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The integral membrane protein ITM2A, a
transcriptional target of PKA-CREB, regulates
autophagic flux via interaction with the
vacuolar ATPase
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The PKA-CREB signaling pathway is involved in many cellular processes including autophagy. Recent studies
demonstrated that PKA-CREB inhibits autophagy in yeast; however, the role of PKA-CREB signaling in mammalian cell
autophagy has not been fully characterized. Here, we report that the integral membrane protein ITM2A expression is
positively regulated by PKA-CREB signaling and ITM2A expression interferes with autophagic flux by interacting with
vacuolar ATPase (v-ATPase). The ITM2A promoter contains a CRE element, and mutation at the CRE consensus site
decreases the promoter activity. Forskolin treatment and PKA expression activate the ITM2A promoter confirming that
ITM2A expression is dependent on the PKA-CREB pathway. ITM2A expression results in the accumulation of
autophagosomes and interferes with autolysosome formation by blocking autophagic flux. We demonstrated that
ITM2A physically interacts with v-ATPase and inhibits lysosomal function. These results support the notion that PKA-
CREB signaling pathway regulates ITM2A expression, which negatively regulates autophagic flux by interfering with the

function of v-ATPase.

Introduction

Macroautophagy (hereafter referred to as autophagy) is a protein
degradation pathway that targets organelles and long-lived protein
aggregates. Autophagy initiates with the formation of a phagophore,
followed by expansion into an autophagosome, which fuses with a
lysosome to form an autolysosome.! The contents sequestered in
autolysosomes are degraded by lysosomal hydrolases at low pH. The
conversion of autophagosomes into autolysosomes is inhibited by
autophagy inhibitors, such as bafilomycin A; (BafAl) and chloro-
quine."”” The dynamic process of autophagy is termed autophagic
flux, which is important for analyzing autophagy.3

Autophagy can be induced by various stimuli, such as nutrient
depletion (starvation), accumulation of damaged organelles,

infection of cytoplasmic pathogen, hypoxia, and heat shock.*’
Each stimulus activates autophagy by using one of several different
cell signaling pathways. Nutrient depletion results in the activation
of AMP-dependent kinase (AMPK) and inactivation of MTOR
(mechanistic target of rapamycin), which can activate the autoph-
agy-initiating kinase ULK1 (Atgl in yeast) in a phosphorylation-
dependent manner.® In addition, MTOR complex 1 (MTORC1)
phosphorylates ATG13 to inhibit autophagy induction.”

CREB (cAMP responsive element binding protein) regulates
transcription of target genes in response to diverse stimuli such as
peptide hormones, growth factors, and neuronal activity.® Typi-
cally, activation of a G protein-coupled receptor induces cAMP
accumulation, which activates cAMP-dependent protein kinase

(protein  kinase A [PKA]). PKA CREB by

activates
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phosphorylating at serine residue 133.” This signaling cascade is
called PKA-CREB signaling, and CREB also can be activated by
a variety of protein kinases, such as MAPK (mitogen-activated
protein kinase) and CAMK (calcium/calmodulin-dependent pro-
tein kinase) in a phosphorylation-dependent manner.®

In yeast, the inhibitory role of PKA-CREB signaling in autoph-
agy has been clearly shown. PKA activation in yeast inhibited
autophagy, and inactivation of the PKA pathway is sufficient to
induce autophagy.lo Moreover, PKA inhibits autophagosome for-
mation by phosphorylating ATG1 and ATG13, which are con-
served regulators of autophagy.'®'? In mammalian cells, recent
studies suggest that PKA-CREB signaling may negatively regulate
autophagy; however, the detailed role of the PKA-CREB pathway
in mammalian cell autophagy has not been fully identified."
Studies on the role of cAMP, an activator of PKA-CREB signal-
ing, could elucidate the mechanism of PKA-CREB signaling in
mammalian cell autophagy. cAMP has been reported to stimulate
autophagy in rat livers; however, a recent study showed that bacte-
ria can inhibit mammalian cell autophagy by generating
cAMP.">'* Siill, the mechanism of how PKA-CREB interacts
with the molecular components of autophagy remains unknown.

ITM2A is a type Il integral membrane protein that was ini-
tially identified as a candidate marker for chondro-osteogenic dif-
ferentiation using cDNA library subtraction.”> Several reports
support the notion that ITM2A is involved in cell differentiation,
though its effects depend on the cell type. ITM2A is expressed at
sites of skeletal muscle formation, but its role in differentiation is
not clear.'® While ITM2A expression enhances myogenic differ-
entiation of C2C12 cells, forced ITM2A expression inhibits
chondrogenic differentiation of mesenchymal stem cells.'”'® In
addition, a recent report showed that ITM2A expression is regu-
lated by the transcription factor GATA3, which is expressed
exclusively in the T cell lineage. ITM2A overexpression in mouse
T cells partially suppresses CD8 expression suggesting ITM2A is
involved in T cell development.'”** Although several reports
have shown that ITM2A is potentially involved in cell differenti-
ation, the cellular function of ITM2A is not characterized. In this
report, we show a novel role of ITM2A in autophagy. We
showed that ITM2A expression is regulated by the PKA-CREB
pathway. We also showed that ITM2A is involved in autophagic
flux by interacting with v-ATPase, and ITM2A interaction with
v-ATPase potentially contributes to the regulation of autophagy.

Results

ITM2A expression is regulated by the PKA-CREB pathway

In an attempt to identify the regulatory element involved
in ITM2A expression, we analyzed the nucleotide sequence of
ITM2A promoter with the Champion ChIP Transcription
Factor Search Portal (Qiagen, Hilden, Germany) and found a
putative CRE site in the [7M2A promoter sequence
(Fig. 1A). To examine whether the CRE site is functional,
we constructed a series of reporter plasmids that contained
the —1,462 /+98 (—1.5kb promoter), —1,030 /+98
(—1.0 kb promoter) and —529 /498 (—0.5 kb promoter)
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fragments relative to the transcription start site (TSS) of
ITM2A, based on the Eukaryotic Promoter Database.?!
Because forskolin, a PKA activator, stimulates CREB (a CRE
binding protein), we transfected HEK293 cells with reporter
plasmids containing the /7M2A promoter regions and treated
the cells with forskolin. While the control reporter (pGL2-
basic) did not respond to the forskolin treatment, significant
activation was observed with the reporter constructs contain-
ing /TM2A promoter regions (Fig. 1B). In addition, the rela-
tive luciferase activity in pGL2-1.5 transfected cells was
significantly lower than pGL2-0.5 and pGL2-1.0 suggesting
that there is a potential negative regulatory element between
—1,462 and —1,030 (Fig. 1B). Because there were putative
CRE (=30 to —24) and GATA (—256 to —253) elements
within the /7M2A promoter, we generated constructs with
mutations at the CRE and GATA sites to determine which
element was functional (Fig. 1A). The reporter activity was
significantly reduced with the /7M2A promoter containing 3
nucleotide changes at the CRE site (pGL2-0.5 CRE M2)
(Fig. 1C). These results suggest that CRE and CREB regulate
ITM2A expression.

CREB activation is mediated by muldple pathways, including
the cAMP-PKA-CREB and PKC-MAPK pathways. Because for-
skolin activates the cAMP-PKA-CREB pathway, we tested
whether PKA can activate the /7M2A promoter. Transient PKA
expression activated the /7M2A promoter, and this activation was
decreased with pGL2-0.5 CRE M2 (Fig. S1). To assess [ITM2A
expression by the cAMP-PKA-CREB pathway, we searched the
GEO profiles database in NCBI using the keywords “ITM2A”
and “PKA." The results showed that cAMP treatment increased
ITM2A expression in the presence of wild-type PKA but not
mutant PKA (Fig. $2).22 To determine whether the PKC-MAPK
pathway activates the /7M2A promoter, we treated cells with 12-
O-tetradecanoylphorbol-13-acetate (TPA); TPA, however, did not
activate the ITM2A reporter constructs or mutants (Fig. S3).
These results collectively indicate that the /7M2A promoter is spe-
cifically activated by PKA-CREB signaling.

Because the /7M2A promoter is activated by the PKA-CREB
pathway, we examined whether endogenous ITM2A expression
is also regulated by the PKA-CREB pathway. We generated a
rabbit polyclonal antibody against ITM2A and examined the
expression of endogenous ITM2A by HEK293 cells after forsko-
lin treatment. A western blot with the anti-ITM2A antibody
revealed that forskolin treatment increased ITM2A expression up
to fold4- (Fig. 1D). Next, we examined whether activated CREB
interacts with the /7M2A promoter. HEK293 cells were either
mock-treated or treated with forskolin, and a chromatin immu-
noprecipitation (ChIP) assay showed that phospho-CREB bound
to the /7M2A promoter upon forskolin treatment (Fig. 1E).
Finally, we examined whether ITM2A expression requires CREB
protein. We silenced CREB expression with CREB siRNA, which
reduced ITM2A expression, as assessed by semiquantitative RT-
PCR and western blot. This result indicates that ITM2A expres-
sion requires CREB expression (Fig. 1F). Collectively, these
results indicate that ITM2A expression is regulated by PKA-
CREB signaling.
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expression was measured by semiquantitative PCR.

Figure 1. The ITM2A promoter is regulated by the PKA-CREB pathway. (A) Schematic diagrams of serial deletion constructs of the /TM2A promoter. The
numbers to the left of each construct indicate the distance from the transcription start site (TSS). The predicted cis-elements (GATA, CRE) are indicated,
and mutations in GATA or CRE are indicated with X's (left panel). Changed nucleotides in mutant constructs are indicated (right panel). (B) The /TM2A pro-
moter is activated by forskolin treatment. HEK293 cells were transfected with reporter constructs. Twenty-four h after transfection, cells were treated with
forskolin for 4 h, and luciferase activity was measured. Relative luciferase activity was normalized to renilla luciferase activity and is represented as a fold
increase compared with the control. Experiments were performed in triplicate, and the standard deviation is shown. (C) CRE mutation reduces promoter
activity. A luciferase assay was carried out with either wild-type promoter or mutant promoters. pGL2-0.5 wild type versus pGL2-0.5 mutant. *P < 0.05;
**P < 0.001. (D) Forskolin induces ITM2A expression. HEK293 cells were treated with forskolin for 4 h, and cell lysates were subject to western blot with
anti-ITM2A antibody. The bands were quantified and the fold activation is shown. 0 wM vs. 5 WM. *P < 0.05. (E) Phospho-CREB binds to the ITM2A pro-
moter. HEK293 cells were treated with forskolin and a ChIP assay was performed with either normal IgG antibody or an anti-phospho-CREB antibody. (F)
Reduced CREB expression decreased ITM2A expression. HEK293 cells were transfected with either nonspecific (NS) siRNA or CREB siRNA and ITM2A

ITM2A expression induced accumulation of autophagosomes

To investigate the cellular function of ITM2A, we examined
the expression and subcellular localization of ITM2A along with
numerous markers for cellular organelles, including EEA1 for
early endosomes, and LAMP1 for lysosomes. ITM2A was overex-
pressed in HEK293 cells and immunostained with anti-ITM2A
antibody and several other marker antibodies. Interestingly, con-
focal microscopy showed that ITM2A was expressed in HEK293
cells, and a portion of ITM2A colocalized with LAMP1
(Fig. 2A). We quantified the extent of colocalization and demon-
strated that the colocalization of ITM2A and LAMP1 was signifi-
cant (Fig. S4). We also observed the expression and cellular
localization of endogenous ITM2A. In HEK293 cells, endoge-
nous ITM2A is rarely detected under confocal microscopy
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(Fig. 2B, upper panel). However, forskolin treatment elevates
the expression of ITM2A in HEK293, and ITM2A is colocalized
with the LAMP1 (Fig. 2B, lower panel). Moreover, we often
observed abnormally enlarged lysosomes which expressed both
ITM2A and LAMP1 (Fig. 2B, lower panel). These results sug-
gest that ITM2A may be associated with lysosomes.

As ITM2A expression is activated by the PKA-CREB path-
way and ITM2A is associated with the lysosomes, we further
investigated the cellular function of ITM2A. Because PKA-
CREB signaling is involved in autophagy, we examined whether
ITM2A also functions in autophagy regulation. We generated
HEK293 cells stably expressing ITM2A and the different clones
showed variable expression levels of ITTM2A. While 2 clones
(#6 and #9) showed higher levels of expression of ITM2A, one
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Figure 2. ITM2A localizes in the lysosomes. (A) Overexpressed ITM2A is
colocalized with lysosomes. HEK293 cells were transfected with Xpress-
ITM2A and cells were stained with anti-ITM2A antibody and anti-LAMP1
antibody (lysosome). The bottom panel depicts enlarged images of areas
indicated in the top panel by white boxes. Bars: 10 wm. (B) ITM2A is colo-
calized with lysosomes by forskolin treatment in HEK293 (upper panel).
HEK293 cells were incubated with either mock or forskolin (5 wM, 6 h),
and cells were immunostained with anti-ITM2A antibody and anti-
LAMP1 antibody. Bars: 10 wm. Top and bottom represent 2 different
images of same sample (lower panel). Boxes denote enlarged regions.

clone (#1) rarely expressed ITM2A (Fig. S5). The cells express-
ing higher levels of ITM2A showed increased ratios of LC3B-II
over LC3B-I as well as SQSTM1/p62 (Fig. 3A). Treatment
with BafAl also increased the level of ITM2A indicating that
BafA1l affects the expression of ITM2A protein level (Fig. 3A).
In addition, the transient expression of ITM2A results in the
increased level of LC3B-II and SQSTMI1 in a dose-dependent
manner (Fig. 3B). We also tested the effect of ITM2A expres-
sion on SQSTMI protein expression (Fig. 3B). Autophagy
induction generally decreases the level of SQSTM1 protein. We
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observed that ITM2A expression increases the level of
SQSTM1, suggesting that ITM2A interferes with autophagic
Aux.

Next, we examined the subcellular localization of ITM2A and
GFP-LC3B, an autophagosomal marker. HEK293 cells stably
expressing GFP-LC3B were transfected with ITM2A, and we
observed the cytoplasmic localization of GFP-LC3B. While
GFP-LC3B was mainly localized in the nucleus after transfection
of the control vector, transient ITM2A expression resulted in the
formation of GFP-LC3B puncta in the cytoplasm (Fig. 3C). The
accumulation of autophagosomes induced by ITM2A expression
was extensive, and we compared the autophagosome patterns
under starvation and with BafAl treatment. The autophago-
somes under starvation were relatively small and variable, while
those formed with BafAl treatment were relatively large. Auto-
phagosomes formed by ITM2A expression were more similar to
those formed by BafAl treatment (Fig. 3C). We also examined
the colocalization of GFP-LC3B with ITM2A. Although
ITM2A does not completely colocalize with GFP-LC3B, the
localization of ITM2A is closely localized to GFP-LC3B puncta
in HEK293 cells (Fig. 3D). In addition, we transfected HEK293
cells with /TM2A and the examined the cellular localization of
ITM2A and endogenous LC3. Autophagosomes accumulated in
the transfected cells, and ITM2A is closely localized to LC3
puncta (Fig. 3E). We also observed the colocalization of GFP-
LC3B with endogenous ITM2A in HeLa cells (Fig. S6). ITM2A
is not colocalized with GFP-LC3B protein, however the endoge-
nous ITM2A is often closely related with GFP-LC3B puncta
(Fig. S6). These results suggest that ITM2A is involved in the
accumulation of autophagosomes and closely related with
autophagosomes.

ITM2A the
autophagosomes by interfering with autophagic flux

expression  induces accumulation  of

Because ITM2A expression induces the accumulation of auto-
phagosomes, we sought to determine its role in autophagosome
formation. We silenced endogenous /7M2A expression by using
siRNA and examined the effect on autophagy. Hela cells were
transfected with either control siRNA or /7M2A siRNA, and
cells were starved with EBSS to examine autophagy. While EBSS
treatment (starvation) increased the conversion of LC3B-I into
LC3B-1II in Hela cells with control siRNA, silencing of /7M2A
did not change the ratio of LC3B-II over LC3B-I with /7M24
siRNA under starvation (Fig. 4A). Next we silenced /7M2A and
treated with BafAl to block autophagic flux (Fig. 4B). As we
observed previously (Fig. 3A), BafA1 treatment increases the level
of ITM2A protein. Treatment of BafAl is known to increase the
ratio of LC3B-II over LC3B-I by blocking autophagic flux, and
we observed this here as well (Fig. 3A; Fig. 4B). Silencing of
ITM2A expression results in a significant decrease in the ratio of
LC3B-II over LC3B-1. We also observed the effect of SQSTM1
expression when /7M2A expression is silenced. Interestingly,
SQSTMLI expression levels were decreased in BafAl and /7M2A
siRNA treatment. Thus, ITM2A overexpression and silencing
had profound and reciprocal effects on autophagy indicating an
important role for ITM2A in autophagy.
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Figure 3. ITM2A expression results in the accumulation of autophagosomes. (A) Elevated level of ITM2A expression increased the LC3B-II/LC3B-I ratio.
HEK293 cells stably expressing Xpress-ITM2A were incubated in the presence or absence of BafA1 and the cell lysates were subject to western blot with
anti-LC3 antibody and anti-SQSTM1 antibody. LC3B-1I/LC3B-| ratios and the level of SQSTM1 (the ratio of SQSTM1/ACTB) are indicated. (B) Overexpressing
ITM2A increased the level of LC3B-Il and SQSTM1. HEK293 cells were transfected with a plasmid encoding Xpress-ITM2A, and the cell lysates were subject
to western blot with the indicated antibody. (C) Overexpressing ITM2A induces autophagosome accumulation in HEK293 cells. HEK293 cells stably
expressing GFP-LC3B were transfected with either vector or a plasmid encoding ITM2A. Twenty-four h after transfection, cells were fixed and stained
with anti-ITM2A antibody. Control cells were either mock-treated or starved in EBSS medium for 2 h in the presence or absence of BafA1 (100 nM).
ITM2A transfected cells were either mock-treated or starved in EBSS medium. Bars: 10 wm. (D) ITM2A expression is closely associated with the autopha-
gosome. HEK293 cells stably expressing GFP-LC3B were transfected with the plasmids encoding Xpress-ITM2A (red). Bars: 10 wm. (E) ITM2A is colocalized
with the endogenous LC3. The HEK293 cells were transfected with plasmid encoding Xpress-ITM2A and immunostained with anti-LC3 (green) and anti-

Xpress (ITM2A, red). Bars: 10 pum.

Next, we examined the effect of 77M2A silencing on the for-
mation of autophagosomes. Hela cells were transfected with
siRNA and mRFP-GFP-LC3B reporter construct (tfLC3) with a
time interval (24 h), and the cells were treated with mock, starva-
tion, or BafAl conditions. Unexpectedly, enlarged agglomera-
tions of vesicles were formed by /7M2A silencing, and these
agglomerations disappeared upon BafAl treatment (Fig. 4C).
Immunostaining with anti-LAMP1 antibody revealed that these
ITM2A silencing-dependent agglomerations were also expressed
with LAMP1 (GFP-LC3B™, LAMP1%) (Fig. 4D). These results
collectively indicate that the silencing of ITM2A expression
deregulates autophagy (Figs. 4A-D).
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Autophagosomes can accumulate in 2 ways, either by induc-
ing autophagy or instead by blocking autophagic flux." The latter
occurs because autophagosomes that normally fuse with lyso-
somes to form autolysosomes during autophagic flux now remain
as autophagosomes and begin to accumulate. To examine the
role that ITM2A plays during autophagic flux, we used the
mRFP-GFP-LC3B reporter construct (tfLC3), which appears
red when autolysosomes form.*” Starvation for 2 h induced red
puncta in the cytoplasm, indicating autolysosome maturation
(Fig 5A, ii). BafAl treatment, however, induces yellow puncta,
indicating that autolysosome formation is blocked by BafAl
treatment (Fig. 5A, iii). Next, we examined the autophagic flux
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nonspecific (NS) siRNA or ITM2A siRNA. Forty-eight h after transfection, cells were starved with EBSS for the indicated times, and the cell lysates were sub-
jected to western blot with the indicated antibodies (left panel). The relative ratio of LC3B-Il over LC3B-I (fold) was quantified (right panel). The experi-
ments were repeated 3 times, and representative data are shown. 0 h vs. indicated times. NS siRNA vs. ITM2A siRNA. *P < 0.05; **P < 0.005. (B) Silencing
ITM2A interferes with autophagic flux. Hela cells were transfected with siRNA and cells were incubated in the presence or absence of BafA1 (100 nM,
4 h). The relative ratio of LC3B-Il over LC3B-I (fold) and SQSTM1 were quantified (right panel). NS siRNA versus [TM2A siRNA. *P < 0.05. Bars: 10 um. (C)
Silencing ITM2A results in enlarged agglomerations of vesicles. Hela cells were transfected with siRNA and the mRFP-GFP-LC3B reporter construct
(tfLC3) with a time interval (24 h), and the cells were treated with mock, starvation or BafA1 conditions (upper panel). The number of the cells with the
aggregates was counted using a fluorescence microscope (N=150 ). Control vector vs. ITM2A siRNA. *P < 0.05; NS significant. Bars: 10 pwm. (D) Enlarged
vesicles colocalize with LAMP1 protein. HeLa cells were transfected with siRNA and GFP-LC3B with a time interval (24 h), and the cells were immunos-

tained with anti-LAMP1 antibody. Bars: 10 pm.

with TTM2A expression. When we observed autophagic flux
upon ITM2A expression, ITM2A expression induces yellow
puncta, and the patterns are similar to that of BafAl treatments
(Fig. 5A, iv). ITM2A expression also interferes with autolyso-
some maturation even under starvation conditions (Fig. 5A, v).
These results indicate ITM2A interferes with autophagic flux by
blocking the formation of a mature autolysosome (Figs. 5A
and B).

The fusion of autophagosome with lysosomes results in the for-
mation of a mature autolysosome. Since we show that ITM2A
blocks the formation of a mature autolysosome, we examined
whether ITM2A interferes with the fusion of autophagosome with
lysosome. Because GFP-LC3B is quenched by low lysosomal pH,
we used mRFP-LC3B for the detection of autophagic vacuoles
including autophagosomes and autolysosomes. HEK293 cells were
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transfected with the plasmid encoding mRFP-LC3B in the presence
or absence with the plasmid encoding ITM2A, and cells were incu-
bated in either DMEM (mock) or EBSS (starvation). Control cells
subjected to starvation conditions resulted in the formation of
mRFP-LC3B puncta. We found that many of these puncta coin-
cided with LAMP1 expression suggesting that the puncta were
mature autolysosomes. However when ITM2A is overexpressed, we
observed that many of the mRFP-LC3B puncta were not LAMP1-
positive indicating that ITM2A may be interfering with the forma-
tion of autolysosomes (Fig. 5C). In addition, the transient expres-
sion of ITM2A increased the total level of GFP-LC3B suggesting
that ITM2A blocked the degradation of the autophagic degradation
of GFP-LC3B (Fig. 5D). These results collectively indicate that
ITM2A may inhibit autophagic flux by interfering with fusion of
autophagosomes with lysosomes.
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Figure 5. ITM2A expression interferes with autophagic flux. (A) HEK293 cells expressing mRFP-GFP-LC3B protein were transfected with either vector or
the plasmid encoding ITM2A. Twenty-four h after transfection, cells were fixed and stained with an anti-ITM2A antibody. Control cells were either mock-
treated or starved in EBSS medium for 3 h in the presence or absence of BafA1 (100 nM, 4 h). Bars: 10 wm. (B) Quantification of cells with either autopha-
gosomal LC3 puncta or autolysosomal LC3 puncta (N = 300 ). (C) HEK293 cells were transfected with plasmid encoding mRFP-LC3B with either vector
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ITM2A interacts with v-ATPase

Since ITM2A inhibits autophagic flux, we wanted to further
examine the mechanism of inhibition. We searched the STRING
v9.1 protein-protein interaction network, and found that
ATP6VOA4/v-ATPase a4 was a potential binding partner.24 To
examine the interaction between ITM2A and ATP6VO0A4, we
performed a coimmunoprecipitation assay with endogenous
ITM2A and endogenous ATP6VOA4. We immunopurified
ITM2A protein with an anti-ITM2A antibody, and detected the
bound ATP6V0A4 by anti-ATP6V0A4 antibody. The binding
assay showed that ITM2A protein interacts with ATP6V0A4
tightly (Fig. 6A). We confirmed the interaction between ITM2A
and ATP6V0A4 by the transiently expressing ITM2A and His-
ATP6VO0A4 (Fig. 6B). Since ATP6VO0A4 is only one member of
the v-ATPase a family, we assessed the interaction of [TM2A
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with ATP6VOA1/v-ATPase al, the more widely expressed form
of the v-ATPase a family (Fig. 6C, right panel; Fig. S7). The
binding assay showed that HA-ITM2A also interacts with endog-
enous ATP6VOAL1 (Fig. 6C). To see if this interaction was spe-
cific for the v-ATPase a family, we also examined the interaction
between ITM2A and ATP6V1B1 and ATP6V1B2, and we did
not detect their interaction (data not shown). These results pro-
vide evidence for a specific interaction between ITM2A and the
v-ATPase a family.

To investigate the interaction between ITM2A and v-ATPase,
we assessed the subcellular localization of ITM2A and
ATP6VOA4. HEK293 cells were transfected with plasmids
encoding ATP6VOA4 in the presence or absence of ITM2A.
ITM2A colocalized with ATP6V0A4, and the colocalization and
the binding between ITM2A and ATP6V0A4 were not affected
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Figure 6. ITM2A interacts with v-ATPase. (A) Interaction between endogenous ITM2A and endogenous ATP6VOA4. Hela cells were immunoprecipitated
with either normal IgG or an anti-ITM2A antibody, followed by immunoblotting with an anti-ATP6VOA4 antibody (upper and middle panels) or anti-
ITM2A antibody (lower panel). WCL, whole cell lysates. (B) Interaction between ITM2A and ATP6VOA4. HEK293 cells were transfected with HA-ITM2A, His-
tagged ATP6V0OA4 (His-ATP6VOA4) or both. ATP6VOA4 protein was immunopurified with an anti-His antibody and immunoprecipitates were immuno-
blotted with an anti-ITM2A antibody. (C) Interaction between ITM2A and endogenous ATP6VOA1. HEK293 cells were transfected with HA-ITM2A, and HA-
ITM2A was immunopurified to examine the interaction with endogenous ATP6VOAT1 (left). Simplified figure of v-ATPase complex is shown and ATP6VOAT,
ATP6VOA4, and ATP6V1B1/ATP6V1B2 are indicated (right). (D) ITM2A is colocalized with ATP6VOA4. HEK293 cells were transfected with plasmid encoding
Xpress-ATP6V0OA4 in the presence or absence of plasmid encoding ITM2A. Cells were mock-treated, starved for 2 h or incubated with BafA1 (100 nM, 4 h)
and immunostained with anti-Xpress (red) or anti-ITM2A (green) antibodies. Bars: 10 um. (E) ITM2A is colocalized with ATP6VOA1. HEK293 cells were
transfected with plasmid encoding Xpress-ATP6VOA1 in the presence or absence of plasmid encoding ITM2A. Bars: 10 pm. (F) Schematic diagram of
ITM2A and its deletion mutants (N1 to N4, C1). Numbers correspond to the amino acid sequence. TM, transmembrane domain. (G) Identification of the
region of ITM2A required for v-ATPase interaction. (i) HEK293 cells were transfected with Xpress-tagged ITM2A mutants (N1, N2, N3, N4), and Xpress-
ITM2A mutants were immunopurified with anti-Xpress antibody. The immunoprecipitates were probed with anti- ATP6VOA1 antibody. (ii) HEK293 cells
were transfected with Xpress-ITM2A wild type (WT) or Xpress-tagged ITM2A C1 (C1). Xpress-ITM2A proteins were immunopurified with an anti-Xpress
antibody and immunoprecipitates were immunoblotted with an anti-ATP6VOA1 antibody.

by ecither the starvation or the BafAl treatment (Fig. 6D;
Fig. $8). In addition, ITM2A also colocalized with ATP6VO0A1
(Fig. GE).

Because I'TM2A interacts with v-ATPase, we determined
which ITM2A domain is required for the interaction.
ITM2A has 2 functional domains, the
domain (amino acids 54 to 74) and the putative brichos
domain (amino acids 133 to 227). We generated ITM2A
constructs containing truncated forms of ITM2A (ITM2A
N1, N2, N3, N4, and C1) based on the functional domains,
and examined the interaction with ATP6VO0Al. HEK293
cells were transfected with plasmids encoding either Xpress-

transmembrane
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ITM2A or Xpress-ITM2A mutant. Forty-eight h after trans-
fection, Xpress-ITM2A protein was immunoprecipitated and
the immunoprecipitates were probed with an anti-ATP6VO0ALI
antibody. The coimmunoprecipitation assay revealed that
ITM2A WT, N1, N2, N3, and N4 interact with ATPG6V0AL1
suggesting that the N terminus (amino acids 1 to 133) is suf-
ficient for binding (Fig. 6G, I). In addition, we examined
whether ATP6VOA1 was associated with the ITM2A Cl1
mutant. A coimmunoprecipitation with ITM2A C1 and v-
ATPase showed that ITM2A C1 does not interact with
ATP6VOA1 and ATP6VOA4 indicating that the N terminus
is required for binding with v-ATPase (Fig. 6G, ii; Fig. S9).
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The interaction between ITM2A and v-ATPase is required
for the accumulation of autophagosomes by ITM2A

We examined the effect of truncated ITM2A mutants on
autophagosome formation. ITM2A mutants (N1 to N4) which
interact with v-ATPase induced the accumulation of autophago-
somes (Figs. 7A and B; Fig. $10). On the other hand, ITM2A
C1 expression did not induce autophagosome accumulation. In
addition, ITM2A C1 did not increase the level of LC3B-II
(Fig. 7C; Fig. S10). These results indicate that N-terminal
domain of ITM2A is required for the accumulation of
autophagosomes.

Several reports suggest that v-ATPase is responsible for acidi-
fying the autophagic vacuole and that BafA1 inhibits v-ATPase.”
Because ITM2A interacts with v-ATPase, we examined whether
lysosomal function was affected by ITM2A expression. GFP-
LC3B cells were transfected with the plasmid encoding ITM2A
and starved for 3 h. Later, the cells were stained with Lyso-
Tracker Red to examine lysosomal function. LysoTracker Red
dyes accumulated in cellular organelles, which are acidic. ITM2A
expression reduced the LysoTracker Red spots indicating that
ITM2A interferes with lysosomal function (Fig. 7D, left panel).

vector  N1(1~239) N2(1~200)

N3 (1~170)

N4 (1~140)

To investigate the significance of our results, we analyzed the
number of LysoTracker Red spots using cells expressing wild-
type ITM2A or N-terminal truncated ITM2A C1. While wild-
type ITM2A significantly reduced the number of LysoTracker
Red spots, ITM2A C1 that cannot interact with v-ATPase
remained similar to control levels (Fig. 7D, right panel). To con-
firm whether ITM2A affected lysosomal pH, we used a LysoSen-
sor dye. Overexpression of wild-type ITM2A significantly
increased the lysosomal pH, however ITM2A C1 did not change
the lysosomal pH (Fig. 7E). These results suggest that ITM2A
suppresses the acidification of subcellular organelles through
interactions with v-ATPase.

Discussion

Here we demonstrate that ITM2A is induced by the PKA-
CREB signaling pathway. We first analyzed the /7M2A pro-
moter sequence, and determined that the /7M24 promoter con-
tains a CRE element. We then examined the relationship
between ITM2A expression and PKA-CREB signaling. ITM2A
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Figure 7. ITM2A interferes with lysosomal function. (A) The N-terminal domain of ITM2A is required for autophagosome formation. ITM2A deletion
mutants were expressed in GFP-LC3B cells and stained with anti-Xpress antibody. Bars: 10 pwm. (B) The number of GFP-LC3B dot-positive cells (N > 5)
was counted using a fluorescent microscope (N=300 ). Control vector versus ITM2A mutant. *P < 0.001; **P < 0.005; NS, not significant. (C) ITM2A C1 did
not increase the LC3B-1I/LC3B-I ratio. HEK293 cells were transfected with vector, ITM2A WT, or ITM2A C1 and the cell lysates were subjected to western
blot with anti-LC3 antibody. (D) ITM2A interferes with the acidification of lysosomes. GFP-LC3B cells were transfected with plasmid encoding ITM2A.
Twenty-four h after transfection, cells were starved for 3 h and stained with LysoTracker Red dye (left panel). The number of LysoTracker Red spots was
counted using a fluorescence microscope (right panel). N = 50, *P < 107" NS, not significant. Bars: 10 wm. (E) Lysosomal pH values were measured

using LysoSensor Yellow/Blue-dextran. N = 3, *P < 0.05 ; NS, not significant.
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expression is induced by both forskolin treatment and forced
PKA expression, and depleting CREB with siRNA attenuates
ITM2A expression. Next, we examined the cellular function of
ITM2A. Because we observed the accumulation of autophago-
somes induced by ITM2A expression, we hypothesized that
ITM2A is involved in autophagy. Our hypothesis was supported
by the following evidence: HEK293 cells stably expressing
ITM2A showed an increase in the LC3B-II/LC3B-I ratio, and
the silencing of /7M2A interferes with the autophagy process
under starvation conditions. In particular, we found that ITM2A
expression interferes with autolysosome formation, indicating
that ITM2A interferes with autophagic flux. To identify the
mechanism by which ITM2A inhibits autophagic flux, we
searched the ITM2A binding partners and identified v-ATPase
by in silico analysis. ITM2A interacts tightly with v-ATPase and
colocalizes with v-ATPase in the cytoplasm. v-ATPase acidifies
intracellular organelles. Thus, the interaction between v-ATPase
and ITM2A attenuates lysosome function and suppresses autoly-
sosome formation. These results show that PKA-CREB signaling
interferes with autophagic flux by regulating ITM2A, which
interacts with v-ATPase.

v-ATPase acidifies organelles and is required for the autoph-
agy process. For this reason, v-ATPase inactivation by mutation
or an inhibitor such as BafA1 results in attenuated autophagy.>*’
In this study, ITM2A provided similar results and ITM2A
expression resulted in enlarged autophagosomes and inhibited
autophagic flux. In addition, we showed that ITM2A interacts
with v-ATPase and inhibits autophagic flux, indicating that
ITM2A interferes with v-ATPase function. Our speculation is
also supported by a decrease in LysoTracker Red spots and the
increase of lysosomal pH following ITM2A expression. For this
reason, the elevated expression of ITM2A can be considered a
novel method to inhibit v-ATPase.

ITM2A mutants (N1 to N4) containing the transmembrane
domain interacted with v-ATPase, whereas the ITM2A C1
mutant, which is devoid of the transmembrane domain, did not
interact with v-ATPase. Thus, we concluded that N-terminal
domain of ITM2A is required for the interaction between
ITM2A and v-ATPase. In addition, ITM2A interacts with v-
ATPase a subunits such as ATP6V0OA1 or ATP6V0A4 but not
ATPG6V1BI1 or ATP6V1B2. As v-ATPase a and v-ATPase B are
different families of v-ATPase, we speculate that this distinction
is caused by differences in amino acid sequences. The amino acid
sequences of ATP6VOAL are homologous with ATP6V0A4,
whereas those of ATP6V1B1 and ATP6V1B2 are not as related
to ATP6VOA4.

Silencing ITM2A expression by siRNA produced some inter-
esting results. Reduced endogenous ITM2A expression attenu-
ated autophagy under starvation. Normally, the LC3B-II level
under starvation is increased, indicating active autophagy. How-
ever, silencing /TM2A expression attenuates the change in the
ratio of LC3B-II/LC3B-I expression. These results suggest that
ITM2A has a negative role in regulating autophagy. Moreover,
the silencing of /7M2A interferes with the function of BafAl,
which blocks autophagic flux. The level of ITM2A protein was
elevated by BafAl treatment, and the silencing of /7M24
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decreased LC3B-II/LC3B-I ratio as well as protein levels of
SQSTM1. Namely, /7M2A silencing attenuated the inhibitory
effect on autophagic flux of BafAl. These results suggest that
ITM2A is possibly involved in the function of BafA1l by regulat-
ing v-ATPase.

Based on our results, [ITM2A inhibits the autophagic flux by
regulating the fusion of autophagosome with lysosome (Fig. 8).
When the expression level of ITM2A is increased, ITM2A coloc-
alizes with lysosomes, and the lysosome rarely colocalizes with
autophagosomes (Figs. 2A and B; Fig. 5C). Enhanced expression
of ITM2A by forskolin or transient expression formed abnor-
mally enlarged lysosomes (ITM2A™, LAMP1", GFP-LC3B) by
regulating the lysosomal pH (Figs. 2A and 2B; Fig. 7E). Thus,
ITM2A expression results in the accumulation of autophago-
somes and lysosomes (Fig. 8B). In contrast, the silencing of
ITM?2A attenuates the inhibitory effect of ITM2A on v-ATPase,
and results in the formation of incomplete enlarged autolyso-
somes (ITM2A", LAMP1*, GFP-LC3B™) (Figs. 4C and D).
Similar agglomerated vesicles were also found when autophagic
flux was activated by the overexpression of UVRAG.?® Moreover,
BafAl treatment decreased the number of enlarged autolyso-
somes in /7M2A silenced cells. One possible explanation for this
is that BafAl can decrease v-ATPase activity and inhibit the
fusion of autophagosomes and lysosomes, resulting in a loss of
enlarged autolysosomes (Figs. 4C and D). However, it is still
controversial whether v-ATPase is involved in the fusion of auto-
phagosomes with lysosomes.”*” In this report, we focus on the
inhibition of autophagy flux by ITM2A by interacting with v-
ATPase, however we speculate that ITM2A has additional roles
in regulating the fusion of autophagosomes with lysosomes.

Several reports suggest that PKA signaling inhibits autophagy.
In yeast, the Ras-PKA signaling pathway inhibits an early step in
the autophagy process, and the PKA as well as the TOR pathways
regulate Atgl and Atgl3 by phosphorylation.'®'* However, the
relationship between CREB and autophagy has not been as
clearly studied in the mammalian systems as it has in yeast. Here,
we showed that ITM2A is a direct transcriptional target of
CREB that interferes with the later stage of autophagy. Overall,
our data suggest that PKA-CREB signaling in mammalian cells
negatively affects autophagy. We attempted to examine the
autophagy process by PKA-CREB in the presence or absence of
ITM2A, however we did not find a clear difference (data not
shown). We assume that multiple autophagy pathways including
the early step are inhibited by the PKA pathway, and the inhibi-
tion of later steps such as autolysosome formation is a kind of a
double check to block autophagy.

Several reports demonstrated that ITM2A is involved in cell
differentiation. Similarly, autophagy has a critical role in cell dif-
ferentiation, and knocking out autophagy regulators such as Azg5
or Atg7 has led to various differentiation abnormalities.”® Over-
expressing ITM2A enhances myotube differentiation of C2C12
myoblast cells and knocking out Azg7 results in muscle atrophy
and muscle loss during denervation and fasting.'®*” On the basis
of our findings regarding the role of ITM2A in autophagy and
previous results, we speculate that ITM2A regulates cell differen-
tiation by regulating autophagy. Many positive or negative

765



A. normal

v-ATPase

fusion

| autolysosome |

autophago-

some

B. ITM2A expression

PKA/CREB BafA1

\/

ITM2A 1

N\

v-ATPase |

fusion |

H1l

lysosome

autophago-

OO
OO

Accumulation of autophagosomes
(if initial step of autophagy is active)

O

Inactive lysosomes
(bigger or more)

Figure 8. A proposed hypothesis of the cellular pathway involving ITM2A and v-ATPase regulating the acidification of autophagosomes and autophagic
flux. (A) v-ATPase is involved in the transport of hydrogen ion, and also involved in the fusion of autophagosomes with lysosomes. (B) Upregulation of
ITM2A expression inhibits the transport of hydrogen ion by interacting with the v-ATPase. Inactivation of the v-ATPase inhibits the fusion of autophago-
somes with lysosomes, and contributes to the accumulation of autophagosomes and lysosomes.

regulators of autophagy participate in cell remodeling, and ITM2A
regulating autophagy could affect cell differentiation. Further
research will be required to determine relationship between autoph-
agy regulation by ITM2A and cell differentiation.

Materials and Methods

Cell culture and reporter assay

HEK293 and HeLa cells were grown in DMEM medium
(Welgene, LM001-05) supplemented with 10% fetal bovine
serum (Gibco, 26140). A HEK293 stable cell line expressing
GFP-LC3B was generated as described previously.”® The GFP-
LC3B plasmid was provided by T. Yoshimori (Osaka University,
Japan).”’ HEK293 cells were transfected using lipofectamine
2000 (Invitrogen, 11668). For the reporter assay, cells were
seeded in 24-well plates in DMEM 18 h before transfection.
Typically, 0.5 pg of total DNA was transfected in each well, and
each assay was normalized with renilla luciferase. To examine the
cell signaling pathways, HEK293 cells were treated with forskolin
(Sigma, F6886), TPA (Sigma, P1585) and BafAl (Sigma,
B1793).

c¢DNA cloning and reporter plasmid construction
Reverse Transcription - Polymerase Chain Reaction (RT-PCR)
was used to amplify the entire coding region of /7M2A from
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HEK293 RNA using the 5" primer ATG GTG AAA ATC GCC
TTCAAT AC and the 3 primer TTA ATC TTG ACA GAT CTT
GGT CTC AAC. The amplified cDNA fragments were cloned into
pcDNA4/HisMax (Invitrogen, K864-20) to encode Xpress tagged
ITM2A (Xpress-ITM2A) and completely sequenced. After sequenc-
ing, cDNA for /TM2A was subcloned into pcDNA3/HA plasmids.
In the same way, v-ATPase (A7P6V0A4) was amplified using 5
primer ATG GTG TCT GTG TTT CGA AGC and 3’ primer
CTA CTC CTC GGC TGT GCC ATC from HelLa cDNA and
cloned into pcDNA4/HisMax. The ITM2A promoter region
(1,462 /4-98) was amplified from HEK293 genomic DNA using 5’
primer TGG CCC TAA GTA AGG CAC AG and 3’ primer GTA
AGG CGC TGC TGG AAT C. The amplified fragments were ini-
tially cloned into the pTOP TA V2 vector (Enzynomics, EZ011).
Each reporter plasmid construct (1.5 kb, 1.0 kb and 0.5 kb) was
amplified and subsequendy subcloned into pGL2-basic vector
(Promega, E1641). Point mutants of the /7M2A promoter were
generated using the QuikChange site-directed mutagenesis kit (Stra-
tagene, #200518), and each mutant was completely sequenced to
verify the presence of the intended mutation and the absence of any
others.

Immunoprecipitation and western blotting

For immunoprecipitation, cells were harvested and resus-
pended in lysis buffer (150 mM NaCl, 50 mM HEPES, pH 7.5,
1% NP40 [Sigma, I8896]) containing a protease inhibitor
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cockrail (Roche, 11697498001). Immunoprecipitated proteins
from precleared cell lysates were used for immunoblotting. For
protein immunoblot analysis, polypeptides in whole cell lysates
were resolved by SDS-PAGE and transferred to nitrocellulose
membrane filters. Proteins were detected with a 1:2000 or
1:5000 dilution of primary antibody using an enhanced chemilu-
minescence (ECL) system. The images were acquired using
Chemidoc-it 410 imaging system (UVP, Upland, CA) and
LAS4000 system (GE Healthcare, Uppsala, Sweden). Glutathi-
one S-transferase (GST)-ITM2A amino-terminal fragment
(amino acid 1 to 120) fusion protein was used as a source antigen
for the anti-ITM2A antibody. The following primary antibodies
were used: anti-CREB (Cell Signaling Technology, 9197), anti-
phospho-CREB (Cell Signaling Technology, 9198), anti-LC3
(Novus Biologicals, NB100-2220), anti-ATP6V0A4 (Aviva Sys-
tems Biology, OAAB02785), anti-ATP6VO0A1 (Santa Cruz Bio-
technology, sc-374475), anti-His (MBL, M089), anti-Xpress
(Invitrogen, #46-0528), anti-ACTB (ABM, G043).

Immunofluorescence and confocal microscopy

GFP-LC3B cells were grown on sterilized glass coverslips.
After drug treatment, cells were fixed with 4% paraformaldehyde.
For immunostaining, cells were blocked with 10% goat serum
(Gibco, 16210) in phosphate-buffered saline (PBS; Wellgene,
MLO008), stained with a 1:500 dilution of primary antibody in
PBS, and stained with a 1:1000 dilution of fluorescence-conju-
gated secondary antibody (Invitrogen, A11001, A11008,
A11011, A11004, A11045, A11046). Finally, slides were washed
3 times with PBS, stained with DAPI and mounted in mounting
medium (Vector, H-1000). Images were captured with a Carl
Zeiss LSM710 confocal microscope (Oberkochem, Germany).
The EEA1 antibody was purchased from BD (610457), and the
LAMP1 antibody from Santa Cruz Biotechnology (sc-20011).
To measure the extent of protein colocalization, confocal images
were quantified using the Pearson correlation coefficient (PCC)
as described previously.”>?> PCC (R,) values were calculated by
WCIF Image] software (NIH, Bethesda, MD). The correlation
coefficient was calculated from 5 cells per group.

RNA interference of CREB and semiquantitative RT-PCR

Small interfering RNAs (siRNAs) were purchased from ST
PHARM (Seoul, Korea) and Bioneer (Daejeon, Korea). The
nucleotide sequence for CREB siRNA #1 was 5- CCA ACU
CCA AUU UAC CAA A -3’ and for CREB siRNA #2 was 5'-
GCC UGC AAA CAU UAA CCA U -3. The nucleotide
sequence for /7M2A siRNA was 5- CAU CUU UGC AGU
UCU GUU A -3’. siRNA was transfected into HEK293 and
HeLa cells using Lipofectamine RNAIMAX reagent (Invitrogen,
13778) in accordance with the manufacturer’s instructions. For
semiquantitative RT-PCR, cells were harvested and RNA was
extracted using Trizol (Invitrogen, 15596) in accordance with
the manufacturer’s instructions, and subjected to reverse tran-
scription-PCR (RT-PCR). /7M2A mRNA was amplified using
the 5" primer CTT TGA AAA GGG AAT GAC TGC TTA C
and the 3’ primer TAC TAA CAT CAC GAA TTT CCT CCA
C. Input RNA was normalized by amplifying ribosomal protein
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L4 (RPL4) RNA using the 5 primer GCT CTG GCC AGG
GTG CTT TTG and the 3’ primer ATG GCG TAT CGT TTT
TGG GTT GT.

ChIP assay

Chromatin immunoprecipitation (ChIP) was performed
using the ChIP Chromatin Immunoprecipitation kit (Millipore,
17-295) according to the manufacturer’s standard protocol.
HEK293 cells were either mock-treated or treated with forskolin
(5 wM) for 4 h, and the nucleotide fragments (P1), including
the CRE site in the /7M2A promoter, were amplified using the
5 primer ACT CCA CTT CCC CTG CTC TTC and the 3’
primer TGT TAG CCC AAA CAG CAC TTA C. The control
nucleotide fragments (P2) were amplified using the 5’ primer
TTA TGC CAA TCA CAG CAC AAG and the 3’ primer TTG
AAT GCC AAG CAATGA TG.

Measurement of lysosomal pH

Quantification of lysosomal pH was performed with LysoSen-
sor Yellow/Blue dextran (Life Technology, 1-22460), according
to previous protocols.>® Briefly, 48 h after transfection, HEK293
cells were trypsinized and resuspended at 1x10®/ml and incu-
bated with 1 mg/ml of LysoSensor dextran for 1 h under growth
conditions (37°C, 5% CO,). To obtain the pH calibration curve,
the cells were treated and equilibrated with 10 wM monesin and
10 uM nigerisin in MES buffer (5 mM NaCl, 115 mM KCl,
1.3 mM MgSOy, and 25 mM MES), which was adjusted with
pH from 3.5 to0 6.5.*%> The samples were measured using Flex
Station II (Molecular Devices, Sunnyvale, CA) with excitation at
335 nm and then the florescence emission intensity ratio of
450 nm/520 nm was calculated. The pH value of each sample

was determined from the linear standard curve.

Statistical methods

The results of the luciferase assay, western blot and GFP-
LC3B puncta analysis were evaluated by a 2-tailed # test using
Microsoft Excel software. P < 0.05 was considered significant.
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