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Abstract
Background: Tetraspanin- 7 (Tspan7) is an islet autoantigen involved in autoim-
mune type 1 diabetes and known to regulate β- cell L- type Ca2+ channel activity. 
However, the role of Tspan7 in pancreatic β- cell function is not yet fully understood.
Methods: Histological analyses were conducted using immunostaining. Whole- 
body metabolism was tested using glucose tolerance test. Islet hormone secre-
tion was quantified using static batch incubation or dynamic perifusion. β- cell 
transmembrane currents, electrical activity and exocytosis were measured using 
whole- cell patch- clamping and capacitance measurements. Gene expression was 
studied using mRNA- sequencing and quantitative PCR.
Results: Tspan7 is expressed in insulin- containing granules of pancreatic β- cells 
and glucagon- producing α- cells. Tspan7 knockout mice (Tspan7y/− mouse) exhibit 
reduced body weight and ad libitum plasma glucose but normal glucose toler-
ance. Tspan7y/− islets have normal insulin content and glucose-  or tolbutamide- 
stimulated insulin secretion. Depolarisation- triggered Ca2+ current was enhanced 
in Tspan7y/− β- cells, but β- cell electrical activity and depolarisation- evoked exocy-
tosis were unchanged suggesting that exocytosis was less sensitive to Ca2+. TSPAN7 
knockdown (KD) in human pseudo- islets led to a significant reduction in insulin 
secretion stimulated by 20 mM K+. Transcriptomic analyses show that TSPAN7 KD 
in human pseudo- islets correlated with changes in genes involved in hormone se-
cretion, apoptosis and ER stress. Consistent with rodent β- cells, exocytotic Ca2+ 
sensitivity was reduced in a human β- cell line (EndoC- βH1) following Tspan7 KD.
Conclusion: Tspan7 is involved in the regulation of Ca2+- dependent exocyto-
sis in β- cells. Its function is more significant in human β- cells than their rodent 
counterparts.
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1  |  INTRODUCTION

Tetraspanin- 7 (Tspan7) was recently established as an 
autoantigen in type 1 diabetes mellitus (T1D),1 an auto-
immune disease in which loss of pancreatic β- cells leads 
to chronic hyperglycaemia.2 Proteins of the tetraspanin 
superfamily, of which Tspan7 is a member, are charac-
terised by the presence of four transmembrane domains: 
one short and one long extracellular loop, a short intra-
cellular loop, and N- terminal and C- terminal cytoplasmic 
tails.3,4 Tetraspanin proteins are typically organised in 
tetraspanin- enriched microdomains on biological mem-
branes5 where they act as molecular facilitators, engaging 
both transmembrane and intracellular proteins to regu-
late diverse processes such as cell proliferation, differen-
tiation, activation, adhesion, motility and signalling.5– 7

Tspan7 is highly expressed in neuroendocrine tissue,8 
and loss of Tspan7 can lead to defects in neuronal morpho-
genesis and synaptic transmission,9 similar to those de-
scribed in people expressing a mutated form.10 Additional 
functions in cell morphology have been reported in den-
dritic cells11 and osteoclasts,12 attributed to its role in actin 
cytoskeleton rearrangement. Within the pancreas, Tspan7 
is localised to the pancreatic islets and was recently shown 
to function as an auxiliary protein of L- type voltage- gated 
Ca2+ channels (VGCCs), modulating β- cell electrical excit-
ability and exocytosis. Knocking- down of Tspan7 in β- cells 
led to higher Ca2+ influx (through L- type VGCCs), cellular 
excitability and glucose- stimulated insulin secretion.13

In this study, we characterised Tspan7y/− mouse meta-
bolic phenotype, β- cell excitability, glucose- stimulated insu-
lin secretion and cell exocytosis. These data provide further 
insights of the role of Tspan7 in regulating β- cell intracellu-
lar Ca2+ dynamics and insulin secretion, and thus to deter-
mine the importance of Tspan7 in glucose tolerance.

2  |  METHODS

2.1 | Animals and isolation of pancreatic 
islets

All animal experiments were conducted in accordance 
with the UK Animals Scientific Procedures Act (1986) and 
the University of Oxford ethical guidelines. Mouse islets 
were isolated as previously described.14,15 Tspan7 knock-
out mice (Tspan7y/−)9 were gifts from Dr Luca Murru 
(CNR Institute of Neuroscience, Milano, Italy). Hormone 
secretion studies and the electrophysiology experiments 

were performed on islets isolated from Tspan7y/− mice 
and their wildtype littermates (control).

2.2 | shRNA

Adenoviruses expressing shRNA for silencing of human 
TSPAN7 (Ad- ShTSPAN7, SKU# shADV- 226,651) or 
scrambled shRNA control (Ad- Scramble, SKU# 1122) to-
gether with eGFP under a CMV promoter were purchased 
from Vector Biolabs.

2.3 | Human pseudo- islets and  
EndoC- βH1 cell line

Donor organs were obtained with written consent and 
research ethics approval at the University of Alberta, 
and human islets were isolated as previous described16 
at the University of Alberta. All human islet information 
is listed in Table S1. Islets were dispersed into a single- 
cell suspension using trypsin (TryLE Express, Gibco) and 
transduced with Ad- ShTSPAN7 or Ad- Scramble before 

K E Y W O R D S

β- cell, exocytosis, insulin, synaptotagmin, tetraspanin- 7

Novelty statement

What is already known?
Tetraspanin- 7, a transmembrane protein widely 
expressed in pancreatic islet cells, was previously 
identified as an autoantigen in type 1 diabetes. 
Tetraspanin- 7 has been shown to regulate β- cell 
L- type Ca2+ channel activity.

What did this study find?
Genetic ablation of tetraspanin- 7 in mice led to a 
significant reduction in the Ca2+ dependence of β- 
cell exocytosis. This phenotype was also observed 
in human islet cells following ex vivo tetraspanin-
 7 knockdown, alongside down- regulation of the 
β- cell exocytosis Ca2+ sensor, synaptotagmin- 7.

What are the implications of the study?
Tetraspanin- 7 expression is required for normal 
exocytotic machinery and appropriate exocytosis 
Ca2+ sensitivity in pancreatic β- cells.
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forming human pseudo- islets using centrifugal- forced ag-
gregation as previously described.17 EndoC- βH1 was pro-
vided by Endocell and cultured as previously described.18

2.4 | Insulin secretion

Insulin secretion was measured in static incubations as 
previously described.15 Briefly, groups of 10– 20 isolated 
islets (number depended on islet availability) were pre- 
incubated for 30 min at 37°C in Krebs- Ringer buffer (KRB) 
consisting of (mM): 140 NaCl, 3.6 KCl, 0.5 MgSO4, 2.6 
CaCl2, 0.5 NaH2PO4, 2 NaHCO3, 1 glucose and 5 HEPES 
(pH = 7.4 with NaOH), before being incubated for 60 min 
at 37°C in 1 ml of KRB supplemented as indicated in the 
legends. Immediately after incubation, an aliquot of the 
medium was removed for determination of insulin con-
centration using an ELISA kit (Mercodia, Sweden).

For dynamic insulin secretion measurements, groups 
of 50 pseudo- islets were perifused with KRB containing 
1 or 16.7 mM glucose with or without 20 mM K+ (as indi-
cated) at the rate of 100 μl/min, using a perifusion system 
(Biorep, FL, USA). Perfusate was collected every 2 min and 
insulin concentration was determined using the Alpco 
stellux human ELISA kits (Salem, NH).

The perifusion experiments were conducted at the 
University of Alberta and the mRNAs of pseudo- islets 
were then extracted using TRIzol (ThermoFisher) before 
shipped to Oxford for transcriptomic study.

EndoC- βH1 cells were sequentially exposed for 20 min to 
1 and 20 mM glucose containing KRB. Supernatants were col-
lected at the end of each incubation and insulin cellular con-
tents were extracted using acid ethanol. Insulin concentrations 
were determined using an ELISA kit (Mercodia, Sweden).

2.5 | Electrophysiology

Electrophysiological measurements were performed using 
an EPC- 10 patch- clamp amplifier and Pulse software (ver-
sion 8.80, HEKA Electronics, Germany). Electrical activ-
ity and KATP- channel conductance were measured using 
perforated patch- clamping technique as previously de-
scribed19; membrane currents and changes in cell capaci-
tance were recorded using voltage clamp in combination 
with capacitance measurements, as described in.14 β- cells 
were identified by electrophysiological fingerprinting.20

2.6 | Histology

Sections of formalin- fixed paraffin- embedded tissue 
were de- waxed and subjected to epitope retrieval in a 

microwave pressure cooker in 10 mM citric acid pH 6.0, 
0.05% Tween 20. After blocking with 2.5% normal horse 
serum, sections were incubated overnight (4°C) with 
rabbit anti- Tspan7 antibody (Anti- TM4SF2, 1:50, Sigma- 
Aldrich). Antibody labelling was detected with the 
VectaFluor™ Excel Amplified Anti- Rabbit IgG, DyLight™ 
488 Antibody Kit (Vector Laboratories). Slides were coun-
terstained with guinea pig anti- insulin (1:500, Dako) and 
mouse anti- glucagon (1:500, Sigma) antibodies followed 
by labelling with goat anti- guinea pig- Alexa 633 (1:100) 
and goat anti- mouse Alexa 555 (1:100) secondary antibod-
ies (ThermoFisher). Slides were visualised by confocal 
microscopy.

For electron microscopy, isolated human islets were 
fixed in 2.5% glutaraldehyde in PBS, postfixed in 1% OsO4, 
dehydrated and embedded in Spurr's resin. Sections were 
cut onto nickel grids before being immunolabelled using 
anti- TM4SF2 (1:20) and protein A gold particles (15 nm, 
Biocell), guinea pig anti- insulin antibody (DAKO, 1:500) 
followed by anti- guinea pig gold 10  nm (British Biocell 
International), and mouse anti- glucagon (1:500, Sigma) 
followed by anti- mouse pig gold 10  nm (British Biocell 
International). Sections were viewed with a Joel 1010 mi-
croscope (accelerating voltage 80 kV).

To establish the specificity of Tspan7 antibody, immu-
nostaining was conducted using a stable Tspan7 KD INS- 1 
cell line (cell line generation is described in Data  S1). 
Tspan7 KD INS- 1 or control cells were fixed in 4% PFA, 
permeabilised using 0.1% Triton X- 100 and blocked with 
5% normal swine serum. Tspan7 was detected using rab-
bit anti- Tspan7 primary antibody (anti- TM4SF2, 1:50, 
Sigma- Aldrich; overnight incubation, 4°C), and with 
goat anti- rabbit IgG Alexa Fluor 568 secondary antibody 
(Life Technologies). Nucleus were stained with RedDot2 
(BioTium; 1:200 dilution). Slides were visualised by con-
focal microscopy (BioRad).

2.7 | Glucose tolerance test

Intraperitoneal (i.p.) glucose tolerance test was performed 
as previously described.15 Briefly, the animals were indi-
vidually fasted for 6 h before i.p. injected with a bolus of 
glucose (2 g/kg body weight). Blood glucose were moni-
tored for 90 min using a glucometer by tail vein sampling.

2.8 | quantitative PCR

RNA was extracted from human pseudo- islets using 
TRIzol Reagent (Life Technologies, 15,596,026) according 
to the manufacturer's instructions. cDNA was generated 
using the GoScript Reverse Transcription Kit (Promega, 
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A5000). qPCR was performed using 20 ng of cDNA, and 
TaqMan Gene Expression Master Mix (Life Technologies 
Ltd, 4,369,016) or SYBR™ Green PCR Master Mix 
(Applied Biosystems, 4,309,155) with the gene expression 
assays or primers as detailed in Table 1. Gene expression 
was determined using the ΔΔCT method by normalising 
to HouseKeeping Genes (HKG) and to the level of expres-
sion of each target detected in Ad- Scramble transduced 
cells. Data are presented as percentage of control.

2.9 | RNA sequencing

Human pseudo- islets were preserved in Trizol before their 
total RNA was extracted using Quick- RNA MicroPrep kit 
(R1050 Zymo Research). RNA libraries for RNA- seq were 
prepared using NEBNext Ultra II Directional RNA Library 
Prep Kit for Illumina following manufacturer's protocols. 
Sequencing was performed on NextSeq 550. Single- end reads 
were splice- aligned to a human genome (GRCh38) using 
GSNAP. FeatureCounts was used to assign reads to exons 
thus eventually getting counts per gene. EdgeR package of 
R21 was used to perform differential analysis between the 
conditions (shRNA vs control), while controlling for the con-
founding effect from the donor. Across- samples normalisa-
tion was performed using the TMM normalisation method.

2.10 | Data analyses and statistics

Data are expressed as mean value ± SEM. p- values less 
than 0.05 were considered significant. Statistical analyses 
were performed using OriginPro 2017 either by Student's 
t- test, paired comparison or two- way ANOVA and Tukey 

post hoc test. Ns represent the number of cells for elec-
trophysiological analyses, and of independent mice or cell 
passages for hormone assays and expression data.

3  |  RESULTS

3.1 | Tspan7 is expressed in pancreatic 
islets

Tspan7 expression in pancreatic islets was evaluated using 
immunohistochemistry. In both human and mouse pan-
creatic islets, Tspan7 was found to colocalise with insulin 
and glucagon, confirming its expression in β-  and α- cells13 
(Figure 1a). We observed enriched immunogold labelling 
of Tspan7 in large dense- core vesicle of human α-  and β- 
cells (Figure 1b,c), consistent with a previous report that 
Tspan7 was present in the cytoplasm of islet cells with a 
distribution pattern similar to islet hormones.22

3.2 | Ablation of Tspan7 has limited 
impact on glucose tolerance

To investigate the role of Tspan7 in islet function and 
systemic metabolism, a Tspan7 knockout mouse model 
(Tspan7y/−)9 was used. Reduced body weight and ad li-
bitum plasma glucose was observed in Tspan7y/− mice 
(Figure 2a,b), but this was not linked to changes in plasma 
insulin (measured as insulin and C- peptide, Figure 2c,d). 
These effects may instead be attributable to the neurologi-
cal manifestations of Tspan7 ablation, including depres-
sive behaviour.23 We observed no change in circulating 
proinsulin levels (Figure  2e), suggesting normal insulin 

T A B L E  1  Primers and types of assays used for quantitative PCR analyses

Gene symbol Gene name Assay ID Supplier

ACTB Actin, Beta (HKG) Hs01060665_g1 Life Technologies Ltd

B2M Beta- 2- microglobulin (HKG) Hs00187842_m1 Life Technologies Ltd

GAPDH Glyceraldehyde- 3- phosphate 
dehydrogenase (HKG)

Hs02786624_g1 Life Technologies Ltd

SYT 4 Synaptotagmin 4 Hs01086433_m1 Life Technologies Ltd

SYT 5 Synaptotagmin 5 Hs01100015_g1 Life Technologies Ltd

SYT 7 Synaptotagmin 7 Hs01590513_m1 Life Technologies Ltd

CACNA1A Calcium voltage- gated channel 
subunit alpha1 A

Hs01579431_m1 Life Technologies Ltd

CACNA1C Calcium voltage- gated channel 
subunit alpha1 C

Hs00167681_m1 Life Technologies Ltd

CACNA1D Calcium voltage- gated channel 
subunit alpha1 D

Hs00167753_m1 Life Technologies Ltd

TSPAN7 Tetraspanin 7 Hs_TSPAN7_1_SG QT00052010 Qiagen QuantiTect
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processing in Tspan7y/− β- cells. Furthermore, when sub-
jected to intra- peritoneal glucose tolerance tests (IPGTTs), 
no difference in glucose tolerance (Figure 2f) or glucose- 
induced insulin secretion (GSIS, Figure S1) was observed 
between Tspan7y/− and control mice.

3.3 | Exocytosis sensitivity to Ca2+ was 
reduced in Tspan7y/− β- cells

In β- cells, glucose metabolism increases the intracellu-
lar ATP/ADP ratio, resulting in closure of ATP- sensitive 
K+ channels (KATP- channels) inducing membrane de-
polarisation and action potential (AP) firing. APs open 
voltage- gated Ca2+ channels (VGCCs), enabling influx of 
Ca2+ to trigger Ca2+- dependent exocytosis, culminating 
in insulin secretion. To interrogate the impact of Tspan7 
ablation on β- cell function at a single- cell level, we pheno-
typed Tspan7y/− β- cell excitability, transmembrane Ca2+ 
currents and exocytosis using electrophysiological tech-
niques. In the presence of 1 mM glucose, Tspan7y/− and 

control β- cells were both repolarised (Tspan7y/− vs. con-
trol: −80 ± 1  mV vs. −80 ± 2  mV; p  =  0.4) and electri-
cally silent. Elevating extracellular glucose or blocking 
the KATP channels (using tolbutamide, 200 μM) induced 
membrane depolarisation and firing of APs in β- cells of 
both genotypes (Figure  3a). In the presence of 10 mM 
glucose, although the Tspan7y/− β- cells were less depolar-
ised (Tspan7y/− vs. control: −57 ± 4  mV vs. −46 ± 5  mV; 
p < 0.05), no difference in AP peak or firing frequency was 
observed across the two genotypes (Figure  3b– d). There 
was no apparent difference in AP halfwidth or spike dura-
tion, either (Figure  S2). Further increasing extracellular 
glucose to 20 mM or inhibiting KATP channels with tol-
butamide exerted similar effects on the electrical activ-
ity of both Tspan7y/− and control β- cells (Figure  3b– d). 
However, Tspan7y/− β cells responded to 20 mM glucose 
stimulation faster than the control (Tspan7y/− vs. control: 
2.4 ± 0.3 min vs. 3.85 ± 0.3 min, p < 0.05). These marginal 
changes in Tspan7y/− β- cell electrical activity are not due 
to any apparent changes in KATP- channel conductivity or 
glucose sensitivity (Figure 3e,f).

F I G U R E  1  Tetraspanin- 7 is 
expressed in pancreatic islets of 
Langerhans. (a) Immunofluorescent 
staining of human (upper) and mouse 
(lower) pancreas sections. Tetraspanin- 7 
(TSPAN7 or Tspan7, red) is detected in β 
(Insulin, green)-  and α (Glucagon, grey)- 
cells. Scale bar: 30 μm. (b, c) Immunogold 
labelling of TSPAN7 (15 nm gold particles, 
black arrows), in glucagon (b) and 
insulin (c) containing vesicles in human 
islets. Insulin was labelled with 10 nm 
gold particles (white arrows). Scale bar: 
500 nm.
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Transient knockdown of Tspan7 in β- cells was recently 
shown to increase Ca2+ influx through L- type VGCC.13 We 
assessed whether a similar phenotype can be observed in 
β- cells of mice with a constitutive Tspan7 knockout. As 
shown in Figure  4a,b, depolarisation triggered a signifi-
cantly larger Ca2+ current in Tspan7y/− β- cells than in the 
control (p < 0.01, ~160% at 0 and 10 mV), consistent with 
Dickerson et al.13 As Ca2+ triggers exocytosis, we tested 
whether enhanced VGCC activity led to higher exocyto-
sis in Tspan7y/− β- cells using capacitance measurements. 
Exocytosis (measured as increases in cell capacitance) was 
trigged by a series of depolarising pulses from −70 mV to 
0  mV with progressively longer durations (from 10  ms 
to 800 ms). Unexpectedly, exocytosis was comparable be-
tween Tspan7y/− and control β- cells at all pulse durations 
(Figure  4c,d). We correlated the Ca2+ charges (total in-
flux Ca2+ ions, QCa2+) with the corresponding exocytosis 
elicited by depolarisation (Figure 4e). Whereas exocytosis 
could be triggered by 0.15pC/pF QCa2+ in control β- cells, 
it required > ~ 0.2pC/pF in Tspan7y/− β- cells, suggesting a 
reduced exocytotic Ca2+sensitivity.

Given the limited changes in electrical activity and exo-
cytosis in Tspan7y/− β- cells, we reasoned that knocking- out 
Tspan7 would have little effect on glucose/tolbutamide- 
stimulated insulin secretion. Indeed, no significant dif-
ference was observed in insulin secretion, stimulated 
by 10 mM glucose or 0.2 mM tolbutamide, from islets of 
control and Tspan7y/− mice (Figure 4f). We reasoned that 
enhanced VGCC activity augments the concentration of 
cytosolic Ca2+, and thus may induce apoptosis,24 affecting 
islet β cell mass in aged animals. However, no significant 
difference in GSIS, insulin secretion induced by 70 mM K+ 
or islet insulin content was observed in control and 
Tspan7y/− islets isolated from 1- year- old mice (Figure S4).

3.4 | Reducing TSPAN7 expression in 
human islets changes gene expression  
of islet exocytosis Ca22++ sensors

To assess the role of tetraspanin- 7 in human β- cell func-
tion, we utilised an adenovirus encoding shRNATSPAN7 

F I G U R E  2  In vivo metabolic 
phenotyping of Tspan7y/− mouse model. 
(a– e) Ad libitum bodyweight (a), and 
plasma concentrations of glucose (b), 
insulin (c), C- peptide (d) and proinsulin 
measured in Tspan7y/− mice (red) and 
age- matched (11.3 ± 0.3 wks) litter mate 
control (black). *p < 0.05 versus control 
and **p < 0.01 versus control. (f) Plasma 
glucose concentrations of Tspan7y/− mice 
(red) and age- matched litter mate control 
(black) measured during intraperitoneal 
glucose tolerance tests. Glucose bolus was 
injected at 0 min. N = 5 for control and 6 
for Tspan7y/−. Data are presented as mean 
value ± SEM.
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(Ad- ShTSPAN7) to knockdown (KD) human TSPAN7 
expression. Islet cells transduced with Ad- ShTSPAN7, 
or the control virus (with scrambled RNA), were used 

to form pseudo- islets. RNA sequencing showed a 
marked reduction in TSPAN7 expression (92.65%) in the 
TSPAN7- KD pseudo- islets (log2[Fold- change]  =  −3.765, 

F I G U R E  3  Electrical activity and KATP- channel conductance measured in Tspan7y/− β- cells. (a) Membrane potential recordings of 
control (upper trace, black) and Tspan7y/− (lower trace, red) β- cells within intact islets in response to changes in extracellular glucose (1 mM, 
10 mM and 20 mM) or application of 200 μM tolbutamide, as indicated). (b) Summary of control (black) and Tspan7y/− (red) β- cell membrane 
potential measured at conditions indicated. N = 7 for control and 14 for Tspan7y/− β- cells at 1 mM glucose; N = 7 for control and 11 for 
Tspan7y/− β- cells at 10 mM glucose; N = 4 for control and 6 for Tspan7y/− β- cells at 20 mM glucose and N = 3 for control and 6 for Tspan7y/− 
β- cells when 200 μM tolbutamide was applied. *p < 0.05 versus control. (c, d), as in (b) but summarise the peak voltage (c) and firing frequency 
(d) of action potentials measured in control (black) and Tspan7y/− (red) β- cells at conditions indicated. N = 4 for control and 7 for Tspan7y/− 
β- cells at 10 mM glucose; N = 4 for control and 6 for Tspan7y/− β- cells at 20 mM glucose and N = 3 for control and 3 for Tspan7y/− β- cells 
when tolbutamide was applied. (e) Summary of KATP- channel conductance measured in control (black) and Tspan7y/− (red) β- cells under the 
conditions indicated. N = 4 for control and 7 for Tspan7y/− β- cells at 1 mM and 10 mM glucose; N = 4 for control and 6 for Tspan7y/− β- cells 
at 20 mM glucose and N = 3 for control and 5 for Tspan7y/− β- cells when tolbutamide was applied. (f) Examples of KATP currents measured 
in control (black, middle trace) and Tspan7y/− (red, bottom trace) β- cells. KATP currents were triggered by ±10 mV excursions from −70 mV 
(200 ms, top) in voltage- clamped β- cells under the conditions indicated. All data are presented as mean value ± SEM.
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padj  =  6.42 E- 13) (Figure  5a), confirming successful ge-
netic manipulation. In total, 1030 genes (1000 are protein- 
coding genes) were down- regulated and 395 genes (372 are 
protein- coding genes) were up- regulated in TSPAN7- KD 
pseudo- islets. Pathway analyses showed up- regulation 
in apoptosis gene ontology pathway (padj  =  4.08 E−7); 
and down- regulation of genes involved in the secretory 

pathway and transport regulation (padj  =  5.62 E−9 and 
4.22 E−08 respectively). Interestingly, β- cell expres-
sion of the exocytosis Ca2+ sensor SYT7 was reduced in 
TSPAN7- KD pseudo- islets (log2[Fold- change]  =  −0.39, 
padj  =  3.89 E−3). GSIS of the pseudo- islets were tested 
using dynamic perifusion experiments (Figure  5b). 
Whereas insulin secretion at basal or 16.7 mM glucose 

F I G U R E  4  Ca2+ current and exocytosis in Tspan7y/− β- cells. Tspan7 loss of function significantly increases Ca2+ current density in 
β cells (a, b). (a) Representative traces of control (black) and Tspan7y/− (red) β- cell Ca2+ current elicited by a 100- ms depolarisation from 
−70 mV to 0 mV. (b) Summary of control (black) and Tspan7y/− (red) β- cell Ca2+ current density in relationship to membrane voltages. 
N = 7 for control and 5 for Tspan7y/− β- cells, **p < 0.01 versus control, paired comparison and Tukey. (c) Examples of exocytosis induced by 
membrane depolarisations from −70 mV to 0 mV (at the duration of 100 ms, 200 ms, 300 ms, 500 ms and 800 ms as indicated above the traces) 
of control (black) and Tspan7y/− (red) β- cells. (d) Summary of control (black) and Tspan7y/− (red) β- cell exocytosis (normalised to cell size, 
fF/pF) in relationship to pulse durations. N = 11 cells for control and 14 cells for Tspan7y/− β- cell. (e) Control (black) and Tspan7y/− (red) 
β- cell charges- exocytosis relationship for pulses up to 100 ms. Corresponding durations of the pulses are as labelled. N = 7 cells for control 
and 5 cells for Tspan7y/− β- cells. (f) Insulin secretion measured from batch- incubated control (black) and Tspan7y/− (red) islets in response to 
glucose or tolbutamide (concentrations as indicated). Islets were isolated from mice aged 20 weeks and N ≥ 3 for control and Tspan7y/− islets. 
**p < 0.01 and ***p < 0.001 versus 1 mM glucose alone of the same genotype. All data are presented as mean value ± SEM.
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was comparable between the TSPAN7- KD and control 
pseudo- islets, 20 mM K+- stimulated insulin secretion was 
significantly lower in TSPAN7- KD pseudo- islets.

The insulin secretion experiments suggested that 
TSPAN7 may play a role in human β- cell exocytosis. To 
test this, we performed capacitance measurements using 
EndoC- βH1, a human β- cell line recapturing functional 
and genetic features of primary human β- cells,18 trans-
duced with Ad- ShTSPAN7 or Ad- Scramble virus. Similar 
to that observed in mouse Tspan7y/− β- cells, exocytosis 
triggered by depolarisation was comparable between 
TSPAN7- KD EndoC- βH1 and control cells (Figure 5c,d). 
However, depolarisation triggered larger influx of charges 
(p < 0.05) in TSPAN7- KD EndoC- βH1 cells than that of 
the control (Ad- Scramble) (Figure  5e). Importantly, the 
exocytotic Ca2+- sensitivity of TSPAN7- KD EndoC- βH1 
was reduced (same QCa2+ could only evoke exocyto-
sis that was ~50% of the control, Figure  5f). This cor-
related with a significantly reduced GSIS in TSPAN7- KD 
EndoC- βH1 (p < 0.01, Figure 5g) without affecting insulin 
content (Figure  5h). We measured the changes in gene 
expression of VGCC and synaptotagmins in TSPAN7- KD 
EndoC- βH1. Concomitantly to TSPAN7 KD (p = 5.51 E−4), 
CACNA1A was up- regulated and SYT5 and SYT7 were 
down- regulated (−20%, Figure 6).

4  |  DISCUSSION

Autoantigens implicated in type 1 diabetes have been 
shown to play a role in the regulation of insulin secre-
tion.25 Tspan7, a recently identified T1D autoantigen, can 
interact with both intracellular and membrane proteins, 
regulating diverse cellular processes, in a variety of cell 
types.5 While Tspan7 expression in β- cells is well estab-
lished,8,13,22 its role in insulin secretion is only partially 
understood. Here, we show that, in addition to its role 
in regulating VGCCs,13 adequate expression of Tspan7 is 
required to maintain Ca2+ sensitivity of β- cell exocytosis, 
which is associated with appropriate expression of synap-
totagmin 7. This correlation is found in both mouse and 
human β- cells but exerts a more significant role in human 
β- cell function.

The role of Tspan7 in regulating cellular functions 
has been studied in many different cell types5,6,9,10,12,23 
and this has been recently extended into the study of 
pancreatic β- cells,13 where it was found to reduce L- type 
VGCC activity. Therefore, reducing Tspan7 expression in 
β- cells would be expected to lead to higher Ca2+ influx, 
improving glucose tolerance through enhanced GSIS (a 
Ca2+- dependent process). Indeed, in Tspan7y/− β- cells, 
depolarisation- triggered Ca2+ current was augmented 
(Figure  4a; Figure  S3a) and this may contribute to the 

trend of increased action potential peak, decreased inter- 
spike plateau potential and lower firing frequency at high 
glucose (Figure 3b– d), similar to the effect of an L- type 
VGCC agonist BAYK 8644.26 However, this increment 
(~ + 3pA/pF at 0 mV) did not significantly change β- cell 
action potential (Figure S1) and thus, may not be suffi-
cient to impact on insulin secretion. This is confirmed 
by the normal GSIS observed in Tspan7y/− mice, both in 
vivo (Figure S1) and in vitro (Figure 4f). Similarly, GSIS 
was not significantly altered in human pseudo- islets 
transduced with TSPAN7 shRNA. This differs from the 
previous report by Dickerson et al.13 and may result from 
the different experimental paradigms used across the two 
studies (i.e., 2D single cell culture or 3D pseudo- islets). 
Pseudo- islets, formed by re- aggregating dispersed islet 
cells, is an approximation of the primary intact islet, pre-
serving a more physiological environment that includes 
intra- islet paracrine signalling. Pseudo- islet function is 
comparable with primary human islets17 and allows ef-
ficient genetic manipulation using transduction, as high-
lighted in the present study (Figure 5a).

The stimulus- secretion coupling of β- cells involves 
exocytosis that depends on Ca2+ influx through the L- type 
VGCC.14 However, the observation that depolarisation- 
triggered insulin secretion was unaffected in Tspan7y/− 
islets (Figure  4f; Figure  S4) and slightly reduced in 
TSPAN7 KD human pseudo- islets (Figure  5b) suggests 
reduced Tspan7/TSPAN7 may also affect exocytotic ma-
chinery. By correlating the transmembrane Ca2+ influx 
with high- resolution exocytosis measurements, it is clear 
that exocytosis Ca2+ sensitivity is impaired when the level 
of tetraspanin- 7 in β- cells is low. This effect could be in 
part attributed to reduced expression of Syt7, the major 
β- cell exocytosis Ca2+ sensor.27 Down- regulation of the 
Syt7 following tetraspanin- 7 ablation/knockdown may be 
due to: (1) a coordinated expressions of these genes, or (2) 
Ca2+- dependent changes in gene expression (secondary 
to augment VGCC activity, reviewed in28). Either possi-
bility suggests that expression of tetraspanin- 7 may be re-
quired for appropriate assembly of exocytotic machinery 
in β- cells. It is therefore likely that TSPAN7 plays a more 
significant role in insulin secretion in human β- cells, in 
which exocytosis is less dependent on L- type VGCC (more 
P/Q- type VGCC dependent29). This notion is consistent 
with the observation that insulin secretion induced by 
20 mM K+ and GSIS was reduced in TSPAN7 KD pseudo- 
islets and EndoC- βH1 cells respectively (Figure 5b,g). It 
is interesting to note that the impact of TSPAN7 KD on 
pseudo- islets GSIS is less pronounced. This highlights 
the difference between the primary islets or reconsti-
tuted organoids and human cell lines. Whereas the pri-
mary human islets (and the pseudo- islets) are comprised 
of different type of endocrine cells, EndoC- βH1 cells 
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are a single β- cell population, lacking of the local para-
crine cross- talks that are important for appropriate GSIS. 
For example, it has been reported recently that α- cells 

facilitate GSIS through glucagon/GLP- 1- dependent sig-
nalling pathways.30 Therefore, it is possible that defects 
in exocytosis (as the consequence of TSPAN7 KD) could 
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exert a stronger effect in EndoC- βH1 cells. It will be inter-
esting to test whether a significantly reduced GSIS can be 
also observed in TSPAN7 KD pseudo- islet composed by 
pure human primary β- cells.

TSPAN7 knockdown related transcription change is 
not restricted to exocytotic pathways. There is a small 
but significant up- regulation of genes involved in apop-
tosis. It is possible this is due to augmented VGCC ac-
tivity and secondary to elevated cytosolic Ca2+, which is 
pro- apoptotic (reviewed in24). However, the degree of up- 
regulation in apoptosis- related genes may not be sufficient 

to reduce β- cell mass in either acute or chronic TSPAN7 
loss of function, as evidenced by the normal islet insulin 
content in shTSPAN7 transduced EndoC- βH1 cells and in 
aged Tspan7y/− mice.

In summary, in addition to its inhibitory role on β- cell 
VGCCs, we found that Tspan7 is required for appropriate 
expression of genes involved in cell survival and exocyto-
sis. The non- apparent metabolic phenotype and normal 
GSIS found in Tspan7y/− mice may be the result of a com-
bined effect of enhanced VGCC activity and reduced sen-
sitivity of exocytosis to Ca2+ in β- cells.

F I G U R E  5  TSPAN7 KD affects exocytosis from human pancreatic β- cells. (a) Gene expressions that changed significantly in human 
TSPAN7 KD pseudo- islet. Volcano plot shows that genes involved in the pathways of secretion (yellow area) and regulation of transport 
(green area) were down- regulated; markers of the apoptotic pathway (blue) were up- regulated. TSPAN7 KD was demonstrated by the 
marked reduction in TSPAN7 expression (red). (b) Dynamic insulin secretion measured from perifused human pseudo- islets of TSPAN7 KD 
(red) or control (Scramble, black) in response to different glucose concentrations and 20 mM K+ as indicated. Inset: area of the curve (AUC) 
of insulin secretion stimulated by 20 mM K+. N = 3 for control and TSPAN7 KD, *p < 0.05 versus insulin secretion at 1 mM glucose in the 
same group of pseudo- islets; †p < 0.05 versus control (Scramble), Student's t- test. (c) Examples of exocytosis of TSPAN7 KD EndoC- βH1 (red) 
or control EndoC- βH1 (Scramble, black) triggered by depolarisation from −70 to 0 mV with progressively increasing duration (as indicated). 
(d) Summary of control (black) and exocytosis (normalised to cell size, fF/pF) in relationship to pulse durations. N = 10 cells for control 
and 11 cells for TSPAN7 KD EndoC- βH1 cells. (e) The relationship between depolarisation- triggered charge influx and pulse durations of 
control (black) and TSPAN7 KD (red) EndoC- βH1 cells. N = 10 cells for control and 11 cells for TSPAN7 KD EndoC- βH1 cells. *p < 0.05 
versus control, student's t- test. (f) The relationship between charges and exocytosis of control (black) and TSPAN7 KD (red) EndoC- βH1 
cells. Corresponding durations of the pulses are as labelled. N = 10 cells for control and 11 cells for TSPAN7 KD EndoC- βH1 cells. (g) Insulin 
secretion measured from batch- incubated control (black) and TSPAN7 KD (red) EndoC- βH1 cells in response to 1 and 20 mM glucose. Data 
are the summary of three independent biological repeats in technical triplicate. *p < 0.05 and ***p < 0.001 versus control insulin secretion 
at 1 mM glucose and ††p < 0.01 versus control insulin secretion at 20 mM glucose; two- way ANOVA and Tuckey post hoc test. (h) Insulin 
content measured from control (black) and TSPAN7 KD (red) EndoC- βH1 cells. Data are the summary of three independent biological 
repeats in technical triplicate. All data are presented as mean value ± SEM.

F I G U R E  6  Changes in VGCC-  and synaptotagmin- encoding genes in EndoC- βH1 following TSPAN7 KD. The expression of genes 
encoding TSPAN7 (TSPAN7), VGCCs (CACNA1A, CACNA1C and CACNA1D) and synaptotagmins (SYT4, SYT5 and SYT7) measured from 
control (transduced with Ad- Scramble, Scramble, black) and TSPAN7 KD (red) EndoC- βH1 cells. The levels of expression are normalised to 
that in control cells (as 100%). Error bars of the control cells condition reflect the variation of the control across the biological repeats. Data 
are summary of measurements made in two to four independent biological replicates. ***p < 0.0001 versus control, Student's t- test.
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