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a  b  s  t  r  a  c  t

We  have  studied  in  HeLa  cells  the  molecular  nature  of the  2-APB  induced  ER  Ca2+ leak using  synthetic
Ca2+ indicators  that  report  changes  in  both  the cytoplasmic  ([Ca2+]i)  and the  luminal  ER  ([Ca2+]ER) Ca2+

concentrations.  We  have  tested  the  hypothesis  that  Orai  channels  participate  in  the 2-APB-induced  ER
Ca2+ leak  that  was  characterized  in  the companion  paper.  The  expression  of  the  dominant  negative  Orai1
E106A  mutant,  which  has  been  reported  to block  the  activity  of all  three  types  of  Orai  channels,  inhibited
the  effect  of 2-APB  on the  [Ca2+]ER but  did not  decrease  the  ER  Ca2+ leak after  thapsigargin  (TG).  Orai3
channel, but  neither  Orai1  nor  Orai2,  colocalizes  with  expressed  IP3R  and only  Orai3  channel  supported
the  2-APB-induced  ER Ca2+ leak,  while  Orai1  and  Orai2  inhibited  this  type  of ER  Ca2+ leak.  Decreasing  the
expression  of  Orai3  inhibited  the  2-APB-induced  ER Ca2+ leak  but did  not  modify  the  ER  Ca2+ leak  revealed
uminal calcium concentration
ERCA pump

by  inhibition  of  SERCA  pumps  with  TG.  However,  reducing  the  expression  of  Orai3  channel  resulted  in
larger  [Ca2+]i response  after  TG  but only  when  the  ER  store  had  been  overloaded  with  Ca2+ by  eliminating
the  acidic  internal  Ca2+ store  with  bafilomycin.  These  data  suggest  that  Orai3  channel  does  not participate
in  the TG-revealed  ER  Ca2+ leak  but  forms  an  ER Ca2+ leak channel  that  is  limiting  the  overloading  with

2+
Ca of the  ER  store.

. Introduction

Calcium influx stimulated by depletion of the endoplasmic retic-
lum (ER) Ca2+ store or SOCE involves the coupling of STIM in the ER
embrane and Orai channels at the plasma membrane [1,2]. There

re three types of Orai channels, all of them can support SOCE [3] or
CRAC currents [4], but Orai1 is by far the main channel involved in
enerating this type of Ca2+ influx [5,6]. In this sense the location in
he cell of Orai1 channel correlates with this function, since Orai1
s present at the plasma membrane [7,8]. However, the location of
rai2 and Orai3 appears to be different, in many instances, these
wo channels are located to a large extent in intracellular compart-
ents, the ER among others [9–11]. It has been reported that Orai3

eeds Orai1 to reach the plasma membrane due to the absence of

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; Ca2+, calcium; [Ca2+]ER,
ndoplasmic Reticulum Ca2+concentration; [Ca2+]i, intracellular Ca2+concentration;
P3, Inositol 1,4,5- trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; SERCA,
arco/endoplasmic reticulum calcium ATPase; TG, thapsigargin; AUC, area under the
urve.
∗ Corresponding author at: Departamento de Bioquímica, Cinvestav, Mexico City,
7000, Mexico.
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the tripeptide sequence EFA in the carboxy terminus of Orai3 chan-
nel [12]. The question is then whether these channels in the ER are
functional or just channels that are going in transit to the plasma
membrane.

There are some reports that Orai channels can have what
appears to be a leak activity, which does not require the pres-
ence of STIM1 to be observed. The first report we  are aware of is a
work carried out in yeast vesicles expressing functional Orai1 chan-
nels and resulted in a reduced luminal [Ca2+] when compared with
those vesicles expressing no functional Orai1 mutant channels,
such as Orai1R91W and Orai1E106Q [13]. Similarly, the expression
of Orai1 E106A in PC12 cells, a channel that cannot transport Ca2+

[9] and that inhibits the activity of all three different types of Orai
channels [4], showed a higher luminal ER [Ca2+] (above 300 �M)
than those cells not expressing this mutant channel, with luminal
[Ca2+]ER below 300 �M [9]. Another work trying to determine the
molecular nature of ER Ca2+ leak channels found that Orai2 channel
regulates the luminal [Ca2+]ER since this concentration was larger
when silencing Orai2 channel and smaller than control when over-

expressing Orai2 channels in HEK293T cells [14]. Moreover, it has
been shown that Orai channels localization in HeLa cells is not the
same for each type. Orai1 is mainly in the plasma membrane, while
Orai2 is located in intracellular compartments, but not necessar-
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ly in the ER, and Orai3 shows a large colocalization with a BAP31,
 protein marker of the ER [10]. However, in this work there was
o data showing the role of Orai3 channel in the regulation of the
Ca2+]ER in HeLa cells [10]. All these data point to the idea that Orai
hannels can have ER Ca2+ leak activity.

Initially, the chemical 2-APB was introduced as a cell-permeable
nhibitor of IP3Rs [15]. However, it turned out to be nonspecific

odulator of ion channels; in the case of Orai channels this chem-
cal is rather interesting because it has different effects on each
ne of the Orai channels. Orai 1 is activated by this compound by

 mechanism that does not require STIM [16] and also involves an
ncrease in the size of the channel pore [17]; at low concentrations
<10 �M)  this activation is sustained, while at higher concentra-
ions (>30 �M),  this activation is rapidly followed by a sustained
nhibition [16]. Orai2 is relatively refractory to this compound
4,16] and Orai3 is strongly activated [4,16] to the extent that
witches the channel from Ca2+ selective to a Ca2+-permeable but
he channel pore is now so wide that becomes a nonselective cation
hannel, at least when expressed in the plasma membrane [18].
mportantly, these effects of 2-APB on Orai3 channel do not appear
o require the participation of STIM proteins [16,18].

We have observed that 2-APB produces an ER Ca2+ leak in HeLa
ells that is inhibited with partially depleted ER Ca2+ stores and is
ot involved in the ER Ca2+ leak after TG [19]. Our data shown here
uggest that 2-APB-induced ER Ca2+ leak in HeLa cells is mediated
y activation of Orai3 channels that are not involved in the TG-

nduced ER Ca2+ leak but more likely function as a safety mechanism
o avoid Ca2+ overloading of the ER store.

. Materials and methods

.1. Materials

We  have used the cell permeable forms of Fura-2/AM (Invitro-
en) and Mag-Fluo-4/AM (Invitrogen) to load HeLa cells with fura-2
n the cytoplasm and Mag-fluo-4 in the lumen of the ER. These dyes

ere dissolved in dehydrated dimethyl sulfoxide (DMSO, Sigma) as
ell as 2-APB (Sigma), thapsigargin (Invitrogen) and bafilomycin

Sigma) to make a 1000-fold concentrated stock solution. Therefore
he DMSO concentration was 0.1% v/v on the indicated additions.

.2. Cell culture and plasmid transfections

HeLa cells (ATCC) were grown in 60-mm dishes (Corning) with
igh glucose (25 mM)  Dulbecco’s Modified Eagle Medium (Invit-
ogen) supplemented with 10% fetal bovine serum, 100 mg/mL
treptomycin and 100 units/mL penicillin (all from Invitrogen)
nd maintained at 37 ◦C in 5% CO2 humidified atmosphere. The
ransfection of HeLa cells with Orai1-E106A was carried out using
ucleofector (Amaxa, Germany) according to the protocol of the
anufacturer. In brief, 2 �g of the plasmid was transfected to one
illion cells, and then these cells were plated on 60-mm dishes for

4 h. Transfections of Orai1-CFP, Orai2-CFP, Orai3-CFP and pcDNA3
as mock) were carried out using lipofectamine 2000 in Opti-MEM
Invitrogen) following manufacturerı́s protocol. Transfection pro-
ocol for confocal imaging experiments of Orai channels and IP3R
as calcium precipitation using 1 �g of each plasmid, cells were

rown on 25 mm circular coverslips for 48 h before carrying out
maging acquisition as described below.

.3. Simultaneous recording of the [Ca2+]i and changes in the
uminal [Ca2+]ER in HeLa cell suspensions
Each experiment represents simultaneous responses of both the
Ca2+]i and the [Ca2+]ER of 0.5 × 106 transfected cells using a Xenon
rc lamp-based fluorescence spectrophotometer (PTI) that has a
lcium 65 (2017) 91–101

built-in device for continuous stirring of cell samples. Each experi-
ment involved the following steps; HeLa cells were harvested with
0.05% trypsin in PBS, viability was  checked with trypan blue exclu-
sion, loading with 1 �M Fura-2/AM and 1 �M Mag-Fluo-4/AM (both
from Molecular Probes, Life Technologies) for a period of 2 h at
room temperature and protected from light, next cells were washed
twice in saline solution and finally resuspended in the same saline
solution composed by (in mM)  121 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8
CaCl2, 25 HEPES, 6 NaHCO3 and 5.5 Glucose (pH 7.3) or in the same
saline solution but lacking added CaCl2 and supplemented with
0.1 mM EGTA. Changes in the [Ca2+]i and the free luminal ER Ca2+

level ([Ca2+]ER) were recorded after allowing for an equilibration
period of 10 min  (basal level). Fura-2 and Mag-Fluo-4 fluorescence
signals were obtained by alternating excitation (2.7 Hz at 100 ms
integration time) at 340, 360 and 380 nm for Fura-2 and 485 nm
for Mag-Fluo-4, emission was fixed at 515 nm.  Fura-2 and Mag-
Fluo-4 signals were smoothed, after background subtraction, with
a 7-point window using the Savitzky Golay’s algorithm contained
in the analysis software FeliX32 (PTI). To transform Fura-2 fluo-
rescence signal in [Ca2+]i, the maximum fluorescence ratio (Rmax)
was obtained by adding digitonin. Minimum fluorescence ratio
(Rmin) was determined by adding EGTA. Fluorescence background
of the cell suspension was determined by Fura-2 quenching with
Mn2+ addition. [Ca2+]i was  calculated using the Grynkewiczı́s equa-
tion [20] where [Ca2+]i = Kd*� (R − Rmin)/(Rmax − R), where Kd is
the apparent Ca2+ dissociation constant for Fura-2 (200 nM), R is
the ratio of fluorescence value at 340 nm over the fluorescence at
380 nm after background subtraction and the viscosity correction
procedure described by Poenie [21]. Mag-Fluo-4 is a low-affinity
Ca2+ indicator with a reported Kd of 22 �M,  that is widely used to
report changes in the [Ca2+]ER [22–28]. Mag-Fluo-4 fluorescence
signal was  not transformed in [Ca2+] but it was normalized using
the resting level (F/Fo) calculated during the initial 10 min  period
of equilibration (basal level). For clarity this ratio was multiplied
by 100 and expressed as percentage of change.

2.4. Confocal microscopy and imaging of transfected cells

Confocal images were performed with an upright TCS-SP5 LEICA
confocal microscope using an APO 63X water immersion objective.
HeLa cells were imaged at room temperature on Krebs solution
containing (in mM):  119 NaCl, 2.5 KCl, 1.3 MgCl2, 1.8 CaCl2, 20
HEPES, 1 NaH2PO4 and 11 glucose (pH 7.4). Images were obtained
from live cells co-expressing YFP-IP3R and one of the Orai channels,
either Orai1-CFP, Orai2-CFP or Orai3-CFP. CFP and YFP were excited
with 458 and 514 nm laser lines, respectively. Fluorescence was col-
lected from 465 to 509 nm for CFP and from 525 to 600 nm for YFP.
Colocalization analysis was performed using Mander’s coefficient
routine in ImageJ (NIH).

2.5. Reducing expression of channels with small interfering RNA

HeLa cells were grown in 35 mm dishes and transfected with
1 �g of Mission

®
esiRNA for Orai3 (EHU131741, Sigma-Aldrich

Química, S.L, Toluca, Mexico) or siControl with Lipofectamine 2000
in Opti-MEM. The medium was replaced after 24 h with DMEM
without siRNA for another 24 h. After this time, cells were har-
vested for simultaneous recording of changes in the [Ca2+]i and the
[Ca2+]ER as described above.

2.6. Statistical analysis
Data shown are the mean ± SEM, where n, indicates the number
of different experiments (implies different cell passage). Statistical
analysis of data was  carried out using unpaired Student’s t-test for
comparison between two groups, and ANOVA with a post hoc Dun-
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Fig. 1. Expression of dominant negative Orai1 E106A channel inhibits SOCE but does not affect the TG-revealed ER Ca2+ leak. A) HeLa cells in the absence of external [Ca2+]
(0.1  mM EGTA) were transfected with either an empty plasmid (dotted line) or with a plasmid containing a dominant negative Orai1 E106A mutant (solid line) and TG
followed by 1.8 mM Ca2+ were added at the times indicated. B) This mutant channel did not modify the [Ca2+] response to TG, but clearly inhibited SOCE. C) The extent of the
ER  depletion promoted by TG was not affected by the expression of this ion channel mutant. D) Same experiment as in A) except the external [Ca2+] was  1.8 mM.  E) [Ca2+]i

response due to the addition of TG was no modified by Orai1 E106A, but reactivation of SOCE with 5 �M 2-APB was strongly inhibited. F) The extent of reduction in the
[Ca2+]ER was  not altered by the expression of this mutant channel.

Fig. 2. Expression of Orai1 E106A inhibits the 2-APB-induced ER Ca2+ leak. A) HeLa cells transfected with either an empty plasmid (dotted line) or the mutant Orai1 E106A
(solid  line) were recorded in the presence of 1.8 mM external [Ca2+] and exposed to 2-APB followed by TG at the time indicated. B) The [Ca2+]i response after TG was if
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nything increased by Orai1 E106A. C) Orai1 E106A inhibited both the ER Ca2+ leak i
G  was  added before 2-APB as indicated. E) [Ca2+]i responses to TG were not affec
rai  E106A but the effect of 2-APB was clearly inhibitory on the [Ca2+]ER in the pres

ett’s test for comparison among multiple groups. The difference
etween means was considered significant with p < 0.05.

. Results

.1. Dominant negative Orai1 E106A mutant did not affect the ER
a2+ leak but inhibited the 2-APB-induced ER Ca2+ leak
It has been described that 2-APB strongly activates Orai3 chan-
els while to a more limited extent does the same with Orai1
hannels; Orai2 channel is rather refractory to this chemical [17].
o determine whether Orai channels are involved in the effect of
d by 2-APB and the one observed after TG. D) Same experiment as in A) except that
 the expression of Orai1 E106A. F) [Ca2+]ER reduction after TG was not affected by
f Orai1 E106A (right solid bar).

2-APB, as a first approach we  have used the dominant negative
mutant Orai1 E106A which inhibits the activity of all Orai channels
[4]. This mutant modified neither the effect of TG on the [Ca2+]i
response nor the reduction in the luminal [Ca2+]ER (Fig. 1A, 1B, 1C)
but strongly inhibited SOCE, that is the [Ca2+]i response resulting
from the addition of 1.8 mM Ca2+ (Fig. 1B, solid bars). These data
suggest that Orai channels were not participating in the ER Ca2+

leak in HeLa cells. Since the effect of 2-APB on the ER Ca2+ leak
2+
depends on a Ca -filled ER store [19], we decided to carry out this

experiment in 1.8 mM external [Ca2+]. In this case again, the overex-
pression of the mutant Orai1 E106A, did not modify Ca2+ responses
after TG (Fig. 1D, 1E, 1F) and it is clear then that Orai channels
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ig. 3. Orai3 colocalizes with IP3Rs. A) Transfection of Orai-CFP channels together w
xpressed. Orai1 is shown in the upper panel. Orai2 in the middle while Orai3 in the l
hile  this was  not the case for Orai1 or Orai2.

id not contribute significantly to the [Ca2+]i response after block-
ng SERCA pumps with TG, in the presence of external [Ca2+]; the
bsence of this effect is most likely due to the rapid inactivation of
rai1 channels induced by Ca2+ [29,30]. To verify that Orai1 E106A
ad inhibited SOCE, we have reactivated Orai1 channels with 5 �M
-APB, in this case, there was a large and transient increase in the
Ca2+]i that was totally abolished by the expression of the mutant
rai1 E106A (Fig. 1D, 1E). Since the reduction in the [Ca2+]ER trig-
ered by TG was not affected by Orai1 E106A further supports the
ontention that Orai channels were not involved in the ER Ca2+ leak.
owever, the 2-APB-induced reduction in the luminal [Ca2+]ER was

otally abolished by overexpressing Orai1 E106A (Fig. 2A, C), argu-
ng for the participation of Orai channels in this effect of 2-APB.
ntriguingly, the TG-revealed ER Ca2+ leak judged by the reduc-
ion in the [Ca2+]ER was clearly decreased by the expression of the

utant Orai1 channel (Fig. 2C). One way to reconcile data shown
n Fig. 1 and those shown here is to consider that 2-APB is block-
ng the late phase of TG revealed Ca2+ leak as we  have described
his inhibitory effect of 2-APB on TG-induced ER Ca2+ leak [19].
o verify that this was the case, we have applied 2-APB after TG
nd 2-APB fully inhibited the TG-revealed ER Ca2+ leak, but only in
hose cells that were expressing the Orai1 mutant (Fig. 2D, F). Col-

ectively, these data suggest that Orai channels decrease luminal
Ca2+]ER in response to 2-APB but they do not seem to participate
n the TG-revealed ER Ca2+ leak.
P-IP3R1 showed different degree of colocalization depending on the type of channel
anel. B) Manders’ colocalization coefficient showed that Orai3 and IP3Rs colocalizes

3.2. Orai3 channel colocalized with IP3R in HeLa cells

It has been shown in HeLa cells that Orai3 localizes in the
endoplasmic reticulum [10], to verify that our cells show that distri-
bution as well, we have co-expressed Orai channels together with
IP3R1 and we have determined the extent of colocalization with
Manders’ coefficient (Fig. 3). Data show that Orai1 distribution was
primarily in the cell periphery (Fig. S1), with very little inside the
cell. Orai2 channel localization appears to be more intracellular
(Fig. S1); however it did not colocalize with IP3R to a large extent
(Fig. 3B). However, the picture was completely different with Orai3
channel since this protein was  located intracellularly with a very
similar pattern to the one observed for IP3R1 (Fig. 3A, B). These data
say that, to variable extent, all three Orai channels were present
in intracellular compartments, but only Orai3 channels showed a
large Manders’ colocalization coefficient with IP3Rs in HeLa cells
(Fig. 3B). Additionally, we  have observed that Orai3 channel had an
intracellular distribution in HEK293 cells that clearly resembles the
ER (Fig. S1). These data say that Orai3 location was mainly in the
ER both in HeLa and HEK293 cells.

3.3. Only Orai3 channel supports the 2-APB-induced ER Ca2+ leak
It has been known that Orai channels can form heteromultimers
[4,31] and this is the explanation as to why  Orai1 E106A is able to
block the activity of all types of Orai channels. Accordingly, to obtain
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Fig. 4. The effect of Orai channels overexpression on the TG-induced ER Ca2+ leak. HeLa cells that were transfected with A) an empty vector, B) Orai1, C) Orai2 and D) Orai3
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ere  placed in the presence of 1.8 mM external [Ca2+] and simultaneously recorde
he  times indicated. E) Overexpression of Orai2 or Orai3 clearly decreased the [Ca2+

rai  channels.

 hint of which Orai channel is responding to 2-APB in the ER, we
ave overexpressed each one of the three Orai channels and deter-
ined the effect on 2-APB-induced and TG-revealed ER Ca2+ leaks

n the presence of external [Ca2+]. As an initial approach we  have
etermined the effect of Orai channels on the TG-revealed ER Ca2+

eak (Fig. 4). The overexpression of Orai1 did not change the [Ca2+]i
esponse (Fig. 4B, E). However, the overexpression of either Orai2 or
rai3 resulted in a smaller TG-induced [Ca2+]i response (Fig. 4C, D
nd E), suggesting that these two channels can behave as an ER Ca2+

eak. Importantly, the overexpression of any Orai channel did not
hange the reduction in the [Ca2+]ER in response to TG. If anything,
rai2 and Orai3 displayed a slightly larger reduction in the lumi-
al [Ca2+]ER but this difference did not reach significance (Fig. 4F).
he same experiment, but in this case cells were exposed to 50 �M
-APB for 10 min  before the application of TG showed that mock
ells had the typical reduction in the [Ca2+]ER induced by 2-APB
nd further reduction in the [Ca2+]ER after blocking SERCA pumps
ith TG, although presented a smaller [Ca2+]i response (compare

ig. 4E with Fig. 5E). The overexpression of wild type Orai1 chan-
el increased the [Ca2+]i responses to 2-APB and to TG (Fig. 5B,
, open bars). However, it strongly inhibited the 2-APB- and the
G-revealed ER Ca2+ leaks (Fig. 5B, F, open bars). In the case of
rai2 overexpression, this channel did not produce any increase

n the [Ca2+]i in response to 2-APB and did not modify the [Ca2+]i
esponse after TG (Fig. 5C, E crossed bars). However, it produced a
omplete inhibition of the 2-APB-induced ER Ca2+ leak and also a
trong reduction of the ER Ca2+ leak after TG (Fig. 5C, F, crossed bars).

he overexpression of Orai3 produced a complete different set of
esponses on the [Ca2+]ER (Fig. 5D). There was no significant effect
n the [Ca2+]i response after TG, if anything was slightly increased
[Ca2+]i (upper panel) and [Ca2+]ER (lower panel) responses when exposed to TG at
onse to TG. F) The ER Ca2+ leak after TG was not modified by the expression of any

(Fig. 5E, crosshatched bar) and the 2-APB-induced reduction of the
[Ca2+]ER was  also slightly increased (Fig. 5F, left crosshatched bar).
The ER Ca2+ leak after TG was not modified by Orai3 channel (Fig. 5F,
right crosshatched bar). In conclusion, the overexpression of Orai1
or Orai2 strongly inhibited the 2-APB-induced reduction of the
[Ca2+]ER (Fig. 5F) and also the ER Ca2+ leak after TG but only when
this has been preceded by the addition of 2-APB. These data can be
explained if it is assumed that Orai channels form heteromultimers
but only the homomultimers of Orai3 channels are responding to 2-
APB. We  can argue that the channel activated by 2-APB helps in the
reduction of the [Ca2+]ER after TG and the most likely candidate for
this role is Orai3, while Orai2 and Orai1 would have inhibitory roles
in the response to 2-APB by having a “dilution effect” of pure Orai3
channels. Collectively these data suggest that Orai3 channel, more
than Orai2 or Orai1, is responsible for the 2-APB-induced reduction
in the [Ca2+]ER.

3.4. Reducing the expression of Orai3 inhibited the
2-APB-induced ER Ca2+ leak

We have used siRNA against Orai3 to reduce the expression of
this channel and to test the idea that this is the channel respond-
ing to 2-APB in the ER. This particular set of siRNAs against Orai3
channel specifically decreased Orai3 mRNA because the mRNAs of
the two other channels were not decreased (Fig. S2). The expres-
sion of Orai3 channel at the protein level was  also clearly decreased

after 48 h (Fig. S2). The reduction in the expression of Orai3 channel
greatly decreased the effect of 2-APB on the [Ca2+]ER (Fig. 6A solid
line, 6C closed bar) when compared to the effect of 2-APB on cells
transfected with a siRNA control (Fig. 6A dotted line, Fig. 6C open
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Fig. 5. Expression of only Orai3 channel supported the 2-APB-induced ER Ca2+ leak. HeLa cells that were transfected with A) an empty vector, B) Orai1, C) Orai2 and D)  Orai3
were  in the presence of 1.8 mM external [Ca2+] and simultaneously recorded the [Ca2+]i (upper panel) and [Ca2+]ER (lower panel) responses when exposed to 2-APB followed
by  TG at the times indicated. E) Overexpression of Orai1 increased the [Ca2+]i response to 2-APB addition (left open bar) and also potentiated the [Ca2+]i after TG (right open
b Orai1 
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ar).  F) The 2-APB-induced ER Ca2+ leak (left closed bar) was  partially inhibited by 

y  Orai3 (left hatched bar). The ER Ca2+ leak after TG was  also inhibited by either O
ar).

ar). However, the [Ca2+]i response after TG was not affected by
iRNA for Orai3 (Fig. 6A, B). Collectively, these data say that Orai3
s the channel responsible for the reduction in the [Ca2+]ER induced
y 2-APB but it seems this channel does not participate in the ER
a2+ leak after TG. Additionally, these data are in agreement with
ata shown in the companion paper that the channel activated by
-APB is not involved in the ER Ca2+ leak after TG [19].

.5. Reducing the expression of Orai3 modified the ER Ca2+ leak
fter TG

To verify that Orai3 is not participating in the ER Ca2+ leak after
G, we have knocked down Orai3 and we have assessed ER Ca2+

eak by adding TG in the absence of external [Ca2+]. The reduc-
ion in the expression of Orai3 channel modified neither the [Ca2+]i
esponse after TG (Fig. 7A, B) nor its associated reduction in the
Ca2+]ER (Fig. 7A, 7C). The addition of 1.8 mM [Ca2+] showed that
rai3 channel did not participate in SOCE in HeLa cells (Fig. 7A,
). Unexpectedly, the reduction in the expression of Orai3 channel
esulted in a prompt reduction in the [Ca2+]ER after TG, since the lag
ime for this effect was clearly reduced (Fig. 7D solid bar) and the
R [Ca2+] was lower at 1 min  after the addition of TG (Fig. 7A dashed
ine, E solid bar). Interestingly, the rate of reduction of the [Ca2+]ER

fter TG was practically the same (Fig. 7A, C), the only difference
as the onset, after TG, for the reduction in the [Ca2+]ER. It appears

hen that Orai3 channels are not involved in the ER Ca2+ leak after
G.
(left open bar), strongly inhibited by Orai2 (left dashed bar), and slightly increased
ight open bar) or Orai2 (right dashed bar) and not affected by Orai3 (right hatched

3.6. Overloading the ER Ca2+ store with bafilomycin unveiled a
role for Orai3 channels

We  have hypothesized that Orai3 channels might be function-
ing as a safety mechanism to avoid or reduce the overloading of the
ER Ca2+ store. To test this, we  have overloaded the ER Ca2+ store
by applying bafilomycin to eliminate the acidic intracellular Ca2+

stores, a maneuver that results in a clear elevation of the [Ca2+]ER
(Fig. 8A, lower panel) and compared with [Ca2+]i response after TG
in cells transfected with control siRNA (Fig. 8A, dotted line) and
those transfected with an Orai3 siRNA (solid line). In this condi-
tion, the ER Ca2+ store is overloaded because the [Ca2+]i responses
after TG are larger than in the absence of bafilomycin (compare
Fig. 1D, E vs Fig. 8A, B) and this was also reflected in an increase of
the [Ca2+]ER (Fig. 8C, left bars). In the presence of bafilomycin, the
reduction in Orai3 channel expression, further increased the level of
ER Ca2+ store because the TG-induced [Ca2+]i response was  clearly
larger (Fig. 8A, B) although we  could not detect that in the [Ca2+]ER
(Fig. 8C). Alternatively, this larger [Ca2+]i response after TG might
be due to the new ER Ca2+ leak that appears to be present (Fig. 8A,
solid line in lower panel) when Orai3 expression had been reduced.
Collectively, these data suggest that Orai3 channels are located in
the ER and function as a safety mechanism to avoid overloading
of the ER Ca2+ store in HeLa cells. This idea is different to the pro-
posed one that Orai channels function as leak channels in the ER,
the main difference is that leak channels are permanently open and

balancing the activity of SERCA pumps, while it appears that Orai3
channel is not active all the time.
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ig. 6. Reducing the expression of Orai3 reduced the 2-APB-induced ER Ca2+ leak. A
ere  placed in 1.8 mM external [Ca2+] and exposed to 2-APB followed by TG at the i

-APB-induced ER Ca2+ leak was significantly inhibited by Orai3 siRNA (solid bar).

. Discussion

Our data corroborate previous reports showing that Orai3 chan-
el is expressed in the ER membrane of HeLa cells [10]. Additionally,
e show that this channel appears to be activated by 2-APB and

educes the luminal [Ca2+]ER but it does not seem to be involved
n the ER Ca2+ leak observed after TG. Actually, it appears that the
ensitivity of Orai3 channel to 2-APB depends on the luminal [Ca2+]
n the ER [19]. Additionally, we have observed that Orai3 regulates
he ER Ca2+ level but only in conditions that the ER store was  over-
oaded with Ca2+ by inhibiting with bafilomycin the Ca2+ buffering
apacity of the acidic Ca2+ stores. These data suggest that Orai3
hannel is not a bona fide ER Ca2+ leak that is open all the time,
ut it appears that this channel functions as a mechanism to avoid
verloading of the ER Ca2+ store.

Application of TG, which potently and specifically inhibits SERCA
ump activity, should result in a transient increase of the [Ca2+]i
ue to Ca2+ release from the ER via leak channels that are perma-
ently open. However, this outcome does not occur in all the cases
ecause freshly isolated smooth muscle cells that were exposed to
G showed neither a transient increase of the [Ca2+]i nor a clear
eduction in the [Ca2+]ER [28,32], suggesting that these cells do not
ave an SR Ca2+ leak at least under those recording conditions. The
ajor limitation here is that the molecular nature of the ER Ca2+

eak has not been identified yet. It appears that the ER Ca2+ leak
s carried out by at least two different types of Ca2+ permeable
on channels. If this is the case then it might be the explanation

ehind the generalized observation that application of TG produces

 basically immediate and transient increase in the [Ca2+]i while
 delayed reduction in the [Ca2+]ER [33–37]. This lack of correla-
s transfected with a siRNA control (dotted line) or with an Orai3 siRNA (solid line)
ted times. B) The [Ca2+]i response after TG was not altered by this condition. C) The

tion between the [Ca2+]i response and the reduction in the [Ca2+]ER
might be explained by the existence of at least two  different types
of ER Ca2+ leak channels. It has been proposed that IP3R participates
in the ER Ca2+ leak [14,38–40] and it has been found that cells with
knocked-out IP3Rs type II and III basically eliminates the [Ca2+]i
response to TG but still SOCE is turned on by TG, suggesting that
other channel was involved in decreasing the ER Ca2+ store [41]. In
this sense we  have observed that 2-APB, an inhibitor of IP3Rs, is able
to partially inhibit the ER Ca2+ leak, which is revealed by inhibition
of SERCA pump with TG. Fig. 2 shows that 2-APB reduces by half
the [Ca2+]i response after TG although it fully inhibits the reduc-
tion in the [Ca2+]ER in those cells expressing the dominant negative
Orai1 E106A mutant. These data suggest that ER Ca2+ leak involves
at least two  different channels, one that is inhibited by 2-APB and
is evident in the late phase of ER depletion by eliminating the acti-
vating effect of 2-APB on Orai channels, while the other channel
would not be that sensitive to 2-APB and participates in the early
phase of ER depletion and to a large extent in the [Ca2+]i response.

This scenario of a permanently open ER Ca2+ leak channel should
result in an immediate reduction in the [Ca2+]ER with a mono-
exponential time course together with a transient increase of the
[Ca2+]i, the latter is in general observed while the former is seldom
seen when the [Ca2+]i and the [Ca2+]ER are simultaneously recorded
in response to TG. Here, we have observed that the application of
this inhibitor produces an immediate increase of the [Ca2+]i with
no or minimal reduction of the [Ca2+]ER. Nevertheless, this situation
has been observed in many different cell types [35–37,42–44]. To

us this observation is completely unexpected and there is no expla-
nation for it, except that IP3Rs might be involved. In any event this
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Fig. 7. Reducing the expression of Orai3 does not affect SOCE. A) [Ca2+]i response and the [Ca2+]ER from cells transfected with a siRNA control (dotted line) or with an Orai3
siRNA  (solid line) were recorded in the absence of external [Ca2+] (0.1 mM EGTA) while being exposed to TG followed by the addition of 1.8 mM [Ca2+] at the indicated times.
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)  Neither TG-induced [Ca2+]i response nor SOCE were modified by reducing the ex
he  [Ca2+]ER by TG has a characteristic long delay that was  clearly decreased by dec
G  was larger at 1 min  after the addition of TG (dashed line in A).

eans that we are still far from understanding the ER Ca2+ leak
evealed by TG.

It is important to distinguish between a true ER Ca2+ leak that
ould be open irrespective of the luminal [Ca2+]ER as opposed to a

hannel that would open once the luminal [Ca2+]ER has reached cer-
ain threshold. The main difference is for SERCA pump because in
he former case the pump will have an inefficient activity since the
a2+ stored is immediately leaked out by the permanently open
hannel, while this would not happen in the latter case, because
he channel would not be open until the ER store has been filled.
his scenario is not entirely new. It has been shown in pancreatic

 cells that activation of an atypical CICR involves a still undeter-
ined type of ER Ca2+ channel that eliminates the excess of Ca2+

o the cytoplasm once the ER store has been loaded and this type
f channel deactivates after the ER Ca2+ store has been depleted
45,46]. Since the nature of this channel has not been determined,
t is difficult to elaborate any further on this interesting regula-
ory mechanism. However, the direct measure of changes in the
Ca2+]ER clearly shows that this channel is closed when the ER store
as been depleted of Ca2+, and it activates with certain delay when
he ER store has been replenished with Ca2+ due to the action of
ERCA pumps [46]. Again, this implies that this type of channel is
omehow regulated by the luminal [Ca2+]ER.

It has been reported that TMCO1, a protein widely expressed in
he ER, forms a Ca2+ permeable channel in response to the overload-

ng with Ca2+ of the ER store [47]. Although in this case, overloading
he ER Ca2+ store was achieved with an extremely high concen-
ration of ethanol (8%), so it is not clear how exactly this channel
s operating in physiological conditions. Nevertheless, this work
ion of Orai3. C) The extent of ER Ca2+ leak was not affected either. D) Reduction in
g the expression of Orai3 channel (solid bar). E) The reduction in the [Ca2+]ER after

stresses the idea that the activity of ER Ca2+ leak channels might be
regulated by the [Ca2+]ER, in other words they are not active when
[Ca2+]ER is low and would activate to avoid overloading of the ER
Ca2+ store.

It has been proposed that Orai2 might be functioning as an
ER Ca2+ leak channel [14] because lowering its expression level
increases the [Ca2+]ER while its overexpression decreases the
[Ca2+]ER. We  have also observed that overexpression of Orai2
channel decreased the TG-induced [Ca2+]i response, arguing for a
smaller ER Ca2+ store. However, it appears that this situation is not
that straightforward because Orai2 does not seem to localize in the
ER. Additionally, the expression of the dominant negative Orai1
E106A mutant inhibited the 2-APB-induced ER Ca2+ leak but did
not have any effect on the ER Ca2+ leak, arguing against the idea
that Orai channels have any role in the ER Ca2+ leak revealed after
inhibition of SERCA pumps. On the other hand we  know that Orai
channels can have leak activity (see Introduction) in the presence
of Ca2+ and in the absence of STIM. Moreover, the overexpression
of the dominant negative mutant Orai1 E106A results in a slightly
higher [Ca2+]ER determined with D1ER [9]. These data could be
interpreted as Orai1 might be also an ER Ca2+ leak channel. How-
ever, our data show that this mutant inhibited the effect of 2-APB on
the [Ca2+]ER that is mediated by Orai3 channel, in agreement with
the idea that Orai1 E106A can inhibit the activity of all three types
of Orai channels because they form heteromultimers [4,31]. There-

fore, these data suggest that Orai channel, is not clear whether Orai2
or Orai3, is involved in regulating the [Ca2+]ER. In the companion
paper, we  have shown that 2-APB opens an ER Ca2+ leak channel
and that this effect can be inhibited when the ER Ca2+ store has been
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Fig. 8. Reduction of Orai3 expression increased the [Ca2+]i response to TG when the acidic Ca2+ buffering system has been eliminated with bafilomycin. A) HeLa cells that
were  transfected with either siRNA control (dotted line) or Orai3 siRNA (solid line) and placed in 1.8 mM external [Ca2+] were exposed to 100 nM bafilomycin followed by
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G  at the time indicated. B) The [Ca2+]i response after TG was increased by the app
as  further increased by reducing the expression of Orai3 channels (solid bar). C) T

y  reducing the expression of Orai3 (solid bar).

artly depleted by incubating cells in the absence of external [Ca2+]
r with TG [19]. We  now know, based on the work shown here, that
his channel responding to 2-APB is Orai3 in the ER of HeLa cells.
t appears then that Orai2 and Orai3 channels can alter luminal
Ca2+] of intracellular compartments, but how do they do that is
ot that clear, at the very least we can discard that these channels
re permanently open and functioning as a true leak channels. Our
ata show that Orai3 and IP3R colocalize suggesting that the former
hannel locates in the ER. This is not new since it has been shown
hat Orai3 colocalizes with BAP31 protein, another marker of ER
10]. Additionally, the overexpression of Orai3 channel decreased
he TG-induced [Ca2+]i response, suggesting that this channel, sim-
larly to Orai2, decreases the ER Ca2+ store when is overexpressed.
herefore, it can be concluded that Orai3 resides in the ER mem-
rane of HeLa cells. It has been shown that Orai3 needs Orai1 to
each the plasma membrane because it lacks a tripeptide EFA [12].
n our case the overexpression of Orai1 produced an increase in the
Ca2+]i in response to 2-APB, but only in the presence of external
a2+ (data not shown). However, Orai3 did not show any increase

n the [Ca2+]i in response to 2-APB. These data argue for, in our
ecording conditions, Orai1 goes readily to the plasma membrane
hile Orai3 stays in intracellular compartments, most likely the ER.

It has been found that Orai3 is overexpressed in different types
f cancer cells [48–51] and apparently this situation increases sur-
ival of these cells [52]. However, it is not clear how Orai3 is doing
his. Furthermore, VEGF-induced Ca2+ release from intracellular
tores requires the expression of Orai3 channels [53]. In conclusion

t appears that Orai3 channel might be functioning as an ER Ca2+

elease channel under very particular conditions because is not per-
anently open and is not involved in the ER Ca2+ leak revealed by

G.
n of bafilomycin (compare this with the response shown in Fig. 1E [open bar]) and
lication of bafilomycin resulted in an increase of the [Ca2+]ER that was  not affected
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