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Store-operated calcium entry (SOCE) modulates cytosolic calcium in multiple cells. Endoplasmic
reticulum (ER) localized STIM1 and plasma membrane (PM)-localized ORAI1 are two main
components of SOCE. STIM1:0RAI1 association requires STIM1 oligomerization, its re-
distribution to ER-PM junctions, and puncta formation. However, little is known about the
negative regulation of these steps to prevent calcium overload. Here, we identified Tmem178 as a
negative modulator of STIM1 puncta formation in myeloid cells. Using site-directed mutagenesis,
co-immunoprecipitation assays and FRET imaging, we determined that Tmem178:STIM1
association occurs via their transmembrane motifs. Mutants that increase Tmem178:STIM1
association reduce STIM1 puncta formation, SOCE activation, impair inflammatory cytokine
production in macrophages and osteoclastogenesis. Mutants that reduce Tmem178:STIM1
association reverse these effects. Furthermore, exposure to plasma from arthritic patients decreases
Tmem178 expression, enhances SOCE activation and cytoplasmic calcium. In conclusion,
Tmem178 modulates the rate-limiting step of STIM1 puncta formation and therefore controls
SOCE in inflammatory conditions.

Keywords

SOCE; Tmem178; STIM1; Macrophage activation; Osteoclastogenesis

Introduction

Cytosolic calcium is an important second messenger that modulates numerous signaling
pathways and therefore participates in multiple cellular functions, such as adhesion,
migration, differentiation, secretion, and others [1,2]. Dysregulated calcium signaling has
been involved in autoimmune and inflammatory diseases, including rheumatoid arthritis [3—
5]. Unlike other second messengers, cytosolic calcium is not synthesized by the cell, but its
levels are dynamically regulated by its release from intracellular calcium storage sites, such
as the endoplasmic reticulum (ER), and influxes from the extracellular calcium pool [6].
Cytosolic calcium fluxes exhibit numerous patterns, in terms of duration and amplitude
[1,7], thus making this second messenger a versatile signal for activating numerous
downstream events.

Store-operated calcium entry (SOCE) has been identified as one of the major mechanisms
for regulation of cytosolic calcium levels. SOCE is activated upon release of calcium from
the ER to refill the depleted ER calcium stores by allowing extracellular calcium entry [2].
Plasma membrane (PM) localized ORAI1 [8-11] and ER localized STIM1 [12-14] have
been identified as the two main components of SOCE. /n vitro experiments to induce ER
calcium depletion with either stimulation of ER calcium release by activation of the PLC/IP3
cascade with ATP, or suppression of ER calcium reuptake by blockade of SERCA2 with
thapsigargin (TG) demonstrated that STIM1 undergoes oligomerization and redistribution to
ER-PM junctions to form puncta structures and bind to ORAIL. Formation of the
STIM1:0RAI1 complex allows extracellular calcium entry and promotes ER calcium
refilling [15-18]. In turn, the increased calcium concentration in the ER provides a negative
feedback signal through the binding of calcium to the N-terminus of STIM1, followed by
STIM1 de-oligomerization, reduced STIM1 puncta and inactivation of SOCE [19,20].
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Mutations in either ORAIL or STIM1 have been identified in humans. Loss of function or
null mutations result in severe combined immunodeficiency (SCID) like disease with
chronic infections, autoimmunity, muscular hypotonia and defects in tooth development [5].
Mice with complete or conditional deletion of Stim/and/or Orail in hematopoietic cells
show defects in T cells [21,22], neutrophils [23] and osteoclasts [24-26], which are
multinucleated cells derived from the fusion of bone marrow macrophages. In contrast, gain
of function mutations in the patients or in transgenic animal models result in York platelet
and Stormorken syndromes, characterized by bleeding disorders with thrombocytopenia,
short stature and skeletal muscle weakness [5]. Because SOCE activation is important for
multiple cellular responses, this modality of calcium entry must be tightly controlled to
prevent cytotoxicity due to excessive influx of calcium [27].

In the past few years, a number of proteins have been reported to modulate SOCE via their
association with STIM1 or ORAI1 [28]. The majority of the proteins that have been
identified to interact with STIM1 are positive regulators of SOCE and facilitate STIM1
oligomerization, ER-PM translocation, puncta formation, and/or STIM1:0RAI1 association
[29-38]. Few negative regulators of SOCE interacting with STIM1 have been described [39-
41], although in the majority of the cases the mechanism remains elusive. EB1 was shown to
restrict STIM1 translocation to ER-PM junctions, however, EB1 deficiency exhibited no
[42] or minor [41] increase of SOCE. SARAF was shown to accelerate STIM1 de-
oligomerization after ER calcium refilling to prevent calcium overload [39]. These reports
suggest that negative regulators of STIM1 activation and/or localization might exist for fine-
tune regulation of SOCE-mediated calcium influx.

We recently identified Tmem178 as a negative regulator of osteoclast formation in mice and
humans by regulating the calcium/NFATc1 axis [43]. We also discovered that 7mem1787~
mice developed more severe cytokine storm syndrome symptoms due to hyper-activation of
macrophage pro-inflammatory responses following TLR9 ligand stimulation or viral
infection [44]. Initial studies in HEK293T cells overexpressing Tmem178 indicated that
Tmem178 affects ER calcium release, however the effects were very mild suggesting that
Tmem178 might modulate calcium levels in myeloid cells via other modalities. \We now
demonstrate that Tmem178 negatively regulates cytosolic calcium levels in macrophages
and osteoclasts primarily by limiting STIM1 localization to ER-PM junctions and puncta
formation and thus by modulating SOCE activation. Using site-directed mutagenesis, co-
immunoprecipitation assays and FRET imaging, we further determined that Tmem178
associate with STIM1 via the transmembrane residues L212 and M216 in Tmem178 and
G225 in STIML. Our data provides important insights into fine-tune regulation of calcium
fluxes via the Tmem178:STIM1 complex in myeloid cells during inflammatory conditions.

Materials and methods

2.1. Chemicals

Fura-2 AM and thapsigargin (TG) were purchased from Fisher Scientific (NH, USA).
Adenosine 5’-triphosphate (ATP) and all other reagents were obtained from Sigma (MO,
USA).
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2.2. Cells and mice

HEK293T cells were purchased from ATCC and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, GIBCO, NY, USA) supplemented with 10% heat-inactivated fetal bovine
serum (GIBCO, NY, USA), penicillin (100 1U/ml), streptomycin (100 pg/ml) (GIBCO, NY,
USA), and 1 mM sodium pyruvate (GIBCO, NY, USA). PLAT-E cells were a kind gift from
Dr. T Kitamura and cultured in the same medium as HEK293T cells. Mycoplasma
contamination was tested and it was negative in these two cell lines. To generate BMMs,
bone marrow cells were flushed by centrifugation from femurs and tibias of 6-8 week old
C57BL/6 mice and cultured in petri dishes for 3 days with a—10 medium [a-minimum
essential medium (a-MEM, Sigma, MO, USA) containing 10% heat-inactivated fetal bovine
serum (GIBCO, NY, USA), penicillin (100 1U/ml) plus streptomycin (100 pug/ml) (GIBCO,
NY, USA), 2 mM glutamine (Corning, NY, USA)] and 10% CMG14-12 cell conditioned
medium as a source of M-CSF (100 pg/ml). For osteoclastogenesis, BMMs were plated in
96-well plates at a concentration of 5000 cells/ well and cultured in a-MEM + 10% heat-
inactivated fetal bovine serum in the presence of 100 ng/ml RANKL and 1% CMG 14-12
cell conditioned medium for 5 days. Medium was changed daily. Mature osteoclasts were
fixed with 4% formaldehyde (Polysciences, PA, USA) and enumerated after TRAP staining
(Sigma, MO, USA). All experiments were approved by the Washington University School of
Medicine animal care and use committee. Mice were housed in cages and were fed with
food and water ad libitum, with a 12 h light and 12 h dark cycle. Tmem178 KO mice were
described previously [43].

2.3. Single-cell Ca2* measurements

2 x 105 WT or 7mem178"'~ BMMs were plated in 29 mm glass bottom dishes. Adherent
cells were incubated for 30 min in the dark with 2 uM Fura-2 diluted in hanks’ balanced salt
solution (HBSS) plus 2 mM CaCl,, 1 mM MgS0O4 and 10 ng/ml M-CSF (Biolegend, CA,
USA)). Next, cells were washed twice with Ca2* free HBSS containing 1 mM MgS04, and
maintained in CaZ* free HBSS buffer plus 10 ng/ml M-CSF (Biolegend, CA, USA). The
stained cells were treated with 100 uM ATP, 100 uM histamine, or 1 uM TG followed by
addition of 2 mM CaCl,. For the oATP pretreated experiment, the cells were treated with
100 puM oATP when incubated with Fura-2. The stained cells were then further maintained
in 100 uM oATP during the measurement of calcium fluxes. An Olympus 1X-71 inverted
microscope with a Lamda-LS illuminator, Fura-2 (340/380) filter set, a 20 x 0.3 NA.
objective lens, and a Photometrics Coolshap HQ2 CCD camera was used to capture images
at a frequency of 1 image pair every 2 s. Relative fluorescence ratio at wavelengths of 340
nM and 380 nM (F340/F380) was utilized for the assessment of cytoplasmic calcium level.
The calcium fluxes were quantified by the area under the curve, as indicated. An average of
40 cells per field was recorded and analyzed.

2.4. Mutagenesis

Tmem178ANT (deletion of TM1 plus N-terminal loop, 618-974 bp) and Tmem178ACT
(deletion of the C-terminal region, 81-914 bp) were amplified from full length human
Tmem178 cDNA and inserted into the pMX-blasticidin retroviral vector using the BamH1/
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Xho1 restriction sites. All Tmem178 mutants were constructed by overlapping PCR and
contain the HA-tag in their C-terminal end.

STIM1ANT (deletion of N terminal region, 1208-2944 bp) and STIM1ACT (deletion of C-
terminal region of STIM1, 569-1270 bp) were amplified and ligated into the pMX-
blasticidin retroviral vector via BamH1 and Xho1 restriction sites. STIMIANT&SOAR
(deletion of the N-terminal region and SOAR region, 1208-1591 bp + 1913-2944 bp)was
constructed via overlapping PCR. STIM1 ACT contains the myc-tag after the signal peptide
and all other STIM1 mutants contain the myc-tag in their C-terminal end.

Lentivirus and retrovirus generation and cell transduction

HEK?293T cells were plated in 6 cm dishes and transfected with 1 ug shRNA targeting Stim1
(targeting sequence CCCTTCCTTTCTTTGCAA TAT in the 3UTR region) or with shRNA
Ctrl (targeting a scramble sequence) using the puromycin-resistant PLKo.1 lentiviral vector,
in the presence of 1 ng packaging plasmid (Delta 8.2), 0.125 pg envelope plasmid (VSVQg)
and polyjet transfection reagent (Signagen, MD, USA). 24 h later, medium was replaced and
cells were incubated for additional 24 h. BMMs were infected by adding 50% lentiviral
supernatant diluted in a—10 medium containing 10% CMG 14-12 and 8 ug/ml polybrene
for 24 h. Infected cells were selected for 24 h in medium containing 2 pg/ ml puromycin.

PLAT-E cells were plated in 6 cm dishes and transfected with 2 pg of Tmem178 or STIM1
constructs in pMX-blasticidin retroviral vectors to generate retrovirus used to infect BMMs.
Medium was replaced 24 h later and the supernatant containing the retrovirus was collected
after an additional incubation of 24 h. BMMs were infected with 50% supernatant
containing indicated retrovirus in a—10 medium containing 10% CMG 14-12 as source of
M-CSF and 4 ng/ml polybrene for 24 h. Infected cells were then selected with 1 ng/ml
blasticidin for 48 h before being used for indicated experiments.

HEK?293T cells were cultured in 6 cm dishes and transfected with 2 pg of full length STIM1
or STIM1 mutants and 3 pg full length Tmem178 or Tmem178 mutants using polyjet
transfection reagent (Signagen, MD, USA) and cultured for 36-48 h prior to be used for
indicated experiments.

2.6. Co-immunoprecipitation and Western blot

HEK?293T cells were lysed in TNE buffer [10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40 and 10% (vol/vol) glycerol]. For IP experiments, 400 ug protein
lysates were incubated with 1 pg anti-HA antibody (Biolegend, 901501, CA, USA) or 1 ng
anti-Myc antibody (Santa Cruz, sc-40, CA, USA) overnight at 4 °C. 10 ul protein A/G beads
(Thermo Fisher Scientific, NJ, USA) were then added for 3 h at 4 °C, followed by
centrifugation. Precipitated beads were lysed with 1 x SDS loading buffer and subjected to
Western blot by using specific antibodies for HA (Cell signal Technology, 3724, 1:1000,
MA, USA) and Myc (Biolegend, 906301, 1:1000, CA, USA).

For NFATc1 Western blot, BMMs cultured with M-CSF and RANKL for 3 days to generate
pre-OCs were lysed in TNE buffer and 40 ng lysates were utilized for Western blot analysis
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using the following antibodies for NFATc1 (Santa Cruz, sc-7294, 1:500, CA, USA) and
actin (Sigma, A5441, 1:5000, MO, USA).

Immunofluorescence

HEK?293T cells (5 x 10%) expressing indicated STIM1 or Tmem178 mutants were plated on
glass coverslips pre-coated with poly-lysine, fixed in 4% formaldehyde for 20 min and
permeabilized with 0.1% Triton-X-100 in phosphate-buffered saline (PBS) for 6 min. Cells
were then washed with PBS twice and blocked in 0.2% BSA at room temperature (RT) for
30 min prior to overnight incubation at 4 °C with the anti-HA antibody (Cell signal
Technology, 3724, 1:1600, MA, USA), anti-Myc antibody (Biolegend, 906301, 1:1000, CA,
USA), or the anti calnexin antibody (Santa Cruz, Sc-6465, 1:25, CA, USA). Cells were
gently washed and secondary antibodies (Thermo Fisher Scientific, A11058 and A21206,
1:1000, NJ, USA) were added at RT for 1 h. Coverslips were mounted using
VECTASHIELD anti-fade mounting medium with DAPI (Vector Laboratories, H-1200,
Burlingame, CA, USA). Fluorescent signals were captured by using a Nikon Eclipse 80i
microscope and a Nikon DS-Qi1lMC camera (Nikon, CO, USA).

2.8. Confocal microscopy & FRET imaging

Confocal microscopy, including the imaging required for FRET, was performed on an
inverted Nikon A1Rsi laser scanning confocal microscope using a 40 x 1.4 NA oil-
immersion objective lens (Nikon Instruments Inc., NY, USA). 445 and 514 nm lasers were
used for CFP and YFP excitation respectively, with only the 445 nm laser being used for
FRET event detection. CFP and YFP fluorescent signals were collected individually by two
separate gallium arsenide phosphide photomultiplier tubes (GaAsP PMTSs) using bandpass
filters, 465-505 nm for CFP and 518-558 nm for YFP. Throughout the data acquisition
process, samples were maintained at 37 °C with 5% CO,, controlled by a Tokai Hit stage-
top incubation system (Shizuoka, Japan). The Nikon PerfectFocus system was engaged full-
time throughout the imaging so as to correct for any real-time fluctuations in z-axis focal
position. Acquisition was performed using Nikon NIS-Elements software (Nikon
Instruments Inc., NY, USA.)

For fluorescence resonance energy transfer (FRET) measurements, CFP-Tmem178 and
STIM1-YFP, or ORAI1-CFP and STIM1-YFP constructs were co-expressed in HEK293T
cells. 29 mm glass bottom dishes (Cellvis, D29-14-1.5-N, CA, USA) pre-coated with poly-
L-lysine were utilized for both cell culture and construct transduction. 36 h after
transfection, cells were washed twice with 1 mM MgSO, in HBSS, followed by a1 h
balancing process in HBSS containing 1 mM MgSO,4 and 1mM CaCl,. After the balancing,
cells were washed twice with HBSS containing 1 mM MgSO, and were taken for imaging. 1
UM TG or 100 pM ATP were added to the media for 1 min after data acquisition began.
Time-lapse images were captured every 15 s for a 5 min period. The final datasets were
analyzed using the FRET module in the Nikon NIS-Elements software, and included the
bleed-through correction based on a previously published method [45]. The average FRET
efficiency was calculated from the corrected FRET value obtained from inside a given
region of interest (ROI), and used for statistical analysis. In particular, four channels were
set for the FRET analysis, including Dd, Da, Ad and Aa. Dd is the channel in which the
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wavelength of excitation and emission are both for CFP. Da is the channel in which the
wavelength of excitation is for CFP while the wavelength of emission is for YFP. Ad is the
channel in which the wavelength of excitation is for YFP while the wavelength of emission
is for CFP. Aa is the channel in which the wavelength of excitation and emission are both for
YFP. FRET efficiency was calculated using the following formula: FRET efficiency = (Da-
Dd*Da/Dd-Aa*Da/Aa)/Dd*100, and presented as percentage [FRET efficiency (%)]. Data
are shown as mean + s. e.m.

2.9. STIM1 puncta analysis

To analyze the spatial organization of STIM1-YFP, images were first collected following the
same data acquisition settings for FRET imaging and were subsequently processed through
an intensity-based segmentation methodology for selecting regions containing STIM1-YFP
positive signal. Measurements of puncta, including number of puncta, size (as measured in
um32), and integrated fluorescence intensity, were calculated. All analyses were performed in
Nikon NIS-Elements software (Nikon, NY, USA).

2.10 Molecular modeling and docking

STIM1 and Tmem178 molecular modeling was performed using the software FR-t5-M [46]
and I-TASSER [47]. Based on Co-IP results and the software SPR [48] for the prediction of
protein-protein interfaces, STIM1ACT and full length Tmem178 were docked into a
complex by the software ZDock v3.0.2 [49]. The model with the highest confidence among
the top ten was selected by using METop program [46]. The selected Tmem178-STIM1
model was further adjusted and exhibited bythe software PyMol.

2.11. Semi-quantitative RT-PCR

WT or 7mem178'~ BMMs expressing indicated constructs were plated in 24-well plates
and stimulated with 100 ng/ml LPS for 4 h. The stimulated cells were lysed in TRIZOL
(Invitrogen, CA, USA) and total RNA was isolated and processed for cDNA by using the
high capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA). Realtime
PCR was performed with SYBR Green PCR Master Mix (Applied Biosystems, UK) in 7300
Real Time PCR System (Thermo Fisher Scientific, MA, USA). Rel mRNA expr was
calculated by 2[ - (Cttarget gene—ct Gapdf] \yhere Ct represents the threshold cycle for each
transcript, and Gapah is the reference. The sequences of the specific primers are:

/1-6, Forward: TTCTCTGGGAAATCGTGGAAA.
Reverse: TGCAAGTGCATCATCGTTGTT.

/I-13, Forward: GCTTCCTTGTGCAAGTGTCTGA.
Reverse: TCAAAAGGTGGCATTTCACAGT.

Tnfa, Forward: CTGTAGCCCACGTCGTAGC.
Reverse: TTGAGATCCATGCCGTTG.

Stim1, Forward: GGCGTGGAAGTCATCAGAAGT.
Reverse: TCAGTACAGTCCCTGTCATGG.
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Orail , Forward: GATCGGCCAGAGTTACTCCG.
Reverse: TGGGTAGTCATGGTCTGTGTC.

Tmem178, Forward: ATGACAGGGATATTTTGCACCAT.
Reverse: CCGGTTCAAGTCATAGGAGACACT.

Gapdh, Forward: ACCCAGAAGACTGTGGATGG.
Reverse: TTCAGCTCAGGGATGACCTT.

LPS-induced sepsis

6-8 weeks old WT and 7mem1787'~ C57BL/6 male mice (WT n = 12; Tmem178-/- n =
17) were injected with 25 mg/kg Lipopolysaccharides (LPS) from Escherichia coli0111:B4
(Sigma). Blood was collected by submandibular bleed 2 h after LPS administration, and
serum was harvested by centrifugation at 8000g for 5 min at 4° to analyze TNFa levels by
ELISA (BD Biosciences).

2.13. Statistical analysis

Data are represented as mean = SD or mean = SEM as indicated. Statistical significance was
analyzed by two-tailed one type Student’s £test or in experiment with multiple comparisons
by the one-way or two-way ANOVA followed by Bonferroni post-tests, as indicated. *P<
0.05, **P<0.01, ***P<0.001.

3. Results

3.1. Tmeml78 negatively regulates SOCE

We recently reported that loss of Tmem178 leads to higher levels of basal intracellular
calcium during osteoclastogenesis [43]. Due to its confined expression in bone marrow
monocytes/macrophages (BMMs) and osteoclasts, but not T cells [44], we hypothesized that
Tmem178 is a specific modulator of intracellular calcium in myeloid cells. To determine
how Tmem178 modulates calcium levels in the primary cells, we stimulated WT and
Tmem178 deficient BMMs and OC precursors (pre-OCs) with 100 nM ATP or 1 uM
thapsigargin (TG), to induce ER calcium depletion, followed by the addition of 2 mM
extracellular calcium, to activate SOCE. Remarkably, we observed that calcium levels are
significantly higher in 7mem1787'~ BMMs compared with WT cells under all conditions
(Fig. 1A-D). Similar results were observed in WT and 7mem178~ pre-OCs (Fig. 1E and
F). Quantitative analysis of the area under the curve starting at the time of stimulation with
TG and ATP or 2 mM calcium reveals higher differences in SOCE activation rather than ER
calcium release between the WT and 7/mem178'~ BMMs (Fig. 1B and D) or pre-OCs (Fig.
1F).

Because ATP induces SOCE via activation of P2Y receptors, but can also modulate calcium
levels independent of SOCE through the ionotropic P2X receptors, we monitored calcium
fluxes in cells pretreated with oxidized ATP (0ATP), an antagonist of P2X receptors.
Tmem178'~ BMMs still exhibit significantly higher calcium levels than WT cells (Fig. 1G
and H), suggesting that Tmem178 mainly modulates ATP/P2Y mediated SOCE activation.
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The effects of Tmem178 on SOCE activation are not due to differences in Stim1 and Orail
mRNA levels between WT and 7mem178~ cells (Supplemental Fig. 1A). Moreover,
knock-down of Stim1 by sh-RNA (Supplemental Fig. 1B) strongly reduces intracellular
calcium levels in both WT and 7rmem178'~ BMMs compared to the sShRNA scramble
control (Ctrl) groups (Fig. 11-J). These results indicate that Tmem178 modulates calcium
fluxes via SOCE activation in primary macrophages and pre-OCs.

3.2. Tmeml178/STIM1 association is dependent on ER-calcium

We previously reported that ectopic expression of Tmem178 in HEK293T cells reduced ER
calcium release but did not alter TG-induced SOCE compared to empty vector (EV)
expressing cells [43]. However, at that time we only compared the peak calcium levels
reached after stimulation with extracellular calcium and did not measure calcium fluxes
overtime. To better evaluate the effects of ectopic expression of Tmem178 on SOCE
activation, we measured ATP- and TG-induced SOCE in HEK293T expressing full length
Tmem178 or in EV controls. Interestingly, while ER-calcium release is not negatively
impacted by the expression of Tmem178, ATP-induced SOCE is significantly reduced in
Tmem178 expressing cells (Fig. 2A and B). Under these conditions, co-IP experiments show
that Tmem178 is associated with STIM1 (Fig. 2C, quantification in Supplemental Fig. 2A).
Importantly, the formation of the STIM1/ORAI1 complex in response to ATP stimulation is
reduced in cells expressing Tmem178 compared to EV controls (Fig. 2C; quantification in
Supplemental Figs. 2A and 2B). In contrast, minor differences in calcium fluxes are
observed between HEK293 expressing Tmem178 or EV following TG stimulation
(Supplemental Figs. 2C and 2D). This result is supported by the observation that the binding
of Tmem178 to STIML1 is reduced following TG treatment and the STIM1/ORAI1 complex
is forming regardless of Tmem178 expression (Fig. 2C and quantification in Supplemental
Figs. 2A and 2B).

Since ATP induces a transient ER calcium response compared to the irreversible effects of
TG, we wondered whether the negative regulation of SOCE in HEK293T cells ectopically
expressing Tmem178 might be dependent on the amplitude of ER calcium release. To
address this possibility, we stimulated the cells with ionomycin, which empties the ER
calcium stores, or with histamine, which only induces a partial ER calcium release, followed
by the addition of extracellular calcium to activate SOCE. Confirming our hypothesis,
ectopic expression of Tmem178 reduces histamine-induced SOCE (Fig. 2D and E) but is not
sufficient to affect ionomycin-induced SOCE (Supplemental Figs. 2E and 2F).

To further test whether binding of STIM1 to ER calcium is required for the Tmem178:
STIM1 association, we performed co-IP experiments in HEK293T cells expressing wildtype
Tmem178 and the STIM1D76A mutant which lacks the calcium binding site. We observed
that Tmem178 does not bind to STIM1D76A in basal conditions (Fig. 2F) and expression of
Tmem178 does not decrease SOCE activation in cells expressing STIM1D76A compared to
wildtype STIML1 (Fig. 2G and H). All together these results indicate that the ability of
Tmem178 to negatively regulate SOCE is dependent on the ER-calcium content.
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3.3. The N- and C-terminal regions of STIM1 are not required for the binding to Tmem178

Next we wanted to identify the domains involved in the Tmem178:STIML1 interaction.
STIML1 is a single transmembrane protein located in the ER with the N-terminal domain
facing the ER lumen and the C-terminal domain towards the cytosol [2]. First, we generated
Myc-tagged STIM1ANT (deletion of the N terminal region) and STIM1ACT (deletion of the
C-terminal region) mutants (schemes in Fig. 3A and Supplemental Fig. 3B), and assessed
their association with HA-tagged Tmem178 by Co-IP in HEK293T cells in basal conditions.
Interestingly, STIM1ANT hardly interacts with Tmem178 while STIM1 ACT strongly binds
to Tmem178 compared to full length STIM1 (Fig. 3B, quantified in Supplemental Fig. 3A;
Supplemental Fig. 3B). Previous studies demonstrated that STIM1 binds to ORAI1 via its C-
terminal domain [50-52] (red box in Fig. 3A). To determine whether the reduced interaction
between STIM1ANT and Tmem178 is due to the constitutive binding of STIM1ANT to
ORAI1, we generated a STIM1IANT mutant that lacks the SOAR region, the domain of
STIM1 required for binding to ORAI1 [50,53,54] (red box in Fig. 3A). Co-IP assay
confirmed these previous findings (Supplemental Fig. 3C). Interestingly, we observed that
the association between STIM1IANT&SOAR and Tmem178 is recovered (Fig. 3B, lane 4
and quantified in Supplemental Fig. 3A). Importantly, all of the STIM1 mutants are
localized in the ER (Supplemental Fig. 4A). These results suggest that 1) the N- and C-
terminal regions of STIM1 are not involved in the binding to Tmem178 and 2) Tmem178
and ORAI1 compete for binding to STIM1.

3.3 Tmeml78 transmembrane regions 2 and 3 are required for the binding with STIM1

Based on the above findings, the transmembrane (TM) region of STIM1 is the most likely
region mediating the association with Tmem178. In fact, we confirmed that neither the C-
nor the N-terminal region of Tmem178, which encompasses the first TM maotif, are required
for the binding with full length STIML1. Since deletion of the sole TM domain of STIM1 will
affect the protein cellular localization, and Tmem178 is predicted to be a four
transmembrane protein, as schematically shown in Fig. 3C, we turned our focus on which
TM domain of Tmem178 is required for binding to STIML. In order to avoid possible
conformational changes by deleting any of the TM motifs of Tmem178, we generated TM
swapping domain mutants. Compared to TM4, the TM2 and TM3 regions of Tmem178
share some similarities. Hence, we generated the following four mutants (scheme in Fig.
3C): TATATA (replacement of TM2 and TM3 with TM4), T4T3T4 (replacement of TM2
with TM4), and T2T4T4 (replacement of TM3 with TM4). We confirmed ER localization of
all the swapping mutants, similar to wild type Tmem178 (Supplemental Fig. 4B).
Intriguingly, the TAT4T4 mutant exhibits reduced binding capacity to STIM1 (Fig. 3D;
quantified in Supplemental Fig. 4C). Although to a less extent, reduced binding to STIM1 is
also observed in the T3T4T3 and T2T4T4 mutants (Fig. 3E; quantified in Supplemental Fig.
4D).

To further confirm these findings, we used FRET microscopy. First we expressed STIM1-
YFP together with CFP-Tmem178 or Tmem178-CFP in HEK293T cells and confirmed
FRET signal only in cells expressing the CFP-tagged Tmem178 at the N-terminus (Fig. 3F
top and not shown). Nex, we tested the FRET signal between STIM1-YFP and CFP-T4T4T4
mutant and observed that the FRET efficiency, defined as the proportion of the donor
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molecules that have transferred excitation state energy to the acceptor molecules, is largely
reduced (Fig. 3F bottom).

To further determine the biological significance of these results, we analyzed calcium levels
following ATP-induced SOCE activation in HEK293T cells expressing wild type Tmem178,
the T4T4T4 mutant or EV as control. Cells expressing the T4T4T4 mutant or EV show
increased calcium levels compared to cells expressing wild type Tmem178 (Fig. 3G and H).
Similar results were observed in 7mem178'~ BMMs expressing the TAT4T4 mutant versus
wild type Tmem178 (Fig. 31 and J). All together, these results suggest that the TM2 and the
TM3 regions of Tmem178 are required for binding to STIM1 and that the association
between Tmem178 and STIM1 negatively regulates SOCE.

3.5. STIM1 G225 modulates the interaction with L212 and M216 in Tmem178

To identify the specific amino acids mediating the association between Tmem178 and
STIM1, we performed molecular modeling and docking of STIM1 and Tmem178. Based on
the strong association from the co-IP results in Fig. 3B, we utilized STIM1ACT and full
length Tmem178 for the docking study. Several amino acids are predicted to modulate the
association between these two proteins, with six amino acids (F214, V218, V221, G225,
W228 and 1232) in the TM region of STIM1 and four (V209, L212, M216 and F220) in the
TM3 region of Tmem178 (Fig. 4A). Based on the docking analysis, we used alanine
scanning mutagenesis to generate six STIM1ACT mutants, in which each predicted amino
acid was mutated to alanine, and co-expressed each mutant with full length Tmem178 in
HEK?293T cells. All of the STIMIACT mutants except STIM1IACTG225A retain binding to
Tmem178. However, contrary to our expectation, STIM1CTG225A shows stronger binding
to Tmem178 than STIM1ACT (Fig. 4B; quantified in Supplemental Fig. 5A). We confirmed
STIM1AG225A mutant (Fig. 4C; quantified in Supplemental Fig. 5B). One possible reason
for this finding is that the mutant G225A contains a relatively long side chain, which might
facilitate the interaction between the two TM regions (Supplemental Fig. 5C). To test this
possibility, we used the tryptophan scanning approach since the tryptophan contains a very
large natural side chain that could maximize the probability for docking affinity between two
proteins [55]. Surprisingly, however, we repeatedly found that the STIM1G225W mutant has
reduced association with Tmem178 (Fig. 4D, lane 4 and quantified in Supplemental Fig.
5D).

The hydrophile scanning approach has been reported to provide additional insights on
interactions identified by the alanine scanning approach [56]. Therefore, we generated
STIM1G225E (Supplemental Fig. 5C) and found increased association with Tmem178 (Fig.
4D, lane 3 and quantified in Supplemental Fig. 5D). We further confirmed these findings by
FRET imaging. We observed increased FRET efficiency between CFP-Tmem178 and
STIM1G225E-YFP compared to STIM1-YFP, and reduced signal with STIM1G225W-YFP
(Fig. 4E). Importantly, we confirmed the ER localization of STIM1G225E and
STIM1G225W, and their equal ability to bind to ORAIL (Supplemental Figs. 5E and 5F).

Next, we measured calcium fluxes in Stim1 deficient BMMs (Supplemental Fig. 5G)
expressing wild type STIM1, STIM1G225E or STIM1G225W. Quantification of the area
under the curve of the calcium traces following ATP-induced SOCE shows lower calcium
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levels in cells expressing the STIM1G225E mutant, which exhibits strong association with
Tmem178, and higher calcium in cells expressing the STIM1G225W mutant, which weakly
binds to Tmem178 (Fig. 4F and G). Similar results are observed following TG-induced
SOCE activation (Fig. 4H and I).

The docking analysis also predicted that the G225 site in the TM domain of STIM1
associates with the L212 and M216 sites in the TM3 region of Tmem178. Therefore, we
hypothesized that mutations in Tmem178 L212 and M216 could affect the association with
STIM1 and consequently calcium levels. The Tmem178-L212W&M216W double mutant
(L/M:W/W) is localized normally as shown in Supplemental Fig. 5H, but the association
between L/M:W/W and STIML1 is drastically reduced when compared to wild type
Tmem178 (Fig. 4J, quantified in Supplemental Fig. 51). As a result, intracellular calcium
levels following ATP-induced SOCE (Fig. 4K and L) and TG-induced SOCE (Fig. 4M and
4N) are higher in the 7mem178'~ BMMs expressing the Tmem178 L/ M:W/W mutant
compared to wild type Tmem178. Taken together, these results indicate that the G225
residue in the TM region of STIM1 and L212 and M216 in the TM3 region of Tmem178
modulate the association between STIM1 and Tmem178 and regulate the activation of
SOCE.

3.6. Tmem178 limits STIM1 puncta formation

To associate with ORAI1 and activate SOCE, STIM1 must undergo oligomerization and re-
distribution to ER-PM junctions through formation of puncta structures [57]. To determine
whether Tmem178 limits STIM1 puncta formation, first we analyzed TG-treated WT and
Tmem178'~ BMMs expressing STIM1-YFP. Confocal microscopy shows that both TG-
treated WT and 7mem178'~ cells form puncta structures compared to untreated cells (Fig.
5A). Tmem178'~ BMMs have increased numbers of puncta per um2 compared to WT (Fig.
5B). Moreover, each punctum exhibits significantly higher intensity (Fig. 5C) and larger size
(Fig. 5D).

Next, we analyzed the STIM1 puncta formation in HEK293T cells expressing EV or
Tmem178, before and after ATP stimulation. Ectopic expression of Tmem178 largely
diminishes ATP-induced puncta formation compared to EV cells (Fig. 5E). The numbers of
puncta (Fig. 5F), the intensity (Fig. 5G) and the size (Fig. 5H) of each punctum are
significantly reduced in cells expressing Tmem178.

Finally, we monitored the puncta formation in ATP treated HEK293T cells co-expressing
Tmem178 together with wild type STIM1, STIM1G225E or STIM1G225W. Consistent with
the above results, ectopic expression of Tmem178 reduces STIM1 puncta formation (Fig. 51
and J). Furthermore, puncta formation is slightly but significantly reduced in cells
expressing Tmem178 and STIM1G225E (mutant which strongly binds to Tmem178),
whereas is increased in cells co-expressing Tmem178 and STIM1G225W (mutant which
fails to bind to Tmem178) (Fig. 51 and J). Taken together, these results indicate that the
association between Tmem178 and STIM1 reduces puncta formation.

STIM1 puncta formation leads to the association between STIM1 and ORAI1 and therefore
promotes SOCE. Next, we investigated whether the reduced puncta formation by Tmem178
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impairs the STIM1:0ORAI1 association. We performed FRET imaging using ORAI1-CFP as
donor and STIM1-YFP as acceptor in HEK293T cells expressing EV or Tmem178. We
found that Tmem178 significantly reduces ATP-induced STIM1:0ORAI1 association (Fig.
5M), which is consistent with the co-IP analysis shown in Fig. 2C, lane 5 and 6. Taken
together, these results suggest that the association between Tmem178 and STIM1 reduces
puncta formation, thereby affecting the binding of STIM1 with ORAI1 and limiting SOCE.

Loss of Tmem178:STIM1 association enhances macrophage responses and

osteoclastogenesis

Next, we addressed the physiological relevance of the Tmem178:STIM1 association. We
previously reported that the expression of 7memZ178is significantly reduced in peripheral
blood mononuclear cells (PBMCs) treated with plasma from patients with systemic juvenile
idiopathic arthritis (sJIA) [43], leading to the hypothesis that these cells have increased
intracellular calcium levels. We obtained plasma from 5 age matched healthy donors and 6
sJIA patients. Demographic information on the healthy donors and the sJIA patients can be
found in Table 1 and Table 2. Except for one patient, all the other sJIA patients have joint
damage and were treated with ant/-TNF (Etanercept) alone, or in combination with NSAID,
MTX, and prednisone (Table 2). Consistent with our previous report [43], we found reduced
expression of 7Tmem178in sJIA plasma treated macrophages compared to healthy plasma
treated cells (Fig. 6A), regardless of the medication received. We also found that the basal
cytosolic calcium levels in macrophages exposed to sJIA plasma are higher compared to
cells exposed to healthy plasma, both in basal conditions or after treatment with TG and 2
mM calcium (Fig. 6B-D). Importantly, exposure of 7mem178'~ macrophages to sJIA
plasma does not lead to any further increase in SOCE activation compared to either
Tmem178"~ treated with healthy plasma or WT cells treated with sJIA plasma (Fig. 6C and
D). This finding indicates that loss of Tmem178 in WT cells exposed to sJIA plasma drives
the increase in cytosolic calcium.

Monocytes and macrophages from patients with sJIA produce high levels of inflammatory
cytokines, including IL-6, IL-1p and TNFa [58]. We also recently reported that 7mem178"~
mice develop more severe cytokine storm syndrome symptoms due to hyper activation of
macrophage pro-inflammatory responses [44]. Thus, we hypothesized that Tmem178
negatively regulates cytokine expression in macrophages via SOCE. To address this
possibility, we used three complementary approaches. First, we knocked-down Stim1in
BMMs by using sh-RNA Stim1 and observed significantly reduced expression of //-6, //-1j5
and 7nfatranscripts in response to LPS stimulation compared with scrambled sShRNA
control cells (Fig. 6E and Supplemental Fig. 5G). Next, we infected StimZ deficient BMMs
with wild type STIM1, STIM1G225E or STIM1G225W, and measured the expression of
inflammatory cytokines after LPS stimulation. Cells expressing STIM1G225E (which
strongly binds to Tmem178) show reduced inflammatory cytokine transcripts compared to
wild type STIM1, while ectopic expression of STIM1G225W (which cannot bind to
Tmem178) enhances their levels (Fig. 6F). Finally, we infected 7mem1787'~ BMMs with
wild type Tmem178 or the Tmem178 L/M:W/W mutant, which does not bind to STIM1.
Ectopic expression of wild type Tmem178 reduces inflammatory cytokine levels while
ectopic expression of the L/M:W/W mutant increases their transcripts to levels comparable
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to EV expressing cells (Fig. 6G). These results suggest that Tmem178 negatively regulates
the expression of inflammatory cytokines in macrophages mainly via its association with
STIM1. Most importantly, to assess the significance of these /n vitro observations, we
evaluated the role of Tmem178 during an inflammatory response /n vivo using the endotoxin
model of sepsis. Strikingly, 7/mem178'~ mice rapidly succumb to systemic LPS, with the
majority of knock-out mice dying within 16 h of challenge (Fig. 6H). This mortality is
associated with a significant increase in TNFa levels detected in the serum 2 h post-LPS
administration (Fig. 61). All together, these results suggest that Tmem178 negatively
regulates the expression of inflammatory cytokines in macrophages mainly via its
association with STIML1.

Bone erosion due to excessive osteoclast activation is also observed in sJIA patients [59].
We previously reported that loss of Tmem178 augmented osteoclast differentiation in
peripheral blood mononuclear cells (PBMCs) exposed to sJIA plasma [43]. Therefore, we
asked whether the association between Tmem178 and STIM1 is also required to negatively
regulate osteoclastogenesis. 7mem178"'~ BMMs expressing EV, wilde type Tmem178 or
the L/M:W/W mutant lacking binding to STIM1 were stimulated with RANKL and M-CSF
to induce osteoclast differentiation. We found that cells expressing wild type Tmem178 have
reduced osteoclastogenesis compared to EV (Fig. 6J). In contrast, cells expressing the
L/M:W/W mutant that does not associate well with STIM1 show significantly increased
osteoclastogenesis (Fig. 6J). Consistently, NFATc1, a calcium-dependent transcription factor
and the master regulator of osteoclastogenesis, is reduced in cells expressing wild type
Tmem178, but increased in cells expressing L/M:W/W (Fig. 6K). Taken together, these
results suggest that Tmem178 negatively regulates osteoclastogenesis via binding to STIM1.

4. Discussion

SOCE activation is a process tightly controlled to assure proper regulation of intracellular
calcium fluxes and mutations in its two components STIM1 and ORAI1 have been
implicated in immune disfunctions, autoimmunity, susceptibility to chronic infections, just
to name a few [5]. Recent studies have identified a number of proteins interacting with
STIM1 that modulate SOCE activation [29-36,38-41]. Most of these proteins are positive
regulators of SOCE and facilitate STIM1 oligomerization, its proper localization to ER-PM
junctions, puncta formation, and/or the association with ORAI1. However, SOCE must also
be properly inactivated to impede calcium overfilling. Although the primary negative
regulator of SOCE is ER calcium itself, very few proteins that either act as an ER anchor for
STIM1 or facilitate the STIM1 de-oligomerization process have been described [12,39,41].
Here, we identified Tmem178 as a negative modulator of STIM1 puncta formation. Genetic
deletion of Tmem178 and inflammation-induced downregulation of Tmem178 enhance
STIM1 puncta formation, increase SOCE-mediated calcium influx and induce pro-
inflammatory cytokine expression in macrophages and osteoclastogenesis. Tmem178 is
specifically expressed in monocytes/macrophages and osteoclasts, but not T cells [44],
therefore our results provide new insights into fine-tune regulation of calcium levels in
myeloid cells during inflammatory conditions.
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We have previously reported that loss of Tmem178 enhances basal calcium levels in the
osteoclasts leading to enhanced NFATc1 and osteoclastogenesis. At the time, the mechanism
by which Tmem178 regulated calcium levels in the primary cells was not investigated.
Studies in HEK293T cells overexpressing the SOCE components STIM1 and ORAL along
with Tmem178 showed a slight reduction in ER calcium release following TG treatment
when compared to EV controls, but no differences in peak calcium levels following addition
of extracellular calcium. In this study, we more carefully analyzed calcium fluxes in primary
BMMs and pre-OCs and in the overexpression system using different modalities to induce
ER-store depletion and thus to activate SOCE. In primary BMMs lacking Tmem178 we
observe significant effects on ER-calcium store depletion and SOCE, following either ATP
or TG treatment. Quantitative analysis shows that the changes in calcium levels following
SOCE activation are more robust than the effects on ER calcium release. In the
overexpression system, ectopic expression of Tmem178 can significantly reduce SOCE only
when the cells are treated with histamine or ATP. In contrast, Tmem178 has minimal to no
effects in limiting SOCE following TG or ionomycin. A similar observation was found in
HEK293T cells overexpressing SARAF and showing reduced ATP- but not TG-mediated
SOCE. This phenomenon could be ascribed to the robust activation of STIM1 and
association with ORAI1 that cannot be limited by ectopic expression of Tmem178 following
TG or ionomycin. Such finding also suggests that Tmem178 inhibitory effects on SOCE are
dependent on ER-calcium content. Supporting the notion that Tmem178:STIM1 association
is dependent on ER calcium, we found that Tmem178 does not interact with the STIM1
mutant lacking the ER calcium binding site and under these conditions Tmem178 does not
reduce SOCE activation.STIM1 oligomerization is a process dynamically regulated by the
formation of puncta structures [12,60]. Recently, two STIM1 partners, STIMATE and
SARAF, have been reported to modulate STIM1 oligomerization and de-oligomerization,
respectively. STIMATE facilitates STIM1 oligomerization [32] and thus is a positive
regulator of SOCE, whereas SARAF enhances STIM1 de-oligomerization and therefore
downregulates SOCE activation to impede ER calcium overfilling [39]. We find that
Tmem178 can also interact with STIM1. However, differently from STIMATE and SARAF,
Tmem178 modulates the rate-limiting step of STIM1 puncta formation. By using FRET
imaging and confocal microscopy we find that Tmem178 binds to STIM1 in the ER, and
reduces the number and size of STIM1 puncta structures following ATP or TG-mediated ER
calcium depletion. By contrast, puncta formation is increased in cells lacking 7mem178.
Both SARAF and Tmem178 likely affect STIM1 conformation, yet they associate via
different motifs. SARAF associates with the C-terminal region of STIM1[61], whereas the
Tmem178:STIM1 association occurs via their TM regions. It remains to be determined
whether binding of STIM1 to Tmem178 facilitates STIM1 association with SARAF.

A novel aspect of the Tmem178:STIM1 interaction is that it occurs via their TM domains.
Most of the studies on STIM1 have focused on the roles of the N- and C-terminal regions in
regulating SOCE activation. The importance of the TM region of STIM1 has been only
recently identified through a tryptophan scanning approach [53]. This approach identified
that the C227W mutant constitutively associates with ORAIL and activates SOCE. This
study also reported that the triple mutant G223/225/226 W reduces SOCE activation [53].
However, a specific role for these sites was not identified. Our data demonstrate that the
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STIM1 G225 site is critical for the regulation of SOCE through its interaction with the L212
&M216 in the TM3 region of Tmem178. Furthermore, the G225 site exhibits dual functions
based on what this amino acid is mutated to: G225W enhances SOCE, whereas G225E
attenuates it. We think that this dual function is ascribed to the different ability of the two
mutants to associate with Tmem178. G225W exhibits reduced association with Tmem178,
possibly due to steric hindrance, whereas G225E enhances the association, suggesting that
hydrophobic interactions might be required for binding to Tmem178.

Our data suggest that Tmem178 and ORAI1 compete for binding to STIM1. STIM1ACT,
which lacks the ORAI1 binding domain, exhibits strong association with Tmem178, while
STIM1ANT, which has increased binding to ORAI1, poorly associates with Tmem178.
Similarly, STIM1D76A, which constitutively associates with ORAI [5], exhibits reduced
association with Tmem178. Interestingly, deletion of SOAR, the ORAI1 binding motif
[50,53,54], in the STIMIANT mutant, restores the association with Tmem178.
Physiologically, the association between STIM1 and ORAI1 is enhanced after calcium store-
depletion [62], whereas the interaction between Tmem178 and STIM1 is reduced under
these conditions (Fig. 2A). Thus, it is plausible that, at least in myeloid cells, SOCE could be
modulated by the ratio of Tmem178 and ORAIL. For example, SOCE activation could be
reduced in cells with high Tmem178/ORAI1 ratio and vice versa. While ORAI1 levels are
stable, at least in macrophages and osteoclasts, we found that Tmem178 levels are
significantly reduced in these cells under inflammatory conditions. Tmem178 expression is
downregulated in macrophages treated with plasma from sJIA patients with erosive disease,
regardless of what type of therapies the patients are receiving. Consistently, SOCE is
enhanced in these conditions. Future studies are needed to determine whether
downregulation of Tmem178 expression is a feature of patients with joint damage and what
circulating factors are responsible for modulation of Tmem178 expression.

A large body of evidence has demonstrated the involvement of SOCE activation in T cell
functions [63]. Fewer studies have implicated regulation of calcium fluxes through SOCE in
macrophages. Although Vaeth et al. reported that calcium signaling, but not SOCE, is
required for inflammatory cytokine production in macrophages [64], other groups found that
SOCE deficiency reduces cytokine expression in pathological conditions [65,66]. We
recently reported that chelation of calcium dampens inflammatory cytokine expression in
WT and 7mem178"'~ macrophages [44]. However, whether increased SOCE activation
enhances inflammatory responses in macrophages and/or their differentiation into
osteoclasts has not been investigated. Here we provide evidence that loss of Tmem178
increases SOCE, enhances inflammatory cytokine production in macrophages and rises the
number of osteoclasts. /7 vivo, Tmem1787'~ mice are more susceptible to LPS-induced
sepsis, produce higher levels of pro-inflammatory cytokines in mouse models of cytokine
storm syndrome, a lethal complication of sJIA [44], and present with exuberant bone erosion
under inflammatory conditions [43]. Based on these results, we propose a model in which
Tmem178 acts as an ER anchor for STIM1 to reduce SOCE and constrain macrophage and
osteoclast activation. When 7memZ178 levels are downregulated (inflammatory conditions),
STIML1 loses its anchor in the ER, forms puncta structures near ER-PM junctions to bind to
ORAI1 and potentiate SOCE activation, leading to increased inflammatory cytokine
production and contributing to disease progression. Our work unveils a previously poorly
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understood mechanism for fine-tuned regulation of calcium levels regulating macrophage
inflammatory responses and bone erosion via the Tmem178: STIM1 complex.

5. Conclusions

Proper regulation of calcium fluxes is critical for optimal macrophage inflammatory
responses and osteoclastogenesis. Aberrant regulation of SOCE has been linked to immune
cell dysfunctions and autoimmunity. Here we report a novel regulator of SOCE, Tmem178,
which specifically regulates SOCE in myeloid cells. Tmem178 associates with STIM1 in the
ER, acting as an anchor for STIM1 to limit STIM1 puncta formation, the binding to ORAI1
and SOCE activation. As a result, Tmem178: STIM1 association reduces pro-inflammatory
macrophage responses and osteoclastogenesis. Decreased Tmem178 levels in monocytes/
macrophages exposed to sJIA plasma leads to higher intracellular calcium concentration and
increased inflammatory cytokine production, highlighting the importance of regulation of
calcium homeostasis in myeloid cells in pathological conditions.
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Fig. 1.

Tmem178 is a negative regulator of SOCE in macrophages and osteoclasts. (A-D) Calcium
traces (A, C) and the quantification of the area under the curve (AUC) (B, D) in WT BMMs
(n=38) and 7mem178'~ BMMs (n=51) treated with ATP (100 M) or stimulated with TG
(1 M) followed by addition of 2mM calcium (WT, n=55; 7mem178~, n=48). Data shown
are representative of 4-6 independent experiments. (E, F) Calcium fluxes and AUC in WT
(n=43) and Tmem178"'~ (n=52) pre-OCs stimulated with ATP and 2mM calcium. (G, H)
Calcium fluxes and AUC in WT (n=44) and 7mem178~ (n=37) pre-OCs pretreated with
100mM oATP and stimulated with ATP and 2mM calcium. (I, J) Calcium fluxes and AUC
following stimulation with TG and 2mM calcium in WT BMMs (Left) or 7mem1787'-
BMMs (Right) infected with SARNA control (WT, n=84; 7mem178"'~, n=45) or shRNA
Stim1 (WT, n=37; Tmem1787'~, n=74). Data shown are representative of four independent
experiments and indicated number of cells is from an individual experiment. Data are
presented as mean + SEM. NS, not significant; **P < 0.01, ***P < 0.001.
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C Ctrl T ATP

-+ — + — + Tmem178-HA

+ + + + + + STIM1-Myc

+ + + + + + ORAI-FLAG
IPMyc |77 ™1 "M Tmem178
(S;I')IM S’ - ST|\]1
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(ORAI) | pessESsSE3ss ORAI1
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Tmem178: STIML1 association is dependent on ER-calcium content. (A, B) Calcium fluxes
and the area under the curve (AUC) in HEK 293 T cells transfected with STIM1, ORAIL
and Tmem178 (n = 28) or empty vector (EV) (n = 37) and treated with ATP and 2 mM
calcium. Data shown are representative of 5 independent experiments. (C) HEK293 cells
expressing Tmem178-HA, STIM1-Myc and ORAI1-FLAG cultured in calcium-free medium
and stimulated with 1 uMTG or 100 pM ATP for 5 min. Cell lysates were subjected to Co-1P
with anti-Myc or anti-FLAG antibodies followed by western blotting to detect the
association between STIM1 and Tmem178, or STIM1 and ORAIL. STIM1 and Tmem178
levels in total cell lysates are shown at the bottom. (D, E) Calcium fluxes and AUC
following stimulation with histamine (100 pM) and addition of 2mM calcium in HEK 293 T
cells transfected with STIM1, ORAIL and Tmem178 (n = 47) or EV (n = 62). (F) Co-IPs
showing association between the HA-tagged Tmem178 and STIM1D76A-myc in HEK293T
cells. (G, H) ATP-induced calcium fluxes followed by addition of 2 mM extracellular
calcium in HEK 293 T cells transfected with EV (n = 27) or full-length Tmem178 (n = 19),
together with STIM1 and ORAIL; or full-length Tmem178 (n = 22), together with
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STIM1D76A and ORAI1. Calcium traces from indicated number of cells are from a
represenative experiment. Data are presented as mean £ SEM. NS, not significant; ***P<
0.001.

J Autoimmun. Author manuscript; available in PMC 2020 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yang et al.

Page 25

A B
STIM1/ORAI1
SP EF  SAM TM CC1 CC2/CC3 S/P K Myc| association — + — — — STIM1
STIM1 ¢l + — — + — — STIMIANT
STIM1ANT e etk — = =% 7 g:mAg&SOAR
STIM1ANT&SOAR s * P cod
STIMIACT B H__HiB - i
= t .n..TmemWS
s
(03 ) ) = o STIM1
™1 N-loop TM2TM3 TM4 C-terminal region v
Tmem178 = namy o ) Y - STIM1ANT
= @ 29I B K s &8  STIMIANT&SOAR
Tmem178ACT [T 1 -am—m = S TIRECT
CO&—a
Tmem178ANT EESEE Tmem178
T4T4T4 X OO0 puasl
T4T3T4 X @) - Sive
T2T4T4 x HE—aae —_
T2T2T4 X -
D + — — Vector E + — — — Vector F
— + — Tmem178-HA — + — — Tmem178-HA
— — + T4T4T4-HA — — + — T4T3T4-HA
g @k TN — — — + T2T4T4-HA
2= B HA + + + + STIM1 9
&@ — e STIM1 Egg ."" HA 2
N o bo| e s STIM s
= &
S —— STV [3)
S iu' HA e
s uamene ST|\1 e
Tmem178 T4T4T4
FRET
G —EV  — Tmem178 H &
— TAT4T4 ~
. Ca?* 0  Ca? 2mM b
o
g1 =
L12 N~
3 =
® 0.8
< , s
004 — i
5 4 A HEK293T
© "0 100 200 300
Time (s)
|
—EV  — Tmem178
— TAT4T4 ek
S _ Ca»0 Ca?2mM o ;
23
[sed
L
Q2
[sel
&1 3 e
o
S0 Tmem178"-BMMs Q& &
©% 100 200 300 <& <k
Time (s) Ca2+
Fig. 3.

STIM1 and Tmem178 associate via their transmembrane regions. (A) Schematic diagram of
indicated STIM1 mutants. Based on published data, the binding of each STIM1 mutant with
ORAI1 is shown in the red box as + + +, +, and — (from the strongest to the weakest). (B)

Co-IP and Western blot showing association between Tmem178-HA and indicated Myc-

tagged STIM1 mutants in HEK293T cells. (C) Schematic diagram ofTmem178 mutants. (D,
E) Co-IPs followed by Western blot showing association between the HA-tagged Tmem178
mutants and STIM1-Myc in HEK293T cells. (F) Quantification of % FRET efficiency (top)
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and representative images (bottom) between STIM1-YFP and CFP- Tmem178 (n = 17), or
STIM1-YFP and CFP-T4T4T4 (n = 29) in HEK293T cells. One of 3 independent
experiments is shown. (G, H) Calcium traces and AUC in HEK 293 T cells expressing
STIM1, ORAI1 and EV (n = 88), full-length Tmem178 (n = 98) or Tmem178- TATAT4
mutant (n = 82) stimulated with ATP and 2 mM calcium. (I, J) Calcium traces and AUC in
Tmem178"'~ BMMs infected with EV (n = 37), full-length Tmem178 (n = 70) or
Tmem178-T4T4T4 mutant (n = 42) stimulated with ATP and 2mM calcium. Calcium traces
from indicated number of cells are from a representative experiment. Data are shown as
mean + SEM. *£<0.05, **P< 0.01, ***P< 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4.

STIM1 G225 modulates the interaction with L212 and M216 in Tmem178. (A) Molecular
modeling and docking of STIM1ACT and full length Tmem178 with predicted amino acids
involved in the association. (B-D) Co-IP and Western blot showing association between
Myc-tagged STIML1 or indicated mutants and Tmem178-HA in HEK293T cells. (E)
Quantification of % of FRET efficiency signals between CFP-Tmem178 and STIM1-YFP (n
=17), STIM1G225E -YFP (n = 12), or STIM1G225W- YFP (n = 12) in HEK293T cells. (F,
G) ATP-induced calcium fluxes in sShRNA-Stim1 infected BMMs expressing either wild
type STIM1 (n = 54), STIM1G225E (n = 29) or STIM1G225W (n = 32). (H, I) TG-induced
calcium fluxes in shRNA-Stim1 infected BMMs expressing either wild type STIM1 (n =
62), STIM1G225E (n = 70) or STIM1G225W (n = 49). (J) Co-IP and Western blot showing
association between Myc-tagged STIM1 and HA-tagged Tmem178 or the Tmem178 double
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mutant L212W&M216W. (M, N) Calcium fluxes in ATP- or TG-stimulated 7mem1787!~
BMMs infected with EV, Tmem178, or Tmem178 L/M:W/ W mutant. An average of 50
cells per condition were analyzed. Data are shown as mean £ SEM. One way ANOVA was
used in (E). *P<0.05, ***P< 0.001. Data shown are representative of 3—4 independent
experiments. Calcium traces from indicated number of cells are from a representative
experiment.
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Fig. 5.

Tmem178 binding to STIM1 limits STIM1 puncta formation and the association with
ORAIL. (A) Representative images of STIM1 puncta in WT (Top, n=43) and Tmem178-/-
BMMs (Bottom, n=42) transduced with STIM1-YFP. Images were acquired before and after
TG stimulation. (B-D) Quantification of the number of puncta per umz2, puncta intensity
(normalized to baseline signal intensity) and puncta size. (E) Representative images of
STIM1 puncta formation in HEK293T cells co-transfected with STIM1-YFP and empty
vector EV (Top, n=39) or Tmem178 (Bottom, n=33) before and after ATP stimulation. (F -
H) Data are quantified as in (B-D). (I) Representative images of STIM1 puncta formation
following ATP stimulation in ShRNA STIM1 HEK293T cells expressing STIM1-YFP alone
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(n=33), or CFP-Tmem178 together with STIM1-YFP (n=14), STIM1G225E-YFP (n=9), or
STIM1G225W-YFP (n=21). (J-L) Data are quantified as in (B-D). (M) Time course
showing ATP-induced % FRET efficiency signals in HEK293T cells between ORAI1-CFP
and STIM1-CFP in the presence of Tmem178 (pink, n=25) or EV (gray, n=21). One out of 3
independent experiments is shown. Data are represented as mean £ SEM. Student’s t-test
was performed in B, D, F and H. One way ANOVA was performed in J and L. Two way
ANOVA was performed in C, G, K and M. *P < 0.05, **P < 0.01, ***P < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 6.

The association between Tmem178 and STIM1 restrains macrophage activation and
osteoclastogenesis. (A) 7mem178 mRNA levels in macrophages exposed to 10% healthy
plasma or sJIA plasma for 24 h. (B-D) Calcium traces and area under the curve (AUC) in
macrophages treated with 10% healthy plasma (N = 4) or sJIA plasma (N = 5) for 24 h in
basal conditions (B) or following stimulation with TG and 2 mM calcium in WT (top) or
Tmem178"~ (bottom) BMMs (traces from 50 to 70 cells per experiment are shown) (C, D).
(E) mRNA levels of inflammatory cytokines in shCtrl or shRNA-Stim1 BMMs stimulated
with 100 ng/ml LPS for 4h. (F) RT- PCR as in (E) in ShRNA Stim1 BMMs expressing wild
type STIM1, STIM1G225E or STIM1G225W. (G) RT-PCR as in (E) in Tmem178"'~ BMMs
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expressing EV, wild type Tmem178 or L/M: W/W mutant. (H) WT (blue line, n = 12) or
Tmem178"~ (red line, n = 17) mice were injected (i.p.) with 25 mg/kg LPS. The Kaplan-
Meier survival analysis was performed, and Log-rank test was used to determine the
statistical significance. (1) Serum of WT or 7mem178'~ mice were collected after 2 h
challenge with LPS. TNFa levels were measured by ELISA. (J) Representative images (Left)
and quantification (Right) of TRAP stained 7/mem178 "~ osteoclasts expressing wild type
Tmem178 or L/M: W/W mutant. (K) Western blot for NFATc1 in 7mem1787'~ pre-OCs
expressing HA-tagged Tmem178 or L/M: W/W mutant. Actin and HA western blots are
used as loading controls. In B - D, data are represented as mean + SEM, in all other panels
as mean + SD. Student’s t-test was performed in E and I. One way ANOVA was performed
inF, GandJ. *P<0.05_, **P<0.01, ***P<0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Demographic and clinical characteristics of the healthy donor plasma samples indicating the gender, ethnicity
and age in years at time of collection.

Sample Gender  Ethnicity Age at sample collection (years)
142A M White 8.6

151A F Hispanic/White  10.2

162A F Hispanic/White 7.9

164A M Asian 15.2

338A M White 8.9
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Demographic and clinical characteristics of the sJIA patient plasma samples indicating the gender, ethnicity,
age in years at disease onset and at time of collection, presence of joint damage evaluated radiographically and
treatment at time of collection

Sample Gender  Ethnicity Ageat dissase  Ageat sample Joint damage Treatment at time of sample collection
onset (years) collection (years)

2L M Hispanic/White 8.8 17.6 Yes Anti-TNF (Etanercept)

5G M Hispanic/White  12.2 16.3 Yes NSAID, MTX, Anti-TNF (Etanercept)

10N F Asian 2.7 7.9 Yes NSAID, Anti-TNF(Etanercept)

14G M White 3.2 8.9 Yes NSAID, MTX, Anti-TNF(Etanercept),
prednisone 1.03mg/kg/day

21) F Hispanic/White 1.7 9.5 Yes NSAID, MTX, Anti-TNF(Etanercept),
prednisone 0.42mg/kg/day

123M M White 11.8 15.9 No None

J Autoimmun. Author manuscript; available in PMC 2020 March 28.



	Abstract
	Introduction
	Materials and methods
	Chemicals
	Cells and mice
	Single-cell Ca2+ measurements
	Mutagenesis
	Lentivirus and retrovirus generation and cell transduction
	Co-immunoprecipitation and Western blot
	Immunofluorescence
	Confocal microscopy & FRET imaging
	STIM1 puncta analysis
	Molecular modeling and docking
	Semi-quantitative RT-PCR
	LPS-induced sepsis
	Statistical analysis

	Results
	Tmem178 negatively regulates SOCE
	Tmem178/STIM1 association is dependent on ER-calcium
	The N- and C-terminal regions of STIM1 are not required for the binding to Tmem178
	Tmem178 transmembrane regions 2 and 3 are required for the binding with STIM1
	STIM1 G225 modulates the interaction with L212 and M216 in Tmem178
	Tmem178 limits STIM1 puncta formation
	Loss of Tmem178:STIM1 association enhances macrophage responses and osteoclastogenesis

	Discussion
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1
	Table 2

