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Autophagy is a cellular bulk degradation system for long-lived proteins and organelles that operates during nutrient
starvation and is thus a type of recycling system. In recent years, a series of mammalian orthologs of yeast autophagy-
related (ATG) genes have been identified; however, the importance of the transcriptional regulation of ATG genes under-
lying autophagosome formation is poorly understood. In this study, we identified several ATG genes, including the genes
ULKT1, MAPTLC3B, GABARAPLI, ATG13, WIPI1, and WDR45/WIPI4, with elevated mRNA levels in thapsigargin-, C2-ceramide-,
and rapamycin-treated as well as amino acid-depleted HelLa cells except for MAPTLC3B mRNA in rapamycin-treated Hela
cells. Rapamycin had a weaker effect on the expressions of ATG genes. The increase in WIPIT and MAP1LC3B mRNA was
induced prior to the accumulation of the autophagy marker protein MAP1LC3 in the thapsigargin- and C2-ceramide-
treated A549 cells. By counting the puncta marked with MAP1LC3B in Hela cells treated with different autophagy
inducers, we revealed that the time-dependent mRNA elevation of a specific set of ATG genes was similar to that of auto-
phagosome accumulation. The transcriptional attenuation of WIPIT mRNA using RNA interference inhibited the puncta
number in thapsigargin-treated HelLa cells. Remarkably, increases in the abundance of WIPIT mRNA were also manifested
in thapsigargin- and C2-ceramide-treated human fibroblasts (WI-38 and TIG-1), human cancer cells (U-2 OS, Saos-2, and
MCF7), and rodent fibroblasts (Rat-1). Taken together, these results suggest that the detection of WIPIT mRNA is likely to

be a convenient method of monitoring autophagosome formation in a wide range of cell types.

Introduction

The process of autophagy has been conserved from yeast to
mammals, and mammalian orthologous genes of budding yeast
autophagy-related (A7G) genes have been identified and charac-
terized in succession.! Mammalian autophagy has been shown to
have fundamental roles in both physiology and pathology; thus,
the molecular mechanism underlying autophagy regulation is
considered to be an issue of primary importance in the field of life
science.”® For example, a basal level of autophagy is essential for
cellular homeostasis; thus, the inhibition of autophagy in nerve
cells can play a causative role in degenerative diseases similar to
the role that the death of nerve cells plays in Alzheimer disease.
Moreover, autophagy is deeply involved in a variety of pathophys-
iological phenomena—from development and differentiation to
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lipid metabolism—and aberrations in autophagy can potentially
lead to adult-onset diseases such as cancer, diabetes mellitus, and
cardiac failure.??

Autophagy is regarded as a membrane-trafficking pathway
and is actually a generic term that is used to refer to the following
sequential process: First, a double membrane derived from the
endoplasmic reticulum (ER) and/or other subcellular compart-
ments becomes a precursor sequestering sac known as a phago-
phore; this membrane then transforms into an autophagosome
and fuses with a lysosome to become an autolysosome.* Regarding
the origin of the autophagosome membrane, multiple membrane
sources have been advocated to serve in the formation of the
phagophore.’” Evidence regarding the protein-protein interac-
tions that occur during this process is accumulating.® At present,
various means of indicating autophagy have been developed and
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are widely used, such as form shifts in the MAP1LC3 protein
(mediated by cleavage and lipidation), consisting of the conver-
sion of the cytoplasmic-liberated form of MAPILC3 (LC3-I)
to the autophagosome membrane-bound form of MAPILC3
(LC3-1I), and puncta observations of green fluorescent pro-
tein (GFP)-tagged MAPILC3 (GFP-LC3) under fluorescent
microscopy, as well as the detection of autophagosomes and
autolysosomes using electron microscopy.”'® However, interpre-
tations of the form shift in MAP1LC3 protein as detected using
western blotting frequently lead to false-positive predictions of
autophagy; thus, caution is needed.'”'® Furthermore, GFP-LC3
tends to aggregate even in the absence of genuine autophagy."*?
Therefore, technical innovations for monitoring autophagy, espe-
cially for monitoring autophagic flux, are needed."

Unlike our knowledge of protein levels during autophagy,
the transcriptional regulation of basal and inducible levels of
ATG genes remains poorly understood. Several lines of evidence
indicate that the transcriptional regulation of ATG genes is fun-
damental to understanding autophagy from a pathophysiologi-
cal perspective." For instance, Becnnl (mouse ortholog of yeast
VPS30/ATGG6) heterozygous mice have an increased risk of
developing cancer because of the haploinsufficiency of the Becnl
gene, which is to say that the Becn] mRNA level is reduced by
half.>! Details regarding recent imperative progress concerning
transcriptional regulation in autophagy will be mentioned in the
Discussion section.

In the present study, we aimed to develop and establish a more
convenient and reliable method of detecting autophagosome for-
mation. For this purpose, we quantitatively detected an increase
or decrease in the mRNA abundance of ATG genes after expo-
sure to different kinds of autophagy inducers and verified the
usefulness of the expression levels of A7G genes as markers of
autophagosome formation.

Results

Identification of WIPII mRNA as an indicator of chemical
and physiological autophagy

To identify the human A7G genes with accumulated mRNA
levels after autophagy induction, we performed a quantita-
tive real-time reverse transcription-polymerase chain reaction
(RT-PCR) analysis. The following 37 ATG genes were primarily
examined (Table S1): ULKI, ULK2, ATG2A, ATG2B, ATG3,
ATG4A, ATG4B, ATG4C, ATG4D, ATG5, BECNI (ortho-
log of yeast VPS30/ATG6), ATG7, MAPILC3A, MAPILC3B
(an ortholog of yeast ATGS8), MAPILC3C, GABARAP,
GABARAPLI, GABARAPL2/GATEL6, ATG9A, ATGIB,
ATGI10, ATGI2, ATGI3, ATG14, ATGIGLI, ATGIGL2, WIPII
(ortholog of yeast ATGI8), WIPI2, WDR45B/WIPI3/WDR45L,
WDR45/WIPI4, DRAMI, CI120rf44/ATG101, RBICCI/FIP200,
PIK3C3 (ortholog of yeast VPS34), PIK3R4, UVRAG, and
KIAA0226/RUBICON. Among them, MAPILC3A, MAPILC3B,
MAPILC3C, GABARAP, GABARAPLI, and GABARAPL?2 are
yeast ATG8 orthologs, and WIPI (WD repeat protein interact-
ing with phosphoinositides) family members including WIP/1,
WIPI2, WDR45B, and WDR45 are yeast ATGIS8 orthologs.

498 Autophagy

Cl120rf44 and RBICCI proteins are reportedly associated with
the yeast Atgl protein orthologs, ULK1 and ULK2, and the
ATG13 protein complex."” First, we treated HeLa cells with 0.5
wM of thapsigargin, which induces cellular stress responses, such
as ER stress and autophagy, by increasing the cellular calcium
ion concentration,'®" for 8 h. We selected 8 h as a time interval
for thapsigargin treatment based on results obtained in time-
course analyses of puncta formation and the W/P/ mRNA level,
as described later. As a result, we found that WP/ was the most
significantly upregulated mRNA among the 37 ATG genes that
were examined (Fig. 1). In addition to the 37 ATG genes, the
mRNA levels of AMBRAI, COPZ1, RAB3GAP2, RPS6KAI, and
WDR82 were not significantly changed (data not shown).

Similar to thapsigargin, tunicamycin, an inhibitor of
N-glycosylation, has also been reported to induce ER stress and
autophagy.’®” ER stress has been shown to be capable of trig-
gering autophagy.'®?? First, we observed that the mRNA lev-
els for WIPII and the ER stress marker gene HSPA5/BiP were
significantly elevated in tunicamycin (2 pug/mL, 8 h)-treated
HeLa cells, compared with DMSO-treated HeLa cells (Fig. S1A
and S1B). Next, the induction of autophagosome formation by
tunicamycin was examined using Hela cells stably expressing
GFP-tagged MAPILC3B (HeLa/GFP-LC3B) by counting the
number of puncta marked by GFP-LC3B under a fluorescent
microscope. We detected significantly larger numbers of puncta
in the tunicamycin-treated HelLa/GFP-LC3B cells than in the
DMSO-treated HeLa/GFP-LC3B cells after 24 h of tunicamycin
treatment (Fig. SIC). These results suggest that WZP/I mRNA
could be a suitable and generally versatile indicator of cellular
stress responses. We also detected the significant accumulation
of mRNA for WIPII as well as HSPAS in dithiothreitol (2 mM,
6 h)-treated HeLa cells, compared with mock-treated HeLa cells
(unpublished data), but we have yet to determine the functional
significance of W/PII mRNA accumulation during ER stress-
induced or ER stress-associated autophagosome formation in
HelLa cells.

Contrary to previous reports, thapsigargin has been shown
to inhibit autophagy by blocking the fusion of autophagosomes
with the endocytic system.”? More recently, thapsigargin has
been reported to block an early stage of autophagic flux indepen-
dently of ER stress.”* These findings suggest that W/P/1 mRNA
could be an indicator of autophagy dysregulation in addition
to autophagy stimulation, since thapsigargin is likely to lead
to autophagy stimulation in an attempt to compensate for the
loss of autophagosome turnover. To determine whether W/PII
mRNA accumulation can be seen after the blockage of the latter
stage of autophagy, we treated HeLa cells with bafilomycin A, or
chloroquine. As well-known autophagy inhibitors, bafilomycin
A, inhibits vacuolar H*-ATPase while chloroquine increases the
lysosomal pH.? Based on an autophagic flux assay, in which the
presence of free GFP fragments (resulting from the degradation
of GFP-LC3) within the autolysosome in HeLa cells was evalu-
ated, unsaturating concentrations of bafilomycin A, or chloro-
quine were shown to increase the level of free GFP fragments,
indicating incomplete autophagy inhibition, while saturating
concentrations of these compounds did not increase the level
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of free GFP fragments, indicat- 14 1 Thapsigargin
ing complete autophagy inhibi-
tion.”” Therefore, unsaturating
and saturating concentrations of
bafilomycin A, (2.5 nM and 25 Lk
nM, respectively) or chloroquine
(10 wM and 50 pM, respec-
tively) were used to treat HeLa 10 -
cells for 6 h, and the result-
ing WIPII mRNA levels were

then quantitatively measured.

(o]
1

Saturating concentrations, but
not unsaturating concentrations,
of the
resulted in the accumulation of
WIPII mRNA, but the extent
of WIPII mRNA accumulation
was considerably smaller than
that obtained by thapsigargin 4
treatment (Fig. S2; Fig. 1).
Next, HeLa cells were treated
with 100 pM of a well-known 2
autophagy inducer, C2-ceramide *

autophagy inhibitors
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Remarkably, and in accordance

with the results obtained using I Tr—

Figure 1. Hela cells were exposed to 0.5 wM of thapsigargin for 8 h and the mRNA expression levels of the
indicated ATG genes were quantitatively detected using TagMan real-time RT-PCR. GAPDH was used as an
internal standard. The means + standard deviations (SDs) are shown as the relative fold-induction when the
values obtained in DMSO-treated cells were set as 1 (horizontal broken line). *P < 0.05 (n = 2). ND indicates no

thapsigargin, C2-ceramide
increased the mRNA abundance
of WIPII to the greatest degree (Fig. 2). We also confirmed the
WIPI mRNA level using 3 other TagMan primers (Fig. S3A).
In addition to WIPII, the abundance of ULKI, MAPILC3B,
GABARAPLI, ATG13, WDR45, and DRAMI mRNA was sig-
nificantly increased by both thapsigargin and C2-ceramide in
HeLa cells (Figs. 1 and 2).

To further confirm these results, 100 wM of C2-ceramide was
added to both the A549 cells as well as the HeLa cells for 24 h,
and semi-quantitative RT-PCR was then performed to detect the
mRNA expression levels of ULKI, MAPILC3B, GABARAPLI,
WIPII, WDR45, and DRAMI. As a result, these mRNA lev-
els were commonly upregulated in both cell types (Fig. S4).
Collectively, we successfully demonstrated that the mRNA abun-
dances for a unique set of A7G genes are commonly increased in
2 different cell lines.

Furthermore, we checked different autophagy inducers to con-
firm the results obtained using thapsigargin and C2-ceramide
using a quantitative real-time RT-PCR assay. For this purpose,

www.landesbioscience.com

we treated HeLa cells with amino acid-free Earle’s balanced salt
solution (EBSS) medium, a physiological inducer of autophagy,
for 4 h, and quantitative real-time RT-PCR was performed to
detect any changes in the mRNA levels of 37 ATG genes. In
accordance with the results obtained using thapsigargin- and
C2-ceramide-treated HeLa cells, the mRNA levels for ULKI,
MAPILC3B, GABARAPLI, ATGI3, WIPII, and WDR45 were
increased (Fig. 3). We also confirmed the W/PI mRNA level
using 3 other TagMan primers (Fig. S3B). Aside from these
mRNAs, the mRNA levels of ATG2A, ATGI4, and RBICCI
more than doubled (Fig. 3). In addition to the HeLa cells, we also
confirmed the accumulation of WIPII and MAPILC3B mRNA
in A549 cells cultured in EBSS medium for 3 h, rather than 30
min (Fig. S5A).

On the other hand, in HeLa cells treated with rapamycin,
an inhibitor of mechanistic target of rapamycin (MTOR) and
RPS6KB1/p70 S6 kinase,” at a concentration of 250 nM for
12 h, none of the ATG genes accumulated transcriptionally
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Collectively, these results
suggest that among > 30
ATG genes, the detection of
* a specific set of ATG genes,
especially WIPII mRNA, is
likely to be a reliable means
of monitoring the induction
of autophagosome formation
in Hela and A549 cells in
response to physiological as
well as chemical inducers of
autophagy.

Transcription of WIPII
and MAPILC3B genes prior
to LC3-II accumulation in
A549 cells
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form).” As a marker pro-
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* membrane, MAPILC3 has
» been found to shift from an
18-kDa cytoplasmic-liberated
form (LC3-I) to a 16-kDa
phagophore  and
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Figure 2. Hela cells were exposed to 100 wM of C2-ceramide for 12 h and the mRNA expression levels of the in
indicated ATG genes were quantitatively detected using TagMan real-time RT-PCR. GAPDH was used as an internal
standard. The means + SDs are shown as the relative fold-induction when the values obtained in DMSO-treated
cells were set as 1 (horizontal broken line). *P < 0.05 (n = 2). ND indicates no signal was detected.

C2-ceramide-treated
HeLa and A549 cells, in a
C2-ceramide concentration-

by more than 2-fold, though the mRNA levels of several ATG
genes including ULKI, GABARAPLI, ATG13, WIPII, and
WDR45, but not MAPILC3B, increased significantly (Fig. 4).
The time interval for EBSS and rapamycin treatment was deter-
mined based on time-course analyses of puncta formation and
the WIPI1 mRNA level, as described below. The reason why
the transcription of A7G genes tended to remain low in the
rapamycin-treated HeLa cells is discussed later. Finally, resve-
ratrol, a famous natural polyphenol, exerts various biological
activities including the induction of autophagy.?® Remarkably,
the mRNA levels for WIPI1 and MAPILC3B were elevated in
resveratrol-treated HeLa cells (Fig. S5B). The induction of auto-
phagosome formation by resveratrol was examined using HeLa/
GFP-LC3B cells by counting the number of puncta marked by
GFP-LC3B under a fluorescent microscope. We detected sig-
nificantly larger numbers of puncta in resveratrol-treated HeLa/
GFP-LC3B cells, compared with DMSO-treated HeLa/GFP-
LC3B cells (data not shown).
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dependent manner (Fig. S6).
This observation suggests that
the conversion from LC3-I to LC3-II might be rather quick and
complete, depending on the stimuli and cell type, resulting in
very little or undetectable amounts of LC3-1. These observations
strengthened our hypothesis that the mRNA abundance of A7G
genes might be an important indicator of the induction of auto-
phagosome formation. Therefore, we decided to continue to ana-
lyze the importance of the regulation of A7G genes, particularly
the time-course changes in the mRNA abundances of a unique
set of ATG genes, upon autophagy induction.

The WIPII and MAPILC3B mRNA levels tended to be higher
after 12 h of treatment than after 24 h of treatment with 0.5 pM
of thapsigargin in A549 cells, as shown using a quantitative real-
time RT-PCR experiment (Fig. S7). To clarify the time-course
changes in the WIPII and MAPILC3B mRNA abundances dur-
ing the early period of autophagy, we treated A549 cells with 100
wM of C2-ceramide or 0.5 WM of thapsigargin for 1, 4, 8, or 12
h. Consequently, we found that the mRNA expression levels of
WIPII and MAPILC3B were uniformly upregulated after 4 h of
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treatment with C2-ceramide 14 1 EBSS
or thapsigargin (Fig. 5A). We
also found that the amount
of LC3-II increased mark-
edly after 8 h of treatment 12 4
with C2-ceramide or after
12 h of treatment with thap-
sigargin (Fig. 5B). In con-

1

10

trast, no obvious conversion
from LC3-1 to LC3-II was
observed in DMSO-treated
cells (Fig. 5B). In the thap-
sigargin-treated A549 cells,
a slight accumulation of the
LC3-1 form was observed
(Fig. 5B). The time-course
for  mRNA  abundance
changes for the WIPII and
MAPILC3B genes and the
of LC3-II,
which  was  standardized
using GAPDH as an internal
control, clearly showed that 2 *
the induction of WIPII and
MAPILC3B mRNA accu- 7
mulation occurred prior to
the accumulation of LC3-II
(Fig. 5C), suggesting that
the accumulation of LC3-II
occurred as a result of mRNA
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puncta formation and the

transcription of ATG genes
in HeLa cells

Next, we used HeLa/ GFP-
LC3B cells, instead of A549

Figure 3. Hela cells were exposed to EBSS for 4 h and the mRNA expression levels of the indicated ATG genes were
quantitatively detected using TagMan real-time RT-PCR. GAPDH was used as an internal standard. The means +
SDs are shown as the relative fold-induction when the values obtained in cells cultured in normal medium were
setas 1 (horizontal broken line). *P < 0.05 (n = 2). ND indicates no signal was detected.

cells, to count the number of

puncta marked by GFP-LC3B under a fluorescent microscope
during the time-course analysis, and the time-course changes in
puncta numbers were compared with the time-course changes
in the mRNA levels of select ATG genes, particularly that for
WIPII mRNA. First of all, we checked the time-course changes
in puncta number induced by thapsigargin. Based on the num-
ber of puncta per cell, 4 to 8 h of treatment with thapsigargin
was sufficient to induce significant number of puncta, com-
pared with DMSO-treated cells (Fig. 6A). The puncta formation
mediated by 8 h of treatment with thapsigargin was inhibited
by cotreatment with 2 pug/mL of actinomycin D, an inhibitor
of gene transcription (unpublished data). Similar to the results
obtained in parental HelLa cells, where W/P/I mRNA had signif-
icantly accumulated after 8 h treatment of thapsigargin (Fig. 1),
WIPII mRNA had accumulated in the Hel.a/GFP-LC3B cells
at 4 to 8 h after the addition of thapsigargin (Fig. 6B), and this
time-dependent induction was well correlated with the results
obtained using the puncta assay (Fig. 6A). Contrary to the case
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observed for WIPII mRNA, the level of increased MAPILC3B
mRNA detected using quantitative real-time RT-PCR was mini-
mal, probably because of the stable expression of MAPILC3B
in HeLa/GFP-LC3B cells (Fig. 6C). Based on this observation,
we used parental Hela cells in place of HeLa/GFP-LC3B cells
to detect mRNA level changes during the time-course of expo-
sure to autophagy-inducible reagents other than thapsigargin, as
described below.

In C2-ceramide (100 wM)-treated HeLa/GFP-LC3B
cells during a 12 h interval, the puncta number increased sig-
nificantly after 1 h of treatment, and further increases in the
puncta number were observed after 2 and 12 h of treatment,
respectively (Fig. 7A). In HeLa cells treated with C2-ceramide,
time-dependent increments in the WIPII, MAPILC3B, ULKI,
GABARAPLI, and ATGI3 mRNA levels were clearly observed
(Fig. 7B and F); the WIPII and ATGI3 mRNA levels increased
rapidly after 8 h of treatment (Fig. 7B-F), whereas the
MAPILC3B mRNA level increased in 3 stages after 1, 2, and 8
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ATG 14

Finally, rapamycin (250
nM) promptly increased the
puncta formation in HeLa/
GFP-LC3B cells after 1 h of
treatment, and this incre-
ment reached a maximum
at 4 to 8 h after treatment
(Fig. 9A). WIPII mRNA
had modestly accumulated
after 8 to 12 h of treatment
with rapamycin (Fig. 9B). In
contrast to the results shown
in Figure 4, MAPILC3B
mRNA was weakly increased
after 12 h of treatment with
rapamycin (Fig. 9C). Based
on these results, we consid-
ered that WIPII mRNA,
rather than  MAPILC3B
mRNA, is reliable
for monitoring the induc-
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Figure 4. Hela cells were exposed to 250 nM of rapamycin for 12 h and the mRNA expression levels of the indi-
cated ATG genes were quantitatively detected using TagMan real-time RT-PCR. GAPDH was used as an internal
standard. The means + SDs are shown as the relative fold-induction when the values obtained in DMSO-treated
cells were set as 1 (horizontal broken line). *P < 0.05 (n = 2). ND indicates no signal was detected.

induced cells, we decided
to focus on WIPII mRNA
because the extent of eleva-
tion in response to different

h of treatment (Fig. 7C). The elevated mRNA levels for ULKI
and GABARAPLI reached plateaus at 8 and 2 h, respectively
(Fig. 7D and E). The timing of W/P/I mRNA accumulation in
C2-ceramide-treated HeLa cells differed from that in A549 cells,
where WIPI1 had accumulated after 4 h of treatment (Fig. 5A),
indicating that the timing of W/P/I mRNA accumulation likely
depends on the cell type.

In EBSS-cultured HeLa/GFP-LC3B cells, the puncta number
increased significantly after 2 h of treatment, and the increased
puncta number was maintained until 12 h after treatment
(Fig. 8A; Table S2). In accordance with the time-dependent reg-
ulation of puncta formation, the W/PII and MAPILC3B mRNA
levels were elevated in Hel.a cells after 2 and 4 h of EBSS cul-
ture, respectively, and the levels reached plateaus that persisted
until the end of the time-course (Fig. 8B and C). In contrast, the
ULKI, GABARAPLI, and ATGI13 mRNA levels increased in a
time-dependent manner, but the mRNA levels decreased after 8
to 12 h of EBSS culture (Fig. 8D-F).
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autophagy inducers was the
greatest.

To further determine whether there are any changes in the
WIPII mRNA level during autophagy flux, we induced auto-
phagosome formation by culturing HeLa cells with EBSS for 4 h,
while simultaneously cotreating with 25 nM of bafilomycin A .
We selected 4 h as the time interval for EBSS treatment based on
results obtained using time-course analyses of puncta formation
and the WIPI and ULKI mRNA levels, as mentioned above. The
puncta assay showed that bafilomycin A, clearly inhibited the
latter stage of autophagy, since the number of puncta per cell was
significantly increased in the EBSS-plus-bafilomycin A, -treated
HeLa/GFP-LC3B cells when compared with that obtained in the
EBSS-treated HeLa/GFP-LC3B cells (Fig. 10A). A quantitative
real-time RT-PCR assay was then performed to detect any changes
in the WIPII and ULKI mRNA levels. We demonstrated that
the WZPII mRNA level was almost unchanged in EBSS-treated
HelLa cells with or without bafilomycin A, treatment (Fig. 10B,
left panel). The ULKT mRNA level was increased to some degree
in HeLa cells cultured with EBSS and bafilomycin A1, compared
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Figure 5. Time-course analysis of WIPIT and A WIPI4

MAP1LC3B GAPDH B

MAPILC3B expression. (A) A549 cells were treated
with 100 wM of C2-ceramide, 0.5 M of thapsigar-
gin, or DMSO for the indicated time period (h),
and a semiquantitative RT-PCR analysis was then
performed. The primers used in this experiment
have been previously reported.?’ The lengths of
the PCR products for WIPIT and MAPILC3B were
420 and 480 base pairs, respectively. GAPDH was
used as a loading control. (B) A549 cells were
treated with 100 uM of C2-ceramide, 0.5 wM of
thapsigargin, or DMSO for the indicated time
period (h), and a western blot using the indicated
antibody was performed (40 pg of lysate/lane).
The arrowheads indicate the positions of LC3-I
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Figure 6. Time-course analysis of puncta formation and WIPIT and MAPILC3B gene expression changes in thapsigargin-treated Hela cells. (A) HeLa/
GFP-LC3B cells were treated with DMSO (white bar) or 0.5 .M of thapsigargin (black bar) for the indicated time period (h) and the number of puncta per

cells were treated with DMSO (white bar) or 0.5 wM of thapsigargin (black bar) for the indicated time period (h), and quantitative RT-PCR was performed
to determine the WIPIT (B) and MAPILC3B (C) mRNA levels. The means + SDs are shown as the relative fold-induction when the values obtained in DMSO-

199, 121, and 126 cells, respectively (bars from left to right). HeLa/GFP-LC3B

rd. *P < 0.05 (5 areas for puncta formation assay and n = 2 for quantitative

with the level observed in Hela cells cultured with EBSS and
DMSO (Fig. 10B, right panel). Collectively, these results sug-
gest that the WZPII mRNA level seems to be a reliable indicator
of autophagosome formation, meaning that the W/P/ mRNA
level is unlikely to represent an ostensible increase in the number

of autophagosome. As we will discuss later, the accumulation of
WIPII mRNA is thought to be part of the preparation for new
protein synthesis as a backup, since WIPI1 protein is eventually
degraded in autolysosomes. On the other hand, WIPI1 protein
is marshaled to increase the number of autophagosomes upon
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Figure 7. Time-course analysis of puncta formation and ATG gene expression changes in
C2-ceramide-treated HelLa cells. (A) HeLa/GFP-LC3B cells were treated with DMSO (white bar) or 100
M of C2-ceramide (black bar) for the indicated time period (h) and the number of puncta per cell
was counted. The bars indicate the mean + SD of 129, 159, 127, 135, 128, 145, 148, 152, 167, and 109
cells, respectively (bars from left to right). HeLa cells were treated with DMSO (white bar) or 100 pM
of C2-ceramide (black bar) for the indicated time period (h), and quantitative RT-PCR was performed
to determine the WIPIT (B), MAPILC3B (C), ULKT (D), GABARAPL1 (E), and ATG13 (F) mRNA levels. The
means + SDs are shown as the relative fold-induction when the values obtained in DMSO-treated
cells were set as 1. The GAPDH level was used as an internal standard. *P < 0.05 (5 areas for puncta
formation assay and n = 2 for quantitative RT-PCR).

level of WIPII, whereas MAPILC3B
mRNA was unaffected by the WIPII
siRNA in Hela cells (Fig. 11A). Next,
we performed a puncta assay in control
siRNA- or WIPII siRNA-introduced
HeLa/GFP-LC3B  cells. As expected,
thapsigargin-induced puncta accumula-
tion, as determined based on the increase
in the puncta number, was significantly
suppressed by the WIPII siRNA, com-
pared with the control siRNA (Fig. 11B).
Collectively, these results indicated
that the suppression of WIPII inhibited
puncta accumulation.

Changes in WIPII mRNA level
upon the suppression of autophagosome
formation

To check whether autophagy inhibi-
tion is directly associated with a lack of
WIPII mRNA accumulation, we com-
pared arg5-deficient mouse embryonic
fibroblasts (azg5'- MEFs) and their wild-
type counterpart (Azg5*"* MEFs).** We
observed the accumulation of LC3-II in
Atg5*"* MEFs, but not in atg5'~ MEFs,
after 4 h of serum starvation (Fig. 12A).
For the “serum starvation,” the MEFs were
cultured in MEM without fetal bovine
serum and nonessential amino acids.
Using quantitative real-time RT-PCR, we
also examined the Wipil mRNA levels
in both A#g5*"* MEFs and atg5'- MEFs
cultured under the above-mentioned con-
ditions. Consequently, we detected an
increase in the Wipil mRNA level in both
serum-starved Arg5*"* MEFs and azg5
MEFs, when compared with the levels
obtained in MEFs cultured in a normal
medium. Notably, the extent of the Wipil
mRNA level was significantly suppressed
in the serum-starved atg5'~ MEFs com-
pared with that obtained in the serum-
starved Azg5*"* MEFs (Fig. 12B). The
reason why Wipil mRNA was still accu-
mulated in the #¢g5~'~ MEFs may be due
to the existence of an Arg5-independent

bafilomycin A, treatment, but the degradation cycle of WIPI1
protein is not permitted under such conditions.

Reduction of WIPII mRNA level leads to the inhibition of
puncta accumulation in Hela cells

To further verify the importance of the mRNA abundance
of WIPII in puncta formation, a WIPII-specific short interfer-
ence RNA (siRNA) was used to reduce the W/PII mRNA level.
A quantitative real-time RT-PCR experiment demonstrated that
WIPI1 siRNA clearly reduced the thapsigargin-induced mRNA
abundance of WIPI1 as well as the endogenous mRNA expression

504 Autophagy

alternative autophagosome formation pathway.> Taken together,
these results support the notion that W/P/1 mRNA could be use-
ful as a functional indicator of autophagosome formation.

Next we aimed to determine whether the accumulation
of WIPII mRNA is perturbed upon the suppression of auto-
phagosome formation in Hela cells. Phosphoinositide 3-kinase
(PI3K) and phosphatidylinositol 3-kinase (PtdIns3K) inhibitors,
such as 3-methyladenine (3-MA) and wortmannin, have been
widely used as autophagy inhibitors based on their inhibitory
effect on class I1I PtdIns3K activity, which is known to be essential
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for the induction of autophagy. Although
3-MA has been widely used as an auto-
phagy inhibitor in published literature,
3-MA has been shown to exert a dual role
in autophagy, which means that the auto-
phagy promotion activity of 3-MA arises
from its differential temporal effects on
class I PI3K and class III PtdIns3K; 3-MA
blocks class I PI3K persistently, whereas its
suppressive effect on class III PtdIns3K is 1
transient.’> Therefore, we selected wort-
mannin to inhibit autophagosome forma-
tion. First, HeLa/GFP-LC3B cells were
cultured in normal medium or amino acid-
free EBSS with DMSO or 50 nM of wort-
mannin for 4 h, and the number of puncta
per cell was counted. As a result, the num-
ber of puncta induced by EBSS was sig-
nificantly diminished by cotreatment with
wortmannin (Fig. S8A). Next, we deter-
mined the W/P/I and ULKI mRNA level
using quantitative real-time RT-PCR and
revealed that the W/P/I and ULKI mRNA
levels were almost unchanged between the
EBSS-plus-DMSO-treated Hela cells
and the EBSS-plus-wortmannin-treated
HeLa cells (Fig. S8B). Precisely, a statis-
tically significant difference in the WIP/I
mRNA level was observed in EBSS-treated
HeLa cells treated with DMSO or with
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inhibition of autophagosome formation.

We have no explanation for the discrep-

ancy between the results obtained from
serum-starved azg5'~ MEFs and EBSS-
plus-wortmannin-treated HeLa cells.

Accumulation of WIPII  and
MAPILC3B mRNAs in cultured cells
other than HeLa and A549 cells

To expand our findings regarding the
usefulness of W/PI1 mRNA as a beneficial

Figure 8. Time-course analysis of puncta formation and ATG gene expression changes in EBSS-
treated Hela cells. (A) HeLa/GFP-LC3B cells were cultured in normal medium (white bar) or EBSS
(black bar) for the indicated time period (h) and the number of puncta per cell was counted. The
bars indicate the mean =+ SD of 82, 105, 88, 99, 90, 99, 104, 111, 99, and 93 cells, respectively (bars
from left to right). HeLa cells were cultured in normal medium (white bar) or EBSS (black bar) for
the indicated time period (h), and quantitative RT-PCR was performed to determine the WIPI1 (B),
MAP1LC3B (C), ULK1 (D), GABARAPL1 (E), and ATG13 (F) mRNA levels. The means + SDs are shown
as the relative fold-induction when the values obtained in cells cultured in normal medium were
set as 1. The GAPDH level was used as an internal standard. *P < 0.05 (5 areas for puncta formation
assay and n = 2 for quantitative RT-PCR).

biomarker for monitoring autophagosome

formation, we also tested human cell lines

other than HeLa and A549. For this purpose, we used 0.5 M
of thapsigargin or 100 pM of C2-ceramide to treat the human
diploid fibroblasts W1-38 and TIG-1, the human osteosarcoma
cells U-2 OS and Saos-2, and the human breast adenocarcinoma
cell line MCF?7 for 12 h; we then performed a quantitative real-
time RT-PCR analysis to determine the MAPILC3B as well as
the WIPII mRNA expression level. Remarkably, the WIP/I and
MAPILC3B mRNA expression levels were clearly upregulated
by both thapsigargin and C2-ceramide in all the human cells
that were examined (Fig. 13A and B). In addition, we also tested

www.landesbioscience.com

whether the mRNA accumulation of WIPI1 and MAPILC3B is
a common phenomenon in other species-derived cell lines. For
this purpose, rat fibroblasts (Rat-1) were subjected to thapsi-
gargin or C2-ceramide, as used for the human cells. Notably,
the rat Wipil mRNA level was also apparently elevated by both
thapsigargin and C2-ceramide, whereas the rat Map1/e36 mRNA
level was not significantly accumulated by C2-ceramide, com-
pared with DMSO treatment (Fig. 13A and B). We also treated
0.5 wM of thapsigargin with MEFs for 12 h and performed a quan-
titative RT-PCR experiment using TagMan primers for Wipil
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A B in the thapsigargin-treated MCF7 cells
c 2 WIPI1 (Fig. S9A). On the other hand, the accu-
T o * mulation of LC3-II, but not a form shift
% § 15 R B from LC3-1 to LC3-II, were apparently
-g b= observed in C2-ceramide-treated W1I-38,
5 S 1 U-2 OS, and MCF7 cells, and modest
c o . .
© o accumulation was observed in Rat-1 cells
§ B 05 1 (Fig. S9B). Overall, the detection of form
a K 0. shifts before and after thapsigargin or
1 2 4 8 12(h) 1 2 4 8 12(h) C2-ceramide treatment for the monitoring
C D of autophagy seems to be difficult, though
~ 5. MAPLC3B = 3 ULK1 LC3-11 accumulati'on is' likely to be suit-
S kS ] . able for the confirmation of autophagy
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= 5 2 * LC3-1 and/or LC3-I1I detection as an auto-
c c . .
T 1 o phagy marker using western blotting, the
o o 1 basal level of LC3-1 and/or LC3-II is not
-% 0.5 - % necessarily constant, even in the same cells
E 5 g; " (compare the DMSO-treated cells shown
5 L in Fig. S9A and S9B).
E L 2 4 8 12y F L ¢ % & el Taken together, these results suggest
that the mRNA level of WIPII and also
GABARAPL1 T
s 4 s 254 AS that of MAPILC3B might be useful for
B ® o detecting autophagosome formation in a
o 34 o . . . . .
= LI = wide variety of cells, including both nor-
S 2] = = 151 =« mal and tumor cells, irrespective of the
= ZF 1. LC3-I and/or LC3-I1 status.
N 2 o
B ‘s 05 1 Discussion
o) o)
0 - ¥ 0 -
1 2 4 8 12(h) 1 2 4 8 12(h) In this study, we demonstrated that
among ATG genes, the W/PII mRNA level
(] DMSO could be used as a beneficial biomarker of
I Rapamycin autophagosome formation in certain cell
types, including the widely used cell lines
: . : . ‘ HeLa and A549, regardless of the chemical
F.|gure 9. Time-course analysis of puncta formation and ATG gene expression changes in rapamy- or physiological induction of autophagy.
cin-treated Hela cells. (A) HeLa/GFP-LC3B cells were treated with DMSO (white bar) or 250 nM G I tonh ; nsidered to b
of rapamycin (black bar) for the indicated time period (h) and the number of puncta per cell was . cherally, autophagy 1§ considere .O N
counted. The bars indicate the mean + SD of 100, 112, 101, 123, 95, 101, 102, 98, 100, and 110 cells, | tightly regulated at the post-translational
respectively (bars from left to right). HeLa cells were treated with 250 nM of DMSO (white bar) or level; however, as we demonstrated in this
rapamycin (black bar) for the indicated time period (h), and quantitative RT-PCR was performed study, WIPII tends to accumulate at the
to determine the WIPI1 (B), MAP1LC3B (C), ULKT (D), GABARAPLI (E), and ATG13 (F) mRNA levels. The mRNA level upon autophagosome forma-
means + SDs are shown as the relative fold-induction when the values obtained in DMSO-treated . f . hesi
cells were set as 1. The GAPDH level was used as an internal standard. *P < 0.05 (5 areas for puncta t%on to prepare Oor n'ew protein synthests,
formation assay and n = 2 for quantitative RT-PCR). since WIPI1 protein is eventually degraded

(Mm00461219_m1, Mm00461220_m]1, and Mm00461228_gl)
and Mapllc36 (Mm00782868_sH). ThemRNA levels of the 2
genes increased significantly, but the increase was within 2-fold
(data not shown).

Next, we performed western blotting for LC3-1 and/or
LC3-1I in thapsigargin- or C2-ceramide-treated cells. Unlike
the phenomena observed for HeLa and A549 cells, LC3-1I accu-
mulation was not seen, but almost equal levels of LC3-I and/or
LC3-1I were detected in both the DMSO- and the thapsigar-

gin-treated cells, while the accumulation of LC3-I was observed

506 Autophagy

in autolysosomes. As a human orthologous
gene of yeast Azgl8, WIPI1 has been shown
to tether to the autophagosome membrane in a manner similar to
that of MAP1LC3.% Therefore, it is very intriguing that WIPII
and MAPILC3B, which are essential genes for autophagy, con-
comitantly accumulate at the transcriptional level during auto-
phagosome formation, though as an exception, the MAPILC3B
mRNA level was unchanged in rapamycin-induced autophagy.
Besides WIPII and MAPILC3B, we demonstrated that the
time-course changes in ULKI, GABARAPLI, and ATG13 mRNA
can be used to monitor autophagosome formation. To date, several
ATG genes have been reported to accumulate transcriptionally
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or to be regulated, the details of which will be men- A
tioned below. Indeed, BECNI mRNA accumulates
in response to C2-ceramide treatment (75 wM,
1 h) in MCF7 cells and HT-29 cells.** Importantly,
the restoration of the autophagic capacity in MCF7
cells is exemplified by the gene transfer of BECN1.»
Along with results obtained using Becnl heterozygous
mice,”'® not only post-translational modifications
but also transcriptional changes in ATG genes could
be a rate-controlling step for certain cellular pheno-
types such as autophagy. In this study, the BECNI
mRNA level was unchanged in the initial screening;
however, it is plausible that a specific set of ATG genes
could accumulate uniquely in response to different
autophagy inducers and cell types. Among > 30 ATG
genes, we demonstrated that W7P/I mRNA is highly

likely to be a common indicator of autophagy.

DMSO

Bafilomycin A,

Normal medium

EBSS

With regard to the mRNA accumulation of both
WIPII and MAPILC3B induced by resveratrol, it is
interesting to consider how the concomitant accumu-
lation of WIPII and MAPILC3B mRNAs is respon-
sible for the noncanonical autophagic degradation
pathway. Under nutrient-free conditions, resveratrol
has been shown to induce noncanonical autophagy
and to inhibit the localization of WIPI1 protein to the
phagophore membrane but to require the accumula-
tion of LC3-1I, which is derived from an LC3-II pool
that is distinct from the membranes of canonical auto-
phagic phagophores.*®

The spatiotemporal post-translational regulation of
MAPILC3 renders the shift in form from LC3-I to
LC3-1II enigmatic, since LC3-II is subjected to deg-
radation when the autophagosome fuses with a lyso-
some. Of concern, the detection of the shift in form
from LC3-I to LC3-II using western blotting seems
to be inconsistent, since the ratio of autophagosome
formation to autolysosome formation differs in each
cell and/or under different conditions.”” Also, the
differential appearance in the shift in form could
be affected by the endogenous levels of MAPILC3.
Taken together, our results suggest that the monitor-
ing of the mRNA levels of W/PII and/or MAPILC3B
instead of or together with the LC3-I to LC3-II ratio
might be a straightforward approach to determining
whether autophagosome formation actually occurs in
some cell lines.

The depletion of amino acids and glucose from HeLa cells by
incubating them in Hank’s balanced salt solution (HBSS) dem-
onstrates that LC3-1I accumulation had occurred at 24 h.>” In the
present study, EBSS culture increased the puncta formation and
elevated the WIPI and MAPILC3B mRNA levels within 4 h in
HeLa cells. Collectively, these results suggest that similar to the
effects of thapsigargin and C2-ceramide, the physiological induc-
tion of autophagosome formation is accompanied by the accu-
mulation of WIPI and MAPILC3B mRNA. On the other hand,

rapamycin (100 nM) has been shown to induce the accumulation
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Figure 10. Changes in WIPIT mRNA levels during autophagy flux in Hela cells.
(A) HeLa/GFP-LC3B cells were cultured in normal medium or amino acid-free EBSS
with DMSO or 25 nM of bafilomycin A, for 4 h, and the puncta appearance was
observed under a fluorescence microscope. (B) Hela cells were cultured in normal
medium or EBSS with or without 25 nM of bafilomycin A, for 4 h, and quantitative
real-time RT-PCR was performed to determine the WIPIT and ULKT mRNA levels. The
means + SDs are shown as the relative fold-induction when the values obtained in
cells cultured in DMSO-treated normal medium were set as 1. The GAPDH level was
used as an internal standard. *P < 0.05 (vs. DMSO-treated normal medium), “'no sig-
nificant difference (vs. DMSO-treated EBSS), and *P < 0.05 (vs. DMSO-treated EBSS),
according to a 2-tailed Student t test (n = 6).

of LC3-II after 6 h of treatment, and this accumulation reached
a maximum after 15 h of treatment in Hela cells.’” Recently,
low-dose rapamycin (500 nM), but not high-dose rapamycin
(30 mM), has been shown to induce autophagic flux after 24 h
treatment in HeLa cells.? In the present study, we demonstrated
that autophagosome formation occurred after 1 h of treatment
with rapamycin (250 nM) but that the extent of the mRNA accu-
mulation of WIPII and MAPILC3B was limited, compared with
that caused by other autophagy inducers. Taken together, these
results indicate that in contrast to the other autophagy inducers
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in the Drosophila larval fat body.*" FOXO3
has also been shown to induce autophagy in
mouse skeletal muscle cells, along with the
transcriptional induction of the selected ATG
genes.”>*> Based on these findings, 2 mecha-
nisms, transcriptional and nontranscriptional
mechanisms, for the regulation of autophagy
have been modeled.* Briefly, upon a reduction
in the activity of PI3K-AKT signaling, auto-
phagy is rapidly induced through MTOR at a
nontranscriptional level and is slowly induced
by FOXO3 at a transcriptional level.** Indeed,
MTOR is a kinase downstream of AKT that
can inhibit autophagy by enhancing protein
synthesis.** In line with this scenario, rapamy-
cin had a minimal effect on the transcriptional
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regulation of ATG genes, compared with the
observed effects for thapsigargin, C2-ceramide,
and EBSS, in the present study. Of note,
the transcriptional mechanism regulated by
FOXO3 for autophagy was shown to be more
predominant than nontranscriptional mecha-
nisms regulated by MTOR in skeletal muscle,
since rapamycin failed to induce autophagy.®
Moreover, the importance of FOXO transcrip-
tion factors in the regulation of autophagy has
been well documented.**” For instance, the
regulation of Atgl4 by FOXO transcription
factors has been shown in mouse hepatocytes.**

Based on the present findings and others,

view of the GFP-LC3B fluorescence observed is shown.

Figure 11. Effect of WIPIT transcriptional inhibition on puncta accumulation. (A) Hela cells
were transfected with control siRNA (whitebar) or WIPIT siRNA (black bar) and 24 h later,
the cells were treated with DMSO or 0.5 uM of thapsigargin for 8 h. A quantitative real-time
RT-PCR analysis was then performed to determine the WIPIT and MAP1LC3B mRNA expression
levels. GAPDH was used as an internal control. The means + SDs are shown as the relative
fold-induction when the values obtained in DMSO (control siRNA)-treated cells were set as 1.
*P < 0.05 (n = 2). (B) Puncta formation assay in WIPIT siRNA-introduced HelLa/GFP-LC3B cells
treated with thapsigargin. HeLa/GFP-LC3B cells were transfected with control siRNA (white
bar) or WIPIT siRNA (black bar) and 24 h later, the cells were treated with 0.5 .M of thapsigargin
for 12 h. A puncta assay was then performed. The bars indicate the mean + SD of 417 and 491,
respectively. *P < 0.05 (10 areas; two independent experiments). A representative microscopic

the transcriptional regulation of a specific set
of ATG genes seems to provide a unique plat-
form for elucidating basal and inducible auto-
phagy in a variety of cell fate determinations,
especially for the regulation of cell-type-spe-
cific autophagy. Indeed, besides FOXO tran-
scription factors, several transcription factors,
including E2F1, TP53/p53, transcription factor
EB (TFEB), and GATA1, have been shown to
be involved in the regulation of selected ATG

used in this study, rapamycin seems to induce autophagy through
a different mechanism or be a poor inducer of autophagy. This
point is discussed in further detail below.

Some reports describing the transcriptional regulation of A7G
genes during autophagy have been published, but in many cases,
the evidence originates from global expression analyses, such
as DNA microarrays.” It is important to consider the kinds of
signal cascades or transcription factors that are involved in the
regulation of WIP/I and MAPILC3B. Recently, Ca**-dependent
signaling, including that induced by calmodulin-dependent
kinase (CaMK) I, has been shown to promote WIPI1-positive
puncta formation.”’ In one important report, FoxO (Forkhead
box transcription factor class O) is identified as the first tran-
scription factor to be involved in the regulation of autophagy

508 Autophagy

genes.>* On the other hand, E2F1 lacking a
transcriptional activity domain is sufficient
to induce autophagosome formation.” In addition, JUNB/Junb
has been shown to suppress starvation-induced autophagy in an
MTOR-independent manner.’® The rapidly growing number of
transcription factors that are involved in the regulation of auto-
phagy strongly supports the concept that the transcriptional
regulation of specific A7G genes may be a fundamental tool for
detecting autophagy induction that could probably be applied to
the monitoring of autophagy flux, though additional studies are
needed. Interestingly, CEBPB/C/EBPB regulates the rhythmic
expression of specific mouse Azg genes, including Ulkl, Map1lc3b,
and Gabarapll, in mouse liver.”” Recently, spermidine, a kind of
polyamine, has been shown to extend the life spans of a series of
model organisms via the induction of autophagy.’® Uniquely, many
yeast ATG genes, including Azg8 (human MAPILC3B ortholog)
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and AzgI8 (human WIPII ortholog), can A
be transcriptionally upregulated, poten-
tially via the modification of the histone
acetylation status, during chronological

aging upon treatment with spermidine,
although the extent of the differential
mRNA expression level was minimal.’®
Opverall, among the selected A7G genes, | (kDa)
the transcriptional regulation of yeast Az¢g8 15.
orthologs, such as MAPILC3B, seems to
be key, suggesting that WIPII as well as
MAPILC3B mRNAs per se could be rate-
limiting factors for the transcriptional
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unique indicators for autophagosome for-

mation. In the course of the review process,
WIPII and MAPILC3B have been shown
to be epigenetically repressed by the his-
tone methyltransferase G9a (EHMT2),
and these 2 genes were transcriptionally
activated in autophagy-induced naive T
cells under physiological conditions.”’
Finally, the transcriptional repressor

ZKSCANS3 has been recently reported to

suppress a large set of genes, particularly

Figure 12. Changes in the Wipil mRNA level in atg5-deficient MEFs. (A) Atg5** MEFs and atg5~/~
MEFs were cultured in normal medium or serum-free medium for 4 h, and a western blot using the
indicated antibody was performed (40 g of lysates/lane). The arrowheads indicate the position of
LC3-I and LC3-II. The left side of the panel indicates the position of the molecular weight marker
(in kilodaltons). As a loading control, Gapdh was detected. (B) Atg5** MEFs and atg5~”/- MEFs were
cultured in normal medium or serum-free medium for 4 h, and quantitative RT-PCR was performed
to detect the Wipi1l mRNA level. The means + SDs are shown as the relative fold-induction when the
values obtained in cells cultured in normal medium were set as 1. The Gapdh level was used as an
internal standard. *P < 0.05 (vs. Atg5** MEFs cultured with normal medium) and P < 0.05 (vs. atg5~/~
MEFs cultured with normal medium and Atg5+*+ MEFs cultured with serum-free medium), according
to a 2-tailed Student t test (n = 4).

MAPILC3B, involved in various steps of

the autophagy process in several cell lines, including HeLa cells.*’
Aside from MAPILC3B, WIPI2, ULKI, and GABARAPL?2 were
also identified as direct targets of ZKSCAN3.%

The relationship between the transcriptional and nontran-
scriptional regulation of autophagy should be elucidated, particu-
larly for the transcriptional regulation of WIPII and MAPILC3B
mRNAs. Considering that orchestrating transcription factors are
likely involved in the regulation of autophagy in a variety of cells,
the nontranscriptional regulation of autophagy, such as MTOR-
based regulation, is likely to be integrated into the transcriptional
regulation of autophagy in a feedback manner. Nevertheless, spe-
cial attention is needed when discriminating the autophagy route
as transcriptional or nontranscriptional. We investigated the pos-
sibility of the transcriptional and nontranscriptional regulation
of autophagy by assessing the phosphorylation level at Thr389
in RPS6KB, which is a well-characterized target of MTOR.®!
Actually, rapamycin and EBSS, which showed a relatively weaker
effect on the expression of ATG genes, suppressed the phosphor-
ylation level at Thr389 in RPS6KB, whereas thapsigargin and
C2-ceramide, which were considered to be potent inducers of the
expression of ATG genes based on our present results, had little
effect on the phosphorylation level at Thr389 in RPS6KB, com-
pared with that obtained in mock-treated HeLa cells (Fig. S10).

In contradiction to these 2 route mechanisms, the MTOR
complex 1 has been recently shown to control a transcriptional
program for autophagy by directly regulating the subcellu-
lar localization and thus the activity of TFEB.%* Out of the
51 ATG genes that were analyzed, several A7G genes, includ-
ing WIPI (not specifically identified as WIPII or one of 3 other
WIPIs) and MAPILC3B, were transcriptionally upregulated in

www.landesbioscience.com

both HeLa cells that had been starved and TFEB-overexpressing
HeLa cells, but these identified A7G genes were transcription-
ally unchanged in HelLa cells that had been treated with rapamy-
cin (0.25 mg/mL, 4 h).>® The extent of the differential mRNA
expression levels in the HeLa cells induced by starvation or TFEB
overexpression was modest and was comparable to the results
obtained using EBSS treatment in this study.

Recently, transcription factors involved in the regulation of
the ER stress response have been shown to be required for the
direct control of MAPILC3B and ATG5 gene promoters, and
this regulation was thought to be responsible for the protective
effect on cancer cells subjected to hypoxic stress.” Interestingly,
the induction of MAPILC3B mRNA is reportedly required for
the replenishment of MAP1LC3B protein, since MAP1LC3B
protein undergoes rapid turnover during hypoxia-induced auto-
phagy. Moreover, regarding the relationship between ER stress
and autophagy, MAPILC3B gene regulation mediated by ATF4
seems to be a key factor. For instance, Bortezomib, an inhibi-
tor of the 26S proteasome, induces an unfolded protein response
(UPR) to cope with ER stress in addition to inducing autophagy
in MCF7 cells; this process resulted from MAPILC3B mRNA
induced by stabilized ATF4 protein that had escaped from deg-
radation in the proteasome, consequently leading to the bypass
of apoptosis.®® Moreover, ATF4 regulates the MAPILC3B gene
promoter directly.” As mentioned above, in some human cancer
cells, hypoxia induced MAPILC3B and ATG5 mRNAs, and this
phenomenon was found to be regulated by the transcription fac-
tors ATF4 and DDIT3/CHOP, the functions of which are gov-
erned by the primary UPR sensor EIF2AK3/PERK.® Recently,
a subset of ATG genes has been shown to be transcriptionally
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Figure 13. WIPIT and MAP1LC3B mRNA levels in various cell lines. WI-38, TIG-1, U-2 OS, Saos-2, MCF7, and Rat-1 cells were treated with 0.5 wM of thapsigar-
gin (A) (black bar), 100 .M of C2-ceramide (B) (black bar), or DMSO (white bar) for 12 h, and a quantitative RT-PCR analysis was performed to determine
the WIPIT and MAP1LC3B mRNA levels. The bars indicate the means + SDs. *P < 0.05 (n = 2 and n =4 for human cell lines and Rat-1 cells, respectively).

upregulated by leucine starvation in MEFs, and UPR genes, such
as ATF4 and DDIT3, have been shown to be involved in the
transcriptional regulation of a subset of A7G genes.®® ATF4 also
upregulates the transcription of the ULKT gene.®” Because UPR
genes form a gene regulatory network,”® an investigation of how
these UPR genes govern autophagy as well as ER stress, espe-
cially with regard to the regulation of A7G genes, would likely
be interesting.

In conclusion, this report describes the importance of the
transcriptional regulation of several A7G genes during auto-
phagosome formation, and changes in the W/P/I mRNA level
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could potentially be used as a key biomarker for monitoring auto-
phagosome formation in some cell types. The molecular mecha-
nisms underlying complex cellular systems, such as autophagy,
ER stress, and apoptosis, can likely be revealed by further investi-
gation of the transcriptional regulation of A7G genes.

Materials and Methods

Cells
Human cervical carcinoma (HeLa) cells (BioResource
Center, RCB0007, RIKEN Tsukuba Institute), human lung
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carcinoma A549 cells (Cell Resource Center for Biomedical
Research Institute of Development, Aging and Cancer,
TKGO184, Tohoku University), human breast adenocarci-
noma MCF7 cells (BioResource Center, RCB1904, RIKEN
Tsukuba Institute), and the human normal fibroblast cell lines
W1I1-38 (Health Science Research Resources Bank, IFO50075)
and TIG-1 (Health Science Research Resources Bank, PDL 20,
JCRBO0501), and Atg5*"* MEFs and atg5'- MEFs (BioResource
Center, RCB2710 and RCB2711, respectively, RIKEN Tsukuba
Institute), which were obtained with the prior approval from Dr
Noboru Mizushima (University of Tokyo/Tokyo Medical and
Dental University), were cultured in minimum essential medium
(MEM; Life Technologies, 11095), while the human osteosar-
coma cell lines U-2 OS (DS Pharma Biomedical, EC92022711)
and Saos-2 (Cell Resource Center for Biomedical Research
Institute of Development, Aging and Cancer, TKG0469,
Tohoku University) were cultured in McCoy’s 5A medium
(Life Technologies, 16600) and Rat-1 fibroblasts (BioResource
Center, RCB1830, RIKEN Tsukuba Institute) were cultured in
Dulbecco’s modified Eagle medium (Life Technologies, 11995).
These media were supplemented with 10% fetal bovine serum,
1% nonessential amino acids (Life Technologies, 11140), and
antibiotic-antimycotics (Life Technologies, 15240) in 5% CO,
at 37 °C. HeLa cells stably expressing GFP-tagged MAP1LC3B
protein (HeLa/GFP-LC3B) were kindly provided by Dr Noboru

Mizushima.

Reagents
Thapsigargin ~ (Sigma-Aldrich, T9033), C2-ceramide
(N-acetyl-D-erythro-sphingosine; Merck KGaA, 110145),

rapamycin (Merck KGaA, 553210), tunicamycin (Sigma-Aldrich,
T7765), trans-resveratrol (Cayman Chemical, 70675), bafilo-
mycin A, (Sigma-Aldrich, B1793), and wortmannin (Merck
KGaA, 681675) were dissolved in dimethyl sulfoxide (Wako Pure
Chemical Industries, DMSO) and stored at -30 °C before use.
Chloroquine (Sigma-Aldrich, C6628) was dissolved in distilled
water. As an amino acid-free medium, Earle’s balanced salt solu-
tion (EBSS; Sigma-Aldrich, E2888) was used.

RT-PCR

The total RNA (500 ng) was treated with deoxyribonucle-
ase I (Life Technologies, 18068-015) and was reverse transcribed
using High-Capacity ¢cDNA Reverse Transcription kit (Life
Technologies), in accordance with the manufacturer’s instruc-
tions. The PCR mixtures included the TagMan Gene Expression
Assay primer (Table S1), TagMan Universal PCR Master Mix,
and synthesized cDNA (1/20) in a total reaction volume of 20
wL. The reactions were performed using the 7500 standard pro-
gram on a 7500 Fast Real-Time PCR System (Life Technologies).
The cycling parameters were 95 °C for 10 min followed by 40
cycles of 95 °C for 15 s and annealing/extension at 60 °C for
1 min. The cycle threshold (C¥) values, corresponding to the
PCR cycle number at which the fluorescence emission reaches
a threshold above the baseline emission, were determined, and
the mRNA expression values were calculated using GAPDH as
an endogenous control according to the comparative Cr (AACY)
method. Basically, all the reactions were performed at least in
duplicate (n = 2).

www.landesbioscience.com

Puncta formation assay

Cells were fixed using a 4% paraformaldehyde-phosphate
buffer solution (Wako Pure Chemicals) and were encapsulated
using SlowFade Gold Antifade Reagent (Life Technologies).
Fluorescence was detected using confocal scanning laser micros-
copy (IX80; Olympus) equipped with a FV1000 system and a
UPlanSApo (x60) oil immersion objective lens (Olympus). The
images were obtained using a CCD camera (Olympus) and were
analyzed using an FV10-ASW 3.1 viewer software. Basically, the
puncta were counted in five areas per slide (n = 5), and the aver-
age number of puncta per cell was calculated. The puncta counts
were confirmed by 2 readers.

Western blotting

The cells were harvested and lysed in modified RIPA lysis
buffer (50 mM TRIS-HCI [pH7.5], 150 mM NaCl, 1% Nonidet
P40, 0.5% sodium deoxycholate, and 1 mM EDTA) contain-
ing a protease inhibitor cocktail (Nacalai Tesque, 25955-11) for
20 min on ice. The cell lysates were centrifuged, and the pro-
tein concentrations were determined using the Bio-Rad Protein
Assay kit (Bio-Rad Laboratories). Before performing sodium
dodecyl sulfate PAGE, the reaction was stopped by the addition
of Laemmli sample buffer containing 100 mM of dithiothrei-
tol. Equal amounts of cellular protein were electrophoresed on
NuPAGE 4-12% Bis-Tris gel using MES running buffer (Life
Technologies) and were then transferred to a Hybond-PVDF
membrane (GE Healthcare, RPN303N). The membrane was first
blocked using phosphate-buffered saline containing 0.1% Tween
20 and 5% non-fat dried milk and was then incubated with anti-
bodies for LC3-I and LC3-1I (Medical & Biological Laboratories,
M115-3) and GAPDH (Life Technologies, AM4300). Alkaline
phosphatase-labeled secondary antibody (Promega, S3721) and
a Western Blue-stabilized substrate (Promega, S3841) were used
to detect the signals, according to the manufacturer’s protocol.

RNA interference

Silencer select predesign siRNA for WIPI1 (Life Technologies,
ID: s30083) and negative control siRNA with a high GC (Life
Technologies) were transfected into the cells using Lipofectamine
2000 (Life Technologies, 11668), according to the manufactur-
er’s protocol. Briefly, 125 pmol of RNA and 2.5 wL of transfec-
tion reagent were incubated in 0.5 mL of Opti-MEM I reduced
serum medium (Life Technologies, 31985) for 15 min to facilitate
complex formation at room temperature. The resulting mixture
was added to the cells cultured in 1.5 mL of MEM in a 6-well
plate. After 24 h, the RNA/transfection reagent mixture was
readded.

Statistical Analysis

Statistical difference was determined by 2-tailed Student #
test. P < 0.05 was considered as a statistical difference.
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