Letters to the Editor

422

sustaining AKT phosphorylation in early mouse embryos.
Taken together, data obtained with kinase inhibitors and
quantitative immunofluorescence analyses support strongly
the idea that early mouse embryos inherit fully Ser472/
Thr308-phosphorylated AKT from oogenesis and that initial
embryo cleavages are independent on growth factors, making
PI3K and PDK1 activities dispensable. This conclusion is in
agreement with previous observations that mouse preimplan-
tation embryo development requires PI3K activity from the
8/16-cell stage.®

If TCL1 is not relevant to AKT phosphorylation in one-cell
and two-cell embryos, is this factor needed for the phos-
phorylated AKT transfer to nucleus? We have addressed this
issue by determining the intracellular distribution of Ser473/
Thr308-phosphorylated AKT in two-cell embryos that were
genetically deficient in TCL1. Phosphorylated AKT had a
striking cortical localization and was lacking in blastomere
nuclei (Figure 1e), pinpointing the cell membrane as an
obligatory step among the intracellular movements of phos-
phorylated AKT. In fact, it is commonly accepted that TCL1
oligomerizes with AKT at the level of cell membrane and that
the TCL1—-AKT complex is then transferred to nucleus.

In conclusion, early mouse embryos display a physiological
dissociation between the TCL1 functions of AKT phosphory-
lation and phosphorylated AKT transfer to nucleus, pinpointing
the latter function as the essential one for the AKT-mediated
promotion of cell proliferation. In addition, the present finding
that TCL1 enters one-cell embryo pronuclei, while phosphory-
lated AKT does not, suggests that TCL1 also plays an AKT-
independent role(s) at the beginning of embryo development.
In light of the recent finding that TCL1 binds the PNPase
exoribonuclease, an enzyme that specifically degrades poly-
A" RNAs, 2 itis tempting to hypothesize that this factor is also
relevant for the degradation of maternally derived messages.
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Autophagy promotes necrosis in apoptosis-deficient

cells in response to ER stress
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Dear Editor,

Disruption of endoplasmic reticulum (ER) function is asso-
ciated with numerous human diseases."? It leads to the
initiation of a stress response known as the unfolded protein
response, whose initial goal is to resolve the ensuing stress;
however, when unable to do so, it induces cell death.®>* ER
stress-induced cell death has been shown to proceed
primarily through apoptosis. It remained unclear whether ER
stress is also associated with other forms of cell death. Using
bax’~bak’~ or Bcl-xL-overexpressing cells that are
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defective in apoptosis, here, we show that prolonged ER
stress still results in cell death in a fashion resembling
necrosis. This necrosis-like cell death is associated with
autophagy. In response to ER stress, autophagy is induced in
both wild-type and bax’"bak’~ cells to a similar extent.
Overexpression of wild-type Bax or Bak, as well as ER-
targeted Bak does not induce autophagy, indicating that the
multi-domain proapoptotic Bcl-2 proteins do not affect
autophagy. Inhibition of autophagy results in enhanced cell
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death in apoptosis-competent cells, but reduced cell death in
apoptosis-deficient cells. Thus, in response to ER stress,
while autophagy serves as a survival response to delay
apoptosis, it promotes cell death by necrosis in cells with
impaired apoptosis.

It has been previously shown that cells deficient in both Bax
and Bak are resistant to apoptosis induced by ER stress.® As
ER stress is often sustained for extended periods of time
under physiological conditions,®* we sought to investigate cell
survival in response to prolonged ER-stress treatment. Mouse
embryonic fibroblasts (MEFs) isolated from wild-type and
bax~’~bak™~ mice were treated with ER stressors thapsi-
gargin, tunicamycin, and brefeldin A. Consistent with previous
reports, almost all wild-type MEFs died after 1—2 days of ER
stress treatment, while Bax/Bak doubly deficient cells were
well protected. Interestingly, when treated with ER stress for a
prolonged period of time, apoptosis-deficient bax’~bak "/~
MEFs progressively died (Figure 1a). Similar results were
observed in MEFs ectopically expressing the antiapoptotic
protein Bcl-xL (Supplementary Figure S1A). Thus, ER stress
can cause two phases of cell death, the first of which is Bax/
Bak-dependent apoptosis; the other is Bax/Bak-independent
or Bel-xL uninhibitable cell death that occurs at a slower rate.

Upon further examination using phase-contrast microscopy
the dead bax’~bak '~ cells displayed morphological features
such as plasma membrane dilation and disruption that
resemble necrosis (Supplementary Figure S1B). To char-
acterize this more, we examined the cleavage of poly(ADP-
ribose) polymerase (PARP) from its full-length 114 kDa form
to generate an 89kDa fragment, a characteristic feature of
apoptotic cells. The caspase-3-specific 89 kDa fragment was
observed in wild-type cells 1—2 days after ER-stress treat-
ment, but not in bax/~bak™~ cells even after 34 days, at
which time the amount of cell death was comparable to that of
wild-type cells treated for 1-2 days (Figure 1b). Furthermore,
the release of HMGB1 into the extracellular environment, an
indicator of necrosis,® was observed to coincide with the
timing of ER stress-induced bax’~bak '~ cell death, but not
wild-type cell death (Supplementary Figure S1C). These
findings indicate that while apoptosis is blocked in bax™'~
bak™"~ cells, prolonged treatment with ER stress can induce
caspase-independent, necrotic cell death.

When observed with an electron microscope, wild-type and
bax~'~bak~’~ MEFs exposed to ER stress for a short period of
time (12 h) displayed an increase in multi- or double-layered
membrane structures enclosing electron-dense materials,
which are characteristic of autophagosomes (Figure 1c). The
induction of autophagy was verified further by the conversion
of microtubule-associated protein 1 (MAP1) light chain (LC3)
from its cytosolic form (LC3-I) to a membrane-bound form
(LC3-1l) (Figure 1c, Supplementary Figure S2C and D), a key
event in autophagy.” 3-Methyladenine (3MA), a pharmacolo-
gical inhibitor of autophagy, blocked the induction of GFP-LC3
puncta formation. In contrast, chloroquine, a chemical that
blocks lysosome function by increasing lysosomal pH,
increased the formation of GFP-LC3 puncta (Supplementary
Figure S2C and D). These findings indicate that ER stress
may induce a autophagic response in both wild-type and bax "~
bak™’~ cells. We noticed that after tunicamycin treatment for
48 h wild-type cells appeared apoptotic, characterized by
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condensed chromatin, whereas bax’~bak~~ MEFs showed
no signs of apoptosis yet drastic accumulation of autophago-
somes (Supplementary Figure S2A and B). This suggests that
after longer exposure to ER stress, wild-type cells die by
apoptosis if the damage is not relieved, whereas autophagy
keeps accumulating in bax bak~~ cells due to their
deficiency in apoptosis. The prolonged accumulation of
autophagy may eventually lead to cell damage and demise
independent of Bax and Bak.

Interestingly, it was noted that autophagy was induced in
both wild-type and bax~bak™’~ cells in response to ER
stress. The balance between the levels of the antiapoptotic
and proapoptotic Bcl-2 family of proteins plays a critical
role in determining the fate of a cell to survive or to die by
apoptosis. The BH1 and BH2 domains of Bcl-2 are required
for Bcl-2—Bax interaction and inhibition of apoptosis.® It has
been recently reported that the antiapoptotic Bcl-2 family
members can regulate autophagy,®'"! possibly by interacting
with Beclin 1.%'° Beclin 1 is essential for autophagy
induction,'®'® and was found to interact with Bcl-2 via the
BH1 and BH2 domains of Bcl-2."° In light of these reports,
there exists the possibility that the proapoptotic proteins Bax
and Bak may affect the induction of autophagy via their
interaction with Bcl-2. To address this issue, we quantitated
the formation of autophagosomes in wild-type and bax/~
bak~’~ MEFs treated with ER stress. Both cell types showed
equivalent amounts of GFP-LC3 puncta (Supplementary
Figure S3A). In addition, both wild-type and bax’~bak™"~
MEFs treated with ER stress showed clear conversion of LC3-
| to LC3-1l, with no apparent difference, judged by immuno-
blotting of LC3 (Supplementary Figure S3B). The lysosomal
protease inhibitors E-64-D and pepstatin A’ enhanced
the accumulation of LC3-Il to a similar degree in wild-type
and bax~~bak™’~ cells (Supplementary Figure S3C and D).
These results indicate that deficiency in Bax and Bak has no
significant effect on ER stress-induced autophagy.

Conversely, we tested whether overexpression of Bak or
Bax could affect the induction of autophagy. DsRed-tagged
Bak or Bax were co-transfected with GFP-LC3 into bax /"~
bak™"~ MEFs. Bak was predominantly localized to mitochon-
dria indicated by its punctate localization. Expression of
DsRed-Bak did not induce autophagy, nor did it affect
tunicamycin-induced autophagy (Figure 1d). Bax was pre-
dominantly localized in the cytosol. In response to ER stress, it
translocated from the cytosol to mitochondria. Similar to Bak,
expression of DsRed-Bax failed to induce autophagy and did
not alter ER stress-induced autophagy (Figure 1d and
Supplementary Figure S4A). An ER-targeted Bak mutant
also failed to affect autophagy induction (Supplementary
Figure S4C). This mutant has been previously shown to
localize to the ER and cause ER Ca®?" release and
apoptosis.'® Taken together, our findings indicate that unlike
the antiapoptotic Bcl-2 family proteins, the multi-domain
proapoptotic Bcl-2 proteins Bax and Bak do not affect
autophagy, nor do they affect Bcl-2’s ability to regulate
autophagy.

Autophagy has been shown to promote either cell survival
or death. Given that autophagy can be induced by ER
stress, we evaluated whether autophagy plays a role in
bax~’~bak '~ cell death resulting from prolonged ER stress.
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Figure 1 (a) ER stress can induce non-apoptotic cell death. Wild-type and bax'~bak~"~ MEFs were treated with thapsigargin (0.1 M), tunicamycin (0.5 uig/ml), or
brefeldin A (0.5 ug/ml). At the indicated time points, cells were collected and cell death was measured by Pl exclusion. Data are averages of triplicate treatments +S.E.M.
(P<0.01 for all ime points). (b) Caspase-3-dependent PARP cleavage does not occur in bax~/~bak "~ MEFs. Wild-type and bax ™/~ bak /" cells were treated with either
brefeldin A or thapsigargin for the indicated times, cell lysates were prepared followed by immunoblotting for PARP. (c) ER stress induces autophagosome formation. Wild-type
and bax~’~bak~"~ MEFs stably expressing GFP-conjugated LC3 were treated with tunicamycin (0.5 uig/ml) for 12h. Cells were then fixed and observed with an electron
microscope and representative images are shown. Electron microscop/y immunohistochemistry was also performed using an anti-GFP antibody.2® Note the presence of
gold particles indicative of autophagosomes in both wild-type and bax~/~bak '~ cells. Bar =500 nm. (d) Multi-domain proapoptotic Bcl-2 proteins do not affect autophagy.
bax~'~bak ™"~ MEFs were transfected with GFP-LC3 together with DsRed-tagged Bak or Bax. Twenty-four hours later, cells were left untreated or treated with tunicamycin
(0.5 ug/ml) for 8 h. Cells were then observed under a Zeiss Axiovert fluorescence microscope. Note that DsRed-Bak did not induce autophagy, nor did it alter tunicamycin-
induced autophagy. Quantitation of autophagic cells in control cells and cells expressing DsRed-Bax or Bak. () Inhibition of autophagy protects apoptosis-deficient MEFs from
ER stress-mediated cell death, while promoting death in apoptosis-competent cells. atg5~/~ and atg5™ /" MEFs were infected with a retroviral construct expressing Bel-xL.
Cells were treated for the indicated times with ER stress and cell death was measured by PI exclusion and indicated as an average of triplicate samples + S.E.M. (P<0.01
for all time points). Note that atg5 '~ cells died faster than atg5 /" cells, whereas when Bcl-xL was expressed, atg5 "/~ cells died slower than atg5 ™+’ cells
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Cells treated with ER stress in the presence of the autophagy
inhibitor 3MA appeared to be more adherent to the
culture plates, and maintained relatively normal fibroblast
appearance (Supplementary Figure S5A). In addition, when
measured by plasma membrane permeability, 3SMA signifi-
cantly enhanced the viability of bax“ bak™~ cells in
response to ER stress (Figure 1e). These results indicate
that autophagy can enhance cell death in bax~bak’~ cells.
In contrast, BMA enhanced ER stress-induced cell death in
apoptosis-competent wild-type cells (Supplementary Figure
S5B). These findings suggest that autophagy may have an
opposite effect in determining cell fate in response to
ER stress in apoptosis-competent and deficient cells. To
determine more specifically whether autophagy plays a role in
Bax/Bak-independent cell death in response to ER stress, the
essential autophagy factor Atg5 was knocked down by short
hairpin RNA in bax '~ bak "~ MEFs. Similar to 3MA, inhibition
of autophagy by Atg5 knockdown resulted in significant
protection against thapsigargin and brefeldin A (Supplemen-
tary Figure S5C).

The above results suggest that autophagy can promote cell
death in apoptosis-deficient cells. To determine whether this
is a peculiar effect that can only be observed in bax™~bak™/~
cells, Bcl-xL was ectopically expressed at similar levels in
atg5™'* and atg5~~ cells to block apoptosis. When treated
with ER stress, atg5 /" cells died faster than atg5*/* cells
(Supplementary Figure S5D), consistent with recent reports
that autophagy acts as a survival mechanism to suppress
apoptosis in response to ER stress. 7 As anticipated, Bcl-xL
protected both atg5™’" and atg5’~ cells from acute
apoptosis. In response to prolonged ER stress the Bcl-xL-
overexpressing cells progressively died. Interestingly,
Bcl-xL-overexpressing atg5— /~ MEFs survived better than
Bcl-xL-overexpressing atg5*’* MEFs (Figure 1e). Taken
together, our findings indicate that while autophagy serves as
a survival mechanism in apoptosis-competent cells, those
with defects in apoptosis can utilize autophagy as a means to
promote non-apoptotic cell death in response to ER stress.

Our results show that cells deficient in apoptosis, due to
either the lack of both Bax and Bak, or expression of Bcl-xL,
can die in response to prolonged ER stress. This Bax/Bak-
independent and Bcl-xL unblockable cell death is necrotic, as
revealed by morphological and biochemical criteria. This may
be pathologically significant especially in cells with impaired
apoptosis, such as cancer cells. Additionally, we find that ER
stress-induced necrosis is associated with autophagy. While
autophagy was originally described as a cell survival
mechanism, it recently has been proposed that under certain
circumstances it can be a mechanism of cell death.®'® With
respect to ER stress, it is suggested that autophagy helps the
cell to adapt to the stress. Here, we show that while autophagy
can be induced to similar levels in wild-type and bax™"~bak "~
cells in response to ER stress, the resulting outcome of this
response appears to be much different. While inhibition of
autophagy using 3MA or by Atg5 knockdown was able to
delay cell death in bax~/~bak "~ cells, inhibition of autophagy
made apoptosis-competent cells more sensitive to ER stress.
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Thus in wild-type cells, autophagy apparently confers protec-
tion from apoptosis resulting from excessive ER stress,
possibly by promoting protein degradation to resolve the
stressing conditions.'®™"® In contrast, in apoptosis-deficient
cells prolonged autophagy provokes cell death, and its
absence imparts protection. This may be because in these
cells where excessive ER stress fails to induce apoptosis, the
stressing situation keeps accumulating to a point where
autophagy is massively induced subsequently leading to cell
damage and necrosis. It is interesting to note, however,
inhibition of autophagy did not completely abrogate this Bax/
Bak-independent cell death, nor did it promote clonological
survival (data not shown). This indicates that cell death in
response to ER stress may involve complex cell death
pathways. Autophagy, rather than acting as a distinguished
form of cell death, instead contributes to the cell fate
determination by differentially affecting apoptosis and necrosis.
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