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I N T ​R O D ​U C T ​I O N

Lysosomes degrade extracellular material and intracel-
lular components during endocytosis and autophagy, 
respectively. The hydrolases, which degrade the pro-
teins, lipids, and polysaccharides, are optimally active in 
an acidic environment; thus, the pH of the lysosome 
lumen is maintained around 5 (Pillay et al., 2002). Acid-
ification is mediated by the vacuolar ATPase (V-AT-
Pase), which pumps protons into the lysosomal lumen 
in an ATP-dependent manner (Ohkuma et al., 1982; 
Breton and Brown, 2013). This transport generates a 
charge imbalance, which limits further proton translo-
cation and lysosomal acidification. Several counter ion 
transport pathways have been identified that allow the 
lysosomes to dissipate this membrane potential (Pillay 
et al., 2002; Steinberg et al., 2010; Mindell, 2012; Xu 
and Ren, 2015). Although these functions provide a 
mechanism for acidification, they do not explain how 
lysosomes reach their appropriate pH; i.e., there re-
mains a need for pH “sensors” to set lysosomal pH. A 
recently identified two-pore ion channel (TPC1) is a 
pH-sensitive sodium channel (Cang et al., 2014) essen-
tial for acidification during starvation-induced autoph-
agy (Cang et al., 2013). However, TPC1’s role in 
acidification appears to be limited to starvation condi-
tions; TPC1 knockout (KO) cells grown in the presence 
of sufficient nutrients have normal lysosomal pH (Cang 
et al., 2013). Therefore, there must be other pH-sensi-
tive principles that regulate acidification during endo-
some–lysosome biogenesis.

Signaling cascades able to regulate acidification of 
lysosomes include the ubiquitous second messenger 
cAMP. In pathophysiological situations where lysosomes 
are insufficiently acidified, pharmacologically increas-
ing intracellular cAMP acidifies them. For example, in 
retinal pigment epithelial cells (Liu et al., 2008) and 
fibroblasts (Coffey et al., 2014), mutations that cause 
lysosomal pH to be relatively alkaline can be rescued 
by exogenous addition of membrane-permeable cAMP. 
cAMP has also been proposed to mediate physiological 
acidification; the mean pH of lysosomes in resting mi-
croglia is ∼6, and signals that elevate intracellular cAMP 
acidify them (Majumdar et al., 2007). This cAMP-de-
pendent acidification in microglia is mediated via PKA 
(Majumdar et al., 2007).

In mammalian cells, two distinct classes of adenylyl 
cyclase generate cAMP. In addition to the family of 
widely studied, G protein–regulated, hormonally re-
sponsive, transmembrane adenylyl cyclases (tmACs), 
there exists a molecularly and biochemically distinct 
soluble adenylyl cyclase (sAC; ADCY10). sAC is widely 
expressed, and unlike tmACs, it is directly regulated 
by bicarbonate (HCO3

−) anions (Chen et al., 2000b; 
Kleinboelting et al., 2014). Because of ubiquitously 
expressed carbonic anhydrases (CAs), HCO3

− is in 
rapid equilibrium with carbon dioxide (CO2) and pro-
tons (pH). Both proton movement through the cyto-
plasm (Stewart et al., 1999; Spitzer et al., 2002) and 
pH gradients in migrating cells (Martin et al., 2011; 
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Tarbashevich et al., 2015) are dependent on CA ac-
tivity; therefore, cytoplasmic pH changes, including 
transient ones, are reflected as local changes in HCO3

− 
concentration. Thus, the CA-catalyzed CO2/HCO3/
pH equilibrium allows HCO3

−-sensing sAC to regu-
late biological functions in response to fluctuations in 
CO2 and/or pH (Tresguerres et al., 2011; Chang and 
Oude-Elferink, 2014; Levin and Buck, 2015).

We previously confirmed that sAC functions as a pH 
sensor (Tresguerres et al., 2010a; Levin and Buck, 
2015). In pH-sensing epithelial cells, extracellular pH 
induces translocation of proton-pumping V-ATPase to 
the luminal surface. This extracellular pH sensing is es-
sential for acid/base regulation and is dependent on 
intracellular sAC. In epididymis and the collecting duct 
of the kidney, luminal pH induces translocation of the 
V-ATPase to the acid-secreting surface (Breton and 
Brown, 2013). In these cells, sAC is found inside the 
cell, in a complex with V-ATPase (Păunescu et al., 
2008a), and the pH-dependent V-ATPase translocation 
is mediated via sAC in a CA- and PKA-dependent man-
ner (Pastor-Soler et al., 2003, 2008; Păunescu et al., 
2008a, 2010). A similar mechanism involving sAC and 
V-ATPase is responsible for organismal pH regulation 
in marine invertebrates (Tresguerres et al., 2010b).

Because sAC is responsible for the pH-induced trans-
locations of V-ATPase, we asked whether sAC also plays 
a role in the V-ATPase–dependent acidification of lyso-
somes. Here, we demonstrated that in the absence of 
sAC, V-ATPase does not properly colocalize with lyso-
somes, lysosomes do not fully acidify, their degradative 
activity is diminished, and autophagosomes (APs) accu-
mulate. Thus, pH-sensitive sAC is an essential regulator 
of lysosomal acidification in mammalian cells.

M AT ​E R I ​A L S  A N D  M E T ​H O D S

Cell lines and mouse
Mouse embryonic fibroblasts (MEFs) were immortal-
ized from WT and sAC KO mice (Esposito et al., 2004; 
Hess et al., 2005) using the 3T3 method or SV40 large T 
antigen (Ramos-Espiritu et al., 2016). The cells were 
grown in DMEM supplemented with 1% penicillin/
streptomycin, 10% fetal bovine serum, and 0.5% gluta-
mine, and they were genetically and functionally au-
thenticated in our laboratory. Primary neuronal cultures 
were prepared from cortices and hippocampi of embry-
onic day 15 (E15) sAC KO and WT littermate mouse 
embryos as described in Tampellini et al. (2009). sAC 
heterozygous male and female along with WT mice 
(The Jackson Laboratory) were bred to generate the 
embryos. Primary neurons were genetically authenti-
cated by allele-specific PCR and used at 12 d in vitro 
(DIV) for all experiments. WT and sAC KO mice were 
studied at 15–18 mo together with age-matched con-
trols. All cells were maintained at 37°C in 5% CO2 and 

were periodically checked for mycoplasma contamina-
tion. All animal work was performed with approval from 
the Institutional Animal Care and Use Committee of 
Weill Cornell Medical College (IAC​UC) and conforms 
to National Institutes of Health guidelines for the Care 
and Use of Laboratory Animals.

Antibodies and reagents
Mouse monoclonal antibodies to LC3 (catalog #0231-
100/LC3-5F10; Nanotools) were used for immuno-
blotting (1:300) experiments. Anti-LAMP antibodies 
(LAMP-2: catalog #ABL-93, 1/200; LAMP-1: catalog 
#H4A3 1:200) used for immunofluorescence were pur-
chased from the Developmental Studies Hybridoma 
Bank. Anti–V-ATPase subunit V1D (D-4; catalog #SC-
166218; Santa Cruz Biotechnology, Inc.) was used 
at 1:200 for immunofluorescence and 1:500 for im-
munoblotting. Anti–V-ATPase subunit V1B2 (catalog 
#AB73404; Abcam) was used at 1:200 for immunoflu-
orescence and 1:500 for immunoblotting. LysoTracker 
red DND-99 (500 nM), Dextran conjugated with Flu-
orescein and Tetramethylrhodamine, 70,000 mol wt 
(2.5 mg/ml), BOD​IPY-FL–Pepstatin A, and DQ-BSA 
(10 µg/ml) were purchased from Thermo Fisher Sci-
entific. Rabbit polyclonal anti-GAP​DH (catalog #14C10; 
1:5,000) and anti-Actin (catalog #13E5; 1:5,000) were 
purchased from Cell Signaling Technology. Ammo-
nium chloride (NH4Cl), bafilomycin A1, KT5720, leu-
peptin, E64D, Pepstatin A, and MG132 were purchased 
from Sigma-Aldrich. Sp-8-cpt-cAMP was purchased 
from Biolog Life Science Institute. We applied second-
ary antibodies conjugated to Alexa Fluor 488 or 546 (IF 
1:1,000). The MTT assay kit was bought from Roche, 
and the experiment was performed according to the 
manufacturer’s protocol.

Cellular cAMP accumulation
Cellular cAMP accumulation was determined as per-
formed previously (Bitterman et al., 2013). In brief, 2.5 
× 105 WT or sAC KO MEFs were plated in each well of a 
24-well plate in DMEM supplemented with 10% fetal 
bovine serum. The next day, cells were pretreated with 
30 µM KH7 or DMSO (vehicle control) for 10 min, fol-
lowed by the addition of 500  µM IBMX and 50  µM 
dipyridamole. After 5 min at 37°C, media was aspirated, 
and the cells were lysed with 200 µl of 0.1 M hydrochlo-
ric acid (HCl) per well. Intracellular cAMP content was 
determined using Correlate-EIA cAMP Direct Assay 
(Assay Designs, Inc.).

Lysosomal pH assay
The measurement of lysosomal pH by confocal mi-
croscopy is based on the use of the ratiometric assay 
of pH-sensitive fluorescein fluorescence to pH-insen-
sitive rhodamine fluorescence as described previously 
(Majumdar et al., 2007). In brief, cells were incubated 
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overnight (∼16 h) with 2.5 mg/ml dextran conjugated 
to both fluorescein and rhodamine (70,000 mol wt; 
D1951; Invitrogen) in complete growth media, includ-
ing 25 mM HCO3

−, and grown in 5% CO2. Cells were 
washed four times in complete media and chased for 
4 h to allow the dextran to traffic to the lysosomes. The 
cells were then washed with medium 2 buffer (150 mM 
NaCl, 20 mM HEP​ES, pH 7.4, 1 mM CaCl2, 5 mM KCl, 
and 1 mM MgCl2) and were imaged on a heated stage 
at 37°C. 15–20 images were collected over a period of 
5–10 min for each condition. The ratio of fluorescein 
to rhodamine fluorescence was determined for each 
individual lysosome. Images were analyzed using Meta-
Morph image processing software (Molecular Devices). 
For all experimental sets, cross-talk of the fluorophores 
was negligible. An independent standard curve was gen-
erated for each experimental day after fixing and equili-
brating the fluorescein-rhodamine-dextran–loaded cells  
to a range of pH buffers. To accurately assess the acidic 
pH of normal lysosomes, the gain of the microscope was 
optimized with the calibration buffer at pH 5; this gain 
was maintained during data acquisition for all pH con-
trols and for all experimental conditions. Preliminary 
experiments revealed that sAC inhibition required in 
excess of 6 h to see an effect. Where appropriate, cells 
were incubated with 30 µM KH7 for 10 h and/or 500 
µΜ Sp-8-cpt-cAMP analogue for 1 h in the presence or 
absence of 50  µM KT5720, and cells were imaged as 
mentioned above. KH7 exhibits intrinsic fluorescence, 
but neither its excitation peak at 354 nm nor its emis-
sion peak at 395 nm interfered with the fluorescein 
and rhodamine fluorescence used to measure pH. In 
contrast, for the PKA experiments, we were limited to 
the use of the PKA inhibitor, KT5720, because H89 ex-
hibited intrinsic fluorescence, which interfered with 
rhodamine quantitation.

Immunofluorescence
Immunofluorescence was performed as previously de-
scribed (Tampellini et al., 2009). After treatment, cells 
were fixed in 4% PFA with 2% sucrose for 20 min, per-
meabilized, and blocked in PBS containing 2% normal 
goat serum, 0.1% saponin, and 1% BSA at room tem-
perature for 1 h. After washing coverslips three times 
with PBST, coverslips were mounted with Fluoro-
mount-G (SouthernBiotech). For V-ATPase subunits, 
cells were fixed in ice-cold methanol for 5 min, blocked 
as described above, and then incubated with the pri-
mary antibodies for 48  h. Cells were viewed using an 
LSM 510 laser-scanning confocal microscope (ZEI​SS) 
and a 63×, 1.4 NA Plan Apochromat objective equipped 
with HeNe 633 nm/HeNe 543 nm/Argon (458, 488 
nm) imaging lasers. In dual-labeled experiments, chan-
nels were used sequentially to avoid bleed through. 
MetaMorph software 7.5 (Universal Imaging Co.) was 
used for quantitative analysis.

500 nM LysoTracker DND-99 was added for 30 min at 
37°C to the cells. To quantify LysoTracker fluorescence, 
50–70 cells were randomly imaged in total from three 
different coverslips for each independent experiment. 
Cells were viewed using an LSM 510 laser-scanning con-
focal microscope and a 63×, 1.4 NA Plan Apochromat 
objective equipped with HeNe 633 nm/HeNe 543 nm/
Argon (458, 488 nm) imaging lasers. LysoTracker inten-
sity, or the number of LysoTracker puncta, was mea-
sured and normalized to cytoplasmic area of the cell 
using MetaMorph software 7.5. Intensity threshold was 
set to remove background fluorescence.

Active Cathepsin D (CatD) was visualized by incubat-
ing cells in 5 µM BOD​IPY-FL–Pepstatin A for 1 h. Cells 
were then fixed with 4% PFA and visualized as described 
above. DQ-BSA degradation was evaluated in cells incu-
bated overnight at 37°C with medium containing 10 
µg/ml DQ-BSA followed by 4-h chase. For some experi-
ments, after fixation, cells were counterstained with 
LAMP2 antibody overnight and visualized with Alexa- 
conjugated secondary antibody. For quantification of 
BOD​IPY-FL–Pepstatin A and DQ-BSA, three coverslips 
from each condition were analyzed, 20 cells per covers-
lip. Using the integrated morphometric analysis feature 
in MetaMorph, the number of puncta and fluorescence 
intensity of the puncta were measured.

Cellular protein degradation
Proteolysis in cultured cells was measured by pulse-
chase experiments (Auteri et al., 1983; Kaushik and  
Cuervo, 2009). In brief, confluent cells were labeled 
with [3H]leucine (6 µCi/ml) for 48 h at 37°C to prefer-
entially label long-lived proteins. After labeling, cells 
were extensively washed and maintained in complete 
growth medium (DMEM + 10% fetal bovine serum + 
0.5% glutamine) with an excess of unlabeled leucine 
(2.8 mM; Sigma-Aldrich) to prevent reutilization of ra-
diolabeled leucine. Aliquots of the medium were taken 
at different time points and precipitated with 10% tri-
chloroacetic acid (TCA) and 0.5 mg/ml BSA. Proteoly-
sis was measured as the percentage of acid-soluble 
radioactivity (amino acids and small peptides) divided 
by the initial acid insoluble radioactivity (protein).

Proteasome inhibition
WT and sAC KO MEFs were plated in 96-well plates (5 × 
103 per well) and treated with the indicated concentra-
tions of the proteasome inhibitor MG132. Cellular 
growth was determined after 24 h by MTT assay.

Protein extraction and Western blotting
Immunoblotting was performed according to standard 
protocol. In brief, to prepare samples for SDS-PAGE, 
cells were lysed in buffer containing 50  mM Tris, pH 
7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and 
0.5% Tween-20 with protease and phosphatase inhibi-
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Figure 1.  In the absence of sAC activity, lysosomal pH is elevated. (A) Representative images of WT or sAC KO 3T3 MEFs loaded 
with dextran beads conjugated to pH-insensitive rhodamine (red) and pH-sensitive fluorescein (green). Bar, 10 µm. (B) Frequency dis‑
tribution of lysosomal pH measured as fluorescein/rhodamine ratios of individual lysosomes in WT and sAC KO 3T3 MEFs. Lysosomal 
pH values were determined from calibration curves generated from permeabilized cells in various pH buffers (Fig. S2). Number of 
lysosomes counted: WT = 3,141, KO = 3,559, n = 18 (from six independent experiment days). (C) Mean lysosomal pH in WT and sAC 
KO 3T3 MEFs in the absence or presence of KH7 or cAMP calculated from data shown in B, D, and E. (D) Frequency distribution of 
lysosomal pH in WT (WT+KH7) and sAC KO (KO+KH7) 3T3 MEFs treated with 30 µM KH7 for 10 h. Shown for comparison are the 
frequency distribution curves of WT and sAC KO MEFs from B. Number of lysosomes counted: WT+KH7 = 2,036, n = 12; KO+KH7 
= 395, n = 3. (E) Frequency distribution of lysosomal pH in WT (WT+cAMP) and sAC KO (KO+cAMP) 3T3 MEFs treated with 500 µM 
Sp-8-cpt-cAMP for 60 min. Shown for comparison are the frequency distribution curves of WT and sAC KO MEFs from B. Number 
of lysosomes counted: KO+cAMP = 2,003, n = 12; WT+cAMP = 579, n = 3. (F) Frequency distribution of lysosomal pH in WT and 
sAC KO SV40 MEFs. Number of lysosomes counted: WT = 904, sAC KO =1,089, n = 6. (G) Mean lysosomal pH in WT and sAC KO 
SV40 MEFs calculated from data shown in F. (H) Frequency distribution of lysosomal pH in sAC KO 3T3 MEFs alone (KO), treated 
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tors. Either 10 or 15% gels were run according to pro-
tein weight, and after electrophoresis, proteins were 
transferred onto 0.45 µm PVDF membranes (EMD Mil-
lipore). The membrane was incubated overnight in pri-
mary antibody and then incubated with HRP-conjugated 
secondary antibody. The blot was developed by ECL-kit 
(GE Healthcare). Visualization and band quantification 
were performed with a gel imager, ChemiDoc XRS sys-
tem (Bio-Rad Laboratories). Protein concentration in 
cellular extracts was quantified using the DC Protein 
Assay (Bio-Rad Laboratories).

Electron microscopy
Brain sections were prepared for electron microscopy 
as previously described (Milner et al., 2011). In brief, 
the brains of 15–18-mo-old WT and sAC KO male 
mice were perfused with 3.75% acrolein and 2% para-
formaldehyde in 0.1  M phosphate buffer. Coronal 
hippocampal sections (40 µm thick) were embedded 
in plastic, cut (70 nm thick) on an Ultratome, and 
collected on copper mesh grids. To prepare cells for 
electron microscopy, they were treated as required 
and fixed with 2% glutaraldehyde for 2 h at 4°C, fol-
lowed by postfixation in 1% osmium tetroxide for 1 h 
at 4°C. The samples then were embedded in plastic, 
cut (70 nm thick), and collected on grids. Grids were 
counterstained with 5% uranyl acetate followed by 
Reynolds lead citrate (sections only) and viewed with 
a CM10 transmission electron microscope (Philips). 
Grids were photographed and analyzed by a person 
blind to the experimental condition. For quantitative 
analysis, images from 15 entire cells were photo-
graphed in each experimental group. Autophagic 
vacuoles (AVs) were identified using criteria de-
scribed by Lee et al. (2010) and counted on electron 
micrographs (135,000 magnification). Cytosol area 
was determined using ImageJ (National Institutes of 
Health). Results were expressed as the number of vac-
uoles per square micrometer.

Statistical analysis
Statistical comparisons were made using two-tailed un-
paired t tests with significance placed at P < 0.05. One 
set of MEFs grown separately in individual dishes were 
considered as one independent experiment (n = 1). A 
set of primary neuronal culture prepared from one 
mouse embryo was also considered as one independent 
experiment. Data are expressed as mean ± SEM. Statisti-
cal analysis was performed using Excel (Microsoft). 
Error bars represent ±SEM.

Online supplemental material
Fig. S1 shows the functional characterization of the sAC 
KO MEFs. Fig. S2 shows the controls for the ratiometric 
measurement of lysosomal pH by confocal microscopy 
using pH-sensitive fluorescein fluorescence and pH-in-
sensitive rhodamine fluorescence. Fig. S3 shows that 
sAC regulates localization of V-ATPase subunit V1D to 
lysosomes. Fig. S4 shows that LysoTracker staining re-
flects organellar acidification in MEFs. Fig. S5 shows im-
paired lysosomal degradation in sAC KO MEFs. Fig. S6 
shows that in the absence of functional sAC, APs accu-
mulate in neurons and Huh7 cells.

R E S ​U LT S

Lysosomal acidification is dependent on sAC activity
We derived MEF cell lines from sAC KO mice and from 
their WT littermates (Ramos-Espiritu et al., 2016). sAC 
KO 3T3 MEFs (hereafter referred to as sAC KO MEFs) 
generate less cAMP than WT MEFs, and unlike in WT 
MEFs, all the cAMP generated in sAC KO MEFs is insen-
sitive to the sAC-specific inhibitor KH7 (Fig. S1). To 
quantify the pH of individual lysosomes in these MEF 
lines, we used ratiometric imaging of fluorescein (pH 
sensitive) and rhodamine (pH insensitive) dextran 
beads (Majumdar et al., 2007). The pH-sensitive nature 
of this dual-emission probe is demonstrated in Fig. S2. 
With decreasing pH, the pH-sensitive fluorescein 
(green) fluorescence is quenched, while the pH-insen-
sitive rhodamine (red) fluorescence remains unchanged 
(Fig. S2, A and B); thus, the green/red ratio identifies 
each lysosome and determines its specific pH (Fig. S2 
C). We confirmed the ability of this ratiometric method 
to measure changes in lysosomal pH by demonstrating 
alkalinization of lysosomes in WT cells perfused with 
20 mM NH4Cl (Fig. S2, D and E). Using this quantitative 
method, lysosomal pH in WT MEFs was found to average 
4.7 ± 0.1, consistent with previously published studies 
(Fig. 1, A–C; Ohkuma and Poole, 1978; Lee et al., 2010; 
Cang et al., 2013). In contrast, the mean pH of lyso-
somes in sAC KO MEFs was significantly higher, with 
their mean pH of 5.3 ± 0.1 (P < 0.001). In addition to 
having a higher mean pH, the distribution of pH values 
across all lysosomes was broader in sAC KO cells (Fig. 1 B).

We confirmed the elevated lysosomal pH and altered 
distribution pattern was caused by loss of sAC in three 
ways; we pharmacologically inhibited sAC using the 
specific inhibitor, KH7 (Bitterman et al., 2013); we res-
cued the sAC KO phenotype by supplying cells with its 
product, cAMP; and we confirmed the elevated lyso-

with 500 µM Sp-8-cpt-cAMP (KO+cAMP), or treated with 500 µM Sp-8-cpt-cAMP in the presence of 50 µM PKA inhibitor, KT 5720 
(KO+cAMP+KT). Number of lysosomes counted: KO = 442, KO+cAMP = 250, KO+cAMP+KT = 1,024, n = 3 (from two independent 
experiment days). Data are distinct from the experiments shown in A–E. (I) Mean lysosomal pH in sAC KO 3T3 MEFs calculated from 
data shown in H. All values are given as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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somal pH in a sAC KO MEF line immortalized by an 
independent method (Ramos-Espiritu et al., 2016). 
Pharmacologically inhibiting sAC in WT cells altered 
lysosomal pH to a similar extent as the changes ob-
served in sAC KO cells. Incubating WT cells with KH7 
shifted the distribution and elevated the mean pH of 
lysosomes from 4.7 ± 0.1 to 5.2 ± 0.2 (P < 0.01). As ex-
pected, KH7 had no effect on sAC KO cells (Fig. 1, C 
and D). If the altered lysosomal pH in sAC KO MEFs is 
caused by the absence of sAC, addition of cAMP should 
rescue the phenotype. In microglia, elevation of intra-
cellular cAMP acidified lysosomes within 45 min (Ma-
jumdar et al., 2007); therefore, we tested whether 
addition of cAMP for 1 h could affect lysosomal pH in 
sAC KO cells. Although supplying membrane-perme-
able cAMP did not affect lysosomal pH in WT cells, it 

reduced the mean pH in sAC KO lysosomes to 4.5 ± 0.3 
(P < 0.001; Fig. 1, C and E). Finally, we confirmed that 
the elevated lysosomal pH in sAC KO 3T3 MEFs is not 
an artifact of their immortalization. Similar to the phe-
notype in sAC KO MEFs immortalized by the 3T3 
method (Fig. 1, A–C), lysosomes in an independently 
derived line of sAC KO MEFs immortalized using SV40 
large T antigen (SV40 KO MEFs; Ramos-Espiritu et al., 
2016) had an elevated mean pH and a wider distribu-
tion of pH values relative to WT SV40-immortalized 
MEFs (Fig. 1, F and G). Thus, in the absence of sAC, 
lysosomal pH is elevated in a cAMP-dependent manner.

During activation of microglia, cAMP-dependent 
acidification of lysosomes is at least partially mediated 
via PKA (Majumdar et al., 2007). We took advantage 
of the ability to rescue lysosomal acidification in sAC 

Figure 2.  sAC regulates V-ATPase 
localization to lysosomes. (A) Repre‑
sentative immunoblot of the V-ATPase 
subunit V1B2 along with GAP​DH, 
which was used for loading control. 
Shown are whole cell extracts from 
three independently grown cultures 
of WT and sAC KO MEFs. n = 3. (B) 
Double-immunofluorescence labeling 
of V-ATPase V1B2 subunit (red) and 
LAMP2 (green) in WT, sAC KO, and 
sAC KO MEFs treated with 500  µM 
sp-8-cpt-cAMP for 1  h. Note the dif‑
fused cytosolic staining of V1B2 in KO 
cells. Bar, 10 µm. (C) Quantification of 
the colocalization between V1B2- and 
LAMP2-positive lysosomes. All values 
are given as mean percentage ± SEM. 
*, P < 0.05; **, P < 0.01.
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KO MEFs to probe the mechanism by which sAC-gen-
erated cAMP acidifies lysosomes in normally growing 
fibroblasts. cAMP rescue was unaffected by the addi-
tion of cycloheximide (not depicted), demonstrating 
that cAMP’s effects on acidification are not dependent 
on new protein synthesis and consistent with cAMP act-
ing via posttranslational signaling events. Inhibition of 
PKA using either a lower, more selective dose (10 µM; 
not depicted) or a saturating dose (50 µM) of the spe-
cific inhibitor KT5720 (IC50 for PKA = 3 µM; Davies et 
al., 2000) partially blocked the ability of cAMP to res-
cue lysosomal acidification in sAC KO cells (Fig. 1 H). 
In these experiments, the mean pH of lysosomes in 
sAC KO MEFs was 5.4 ± 0.2 (Fig. 1 I), and incubation in 
membrane-permeable cAMP for 1 h reduced the mean 
pH of sAC KO MEFs to 4.4 ± 0.1, which was nearly iden-
tical to the mean pH in WT MEFs (pH = 4.5 ± 0.2; not 
depicted). In contrast, the mean pH of lysosomes in 
sAC KO MEFs treated with cAMP in the presence of 
KT5720 for 1 h only reached 4.8 ± 0.1 (Fig. 1 I). Thus, 
at least part of cAMP’s ability to rescue the acidification 
defect in sAC KO MEFs is mediated via PKA, and there 
are possibly multiple cAMP-dependent pathways influ-
encing lysosomal pH.

sAC regulates lysosomal acidification by ensuring 
proper V-ATPase localization to lysosomes
In pH-sensing epithelia, sAC-generated cAMP is respon-
sible for translocation of the proton-pumping V-ATPase 
(Pastor-Soler et al., 2003; Păunescu et al., 2008b, 2010) 
via PKA (Pastor-Soler et al., 2008; Păunescu et al., 2010). 
Therefore, we asked whether sAC-dependent lysosomal 
acidification is dependent on proper localization of 
the V-ATPase. The V-ATPase is comprised of multiple 
subunits, and we assessed V-ATPase localization on lyso-
somes by double-immunofluorescence labeling of the 
lysosomal marker LAMP2 with either of two different cy-
toplasmic (V1) domain V-ATPase subunits, V1B2 or V1D. 
Total protein levels of both V1B2 (Fig. 2 A) and V1D (Fig. 
S3 A) were unchanged in WT versus sAC KO cells; thus, 
loss of sAC did not affect the amount of V-ATPase in cells. 
In WT cells, the majority of both V1B2 (Fig. 2, B and C) 
and V1D (Fig. S3 B) colocalized with LAMP2-positive ves-
icles. In contrast, in sAC KO cells, fewer LAMP2-positive 
vesicles were costained with the V-ATPase subunit anti-
bodies (Fig. 2 C and Fig. S3 B), and both subunits were 
more diffusely distributed throughout the cytoplasm 
(Fig. 2 B and Fig. S3 B). To determine whether this al-
tered staining pattern correlated with the acidification 

Figure 3.  sAC is essential for organ-
ellar acidification in primary neurons 
and human Huh7 cells. (A) Representa‑
tive images of staining with LysoTracker 
(red) in WT or sAC KO 12 DIV neurons 
grown in the absence or presence 
of 30 µM KH7 (3 h), with 100 nM Lys‑
oTracker included for the final 30 min. 
(B) Quantified LysoTracker intensity in 
neurons. (C) Representative images of 
staining with LysoTracker (red) in human 
Huh7 cells treated with 30 µM KH7 (or 
30 µM KH7.15) for 10 h, with 100 nM 
LysoTracker included for the final 30 
min. (D) Quantified LysoTracker inten‑
sity in Huh7 cells. For B and D, Lyso
Tracker intensity was quantified using 
MetaMorph in multiple cells from three 
independent experiments. All values 
are given as mean ± SEM. *, P < 0.05; 
**, P < 0.01; ***, P < 0.002.
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defect, we assessed V-ATPase subunit localization under 
conditions that rescued the lysosomal acidification in 
sAC KO cells. Addition of membrane-permeable cAMP 
for 1 h, which rescued the phenotypic defect in sAC KO 
cells (Fig.  1, C and E), restored LAMP2 colocalization 
with both V-ATPase subunits (Fig. 2, B and C; and Fig. 
S3 B). Thus, sAC-generated cAMP is responsible for both 
proper localization of V-ATPase subunits and acidifica-
tion of lysosomes.

Organelle acidification via sAC is a 
general phenomenon
Lysosomal dysfunction and defective autophagy have 
been linked to age-related neurodegenerative diseases, 
which arise when neurons erroneously accumulate 
long-lived or misfolded proteins and damaged organ-
elles (Menzies et al., 2015). Therefore, we asked whether 
sAC is essential for lysosomal acidification in neurons. 
To examine organelle acidification in primary neurons, 

Figure 4.  Lysosomal proteolytic degradation 
defect in the absence of sAC. (A) Representa‑
tive images of WT and sAC KO MEFs stained 
with BOD​IPY-FL–Pepstatin A. (B) BOD​IPY-FL–
Pepstatin A intensity was quantified using Meta‑
Morph in multiple cells from three independent 
experiments. All values are given as mean fluo‑
rescence intensity per cell area ± SEM. ***, P < 
0.001. (C) Representative images of WT and sAC 
KO MEFs stained with 10 µg/ml DQ-BSA. (A and 
C) Bars, 10 µm. (D) DQ-BSA intensity was quanti‑
fied using MetaMorph in multiple cells from three 
independent experiments. All values are given as 
mean ± SEM. *, P < 0.05. (E) Total Protein turn‑
over is quantified as percent proteolysis (i.e., the 
percentage of acid-soluble radioactivity [amino 
acids and small peptides] divided by the initial 
acid-insoluble radioactivity [protein]) in WT and 
sAC KO MEFs after incorporation of [3H]leucine 
(n = 15, four independent experiment days). As 
control, proteolysis was assessed in the presence 
of NH4Cl in both WT (WT+NH4) and in sAC KO 
MEFs (KO+NH4). Error bars represent ±SEM. (F) 
WT (blue circles) and sAC KO (red squares) MEFs 
were plated in 96-well plates (5 × 103 per well) 
and treated with increasing concentrations of 
the proteasome inhibitor MG132 for 24  h. The 
percentage of growth was determined by MTT 
assay. Results are presented as percent viability 
relative to cells in the absence of any drug; data 
graphed are the mean of triplicate determina‑
tions (±SEM) of a representative experiment re‑
peated three times.
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Figure 5.  APs accumulate in the absence of sAC activity. (A) Representative immunoblot of the autophagic markers LC3-II and 
p62 in three independent cultures of WT and sAC KO MEFs. This immunoblot is a reprobing of the blot shown in Fig. 2 A; therefore, 
the GAP​DH control showed in Fig. 2 A is also relevant for this immunoblot. (B) Densitometric analysis of LC3-II and p62, normal‑
ized to GAP​DH, in WT (gray bars) and sAC KO (black bars) MEFs. n = 6. (C) Representative immunoblot of LC3-II in sAC KO MEFs 
grown in the presence of 500 µM Sp-8-cpt-cAMP for the indicated time. GAP​DH was used as loading control. (D) LC3-II immunoblot 
levels in WT and KO 3T3 MEFs after 6 h of serum starvation. GAP​DH is used as loading control. (E) Densitometric analysis of LC3-II 
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which proved to be unsuitable for use with dextran con-
jugates, we took advantage of LysoTracker, a qualitative 
acidic pH indicator dye, which is enriched and strongly 
fluoresces in compartments that have a pH below 5 
(Lee et al., 2010). We first confirmed that LysoTracker 
reproduced the lysosomal acidification defect observed 
in sAC KO MEFs. As a qualitative marker of organelle 
acidity, we limited our use of LysoTracker to compare 
overall fluorescence intensity or number of acidic 
puncta within a cell line before and after pharmacolog-
ical treatment. In WT MEFs, the number of LysoTracker 
puncta (Fig. S4) and overall intensity (not depicted) 
was unaffected by cAMP addition. In contrast, cAMP in-
creased the number of LysoTracker-positive puncta 
(Fig. S4) and overall intensity (not depicted) in sAC KO 
MEFs. Thus, LysoTracker staining reflects the ability of 
cAMP to rescue the lysosomal acidification defect in 
sAC KO cells demonstrated quantitatively above (Fig. 1, 
C and E). LysoTracker intensity of 12 DIV WT primary 
neurons was diminished when sAC was inhibited using 
KH7 (Fig. 3, A and B). These effects of KH7 were specif-
ically mediated via inhibition of sAC activity because the 
same treatment was inert on 12 DIV sAC KO neurons. 
KH7, but not the inert structurally related KH7.15 (Wu 
et al., 2006), also diminished LysoTracker intensity in a 
human liver cancer cell line, Huh7 (Fig. 3, C and D). 
These data demonstrate that sAC regulates organellar 
acidification in different cell types and in mouse and 
human cells and is most likely a general phenomenon. 
These data also suggest that sAC’s role in organellar 
acidification may expand beyond acidifying endosomes 
into lysosomes. The quantitative dextran conjugate 
method is biased toward those lysosomes actively in-
volved in the endocytotic pathway, whereas LysoTracker 
identifies all acidic vesicles.

Lysosomal degradation is diminished in 
the absence of sAC
The lysosomal cathepsins and hydrolases that degrade 
proteins, lipids, and polysaccharides are optimally ac-
tive in the acidic (i.e., pH < 5) lumen of the lysosome 
(Pillay et al., 2002). Because fewer lysosomes achieve 
the acidic pH necessary for optimal degradation in sAC 
KO cells (Fig. 1, A and B), we asked whether protein 
degradation was affected in sAC KO MEFs. We first ex-
amined the consequences of elevated lysosomal pH by 

assessing the activity of lysosomal cathepsins, specifically 
CatD. Fluorescently tagged BOD​IPY-FL–Pepstatin A 
binds to CatD only when the CatD active site is in an 
open state under acidic conditions (i.e., ∼pH 4.5; Chen 
et al., 2000a). As expected, in WT control cells, BOD​IPY- 
FL–Pepstatin A fluorescence intensity (Fig. 4, A and B) 
and number of puncta (Fig. S5 A) were decreased when 
lysosomal pH was chemically elevated by incubating 
cells in NH4Cl (Fig. 4 B and Fig. S5 A). Loss of sAC, both 
in sAC KO cells (Fig. 4, A and B) and in WT cells treated 
with KH7 (Fig. 4 B), decreased BOD​IPY-FL–Pepstatin A 
fluorescence intensity and puncta (Fig. S5 A) relative to 
WT cells. Thus, in the absence of sAC, there is dimin-
ished catalytically active CatD.

We confirmed the diminished proteolytic activity in 
sAC KO lysosomes using DQ-BSA, a fluorogenic self-
quenched probe. DQ-BSA is internalized via the endo-
somal pathway and is dequenched when proteolytically 
cleaved in the lysosome. sAC KO MEFs had lower DQ-
BSA fluorescence intensity (Fig. 4, C and D) and fewer 
puncta (Fig. S5 B) relative to WT MEFs. Similar to the 
elevated lysosomal pH and defective V-ATPase traffick-
ing, the impaired lysosomal degradation of DQ-BSA in 
sAC KO cells was rescued by exogenous cAMP. Treat-
ment of KO cells with membrane-permeable cAMP in-
creased DQ-BSA fluorescence intensity (Fig. 4 D) and 
puncta (Fig. S5 B). Interestingly, a subset of KO cells 
showed large DQ-BSA–positive puncta that colocalized 
with LAMP2-stained vesicles (Fig. S5 C). Large vesicles 
were not observed in WT cells. The nature of these ves-
icles remains under investigation.

Unlike the defect in lysosomal proteolysis in sAC KO 
cells, when we examined overall protein turnover in met-
abolic labeling experiments, the kinetics of protein turn-
over were indistinguishable between WT and sAC KO 
MEFs (Fig. 4 E), and both were similarly affected when 
turnover was pharmacologically inhibited using NH4Cl. 
In addition to lysosomal degradation, cells turn over pro-
teins via the proteasome. When we attempted to use the 
proteasomal inhibitor MG132 to study lysosomal degra-
dation in the absence of proteasomal degradation, we 
discovered that survival of sAC KO MEFs was more sen-
sitive to MG132 than WT MEFs (Fig. 4 F). This increased 
dependence on proteasomal degradation for viability 
suggests proteasome-mediated proteolysis compensates 
for diminished lysosomal activity in sAC KO MEFs.

immunoblot from D normalized to GAP​DH. Autophagic induction is unaltered in WT and sAC KO cells. Ratio of LC-II in starvation/
control is 1.2 and 1.7 for WT and sAC KO, respectively. (F) LC3 and p62 immunoblot levels in WT and KO 3T3 MEFs with and without 
treatment with 100 nM Bafilomycin A1 (BafA) for 6 h. Protein levels of each protein were normalized to GAP​DH as an internal control. 
(G) Densitometric analysis of LC3-II immunoblot from F normalized to GAP​DH. n = 3. (H) Densitometric analysis of p62 immunoblot 
from F normalized to GAP​DH. n = 3. (I) LC3 immunoblot of WT and KO 3T3 MEFs treated with 20 mM NH4Cl for 6 h. Protein levels 
were normalized to GAP​DH as an internal control. (J) Densitometric analysis of LC3-II from I. n = 3–5 per experimental group. (K) LC3 
immunoblot of WT and KO 3T3 MEFs treated with and without lysosomal protease inhibitors (PI) for 6 h (20 µM Leupeptin, 20 µM 
Pepstatin A, and 10 µM E64D). Protein levels were normalized to GAP​DH as an internal control. (L) Densitometric analysis of LC3-II 
from K. n = 3–5 per experimental group. All values are given as mean ± SEM. *, P < 0.05; **, P < 0.01.
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Figure 6.  Electron-dense AVs accumulate in the absence of sAC activity. (A) AVs were subcategorized based on their morphol‑
ogy. AP: double membrane structures and/or double membrane structure containing undigested organelles; EAL: single mem‑
brane structures containing partially digested electron-dense material; LAL: single membrane structures containing amorphous 
electron-dense material. Double arrows represent double membrane, and single arrow represents single membrane. (B) Quantita‑
tive analysis of the number of AVs in WT, WT+KH7, and sAC KO MEFs. n = 10 cells/condition, two independent experiments. **, P 
< 0.02. (C) Representative electron micrographs of hippocampal dentate granule cells in WT and sAC KO aged mice. High-magnifi‑
cation views of the boxed areas below show examples of AVs in KO mice. (D) Quantitative analysis of the number of AVs in WT and 
sAC KO granular cells of the dentate gyrus. n = 3 mice/condition; n = 10 cells/mouse. ***, P < 0.002. (E) Representative electron 
micrographs of the pyramidal cells of the CA1 in WT and sAC KO aged mice. High-magnification views of the boxed areas below 
show examples of AVs in KO mice. Bars: (A, C [bottom], and E [bottom]) 500 nm; (C and E, top) 2 µm. (F) Quantitative analysis of the 
number of vacuoles in WT and sAC KO pyramidal cells of the CA1 of the hippocampus. n = 3 mice/condition; n = 10 cells/mouse.  
*, P < 0.05. All values are given as mean ± SEM.
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sAC KO cells accumulate AVs
Macroautophagy (hereafter autophagy), the major lyso-
somal degradative pathway in cells, is responsible for 
degrading long-lived proteins, organelles, and protein 
aggregates (Klionsky, 2007; Mizushima, 2007). It in-
volves sequestration of cytosolic regions into character-
istic double-membrane APs that fuse with lysosomes 
(Yamamoto et al., 1998; Klionsky et al., 2012) to form 
single-membrane degradative autophagolysosomes 
(ALs). Because sAC KO cells have less acidic lysosomes 
(Fig. 1, A and B) and reduced lysosomal proteolytic ca-
pacity (Fig.  4), we hypothesized that the autophagic 
degradative system may also be impaired. The auto-
phagic markers, LC3-II and p62 were more abundant in 
sAC KO MEFs (Fig. 5, A and B) and primary neurons 
from sAC KO mice (Fig. S6, A–C) compared with their 
WT counterparts. Similar to elevated lysosomal pH, mis-
localization of V-ATPase, and decreased lysosomal pro-
teolysis, this elevation of LC3-II in sAC KO MEFs was 
rescued by the addition of exogenous membrane-per-
meable cAMP (Fig. 5 C). And the time course of this 
rescue was consistent with the time course of cAMP-de-
pendent acidification of microglia (Majumdar et al., 
2007); it required >30 min and was complete after 1 h.

Inhibition of sAC activity using KH7 also increased 
LC3-II and p62 accumulation in WT neurons, but not 
in sAC KO neurons (Fig. S6, A–C), and in a time-depen-
dent manner in Huh7 cells (Fig. S6 D). Interestingly, 
sAC KO neurons as well as WT neurons treated with 
KH7 (but not sAC KO neurons treated with KH7) also 
exhibit an increase in the soluble, cytoplasmic isoform 
of LC3, LC3-I (Fig. S6 A). This increase seems to reflect 
an up-regulation of total LC3, which may represent an 
additional compensation mechanism.

Autophagic markers will accumulate when there is in-
creased AV formation or diminished lysosome-mediated 
clearance. As expected, when we induced autophagy by 
serum starvation, LC3-II levels increased in WT MEFs 
(Fig. 5, D and E), reflecting increased flux through the 
pathway. In response to serum starvation, LC3-II levels 
in sAC KO MEFs also increased, although in the KO cells 
the proportional increase over the already elevated level 
of LC3-II was less than in WT cells. Because sAC KO cells 
remain responsive to nutrient starvation, it suggests 
their accumulation of autophagic markers is not caused 
by constitutive induction. We next explored the effects 
of blocking AV clearance (a) with the V-ATPase inhibitor 
bafilomycin A1 (Fig. 5, F–H), (b) by chemically increas-
ing lysosomal pH using NH4Cl (Fig. 5, I and J), or (c) by 
directly blocking lysosomal proteases (protease inhibi-
tor cocktail [PI]; Fig. 5, K and L). Although all three 
treatments caused accumulation of the autophagic 
marker LC3-II (and p62) in WT cells, they had no effect 
in sAC KO cells. These data reveal sAC KO cells harbor 
a defect in AV clearance, consistent with their elevated 
pH and diminished proteolytic activity.

If the AV clearance defect is a direct consequence of 
diminished proteolytic activity in sAC KO cells, the ab-
sence of sAC should result in increased accumulation of 
APs and early-stage ALs (EALs; i.e., single membrane 
structures containing partially digested electron dense 
material) but not late-stage ALs (LALs; i.e., single mem-
brane structures containing amorphous electron dense 
material; Fig. 6 A; Lee et al., 2010). Consistent with our 
hypothesis, ultrastructural analysis of sAC KO and WT 
MEFs treated with KH7 revealed an increase in both 
APs and EALs relative to untreated WT MEFs (Fig. 6 B). 
In WT MEFs treated with KH7, where sAC activity is 
acutely inhibited, this increase in APs and EALs was ac-
companied by a decrease in LALs, whereas in sAC KO 
MEFs LAL accumulation was unchanged relative to WT 
MEFs (Fig. 6 B). Therefore, our data suggest that the 
sAC KO lysosomal pH and proteolysis defects lead to 
impaired clearance of AVs.

sAC KO brains accumulate AVs
Accumulation of AVs is a hallmark of aging and neurode-
generative diseases (Bahr and Bendiske, 2002; Nixon et 
al., 2005). Alzheimer’s disease is a neurodegenerative dis-
ease that mostly affects the hippocampus. We used elec-
tron microscopy to quantitate AVs in the dentate gyrus 
(Fig. 6, C and D) and CA1 (Fig. 6, E and F) regions of the 
hippocampus from sAC KO and age-matched WT mice. 
In both regions, the granule cells of the dentate gyrus 
and the pyramidal cells of CA1, sAC KO mice accumu-
lated more AVs than WT mice. Thus, accumulation of 
AVs is a general phenotype caused by loss of sAC.

D I S ​C U S ​S I O N

Our results demonstrate that sAC activity is essential for 
proper lysosomal acidification. We find this to be a gen-
eral principle, true in fibroblasts, neurons, and liver 
cells, as well as in rodents and humans. Although much 
has been learned about the channels and transporters 
contributing to acidification of lysosomes (Steinberg et 
al., 2010; Mindell, 2012; Xu and Ren, 2015), the pH sen-
sors responsible for setting the pH of the lysosome’s 
lumen remain unknown. Because our data define 
pH-sensitive sAC as an essential regulator of endoso-
mal–lysosomal acidification, it represents a likely candi-
date. In contrast to TPC1, which is a pH sensor essential 
for acidification during starvation-induced autophagy 
(Cang et al., 2013), sAC is the first pH-sensitive signal-
ing enzyme that contributes to setting lysosomal pH 
under normal growth conditions.

The acidification defect in sAC KO cells is rescued by 
the addition of membrane-permeable cAMP within 1 h. 
Inhibiting PKA during this 1 h partially blocks rescue, 
implying that at least a subset of the cAMP-dependent 
steps contributing to acidification are PKA dependent. 
Acidification is achieved by the proton-pumping V-AT-



337JGP Vol. 148, No. 4

Pase (Ohkuma et al., 1982; Breton and Brown, 2013), 
and several studies in diverse physiological systems 
demonstrate sAC mediates V-ATPase trafficking (Pas-
tor-Soler et al., 2003; Păunescu et al., 2010; Tresguerres 
et al., 2010b) in a PKA-dependent manner (Pastor-Soler 
et al., 2008; Păunescu et al., 2010). We found V-ATPase 
localization to lysosomes is altered in sAC KO cells, and 
treatment with membrane-permeable cAMP, which res-
cues the lysosomal acidification defect in these cells, also 
restores normal V-ATPase localization. These data sug-
gest that the sAC, PKA, V-ATPase trafficking pathway, 
which is essential in acid-sensing epithelia, also contrib-
utes to lysosomal acidification in normally growing cells.

In acid-secreting epithelia, intracellular sAC senses 
the extracellular pH in an adjacent lumen in a CA-de-
pendent manner (Pastor-Soler et al., 2003, 2008; Pău-
nescu et al., 2008a, 2010; Tresguerres et al., 2010b). It 
remains unclear whether cytoplasmic sAC might sense 
lysosomal luminal pH in an analogous way. In the yeast 
Saccharomyces cerevisiae, activity of the V-ATPase is 
regulated by a well-characterized, reversible dissocia-
tion/association of the cytoplasmic V1 and transmem-
brane V0 domains. Association of V1 and V0 domains 
on the yeast degradative acidic organelle is induced by 
elevated intracellular HCO3

− (Dechant et al., 2010). Be-
cause the single adenylyl cyclase in yeast is HCO3

− stim-
ulated (Hess et al., 2014), similar to sAC, it is tempting 
to hypothesize that yeast adenylyl cyclase participates in 
the HCO3

−-induced V1 assembly and that organellar 
acidification via HCO3

−-regulated adenylyl cyclase activ-
ity might be evolutionarily conserved.

As a consequence of aging, postmitotic cells, such as 
neurons, have decreased lysosomal proteolytic activity; 
this change is thought to be caused by elevated lyso-
somal pH (Martinez-Vicente et al., 2005). Aberrant ac-
cumulation of AVs caused by lysosomal dysfunction, 
similar to the phenotype we observe in sAC KO mice, is 
a common phenotype shared by lysosomal storage dis-
orders and age-related neurodegenerative diseases, 
such as Alzheimer’s disease, Parkinson’s disease, and 
frontotemporal dementia (Bahr and Bendiske, 2002). 
Interestingly, addition of cAMP to human Alzheimer’s 
disease fibroblasts reacidifies their lysosomes and res-
cues their autophagic defect (Coffey et al., 2014), sug-
gesting sAC activation may have therapeutic potential 
for these pathophysiological conditions.
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