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Atpbap2 deletion causes extensive vacuolation that
consumes the insulin content of pancreatic p cells
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Pancreatic § cells store insulin within secretory granules which un-
dergo exocytosis upon elevation of blood glucose levels. Crinophagy
and autophagy are instead responsible to deliver damaged or
old granules to acidic lysosomes for intracellular degradation.
However, excessive consumption of insulin granules can impair
B cell function and cause diabetes. Atp6ap2 is an essential acces-
sory component of the vacuolar ATPase required for lysosomal
degradative functions and autophagy. Here, we show that Cre
recombinase-mediated conditional deletion of Atp6ap2 in mouse
cells causes a dramatic accumulation of large, multigranular vac-
uoles in the cytoplasm, with reduction of insulin content and com-
promised glucose homeostasis. Loss of insulin stores and gigantic
vacuoles were also observed in cultured insulinoma INS-1 cells
upon CRISPR/Cas9-mediated removal of Atp6ap2. Remarkably,
these phenotypic alterations could not be attributed to a defi-
ciency in autophagy or acidification of lysosomes. Together, these
data indicate that Atp6ap2 is critical for regulating the stored in-
sulin pool and that a balanced regulation of granule turnover is
key to maintaining g cell function and diabetes prevention.
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Pancreatic B cells are exclusive in their role for producing in-
sulin, and in response to increased extracellular glucose con-
centrations they rapidly synthesize, package, and export insulin
into the systemic circulation. Proper control of each step is critical
to maintain continuous insulin secretion throughout the day and is
critical to preventing the onset of diabetes—a disease which affects
approximately one-third of Western populations (1). Insulin is
stored within secretory granules (SGs), which are small (~250 nm),
membrane-enclosed structures containing crystallized insulin (2).
Maintaining the integrity of SGs and the removal of aged or de-
fective SGs are also required for preserving p cell homeostasis (3).

Autophagy is one such mechanism involved in the intracellular
turnover of SGs (4). This process entails the sequestration of
cytoplasmic organelles, proteins, and other cellular constituents
into double-membraned autophagosomes with a neutral luminal
pH. Autophagosomes then fuse with lysosomes for degradation
of their content within the acidic milieu of the autophagolyso-
some (5). While in general, autophagy is considered protective
due to its ability to remove components which could perturb
homeostasis, over- and uncontrolled degradation of cellular
contents can also cause significant damage. Several pieces of
evidence point to the relevance of balanced autophagy for p cell
homeostasis. On one hand, absence of f cell autophagy in mice
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lacking autophagy related 7 (A7g7), a protein necessary for the
formation of autophagosomes, results in endoplasmic reticulum
stress, impaired insulin secretion, and hyperglycemia (6, 7). On the
other hand, the occurrence of increased autophagy in human (8)
and rodent (7, 9) islets is also associated with the development of
diabetes. Likewise, hyperactivation of autophagy following treat-
ment with rapamycin also impairs p cell function and viability,
resulting in decreased insulin secretion and diabetes (10, 11).

As lysosomal acidification is required for the degradation of
the autophagolysosomal content, understanding the biology of
this process is of utmost importance. The vacuolar H* (V)-
ATPase is a large transmembrane protein complex responsible
for establishing and retaining the pH gradient along the secre-
tory, endocytic, and lysosomal pathways in all cell types. Com-
plete loss of V-ATPase function is hence embryonic lethal
(reviewed in ref. 12). The V-ATPase complex consists of 2
functional domains: Vy, consisting of 8 subunits and responsible
for ATP hydrolysis; and V,, with 6 to 7 membrane-embedded
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Fig. 1. Atp6ap2 p cell deletion induces the accumulation of large vacuo-
lated structures. (A) Morphological analysis by hematoxylin and eosin
staining in pancreases from WT and Atp6ap2’™ mice after TAM treatment
for 3 and 8 wk. (B) Representative transmission electron microscopy im-
ages of p cells from WT and Atp6ap2’” mice after 3 wk of TAM. Inset
shows a representative single-membraned vacuole in Atp6ap2’™ islets. N,
nucleus; SG, insulin secretory granule; *, dilated Golgi cisternae. (C) Rat
insulinoma INS-1 cells were transfected with plasmid expressing Cas9-GFP and
sgRNA targeting Atp6ap2. Successful clones deficient for Atp6ap2 (AAtp6ap2
INS-1 cells) were analyzed by transmission electron microscopy. Scale bars are
indicated.

subunits and containing the proton-permeable pore. In yeast, V-
ATPase activity is regulated by the reversible assembly and dis-
assembly of these domains (12). In mice, loss of the V-ATPase a3
subunit causes diabetes due to impaired fusion of SGs with the
plasma membrane and thus insulin release (13). Compared to
yeast, higher-order eukaryotes have additional V-ATPase acces-
sory proteins such as the ATPase H' Transporting Accessory
Protein 1 (Atp6apl) and 2 (Atp6ap2). Conditional depletion of
Atp6apl (also known as Ac45) impairs the processing of pro-
insulin to insulin in mouse insulinoma cells (14). Atp6ap2 was
initially misnamed as the (pro)renin receptor (PRR), as it was
thought to bind renin and contribute to the pathology of hyper-
tension (15, 16). Atp6ap2 has since been shown to be essential for
cellular homeostasis in mice, as its knockout is embryonic lethal
(17), while conditional deletion impairs the function of a variety of
cell types (18-24). Its role in Drosophila and Xenopus development
is also established (25-27). Atp6ap2 colocalizes with V-ATPase
subunits (28, 29), and overexpression studies showed its copreci-
pitation with V, subunits (27) in association with V-ATPase
dysfunction (30). Atp6ap2 has been proposed to chaperone
V-ATPase assembly as its deletion causes reduced levels of V-
ATPase subunits (18, 19). Other studies, however, could not
show its effect on V-ATPase function (28). As deletion of Atp6ap2
resulted in the accumulation of autophagy markers (18, 20, 24), a
link with autophagy has also been suggested (31). Taken together,
the precise function of Atp6ap2 remains unclear due to the severe
impact that its deletion has on cellular homeostasis, with gross
developmental abnormalities and cell death hindering a deeper
understanding of its activity. Since Atp6ap2 is highly expressed in
pancreatic B cells (32), and V-ATPase activity is necessary for
the acidification of the SG lumen and insulin processing, we
hypothesized that its deletion in these cells could shed light on
its function.
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Results

Atp6ap2””Y Islets Are Consumed by Large Vacuolated Structures. To
study the specific role of Atp6ap2 in pancreatic p cells, female
Atp6ap?”* mice were mated with male mice expressing a Cre
recombinase-estrogen receptor (ER) fusion protein under con-
trol of the rat insulin promoter (RIP-CreER) mice. Adult (8 wk)
RIP-CreER;Atp6ap2™ male offspring were treated with tamoxi-
fen (TAM) for 3 and 8 wk (SI Appendix, Fig. S1). Islets isolated
after 3 wk TAM treatment from RIP-CreER;Atp6ap2™ mice
(henceforth referred to as Azp6ap2”” mice) showed significantly
decreased Afpb6ap2 mRNA and protein levels, confirming the
knockout of Atp6ap?2 in p cells (ST Appendix, Fig. S1). The effect
of Atp6ap?2 ablation was unmistakable upon histological analy-
sis of pancreases, with heavily vacuolated cells evident within
islets of Atp6ap2/’?'/y mice after 3 wk and, to a much greater ex-
tent, 8 wk of TAM treatment (Fig. 14). To analyze these phe-
notypic alterations in more detail, we performed transmission
electron microscopy (TEM) of islets after 3 wk of TAM treat-
ment. WT mice showed normal morphology, with most of the f
cell cytoplasm being occupied by insulin SGs (Fig. 1B). By con-
trast, the cytoplasm of Apbap2-deficient B cells was filled with
large vacuolated structures, with few to no insulin SGs (Fig. 1B).
Vacuolated structures mostly had a single outer membrane (Fig.
1 B, Inset) and contained vesicles and remnants of degraded ma-
terial, including insulin SGs (SI Appendix, Figs. S2 and S3). In
addition, several very large vesicles were observed, some of which
occupied an entire B cell (SI Appendix, Fig. S2). Other abnor-
malities included dilated cisternae of the Golgi complex and large
regions with small electrolucent vesicles, possibly corresponding
to SGs which have lost their “dense core” (Fig. 1B). To exclude
the possibility that such alterations resulted from off-target re-
combination of CreER, we used CRISPR/Cas9 technology to
generate Atpbap2-deficient rat insulinoma INS-1 cells. Screening
for Atpbap2 expression by Western blotting allowed the identifi-
cation of 2 Apbap2-deficient INS-1 clones (#4 and #7; SI Ap-
pendix, Fig. S4). TEM analysis of AAp6ap2 INS-1 cells showed
striking similarities to p cells of Afp6ap2”* mice, with their cyto-
plasm being almost entirely occupied by large, single-membraned
vacuolated structures containing vesicles and debris, and their
number of SGs being strongly reduced (Fig. 1C).

Atp6ap2®”Y Mice Have Severe Diabetes. Next, we evaluated the
effect of Atpbap2 deletion in B cells on glucose homeostasis.
Treatment of Afp6ap2””? mice with TAM for 8 wk did not alter
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Fig. 2. Deletion of Atp6ap2 from f cells induces severe diabetes. (A) Fasting
blood glucose of WT and Atp6ap2”” mice after 8 wk of TAM treatment. (B)
Blood glucose levels during IPGTT on adult WT and Atp6ap2”” mice treated
with TAM for 8 wk. (C) Area-under-the-curve (AUC) analysis of B. (D) Fasting
insulin levels of WT and Atp6ap2”” mice after 8 wk of TAM treatment. (E)
Insulin levels during IPGTT as in B. (F) AUC analysis of E. n = 9 to 10. **P <
0.01, ***P < 0.001, ****P < 0.0001.
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their body weight compared to TAM-treated WT mice (S Ap-
pendix, Fig. S1), while their fasting plasma glucose was signifi-
cantly elevated (Fig. 24). This alteration was accompanied by
glucose intolerance during i.p. glucose tolerance tests (IPGTT)
(Fig. 2 B and C). Specifically, in Atp6ap2”” mice, fasting plasma
insulin levels were increased compared to controls (Fig. 2D),
while glucose stimulation during IPGTT did not raise plasma
insulin (Fig. 2 E and F), despite an increase of plasma glucose
levels >700 mg/dL (Fig. 2B). These traits indicate the loss of
glucose-stimulated insulin secretion (GSIS) in Atp6ap2”” mice
and that knockout of Atp6ap?2 in p cells causes severe diabetes.

Decreased Insulin Content in Atp6ap2 Deficient $-Cells. Atp6ap2-
deficient f cells could lack GSIS due to decreased insulin con-
tent and/or an impaired ability to secrete insulin. Immunofluores-
cence of pancreas sections after 3 wk of TAM treatment revealed a
reduction in the number of insulin* cells in Ap6ap2”* mice, which
was further reduced after 8 wk (Fig. 3 4 and B). The decrease of
insulin* cells after 8 wk of TAM treatment was coupled with an
increase in the number of glucagon* cells (Fig. 3C). However, this
increase did not originate from enhanced proliferation of a-cells,
nor transdifferentiation of B cells as reporter Afp6ap2””? mice
which also expressed YFP in f cells did not colocalize with glu-
cagon (SI Appendix, Fig. S5). We next addressed whether there was
B cell death but did not see any increase in TUNEL signal in WT or
Atpbap2”™” islets (SI Appendix, Fig. S6). We then performed im-
munofluorescence for pancreatic and duodenal homeobox 1
(Pdx1), a p cell-specific transcription factor important for the
maintenance of p cell identity, thus, an alternative, nucleus-specific
marker for pancreatic p cells (Fig. 3D). No difference in Pdx1
staining was observed between pancreases of TAM-treated WT
and Ap6ap2”¥ mice (Fig. 3E), despite the concurrent loss of insulin
signal (Fig. 3D). This data suggests that the loss of insulin® cells in
TAM-treated Ap6ap2”* mice is not due to increased p cell death at
this time point, but to depletion of the insulin stores.

We then measured total insulin and glucagon content in whole
pancreas extracts by radioimmunoassay (RIA). After TAM treat-
ment for 8 wk the insulin content of Ap6ap2”™” islets was signifi-
cantly reduced, while glucagon content was unchanged (Fig. 44).
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Fig. 3. Atp6ap2-deficient B cells have reduced insulin content. (A) Islet im-
munofluorescence for insulin (red) and glucagon (green) of mice after 3 and
8 wk of TAM treatment. Nuclear stain (DAPI) is shown in blue. (B and C)
Quantification of A. n =4 to 6. (D) Islet immunofluorescence for pancreatic
and duodenal homeobox 1 (Pdx1; green) and insulin (red) from mice treated
with TAM for 3 and 8 wk. (E) Quantification of D. n =410 6. *P < 0.05, **P <
0.01. Scale bars are indicated.
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Fig. 4. Insulin processing and secretion is unaltered in Atp6ap2’” mice. (A)
Insulin (Left) and glucagon (Right) content in whole pancreatic extracts from
mice treated with TAM for 8 wk. n = 3 to 5. (B) Insulin processing was an-
alyzed by Western blot in isolated islets from WT and Atp6ap2’” mice
treated with TAM for 3 wk. Molecular weight markers are indicated. The
ratio of insulin to loading control (B-actin) is shown normalized to WT. (C-F)
Isolated islets from WT and Atp6ap2”™ mice treated with TAM for 3 wk were
perfused with low (3.3 mM), high (16.7 mM), and again low glucose, and
then 60 mM KCl. (C) Amount of insulin secreted was measured by RIA. (D)
AUC analysis of high glucose peak from C. (E) The percentage of insulin
released (amount of insulin in C divided by total insulin content). (F) AUC
analysis of high glucose peak from E. Three independent experiments with
n = 2 of each genotype were pooled (n = 6 total). *P < 0.05, **P < 0.01,
***%P < 0.001.

This finding was confirmed by Western blot of islets isolated from
Atp6ap2”? mice after 3 wk of TAM treatment (Fig. 4B). Previous
reports suggested that Atp6ap?2 is associated with the V-ATPase
complex (27, 29, 33). In B cells, this complex is enriched in SGs
where it establishes the acidic pH necessary for proinsulin to
insulin conversion (34). However, in islets of TAM-treated
Atp6ap2”¥ mice, proinsulin processing was not affected, as the
reduction of mature insulin (~3.5 kDa) did not correlate with
increased levels of proinsulin (~7.6 kDa) (Fig. 4B).

We next examined the role of Atp6ap2 in insulin SG exocytosis.
Islets were isolated from TAM-treated WT and Afp6ap2”” mice
and perfused ex vivo with low glucose (3.3 mM), high glucose
(16.7 mM), and low glucose again (3.3 mM), followed by 60 mM
KCI, which causes massive membrane depolarization and glucose-
independent SG exocytosis. Insulin secretion was measured by
RIA. In response to high glucose and KCl, Ap6ap2”? islets
exhibited diminished insulin secretion compared to WT (Fig. 4 C
and D). However, upon normalization for total insulin, the per-
centage of insulin released by islets from TAM-treated WT or
Atp6ap2”? mice was comparable (Fig. 4 E and F). These findings
indicate that Afp6ap2 deficiency reduces the insulin content of
cells, without affecting their machinery for SG exocytosis.

Vacuolated Bodies with Intact Acidic pH Consume Cellular Content,
Including Insulin SGs. Insulin content in Atp6ap2-deficient f cells
could be decreased due to reduced insulin production or in-
creased intracellular degradation of insulin. Since insulin mRNA
levels in islets of WT and Atp6ap2”” mice were equivalent (81
Appendix, Fig. S1) and considering the extensive vacuolation of
Atpbap2-deficient p cells (Fig. 1), we turned our attention to
mechanisms of degradation.

Autophagy is a key homeostatic mechanism by which cellular
contents are sequestered by a membrane into large vacuoles
which then fuse with lysosomes for degradation (5). This process
therefore enables the removal of damaged proteins and organ-
elles which could perturb cellular function. In conditions of nu-
trient deprivation, this degradative pathway is also used to supply
amino acids to preserve essential housekeeping cellular activi-
ties. A link between Atp6ap2 and autophagy has been suggested
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because of the elevated expression of autophagy markers in
Atpbap2-deficient cells (18, 20, 24), including microtubule-
associated protein 1A/1B light chain 3B (MapiLc3b [LC3B)),
sequestosome 1 (Sgstml or p62) and ubiquitin (Ubg). Lipidated
LC3B binds to double-membraned autophagosomes, while p62
and Ubq bind to protein aggregates destined for encapsulation
by autophagosomes. Immunostaining of pancreatic sections for
autophagy markers revealed that in islets from 3 and 8§ wk TAM-
treated Atp6ap2”” mice areas positive for LC3B, p62, and Ubq
were increased relative to islets from WT mice, suggesting an up-
regulation of autophagy (Fig. 5 A-F). Following their formation,
autophagosomes fuse with lysosomes, leading to the formation of
autophagolysosomes in which engulfed proteins, organelles and
portions of the cytosol are degraded (35). As the accumulation of
autophagy markers can indicate an impairment in autophagoly-
sosomal degradation, we next examined whether autophagic flux
was impaired. Islets from Atp6ap2”” mice TAM treated for 3 wk
were exposed ex vivo to the V-ATPase inhibitor bafilomycin Al
(BafAl). We determined the abundance of the free cytosolic
form of LC3B (LC3B-I) and its lipidated form (LC3B-II), which
associates with the autophagosome membrane. Autophagic flux
is analyzed by comparing the levels of LC3B-II in cells treated
with and without BafA1, as inhibition of the V-ATPase and thus
lysosomal acidification leads to accumulation of LC3B-II. Evi-
dence of increased LC3B-II levels prior to BafAl treatment is
indicative of a compromised autophagic flux. LC3B-II levels were
slightly increased in islets of TAM-treated Afp6ap2””¥ mice (Fig.
5G). However, upon BafAl treatment the accumulation of LC3B-
II in islets of WT and Atp6ap2”" mice was comparable (Fig. 5G),
suggesting that V-ATPase activity and lysosomal acidification
is intact.

8 wks TAM

We next employed confocal microscopy to more carefully
analyze the identity and origin of the large vacuolated structures.
We compared the colocalization of autophagosomal (LC3, p62),
endosomal (early-endosome antigen 1, EEA1) and lysosomal
(lysosomal-associated membrane protein, LAMP1) markers in
islets of 8-wk TAM-treated Atp6ap2””? mice (Fig. SH). LC3B
exhibited partial but increased colocalization with the endosomal
marker EEA1 and autophagosome marker p62. However, the
colocalization of p62 and LC3B to LAMP1 was meager and
unchanged compared to WT controls. Together, this analysis
suggests that the abnormal vacuolated structures in Afp6ap2””
islets are likely to originate upstream of the induction of autophagy.

We next turned to AAtp6ap2 INS-1 cells to investigate the
nature of the LC3" structures and lysosomal acidification in
more detail. Given the limited colocalization between LC3B and
LAMP1 in Atp6ap2”” islets, we first asked whether fusion be-
tween autophagosomes and lysosomes to form an autolysosome
is impaired. AAtp6ap2 INS-1 cells were transfected to express the
fluorescent reporter mCherry-LC3B which localizes to the
autophagosome lumen (Fig. 5I). This reporter colocalized ex-
tensively with an anti-LAMP2 antibody which recognizes a cy-
toplasmic epitope of the lysosomal marker, therefore accounting
for the detection of a ring surrounding the luminal mCherry-
LC3B (Fig. 5 I, Inset). These data imply that Atp6ap2 de-
ficiency does not preclude the formation of autolysosomes (Fig.
5I). We then asked whether inhibiting the induction of auto-
phagy would prevent the formation of these structures. WT and
AAtp6ap2 INS-1 cells were treated with the ULK1 protein kinase
complex inhibitor MRT 68921 (MRT), which prevents the lipidation
of LC3B-II and hence the induction of autophagy. AAtp6ap2 INS-
1 cells exhibited increased LC3™ structures which were rescued by

. JAtp6ap2 -

-}
Hy Sy ty Al
3wks 8wks

My Ay Hy -y
3wks 8wks
G Islets, 3 wks TAM

"WT Atp6ap2s wr Atfb‘apZM'

3wks 8wks

Baf:

—— —— —— —— Hsp60

—— e g il AtpGap2

- ——— m—— e [ C3B-|
LC3B-Il/ Se—GANIwENNEN | C3B-l)
Hsp60: 0.35 070 199 234

Atpbap2°, 8 wks TAM J [J-MRT EE+MRT

Coloc. —
LC3B/EEAT 3
0=0.06 B
00 I
2] o g &

WT Atpbap2 & 519, o .

Coloc. 2 olllii . .

p62/LC3B WT #4 #7

ekkk AAtp6ap2

K aAtp6ap2 INs-1
CFP lifetime pH 5.0 |CFP lifetime pH 7.5 | §

~ WT Atpbap2+¥
Coloc.

g |LC3BLAMP1

o

0L, SR
" WT Atp6ap2*

Coloc.
p62/LAMP1 L M
1600 160 H
7 2 P
0 ° 21400 21401 7.0
[} o 6.5
2 1200 2120 80
% 1000 y=175+169x %) 100
800 R=0.964 80!
50556.06.57.07.5 WT WT #4 #7
pH +Baf AAtp6ap?

Fig. 5. Atp6ap2 deletion induces the formation of large vacuoles without impairment of autophagy or lysosomal acidification. (A-C) Immunostaining of
pancreatic sections from WT and Atp6ap2”” mice for LC3B (A), p62 (B), and ubiquitin (C) after 3 and 8 wk of TAM treatment. All proteins are depicted in red
with a nuclear stain (DAPI) shown in blue. White dashed line indicates total islet area. (D-F) Quantification of A-C of the % area of positive staining within
total islet area. WT are “+/y"; Atp6ap2’™ as “—Iy". (G) Islets isolated from WT and Atp6ap2’” mice treated with TAM for 3 wk were cultured +100 nM
Bafilomycin A1 (Baf) for 120 min and then analyzed by Western blotting for expression of LC3B-I, LC3B-II, and Atp6ap2. The ratio of LC3B-Il to loading control
(Hsp60) is shown. Result is representative of 2 independent experiments. (H) Colocalization analysis of LC3B, EEA1, p62, and LAMP1 by immunofluorescence
confocal microscopy of WT and Atp6ap2”” islets treated with TAM for 8 wk. Representative images of Atp6ap2’” islets are shown with quantitation of
colocalization (Pearson’s). (/) Colocalization analysis of LC3B and LAMP2 by confocal microscopy of AAtp6ap2 INS-1 cells transfected with mCherry-LC3B. (J)
WT and AAtp6ap2 INS-1 cells were transfected with mCherry-LC3B and incubated +1 pM MRT 68921 for 12 h. mCherry-LC3B* structures were counted (Left)
and the ratio of LC3B-II/LC3B-I levels determined by Western blotting (Right). (K and L) LC3B*-vacuolar pH measurements in AAtp6ap2 INS-1 cells by FLIM with
calibration to nigericin-buffered solutions from pH 5.0 to 7.5. (M) Vacuole pH measurements of WT and 2 independent AAtp6ap2 INS-1 clones were identical
while addition of Baf increased vacuolar pH. For all panels, *P < 0.05; **P < 0.01; ****P < 0.0001.
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treatment with MRT and associated with a decreased LC3B-II/
LC3B-I ratio (Fig. 57). We finally sought to measure the pH of
LC3B™" structures by fluorescence lifetime imaging microscopy
(FLIM) utilizing the pH sensitivity of CFP (36, 37). To this aim we
generated a CFP-LC3B fusion protein and measured the CFP
lifetime in AAtp6ap2 INS-1 cells cultured in nigericin-buffered
solutions ranging from pH 5.0 to 7.5 (Fig. 5 K and L). During
autophagosome formation, CFP-LC3B is lipidated with a fraction
remaining attached to the luminal side of the autophagosome
membrane. As the intracellular fluorescence lifetime of CFP un-
dergoes large linear changes in this pH range, CFP-LC3B can be
used to accurately measure the pH in the LC3B* structures. As
these LC3B™ structures also colocalize with LAMP2 (Fig. 51), this
method thus allows the measurement of autophagosome/auto-
phagolysosome pH. The sensitivity of this reporter was confirmed
by evidence that exposure of WT INS-1 cells to BafAl increased
the vacuolar pH from ~5.5 to 7.0 (Fig. 5M). In both AAtp6ap2
INS-1 clones, LC3B* structures had an acidic pH, with no sig-
nificant difference to those in WT INS-1 cells (Fig. SM). These
data suggest that Afp6ap2 deletion does not perturb V-ATPase ac-
tivity. We also measured more broadly the effect of ATP6AP2
silencing on lysosomal acidification in HeLa cells, by assessing
EGF-induced EGFR recycling and cathepsin maturation (S
Appendix, Fig. S7). In all assays, control siRNA did not affect
lysosomal acidification while the addition of BafAl completely
blocked V-ATPase activity as evidenced by a reduction in
LysoTracker fluorescence intensity, inhibited EGFR degrada-
tion, and reduced Cathepsin L activity (SI Appendix, Fig. S7). By
contrast, ATP6AP2-silenced cells did not exhibit any difference
to control siRNA and further corroborating that ATP6AP2 de-
ficiency does not affect lysosomal acidification (SI Appendix,
Fig. S7).

Discussion

Disturbances in insulin SG trafficking and turnover can have
profound consequences on cellular homeostasis of the p cell.
Despite intact autophagy and acidification mechanisms in
Atpbap2”” islets, our results suggest that the major consequence
of Atpbap2 deficiency is the exacerbated generation and accu-
mulation of multigranular bodies that consume the cytoplasm of
f cells, ensnaring insulin SGs and thus causing insulin-deficient
diabetes (SI Appendix, Fig. S8).

Atpbap2 was discovered more than a decade ago and initially
named the (pro)renin receptor, as it was thought to be func-
tionally associated with the renin-angiotensin system (RAS) (15).
It has subsequently been realized that Atp6ap2 is important for
many other cellular functions independent of the RAS, and it is
now becoming clear that the primary function of Atp6ap2 is not
directly associated with this system; rather, it has a ubiquitous
and essential role in maintaining cellular homeostasis (16, 38). In
the years since its discovery, much effort has been directed to-
ward the characterization of signaling pathways that are “con-
trolled” by Atp6ap2. These include Wnt (25-27) and promyelocytic
leukemia zinc finger (PLZF) (39) signaling, despite a lack of sim-
ilarity between the respective in vivo models (21), and that
employed concentrations of its “ligands” renin and (pro)renin
were several orders of magnitude above circulating levels (16).
Abnormal vacuolar phenotypes are evident upon conditional
Atp6ap2 knockout from cardiomyocytes (19), podocytes (18, 20),
and hepatocytes (24). Considering this literature with the results
presented here, an explanation for why loss of Atp6ap?2 affects so
many pathways and cell types may be because of the cell “con-
stipation” by vacuolated structures, with loss of homeostasis and
thus inability to retain normal signaling function. This in-
terpretation is supported by our finding that while Atp6ap2””
islets secrete reduced amounts of insulin in response to high
glucose, this difference is lost when normalized for the total in-
sulin content, indicating that what insulin is left can be secreted
by the B cell. This essentiality of Atp6ap2 for cellular homeo-
stasis should be carefully considered when evaluating its role in
pathological processes. The fact that its deletion attenuates
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fibrosis in diabetic heart disease (40) and abolishes brain-RAS
responses (41), may simply be due to the loss of homeostasis
experienced by Atpbap2-deficient cells, rendering them similarly
unable to mount pathological responses. This may also explain
why elevated expression of Atp6ap2 is associated with cellular
insult (40, 42, 43) as subsequent increases in homeostatic mech-
anisms are thereafter induced to prevent disease.

Our study identifies Atp6ap2 as an important player in in-
sulin homeostasis. While Atp6ap2 has been found to colocalize
with the V-ATPase (28, 29), findings by us and others (28)
suggest that this association is not required for the V-ATPase-
driven acidification of SGs and lysosomes. This conclusion is
supported by comparison of the phenotypic traits observed
here in Atp6ap2-deficient p cells with those of V-ATPase-de-
ficient p cells, which reported impaired processing of proinsulin
to insulin (14) and decreased plasma insulin, attenuated glu-
cose- and potassium-stimulated insulin secretion with normal
islet and f cell morphology (13, 14). In stark contrast, we show
that deletion of A#p6ap2 in P cells results in slightly increased
fasted plasma insulin, no abnormalities in proinsulin process-
ing, decreased insulin content with no impairment in SG re-
lease, and a severely disturbed vacuolated p cell morphology.
Moreover, using the newly generated pH reporter CFP-LC3B
for FLIM we found that Afp6ap2-deficient p cell lysosomes
were acidic, but still susceptible to alkalinization upon BafAl
treatment, which inhibits V-ATPase function. Recent high-
resolution atomic models of the V, subunit of the yeast V-
ATPase complex by electron cryomicroscopy has given new
molecular insight into its proton translocation mechanism;
notably, ATP6AP2 was absent from both structures as there is
no known yeast homolog (44, 45). Elucidation of the fully as-
sembled V,V;-ATPase from higher order eukaryotes will be
important to determine if Atp6ap2 directly associates with this
complex and if so, to reveal the functional implications of its
association.

While markers of autophagy are increased in Atp6ap2”™” cells,
we find mechanisms underpinning autophagy induction and flux
to be functional here, although grossly overloaded. Atp6ap2 has
been proposed to modulate the activity of autophagy-regulator
mammalian target of rapamycin (mTOR) (31). However, nTOR
complex 1 (MTORC]1)-deficient p cells of fra~'~ mice display a
very different phenotype from the Atp6ap2-deficient p cells de-
scribed here. In particular they accumulate lysosomes filled with
SGs, with apoptosis and loss of § cell mass (46). Likewise,
Atg7*? mice which are unable to generate LC3B-II and there-
fore have a deficiency in autophagosome formation, show de-
creased serum insulin and compromised GSIS (6). By contrast,
the phenotype of Atp6ap2”” mice is more reminiscent of that of
Rab3A~'~ mice, which lack a GTP-binding protein important for
vesicular trafficking (47). Rab3A~'~ § cells exhibit increased in-
sulin degradation, with the accumulation of vacuolated struc-
tures and up-regulation of both autophagy and crinophagy (47).
Similarly, podocyte-specific deletion of vacuolar protein sort-
ing 34 (Vps34) resulted in the accumulation of large, single-
membraned vacuoles due to impaired vesicle fusion and matura-
tion (48). Our analyses of the identity of Afp6ap2’” vacuolated
structures indicated that they originate upstream of the induction
of autophagy, as evidenced by partial colocalization with endo-
somal and early autophagy markers and that the formation of
LC3* vacuoles was prevented in Atp6ap2-deficient INS-1 cells
treated with an ULK1 inhibitor. That these structures contain
luminal LC3 and are prevented by ULK1 inhibition also rules out
their identity as LC3-associated phagocytosis (LAP) phagosomes
(5). Taken together, and because of the disparities between
V-ATPase- and autophagy-deficient mice, we hypothesize that
Atpbap2 is important for restraining SG fusion or trafficking
upstream of the induction of autophagy. Accordingly, its deletion
in B cells, which wholly focus on insulin SG exocytosis and
recycling, leads to a very severe phenotype in which large vacu-
oles accumulate that feed into the autophagy pathway and results
in the degradation of insulin. In line with this view, Kissing et al.
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observed increased fusion rates between phagosomes with lyso-
somes in Atpbap2-deficient macrophages which were not associ-
ated with impaired lysosomal acidification (49). Further, Atp6ap2
was recently found to coimmunoprecipitate with sortilin-1, a pro-
tein required for transport between the endoplasmic reticulum, the
Golgi complex, and endolysosomal compartments (50). While dis-
tinct from acidification, it may still be that Atp6ap2’s role in vesicular
trafficking is driven by an association with the V-ATPase.

Methods

Detailed descriptions are provided in S/ Appendix, S| Materials and Methods.

Animal experiments were approved by the Landesamt fur Gesundheit
und Soziales, Berlin, Germany. Atp6ap2’” mice (male) were generated by
crossing female Atp6ap2 floxed mice (Atp6ap2°*'+) with male RIP-CreER
mice. Tamoxifen pellets (25 mg/pellet, Innovative Research of America) were
inserted s.c. IPGTTs were performed as previously described (51). Whole pan-
creases were dissected, fixed, embedded, and stained for TEM and immuno-
fluorescence microscopy. Islets were isolated from the pancreases of WT and
Atp6ap2”” mice treated with TAM for 3 wk by collagenase digestion and
subsequent centrifugation through a Histopaque gradient. Isolated islets were
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