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ABSTRACT
We previously observed that SNAPIN, which is an adaptor protein in the SNARE core complex, was highly
expressed in rheumatoid arthritis synovial tissue macrophages, but its role in macrophages and
autoimmunity is unknown. To identify SNAPIN’s role in these cells, we employed siRNA to silence the
expression of SNAPIN in primary human macrophages. Silencing SNAPIN resulted in swollen lysosomes
with impaired CTSD (cathepsin D) activation, although total CTSD was not reduced. Neither endosome
cargo delivery nor lysosomal fusion with endosomes or autophagosomes was inhibited following the
forced silencing of SNAPIN. The acidi"cation of lysosomes and accumulation of autolysosomes in SNAPIN-
silenced cells was inhibited, resulting in incomplete lysosomal hydrolysis and impaired macroautophagy/
autophagy !ux. Mechanistic studies employing ratiometric color !uorescence on living cells demonstrated
that the reduction of SNAPIN resulted in a modest reduction of HC pump activity; however, the more
critical mechanism was a lysosomal proton leak. Overall, our results demonstrate that SNAPIN is critical in
the maintenance of healthy lysosomes and autophagy through its role in lysosome acidi"cation and
autophagosome maturation in macrophages largely through preventing proton leak. These observations
suggest an important role for SNAPIN and autophagy in the homeostasis of macrophages, particularly
long-lived tissue resident macrophages.

KEYWORDS
acidi!cation; autophagy;
CTSD; endosome; LC3;
lysosome; macrophage;
proton leak; SNAPIN;
vacuolar-type HC-ATPase

Introduction

Macrophages are either derived from the yolk sack or by fetal
hematopoietic stem cells that differentiate into long-lived tis-
sue-resident macrophages, such as microglia and Kupffer cells,
or they differentiate from circulating bone marrow-derived
monocytes.1,2 Macrophages are essential in the innate immune
response by phagocytizing and digesting microbes. They also
recognize microbial pathogens through intracellular and mem-
brane-bound pattern recognition receptors, which results in the
release of in!ammatory chemokines and cytokines.3 Con-
versely, macrophages can suppress in!ammatory responses by
phagocytosis of apoptotic cells.4 Macrophages also play an
important role in adaptive immunity by antigen processing and
presentation to T cells, and by secreting a variety of cytokines
and chemokines capable of recruiting and differentiating other
immune cells.3 Although macrophages have a central role in
protecting the host, they also contribute to the pathogenesis of
in!ammatory and degenerative diseases, such as rheumatoid
arthritis (RA), in which they are major contributors to joint
in!ammation and destruction.

Earlier studies, from our laboratory and others, identi"ed
endogenous toll-like receptor (TLR) ligands in RA and demon-
strated that they are capable of activating RA joint macrophages
through TLR2 and TLR4.5,6 In an attempt to identify additional

endogenous TLR ligands, we employed a yeast 2-hybrid system
using the extracellular domain of TLR2 as the bait, and proteins
expressed by RA synovial tissues as the prey.7 We discovered
that SNAPIN (SNAP-associated protein) was a TLR2 interacting
and signaling protein, which was highly expressed in CD68-pos-
itive macrophages in RA synovial tissue.7 SNAPIN was origi-
nally identi"ed in neurons as an adaptor protein in the SNARE
core complex, reported to bind to SNAP25 (synaptosome associ-
ated protein 25) and to facilitate synaptic vesicle fusion and
neurotransmitter release.8-11 SNAPIN-de"cient mice exhibit
perinatal lethality,10 suggesting this protein has a critical and
nonredundant function in vivo. Recent data showed that
SNAPIN is critical for neuronal homeostasis through its role in
coordination of late endosome-to-lysosome traf"cking, lyso-
some maturation and autophagy.12-14

Autophagy is an essential intracellular process that degrades
proteins and organelles such as mitochondria, promoting cellu-
lar homeostasis. Dysregulation of autophagy may contribute to
the pathogenesis of cancer, diabetes, neurodegenerative, and
in!ammatory diseases.15-17 Autophagy is initiated through the
formation of a phagophore, in some cases on the endoplasmic
reticulum, in response to starvation or amino acid depriva-
tion.18,19 The phagophore membrane forms around the
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targeted cargo and expands, with potential contributions from
the plasma membrane, mitochondria, Golgi and endosomes,
eventually forming a double-membrane autophagosome sur-
rounding the target.18,20,21 The expansion of phagophore
involves a number of ATG proteins essential for the formation
of the mature autophagosome.22 Subsequent fusion with late
endosomes and lysosomes delivers proteolytic enzymes to the
autophagosomes, which involves the SNARE proteins STX7
(syntaxin 7), STX8 (syntaxin 8) and VTI1B,23 resulting in an
autolysosome, in which the targeted materials are degraded
and the amino acids and other nutrients delivered back to the
cytoplasm.18,24 Upon autophagy induction, LC3 is lipidated
and incorporated into the phagophore membrane. The lipi-
dated form, LC3-II, migrates more rapidly in SDS-PAGE than
its cytosolic form LC3-I, and thus can be used as a marker for
autophagy activity.25

Given that SNAPIN was highly expressed in RA synovial tis-
sue macrophages, we explored the function of SNAPIN in mac-
rophages. The silencing of SNAPIN in macrophages resulted in
the formation and accumulation of LC3-II-positive puncta and
SQSTM1/p62, an autophagy cargo protein. The macrophages
developed large autophagic vacuoles (AVs) that were incapable
of digesting the engulfed target material. The lysosomes became
swollen, with reduced acidi"cation and CTSD (cathepsin D)
activation. However, when SNAPIN was silenced, we did not
observe a defect in endosome-to-lysosome fusion or of lyso-
some-to-autophagosome fusion in macrophages. Our results
suggest that in macrophages SNAPIN is critical for lysosome
acidi"cation and CTSD activation, and is necessary for auto-
phagosome maturation and digestion of the targeted materials.

Results

Silencing of SNAPIN in macrophages results in
accumulation of late autophagic vacuoles

To determine the role of SNAPIN in macrophages, in vitro
monocyte-differentiated human macrophages were transfected
with nonspeci"c (NS) or SNAPIN siRNA. By immuno!uores-
cence microscopy, in NS siRNA-transfected cells, SNAPIN was
diffusely distributed throughout the cytosol and concentrated
in the perinuclear region, while small LC3B puncta were
observed in most cells (Fig. 1A, left panel). Following transfec-
tion with SNAPIN siRNA, in those cells in which SNAPIN was
silenced, LC3 puncta were increased both in size and number
(Fig. 1A, right panel). Similar results were observed with a sec-
ond SNAPIN-C siRNA (Fig. S1A, B). The red:green !uores-
cence intensity ratio was increased (p < 0.0001) in the
SNAPIN-C siRNA-transfected cells (Fig. S1C). Examined by
electron microscopy, NS siRNA-treated macrophages demon-
strated typical autophagosomes, 0.5–1 mm in diameter, with
double membranes encircling the targeted material (Fig. 1B,
left panel). Following the silencing of SNAPIN the accumula-
tion of large AVs, ranging from 2 to 2.5 mm, containing
undigested material including organelles, resembling autolyso-
somes,26 was observed (Fig. 1B, middle and right panels). These
AVs had only one limiting membrane, and contained multiple
cytoplasmic cargos (red arrows), some at different stages of
degradation (green arrows). Similar results were observed in

the murine macrophage cell line J774A1 stably expressing a
Snapin shRNA, which resulted in a signi"cant (p < 0.01)
increase of large LC3-positive puncta (Fig. S2A-C). These data
demonstrate that the silencing of SNAPIN in macrophages
results in the accumulation of large AVs, resembling autolyso-
somes containing partially or undigested cargos.

To determine if silencing SNAPIN expression increased
autophagy or blocked autophagosome maturation, macro-
phages transfected with NS or SNAPIN siRNA were serum
starved to promote autophagy. Both the silencing of SNAPIN
and starvation resulted in increased LC3-II and both LAMP1
and LAMP2, whereas no change in the late endosomal marker
RAB7 was observed by immunoblot analysis (Fig. 1C). Starva-
tion plus the silencing of SNAPIN resulted in more LC3-II,
LAMP1 and LAMP2 than either treatment alone (Fig. 1C).
Additional experiments employed chloroquine, which is lyso-
somotropic,27 elevates lysosomal pH, and blocks autophagic
ef!ux, resulting in the accumulation of AVs.28 Chloroquine
increased LC3-II in macrophages, however, the combination of
chloroquine and SNAPIN siRNA did not show an additive
effect (Fig. 1D), suggesting that SNAPIN and chloroquine both
target a later stage of autophagy. Further, reduction of SNAPIN
increased SQSTM1, a polyubiquitin- and LC3-binding protein,
which is a marker for inhibition of autophagy,29-31 suggesting a
compromise in hydrolytic digestion (Fig. 1E). Together, these
observations suggest that the reduction of SNAPIN in macro-
phages does not interfere with the initiation of starvation-
induced autophagy, but rather leads to defective degradative
capacity in autolysosomes.

SNAPIN is essential for CTSD activation in macrophages

Since the accumulated autolysosomes in SNAPIN-silenced
macrophages demonstrated incomplete digestion of their car-
gos, hydrolase activity was examined. CTSD, a major lysosomal
aspartic protease that requires an acidic environment for acti-
vation,32 was examined employing BODIPY FL-pepstatin A,
that preferentially binds to activated CTSD. Ba"lomycin A1, a
speci"c inhibitor of the vacuolar-type HC-translocating ATPase
(V-ATPase) that prevents lysosome acidi"cation and CTSD
activation, served as a positive control. Similar to ba"lomycin
A1 treatment, siRNA silencing of SNAPIN resulted in reduction
of BODIPY FL-pepstatin A staining, suggesting decreased
CTSD activation (Fig. 2A). Con"rming this observation, by
immunoblot analysis, both SNAPIN silencing and ba"lomycin
A1 each resulted in diminished mature activated CTSD
(Fig. 2B, C). In contrast, active CTSB (cathepsin B), which is a
marker for macrophage differentiation,33 was reduced by ba"-
lomycin A1 but not by silencing SNAPIN (Fig. 2B, D). Similar
results were observed employing either total cell lysates or lyso-
some-enriched fractions from J774A1 murine macrophages
stably transfected with a Snapin shRNA (Fig. S3). Further, fol-
lowing treatment with SCR shRNA, CTSD identi"ed with an
antibody that recognizes both proCTSD and the 28-kDa acti-
vated form colocalized with BODIPY FL-pepstatin A (Fig. S4),
whereas after silencing SNAPIN, large puncta of CTSD were
identi"ed that did not colocalize with BODIPY FL-pepstatin A.
These observations suggest that the reduction of CTSD is due
to decreased activation rather than diminished production.
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SNAPIN is enriched in isolated lysosomal fractions and the
reduction of SNAPIN results in swollen lysosomes in
macrophages

Because lysosomes are specialized to generate an acidic envi-
ronment and the silencing of SNAPIN resulted in reduced
active CTSD, the localization of SNAPIN was examined by
immuno!uorescence microscopy in macrophages. Although
SNAPIN was broadly distributed, it colocalized with the lyso-
somal protein LAMP1, in a perinuclear pattern in NS siRNA-
treated macrophages (Fig. 3A, left panel, and Fig. S5A, left

panel). Lysosome enriched fractions were isolated by ultracen-
trifugation and gradient separation from J774A1 macrophages.
Fraction 1 (F1) was enriched in lysosomes represented by the
high content of LAMP1 and activated CTSB, with little con-
tamination by markers of the endoplasmic reticulum (HSPA5/
BIP, F2–4) or mitochondria (NDUFS3, F3–4) (Fig. S6A). Nota-
bly, F1 also contained markers for late endosomes (RAB7) and
autophagosomes (LC3 and SQSTM1) (Fig. S6A). Next, struc-
tures present in F1 isolated with an anti-LC3 antibody conju-
gated to Dynabeads contained both LAMP1 and SNAPIN
suggesting that SNAPIN interacted with lysosomes and/or

Figure 1. Silencing SNAPIN by siRNA resulted in accumulation of late autophagic vacuoles in human macrophages. (A) Immuno"uorescence microscopy of human macro-
phages following transfection with NS or SNAPIN siRNA, and staining with antibodies to SNAPIN (green) or LC3 (red). Arrows on the right identify cells in which SNAPIN
was reduced. Scale bar: 20 mm. (B) Transmission electron microscopy of NS siRNA- (left) and SNAPIN siRNA-treated macrophages (middle and right). A normal autophago-
some (red arrow, left panel) is identi!ed in the NS siRNA-transfected cells. In the SNAPIN siRNA-treated macrophages, nondigested organelles (red arrows) or partially
digested material were identi!ed in autolysosomes (green arrows). Scale bar: 500 nm. Immunoblot analysis of macrophages following transfection with NS or SNAPIN siR-
NAs before (No) and after starvation for 2 h, (C) after chloroquine treatment for 2 h (D), or left untreated (E). Panel (A) is representative of 5 and panels (B-E) are represen-
tative of 3 independent experiments.
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AVs, such as autophagosomes or autolysosomes (Fig. S6B).
Furthermore, immunoprecipitation of SNAPIN from total cell
lysates co-puri"ed LAMP1, but not LC3 or RAB7, from cells
transfected with NS siRNA, whereas reduced LAMP1 was co-
puri"ed in SNAPIN siRNA-transfected macrophages, suggest-
ing that SNAPIN may directly interact with LAMP1 in human
macrophages (Fig. S6C). However, we were unable to pull
down SNAPIN with an antibody to LAMP1, most likely due to
the relatively low level of SNAPIN. Together these observations
suggest that SNAPIN interacts with LAMP1-positive lyso-
somes; however, we cannot exclude an indirect interaction with
LAMP1.

The effect of SNAPIN reduction on lysosomal morphology
was next examined. The forced reduction of SNAPIN in macro-
phages resulted in swollen LAMP1-positive organelles (Fig. 3A,
middle and right panels, and similar results were seen with
SNAPIN-C siRNA, Fig. S5A, right panel). In macrophages
transfected with NS siRNA, active CTSD, as detected by BOD-
IPY FL-pepstatin A, colocalized with LAMP1 (Fig. 3B). When
SNAPIN was silenced, although diminished, residual active
CTSD was identi"ed within the swollen LAMP1-positive lyso-
somes (Fig. 3C, and with SNAPIN-C siRNA, Fig. S5B). Overall
these observations suggest that SNAPIN interacts with lyso-
somes and that silencing SNAPIN results in swollen lysosomes
that fail to activate CTSD.

Silencing SNAPIN does not inhibit late endosome-lysosome
fusion

In order to identify the mechanism responsible for the lyso-
somal dysfunction, endosome traf"cking to lysosomes was
examined. Under homeostatic conditions, following trans-
fection with NS siRNA, limited colocalization of LAMP1
and RAB7 was identi"ed, although both were enriched in
the perinuclear region (Fig. 4A). Following the silencing of
SNAPIN, large LAMP1-positive lysosomes where identi"ed
which partially colocalized with RAB7 (Fig. 4B, C), suggest-
ing that endosome-lysosome fusion occurred. These obser-
vations were con"rmed with SNAPIN-C siRNA (Fig. S7A).
Further, endocytic traf"cking to lysosomes was examined by
incubation of macrophages with Alexa Fluor 488 dextran
for 2 h, followed by a 16-h chase. In the presence of NS
siRNA, dextran colocalized with LAMP1, indicating ef"cient
traf"cking of the dextran to lysosomes (Fig. 4D). Likewise,
following transfection with SNAPIN siRNA, dextran was
readily observed within the swollen LAMP1-positive lyso-
somes (Fig. 4D, E, and with SNAPIN-C siRNA, Fig. S7B).
These observations, together with the lack of reduction of
pro-CTSD and CTSB in the lysosomal fractions following
the silencing of SNAPIN (Fig. 3D, E), suggest that dimin-
ished endosomal traf"cking to the swollen lysosomes was

Figure 2. Silencing SNAPIN by siRNA reduced CTSD activation in human macrophages. Macrophages were transfected with NS or SNAPIN siRNAs or treated with ba!lomy-
cin A1 for 2 h and examined by immuno"uorescence microscopy and immunoblot analysis for active CTSD. (A) Macrophages were stained with antibodies to SNAPIN (red)
and BODIPY FL-pepstatin A (green), which binds to the active form of CTSD. Scale bar: 20 mm. Results are representative of 3 independent experiments. (B-D) proCTSD
and mature CTSD (heavy chain, active form), and as a control proCTSB and mature CTSB were detected in whole cell lysates by immunoblot analysis (panel B) and quanti-
!ed by densitometric analysis of immunoblots normalized to ACTB (n D 5) (panel D). Changes were presented as percentage of pro- and active forms of the CTSD with
the results of the NS siRNA-treated cells set at 100%. The p value was determined by Student t test, comparing SNAPIN- to NS-siRNA reduced macrophages. Error bar: §
1 SEM.
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not the cause of the impaired lysosomal function following
the silencing of SNAPIN in macrophages.

SNAPIN is required for lysosome acidi!cation

Since activation of CTSD was reduced and endosomal traf"ck-
ing to the lysosome was not impaired in macrophages following
the silencing of SNAPIN, lysosomal acidi"cation was examined
employing dextran labeled with the pH sensitive pHrodo green
or pH insensitive Alexa Fluor 546 red !uorescence dyes. In
macrophages transfected with the NS siRNA the dextran that
accumulated in the lysosomes emitted green and red !uores-
cence, which colocalized (Fig. 5A), indicating that the lyso-
somes were acidi"ed. In contrast, the dextran that accumulated
in macrophages transfected with SNAPIN siRNA, emitted little
green !uorescence (Fig. 5B), consistent with impaired lyso-
somal acidi"cation. Comparable results were observed follow-
ing incubation with ba"lomycin A1 (Fig. 5C). Quanti"cation of
the ratio of green to red !uorescence demonstrated signi"cant
(p < 0.001) reduction of lysosomal acidi"cation following the
silencing of SNAPIN or treatment with ba"lomycin A1

(Fig. 5D, E). These observations were con"rmed with SNAPIN-

C siRNA (Fig. S8). Together, these observations demonstrate
an essential role of SNAPIN in lysosomal acidi"cation.

SNAPIN is required for autophagosome acidi!cation and
maturation

Because the silencing of SNAPIN in macrophages resulted in
reduced lysosomal acidi"cation, the effect on autophagosome
acidi"cation was examined using a tandem mRFP-EGFP-LC3-
expressing plasmid. During autophagosome formation, the tan-
dem !uorescence-fused LC3 is recruited to and incorporated
into the membrane of phagophores. The GFP signal is sensitive
to the acidic and/or proteolytic condition of the lysosome,
whereas mRFP is more stable,34 thus, the ratio of GFP to mRFP
!uorescence re!ects acidi"cation resulting from autophago-
some-lysosome fusion.35 Since we were not able to adequately
transfect plasmids into macrophages, to perform these experi-
ments, HEK293 cells stably transformed by SCR or Snapin
shRNA lentiviral constructs were used to transiently express
the tandem mRFP-GFP-LC3 protein. In the control SCR
shRNA-transfected cells red puncta dominated, while the GFP
signal was quenched, suggesting normal autophagosome-

Figure 3. Silencing of SNAPIN in macrophages induced the formation of swollen lysosomes. (A) Macrophages transfected with NS (left) or SNAPIN (middle and right) siR-
NAs were examined with antibodies to SNAPIN (green) and LAMP1 (red) by immuno"uorescence microscopy. Large LAMP1-positive organelles are marked by arrow-
heads. The cell marked by a square in the middle panel was enlarged in the right panel. Macrophages transfected with (B) NS or (C) SNAPIN siRNAs were examined by
immuno"uorescence microscopy with antibodies to LAMP1 (magenta staining) and active CTSD (BODIPY FL-pepstatin A, green), with colocalization indicated in white.
Arrows identify active CTSD within the LAMP1-positive lysosomes. Scale bar: 13.3 mm. The images were processed by deconvolution with NIS-element imaging software.
The results are representative of 3 independent experiments.
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lysosome fusion and lysosomal acidi"cation (Fig. 6A, C). The
silencing of SNAPIN not only increased the LC3-II level
(Fig. 6E) and the number of LC3 puncta, but also signi"cantly
elevated the green !uorescence intensity of LC3 puncta
(Fig. 6B, C) and the ratio of green:red puncta (p < 0.01)
(Fig. 6D), suggesting that silencing SNAPIN prevented fusion
and/or increased the pH in autolysosomes. Overall, these
results demonstrate that SNAPIN plays a key role in autopha-
gosomal acidi"cation and maturation.

SNAPIN silencing in macrophages did not affect lysosome-
autophagosome fusion

Since, recent observations demonstrated that autophagosome-
lysosome fusion is independent of lysosomal acidi"cation,36 the
role of SNAPIN in this fusion process was examined by quanti-
fying LC3 and LAMP1 double-positive puncta. Human macro-
phages were transfected with NS or SNAPIN siRNA, or
incubated with rapamycin (an MTOR inhibitor and autophagy
inducer) or ba"lomycin A1. Total LC3 puncta, which includes
those that are both LC3-only and LC3 and LAMP1-double pos-
itive, were signi"cantly (p < 0.001) increased in macrophages

after SNAPIN silencing, similar to treatment with rapamycin
or ba"lomycin A1 (Fig. 7A, B). The percentage of LC3C

LAMP1C to total LC3 puncta is a measure of lysosome-auto-
phagosome fusion. Rapamycin treatment did not affect lyso-
some-autophagosome fusion, even though total AVs were
increased. However, SNAPIN silencing or ba"lomycin A1

slightly increased the percentage of puncta that were LC3 and
LAMP1 double positive, when compared with NS siRNA-trans-
fected cells (p<0.001, Fig. 7C). However, colocalization of LC3
and LAMP1 in macrophages, measured by Pearson’s correla-
tion coef"cient, showed no difference among cells treated with
NS siRNA, rapamycin or SNAPIN siRNA (Fig. 7D), although
ba"lomycin A1-treated macrophages showed a slight increase
in colocalization. Together, these observations demonstrate no
defect in autophagosome-lysosome fusion following the silenc-
ing of SNAPIN.

SNAPIN maintains lysosomal integrity preventing proton
dissipation

In order to identify a mechanism by which SNAPIN maintains
lysosomal homeostasis, J774A1 macrophage cell lines stably

Figure 4. Silencing of SNAPIN in human macrophages did not affect fusion of late endosomes with lysosomes. Macrophages were transfected with NS (A) or SNAPIN siRNAs (B)
and then examined by immuno"uorescence microscopy employing antibodies to LAMP1 (green) and RAB7 (red). Both molecules exhibited perinuclear localization, however,
colocalization was not apparent (left panel). The area marked in panel (B), was expanded in panel (C). Following SNAPIN siRNA transfection, a portion of the LAMP1-positive
lysosomes incorporated RAB7 (arrow). (D) Human primary macrophages transfected with siRNAs were incubated with Alexa Fluor 488 dextran (green) for 2 h, chased for 16 h
and stained with LAMP1. Swollen LAMP1-positive lysosomes containing dextran are marked by arrows. (E) Enlarged area indicated in panel (D). Scale bar: 13.3 mm. The images
were processed by deconvolution with NIS-element imaging software. Results in this !gure are representative of 3 independent experiments.
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transformed with SCR or Snapin shRNAs were employed. The
cells were incubated overnight with the pH-sensitive pHrodo
Red and the pH-insensitive Alexa Fluor 488 green dextrans. An
increased red:green ratio is indicative of a lower pH. After
washing and incubation for an additional 8 h to allow the dex-
trans to localize to the lysosomes, the cells were incubated with
the V-ATPase inhibitor concanamycin A (CcA) and the change
of the red:green ratio was documented over time.37 As expected
the red:green ratio was signi"cantly lower in the Snapin
shRNA-expressing cells prior to the addition of CcA (Fig. 8).
After treatment with CcA the ratio was maintained in the con-
trol cells, while the ratio rapidly declined in the Snapin shRNA-
expressing cells. These observations indicate that SNAPIN is
necessary to maintain lysosomal homeostasis by preventing
proton leakage from lysosomes.

Further studies were performed to determine the capacity of
the V-ATPase proton pump. Stably transformed J774A1 cells
were incubated with carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP) in order to diminish the pH gradient of the lyso-
somal membrane.37 Once the pH was increased, the CCCP was
removed and the lysosomes allowed to reacidify, using the
change in the red:green ratio as a measure of pH change. Fol-
lowing the addition of CCCP, the red:green ratio decreased in
both the SCR and Snapin shRNA-transfected cells (Fig. 9A).
There was no difference in the rate of change of the ratios
between the cell lines (Fig. 9B). The difference in the expression
of SNAPIN between the lines is presented in Fig. 9D. Following
the removal of CCCP the red:green ratio increased in both lines

(Fig. 9A). The rate of change was signi"cantly (p < 0.001)
reduced during the "rst minute after removal of the CCCP in
the Snapin-shRNA transformed cells (Fig. 9B, C). However,
after the "rst minute there was no difference in the rate of
increase of the red:green ratio between the lines, and red:green
ratio of the Snapin shRNA-transformed line remained reduced
compared with the control line (Fig. 9B, C). Together these
observations suggest that while SNAPIN may have a modest
effect on proton pump activity, its role in preventing proton
leakage from the lysosome is more important in maintaining
lysosomal homeostasis.

Discussion

We previously demonstrated that SNAPIN was signi"cantly
increased in the synovial tissue macrophages of patients with
RA.7 This study documents for the "rst time an important role
for SNAPIN in the homeostasis of human macrophages. Silenc-
ing of SNAPIN resulted in the accumulation of autolysosomes
incapable of appropriately degrading their cargos. Increased
autolysosomes may result either from autophagy induction,
such as nutrient deprivation,38,39 or blockage of autophagy
ef!ux, as occurs following inhibition or de"ciency of lysosome
hydrolase activity.40-42 AVs accumulated in SNAPIN-silenced
macrophages, which demonstrated the typical signs of late stage
blockage:43 one membrane (i.e., an autolysosome), insuf"cient
cargo degradation, increased SQSTM144 and the identi"cation
of multilamellar and multivesicular structures.45 The effects of

Figure 5. SNAPIN silencing in macrophages inhibited lysosome acidi!cation. Human macrophages were transfected with NS (A) or SNAPIN siRNAs (B), then incubated for
2 h with dextran labeled with pH-sensitive pHrodo green dye and with dextran labeled with pH-insensitive Alexa Fluor 546 (red) and then chased for 6 h. (C) Ba!lomycin
A1 (100 nM) was added to cells that were not transfected with siRNA, for 2 h prior to harvesting the cells. Scale bar: 20 mm. (D) Green and red "uorescence mean intensity
in each macrophage was measured with Nikon NIS element imaging software. The green:red ratios were calculated and the results summarized in the bar graph. The
number of macrophages employed to measure "uorescence intensity was: NSD 160; SNAPIND 166; ba!lomycin A1 D 142. The ratio of green:red "uorescence was calcu-
lated from the data in panel (D). !!! represents p<0.001, compare with NS siRNA-transfected macrophages following statistical analysis by AVONA. The results in this
!gure were obtained from 2 independent experiments.
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starvation and the silencing of SNAPIN were additive, whereas
the addition of chloroquine, which blocks lysosomal acidi"ca-
tion, was not. These "ndings suggest that SNAPIN is critical
for ef"cient autophagic ef!ux and that the AVs induced follow-
ing SNAPIN silencing were accumulated autolysosomes defec-
tive in lytic enzyme digestive capacity, which resulted in
blockage at a late stage of autophagy !ux.

Following the silencing of SNAPIN in macrophages, swollen
LAMP1-positive structures consistent with lysosomes were
observed because they were LAMP1 positive, contain CTSD
and take up dextran after an overnight chase. The lysosomes
were enlarged and a marker of late endosomes (RAB7) was also
present on lysosomal membranes of SNAPIN-silenced macro-
phages. The swollen lysosomes exhibited impaired acidi"cation
and reduced activation of CTSD46 Swollen lysosomes and
endosomes have also been noted following modulation of RAB
family proteins including RAB5 and RAB7, and interference
with the PtdIns3K pathway46-48 or an increase of lysosomal pH
by chloroquine or other lysosomotropic weakly basic

agents.49,50 These observations demonstrate that SNAPIN is
necessary for lysosome homeostasis in macrophages.

Recent studies examining the mechanism of AV turnover
have identi"ed the importance of lysosome biogenesis in the
autophagic process.24 Most cathepsins, including CTSD and
CTSB, are synthesized as nonactive zymogens and are activated
in the acidic environment of the lysosome. Inhibition of lyso-
some acidi"cation reduces cathepsin activation, as well as their
proteolytic abilities, since these enzymes operate primarily at
low pH.51 The inhibition of lysosome protease activity by leu-
peptin and pepstatin A resulted in AV accumulation.52 CTSE
(cathepsin E)¡/¡ murine macrophages exhibit increased accu-
mulation of AVs, as well as LC3 and SQSTM1.53 CTSD¡/¡ and
mice that are de"cient in both CTSB and CTSL show abnormal
accumulation of AVs in neurons,54 emphasizing the impor-
tance of these proteases in autophagosome biogenesis. Because
incomplete digestion of cytoplasmic materials in accumulated
AVs was observed in SNAPIN silenced macrophages, we exam-
ined the hydrolase activity in these cells. In SNAPIN-silenced

Figure 6. SNAPIN is important for autophagosome acidi!cation. HEK293 cell lines stably transduced with scrambled (SCR)- (panel A) or SNAPIN shRNA (panel B)-express-
ing lenti-viruses, were transfected with the ptf-LC3 plasmid, which expresses LC3 tagged with tandem "uorescent RFP and GFP. The red "uorescence is expressed regard-
less of the pH, while the green "uorescence is quenched at low pH. (C) The average numbers of GFP- and RFP-positive puncta from SCR or SNAPIN shRNA-expressing cells
are shown as a bar graph (n D 20; !!p < 0.01, compared with the same colored puncta in SCR shRNA HEK293 cells). (D) The ratio of green:red puncta in cells was calcu-
lated and presented (n D 20 cells; !!p < 0.01), comparing SCR and SNAPIN shRNA-expressing HEK293 cells. (E) Immunoblot analysis of the 2 cell lines. Scale bar: 13.3 mm.
Results (panels A-D) were obtained from 4 independent experiments.
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cells, lysosome and autolysosome acidi"cation was impaired,
and CTSD activation was reduced, consistent with the results
of SNAPIN depletion in neurons.12

Our data demonstrated impaired activation of CTSD, but no
reduction of active CTSB following the silencing of SNAPIN,
while both were impaired following treatment with ba"lomycin
A1. CTSD requires a more acidic pH to become proteolytically
activated compare with the cysteine lysosomal enzymes such as
CTSB and CTSL.55 The auto-activation of CTSD in vitro
requires an acidic pH between 4 and 5, while the fully active
28-kDa version is observed at a pH of 3.56 CTSB is activated in
a less acidic environment, and even at neutral pH.57 In order to
more directly assess lysosomal pH, dextrans labeled with pH-
sensitive and -insensitive !uorophores were employed,5859 and
their ratio served as an indicator of the relative pH of the lyso-
somes.60 A 2-h incubation with ba"lomycin A1, a V-ATPase

inhibitor, reduced the ratio in macrophages by about 60%,
while this ratio was reduced by 28% following the silencing of
SNAPIN. These observations, together with those documenting
impaired CTSD activation, indicate that SNAPIN de"ciency
results in an elevated lysosomal pH, although the increase of
pH was not as great as observed with ba"lomycin A1 treatment,
and this may be due to variable reduction of SNAPIN in the
macrophages.

Prior studies in neurons identi"ed SNAPIN as an important
mediator of late endosome transport.12 SNAPIN was also
reported to interact with late endosomal SNAREs,61 and we
previously identi"ed partial colocalization of SNAPIN with
RAB7 in macrophages.7 Late endosomes are involved in lyso-
some maturation by delivery of newly synthesized hydrolases
to lysosomes. Several models have been proposed to explain
how endosomes and lysosomes interact, such as direct fusion,

Figure 7. SNAPIN silencing in macrophages did not affect lysosome-autophagosome fusion. (A) Human macrophages were transfected with NS or SNAPIN siRNAs, incu-
bated with 2 mM of rapamycin or 100 nM ba!lomycin A1 for 2 h. Cells were !xed with methanol for 20 min and stained with antibodies of LC3 (red) and LAMP1 (green).
The highlighted areas in each panel were enlarged and shown in the inserted panels as indicated by the arrows. (B) Total LC3-positive puncta (red bars) and LC3 and
LAMP1 colocalized puncta (yellow bars) were counted (numbers indicated in the bars) in 2 independent experiments. (C) The percentage of LC3C LAMP1C puncta to total
LC3 puncta was calculated and presented. (D) Colocalization between LAMP1 and LC3 was measured by Pearson’s correlation coef!cient Rr employing NIS-element imag-
ing software. !!! represents p<0.001, following analysis by AVONA compare with NS-transfected cells. The presented images were processed by deconvolution.
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kiss-and-run, or forming hybrid organelles.62,63 Since SNARE
proteins STX7, STX8 and VAMP8 are required for late endo-
some-lysosome docking and fusion,64,65 the role of SNAPIN, a
SNARE complex adaptor protein, in endosome-lysosomal
fusion was examined. Under homeostatic conditions RAB7 did
not substantially colocalize with LAMP1, nor with the active
CTSD within lysosomes (data not shown), in macrophages.
However, following the silencing of SNAPIN, RAB7 was readily
identi"ed incorporated on swollen LAMP1-positive lysosomes,
suggesting the presence of active endosome-lysosome fusion.
Further, no defect in the delivery of CTSD or dextran to
swollen LAMP1-positive lysosomes was identi"ed in SNAPIN-
silenced macrophages. In lipid storage disorders, endosome-
lysosome fusion is impaired, identi"ed by the reduced incorpo-
ration of dextran into lysosomes.66 Our observations appear
consistent with the results observed in snapin¡/¡ mouse
embryonic "broblasts which exhibit increased colocalization of

the endosome marker IGF2R/CI-MPR and LAMP1, suggesting
ef"cient endosome-lysosome fusion in these cells.12 In contrast,
in neurons, the speed of retrograde delivery of endosomes from
peripheral axons to the central soma is reduced, potentially
impairing endosome-lysosome fusion.12,13 RAB7 is necessary
for endosome-lysosome fusion,67 and in macrophages, RAB7
levels are not changed in SNAPIN-silenced macrophages, sug-
gesting no increase of late endosome accumulation. Addition-
ally, depletion of RAB7 in HeLa cells impairs cargo transfer
from endosomes to the lysosomes, suggesting RAB7 is required
for endosome-to-lysosome delivery.68 These observations,
together with the lack of reduction of CTSB and proCTSD in
lysosomes, in SNAPIN-de"cient macrophages, suggest that
endosome-lysosome fusion is not impaired and was not the
cause of the impaired lysosomal maturation, suggesting cell
type-speci"c differences in the mechanisms by which SNAPIN
controls lysosomal homeostasis.

Figure 8. SNAPIN is important in maintaining lysosomal acidic pH. J774A1 macrophage cell line stably expressing a SCR shRNA or a Snapin shRNA was incubated over-
night with a pH-sensitive pHrodo Red dextran and a pH-insensitive Alexa Fluor 488 green dextran. Then, dyes were replaced with fresh medium and the dextrans were
chased for 8 h, allowing delivery to lysosomes. The HC-pump was inhibited by incubating cells in a NaC buffer containing 2 mM concanamycin A (CcA). The leak of lyso-
somal HC was assessed by the ratio change of red:green "uorescence in J774A1 living cells by photos taken automatically in half-minute intervals. (A) Representative pho-
tos of red:green color change in the J774A1 cell lines after CcA was added. (B) The ratio of red:green "uorescence intensity in J774A1 cells was calculated and presented.
Data were obtained from 36 cells for the J774A1 SCR cell line and 42 cells for the J774A Snapin shRNA cell line. Results presented above are representative of 2 indepen-
dent experiments. Every paired time point between SCR and Snapin shRNA cells was statistically different following ANOVA and Tukey’s test (p < 0.05 at time 0 and p <
0.01–0.001 at all other time points).
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Ba"lomycin A1 has also been reported to prevent matura-
tion of AVs by inhibition of fusion between AVs and lyso-
somes.69 Recent data,36 however, demonstrates that the
inhibitory effect of ba"lomycin A1 on V-ATPase activity is
independent from AV-lysosome fusion. Our results con"rm
that treatment with ba"lomycin A1, as well as silencing SNA-
PIN, dramatically increased LC3 puncta but did not affect
colocalization of LAMP1 and LC3, suggesting no defect in AV-
lysosome fusion. Similar results were reported employing Chi-
nese hamster ovary cells treated with 100 nM ba"lomycin A1

for 2 h.70 In contrast, longer treatment for 6–12 h with ba"lo-
mycin A1 was required to identify its effect on blocking auto-
phagosome-lysosome fusion.71 These observations suggest that
the effects of ba"lomycin A1 observed in this study were due to
increased pH and not reduced AV-lysosome fusion.

Studies were performed to identify potential mechanism(s)
by which SNAPIN contributes to the maintenance of lysosomal
acidity. Although there was a modest effect on proton pump
activity, the more striking observation was the need for SNA-
PIN to prevent the loss of protons from lysosomes. The mecha-
nisms regulating the leak of lysosomal protons are
incompletely understood. Mutations of the ion channel
MCOLN1/TRPML1 (mucolipin 1) are responsible for mucoli-
pidosis type IV, which results in the accumulation of mem-
branes and lipids in cytosolic organelles.72 MCOLIN1-de"cient

cells obtained from patients with mucolipidosis type IV dem-
onstrate increased acidi"cation, suggesting that MCOLIN1
may act as a proton channel releasing protons from lyso-
somes.72 It is possible that SNAPIN may attenuate the activity
of the MCOLIN1 channel, in which case the reduction of SNA-
PIN would increase proton loss. Additionally, lysosomal cho-
lesterol may be important in preventing proton leak since
treatment of lysosomes with methyl-b-cyclodextrin results in
the loss of cholesterol and increased pH through increased
exchange of HC and KC.73 However, there has been no descrip-
tion of how SNAPIN might affect cholesterol content of any
organelle. Recently it has been demonstrated the position of
lysosomes within cells relative to the nucleus was a determinant
of the lysosomal pH. 37 Lysosomes in the periphery demon-
strate increased pH, compared with those in the perinuclear
region, due to increased permeability of protons and to
decreased V-ATPase activity.37 In macrophages, the change of
pH in SNAPIN-de"cient cells is not strictly due to mobilization
to the periphery as noted with Arl8b-transfected cells.37 The
precise molecular interaction by which SNAPIN regulates lyso-
somal permeability remains to be determined.

Our data demonstrate that SNAPIN in macrophages is
important in maintaining healthy lysosomes, which is neces-
sary for ef"cient autophagy. The role for the increased SNAPIN
in macrophages observed in in!ammatory conditions such as

Figure 9. SNAPIN facilitates lysosomal acidi!cation. J774A1 lines transformed with SCR or Snapin shRNAs were incubated overnight with a pH-sensitive pHrodo Red dex-
tran and a pH-insensitive Alexa Fluor 488 green dextran. Afterwards, dextrans in J774A1 cells were chased for 8 h. J774A1 live-cell "uorescence imaging was taken auto-
matically in half-minute intervals under a "uorescence microscope. (A) J774A1 cells were incubated with KC buffer containing 450 mM carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), a protonophore capable of dissipating the lysosomal transmembrane DpH. The ratio of red:green "uorescence, which is inversely related to pH in lyso-
somes, was measured. Re-acidi!cation of lysosomes started promptly after removing CCCP, replacing with NaC buffer alone. The ratio of red:green was calculated and
presented. (B) The rate of change of the red:green "uorescence per minute was calculated (ratiot2-ratiot1)/0.5 min) and the results plotted over time. (C) The rate of re-
acidi!cation in the !rst 2 min after CCCP removal was calculated and was summarized. !!! represents p< 0.001 following ANOVA and Tukey’s test. (D) The image demon-
strates SNAPIN expression in the J774A1 cell lines by immunoblot analysis.
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RA7 may relate to the increased need for autophagy to promote
survival or to accommodate critical functions of macrophages.
Oxidative stress, which is present in RA synovial tissue,
increases autophagy in macrophages.74 Autophagy-de"cient
macrophages demonstrate a decreased ability to protect against
active tuberculosis7576 and atherosclerosis.77,78 Further, mice
de"cient in autophagy in myeloid cells, particularly macro-
phages, demonstrate increased spontaneous in!ammation of
the lungs79,80 by enhancing NFKB activation.81 Additionally, in
TNF transgenic mice, autophagy-de"cient macrophages caused
less joint destruction due to decreased osteoclast differentia-
tion.82 Also, autophagy is important in presenting pathogenic
citrullinated antigens by macrophages and dendritic cells to
CD4C T cells,83 which may be an important mechanism in the
pathogenesis of RA. Whether the increased expression of SNA-
PIN as observed in RA macrophages protects or promotes dis-
ease pathogenesis remains to be determined. However, the role
of SNAPIN and autophagy may be particularly important in
long-lived tissue-resident macrophages,2 which are important
in suppressing in!ammation, and may depend on autophagy
for survival, in contrast to monocyte-derived macrophages,
which are readily replaced.84

Materials and methods

Cell isolation and culture

Human monocytes were isolated from the buffy coats (Life-
source, CP2D BC) by countercurrent centrifugal elutriation (JE-
6B, Beckman Coulter, Brea, CA, USA), as previously described.85

Monocytes were allowed to adhere to plastic plates for 1 h in
RPMI medium (Life Technologies, 11875–093) without serum
and were differentiated to macrophages in vitro for 7 d in RPMI
containing 20% fetal bovine serum, 1 mg/ml polymyxin B sulfate
(Sigma, 1405–20–5), 120 units/ml penicillin and streptomycin.86

The mouse J774A1 macrophage-like cell line and the HEK 293
cell line were purchased from ATCC (TIB-67 and CRL-1573)
and cultured in vitro in RPMI1640 medium (J774A1) or DMEM
(HEK293) containing 10% fetal bovine serum.

The silencing of SNAPIN

The forced reduction of SNAPIN and CTSD in primary macro-
phages was achieved by siRNA transfection. In brief, macro-
phages were transfected with 200 nM of a nonspeci"c (NS)
siRNA or SNAPIN siRNA (GACUGAGACGGCUAAACCA;
Sigma, SASI-Hs01–00205757), SNAPIN-C siRNA (CAGUAG-
CAGUGUUGAUAGATT; Santa Cruz Biotechnology, sc-
45545C), CTSD siRNA (Qiagen, SI00029813) with Lipofect-
amine 2000 (Life Technologies, 12566014), following the vend-
er’s protocol. Forty-eight h after siRNA transfection,
macrophages were collected for experiments. The HEK293
SNAPIN and J774A1 Snapin shRNA cell lines were established
by infection of lentivirus pLKO.1 puro vector (Addgene, 8453,
deposited by Bob Weinberg) expressing SNAPIN shRNA
(ACGACUGAGACGGCUAAACCA) for HEK293 and Snapin
shRNA (ACGACUAAGGCGGUUAAACCA) for J774A1 cells.
A pLKO.1 puro vector expressing a scrambled shRNA (SCR)
served as control.87

Immunoblot analysis and co-immunoprecipitation (co-IP)

Immunoblot analysis employed whole-cell protein extracts
(60 mg) prepared from macrophages or cell lines, which were
electrophoresed on SDS-PAGE 12% polyacrylamide gels and
transferred to Immobilon-P membranes (Millipore,
IPSN07852) employing a semidry electro blotter (Bio-Rad,
Hercules, CA, USA). The membranes were then blocked in 5%
nonfat milk in PBST (phosphate-buffered saline [PBS; Corning
cellgro, 21–031-CV] containing 0.2% Tween-20 [Sigma,
P1379]) and subsequently incubated overnight at 4"C with pri-
mary antibody. Membranes were washed in PBST and incu-
bated with either donkey anti-rabbit (NA935V) or anti-mouse
secondary antibodies (NA931V) conjugated with horseradish
peroxidase (1:3300 dilution; Amersham Pharmacia Biotech).
The speci"c proteins were detected employing the Enhanced
Chemiluminescent Detection Reagent (Amersham Pharmacia
Biotech, RPN2232).7 The following primary antibodies were
used: a mouse monoclonal anti-human SNAPIN (UC Davis,
NeuroMab Facility, 75–045); polyclonal antibodies recognizing
mouse and human SNAPIN (Proteintech, 10055–1-AP);
monoclonal anti-human LAMP1 (H4A3), LAMP2 (H4B4)
(both from the Developmental Studies Hybridoma Bank, Uni-
versity of Iowa), anti-mouse CTSD (Abcam, ab6313), anti-
ACTB (Sigma, A2066), and mouse anti-HSPA5/BIP (BD
Transduction Lab, 610978). Polyclonal antibodies to human
LAMP1 (9091), anti-LC3B (3868), RAB7 (9367), SQSTM1
(5114), and CTSD (2284) were purchased from Cell Signaling
Technology. The anti-CTSB (Abcam, ab33538) and anti-
NDUFS3 antibodies (Abcam, ab110246) recognize both human
and mouse species.

Co-IP was performed employing NS- or SNAPIN-siRNA-trans-
fectedmacrophage whole cell lysates (1000mg) that were immuno-
precipitated employing a mouse monoclonal anti-SNAPIN
antibody (10 mg) which was conjugated to protein A agarose
(Roche, 11719408001). Following electrophoresis the blots were
probed with antibodies to SNAPIN, LAMP1, LC3 and RAB7.
Reciprocal co-IP was performed using anti-LAMP1 antibodies.

Electron microscopy

Monocytes isolated from buffy coat were seeded onto Therma-
nox plastic coverslips (NuncLabware product, GG-12-pre) and
allowed to differentiate to macrophages, as described above.
Macrophages were then transfected with NS or SNAPIN siR-
NAs, and after 48 h cells were "xed overnight at 4"C in a 0.2 M
sodium cacodylate buffer (pH 7.4) containing 2% glutaralde-
hyde. Cells were then post-"xed in cacodylate-buffered 1%
osmium tetroxide, dehydrated, and embedded in Epon 812
(Nacalai Tesque, Inc.) for ultrathin sectioning. The cells were
stained with uranyl acetate and lead citrate and examined
employing a FEI Tecnai Spirit G2 transmission electron micro-
scope (FEI, Hillsboro, OR, USA).

Lysosome enrichment and autophagic vacuole
precipitation

The lysosomes from the J774A1 macrophage cell line were
enriched in fraction 1 (F1) by gradient ultracentrifuation
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employing a Lysosome Enrichment Kit (Thermo scienti"c,
89839)88 following cell homogenization according to the vend-
er’s recommendations. Since LC3-II was enriched in F1, AVs
were enriched employing Dynabeads protein A (Life Technol-
ogy, 10006D) conjugated with anti-LC3 antibody according to
the company’s instructions, which were subjected to immuno-
blot analysis.

Immuno"uorescence microscopy

Cells were allowed to attach to pre-cleaned 12-mm glass cov-
erslips, "xed with 4% paraformaldehyde and permeabilized
with acetone for 10 min on ice, and then blocked for 30 min
with blocking buffer in 1£PBS containing 0.3% Triton X-100
(Sigma, 9002–93–1), 3% BSA (Sigma, A3059), 5% normal goat
serum (Sigma, G9023) and immunostained with the following
antibodies alone or in combination: mouse monoclonal
human anti-SNAPIN (1:200), rabbit monoclonal anti-LAMP1
(9091), anti-RAB7 (9367) and polyclonal anti-CTSD (2284).
Secondary antibodies were Alexa Fluor 488-, 546-, or 647-con-
jugated goat antibodies to mouse IgG or rabbit IgG (Thermo
Fisher, A-11017, A-11071, A-20990). For LC3 staining, cells
were "xed with ice-cold methanol for 20 min, followed by
LC3B (D11) staining (1:200). Nuclei were counterstained with
DAPI (4,6-diamidino-2-phenylindole; Invitrogen, D1306).
BODIPY FL-pepstatin A (1 mM; Thermo Fisher, P12271) was
employed to stain the active form of CTSD. Cells were washed
with PBS containing 0.1% Triton X-100, and coverslips were
mounted using Fluoromount-G (Southern Biotech, 0100–01).
Images were acquired by !uorescence microscopy on a Nikon
TE2000E2-PFS (Nikon) with a 60£ oil immersion objective
and some images were analyzed following deconvolution, as
identi"ed in the "gures. Nikon NIS-Elements imaging soft-
ware was employed.7

Evaluation of lysosomal pH

Dextran is delivered to lysosomes via endocytosis. In order to
assess lysosomal pH, dextran labeled with pH-sensitive or
-insensitive !uorescence dyes was employed.89 Human macro-
phages transfected with NS or SNAPIN siRNAs, or incubated
2 h with 100 nM of ba"lomycin A1 (Calbiochem, 196000), were
then incubated for 2 h with the pH-sensitive dextran pHrodo
green (12 mg/ml; Thermo Fisher, P35368) and the dextran
labeled with pH-insensitive Alexa Fluor 546 (12 mg/ml;
Thermo Fisher, D22911) and chased for 6 h. Cells were "xed
with 4% paraformaldehyde overnight and nuclei stained with
DAPI for 5 min. Red and green !uorescence in single macro-
phages was measured with the Nikon NIS element imaging
software and the green to red !uorescence ratio was calculated.

Acidi!cation of autophagic vacuoles

HEK293 SNAPIN shRNA and SCR shRNA cell lines were
transfected with ptf-LC3 plasmid (Addgene, 21074; deposited
by Tamotsu Yoshimori). Ptf-LC3 expresses LC3 fused with
both GFP and RFP !uorescent tags. AVs incorporate LC3 and
appear as !uorescent puncta.34 In acidi"ed AVs, such as autoly-
sosomes, the !uorescence of RFP-GFP-LC3 is red dominant,

because green !uorescence is quenched while RFP remains sta-
ble in a low pH environment. The ratio of green to red !uores-
cence re!ects the acidi"cation in AVs.35

Lysosome-autophagosome fusion

After formation, autophagosomes fuse with lysosomes forming
an autolysosome, in which LAMP1 will remain on the outer
membrane and LC3B will localize either on the outer mem-
brane or inside the autolysosomes.90 To evaluate lysosome-
autophagosome fusion, macrophages were "xed with ice-cold
methanol for 20 min, and stained overnight with a LC3B and
LAMP1 antibodies, respectively incubated with a secondary
antibody labeled with red or green !uorescent tags. Single-posi-
tive LC3 (red) or double-positive LC3 and LAMP1 (yellow)
puncta were counted. The total number of LC3 punta in each
cell included those that were LC3 only, as well as those that
were LC3 and LAMP1 double positive. The percentage of LC3
and LAMP1 double-positive:LC3 single-positive puncta
assesses lysosome-autopagosome fusion. The Pearson’s correla-
tion coef"cient,91 which is a measure of colocalization between
LAMP1 and LC3 was measured by NIS-element imaging
software.

Endosome to lysosome traf!cking

Endocytic traf"cking to lysosomes was examined by Alexa
Fluor 488 green-labeled dextran.92 Primary human macro-
phages were incubated with 0.1 mg/ml of Alexa Fluor 488-Dex-
tran (10,000MW; Life Technology, 1441205) for 2 h at 37"C,
washed with PBS, and incubated in fresh medium for 16 h,
then "xed with 4% paraformaldehyde and examined by immu-
no!uorescence microscopy.

Lysosomal HC leak employing J774A1 macrophages

J774A1 macrophage cell lines stably expressing a SCR or
Snapin shRNA were employed. The cells were seeded on an
8-chambered coverglass plate (Lab-Tek, 155411) and incu-
bated overnight with 8 mg/ml of a pH-sensitive pHrodo
Red dextran (Life Technologies, P10361) and 30 mg/ml of a
pH-insensitive Alexa Fluor 488 green dextran (Life Technol-
egies, D22910). The medium was refreshed with normal
culture medium and cells were chased for 8 h allowing dex-
tran delivery to lysosomes. The HC-pump was inhibited by
incubating cells in isotonic NaC buffer (140 mM NaCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM glucose,
20 mM HEPES [ThermoFisher 15630080], pH 7.4) contain-
ing 2 mM V-ATPase inhibitor concanamycin A (CcA; Santa
Cruz Biotechnology, sc-202111A). The leak of lysosomal
HC in J7774A1 cells was assessed by the ratio change of red
to green !uorescence after the V-ATPase was inhibited.
Live cell ratiometric !uorescence microscopy was performed
employing a Nikon TE2000E2-PFS miscroscope. Immedi-
ately after adding CcA in NaC buffer, the cells were photo-
graphed automatically in half-minute intervals for 5 min.
The ratio of red to green !uorescence intensity in each
J774A1 cell, which is inversely related to lysosome pH, was
calculated in the imaging from each time point.
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Lysosome re-acidi!cation after dissipation of lysosomal
transmembrane DpH

J774A1 SCR shRNA and Snapin shRNA-expressing cell lines
were incubated and chased with pHrodo red dextran and Alexa
Fluor 488 dextran and underwent live cell imaging, as described
above. Lysosomal transmembrane DpH of J774A1 cells was dis-
sipated by incubating for 5 min in a KC buffer (143 mM KCl,
5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM glucose, 20 mM
HEPES, pH 7.4) containing 450 mM carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP; Calbiochem, 215911), a protono-
phore that moves protons across lipid bilayers. Re-acidi"cation
of lysosomes was initiated by replacing CCCP in KC buffer
with a NaC buffer (de"ned above). The live cell images were
taken in half-minute intervals for 10 min. The red and green
!uorescence intensity in each cell at each time point was
recorded and the ratio of red:green was calculated and pre-
sented to represent the pH change in the lysosomes.

Statistical analysis

Experimental data are presented as the mean § 1 SEM. The
statistical differences between groups were determined by Stu-
dent t test and for multiple parameters by ANOVA followed by
Tukey analysis. P values less than 0.05 were considered statisti-
cally signi"cant.

Abbreviations

ATG autophagy related
AV autophagic vacuole
CcA Concanamycin A
CCCP carbonyl cyanide m-chlorophenyl hydrazone
EGFP enhanced green !uorescent protein
F1 fraction 1
LAMP1 lysosomal-associated membrane protein 1
MAP1LC3/LC3 microtubule-associated proteins 1 light

chain 3
mRFP monomeric red !uorescent protein
MTOR mechanistic target of rapamycin
NDUFS3 NADH:ubiquinone oxidoreductase core sub-

unit S3
NFKB nuclear factor kappa B subunit
NS nonspeci"c
PtdIns3K class III phosphatidylinositol 3-kinase
RA rheumatoid arthritis
SCR shRNA scrambled shRNA
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel

electrophoresis
shRNA small hairpin RNA
siRNA small interfering RNA
SNAP25 synaptosome associated protein 25
SNAPIN SNAP associated protein
SNARE soluble NSF attachment protein receptor
SQSTM1/p62 sequestosome 1
TLR2 toll-like receptor 2
TLR4 toll like receptor 4
V-ATPase vacuolar HC-translocating ATPase
VTI1B vesicle transport through interaction with t-

SNAREs 1B
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