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A Protease-Independent Function for SPPL3 in NFAT Activation
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The signal peptide peptidase (SPP)-related intramembrane aspartyl proteases are a homologous group of polytopic membrane
proteins, some of which function in innate or adaptive immunity by cleaving proteins involved in antigen presentation or intra-
cellular signaling. Signal peptide peptidase-like 3 (SPPL3) is a poorly characterized endoplasmic reticulum (ER)-localized mem-
ber of this family, with no validated cellular substrates. We report here the isolation of SPPL3 in a screen for activators of NFAT,
a transcription factor that controls lymphocyte development and function. We find that SPPL3 is required downstream of T cell
receptor engagement for maximal Ca>" influx and NFAT activation. Surprisingly, the proteolytic activity of SPPL3 is not re-
quired for its role in this pathway. SPPL3 enhances the signal-induced association of stromal interaction molecule 1 (STIM1)
and Orail and is even required for the full activity of constitutively active STIM1 variants that bind Orail independently of ER
Ca’" release. SPPL3 associates with STIM1 through at least two independent domains, the transmembrane region and the CRAC
activation domain (CAD), and can promote the association of the STIM1 CAD with Orail. Our results assign a function in lym-
phocyte signaling to SPPL3 and highlight the emerging importance of nonproteolytic functions for members of the intramem-

brane aspartyl protease family.

he NFAT family of transcription factors regulates a variety of

cellular functions by initiating new programs of gene expres-
sion in response to changes in intracellular Ca** levels. NFAT
plays a critical role in the immune and nervous systems, in heart
and bone development, and in other tissues (1, 2). In the adaptive
immune system, NFAT regulates genes that control thymocyte
development, T cell activation, T helper differentiation, and self-
tolerance (3) and thus serves as a major determinant of how the
immune system responds to pathogens and distinguishes between
self and nonself.

T cell receptor (TCR) signaling activates NFAT activity
through the Ca®"-dependent phosphatase calcineurin, which de-
phosphorylates NFAT in the cytoplasm and allows NFAT to trans-
locate to the nucleus to regulate target genes. TCR signaling
elevates cytoplasmic Ca®" concentrations by inducing store-op-
erated Ca>* entry (SOCE), a process in which inositol-1,4,5-
triphosphate (IP;)-mediated release of Ca** from the endoplasmic
reticulum (ER) leads to the activation of Ca** channels in the plasma
membrane, resulting in Ca*" influx (4).

During SOCE, the drop in the ER Ca®" concentration causes
conformational changes in the EF hand and SAM domains of
stromal interaction molecule 1 (STIM1), which reside in the ER
lumen (5-9). These changes enhance STIM1 oligomerization and
propagate across the transmembrane region into conformational
changes that involve several cytoplasmic domains, resulting in the
extension of coiled-coil domains, the exposure of the STIM1 Ca**
release-activated Ca®>* (CRAC) activation domain (CAD; also
called SOAR and Ccb9), which binds and activates Orail, and the
presentation of the STIM1 polybasic region, which interacts with
negatively charged phospholipids in the plasma membrane (10—
17). During this process, STIM1 oligomerizes further and trans-
locates to ER—plasma membrane junctions called puncta (18, 19),
where Orail, the CRAC channel pore, accumulates (20-25). Al-
though much is known about STIM1 and Orail function during
SOCE (26, 27), the extent to which their induced interaction is
modulated by auxiliary factors that influence the output of NFAT
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activity downstream of antigen receptor engagement remains un-
clear.

Signal peptide peptidase (SPP) and the SPP-like (SPPL) pro-
teins belong to a group of intramembrane-cleaving aspartyl pro-
teases whose biological functions are only beginning to emerge
(28). The group, which includes SPP, SPPL2a, SPPL2b, SPPL2c,
and SPPL3, is homologous to presenilins, which, as subunits of
y-secretase, have well-established roles in the processing of amy-
loid precursor protein, Notch, and other substrates (29). Several
SPP/SPPL proteases have been linked to processes critical for in-
nate or adaptive immunity. SPP generates peptides for presenta-
tion by HLA-E and major histocompatibility complex (MHC)
class I and thus functions in both innate and adaptive immune
surveillance by NK and T cells, respectively (30, 31). SPPL2a
cleaves the N-terminal fragment (NTF) of the invariant chain (Ii;
CD74) and is essential for the normal development of B cells and
myeloid dendritic cells (32-34). SPPL2a has also been shown to
cleave Fasligand (FasL) to generate an intracellular domain (ICD)
that negatively regulates B and T cell activation and proliferation
downstream of antigen receptor triggering (35). Both SPPL2a and
SPPL2b can cleave tumor necrosis factor alpha (TNF-a) to pro-
duce an ICD that elicits production of the proinflammatory cyto-
kine interleukin 12 (IL-12) by bone marrow-derived dendritic
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cells (36). Immunity-related functions of SPPL2c and SPPL3 are
as yet unknown, and physiologically validated substrates for these
proteins have not been identified.

To identify novel modulators of NFAT function, we adapted a
transcriptional target-based expression cloning approach (37, 38)
and isolated SPPL3 as an NFAT activator. We report here that
SPPL3 modulates antigen receptor signaling to NFAT by promot-
ing the optimal association of STIM1 and Orail during SOCE.
Surprisingly, SPPL3 functions in this pathway in a protease-inde-
pendent manner.

MATERIALS AND METHODS

Expression cloning screen. Pools of 100 cDNAs from a mouse thymus
cDNA library (OriGene Technologies, Inc.) were screened as described
previously (38), except that 20 ng of the NFAT,-IFN-LUC construct was
used as a reporter.

Expression constructs. Full-length SPPL3 cDNA in pCMV6-XL4 iso-
lated from a mouse thymus cDNA library was cloned into pcDNA3 (In-
vitrogen) in frame with an N-terminal myc or FLAG tag. myc-SPPL3 was
also cloned into pEBB. mCherry was cloned upstream of myc to create
mCherry-myc-SPPL3 pcDNA3. Human SPP and SPPL2b ¢DNAs (Ori-
Gene) were cloned into pcDNA3 containing a C-terminal FLAG tag. For
SPP, FLAG was encoded downstream of the KKXX ER retention motif.
The SPPL3 D200A and D271A mutations were generated by PCR-based
mutagenesis. Untagged full-length SPPL3 flanked by a 25-bp 5’ untrans-
lated region (5’ UTR) and a 1,593-bp 3’ UTR was cloned into pEBB and
was used for RNA interference (RNAI) rescue and 293T immunoprecipi-
tation (IP) experiments. Rluc8 was cloned downstream of SPPL3 in
pcDNA3, and 3 copies of the sequence LDASTFIRPALVTTS were in-
serted to extend the linker between SPPL3 and Rluc8.

Soluble mCherry was a gift from Mollie Meffert. Green fluorescent
protein-tagged NFAT4 (GFP-NFAT4) (39) was a gift from Jun Liu. myc-
PSI pRK5 was a gift from Paul Worley. CRACM1.WT-myc-His and
FLAG-CRACM1.E106Q pIRES2-EGFP (gifts from Monika Vig [20])
were subcloned into pcDNA3. Orail-myc-Rluc8 was made by replacing
the His tag in Orail-myc-His with Rluc8. Wild-type (WT) myc-STIM1
PRKS5 and myc-STIM1 D76A pRKS5 (gifts from Paul Worley) (40) were
subcloned into pcDNA3 such that the myc epitope was located down-
stream of the signal sequence cleavage site. PCR was used to generate the
panel of myc-STIM deletion constructs diagramed in Fig. 8A and to in-
troduce the 4EA (E-to-A mutations at residues 318, 319, 320, and 322
[15]), L251S, and L416S L423S (10) mutations into myc-STIM1 in
pcDNA3. The STIM1 CAD (residues 342 to 448 [12]) was amplified by
PCR and was cloned into pEBG downstream of glutathione S-transferase
(GST). The linker between GST and CAD was extended by the insertion of
five repeats of the sequence GGSGKD. Constitutively active phospho-
lipase Cyl (PLCy1 D1019L Y509A F510A) was a gift from Matilda Katan
(41), and constitutively active calcineurin 32(1-401) was a gift from Jun
Liu (42). CA-NFAT2 (plasmid 11102) (43), yellow fluorescent protein-
tagged Orail (Orail-YFP) (plasmid 19756), and STIM1-YFP (plasmid
19754) were obtained from Addgene. D1ER was a gift from Amy Palmer
(GenBank accession no. AY796115 [44]).

Cell culture. HEK293T and human Jurkat T cells were grown as de-
scribed previously (45). HeLa cells were cultured identically to HEK293T
cells. Chicken DT40 B cells (from Tomohiro Kurosaki [46]) were grown
in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1%
chicken serum, 100 U/ml each of penicillin and streptomycin, 2 mM glu-
tamine, and 50 wM B-mercaptoethanol under humidified 5% CO, at
39.5°C.

HEK293T reporter assays. HEK293T reporter assays were performed
as described previously (45, 47), except that 20 ng NFAT,-IFN-LUC was
used as the reporter. For FK506 treatment, the medium was replaced
following transfection with a medium containing 10 nM FK506 (LC Lab-
oratories). For Western blotting, corresponding Promega reporter lysis
buffer lysates with equivalent 3-galactosidase (3-gal) activities were incu-
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bated at 65°C for 15 min in the presence of SDS loading buffer and were
separated by SDS-PAGE on 10% gels. Membranes were blotted with anti-
myc (catalog no. sc-40; Santa Cruz) and anti-FLAG (M2; catalog no.
IB13026; Eastman Kodak) antibodies using the Immun-Star WesternC
ECL kit (Bio-Rad). The experiment for which results are shown in Fig. 1H
was carried out as described above, except that HEK293T cells were trans-
fected with 400 ng total DNA for reporter activity assessment. For West-
ern blotting, HEK293T cells were plated at 5 X 10°/well in 6-well plates
and were transfected as described above. Cells were harvested as described
previously (48), except that triplicate wells were pooled and resuspended
in 350 pl modified buffer A, in which a protease inhibitor cocktail (catalog
no. P8340; Sigma) was substituted for leupeptin, pepstatin A, and
aprotinin. After the nuclear fraction was discarded, buffer D was added
to the supernatant. Samples were incubated at 65°C for 15 min, loaded
according to normalized (-gal activity, and separated by SDS-PAGE
ona 10% gel.

Jurkat T cell reporter assays. Jurkat T cells were transfected as de-
scribed previously (45), except that 1,500 ng NFAT,-IFN-LUC was used
as the reporter. For drug experiments, cells were treated with 10 nM
FK506 24 h after transfection. Cells were stimulated with 1 pg/ml each of
anti-CD3 (catalog no. 555329; BD Pharmingen) and anti-mouse IgG1
(catalog no. 553440; BD Pharmingen) 5 h prior to harvest. In some cases,
anti-CD28 (catalog no. 555725; BD Pharmingen) was also used. Alterna-
tively, cells were stimulated with 50 nM thapsigargin (catalog no. T9033;
Sigma) plus 50 ng/ml phorbol myristate acetate (PMA) (catalog no.
P1585; Sigma).

DT40 cell transfections. WT DT40 cells and IP; receptor (IP;R)
knockout (KO) cells were transfected using Nucleofector kit T (Lonza)
and Nucleofector IT (Amaxa) as described previously (49). A total of 23 pg
DNA was used, including 10 pg NFAT,-IFN-LUC, 5 g CskA-lacZ, an
expression vector for the indicated protein, and an empty parental vector
to ensure equivalent total DNA. Lysates were assayed for luciferase and
B-gal activities. For anti-IgM stimulation, cells were serum starved for 12
h prior to treatment with 3 pg/ml anti-IgM (catalog no. 8300-01; South-
ern Biotech) for 5 h.

Confocal microscopy. To assess NFAT nuclear translocation,
HEK293T cells plated at 3.6 X 10*/dish in 10-mm microwells of 35-mm
glass-bottom petri dishes (catalog no. P35G-0-10-C; MatTek) were trans-
fected 24 h later with 400 ng total DNA using TransIT-LT1 (Mirus Bio
LLC). Cells were imaged 12 to 16 h later on an LSM 5 Pascal confocal
microscope (Zeiss) at 37°C.

Anti-SPPL3 antibody design and production. GST-SPPL3 (amino
acids 213 to 260) in pGEX-6P-1 (GE Healthcare) was transformed into
Rosetta 2 or Rosetta 2(DE3) competent cells (Novagen) for isopropyl-3-
D-thiogalactopyranoside (IPTG)-induced expression. The fusion protein
was purified on glutathione-Sepharose 4 Fast Flow (GE Healthcare) by
standard methods and was used by Covance Research Products, Inc., as
described previously (50).

HEK293T immunoprecipitation. HEK293T cells were plated at 5 X
10%/well in 6-well plates and were transfected 24 h later with 3 ug total
DNA per well using TransIT-LT1. The medium was changed 24 h later,
and cells were harvested as described previously (50). For FLAG coimmu-
noprecipitation, samples were optionally precleared twice for 30 min each
time. While 35 pl was saved as a whole extract, 350 .l were incubated with
0.8 to 1 ug of anti-FLAG antibody (catalog no. F7425; Sigma) for 2 to 3 h,
followed by incubation with 7-pl bed volume of protein G-Sepharose 4
Fast Flow (GE Healthcare) for 1 to 2 h, all with rotation at 4°C. Beads were
washed and were then eluted twice with 100 pg/ml FLAG peptide (catalog
no. F3290; Sigma). Pooled eluates containing buffer D were incubated at
65° for 15 min and were analyzed by Western blotting with anti-myc,
anti-FLAG, anti-SPPL3, or anti-GST (catalog no. G018; ABM) using the
Pierce ECL substrate (Thermo Fisher). For GST pulldown, samples were
precleared twice for 30 min each time with protein G-Sepharose. After
incubation with glutathione-Sepharose 4 Fast Flow for 2.5 h, beads were
washed and were resuspended in 30 pl 5X buffer D. Samples were incu-
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bated at 65°C for 15 min and were analyzed by Western blotting with
anti-FLAG and anti-GST (catalog no. sc-459; Santa Cruz) using a Pierce
or Immun-Star WesternC ECL kit. For the experiments for which results
are shown in Fig. 8D and E, the contents of 3 wells of a 6-well plate were
pooled into one sample.

Calcium imaging by flow cytometry. HEK293T cells were plated at
5 X 10°/well in 6-well plates and were transfected 24 h later with 2.5 pg
total DNA per well using the TransIT-LT1 reagent. Cells were analyzed 20
to 24 h after transfection. Pools of 3 wells were trypsinized and were
washed with phosphate-buffered saline (PBS). After a 25-min incubation
at room temperature with 7 uM Indo-1 AM (catalog no. 11226; Invitro-
gen) in cation-safe solution supplemented with 2 mM CaCl, and 0.1%
bovine serum albumin (BSA) (51), cells were washed twice with Ca? " -free
buffer. Samples were stimulated with 1 uM thapsigargin (Sigma) and 2
mM CaCl,.

Jurkat cells were also washed with PBS and were loaded with Indo-1 as
indicated for HEK293T cells. Cells resuspended in Ca>" -free buffer were
treated either with 0.1 pg/ml anti-CD3 and anti-mouse IgG1, with 0.5
pg/ml anti-CD3, anti-CD28, and anti-mouse IgGl, or with 0.01 uM
thapsigargin followed by 2 mM Ca?* and 2 wM ionomycin (catalog no.
10634; Sigma). Data were collected on an LSR II flow cytometer (BD).
Statistical calculations were carried out using data analyzed by FlowJo
software (TreeStar). The Indo-1 ratio was manually calculated as a derived
parameter, by dividing the Indo-1 Violet value by the Indo-1 Blue value.
For HEK293T cell experiments, mean basal, peak, and plateau values were
determined over a 2-s time slice gated on live, GFP-positive cells and were
normalized to values for GFP-only cells. For Jurkat cell experiments,
mean basal, peak, and plateau values were determined over a 2-s time slice
gated on live cells, excluding cells with Indo-1 Blue values close to zero,
and were normalized to values for control nontarget short hairpin RNA
(shRNA)-expressing cells (shNT cells). The number of cells within the
time slice ranged from ~150 to 650 for HEK293T cell experiments and
from ~1,000 to 3,000 for Jurkat cell experiments. Means, standard devi-
ations, and numbers of cells in the time slice were exported from Flow]Jo
statistical analysis, and P values were calculated using means, standard
errors of the means (SEM), and numbers of cells in the time slices in an
unpaired, two-tailed ¢ test calculator from GraphPad Prism. In the figures,
error bars represent SEM and single asterisks represent a P value of
<0.001. To determine the ER release rate following thapsigargin applica-
tion or antibody stimulation, or the Ca®" influx rate following the resto-
ration of extracellular Ca®*, slopes were calculated by dividing the change
in the Indo-1 ratio by the time elapsed over an interval between two time
points, A and B. The uncertainty in the slope was calculated as the differ-
ence between the maximum and minimum slopes (using mean Indo-1
ratio values = SEM at A and B), divided by 2.

Lentivirus-mediated stable knockdown lines. Replication-incompe-
tent lentiviral vector pLKO.1 expressing shRNA was packaged into
HEK293T cells to infect HEK293T or Jurkat target cells, as described pre-
viously (50). HEK293T and Jurkat T cells were selected with 1 pug/ml and
0.5 png/ml puromycin (Sigma), respectively. The Mission nontarget
shRNA control vector (catalog no. SHC002; Sigma) (sense sequence, 5'-
CAACAAGATGAAGAGCACCAA-3'; loop sequence, 5'-CTCGAG-3')
was used as a control. Hairpins targeting STIM1 and Orail were kindly
provided by Rajini Rao (52). The SPPL3-specific sShRNAs were shSPPL3-1
(sense sequence, 5'-GAACAAGATTTCCTTTGGT-3'; loop sequence, 5'-
TTCAAGAGA-3") and shSPPL3-2 (sense sequence, 5'-CCTGGTCTCCT
ACTATGCTTT-3'; loop sequence, 5'-CTCGAG-3'.

To confirm protein knockdown, cells were lysed, and the protein con-
centration was determined as described previously (50). Samples contain-
ing SDS loading buffer were incubated at 65°C for 15 min and were re-
solved by Western blotting with anti-STIM1 (catalog no. 610954; BD
Biosciences), anti-Orail (catalog no. AB9868; Millipore), anti-p-tubulin
(catalog no. AA12.1; Developmental Studies Hybridoma Bank), anti-IkB
kinase alpha (anti-IKKa) (catalog no. SC-7606; Santa Cruz), and anti-
SPPL3. To determine RNA levels, RNA was isolated from SPPL3 knock-
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down Jurkat T cells using TRIzol reagent (Invitrogen) and was reverse
transcribed using random hexamers (Qiagen), a deoxynucleoside triphos-
phate (dNTP) mixture (New England Biolabs [NEB]), RNase inhibitor
(NEB), and Moloney murine leukemia virus (M-MLV) reverse transcriptase
(Promega). Reverse transcription-quantitative PCR (RT-qgPCR) was per-
formed on a CFX Connect system (Bio-Rad) using Maxima Probe/ROX
qPCR master mix (Fermentas) and TagMan gene expression assay sets (Ap-
plied Biosystems) for human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (catalog no. 4352934), SPPL3 (catalog no. 00293370 and
01000610), IL-2 (catalog no. 00174114), TNF-a (catalog no. 01113624),
gamma interferon (IFN-vy) (catalog no. 00989291), granulocyte-macrophage
colony-stimulating factor (GM-CSF) (catalog no. 00929873), and FasL (cat-
alog no. 00181225), and results were analyzed using the standard-curve
method.

FRET. HEK293T cells plated at 2 X 10°/dish in 35-mm glass-bottom
petri dishes with 14-mm microwells (catalog no. P35G-0-14-C; MatTek)
were TransIT-LT1 transfected 24 h later with 1 pg total DNA, including
500 ng DIER and 200 ng mCherry-myc-SPPL3. Cells with similar
mCherry intensities were used as a negative control. As described previ-
ously (53, 54), 40 to 48 h after transfection, cells were washed twice in
Ca**-free Hanks balanced salt solution (HBSS) (1 HBSS, 2 g/liter p-glu-
cose, 20 mM HEPES, 1 g/liter MgCl,-6H,0, 1 g/liter MgSO,-7H,O [pH
7.4]) and were stimulated with 4 uM thapsigargin followed by 5 pM
ionomycin plus 5 mM EGTA. Imaging was performed on an Axiovert
200M microscope (Zeiss) using a 40X oil immersion objective lens (nu-
merical aperture [NA], 1.3) and MetaFluor software. The filter sets used
have been described previously (55). The fluorescence resonance energy
transfer (FRET) ratio (R) was calculated as (FRET channel emission in-
tensity — FRET channel emission intensity of background)/(cyan fluores-
cent protein [CFP] channel emission intensity — CFP channel emission
intensity of background).

BRET assays. HEK293T cells were plated at 9 X 10*/well in 24-well
plates and were transfected 24 h later with 500 ng total DNA per well using
TransIT-LT1 or 350 ng total DNA per well using CaPO,,. The medium was
changed 20 to 24 h later, and cells were harvested 40 to 44 h after trans-
fection. In a procedure modified from that of Hamdan et al. (56), after
trypsinization, HEK293T cells were resuspended in 250 wl Dulbecco’s
PBS, 1X (DPBS; Gibco). Measurements were collected using the TriStar
LB 941 multimode microplate reader (Berthold Technologies). Fluores-
cence was measured in black 96-well plates by exciting cells at 485 nm and
recording emission at 535 nm, while bioluminescence resonance energy
transfer (BRET) was measured in white 96-well plates 10 to 40 min after
the addition of coelenterazine-h to a final concentration of 5 uM (catalog
no. S2011; Promega). Rluc8 emission was detected over 1 s at 480 nm, and
YFP emission was detected over 1 s at 540 nm. To calculate milli-BRET
(mBRET) values, background-corrected YFP/Rluc8 ratios of Rluc8-only
samples were subtracted from corresponding ratios of Rluc8-plus-YFP
samples, and the difference was multiplied by 1,000. Acceptor/donor ra-
tios were calculated by dividing corrected YFP fluorescence by Rluc8 ac-
tivity. Jurkat cells transfected with 3 g total DNA using TransIT-LT1 as
described above were resuspended in 200 pl DPBS and were treated with
1 pg/ml IgG or anti-CD3 plus IgG. Following the addition of 5 uM coel-
enterazine-h, BRET was measured as described above.

Subcellular fractionation. For each time point, 1.2 X 107 control or
SPPL3-knockdown Jurkat cells were either left unstimulated or treated
with 1 wg/ml anti-CD3 and anti-mouse IgG1 at a density of 1.2 X 10%/ml.
Samples were plunged into an ice water bath, centrifuged at 423 X gfor 5
min, and washed with cold PBS. Cell pellets were resuspended in 500 .l
hypotonic lysis buffer (10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM dithiothreitol [DTT]) supplemented with protease inhibitor
cocktail and were incubated for at least 30 min. After 15 strokes with a
prechilled Dounce homogenizer (loose pestle A), cells were spun at 228 X
g for 5 min. The supernatant was saved as the cytoplasmic fraction. Nu-
clear pellets were resuspended in 50 .l buffer C as described previously
(38). Equal protein samples containing SDS loading buffer were incu-
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bated at 65° for 15 min and were resolved by Western blotting with anti-
NFAT1 (catalog no. ab2722; Abcam), anti-caspase-3 (catalog no. 9662;
Cell Signaling Technology), and anti-Oct-1 (catalog no. MAB5434; Mil-
lipore).

RESULTS

SPPL3 is a specific NFAT activator. To identify unrecognized
modulators of the signaling pathway to NFAT, we used a tran-
scriptional target-based expression cloning approach (37, 38).
Pools of clones from a mouse thymus cDNA expression library
were cotransfected at a complexity of 100 cDNAs per pool with an
NFAT-responsive luciferase reporter, NFAT,-IFN-LUC, into
HEK293T cells and were assayed for the ability to activate the
reporter 3-fold or more relative to the empty expression vector.
From one positive pool, sib selection to identify the individual
clone responsible for the pool’s activity led to the purification of a
c¢DNA encoding SPPL3. Transient expression of SPPL3 in
HEK293T cells activated the NFAT reporter in a dose-dependent
manner (Fig. 1A). Treatment with FK506, an inhibitor of cal-
cineurin, completely abrogated SPPL3 activity (Fig. 1A), suggest-
ing the dependence of SPPL3 activity on endogenous NFAT sig-
naling pathway components. SPPL3 failed to activate a mutated
reporter with disrupted NFAT-binding sites and an NF-kB-re-
sponsive reporter and only minimally activated an AP-1 reporter
(Fig. 1B). Similar results were observed in Jurkat T cells (Fig. 1C
and D).

To independently assay NFAT activation, we assessed the effect
of SPPL3 expression on the nuclear translocation of GFP-NFAT in
HEK293T cells. GFP-NFAT localized to the cytoplasm in control
cells expressing mCherry alone, but coexpression with mCherry-
myc-SPPL3 induced nuclear translocation (Fig. 1E). The localiza-
tion pattern of mCherry-myc-SPPL3 was consistent with previous
work showing that overexpressed SPPL3 localizes to the ER or the
Golgi apparatus (36, 57).

We compared the activity of SPPL3 to those of several related
members of the intramembrane aspartyl protease family (30, 58,
59). SPPL3 displayed much higher activity in the NFAT luciferase
reporter assay than SPP, SPPL2b, or PS1 (Fig. 1F and G), suggest-
ing a unique capability for this family member. To test whether the
putative proteolytic activity of SPPL3 was required for NFAT ac-
tivation, we mutated SPPL3 residues D200 and D271, which oc-
cupy the YD and GXGD active-site motifs shared by intramem-
brane aspartyl proteases (60). The mutation of D271 has been
shown previously to abolish SPPL3 proteolytic activity (61).
Changing D200 and D271 to alanine in SPPL3 had no effect on
NFAT stimulation (Fig. 1H), suggesting that SPPL3 signaling to
NFAT is independent of protease activity.

SPPL3 is required for NFAT activation by TCR signaling. To
test whether SPPL3 is required at endogenous levels for receptor-
induced signaling to NFAT, we stably knocked down SPPL3 ex-
pression in Jurkat T cells by lentivirus-mediated RNAi and assayed
the effect on TCR-stimulated NFAT reporter activation. Two dif-
ferent shRNAs targeting SPPL3 decreased anti-CD3-induced
NFAT reporter activation at least 4-fold from that observed with
the control nontarget shRNA (Fig. 2A). These hairpins,
shSPPL3-1 and shSPPL3-2, stably knocked down SPPL3 by 54%
and 59% at the RNA level and by 59% and 77% at the protein level,
respectively (Fig. 2B and C) without any effect on pathway com-
ponents STIM1 and Orail. Analysis of nuclear and cytoplasmic
fractions revealed reduced anti-CD3-induced nuclear transloca-
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tion and dephosphorylation of endogenous NFAT1 in SPPL3
knockdown cells relative to control cells (Fig. 2D). The TCR-me-
diated upregulation of several NFAT-dependent target genes (62),
including TNF-a, GM-CSF, IFN-v, and FasL, was also reduced in
SPPL3 knockdown cells as measured by RT-qPCR (see Fig. S1 in
the supplemental material). SPPL3 knockdown also reduced
NFAT activation by anti-CD3 plus anti-CD28 cross-linking by
3.3-fold (Fig. 2E) and reduced NF-kB activation by the same stim-
ulus by 1.7-fold (Fig. 2F). To validate RNAi specificity, we ex-
pressed hairpin-resistant murine SPPL3 in human Jurkat SPPL3
knockdown lines. At levels that did not activate NFAT in the ab-
sence of stimulation, SPPL3 rescued anti-CD3-mediated NFAT
activation in SPPL3 knockdown cells to the level seen in control
cells (Fig. 2G). Moreover, SPPL3 D200A D271A also rescued
NFAT activation in SPPL3 knockdown cells (Fig. 2G). These ex-
periments indicate that endogenous SPPL3 is required for optimal
TCR signaling to NFAT and suggest that the putative aspartyl
protease activity of SPPL3 is not required for its role in this
pathway.

To further explore the dependence of TCR signaling to NFAT
on SPPL3 expression levels, we titrated SPPL3 in wild-type Jurkat
T cells. As shown in Fig. 2H, increasing SPPL3 levels potently
enhanced the magnitude of NFAT activation following anti-CD3
treatment. These results confirm that the extent of TCR signaling
to NFAT is highly dependent on the levels of SPPL3 expression.

SPPL3 is required for optimal TCR-induced Ca** influx. To
resolve where SPPL3 functions in the TCR pathway, we took ad-
vantage of several gain-of-function mutants. During TCR signal-
ing, PLCy converts phosphatidylinositol-4,5-bisphosphate into
diacylglycerol and IP; the latter acts on IP; receptors to induce
Ca*" release from the ER during SOCE. Transient expression of
constitutively active PLCy1 (41) in control cells robustly activated
the NFAT reporter but elicited reduced NFAT activation in SPPL3
knockdown Jurkat T cells (Fig. 3A), indicating a requirement for
SPPL3 downstream of PLCy. This effect could be rescued by res-
toration of SPPL3 expression (Fig. 3A). Since SPPL3 knockdown
cells displayed reduced dephosphorylation and nuclear transloca-
tion of endogenous NFAT1 (Fig. 2D), we suspected that SPPL3
would act upstream of calcineurin. Consistent with this, both con-
stitutively active calcineurin (42) and NFAT?2 (43) stimulated re-
porter activity equally well in control and SPPL3 knockdown cells
(Fig. 3B and C), suggesting that SPPL3 acts upstream of calcineu-
rin during signaling.

In the TCR pathway, calcineurin activity depends on the
SOCE-mediated increase in cytoplasmic Ca*" levels. To test
whether SPPL3 acts upstream or downstream of receptor-induced
Ca*" influx, we assessed anti-CD3-mediated changes in cytoplas-
mic Ca®* levels in SPPL3 knockdown and control Jurkat T cells
using the ratiometric Ca** indicator Indo-1 in a flow cytometry
assay. SPPL3 knockdown by both hairpins shSPPL3-1 and
shSPPL3-2 resulted in statistically significant reductions in the
anti-CD3-induced Ca*" influx peak (13% and 14%, respectively)
and Ca®”" influx plateau (16% and 17%) compared to those for the
control shNT line (Fig. 3D; see also Fig. S2A in the supplemental
material). The rate of Ca®" influx was lower in SPPL3 knockdown
cells by 44% (shSPPL3-1) and 40% (shSPPL3-2) (Fig. 3D; see also
Fig. S2C). While the shSPPL3-1 cell line displayed a 14% reduc-
tion in the anti-CD3-induced ER Ca®" release peak, the
shSPPL3-2 cell line displayed only a 3% reduction in this param-
eter (Fig. 3D; see also Fig. S2A). The effects of SPPL3 knockdown
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were smaller than those achieved by knockdown of STIM1 and  36%, and the Ca*>" influx rate by 85% and 91%, respectively (Fig.
Orail, two well-established mediators of SOCE, which reduced  3D; see also Fig. S2A). Control and SPPL3 knockdown Jurkat T
the ER Ca®" release peak by 21% and 42%, respectively, the Ca**  cells were also treated with anti-CD3 in the presence of anti-CD28
influx peak by 43% and 47%, the Ca>* influx plateau by 36% and  costimulation, which potentiates signaling from the TCR to
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NFAT. As shown in Fig. 3E, shSPPL3-1 knockdown cells displayed
statistically significant reductions in the anti-CD3- and anti-
CD28-induced Ca*" influx peak and plateau (reductions of 16%
and 119%, respectively) (Fig. 3E; see also Fig. S2D in the supple-
mental material). The rate of Ca?" influx was 26% lower in
shSPPL3-1 cells than in shNT cells (Fig. 3E; see also Fig. S2F).
Similar reductions in these parameters were observed with the
shSPPL3-2 cell line (data not shown). While the shSPPL3-1 cell
line showed a 15% reduced ER Ca’" release peak, no significant
reduction in this parameter was observed with the shSPPL3-2 cell
line following treatment with both anti-CD3 and anti-CD28 (Fig.
3E; see also Fig. S2D) (data not shown). Together, these results
suggest that SPPL3 functions to enhance Ca®" influx and sustain
elevated cytoplasmic Ca** levels following TCR engagement.

We also treated control and SPPL3 knockdown T cells with
thapsigargin, which promotes ER Ca®" release by inhibiting the
sarcoplasmic/ER Ca®* ATPase (SERCA) pump, which is respon-
sible for ER Ca®" loading. SPPL3 knockdown cells displayed 51%
(shSPPL3-1) and 48% (shSPPL3-2) reductions in the passive ER
release rate and an ER release peak that was reduced by 20% in the
shSPPL3-1 line and 10% in the shSPPL3-2 line (Fig. 3F; see also
Fig. S2G and H in the supplemental material). The resulting Ca**
influx peak was reduced by 9% (shSPPL3-1) and 21% (shSPPL3-
2), while the influx plateau was reduced by 13% (shSPPL3-1) and
28% (shSPPL3-2) (Fig. 3F; see also Fig. S2G). The data suggest that
in the absence of TCR engagement, SPPL3 contributes to the pas-
sive release of Ca®" from the ER, which is normally opposed by
SERCA pump activity.

We next assessed the effect of SPPL3 overexpression on ER
Ca’* release and the resultant Ca>" influx by using HEK293T
cells, which have high transfection efficiency. We found that
SPPL3 overexpression elevated basal cytoplasmic Ca®" levels and
enhanced Ca®" influx in a dose-dependent manner (Fig. 4A; see
also Fig. S3A in the supplemental material). Furthermore, SPPL3
overexpression dampened the release of ER Ca”>™ stores after
thapsigargin treatment in the absence of extracellular Ca>* (Fig.
4B; see also Fig. S3C to E), suggesting that overexpressed SPPL3
was sufficient to induce Ca®" release from the ER prior to thapsi-
gargin application. To assess the effect of SPPL3 on ER Ca’* levels
directly, we used the ER-targeted Ca®" sensor DI1ER (44), which
exhibits FRET at the high basal ER Ca** concentration but whose
FRET ratio diminishes as the ER Ca®" concentration drops during
ER Ca’" release. High mCherry-myc-SPPL3 overexpression was
sufficient to lower the D1ER FRET, compared to that observed for
control cells expressing mCherry, and occluded the response in
the FRET assay to thapsigargin treatment (Fig. 4C and D), consis-

Nonproteolytic Function for SPPL3 in TCR Signaling

tent with the conclusion that SPPL3 overexpression can induce ER
Ca’™ release.

SPPL3 activity does not require IP; receptors but does re-
quire STIM1. We hypothesized that when overexpressed, SPPL3
might promote ER Ca** release through an interaction with IP,
receptors (IP;Rs), since presenilin mutations found in familial
Alzheimer’s disease (AD) can enhance IP;R gating (63). To test
this possibility, we overexpressed SPPL3 in DT40 cells deficient in
all three IP;R isoforms (46), which fail to activate NFAT following
anti-IgM antigen receptor cross-linking (Fig. 5A). SPPL3 stimu-
lated NFAT activity in the absence of IP;R, arguing against the
modulation of IP;R activity as a possible mechanism for SPPL3
activation of NFAT (Fig. 5B).

In the ER, STIMI senses decreases in ER Ca’* levels and un-
dergoes conformational changes that allow it to bind to and acti-
vate the Orail CRAC channel at the plasma membrane. To test
whether STIM1 was required for the activity of overexpressed
SPPL3, we knocked down STIM1 in HEK293T cells by lentivirus-
mediated RNAi. STIM1-deficient cells were defective in SPPL3-
mediated NFAT activation (Fig. 5C; see also Fig. S5 in the supple-
mental material), consistent with the possibility that SPPL3
overexpression activates NFAT by promoting ER Ca®" release up-
stream of STIM1 activation.

SPPL3 is required for the optimal inducible association of
STIMI1 and Orail following TCR engagement. The reduced Ca**
influx observed in SPPL3 knockdown cells following TCR cross-
linking (Fig. 3D and E) suggested that the TCR-induced associa-
tion of STIM1 and Orail might be suboptimal in these cells. To
test this possibility, we developed a bioluminescence resonance
energy transfer (BRET) assay for STIM1 and Orail binding using
STIM1-YFP and Orail-myc-Rluc8 fusions, since the inducible as-
sociation of endogenous STIM1 and Orail was not detectable in
immunoprecipitation studies using available antibodies. In this
assay, live cells are incubated with coelenterazine-h, a substrate of
the Renilla luciferase derivative Rluc8. Energy generated by the
reaction of Rluc8 with its substrate can be transferred to a YFP
acceptor, provided the distance between the donor and acceptor is
100 A or less (56). The resultant YFP fluorescence can be quanti-
tated in a luminometer with appropriate emission filters. We
monitored the anti-CD3-induced BRET between STIM1-YFP and
Orail-myc-Rluc8 in control and SPPL3 knockdown Jurkat T cells.
Treatment of control T cells with anti-CD3 induced BRET be-
tween STIM1-YFP and Orail-myc-Rluc8, which was sustained for
the 35-min duration of the assay, while the control anti-IgG treat-
ment did not induce BRET (Fig. 6A). In SPPL3 knockdown cells,
anti-CD3 treatment induced BRET between STIM1-YFP and

FIG 2 SPPL3 is required for TCR-induced NFAT activation. (A) NFAT,-IFN-LUC reporter activity in stable SPPL3 knockdown (shSPPL3-1 or shSPPL3-2) or
control (shNT) Jurkat T cells stimulated with 1 wg/ml anti-CD3 for 5 h. (B) RT-qPCR demonstrates 54% and 59% knockdown of SPPL3 mRNA in the shSPPL3-1
and shSPPL3-2 lines, respectively, compared to the level in the control shNT line. (C) Western blot analysis with anti-SPPL3 illustrates 59% and 77% knockdown
of SPPL3 protein in the shSPPL3-1 and shSPPL3-2 lines, respectively, compared to the level in the control shNT line. (D) Analysis of cytoplasmic and nuclear
fractions from shNT and shSPPL3-1 lines demonstrates reduced dephosphorylation and nuclear translocation of endogenous NFAT1 following anti-CD3
treatment in the shSPPL3-1 line. To equalize protein loading in all lanes, each nuclear extract sample contains ~6-fold more cell equivalents than its corre-
sponding cytoplasmic extract. In unstimulated cells, therefore, ~86% of the total phosphorylated NFAT1 species fractionates into the cytoplasmic extract, while
~14% fractionates into the nuclear extract. (E) NFAT,-IFN-LUC (NFAT) reporter activities in stable SPPL3 knockdown Jurkat T cells stimulated with 1 wg/ml
anti-CD3 plus anti-CD28 for 5 h. (F) Igk,-IFN-LUC (NF-kB) reporter activities in stable SPPL3 knockdown Jurkat T cells stimulated with 1 pg/mlanti-CD3 plus
anti-CD28 for 5 h. (G) (Top) NFAT,-IFN-LUC reporter activity in control (shNT) or stable SPPL3 knockdown (shSPPL3-2) Jurkat T cells stimulated with 1
wg/ml anti-CD3 for 5 h. shSPPL3-2 Jurkat T cells were transfected with WT or mutant hairpin-resistant murine SPPL3 to test for rescue of the RNAi effect.
(Bottom) Western blot of lysates from HEK293T cells transfected with WT SPPL3 or SPPL3 D200A D271A and probed with anti-SPPL3. Expression of the double
mutantis ~50 to 60% lower than that of the WT protein at the identical ng level of transfected expression vector. (H) NFAT,-IFN-LUC reporter activity in Jurkat
T cells transfected with myc-SPPL3 and either left untreated (Unstim) or stimulated with 1 pug/ml anti-CD3 for 5 h.
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FIG 3 SPPL3 functions downstream of PLCry and upstream of Ca®" influx. (A to C) Control (shNT) and SPPL3 knockdown (shSPPL3-1) Jurkat T cell lines were
transfected with constitutively active (ca) mutants of PLCy1 (A), calcineurin (B), or NFAT2 (C) and were assayed for NFAT,-IFN-LUC reporter activity. In panel A,
SPPL3 knockdown cells were also cotransfected with hairpin-resistant murine SPPL3 to test for rescue of the RNAi effect. (D) Indo-1 Ca>* measurements in control
(shNT), SPPL3 knockdown (shSPPL3-1 or shSPPL3-2), STIM1 knockdown (shSTIM1), or Orail knockdown (shOrail) Jurkat T cell lines washed in Ca®> " -free buffer
and treated with 0.1 p.g/ml anti-CD3 followed by 2 mM Ca®" and 2 wM ionomycin. (E) The same experiment as for panel D except that cells were stimulated with 0.5
pg/ml anti-CD3 and anti-CD28 followed by 2 mM Ca*>" and 2 uM ionomycin. (F) The same experiment as for panel D except that cells were treated with 0.01 uM
thapsigargin followed by 2 mM Ca®" and 2 pM ionomycin. Data in panels D through F represent the results of experiments performed at least twice.
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FIG 4 Overexpression of SPPL3 induces ER Ca" release and Ca*" influx. (A and B) Indo-1 Ca** measurements in HEK293T cells transfected with GFP alone
or with GFP plus myc-SPPL3. Cells washed in Ca® " -free buffer were treated with 2 mM Ca** (A) or 1 uM thapsigargin followed by 2 mM Ca** (B). Samples were
gated on GFP for kinetic analysis. Data represent the results of experiments performed at least twice. (C) DIER Ca®" measurements in HEK293T cells transfected
with mCherry or mCherry-myc-SPPL3. Cells washed in Ca*" -free buffer were treated with 4 M thapsigargin followed by 5 uM ionomycin and 5 mM EGTA.
(D) Quantification of the data shown in panel C by calculating the difference between resting and minimum FRET ratios.

Orail-myc-Rluc8; however, the level of induction was signifi-
cantly lower than that for control cells (Fig. 6A) for the duration of
the assay. The results indicate that SPPL3 is required for optimal
interaction between STIM1 and Orail following TCR triggering.
SPPL3 is required for maximal activity of activated STIM1
variants. During SOCE, the drop in ER Ca** levels leads to con-
formational changes in STIM1 that activate the protein for Orail
binding. This process is driven by the dissociation of Ca** from
the cEF hand in the ER lumen, leading to STIM1 oligomerization,
and subsequent conformational changes in cytosolic STIM1 do-
mains that enable STIM1 to move stably to puncta and interact
with and activate Orail (26, 64, 65). Several constitutively active
variants of STIM1 that harbor mutations that convert STIM1 into
an active conformation independently of ER Ca®" release have
been reported. To probe whether SPPL3 functions after the con-
version of STIMI to an active conformation, at a step subsequent
to ER Ca** release, we tested whether several constitutively active

January 2015 Volume 35 Number 2
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STIM1 variants depend on SPPL3 for their ability to activate
NFAT.

We first tested whether the D76A mutant of STIM1 could by-
pass a requirement for SPPL3. This mutation in the cEF hand of
STIMI decreases its affinity for Ca®* and mimics the conversion
to an active STIM1 conformation normally induced by reduced
ER Ca®" levels. Transient expression of STIM1 D76A potently
activated the NFAT reporter in control Jurkat T cells but, surpris-
ingly, elicited reduced NFAT activation in SPPL3 knockdown T
cells (Fig. 6B), indicating that the D76A variant depends on SPPL3
for optimal activity. The defective STIM1 D76A activity observed
in SPPL3 knockdown cells could be rescued by restoration of
SPPL3 expression, verifying that the knockdown phenotype was
due to SPPL3 deficiency (Fig. 6B). Next, we tested the activities of
three hyperactive STIM1 variants with mutations in inhibitory
cytosolic domains that normally keep STIM1 inactive in the basal
state: the 4EA (15), L251S (10), and L416S L423S (10) mutations.
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Interestingly, each of these constitutively active STIM1 variants
was more active in control Jurkat T cells than in SPPL3 knock-
down T cells (Fig. 6C to E), and their phenotype in SPPL3 knock-
down cells could be rescued by SPPL3 expression, further sup-
porting the notion that SPPL3 is required for optimal STIM1
activity even after the conversion of STIM1 to an active confor-
mation. The hyperactivity of these STIM1 mutants results from
the constitutive exposure of the STIM1 CAD, which binds to and
activates Orail. Therefore, we tested whether NFAT activation by
a cytoplasmically expressed CAD was affected by SPPL3 defi-
ciency. Indeed, expression of a GST-CAD fusion protein induced
less NFAT activity in SPPL3 knockdown Jurkat T cells than in
control cells, and this effect could be rescued by restoration of
SPPL3 expression (Fig. 6F). These results suggest that SPPL3 func-
tions in the TCR pathway at a step subsequent to ER Ca”" release
following the conversion of STIM1 to an active conformation.
SPPL3 associates with STIM1 and can promote the binding
of the CAD to Orail. To investigate how SPPL3 influences STIM1
action on Orail, we first tested whether SPPL3 can associate with
STIM1. When coexpressed in HEK293T cells, SPPL3 associated
robustly with STIM1, as assayed by coimmunoprecipitation (Fig.
7A). To probe binding between SPPL3 and STIM1 in live cells, we
assayed BRET between SPPL3-Rluc8 and STIMI1-YFP in
HEK293T cells. We used the Ypet variant of YFP at comparable
levels of expression to gauge nonspecific BRET with SPPL3-Rluc8.
STIM1-YFP displayed specific BRET with SPPL3-Rluc8 in a dose-
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dependent manner (Fig. 7B), supporting the conclusion that
SPPL3 and STIMI1 can associate in live cells.

To assess whether SPPL3 could influence STIM1 binding to
Orail, we performed a coimmunoprecipitation assay in which
myc-STIMI is coexpressed in HEK293T cells with the dominant
negative mutant FLAG-Orail E106Q, which binds more robustly
and is less toxic than WT Orail in this assay. Indeed, coexpression
of SPPL3 did augment the interaction between STIM1 and Orail
(Fig. 7C). Interestingly, SPPL3 coexpression also improved the
association of STIM1 D76A with Orail (Fig. 7C), a finding con-
sistent with a potential role for SPPL3 downstream of ER Ca*"
release. In a live-cell assay, SPPL3 expression enhanced the BRET
between STIM1-YFP and Orail-myc-Rluc8 (see Fig. S6 in the sup-
plemental material).

Next, we used coimmunoprecipitation to map the domains of
STIMI1 that influence its association with SPPL3. A series of C-ter-
minal deletions of STIM1 revealed that the cytoplasmic portion of
STIM1 inhibits the interaction between STIM1 and SPPL3. The
1-237 STIM1 variant, which contains only the luminal and trans-
membrane regions of STIM1 (66), displayed a much greater asso-
ciation with SPPL3 than full-length STIM1 (Fig. 8A and B). This
inhibitory influence of the cytoplasmic region mapped to at least
three regions of STIMI, located between residues 237 and 250,
between residues 253 and 535, and between residues 635 and 652.
Furthermore, several deletions in the luminal region of STIMI,
including the EF hands (residues 63 to 128), the region just N-ter-
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(A) Induced BRET between STIM1-YFP and Orail-myc-Rluc8 in SPPL3 knockdown (shSPPL3-1) and control (shNT) Jurkat cells after stimulation with 1 pg/ml
anti-CD3 and addition of 5 uM coelenterazine-h. As a negative control, cells were treated with IgG. (B to F) NFAT luciferase activities of SPPL3 knockdown
Jurkat lines transfected with constitutively active myc-STIM1 D76A (B), myc-STIM1 4EA (C), myc-STIM1 L251S (D), myc-STIM1 L416S L423S (E), or
GST-CAD (F). In each panel, SPPL3 knockdown cells were also cotransfected with hairpin-resistant murine SPPL3 to test for rescue of the RNAI effect.
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FIG 7 SPPL3 associates with STIM1 and promotes STIM1 binding to Orail. (A) Coimmunoprecipitation of FLAG-SPPL3 and myc-STIM1 with an anti-FLAG
antibody after expression in HEK293T cells. IP, immunoprecipitation; IB, immunoblotting. (B) BRET assay in live HEK293T cells expressing SPPL3-Rluc8 and
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anti-FLAG antibody after expression in HEK293T cells.

minal to the EF hands (residues 29 to 62), and the region between
the SAM and transmembrane domains (residues 201 to 213), en-
hanced the ability of the 1-237 fragment of STIMI to associate
with SPPL3 (Fig. 8C). In contrast, the deletion of the SAM domain
(residues 131 to 200) had only a minimal effect on SPPL3 associ-
ation (Fig. 8C). These results reveal that the interaction between
SPPL3 and STIMI1 is influenced by multiple, distinct regions of
STIM1 that reside in both the ER lumen and the cytosol. In addi-
tion, these deletion analyses suggest that the transmembrane do-
main of STIM1 can minimally mediate association with SPPL3,
since this region is present in all variants of the STIM1 1-237
truncation construct that associate with SPPL3.

The fact that CAD-mediated NFAT activation was reduced in
SPPL3 knockdown cells (Fig. 6F) suggested that SPPL3 may asso-
ciate not only with the STIM1 transmembrane domain but also
with the CAD, potentially influencing CAD binding to Orail.
Consistent with this prediction, SPPL3 and the GST-CAD fusion
associated when coexpressed in HEK293T cells (Fig. 8D). Further-
more, SPPL3 promoted the association of GST-CAD with Orail
E106Q (Fig. 8E). Taken together, the NFAT reporter activation
and association studies suggest that SPPL3 functions in TCR sig-
naling to enhance CAD binding to Orail to maximize signal-in-
duced Ca*" influx.

DISCUSSION

Members of the intramembrane aspartyl protease family play a
variety of functional roles in the immune system, often dictated by
their proteolytic substrate specificities. Our results reveal a func-
tion for one of the least understood members of this family,
SPPL3, in signaling from the TCR to the NFAT transcription fac-
tor. Surprisingly, the activity of SPPL3 in this signaling pathway is
independent of its proteolytic activity. SPPL3 functions to en-
hance Ca®" influx and maximize the sustained increase in the
cytoplasmic Ca>* concentration following TCR triggering. SPPL3
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knockdown cells display reduced TCR-induced STIM1 and Orail
association, Ca®" influx, NFAT dephosphorylation, and nuclear
translocation, as well as reduced NFAT transcriptional activity.
Our data highlight two steps in TCR signaling that SPPL3 may
influence: ER Ca®™ store depletion and the association of STIM1
with Orail that occurs after the conversion of STIM1 to an active,
oligomerized conformation. A potential role for SPPL3 in store
depletion is supported by the fact that when overexpressed, SPPL3
clearly induces ER Ca*" release in an IP;R-independent manner
(Fig. 4 and 5). In addition, in unstimulated T cells at physiological
expression levels, SPPL3 contributes to the passive ER Ca®" re-
lease that is revealed following thapsigargin treatment (Fig. 3F).
While one SPPL3 knockdown line consistently displayed defects
in TCR-induced ER Ca®™ release (Fig. 3), the other line did not,
leaving open the possibility that SPPL3 influences ER Ca*" ho-
meostasis or ER store depletion following TCR engagement, pos-
sibly as a component of an ER leak channel or by influencing the
activity of a channel that contributes to ER Ca** release. A defect
in TCR-induced ER store depletion could explain the reduced
STIM1 and Orail association, Ca®" influx, NFAT dephosphory-
lation, and nuclear translocation, and the reduced NFAT tran-
scriptional activity, that we observe in SPPL3 knockdown cells
following TCR triggering, since these events occur as a result of the
conformational changes in STIM1 that are induced by the signal-
dependent release of Ca®" from the ER (26, 64, 65). Indeed, in our
BRET assay, which measures the induced association between
STIM1 and Orail in live T cells, SPPL3 knockdown cells displayed
a lower level of STIM1 and Orail binding following anti-CD3
treatment than control cells for the duration of the assay (Fig. 6A).
Furthermore, SPPL3 knockdown T cells consistently displayed a
reduced TCR-induced Ca*” influx rate, peak, and plateau (Fig. 3).
Although the effects of SPPL3 knockdown were not as large as
those seen with STIM1 and Orail knockdown, the failure to sus-
tain maximal cytoplasmic Ca®" levels in SPPL3 knockdown cells
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likely explains the effect on NFAT induction, since NFAT requires
sustained cytoplasmic calcium levels for its activation (67).

An independent role for SPPL3 in maximizing the interaction
of STIM1 and Orail at astep following the conversion of STIM1 to
an active oligomer is supported by the fact that several constitu-
tively active STIM1 mutants, which operate independently of ER
Ca*" levels, still required SPPL3 for maximal activity (Fig. 6).
Even the activity of the soluble STIM1 CAD construct, which is
not tethered to the ER but can still bind and activate Orail inde-
pendently of changes in ER Ca®", was affected by SPPL3 knock-
down. In addition, our immunoprecipitation studies revealed that
SPPL3 associates with STIM1 and promotes its interaction with
Orail (Fig. 7 and 8). Importantly, SPPL3 also promoted the bind-
ing of the STIM1 D76A mutant and the CAD to Orail, findings
consistent with a role that is independent of ER Ca®" release. Our
deletion and immunoprecipitation analyses indicated that SPPL3
can associate with at least two distinct STIM1 domains, the trans-
membrane region and the CAD, and interestingly, the association
of SPPL3 and STIM1 was influenced by distinct STIM1 regions
that reside in the ER lumen and the cytoplasm. Since the CAD
becomes exposed as a result of ER store depletion, it is likely that
SPPL3 and STIM1 can associate after signaling begins. We have so
far been unable to coimmunoprecipitate endogenous STIM1 and
SPPL3, so it remains unclear whether SPPL3 and STIM1 associate
prior to antigen receptor engagement, after signaling ensues, or
both before and during TCR signaling. All of our association stud-
ies were performed in the presence of other cellular proteins, so it
is possible that SPPL3 associates with the STIM1 CAD or trans-
membrane region indirectly through other proteins.

Our data do not precisely define how SPPL3 promotes the
binding of the STIM1 CAD to Orail. A wealth of biochemical
studies makes it clear that SPPL3 is not absolutely required for the
binding of the STIM1 CAD to Orail (64, 68), so SPPL3 should be
viewed not as an essential component of the SOCE pathway but as
a positive modulator. One possibility is that SPPL3 associates
transiently with STIM1 during signaling and allosterically pro-
motes a conformation of STIM1 and the CAD that maximizes
binding to Orail. Another possibility is that SPPL3 forms a ter-
nary complex with STIM1 and Orail in a signal-dependent man-
ner. TCR signaling does not result in a significant increase in
SPPL3 mRNA or protein levels (see Fig. S4A and B in the supple-
mental material), so it is unlikely that signaling drives the SPPL3—
STIM1 interaction through simple mass action. A prediction of
the ternary complex model is that SPPL3 should localize to the
puncta that mark the ER-plasma membrane junctions where
STIM1 and Orail interact during SOCE. We have conducted im-
aging experiments to address this possibility but observe that in
thapsigargin-treated cells, SPPL3 remains localized to the ER and
does not appear to colocalize with STIM1 in puncta (data not
shown). It remains possible that SPPL3 does occupy some or all of
the puncta, but at a level below detection by these imaging meth-
ods. Further experiments are required to define the mechanism of
SPPL3 action in STIM1 and Orail binding.

SPPL3 has previously been implicated in central nervous sys-
tem development by knockdown and overexpression studies in
zebrafish (57), and the proteolytic function of SPPL3 appears to be
important in this biological context. However, no validated cellu-
lar substrates for SPPL3 proteolytic activity have been reported in
zebrafish or in any other context, although it has been shown that
SPPL3 can cleave the foamy virus envelope protein in a sheddase-
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like manner (61) and that SPPL3 demonstrates intramembrane
protease activity against peptides derived from human cytomega-
lovirus gpUL40 (69) and bovine prolactin (70), two known sub-
strates of SPP.

Our results clearly reveal a protease-independent function of
SPPL3. Notably, studies of the related presenilins have revealed
y-secretase-independent roles in cytoskeletal function (71),
membrane trafficking (72), autophagy and protein degradation
(73-75), signaling through phosphoinositol 3-kinase (PI3K)/Akt
(76) or extracellular signal-regulated kinase (ERK) (77), somite
differentiation (78), and even Dictyostelium development (79).
Presenilins also demonstrate protease-independent effects on
Ca*" signaling. Mutations in PS1 and PS2 account for most famil-
ial AD cases (29), and PS1 and -2 play an important proteolytic
role in AD pathogenesis as catalytic components of y-secretase
through the production of B-amyloid peptides. However, evi-
dence also argues that presenilins contribute to AD by dysregulat-
ing Ca®" signaling in a y-secretase-independent manner by func-
tioning as ER Ca** leak channels or by affecting the activity of the
IP;R or SERCA (63, 80, 81). Our findings highlight a functional
link between presenilins and SPPL3 as intramembrane aspartyl
proteases endowed with independent abilities to modulate intra-
cellular Ca>™ levels.

The dramatic dose-dependent effect of SPPL3 on NFAT acti-
vation by TCR cross-linking raises the possibility that endogenous
SPPL3 activity is regulated in the immune system to tune the in-
put-output relationship between receptor triggering and NFAT
activity. Future study in the physiological context of an intact
immune system will be required to test this possibility and further
reveal the biological role of this emerging member of the in-
tramembrane aspartyl protease family.
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