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Previous studies have shown that small interfering RNA
knockdown and pharmacological inhibition of inositol 1,4,5-
trisphosphate receptors (IP;Rs) stimulate autophagy. We have
investigated autophagy in chicken DT40 cell lines containing
targeted deletions of all three IP;R isoforms (triple knock-out
(TKO) cells). Using gel shifts of microtubule-associated protein
1 light chain 3 as a marker of autophagy, we find that TKO cells
have enhanced basal autophagic flux even under nutrient-re-
plete conditions. Stable DT40 cell lines derived from TKO cells
containing the functionally inactive D2550A IP;R mutant did
not suppress autophagy in the same manner as wild-type recep-
tors. This suggests that the channel function of the receptor is
important in its regulatory role in autophagy. There were no
marked differences in the phosphorylation state of AMP-acti-
vated protein kinase, Akt, or mammalian target of rapamycin
between wild-type and TKO cells. The amount of immunopre-
cipitated complexes of Bcl-2-Beclin-1 and Beclin-1-Vps34 were
also not different between the two cell lines. The major differ-
ence noted was a substantially decreased mTORC]1 kinase activ-
ity in TKO cells based on decreased phosphorylation of S6
kinase and 4E-BP1. The discharge of intracellular stores with
thapsigargin stimulated mTORCI1 activity (measured as S6
kinase phosphorylation) to a greater extent in wild-type than in
TKO cells. We suggest that basal autophagic flux may be nega-
tively regulated by IP;R-dependent Ca>* signals acting to main-
tain an elevated mTORCI activity in wild-type cells and that
Ca®* regulation of this enzyme is defective in TKO cells. The
protective effect of a higher autophagic flux in cells lacking
IP;Rs may playarole in the delayed apoptotic response observed
in these cells.

It is well established that Ca>" has an important regulatory
role in controlling apoptosis (1-3). Inositol 1,4,5-trisphosphate
receptors (IP;R)? participate in this pathway at several levels.
First, they provide a conduit for the transfer of Ca®" between
the ER and the mitochondria to sensitize the mechanism that
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facilitates the release of cytochrome ¢ from the mitochondria
(4). Second, IP;Rs interact with, and are regulated by, several
proteins that modify apoptotic pathways, including the anti-
apoptotic proteins Bcl-2/Bcl-X; (5, 6), cytochrome ¢ (7, 8), and
Akt kinase (9—-11). Finally, with certain apoptotic stimuli (e.g.
staurosporine), IP;Rs support apoptosis independently of the
channel function of the receptor via a mechanism that may be
linked to a direct role of IP;Rs in activating Ca*>* entry mecha-
nisms across the plasma membrane (12).

Macroautophagy is a proteolytic process in which cytoplas-
mic constituents (including organelles) are sequestered within
double-membraned vesicles (autophagosomes) that ultimately
fuse with lysosomes leading to the degradation of their contents
(13). A major physiological regulator of this process is nutrient
supply, although the process is also regulated by various hor-
mones and can be dysregulated under pathological conditions
(14). The complicated steps involved in autophagosome forma-
tion and lysosome fusion involve multiple proteins and regula-
tion by many different inputs, including the activities of the
mTOR pathway and class III phosphatidylinositol 3-kinase.
There have been several reports suggesting that Ca®>* regulates
this pathway. Hoyer-Hansen et al. (15) showed that agents that
elevated Ca>* in MCF-7 cells increased the formation of auto-
phagosomes and that this was blocked by treatment with the
intracellular Ca>" chelator BAPTA-AM. However, others have
reported that blocking Ca®>* elevations (e.g. with L-type Ca®"
channel antagonists) can enhance autophagy suggesting that
Ca?* has an inhibitory effect on autophagy (16). In addition, the
depletion of intracellular stores with thapsigargin has been
reported to have both a stimulatory (15, 17) and inhibitory (16,
18, 19) effect on autophagy. Manipulations designed to change
the levels of IP; in cells (e.g addition of myo-inositol or Li™)
alter the rate of starvation-induced autophagy (17). A specific
role for IP;Rs in the autophagic process was suggested by the
finding that small interfering RNA knockdown or pharmaco-
logical blockade of the IP;R with xestospongin B led to an
enhancement of autophagy (17). These data suggest that IP;Rs
negatively modulate autophagy. However, it is unclear if this
involves the channel function of the IP,R, because some effec-
tive agents, such as xestospongin B, had no detectable effects on
cytosolic or ER luminal Ca>*(17). Disruption of the single IP;R
gene in Dictyostelium discoideum impairs an autophagic death
pathway (20). The specific autophagic signaling pathway(s)
modulated by IP;Rs remains to be identified.

DT40 chicken B-cell lines containing targeted deletion of all
three IP,R isoforms (TKO) show a markedly delayed cell death
response to various apoptotic stimuli (6, 12, 21). We considered
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the possibility that adaptive changes in autophagy may have
occurred in these cells thereby providing a useful experimental
system to investigate the role of IP;Rs in autophagy. In this
study, we show that TKO cells have a markedly enhanced rate
of autophagy compared with wild-type cells, even under nutri-
ent-replete conditions. The suppression of autophagy required
the Ca®>" channel function of the IP,R and was not observed in
cell lines transfected with the pore-inactivating D2550A
mutant. Several key factors that regulate autophagy were com-
pared in wild-type and TKO cell lines and were not found to be
significantly different. These included the activity of AMP and
Aktkinase. The differences in basal autophagy could also not be
accounted for by altered levels of Beclin-1-Vps34 complexes.
Instead, our experiments suggest that altered activity of the
mTORC1 complex may be one potential mechanism by which
IP,R-mediated Ca®>" fluxes could regulate the autophagic
pathway.

MATERIALS AND METHODS

Reagents—RPMI 1640 culture media and G418 sulfate
(Geneticin) were obtained from Cellgro-Mediatech (Herndon,
VA). Staurosporine, rapamycin, bafilomycin, and okadaic acid
were purchased from Sigma. Protogel-stabilized acrylamide
solution was from National Diagnostics (Atlanta, GA). Nitro-
cellulose membrane (0.45 um) was from Bio-Rad. Polyvinyli-
dene difluoride membrane (Immobilon-P, 0.45 wm) was pur-
chased from Millipore (Bedford, MA).

Antibodies—The following antibodies were obtained from
Cell Signaling (MA): LC3B rabbit polyclonal Ab; phospho-
mTOR (Ser-2448) rabbit polyclonal Ab; phospho-mTOR (Ser-
24381) rabbit polyclonal Ab; total mTOR rabbit polyclonal Ab;
phospho-4E-BP1 (Thr-37/46) (236B4) rabbit monoclonal Ab;
phospho-Akt (Ser-473) (587F11) mouse monoclonal Ab; total
Akt (5G3) mouse monoclonal Ab; phospho-p70 S6 kinase (Thr-
389) (108D2) rabbit monoclonal Ab; total p70 S6 kinase rabbit
polyclonal Ab; Beclin-1 rabbit polyclonal Ab; phospho-
AMPKa (Thr-172) rabbit polyclonal Ab; and total AMPKa rab-
bit polyclonal Ab. Mouse anti-Bcl-2 monoclonal Ab was pur-
chased from BD Transduction Laboratories. The rabbit
polyclonal calnexin Ab has been described previously (22).

DT40 Cell Culture and Incubation Conditions—Wild-type
(WT) DT40 cells and IP,R triple knock-out (TKO) cells were
the kind gifts of Dr. T. Kurosaki (Kansai Medical University,
Moriguchi, Japan). Stable DT40 cells expressing the rat type I
IP,R were a gift from Dr. Kevin Foskett (University of Pennsyl-
vania). DT40 cells were grown in RPMI 1640 media supple-
mented with 10% fetal bovine serum, 1% chicken serum, 100
units/ml penicillin, 100 units/ml streptomycin and maintained
at 37 °C in 5% CO, atmosphere. The stable cell line containing
the inactivating D2550A pore mutation was prepared as
described previously (12). DT40 cells were seeded at a density of
10* cells/ml and were used for experiments after 24 h. There
were no significant differences in the growth rate of the indi-
vidual cell lines (data not shown).

Measurement of Autophagy—The DT40 cells were treated
with staurosporine or rapamycin and then centrifuged at
1,000 X g for 10 min. The cells were washed once in ice-cold
phosphate-buffered saline and then lysed in a medium contain-
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ing 1% Triton X-100 and 50 mwm Tris/HCl, pH 7.8, 150 mMm
NaCl, 2 mm sodium orthovanadate, 10 mm sodium pyrophos-
phate, 20 mMm NaF, 5 nm okadaic acid, and a 1X dilution of a
complete protease inhibitor mixture (Roche Diagnostics). The
lysates were cleared by centrifugation at 10,000 X g. Protein
samples (25 ug) were run on 15% polyacrylamide gels and
transferred on polyvinylidene difluoride membranes. Immuno-
blotting was done using the LC3B antibody. Only the lower
band of the LC3 doublet (LC3-1II) was quantitated because vari-
able immunodetection and efficiency of transfer of the upper
band (LC3-I) has been observed (23). Electron microscopy of
DT40 cells was carried out as described by Csordas et al. (24).

RESULTS

Autophagy was measured by immunoblotting for the micro-
tubule-associated light chain 3 (LC3) protein. The covalent
modification of the cytosolic LC3-I form with phosphatidyleth-
anolamine generates the LC3-II form, which migrates more
rapidly on SDS-PAGE (25). The specific association of LC3-II
with autophagosomes has led to this protein being widely used
as a marker of autophagy (23). Fig. 1A shows a comparison of
LC3-I1 levels detected by immunoblotting in lysates from wild-
type and TKO DT40 cells grown under nutrient-replete condi-
tions. The data show that basal steady-state levels of LC3-1I are
low in wild-type cells but are ~4-fold elevated in the TKO cells
(Fig. 1B). The induction of apoptosis with staurosporine (STS)
over a 6-h period enhanced the levels of LC3-II in wild-type
cells and decreased the elevated levels of LC3-II in TKO cells.
To determine whether the Ca>" channel function of IP,Rs was
important in mediating its inhibitory effects on autophagy, we
utilized a stable DT40 cell line expressing the “pore-dead”
D2550A mutant of the rat type I IP;R (26). The expression level
of type I IP;R in the mutant has previously been shown to be
comparable with wild-type cells (12). The pore-dead cell line
also showed elevated levels of LC3-II that were decreased by
STS treatment as observed with the TKO cells (Fig. 1, A and B).
The wild-type DT40 cells used as a control contain all three
chicken IP;R isoforms. Levels of LC3-II in pore-dead cells
were also elevated when compared with a stable DT40 cell line
expressing the wild-type rat type I IP;R (Fig. 1C). We conclude
that the channel function of the IP;R is required for suppressing
autophagy.

It has been pointed out that measurements of the steady-
state levels of LC3-II may not reflect autophagic flux because
the levels are also determined by the degradation of LC3-II
upon fusion of autophagosomes with lysosomes (27, 28). Auto-
phagosome/lysosome fusion can be prevented by bafilomycin
(29). A 6-h incubation with 10 nMm bafilomycin caused a large
enhancement in LC3-II levels such that no differences between
WT and TKO cells could be distinguished, although the inhib-
itory effect of STS on LC3-II levels in the TKO cells was still
observed (Fig. 1B). Shorter periods of treatment with bafilomy-
cin, which produced submaximal elevations of LC3-II (e.g. after
1 h), still revealed differences between wild-type and TKO cells
(Fig. 1D). The basic findings using LC3 immunoblotting were
confirmed by analysis of electron microscope images of DT40
cells that showed an enhanced number of debris-containing
vacuoles in TKO cells when compared with either wild-type or
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FIGURE 1.Lack of functional IP;Rs in DT40 cells is associated with higher levels of basal autophagy. A, WT,
IP;R TKO, and the D2550A pore-inactive (pore-dead) DT40 cells lines were incubated in nutrient-replete
medium with serum in the presence or absence of staurosporine (1 um) or bafilomycin A (10 nwm) for 6 h. After
treatment, the cells were lysed and processed forimmunoblotting with LC3 Ab as described under “Materials
and Methods.” The same samples were processed on 5% SDS-PAGE to monitor the levels of calnexin used as a
loading control. B, levels of the LC3-Il band were quantitated densitometrically and normalized to the calnexin
levels. The data shown are the mean = S.E. of 3-5 independent experiments. C, DT40 cell line stably expressing
the wild-type rat type | IP5R (type 1) and the functionally inactive D2550A mutant in the rat type | background
(pore-dead) were directly compared for basal levels of LC3. D, WT, TKO, and pore-dead cell lines were incubated
with 10 nm bafilomycin (Baf) A for the indicated times and processed for LC3 immunoblotting as described

recognized a doublet of bands in the
chicken cells (Fig. 3) of which only
the lower band was recognized by
the pan-a-subunit AMPK Ab at the
appropriate molecular mass of ~63
kDa. This AMPK band was not sig-
nificantly different between wild-
type, TKO, and pore-dead cells. STS
did not affect the phosphorylation
state of the AMPK band but sub-
stantially decreased the phosphor-
ylation of the upper unknown band
in all three cell lines.

Activated Akt kinase inhibits
autophagy (Fig. 2) (30). Analysis of
the phosphorylation state of Akt
kinase using phospho-specific Ser-
473 Ab indicates a modest increase
in activation of Akt in TKO and
pore-dead cells. However, these
changes are in the opposite direc-
tion to account for the stimulated
autophagy in these cell lines. STS
decreased Ser-437 phosphorylation
in TKO and pore-dead cell lines but
not in wild-type cells. These
changes also do not correlate with
the different effects of STS on auto-
phagy in these cell lines. The effects
of Akt and AMPK on autophagy are
mediated through a pathway that
involves TSC and Rheb proteins
that regulate the activity of the
mTORC1 complex (Fig. 2). High
levels of mTOR kinase suppress
autophagy by mechanisms that have
not been fully characterized but

above.

TKO cells stably expressing the rat type I IP;R (supple-
mental Fig. S1). These data in DT40 cells are in agreement with
previous findings in other cell types that knockdown or inhibi-
tion of IP,Rs enhances autophagic flux (17).

Fig. 2 depicts the canonical pathway of autophagy together
with known sites that could potentially be regulated by Ca**
based on information in the literature. Because IP;Rs have an
established role in supplying Ca®" to the mitochondria, which
is known to stimulate mitochondrial oxidative metabolism, it is
possible that IP;R-deficient DT40 cells might have an increased
AMP/ATP ratio. This, in turn, could enhance the activity of
AMPK that would stimulate autophagy through the intermedi-
ary steps shown in Fig. 2. Calmodulin-dependent kinase
kinase-f is an upstream activator of AMPK and has also been
proposed to be a site where cytosolic Ca>" elevations could
stimulate autophagy (15). We therefore compared the activa-
tion state of AMPK in wild-type, TKO, and pore-dead DT40
cell lines by measuring phosphorylation of the protein at Thr-
172 using a phospho-specific Ab. This rabbit polyclonal Ab
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include the phosphorylation of

Atgl/UIk kinases that are involved
in the induction of autophagosomes (31). We examined the
following two phosphorylation sites on mTOR: Ser-2448 (a site
for phosphorylation by several kinases, including Akt (32)) and
Ser-2481 (an autophosphorylation site (33)). The basal phos-
phorylation state of neither site was different in the three dif-
ferent DT40 cell lines (Fig. 3). However, mutation of serines
2448 or 2481 does not alter mTOR kinase activity (32), which is
conventionally measured by monitoring the phosphorylation of
its substrates. One such substrate is p70 S6 kinase, which is
specifically phosphorylated by mTOR on Thr-389 (34). Fig. 4, A
and B, shows that there are substantially lower levels of phos-
phorylated S6 kinase in the TKO and pore-dead cells. We con-
firmed this finding by examining another mTOR substrate
4E-BP1 using an Ab directed at Ser-65 (35). As with S6 kinase, a
lower phosphorylation of 4E-BP1 was observed in TKO and
pore-dead cells (Fig. 44). The phosphorylation state of S6
kinase could be restored by stable transfection of the rat type I
IP,R into TKO cells and remained elevated in a DT40 cell line
containing only the endogenous chicken type I isoform
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FIGURE 2. Possible sites of regulation of the canonical pathway of auto-
phagy by IP, receptors and Ca®*. The middle box shows several of the
molecular complexes that participate in autophagy. The pathways by which
physiological factors such as nutrient availability and growth factors (indi-
cated in red) modulate autophagy are shown schematically. Possible sites at
which IP4Rs or elevated cytosolic Ca>* could also modulate this pathway are
indicated in blue. The specific mechanisms are as follows: 7, transfer of Ca?*
from the ER to the mitochondria mediated by IP;Rs could contribute to the
maintenance of an elevated “energy state” (high ATP/AMP ratio); 2, Ca*" act-
ing through calmodulin-dependent kinase kinase-B (CaMKK-B) can activate
AMPK (15); 3, Vps34 has also been suggested to be a CaM-dependent enzyme
(46); 4, Bcl-2, by binding IP5Rs, can influence the amount bound to the Beclin-
1-Vps34 complex (37) ; and 5, activation of calpains has been proposed to
inhibit autophagy (16). The only target of calpains in the autophagic pathway
that has been described is Atg5 (63). Abbreviations used: FIP200, focal adhe-
sion kinase-interacting protein; Ulk, Unc51-like kinase; TSC, tuberous sclerosis
complex protein; Rheb, Ras homology enriched in brain protein; S6K-1, p70
ribosomal protein S6 kinase-1; 4E-BP1, eukaryotic translation initiation factor
4E-binding protein 1.

(DKO-1) (Fig. 4C). We suggest that alower mTOR kinase activ-
ity in the IP;R-deficient cell lines could account for their higher
basal autophagy.

We examined the effects of rapamycin, an inhibitor of mTOR
(36), on the levels of LC3-1I in wild-type and TKO cells (Fig. 5).
In both cell lines, 100 nm rapamycin completely inhibited
mTOR activity within 2 h as judged by inhibition of phosphor-
ylation of Thr-389 of S6 kinase (Fig. 54). Rapamycin produced
a smaller and slower decrease in Ser-2448 phosphorylation of
mTOR itself, consistent with this site being a relatively insensi-
tive indicator of mTOR kinase activity. Rapamycin elevated the
levels of LC3-II in wild-type cells with a peak increase at 4 h,
which averaged almost 80% of the elevated levels observed in
untreated TKO cells (Fig. 5B). Rapamycin addition to TKO cells
caused only a small further increase in LC3-11levels. The results
with rapamycin are consistent with the hypothesis that differ-
ences in the activity of the mTOR kinase pathway are an impor-
tant determinant in setting the different levels of basal autoph-
agy observed in wild-type and TKO cells.

Another potential site of autophagy regulation by IP;Rs has
been proposed to involve Beclin-1 (37), which stimulates the
activity of the class III phosphatidylinositol 3-kinase Vps34 (31,
38). This enzyme has been directly implicated in the formation
of autophagosomes from ER membranes (39) and also posi-
tively modulates mTOR activity (38). Bcl-2, which inhibits
autophagy by sequestering Beclin-1, can also bind to IP;Rs (40).
Thus, the presence or absence of IP;Rs could indirectly regulate
the amount of Beclin-1-Vps34 complex. This was examined in
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FIGURE 3. Autophagy is independent of the phosphorylation state of
AMPK, Akt, or mTOR. WT, IP;R TKO, and the D2550A pore-inactive (pore-
dead) DT40 cells lines were incubated in nutrient-replete medium with serum
in the presence or absence of staurosporine (1 um) for 6 h. After treatment, the
cells were lysed in a buffer containing protein phosphatase inhibitors and
processed for immunoblotting with the indicated phospho-specific Abs as
described under “Materials and Methods.” The data shown is representative
of three experiments. * indicates an unknown band.

the experiments shown in Fig. 6. The total levels of Bcl-2 or
Beclin-1 were not different in wild-type or TKO cells in the
presence or absence of STS (Fig. 6A). Detecting the coimmu-
noprecipitation of Beclin-1 by Bcl-2 Ab was complicated by the
close proximity of the Beclin-1 signal to the heavy chain of IgG.
Using a method that minimizes this problem, we found no dif-
ferences in Bcl-2-Beclin-1 complexes between wild-type and
TKO cells (Fig. 6B). The proportion of Beclin-1 complexed with
Vps34, determined by immunoprecipitation with Beclin-1 Ab,
was also not different in the two cell lines. There was also no
evidence that IP;Rs were directly or indirectly complexed with
Vps34 (Fig. 6C).

A mechanism that would be consistent with our experimen-
tal observations is that mTORCI activity in intact cells is
dependent on Ca®" signaling. In unstimulated DT40 cells, the
loading of BAPTA-AM is sufficient to enhance LC3-11I levels in
both wild-type and TKO cells, which is consistent with resting
intracellular Ca®>" exerting a tonic negative effect on autophagy
(Fig. 7A). Loading with BAPTA-AM also decreased the basal
phosphorylation state of S6 kinase in both wild-type and TKO
cells (Fig. 7B) confirming observations made in other cell types
(41, 42). In wild-type DT40 cells, the addition of thapsigargin to
mobilize intracellular Ca®" stores caused a robust and rapid
increase in phospho-S6 kinase levels (>3-fold in 2 min), and
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FIGURE 4. Higher autophagic flux in IP;R TKO and pore-dead cell lines is
associated with a reduced activity of mTOR. A, WT, IP;R TKO, and the
D2550A pore-inactive (pore-dead) DT40 cells lines were incubated in nutrient-
replete medium with serum in the presence or absence of staurosporine (1
um) for 6 h. After treatment, the cells were lysed in a buffer containing protein
phosphatase inhibitors and processed for immunoblotting with the indi-
cated Abs against p70 phospho-S6 kinase (S6K) and 4E-BP1, two key sub-
strates of the mTORC1 kinase complex. The data shown are representative of
three experiments. B, data from three experiments were quantitated with
densitometry and are shown as the means = S.E. with the wild-type levels set
to 100%. C, amount of phospho- and total S6 kinase was measured in lysates
from wild-type and TKO DT40 cells as well as cells expressing the chicken
(DKO-1) or rat type 1 IP5Rs.

levels were entirely suppressed by pretreatment with rapamy-
cin (Fig. 7C). By contrast, thapsigargin did not cause significant
changes in pS6K levels in TKO cells over a 10-min period (Fig.
7C). Because the discharge of intracellular Ca>" stores medi-
ated by thapsigargin is of similar kinetics and magnitude in both
cell lines (21), it must be concluded that the mTORC1 complex
has a diminished Ca*>* sensitivity in the TKO cells. The possi-
bility that the localization of mTOR protein may be an impor-
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FIGURE 5. Effect of mTORC1 inhibition with rapamycin on autophagy in
IP;R wild-type and TKO cells. A, wild-type and TKO DT40 cells were incu-
bated with 100 nm rapamycin for the indicated times. Cell-free lysates were
immunoblotted for LC3, phosphorylated mTOR, and S6 kinase and total
mTOR, and S6 kinase. The immunoblots shown are representative of three
experiments. B, is the quantitation of the levels of LC3-Il at the 2-h time point
with the levels of the untreated wild-type cells used as the reference control
(100%).

tant factor in these experiments was explored in Fig. 7D. The
data show that a large fraction of mTOR was localized in the
microsomal membranes, consistent with previous reports that
ER localization signals are found in the HEAT domains of
mTOR (43). However, localization was not significantly differ-
ent in WT or TKO cells (Fig. 7D). In addition, localization was
not altered by treatment with thapsigargin or A23187 and no
evidence for co-immunoprecipitation of mTOR with type I
IP,R was obtained (data not shown).

DISCUSSION

In this study, we have documented an enhanced autophagic
flux in DT40 cell lines in which IP;Rs are absent or are nonfunc-
tional. We hypothesize that the normal responses of wild-type
cells to many environmental cues, including growth factors and
nutrients, may require periodic elevations of cytosolic Ca*"
that would be severely impaired in cell lines lacking functional
IP,Rs. Thus, the TKO/pore-dead cells may exhibit behavior
that is characteristic of nutrient insufficiency. In agreement
with this, the autophagic response of TKO cells to removal of
amino acids from the culture medium was diminished when
compared with wild-type cells (data not shown). The depen-
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tated (/P) with a monoclonal Bcl-2 Ab, and the immunoprecipitates were
probed by immunoblotting for the presence of Beclin-1. Immunoprecipita-
tion and immunoblotting were carried out according to the instructions for
the TrueBlot kit (eBiosciences, San Diego), which minimizes detection of the
IgG band that runs just below the Beclin-1 band. A sample containing buffer
alone and Bcl-2 mAb was used to verify the effectiveness of the method.
G, Absto IP;R and Beclin-1 were used to immunoprecipitate 0.5 mg of WT and
TKO DT40 cell lysate. The immunoprecipitates were probed by immunoblot-
ting for the presence of Vps34. All data are representative of 2 or 3
experiments.

dence of autophagy on IP;Rs is not a unique characteristic of
DT40 cells because it has been observed in other cell types in
which type I or type III IP;R isoforms have been knocked down
by small interfering RNA methods or when channel function
was inhibited by xestospongin B (17).

There are several potential sites at which the IP;R protein (or
the Ca®™" it translocates) could regulate the canonical autoph-
agic pathway (Fig. 2). The energy status of the cell, sensed by
AMPK, is a prime regulator of autophagy. The shuttling of Ca®**
from the ER to the mitochondria is a key function of IP;Rs. The
absence of IP;Rs could potentially modify the AMP/ATP ratio
of the cell and secondarily influence AMPK activity. In an
experimental model where chronic elevation of Ca** stimu-
lates autophagy, it has been suggested that Ca®>*/calmodulin-
dependent kinase kinase-8, an upstream regulator of AMPK
phosphorylation, may be involved (15). However, we did not
observe any differences in the phosphorylation state of AMPK
in wild-type and TKO DT40 cells. Growth factors such as insu-
lin that inhibit autophagy act through Akt kinase. Again, we
observed no differences in the phosphorylation state of Akt.
The anti-apoptotic protein Bcl-2 inhibits autophagy when spe-
cifically targeted to ER membranes (17). The inhibition of auto-
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phagy is thought to result from the binding of Bcl-2 to Beclin-1,
which is a regulator of Vps34, a class III phosphatidylinositol
3-kinase. Because IP,;Rs also bind Bcl-2, it has been suggested
that the effects of IP;R knockdown or IP,R inhibition with xes-
tospongin B may be related to an altered availability of Bcl-2
(17, 37). However, we observed no differences in beclin-1-
Vps34 complexes in wild-type and TKO cells. In addition, the
absence of IP;Rs should make more Bcl-2 available for inhibit-
ing autophagy, whereas a stimulation of autophagy is what is
experimentally observed.

The main difference between wild-type and TKO cells that
could account for the differences in autophagic flux is the
reduced basal activity of the mTORC1 complex in TKO cells, as
measured by a reduced phosphorylation of its substrates S6
kinase and 4E-BP1. There is evidence in the literature to suggest
that mTORC]1 activity in intact cells is regulated by Ca>". Sev-
eral studies have reported that enzyme activity is enhanced by
thapsigargin or Ca>"-mobilizing stimuli and is inhibited by
BAPTA-AM loading of cells (41, 42, 44, 45). The absence of
IP,Rs in TKO cells would be expected to diminish Ca>™ signals
that act to maintain mTORCI1 activity. However, the availabil-
ity of Ca?" is not the only factor that is altered because the
response to Ca®" mobilized by thapsigargin is also lost in TKO
cells (Fig. 7). This suggests that Ca®>" regulation of the
mTORC1 complex is somehow different in TKO cells. Unfor-
tunately, the mechanism(s) by which Ca®* regulates this
enzyme are not well characterized. One possibility is that the
components of the mMTORC1 complex are assembled or local-
ized differently in the IP;R-deficient cells. Although we noted
no differences in the membrane localization of the mTOR pro-
tein in TKO cells, it is possible that the other proteins associ-
ated with the mTORC1 complex may be targeted differently
(e.g Raptor, mLST8, and Rheb). mTORCI1 activity is positively
regulated by Vps34, which has been proposed to be activated by
Ca®*/CaM (46, 47). Therefore, an alternative possibility is that
a decreased activity of mTORC1 in TKO cells is secondary to a
decreased activity of the pool of Vps34 involved in regulating
autophagy. A more direct role for Vps34 in autophagy has been
suggested by recent studies indicating that Vps34 is recruited to
specific ER structures that form a platform for the assembly of
autophagosomes (39). Thus, it is possible that the localized
release of Ca>" from IP;Rs could directly impede some early
ER-dependent step(s) in autophagosome biogenesis.

Previous studies that have examined a role for IP, or Ca®" in
autophagy have concluded that the regulatory effects are inde-
pendent of mTOR activation. This was found for lithium
(which induces autophagy by a mechanism involving depletion
of IP, levels (48)), for xestospongin-B (37), and for pharmaco-
logical compounds that induce autophagy by a mechanism
involving inhibition of calpain activity (16). The status of the
mTOR pathway was not examined in studies where autophagy
was induced by small interfering RNA knockdown of IP;Rs
(17). Infection by Toxoplasma gondii stimulates autophagy in
the host cell by a mechanism involving Ca*>* elevation without
an associated change in mTOR signaling (49). The presence of
multiple regulatory mechanisms is not surprising in view of the
complexity of the autophagic pathway and the differences in
cell types and stimuli.
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of ER protein was monitored with calnexin Ab.

Recently, Vicencio et al. (37) reported no difference in auto-
phagy between wild-type and TKO DT40 cells. Because knock-
down or inhibition of IP;Rs has previously been shown to
enhance autophagy (17), the lack of a difference in autophagy
between the two cell lines is surprising and was attributed to an
adaptive alteration of the TKO DT40 cells or to the continued
presence of the ligand binding domain of the type IIl IP;R in the
TKO cells (50). The latter explanation seems unlikely because a
functionally inactive IP;R fragment would not be expected to
support autophagy based on the experiments with the defective
pore mutant. The basis for these discrepant results is not
known. We have noted that basal autophagy in wild-type cells is
enhanced as the cell density increases with days in culture (data
not shown). Thus, differences in autophagy between wild-type
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and TKO cells may be strongly influenced by the exact growth
stage of the cells. In agreement with our results, Cardenas et al.
(51) have also reported accelerated autophagy in TKO DT40
cells, although in their study they attributed this to an altered
AMPK activity.

Autophagy and apoptosis are interrelated processes (52—54).
There are many examples where enhanced autophagy protects
cells from apoptotic stimuli (55—57). The enhanced autophagic
flux in TKO cells could therefore contribute to the delayed
kinetics of cell death observed with several inducers of apopto-
sis in these cells (12, 21, 58). Activation or inhibition of apopto-
sis can also influence autophagy (52-54). In wild-type DT40
cells the addition of STS stimulates both apoptosis and autoph-
agy. The enhancement of autophagy by STS has been observed
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in various cell lines, but the underlying mechanism is unknown
(59). Presumably, the action of STS as a protein kinase inhibitor
could lead to a decreased phosphorylation of key proteins in the
autophagic pathway that are regulated by phosphorylation, e.g.
the complex of the mammalian homologues of Atgl (Ulk1/2)/
Atg13/FIP200 (49), Bcl-2 (60), or Beclin-1 (61). In addition, the
activation of pro-apoptotic proteins, such as Bad, could dimin-
ish the Bcl-2-Bclxl complexed to Beclin-1 (62). In contrast to
the stimulation of autophagy seen in wild-type cells, the addi-
tion of STS inhibited the elevated levels of autophagy seen in
TKO cells. This suggests that regulation by STS is complex, and
its stimulatory or inhibitory mode of action must be influenced
by the availability of Ca®>* signaling pathways. Ca®>* elevation
has been suggested to either stimulate (15) or inhibit autophagy
(16). Our results are more consistent with Ca®>" having an
inhibitory role. In addition to the calmodulin- and calpain-de-
pendent mechanisms mentioned previously, the possible roles
of Ca®>"-dependent protein kinases or protein phosphatases
have not been investigated. A more complete understanding of
the role of Ca®>" will require further studies to assess the relative
importance of potential Ca>* sensors and their sites of action in
the autophagic pathway.
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