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Abstract
We previously reported a loss of T cell activation following knockdown of the phospholipid scramblase and ion chan-
nel ANO9 (TMEM16J) in human Jurkat lymphocytes. We have now analyzed in detail the role of ANO9 in Jurkat 
ANO9 knockout cells and primary human pan-T cells. In addition, transgenic knockin mice carrying the T595A-
Ano9 mutation were generated, as the human counterpart T604A-ANO9 and other variants had been shown to cause 
chronic kidney disease (CKD) and inflammation. Jurkat cells lacking expression of ANO9 demonstrated a loss of T-cell 
receptor-induced Ca2+ signaling and reduced expression of the plasma membrane Ca2+-ATPase (PMCA). Upregulation 
of PMCA-expression by vitamin D3 was abolished in the absence of ANO9. Activation of wild-type Jurkat cells by 
stimulation of CD3/CD28 receptors was potently inhibited by the putative ANO9-inhibitor flunisolide. Knockdown of 
ANO9 in primary human T cells reproduced the loss of activation demonstrated in Jurkat ANO9-knockout cells and 
caused a loss in store-operated Ca2+ entry (SOCE). Expression of Ano9 in mouse lymphocytes was low when compared 
to human, but was upregulated during activation of CD3 and CD28 receptors. Cells isolated from T595A-knockin mice 
exhibit upregulated Ca2+ signaling that caused pronounced depolarization of the membrane voltage, enhanced whole 
cell currents and an increase in IL-2 release and cell proliferation. Additional boosters of activation such as PMA/ 
phytohemagglutinin or concanavalin A were unable to further enhance activation in wild-type lymphocytes to the level 
observed in T595A-Ano9 cells. The data suggest that expression of the ANO9 variant T604A in lymphocytes and renal 
epithelial tissues may cause hyperinflammatory diseases and CKD by upregulated intracellular Ca2+ signaling due to 
augmented expression of PMCA.
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Abbreviations
ANO9	� anoctamin 9 (TMEM16J)
TCR	� T-cell receptor
ORAI1	� Calcium release-activated calcium channel 

protein 1
STIM1	� stromal interaction molecule 1
CRAC	� Ca2+ release-activated Ca2+ influx channel
ER	� endoplasmic reticulum
PIP2	� phosphatidylinositol 4,5-bisphosphate
PMCA	� plasma membrane Ca2+ ATPase
GPCR	� G-protein coupled receptor
CKD	� chronic kidney disease
PMA	� phorbol-12-myristate-13-acetate
PHA	� phytohemagglutinin
CD3	� cluster of differentiation 3

CD28	� cluster of differentiation 28
SERCA	� sarcoplasmic endoplasmic reticulum 

Ca2+-ATPase
NFAT	� nuclear factor of activated T cells
SOCE	� store-operated Ca2+ entry
DLG1	� protein discs large 1

Introduction

Activation of T lymphocytes (T cells) is initiated through 
stimulation of the T-cell receptor (TCR). Stimulation of 
TCRs cause only a small initial Ca2+ increase due to the 
low capacity of the endoplasmic reticulum (ER) Ca2+ store 
and potent mitochondrial Ca2+ buffering, facilitated by the 
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mitochondrial Ca2+ uniporter (MCU) [1]. However, ER 
store emptying triggers a delayed large and sustained Ca2+ 
increase by enhancing the number of Ca2+ microdomains, 
causing Ca2+ influx through store-operated ORAI1 channels 
[2–4]. Thus Ca2+ signals spread deeper into the cytoplasm 
to promote full T-cell activation and nuclear factor of acti-
vated T cells (NFAT) signaling [5]. These sustained high 
Ca²⁺ levels are required for efficient immune response [1, 6]. 
As a consequence, missense mutations in ORAI1 or STIM1 
abrogate Ca2+ signals and cause severe immune deficiency 
[7, 8]. Ca²⁺-dependent inactivation (CDI) of ORAI1 via its 
intracellular loop is suppressed by keeping compartmen-
talized Ca2+ low, mainly through the action of the plasma 
membrane Ca2+ ATPase (PMCA) [9, 10]. Our previous 
report demonstrated ANO9 (anoctamin 9, TMEM16J) as 
a major regulator of PMCA by facilitating expression of 
PMCA in the plasma membrane of human Jurkat T cells [1].

ANO9 (anoctamin 9, TMEM16J) is a phospholipid (PL) 
scramblase and voltage-independent cation channel that 
has a role in amplification of olfactory signals [11–13]. 
ANO9 is also involved in chronic kidney disease (CKD), as 
a genome-wide meta-analysis of the creatinine-based esti-
mated glomerular filtration rate revealed a variant of ANO9 
(T604A) being associated with CKD [14]. We analyzed 
mutant ANO9-T604A in vitro and detected its role in [Ca2+]i 
signaling. A constitutive release of proinflammatory cyto-
kines was found in renal epithelial cells expressing T604A-
ANO9 [13]. Moreover, expression of ANO9 was shown to 
be essential for maintaining large [Ca2+]i signals and release 
of IL-2 during activation of human Jurkat T cells [1].

In the present report, we analyzed Ca2+ signaling in Jur-
kat cells lacking expression of ANO9 (ANO9-KO cells). 
Our data demonstrate the pronounced role of ANO9 for 
PM-translocation of PMCA during activation of Jurkat 
cells. Moreover, the role of ANO9 for Ca2+ signaling was 
confirmed in primary human CD4+/CD8+ lymphocytes. 
To further elucidate the disease-associated ANO9 variant 
T604A (corresponding to mouse T595A), we generated 
T595A knockin mice. Primary lymphocytes isolated from 
T595A animals demonstrate enhanced Ca2+ signals and IL-2 
release. We demonstrate hyperreactivity of lymphocytes 
carrying ANO9 mutations which may contribute to CKD 
and hyperinflammatory diseases [13–16].

Methods

Animals

Isolation of mouse lymphocytes was approved by the local 
Ethics Committee of the Government of Unterfranken/
Wuerzburg (AZ: 55.2-2532-2-1596). Animals were hosted 

on a 12:12 h light: dark cycle under constant temperature 
(24 ± 1 °C) in standard cages. They were fed a standard diet 
with free access to tap water. C57BL/6 females in the age 
around 20 weeks were use for lymphocyte isolation.

Cell culture and transfection

A Jurkat ANO9 knockout cell line (Clone E6-1, YC-D012) 
was generated by UBIGENE (Guangzhou, China) using 
CRISPR/Cas9 technology. Deletion of exon 8 and 9 was 
induced by using the guide RNAs (target sequences 5´-​A​
G​G​T​G​G​C​C​C​T​G​T​A​C​T​T​C​G​T​C TGG and 5´- ​C​C​G​A​G​A​
G​C​C​G​C​T​G​G​T​A​C​C​T​G CGG). Deletion of exon 8 and 9 
cause a frame shift at amino acid position 192 and a stop 
codon at amino acid position 285. All sequence were veri-
fied by Sanger sequencing (Fig. 1A-C). Cells were cultured 
as described previously [1]. T cells were activated for 24 h 
with anti-human CD3 AB (5 µg/ml, Cat 14-0037-82) and 
anti-human CD28 AB (5 µg/ml, Cat C2820 (Leinco Tech-
nologies Biotrend, Cologne, Germany) (CD3/28). CD3 + 
pan T cells (Catalog ID: PB03C-2, Charles River Labo-
ratories Cell Solutions, LA, USA) were isolated from a 
leukopak by positive selection using CD4 and CD8 immu-
nomagnetic bead separation (Donor information: Source 
ID: D329224, age: 65, gender: male, height: 5 × 7”, weight: 
231 lbs, BMI: 36.18, ethnicity: African American, ABO/
Rh: B-POS). After isolation, CD3+ T cells were tested for 
purity and viability using flow cytometry (Viability: 96.7%, 
CD3+: 90.95%, CD4+: 61.1%, CD8+: 27.03%). Cell trans-
fection was carried out by electroporation using the Neon™ 
transfection system and siRNAs against ANO9 (TMEM16J) 
using Stealth siRNA (Ambion, ThermoFisher Scientific, 
Schwerte, Germany). Scrambled RNA (Silencer Select, 
negative control siRNA, ThermoFisher) served as control. 
Experiments were performed 72 h after transfection.

Isolation of mouse lymphocytes and flow cytometry

Mouse lymphocytes were isolated from mesenteric and 
brachial lymph nodes of C57BL/6J mice (Charles River 
Laboratories, Sulzfeld, Germany). Living and dead cells, 
respectively, were detected by LIVE/DEAD fixable red 
(Invitrogen, ThermoFisher, Erlangen, Germany). Primary 
cells were cultured in RPMI 1640 (Capricorn, Leusden, 
Netherlands), 10% FBS (PanBiotech, Aidenbach, Ger-
many), 1% glutamine (Capricorn), 50 µmol/l ß-mercapto-
ethanol (Gibco, ThermoFisher), 20 mM HEPES (Capricorn), 
1 mmol/l sodium pyruvate (Capricorn), 1% MEM-vitamin 
(Sigma-Aldrich, Merck, Darmstadt, Deutschland), 1% Pen-
Strep for 24  h activated with hamster mCD3 AB (5  µg/
ml, BD Biosciences, Heidelberg, Germany) and mCD28 
AB (5 µg/ml, Leinco) and incubated with anti-CD3e-APC, 
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rabbit anti-ANO9 antibody (Invitrogen) in 3% (w/v) NFM/
TBS-T). All subsequent steps were performed as described 
previously [1].

IL-2 release

Cellular release of human IL-2 was detected using quan-
tikine colorimetric sandwich ELISA kit (R&D Systems, 
Wiesbaden, Germany). Transfected Jurkat E6.1 cells were 
treated with PMA/PHA (5 ng/ml phorbol-12-myristate-
13-acetate/10 µg/ml phytohemagglutinin) for 24 h. Cellular 
release of mouse IL-2 was detected using colorimetric sand-
wich ELISA kit (Sigma-Aldrich). Freshly isolated mouse 
lymphocytes were activated for 24 h with mCD3 AB (5 µg/
ml) and mCD28 AB (5 µg/ml). The signals were detected as 
described earlier [13].

Immunofluorescence

Peripheral lymph nodes were embedded in paraffin and 
cooked in TRIS/EDTA pH9 for 15  min. Freshly isolated 
mouse lymphocytes were fixed in 4% paraformaldehyde. Tis-
sues or cells were incubated with primary antibodies against 
ANO9 (Peptide sequence: EKYDRIRHRMRFSSRSTDV, 
Davids Biotechnologie, Regensburg, Germany) in 0.5% 
BSA for 1 h at 37 °C and subsequently with secondary goat 
anti-rabbit Alexa 660 antibody (ThermoFisher) for 1  h at 
37 °C. Cells were counterstained with Hoe33342 (Sigma-
Aldrich). Immunofluorescence was detected and analyzed 
using an Axiovert Observer microscope equipped with 
ApoTome2 and ZEN 2.6 (blue edition) Software (Carl Zeiss 
Microscopy, Oberkochen, Germany).

Measurement of intracellular Ca2+ [Ca2+]iand FMP 
fluorescence

Jurkat E6.1 cells in Matrigel matrix on glass cover slips were 
loaded with 2 µmo/l Fura-2/AM (Biozol, Eching, Germany) 
and 0.02% Pluronic F-127 (Invitrogen) in ringer solution 
(mmol/l: NaCl 145; KH2PO4 0,4; K2HPO4 1,6; Glucose 5; 
MgCl2 1; Ca2+-Gluconat 1,3) for 1 h at room temperature. 
Fluorescence was ratiometrically as outlines earlier [13]. For 
measurement of the membrane voltage the voltage-sensitive 
dye FMP was used [17]. Cells were incubated with FMP 
(FLIPR Membrane Potential Assay Kit; Molecular Devices, 
Ismaning, Germany) in ringer solution (1:5 dilution) at room 
temperature for 15 to 30 min. FLIPR was exited with 485 
nm and emission was detected between 515 and 560 nm. 
Control of the experiment, imaging acquisition, and data 

anti-CD4-FITC, and anti-CD8a-PE antibodies (Thermo-
Fischer Scientific). Cells were immediately analyzed using 
flow cytometer using BD Accuri™ C6 Flow Cytometer and 
software (BD Biosciences). Total events collected was at 
least 10,000 events per sample.

RT-PCR

For semiquantitative RT-PCR total RNA was isolated using 
NucleoSpin columns (Macherey-Nagel, Düren, Germany). 
Total RNA (0.5 µg/25 µl reaction) was reverse-transcribed 
using random primers (Promega) and M-MLV Reverse 
Transcriptase RNase H Minus (Promega). Each RT-PCR 
reaction contained sense and antisense primers (0.5 µmol/l), 
0.5 µl cDNA and GoTaq Polymerase (Promega, Walldorf, 
Germany) (Table 1). After 2 min at 95 °C, cDNA was ampli-
fied (targets 30 cycles, reference GAPDH 25 cycles) for 30 s 
at 95 °C, 30 s at 56 °C and 1 min at 72 °C. PCR products 
were visualized and bands were analyzed densitometrically 
by relating to GAPDH using Image J 1.52r software (NIH).

Western blotting

Protein was isolated from Jurkat cells or mouse lympho-
cytes using RIPA-buffer (#9806, Cell signaling, Leiden, 
Netherlands) with 1 mM PMSF (Roche, Penzberg, Ger-
many), 0,5% Lubrol-WX (MP Biomedicals, Eschwege, 
Germany), 0,5% TritonX-100 (Sigma-Aldrich) and 0,1% 
SDS (Roth, Karlsruhe, Deutschland). After quantification, 
proteins were separated by 8.5% SDS-PAGE and transferred 
to a PVDF membrane (GE Healthcare, Munich, Germany). 
Membranes were incubated overnight at 4 °C with primary 

Fig. 1  Knockout of ANO9 expression inhibits Ca2+increase upon 
activation of Jurkat T cells by inhibition of SOCE. (A) Scheme for 
CRISPR/Cas9-mediated knockout of ANO9 with location of primers. 
(B) Protein sequence indicating location of translational stop in ANO9. 
(C) RT-PCR indicating loss of ANO9 expression in KO cells. P1,3,5 
indicate primers as shown in A). (D) Original recording of the increase 
in intracellular Ca2+ ([Ca2+]i) induced by acute application of antibod-
ies against CD3 (5 µg/ml) and the costimulatory receptor CD28 (5 µg/
ml) (CD3/28) in wildtype (WT) and ANO9-KO (KO) cells. E, F) Sum-
maries for basal intracellular [Ca2+]i and [Ca2+]i increase induced by 
CD3/28. *significant inhibition in KO (p < 0.05; unpaired t-test). G) 
Effects of extracellular Ca2+ removal and store emptying by cyclopia-
zonic acid (CPA; 10 µmol/l) on [Ca2+]i under basal (nonstimulated) 
conditions and after 24 h exposure to CD3/28 in WT and KO cells. 
H-K) Summaries for basal [Ca2+]i (H), the effect of extracellular Ca2+ 
removal (I), CPA-induced store release (J), and store-operated Ca2+ 
entry (SOCE) (K), on [Ca2+]i. Mean ± SEM (Number of cover slips). 
For each cover slip about 10–15 cells were measured and data were 
pooled. *significant increase by CD3/28 (p < 0.01; unpaired t-test) in 
WT, which was absent in KO
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Primer / Gene accession number Sequence bp
ATP2B1
NM_001001323.2

s: 5´- ​C​A​G​G​T​C​C​A​C​A​G​A​T​G​C​A​T​T​A​C​G
as: 5´- ​G​T​T​C​T​T​G​T​T​C​A​A​T​T​C​G​G​C​T​C​T​G

455

ATP2B4
NM_001001396.3

s: 5´- ​C​A​C​T​A​T​G​G​A​G​G​T​G​T​A​C​A​G​A​A​T​C
as: 5´- ​G​T​C​A​C​T​A​A​C​A​C​C​A​C​G​A​T​G​A​T​C

359

DLG1 Var1, Var2
NM_001098424.1

s: 5´- ​C​A​A​A​G​C​C​G​T​C​T​G​A​A​C​C​A​A​T​T​C
as: 5´- ​C​A​A​G​C​T​A​T​C​T​G​T​G​T​T​G​A​C​C​A​G

413
314

IL-2
NM_000586.4

s: 5´- ​C​A​G​T​G​C​A​C​C​T​A​C​T​T​C​A​A​G​T​T​C
as: 5´- ​C​T​A​A​A​T​T​T​A​G​C​A​C​T​T​C​C​T​C​C​A​G

221

IP3R1
NM_001099952.4

s: 5´- ​G​C​G​A​A​A​G​G​A​G​A​A​G​A​G​A​A​T​A​A​A​G
as: 5´- ​G​T​T​C​A​A​A​G​T​C​A​A​G​A​G​C​A​C​C​T​G

367

IP3R2
NM_002223.4

s: 5´- ​C​C​C​C​C​A​T​G​T​C​A​T​C​A​T​A​C​T​T​T​G
as: 5´- ​C​T​C​C​A​T​T​C​T​C​A​T​A​G​T​T​G​C​T​G​C

726

IP3R3
NM_002224.4

s: 5´- ​C​C​C​C​T​G​C​C​T​T​C​G​A​C​T​C​T​A​C
as: 5´- ​C​T​G​C​T​T​C​T​T​C​C​T​C​A​T​T​T​G​C​T​C

542

ORAI1
NM_032790.4

s: 5´- ​T​G​A​G​C​C​T​C​A​A​C​G​A​G​C​A​C​T
as: 5´- ​G​A​A​C​T​T​G​A​C​C​C​A​G​C​A​G​A​G​C

407

ORAI2
NM_001126340.3

s: 5´- ​C​G​C​A​G​C​T​A​C​C​T​G​G​A​A​C​T​G​G
as: 5´- ​C​T​C​G​A​T​C​T​C​G​C​G​G​T​T​G​T​G​G

612

ORAI3
NM_152288.3

s: 5´- ​C​G​G​C​T​A​C​C​T​G​G​A​C​C​T​C​A​T​G
as: 5´- ​G​A​G​A​T​T​G​G​A​A​G​C​T​G​G​A​C​T​A​A​G

532

PDCD1, PD-1
NM_005018.3

s: 5´- ​G​C​T​T​C​G​T​G​C​T​A​A​A​C​T​G​G​T​A​C​C
as: 5´- ​G​A​C​A​A​T​G​G​T​G​G​C​A​T​A​C​T​C​C​G

572

PDCD1LG1, PDL1, CD274
NM_014143.4

s: 5´- ​C​T​G​T​C​T​T​T​A​T​A​T​T​C​A​T​G​A​C​C​T​A​C
as: 5´- ​G​T​G​T​T​G​A​T​T​C​T​C​A​G​T​G​T​G​C​T​G

589

PDCD1LG2, PDL2
NM_025239.4

s: 5´- ​G​A​A​G​T​C​A​T​G​T​G​A​A​C​C​T​T​G​G​A​G
as: 5´- ​G​T​G​A​A​G​C​A​G​C​C​A​A​G​T​T​G​G​A​T​G

533

P2RY2
NM_176072.3

s: 5´- ​G​G​C​C​C​C​T​G​G​A​A​T​G​A​C​A​C​C
as: 5´- ​C​T​G​G​T​G​G​T​G​A​C​A​A​A​G​T​A​G​A​G

509

RYR1
NM_000540.3

s: 5´- ​G​A​A​C​C​C​G​A​C​C​C​T​G​A​C​T​A​C​G
as: 5´- ​C​C​A​C​A​C​C​A​T​G​T​A​G​C​A​G​T​T​G​C

510

RYR2
NM_001035.3

s: 5´- ​G​A​T​G​C​T​G​A​T​T​C​T​G​A​C​T​T​T​G​A​G​G
as: 5´- ​C​A​T​T​G​G​G​A​C​T​T​G​T​A​G​C​T​T​G​T​G

643

RYR3
NM_001036.6

s: 5´- ​C​A​G​A​A​A​A​G​G​A​A​A​C​A​G​A​T​G​C​A​A​G
as: 5´- ​G​G​A​C​T​G​G​G​T​T​C​T​T​C​T​C​T​T​C​A​C

517

TMEM16A,
NM_018043

s: 5´- ​C​G​A​C​T​A​C​G​T​G​T​A​C​A​T​T​T​T​C​C​G
as: 5´- ​G​A​T​T​C​C​G​A​T​G​T​C​T​T​T​G​G​C​T​C

445

TMEM16B
NM_001278596

s: 5´- ​G​T​C​T​C​A​A​G​A​T​G​C​C​A​G​G​T​C​C​C
as: 5´- ​C​T​G​C​C​T​C​C​T​G​C​T​T​T​G​A​T​C​T​C

553

TMEM16C
NM_001313726

s: 5´- cttccctcttccagtcaac
as: 5´- aaacatgatatcggggcttg

461

TMEM16D
NM_001286615

s: 5´- ​C​G​G​A​A​G​A​T​T​T​A​C​A​G​G​A​C​A​C​C​C
as: 5´- ​G​A​T​A​A​C​A​G​A​G​A​G​A​A​T​T​C​C​A​A​T​G​C

505

TMEM16E
NM_213599

s: 5´- gaatgggacctggtggac
as: 5´- gagtttgtccgagcttttcg

713

TMEM16F
NM_001025356

s: 5´- ​G​G​A​G​T​T​T​T​G​G​A​A​G​C​G​A​C​G​C
as: 5´- ​G​T​A​T​T​T​C​T​G​G​A​T​T​G​G​G​T​C​T​G

325

TMEM16G
NM_001370694

s: 5´- ​C​T​C​G​G​G​A​G​T​G​A​C​A​A​C​C​A​G​G
as: 5´- ​C​A​A​A​G​T​G​G​G​C​A​C​A​T​C​T​C​G​A​A​G

470

TMEM16H
NM_020959

s: 5´- ggaggaccag ccaatcatc
as: 5´- tccatgtcattgagccag

705

TMEM16J
NM_001012302

s: 5´- ​G​C​A​G​C​C​A​G​T​T​G​A​T​G​A​A​A​T​C
as: 5´- ​G​C​T​G​C​G​T​A​G​G​T​A​G​G​A​G​T​G​C

472

TMEM16K
NM_018075

s: 5´- ​G​T​G​A​A​G​A​G​G​A​A​G​G​T​G​C​A​G​G
as: 5´- ​G​C​C​A​C​T​G​C​G​A​A​A​C​T​G​A​G​A​A​G

769

GAPDH
NM_001289726

s: 5´-​G​T​A​T​T​G​G​G​C​G​C​C​T​G​G​T​C​A​C
as: 5´-​C​T​C​C​T​G​G​A​A​G​A​T​G​G​T​G​A​T​G​G

200

siRNA
siRNA TMEM16F, Stealth, HSS176378, 5´- ​C​C​U​C​C​A​U​C​A​U​C​A​G​C​U​U​U​A​U​A​A​U​U​A​U
siRNA TMEM16J, Stealth; HSS155265-7, Invitrogen 5´-​U​G​A​A​G​U​A​C​C​A​G​A​G​G​C​U​G​C​G​U​G​A​G​A​A

5´-​C​C​A​U​G​C​C​U​G​A​A​A​G​A​A​G​G​C​A​A​C​U​C​U​A
5´-​G​G​A​C​U​U​C​C​A​G​G​A​C​C​C​U​G​A​U​G​G​G​A​U​U

siRNA ATPB1; Silencer Select, s753 5´-​C​A​G​U​U​A​U​C​A​U​U​C​U​A​G​U​A​U​U​T​T
siRNA ATPB4; Silencer Select, s1759 5´-​G​G​A​C​U​A​U​C​U​G​C​A​U​A​G​C​U​U​A​T​T
siRNA DLG1 Silencer Select, s4121 5´-​G​A​U​G​A​U​G​A​A​U​A​G​U​A​G​U​A​U​U​T​T

Table 1  RT-PCR Primer and siRNA
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ANO9 knockout in Jurkat cells was performed by CRISPR/
Cas9 as described in Methods (Fig. 1A, B). We used PCR to 
detect the loss of ANO9 transcripts (Fig. 1C). Acute activa-
tion of CD3 and CD28 receptors by antibodies (CD3/28) 
caused an increase in intracellular Ca2+ that was significantly 
reduced in KO cells (Fig. 1D-F). After costimulation with 
CD3/28 for 24 h, we performed ER Ca2+ store emptying 
experiments: Extracellular Ca2+ was replaced by a Ca2+ free 
buffer and the SERCA-pump inhibitor cyclopiazonic acid 
(CPA; 10 µmol/l) was applied subsequently. Re-addition of 
extracellular Ca2+ in the presence of CPA caused store-oper-
ated Ca2+ entry (SOCE). In wild-type (WT) but not in KO 
cells, basal [Ca2+]i was enhanced and store-operated Ca2+ 
entry (SOCE) was augmented (Fig. 1G-K). Thus, knockout 
of ANO9 inhibited activation of Ca2+ influx through store 
operated ORAI1 Ca2+ entry channels, supporting our previ-
ous data in siRNA-ANO9 treated Jurkat cells [1].

Flunisolide binds with high affinity to ANO9 and may 
therefore operate as a potential ANO9-inhibitor [18]. In 
fact, the contribution of ANO9 to [Ca2+]i increase upon 
stimulation with CD3/28 was completely inhibited by flu-
nisolide (Fig. 2A, B). Previous data suggested lower prolif-
eration of Jurkat cells after siRNA knockdown of ANO9. In 
the present study loss of ANO9 expression clearly reduced 
cell proliferation, while trypan blue staining unmasked 
reduced viability of KO cells (Fig. 2C, D). Upon activation 
of T cells, PMCAs are translocated to the plasma membrane 
and maintain low [Ca2+]i levels in signaling compartments 
containing ORAI1 (immunological synapse) [1]. Thus Ca2+ 
feedback-inhibition of ORAI1 is avoided, thereby maintain-
ing high SOCE [1, 9, 10, 19]. Using immunofluorescence 
we analyzed expression of PMCA in WT and KO cells 
before and after activation of CD3, which induced a granu-
lated plasma membrane staining, probably reflecting accu-
mulation of PMCA in immunological synapses (Fig. 2E). 
Quantification of plasma membrane fluorescence indicated 
a pronounced increase in PMCA-expression in WT cells, 
which was largely reduced in KO cells (Fig. 2F).

Along this line, Vit-D3, an important regulator of 
immune function, was recently shown to strongly upregu-
late expression of PMCA [20]. We wanted to know whether 
Vit-D3 also influences the membrane expression of PMCA 
in Jurkat cells, which could be a mechanism contributing to 
its immunological effects [21]. Therefore, we measured the 
effects of Vit-D3 (1,25-dihydroxyvitamin D3; 150 nmol/l; 
incubation for 24 h) on the expression of PMCA before and 
after stimulation with CD3. Indeed, Vit-D3 enhanced the 
plasma membrane expression of PMCA after activation of 
T cell receptors in WT cells, but failed to do so in KO cells 
lacking ANO9 expression (Fig. 2G).

analysis were done with the software package Meta-Fluor 
(Molecular Devices, Munich, Germany). For every series 
of experiments, Ca2+ signals from about 100 cells fixed on 
5–15 different glass cover slips were measured.

Patch clamp

Freshly isolated mouse lymphocytes were seeded on Poly-L-
lysine coated glass coverslips. Coverslips were mounted in a 
bath chamber on the stage of an inverted microscope (IM35, 
Zeiss. Patch pipettes were filled with a cytosolic-like solution 
containing (in mM): KCl 30, K- Gluconate 95, NaH2PO4 1.2, 
Na2HPO4 4.8, EGTA 1, Ca- Gluconate 0.758, MgCl2 1.03, 
D- Glucose 5, ATP 3; pH 7.2. The intracellular Ca2+ activ-
ity was 0.1 µM. The bath solution was a bicarbonate-free 
Ringer’s solution (in mM: NaCl 145, KH2PO4 0.4, K2HPO4 
1.6, Glucose 5, MgCl2 1, Ca- Gluconate 1.3). Patch pipettes 
had an input resistance of 3– 5 MΩ and whole cell currents 
were corrected for serial resistance. Currents were recorded 
using a patch clamp amplifier EPC9, and PULSE software 
(HEKA, Lambrecht, Germany) as well as Chart software 
(AD Instruments, Spechbach, Germany). Cells were stimu-
lated with 5 µg/ml anti-mouse CD3e (BD Pharmingen) and 
5 µg/ml anti-mouse CD28 (Leinco Technologies) by adding 
the antibodies into the bath chamber. In regular intervals, the 
membrane voltage (Vc) was clamped in steps of 20 mV from 
− 100 to + 100 mV from a holding voltage of 0 mV. The cur-
rent density was calculated by dividing whole cell currents 
by cell capacitance. The current density in lymphocytes was 
calculated by dividing whole cell currents by cell capaci-
tance, which was typically below 2 pF.

Materials and statistical analysis

Materials were of highest purity possible. Statistical analysis 
was performed using Student’s t-test (for paired or unpaired 
samples as appropriate) or ANOVA with Bonferroni-Holm 
post-hoc test. Data are reported as means ± SEM.

Results

Knockout of ANO9 inhibits activation of Jurkat 
cells and CD3-regulated expression of PMCA in the 
plasma membrane

We previously showed that siRNA-knockdown of ANO9 
reduced [Ca2+]i signaling and activation of Jurkat T-lym-
phocytes cells [1]. Here, we examined the role of ANO9 in 
Jurkat cells lacking entirely expression of ANO9 (KO cells). 
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lymphocytes isolated from wild-type mice or mice express-
ing the Ano9 variant T595A (Fig. 4A, B). Mouse T595A-
Ano9 corresponds to human T604A-ANO9, for which 
a pathogenic role in chronic kidney disease (CKD) was 
detected in a genome-wide meta-analysis [14]. We reported 
a constitutive release of interleukins in renal epithelial cells 
expressing ANO9-T604A [13]. In order to examine a poten-
tial impact of this variant in primary lymphocytes, T595A-
Ano9 (T595A) knockin mice were generated (Fig. 4C). In 
flow cytometry, lymphocytes isolated from lymph nodes of 
both WT and T595A mice showed a high fraction of CD4+/+ 
and CD8+/+ cells (Fig. 4D). We found that during activation 
of both WT and T595A lymphocytes by CD3/28, expression 
of Ano9 was strongly upregulated, as demonstrated by RT-
PCR and Western blotting (Fig. 4E, F). Expression of Ano9 
in lymph nodes and isolated lymphocytes from WT and 
T595A mice was indistinguishable (Fig. 4G, H). Moreover, 
expression of proteins relevant to intracellular Ca2+ signal-
ing was found to be similar in WT and T595A lymphocytes 
(Fig. 4I).

Lymphocytes expressing T595A-ANO9 demonstrate 
enhanced immunological activity

We examined IL-2 release upon stimulation of CD3/28 and 
detected higher release by T595A lymphocytes (Fig. 5A). A 
correlation was found between CD3/28-triggered increase 
in [Ca2+]i and release of IL-2, which both was enhanced 
in T595A lymphocytes (Fig. 5B). Cell proliferation was 
enhanced in T595A lymphocytes compared to WT cells 
as well as cell death (Fig. 5C, D). Fluorescence labeling 
of Ano9 suggested enhanced membrane expression and 
colocalization of Ano9 with CD3 in T595A lymphocytes 
(Fig. 5E-G). Because Ano9 is a phospholipid scramblase 
and a nonselective ion channel, it will depolarize the mem-
brane voltage upon increase in intracellular Ca2+ [11, 13, 
24]. Depolarization can be detected by the voltage-sensi-
tive fluorescence imaging plate reader dye (FLIPR). Upon 
stimulation of lymphocytes with two different concentra-
tions of the Ca2+ ionophore ionomycin (IONO), the fluores-
cence increase (corresponding to enhanced depolarization) 
was enhanced in lymphocytes expressing T595A-Ano9 
(Fig. 5H, I). This finding corresponds well to the enhanced 
plasma membrane expression of T595A-Ano9.

Additional patch-clamp experiments were performed 
which showed larger CD3/28-activated whole cell currents 
in T595A-Ano9 expressing lymphocytes, when compared 
to WT cells (Fig. 6A-D). Enhanced CD3/28-activated cur-
rents in T596A-Ano9 cells are probably due to enhanced 
expression of T595A-Ano9 and activation of a number of 
other ion channels, including Orai1, KCa3.1, and LRRC8A 
[25, 26]. Apart from different compositions of the buffer 

ANO9 is essential for activation of primary human T 
cells

Jurkat cells are very useful in unraveling signaling cascades 
in T cells, although subtle differences exist when compared to 
primary human T cells [22]. We therefore examined whether 
in primary human T cells ANO9 is equally important for Ca2+ 
signaling when compared to Jurkat T cells. We knocked-down 
ANO9 by siRNA in human pan T cells, which attenuated 
expression of IL-2 mRNA (Fig. 3A, B). Moreover, Ca2+ sig-
naling was assessed in primary human T cells by emptying of 
ER Ca2+ stores, as described above for Jurkat cells. CD3/28 
enhanced basal Ca2+ influx and SOCE only in primary human 
T cells treated with scrambled RNA (scr), but not in cells 
treated with ANO9-siRNA (siANO9) (Fig. 3C-G). Taken 
together, in both cultured human Jurkat cells as well as pri-
mary human T cells, ANO9 is indispensable for proper Ca2+ 
signaling and immunological activation.

Upregulation of Ano9 expression in mouse primary 
wild-type and T595A-knockin lymphocytes during 
activation of CD3/28

Ano9 was shown to control the initial activation of mouse 
lymphocytes by maintaining SOCE, comparable to the 
results found in human Jurkat and primary T cells [1]. 
Mouse T cells are more dependent on IL-2 for their prolif-
eration and survival. Unlike human lymphocytes, mouse T 
cells do not exhibit human-like immunosenescence. These 
differences suggest that although mouse cells are excellent 
mechanistic models, they do not fully reflect the physiology 
of human T cells, particularly with regard to chronic dis-
ease, aging, and tissue immunity [23]. In contrast to human 
lymphocytes, we found only very low expression of Ano9 in 

Fig. 2  Effects of an ANO9 inhibitor, proliferation, and compromised 
CD3-induced membrane trafficking of PMCA in Jurkat cells. (A) 
Increase in [Ca2+]i in WT and KO cells by acute application of CD3/28 
antibodies (each 5 µmol/l) in the absence or presence of the ANO9 
inhibitor flunisolide (Flu; 5 µmol/l). (B) Summary of the inhibition of 
CD3/28-activated increase in [Ca2+]i and inhibition by Flu. **signifi-
cant inhibition by Flu (p < 0.01; ANOVA, Bonferroni-Holm post-hoc 
test). C, D) Cell counting and trypan blue staining indicate reduced 
proliferation and viability of cells lacking expression of ANO9 (KO). 
(Number of assays; p < 0.05 and < 0.01; unpaired t-test). E) Immuno-
fluorescence of PMCA in WT and KO cells before (control; con) and 
after stimulation with antibodies against CD3 (CD3; 5  µg/ml). Bar 
= 10 μm. Note the patchy staining shown at higher magnification (90° 
rotated). F) PMCA-positive membrane stain (arbitrary units; a.u.) in 
WT and KO cells before (con) and after stimulation with CD3-anti-
body. (Number of cover slips). For each cover slip about 25–30 cells 
were analyzed and data were pooled). Mean ± SEM. ***significant 
increase by CD3-AB (p < 0.001; ANOVA). G) Effect of 1,25-dihy-
droxyvitamin (Vit-D3; 125 nmol/l, 24 h) on plasma membrane expres-
sion of PMCA. * **significant increase (p < 0.05 and < 0.001; ANOVA, 
Bonferroni-Holm post-hoc test)
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T595A lymphocytes. However, ConA did not further boost 
Ca2+ levels in either wt or T595A mouse lymphocytes (Fig. 
7A-C). We further performed store-release experiments as 
outlined above. The data demonstrate enhanced basal Ca2+ 
influx as well as enhanced SOCE in T595A lymphocytes, 
indicating upregulated Ca2+ signaling in cells expressing 
T595A-Ano9 (Fig. 7D-H). In previous studies, we also acti-
vated lymphocytes with phorbol-12-myristate-13-acetate 
and phytohemagglutinin (PP; 5 ng/ml and 10 µg/ml; 24 h) 
[1]. We therefore performed additional experiments using 
PP-activation instead of CD3/28-stimulation. Notably, basal 
SOCE and enhancement of SOCE by PP was more pro-
nounced in T595A lymphocytes than in WT cells, suggest-
ing again enhanced responsiveness of T595A lymphocytes 
(Fig. 7I, J). As shown previously for Jurkat cells [1], Ca2+ 
increase due to stimulation of CD3/28 was fully blocked by 
the Orai1-inhibitor RO2959, (Fig. 8K-M).

solutions in patch pipettes and bath (cf. Methods), these ion 
channels are likely to contribute to the outward rectification 
of the activated whole cell currents, as ANO9 operates as a 
voltage-independent ion channel [27].

Enhanced increase in intracellular Ca2+ in T595A 
lymphocytes

Based on the above results we assumed that activation of 
T595A lymphocytes will lead to a larger increase in [Ca2+]i. 
We acutely activated lymphocytes by stimulation of CD3/28, 
with or without additional pre-stimulation by the crosslinker 
of T-cell receptors, concanavalin A (ConA). Previous obser-
vations showed that ConA induces strong proliferation in 
mouse lymphocytes [28]. Here ConA was used to examine 
whether maximal possible stimulation of WT lymphocytes 
would enhance [Ca2+]i. to the same high level observed in 

Fig. 3  ANO9 is essential for the activation of primary human T cellsA, 
B) suppression of expression of ANO9 and IL-2 mRNA by siRNA-
ANO9 (siANO9) in primary pan T cells (normalized to GAPDH). 
** ***significant decrease by siANO9 (p < 0.001 and < 0.01; unpaired 
t-test). C) Effects of extracellular Ca2+ removal and store emptying by 
cyclopiazonic acid (CPA; 10 µmol/l) on [Ca2+]i under basal conditions 
(nonstimulated) and after 24 h exposure to CD3/28 in cells treated with 
siANO9 or scrambled RNA (scr). Summaries for basal [Ca2+]i (D) and 

changes in [Ca2+]i induced by Ca2+ removal (E), CPA-induced store 
release (F), and activation of SOCE by re-increase of extracellular 
Ca2+ (G). Mean ± SEM (Number of cover slips. For each cover slip 
about 15–20 cells were analyzed and data were pooled). ** *significant 
increase by CD3/28 (p < 0.01 and < 0.05; ANOVA). #significant differ-
ence when compared to WT or scrambled (p < 0.05; ANOVA Bonfer-
roni-Holm post-hoc test)
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Fig. 4  Upregulation of low expression of mouse wt-Ano9 and variant 
T595A-Ano9 during activation of CD3/28.A) Semiquantitative RT-PCR of 
ANO9-expression in mouse (m) and human (h) lymphocytes (normalized 
to GAPDH). B) Western blotting showing expression of Ano9 in wild-type 
mice (WT) and mice expressing T595A-Ano9. C) Genotyping of wtAno9 
and T595A-Ano9 by genomic PCR. D) Flow cytometry of cells isolated 
from lymph nodes of WT and T595A mice indicating a high fraction of 

CD4+/+ and CD8+/+ T cells. RT-PCR (E) and Western blotting (F) dem-
onstrating upregulation of Ano9-expression by activation of CD3/28 in WT 
and T595A lymphocytes. G) Ano9 immunostaining in lymph nodes from 
WT and T595A mice. Bar = 10 μm. H) Immunostaining of Ano9 and CD3 
in lymphocytes isolated from WT and T595A mice. I) RT-PCR analysis of 
the expression of proteins essential for Ca2+ signaling in WT and T595A 
lymphocytes. Bar = 5 μm. Data were obtained from 4–5 different mice each
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Fig. 5  Lymphocytes isolated from T595A-Ano9 mice demonstrate 
higher activity.A) IL-2 release induced by stimulation with CD3/28 
(each 5 µg/ml) in WT and T595A lymphocytes. (number of assays). 
****significant increase by CD3/28 (p < 0.0001; unpaired t-tests). *sig-
nificantly enhanced compared to WT (p < 0.05; unpaired t-test). B) 
Relationship between IL-2 release and increase in [Ca2+]i during stimu-
lation with CD3/28. C) Cell proliferation in WT and T595A cells under 
control conditions (absence of CD3/28); dashed lines) and upon stimu-
lation with CD3/28. ** * significant difference (p < 0.01 and p < 0.05; 
unpaired t-tests). D) Cell death detected in lymphocytes isolated from 
WT and T595A mice. *significant increase compared to WT (p < 0.05; 
unpaired t-test). E) Membrane expression Ano9 in lymphocytes iso-

lated from WT and T595A mice. Bar = 5  μm. (number of images 
analyzed). *significant increase compared to WT (p < 0.05; unpaired 
t-test). F, G) Colocalization of CD3 and Ano9 suggesting enhanced 
membrane expression of Ano9 in T595A lymphocytes. Bar = 8 μm. (15 
images each). H) Depolarization of the membrane voltage induced by 
ionomycin (10 and 35 µmol/l) as assessed by FLIPR fluorescence in 
WT and T595A lymphocytes. I) Summaries of changes in FLIPR fluo-
rescence induced by 10 and 35 µmol/l ionomycin, respectively, in WT 
and T595A lymphocytes. *significant difference (p < 0.05; unpaired 
t-test). Mean ± SEM (Number of experiments or number of cover slips. 
For each cover slip about 10–15 cells were measured and data were 
pooled. Cells were obtained from 5–7 different mice each)
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of ANO9 was attenuated during activation [1]. However, 
this may not be surprising considering that several hundred 
genes show divergent expression in mice and human lym-
phocytes, and because induction of protein expression dur-
ing activation is common in mouse lymphocytes [29]. In 
contrast to ANO9, PMCA expression is enhanced upon T 
cell activation in mouse [30] and human (Fig. 2E, F). As 
shown here and in our previous report, ANO9 supports acti-
vation of T cells with the help of PMCA [1], i.e. expression 
of PMCA is a prerequisite for the pro-stimulatory effects of 
ANO9. PMCA expression is upregulated by Vit-D3, which 
supports both innate and adaptive immunity [31–33]. Here 
we show that ANO9-dependent upregulation of membrane 
expression of PMCA in activated T cells is strongly enhanced 
by Vit-D3 (Fig. 2G). As Vit-D3 fails to upregulate PMCA 
expression in ANO9 knockout cells, the immunomodula-
tory effects of Vit-D3 may be absent in patients carrying 
ANO9 mutations. Indeed, single nucleotide polymorphisms 

In summary, the present data show that Ca2+ signaling in 
Jurkat cells as well as in primary lymphocytes of humans 
and mice is equally controlled by ANO9. Lymphocytes 
expressing T595A are hyperresponsive towards activation 
of the T-cell receptor, which may lead to hyperinflamma-
tory diseases caused by T604A and other variants of ANO9 
[13–16].

Discussion

The present data along with our previous report indicate 
that the voltage-independent ion channel and phospholipid 
scramblase ANO9 is required for activation of human and 
mouse T cells [1]. When compared to human T lympho-
cytes, the level of ANO9 expression in nonactivated mouse 
T cells is very low, but is strongly upregulated during acti-
vation (Fig. 4D, E). In contrast, in human T cells expression 

Fig. 6  Lymphocytes isolated from T595A-Ano9 mice show larger whole 
cell ion currents during activation of CD3/28. (A) Whole cell overlay 
currents before and after activation of CD3/28 in WT and T595A lym-
phocytes. Cells were voltage clamped ± 100 mV in steps of 20 mV, 
holding voltage = 0 mV. (B) Current/voltage relationships obtained in 
experiments with WT and T595A lymphocytes. * ** *** **** signifi-
cant increases by CD3/28 (p < 0.05–0.0001; paired t-tests). (C) Sum-
mary of normalized individual current densities and mean values. * ** 

significant increases by CD3/28 (p < 0.05 and 0.01; paired t-tests) and 
** significant difference between WT and T595A (p < 0.05; unpaired 
t-test). (D) Summary of CD3/28 induced current densities. Note that 
the outward rectification is due to activation of multiple types of ion 
channels described in the text, and the lower Cl− concentration in the 
pipette filling solution (cf. Methods). ** significant difference between 
WT and T595A (p < 0.05; unpaired t-test). Mean ± SEM (Number of 
experiments, cells were obtained from 5 different mice each)
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Fig. 7  Enhanced increase in intracellular Ca2+upon activation of lym-
phocytes isolated from T595A-Ano9 mice.A) Increase in [Ca2+]i by 
acute application of CD3/28 antibodies (each 5 µmol/l) in cells with 
or without pre-exposure to concanavalin (ConA; 24 h; 2 µg/ml). B, 
C) Basal Ca2+ concentration measured in non-stimulated and ConA-
incubated cells and increase in [Ca2+]i induced by acute stimulation 
of CD3/28. * significant increases by CD3/28 and ConA /CD3/28 
(p < 0.05; paired t-tests). * significant difference between WT and 
T595A (p < 0.05; unpaired t-test). D) Effects of extracellular Ca2+ 
removal and store emptying by cyclopiazonic acid (CPA; 10 µmol/l) 
on [Ca2+]i in WT and T595A lymphocytes. E-H) Summaries for basal 
[Ca2+]i (E), and effects of Ca2+ removal (F), CPA-induced store release 
(G), and SOCE (H) on [Ca2+]i. * significant difference between WT 

and T595A (p < 0.05; unpaired t-test). I) Effects of extracellular Ca2+ 
removal and CPA on [Ca2+]i in cells pre-exposed to phorbol-12-my-
ristate-13-acetate and phytohemagglutinin (PP; 5 ng/ml and 10 µg/ml) 
for 24 h). J) Summary of SOCE in the absence and presence of PP in 
WT and T595A cells. * significant difference between WT and T595A 
(p < 0.05; unpaired t-test). K) Increase in intracellular Ca2+ in T595A-
Ano9 mouse lymphocytes by acute application of CD3/28 antibod-
ies (each 5 µmol/l) in the absence or presence of the Orai1 inhibi-
tor RO2959 (5 µmol/l). L, M) Summaries of the effects of RO2959 
on basal intracellular Ca2+ concentration and CD3/28-induced Ca2+ 
increase. ** significant inhibition by RO2959 (p < 0.01; unpaired 
t-test). Mean ± SEM (number of cover slips analyzed from 10–15 cells 
each
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interleukin-1-related receptor (SIGIRR) have been found 
in a GWAS meta-analysis for creatinine-based estimated 
glomerular filtration rate (eGFR), suggesting a role of 
these proteins in chronic kidney disease [14]. Both ANO9 
and SIGIRR are now known to control immunological and 
inflammatory processes [16, 40, 41]. Our previous report 
and the present data demonstrate upregulated interleukin 
signaling in human renal epithelial cells expressing T604A-
ANO9 and mouse lymphocytes expressing T595A-Ano9 
[13]. We hypothesize that gain-of-function in T604A-
ANO9/T595A-Ano9 lymphocytes and/or renal epithelia 
promote inflammation and possibly functional upregulation 
of anti-donor reactive T cells during renal transplantation 
[42].

Acknowledgements  We would like to thank Prof. Edward K. Geissler 
and Prof. Dr. Elke Eggenhofer (Department of Experimental Sur-
gery at Regensburg University Hospital) for their generous support 
and advice. The technical assistance by Patricia Seeberger and Marie 
Häring is greatly appreciated.

Authors’ contributions  K.K., J.O., R.S.: Conceptualization; J.O., R.S.: 
Methods; J.O., R.S.: Formal analysis; K.K., J.O., R.S.: Validation; 
R.S., J.O.: Data curation; K.K., R.S., J.O., Writing, review, and edit-
ing; K.K., R.S.: Funding acquisition. All authors read and approved 
the final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. Supported by DFG Transregio-SFB, Project-ID 509149993, 
TRR 374 (Project A3).

Data availability  All data are available in the main text and figures. 
Further information is available on request from the first author.

Declarations

Ethics Approval  All animal experiments complied with the general 
guidelines for animal research, in accordance with the United King-
dom Animals Act, 1986, and associated guidelines, and EU Directive 
2010/63/EU for animal experiments. All animal experiments were ap-
proved by the local Ethics Committee of the Government of Unterfran-
ken/Wurzburg/Germany (AZ: 55.2-2532-2-677) and were conducted 
according to the guidelines of the American Physiologic Society and 
German Law for the Welfare of Animals.

Competing interests  All the authors declared no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

(SNPs) within the PKP3-SIGIRR-ANO9 gene region were 
shown to be associated with tuberculosis and death in HIV-
infected infants [15].

Ca2+ activates ANO9 and wise versa ANO9 conducts 
Ca2+, which was shown to be important for intracellular 
Ca2+ signaling [12, 27, 34]. Molecular docking experiments 
showed that the nasal steroid flunisolide binds to ANO9 
with high affinity [18]. When applied to human T lympho-
cytes, flunisolide strongly inhibited SOCE supporting the 
role of ANO9 for intracellular Ca2+ signaling and activa-
tion of lymphocytes (Fig. 2A, B). While ANO6 is clearly 
the dominating scramblase for plasma membrane phos-
pholipids, the contribution of ANO9 to plasma membrane 
phospholipid scrambling is low [1, 13]. ANO9 is located 
predominantly in intracellular membranous compartments 
such as the ER and/or endosomes, similar to its close rela-
tive ANO10 [24, 35]. Measurements of intracellular lipid 
scrambling by ANO9 is difficult, but probably is required 
for trafficking of the PMCA to the plasma membrane, which 
has been discussed previously [24].

In a previous report and in the present paper we show 
that ANO9 augments SOCE by facilitating the translocation 
of PMCAs to the plasma membrane of the immunological 
synapse [1]. PM-translocation of PMCAs takes place during 
activation of lymphocytes. It maintains low [Ca2+]i allow-
ing Ca2+ influx through ORAI1 Ca2+ influx channels [9, 10]. 
Here we report features of a gain-of-function in lymphocytes 
isolated from T595A-Ano9 mice. We found enhanced Orai1-
mediated SOCE, larger whole cell currents and enhanced 
release of IL-2 along with augmented proliferation and cell 
death (Fig. 5A-D). Own preliminary studies in kidneys from 
transgenic T595A-Ano9 mice point towards renal inflam-
mation, correlating to chronic kidney disease found in peo-
ple carrying the corresponding T604A-ANO9 variant [14]. 
Interestingly, an autoimmunity-like inflammatory pathology 
including upregulated lymphocyte function, has also been 
found in some mouse models with gain-of-function muta-
tions in Orai1 (and its regulator Stim1) [36–38].

In contrast to gain-of-function, a loss of Orai1-mediated 
SOCE was found in Jurkat cells lacking ANO9 expression 
[1]. Mice expressing defective Orai1 channels show reduced 
expression of key cytokines, including IL-2. These mice 
show reduced contact hypersensitivity and do not develop 
colitis in models of inflammatory bowel disease [39]. Corre-
spondingly, patients with abrogated ORAI1 function develop 
a severe combined immunodeficiency (SCID)-like disease 
[7]. Taken together, multi-systemic mirror diseases due to 
loss-of-function or gain-of-function mutations in ORAI1 
(and STIM1) cause defects that were also found in tissues 
with loss-of-function or gain-of-function of ANO9 [36, 37].

Several protein-altering variants, including those 
of ANO9 (T604A) and the single immunoglobulin 
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