
BRIEF DEFINITIVE REPORT

VMP1 prevents Ca2+ overload in endoplasmic
reticulum and maintains naive T cell survival
Ying Liu1,2*, Yuying Ma1,2*, Jing Xu1,2*, Guangyue Zhang1,2,3*, Xiaocui Zhao1,2,3*, Zihao He1,2, Lixia Wang1,2,3,
Na Yin1,2, and Min Peng1,2,3,4

Ca2+ in endoplasmic reticulum (ER) dictates T cell activation, proliferation, and function via store-operated Ca2+ entry. How
naive T cells maintain an appropriate level of Ca2+ in ER remains poorly understood. Here, we show that the ER transmembrane
protein VMP1 is essential for maintaining ER Ca2+ homeostasis in naive T cells. VMP1 promotes Ca2+ release from ER under
steady state, and its deficiency leads to ER Ca2+ overload, ER stress, and secondary Ca2+ overload in mitochondria, resulting in
massive apoptosis of naive T cells and defective T cell response. Aspartic acid 272 (D272) of VMP1 is critical for its ER Ca2+

releasing activity, and a knockin mouse strain with D272 mutated to asparagine (D272N) demonstrates all functions of VMP1
in T cells in vivo depend on its regulation of ER Ca2+. These data uncover an indispensable role of VMP1 in preventing ER Ca2+

overload and maintaining naive T cell survival.

Introduction
Ca2+ is a universal and versatile second messenger in eukaryotic
cells (Berridge et al., 2000). Rise of cytosolic Ca2+ triggers a
plethora of cellular responses such as proliferation, differenti-
ation, contraction, secretion, cell death, and immunity (Bootman
and Bultynck, 2020). ER is the major intracellular Ca2+ store
(Wang et al., 2019). Ca2+ in ER not only supports fundamental
functions of ER such as protein and lipid synthesis (Xu et al.,
2005) but also plays central roles in cytosolic Ca2+ signaling
(Prakriya and Lewis, 2015). Upon T cell activation, TCR signaling
induces ER Ca2+ release through IP3R channels, and the deple-
tion of ER Ca2+ activates ER Ca2+ sensor STIM1/2 that open the
Ca2+ release–activated channels (CRAC) on plasma membrane to
induce Ca2+ influx, a process called store-operated Ca2+ entry
(SOCE; Hogan et al., 2010). Although the critical roles of ER Ca2+

depletion–induced SOCE in T cell activation, proliferation, and
function are well established (Trebak and Kinet, 2019; Vaeth
et al., 2020), how naive T cells maintain ER Ca2+ homeostasis
under steady state remains largely unexplored (Trebak and
Kinet, 2019).

Ca2+ in ER must be maintained at an appropriate level for
proper cell function, and aberrant levels of Ca2+ in ER cause ER
stress and have been implicated in various diseases (Mekahli
et al., 2011; Oakes and Papa, 2015; Schrank et al., 2020). Under
steady state, the level of Ca2+ in ER is determined by the balance
of two counteracting processes that import and release Ca2+

across ER membrane, respectively. The sarco/ER Ca2+-ATPases
(SERCA) pump Ca2+ from cytosol ([Ca2+] ∼100 nM) into ER
([Ca2+] ∼100 μM–1 mM) against Ca2+ concentration (Wuytack
et al., 2002). At the same time, ER Ca2+ is passively released into
cytosol under steady state to prevent ER Ca2+ overload.
Concentration-dependent Ca2+ release from ER was documented
since the 1960s (Martonosi and Feretos, 1964). Later studies
showed that inhibition of SERCA by thapsigargin induces rapid
drop of ER Ca2+ in virtually all metazoan cells (Lewis, 2011;
Thastrup et al., 1990), indicating ER Ca2+ is continuously released
into cytosol under steady state. How ER releases Ca2+ under
steady state remains incompletely understood (Camello et al.,
2002; Giunti et al., 2007; Sammels et al., 2010), and its poten-
tial roles in T cell homeostasis and immunity are largely un-
known (Hogan et al., 2010; Trebak and Kinet, 2019).

VMP1 is an ER-resident transmembrane protein regulating
autophagy (Ropolo et al., 2007; Zhao et al., 2017), lipid metab-
olism (Ghanbarpour et al., 2021; Li et al., 2021; Morishita et al.,
2019), and viral infections including SARS-CoV-2 (Hoffmann
et al., 2021), but the molecular and physiological function of
VMP1 in T cells and immunity were unknown. In this study,
through genome-wide CRISPR screening for ER Ca2+ regulators
in T cells, we discovered that VMP1 is indispensable for pro-
tection of ER and mitochondrion from Ca2+ overload, which
maintains naive T cell survival and T cell immunity.
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Results and discussion
Genome-wide CRISPR screening reveals VMP1 is required
for SOCE
To identify protein(s) involved in ER Ca2+ release in T cells, we
performed genome-wide CRISPR screening with Ca2+–NFAT–PD-1
signaling axis as the readout (Fig. 1 A). SOCE is required for T cell
activation and upregulation of surface proteins including PD-1 via
NFAT (Oestreich et al., 2008; Trebak and Kinet, 2019; Vaeth et al.,
2020). The rationale of our screening was that T cells devoid of a
putative protein required for ER Ca2+ release would have increased
basal level of ER Ca2+, which would be partially resistant to
thapsigargin-induced SOCE, resulting in reduced PD-1 upregulation.

Thapsigargin treatment induced robust SOCE in human Jurkat
T cells (Fig. S1 A), which upregulated PD-1 in an NFAT-dependent
manner, as indicated by its inhibition by the NFAT inhibitor cy-
closporine A (Fig. S1 B). Thapsigargin is an irreversible inhibitor of
SERCA, which causes persistent ER Ca2+ depletion, ER stress, and
cell death (Lewis, 2011; Thastrup et al., 1990). We titrated thapsi-
gargin to balance PD-1 induction and toxicity and found that

10 nM of thapsigargin treatment for 48 h potently induced PD-1
expression in Jurkat cells with minimal toxicity (Fig. S1, C and D).

Then, we performed genome-wide CRISPR screening in Ju-
rkat cells for genes whose loss-of-function resulted in blunted
upregulation of PD-1 upon thapsigargin treatment (Fig. 1 B and
Table S1). As expected, PD-1 itself and NFAT pathway compo-
nents (NFATc3 and PPP3R1) were among the top hits (Fig. 1 C
and Table S1). In addition, SOCE components STIM1 and ORAI1
were among the top hits (Fig. 1 C and Table S1). Translocon
components (SEC61, SEC62, and SEC63) were also among the top
hits (Fig. 1 C and Table S1), in agreement with passive leak of
small molecules including Ca2+ by translocon (Giunti et al., 2007;
Lomax et al., 2002; Roy and Wonderlin, 2003). The recovery of
key players of SOCE (STIM1/ORAI1), NFAT signaling (NFATc3
and PPP3R1), and ER Ca2+ release (SEC61/SEC62/SEC63) as top
hits demonstrates that our screening strategy is feasible.
Unexpectedly, VMP1, an ER transmembrane protein without
known roles in PD-1 regulation, was the top hit of our PD-1–based
screening (Fig. 1 C and Table S1).

Figure 1. Genome-wide CRISPR screening reveals VMP1 promotes ER Ca2+ release. (A) A cartoon illustrating SOCE and thapsigargin (TG)–Ca2+–NFAT–PD-1
signaling axis. (B) CRISPR screening strategy. (C) Screening result from Jurkat cells. Selected top hits are labeled. (D) Jurkat cells expressing indicated sgRNAs and
Cas9 were treated with DMSO or TG (10 nM) for 48 h, and the expression of PD-1 was examined by flow cytometry. Mean fluorescence intensities of PD-1 staining
are shown. (E) TG-induced SOCE in Jurkat cells expressing indicated sgRNAs and Cas9 was examined by flow cytometry. (F) ER Ca2+ and SOCE in HEK293T cells
expressing indicated sgRNAs and Cas9 were examined by flow cytometry. (G) ER Ca2+ before and after TG (10 nM) treatment was monitored by flow cytometry. (H)
HEK293T cells were transfected with indicated plasmids together with a BFP reporter. ER Ca2+ of BFPhigh cells was examined by flow cytometry. (I) HEK293T-G-
CEPIA1er cells were transfected with indicated plasmids together with a BFP reporter. Fluorescence intensity of G-CEPIA1er in BFPhigh cells before and after TG (1
μM) treatment was measured by flow cytometry. (D and E) Representative plots from one of three independent experiments. (F–I) Representative plots and
statistics from one of three independent experiments; n = 6 in F, n = 4 in G, n = 3 in H and I. Each symbol represents one sample; data represent mean ± SEM, two-
tailed unpaired t test in F and H, two-way ANOVA in G and I; ** <0.01, *** <0.001, **** <0.0001.
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We validated that thapsigargin-induced upregulation of PD-1
was blunted in VMP1-deficient Jurkat cells (Fig. 1 D and Fig. S1
E). Previous studies showed that VMP1 regulates autophagy
(Ropolo et al., 2007; Zhao et al., 2017). We found that ATG5, a
protein essential for autophagy, did not regulate thapsigargin-
induced PD-1 upregulation (Fig. 1 D), which is consistent with
our screening data that canonical autophagy genes were not hits
in our screening (Table S1).

To test whether VMP1 regulates SOCE, we monitored cyto-
solic Ca2+ rise in response to thapsigargin treatment and found
that SOCEwas inhibited in VMP1-deficient Jurkat T cells (Fig. 1 E
and Fig. S1 E). ATG5 did not regulate thapsigargin-induced Ca2+

influx (Fig. S1 F). These data demonstrate that VMP1 regulates
PD-1 expression and SOCE independent of autophagy.

Together, using Ca2+–NFAT–PD-1 signaling as the readout for
genome-wide CRISPR screening of ER Ca2+ regulators, we
identified VMP1 as a novel regulator of SOCE in Jurkat T cells.

VMP1 deficiency causes ER Ca2+ overloadwhile overexpression
of VMP1 depletes ER Ca2+

SOCE is functional in almost all metazoan cells (Lewis, 2011). So,
we examinedwhether VMP1 regulates SOCE in other cell types. To
separate thapsigargin-releasable Ca2+ (mostly from ER, hereafter
referred to as ER Ca2+) and Ca2+ influx from outside of cells
(SOCE), Ca2+ in assay medium (DMEM, which contains 1.8 mM
Ca2+) was chelated by 2 mM EGTA before thapsigargin treatment
and then 2 mM Ca2+ was added back to induce Ca2+ influx (Bird
et al., 2008). Using this classic SOCE protocol, we found that VMP1
deficiency increased ER Ca2+ and inhibited SOCE in HEK293T cells
(Fig. 1 F and Fig. S1 G). The above results were obtained in poly-
clonal KO cells (Fig. S1 G), which were validated in multiple
monoclonal VMP1 KO cell lines (Fig. S1, H and I).

To monitor ER Ca2+ directly, we established HEK293T cells
stably expressing an ER-targeted Ca2+ sensor G-CEPIA1er
(Suzuki et al., 2014), named HEK293T-G-CEPIA1er, whose
green fluorescence reflects ER Ca2+ level. Flow cytometry–
based measurement of G-CEPIA1er intensity showed that ER
Ca2+ was increased in the absence of VMP1, both under steady
state and after thapsigargin treatment (Fig. 1 G and Fig. S1 J).
These data provide direct evidence that VMP1 deficiency in-
creases ER Ca2+ store, but the increased ER Ca2+ can still be
slowly released via other mechanisms, likely via translocon
(Giunti et al., 2007; Lomax et al., 2002; Roy and Wonderlin,
2003).

To test whether VMP1 promotes ER Ca2+ release, we over-
expressed VMP1 in HEK293T cells. ER Ca2+ was almost
completely depleted in cells overexpressing VMP1 (Fig. 1 H),
indicating most ER Ca2+ was depleted by VMP1 overexpression.
Consistently, in HEK293T-G-CEPIA1er cells, overexpression of
VMP1 almost completely depleted ER Ca2+ under steady state,
and minimal ER Ca2+ release was observed after thapsigargin
treatment (Fig. 1 I). These data demonstrate that VMP1 pro-
motes ER Ca2+ release in HEK293T cells, directly or indirectly.

Plasma membrane–targeted VMP1 induces Ca2+ influx
VMP1 is an ER-resident membrane protein (Tábara and
Escalante, 2016; Zhao et al., 2017). It is difficult to monitor

Ca2+ transport across ER membrane, so we tried to redirect
VMP1 to plasma membrane where Ca2+ influx can be easily
monitored. VMP1 has a di-lysine–based Golgi-to-ER retrieve
motif at their C-terminals (Fig. 2 A; Arakel and Schwappach,
2018). This motif interacts with the COPI complex that retro-
transports membrane proteins from trans-Golgi back to ER, a
process critical for correct localization of membrane proteins
(Arakel and Schwappach, 2018). When lysine residues within
the Golgi-to-ER retrieve motif of VMP1 were mutated to alanine,
the resulting VMP1-K404/406A mutant showed reduced COPI
binding compared with their WT counterparts (Fig. 2 B). Unlike
WTVMP1 showing typical ER localization as reported previously
(Tábara and Escalante, 2016; Zhao et al., 2017; Fig. 2 C), VMP1-
K404/406A showed plasma membrane localization in addition
to ER (Fig. 2 C).

According to membrane protein topology, the lumen side of
VMP1 should face extracellularly when these proteins are ex-
pressed on plasma membrane (Fig. 2, D and E). The direction of
ion flow depends on electrochemical gradient of ions across
membrane (Alberts et al., 2002). Since Ca2+ concentrations are
high in ER and extracellular space (∼mMrange) and very low in
cytosol (∼ nM range), plasma membrane–targeted VMP1-K404/
406A should cause Ca2+ influx if they are able to promote Ca2+

transport (Fig. 2 F). We used two independent methods to
monitor Ca2+ influx, the fluorescent Ca2+ sensor RCaMP1h ex-
pressed in cytosol (Akerboom et al., 2013), and the Ca2+ in-
dicators Fluo4/Fura Red. In both assays, supplementation of Ca2+

to empty vector–transfected HEK293T cells induced neglectable
Ca2+ influx (Fig. 2, G and H; and Fig. S2 A). This result is con-
sistent with the fact that most cells do not express concentration-
dependent Ca2+ channels on cell surface, and all Ca2+ channels
on plasma membrane are tightly gated by certain mechanisms
(Owsianik et al., 2006). In cells overexpressing WT VMP1,
supplementation of Ca2+ induced a small Ca2+ influx while a
robust Ca2+ influx was detected in cells overexpressing the
plasma membrane–targeted VMP1-K404/406A (Fig. 2, G and H;
and Fig. S2 A). Moreover, Ca2+ influx in cells overexpressing
VMP1-K404/406A was concentration dependent (Fig. S2 B).

To explore whether plasma membrane–targeted VMP1-
K404/406A induces Ca2+ influx via SOCE, we used STIM1 KO
cells and CRAC channel inhibitor CM4620, both abolishing
SOCE (Fig. S2, C–E). The small Ca2+ influx induced byWT VMP1
was completely inhibited by STIM1 deficiency or CM4620 (Fig. 2 I
and Fig. S2 F), demonstrating their SOCE nature. Surprisingly,
Ca2+ influx induced by VMP1-K404/406A was not inhibited, but,
in fact, was enhanced by STIM1 deficiency or CM4620 (Fig. 2 I and
Fig. S2 F), demonstrating that Ca2+ influx induced by plasma
membrane–targeted VMP1 is unlikely to be SOCE. These data also
suggest that STIM1/ORAI1 may influence the activity of VMP1.

ORAI1 is the pore component of CRAC (Hogan et al., 2010),
which was required for SOCE in HEK293T cells (Fig. S2 G).
However, ORAI1 was not required for VMP1-K404/406A–
mediated Ca2+ influx (Fig. S2 H), suggesting that VMP1-K404/
406A–mediated Ca2+ influx is unlikely to be SOCE. To test
whether VMP1-K404/406A induced Ca2+ influx by opening
other Ca2+ channels, we screened a library of 652 compounds tar-
geting known ion channels/membrane transporters, including
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all Ca2+ channels in HEK293T-RCaMP1h cells transfected with
VMP1-K404/406A (Fig. S2 I). Potent inhibition of SOCE by the
CRAC channel inhibitor CM4620 from this library was vali-
dated (Fig. S2 E). No compound from this library was able to
inhibit Ca2+ influx induced by VMP1-K404/406A (Fig. S2 J). As
a control, the Ca2+ chelator EGTA prevented Ca2+ influx induced
by VMP1-K404/406A (Fig. S2 J).

We performed whole-cell patch-clump experiments to in-
vestigate the electrophysiology of VMP1-K404/406A. STIM1-
deficient HEK293T cells were used in these experiments for
two reasons: (1) VMP1-K404/406A–mediated Ca2+ influx was
stronger in STIM1-deficient cells (Fig. 2 I) and (2) SOCE was
absent in these cells (Fig. S2, C and D). We recorded a weak but
consistent inward current in STIM1-deficient cells expressing
VMP1-K404/406A after supplementation of Ca2+ extracellularly
(Fig. 2, J and K). Taken together, these data demonstrate that
VMP1 promotes Ca2+ transport across membrane, directly or
indirectly. Whether VMP1 is a Ca2+ channel or not warrants
further investigations.

VMP1 deficiency results in ER Ca2+ overload and naive T cell
apoptosis
Germline-KO of Vmp1 in mice leads to early embryonic lethality
due to unknown reason(s) (Calvo-Garrido et al., 2008; Morishita
et al., 2019). We generated a conditional allele of Vmp1 (Fig. S3 A)
and specifically deleted this gene in T cells with Cd4Cre (Fig.
S3 B).

We used the Ca2+ ionophore ionomycin (1 μM) to measure ER
Ca2+ stored in primary mouse T cells. When extracellular Ca2+ is
chelated with EGTA, the rise of cytosolic Ca2+ upon ionomycin
treatment indicates the intracellular Ca2+ store, mainly from ER
(Bird et al., 2008). Under steady state, ER Ca2+ store was sig-
nificantly increased in T cells from Cd4CreVmp1fl/fl mice com-
pared with that from control mice (Fig. 3 A), which is consistent
with increased ER Ca2+ in VMP1-deficient HEK293T cells (Fig. 1,
F and G), demonstrating that VMP1 deficiency causes ER Ca2+

overload in different cell types. CD3ε crosslinking induced Ca2+

influx was reduced in VMP1-deficient T cells compared with
WT cells (Fig. 3 B), which is in line with reduced SOCE in VMP1-

Figure 2. VMP1 promotes Ca2+ transport across membranes. (A) C-terminal amino acid sequence of VMP1. Lysine residues in the Golgi-to-ER retrieve
motif are labeled in blue and the mutated alanine was labeled in red. (B) The interactions between RFP, VMP1, or VMP1-K404/406A with COPI were examined
by coimmunoprecipitation. Irrelevant lanes were removed and a dash line is shown. (C) Subcellular localization of FLAG-tagged (N-terminal) VMP1 and VMP1-
K404/406A was examined by immunofluorescence. Plasma membrane was labeled by WGA. (D) Putative topology of VMP1 on ER. (E) Putative topology of
VMP1-K404/406A on plasma membrane. (F) An illustration of Ca2+ transport mediated by VMP1 on ER and VMP1-K404/406A on plasma membrane. (G and H)
Ca2+ influx in HEK293T cells transfected with empty vector, VMP1, or VMP1-K404/406A was measured by flow cytometry with 8 mM CaCl2. (I) Ca2+ influx in
HEK293T or STIM1-KO HEK293T cells transfected with empty vector, VMP1, or VMP1-K404/406Awas measured by flow cytometry with 8 mMCaCl2. (J and K)
Whole-cell patch-clamp traces of STIM1-KO HEK293T cells transfected with pCMV-GFP or pCMV-VMP1-K404/406A. Final concentration of 20 mM CaCl2 was
added to bath solution. The holding potential was −100 mV. (B and C) Representative data from one of three independent experiments. (G–I) Representative
plots and statistics from one of three independent experiments. (J and K) Representative plots and statistics from one of five independent experiments; n = 3 in
H and I, n = 5 in K. Each symbol represents one sample; data represent mean ± SEM, two-way ANOVA in H and I, two-tailed unpaired t test in K; *** <0.001,
**** <0.0001. Source data are available for this figure: SourceData F2.
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deficient Jurkat T cells (Fig. 1 E). These data suggest that insuf-
ficient depletion of ER Ca2+ in VMP1-deficient cells partially
blocks SOCE.

Deletion of Vmp1with Cd4Cre did not affect T cell development
in thymus (Fig. S3 C). However, there was a drastic reduction of
T cell number in secondary lymphoid organs of Cd4CreVmp1fl/fl

mice compared with those of control mice (Fig. 3 C), which is

associated with increased apoptosis of VMP1-deficient T cells
(Fig. 3, D and E; and Fig. S3 D). Consistent with dramatic re-
duction of peripheral T cells, Cd4CreVmp1fl/fl mice were unable to
mount an antigen-specific T cell response to Listeria mono-
cytogenes infection (Fig. S3, E and F).

To exclude cell-extrinsic effects of Cd4CreVmp1fl/fl mice, we
performed bone marrow (BM) chimera experiments. BM cells

Figure 3. VMP1 deficiency results in ER Ca2+ overload and naive T cell apoptosis. (A) ER Ca2+ stored in T cells from mice with indicated genotypes was
examined by flow cytometry. Representative plots and statistics are shown. (B) Ca2+ influx triggered by CD3ε crosslinking in T cells from mice with indicated
genotypes was examined by flow cytometry. T cells were incubated with 10 μg/ml anti-CD3-biotin, then 10 μg/ml streptavidin (STV) was used for cross-linking.
(C) Absolute number of T cells from spleen (SPL) and peripheral lymph nodes (pLN) of mice with indicated genotypes. Mice were 4–6 wk old. (D) Apoptosis of
freshly isolated T cells from mice with indicated genotypes was analyzed by flow cytometry. (E) Caspase-3 staining of freshly isolated T cells from mice with
indicated genotypes was analyzed by flow cytometry. (F) Experimental setup for BM chimera experiments. (G) Flow cytometry analysis of donor-derived cells
before transfer and 8 wk after transfer. (H) Cells from SPL and pLN of mice with indicated genotypes were analyzed by flow cytometry. (A, C–E, G, and H)
Representative plots and statistics from one of two independent experiments. (B) Representative plots from one of three independent experiments. n = 5 mice
per genotype in A, n = 3–4 mice per genotype in C, n = 4 mice per genotype in D and E, n = 6 mice per genotype in G, n = 3 mice per genotype in H; each symbol
represents an individual mouse; data represent mean ± SEM, two-tailed unpaired t test; * <0.05, ** <0.01, *** <0.001, **** <0.001.
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from congenically marked control mice (CD45.1/45.1) and
Cd4CreVmp1fl/fl mice (CD45.2/45.2) were mixed at a 1:1 ratio and
transferred into lethally irradiated recipient mice (CD45.1/45.2;
Fig. 3 F). After 8 wk, there were 10–20-fold more T cells derived
from BM of control mice than that from Cd4CreVmp1fl/fl mice,
while the reconstitution of B cells was not affected (Fig. 3 G),
demonstrating that the survival defect of VMP1-deficient T cells
is cell-intrinsic.

To exclude the potential influence of TCR repertoire on the
phenotype of VMP1-deficient mice, we bred Cd4CreVmp1fl/fl mice
to the 2D2 transgenic mice expressing a myelin oligodendrocyte
glycoprotein-specific TCR. When TCR was fixed to 2D2, there
was still pronounced reduction of peripheral T cells in
Cd4CreVmp1fl/fl2D2 mice compared with those from control 2D2
mice (Fig. 3 H), demonstrating that the survival defect of VMP1-
deficient T cells is not due to potential differences of TCR
repertoire between control and VMP1-deficient mice.

Together, these data demonstrate that VMP1 deficiency re-
sults in ER Ca2+ overload in T cells under steady state, which
causes dramatic reduction of peripheral T cells that is associated
with increased apoptosis of these cells.

All functions of VMP1 in T cells depend on its regulation of
ER Ca2+

We then explored whether increased apoptosis of VMP1-
deficient T cells is caused by ER Ca2+ overload. The selectivity
of Ca2+ transport is usually determined by several negatively
charged amino acids that form a glutamate or aspartate ring near
the pore region (Owsianik et al., 2006). To identify such key
amino acids in VMP1, we established a rescue system where
VMP1 and mutants were re-expressed in VMP1-deficient cells at
relatively physiological level. We used a lentiviral vector that
expresses protein at a level lower than that of pCMV vector,
which we used in overexpression experiments (Fig. S3, G and
H), and only mildly depleted ER Ca2+ was detected from this
VMP1 expressed cell (Fig. S3 I).

There are five negatively charged amino acids in VMP1 that
are both close to a transmembrane segment and face the ER
lumen side (Fig. 4 A). Mutation of aspartic acid 272 (D272) to
asparagine (D272N) completely abolished VMP1’s ability to de-
crease ER Ca2+ and restore SOCE in VMP1-deficient cells, while
all other mutants behaved as WT VMP1 (Fig. 4, B and C). We
observed the autophagy defect of VMP1-deficient HEK293T cells,
judged by p62 accumulation and LC3 lipidation, was rescued by
WT VMP1, but not by VMP1-D272N (Fig. S3 J), demonstrating
that regulation of autophagy by VMP1 in HEK293T cells requires
its regulation of ER Ca2+.

We then generated a VMP1-D272N knockin mouse strain
(Vmp1D272N/+; Fig. S3, K–M). Heterozygous Vmp1D272N/+ mice
developed normally (data not shown) and did not show
changes in ER Ca2+ level (Fig. S3 N), indicating VMP1-D272N
did not function as a dominant-negative mutant to interfere
with the function of WT VMP1 protein. However, homozygous
Vmp1D272N/D272N mice could not be obtained from heterozy-
gous intercrossing (data not shown), suggesting embryonic
lethality of Vmp1D272N/D272N mice, a reminiscence of Vmp1
germline-KO mice (Calvo-Garrido et al., 2008).

We generated Cd4CreVmp1fl/D272N mice with one allele of Vmp1
encoding VMP1-D272N and the other was Vmp1-null, in which
only the mutant VMP1-D272N proteins were expressed in
T cells. T cells from Cd4CreVmp1fl/D272N mice had the identical ER
Ca2+ overload and survival defect as those from Cd4CreVmp1fl/fl

mice (Fig. 4, D and E), demonstrating that D272 is absolutely
required for VMP1 to regulate ER Ca2+ release and mutation of
this key amino acid completely abolishes VMP1’s physiological
function in T cells in vivo.

Together, by identification of the key amino acid of VMP1
required for ER Ca2+ release and generation of a knockin mice
strain, we demonstrate that all functions of VMP1 in T cells
depend on its regulation of ER Ca2+ in vivo.

ER and mitochondrial Ca2+ overload cause apoptosis of
VMP1-deficient T cells
We then examined the downstream events of ER Ca2+ overload
in VMP1-deficient T cells. The activity of ER chaperons re-
sponsible for protein folding is regulated by luminal Ca2+ (Xu
et al., 2005). Changes in ER Ca2+ level affect protein synthesis
and induce unfolded protein response (UPR) and ER stress (Xu
et al., 2005). Indeed, we found phosphorylation of eIF2α at
serine 51 (peIF2α-S51), a well-established marker of ER stress,
was significantly increased in freshly isolated T cells from
Cd4CreVmp1fl/fl mice compared with those from control mice
(Fig. 5 A), demonstrating that VMP1-deficient T cells undergo
constitutive ER stress under steady state. Importantly, no differ-
ence in peIF2α-S51 was observed in T cells from Cd4CreVmp1fl/fl

and Cd4CreVmp1fl/D272N mice (Fig. 5 A), demonstrating that ER
stress is directly associated with VMP1’s ability to regulate ER
Ca2+ release. Similarly, ER stress in VMP1-deficent
HEK293T cells was rescued by WT VMP1, but not by VMP1-
D272N (Fig. S3 J), demonstrating that regulation of ER Ca2+ by
VMP1 prevents ER stress in different cell types. Among three
branches of UPR (Xu et al., 2005), only activation of eIF2α was
observed in VMP1-deficient T cells while the activation of ATF6
and IRE1 branches of UPR was not detected (data not shown),
suggesting ER stress in VMP1-deficient T cells is likely mild and
there might be additional consequence of ER Ca2+ overload that
contributes to the apoptosis of these cells.

It is known that mitochondria take up Ca2+ from ER via the
mitochondrion–ER contact sites called mitochondria-associated
membrane (Patergnani et al., 2011), and mitochondrial Ca2+

overload is known to trigger cell death (Giorgi et al., 2012). We
hypothesized that Ca2+ overload in ER might cause overflow of
Ca2+ into mitochondria. Thus, we examined the influence of
VMP1 deficiency on mitochondrial Ca2+ with the mitochondria-
specific Ca2+ dye Rhod2. To exclude the influence of growth
factors and extracellular Ca2+ on the measurement of mito-
chondrial Ca2+ (Patergnani et al., 2011), we used serum-free
RPMI 1640 with 5 mM EGTA as assay buffer. Compared with
those from control mice, T cells from both Cd4CreVmp1fl/fl and
Cd4CreVmp1fl/D272N mice showed increased levels of mitochon-
drial Ca2+ (Fig. 5 B).

To explore whethermitochondrial Ca2+ overload is secondary
to ER Ca2+ overload, we tried to use thapsigargin, which depletes ER
Ca2+ (Lewis, 2011; Thastrup et al., 1990), to relieve mitochondrial
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Ca2+ overload in VMP1-deficient T cells. Thapsigargin induced
robust SOCE in T cells (Fig. S1 A), resulting in partial activation
of T cells (data not shown). Thus, we used RPMI 1640 with
5 mM EGTA as assay buffer to prevent SOCE. We found that the
increase of mitochondrial Ca2+ in VMP1-deficient T cells was
reversed by thapsigargin treatment (Fig. 5 C), demonstrating
that mitochondrial Ca2+ overload in VMP1-deficient T cells is
secondary to ER Ca2+ overload.

We then examined the effect of thapsigargin on apoptosis of
control and VMP1-deficient T cells. Similar to our observation in
Jurkat cells (Fig. S1 D), thapsigargin treatment induced cell death
in a dose-dependent manner in primary T cells (Fig. 5 D), which
is consistent with the fact that thapsigargin, an irreversible in-
hibitor of SERCA, causes persistent ER Ca2+ depletion and cell
death (Lewis, 2011; Thastrup et al., 1990). For VMP1-deficient
T cells, low dose of thapsigargin partially rescued apoptosis of
these cells (Fig. 5 D). Surprisingly, VMP1-deficient T cells were
highly resistant to the toxicity of high doses of thapsigargin
(Fig. 5 D). Ca2+ leaks out of ER passively upon thapsigargin
treatment (Lewis, 2011; Thastrup et al., 1990). Thus, the resis-
tance of VMP1-deficient T cells to the toxicity of thapsigargin
further supports that VMP1 mediates passive leakage of ER Ca2+.
In addition, VMP1-deficient HEK293T cells retained higher level

of Ca2+ in ER after thapsigargin treatment (Fig. 1 G), and these
cells were also resistant to the toxicity of thapsigargin (Fig. S1 K).

Together, these data demonstrate that ER Ca2+ overload in
VMP1-deficient T cells not only causes UPR and ER stress in ER,
the organelle where VMP1 resides, but also results in secondary
Ca2+ overload inmitochondria, which is associated with increase
of apoptosis. Mitochondrial Ca2+ overload is an established
trigger of cell death (Giorgi et al., 2012). We thus tried to rescue
the apoptosis of VMP1-deficient T cells by blocking mitochon-
drial Ca2+ uptake. Mitochondrial calcium uniporter (MCU) is
important for mitochondrial Ca2+ uptake at mitochondria-
associated membrane (Patergnani et al., 2011), and we found
that treatment with the MCU inhibitor Benzethonium (BZN)
in vitro reduced mitochondrial Ca2+ levels in VMP1-deficient
T cells (Fig. 5 E; De Mario et al., 2021). Importantly, although
BZNwas toxic to control T cells, it largely reversed the apoptosis
of VMP1-deficient T cells (Fig. 5 F), demonstratingmitochondrial
Ca2+ overload causes apoptosis of VMP1-deficient T cells. Finally,
we tried to rescue T cell number in Cd4CreVmp1fl/fl mice with
daily injection of BZN for 4 wk. However, no rescue of T cell
number was observed (data not shown). Multiple limitations
could explain the failure of in vivo rescue experiments with
BZN, including drug dose, duration, and toxicity of BZN itself

Figure 4. Aspartic acid 272 of VMP1 is critical for its regulation of ER Ca2+ release and naive T cell survival. (A) Putative topology of VMP1 protein.
Negatively charged amino acids on the ER lumen side that are also close to a transmembrane segment are indicated, including E67, D272, E340/343, E354, and
E361. (B) VMP1-KO HEK293T cells were transfected with indicated plasmids. The expression of VMP1 and mutants was examined by immunoblot. (C) VMP1-
KO HEK293T cells were transfected with indicated plasmids. ER Ca2+ and SOCE were measured by flow cytometry. (D) ER Ca2+ stored in T cells frommice with
indicated genotypes was examined by flow cytometry. (E) Representative flow cytometry plots and absolute number of T cells in spleen (SPL) and peripheral
lymph nodes (pLN) from mice with indicated genotypes. Mice were 4–6 wk old. T cell number of Cd4Cre and Cd4CreVmp1fl/fl mice were from the same mice in
Fig. 3 C. (B) Representative blots from one of two independent experiments. (C) Representative plots and statistics from one of three independent experi-
ments. (D and E) Representative plots and statistics from one of two independent experiments. n = 3 in C, n = 3 mice per genotype in D, n = 3–4 mice per
genotype in E; each symbol represents one sample or an individual mouse; data represent mean ± SEM, two-way ANOVA in C, one-way ANOVA in D and E;
* <0.05, ** <0.01, *** <0.001, **** <0.001. Source data are available for this figure: SourceData F4.
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Figure 5. ER Ca2+ overload in VMP1-deficient T cells results in ER stress and secondary Ca2+ overload in mitochondria. (A) Immunoblot analysis of
peIF2α-S51, eIF2α, and VMP1 in total T cells freshly isolated from mice with indicated genotypes. Each lane represents an individual mouse. (B)Mitochondrial
Ca2+ in T cells from mice with indicated genotypes was examined by flow cytometry with Rhod2. (C) CD4 T cells from mice with indicated genotypes were
treated with DMSO or thapsigargin (TG; 1 nM) for 1 h. Mitochondrial Ca2+ was measured by flow cytometry with Rhod2. (D) CD4 T cells from mice with
indicated genotypes were treated with DMSO or indicated concentrations of TG for 6 h; apoptosis was measured by flow cytometry. (E) CD4 T cells frommice
with indicated genotypes were treated with DMSO or BZN (1 μM) for 1 h and mitochondrial Ca2+ was measured by flow cytometry with Rhod2. (F) CD4 T cells
from mice with indicated genotypes were treated with DMSO or BZN (1 μM) for 6 h; apoptosis was measured by flow cytometry. (G) A model of VMP1
prevention of Ca2+ overload in ER and mitochondria. The balanced activities of VMP1 and SERCA determine the basal level of ER Ca2+ in T cells under steady
state. In VMP1-deficent T cells, Ca2+ overload causes ER stress and secondary Ca2+ overload in mitochondria via MCU, which induces cell death.
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(Fig. 5 F; Patergnani et al., 2011). Taken together, these data
demonstrate that ER Ca2+ overload in VMP1-deficient T cells
results in secondary Ca2+ overload in mitochondria, which
causes apoptosis of these cells at least in vitro.

In summary, our data uncover an unexpected but essential role
of VMP1-mediated ER Ca2+ release in maintaining naive T cell
survival and immunity. The massive death of VMP1-deficient
naive T cells is not related to SOCE because mice with combined
deletion of Stim1/Stim2 or Orai1/Orai2, both completely abolishing
SOCE in T cells, do not show survival defect of conventional T cells
(Oh-Hora et al., 2013; Oh-Hora et al., 2008; Vaeth et al., 2017).
Similarly, patients with loss-of-function mutations of STIM1 or
ORAI1 have normal T cell numbers (Vaeth and Feske, 2018),
demonstrating that SOCE is dispensable for naive T cell survival in
human and mice. We propose ER Ca2+ overload is the origin of
phenotypes we observed in VMP1-deficient naive T cells (Fig. 5 G).
First, ER Ca2+ overload induces ER stress (Gwack et al., 2008; Oh-
Hora et al., 2008; Vig et al., 2008). Second, ER Ca2+ overload leads
to secondary Ca2+ overload in mitochondria, a well-known trigger
of cell death (Giorgi et al., 2012). Thus, the functions of two key
organelles in cells, namely ER and mitochondria, are both affected
by VMP1 deficiency, which collectively lead to the death of VMP1-
deficient T cells. Future studies with single-channel electrophys-
iology of VMP1 reconstituted on liposome and/or structural
analysis are required to demonstrate whether VMP1 is a Ca2+

channel or not.
Except for regulating ER Ca2+ release reported here, VMP1

also regulates autophagy (Ropolo et al., 2007; Zhao et al., 2017)
and possesses lipid scramblase activity (Ghanbarpour et al.,
2021; Li et al., 2021), both of which could potentially contrib-
ute to the phenotypes of VMP1-deficient T cells. However, all
T cell phenotypes examined in this study are indistinguishable
between Cd4CreVmp1fl/fl and Cd4CreVmp1fl/D272N mice, demon-
strating that a single amino acid responsible for ER Ca2+ release
activity of VMP1 is required for all functions of this protein in
T cells and other molecular and cellular defects of VMP1-
deficient T cells are likely downstream of or in parallel with
ER Ca2+ overload. Supporting this, our extensive intercrossing of
Vmp1fl/D272N mice did not yield any live pup with Vmp1D272N/D272N

genotype, indicating that like Vmp1 germline-KO mice (which
die around embryonic day 8.5; Calvo-Garrido et al., 2008;
Morishita et al., 2019), Vmp1D272N/D272N mice also have severe
developmental defects. Aspartic acid 272 is located within the
VMP1, TMEM41, and Tvp38/TMEM64 domain of VMP1, a
SNARE-associated domain (Morita et al., 2018), thus we could
not exclude the possibility that VMP1 may regulate ER Ca2+

through interaction with other proteins. VMP1 has been re-
ported to promote SERCA activity in mouse embryonic fibro-
blasts, although ER Ca2+ was not measured (Zhao et al., 2017).
However, ER Ca2+ should be decreased rather than increased in
VMP1-deficient cells if VMP1 promotes SERCA activity, which

pumps Ca2+ into ER. It is likely that the decreased SERCA activity
observed in that study is a feedback inhibition of SERCA due to
ER Ca2+ overload in VMP1-deficient cells.

ER Ca2+ homeostasis and ER stress response are associated
with many human diseases (Mekahli et al., 2011; Oakes and
Papa, 2015; Schrank et al., 2020). Aberrant expression of
VMP1 is associated with inflammation (Dusetti et al., 2002; Jiang
et al., 2004) and cancer (Loncle et al., 2016; Sauermann et al.,
2008). VMP1 is also involved in viral infection including SARS-
CoV-2 (Hoffmann et al., 2021). Interestingly, SARS-CoV-2 spike
protein induces Ca2+ oscillations that are critical for its infection
of cells (Braga et al., 2021). Considering the essential role of
VMP1 inmaintaining ER Ca2+ homeostasis and the critical role of
ER in viral replication, it is possible that VMP1 regulates virial
infection through modulation of ER Ca2+. Thus, targeting VMP1
may lead to novel therapies for diseases associated with ER Ca2+

dysregulation.

Materials and methods
Mice
Vmp1 flox mice and Vmp1D272N/+ mice were generated by services
provided by Cyagen Biosciences using CRISPR-assisted gene
targeting strategies. To generate Vmp1 flox allele, the guide RNAs
(gRNAs) to mouse Vmp1 gene (gRNA1: 59-TTGAATCCAAGTACA
ACTACTGG-39, gRNA2: 59-GACATAAAACCTCTCAATCTAGG-39;
Fig. S3 A), the donor vector containing loxp sites, and Cas9
mRNA were coinjected into fertilized mouse eggs to generate
targeted conditional KO offspring. F0 founder animals were
identified by PCR followed by sequence analysis, which were
bred to C57BL/6J mice to test germline transmission and F1 an-
imal generation. To generate Vmp1D272N/+ allele, the gRNA to
mouse Vmp1 gene (59-AACCCCCTGTTTGACCTGGCTGG-39), the
donor vector containing D272N (GAC to AAT) mutation, and
Cas9 mRNA were coinjected into fertilized mouse eggs to gen-
erate targeted knockin offspring. F0 founder animals were
identified by PCR followed by sequence analysis, which were
bred to C57BL/6J mice to test germline transmission and F1 an-
imal generation. Cd4Cre and 2D2 transgenic were C57BL/6J
background and originally from Jackson Laboratory. Age- and
sex-matched littermates were used as control in all experiments.
Mice were housed under specific pathogen–free conditions at
the Laboratory Animal Research Center of Tsinghua University
(Beijing, China). The facility was approved by the Beijing Ad-
ministration Office of Laboratory Animal. All animal works
were approved by the Institutional Animal Care and Use Com-
mittee of Tsinghua University.

Cells
HEK293T cells (CRL-11268) and Jurkat cells (TIB-152) were
from ATCC. HEK293T cells were maintained in DMEM (Gibco)

(A) Representative blots and statistics from one of two independent experiments. (B, C, and E) Representative plots and statistics of Rhod2 mean fluorescence
intensity from one of two independent experiments. (D and F) Representative plots and statistics from one of three independent experiments. n = 3 mice per
genotype in A, B, D, and E, n = 4 mice per genotype in C and F; each symbol represents an individual mouse; data represent mean ± SEM, one-way ANOVA in
A–C and E, two-way ANOVA in F; ** <0.01, **** <0.001. Source data are available for this figure: SourceData F5.
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supplemented with 5% FBS (Gemini), 2 mM glutamine, 100
U/ml of penicillin, and 100 μg/ml of streptomycin at 37°C in a
humidified incubator. Jurkat cells were maintained in RPMI
1640 (Gibco) with the same supplements mentioned above. All
cell lines were tested for mycoplasma by the TransDect PCR
Mycoplasma detection Kit (TRAN, FM311) and were confirmed
to be negative.

Mouse primary T cells were cultured in RPMI1640 medium
(Gibco) supplemented with 5% FBS, 2 mM glutamine, 55 μM
β-mercaptoethanol, 1 mM sodium pyruvate, 100 U/ml penicillin,
100 μg/ml streptomycin, and 2 ng/ml IL-2 at 37°C in a humidi-
fied incubator.

Antibodies
We used the following antibodies from Cell Signaling Technol-
ogy: rabbit monoclonal anti-TMEM49/VMP1 (clone D1Y3E),
rabbit monoclonal anti-STIM1 (clone D88E10), rabbit monoclo-
nal anti-phospho-eIF2α (Ser51; clone D9G8), and rabbit mono-
clonal anti-eIF2α (clone D7D3). The following antibodies were
obtained from Abcam: recombinant anti-α COPI/COPA (clone
EPR14273[B]) and rabbit polyclonal anti-βCOP (ab2899). The
following antibodies were obtained from BioLegend: anti-
human PD-1, APC anti-mouse CD4 (GK1.5), APC/Cyanine7 anti-
mouse TCRβ (H57-597), PE anti-mouse CD8α (53-6.7), Brilliant
Violet 785 anti-mouse CD45.1 (A20), APC anti-mouse CD45.2
(104), and PE anti-mouse IFNγ (XMG1.2). PerCP-Cyanine5.5
anti-Hu/Mo CD44 (IM7) and goat anti-mouse IgG Alexa Fluor
Plus 488 were obtained from Invitrogen. eFluor 450 anti-mouse
CD8α (53-6.7) was obtained from eBioscience. Mouse monoclo-
nal anti-FLAG (DYKDDDDK) was obtained from Sigma-Aldrich.
Mouse monoclonal anti-β-actin was obtained from Santa Cruz.

CRISPR screening in Jurkat cells
The human genome-wide CRISPR KO pooled library Brunello
(#73179; Addgene) was used for the genome-wide KO of genes in
Jurkat cells. Lentivirus was produced in HEK293T cells by co-
transfection of the Brunello library with psPAX2 and pMD2.G
with Chemifect according to the manufacturer’s protocol. Virus
harvested at 24, 48, and 72 h after transfection were pooled,
filtered through 0.45-μM filters, and stored at −80°C as aliquots.

For screening, 80 million Jurkat cells were spin-infected at
the multiplicity of infection of 0.5, which gave a coverage of
>500 cells/gRNA. After puromycin selection for 3 d and ex-
pansion for another 3 d, 1 billion gene-modified Jurkat cells were
treated with 10 nM thapsigargin for 48 h at a density of 1 million
cells/ml. At the end of thapsigargin treatment, cells were stained
with anti-human PD-1 antibody, followed by anti-mouse IgG-
Alexa Fluor488 secondary antibody. Dead cells were excluded
by LIVE/DEAD Fixable Near-IR dye. Cells with PD-1 expression
at the lowest 1% were sorted by a S3e cell sorter (Bio-Rad).

Genomic DNA (gDNA) extraction for deep sequencing and
data analysis
gDNAwas extracted by TIANampGenomic DNAKit according to
manufacturer’s protocol. The single guide RNA (sgRNA) se-
quence from gDNA was amplified with barcoded primers, and
amplified PCR products were pooled and followed by gel

purification. The purified products were sequenced with Illu-
mina NovaSeq 6000.

The raw data of next-generation sequencing were deconvo-
luted with ENCoRE software. The average reads of sgRNA in
each sample were between 200 and 500, which were normal-
ized within each sample as reads per million reads to offset the
differences in sequencing depth among samples. For each gene,
a P value was calculated by paired t test for the differences of
gRNA abundance between input and end point for four gRNAs.

CRISPR KO of genes in Jurkat and HEK293T cells
sgRNAs were cloned into LentiCRISPRv2 to knock out specific
gene in HEK293T and Jurkat cells. Lentivirus was produced in
HEK293T cells by cotransfection of LentiCRISPRv2-sgRNA
plasmids targeting specific gene and psPAX2 and pMD2.G by
Chemifect according to the manufacturer’s protocol. For trans-
duction, 3 million HEK293T or Jurkat cells were suspended in 1 ml
fresh medium with 2 ml lentivirus and 8 μg/ml polybrene in 12-
well plate, followed by 2,000 g centrifugation at 33°C for 2 h, and
then the plate was returned to incubator. After 6 h of incubation,
cells were detached and transferred to 10-cm dish with fresh
medium. 24 h after infection, puromycin (3 μg/ml) was added to
cells for selection. Cells were selected for 3 d and expanded for
another 3 d before experiments.

To generate monoclonal KO cell lines, HEK293T cells were
transiently transfected with LentiCRISPRv2 plasmids targeting
specific gene and selected with 3 μg/ml puromycin for 72 h.
Then, cells were plated in 96-well plates with approximately one
cell per well in DMEM with 15% FBS. After 10 d, single clones
were expanded and verified by immunoblot.

Measurement of Ca2+ with Fluo4/Fura Red in HEK293T and
Jurkat T cells by flow cytometry
Fura Red and Fluo4 were used for Ca2+ measurement. In all Ca2+

assays, cells were plated at same density in 6-well plates 1 d
before experiment to exclude the influence of cell density.
1 million control or gene-modified HEK293T or Jurkat were re-
suspended in 250 μl Ca2+ assay medium (DMEM for HEK293T,
RPMI 1640 for Jurkat and primary T cells, and both mediums
were supplemented with 25mMHepes [pH = 7.4] and 2.5% FBS).
Fura Red and Fluo4 were mixed and prepared as 2× solution in
250 μl Ca2+ assay medium. Then, the 250 μl medium with cells
and 250 μl medium with 2× Fura Red and Fluo4 mixture were
mixed together, and the final concentration of both Fura Red and
Fluo4 was 2 μM. Themixtures were incubated at 37°C for 30min
in the dark. Cells werewashed once with Ca2+ assaymedium and
resuspended in 800 μl Ca2+ assay medium for flow cytometry
analysis.

For measurement of thapsigargin-induced Ca2+ influx di-
rectly, we placed cell suspension on the cytometer, adjusted the
baseline intensities for Fluo4 (FITC channel) and Fura Red
(PerCP-Cy5.5 channel), and recorded for 60 s. Then we removed
the tube from the cytometer (without stopping the acquisition/
recording) and quickly added thapsigargin to a final concen-
tration of 10 nM or 1 μM as indicated. Samples were quickly
mixed and returned to the cytometer. The total assay time was
indicated in each experiment.
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For measurement of ER Ca2+ and SOCE, cell suspension was
supplemented with 2 mM final concentration of EGTA before
being placed on cytometer. The concentration of Ca2+ is 0.42mM
in RPMI 1640 and 1.8 mM in DMEM, so 2 mM EGTA can com-
pletely chelate the extracellular Ca2+. We adjusted the baseline
intensities for Fluo4 (FITC channel) and Fura Red (PerCP-Cy5.5
channel) and recorded for 60 s. Then we removed the tube from
the cytometer and quickly added thapsigargin to a final con-
centration of 1 μM. Samples were quickly mixed, returned to the
cytometer, and recorded for another 420 s. Then, we removed
the tube from the cytometer (without stopping the acquisition/
recording) and quickly added CaCl2 to a final concentration of
2 mM (the Ca2+ in the assay medium was not included in this
2 mM concentration). Samples were quickly mixed, returned to
the cytometer, and recorded for another 420 s. All measure-
ments were performed at 25°C.

For measurement of Ca2+ influx in cells transfected with
plasma membrane–targeted VMP1, dye-loaded cells were re-
corded for 60 s. Then we removed the tube from the cytometer
(without stopping the acquisition/recording) and quickly added
8 mM or indicated concentration of CaCl2. Samples were quickly
mixed, returned to the cytometer, and recorded for another
240 s.

Measurement of Ca2+ sensors RCaMP1h and G-CEPIA1er by
flow cytometry
The cDNAs of G-CEPIA1er and RCaMP1h were obtained by
gene synthesis (Sangon) and cloned into a lentiviral vector
pLJM1. Cell line stably expressing sensors were established by
lentiviral transduction. Then, VMP1 was knocked out in this
cell line by methods described above. For measurement of the
fluorescence of RCaMP1h or G-CEPIA1er, 1 million cells were
suspended in 800 μl Ca2+ assay medium. We placed cell sus-
pension on the cytometer and G-CEPIA1er (GFP channel) was
recorded for 60 s. Then we removed the tube from cytometer
and quickly added thapsigargin to a final concentration of
1 μM. Samples were quickly mixed, returned to the cytometer,
and recorded for another 840 s. The total assay time for each
sample was 900 s. The voltages for GFP (for G-CEPIA1er)/PE
(RCaMP1h) channels were kept unchanged for all samples. In
overexpression studies, sensor cells were transfected with
indicated constructs with a BFP reporter and the influence of
overexpression on the intensity of the sensor was measured
on BFP-high cells.

Overexpression experiments
The full-length cDNA of human VMP1 was cloned into two dif-
ferent systems for overexpression. To overexpress proteins at
high levels, we used a small vector pCMVwith a backbone of 3.7
kb. This vector does not contain fluorescent marker, so a pCMV-
BFP construct was cotransfected to gate out BFP-high cells for
analysis on flow cytometry. For moderate expression in rescue
experiments, we used a lentiviral vector called pLJM1-BFP,
which was a modified pLJM1 vector whose puromycin cassette
was replaced by BFP. This moderate overexpression system was
used in rescue experiments in Figs. 4 and S3. In all other ex-
periments, pCMV-based overexpression system was used.

Immunofluorescence
HEK293T cells were plated on poly-d-lysine Cellware 12-mm
coverslips (BD Biosciences). On the next day, cells were trans-
fected with indicated plasmids. 24 h after transfection, cells
were rinsed once with PBS, stained withWGA for 10 min at 37°C
(WGA: Invitrogen, Cat: W32466), washed twice with PBS, and
then fixed for 15 min with 4% paraformaldehyde in PBS at room
temperature. Cells were rinsed twice with PBS and permeabilized
by methanol (prechilled at −20°C) for 10 min on ice. After
rinsing three times with PBS, the slides were blocked by 5%
BSA for 30 min at room temperature and incubated with pri-
mary antibodies (diluted 1:500 in 5% BSA) for 1–3 h at room
temperature, rinsed four times with PBS, and incubated with
goat-anti-mouse Alexa Fluor secondary antibodies (diluted 1:
1,000 in 5% BSA) for 1 h at room temperature in the dark. Slides
were washed four times with PBS, mounted on glass coverslips
using ProLong Gold (Invitrogen) with DAPI, and imaged on a
Zeiss780 confocal microscope with a 63× oil lens.

Screening of VMP1 inhibitor
To examine whether Ca2+ influx induced by VMP1-K404/406A
can be inhibited by compounds targeting known membrane
transporters/ion channels, we tested a collection of 652 mem-
brane transporter/ion channel related compounds (HY-L011A
from MCE; the information of the library is available in Table
S2). HEK293T-RcaMP1h cells were transfected with pCMV-
VMP1-K404/406A together with a BFP reporter. 24 h after
transfection, cells were preincubated with each compound in-
dividually at the concentration of 20 μM for 30 min and then
Ca2+ influx in BFPhigh cells was measured by flow cytometry
with 8 mM CaCl2. DMSO and EGTA (10 mM) were used as
controls.

Western blot
After treatment as indicated, cells were collected and washed
with cold PBS. Cells were lysed with lysis buffer (1% Triton X-
100, 40 mM Hepes [pH 7.4], 10 mM β-glycerol phosphate,
10 mM pyrophosphate) supplemented with EDTA-free protease
inhibitor cocktail (Thermo Fisher Scientific) on ice for 15 min.
The soluble fractions of cell lysates were isolated by centrifu-
gation at 14,000 rpm for 6 min. Proteins were denatured by the
addition of 6× SDS sampling buffer and boiling for 5 min at 95°C.
Samples were subjected to SDS-PAGE and immunoblot analysis.

Electrophysiology
STIM1-KO HEK293T cells were used for whole-cell patch-clamp
recording. Cells were plated on poly-d-lysine coated 25-mm
coverslips one day before transfection. pCMV-GFP and pCMV-
VMP1-K404/406Awere co-transfected to select the positive cells
under a fluorescence microscope. pCMV-GFP transfection alone
was used as negative control. 6 h after transfection, the culture
medium was replaced by calcium-free DMEM (Thermo Fisher
Scientific) to avoid toxicity of sustained Ca2+ influx induced by
VMP1-K404/406A. Whole-cell patch-clamp recordings were
performed 18–24 h after transfection.

The coverslip with transfected cells was transferred into a
recording chamber, the recording bath solution includes: 150 mM
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NaCl, 10 mM TEA-Cl, 2 mM MgCl2, 10 mM Hepes, and 30 mM
glucose with pH adjusted to 7.4. The cells were imaged under an
inverted microscope and an iXon EMCCD camera controlled by
Andor SOLIS software; GFP-positive cells were selected for
recording. Borosilicate glass pipettes (B15014F) were made with
a pipette puller (PC-10, NARISHIGE) to resistances of 3–5 MΩ.
Intracellular pipette solution includes 120 mM CsCl, 3 mM
MgCl2, 10 mM EGTA, 10 mM Hepes, and 8 mM NaCl with pH
adjusted to 7.3. All recordings were performed at room tem-
perature. The sampling rate was 5 kHz and the voltage clamp
used a −100 mV holding potential. The data were acquired
using a patch-clamp amplifier (SUTTER IPA/E-100157) and
controlled by Igor Pro software.

L. monocytogenes infection
For primary infection, 5,000 CFUs of L. monocytogenes expressing
the chicken ovalbuminwere injected intomice via tail vein. On day
8 after infection, mice were sacrificed and splenocytes were iso-
lated to measure antigen-specific CD8 T cell response by flow cy-
tometry. Briefly, splenocytes were stained with CD8α-PB, TCRβ-
APC, CD44-Percp-Cy5.5, and PE-conjugated H-2Kb-OVA257-264-
tetramer for 30 min at 37°C. Cells were washed twice with FACS
buffer and analyzed on a BD flow cytometer. Dead cells were ex-
cluded by DAPI staining. Splenocytes were also stimulated with
OVA257-264 peptide (SIINFEKL) for 5 h ex vivo in the presence of
monensin for examination of INFγ production by flow cytometry.

BM transplantation
Total BM cells from congenically marked competitor mice
(CD45.1) and Cd4CreVmp1fl/fl mice (CD45.2) weremixed at 1:1 ratio
and transferred into lethally irradiated (4.5 Gy, twice with 2 h
apart) recipient mice (CD45.1/2) via tail vein. Mice were main-
tained in water with antibiotics for the first 2 wk and then on
normal water. Chimerism of B cells and T cells in spleen of re-
cipient mice were examined 8 wk after transplantation.

Flow cytometry analysis of primary T cell phenotypes
Singe-cell suspensions were prepared from thymi, spleens, and
lymph nodes by grinding through 70-μm strainer. Erythrocytes
were depleted by hypotonic lysis. For staining of surface
markers, cells were incubated in FACS buffer (PBS supple-
mented with 1% calf serum, 1% penicillin/streptomycin, and
2 mM EDTA) with indicated combinations of antibodies for
15 min at 4°C and Fc blockade (2G4) to prevent non-specific
binding. Cells were washed twice with FACS buffer and DAPI
was included to exclude dead cells.

For apoptosis assays, T cells were stained with surface
marker, then Annexin V staining was performed following the
instructions of Annexin V-FITC Apop Kit. Samples were re-
corded with an LSR Fortessa cytometer (BD) and analyzed with
FlowJo software (BD).

For caspase-3 staining assay, T cells were incubated with
10 μM FITC-C6-DEVD-FMK (Cat: 13408; AAT Bioquest) in
Hank’s buffer containing 20 mM Hepes for 1 h at 37°C. Surface
marker staining was performed following the incubation of
FITC-C6-DEVD-FMK. Samples were recorded with an LSR For-
tessa cytometer (BD) and analyzed with FlowJo software (BD).

For measurement of mitochondrial membrane potential of
WT and VMP1-deficient T cells, primary T cells from lymph
nodes were incubated with 2 μM TMRM (tetramethylrhod-
amine, methyl ester) dye (Cat: HY-D0984A; MCE) in RPMI 1640
for 1 h at 37°C. Then cells were washed to remove TMRM dye
and stained with surface marker for 10 min at room tempera-
ture. Samples were recorded with an LSR Fortessa cytometer
(BD) and analyzed with FlowJo software (BD).

For measurement of ER Ca2+ stored in primary T cells, single-
cell suspensions were loaded with Fluo4/Fura Red dye and an-
tibodies for Fc blockade, B220-PB, CD4-APC, and CD8-PE in
RPMI 1640 with 5 mM EGTA for 30 min at 37°C. Cells were
washed oncewith RPMI 1640with 5mMEGTA and resuspended
in RPMI 1640 with 5 mM EGTA. We placed cell suspension on
the cytometer, adjusted the baseline intensities for Fluo4 (FITC
channel) and Fura Red (PerCP-Cy5.5 channel) with B220+ cells
(from control mice) as the reference, and recorded for 60 s. Then
we removed the tube from the cytometer (without stopping the
acquisition/recording) and quickly added 1 μM of ionomycin
(final concentration) as indicated. Samples were quickly mixed,
returned to the cytometer, and recorded for another 240 s. All
samples were recorded with the exact same parameters.

For measurement of mitochondrial Ca2+, we used serum-free
RPMI 1640 with 5 mM EGTA as assay buffer to minimize the
influences of growth factors and extracellular Ca2+ on mito-
chondrial Ca2+. Cells were washed once with RPMI 1640 with
5 mM EGTA and then incubated with 1 μM of Rhod2-AM and
antibodies for Fc blockade, CD4-APC, and CD8-PB in RPMI 1640
with 5 mM EGTA at 37°C for 30 min. Cells were washed twice
and resuspended in RPMI 1640 medium with 5 mM EGTA. DAPI
was used to exclude dead cells. Samples were acquired with an
LSR Fortessa cytometer (BD).

MCU inhibitor treatment
Single-cell suspensions prepared from control or Cd4CreVmp1fl/fl

mice were pretreated with DMSO or 1 μM of benzethonium
chloride in RPMI 1640 with 5 mM EGTA for 1 h at 37°C. Then,
cells were incubated with mitochondrial Ca2+ dye Rhod2 (1 μM)
and Fc blockade, CD4-APC, and CD8-PB in RPMI 1640with 5mM
EGTA for 30 min at 37°C in the presence of DMSO or 1 μM
benzethonium chloride. After incubation, cells were washed
twice with RPMI 1640 with 5 mM EGTA and mitochondrial Ca2+

was measured as mentioned above.
For examination of the effect of benzethonium chloride on

T cell apoptosis, cells were treated with DMSO or 1 μM benze-
thonium chloride in RPMI 1640 for 6 h at 37°C. Then, apoptosis
was measured as described above.

Thapsigargin treatment
Single-cell suspensions prepared from control or Cd4CreVmp1fl/fl

mice were resuspended in RPMI 1640 with 5 mM EGTA. This
calcium-free medium was used for the whole experiment to
avoid SOCE induced by thapsigargin, which activates T cells and
influences the measurement of mitochondrial Ca2+ by Rhod2.
Cells were treated with DMSO or 1 nM thapsigargin in RPMI
1640 with 5 mM EGTA for 1 h at 37°C and then mitochondrial
Ca2+ was measured as described above. Thapsigargin (1 nM) was
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present in the whole experiment. For apoptosis assays, cells
were treated with DMSO, 1, 10, or 100 nM of thapsigargin in
RPMI 1640 for 6 h at 37°C, and then apoptosis was measured as
described above.

Statistics and reproducibility
GraphPad Prism 8.0 was used for statistical analysis. Data are
presented as individual values or mean ± SEM as indicated in
figure legends. The P values and number of replicates (n) are
shown in figures or figure legends. A two-tailed unpaired Stu-
dent’s t test was used to evaluate the difference between two
groups. P < 0.05 was considered significant. All experiments
were repeated independently at least twice with similar results.
Representative flow plots, immunoblots, and micrographs were
selected from biological replicates.

Online supplemental material
Fig. S1 validates the effect of TG on PD-1 expression and survival
of Jurkat T cells. It also shows the KO efficiency of VMP1 protein
in HEK293T cells, as well as the effect of VMP1 deficiency on ER
Ca2+, SOCE, and response to the toxicity of TG in HEK293T cells.
Fig. S2 shows the induction of Ca2+ influx by plasma
membrane–targeted VMP1-K404/406A in HEK293T cells and
the roles of STIM1 and ORAI1 in such Ca2+ influx. It also shows
the effect of inhibitors targeting known channels/pores on Ca2+

influx induced by plasma membrane–targeted VMP1-K404/
406A in HEK293T cells. Fig. S3 shows the generation and char-
acterization of Cd4CreVmp1fl/fl mice and Cd4CreVmp1fl/D272N mice. It
also shows the system used to express endogenous level of VMP1,
as well as the relationship between ER Ca2+ regulation and
VMP1’s other functions. Table S1 shows the results of CRISPR
screening of PD-1 modulators in Jurkat T cells. Table S2 show-
s the information of compounds in HY-L011A library from MCE.

Data availability
All data from this study have been shown in figures and sup-
plementary materials.
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Supplemental material

Figure S1. Additional supporting data related to Fig. 1. (A) SOCE in thapsigargin (TG)-treated Jurkat cells was measured by flow cytometry. (B) Jurkat cells
were treated with DMSO, TG (10 nM), or TG (10 nM) plus CsA (1 μM) for 48 h. The expression of PD-1 was examined by flow cytometry. Mean fluorescence
intensities of PD-1 staining are shown; FMO is unstained control. (C) Jurkat cells were treatedwith DMSO or indicated concentrations of TG for 48 h. PD-1 expression
was examined. Mean fluorescence intensities of PD-1 staining are shown; FMO is unstained control. (D) Jurkat cells were treated as in C. The percentage of live cells
was determined by flow cytometry with DAPI staining. (E) The expression of VMP1 in Jurkat cells expressing indicated sgRNAs and Cas9 was analyzed by im-
munoblot. (F) TG-induced Ca2+ influx in Jurkat cells expressing indicated sgRNA and Cas9was examined by flow cytometry, and the expression of ATG5was analyzed
by immunoblot. (G) The expression of VMP1 in HEK293T cells expressing indicated sgRNAs, and Cas9 was analyzed by immunoblot. (H) Validation of monoclonal
VMP1-KO HEK293T cells by immunoblot. (I) ER Ca2+ and SOCE in VMP1-KO cells were examined by flow cytometry. (J) The expression of VMP1 in HEK293T-G-
CEPIA1er cells expressing indicated sgRNAs and Cas9 was analyzed by immunoblot. (K) 1 × 105 HEK293T cells expressing indicated sgRNAs and Cas9 were plated in
12-well plates. 24 h later, cells were treated with DMSO or TG (10 nM) for another 48 h. (A–D and F) Representative plots from one of three independent ex-
periments. (E–H and J) Representative blots from one of two independent experiments. (I and K) Representative plots and statistics from one of three independent
experiments. n = 3 in I and K. Each symbol represents one sample; data represent mean ± SEM, one-way ANOVA in I, two-tailed unpaired t test in K; * <0.05,
** <0.01, **** <0.001. Source data are available for this figure: SourceData FS1.
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Figure S2. Additional supporting data related to Fig. 2. (A) Ca2+ influx in HEK293T-RCaMP1h cells transfected with empty vector, VMP1, or VMP1-K404/
406A was measured by flow cytometry with 8 mM CaCl2. (B) Ca2+ influx in HEK293T cells transfected with empty vector or VMP1-K404/406A was measured
by flow cytometry with Fluo4/Fura Red at indicated concentrations of CaCl2. (C) The expression of STIM1 inWT and STIM1-KOHEK293T cells was examined by
immunoblot. (D) ER Ca2+ and SOCE in WT and STIM1-KO HEK293T cells were measured by flow cytometry. (E) HEK293T-RCaMP1h cells were preincubated
with DMSO or CM4620 for 30 min. ER Ca2+ and SOCE were measured by flow cytometry. (F) HEK293T cells were transfected with indicated plasmids. Cells
were preincubated with DMSO or CM4620 for 30 min, then Ca2+ influx was measured by flow cytometry with 8 mM CaCl2. (G) ER Ca2+ and SOCE in WT and
ORAI1-KO HEK293T cells were measured by flow cytometry. (H) ORAI1-KO HEK293T cells were transfected with indicated plasmids; Ca2+ influx was measured
by flow cytometry with 8 mM CaCl2. (I) Strategy for screening of potential VMP1 inhibitor from a compound library targeting known ion channels/membrane
transporters (HY-L011A from MCE; the information of library is available in Table S2). (J) HEK293T-RcaMP1h cells were transfected with pCMV-VMP1-K404/
406A together with a BFP reporter. 24 h after transfection, cells were preincubated with each compound individually at the concentration of 20 μM for 30 min,
then Ca2+ influx in BFP-high cells was measured by flow cytometry with 8 mM CaCl2. A summary of screening result is shown. EGTA was used as a positive
control. (A and F) Representative plots and statistics from one of three independent experiments. (B, D, E, G, and H) Representative plots from one of three
independent experiments. (C) Representative blots from one of two independent experiments. n = 5 in A, n = 3 in F; each symbol represents one sample; data
represent mean ± SEM, two-way ANOVA in A and F; * <0.05, ** <0.01, *** <0.001, **** <0.001. Source data are available for this figure: SourceData FS2.
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Figure S3. Additional supporting data related to Figs. 3 and 4. (A) Gene targeting strategy and genotyping of tail DNA frommice with indicated genotypes.
(B) Immunoblot analysis of VMP1 expression in T cells from mice with indicated genotypes. (C) Thymi from mice with indicated genotypes were analyzed by
flow cytometry. (D) TMRM level in T cells frommice with indicated genotypes was examined by flow cytometry. (E and F)Mice with indicated genotypes were
infected with L. monocytogenes expressing OVA (LM-OVA). CD8 T cell response was analyzed on day 8 after infection. (E) Representative plots and statistics of
OVA257-264-H2Kb tetramer-positive cells in spleen are shown. Plots were gated on single live cells. (F) Representative plots and statistics of IFNγ-positive cells
after ex vivo stimulation with OVA257-264 peptide (SIINFEKL) are shown. Plots were gated on CD8α+ cells. (G) pLJM1- or pCMV-based expression system.
(H) HEK293T cells were transfected with indicated plasmids, and the expression of VMP1 was examined by immunoblot. (I) ER Ca2+ in HEK293T cells
transfected with indicated plasmids was measured by flow cytometry. (J) The expression of indicated proteins in HEK293T cells or VMP1-KO HEK293T cells
stably expressing empty vector, VMP1, or VMP1-D272N was analyzed by immunoblot. (K) gDNA sequence of Vmp1 loci from WT and Vmp1D272N/+ mice.
Nucleotides encoding 272D (GAC) and 272N (AAT) are labeled with green and red colors, respectively. Arrows indicate double peaks of G/A and C/T reads from
sequencing result. (L) PCR genotyping of WT and Vmp1D272N/+ mice. (M) Immunoblot analysis of VMP1 expression in T cells from mice with indicated gen-
otypes. (N) ER Ca2+ stored in T cells from mice with indicated genotypes was examined by flow cytometry. (B, H, J, and M) Representative blots from one of
three independent experiments. (C–F, I, and N) Representative plots and statistics from one of three independent experiments. n = 4 mice per genotype in C
and D, n = 3 mice per genotype in E, F, I, and N; each symbol represents an individual mouse; data represent mean ± SEM, two-tailed unpaired t test in C–F and
N, one-way ANOVA in I; * <0.05, ** <0.01, *** <0.001, **** <0.001. Source data are available for this figure: SourceData FS3.
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Provided online are two tables. Table S1 shows the results of CRISPR screening of PD-1 modulators in Jurkat T cells. Table S2
shows the information of compounds in HY-L011A library from MCE.
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