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A B S T R A C T

Sjögren's syndrome (SS) is an autoimmune exocrinopathy associated with severe secretory alterations by dis-
ruption of the glandular architecture integrity, which is fundamental for a correct function and localization of
the secretory machinery. Syt-1, PI(4,5)P2 and Ca2+ are significant factors controlling exocytosis in different
secretory cells, the Ca2+ role being the most studied. Salivary acinar cells from SS-patients show a defective
agonist-regulated intracellular Ca2+ release together with a decreased IP3R expression level, and this condition
may explain a reduced water release. However, there are not reports where Syt-1, PI(4,5)P2 and Ca2+ in acinar
cells of SS patients had been studied. In the present study, we analyzed the expression and/or localization of Syt-
1 and PI(4,5)P2 in acinar cells of labial salivary gland biopsies from SS-patients and control individuals. Also, we
evaluated whether the overexpression of Syt-1 and the loss of cell polarity induced by TNF-α or loss of inter-
action between acinar cell and basal lamina, alters directionality of the exocytosis process, Ca2+ signaling and α-
amylase secretion in a 3D-acini model stimulated with cholinergic or β-adrenergic agonists. In addition, the
correlation between Syt-1 protein levels and clinical parameters was evaluated. The results showed an increase
of Syt-1 mRNA and protein levels, and a high number of co-localization points of Syt-1/STX4 and PI(4,5)P2/Ezrin
in the acinar basolateral region of LSG from SS-patients. With regard to 3D-acini, Syt-1 overexpression increased
exocytosis in the apical pole compared to control acini. TNF-α stimulation increased exocytic events in the basal
pole, which was further enhanced by Syt-1 overexpression. Additionally, altered acinar cell polarity affected
Ca2+ signaling and amylase secretion. Overexpression of Syt-1 was associated with salivary gland alterations
revealing that the secretory dysfunction in SS-patients is linked to altered expression and/or localization of
secretory machinery components together with impaired epithelial cell polarity. These findings provide a novel
insight on the pathological mechanism implicated in ectopic secretory products to the extracellular matrix of
LSG from SS-patients, which might initiate inflammation.

1. Introduction

Sjögren's syndrome (SS) is a systemic autoimmune disease that af-
fects exocrine glands, mainly salivary and lacrimal, causing severe
dysfunction with qualitative and quantitative changes in saliva

components [1]. In salivary glands (SG) from SS-patients an initial in-
trinsic activation of the epithelial cells is followed by altered glandular
homeostasis which precedes lymphocytic infiltration. This demon-
strates that epithelial cells are active players in the gland inflammation
by orchestrating the innate and adaptive immune responses [2] and
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these alterations are associated to the inflammatory environment,
where cytokines TNF-α and IFN-γ play a relevant role. In SS patients,
both cytokines are synthesized and released by salivary gland epithe-
lium and inflammatory infiltrate [3]. The acinar cells demonstrate
changes in their structure due to altered expression, function and lo-
calization of protein involved in the secretory function [4]. For ex-
ample, tight junction composition and organization is altered in sali-
vary gland cells, which could be induced by TNF-α and IFN-γ [5], and
cause disturbances in the directionality of the secretory process.

Apico-basal altered distribution of key proteins that participate in
the fate of both mature secretory granules (Rab3D) and membrane
fusion (SNARE) in regulated exocytosis were found in epithelial cells of
salivary glands (SG) from SS patients [6,7]. Concomitant with the de-
velopment of functional ectopic SNARE (fusion membrane receptors)
complexes located mainly in the basolateral domain of acinar cells and
are associated to an anomalous exocytosis of salivary mucins towards
the extracellular matrix (ECM) of SG [7]. In turn, these ectopically lo-
cated mucins activate the Toll-like receptor 4 pathway inducing cyto-
kine expression thus generating a microenvironment contributing to the
initiation and perpetuation of local autoimmune responses [8].

Regulated exocytosis is mediated by the SNARE complex, whose
formation is chaperoned by several proteins and factors such as
Synaptotagmin 1 (Syt-1), phosphatidylinositol 4,5-bisphosphate (PI
(4,5)P2) and Ca2+ which together achieve precise synchronicity of the
secretory product release [9]. Syt-1 function is central in its role as
primary Ca2+ sensor and is located in secretory granules acting as a link
between Ca2+ stimulus and exocytic machinery components (v/
tSNARE proteins) [9]. Within this context, we postulate that changes in
epithelial cell polarity may also affect relevant components, such as Syt-
1, PI(4,5)P2 and Ca2+ in SG from SS patients.

Syt-1 is required for the rapid Ca2+-triggered exocytosis, and as
such Syt-1 is a Ca2+-sensor whose intrinsic affinity for Ca2+ is quite
low, but is also markedly enhanced by the interaction with SNAREs and
PI(4,5)P2. This interaction between the Syt-1/SNARE complex and Syt-
1/PI(4,5)P2 allows regulation of the fusion pore opening time [10] al-
though, in resting conditions, Syt-1 is involved in pre-fusion docking of
secretory granules to the plasma membrane through the interaction
with the negatively charged PI(4,5)P2 in the plasma membrane [9].
Interestingly, Syt-1 was one of the most up-regulated genes in a mi-
croarray analysis performed with enriched epithelial cell fractions ob-
tained from SS-patient labial salivary glands [11].

PI(4,5)P2 promotes the interaction between Syt-1 and plasma
membrane allowing exocytosis [12] and is concentrated at the apical
region of 3D epithelial cell cultures promoting cell polarity [13]. At the
same time, Ca2+ plays an important role in regulating exocytosis in
polarized secretory cells, such as salivary acinar cells, where the Ca2+

signal starts from the apical pole and propagates to the basal pole [14].
In these cells, the increase in basal intracellular calcium concentration
[Ca2+]i and propagation of Ca2+ signal depends on Ca2+ released from
the ER stores via inositol 1,4,5-trisphosphate receptors (InsP(3)R) as
well as extracellular Ca2+ influx [14]. The reduction of [Ca2+]i toward
resting levels is accomplished by the activity of Ca2+-ATPases localized
to both the endoplasmic reticulum (ER) (SERCA-type pump) and the
plasma membrane (PMCA-type pump) [15]. Increased intracellular
Ca2+ levels are sensed by Syt-1 which in parallel modulates its binding
to PI(4,5)P2 clusters located in apical plasma membrane microdomains.
Thus, this decreases the electrostatic repulsion between both mem-
branes, secretory granules and plasma membrane, and favours the
formation of local fusion complexes by SNARE proteins [16].

Studies have demonstrated that Syt-1, PI(4,5)P2 and Ca2+ are sig-
nificant factors that control the exocytosis process in different secretory
cells [17], the Ca2+ role being the most studied [18]. Salivary acinar
cells from SS patients show a defective agonist-regulated intracellular
Ca2+ release together with a decreased IP3R expression level, and this
condition may explain the decrease of water release [19]. The authors
also observed that key proteins such STIM1, IP3R, and AQP5, are

altered within, or immediately around the area of lymphocytic in-
filtration where there is considerable tissue damage, while only IP3Rs
are significantly decreased in the relatively intact areas of the gland
where there is no infiltration [19]. However, there are not reports
where Syt-1, PI(4,5)P2 and Ca2+ in acinar cells of SS patients had been
studied.

In the current study, we analyzed the expression and/or localization
of Syt-1 and PI(4,5)P2 in SG of SS patients. Also, we investigated how
the over-expression of Syt-1 and changes in cell polarity induced by
TNF-α stimulation or loss of interaction between cell and basal lamina
alters the directionality of the exocytosis process and thus Ca2+ sig-
naling together with α-amylase secretion in a 3D acini model.

2. Materials and methods

2.1. Patients and controls

The study group included 23 SS patients and 21 control subjects
(Table 1). Control subjects did not fulfill the primary SS classification
criteria, were negative for anti-Ro and anti-La antibodies. They did not
have systemic diseases and lip biopsy revealed no focal infiltration and
eventually a mild diffuse chronic sialodenitis. The SS patients were
diagnosed according to the American-European Consensus Group cri-
teria [20]. All subjects signed an informed consent form following
guidelines established by the Ethics Committee of the Faculty of Med-
icine, University of Chile.

2.2. Biopsy samples

LSG specimens were obtained as previously described [21]. Fol-
lowing surgery, samples were divided into 2 portions. One portion was
snap frozen in liquid nitrogen and stored at −80 °C to extract RNA and
proteins; the other was processed for a histological examination and

Table 1
Demographic and serological characteristics of the SS-patient and control
groups.

Control subjects Patients with primary Sjögren's
syndrome

Numbers of individuals 21 23
Sex, no. female/no. male 21/0 22/1
Age, mean (range), years 41.3 (20–59) 47.1(27–64)
Xerophtalmia, nº (%) 4 (19%) 22 (95.6%)
Xerostomia, nº (%) 6 (28.6%) 21 (91.3%)
Focus scorea

1 0 3
2 0 9
3 0 5
≥4 0 6

USWSF, mean ± SD mL/
15min

2.73 ± 1.62 1.35 ± 1.38

Scintigraphic data scoreb

1 1 0
2 10 3
3 10 3
4 0 17

Ro antibodies 0/21 20/23
Ro/La antibodies 0/21 11/23
Antinuclear antibodies

(ANA)
2/21 20/23

Rheumatoid factor (RF) 0/21 11/23
ESSDAI, median (range) – 6 (1–17)

USWSF: Unstimulated whole salivary flow, SD: standard deviation, nº: number,
%: percentage, ESSDAI: EULAR Sjögren syndrome disease activity index;
EULAR, European League against Rheumatism.

a Number of foci/4mm2 of tissue.
b 1= normal salivary gland function, 2=mild impairment of salivary gland

function, 3=moderate impairment of salivary gland function, and 4= severe
impairment of salivary gland function.
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Fig. 1. Increased levels of Syt-1 in LSG from SS-patients. A, representative Western blot of LSG protein extracts from SS-patients (P) and controls (C) showing
bands of 65 kDa for Syt-1 and 47 kDa for β-actin. B, box plot showing relative Syt-1 transcript levels using h18S as reference control. C, box plot showing relative Syt-
1 protein levels normalized with β-actin. D-E, representative confocal image of a double staining of Syt-1 (green) and STX4 (red) in sections of LSG from controls and
SS-patients, bars: 10 μm. F, colocalization of Syt-1/STX4 in sections of LSG from controls and SS-patients. G, staining intensity of Syt-1 in sections of LSG from
controls and SS-patients, a. u. arbitrary units. H, N-glycosylation status of Syt-1 was confirmed by deglycosylation (DG) using PNGase F and EndoH in LSG extracts
and subsequent detection of Syt-1 by western blotting. Lane 1: protein lysate, lane 2: PNGase-digested protein lysate, lane 3: EndoH-digested protein lysate. I, SDS-
resistant oligomeric Syt-1 complexes show a 100 kDa band, while monomeric Syt-1 shows a 65 kDa band. J, oligomeric over monomeric Syt-1 ratio. K-L, re-
presentative confocal image of PI(4,5)P2 (green) and Ezrin (red) double staining in LSG sections from controls and SS-patients, bars: 10 μm. M, colocalization of PI
(4,5)P2/Ezrin in LSG sections from controls and SS-patients. N, representative confocal image showing PI(4,5)P2 (green) in the apical membrane of acinar cells and in
the basal region of the acinus. N′, staining of α-smooth muscle actin (red) showed a distribution in the basal region of the acinus, marking myoepithelial cells. N″, the
merge of the green and red channels showed colocalization of both marks in the myoepithelial cells. Bars: 10 μm. (*) p < 0.05 was considered significant. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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immunofluorescence.

2.3. 3D acini culture

3D acini were obtained by seeding human submandibular gland
(HSG) cells on growth factor-reduced Matrigel (BD Biosciences, San
Jose, CA, EEUU), as previously described [22]. Differentiated 3D acini
were incubated with or without 1 or 10 ng/mL human recombinant
TNF-α or 5 μg/mL rat monoclonal antibody against the α6 integrin
subunit (GoH3) in serum free medium for 24 h.

2.4. Transfection

HSG cells were plated on a 10 cm plastic culture dish until 60–70%
confluence and transfected with the DNA plasmids encoding EGFP
(pEGFP-C1; Clontech) or Syt-1-GFP (pCMV6-Syt I-GFP; Origene,
RG208938) with ViaFect Transfection Reagent (Promega) according to
the manufacturer's instructions. At 20 h post-transfection, the medium
was changed to DMEM F-12, supplemented with 5% FBS (Hyclon), 100
U/ml penicillin, and 100 μg/mL streptomycin. After 24 h, transfected
HSG cells were seeded on BME to obtain 3D acini as previously de-
scribed [22].

2.5. Real-time RT-PCR analysis

Total RNA was obtained from LSG using RNeasy Mini Kit (Qiagen),
yield and purity of RNA were evaluated as previously described [23].
For PCR reaction we used Brilliant II SYBR Green qPCR Master Mix kit
(Stratagene, CA, EEUU) and MxPro-MX 3000P thermocycler (Agilent
Technologies, CA, EEUU). Template cDNA was obtained by reverse
transcription of 1 μg total RNA with SuperScript II Reverse Tran-
scriptase kit (Invitrogen, CA, EEUU). The relative transcript levels of
Syt-1 or SERCA2b were expressed in comparison to h18S transcript
levels using the efficiency-calibrated model [24].

2.6. Protein extraction and western blot

LSG specimens and 2D HSG cells were homogenized in RIPA buffer
in the presence of Complete™ Protease Inhibitor Cocktail EDTA-free
Mini Tablets (Roche, Mannheim, Germany) at 4 °C. The protein con-
centration of extracts was determined by the Bradford method [25]. 3D
acini were detached from the matrigel with a Cultrex® 3D Culture Cell
Harvesting kit (Trevigen Inc, Gaithersburg, MD, EEUU) according to the
manufacturer's instructions and then homogenized in RIPA buffer with
protease inhibitors. Total protein extracts (15–25 μg) were separated
according to their molecular weights by SDS-PAGE on 8% gels under
reducing conditions. The separated proteins were electro transferred to
a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, EEUU).
The membranes were probed with mouse anti-Syt-1 (1:3000, BD Bios-
ciences), mouse anti-SERCA2b (1:3000, Thermo Scientific) or mouse
anti-β-actin antibodies (1:20000, MP Biomedicals) and then incubated
with goat anti-mouse, HRP-conjugated secondary antibodies (Jackson
InmunoResearch Laboratories, Inc., PA, EEUU). Immunoreactive bands
were visualized by chemiluminescence (Pierce, IL) and intensity of
immunoreactive bands was quantified using the UNI-SCAN-IT (gel

version for Windows 4.1, Silk Scientific, Orem, Utah, EEUU). Protein
levels were normalized to β-actin.

2.7. Glycosylation state of Syt-1

Proteins (20 μg) of LSG were denatured in 10X glycoprotein de-
nature buffer for 10min at 100 °C and incubated for 1 h at 37 °C with
PNGase F or EndoH in a total volume of 20 μL according to manu-
facturer instructions (New England BioLabs Inc., MA, USA). Control
reactions included proteins treated under the same experimental con-
ditions but in the absence of glycosidases. Samples were then mixed
with sample buffer and boiled. Glycan removal was detected as a mo-
bility shift using SDS-PAGE in 8% gels followed by Western blotting
with anti-Syt-1 antibody.

2.8. Detection of SDS-resistant Syt-1 oligomers in LSG acinar cells

Syt-1 has been hypothesized as functioning in an oligomerized state
during neurotransmitter release [26]. Consistent with this, Syt-1 form a
stable SDS-resistant, β-mercaptoethanol-insensitive, and Ca2+-in-
dependent oligomer surrounding the transmembrane domain [26]. The
detection of SDS-resistant Syt-1 oligomers was performed as previously
described [7]. Briefly, some aliquots of proteins were maintained at
room temperature (RT, 25 °C) and others were boiled for 3min at
100 °C to disassemble Syt-1 oligomers. The protein concentration of
extracts was determined by the bicinchoninic acid (BCA) method [27].

2.9. Immunofluorescence

Tissue samples of LSGs were fixed in 1% paraformaldehyde for 6 h
and paraffin embedded using standard procedures. Antigens were re-
covered by incubating the slides in 0.01M citrate buffer (pH 6.0) for
25min at 92 °C. The sections were blocked for 1 h at RT with 0.25%
casein in PBS, pH7.4. To detect Syt-1 and STX-4, the tissues were in-
cubated overnight at 4 °C with rabbit anti-Syt-1 (Cell Signaling, diluted
1:50 in PBS) and mouse anti-STX-4 (BD Biosciences, diluted 1:30 in
PBS). Frozen tissue sections to detect PI(4,5)P2 were fixed in 2% par-
aformaldehyde in buffer 5X (50mM PIPES, [pH 7.0], 25mM KCl, 1 mM
MgSO4, 45mM NaCl, 2 mM CaCl2, 10mL PBS 10X, 0.5M EDTA, [pH
7.0]) for 15min. The frozen tissues were incubated in 100mM glycine
for 5min, washed once with PBS 1X, and blocked for 1 h with 3% BSA.
Slides were then incubated overnight at 4 °C with mouse anti-PI(4,5)P2,
clone 2C11 (Life Technology, diluted 1:50 in PBS). 3D acini were fixed
using 2% paraformaldehyde for 10min, then washed and permeabi-
lized with 0.2% Triton X-100 and incubated in 100mM glycine twice
for 5min. The unspecific binding sites were blocked with 5% albumin
in buffer IFI (0.2% Triton X-100, 0.5% Tween 20, 7.7mM azide [pH
6.5], PBS 10X) for 1 h. The 3D acini were incubated overnight at 4 °C
with mouse anti-Syt-1 (1:100, Cell Signaling), rabbit anti-Giantin
(1:500, Covance) or rabbit anti-α-amylase (1:250) antibodies in
blocking buffer. All slides and 3D acini were incubated at RT for 1 h
with Alexa Fluor 488- or 546-conjugated secondary antibodies and
Hoechst 33342, then mounted with Mowiol (Calbichem). As a negative
control, rabbit Ig or mouse IgG fractions were employed
(DakoCytomation, Inc., Carpinteria, CA, EEUU).

Table 2
Correlation coefficients between Syt-1 protein levels and clinical parameters of SS-patients.

Age Dryness USWSF Scintigraphy Serology Focus score ESSDAI

Eye Mouth Ro La RF ANA

Relative Syt-1 protein levels 0.2 0.67* 0.62* −0.65* 0.56* 0.76** 0.62* 0.54* 0.81** 0.73* 0.86**

USWSF: Unstimulated whole salivary flow; for scintigraphic data we used lower values to indicate better glandular function. ESSDAI: EULAR Sjögren's syndrome
disease activity index; EULAR, European League against Rheumatism.(*)P < 0.05; (**)P < 0.0001.
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2.10. Confocal microscopy and image analysis

All slides and 3D acini were visualized with an Olympus FluoView
FV10i confocal laser scanning microscope (Olympus, EEUU). High-re-
solution digital images were captured and stored in TIFF format. The
colocalization of signals from two channels was evaluated using the
ImarisColoc module (Bitplane AG, Zurich, Switzerland). The degree of
channel colocalization was analyzed considering the percentage of
dataset colocalized and thresholded Manders's coefficient.

2.11. Measurement of [Ca2+]i

3D acini were cultured in glass-bottom microwell dishes, washed in
PBS and loaded with 5mM Fluo-4 acetoxymethyl ester (Molecular
Probes, Invitrogen) in saline buffer (140mM NaCl, 1 mM MgCl2, 5 mM
KCl, 1 mM CaCl2, 5 mM glucose and 10mM HEPES pH: 7.4) for
30min at 37 °C. After loading, the cells were washed with saline buffer
for 5min. The dishes were mounted on an inverted fluorescence mi-
croscope (Zeiss Axiovert 200) and perfused with saline buffer at a rate
of 1mL/min at RT. For measurements in the absence of extracellular
Ca2+, cells were washed one time in nominally Ca2+-free saline buffer
supplemented with 2mM MgCl2. Fluo-4 confocal fluorescence images
were obtained with a LSM5 Pascal (Zeiss) scanner attached to the mi-
croscope. Images from regions of interest were captured every 10 s with
a 60X oil immersion objective. For converting fluorescence data into
[Ca2+], we determined minimum and maximum Fluo-4 fluorescence
data using the following equation:

=
−

−

+[Ca ] kd(F F )
(F F)

2 min

max

2.12. Amperometry

To record the release of dopamine by amperometry, 3D acini were
loaded with dopamine for 45min at 37 °C using a solution of 70mM
dopamine, 68mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, and
10mM glucose in 10mM HEPES pH 7.3. After loading, the cells were
washed for 5min and incubated for 4 h at 37 °C in DMEM F-12, sup-
plemented with 10% FBS (Hyclon), 100 U/ml penicillin, and 100 μg/
mL streptomycin. 3D acini were then placed in the normal recording
saline buffer (140mM NaCl, 5 mM KCl, 1 mM MgCl2, 1mM CaCl2, and
10 mM glucose in 10 nM HEPES, pH 7.3). Dopamine release was re-
corded with an Axopatch 200B using a 5-μm carbon fiber electrode held
at +660 mV compared to an Ag-AgCl electrode placed in the bath.
10 μM Carbachol (Cch) and 10 μM Isoproterenol (Iso) were used to
stimulate and evoke secretion. To evaluate the release of endogenous
amylase 3D acini were incubated with 6.5 mM 4-aminophenyl α-mal-
topentaoside (4AP-G5), 12.5 U/mL α-glucosidase and 10 μM Cch and/
or 10 μM Iso. A carbon electrode was held at +150 mV to detect cur-
rent changes by electrochemical oxidation of 4AP, which is produced by
the enzymatic action of endogenous amylase on 4AP-G5 after secreta-
gogue stimulation. After endogenous amylase recordings, exogenous α-
amylase was added as an enzymatic positive control [28].

2.13. Statistical analysis

All values were processed to calculate their mean ± SD of at least 3
experiments. Statistical significance was determined by Mann-Whitney
non-parametric test. Spearman rank correlation analysis was also per-
formed. P < 0.05 was considered statistically significant.

3. Results

3.1. Increased levels of Syt-1 in LSG from SS-patients

Syt-1 is a Ca2+-sensor protein that participates in the formation of
the fusion pore between secretory granules (v-SNARE) and plasma
membrane (t-SNAREs) [29]. Previous studies in LSG of SS-patients have
shown altered protein and mRNA levels of SNARE proteins such as
VAMP8, STX4 and STX3 [7]. Here, we compared the mRNA and protein
levels of Syt-1 in LSG of 15 SS-patients and 12 control individuals, with
results showing an increase of Syt-1 mRNA and protein levels
(p= 0.002 and p < 0.0001, respectively) (Fig. 1A, B and 1C). It should
be noted that in SS-patients a band with lower electrophoretic mobility
was observed, which correspond to changes in Syt-1 N-glycosylation
state (Fig. 1H). Syt-1 protein levels correlated inversely with un-
stimulated whole salivary flow and positively with symptoms of eye
and mouth dryness, scintigraphy, presence of autoantibodies, focus
score and ESSDAI (Table 2). Additionally, we compared the levels of
SERCA2b, with results showing a decrease of mRNA and protein
(p= 0.002 and p= 0.02, respectively) in LSG from SS-patients
(Supplementary Fig. 1A, 1B and 1C).

The efficiency of the exocytic process in epithelial cells depends on
the coordinated action of several components, for example the local
concurrence of RabGTPase, PI(4,5)P2, Ca2+, Syt-1 and SNARE proteins
[16]. Altered localization of SNARE proteins in LSG from SS-patients
[7] suggests that the localization of Syt-1 could also be altered. Thus,
we evaluated the co-localization of Syt-1 with STX4, showing more co-
localization points in the basolateral region of LSG from SS-patients
than controls (p= 0.002) (Fig. 1 and E, F). Similar to Western blot
results, the Syt-1 fluorescence intensity was higher in SS-patients
compared to controls (p= 0.007) (Fig. 1G).

When LSG protein extracts containing SDS were placed at 25 °C, a
band near 100 kDa was observed for Syt-1, while a 65 kDa band was
observed when protein extracts were placed at 100 °C. The 100/65 kDa
ratio was higher in SS-patients compared with control subjects
(p= 0.006) (Fig. 1I and J).

PI(4,5)P2 recruits apical proteins, such as Ezrin, promoting the
plasma membrane asymmetry [13]. A redistribution of Ezrin from the
apical to the baso-lateral pole of epithelial cells has been observed in
LSG from SS-patients [30]. Here, the PI(4,5)P2/Ezrin double staining
showed that both molecules are co-localized in the luminal region of
epithelial cells of control LSG (Fig. 1K and M), whereas in LSG from SS-
patients, they were found co-localizing mostly in the basolateral
membrane (Fig. 1L and M). Interestingly, an intense green staining was
observed in the plasma membrane of acinar and myoepithelial cells, the
latter revealed by the colocalization of PI(4,5)P2 with α-smooth muscle
actin (α-SMA), a myoepithelial cell marker (Fig. 1N).

Fig. 2. Syt-1 overexpression increases exocytosis in the apical pole of 3D acini. A-C, immunofluorescence of endogenous Syt-1 (green) detection in 2D culture
cells and 3D acini, bars: 10 μm. D, representative Western blot showing Syt-1 protein levels in extracts of 3D acini and 2D culture cells transfected with control EGFP
or Syt-1-GFP plasmid. E, box plot showing relative Syt-1 protein levels in 3D acini and 2D culture cells transfected with Syt-1-GFP plasmid. F-G, representative
confocal images of GFP in 2D culture cells and 3D acini transfected with Syt-1-GFP plasmid. H, representative DIC microscopy image of a 3D acinus showing the
apical and basal poles where the carbon electrodes were placed for electrophysiological recordings. A single acinar cell with a truncated pyramidal shape is depicted
with dashed lines. I-J, amperometric recordings in the apical pole of control or Syt-1-GFP transfected 3D acini, quantal events indicated with asterisks are shown with
higher time resolution. K, total charge calculated from the integral of averaged amperometric currents in control or Syt-1-GFP transfected 3D acini. L, number of
dopamine molecules released in the apical pole by control or Syt-1-GFP transfected 3D acini. (*) p < 0.05 was considered significant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Syt-1 overexpression increases exocytosis in the apical pole of 3D acini

To evaluate the effect of Syt-1 overexpression on exocytosis, HSG
cells were transfected with Syt-1-GFP and then seeded on matrigel to
form 3D acini, as previously described [22]. Syt-1 was endogenously
expressed by both, 2D-culture and 3D acini, showing a dotted cyto-
plasmic pattern (Fig. 2A–C). Fig. 2D shows a Western blot with Syt-1
protein levels in 3D acini and 2D-culture with Syt-1-GFP or pEGFP-C1

vector transfection. Densitometric analysis of these immunoblots in-
dicate that Syt-1 expression was significantly higher in Syt-1-GFP
transfected cells compared with control cells, in both 3D acini and 2D-
culture (Fig. 2D) (p=0.015 and p=0.014, respectively). Moreover,
GFP showed a dotted cytoplasmic distribution in Syt-1-GFP transfected
3D acini and 2D-culture (Fig. 2F–H), similar to the basal distribution of
endogenous Syt-1 (Fig. 2A–C).

Syt-1 regulates the overall rate of exocytosis and the stability of the

Fig. 3. TNF-α stimulation increases exocytic events in the basal pole, which is further enhanced by Syt-1 overexpression. A-C, amperometric exocytosis
recordings from the basal pole of 3D acini control incubated with 0 (control), 1 or 10 ng/mL TNF-α for 24 h. D-F, amperometric exocytosis recordings from the basal
pole of 3D acini overexpressing Syt-1 (3D acini Syt-1-GFP), incubated with 0, 1 or 10 ng/mL TNF-α for 24 h. G, total charge calculated from the integral of averaged
amperometric currents in 3D acini control or 3D acini Syt-1-GFP with or without TNF-α incubation. L, number of dopamine molecules released toward the basal pole
by 3D acini control or 3D acini Syt-1-GFP with or without TNF-α incubation. (*) p < 0.05 was considered significant.
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fusion pore [10]. To evaluate the effect of Syt-1 overexpression on
exocytosis, 3D acini were pre-loaded with dopamine and its release was
measured by amperometric recordings in the apical pole, using a carbon
fiber held +660 mV. A representative acinus highlighting the apical
and basal pole where the electrode was placed is shown in Fig. 2H. The
time-course of dopamine release shows several amperometric spikes
reflecting vesicle fusion events after stimulation with 10 μM Cch and
10 μM Iso in control 3D acini (Fig. 2I). The number of detectable am-
perometric spikes in the apical pole was lower after secretagogue sti-
mulation in Syt-1-GFP transfected 3D acini, but the magnitude of spikes
was larger (Fig. 2J). The total charge and thus the number of dopamine
molecules was calculated from the integral of averaged amperometric
currents, showing that the exocytosis was significantly increased in the
apical pole of Syt-1-GFP transfected 3D acini than control 3D acini
(Fig. 2K and L). We conclude that Syt-1 overexpression increases the
magnitude of apical exocytic events.

3.3. TNF-α stimulation increases exocytic events in the basal pole, which is
further enhanced by Syt-1 overexpression

Epithelial cell polarity is established and maintained by both, cell-
cell and cell-extracellular matrix (ECM) adhesions, including tight
junctions and hemidesmosomes, respectively [31]. LSG from SS-pa-
tients show altered acinar cell polarity with presence of mucins in the
ECM [7] and disruption of tight junction structure, reproduced in vitro
by incubation of isolated control acini with TNF-α or IFN-γ [5]. Based
on these findings, the effect of TNF-α (1 or 10 ng/mL) on the exocytosis
in the basal pole of control 3D acini or 3D acini overexpressing Syt-1
(3D acini Syt-1-GFP) was determined after loading with dopamine. No
amperometric spikes were detected after Cch and Iso stimulation in the
basal pole of 3D acini control and 3D acini Syt-1-GFP (Fig. 3A and B).
Pre-treatment with TNF-α induced a concentration-dependent increase
in the frequency of amperometric spikes in the basal pole after secre-
tatogue stimuli (Fig. 3C–F). The total charge and the number of

Fig. 4. Detection of endogenous α-amylase release and activity by 3D acini. A, current trace for carbon fiber electrode held at +150 mV with respect to the bath
and positioned near the top of a 3D acinus. Small current artifacts and arrows indicate time of addition for the different agonists and substrates sequentially applied to
the bath, 4-aminofenil-α-maltopentoside (6.5 mM), α-glucosidase (12.5 U/mL), Iso (10 μM), Cch (10 μM), α-amylase (2 U/ml). Large positive transients correspond
to the electrochemical oxidation of 4AP originated from endogenous α-amylase modification of 4AP-G5 after secretagogue stimulation. The addition of exogenous α-
amylase was used as an enzymatic positive control. B, summary for the relative amount of amylase released under 10 μM Cch and/or 10 μM Iso added to the bath. C,
Isoproterenol dose response for α-amylase release (as percentage of total) by 3D acini, (*) p < 0.05 was considered significant.
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dopamine molecules (calculated from the integral of averaged am-
perometric currents), showed that the magnitude of the exocytic events
increased in the basal pole of 3D acini control after TNF-α stimulation,
which was further enhanced in 3D acini Syt-1-GFP (Fig. 3G and H).

Additionally, the stimulation of 3D acini with 1 or 10 ng/mL TNF-α
induced an increase of Syt-1 and a decrease of SERCA2b mRNA levels
(Supplementary Fig. 1D). These data suggest that TNF-α induces
changes in the polarity of exocytic events.

Fig. 5. Altered cell polarity affects Ca2+ signaling and amylase secretion in 3D acini. A-D, Giantin staining (green) in control and 3D acini incubated with 1 ng/
mL TNF-α, 10 ng/mL TNF-α or 5 μg/mL GoH3 α6 integrin subunit -blocking antibody (used as polarity disrupting agents), bars: 10 μm. E, time course of free [Ca2 +]i
detected with Fluo-4 after 10 μM Cch stimulation of control and 3D acini incubated with different concentrations of TNF-α or GoH3 antibody. F, quantification of
cytoplasmic free [Ca2 +]i induced by Cch in control 3D acini and treated with TNF-α or GoH3 antibody. G-H, α-amylase staining (green) before and after 10 μM Cch
stimulation in polarized 3D acini (treated with an irrelevant IgG), bars: 10 μm. I-J, α-amylase staining (green) before and after 10 μM Cch stimulation in 3D acini with
altered cell polarity induced by GoH3 antibody, bars: 10 μm. (*) p < 0.05 was considered significant. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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3.4. Altered cell polarity affects the Ca2+ signaling and amylase secretion in
3D acini

LSG from SS-patients revealed disorganization of the ECM structure
[32], with increased matrix metalloproteinase activity (towards fi-
bronectin, laminin, and type IV collagen) [33] and altered expression
and localization of α6β4 integrin [34], which altogether affect acinar
cell polarity. In the present study, the amperometric recordings ob-
tained from 3D acini show that endogenous α-amylase release is in-
creased after secretagogue stimulation (Fig. 4A), of which a higher
percentage is apparent after simultaneous stimulation by Cch and Iso
(Fig. 4B). Also, a concentration-dependent increase after Iso stimulation
saturates at a low agonist concentration (Fig. 4C), demonstrating that
3D acini are able to secrete α-amylase in response to cholinergic and
adrenergic stimuli. Then, 3D acini cell polarity was disrupted in vitro
with 1 or 10 ng/mL TNF-α for 24 h or 5 μg/mL GoH3, an α6 integrin
subunit blocking antibody. Giantin (Golgi apparatus marker) presented
supranuclear localization in the acinar cells of control 3D acini, while
an altered distribution was detected in acinar cells after incubation with
TNF-α or GoH3 antibody (Fig. 5A,–D). In these conditions, we noticed
cytosolic Ca2+([Ca2+]i), evoked by 10 μM Cch in Fluo-4-loaded 3D
acini, rapidly increased (Fig. 5E), reaching 346 ± 35 μM in control 3D
acini (Fig. 5F). Moreover, [Ca2+]i increase evoked by Cch was lower in
3D acini pre-treated with cell polarity disrupting agents (Fig. 5E),
reaching 275.3 ± 39 μM after 1 ng/mL TNF-α, 51.85 ± 8 μM after
10 ng/mL TNF-α, and 19.30 ± 1 μM after GoH3 antibody incubation
(Fig. 5F). Control 3D acini incubated with an irrelevant IgG synthesized
α-amylase and then secreted towards the acinar lumen after 10 μM Cch
stimulation (Fig. 5G and H). GoH3 incubation affected the secretory
process, showing an accumulation of α-amylase in the cytoplasm of
acinar cells (Fig. 5I and J). These results suggest that an altered cell
polarity should have a significant effect over Ca2+ signaling and se-
cretory events.

4. Discussion

The increased mRNA levels of Syt-1 found in this study validated
our previous microarray data showing SYT1 among the top ranked
differentially expressed genes in fractions enriched in epithelial cells of
LSG from a different cohort of SS-patients [11]. Moreover, the in-
cubation of 3D acini with TNF-α induced a concentration-dependent
increase of Syt-1 mRNA levels, together with a significant decrease of
SERCA2b mRNA levels (Supplementary Fig. 1). These findings resemble
our observations in vivo, where Syt-1 mRNA and protein levels were
found increased while SERCA2b levels were found decreased
(Supplementary Fig. 1). It has been reported that the partial loss of
SERCA2b affects the expression and activity of Ca2+ signaling proteins
in the parotid gland acini of SERCA2+/− mice, increasing the expres-
sion of Syt-1 by a yet to be elucidated mechanism [35]. The in silico
analysis of SYT1 promoter shows several response elements for tran-
scription factors activated downstream pro-inflammatory cytokines,
such as STAT1, STAT3, JUN, FOS, among others, suggesting that the
chronic inflammation could induce the Syt-1 overexpression in SS-pa-
tients. Physiologically, the increase in [Ca2+]i is achieved as a result of
IP3R-mediated Ca2+ release from the endoplasmic reticulum and the
Ca2+ entry into the acinar cells, both activated in response to stimu-
lation of muscarinic or alpha-adrenergic receptors [36]. A change in the
sensitivity of cells to acetylcholine (with attenuation of [Ca2+]i in-
creases and Ca2+-dependent ion channel activation) was observed in
isolated labial gland acinar cells from SS-patients compared to cells
from healthy controls [37]. Teos et al. demonstrated that critical pro-
cesses involved in fluid release such as Ca2+ release, Ca2+ entry, and
cell volume reduction are altered in acinar cells from SS-patients. In
addition, they associate the decrease in Ca2+ signaling in acinar cells to
loss of IP3R2 and IP3R3, two critical IP3R subtypes in this gland [19].
Considering the aberrant Ca2+ signaling in acinar cells of LSG from SS-

patients, Syt-1 overexpression could be a compensatory mechanism to
improve the Ca2+ sensitivity thus increasing the probability of vesicle
fusion.

The co-localization of Syt-1/STX4 and PI(4,5)P2/Ezrin in the baso-
lateral pole confirms the altered polarity of acinar cells of LSG from SS-
patients and suggests the presence of functional fusion complexes that
could allow the ectopic secretion of mucins towards the ECM [7]. It has
been described that the exogenous delivery of PI(4,5)P2 to the basal
pole plasma membrane induced dramatic shrinkage of the lumen and
re-localization of the apical markers GP135, Ezrin, and the tight junc-
tion component ZO-1, from the apical to the basolateral region [13].
Immunofluorescence and immunogold analysis have shown Ezrin pri-
marily associated with the apical microvilli in LSG from control sam-
ples, while in SS-patients higher basal cytoplasm reactivity was ob-
served [30]. In addition, in acini and ducts, ZO-1-specific staining of the
apical plasma membrane was strongly diminished [5], suggesting that
the apico-basal redistribution of PI(4,5)P2 observed could have func-
tional consequences in acinar cell polarity. Because PI(4,5)P2 is a
dominant phospholipid in the cytoplasmic leaflet at vesicle exocytic
sites, Syt-1 interactions with PI(4,5)P2 could mediate vectorial inter-
actions between vesicle-tethered Syt-1 and plasma membrane sites for
exocytosis [12]. Syt-1 promotes close membrane apposition by bridging
the membranes allowing proximity of vesicle and plasma membrane
SNARE proteins for complex assembly and fusion [12]. Our previous
studies have shown a redistribution of STX4, STX3, SNAP-23 and
VAMP8 from the apical to the basolateral pole, together with increased
levels of preformed SNARE complexes [7]. These complexes are highly
resistant to SDS solubilization, which prevents the formation of addi-
tional SNARE complex from free monomeric subunits after extraction
[38]. Under similar experimental conditions, we observed a 100 kDa
band for Syt-1 and an increase in the 100/65 kDa ratio in extract of LSG
from SS-patients compared to controls, suggesting the presence of oli-
gomers. Genetic analysis of Drosophila Syt-1 mutants has indicated that
this protein functions in an oligomerized state [39]. In addition, Ca2+-
independent oligomerization of Syt-1 is crucial for rapid Ca2+-depen-
dent clustering via the C2B domain in response to Ca2+ influx through
voltage-gated Ca2+ channels during neurotransmitter release [40]. This
suggests a simple physical mechanism for regulation of exocytosis,
where this oligomerization might serve as a platform organizing mul-
tiple SNAREpins to cooperatively open the fusion pore more swiftly [9].
PC12 cells overexpressing Syt-1 showed both altered exocytosis rate
together with fusion pore stability [10]. Keeping in mind the pivotal
role played by Syt-1 during exocytosis and its higher levels in LSG from
SS-patients, overexpression demonstrated an increase in exocytic events
in the acinar cell apical pole of 3D acini. However, the combined effect
of TNF-α-induced cell polarity perturbation and Syt-1 overexpression
elicit an increase in the frequency and magnitude of exocytic events in
the basal pole, explained by an apico-basal redistribution of key com-
ponents in this process and a higher Ca2+ sensitivity. Additionally,
serum autoantibodies against M3 muscarinic receptors have been de-
tected in SS-patients, showing inhibitory effects on parasympathetic
neurotransmission [41], which could be associated with autonomic
neuropathy in SS-patients [42]. There is no consensus that M3R auto-
antibodies are causative of the loss of salivary fluid secretion [18],
however, these autoantibodies could decrease the acinar cell response
to neural stimulation and lead to the glandular hypofunction [19]. In
this context, the increase of Syt-1 expression could be a compensatory
mechanism to maintain the secretory function. A not evaluated aspect
in this work is the Syt-1 function in the nervous system of SS-patients,
since it plays a key role during synaptic transmission, where the pre-
synaptic vesicles fuse with the plasma membrane, releasing their neu-
rotransmitters to activate postsynaptic receptors. It is known the sy-
naptotagmins act as Ca2+ sensors to release and inhibit spontaneous
fusion of synaptic vesicles in the absence of an action potential. Thus,
synaptotagmins coordinate multiple stages of Ca2+-triggered exocy-
tosis, ensuring fast synaptic transmission for rapid information transfer
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between neurons at synapses [43]. This is relevant topic considering the
wide spectrum of peripheral polyneuropathy (PNP) or central nervous
system affection in SS-patients, where 8.5–67% complain about neu-
rological symptoms [42], including mono and polyneuropathy, cogni-
tive dysfunction, mood disorders, anxiety disorders, cranial neuropathy
and seizure disorders [44]. Anti-TNF agents (Infliximab and Etanercept)
and B cell targeted therapies (Rituximab and Epratuzumab) have been
used in primary SS, although no efficacy was found on neurological
manifestations [45,46], which could be explained by the high and si-
multaneous number of altered biological processes occurring in the
affected organs, just to mention as example, disturbances of the re-
sponse to misfolded/unfolded proteins [22,47–49].

The spatiotemporal regulation of Ca2+ signals in SG acinar cells
show that the first increase occurs by its release via the IP3R at the
apical pole whilst entry channels (Orai 1 and TRPC1) contribute to the
global spread of Ca2+ to basal region [14]. Here, secretagogue stimu-
lation induced a fast and transient increase of [Ca2+]i in control 3D
acini although when pre-treated with TNF-α or α6 integrin subunit
blocking antibody (polarity disrupting agents) a lower [Ca2+]i together
with altered endogenous α-amylase secretion was observed. It should
be noted that the correct interaction between α6β4 integrin and lami-
nins from plasma membrane and basal lamina, respectively, influences
the establishment of a functional epithelial cell polarity [31]. In SS, the
basal lamina of acini and ducts show a structural disorganization in-
cluding laminin and collagen IV decrease [32] coupled with aberrant
expression and localization of α6β4 integrin [34], suggesting changes
in integrin/laminin interaction account for loss of structural integrity
and cell polarity, resembled here in 3D acini incubated with α6 integrin
subunit blocking antibody.

Moreover the overexpression of Syt-1 was significantly associated
with parameters of salivary gland alterations, which suggest that the
secretory dysfunction in salivary glands of SS-patients is associated to
altered expression and/or localization of secretory machinery compo-
nents [4,6,7] with additional altered epithelial cell polarity [5]. In this
scenario, the present study has wider scope by combining cellular and
molecular biology with electrophysiological approaches to demonstrate
that Syt-1 overexpression increases the magnitude of exocytic events
and TNF-α stimulation alters the vectoriality of the secretory process.
These findings reveal the mechanism explaining the presence of ectopic
secretory products in the ECM of LSG from SS-patients [7], demon-
strated to be inducers of inflammation [8]. Knowledge about the cel-
lular and molecular biology of epithelial cells of salivary glands in SS-
patients undoubtedly leads us knowing in depth their alterations and
this should be one of the platforms to find therapeutic strategies.
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