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Otopetrin1 (Otop1) is a multitransmembrane domain protein re-
quired for the formation of otoconia in the vertebrate inner ear.
Otoconia are complex calcium carbonate (CaCO3) biominerals that
are required for the sensation of gravity. Examination of the
phenotypes of animals with mutations or deficiencies in Otop1
suggests a direct role for Otop1 in the initiation of extracellular
biomineralization, possibly through the regulation of intracellular
Ca2�. Here, we demonstrate that Otop1 overexpression can mod-
ulate purinergic-mediated Ca2� homeostasis in transfected cell
lines. These experiments define a unique set of biochemical activ-
ities of Otop1, including depletion of endoplasmic reticulum Ca2�

stores, specific inhibition of the purinergic receptor P2Y, and
regulation of the influx of extracellular Ca2� in response to ATP,
ADP, and UDP. These activities can be inhibited by the polyanion
suramin in a rapidly reversible manner. This first characterization
of the consequences of Otop1 overexpression indicates a profound
effect on cellular Ca2� regulation. In a physiologic setting, these
activities could direct the formation and growth of otoconia and
regulate other biomineralization processes.

biomineralization � otoconia � purinergic receptor

In mammals, CaPO4 is the inorganic component of bones and
teeth, whereas CaCO3 is the inorganic component of otoconia.

Otoconia are complex biominerals in the mammalian inner ear
required for normal balance and the sensation of gravity.
Otoconia contain a proteinaceous core of Ca2� binding and
matrix proteins surrounded by a coating of minute CaCO3
crystals (1–5). Human otoconia are subject to demineralization
and to alterations in structure because of aging, disease, and
exposure to commonly used pharmaceuticals (6), which can
result in fragmentation and displacement of otoconia into the
semicircular canals, where they may cause abnormal sensations
of motion and loss of balance, a condition referred to as benign
positional vertigo (7, 8). Disorders of balance afflict �9% of
people over age 65 (9).

Tilted (tlt) mice lack otoconia and are used as a model for
vestibular function (10–13). Positional cloning identified tlt as a
mutant allele (Ala151Glu) of the novel gene Otopetrin 1 (Otop1)
that is required for normal otoconial development in mice
(14–16) and zebrafish (17, 18). Otop1 encodes a highly conserved
protein predicted to contain 10–12 transmembrane (TM) do-
mains, with no homology to known channels, transporters or
receptors. Otop1 is a member of a new family of proteins
containing the domain of unknown function 270 motif (DUF270,
pfam03189) identified in Caenorhabditis elegans and Drosophila
melanogaster. The DUF270 motif consists of a highly conserved
multi-TM domain structure with no known or proposed activities
or homologies to other protein families (19, 20). The multi-TM
domain structure of Otop1 suggests a function in membrane
transport or signaling. The requirement for Otop1 in CaCO3
mineralization suggests a role in regulating Ca2� in the devel-
oping inner ear.

During development, Otop1 is present in the otoconial gelat-
inous membrane (16), an extracellular matrix superstructure
made up of numerous structural proteins. This extracellular
location is surprising for a large multi TM domain protein and

suggests that Otop1 may be associated with extruded membrane
vesicles called ‘‘globular substance’’ that may serve as a site for
the protected nucleation of otoconial CaCO3 crystals (2, 21, 22).
Suzuki et al. (23) showed that globular substance vesicles in
isolated otoconial membranes had a dose-dependent response to
ATP characterized by a slow (1–2 min) 5- to 6-fold increase in
intravesicular Ca2�. This suggested that ATP might serve as a
trigger in vivo to increase Ca2� ion concentration and permit the
nucleation of CaCO3 crystals in a protected environment. The
kinetics and agonist sensitivity of the ATP-induced intravesicu-
lar Ca2� accumulation was similar in activity to known purinergic
P2 receptors (P2Y and P2X families), which regulate intracel-
lular Ca2� in response to ATP.

P2Y receptors have seven TM domains and are coupled to G
proteins. Several P2Y receptors activate the G�q subunits of G
proteins leading to subsequent activation of phospholipase C and
the generation of inositol 1,4,5-triphosphate (IP3) in response to
nucleotide binding. Activation of the IP3 receptor on the ER
membrane releases ER Ca2� stores, resulting in a rapid peak in
cytoplasmic Ca2� concentrations ([Ca2�]i). The P2X receptors
have two TM domains. Binding of nucleotides to their extracel-
lular domain l opens a nonselective cation channel formed by
homo- or heterotrimers of P2X family members resulting in an
influx of extracellular Ca2� into the cytoplasm. The P2 family
members are functionally distinguished by the source of the Ca2�

(intracellular versus extracellular), nucleotide or nucleotide-
analogue sensitivity, the use or absence of second messengers,
and sensitivity to a variety of pharmacologic agents (24, 25).
Although the response of globular substance vesicles to ATP was
similar to the activity of known P2 receptors (23), Suzuki et al.
were not able to directly identify the protein target of ATP as a
P2 receptor.

Given the apparent localization of Otop1 within extracellular
otoconial membranes and genetic studies suggesting a prominent
role for this protein in the initiation of Ca2� mineralization, we
hypothesized that Otop1 may have a role in modulating the Ca2�

f lux observed by Suzuki et al. (23) and may therefore be
responsive to purinergic stimuli. Using single cell ratiometric
Ca2� imaging, we show that Otop1 expression leads to a non-
specific depletion of ER Ca2� stores, a specific inhibition of P2Y
receptor signaling, and initiation of a novel influx of extracellular
Ca2� in response to certain purinergic nucleotides. These activ-
ities are inhibited by the polyanion suramin in a rapidly reversible
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manner similar to the globular substance response to ATP (23).
These studies identify a biochemical activity for the Otopetrin
family and suggest a role for Otop1 in regulating Ca2� f lux in
response to purinergic stimuli. This combination of activities is
unique to the Otopetrin family, and we suggest that one or all of
these activities may be required for otoconial development.

Results
Otop1-Expressing Cells Lack a P2Y-Mediated Peak in [Ca2�] in Re-
sponse to ATP and UTP. To directly test whether Otop1 could
respond to purinergic stimuli, COS7 cells were transfected with
Otop1 and assayed for their response to exogenous purines, using
time lapse fluorescence microscopy to monitor cytosolic [Ca2�]
with Fura-2 acetoxymethyl ester. Untransfected COS7 cells
(WT) and those transfected with cytosolic EGFP (data not
shown) respond to ATP (Fig. 1A) with a rapid peak in [Ca2�]i.
We observed a dramatic absence of this [Ca2�]i peak in the
response to ATP in cells expressing EGFP-Otop1. Similar
responses to ATP were seen in cells coexpressing untagged
Otop1 and cytosolic EGFP or Flag-tagged Otop1 [supporting
information (SI) Fig. 5A and data not shown]. We hypothesized
that this early peak in [Ca2�]i in WT COS7 cells was likely due
to G�q-coupled P2Y receptor signaling. To test this, we treated
WT and EGFP-Otop1 transfected cells with UTP, a P2Y specific
stimulus that does not activate P2X receptors. WT COS7 cells
responded to UTP, whereas cells expressing EGFP-Otop1
showed no response to UTP (Fig. 1B). Lack of a peak in [Ca2�]i
in EGFP-Otop1-expressing cells in response to ATP or UTP
suggests that overexpression of Otop1 inhibited the activity of
endogenous P2Y receptors.

The Level of Otop1 Expression Affects IP3 Sensitive ER Ca2� Stores.
Inhibition of P2Y activity could result from depletion of ER
Ca2� stores, inhibition of the G protein cascade, or inhibition of
receptor activation. To examine IP3 sensitive ER Ca2� stores,
COS7 cells expressing EGFP-Otop1 were treated with the
sarcoplasmic/ER Ca2� ATPase inhibitor thapsigargin (TG) (10
�M). This agent inhibits refilling of IP3 sensitive ER stores and
triggers a slow leak of ER Ca2� into the cytoplasm, thereby
raising [Ca2�]i and allowing a direct evaluation of IP3 releasable
stores (26, 27). Using the EGFP fluorescence intensity to
compare EGFP-Otop1 levels in transfected cells, we determined
that cells with high EGFP fluorescence have almost no IP3
releasable ER Ca2� stores (Fig. 1 C–F), whereas low-expressing
cells have reduced ER Ca2� when compared with WT cells. WT
cells showed a minimal response to ATP after pretreatment with
TG, supporting the idea that the majority of the increase in
[Ca2�]i after stimulation with ATP comes from intracellular IP3
releasable stores and thus is likely due to signaling through
members of the P2Y receptor family.

Depletion of ER Ca2� stores has been suggested to be a
nonspecific effect of the overexpression of a variety of proteins
(28, 29). To test this, we overexpressed another large multi-TM
domain protein, the angiotensin (AII)-1 receptor [AT1-yellow
fluorescent protein (YFP)], in COS7 cells. The presence of
AT1-YFP conferred responsiveness to AII (Fig. 1G and SI Fig.
6A). Overexpression of AT1-YFP significantly (P � 0.05) re-
duced the amount of ER Ca2� released in response to TG (SI
Fig. 6B) but did not appreciably alter the characteristics of the
P2Y peak in response to ATP (Fig. 1G and SI Fig. 6A). Thus,
depletion of ER Ca2� stores in cells expressing high levels of
Otop1 may represent a nonspecific effect of protein overexpres-
sion. In high EGFP-Otop1-expressing cells, depletion of ER
Ca2� can contribute to the loss of P2Y activity in response to
UTP and ATP, but low-expressing cells should have sufficient
ER Ca2� stores to allow an increase in [Ca2�]i in response to
purinergic stimuli.

Depletion of ER Ca2� can also result from the unfolded

Fig. 1. Overexpression of EGFP-Otop1 in COS7 cells alters the purinergic
response. (A) WT COS7 cells (n � 23) show a biphasic response to 200 �M
ATP characterized by a sharp peak in [Ca2�]i and a rapid reduction in [Ca2�]i

to an elevated plateau (bracket). After removal of purinergic stimulus
(wash), [Ca2�]i returns to the prestimulation baseline. Cells transfected
with EGFP-Otop1 (n � 17) respond to ATP with an increase in [Ca2�]i to an
elevated plateau and a delay in the return of the [Ca2�]i to baseline after
removal of ATP (arrow). (B) WT COS7 cells (n � 16) respond to 200 �M UTP
with a sharp increase in [Ca2�]i. Cells transfected with EGFP-Otop1 (n � 11)
did not respond to UTP. (C) EGFP-Otop1-expressing COS7 cells with an
initial fluorescence of �200 EGFP fluorescence units were classified as ‘‘low
expressers’’ (blue, n � 23). Cells with EGFP fluorescence units �200 units
were grouped as ‘‘high expressers’’ (red, n � 19) and compared with
untransfected cells (black, n � 35). (D) Bar plots of the experiment shown
in C. Mean and median are indicated by a point and bar, respectively. Range
by the box and standard deviation by the error bars [WT (*) versus EGFP-
Otop1-low expressers, P � 0.03]. (E) Treatment of the cells in C with 10 �M
TG revealed a significant (P � 0.001) difference in IP3 releasable ER Ca2�

stores in low versus high EGFP-Otop1-expressing cells. Despite the low
fluorescence/expression for EGFP-Otop1 in the low-expressing cells, the
response to 200 �M ATP was identical to that of high-expressing cells. (F)
Bar plot of the experiment shown in E. The maximum ratio value (maximum
amount of ER Ca2� released after TG stimulation) differs among WT and
EGFP-Otop1 low and high expressers [WT (*) versus EGFP-Otop1 low ex-
pressers, P � 0.05]. (G) COS7 cells transfected with both AT1-YFP and
FLAG-Otop1 (n � 12) shows a significantly (P � 0.001) reduced P2Y response
to 200 �M ATP compared with AT1-YFP transfected cells (n � 20), but
retains a response to 20 nM AII. (H) COS7 cells transfected with C5aR (n �
7) respond to 2 �M CC peptide with a rapid and transient increase in [Ca2�]i

without disrupting the P2Y-mediated increase in [Ca2�]i in response to 200
�M ATP. Cotransfection of C5aR and EGFP-Otop1 (n � 4) does not alter the
2 �M CC induced increase in [Ca2�]i, but eliminates the P2Y peak in
response to 200 �M ATP. The data in A, G, and H are single experiments that
were reproduced 3 times. The data in B–F are the combined results of three
independent experiments.
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protein response when proteins are overexpressed (30–32).
However, immunoreactivity for the glucose-binding and ER
stress related protein BiP/GrP78 was not increased in cells
overexpressing EGFP-Otop1 (SI Fig. 6 C–H). Therefore, the ER
Ca2� loss is unlikely to result from an unfolded-protein response
initiated by overexpressing Otop1.

G Protein Coupled Receptor (GPCR)-Mediated Signaling Is Intact in
Otop1-Expressing Cells. If Otop1 blocked P2Y activity at the level
of the G protein signaling cascade, Otop1 expression should alter
the activity of other GPCRs that used the same G protein
signaling cascade as P2Y. The isolate of COS7 cells used did not
have other G�q based GPCRs that could be readily assayed.
Therefore, we transfected these cells with plasmids containing
either the AT1-YFP or the human complement C5a (C5aR,
containing an IRES G�16) GPCRs. Transfected cells responded
to AII or the Cha-Cha (CC) peptide, respectively, with activation
of the downstream components of G�q signaling and release of
intracellular IP3 sensitive Ca2� stores. Cells expressing AT1-
YFP responded to ATP with an increase in [Ca2�]i similar to that
seen in WT cells (Fig. 1G and SI Fig. 6A) and responded to a
subsequent challenge with 20 nM AII with a rapid peak in
[Ca2�]i released from IP3 sensitive ER stores (Fig. 1G). Cells
cotransfected with FLAG-Otop1 and AT1-YFP exhibited the
characteristic Otop1 inhibition of the P2Y dependent [Ca2�]i
peak in response to ATP but retained their response to 20 nM
AII (Fig. 1G). Reversing the order of ATP and AII stimulus did
not alter these responses (data not shown). Similarly, COS7 cells
overexpressing the C5aR responded to the CC peptide agonist
and to ATP (Fig. 1H). Overexpression of both C5aR and
EGFP-Otop1 eliminated the characteristic P2Y response to
ATP but did not block the response to CC. Thus, Otop1
depletion of IP3 sensitive ER Ca2� stores is not sufficient to
prevent increases in [Ca2�]i in response to the G protein
signaling cascade from other G�q requiring GPCRs. These
studies also indicate that the G�q signaling cascade is intact in
Otop1-expressing cells, suggesting that Otop1 interferes with
P2Y upstream of G�q activation.

Otop1 Activity Requires Extracellular Ca2� and Has Unique Agonist
Sensitivity. Although EGFP-Otop1-expressing cells did not ex-
hibit a P2Y-mediated peak in [Ca2�]i in response to ATP, these
cells showed a slow (30–60 sec to plateau) rise and a sustained
elevation in [Ca2�]i (Fig. 1 A). This altered response to ATP was
similar to the plateau in [Ca2�]i in WT cells exposed to ATP (Fig.
1A, bracket) and was further characterized. After removal of
ATP (wash), cells overexpressing EGFP-Otop1 took longer than
WT cells to return to baseline [Ca2�]i (WT t1/2 � 95 � 7 sec,
EGFP-Otop1 t1/2 � 186 � 3 sec, P � 0.01) (Fig. 1 A, arrow). Thus,
expression of Otop1 in COS7 cells eliminated the P2Y-mediated
rapid rise in [Ca2�]i and altered the elevated plateau in [Ca2�]i
in response to ATP.

In addition to altering [Ca2�]i in response to ATP, EGFP
fluorescence was greatly reduced in EGFP-Otop1-expressing
cells after stimulation with ATP (average decrease in fluores-
cence intensity 50 � 19%, Fig. 1C). This was particularly
apparent in high-expressing cells, but was also noted in low-
expressing cells. The significance of these observations is un-
known (see Discussion).

After exposure to TG, EGFP-Otop1 showed a significant
increase in [Ca2�]i to an elevated plateau in response to ATP
(Fig. 1E), which was identical in cells with either high or low
fluorescence, suggesting that the Otop1-ATP-mediated increase
in [Ca2�]i does not require IP3 releasable ER Ca2� stores and is
independent of Otop1 expression levels. As Otop1-expressing
cells do not require the presence of ER IP3-releasible Ca2�, an
alternative source of Ca2� must be required for the observed
plateau in [Ca2�]i in response to ATP. Chelation of extracellular

Ca2� with 3 mM EGTA did not reduce the P2Y-mediated rapid
peak in [Ca2�]i in WT cells, but abolished the ATP-induced
increase in [Ca2�]i in EGFP-Otop1-expressing cells (Fig. 2A).
This indicated that Otop1 requires extracellular Ca2� to respond
to ATP. In this way, Otop1 activity resembles the activity of P2X
receptors, which are distinguished, in part, by their ability to
mediate extracellular Ca2� entry in response to purinergic
stimuli.

To compare Otop1 activity with the agonist sensitivities of
described P2X receptors, Otop1-expressing cells were treated
with a variety of purine analogs and were examined for alter-
ations in [Ca2�]i. EGFP-Otop1-expressing cells responded to
ATP, ADP, and UDP with an increase in [Ca2�]i (Fig. 2B). Cells
were exposed to varying doses of ATP, ADP or UDP and
examined at �200 sec after agonist addition for levels of [Ca2�]i.
The dose dependence of Otop1 activity showed a clear rank
order of potency of ATP � ADP � UDP (Fig. 2C). Initial
maximum [Ca2�]i was also similar for ATP and ADP (SI Fig. 7
A and B). Cells expressing EGFP-Otop1 were insensitive to
varying concentrations of 2�(3�)-O-(4-Benzoylbenzoyl)
adenosine 5�-triphosphate (BzATP), adenosine 5�-[�-thio]
triphosphate (ATP�S), �-�-methylene ATP (��MeATP), and
2-(methylthio) adenosine 5�-triphosphate (Fig. 2D), or UTP
(Fig. 1B). This response profile to extracellular nucleotides did
not correspond to the agonist sensitivity of any described P2X
family homo- or hetero-trimer analyzed in vivo or in vitro (24, 25,

Fig. 2. Unique characteristics of EGFP-Otop1 purinergic-induced increase in
[Ca2�]i in COS7 cells. (A) In the absence of extracellular Ca2� (3 mM EGTA), 200
�M ATP elicits a response in WT cells (n � 10) but not in EGFP-Otop1-
expressing cells (n � 7). EGFP-Otop1-expressing COS7 cells in Ca2�-containing
media are represented by the dashed line. (B) Two hundred micromolar ATP
and ADP elicit similar increases in [Ca2�]i in EGFP-Otop1-expressing cells (n �
14), 200 �M UDP leads to an increase in [Ca2�]i of approximately one-half that
seen with ATP or ADP. This is independent of the order of addition of
nucleotides. Unlike in EGFP-Otop1-expressing cells, the P2Y component of WT
cells (n � 27) remained in a refractory period after the initial treatment with
ATP. (C) Treatment of EGFP-Otop1-expressing cells with varying concentra-
tions of ATP (n � 11), ADP (n � 8), UDP (n � 5) leads to different levels of [Ca2�]i

200 sec after addition of agonist. All ratio values are subtracted from baseline
values to indicate change in [Ca2�]i in response to stimulus. (D) EGFP-Otop1-
expressing COS7 cells respond to 200 �M ATP (n � 11), ADP (n � 8), and UDP
(n � 5) with increases in [Ca2�]i, but respond minimally to 200 �M BzATP (n �
18), 200 �M ATP�S (n � 18), 50 �M ��MeATP (n � 5), and 50 �M 2-(methylthio)
adenosine 5�-triphosphate (2MeSATP) (n � 5). All increases in [Ca2�]i at 200 sec
after addition of agonist were normalized to the response to 200 �M ATP. The
results of a single experiment are shown and were reproduced at least 2 times.
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33, 34), suggesting that Otop1 either has unique activity or
modifies the activity of another ionotropic purinergic receptor.

Expression of Otop1 Induces ATP-Mediated [Ca2�]i Increases in Rat
Osteosarcoma 17/2.8 (ROS) and HEK293 Cells. Otop1 expression in
COS7 cells suppressed the P2Y response and activated an influx
of extracellular Ca2� ions. This could be due to intrinsic Otop1
activity or modulation of activity of endogenous P2 receptors. To
test whether Otop1 expression could initiate a purinergic re-
sponse in cells lacking endogenous P2 receptor activity, we
examined ROS cells that lack response to purinergic stimuli (35,
36). In untransfected ROS cells, there was no alteration in
[Ca2�]i in response to UTP or ATP, although IP3 sensitive ER
Ca2� stores were plentiful and responded to TG with increased
[Ca2�]i (Fig. 3A). In contrast, ROS cells expressing EGFP-Otop1
responded to ATP with a sustained increase in [Ca2�]i (Fig. 3B).
The [Ca2�]i remained elevated in the presence of agonist, as seen
in COS7 cells. With removal of agonist, [Ca2�]i rose above the
plateau level in some cells and then slowly returned to baseline.
Thus, overexpression of Otop1 is sufficient to induce sensitivity
to purinergic stimuli in ROS cells which lack active P2 receptors.

HEK293 express P2Y receptors (data not shown); however,
they failed to show inward current in response to ATP, suggest-
ing that they do not express functional cell-surface P2X receptors
(T. Egan, personal communication). EGFP-Otop1 expression in
HEK293 cells inhibited the P2Y response to 400 �M UTP (Fig.
3C) and responded to ATP with an increase in [Ca2�]i similar to
that seen in COS7 and ROS cells. However, in response to ATP,
EGFP-Otop1-expressing cells sustained elevated [Ca2�]i, even
after removal of the purinergic stimulus. Expression of Otop1
reduced ER Ca2� stores releasable by TG (Fig. 3D), but the
presence of TG did not affect the sustained increase in [Ca2�]i

in response to ATP observed in Otop1-expressing cells. The
sustained high [Ca2�]i in EGFP-Otop1-expressing HEK293 cells
after removal of agonist was considerably different from that
seen in other cell types expressing EGFP-Otop1. Although
return of [Ca2�]i to baseline was slow in both COS7 and ROS
cells after removal of ATP (wash), most cells initiated a return
to baseline within �150 sec and attained baseline within �350
sec of agonist removal (Figs. 1 A and 3B). In contrast, HEK293
cells expressing Otop1 maintained elevated [Ca2�]i for �1,800
sec after ATP removal, suggesting that HEK293 cells lack one or
more components of the Otop1 signaling pathway that allow
Otop1 to be inactivated after ATP is removed. These findings
suggest that overexpression of Otop1 is sufficient for the initi-
ation and maintenance of increased [Ca2�]i in response to ATP,
but that inactivation of Otop1 after removal of agonist depends
on cell type-specific mechanisms.

Suramin Reversibly Inhibits Otop1 Activity. Suramin is a sulfated
polyanion that can inhibit the activity of a variety of proteins and
was found to inhibit the ATP induced rise in [Ca2�]i in globular
substance vesicles (23). To determine whether the Otop1-
associated increase in [Ca2�]i in response to ATP was similarly
sensitive to suramin, COS7 cells expressing high levels of EGFP-
Otop1 were treated with 100 �M suramin. After prolonged (�10
min) exposure to suramin, EGFP-Otop1-expressing cells re-
sponded to ATP in a manner identical to WT cells (Fig. 4A),
suggesting that this agent blocked the ability of Otop1 to inhibit
the P2Y peak in [Ca2�]i and eliminated the Otop1 induced
plateau in [Ca2�]i in response to ATP. Removal of suramin from
the media before treatment with ATP resulted in a rapid return
to the characteristic Otop1-ATP-induced Ca2� entry and reduc-
tion in P2Y response (Fig. 4B). Thus, suramin reversibly inhibits
both the Otop1-dependent inhibition of the P2Y response and
prevents the Otop1-mediated influx of extracellular Ca2�. These
data further support the similarities between Otop1 activity and
the ATP-mediated increase in intravesicular [Ca2�] identified by
Suzuki and colleagues (23).

Discussion
Otop1 is the first functionally described member of the DUF270
domain protein family. Here, we show that Otop1 can modulate
Ca2� homeostasis and Ca2� f lux in response to purinergic stimuli
in several ways. (i) Otop1 expression depletes ER stores in a dose
dependent and, most likely, nonspecific manner. (ii) Otop1

Fig. 3. EGFP-Otop1 activity in ROS and HEK293 cells. (A) UTP (200 �M) and
ATP (200 �M) do not elicit increases in [Ca2�]i in untransfected ROS cells (n �
4). Treatment with TG increases [Ca2�]I revealing abundant ER Ca2� stores. (B)
In cells transfected with EGFP-Otop1 (n � 4), 200 �M ATP elicits a slow increase
in [Ca2�]i. Removal of stimulus results in an increase in [Ca2�]i before a return
to baseline. Subsequent stimulation with ATP leads to an identical response.
(C) WT HEK293 cells (n � 11) respond to 400 �M UTP with a brief increase in
[Ca2�]i and a rapid return to baseline. Subsequent treatment with 200 �M ATP
elicits a similar response. EGFP-Otop1-expressing HEK293 cells (n � 6) do not
respond to UTP, and 200 �M ATP elicits a sustained increase in [Ca2�]i that does
not return to baseline after removal of stimulus. (D) Treatment of WT (n � 19)
and EGFP-Otop1-expressing (n � 16) HEK293 cells with 10 �M TG leads to an
increase in [Ca2�]i. WT cells do not respond to 200 �M ATP after TG treatment,
whereas EGFP-Otop1 cells show a sustained elevation of [Ca2�]i. Data show the
result of single experiments that were reproduced at least 3 times.

Fig. 4. Suramin inhibits Otop1 activity in COS7 cells. (A) EGFP-Otop1-
expressing cells (n � 17) treated with 100 �M suramin for 20 min have an
identical increase in [Ca2�]i in response to 200 �M ATP as WT cells (n � 22).
After removal of suramin and ATP (wash), EGFP-Otop1-expressing cells re-
spond to 200 �M ATP similar to that seen in cells never treated with suramin
(Fig. 1A). Note that in WT cells the P2Y response to ATP was in the refractory
period for the second dose of ATP. (B) COS7 cells expressing EGFP-Otop1 (n �
4) were pretreated with suramin for 10 min and then washed. Subsequent
challenge with 200 �M ATP resulted in an increase in [Ca2�]i to an elevated
plateau similar to that seen in untreated cells. WT cells (n � 11) are not
affected by 100 �M suramin. Data show the result of single experiments that
were reproduced at least 3 times.
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appears to selectively inhibit the activity of P2Y receptors
without altering the activity of other overexpressed GPCRs.
Such inhibition may result from altered expression or localiza-
tion of the P2Y proteins or to alterations in P2Y conformation
that prevents activation by ATP or interaction with G�q in the
presence of Otop1. (iii) In cells that do not have P2 receptor
activity, Otop1 overexpression leads directly or indirectly to an
influx of extracellular Ca2� in response to exogenous ATP.

We propose that Otop1 may act as a key regulator of intra-
cellular or intravesicular Ca2� in response to ATP in the inner
ear during otoconial development. To accomplish this, Otop1
may function similarly to P2 receptors, in that expression of
Otop1 leads to an ATP induced increase in [Ca2�]i, as is seen in
cells expressing P2 family subtypes (34, 35, 37). Both P2Y and
P2X receptors increase [Ca2�]i, but have distinctly different
primary structures and different mechanisms of action. The
Otop1 primary sequence has no homology to either P2Y or P2X
protein families or to other types of channels, transporters,
exchangers, or receptors. Otop1 also lacks functional domains
that are conserved in such proteins, for example ATP-binding
domains, selectivity pores, or G protein binding consensus
sequences. Thus, Otop1 either interacts with other proteins to
form or activate sites for ATP-binding and Ca2� f lux, or contains
atypical motifs, most likely within the highly conserved DUF270
domain, that bind purines and elicit Ca2� influx.

Otop1 Function in Vitro. The work of many labs has demonstrated
ATP-induced Ca2� currents in cells expressing cloned or native
P2X receptors, using whole cell patch clamp experiments (24, 34,
38–41). However, we saw no ATP-gated membrane current in
cells expressing Otop1 despite multiple attempts to patch clamp
COS7, ROS, or HEK293, using techniques commonly used to
characterize P2X receptors (D. Samway and T. Egan, personal
communications). Thus, although Otop1 requires extracellular
Ca2� and responds to ATP, it does not behave like a classical
P2X channel. The inability to identify membrane currents in
response to ATP may suggest that Otop1 activity is electrically
neutral.

It is possible that Otop1 functions as a novel ATPase or ATP-
requiring transporter (along with other proteins that neutralize the
entry of extracellular Ca2�), or as a Ca2� pump or an ion exchanger
to increase [Ca2�]i in response to purinergic stimuli. It is unclear
whether ATP hydrolysis is required for Otop1 activity. Otop1-
expressing COS7 cells lack an alteration in [Ca2�]i in response to
ATP�S and rapidly inactivate when ATP concentrations are lim-
iting (SI Fig. 7A), but in Otop1-expressing HEK293 cells, [Ca2�]i
remains high even after removal of ATP from the media. In
addition, inactivation or desensitization of Otop1 activity following
repeated stimulation with agonist was not observed (data not
shown), unlike that seen with P2Y receptors or with some P2X
family members (24, 25, 34).

If Otop1 behaves as, or interacts with, a pump or exchanger,
a counterion would be required to balance Ca2� influx. In
support of this hypothesis, EGFP, when either coexpressed or as
a fusion protein with Otop1, bleaches in response to ATP, ADP,
and to a lesser extent UDP, but is unaffected by UTP (Fig. 1C,
SI Fig. 5 A and B, and data not shown). EGFP fluorescence
quenching in response to ATP also occurred in cells expressing
only cytosolic EGFP, but was significantly less (P � 0.04) than
in cells expressing either the EGFP-Otop1 fusion protein or
coexpressing cytosolic EGFP and native Otop1 (SI Fig. 5 A and
B). This change in EGFP fluorescence mimics the pattern of
Ca2� influx in response to these nucleotides. However, in the
presence of EGTA-containing media, where little increase in
[Ca2�]i was noted, EGFP bleaching was less (average decrease
in fluorescence intensity 11 � 13%) (SI Fig. 5 C and D). EGFP
fluorescence is sensitive to alterations in intracellular anion
concentrations (42); however, ion replacement and subsequent

treatment with a purinergic stimulus has not identified a counter
ion for Otop1-mediated Ca2� influx or EGFP quenching. Re-
placement of Na� ions with N-methyl D-glutamine did not affect
the initiation or the level of [Ca2�]i influx in response to ATP in
COS7 cells, but after removal of agonist, [Ca2�]i remained high
for �400 sec (SI Fig. 8A), similar to the response seen in
HEK293 cells (Fig. 3C). Replacement of Na� ions to the media
restored Otop1-mediated Ca2� regulation, suggesting that Na�

is required to inactivate Otop1 activity or that a Na�/Ca2�

exchanger or other Na� requiring protein is needed to reduce
[Ca2�]i after Otop1 activity terminates. Similarly, Cl� depleted
media, or pH6.8 media, also prevented Otop1 inactivation but
did not alter other characteristics of the Otop1 ATP-induced
[Ca2�]i increase (SI Fig. 8 B and C). Otop1 activity was also not
affected by removal of extracellular glucose or increasing extra-
cellular Ca2� (data not shown). However, increasing extracel-
lular K� caused a small reduction in the influx of Ca2� in
response to ATP (data not shown).

In addition to examining ion sensitivities, we examined the
activity of a variety of inhibitors and modulators of channel and
transporter function on cells overexpressing Otop1. The Ca2�

channel blocker SKF96365 (10 mM) (43) had no effect on Otop1
activity in COS7 cells. Modulation of PLC-mediated pathways
with the PLC activator m-3M3FBS (25 �M) (44, 45) or inhibitor
U73122 (10 �M) (26) had no effect on Otop1 activity, but
disrupted P2Y signaling in WT COS7 cells. Pretreatment with
the polyanion suramin, however, was able to reversibly block
Otop1 inhibition of ATP-induced P2Y activation and Otop1-
mediated influx of extracellular Ca2�. This blockade was time
dependent, requiring �10 min of suramin pretreatment, but was
almost immediately reversible (Fig. 4 A and B). In cells treated
for �10 min with suramin, TG-induced release of IP3 sensitive
stores revealed near-normal levels of ER Ca2� in high-
expressing EGFP-Otop1 cells (data not shown). Suramin was
also able to significantly reduce EGFP quenching in response to
ATP in EGFP-Otop1-expressing cells (SI Fig. 5 E–H), suggesting
that suramin exposure can inhibit the alterations in intracellular
conditions that occur with Otop1 activation. It is also possible
that suramin may disrupt interactions between Otop1 and other
proteins that mediate P2Y inhibition, Ca2�, or counterion influx,
or may act directly on Otop1 to reversibly inhibit its function.

Otop1 Function in Vivo. Cells transfected with EGFP-Otop1 or
Otop1 and EGFP responded to ATP with a novel increase in
[Ca2�]i to an elevated plateau. The characteristics of this re-
sponse were very similar to the atypical purinergic response
studied by Suzuki et al. (23) in isolated globular substance
vesicles, with a slow ATP-dependent increase in intravesicular
[Ca2�] (taking 1–2 min to achieve maximal Ca2� entry) and
sustained intravesicular [Ca2�] after removal of ATP from the
media. This similarity suggests that Otop1 is responsible for the
ATP-mediated increase in intravesicular [Ca2�] seen in these
studies. Suzuki et al. (23) found that the intravesicular Ca2�

increase in globular substance vesicles could not be elicited by
application of ��MeATP, BzATP, ADP, or UTP but could be
stimulated by 2-(methylthio) adenosine 5�-triphosphate and
ATP (23). This profile of nucleotide sensitivity is somewhat
different from that seen with Otop1 overexpression (ATP �
ADP �� UDP and ��MeATP, BzATP, ATP�S, UTP, and
2-(methylthio) adenosine 5�-triphosphate were not effective).
This could be due to intrinsic differences in guinea pig and
mouse Otop1, because similar differences have been noted
across mouse, human, and rat for P2 receptors (24). Alterna-
tively, these differences may be attributable to alternative splice
forms of Otop1 (15, 16), differing accessory proteins, or differ-
ences in the ionic composition of the endolymph, which could
alter the conformation or agonist sensitivity of Otop1 in globular
substance vesicles.
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Based on Otop1 localization to the extracellular space during
otoconial formation (16) and its role in modulation of [Ca2�]i,
we propose that Otop1 regulates increases in intravesicular
[Ca2�] within globular substance vesicles which may be needed
to initiate nucleation of CaCO3 crystals in the ATP-rich en-
dolymph (46, 47). Although the complete biochemical mecha-
nism of action of Otop1 remains unclear, this founding member
of a novel gene family displays several important effects on
cellular Ca2� regulation in cell culture. Otop1 is expressed in a
variety of tissues outside the inner ear, including the thymus,
heart, kidney, skin, stomach, adrenal gland, and lactating mam-
mary gland (16), where it and two other members of this gene
family may play an important role in the movement of Ca2� ions.

Materials and Methods
Reagents. TG was from Calbiochem (San Diego, CA). EGTA,
ATP, ADP, ATP�S, ��MeATP, 2-(Methylthio) adenosine 5�-
triphosphate, BzATP, UTP, UDP, 1-[6-[((17�)-3-Methoxyestra-
1,3,5[10]-trien-17-yl)amino]hexyl]-1H-pyrrole-2,5-dione, and N-
methyl D-glutamine were from Sigma (St. Louis, MO). CC
peptide, AII, ATI-YFP (48), and C5aR (49, 50) were from T.
Baranski (Washington University School of Medicine). ROS
17/2.8 and HEK293 cells were from T. Steinberg (Washington
University School of Medicine) (35, 36). pCS2-EGFP, pCS2-

FLAG plasmids were from K. Kroll. BiP antibody was from P.
Hanson.

Cell Culture and Transfection. The full-length Otopetrin1 cDNA
(A530025J20) was obtained from RIKEN Laboratories (Yoko-
hama, Japan) (51, 52). Plasmid constructions and cell transfec-
tion are described in the SI Materials and Methods.

Calcium Signaling. [Ca2�]i was detected with the Ca2� sensitive
dye Fura 2 acetoxymethyl ester (Invitrogen, Carlsbad, CA),
using a Zeiss (Thornwood, CA) Axiovert microscope. Images
were captured with an Intelligent Imaging Innovations (Denver,
CO) 3-I digital camera system and analyzed with Slidebook
software (Intelligent Imaging Innovations). Detailed methods
are in the SI Materials and Methods. Transfected cells were
stimulated with 200 �M purinergic agonist, unless otherwise
stated.
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