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Abstract

Osteoclasts are specialized macrophage derivatives that secrete acid and proteinases to mobilize
bone for mineral homeostasis, growth, and replacement or repair. Osteoclast differentiation
generally requires the monocyte growth factor m-CSF and the TNF-family cytokine RANKL,
although differentiation is regulated by many other cytokines and by intracellular signals,
including Ca2*. Studies of osteoclast differentiation in vitro were performed using human
monocytic precursors stimulated with m-CSF and RANKL, revealing significant loss in both the
expression and function of the required components of store-operated Ca2* entry over the course
of osteoclast differentiation. However, inhibition of CRAC using either the pharmacological agent
3.4 dichloropropioanilide (DCPA) or by knockdown of Orail severely inhibited formation of
multinucleated osteoclasts. In contrast, no effect of CRAC channel inhibition was observed on
expression of the osteoclast protein tartrate resistant acid phosphatase (TRAP). Our findings
suggest that despite the fact that they are downregulated during osteoclast differentiation, CRAC
channels are required for cell fusion, a late event in osteoclast differentiation. Since osteoclasts
cannot function properly without multinucleation, selective CRAC inhibitors may have utility in
management of hyperresorptive states.
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Introduction

Osteoclast differentiation from monocytes and regulation of attachment to bone are
dependent on inositol-1,3,5 trisphosphate (InsP3)-mediated Ca2*-release from the
endoplasmic reticulum (ER) (Blair et al, 2007; Koga et al, 2004; Kim et al, 2005). Less clear
is the extent to which extracellular Ca?* influx is involved osteoclast differentiation. In
hematopoietic cells, Ca2*-Release-Activated Ca?* (CRAC) channel activity represents the
major means of Ca?* entry (Deng et al, 2009; Feske, 2009). Further, the type 1A
transmembrane protein STIM1 (Liou et al, 2005; Roos et al, 2005) and the plasma
membrane Ca2* channel Orail (Feske et al, 2006; Vig et al, 2006) have been defined as the

molecular mediators of CRAC channel activity.

In CRAC channel activation, the ER luminal portion of the activating protein STIM1, which
contains a low-affinity Ca2*-binding EF hand (Stathopulos et al, 2006), mediates activation
of Orail at the cell membrane. In this process, ER CaZ* release, via InsP3 receptors
typically, causes a STIM1 conformational change (Stathopulos et al, 2008) that causes
STIMI1 aggregation at sites adjacent to the plasma membrane commonly referred to as
puncta (Liou et al, 2005; Wu et al, 2006). At puncta the cytoplasmic membrane portion of
STIM1 physically interacts with the plasma membrane-localized Ca?* channel Orail
resulting in its activation (Muik et al, 2009; Park et al, 2009; Wang et al, 2009; Yuan et al,
2009). The extent to which this pathway is active during osteoclast differentiation is not
established.

We studied Orail and STIM1 expression and function during osteoclast differentiation in
vitro, and found significant decreases early in the process of osteoclast differentiation.
Further, reduction of Orail expression with siRNA inhibited osteoclast differentiation,
particularly multinucleation. Intriguingly, the addition of the pharmacological agent 3,4-
dichloropropioanilide (DCPA) similarly inhibited terminal osteoclast differentiation. We
further establish that DCPA-mediated CRAC channel inhibition occurs via inhibition of
STIM1-Orail interaction. DCPA is a haloanilide compound with relatively low systemic
toxicity that can inhibit Ca%* influx in macrophages and T cells as well as having potent
anti-inflammatory activity (Xie et al, 1997; Ustyugova et al, 2007; Lewis et al, 2008). As
such, our findings may have significant therapeutic implications.

Materials and Methods

Cell culture, cell lines, and cell differentiation in vitro

Human monocytes were isolated from normal buffy coat cells (60-80 ml) obtained with
approval of institutional review boards by separation from donor blood, the white-cell
depleted blood retained for clinical use. Human monocyte culture and differentiation were as
reported (Yaroslavskiy et al, 2005). Briefly, human monocytes cells were isolated from
buffy coat on ficoll lymphocyte separation media and cultured at ~6 x 103 cells per cm? in
monocyte maintenance medium, Dulbecco’s modified essential medium (DMEM) with 20
ng/ml of human m-CSF and 10% FBS), for 24 hours. After 24 hours in culture, the medium
was changed to osteoclast differentiation medium containing in addition of human 50 ng/ml

of RANKL, with the additional inhibitors or activators as specified in results. Human

J Cell Physiol. Author manuscript; available in PMC 2014 May 14.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Zhou et al.

Page 3

osteoclast cultures were generally maintained for a minimum of seven days before analysis,
or longer times as specified in results. Characterization of osteoclasts included in situ
demonstration of tartrate resistant acid phosphatase (TRAP) using naphthol phosphate
substrate coupled with fast garnet at pH 5 in 200 mM tartrate (Leucocyte acid phosphatase,
Sigma-Aldrich, St. Louis, MO) and by evaluation of multinucleation using either phase
contrast microscopy or nuclear stains.

Western Blots

Cells were lysed in 1% NP-40 (nonyl phenoxylpolyethoxylethanol), 150 mM NaCl, 50 mM
Tris, pH 8.0, with proteinase inhibitors, cleared by centrifugation, and normalized for
protein, determined by Bradford dye-binding. Proteins were resolved by electrophoresis on
8% polyacrylamide in sulfonlyl dodecyl sulfate, and transferred to polyvinylidene difluoride
derivitized nylon. Membranes were blocked in Tris-buffered saline with 0.05%
polyoxyethylene sorbitan (Tween 20) with 5% bovine serum albumin, 1 hour, 20°C, and
incubated with the primary antibodies at 4 °C overnight. Membranes were washed and the
appropriate peroxidase-conjugated secondary antibody added. After a 30 minute incubation,
membranes were washed and bands were visualized by enhanced chemiluminescence (ECL-
Western Blot Reagent Kit, GE Healthcare, Waukesha, WI).

Electrophysiology

Analysis was performed in HEK293 cells stably expressing Orail and transfected with
STIM1 YFP used conventional whole cell voltage recordings as described (Wang et al,
2009). Immediately after establishment of the whole-cell electrode seal, voltage ramps
spanning from -100 to +100 mV in 50 ms were delivered from a holding potential of 0 mV
at a rate of 0.5 Hz. A 10 mV junction potential compensation were applied. The intracellular
solution contained 145 mM CsGlu, 10 mM HEPES, 10 mM EGTA, 8 mM NaCl, 6 mM
MgCI2, and 2 mM Mg-ATP (total 8 mM Mg2*), pH 7.2; TRPM7 activity was suppressed by
8§ mM Mg2+ and ATP (Zhou et al, 2009). The extracellular solution contained 145 mM
NaCl, 10 mM CaCl2, 10 mM CsCl, 2 mM MgCl2, 2.8 mM KCI, 10 mM HEPES, and 10
mM glucose, pH 7.4.

DNA and RNA reagents

PCR primers: Homo sapiens Ca* release-activated Ca2* modulator 1 (ORAI1)
NM_032790: f: 5'- TCTCAACTCGGTCAAGGAGTC r: 5'-
TTGAGGGGCAAGAACTTGACC; product 141 bp. Homo sapiens glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) NM_002046: f: 5'- ACAGTCAGCCGCATCTTCTT r:
5- GACAAGCTTCCCGTTCTCAG; product 259 bp. Orail silencing used a pool of four
siRNAs targeting homo sapiens ORAI1 (GenBank NM_032790), purchased as a pretested
reagent from Dharmacon RNAi Technologies (smartpool 84876, Thermo-Fisher, Waltham
MA). Cells were transfected using siPORTAmine (Ambion), a blend of polyamines, as
described (Yaroslavskiy et al, 2005). Controls were transfected with nonsense siRNA. The
siRNAs for Orai 5" untranslated or open reading frame were
GCUCACUGGUUAGCCAUAA, GGCCUGAUCUUUAUCGUCU
GCACCUGUUUGCGCUCAUG, CAGCAUUGAGUGUGUACAU To visualize
transfection, Cy5 was covalently attached to the duplex siRNA (Ambion Silencer siRNA

J Cell Physiol. Author manuscript; available in PMC 2014 May 14.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Zhou et al. Page 4

labeling kit, Austin, TX). mRNA was quantified by real-time PCR as described in Robinson
et al. (2009).

STIM1 puncta formation

HEK?293 cells, maintained in DMEM with 10% FBS, were transfected with YFP-STIM1
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 5 hours (37°C; 5% CO,) followed
by a 24 hour recovery. Cells were placed in 140 mM NaCl, 5 mM KCl, 1 mM MgCl,, 10
mM glucose, 15 mM Hepes, 0.1 % BSA, 2 mM CaCl, and analyzed by confocal microscopy
for STIM1 puncta formation using a Nikon phase-fluorescence microscope with CCD
detectors (Diagnostic Instruments, Sterling Heights, MI). Phase or transmitted light
microscopy used 10x-40x objectives and red, green, and blue filters to assemble color
images. Fluorescence images used 1.4 NA 40x oil objectives. Red fluorescence used
excitation at 530-560 nm, a 575 nm dichroic mirror, and 580-650 nm emission filter.
Transfection data were analyzed using Nikon NIS Elements Imaging Software. The effect of
DCPA on STIM1/Orail association was determined in wild-type HEK293 cells transfected
with STIM1-YFP as described (Wang et al, 2009). Experiments were performed on a Leica
DMI 6000B fluorescence microscope controlled by Slidebook Software (Intelligent Imaging
Innovations; Denver, CO).

Cytosolic Ca?* Measurement

Ratiometric imaging of intracellular Ca2* using fura-2 was as described (Zhou et al, 2009).
Briefly, cells on coverslips, in cation safe solution (107 mM NaCl, 7.2 mM KCI, 1.2 mM
MgCly, 11.5 mM glucose, 20 mM Hepes-NaOH, pH 7.2) were loaded with fura-2
acetoxymethyl ester (2 uM) for 30 minutes at 24°C. Cells were washed and fluorescent
probe was allowed to de-esterify for 30 minutes. From signal remaining after saponin
permeabilization, ~85% of the dye was confined to the cytoplasm (Ma et al, 2000). Ca2*
measurements were made using a Leica DMI 6000B fluorescence microscope controlled by
Slidebook Software. Fluorescence emission at 505 nm was monitored while alternating
between 340 and 380 nm excitation wavelengths at a frequency of 0.67 Hz; intracellular
Ca2* measurements are shown as 340/380 nm emission ratios obtained from groups (35 to
45) of single cells. Measurements shown are representative a minimum of three independent

experiments.

Materials

The inhibitor 3,4-dichloropropioanilide (DCPA) was from ChemServices (West Chester,
PA). Working solutions were made in ethanol at 1000x final concentration, with equal
ethanol added to controls. The inactive congener 3,4-difluoropropioanilide was synthesized
by fluorination of propionanilide methyl ester; the product was de-esterified and purified by
column chromatography, with identification of the purified product by spectroscopy.

Results

Ca?* homeostasis during osteoclast differentiation

Store-dependent and store-independent changes in cytosolic Ca2* concentration were
examined in human monocytes isolated from buffy coat as they differentiated into
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osteoclasts in vitro (Fig 1A G). Cultures maintained in m-CSF were treated with RANKL to
induce and support osteoclast differentiation for 1, 3, 7 or 11 days. At each of these time
points, cultures were loaded with Fura 2 to measure basal cytosolic Ca2* concentration (Fig
1A-G) and samples were collected for Western analysis (Fig 1H). Intriguingly, irrespective
of the presence of extracellular Ca2*, spontaneous CaZ* fluxes were observed in a significant
percentage of these cells (Fig 1A-E). Further, the percentage of cells exhibiting these
spontaneous Ca2* fluxes increased the longer cells were maintained in RANKL, reaching as
high as 75% at day 11 (Fig 1F). To assess the capacity of these cells for store-operated Ca2*
entry, they were then treated with the Sarco/Endoplasmic Reticulum (SERCA) inhibitor
thapsigargin in the absence of extracellular Ca%* to deplete ER CaZ* content. The
subsequent addition of 1 mM Ca?* revealed significant decreases in the amount of Ca2*
entry between 1 and 11 days after the addition of RANKL (Fig 1A-E,G). Interestingly, this
decrease in the capacity for store-operated Ca2* entry during osteoclast differentiation
coincided with decreases in the expression of STIM1, STIM2 and Orail (Fig 1H). Hence,
not only does RANKL induce Ca?* oscillations (as previously shown; Kim et al, 2010), the
current investigations reveal dramatic changes in both the expression and function of
proteins involved in store-operated Ca2* entry during RANKL-induced osteoclast
differentiation.

Reduced expression of Orail reduces multinucleation of human osteoclasts in vitro

To assess the contributions of CRAC channels towards osteoclast differentiation, human
monocytes were treated with Cy5-labeled Orail siRNA and differentiated in vitro into
osteoclasts. Transfection efficiency with an siRNA cocktail was ~75% (Figure 2A), with the
~80% decrease in Orail protein by Western analysis (Figure 2B) suggesting that very little
Orail was present in cells that were transfected. Orail mRNA was also measured in cells at
the time of plating and after RANKL addition for 3, 7 and 11 days (Figure 2C). Orail
mRNA relative to GAPDH was reduced 60% at day 3 but message levels increased over
time, in keeping with loss of siRNA. Irrespective, transfection with Orail siRNA resulted in
a 58% decrease in SOCe relative to control 11 days after RANKL addition. Interestingly,
addition of RANKL had no effect on Orail at the RNA level (Figure 2D), distinct from what
was observed for Orail protein expression (Figure 1H). Nevertheless, knockdown of Orail
markedly reduced the number of multinucleated cells after 7 days (Figure 2E, histogram and
arrows in middle photomicrograph); multinucleated syncytia are required for efficient bone
degradation and reduced multinucleated cells are a characteristic of osteopetrosis (Blair et al,
2009). However, other properties of osteoclasts include induction of TRAP and TRAP
activity was similar in control and Orai knockdown cultures (Figure 2E, arrowheads in
photomicrograph), suggesting that the reduction in multinucleation is distal to induction of
key osteoclast proteins.

Pharmacological inhibition of store-operated calcium entry (SOCe) reduces
multinucleation of human osteoclasts

Previously we showed that the haloanilide DCPA blocks store-operated Ca2* channel

function in Jurkat cells with no effect on ER Ca2* content (Lewis et al, 2008). DCPA also
reduced SOCe in osteoclasts by 27.5% (n = 3; data not shown). Whether effects of DCPA
result from direct modulation of store-operated Ca* channels was not known. To address
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this, we examined HEK?293 cells stably expressing Orail and transiently transfected with
YFP-STIM1 and measured the effect of DCPA on CRAC current or Icgac. CRAC channel
activity was measured in the whole cell clamp position after passively depleting Ca®* stores
via the presence of 10 mM EGTA in the patch pipette. In both control and DCPA-treated
cells, CRAC current began to develop within 30 s of break-in (Figure 3A). However, CRAC
currents began to close prior to reaching the peak in DCPA-treated cells, returning to
baseline less than 4 minutes after break-in. Analysis of the current-voltage relationship
between control and DCPA-treated cells did not show significant differences (Figure 3B).
These observations demonstrate that DCPA 1is a bona-fide CRAC channel inhibitor,
although its mechanism of action was not yet defined.

Figure 3 (C-G) show the effect of DCPA on human osteoclast differentiation 8 days after
addition of RANKL. Osteoclast differentiation is demonstrated by multinucleated (>2
nuclei/cell) cells and TRAP activity (Figure 3D). DCPA was added at 1.0, 10 and 100 uM to
identical cultures at the time of RANKL addition; 1.0 uM DCPA had minimal effect on the
number of multinucleated TRAP? cells (Figure 3E), but there was a marked progressive
reduction in the number of multi-nucleated cells at 10 uM and 100 uM DCPA (Figure 3F,
G). Despite qualitative differences in cell clumping and other secondary features of the
cultures, no differences in the TRAP activity were observed even at the highest
concentration of inhibitor, in keeping with results of Orai knockdown (Figure 2). The
inactive DCPA congener 3,4-difluororopropioanilide (DFPA) (Lewis and Barnett,
unpublished data) had no significant effect on multinucleation at either 10 uM (Figure 3I) or
100 uM (Figure 3H, I), indicating that DCPA-mediated inhibition of osteoclast formation
results from CRAC inhibition.

DCPA reduces puncta formation by CRAC channel components in wild-type HEK293 cells
or HEK293 cells overexpressing STIM1 and Orail

Based on the investigation above, we were confident that DCPA inhibits CRAC-mediated
Ca2* influx. However, that no significant differences in the current/voltage relationship of
Icrac were observed (Figure 3B) argues against a direct effect of DCPA on the Orail
selectivity filter. Therefore, we performed a series of experiments to test the possibility that
DCPA inhibits STIM1-Orail interaction. When ER Ca2* stores are depleted, CaZ* is
released from the STIM1 EF-hand leading to its aggregation near the plasma membrane in
structures often referred to as puncta. Therefore, we examined HEK293 cells transiently
transfected with YFP-STIM1 to determine the effect of DCPA on STIM1 puncta formation
using fluorescence microscopy. Prior to treatment, all cells displayed a diffuse distribution
of YFP- STIM1 (Figure 4A, upper left panel). However, depletion of ER Ca2* stores with 2
UM thapsigargin led consistently to extensive puncta formation in control cells within 7.5
minutes (Figure 4A, upper right panel). In contrast, DCPA treatment dramatically inhibited
puncta formation after depleting Ca2* stores over a 16 minute period (Figure 4A; bottom
panels). Hence, a relatively small number of puncta appeared in specific locations (marked
with an arrow), but the overall distribution of YFP-STIM1 in DCPA-pretreated cells was
considerably more diffuse than control cells (Figure 4A, right panel). Considered in
combination with our CRAC measurements (Figure 3A,B), these findings are consistent
with an effect of DCPA on STIM1 aggregation and/or interaction with Orail.
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Recently, we demonstrated that, in cells overexpressing both Orail and the cytosolic
fragment of STIM1 (STIM1¢7), a second CRAC channel modulator, 2-
aminoethoxydiphenylborate (2-APB), causes STIM1¢ to translocate to the plasma
membrane and interact with Orail (Wang et al, 2009). To determine if DCPA modulates
interactions between STIM1 and Orail, a similar experiment was done in the presence or
absence of DCPA. As depicted in Figure 4B (bottom left), YFP-STIM1cT was evenly
distributed throughout the cytoplasm prior to the addition of 2-APB (50 uM). As early as 5
seconds after the addition of 2-APB, significant translocation of STIM1ct towards the PM
could be seen (Figure 4B; top right panel). This effect is summarized in the top left panel of
Figure 4B; STIM1 T remains localized to the plasma membrane for at least several minutes
after addition of 2-APB. However, when this experiment was repeated in the presence of
DCPA (100 uM), the ability of 2-APB to induce STIM1 ¢ translocation to the plasma
membrane was dramatically attenuated (Figure 4C). As such, our data indicates that DCPA
inhibits STIM1/Orail interaction, likely by inhibiting STIM1 aggregate formation.

Discussion

In this study, we demonstrate marked changes in Ca?* homeostasis during RANKL-
mediated osteoclast differentiation. Interestingly, coincident with an increase in spontaneous
Ca?* oscillations (consistent with prior studies; Kim et al, 2010), we observed decreased
functional activity and expression of the CRAC channel components, Orail, STIM1 and
STIM2. However, this did not reflect a reduced role for Orail in differentiating osteoclasts;
either reducing Orail expression with small interfering RNA or interfering with its function
using DCPA markedly inhibited osteoclast differentiation. Indeed, osteoclast differentiation,
particularly multinucleation, occurred at very low rates when Orai expression and/or activity

were suppressed.

The addition of RANKL caused complex changes in Ca2* homeostasis; apparently
spontaneous Ca* oscillations were observed throughout the differentiation period, events
which coincided with significant changes in the expression and function of the SOCe
components STIM1 and Orail (Figure 1). Although our observation of a role for SOCe in
multinucleation is new. RANKL-induced Ca®* oscillations in differentiating osteoclasts
have been reported previously (Kim et al, 2010). In that study, Ca?+ oscillations were
attributed to InsP3R activity downstream of RANK-dependent ROS production. Our
findings are highly consistent with this interpretation, since Ca2* fluxes could be observed in
cells for as long as 30 min after removal of extracellular Ca2* (data not shown). These
observations are also highly consistent with previous work by our group, showing that
osteoclast differentiation is highly Ca**-dependent, requiring expression of the InsP3R
(Blair et al, 2007) to mediate the activation of NFATc1, the critical player in
osteoclastogenesis (Day et al, 2005). What is both new and novel about the current study is
the finding that SOCe is specifically required for terminal differentiation, yet dispensable for

earlier events in osteoclast differentiation.

In studies where NFATc1 expression was silenced or over-expressed (Ikeda et al, 2006;
Chang et al, 2008; Takayanagi et al, 2002), changes in osteoclast generation correlated
directly with similar changes in the number of TRAP™ cells. In the studies reported herein,
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blockage of CaZ* influx inhibited multinucleation but did not inhibit TRAP-activity. A
potential explanation for this difference would be that the spontaneous and extracellular
Ca?*-independent Ca?* fluxes that were observed throughout the osteoclast differentiation
period are sufficient to activate NFATc1 and induce TRAP expression, but insufficient to
induce cell fusion. It is interesting to note that the plasma membrane Ca?* channel TRPV4
has also been shown to be important for terminal differentiation in osteoclasts (Masuyama et
al, 2008). However, trpv4~~ mice differ significantly in phenotype from Orai1~~ in that
trpv4—~ show increased bone mass attributed to reduced bone resorption, whereas Orail~~
show poor bone development (Robinson et al., unpublished data). Irrespective, considered
collectively, it seems clear that whereas early events in osteoclastogenesis depend on InsP3R
and ROS (Blair et al, 2007, Day et al, 2005, Kim et al, 2010), osteoclast fusion is highly
dependent on extracellular Ca%*.

In prior studies, we established that DCPA can inhibit store-operated Ca2* entry, although
the mechanisms whereby this was achieved were entirely unclear (Xie et al, 1997,
Ustyugova et al, 2007; Lewis et al, 2008). In addition to demonstrating its potential as an
inhibitor of osteoclastogenesis, we have now shown that the channels inhibited by DCPA
are specifically CRAC channels. We further show that this inhibition results from
interference of STIM-Orai interaction. Precisely how this interference is achieved is unclear,
but further characterization of this phenomenon may provide valuable new insight into the
characteristics of STIM-mediated activation of Orai channels.

In conclusion, we demonstrate that the CRAC channel is a Ca** channel required for normal
osteoclast differentiation in vitro. Further, based on our demonstrated effect of DCPA on
SOCe via inhibition of STIM1 puncta, siRNA knockdown of Orail and the lack of an effect
of these treatments on TRAP staining in monocytes after RANKL and m-CSF stimulation,
we conclude that induction of TRAP activity is not dependent on extracellular Ca*. In
contrast, multinucleation, another key characteristic of osteoclast differentiation, is
dependent on functional CRAC channels, as depicted in Figure 5. As such, the current
investigations have provided valuable new insight into both the roles of Ca2* in osteoclast
differentiation and the abilities of Ca2* channel inhibitors to impact on this process. Given
the critical role of osteoclasts in osteoporosis, osteopetrosis and bone degradation associated
with arthritis, these findings may have significant therapeutic implications.
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Figure 1. Modulation of store-operated calcium channelsduring osteoclast differentiation
A-E. Store operated calcium entry (SOCe) was measured in monocytes maintained in m-

CSF (A; Day 0) supplemented with RANKL for 1 (B), 3 (C), 7 (D) or 11 (E) days. ER CaZ*
depletion via the addition of thapsigargin (Tg; 2 uM) in nominally Ca%*-free medium.
Extracellular Ca2* concentration was increased from 0 to 1 mM either before or after store
depletion where indicated to differentiate between store-independent (before Tg) and store-
dependent (after Tg) Ca2* entry. Each trace represents 30 to 40 cells, with the shaded areas
indicating standard error (SEM). I nsets: Each individual cell is depicted within the boxed
regions to reveal CaZ* fluxes during the period prior to the addition of Tg.

F. The percentage of cells exhibiting Ca2* fluxes as depicted in panels A-E were determined
in 4 experiments and averaged. Error bars show SEM.

G. The total amount of store operated Ca* entry at each time point is depicted. Averages
are based on 125 to 175 cells collected during 4 experiments performed as depicted above
(A-E). Error bars show SEM.

H. Western blots for STIM1, STIM2, Orail and Actin in isolated monocytes maintained in
m-CSF (day 0) and supplemented with RANKL for 1, 3, 7 or 11 days.
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Figure 2. SsSRNA knockdown of Orai inhibits human osteoclast development in vitro
A. Transfection of a mixture of four siRNAs to reduce Orail expression was performed.

Transfection with fluorescently tagged siRNA was used to allow efficiency to be monitored;
this is shown one day after transfection (red signal, left) compared with phase to show the
cells (middle frame) and the two overlain (phase in the red channel in this case, right).
Approximately 75% of cells were transfected with detectable amounts of siRNA.

B. Three days after transfection of siRNAs Orail protein was determined by Western blot,
relative to controls transfected with scrambled siRNA. The primary antibody was diluted
1:200 and the secondary anti-antibody was used at a 1:1000 dilution. The siRNA reduced
Orail by ~80%.

C. Orail mRNA was quantified in transfected and control cells relative to GAPDH by
quantitative real-time PCR as a function of time. After three days, mRNA is reduced ~60%
but the siRNA was then progressively lost.

D. Treatment of cell cultures for seven days with RANKL relative to the same medium
without RANKL did not affect Orail mRNA level relative to GAPDH, suggesting that
expression is not down regulated by osteoclast differentiation.

E. Cells with Orail knocked down produce few multinucleated cells; the graph in the left
frame shows summaries of cell number versus nuclei per cell from high power fields from
four separate cultures of control or Orail knockdown cells, each field containing each ~30
cells. Cells were maintained in osteoclast differentiation medium, with RANKL and m-CSF,
for seven days after transfection. Multinucleated cells are reduced ~70% by knockdown and
very few cells with more than three nuclei were present (black bars) relative to controls
(grey bars). Representative fields from control and Orail knockdown cells stained for TRAP
activity are shown in the middle and right frames. Features include that there are

J Cell Physiol. Author manuscript; available in PMC 2014 May 14.



1duosnuely Joyiny vd-HIN 1duosnuey Joyiny d-HIN

1duosnuely Joyiny Vd-HIN

Zhou et al.

Page 13

mononuclear cells with TRAP expression in the Orail knockdown (green arrows), but very
few multinucleated cells are present relative to the control (black arrows, middle frame,
indicate some nuclei in multinucleated cells).
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Figure 3. Pharmacological CRAC channel inhibition blocks osteoclast differentiation
(A) Time-course of whole-cell current measurement in 10 mM Ca?* in HEK293 cells stably

overexpressing Orail and transfected with STIM1 (-100 mV holding potential). Cells were
pretreated for ~10 min with DCPA (100 pM) or DMSO (Control). Traces represent the
average of 3 separate experiments.

(B) Current-voltage (I/V) relationships of CRAC currents extracted from representative cells
shown in panel A at maximal current density revealing typical CRAC channel properties.
Data represent leak-subtracted currents evoked by 50 ms voltage ramps from —100 to +100
mV, normalized to cell capacitance (pA/pF).

(C-G) Human monocytes were induced to differentiate by the addition of RANKL and m-
CSF as described in the Materials and Methods. (C) A representative photomicrograph of
cells after 8 days of culture without RANKL/m-CSF (negative control) and (D) with optimal
concentrations of RANKL/m-CSF (positive control). Photomicrographs E through F shows
the effect of blocking CRAC channel Ca2* influx by the addition of graded concentrations
of 3,4-dichloropropioanilide (DCPA). (E) DCPA, 1 uM had no effect on osteoclast
differentiation, (F) 10 uM showed some inhibition of osteoclast differentiation and (G) 100
UM completely inhibited multinucleation of osteoclasts, while TRAP production was similar
to control cells. (H) The inactive congener DFPA (100 uM) did not affect osteoclast
differentiation, consistent with its inability to affect store operated calcium entry (Lewis and
Barnett, unpublished data). (1) Numbers of TRAP positive, multinucleated cells (per 10x
field) in monocyte cultures treated with RANKL, m-CSF and either DCPA or DFPA.
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Figure 4. Effects of pharmacological inhibitorson STIM1 puncta formation and calcium
currentsin HEK 293 cells

A. The store-operated calcium inhibitor DCPA inhibits puncta formation by the CRAC
channel component, STIM1. The top two photomicrographs, show HEK293 cells,
transfected with YFP-STIM1, that were stimulated with 2 uM thapsigargin (TG) at 78
seconds and images collected for 963 seconds and an average of 35 cells were observed. A
representative image (60X) from a single focal plan for all images is shown. In the top right
panel, the arrows point to areas of puncta formation within a single representative field. The
bottom photomicrographs shows the effect of pretreating the cells with DCPA on STIM1
puncta formation. These cells were treated with 100 uM DCPA and were stimulated with 2
UM TG at 67 seconds and images were collected for 968 seconds. The bottom left
photomicrograph was taken just before stimulating the cells with TG (67s). The bottom right
photomicrograph taken at 578s, shows a diffuse pattern of fluorescence in the areas of the
membrane where the development of puncta would be expected, as indicated by the arrows.
B-C. Time-course of redistribution of STIM1-CT-YFP fluorescence induced by a second
pharmacological inhibitor of SOCe, 2-APB (50 uM) in HEK293 cells stably expressing
Orail and transfected with STIM1-CT-YFP. (B) Changes induced by 2-APB in STIM1-CT-
YFP fluorescence at the membrane (red trace; outlined in white on the photomicrograph) or
within the cytosol (blue trace; outlined in blue on the photomicrograph). The three
photomicrographs were taken just prior to the addition of 2ABP and then 5 and 20s later.
Beginning with the addition of 2-ABP, STIM1-CT-YFP fluorescence moved from an
approximate equal distribution between cytosol and membrane to a predominantly
membrane associated position. (C) Inhibition of 2-APB-induced association of the C-
terminal YFP-tagged STIM fragment by DCPA. After an ~10 minute incubation in DCPA
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(100 uM), 2-APB induced redistribution of STIM1-CT YFP fluorescence was determined.
As shown by the graph (Figure 4C, top left) DCPA inhibited the redistribution on the
fluorescence to the membrane area. Three photomicrographs were taken as the same time
points described in B, i.e., just prior to the addition of 2ABP and then 5 and 20s later. The
redistribution of STIM1-CT-YFP fluorescence, beginning with the addition of 2-ABP,
showed substantially less redistribution between cytosol and membrane than the control

group shown in (B).
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Figure 5. Model of therole of CRAC channelsin osteoclast differentiation
Two store-operated Ca2* entry (SOCe) events are required for m-CSF plus RANKL

stimulation of osteoclast differentiation. The early SOCe through CRAC channels is
postulated to activate NFATc1 through Ca*-dependent signaling pathways. The second
(later) SOCe via CRAC channels (Orail/STIM1) occurs at the time when mononuclear
osteoclasts merge into multinucleated forms characteristic of fully differentiated osteoclasts.
The role of SOCe at the later stage is postulated to be required to activate Ca**-dependent
fusogens. These fusogens cause the formation of multinucleation required for osteoclast
function. DCPA is a novel pharmacological inhibitor of STIM1 puncta formation as shown.
The inhibition of STIM1 puncta formation prevents the formation of an active CRAC
channel, thus, inhibiting terminal differentiation of the mononuclear osteoclasts into mature
multinuclear osteoclasts.
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