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ABSTRACT

Here we provide evidence to link sub-lethal oxidative stress to lysosome
biogenesis. Exposure of cells to sub-lethal concentrations of exogenously added
hydrogen peroxide resulted in cytosol to nuclear translocation of the Transcription
Factor EB (TFEB), the master controller of lysosome biogenesis and function. Nuclear
translocation of TFEB was dependent upon the activation of a cathepsin-caspase
3 signaling pathway, downstream of lysosomal membrane permeabilization and
accompanied by a significant increase in lysosome numbers as well as induction
of TFEB-dependent lysosome-associated genes expression such as Cts/, Lamp2
and its spliced variant Lamp2a, Neul, Ctsb, Sqstm1, and Atg9b. The effects of sub-
lethal oxidative stress on lysosomal gene expression and biogenesis were rescued
upon gene silencing of caspase 3 and TFEB. Notably, caspase 3 activation was not
associated with phenotypic hallmarks of apoptosis, evidenced by the absence of
caspase 3 substrate cleavage, such as PARP, Lamin A/C or gelsolin. Taken together,
these data demonstrate for the first time an unexpected and non-canonical role of
a cathepsin-caspase 3 axis in the nuclear translocation of TFEB leading to lysosome
biogenesis under conditions of sub-lethal oxidative stress.
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INTRODUCTION

Depending on the level of reactive oxygen species
(ROS), cells elicit varied responses to oxidative stress,
such as proliferation, growth arrest, apoptosis, autophagy
or necrosis [1, 2]. An increase in intracellular ROS is also
associated with cellular aging, which is attributed to the
accumulation of damage to macromolecules upon chronic
oxidative stress [3-5]. Contrarily, some authors have
recently proposed that ROS may actually be involved
in preventing cellular aging and promoting longevity
[6, 7]. In this regard, autophagy has been proposed to
be associated with the prevention of cellular aging [8,
9]. Autophagy is a catabolic mechanism that involves
degradation and clearance of misfolded proteins and
damaged organelles through the action of lysosomes and
lysosomal hydrolases. Of note, an increase in autophagy

is crucial in maintaining normal cellular homeostasis
and survival upon exposure to sub-lethal oxidative stress
[10, 11]. The proposed mechanisms involved in the
activation of autophagy by ROS include inhibition of
mTOR activity [12], activation of extracellular regulated
kinase (ERK) and/or c-Jun N-terminal kinase [13, 14],
nuclear translocation of the high-mobility group box 1
Protein, as shown upon the activation of autophagy by
Apogossypolone [15], increase in Beclin 1 expression,
and inhibition of the cysteine protease Atg4 activity [16].
However, while these mechanisms mainly focus on the
regulation of the formation of autophagic vacuoles, ROS
have also been shown to affect lysosomes [17]. Lysosomes
and lysosomal proteases play important roles in the final
stages of autophagy, such as the fusion of lysosomes
with autophagosomes forming autolysosomes followed
by proteolytic degradation of the engulfed molecules by
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lysosomal proteases [19]. Notably, lysosomal numbers,
composition and function are sensitive to various
external and internal stresses including redox stress
[18]. For example, exposure of HeLa cells to H,O,,
6-hydroxydopamine (6-OHDA), and UVB irradiation led
to an increase in lysosome numbers as well as lysosomal
activity [17].

Lysosomes are ubiquitous membrane-bound
intracellular organelles that are critical in pH-dependent
macromolecule degradation, endocytic, heterophagy and
autophagy pathways. In contrast to the rather simplified
view of lysosomes as waste bags, lysosomes are now
recognized as advanced organelles that mediate a variety
of physiological processes crucial for the regulation of cell
homeostasis, such as cellular clearance, lipid homeostasis
and energy metabolism [20, 21]. A major player in
the regulation of lysosomal biogenesis and function
is the Transcription Factor EB (TFEB) [22]. TFEB
induces the up-regulation of lysosomal genes including
lysosomal cathepsins, lysosomal membrane proteins, and
components of the vacuolar H+-ATPase [22, 23]. TFEB
also regulates lysosome clearance by facilitating lysosome
exocytosis [24]. Under basal conditions in most cell types,
TFEB is located in the cytoplasm; however, under specific
conditions, such as starvation or lysosomal dysfunction,
TFEB rapidly translocates to the nucleus [25, 26]. This
process is controlled by the phosphorylation status of
TFEB; phosphorylated TFEB is located predominantly
in the cytoplasm, whereas the dephosphorylated form
is found in the nucleus [25, 26]. Despite the reported
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role of ROS on the physiology of lysosomes, the effects
of sub-lethal oxidative stress on lysosome biogenesis
and function have not yet been assessed. In the present
report, we demonstrate that sub-lethal oxidative stress
induces lysosome biogenesis and show for the first time
an unexpected role for a cathepsin-caspase 3 axis in the
activation of TFEB, the master controller of lysosome
biogenesis and function.

RESULTS

Evidence of sub-lethal oxidative stress in L6 cells
upon exposure to SOuM of exogenous H,O,

A concentration of H,O, that induces oxidative
stress in the absence of cell death was determined by
exposing cells to S0uM or 150uM of exogenous H,O,.
Results showed that incubation with 50uM of exogenous
H,0, neither significantly affected cell morphology
(Figure 1A) nor resulted in an increase in the number of
cells in the sub-G1 phase (marker of apoptosis) (Figure
1B). In contrast, cells exposed to 150uM H,O, showed
shrunken and rounded cell morphology (Figure 1A), and
an increase in the number of cells in the sub-G1 phase that
was comparable to the number of apoptotic cells detected
following exposure to the classical inducer of apoptosis,
staurosporine (STS) (Figure 1B). Interestingly, despite
no evidence of untoward effects on cell morphology and
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Figure 1: Sub-lethal oxidative stress does not induce apoptotic cell death. A. L6 myoblasts were exposed to 50puM or 150uM of
exogenous H,O, for 24 and 48h before cell morphology was observed under a phase contrast microscope. B. L6 myoblasts were treated with
50uM or 150uM of exogenous H,O., or 1uM STS, for 24h and 48h.Percentage of cells in sub-G1 phase was assessed using the propidium

272

iodide (PI) staining, statistical analysis was done by comparing treatment (H,O, or STS) to untreated control at respective time points (24h
or 48h), values represent mean +/- SEM. *P < 0.05; n = 4 (t-test). C. HO-1 protein expression in L6 cells exposed to 50uM H,0, for the

indicated time points.
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Table 1: Expression of selected TFEB gene targets following sub-lethal oxidative stress

Gene symbol (Rat) Fold increase+/-SEM Protein function

Lysosomal genes

Ctsl 3.84 +/- 0.62 Lysosomal cysteine proteinase

Neul 2.76 +/- 0.31 Lysosomal sialidase

Lamp2 2.34+/-0.28 Lysosomal membrane glycoprotein

Ctsb 1.63 +/- 0.17 Lysosomal cysteine protease
Lysosomal receptor for Chaperone —

LampZa 1.47 +-0.12 Mediated Autophagy (CMA)

Lampl 1.32+/-0.13 Lysosomal membrane glycoprotein

Mcolnl 1.27 +/- 0.18 Lysosomal cation channel

Gba 1.25 +/- 0.06 Lysosomal housekeeping enzyme

Clcen7 1.22 +/- 0.06 Lysosomal chloride channel

Hexa 1.054/-0.17 Alpha subu‘nl't of the lysosomal enzyme
B-hexosaminidase A

Clcn3 0.99 +/- 0.11 Lysosomal chloride channel

Autophagy genes

Sgstml 6.78 +/- 1.22 Ubiquitin and LC3 binding protein
Involved in autophagosome assembly

Atg9b 2.14+/-0.21 and antisense transcript in the
posttranscriptional regulation of eNOS3

Maple3b 112 4+/-0.11 Ubiquitine like protein- involved in
autophagosome formation

Vpll 1.10 +/- 0.64 Involved in autophagosome and
lysosme fusion

Becnl 0.96 +/- 0.08 Involved in autophagosomes formation,
Bcl2 interacting protein

Vpsi8 0.85 /- 0.07 {nvolved in autophagosome and
ysosome fusion

Bcl2 0.83 +/- 0.15 Negatively regulate autophagy

Comparative AAC, method was used to determine gene expression 24 hours following cells exposure to 50uM H,0O, .
Expression levels were normalized to the expression levels of the housekeeping gene 18s. Fold change compared to untreated
cells represent the average of at least 3 independent experiments. Results are shown as fold increase +/- SEM.

survival, exposure to 50uM of exogenous H,O, resulted
in an increase in the expression of the stress-response
protein HO-1, thereby indicating the induction of sub-
lethal oxidative stress. The expression of HO-1 could
be detected as early as 3h and sustained for at least 48h
following the cells’ exposure to the oxidant (Figure 1C).
Note that the increase in HO-1 expression in the control
and H,O, treated cells at 9h and 12h time points may
reflect cell cycle- dependent expression of HO-1 [27] [28].
HO-1 expression was also detected in cells exposed to
150uM H, O, but not in cells incubated with staurosporine
(Supplementary Figure S1). Taken together these data
support the use of 50uM H O, to assess the effect of a
sub-lethal oxidative stress on lysosome biogenesis.

Sub-lethal oxidative stress induces lysosome
biogenesis

Acridine orange (AO), and LysoTracker® Red
DND-99 (LTR) uptake assays were used to assess the

effect of 50uM H, O, on the lysosomal compartment. Cells
were exposed to 50uM H,O, before AO uptake and LTR
staining were performed. Results showed a significant
increase in the uptake of AO from 8h to 48h (Figure 2A)
and LTR staining at 12h, 24h and 48h following cells’
exposure to H O, (Figure 2B). To confirm the effect of
H,0, on lysosomal compartment, expression of the
lysosomal cysteine protease, cathepsin B, was determined
using immunostaining in cells exposed to 50uM H,O,
for 24 hours. Figure 2C shows an increase in cathepsin B
expression in cells exposed to sub-lethal oxidative stress.
Finally, to rule out the effect of a sub-lethal oxidative
stress on other cellular compartments, Mitotracker, and
antibodies against calnexin, syntaxin 16 and Rab7 were
used to assess the effect on mitochondria, endoplasmic
reticulum (ER), the Golgi complex and late endosomes,
respectively. Results showed no increase in mitochondria
number or the expression of calnexin, syntaxin 16 and
Rab7 proteins (Figure 2D). Taken together, these data
support that sub-lethal oxidative stress specifically affects
lysosome biogenesis.
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Sub-lethal oxidative stress activates TFEB of lysosomal genes, increases the number of lysosomes
and promotes the ability of cells to degrade lysosomal
substrates [22]. Although no significant change in TFEB
mRNA expression was detected (Supplementary Figure
S2), translocation of TFEB from the cytosol to the nucleus

TFEB is the master regulator of lysosome biogenesis
[22]. Overexpression of TFEB induces the expression
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Figure 2: Sub-lethal oxidative stress induces lysosome biogenesis. L6 cells were exposed to 50pM H,O, for various time points
before increase in lysosome numbers was assessed using A. AO uptake assay, values represent mean of the % of AO uptake compared to
control cells at the same time point +/-SEM. *P < 0.05; n = 4 (¢-test), or B. LTR uptake assay. Results are shown as confocal microscopy
image showing cells with an increase in red fluorescence. Scale = 30um. C. L6 cells were treated with 50uM H,O, for 24h before being
stained with LTR or with an antibody specific to Cathepsin B. Results are shown as confocal microscopy image showing cells with an
increase in red fluorescence for LTR staining and for cathepsin B expression. Scale = 50um. D. L6 cells were treated with 50uM H,O,
for 24h before being stained with organelle-specific antibodies or fluorescence dyes: mitochondria: MitoTracker Red CMXRos (MTR),
endoplasmic reticulum: Calnexin, golgi: Syntaxin 16, late endosome: Rab7. Results are shown as confocal microscopy image. Scale =

50pm.
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Figure 3: TFEB regulates lysosome biogenesis induced by a sub-lethal oxidative stress. A. TFEB translocation from the
cytosol to the nucleus following cells’ exposure to 50uM H,O, for 24 Hours. Results are shown as confocal microscopy image showing a
translocation of the red fluorescence from the cytosol to the nucleus. Scale = 30um. B. Analysis of TFEB positive nucleus in control and
treated cells from (A) quantified by ImagelJ. Values represent mean +/- SEM. ***P < 0.0005; control: n = 122, treated: n = 78 (t-test). C.
mRNA expression of TFEB was assessed in L6 myoblasts transfected with a siRNA specific to TFEB for 48h (siTFEB) using SYBR Green
Real-Time PCR, normalized to endogenous control 18s. Relative mRNA expression is expressed as fold change over cells transfected with
a control siRNA (siCo). Values represent mean +/- SEM. ***P < (0.0005; n = 11 (#-test). Images show TFEB fluorescence (red) in cells
transfected with siCo and siTFEB for 48h. TFEB fluorescence staining in siCo and siTFEB cells was then quantified by ImagelJ. Values
represent mean +/- SEM, ***P < 0.0005; siCo: n = 144, siTFEB: n = 169 (t-test). D.-F. L6 cells were transfected with siTFEB or negative
control siRNA (siCo) and exposed to 50uM H,O,. (D) mRNA expression of Lamp2, Ctsb, Ctsl, Neul, Atg9b and Sgstml, as quantified
by SYBR Green Real-Time PCR and normalized to endogenous control 18s. Relative mRNA expression is expressed as fold change over
untreated control. Values represent mean+/- SEM. *P < 0.05, **P <0.005, n = at least 4 (t-test). Lysosome numbers were determined using
(E) AO uptake assay or (F) LTR immunofluorescence assay. (E) Values represent AO mean fluorescence in arbitrary units +/- SEM,*P <
0.05; n =4 (t-test). The inhibitory effect of siTFEB on the increase of AO mean of fluorescence was statistically significant P < 0.05 (mixed
model). (F) Results are shown as confocal microscopy image showing cells with an increase in red fluorescence as in Figure 2B. Scale =
30pum. G. Analysis of the LTR immunofluorescence assay shown in (F) using ImagelJ. Values represent mean +/- SEM, ***P < (0.005; sico/
control: n = 66, sico/H,0,; n = 66, siTFEB/control: n = 59, siTFEB/H,0,: n = 85 (t-test).The effect of siTFEB was statistically significant,
P <0.05 (mixed model).
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was observed in H,O,-treated cells (Figure 3A and 3B,
Supplementary Figure S13). Moreover, analysis of the
mRNA expression of 18 lysosomal and autophagy-related
TFEB target genes [22, 25, 29, 30] in untreated versus
H,O,-treated cells showed that 4 genes associated with
lysosome function (Ctsl, Lamp?2 and its spliced variant
Lamp2a, Neul and Ctsb) and 2 genes associated with
autophagy (Sgstml and Atg9b) were induced (at least 1.5
fold) by sub-lethal oxidative stress, compared to untreated
cells (Table 1). Gene silencing of TFEB using a specific
TFEB siRNA (Figure 3C and Supplementary Figure S13)
significantly prevented the increase in mRNA expression
of these 6 genes following cells’ exposure to sub-lethal
oxidative stress (Figure 3D). Finally, a decrease in TFEB
expression prevented the increase in lysosome numbers
following cells’ exposure to 50uM of exogenous H,O,
(Figure 3E, 3F and 3G).
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Apart from being the master regulator of lysosome
biogenesis, TFEB also controls autophagy by positively
regulating autophagosome formation and autophagosome-
lysosome fusion, both in vitro and in vivo [25]. Using
the Cyto-ID autophagy detection assay, we observed
an increase in the numbers of autophagic vesicles at 24
and 48h following the exposure of cells to 50uM H,O.,.
The increase in Cyto-ID staining induced by sub-lethal
oxidative stress was comparable to that induced by Torinl,
a classical inducer of autophagy (Figure 4A). However,
while decreasing TFEB expression prevented lysosome
biogenesis (Figure 3E, 3F and 3G), it did not significantly
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Figure 4: TFEB is not involved in the increase in autophagic vacuoles induced by sub-lethal oxidative stress. A.
Autophagic vacuoles in L6 cells exposed to 50uM H,O, and 100nM Torin] for 24h and 48h were detected using Cyto-ID staining, statistical
analysis was done by comparing treatment (H,O, or Torinl) to untreated control at respective time point (24h or 48h). Values represent
mean +/- SEM, *P < 0.05, **P < 0.005; n = 4 (t-test). B. Detection of autophagic vacuoles in cells transfected with siTFEB or negative
control siRNA (siCo), and exposed to 50uM H,0, for 24h using Cyto-ID staining. Values represent mean +/- SEM, **P < 0.005; n =5
(t-test). The effect of siTFEB was not statistically significant, P>0.05 (mixed model). C. Detection and co-localization of lysosomes and
autophagic vacuoles using LTR and Cyto-ID respectively in L6 cells treated with 50uM H,0, and 100nM Torin1 for 24h. Results are shown
as confocal microscopy image. Scale = 30um. D. L6 cells were treated with S0pM H, O, for 24h. Cells were then incubated with 200nM
Bafilomycin for 30min/1h before cells were harvested for LC31I Western Blot analysis.

www.impactjournals.com/oncotarget

16175

Oncotarget



prevent the increase in Cyto-ID staining in cells exposed upon cells’ exposure to a sub-lethal oxidative stress is

to sub-lethal concentration of H,O, (Figure 4B). The effect independent of TFEB (Figure 4B). Moreover, although
of siTFEB on the increase in autophagic vacuoles assessed the co-localization of Cyto-ID and LTR (Figure 4C) and
using a mixed model method as described in materials and GFP-LC3 and LTR (Supplementary Figure S3) staining
methods was not statistically significant (P>0.05). This supported a fusion of lysosome and autophagosome
result suggests that the autophagic vacuoles formation leading to autolysosome formation, no autophagic flux
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Figure 5: Sub-lethal oxidative stress induces the activation of caspase 3. L6 cells were exposed to 50uM H,O, or 1uM STS
for the indicated time points before A. Western Blot analysis of caspase 3 cleavage and B. Caspase 3 activity was assessed, statistical
analysis was done by comparing treatment (H,O, or STS) to untreated control at respective time point (24h or 48h). Values represent mean
+/- SEM, *P < 0.05; n = 4 (t-test). C. Detection of cleaved caspase 3 by immunofluorescence analysis of cells exposed to 50uM H,O, for
24h, as viewed under a confocal microscope with low magnification (scale = 50pm) and high magnification (scale = 30um). D. Analysis
of the nuclear localization of cleaved caspase 3 shown in (C). Values represent mean +/- SEM, ***P < 0.0005; control: n = 49, treated: n
=73 (t-test). E.-G. Western Blot analysis of the cleavage of classical caspase 3 substrate in cells exposed to 50uM H,O, or 1uM STS: (E)
Gelsolin, (F) Lamin A/C and (G) PARP.
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could be demonstrated 24h following cells’ exposure to a
sub-lethal oxidative stress (Figure 4D).

Sub-lethal oxidative stress activates caspase 3

Although exposure of cells to 50uM H,O, was
insufficient to induce apoptotic cell death (Figure 1A
and 1B), activation of caspase 3 was observed in cells
exposed to 50uM H,O,. Caspase 3 enzymatic activity and
protein cleavage was time-dependent. Caspase 3 activity
was significantly lower and detected at a later time point
compared to the activation of caspase 3 induced in cells
exposed to the apoptotic trigger STS (Figure 5A and 5B).
Interestingly, unlike in STS-treated cells where cleaved
caspase 3 relocated to the cytosol following a transient
accumulation in the nucleus (Supplementary Figure S4),
cleaved caspase 3 was retained in the nucleus in cells
exposed to 50uM H,O, (Figure 5C and 5D). Finally, the
absence of the cleavage of classical apoptotic substrates
such as the structural proteins, Gelsolin (Figure 5E),
Lamin A/C (Figure 5F), and the DNA damage repair
protein PARP (Figure 5G) in 50uM H, O -treated cells
concurs with the absence of apoptotic cell death in cells
exposed to a sub-lethal oxidative stress.

Sub-lethal oxidative stress induces caspase 3
activation in a cathepsin-dependent manner

While exposure to the classical apoptosis inducer
STS resulted in the activation of the initiator caspases
8 and 9, no increase in caspase 8 and 9 activity were
detected in cells exposed to sub-lethal oxidative stress
(Figure 6A and 6B). Furthermore, the pan-caspase
inhibitor zZVAD-FMK (Figure 6C) or the tetra-peptide
inhibitors of caspase 8 (zIETD-FMK) or caspase 9
(zLEHD-FMK) did not inhibit caspase 3 cleavage in
H,O,-treated cells (Figure 6D). In order to determine the
protease(s) involved in the activation of caspase 3, cells
were pre-incubated with different protease inhibitors
before the addition of 50uM H,O,. Inhibition of aspartate
proteases using pepstatin A (Supplementary Figure SSA)
or serine proteases by pefabloc (Supplementary Figure
S5B) or calpains using calpeptin (Supplementary Figure
S5C) did not significantly block the activation of caspase
3. On the contrary, the presence of the general cysteine
protease inhibitor E64D (Figure 6E) and cathepsin B and L
inhibitor zFA-FMK (Figure 6F) significantly inhibited the
increase in caspase 3 activity. To eliminate the possibility
that the effect of E64D or zZFA-FMK inhibitors on caspase
3 activity might be due to a direct cross inhibition of
caspase activity rather than the inhibition of an upstream
cysteine protease involved in the cleavage of caspase 3,
caspase 3 enzymatic activity was measured upon addition
of the inhibitors to STS-treated cell lysate that contains
fully activate caspase 3. No inhibition of caspase 3

activity by E64D (Supplementary Figure S6A) or zFA-
FMK (Supplementary Figure S6B) was detected even
at the concentration of the inhibitors as high as 100uM.
In contrast, addition of 20uM of pan-caspase inhibitor,
zVAD-FMK completely abrogated caspase 3 activity from
the same STS-treated cell lysate (Supplementary Figure
S6). Taken together these results support that cathepsins,
in particular cathepsins B or/and L, are responsible for the
activation of caspase 3 upon cells’ exposure to a sub-lethal
concentrations of H,O,.

Sub-lethal oxidative stress induces lysosomal
membrane permeabilization

In vitro cleavage of caspases by cathepsins has
previously been reported [31, 32]. In particular, two studies
demonstrated the activation of caspase-3-like protease
by digitonin-treated lysosomes and the participation of a
cathepsin L-type protease in the activation of caspase-3
[33, 34]. As cathepsins are lysosomal proteases, while
caspase 3 is a cytosolic protease, relocalization of
cathepsins to the cytosol would be necessary to execute
the processing of caspase 3. Release of cathepsins and
other lysosomal hydrolases from the lysosome to the
cytosol is shown to occur through a process called
Lysosomal Membrane Permeabilization (LMP). To
measure LMP, acridine orange (AO) relocation assay was
used. Cells were pre-loaded with 10uM AO for 30min
before being exposed to 50uM H,O, and the LMP was
measured at indicated time points. FACS analysis of AO
fluorescence revealed a transient but significant (8% and
14%) increase in green fluorescence intensity at 2h and 4h
respectively, following exposure of cells to H,O, (Figure
6G). In addition, 4 hours following cells’ exposure to the
sub-lethal oxidative stress and the time of maximum LMP,
an increase in activated cathepsin B was detected using
cell fractionation in the cytosol of cells exposed to SOuM
H,0O, (Figure 6H)

Inhibition of caspase 3 prevents the activation of
TFEB upon sub-lethal oxidative stress

Having shown that sub-lethal oxidative stress
concurrently induces lysosome biogenesis in a TFEB
dependent manner and an LMP/cathepsin-dependent
activation of caspase 3, we asked whether the two events
could be associated. Indeed, inhibition of caspase 3
activity using the caspase 3 inhibitor zDEVD-FMK
reduced the nuclear translocation of TFEB (Figure
7A and B). In addition, inhibition of caspase 3 activity
using the zZDEVD-FMK inhibitor (Figure 7C and 7D) or
silencing of caspase 3 gene expression (Figure 7E and
7F, Supplementary Figure S8) prevented the increase in
lysosome numbers induced by a sub-lethal oxidative stress
and prevented the increase in the mRNA expression of the
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TFEB target genes Lamp2, Ctsb, Ctsl, Neul, Atg9b and
Sgstml (Figure 7G).

Chelation of iron prevents the activation of the
caspase 3-TFEB-lysosome biogenesis by sub-
lethal oxidative stress

As the main site of organelle and protein
degradation, lysosomes accumulate large amounts of
free iron, which is susceptible to react with ROS during
oxidative stress [39-41]. Reaction of iron with ROS in
the lysosomes is associated with LMP [41-43]. Indeed,
chelation of iron by 50uM Deferoxamine (DFO) and
50uM Deferiprone (DFP) prevented LMP induced by
sub-lethal oxidative stress (Figure 8A). Inhibition of LMP
upon iron chelation prevented the increase of caspase 3
activity (Figure 8B), the translocation of TFEB to the
nucleus (Figure 8C), the increase in TFEB target genes
expression Lamp?2, Ctsb, Ctsl, Neul, Atg9b and Sqstml
(Figure 8D), and lysosome biogenesis (Figure 8E) in
cells exposed to 50uM H,O,. Finally, supporting that the
pathway involved in the activation of caspase 3 by sub-
lethal oxidative stress is different from the activation
of caspase 3 upon the induction of apoptotic cell death,
chelation of iron was unable to block STS-induced caspase
3 activation (Figure 8F).

Activation of the caspase 3-TFEB-lysosome
biogenesis pathway by a sublethal oxidative stress
is not specific to the L6 cell lines

Having established an oxidative stress-dependent
lysosome biogenesis pathway in L6 myoblasts involving
caspase-3-mediated activation of TFEB in the absence
of apoptotic cell death, we asked whether the same
pathway could be activated in other cell lines. As shown
in Supplementary Figure S9A, exposure of mouse
embryonic fibroblast (MEF) or human fibroblast IMR90
cell line to sub-lethal oxidative stress, did not have any
effect on cell morphology. Despite the absence of cell
death, we observed the activation of caspase 3 which
could be inhibited by the cathepsin inhibitor, zFA-
FMK (Supplementary Figure S9B) and an increase
in lysosomal gene expression upon exposure to sub-
lethal concentrations of H,O, (Supplementary Table S1;
Supplementary Table S2). Lastly, inhibition of caspase
3 using zDEVD minimized the increase in lysosome
biogenesis in MEF and IMR90 cells upon exposure to
sub-lethal concentrations of H,O, (Supplementary Figure
S9C).

DISCUSSION

Our study demonstrates that sub-lethal oxidative

stress induces lysosome biogenesis through activation
of TFEB in a caspase 3-dependent manner. Activation
of the caspase cascade has long been a hallmark of
apoptosis. In particular, biochemical and morphological
changes during apoptosis, such as cell shrinkage and
membrane blebbing [44], DNA fragmentation [45], and
nuclear condensation [46] are manifestations of caspase
3 substrates cleavage. Nevertheless, in recent years, there
have been increasing evidence of caspases activation and
cleavage of their substrates in the absence of apoptotic
cell death. The involvement of caspases in the absence
of cell death has been demonstrated in developmental
processes such as erythropoiesis and spermatid maturation
[47-50]. Furthermore, caspases play important roles in
differentiation of various cell types, such as osteogenic
differentiation of bone marrow stromal stem cells [51],
neuronal differentiation of primary derived neuronal stem
cells [52], and in proliferation and differentiation of adult
hematopoietic stem cells [53]. Recent findings from our
lab also revealed a role of caspase 3 in regulating gene
expression during oxidative stress. Caspase 3 and 6 were
shown to regulate the expression of the Na+/H+ exchanger
(NHE1) during oxidative stress in an iron-dependent
pathway [54]. In the present study, we demonstrate yet
another function of caspase 3 upon exposure of cells to
sub-lethal oxidative stress.

Compared to their role in apoptotic cell death,
the signaling pathway(s) activated by caspases in the
absence of cell death are less well studied. The classical
pathways leading to the activation of caspase 3 involve
the activation of initiator caspase 8 and/or caspase 9.
In the present report, caspase 8 and caspase 9 were not
activated and inhibition of either of the protease did not
affect the activation of caspase 3. However, cathepsins
were shown to be involved in the activation of caspase
3. Although we did not identify which cathepsin(s) was/
were directly involved in the activation of caspase 3,
the result obtained using the cathepsins inhibitor zFA
suggest that it may be cathepsin B or L. Direct cleavage of
caspase 3 by cathepsins was previously reported in vitro
[33, 34] and in vivo [55]. In order to activate caspase 3,
active cathepsins need to translocate from the lysosome
to the cytosol, a process that involves the induction of
LMP. Indeed, LMP was observed 2h and 4h following the
exposure of L6 to sub-lethal oxidative stress. The apparent
transient nature of the LMP suggests that it was different
from the lysosome rupture seen during necrotic and
apoptotic cell death, which often results in massive release
of lysosomal proteins and digestion of cellular proteins.
Interestingly, it has previously been reported that in cases
where cathepsins were detected in the cytosol, lysosomes
could still be labelled with lysosomotropic fluorochromes,
indicating that the cytosol-lysosome pH gradient was
maintained [56] and that LMP may occur selectively in
a subset of lysosomes [43]. Hence, the apparent transient
LMP could represent an LMP in a subset of lysosomes, 2
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Figure 8: Activation of caspase 3 and lysosome biogenesis induced by subtoxic oxidative stress involves iron. L6 cells
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+/- SEM, *P < 0.05; n = 9 (t-test). The inhibitory effect of DFO and DFP on LMP was statistically significant, P < 0.05 (mixed model).
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and 4 hours following exposure to a sub-lethal oxidative
stress. The limited amount of cathepsin relocated in the
cytosol would then allow for a controlled activation of
caspase 3 that will not allow the activation of apoptotic
cell death.

The actual mechanism of LMP is largely unknown
although ROS is reported to be one of the common
mediators [57, 58]. Lysosome membranes are susceptible
to oxidative stress due to the pool of labile, redox active
intra-lysosomal iron, produced by the degradation of
metalloproteins [59]. Exogenously-added H,O, diffuses
readily across the lysosome membranes and reacts with
intra-lysosomal iron to form other ROS, such as «OH and
OH-, through the Fenton reaction [60]. Such formation
of ROS may result in peroxidation of the lysosome
membranes and thus induce LMP [61]. In the present
study, chelating iron prevented the selective LMP and the
activation of the caspase 3-dependent lysosome biogenesis
pathway.

Several reviews have elegantly summarized the
involvement of caspases in the absence of cell death,
which point to mechanisms acting singularly or in
combination for restricted cleavage of substrates and
limited execution of apoptosis [62, 63]. In the present
report, moderate activation of caspase 3 due to a limited
cytosolic relocation of cathepsin(s) combined with
the retention of cleaved caspase 3 in the nucleus may

Sub-lethal
oxidative stress

P-mTOR

Selective expression of TFEB

target genes
(i.e: Ctsl, Neu1, Lamp2, LampZ2a, Ctsb,

é

DFO and DFP

account for restricted substrate cleavage and absence of
the apoptotic phenotype in cells exposed to sub-lethal
oxidative stress.

While regulation of lysosome biogenesis by caspase
3 via TFEB is not reported in the literature, it was reported
previously that a decrease in mTOR activity accompanied
by its de-phosphorylation is associated with the activation
of TFEB. In agreement with the effect of a redox stress
on mTOR [12] we observed a de-phosphorylation of
mTOR (Supplementary Figure S10) similar to the de-
phosphorylation observed upon cells’ exposure to Torin.
However, knock-down of caspase 3 protein expression
did not prevent the decrease in phosphorylated mTOR
following cells’ exposure to a sub-lethal oxidative stress
(Supplementary Figure S11). These data support that
the cathepsin(s)-caspase 3 dependent translocation of
TFEB from the cytosol to the nucleus is a novel pathway
independent of mTOR.

Activation of caspase 3 has been shown to inhibit
autophagy via cleavage of ATG-related genes such as
beclin-1 [64]. On the other hand, Sirois et al. reported
that caspase 3 regulates the formation of the autophagic
network in nutrient-deprived endothelial cells by
controlling the maturation and release of autophagic
vacuoles, although it has no effect on the autophagic
flux [65]. Similarly, our results show the formation of
autophagic vacuoles without the detection of autophagic
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Figure 9: Sublethal oxidative stress activates an mTOR-independent signaling pathway involving the activation of
a LMP-cathepsin-caspase 3 axis leading to the transcription of TFEB-target genes involved in lysosome biogenesis.
We propose that caspase 3-dependent activation of TFEB might be a protective mechanism from cellular aging through activation of
chaperone-mediated or selective autophagy following an increase in lysosome biogenesis in absence of autophagic flux.
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flux. Moreover, contrary to the studies in which TFEB is
reported as a master regulator of autophagy, our results
support that upon cells’ exposure to sub-lethal level
of H,O,, TFEB takes part in lysosome biogenesis but
not in the autophagic vacuoles formation. Although we
observed an increase in autophagic vacuoles, this was
independent of TFEB’s transcription activity. Notably, in
most studies showing the effect of TFEB on autophagy,
TFEB was overexpressed. In cells exposed to sub-lethal
oxidative stress, TFEB nuclear translocation is induced
without an increase in TFEB expression. Therefore, the
expression level of TFEB may be important to determine
the subsets of genes activated and the cellular process
they activate. In support of this hypothesis, among the
set of 18 known TFEB target genes assessed for their
increase in transcription following cells’ exposure to a
sub-lethal oxidative stress, only a subset of genes was
activated. Of note, an increase in the Lamp?2 splicing
form Lamp2a and SqstmI mRNA was detected. Increase
in Lamp2a and p62 (Sqgstml) proteins have both been
associated with chaperone-mediated autophagy [66] and
selective autophagy [67, 68]. Hence, we propose that sub-
lethal oxidative stress might induce selective rather than
macroautophagy via an increase in lysosome numbers in a
caspase 3/TFEB-dependent pathway.

In conclusion, our report demonstrates a role for an
LMP-cathepsin-caspase 3-TFEB axis in the regulation of
lysosome biogenesis during sub-lethal oxidative stress. We
propose that activation of the LMP-cathepsin(s)-caspase
3-TFEB axis could be associated with the acquisition
of a lysosome-dependent clearance phenotype that may
support the pro-survival effect of a sub-lethal oxidative
stress. It should be pointed out that our data did not
support the involvement of an autophagic flux while the
expression of Lamp2 was increased. Hence, activation of a
LMP-cathepsin-caspase 3-TFEB axis leading to lysosome
biogenesis may represent a novel signaling pathway that
contributes to an increase in selective and/or chaperone-
mediated autophagy rather than macroautophagy and plays
a role in the increase in organism life span induced by low
level of ROS (Figure 9). Finally, we also demonstrate that
the LMP-cathepsin(s)- caspase 3 axis was also activated
using etoposide (Supplementary Figure S12).

MATERIALS AND METHODS

Cell lines and cultures

L6 rat myoblasts were obtained from Dr. Larry
Fliegel (Department of Biochemistry, University
of Alberta, Canada). L6 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone,
SH30022.01) supplemented with 10% FBS (Hyclone,
SV30160.03), 2mM L-glutamine (Hyclone, SH3003401),

0.25mg/ml Geneticin (Life Technologies, 11811-031),
and 1mM Gentamicin Sulfate (Lonza, 17-519L) at 37°C,
with 5% CO, in a humidified atmosphere. MEF cells and
IMRO0 cells were maintained in DMEM supplemented
with 10% FBS, 2mM L-glutamine and 1mM Gentamicin
Sulfateat 37°C, with 5% CO, in a humidified atmosphere.

Reagents and chemicals

Hydrogen peroxide (H,0,) was purchased from
Merck (107209). E64D was purchased from Calbiochem
(330005). Pepstatin A (P5318), Deferoxaminemesylate
salt (DFO) (D9533), Staurosporine (STS) (S5921),
Pefabloc (76307) were obtained from Sigma, zVAD-
FMK (FMKO001), zDEVD-FMK (FMK004), zIETD-
FMK (FMKO007), zZLEHD-FMK (FMK008) and zFA-
FMK (FMKCO01) were purchased from R&D system.
Caspase 3 substrate (ALX-260-032), caspase 8 substrate
(ALX-260-110) and caspase 9 substrate (ALX-260-116)
were obtained from Enzo Life sciences. Deferiprone
(DFP) (Acros, 278740050) was purchased from Acros
Organic. Caspase 3 (9662), cleaved caspase 3 (9664) and
Lamin A/C (4777) antibodies were purchased from Cell
Signalling.Cathepsin B (ab33538) and cleaved caspase
3 (for immunofluorescence) antibody (ab13847) was
purchased from Abcam. Mouse monoclonal Anti-B-actin
antibody (A5441) was purchased from Sigma. Calpeptin
(sc-202516), HO-1 antibody (sc-10789), TFEB antibody
(sc-48784) and Gelsolin antibody (sc-48769) were
purchased from Santa Cruz. PARP antibody (630210) was
purchased from Clontech.

Morphology studies

Cells morphology was observed under Nikon
Eclipse TS100. Morphology pictures were taken with
Nikon DS-Filc at the magnification of 10X.

Caspase activity assay

Cell lysate were obtained with 1X Cell Lysis Buffer
(BD Biosciences Pharmingen, 559759). 40ul cell lysate
was added to 44pl of reaction mixture consisting of: 4ul of
specific caspase substrate [ImM (stock conc)] and 40ul of
2X Reaction Buffer (10mM HEPES, pH 7.4, 2mM EDTA,
6mM DTT, 10mM KCI and 1.5mM MgCl,) supplemented
with protease inhibitors (ImM PMSF (Sigma,78830),
10pg/ml aprotinin (Sigma, A3428), 10ug/ml pepstatin
A (Sigma, P5318), 20ug/ml leupeptin (Sigma, L.2884)).
Samples were incubated at 37°C for 1h and fluorescence
was read at an excitation wavelength of 400 nm and an
emission wavelength of 505 nm using Spectrofluoro
Plus spectroflurometer (TECAN). Caspase activity was
normalized against protein concentration of each sample
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and expressed as relative fluorescence unit per microgram
of protein (RFU/pg).

Determination of the sub-G1 population

Cells were harvested, washed twice with 1XPBS,
and resuspended in ice-cold PBS/1%FBS. Cells were then
fixed with 70% ethanol at 4°C for 30min. After fixation,
cell pellet was washed twice with ice-cold 1% FBS/PBS
before incubation with 500ul of PI/RNaseA staining
solution for 30min at 37°C in dark. Stained cell samples
were analyzed by flow cytometry using PI Channel on the
flow cytometer (BD FACSCanto II,BD Biosciences). Flow
cytometry data was analyzed with CyflogicTM software
(CyFlo Ltd).

SDS-PAGE and immunoblotting

Cell lysates were prepared in RIPA lysis buffer
containing 20 mm Tris (pH 7.5), 150mM NaCl, 1mM
EDTA, ImM EGTA, 1% Triton X-100, supplemented with
ImM Na,VO,(Sigma, S6508), 1ug/ml leupeptin, 1ug/ml
pepstatin A, 1pg/ml aprotinin and 1mM PMSEF. Cell lysate
were resolved by SDS-PAGE and probed with protein of
interest using SuperSignal Chemiluminescent Substrate
(Thermo Scientific, 34080) with Kodak Biomax MR X-ray
film or BioradChemiDoc™ MP System.

Analysis of cathepsin B localization with cellular
fractionation

To analyze cathepsin B translocation after H,0,
treatment, lysosomal/membrane-cytosolic fractionation
was performed as described as follows. Cells were washed
twice with 1xPBS and incubated with MSH-Buffer
(210 mM mannitol, 70mM sucrose, 20mM HEPES pH
7.5, 1mM EDTA, 300 uM Pefabloc, 100 uM PMSF) for
45min on ice. Cells were lysed with a 23-G needle and
centrifuged for 5 min at 700g to attain pellet consisting of
nuclei and cellular debris. The supernatant was centrifuged
at 100,000g for 45min to separate the cytosol (supernatant)
and the membrane/lysosomal fraction (the resulting pellet,
which contains all other organelles except the nuclei, was
resuspended in MSH buffer + 1% triton). The cell lysate
(cytosolic and membrane/lysosomal fraction) obtained
was resolved by SDS-PAGE and protein of interest was
detected using SuperSignal Chemiluminescent Substrate
(Thermo Scientific, 34080) with Biorad ChemiDoc™ MP
System.

RNA interference (RNAI) assay

Cellular transfection of siRNA was performed using
Lipofectamine® RNAIMAX (Invitrogen, 13778150)

in Opti-MEM®I reduced serum medium (Invitrogen,
31985070) according to the manufacturer’s protocol.
siRNA for caspase 3 (ON-TARGETplusSMARTpool -
Rat CASP3), cathepsin B (ON-TARGETplusSMARTpool
- Rat CTSB) and TFEB (ON-TARGETplusSMARTpool
- Rat TFEB) were purchased from Dharmacon (Thermo
Scientific). A negative control siRNA (QIAGEN, 1027423)
that is non-homologous to any known gene sequence was
used as a negative control.

Immunofluorescence assay using confocal
microscopy

Cells were seeded on coverslips and were fixed with
4% paraformaldehyde for 30min at room temperature.
After permeabilization with 0.2% TX-100 (Sigma, X100)
for 10min at room temperature, cells were incubated
with cleaved caspase 3 antibody (ab13847), cathepsin B
antibody (ab33538) or TFEB antibody (sc-48784) for 2h
at room temperature. After washing with PBS, cells were
incubated with Rhodamine RedTM-X goat anti-rabbit
IgG (Molecular Probes, R6394) and with Hoechst 34580
(Molecular Probes, H21486) for 1h. Immunofluorescence
images were viewed under Olympus FluoView1000
(FV1000; Olympus) with identical acquisition parameters
for the same image session and analyzed with Olympus
FLUOVIEW Verl.7a Viewer. Cleaved caspase 3 and
TFEB nuclear staining were quantified with the ImageJ
software. Briefly, nucleus of cell of interest was defined
using the drawing tool. Mean fluorescence of the nuclear
staining was obtained by selecting the “measure” option.
After deducting any background staining, the mean
fluorescence of at least 50 cells from each treatment was
used for statistical analysis. Data is represented as mean
+/- SEM (standard error of mean).

RNA isolation, reverse transcription and real-time
PCR

Total RNA was isolated using RNeasy Mini Kit
(QIAGEN, 74104) according to the manufacturer’s
instructions. Reverse transcription was performed using
the TagMan® Reverse Transcription Reagents kit (Life
technologies, N8080234). Each RT reaction contains
2.5pg of total RNA, 1 X RT buffer, 5 mM MgCl,, 425uM
each of dNTPs, 2uM random hexamers, 0.35 U/ul RNase
inhibitor, 1.1 U/ul MultiScribe™ reverse transcriptase
added up to total volume of 10ul with RNAse-free
water. Real-time quantitative PCR reaction was carried
out with SYBRGreen (Applied Biosystems, 4309155),
detection using ABI PRISM 7300 (Applied Biosystems).
The sequences of the primers used for PCR wereas
follows: rat TFEB (FP:GGGCTACATCAACCCCGAAA,
RP:GTCATTGGCCTTGGGGATCA), rat
LAMPI1 (FP:CACGACTGTGACCAGAGCAT,
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RP:GTGCTGAACGTGGGCTCTAT), rat
LAMP2 (FP:AACCCTGCCACAACCAACTT,
RP:GTATGATGGCGCTTGAGACC), rat

LAMP2A (FP: GTCTCAAGCGCCATCATACT,
RP: TCCAAGGAGTCTGTCTTAAGTAGC),
rat CTSB (FP:-TGAGGACCTGCTTACCTGCT,

RP:GTAGCCAGCCTCACACATCT), rat
CTSL (FP:-TGTGCGCAGCTAGCCACCTC,
RP:GCCGTGCTTCCCGTTGCTGT), rat

CLCN3 (FP:CAAAGCCGGGTAGCAGTGAA,
RP: GTAGCTGGCTGCTTATCTTGO), rat
CLCN7 (FP:CGTGAGGATGACCCTTAGCC,

RP:GGCGTGCTCATTACTTCCCT), rat
GBA (FP:-TCACCCACTTGGCTCAAGAC,
RP:-TTGGAAGGGGTACCCAGTGA), rat
HEXA (FP:GCCCCAGTACATCCAAACCT,
RP:GCTGTGACGACAGAGACCAT), rat
MCOLNI1 (FP:AAACACCCCAGTGTCTCCAG,
RP:ACCAGCCATTGACAAACTCC), rat
SQSTM1/p62 (FP:CTCAGCCCTCTAGGCATCG,
RP:CCCTTCCGATTCTGGCATCT), rat
ATGY9B (FP:AGCCGTCTTGGTCAAGTGAT,
RP:CCACCCATCCAATTTCCTGC), rat
BCL2 (FP:GGATAACGGAGGCTGGGATG,
RP:CGTCTTCAGAGACAGCCAGQG), rat
BECNI1 (FP:CGTCGGGGCCTAAAGAATGG,
RP:GAATGGTCACTCGGTCCAGQG), rat
MPILC3B (FP:CGGGTTGAGGAGACACACAA,
RP:TCTTTGTTCGAAGCTCCGGC), rat VPSI1
(FP:CTGGTCTTTGGAGATATCCTTCCT,

RP:TCCAGATCTTTACCAGGGGGTTA), rat
VPS18 (FP:ATTGACTTCACCCCCTCCGA,
RP:CTTGCCCAAGTCAATGCGGA) ,rat
18s (FP:CATTCGAACGTCTGCCCT,
RP:GTTTCTCAGGCTCCCTCTCC), mouse
LAMPI (FP:AGCATACCGGTGTGTCAGTG,
RP:GTTGGGGAAGGTCCATCCTQG), mouse
LAMP2 (FP:TGCTTTCTGTGTCTAGAGCGT,
RP:CCTGAAAGACCAGCACCAACT), mouse
CTSB (FP:TGTGGTGGTCCTTGATCCTT,
RP:AATCTGTCCAATGGTCGGGCOC), mouse
CTSL (FP:-TCAGGGTGACATGGTACAGC,
RP:CTAGTGGGGCTGGCAAGATA), mouse
GBA (FP:GAGTGAATGAATGCAGGACGC,
RP:GACACTCAGCTCCATCCGACQC), mouse
HEXA (FP:CAGAGCTCACCAGAAAGGGG,
RP:GTTCACCGGTCCAAATGTGC), mouse
MCOLNI1 (FP:TTGGGCCAATGGATCAGCTT,
RP:GTTCTTGTAACTGGCGCTGC), mouse
NEU1 (FP:-TTTGGAGTAAGGACGACGGC,
RP:TGCAGCGGCAATGGTAGTTA), mouse
SQSTM1/P62  (FP:GCTGAAGGAAGCTGCCCTAT,
RP:TTGGTCTGTAGGAGCCTGGT), mouse
ATGY9B (FP:ACCTGTTCACTCAAGCGCAA,
RP:CAGATGCCCAACCCAAACCT), human
LAMPI (FP:ACGTTACAGCGTCCAGCTCAT,

RP:CCTGGGTGCCACTAACACAT), human
LAMP2 (FP:GCCGTTCTCACACTGCTCTA,
RP:CCGCTATGGGCACAAGGAA), human
CTSB (FP:AGTGGAGAATGGCACACCCTA,
RP:GTACTGATCGGTGCGTGGAA), human
CTSL (FP:GAACCCAGACCCGAGGTTTT,
RP:CAGCAGAGTTCGGGGTAGAC), human
GBA (FP: TGGGTACCCGGATGATGTTA,
RP:AGATGCTGCTGCTCTCAACA), human
HEXA (FP:CGTTTGTCACACTTCCGCTG,
RP:CCATTCACCTACAGCCAGCA), human
MCOLNI1 (FP:TCTTCCAGCACGGAGACAAC,
RP:GCCACATGAACCCCACAAAQ), human
NEUI (FP:GCACATCCAGAGTTCCGAGT,
RP:CAGGGTTGCCAGGGATGAAT), human
SQSTM1/P62 (FP:AAGGCCTACCTTCTGGGCAAG,
RP:GTCACTGGAAAAGGCAACCAA), human
ATG9B (FP:CACCTTGGGGTTGTCAGGTT,
RP:GAGAAGAGCCTTCCCAAGCG) and human/
mouse 18s (FP:GTAACCCGTTGAACCCCATT,
RP:CCATCCAATCGGTAGTAGCQ). Comparative
AAC, method was used to determine gene expression.
Expression levels were normalized to the expression levels
of the housekeeping gene 18s.

Detection of autophagic vacuoles

For measurement of total autophagic vacuoles, cells
were stained with Cyto-ID (Enzo Life Sciences, ENZ-
51031-K200) according to manufacturer’s instruction.
For flow cytometry, cells were trypsinized and were
incubated with Cyto-ID reagent for 30min at 37°C in
the dark. Cells were then washed with 1XPBS and
resuspended in 500ul PBS/FBS and were subjected to
flow cytometry analysis using Alexa-488A channel on
the flow cytometer (BD FACSCanto II). Flow cytometry
data was analyzed with CyflogicTM software (CyFlo
Ltd). For immunofluorescence, cells were incubated with
Cyto-ID reagent for 30min at 37°C in dark. Cells were
fixed with 4% parafomaldehyde and mounted onto glass
slide for confocal microscopy analysis using a FITC filter.
Fusion of autophagosomes and lysosomes was visualized
by GFP-LC3 and LTR immunofluoresnce analysis. GFP-
LC3 plasmid was obtained from Dr Liu Dan (Department
of Physiology, National University of Singapore Prof
S. Pervaiz Lab). Cells were transiently transfected
with the GFP-LC3 plasmid using Lipofectamine 2000
(ThermoFisher Scientific, 1168-019), according to the
manufacturer’s instruction. Cells were then treated
with 50uM H,O, 24h after transfection. At 24h, cells
were stained with Lysotracker® Red DND-99 (LTR)
(Molecular Probes, L-7528) for 45min. Cells were fixed
with 4% paraformaldehyde for 30min at room temperature
and cover slips were mounted for confocal analysis using
Olympus FluoView1000 (FV1000; Olympus) confocal
microscope.
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Analysis of lysosomal membrane permeabilization
with the acridine orange relocation assay

Cells were incubated with 10uM Acridine Orange
(AO) (Molecular Probes,A1301) for 30min at 37°C
before treatment with H,O,. AO cytosolic staining (Green
fluorescence) was analyzed by flow cytometry using
the FITC-A channel (BD FACSCanto II). Results are
expressed as the mean +/- SEM of arbitrary fluorescence
of each treatment of at least 3 independent experiments.

Analysis of lysosome numbers  with
LysotrackerRed and acridine orange staining

Lysosomal numbers were assessed by
immunofluorescence with LTR or by flow cytometry with
AO staining. For immunofluorescence, cells seeded on
cover slips were stained with LTR for 45 min, 37°C. Cells
were then fixed with 4% paraformaldehyde for 30min
at room temperature and cover slips were mounted for
confocal analysis using Olympus FluoView1000 confocal
microscope with identical acquisition parameters for
the same image session. Quantification of LTR staining
was done by Image] software. Cell of interest was
defined using the drawing tool. Mean fluorescence of the
LTR staining was obtained by selecting the “measure”
option. After deducting background staining, the mean
fluorescence of at least 50 cells from each treatment
was used for statistical analysis. Data is represented as
mean +/- SEM. For flow cytometric analysis of lysosome
numbers, cells were exposed to a solution of 10uM AO
for 30min after treatment with H,O,. AO staining (red
fluorescence) were analyzed by flow cytometryusing the
PerCP-A channel (BD FACSCanto II). Flow cytometry
data were analyzed with CyflogicTM software. Results are
expressed as the mean +/- SEM of arbitrary fluorescence
of each treatment of at least 3 independent experiments.

Statistical analysis and data representation

Mixed model was utilized to evaluate the effect of
cells exposure to H,O, in control medium versus cells
exposed to H,O, in presence of inhibitors or following
gene silencing on different outcomes such as lysosome
number, autophagic vacuole formation, and caspase 3
activity with the consideration that the correlation of
the outcomes was obtained from the same experiment
setting or same plate. Compound symmetric structure
was chosen to model the variance-covariance matrix.
A full factorial model, which included 2 main effects
and 1 interaction, was used to assess the effect of H,O,
upon the presence of inhibitor or the silencing of a gene.
Furthermore, a subgroup analysis was carried out to

compare the effect of H,O, on the outcome in presence
of various inhibitors or upon silencing of different genes.
Comparative AAC, method was used to determine gene
expression 24 hours following cells exposure to 50M
H,0,. Expression levels were normalized to the expression
levels of the housekeeping gene 18s. All Western Blot
and immunofluorescence images are representative of at
least three independent experiments. Two-tailed unpaired
Student’s t-test was performed when appropriate; using the
Microsoft Excel software, with p-value (P) of less than
0.05 considered significant. All numerical data including
error bars represent the mean +/- SEM (Standard error of
mean).

ACKNOWLEDGMENTS

The authors would like to thank Mr. Deng Kai Jun
for his contribution to (Fig Se-g) as part of his final year
project AY 2010/2011. Some parts of the present study
were reported in 2012 by Leow San Min as part of a thesis
submitted for the degree of doctor of philosophy, NUS
graduate school for integrative sciences and engineering,
National University of Singapore, Singapore entitled:
“Novel non-apoptotic pathway of caspase 3 activation
during mild oxidative stress”.

CONFLICTS OF INTEREST

Authors declare that there is no conflict of interest.

FUNDING

This work was supported by an AcRF Tier 1 FRC
grant Number T1-2013 Sep -12 to MVC.

REFERENCES

1. Davies KJ. The broad spectrum of responses to oxidants
in proliferating cells: a new paradigm for oxidative stress.
TUBMB Life. 1999; 48(1):41-47.

Mates JM and Sanchez-Jimenez FM. Role of reactive
oxygen species in apoptosis: implications for cancer
therapy. Int J Biochem Cell Biol. 2000; 32(2):157-170.

3. Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C,
Greaves L, Saretzki G, Fox C, Lawless C, Anderson R,
Hewitt G, Pender SL, Fullard N, Nelson G, Mann J, van
de Sluis B, et al. Chronic inflammation induces telomere
dysfunction and accelerates ageing in mice. Nature
communications. 2014; 2:4172.

Lu T and Finkel T. Free radicals and senescence.
Experimental cell research. 2008; 314(9):1918-1922.

5. Starke-Reed PE and Oliver CN. Protein oxidation and
proteolysis during aging and oxidative stress. Archives of
biochemistry and biophysics. 1989; 275(2):559-567.

www.impactjournals.com/oncotarget

16186

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ristow M and Schmeisser S. Extending life span by
increasing oxidative stress. Free radical biology &
medicine. 2011; 51(2):327-336.

Ristow M. Unraveling the truth about antioxidants:
mitohormesis explains ROS-induced health benefits. Nature
medicine. 2014; 20(7):709-711.

Gelino S and Hansen M. Autophagy - An Emerging Anti-
Aging Mechanism. Journal of clinical & experimental
pathology. 2012; Suppl 4.

Madeo F, Tavernarakis N and Kroemer G. Can autophagy
promote longevity? Nature cell biology. 2010; 12(9):842-
846.

Kaushik S and Cuervo AM. Autophagy as a cell-repair
mechanism: activation of chaperone-mediated autophagy
during oxidative stress. Molecular aspects of medicine.
2006; 27(5-6):444-454.

Marino G, Madeo F and Kroemer G. Autophagy for tissue
homeostasis and neuroprotection. Current opinion in cell
biology. 2011; 23(2):198-206.

Qi M, Zhou H, Fan S, Li Z, Yao G, Tashiro S, Onodera S,
Xia M and Ikejima T. mTOR inactivation by ROS-JNK-p53
pathway plays an essential role in psedolaric acid B induced
autophagy-dependent senescence in murine fibrosarcoma
L929 cells. European journal of pharmacology. 2013;
715(1-3):76-88.

Lin WJ and Kuang HY. Oxidative stress induces autophagy
in response to multiple noxious stimuli in retinal ganglion
cells. Autophagy. 2014; 10(10):1692-1701.

Wong CH, Iskandar KB, Yadav SK, Hirpara JL, Loh T
and Pervaiz S. Simultaneous induction of non-canonical
autophagy and apoptosis in cancer cells by ROS-dependent
ERK and JNK activation. PloS one. 2010; 5(4):€9996.
Cheng P, Ni Z, Dai X, Wang B, Ding W, Rae Smith A,
Xu L, Wu D, He F and Lian J. The novel BH-3 mimetic
apogossypolone induces Beclin-1- and ROS-mediated
autophagy in human hepatocellular carcinoma [corrected]
cells. Cell death & disease. 2013; 4:e489.

Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L
and Elazar Z. Reactive oxygen species are essential for
autophagy and specifically regulate the activity of Atg4.
The EMBO journal. 2007; 26(7):1749-1760.

Yoon J, Bang SH, Park JS, Chang ST, Kim YH and Min
J. Increased in vitro lysosomal function in oxidative
stress-induced cell lines. Appl Biochem Biotechnol. 2011;
163(8):1002-1011.

Saftig P and Klumperman J. Lysosome biogenesis and
lysosomal membrane proteins: trafficking meets function.
Nat Rev Mol Cell Biol. 2009; 10(9):623-635.

Eskelinen EL and Saftig P. Autophagy: a lysosomal
degradation pathway with a central role in health and
disease. Biochimica et biophysica acta. 2009; 1793(4):664-
673.

Settembre C and Ballabio A. Lysosome: regulator of lipid
degradation pathways. Trends in cell biology. 2014.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Settembre C, Fraldi A, Medina DL and Ballabio A. Signals
from the lysosome: a control centre for cellular clearance
and energy metabolism. Nature reviews Molecular cell
biology. 2013; 14(5):283-296.

Sardiello M, Palmieri M, di Ronza A, Medina DL, Valenza
M, Gennarino VA, Di Malta C, Donaudy F, Embrione V,
Polishchuk RS, Banfi S, Parenti G, Cattanco E and Ballabio
A. A gene network regulating lysosomal biogenesis and
function. Science. 2009; 325(5939):473-477.

Palmieri M, Impey S, Kang H, di Ronza A, Pelz C, Sardiello
M and Ballabio A. Characterization of the CLEAR network
reveals an integrated control of cellular clearance pathways.
Human molecular genetics. 2011; 20(19):3852-3866.

Medina DL, Fraldi A, Bouche V, Annunziata F, Mansueto
G, Spampanato C, Puri C, Pignata A, Martina JA, Sardiello
M, Palmieri M, Polishchuk R, Puertollano R and Ballabio
A. Transcriptional activation of lysosomal exocytosis
promotes cellular clearance. Dev Cell. 2011; 21(3):421-430.

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M,
Vetrini F, Erdin S, Erdin SU, Huynh T, Medina D, Colella
P, Sardiello M, Rubinsztein DC and Ballabio A. TFEB
links autophagy to lysosomal biogenesis. Science. 2011;
332(6036):1429-1433.

Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S,
Erdin S, Huynh T, Ferron M, Karsenty G, Vellard MC,
Facchinetti V, Sabatini DM and Ballabio A. A lysosome-
to-nucleus signalling mechanism senses and regulates the
lysosome via mTOR and TFEB. The EMBO journal. 2012;
31(5):1095-1108.

Kushida T, Quan S, Yang L, Ikehara S, Kappas A and
Abraham NG. A significant role for the heme oxygenase-1
gene in endothelial cell cycle progression. Biochem
Biophys Res Commun. 2002; 291(1):68-75.

Colombrita C, Lombardo G, Scapagnini G and Abraham
NG. Heme oxygenase-1 expression levels are cell cycle
dependent. Biochem Biophys Res Commun. 2003;
308(4):1001-1008.

Unuma K, Aki T, Funakoshi T, Yoshida K and Uemura
K. Cobalt protoporphyrin accelerates TFEB activation and
lysosome reformation during LPS-induced septic insults in
the rat heart. PloS one. 2013; 8(2):e56526.
Giatromanolaki A, Kalamida D, Sivridis E, Karagounis
1V, Gatter KC, Harris AL and Koukourakis MI. Increased
expression of transcription factor EB (TFEB) is associated
with autophagy, migratory phenotype and poor prognosis
in non-small cell lung cancer. Lung cancer. 2015; 90(1):98-
105.

Hentze H, Lin XY, Choi MS and Porter AG. Critical
role for cathepsin B in mediating caspase-1-dependent
interleukin-18 maturation and caspase-1-independent
necrosis triggered by the microbial toxin nigericin. Cell
Death Differ. 2003; 10(9):956-968.

Vancompernolle K, Van Herreweghe F, Pynaert G, Van
de Craen M, De Vos K, Totty N, Sterling A, Fiers W,

WWW

.impactjournals.com/oncotarget

16187

Oncotarget



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Vandenabeele P and Grooten J. Atractyloside-induced
release of cathepsin B, a protease with caspase-processing
activity. FEBS Lett. 1998; 438(3):150-158.

Ishisaka R, Utsumi T, Yabuki M, Kanno T, Furuno T, Inoue
M and Utsumi K. Activation of caspase-3-like protease
by digitonin-treated lysosomes. FEBS Lett. 1998; 435(2-
3):233-236.

Ishisaka R, Utsumi T, Kanno T, Arita K, Katunuma N,
Akiyama J and Utsumi K. Participation of a cathepsin
L-type protease in the activation of caspase-3. Cell Struct
Funct. 1999; 24(6):465-470.

Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S,
Ky J, Angarola B, Walther TC and Ferguson SM. The
transcription factor TFEB links mTORCI1 signaling to
transcriptional control of lysosome homeostasis. Sci Signal.
2012; 5(228):ra42.

Widmann C, Gerwins P, Johnson NL, Jarpe MB and
Johnson GL. MEK kinase 1, a substrate for DEVD-directed
caspases, is involved in genotoxin-induced apoptosis. Mol
Cell Biol. 1998; 18(4):2416-2429.

Won J, Kim DY, La M, Kim D, Meadows GG and Joe CO.
Cleavage of 14-3-3 protein by caspase-3 facilitates bad
interaction with Bcl-x(L) during apoptosis. J Biol Chem.
2003; 278(21):19347-19351.

McGinnis KM, Whitton MM, Gnegy ME and Wang
KK. Calcium/calmodulin-dependent protein kinase IV
is cleaved by caspase-3 and calpain in SH-SY5Y human
neuroblastoma cells undergoing apoptosis. J Biol Chem.
1998; 273(32):19993-20000.

Meguro R, Asano Y, Odagiri S, Li C and Shoumura K.
Cellular and subcellular localizations of nonheme ferric and
ferrous iron in the rat brain: a light and electron microscopic
study by the perfusion-Perls and -Turnbull methods.
Archives of histology and cytology. 2008; 71(4):205-222.

Dycke C, Charbonnier P, Pantopoulos K and Moulis JM. A
role for lysosomes in the turnover of human iron regulatory
protein 2. The international journal of biochemistry & cell
biology. 2008; 40(12):2826-2832.

Kurz T, Gustafsson B and Brunk UT. Intralysosomal iron
chelation protects against oxidative stress-induced cellular
damage. The FEBS journal. 2006; 273(13):3106-3117.

Lin Y, Epstein DL and Liton PB. Intralysosomal iron
induces lysosomal membrane permeabilization and
cathepsin D-mediated cell death in trabecular meshwork
cells exposed to oxidative stress. Invest Ophthalmol Vis

Sci. 2010; 51(12):6483-6495.
Boya P and Kroemer membrane

2008;

G. Lysosomal
permeabilization in cell
27(50):6434-6451.

Chang J, Xie M, Shah VR, Schneider MD, Entman ML, Wei
L and Schwartz RJ. Activation of Rho-associated coiled-

coil protein kinase 1 (ROCK-1) by caspase-3 cleavage plays

death. Oncogene.

an essential role in cardiac myocyte apoptosis. Proc Natl
Acad Sci U S A. 2006; 103(39):14495-14500.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Janicke RU, Sprengart ML, Wati MR and Porter AG.
Caspase-3 is required for DNA fragmentation and
morphological changes associated with apoptosis. J Biol
Chem. 1998; 273(16):9357-9360.

Kivinen K, Kallajoki M and Taimen P. Caspase-3 is
required in the apoptotic disintegration of the nuclear
matrix. Exp Cell Res. 2005; 311(1):62-73.

Bassnett S and Mataic D. Chromatin degradation in
differentiating fiber cells of the eye lens. J Cell Biol. 1997;
137(1):37-49.

Dahm R, Gribbon C, Quinlan RA and Prescott AR.
Changes in the nucleolar and coiled body compartments
precede lamina and chromatin reorganization during fibre
cell denucleation in the bovine lens. Eur J Cell Biol. 1998;
75(3):237-246.

Zermati Y, Garrido C, Amsellem S, Fishelson S, Bouscary
D, Valensi F, Varet B, Solary E and Hermine O. Caspase
activation is required for terminal erythroid differentiation.
J Exp Med. 2001; 193(2):247-254.

Arama E, Agapite J and Steller H. Caspase activity and a
specific cytochrome C are required for sperm differentiation
in Drosophila. Dev Cell. 2003; 4(5):687-697.

Miura M, Chen XD, Allen MR, Bi Y, Gronthos S, Seo
BM, Lakhani S, Flavell RA, Feng XH, Robey PG, Young
M and Shi S. A crucial role of caspase-3 in osteogenic
differentiation of bone marrow stromal stem cells. J Clin
Invest. 2004; 114(12):1704-1713.

Fernando P, Brunette S and Megeney LA. Neural stem cell
differentiation is dependent upon endogenous caspase 3
activity. FASEB J. 2005; 19(12):1671-1673.

Janzen V, Fleming HE, Riedt T, Karlsson G, Riese MJ,
Lo Celso C, Reynolds G, Milne CD, Paige CJ, Karlsson
S, Woo M and Scadden DT. Hematopoietic stem cell
responsiveness to exogenous signals is limited by caspase-3.
Cell Stem Cell. 2008; 2(6):584-594.

Kumar AP, Chang MK, Fliegel L, Pervaiz S and Clement
MV. Oxidative repression of NHEI gene expression
involves iron-mediated caspase activity. Cell Death Differ.
2007; 14(10):1733-1746.

Hishita T, Tada-Oikawa S, Tohyama K, Miura Y, Nishihara
T, Tohyama Y, Yoshida Y, Uchiyama T and Kawanishi S.
Caspase-3 activation by lysosomal enzymes in cytochrome
c-independent apoptosis in myelodysplastic syndrome-
derived cell line P39. Cancer Res. 2001; 61(7):2878-2884.
Bidere N, Lorenzo HK, Carmona S, Laforge M, Harper
F, Dumont C and Senik A. Cathepsin D triggers Bax
activation, resulting in selective apoptosis-inducing factor
(AIF) relocation in T lymphocytes entering the early
commitment phase to apoptosis. J Biol Chem. 2003;
278(33):31401-31411.

Johansson AC, Appelqvist H, Nilsson C, Kagedal K, Roberg
K and Ollinger K. Regulation of apoptosis-associated
lysosomal membrane permeabilization. Apoptosis. 2010;
15(5):527-540.

WWW

.impactjournals.com/oncotarget

16188

Oncotarget



58.

59.

60.

61.

62.

63.

64.

Denamur S, Tyteca D, Marchand-Brynaert J, Van Bambeke
F, Tulkens PM, Courtoy PJ and Mingeot-Leclercq MP. Role
of oxidative stress in lysosomal membrane permeabilization
and apoptosis induced by gentamicin, an aminoglycoside
antibiotic. Free Radic Biol Med. 2011; 51(9):1656-1665.

Yu Z, Persson HL, Eaton JW and Brunk UT. Intralysosomal
iron: a major determinant of oxidant-induced cell death.
Free Radic Biol Med. 2003; 34(10):1243-1252.

Baird SK, Kurz T and Brunk UT. Metallothionein protects
against oxidative stress-induced lysosomal destabilization.
Biochem J. 2006; 394(Pt 1):275-283.

Zdolsek J, Zhang H, Roberg K and Brunk U. H202-
mediated damage to lysosomal membranes of J-774 cells.
Free Radic Res Commun. 1993; 18(2):71-85.

Launay S, Hermine O, Fontenay M, Kroemer G, Solary
E and Garrido C. Vital functions for lethal caspases.
Oncogene. 2005; 24(33):5137-5148.

Feinstein-Rotkopf Y and Arama E. Can’t live without them,
can live with them: roles of caspases during vital cellular
processes. Apoptosis. 2009; 14(8):980-995.

Wirawan E, Vande Walle L, Kersse K, Cornelis S,
Claerhout S, Vanoverberghe I, Roelandt R, De Rycke R,
Verspurten J, Declercq W, Agostinis P, Vanden Berghe T,
Lippens S and Vandenabeele P. Caspase-mediated cleavage
of Beclin-1 inactivates Beclin-1-induced autophagy and
enhances apoptosis by promoting the release of proapoptotic
factors from mitochondria. Cell Death Dis. 2010; 1:e18.

65.

66.

67.

68.

Sirois I, Groleau J, Pallet N, Brassard N, Hamelin K,
Londono I, Pshezhetsky AV, Bendayan M and Hebert MJ.
Caspase activation regulates the extracellular export of
autophagic vacuoles. Autophagy. 2012; 8(6):927-937.

Kiffin R, Christian C, Knecht E and Cuervo AM. Activation
of chaperone-mediated autophagy during oxidative stress.
Molecular biology of the cell. 2004; 15(11):4829-4840.

Matsumoto G, Wada K, Okuno M, Kurosawa M and Nukina
N. Serine 403 phosphorylation of p62/SQSTM1 regulates
selective autophagic clearance of ubiquitinated proteins.
Molecular cell. 2011; 44(2):279-289.

Lim J, Lachenmayer ML, Wu S, Liu W, Kundu M, Wang
R, Komatsu M, Oh YJ, Zhao Y and Yue Z. Proteotoxic
stress induces phosphorylation of p62/SQSTM1 by ULK1
to regulate selective autophagic clearance of protein
aggregates. PLoS genetics. 2015; 11(2):¢1004987.

www.impactjournals.com/oncotarget

16189

Oncotarget



