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ABSTRACT

Sjogren syndrome (SS) is a chronic and progressive autoimmune disease characterized by dry mouth
and dry eyes, and characteristic autoantibodies. Evidence of altered macroautophagy/autophagy and
apoptosis has been associated with SS, but a mechanistic understanding of the gene expression
changes associated with these abnormal processes has not been realized. Recently, increased LAMP3
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(lysosomal associated membrane protein 3) expression was found in a subset of SS patients and was
associated with increased apoptosis and autoantigen accumulation and release. To better under-
stand how LAMP3 expression might modulate apoptosis, cell biology, and biochemical studies were
used to examine the effect of LAMP3 expression in minor salivary gland cells. LAMP3 expression
resulted in degradation of LAMP1 increasing lysosomal membrane permeabilization and relocaliza-
tion of cathepsins to the cytoplasm, resulting in destabilizing autophagic flux and caspase activation.
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These findings highlight the central role of LAMP3 expression in the pathogenesis of SS.
Abbreviations: A253-control: A253 control for LAMP3 stable overexpression; A253-LAMP3: A253
LAPM3 stable overexpression; CASP1: caspase 1; CASP3: caspase 3; CHX:cycloheximide; CTSB: cathe-
psin B; CTSD: cathepsin D; CQ: chloroquine; DCs: dendriticcells; ER: endoplasmic reticulum; LGALS3:
galectin 3; HCV: hepatitis C virus; HSG-control:HSG control for LAMP3 stable overexpression; HSG-
LAMP3: HSG LAMP3 stableoverexpression; HSP: heat shock protein; HTLV-1: human T-lymphocyte
leukemia virus-1;IXA: ixazomib; LAMP: lysosomal associated membrane protein; MHC: majorhisto-
compatibility complex; mAb: monoclonal antibody; OE: overexpression; pepA: pepstatinA; pAb:
polyclonal antibody; pSS: primary Sjogren syndrome; qRT-PCR: quantitative real-time reverse tran-
scriptase polymerase chain reaction; SLE: systemic lupus erythematosus; SS:Sjogren syndrome; UPR:
unfolded protein response; V-ATPase: vacuolar-type proton-translocating ATPase; Y-VAD: Ac-YVAD-
cmk; Z-DEVD; Z-DEVD-fmk; Z-VAD: Z-VAD-fmk

Introduction (ER) stress [9], and starvation [10]. During autophagy,
proteins, organelles and cytoplasm become enveloped
within double-membrane vesicles called autophagosomes
[11]. After fusion with lysosomes, these cellular constituents
are degraded [11], and recycled to maintain cellular meta-
bolic homeostasis [11]. Autophagy plays a protective role
and regulates cell death in cooperation with apoptosis.

Autophagy contributes to antigen presentation by major his-
tocompatibility complex (MHC) class II in antigen-presenting
cells, including dendritic cells (DCs), macrophages, and B cells
via the degradation of internalized extracellular pathogens [12].
Failure in steps of the autophagic process is associated with
accumulation of misfolded intracellular proteins such as phos-
phorylated SNCA/a-synuclein [13,14] and amyloid-p [15,16] in
Alzheimer and Parkinson diseases.

Due to its role in protein degradation and antigen presen-
tation, autophagy has been implicated in the development of

Sjogren syndrome (SS) is a chronic autoimmune disease char-
acterized by exocrine gland dysfunction (e.g. dry mouth and
dry eyes) and lymphocytic infiltration of the affected organs
(e.g. lymphocytic sialadenitis and dacryoadenitis) [1,2]. The
loss of exocrine gland function in SS may relate in part to
atrophy and fibrosis of the salivary and lacrimal parenchyma
[3,4]. One mechanism explaining this phenomenon may be
increased rates of apoptosis within the epithelium [5].
Although apoptosis is long implicated in the development of
SS [6], recent studies have also demonstrated increased
macroautophagy/autophagy markers in the lacrimal glands
of SS patients and in CD4" T-lymphocytes infiltrating the
salivary glands, implicating a role for autophagy [7,8].
Autophagy is a dynamic cellular process initiated in
response to cellular stressors such as endoplasmic reticulum
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autoimmune diseases including rheumatoid arthritis [12],
psoriasis/psoriatic arthritis [12], multiple sclerosis, inflamma-
tory bowel disease [12], and systemic lupus erythematosus
(SLE) [12]. Genome-wide association studies and variant
identification studies have identified associations between
genes in the autophagy pathway and the development of
SLE [17]. Marker genes associated with autophagy including
BECNI1/beclinl, MAPILC3/LC3, and SQSTM1/p62 are
reported to be differentially expressed in peripheral blood
mononuclear cells from SLE patients compared with controls
[18]. Finally, mice lacking LC3-associated phagocytosis
develop an SLE like phenotype [19].

The lysosome is a membrane-bound organelle with acidic
pH maintained by the vacuolar-type proton-translocating
ATPase (V-ATPase), and is associated with cell death via
lysosomal membrane permeabilization leading to lysosome-
dependent cell death [20,21]. A key to this pathway is the
tightly controlled function of the lysosome. Although the
expression of LAMP1 (lysosomal associated membrane pro-
tein 1) and LAMP?2 is often associated with protection from
lysosomal membrane permeabilization [22], the role of
LAMP3 expression on lysosomal membrane permeabilization
remains unclear. In recent studies, LAMP3 expression has
been observed to be limited to specific cell types such as
DCs [23,24] and type II pneumocytes in human [23].
LAMP3 expression is induced by ATF4 induction [25] follow-
ing ER stress initiated by hypoxia [26], irradiation [27], and
infection [28]. LAMP3 is a canonical interferon stimulated
gene specifically induced by viral infections (hepatitis C virus
[HCV], human papilloma virus, influenza) [29,30]. Viruses
have long been implicated in the pathogenesis of SS [31,32].
Interestingly, autoantibodies (anti-TRIM21/RO52, anti-RO60
/TROVE2) associated with SS, are known to be induced by
several chronic viral infections including HCV, and human
T-lymphocyte leukemia virus-1 (HTLV1). These infections
often involve the salivary glands and induce characteristic
sicca symptoms, xerostomia (dry mouth) [33-41]. We pre-
viously demonstrated a mechanism by which LAMP3 over-
expression (OE) induces TRIM21 aggregation, relocalization,
and autoantigen presentation [42]. Increased LAMP3 expres-
sion is detected in the salivary glands of some SS patients and
reported to be associated with apoptosis [42]. Because of the
intimate crosstalk between apoptosis and autophagy, it is
possible that LAMP3 expression may induce apoptotic cell
death via alterations in autophagy.

In this study, human salivary gland biopsies and in vitro
models were used to investigate the effect of LAMP3 expression
on autophagy. Specifically, LAMP3 OE obstructed autophagy at
a step after autophagosome formation via degradation of
LAMPI. This altered protein behavior led to the inappropriate
release of CTSB (cathepsin B) and CTSD (cathepsin D) into the
cytoplasm resulting in apoptosis via activation of CASP1 (cas-
pase 1) and BID-CASP3 (caspase 3) pathways. Our findings
highlight a novel crosstalk between apoptosis and autophagy via
altered lysosome membrane integrity. This mechanism may be
central to the cell death associated with SS.

Results

LAMP3 expression correlates with the number of LC3
puncta in minor salivary glands of SS patients

An altered number of LC3 aggregates or puncta is an
important marker of autophagy [43]. In order to investi-
gate the relationship between LAMP3 expression and
autophagy in SS, confocal images of serial sections of
minor salivary glands from control nonautoimmune sicca
subjects or SS patients were probed with anti-LC3B or
LAMP3 antibodies. SS patients exhibited an increased
number of LC3B puncta in minor salivary glands com-
pared with the control subjects (Figure 1A,B). Despite the
statistically significant increase in LC3B puncta per cell in
SS subjects minor salivary glands, three non-SS salivary
glands exhibited high levels of LAMP3, similar to SS. In 2/
3 individuals, subjects had autoantibodies to Ro/SSA but
failed to meet 2002 American-European Consensus Group
criteria [44] (a single patient met 2016 American College
of Rheumatology criteria [45] but not American-European
Consensus Group 2002 criteria). Previous research has
reported a positive association between LAMP3 expression
and autoantibody formation [42]. Due to the similar
expression and subcellular localization patterns of LC3B
in SS, the relationship between LAMP3 expression and
LC3B expression was compared using a correlation analy-
sis. A positive correlation between LAMP3 expression and
LC3B puncta number per cell was found (Figure 1C). We
performed confocal immunofluorescence to determine the
subcellular colocalization of LC3B with LAMP3 using an
automated spot detector and colocalization algorithms
(spot detector, colocalization suite, icy) (Figure 1D).
Unexpectedly, we found increased LC3B puncta number
and increased per vesicle expression of LAMP3 in SS
epithelial cells, and increased colocalization of the LC3B
and LAMP3 signals. Moreover, larger-sized puncta were
more commonly LAMP3 positive, as illustrated by
(Figure 1E). These findings suggest a potential link
between LAMP3 expression and autophagic flux.
Alternatively, LAMP3 expression could directly impact
the size and number of colocalized LC3 puncta.

Both LAMP3 expression and autophagic flux are
reported to be controlled by the unfolded protein response
(UPR) initiated by ER stress [25-28,46]. To study whether
ER stress correlates with LAMP3 expression and LC3B
puncta in SS, the expression of genes associated with UPR
was analyzed. Although normalized mRNA expression
across 13 primary SS patients and 15 healthy controls did
not show a clear relationship with UPR gene expression
(Figure S1A), further analysis identified a subset of SS
patients that exhibited a significant elevation in LAMP3,
as well as other ER stress associated genes including UBD,
KLHL6, ATF3, DERL3, BATF, BIRC3, and CREB3L1 (Figure
S1B). These findings suggested that ER stress could be
increased in minor salivary glands in a subset of SS
patients.
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Figure 1. SS patients have a positive correlation between LAMP3 expression and LC3B puncta. (A, B) LC3B staining in the same representative cases. LC3B highlights
the acinar, ducts, and lymphocytic infiltrates in SS more so than Non-SS including abundant perinuclear LC3 aggregates in acini of the SS case. Scale bar: 30 um.
Using ICY image analysis, LC3B puncta (0.5-2.0 ym) were counted using a spot detection algorithm and compared relative to the total number of nuclei per acini.
Three representative images with at least 3-5 acini per image at 1000X resolution with a 60 z-stack series of images taken at 0.2 pm resolution (x,y,z) were counted
and compared between non-SS and SS. Isotype controls for each case demonstrated negligible nonspecific staining (data not shown). The outlier non-SS (bracketed)
cases with numbers of LC3B puncta similar to SS had clinical profiles suggestive of SS but did not strictly meet 2002 AECG classification criteria including: 2/3 had
autoantibodies to Ro/SSA and also either subjective or objective dry mouth and/or dry eyes, but not both; or incomplete clinical data for a single subject. These
results indicate possible evolving SS or other autoimmune disease and also the clinical heterogeneity of SS. Because of our strict adherence to a priori classifications
of subjects in this data set, the cases were retained with this caveat. (C) Analysis of correlation of LAMP3 expression and the number of LC3B puncta was performed
with Pearson correlation. (Corr: 0.221, p = 0.0182; Pearson'’s correlation). (D, E) LAMP3 and LC3B staining in the same representative cases. Scale bar: 25 pm. LAMP3
and LC3B levels in each puncta were analyzed and then plotted. The size of each dot in the graph means their relative size. * p < 0.05, Student’s t-test.
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LAMP3 expression results in a reduction of autophagic
flux

To study whether LAMP3 had an effect on autophagy,
LAMP3 was overexpressed in HSG and A253 cells. The effect
of LAMP3 on autophagy was investigated by quantifying the
ratio of LC3-II to TUBA/a-tubulin along with SQSTMI
expression in control and LAMP3-OE cells of HSG and
A253 cells. The ratio of LC3-1I to TUBA in LAMP3-OE cells
treated with chloroquine (CQ) was increased similar to con-
trol cells treated with CQ, while LAMP3 OE alone induced
a decrease in the ratio of LC3-II to TUBA (Figures 2A and
S2A) suggesting LAMP3 expression could induce a change in
autophagic flux.

CQ treatment can increase the number of LC3 puncta as
a result of inhibiting the progression of autophagy [47].
Although an increase in LC3B puncta was observed in HSG
cells with CQ treatment or LAMP3 expression, the increase was
not statistically significant. However, CQ treatment and LAMP3
expression did significantly increase LC3B puncta size. In the
LAMP3-OE cells, the increase was independent of CQ treat-
ment (Figure S2B-D). These findings also support the idea that
autophagic flux was altered in the LAMP3-OE cells.

Protein SQSTM1, one of the receptors in different types
of selective autophagy, is reported to have a variable
response in association with autophagic degradation [48].
However, no significant difference in SQSTM1 expression
was found between control and LAMP3-OE cells of HSG
and A253 cells treated with or without CQ (Figures 2A,
S2A). Because MTOR and its downstream substrates regu-
late autophagic flux, the ratio of phosphorylation of MTOR
and its substrates were compared in control and LAMP3-
OE cells. No differences in the ratio of p-MTOR to MTOR
was found in LAMP3-OE HSG and A253 cells (Figure 2B,
C). Moreover, no significant difference of the phosphoryla-
tion of MTOR substrates ULK1, or p-EIF4EBP1 (Thr37/46,
Ser 65) were found in A253 control and LAMP3-OE cells
(Figure 2D).

Based on these results, we explored the possibility that
LAMP3 inhibited autophagy at a downstream step after
complete closure of the autophagosome. To test this
hypothesis, HSG LAMP3 stable OE cells (HSG-LAMP3
cells) and A253 LAMP3 stable OE cells (A253-LAMP3
cells) were established by transfection of LAMP3 encoding
plasmid, selected (Figure 2E,F), and then used to study
protein degradation by monitoring changes in EGFP-RFP-
LC3 protein as a reporter of protein degradation. Fusion of
the reporter protein-containing autophagosome with the
lysosome generates an autolysosome, which mediates pro-
teolysis of the fusion protein, as well as that of the endo-
genous LC3. Even though LC3 is degraded, the free EGFP
moiety released during degradation is relatively resistant to
proteolysis, and the accumulated EGFP is easily monitored.
Hence, the ratio of free EGFP to EGFP-RFP-LC3 can be
used to monitor autophagic flux [49,50]. Interestingly, the
ratio of free EGFP to EGFP-RFP-LC3 was significantly
decreased in HSG-LAMP3 and A253-LAMP3 cells com-
pared with control cells (Figure 2G,H). To confirm that
LAMP3 OE reduced autophagic protein degradation, the

rate of protein degradation was monitored using azidoho-
moalanine labeling in a long-lived protein degradation
assay in HSG-LAMP3 cells [51]. In agreement with the
results of the EGFP-RFP-LC3 degradation experiment, the
fluorescent intensity in azidohomoalanine labeled HSG-
LAMP3 cells was significantly elevated relative to control
cells (Figure 2I). These results suggest that LAMP3 was able
to inhibit autophagy-mediated protein degradation at a step
after autophagosome formation.

LAMP3 expression leads to lysosomal dysfunction by
destabilizing the lysosomal membrane

Autophagosome fusion with the lysosome initiates auto-
phagic protein degradation by introducing lysosomal
enzymes into the autophagosome and acidifying the lumi-
nal contents of the autolysosome [52]. Confocal imaging
of the lysosomal marker, LAMP1 and LC3 in LAMP3
transfected cells or control LAMP3-negative cells, showed
little LAMP1-LC3 colocalization in the LAMP3-OE cells,
compared with control cells (Figure S2B,E). These results
suggest that LAMP3 could have an effect on the formation
of the autolysosomes by inhibiting fusion or by decreasing
the lysosome as a result of the decrease in LAMPI.

Tandem constructs such as EGFP-RFP-LC3 and EGFP-
mCherry-LC3 are useful in distinguishing between auto-
phagosomes and autolysosomes [48,53]. Under neutral pH
conditions, LC3 puncta containing RFP and EGFP repor-
ter proteins are simultaneously fluorescent, resulting in
colocalized red and green fluorescence (yellow color).
Under acid conditions (e.g. autolysosome), EGFP protein
fluorescence is quenched resulting in differential RFP
fluorescence (red colored LC3 puncta). Confocal imaging
of HSG LAMP3-positive and LAMP3-negative cells with
or without CQ, exhibited that LAMP3-negative LC3
puncta, which are the majority of LC3 puncta in HSG
LAMP3-OE cells, were yellow similar to LC3 puncta
found in control cells treated with CQ (Figure 3A).
Moreover, quantification of red-colored LC3 puncta indi-
cated a decrease in their number in LAMP3-OE cells with
an increase in their area (Figure 3A). Flow cytometry
analysis using LysoTracker indicated a significant decrease
in lysosome acidification in LAMP3-OE cells (Figure 3B,
C) suggesting that LAMP3 expression induced lysosomal
instability. To further investigate whether LAMP3 expres-
sion impaired the protein degradation activity of the lyso-
some, LAMP3 expressing cells were treated with DQ-BSA
and monitored for a change in fluorescent intensity com-
pared with control cells. Treatment of LAMP3-OE A253
cells showed a decrease in fluorescence compared with
control cells suggesting LAMP3 expression induced
a decrease in lysosomal degradation (Figure 3E).
Moreover, HSG LAMP3-OE cells showed an increase in
LGALS3 (galectin 3) accumulation (Figure 3D), indicative
of damage to the lysosomal membrane. These results sug-
gest that LAMP3 expression decreased lysosomal protein
degradation activity due to compromised lysosomal mem-
brane integrity.
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Figure 2. LAMP3 decreased protein degradation via inhibited autophagy. (A) Representative blotting of HSG control and LAMP3-OE cells treated with or without
25 puM CQ for 6 h. The ratio of LC3-Il to TUBA and SQSTM1 to TUBA was calculated, and relative change to control was plotted. Values shown are mean + SD.
SQSTM1: N = 4; LC3-II: N = 7. The effect of LAMP3 on phosphorylation of MTOR in (B) HSG and (C) A253 cells was analyzed using western blot and representative
blotting was shown. The ratio of phosphorylated MTOR (p-MTOR) to total MTOR was calculated, and relative change to control was plotted. The values shown are
mean = SD. N = 5 (HSG cells); N = 4 (A253 cells). (D) Representative blots show total and phosphorylated protein of ULK1 and EIF4EBP1. The ratio of phosphorylated
protein to total protein in each protein was calculated, and relative change to control was plotted. Values shown are mean + SD. N = 3. Representative blotting of (E)
HSG and (F) A253 LAMP3 stable OE cells (HSG-LAMP3 cells and A253-LAMP3 cells). “.."” indicates nonspecific band. The ratio of EGFP-RFP-LC3 protein degradation in
(G) HSG-control and HSG-LAMP3 cells, and (H) A253-control and A253-LAMP3 cells was examined using western blot and representative blotting was shown. The
ratio of free EGFP to EGFP-RFP-LC3 was calculated, and relative change to control was plotted. Values shown are mean + SD. N = 10 (HSG cells); N = 4 (A253 cells). (1)
The long-lived protein degradation assay was performed as described in materials and methods (Dashed line: without labeling; Bold line: with labeling). The relative
change of fluorescence intensity to HSG-control cells was plotted. Values shown are mean + SD. N = 5. 9 p < 0.05, Ratio paired t-test. t p < 0.05, tt p < 0.01, ttt

p < 0.001, Tukey's multiple comparisons test.
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cytometry with LysoTracker DND-99 (Black line: without LysoTracker; Red line: with LysoTracker). The mean fluorescence intensities compared with control were
shown. Values shown are mean + SD. N = 3. (D) Immunocytochemistry analysis of HSG control (lower panels) and LAMP3-OE cells (upper panels) was performed.
Scale bar: 50 um. LGALS3-puncta positive cells (in 100 of control or LAMP3-OE cells) were counted, and the percentage was plotted. Values shown are mean + SD.
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DQ-BSA). Relative changes to control were plotted. Values shown are mean + SD. N = 4. *** p < 0.001, unpaired Student’s t-test. t+ p < 0.05, tt p < 0.01, ttt
p < 0.001, Tukey's multiple comparisons test.
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analyzed by western blot. The amount of LAMP1 remaining after CHX treatment for 8 h was calculated as the relative change of the protein to HSG LAMP3-OE
control cells. Values shown are mean + SD. N = 7. * p < 0.05, unpaired Student’s t-test. + p < 0.05, tt p < 0.01, t11 p < 0.001, Tukey’s multiple comparisons test.

LAMP3 expression induces LAMP1 protein degradation

LAMP1 expression is required for lysosomal integrity and
loss of LAMP1 expression is associated with lysosomal
membrane permeabilization [22]. Although no significant
difference was observed in LAMPI mRNA levels in HSG
control and LAMP3-OE cells, western blotting showed
a decrease in LAMP1 protein level in HSG LAMP3-OE
cells compared with control empty plasmid transfected
cells (Figure 4A,B). In contrast, no significant difference
in the lysosomal protein ATP6V1A was observed in HSG
LAMP3-OE cells compared with HSG control cells
(Figure 4A). To investigate whether the decrease in
LAMP1 was dependent on posttranscriptional protein
degradation, = LAMPI protein  levels  following

cycloheximide (CHX) treatment were compared in HSG
control and LAMP3-OE cells. A significant decrease in
LAMP1 expression was detected in LAMP3-OE cells trea-
ted with CHX over 8 h compared with controls, suggesting
a significant increase in post-transcriptional protein
degradation of LAMP1 (Figure 4C). Similar results were
found in A253 cells (Figure S3A). To characterize the
mechanism of LAMPI1 protein degradation, the decrease
in LAMPI protein was measured in HSG LAMP3-OE cells
treated with CHX in combination with proteasome inhi-
bitor, MG132, or the cathepsin inhibitors pepstatin
A (pepA) and E64D. Treatment with MG132 or CTSB
inhibitor, E64D, inhibited LAMP1 degradation compared
to HSG LAMP3-OE control cells (Figure 4D). MG132 is
reported to inhibit calpain and CTSB as well as the
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proteasome [54-56]. To distinguish between these three
mechanisms of LAMP1 degradation, specific proteasome
inhibitors, VR23 and ixazomib (IXA), were also tested and
showed no inhibition in LAMP1 protein degradation com-
pared with HSG LAMP3-OE control cells (Figure S3B).
These results suggest that LAMP3-associated LAMP1 pro-
tein degradation was dependent on CTSB activity. This
increased degradation was likely the result of the release
or increased expression of cellular proteinases associated
with the lysosome. However, no significant differences in
CTSD mRNA expression and CTSD protein levels were
observed in HSG LAMP3-OE cells compared with controls
(Figure S3C,D) supporting the increased degradation
activity was the result of released lysosomal proteinases.

LAMP3 induced relocalization of CTSB and CTSD to the
cytoplasm

Lysosomal membrane permeabilization is often associated
with a decrease in LAMP1 and the release of lysosomal
cathepsins like CTSB and CTSD into the cytoplasm
[22,57,58]. To measure the subcellular localization of cathe-
psins (CTSB and CTSD), cell lysates were fractionated into
cytoplasm and membrane-bound organelle fraction contain-
ing the lysosome. The composition of each fraction was con-
firmed by Western blots probed for the cytoplasmic marker
TUBA, the membranous organelle marker ATP1A1/Na-K
ATPase al, and the lysosomal marker LAMPI1. Additional
western blots of CTSB and CTSD showed a significant
increase in cathepsins in the cytoplasm of HSG LAMP3-OE
cells compared with control cells (Figure 5A). Furthermore,
the cytoplasmic CTSD activity in HSG LAMP3-OE cells was
also significantly increased compared with controls
(Figure 5B,C). These results suggest that LAMP3 expression
resulted in the release of CTSB and CTSD from the lysosome
into the cytoplasm.

Altered localization of CTSD was confirmed by confocal
imaging of LAMP1 and CTSD in LAMP3-OE HSG cells
compared with controls. There was a statistically significant
decrease in the colocalization of LAMP1 and activated CTSD
in HSG LAMP3-OE cells compared with control cells
(Figure 5D). Since this decrease in the colocalization of
LAMP1 and activated CTSD could be induced by the decrease
in LAMP1 protein shown in Figure 4A, the colocalization of
lysosome and activated CTSD was further analyzed using
V-ATPase, which showed no difference in expression in con-
trol and LAMP3-OE cells (Figure 4A). HSG LAMP3-OE cells
exhibited a decrease in the colocalization of V-ATPase and
activated CTSD compared to control cells (Figure 5E). These
results support LAMP3-induced relocalization of lysosomal
enzyme into the cytoplasm.

In addition to LAMPI protein, a decrease in HSPA/HSP72
(heat shock protein family A (Hsp70)) is associated with a loss
in lysosomal membrane integrity [59] and release of lysoso-
mal cathepsins into cytoplasm [60]. In contrast to the
LAMP3-dependent decrease in LAMPI1, no decrease of
HSPA protein levels was observed in HSG LAMP3-OE or
A253 LAMP3-OE cells (Figure S3E,F).

A recent publication reported the release of lysosomal
glycoprotein, LAMP1 and LAMP2 as a lysosomal membrane
protein complex into the cytoplasm following lysosomal
membrane permeabilization by L-leucyl-L-leucine methyl
ester [61]. Similarly, LAMP3 expression increased LAMP1
protein in the cytoplasmic fraction (Figure 5A).

These results suggest that LAMP3 could induce lysosomal
membrane permeabilization via degradation of LAMPI1
resulting in the release of CTSB and CTSD into the cytoplasm.

LAMP3 induced apoptosis via a cathepsin-dependent
pathway

LAMP3 expression can induce apoptotic cell death [42]. The
above results suggest that LAMP1 protein degradation-
induced lysosomal membrane permeabilization led to
increased cytoplasmic CTSB and CTSD, resulting in apopto-
sis. To further study the effect of LAMP1 on LAMP3-induced
apoptosis, LAMP1 protein degradation was complemented by
the transfection of LAMP1 plasmid. LAMP1 OE prevented
apoptotic cell death by LAMP3 in a dose-dependent manner
(Figure 6A,B). To further study the effect of LAMP1 OE on
LAMP3 induced lysosomal membrane permeabilization, the
damage in lysosomal membrane was compared using LGALS3
puncta assay in A253-LAMP3 cells transfected with control or
LAMPI encoding plasmids. The transfection of a LAMPI-
encoding plasmid into A253-LAMP3 cells showed a decrease
in LGALS3-puncta positive cells compared with control plas-
mid transfected A253-LAMP3 cells (Figure 6C). These results
suggest that a decrease in LAMP1 protein was required for
LAMP3-induced apoptosis and highlights the importance of
lysosomal homeostasis. LAMP3 induced the relocalization of
lysosomal enzyme, cathepsins into the cytoplasm (Figure 5).
To examine the effect of cytoplasmic cathepsins on LAMP3-
induced apoptosis, HSG LAMP3-OE cells were treated with
CTSD inhibitor, pepA, and CTSB inhibitor, E64D. PepA
treatment decreased apoptosis in HSG LAMP3-OE cells
(Figure 6D). E64D treatment also decreased the apoptosis in
HSG LAMP3-OE cells (Figure 6E). These results suggest that
cytoplasmic CTSB and CTSD contributed to LAMP3-induced
apoptosis.

LAMP3 induced caspase-dependent cell death

Caspases play a central role in initiating cell death [62,63] and
they can be activated by CTSB [64] and CTSD [65]. BID is
activated by cleavage to tBID following enzymatic cleavage by
endo-proteases such as CTSD, which then can transactivate
CASP3 [65]. No difference in the BID mRNA expression levels
in HSG LAMP3-OE cells was found (Figure 7A). Moreover,
a previous study showed that LAMP3 has no effect on CASP3
mRNA expression level [42]. However, the protein level of BID
and CASP3 in HSG LAMP3-OE cells was significantly
decreased suggesting that they were cleaved to their activated
forms (Figure 7B). In agreement, cleaved CASP3 activity in
HSG LAMP3-OE cells was also elevated (Figure 7C) and the
LAMP3-induced cleavage of CASP3 could be inhibited by pepA
treatment (Figure 7D), suggesting that LAMP3-induced activa-
tion of BID and CASP3 was via CTSD.
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Figure 5. LAMP3 induced relocalization of lysosomal enzymes to the cytoplasm. (A) Representative western blots of cytoplasmic LAMP1, CTSB and CTSD in HSG
control and LAMP3-OE cells. Membrane-bound organelle fraction contained lysosomes and other organelles. Protein levels were normalized to TUBA, and relative
protein levels to control were plotted. Values shown are mean £ SD. LAMP1: N = 5; CTSB: N = 4; CTSD: N = 3. Immature type of cathepsins, and mature type of
cathepsins were indicated as “IM” and “M”, respectively. (B, C) CTSD activity in cytoplasm was measured as described in Materials and Methods. The obtained
fluorescence intensity was normalized to sample protein concentration, and relative change to control was plotted. Values shown are mean + SD. N = 3. (D) Confocal
immunofluorescence analysis of HSG control and LAMP3 cells treated with or without CQ was performed. The correlation of LAMP1 and activated CTSD vesicles in
each cell was investigated. Dotted or dashed squares signifies area of inset in row of images following subsequently for LAMP3* and LAMP3~ cells. Dotted and
dashed ellipses are areas of LAMP3* and LAMP3" cells demonstrating differential colocation of activated CTSD and LAMP1. (E) Confocal immunofluorescence analysis
of HSG control and LAMP3 cells was performed. The correlation of V-ATPase (ATP6V1A) and activated CTSD vesicles in each cell was investigated. Dotted or dashed
squares signifies area of inset in row of images for LAMP3* and LAMP3™ cells. Scale bar: 20 um and 5 um (inset). Dotted and dashed circles are areas of LAMP3* and
LAMP3™ cells demonstrating differential colocation of activated CTSD and V-ATPase. 1 p < 0.05, Ratio paired t-test. * p < 0.05, *** p < 0.001 unpaired Student’s t-test.

tt p < 0.01, t11 p < 0.001, Tukey’s multiple comparisons test.
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Figure 6. LAMP3 induced apoptosis was inhibited by LAMP1 OE or the inhibitor of CTSB or CTSD. (A) Representative western blots of A253-LAMP3 cells transfected
with GFP plasmid and LAMP1 plasmid or control plasmid. (B) Forty-eight hours post-transfection, apoptotic cells in GFP-positive cells were determined by Flow
cytometry using APC-ANXA5/annexin V-7-AAD. The difference of the rate of ANXA5" cells in GFP-positive cells of A253-LAMP3 transfected with LAMP1 cells from that
in GFP-positive cells in A253-control cells was plotted. N = 4. (C) Immunocytochemistry analysis of A253-control (upper panels) and A253-LAMP3 cells (lower panels)
transfected with empty-GFP plasmid (left side) or LAMP1-GFP plasmid (right side) was performed. Scale bar: 50 pm. LGALS3-puncta positive cells in 100 cells of each
group were counted, and the percentage was plotted. Values shown are mean + SD. N = 3. (D) HSG control and LAMP3-OE cells were incubated with or without
20 pM Z-VAD or 5 uM pepA for 14 h. Apoptotic cells in GFP-positive cells were determined by Flow cytometry using APC-ANXA5/7-AAD. The difference of the rate of
ANXAS5* cells in GFP-positive cells of LAMP3-OE cells treated with or without 20 uM Z-VAD or 5 uM pepA from that in GFP-positive cells in control cells was plotted.
Values shown are mean + SD. N = 3. (E) HSG control and LAMP3-OE cells were incubated with or without 20 uM Z-VAD or 2.5 uM E64D for 14 h. Apoptotic cells in
GFP-positive cells were determined by Flow cytometry using APC-ANXA5/7-AAD. The difference of the rate of ANXA5™ cells in GFP-positive cells of LAMP3-OE cells
treated with or without 20 uM Z-VAD or 2.5 uM E64D from that in GFP-positive cells in control cells was plotted. N = 3. *** p < 0.001, unpaired Student’s t-test. T
p < 0.05, +11 p < 0.001, Tukey’s multiple comparisons test. # p < 0.05, ### p < 0.001, Dunnett’s multiple comparisons test.
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Figure 7. LAMP3 induced apoptosis is associated with the activity of CASPT and CASP3. (A) BID mRNA expression levels in HSG control and LAMP3-OE cells were
determined by using qRT-PCR. N = 3. (B) Representative western blots of HSG control and LAMP3-OE cells were performed to measure BID and CASP3 expression. BID
and CASP3 expression levels were normalized to TUBA. The relative change compared with control was plotted. Values shown are mean + SD. CASP3: N = 5; BID:
N = 3. (C) Cleaved CASP3 activity in HSG control and LAMP3-OE cells was measured as described in Materials and Methods. The relative change compared with
control was plotted. Values shown are mean + SD. N = 3. (D) Fourteen hours post-treatment with 5 uM pepA, cleaved CASP3 activity was compared. The relative
change to control was plotted. Values shown are mean + SD. N = 4. (E) HSG control and LAMP3-OE cells were incubated with or without 20 pM Z-VAD or 10 uM
Z-DEVD for 14 h. Apoptotic cells in GFP-positive cells were determined by Flow cytometry using APC- ANXA5/7-AAD. The difference of the rate of ANXA5™ cells in
GFP-positive cells of LAMP3-OE cells treated with or without 20 uM Z-VAD or 10 uM Z-DEVD from that in GFP-positive cells in control cells was plotted. Values shown
are mean + SD. N = 4. (F) HSG control and LAMP3-OE cells were incubated with or without 20 uM Z-VAD or 50 uM Y-VAD for 14 h. Apoptotic cells in GFP-positive
cells were determined by Flow cytometry using APC- ANXA5/7-AAD. The difference of the rate of ANXA5™ cells in GFP-positive cells of LAMP3-OE cells treated with or
without 20 pM Z-VAD or 50 pM Y-VAD from that in GFP-positive cells in control cells was plotted. N = 4. 9 p < 0.05, Ratio paired t-test. t p < 0.05, Tt p < 0.01, +1t
p < 0.001, Tukey's multiple comparisons test. # p < 0.05, ### p < 0.001, Dunnett’s multiple comparisons test.
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To investigate the role of CASP3 in LAMP3-induced apop-
tosis, HSG LAMP3-OE cells were treated with the CASP3-
specific inhibitor, Z-DEVD-fmk (Z-DEVD). Z-DEVD treat-
ment inhibited apoptosis in HSG LAMP3-OE cells
(Figure 7E). Similarly, the cytoplasmic CTSB may contribute
to cell death via CASP1 activation [66,67]. When HSG
LAMP3-OE cells were treated with the CASP1-specific inhi-
bitor, Ac-YVAD-cmk (Y-VAD), apoptosis was also decreased
(Figure 7F). These results suggest that LAMP3 induced an
increase in activation of both CASP3 and CASP1 pathways,
resulting in apoptotic cell death.

Discussion

Although increased cell death via apoptosis is well established
in SS [6], little is known about the molecular mechanisms
involved in this process. Increased LAMP3 expression has
been found in several microarray transcriptomic studies of
the minor salivary glands from SS patients [68-70]. We
recently reported that elevated LAMP3 expression increases
apoptosis and is associated with the presence of autoantibo-
dies in SS patients [42] and that ectopic expression of LAMP3
in the salivary glands of mice induces an SS-like phenotype
[71]. In the present study, the relationship between LAMP3-
induced apoptosis and LAMP3’s effect on the lysosome was
analyzed in detail. One insight from pathway analysis of
transcriptomic data of the minor salivary glands of SS patients
was that SS patients broadly exhibited activation of the cellu-
lar stress response pathway (Figure S1A,B). Confocal imaging
of minor salivary glands confirmed the correlation between
LC3B accumulation, an important response to cell stress and
a marker of autophagy, and LAMP3 expression. This observa-
tion, combined with in vitro experiments, confirmed LAMP3
expression inhibited autophagic flux. The change in the lyso-
somal compartment in LAMP3-OE cells also resulted in
increased cytoplasmic CTSB and CTSD leading to activation
of BID and CASP3, as well as CSAP1 and commitment to
apoptosis. Importantly, the deleterious effects of LAMP3
could be blocked by LAMP1 OE or treatment with cathepsin
inhibitors.

Autophagy is a dynamic protein degradation process that
is initiated with the fusion of the autophagosome and the
lysosome. The autophagic flux is monitored by the ratio of
LC3-II to internal controls such as TUBA and ACTB/p-actin,
the number of LC3 puncta in a cell, changes in SQSTM1
protein levels, and autophagy-dependent protein degradation
[43,72]. As shown in Figure 1A-C, the number of LC3B
puncta was increased in pSS patients and correlated with
LAMP3 expression. Moreover, LAMP3 expression resulted
in reduced degradation activity in both the EGFP-RFP-LC3
protein and long-lived protein degradation assays (Figure 2E-
I). Although LAMP3-induced loss of LC3 resembled the acti-
vation of autophagic degradation of LC3, no additional accu-
mulation of LC3-II upon LAMP3 OE in the presence of CQ
was observed (Figures 2A and S2A). Moreover, no decrease in
protein levels of SQSTM1 upon LAMP3 OE was observed
(Figures 2A and S2A) suggesting that LAMP3 inhibited auto-
phagy. Autophagy inhibition induced by autophagy-lysosome
pathway inhibitors, CQ or bafilomycin A;, is reported to

increase the release of autophagosome components such as
LC3 in extracellular vesicles [73]. In our hands, LAMP3 OE
decreased LC3 in the absence of CQ (Figures 2A and S2A)
suggesting that LAMP3 could induce the release of LC3 via
extracellular vesicles due to LAMP3-induced autophagy
inhibition.

CQ, a lysosomotropic reagent, is reported to increase the
size of LC3 puncta and inhibit autophagy flux. This process is
done through the induction of LC3-II recruitment onto the
endolysosomal vacuolar membrane following an osmotic
imbalance induced by the accumulation of CQ in the endo-
lysosomal compartment [74-76]. Surprisingly, the size of LC3
puncta was increased upon LAMP3 OE similar to CQ (Figure
S2B,D). LAMP3 is reported to exist on the lysosomal mem-
brane, suggesting that LAMP3 could also induce an osmotic
imbalance across the lysosomal membrane, resulting in
recruitment of LC3-II onto the membrane of the endolyso-
some or lysosome.

Cathepsins are lysosomal enzymes that play a critical role
in protein degradation, including during autophagy. CTSD is
activated under the acidic conditions of the lysosome [77],
and can be translocated from the lysosome to the cytoplasm,
where it mediates apoptosis following pro-apoptotic stimuli
including interferon-gamma [78], Fas/APO-1 [78], TNF-alpha
[78], and staurosporine [79]. LAMP3 expression could med-
iate an increase in cytoplasmic CTSD by decreasing LAMPI
protein. In addition, other cathepsins such as CTSB were also
released into the cytoplasm in LAMP3-OE cells.

DQ-BSA and galectin puncta formation assays are useful in
evaluating the state of the lysosome. DQ-BSA, a reporter for
protease activity in the lysosome, is bovine serum albumin
labeled with fluorescent dye and it is self-quenched during
steady state. DQ-BSA will accumulate in the lysosome and
following proteolysis is dequenched, releasing fluorescent
fragments [80,81]. Galectins, a marker of pore formation in
membranes, are soluble carbohydrate-binding lectins found in
the cytoplasm and nucleus that are recruited to the site of
endo-lysosomal leakage [82]. LAMP3 OE induced a decrease
in DQ-BSA fluorescence and an increase in the percent of
LGALS3-puncta positive cells compared with control cells
(Figure 3D,E) suggesting that LAMP3 induced the decrease
in lysosomal function by the decrease in lysosomal integrity.
These results suggest that LAMP3 inhibited the downstream
processes of autophagy by inhibiting the function of lysoso-
mal enzymes, which is important in the progression of auto-
phagy, and that LAMP3 induced the release of lysosomal
enzyme from the lysosome to the cytoplasm.

BID [65] and caspase 8 [83], proteins in the apoptosis
pathway, are known to be activated by CTSD. Cleaved BID
leads to released CYCS/cytochrome ¢ from mitochondria
resulting in cell death [83-86]. LAMP3-induced activation
of BID and CASP3 by CTSD and the LAMP3-induced
apoptosis was inhibited by LAMP1 OE and CTSD inhibitor
pepA as well as the pan-caspase inhibitor Z-VAD and
CASP3-specific inhibitor Z-DEVD (Figures 6A,B,D, 7E).
These results suggest that LAMP3-induced apoptosis via
CTSD-BID-CASP3 pathway as a result of the release of
CTSD into the cytoplasm following lysosomal membrane
instability induced by a decrease of LAMPI protein.



Moreover, LAMP3 induced the release of CTSB, which is
associated with cell death following the activation of CASP1
and could be blocked with the CTSB inhibitor, E64D, as
well as the CASP1-specific inhibitor, Y-VAD (Figures 6E,
7F). Released cathepsins could serve as a mechanism for
further loss of LAMP1 as cathepsins OE in the cytoplasm is
associated with increased susceptibility to lysosomal mem-
brane permeabilization [87].

Recent papers indicate that LAMP3 has a role in autophagy
and LAMP3 knockdown cells may decrease autophagic flux
[88,89]. A key observation in our study was that LAMP3 OE
inhibited autophagic flux. The mechanism of inhibition
involved the breakdown of the lysosome and release of lyso-
somal enzymes into the cytoplasm impairing the downstream
steps of autophagy. Cell death by lysosomal membrane per-
meabilization and release of cathepsins into the cytoplasm has
been previously reported [57]. However, the mechanism of
action is not well understood. Experimental agents that
induce cell death via lysosomal membrane permeabilization
are typically compounds that sensitize cancer cells to die
rather than the induction of endogenous pathways [57,90].
Furthermore, lysosomal membrane permeabilization can
induce cell death via several mechanisms including both cas-
pase-dependent and independent, and can activate the inflam-
masome releasing cytokines [86,91,92]. A common
characteristic of lysosomal membrane permeabilization-
associated cell death is the sensitivity to cathepsin inhibitors
such as pepA [91]. Our observation of pepA-sensitive acti-
vated CASP3 supported a death pathway typically associated
with lysosome-dependent cell death. Indeed, cytoplasmic
cathepsins are reported to cleave BID and the translocation
of the proapoptotic proteins BAX and BAK1, which in turn
induce mitochondrial membrane permeabilization and cas-
pase-dependent apoptosis [93].

A central question remaining is the underlying cause of the
lysosomal membrane permeabilization initiated by LAMP3.
Although LAMPI expression levels are decreased, the protein
could be detected suggesting that LAMP3 containing vesicles
segregated from LAMP1 containing ones. This observation
ruled out a complete rupture of the lysosome and indicates
a more specific release of enzymes into the cytoplasm of
LAMP?3 containing vesicles. Lysosomal membrane destabiliza-
tion can occur from several factors such as elevated hydrogen
peroxide in the cell that reacts with the iron, which accumu-
lates in the lysosome, creating free radicals and lysosomal
membrane instability [94]. Additional factors that can affect
lysosomal membrane stability include lipid composition, ER
stress, or activation of calpains. The mechanism associated
with LAMP3-induced lysosomal membrane permeabilization
may involve its interaction with other proteins such as HSPA.
HSPA affects lysosomal membrane stability by promoting the
binding between the lipid bis monoacylglycerol phosphate
and acid sphingomyelinase. Acid sphingomyelinase, which
mediates the degradation of sphingomyelinase to ceramide
and decreases in sphingomyelin levels reduce lysosomal mem-
brane stability [95]. However, in LAMP3-OE HSG and A253
cells HSPA was not inhibited (Figure S3E,F), and LAMP3 OE
do not induce ER stress [42]. These results support that
LAMP3-induced apoptosis via lysosomal membrane
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permeabilization was likely dependent on changes in
LAMP1 protein levels. This hypothesis was supported by
our data demonstrating rescue from lysosomal membrane
damage and cell death via LAMP3 OE by expression of
LAMP1 (Figure 6A-C).

In summary, LAMP3 OE in salivary gland epithelial cells
contributed to lysosomal membrane permeabilization
mediated apoptosis in SS. At a mechanistic level, LAMP3
expression contributed to a blockade of autophagic flux and
lysosomal membrane destabilizing, resulting in cell death
by apoptosis following the relocalization of cathepsins into
the cytoplasm (Figure 8). Clarifying the cross talk between
LAMP3 expressing cells in the salivary gland and the
immune cells as well as surrounding epithelia is required
to better understand the underlying pathogenesis in SS.
These results defined a causative role for LAMP3 in the
pathogenesis of SS and provided support for targeting
therapies that block the effect of LAMP3 to prevent cellular
apoptosis and inflammation in pSS and the development of
autoimmunity.

Materials and methods
Patient tissues and clinical information

Formalin-fixed, paraffin embedded salivary gland biopsies
from patients being investigated for SS according to the
2002 American-European Consensus Group classification cri-
teria [44] were procured after informed consent as described
previously in [42].

Gene expression patterns associated with SS UPR
dysfunction

Raw data from Yin et al. [69] were normalized using 75th
percentile shift normalization and analyzed using custom
Python scripts in the Jupyter notebook suite using the
SKLEARN, Matplotlib, Seaborn, Numpy and Pandas soft-
ware libraries. Briefly described, the normalized gene
expression profiles were a subset based on the UPR gene
pathway provided by the Jax Labs Gene Ontology browser
(GO:0030968), transformed into a Pandas dataframe and
scaled by subtracting the minimum value present in each
gene expression profile and then dividing by the maximum
to allow for the effective clustering of genes present at
variable expression levels. The resulting data were clustered
and visualized using the Seaborn clustermap function.
Individual genes exhibiting elevated expression in the SS
class were transformed using the pandas melt function for
visualization as individual data points using the Seaborn
swarm plot function.

Reagents and transfections

Mycoplasma-free cells were cultured and transfected as
described previously in [42].

A variety of mammalian expression vectors were used
including pME18S-empty, pME18S-LAMP3 [42,96] and
PAAV2-nls-EGFP  (AAV2-GFP) [97,98] as described
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Figure 8. LAMP3 inhibited autophagy and induced apoptosis via lysosomal membrane permeabilization. LAMP3 OE in minor salivary gland of SS patient leads to
lysosomal membrane permeabilization via decreasing LAMP1 protein integrity and its degradation by CTSB, resulting in inhibited autophagy, and cathepsins
relocalization. Relocalized cathepsins (CTSB and CTSD) induces the increase in cell death by caspase-dependent apoptosis.

previously. pZW005-RFLC3 plasmid was kindly provided by
Dr. Joseph Hill (UT Southwestern University). pPCMV6-XL5
(PCMV6XL5), pCMV6-LAMP1 (SC116652), pLenti-C-Myc-
DDK-P2A-Puro  (PS100092), LAMP3-encoding plasmid
(RC205344L3), pLenti-C-mGFP-P2A-Puro (PS100093) and
LAMP1-mGFP encoding plasmid (RC219208L4) were pur-
chased from OriGene. These plasmids were purified using
Endofree plasmid maxi kit (QIAGEN, 12362) and transfected
using Lipofectamine 3000 (Thermo Fisher Scientific,
L3000075). HSG control cells for HSG-LAMP3 cells (HSG-
control cells), HSG-LAMP?3 cells, A253 control cells for A253-
LAMP3 cells (A253-control cells), and A235-LAMP3 cells
were stably propagated under 1 pg/ml puromycin selection
(Thermo Fisher Scientific, A1113803).

For GFP degradation experiments, 5 x 10° HSG-control,
HSG-LAMP3, A253-control, and A253-LAMP3 cells were
transfected with 1.5 pg pZWO005-PFLC3 plasmid using
Lipofectamine 3000. These cells were used 72 h after
transfection.

For RFP-GFP-LC3 experiments, 4.5 x 10° HSG cells were
transfected with 9 pg pZWO005-RFLC3 plasmid using
Lipofectamine 3000. Twenty-four hours after transfection,

5 x 10° pZW005-RFLC3 plasmid transfected HSG cells were
transfected with a total amount of 1.5 pg pME18S-empty and
PME18S-LAMP3 plasmid using Lipofectamine 3000. These
cells were used 48 h after final transfection.

Subcellular fractionation

Subcellular fractionation was performed according to modi-
fied protocol of Johansson et al. [79] and Kreuzaler et al. [99]
to collect cytoplasmic and membrane-bound organelle frac-
tion. Briefly, cells were lysed by incubation for 10 min in
subcellular fractionation buffer (250 mM sucrose [Sigma-
Aldrich, S9378], 20 mM HEPES, pH 7.3 [Quality Biological,
118-089-721], 10 mM KCI [Avantor, MK6858-04], 1.5 mM
MgCl, [Quality Biological, 340-034-721], 1 mM EDTA
[Corning, 46-034-CI], 1 mM EGTA [Sigma-Aldrich, E3889])
containing 25 pg/ml digitonin (Sigma-Aldrich, D141), pro-
tease inhibitor and phosphatase inhibitor (Thermo Fisher
Scientific, 87786) at 4°C with gentle shacking. Lysate was
centrifuged at 700 g for 12 min at 4°C to eliminate debris
and nuclei, and then the supernatant was centrifuged at
10,000 g for 35 min at 4°C. Supernatant after the final



centrifugation step was used as cytosolic protein fraction. The
pellet was washed in subcellular fractionation buffer and used
as the membrane-bound organelle fraction, which included
lysosomal proteins.

CTSD activity assay

Cytoplasmic fractions were collected in a subcellular frac-
tionation buffer containing 25 pg/ml digitonin excluding
protease inhibitor and phosphatase inhibitor according to
the method as described above. Cytoplasmic CTSD activity
was measured using a reaction buffer at pH 7.4 (PBS;
Thermo Fisher Scientific, 10010023) or reaction buffer pro-
vided in the CTSD activity assay kit (Abcam, Ab65302)
according to the manufactures’ protocol. The results were
normalized to the total protein amount in each cytoplasmic
fraction.

Cycloheximide chase

To measure LAMPI protein degradation, 48 h posttransfec-
tion, culture medium was replaced by medium containing
50 ug/ml CHX (Sigma-Aldrich, C7698) following pretreat-
ment with 10 uM pepA (Enzo Life Sciences, ALX-260-085),
10 uM E64D (Enzo Life Sciences, BML-PI107), 10 uM MG132
(Enzo Life Sciences, BML-PI102), 1 uM or 10 uM VR23
(Selleck Chemicals, S7933), or 10 nM or 100 nM IXA
(Selleck Chemicals, S2181) for 1 h and after 0, 2, 4, and 8 h
of incubation, cells were washed in ice-cold PBS, lysed by

incubation in RIPA buffer (Thermo Fisher Scientific,
Table 1. Summary of antibodies used for western blotting.
Primary antibodies
Name Catif Vendor
Anti-phospho-MTOR polyclonal antibody 5536  Cell Signaling
Technology
Anti-MTOR polyclonal antibody 2983
Anti-phospho-ULK1 (Ser757) monoclonal 14202
antibody
Anti-ULKT monoclonal antibody (Biotinylated) 18938
Anti-phospho-EIF4EBP1/4E-BP1 (Thr37/46) 3929
monoclonal antibody (Biotinylated)
Anti-phospho-EIF4EBP1/4E-BP1 (Ser65) 9451
polyclonal antibody
Anti-EIF4EBP1/4E-BP1 monoclonal antibody 9644
Anti-BID polyclonal antibody (Human specific) 2002
Anti-CASP3/caspase-3 polyclonal antibody 9662
Anti-LC3 polyclonal antibody 12741
Anti-HSPA/HSP70 polyclonal antibody 4872
Anti-GFP monoclonal antibody 2956
Anti-LAMP1 polyclonal antibody 21997-  Proteintech
1-AP
Anti-LAMP3 polyclonal antibody 12632-
1-AP
Anti-SQSTM1/p62 monoclonal antibody ab56416 Abcam
Anti-ATP6V1A monoclonal antibody ab199326
Anti-CTSD/cathepsin D polyclonal antibody sc-6487  Santa Cruz
Biotechnology
Anti-CTSB/cathepsin B polyclonal antibody AF953  R&D system
Anti-TUBA/a-tubulin monoclonal antibody T6199  Sigma-Aldrich
Secondary antibodies
Name Cat#  Vendor
Mouse 1gG HRP linked whole antibody GENA931  Sigma-Aldrich
Rabbit 1gG HRP linked whole antibody GENA934
HRP linked Donkey Anti-Goat IgG (H+L) A15999  Thermo Fisher

antibody Scientific
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PI89900) supplemented with protease inhibitor and phospha-
tase inhibitor for 30 min on ice, and cleared by centrifugation
at 17,000 g for 25 min at 4°C. Supernatants were heated for
10 min at 97°C in LDS sample buffer (Thermo Fisher
Scientific, NP0007). SDS-PAGE and blotting were performed
as described below. Each protein expression was normalized
to TUBA, and then the ratio of each protein was plotted.

Western blotting

Western blotting was performed as described previously in
[42]. Antibodies were summarized in Table 1. Briefly, cul-
tured cells were washed in ice-cold PBS, lysed by incubation
for 30 min on ice in RIPA buffer supplemented with protease
inhibitor, phosphatase inhibitor, and 25 uM CQ (Sigma-
Aldrich, C6628), and then cleared by centrifugation at
17,000 g for 25 min at 4°C. The supernatants were heated
for 10 min at 97°C in LDS sample buffer, resolved by SDS-
PAGE, and electrophoretically transferred to PVDF mem-
branes (Invitrolon PVDF; Thermo Fisher Scientific,
LC2005). After blocking with a blocking buffer (5% nonfat
dried milk or bovine serum albumin [BSA; Sigma-Aldrich,
A2153] in wash buffer [0.1% Tween-20 {Thermo Fisher
Scientific, 003005} in TBS {Quality Biological, 351-086-
151}]), the membranes were incubated overnight with pri-
mary antibodies. After washing three times with a wash buffer
(0.1% Tween-20 in TBS), the membranes were reacted with
secondary antibodies for 1 h at room temperature. Finally, the
signal was visualized using a Super Signal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific,
34080) or Super Signal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific, 34580) according to the
manufacturer’s protocol.

qRT-PCR analysis

c¢DNA synthesis and quantitative real-time reverse transcrip-
tase polymerase chain reaction (QRT-PCR) was performed as
described in [42] to determine the expression levels of CTSD,
TRIM21, BID, and ACTB. Following TagMan probes were
used: ACTB/p-actin, Hs01060665_gl; CTSD/cathepsin D,
Hs00157205_m1; BID, Hs00609632_ml; LAMP1,
Hs00174766_m1 (Thermo Fisher Scientific, Waltham,
MA, USA).

Confocal microscopy

Cells were cultured in 8-well Lab-Tek II chamber slides
(Thermo Fisher Scientific, 154534PK), washed, fixed, and
permeabilized as described previously [42]. Cells for detection
of ATP6V1A were fixed with —20°C methanol (Fisher
Scientific, A-452-4) for 10 min after washing three times in
PBS, and then washed twice in PBS. Cells were incubated
overnight with primary antibodies: anti-LAMP3 polyclonal
antibody (pAb; Proteintech, Inc., 12632-1-AP) direct labeled
with Dylight 488 (Innova Biosciences Ltd., 322-0030), anti-
ATP6V1A monoclonal antibody (mAb; Abcam, ab199326)
direct labeled with Alexa Fluor 647 antibody (Novus
Biologicals, 336-0030) or anti-LAMP1 mAb (Developmental
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Studies Hybridoma Bank, H4A3), and anti-CTSD pAb
(Abcam, ab826) direct labeled with Dylight 594 (Innova
Biosciences Ltd., 324-0030) or anti-LC3B pAb (Abgent,
AP1802a) direct labeled with Dylight 594. After washing
with PBS, cells were incubated with anti-mouse Alexa Fluor
647 antibody (Jackson ImmunoResearch Laboratories, Inc.,
715-605-150) at room temperature. Cells were then washed
five times with PBS and then mounted. Areas with multiple
LAMP3 transfected cells were imaged using an Olympus
confocal microscope with silicone immersion 100x objective
with 60 stacked sections at a z-dimension of 0.25 pum per sec-
tion. Image analysis was performed using ICY (v1.9.8)
applications.

Galectin puncta assay

Cells were replated on a well in 8-well Lab-Tek II chamber
slide 24 h posttransfection. Twenty-four hours after replating,
cells were fixed by treatment with 4% paraformaldehyde
(Electron Microscopy Sciences, 15710) with PBS for 15 min
at 22°C, and then washed twice with PBS for 5 min each.
Fixed cells were permeabilized by treatment with 0.1% Triton
X-100 (Sigma-Aldrich, 93443) in PBS for 10 min at 22°C, and
then incubated with 2% BSA in PBS for 30 min at 22°C. After
blocking, cells were incubated with the mixture of 10 pg/ml
rabbit anti-LAMP3 pAb and 10 pg/ml mouse anti-LGALS3
/galectin 3 mAb (Abcam, ab2785) in 2% BSA in PBS at 4°C
overnight. Cells were washed three times in PBS for 10 min
each, and then incubated with the mixture of 10 ug/ml Alexa
Fluor 647 anti-mouse IgG and 10 pg/ml Alexa Fluor 488 anti-
rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., 711-
546-152) in 2% BSA in PBS for 1 h at 22°C. After incubation,
cells were washed three times in PBS for 10 min each, and
then mounted with mounting media with DAPI (Abcam,
ab104139). Stained cells were analyzed by using Nikon fluor-
escent microscope.

Flow cytometry analysis and apoptosis assay

Acidic organelles in control and LAMP3-OE cells of HSG and
A253 cells were analyzed using LysoTracker DND-99
(Thermo Fisher Scientific, L7528) according to the manufac-
tures’ instruction. Stained cells detected using the BD Accuri
(BD Biosciences, San Jose, CA, USA) and analyzed using BD
CSampler software.

Cleaved CASP3 activity was measured using active/cleaved
CASP3 Assay Kit (Fluorometric; Novus Biologicals, NBP2-
54869) according to the manufacturer’s instruction. Stained
cells were detected using the BD Accuri and analyzed using
FlowJo (BD Biosciences, San Jose, CA, USA).

The apoptosis assay was performed as described previously
in [42]. To study the role of cathepsins and caspases on
LAMP3-induced apoptosis, cells were incubated with or with-
out 20 uM Z-VAD-FMK (Z-VAD; Enzo Life Sciences, ALX-
260-020), 5 M pepA, 2.5 uM E64D, 10 yuM Z-DEVD-fmk
(Z-DEVD; Sigma-Aldrich, 264155), or 50 uM Ac-YVAD-cmk
(Y-VAD; Sigma-Aldrich, SML0429) for 14 h preflow cytome-
try analysis. Stained cells were detected using the BD Accuri
and analyzed using FlowJo.

Long-lived protein degradation assay

Long-lived protein degradation assay was performed according
to the protocol of Jigang et al. [51] to analyze autophagic protein
degradation. Briefly, 2.4 x 10° HSG-control or HSG-LAMP3
cells were plated in three wells in 6-well plates (8 x 10> cells/
well). Twenty-four hours postplating, cells were washed twice in
warmed PBS, and then incubated with 2 ml of I-methionine-free
culture DMEM (l-methionine-, l-cystatin-, pyruvate-, and glu-
tamine-free DMEM [Thermo Fisher Scientific, 21013024]) sup-
plemented with 2% l-cysteine (Sigma-Aldrich, 57579-5ML-F),
1% pyruvate (Thermo Fisher Scientific, 11360070), 2% l-gluta-
mine (Thermo Fisher Scientific, A2916801) with 10% dialyzed
FBS (Thermo Fisher Scientific, A3382001) for 30 min at 37°C,
5% CO,. After incubation, the culture medium was replaced
with 2 ml of l-methionine-free culture DMEM with 10% dia-
lyzed FBS and 50 uM l-azidohomoalanine (AHA; Thermo
Fisher Scientific, C10102). After incubation for 18 h at 37°C, 5%
CO,, culture medium was replaced with a regular DMEM with
10% FBS containing 10 x l-methionine (2 mM final concentra-
tion; Sigma-Aldrich, M9625) for 2 h at 37°C, 5% CO,. Cells
were washed once in warmed-PBS and incubated with regular
DMEM with 10% FBS containing 10 x l-methionine (2 mM
final concentration) for 3 h at 37°C, 5% CO,. Three hours post-
incubation, cells were collected to a 2.0 ml low protein-binding
tube (Thermo Fisher Scientific, 88379) by trypsin treatment,
washed once in cold-PBS, and then fixed by 1 ml of 4% paraf-
ormaldehyde in PBS and incubate for 15 min at 22°C. Cells were
washed each once in 1 ml 3% BSA (Sigma-Aldrich, A7638) in
PBS and 1 ml cold-PBS, and then incubated with 0.5 ml of 0.5%
Triton X-100 in PBS for 20 min at 22°C. After incubation, cells
were washed each once in cold-PBS and 3% BSA in PBS. After
washing once more in cold-PBS, cells incubated in the click
reaction buffer (50 pM Alexa Fluor 647 Alkyne,
Triethylammonium Salt [Thermo Fisher Scientific, A10278],
1 mM Tris[2-carboxyethyl]phosphine hydrochloride [TCEP;
Sigma-Aldrich, C4706], 100 uM Tris[{1-benzyl-1H-1,2,3-tria-
zol-4-ylmethyllamine [TBTA; Sigma-Aldrich, 678937] and
1 mM copper(Il) sulfate [Sigma-Aldrich, 451657] in PBS) in
the dark for 2 h at 24°C with gently shaking at 700 rpm. After
washing once in 3% BSA in PBS and twice in cold-PBS, stained
cells were detected using the BD Accuri and analyzed using
FlowJo.

Analysis of lysosomal degradation capacity

Forty-eight hours posttransfection, A253 control and LAMP3-
OE cells were collected and resuspended with 10 pg/mL DQ
Green BSA (Thermo Fisher Scientific, D12050) in Mccoy’s 5A
(Thermo Fisher Scientific, 16600082) supplemented with 10%
FBS. After incubation for 2 h at 37°C, 5% CO,, cells were washed
three times in cold-DPBS (+Ca®" and Mg>"). Stained cells were
detected using the BD Accuri and analyzed using Flow]Jo.

Statistical analysis

Statistical analysis of microarray studies was performed as
described previously in [69]. Student’s ¢-test and ANOVA tests
were used for analysis of studies where appropriate. These



analyses were carried out with JMP 13.2.0, the Data analysis tool
in Excel 2016 and GraphPad Prism (GraphPad Software, San
Diego, CA, USA). A p value of less than 0.05 was regarded as
statistically significant. All statistical tests were two-sided.

Human subjects research declaration

All clinical investigations were conducted in accordance with
the Declaration of Helsinki principles. Written informed con-
sent to IRB-approved protocols (as described above) were
obtained from all participants prior to inclusion in the studies
described herein. All human studies were approved by the
appropriate institutional review board.
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