S3). Transfection of both expression vectors
resulted in a calcium-dependent outwardly rectifying voltage-

FIGURE 6. Ano1�1,2(5�) shows altered kinetics. Time constant (�) of activa-
tion (A) and of deactivation (B) are significantly slower in the Ano1�1,2(5�)
isoform (triangle) than in the full-length Ano1 construct (circle) at voltage
steps from �60 mV holding potential to 20 –120 mV (n � 10). *, p � 0.01.

FIGURE 7. Ano1�1,2,3(5�) shows altered current density at high voltages. A, outwardly rectifying chloride currents recorded from HEK293 cells transfected
with full-length Ano1 or with Ano1 isoform with alternative 5� end (Ano1�1,2,3(5�)) at a free intracellular Ca2� concentration of 50 and 500 nM showing that the
Ca2� dependence of the chloride currents was preserved. Dotted line, 0 pA. B, current-voltage graph for the chloride currents at 1 s showing a difference in
current density at 500 (filled symbols) and 50 nM (empty symbols) Ca2� concentrations. At 500 nM, significant differences were observed between the full-length
(circle) and Ano1�1,2,3(5�) isoform of Ano1 (triangle) tested at voltages higher than 80 mV (n � 8 –10). *, p � 0.05.
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sensitive currents (at 120 mV, IANO1 as detailed above;
IANO1�15, 7.6 
 0.8 to 162.8 
 45.0 pA/pF, n � 10 each, p �
0.01; supplemental Fig. S3A). No difference was detected
between the two transcripts at 500 nM free Ca2� (p 	 0.05
comparing IANO1 to IANO1�15 at voltage steps to 40–120 mV,
n � 10 each; supplemental Fig. S3B). Activation kinetics were
significantly faster in Ano1�15 compared with full-length
Ano1 (at 120 mV, �ANO1 as detailed above versus �ANO1�15 �
238.0
 13.6ms, n� 10 each, p� 0.01; supplemental Fig. S3C).
Ano1�15 deactivation was faster compared with full-length (at
120 mV, �ANO1 as detailed above versus �ANO1�15 � 51.7 
 4.8
ms, n � 10 each, p � 0.01; supplemental Fig. S3D).
Identification andQuantification of 3� End of Ano1mRNAby

Quantitative RT-PCR—Further analyses of the Ano1 gene
using ASPicDB showed few transcripts with the alternative 3�
end. In particular, transcripts 8–14 in supplemental Fig. S1 are
predicted to have shortened transcripts with an early stop
codon after exon 19. For this reason, based on the sequence
identified with this analysis, we designed primers specific for
the alternative 3� end of Ano1 and tested by quantitative RT-

PCR the expression of this isoform in patients with diabetic
gastroparesis comparedwith controls. As shown in supplemen-
tal Fig. S4, significant quantities of the transcripts truncated at
the 3� endof the sequencewere detected in both sets of samples,
but there was no difference between control and diabetic gas-
troparesis patients in the expression of mRNA for the isoform
of Ano1 with shorter 3� end.

DISCUSSION

The recent reports that Ano1 and other anoctamin proteins
appear to function as classical Ca2�-activated Cl� channels
have ignited significant interest in this new family of ion chan-
nels. In this study, we show that the expression of alternatively
spliced exons of Ano1 is different in smooth muscle layers of
gastric tissues from patients with diabetic gastroparesis when
compared with matched nondiabetic controls.
An unexpected and intriguing result of this study relates to

the inclusion/exclusion of segment a. By quantitative RT-PCR,
we confirmed the published observation that Ano1 in nondia-
betic controls nearly always includes the exons 1 and 2 consti-
tuting segment a (Fig. 2B). Surprisingly, in patients with dia-
betic gastroparesis, this was not the case, where many more
transcripts lacking this segment were found.We also show that
expression of segment a in patients with diabetic gastroparesis
is associated with the type of diabetes as it was increased in
patients with type 2 diabetes (Fig. 2F) compared with type 1.
The exact identity and role of segment a is unclear. It has been
hypothesized, without experimental data, that its expression
could be restricted to a particular cell type or developmental
stage or tightly regulated by use of an alternative promoter (18).
Given the multiplicity of expression of Ano1 not only in terms
of number of isoforms identified but also in the preferential
expression of some of the isoforms in tissue from patients with
diabetic gastroparesis and not controls, altered alternative
splicing may contribute to pathological conditions including
diabetes and complications of diabetes such as gastroparesis.
We also show that patients with diabetic gastroparesis

express a previously unknown Ano1 variant that has an alter-
native translation start site in exon 3. Expression of this variant
was 10-fold increased in the diabetic gastroparetic patients (Fig.
4). Despite the 10-fold increase, the full-length Ano1 was still
the dominant variant. The electrophysiological properties of
the variant were substantially different when compared with
full-length Ano1. The electrical behavior of Ano1 is therefore
dependent on differential expression of variants and is altered
in disease. An immediate question is whether it is the diabetes
or the gastroparesis that is associated with the altered expres-
sion of the previously unknown short Ano1 variant. We there-
fore looked for expression of this variant in a different group of
patients with nondiabetic (idiopathic) gastroparesis and also
found elevated expression of this variant, suggesting that it is
the gastroparesis and not the diabetes that is associated with
Ano1�1,2,3(5�) (Fig. 4). Interestingly, this novel isoform shows
different electrophysiological properties not only when com-
pared with the full-length Ano1 but even when compared with
the splice variant lacking only exon 1 (Ano1�1,2(5�)).
Ano1�1,2,3(5�) channels remainedCa2�- and voltage-sensitive
but produced smaller current densities and activated slower

FIGURE 8. Ano1�1,2,3(5�) shows altered kinetics. A, time constant (�) of
activation was significantly slower in Ano1�1,2,3(5�) (triangle) than in the
full-length control (circle) at voltage steps 20 through 120 mV (n � 8 –10
each). *, p � 0.05. B, significant differences were observed in the time con-
stant of deactivation only at 120 mV (n � 8 –10). *, p � 0.05.

FIGURE 9. Averaged traces obtained from inside-out patches from cells
transfected with the different Ano1 isoforms. The traces show similar
kinetics to the whole cell current but single channel openings could not be
definitely resolved.
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than Ano1. However, the kinetics of deactivation in
Ano1�1,2,3(5�) was preserved when compared with the full-
length Ano1. Instead, Ano1�1,2(5�) channels retained Ca2�

and voltage sensitivity but gated (activate and deactivate) much
slower than the full-length Ano1.
Our data (Figs. 2–9), taken together with published data (18)

show that alternative splicing of Ano1 leads to changes in the
electrophysiological properties of Ano1. In the gastrointestinal
tract, this is of particular interest given that expression of Ano1
is restricted to ICC in the tissues that we examined and that
Ano1 is proposed to play a critical role in the generation of the
electrical slow wave (10), which is a key determinant of smooth
muscle electrical and contractile activity (24–28). We found
that in diabetic gastroparesis, inclusion of exon 6b was
increased, suggesting, based on previous data (18), that the
chloride currents will have decreased Ca2� sensitivity. Given
the critical role of Ca2� cycling in generation and propagation
of the slow wave (24), altered Ca2� sensitivity of Ano1 variants
will likely alter the kinetics, amplitude, and/or propagation of
slowwaves. Because Ano1 is implicated in the generation of the
slow wave (10), this finding is expected to contribute to the
electrophysiological dysfunction that leads to gastroparesis.
Deletion of exon 13 is reported to occur in other tissues (18) and
to alter voltage sensitivity of Ano1 but was not different in the
two groups studied here, suggesting that it is not involved in the
electrophysiological changes seen in diabetic gastroparesis.
The changes in electrophysiological properties of Ano1 as a
result of alternative splicing highlight the increasingly recog-
nized role alternative splicing has in modifying the function of
proteins (19). Alternative splicing appears to occur in most if
not all organisms andmarkedly expands the number of proteins
made by a cell through expression ofmultiple differentmRNAs
from the same gene. It is also a regulatory stage in the pathway
of gene expression, and it is important for both the tissue spec-
ificity and regulation of protein expression levels. Use of alter-
native translation start sites is also a regulatory mechanism to
encode functionally different protein isoforms and has been
extensively studied in regulatory proteins such as MDM2 (29)
and p53 (30) or receptors such as the glucocorticoid receptor
(31).
Altered splicing may contribute to the temporal and spatial

expression of functionally diverse isoforms of Ano1 or to the
fine tuning of the ratio between the synthesized isoforms.Alter-
ation of this mechanism could then lead to pathological condi-
tions including diabetes and complications of diabetes such as
gastroparesis. Disruption of alternative splicing patterns of a
gene has been suggested to play a role in the pathogenesis of
disease as a direct cause, but more often as a susceptibility fac-
tor (see Ref. 32 for a review). Awell characterized example is the
case of a family of neurodegenerative diseases termed tauopa-
thies, caused by abnormalities in the microtubule associated
protein tau encoded by the MAPT gene (33). The inclusion/
exclusion of exon 10 of this gene determines the presence of
either three or four imperfect repeats (3R or 4R) in the micro-
tubule binding domain of tau. Alterations in the normal
equimolar 3R to 4R ratio of tau, regardless of direction of the
shift, affect tau function leading to neurodegeneration (34). For
Ano1, the encoded channel protein has different properties

based on the isoform expressed, and alternative splicing has
previously been suggested as a mechanism for modulating the
function of the Cl� channel and Cl� transport in different
organs (4, 18). Moreover, differential expression of Ano1 iso-
forms in different human organs suggests that the channel may
contribute differently tomembrane currents in different organs
(18). A shift in the splicing pattern of Ano1, such as the one
observed here in patients with diabetic gastroparesis, canmod-
ify the balance between the levels of expression of its isoforms
and contribute to development of disease.
In conclusion, in this study we show alternative splicing as a

versatile mechanism to regulate Ano1 function. Moreover, we
show that the expression of two out of four known transcrip-
tional variants of Ano1 differs in gastroparesis patients com-
pared with controls, and we identified a novel isoform of
Ano1 with an alternative 5� end with altered electrophysi-
ological properties compared with the full-length isoform.
Therefore, we identify Ano1 as a new potential molecular
target not only in the etiology of diabetic gastroparesis but
also as a molecule of interest to target to restore normal
gastrointestinal motility.
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