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Autophagy regulates cell survival and cell death upon various cellular stresses, yet the molecular signaling events
involved are not well defined. Here, we established the function of a proteolytic Cyclin E fragment (p18-CycE) in DNA
damage-induced autophagy, apoptosis, and senescence. p18-CycE was identified in hematopoietic cells undergoing DNA
damage-induced apoptosis. In epithelial cells exposed to DNA damage, chronic but not transient expression of p18-CycE
leads to higher turnover of LC3 I/l and increased emergence of autophagosomes and autolysosomes. Levels of p18-CycE,
which was generated by proteolytic cleavage of endogenous Cyclin E, were greatly increased by chloroquine and
correlated with LC 3ll conversion. Preventing p18-CycE genesis blocked conversion of LC3 | to LC3 Il. Upon DNA damage,
cytoplasmic ataxia-telangiectasia-mutated (ATM) was phosphorylated in p18-CycE-expressing cells resulting in sustained
activation of the adenosine-mono-phosphate-dependent kinase (AMPK). These lead to sustained activation of
mammalian autophagy-initiating kinase ULK1, which was abrogated upon inhibiting ATM and AMPK phosphorylation.
Moreover, p18-CycE was degraded via autophagy followed by induction of senescence. Both autophagy and senescence
were prevented by inhibiting autophagy, which leads to increased apoptosis in p18-CycE-expressing cells by stabilizing
p18-CycE expression. Senescence was further associated with cytoplasmic co-localization and degradation of p18-CycE
and Ku70. In brief, chronic p18-CycE expression-induced autophagy leads to clearance of p18-CycE following DNA
damage and induction of senescence. Autophagy inhibition stabilized the cytoplasmic p18-CycE-Ku70 complex leading
to apoptosis. Thus, our findings define how chronic apoptotic stress and DNA damage initiate autophagy and regulate

cell survival through senescence and/or apoptosis.

Introduction

The roles of cell proliferation and apoptosis signaling pathways in
the demise of tumor cells have been studied, yet remain poorly
understood. Targeting these pathways therapeutically has met
with limited success. Ionizing radiation (IR), a prototypical DNA-
damaging agent is known to induce cell death; however, often
tumors become resistant to treatment.' Apoptosis is the most
extensively studied cell death pathway; however, autophagy and
necrosis have been recently explored as alternative mechanisms.>?
Autophagy is a lysosomal-dependent self-digestion process of
cytoplasmic content, such as damaged organelles or proteins, in
response to nutrient starvation or other forms of cellular stress.”
Autophagy can play a dual role in mediating either cell survival or
death in response to various stress stimuli.*”

Autophagy signaling is regulated by autophagy-related genes
(Atgs), which are evolutionarily conserved.”® The most widely
studied autophagy protein is the microtubule associated protein 1
light chain 3 8 (LC3b; referred as LC3) also known as ATGS.
Upon induction of autophagy pro-LC3 gets cleaved at the
C-terminus to expose Gly 120 (LC3 I) by a Cysteine protease
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ATG4b and is further lipidated to its phosphatidylethanolamine
(PE)-conjugated form (LC3 II), which can then be localized to
autophagosomal membranes.”” Other ATGs involved in LC3
modifications are ATG3 and ATG?7 that act as E1 and E2 ubiquitin
ligases for LC3b.® ULK1, the mammalian homolog of yeast ATG1,
complexes with the ATG13/FIP200 kinase to mediate mammalian
target of rapamycin (mTOR) inhibition and autophagy initia-
tion."”"" The ubiquitin-binding receptor, p62 participates in
autophagic protein degradation through interaction with ubiqui-
tinated protein aggregates that it targets to autophagosomes."
Autophagy can enhance cellular survival during nutrient starvation
and other forms of cellular stress, such as DNA damage."”
Autophagy induced by nutrient starvation has been most
extensively studied, however recently other stresses, such as DNA
damage, ROS, hypoxia, and the unfolded protein response have
been also implicated.'? Irradiation has been used in the therapy of
many tumor types to take advantage of DNA damage-induced
apoptosis in cancer cells. Yet, as it is often not effective, many
chemotherapeutics have been utilized to radiosensitize tumors, for
example by targeting DNA repair.'* Recently, many studies have
established that irradiation induces autophagy and this in turn
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reduces the cell death effect of radiation through activation of cell
survival pathways. Thus, inhibiting autophagy is now considered
as a means to overcome the resistance induced by irradiation
and to sensitize many tumor types, such as those of breast and
glioma.13,15,16

p18-CycE was first identified in hematopoietic cells whereupon
irradiation Cyclin E gets proteolytically cleaved at the c-terminus
in a caspase-dependent manner."” Once p18-CycE is generated, it
interacts with Ku70 and dissociates the Bax-Ku70 complex, and
thus provides the first step of Bax activation leading to apoptosis.'®
Here, we have studied the role of chronic expression of an
apoptosis inducer, p18-CycE in cell survival through regulation of
DNA damage-induced autophagy and senescence. We showed
that p18-CycE stable expression results in increased autophagy
rather than apoptosis, and inhibiting autophagy sensitize cells to
DNA damage-induced cell death. Endogenously generated p18-
CycE, by proteolytic cleavage of Cyclin E, also correlates with
increased LC3 1II levels, and preventing its genesis blocks
conversion of LC3 I to LC3 II. p18-CyE is regulated by
autophagy-mediated degradation upon DNA damage, along with
cytoplasmic Ku70 leading to induction of senescence and thus
reduced long-term cell survival.

Results

DNA damage-induced autophagy is enhanced in p18-CycE-
expressing cells. Since p18-CycE is not produced in epithelial
cells, we generated NCI-H1299 cells stably expressing p18-CycE
to study its function. There was no effect of p18-CycE on DNA
damage-induced apoptosis in cells stably expressing p18-CycE
(Fig. 1A)."° As autophagy has an important role in mediating cell
survival upon apoptotic stress, we examined the possible role of
p18-CycE in autophagy. Levels of LC3 I (delipidated form) and II
(lipidated form) were reduced following irradiation. This change
was much more extensive in p18-CycE-expressing cells (> 4-fold,
as compared with no change w/o p18-CycE), suggesting either
decreased LC3 expression or increased LC3 degradation (Fig. 1B).
Quantitative real-time PCR indicated no significant changes in
LC3 mRNA following irradiation, suggesting that LC3 transcrip-
tion was not affected and that the reduced LC3 is likely to be due
to its degradation (Fig. S1A). To determine the effect on steady-
state levels of LC3, as opposed to accumulated LC3 due to a
higher induction of autophagosome formation, experiments
were performed in the presence of chloroquine, which inhibits
autophagy-mediated LC3 degradation via inhibiting acidification
of autophagolysosomes. Chloroquine addition prior to irradiation
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led to LC3 II accumulation, while another autophagosome-
associated ATG5-12 protein complex, known to be dissociated
from the outer membrane after autophagosome formation'’
remained unaffected (Fig. S1B). There was no significant
difference in cell death following irradiation in the absence or
presence of chloroquine, indicating that the doses used were not
cytotoxic (Fig. S1C and S1D). Instead, it resulted in increased
accumulation of LC3 II (up to 14-fold in p18-CycE-expressing as
compared with only 6.5-fold in control cells), suggesting an
increased induction of autophagy in p18-CycE-expressing cells
(Fig. 1C and D).

To rule out the possibility that the effect of p18-CycE
expression on autophagy was because of unrelated events due to
its ectopic expression, we examined the role of endogenous p18-
CycE on autophagy signaling. Hematopoietic cell lines, such as
MOLT4 and IM-9 were shown to generate p18-CycE following
IR." p18-CycE was generated in MOLT4, IM-9 and Reh cells
following IR in a time-dependent manner (Fig. 1E and Fig. S1E
and SIF). LC3 II expression was correlated with p18-CycE
generation in these cell lines (Fig. 1E and Fig. SIE and S1F).
Chloroquine addition prior to IR resulted in accumulation of
both LC3 II and p18-CycE in MOLT4 cells, again suggesting
that p18-CycE expression correlates with autophagy induction
(Fig. 1F). It has been shown that p18-CycE generation can be
inhibited by z-VAD treatment or by depleting Cyclin E itself."”
z-VAD-fmk treatment inhibited p18-CycE as well as LC3 II
formation in MOLT4 cells following IR (Fig. 1G). Using siRNA
against Cyclin E also lead to diminished Cyclin E expression
as well as p18-CycE generation following IR, compared with
scrambled siRNA. LC3 II was also reduced upon depleting
CyclinE and p18-CycE (Fig. 1H). These results suggest that
p18-CycE expression is associated with autophagy and inhibiting
p18-CycE generation also inhibit autophagy.

Transmission electron microscopy revealed a greater accumula-
tion of autophagic structures in pl8-CycE expressing cells
(Fig. 2A). A more detailed quantitation showed an increased size
of autophagic, double-membrane vesicles (autophagosomes)
but not the total autophagic area in p18-CycE-expressing cells
(Fig.2B and C). Development of acidic vesicle organelles
(AVOs), which is characteristic of autophagy, was determined
by staining live cells with the lysosomo-tropic agent, acridine
orange. When protonated, it accumulates in acidic compartments
and fluoresce bright red. Cells constitutively-expressing p18-CycE
showed increased number of AVOs, which were increased
following irradiation in p18-CycE-expressing but not in parental
cells. Upon addition of chloroquine, formation of AVOs was

against Cyclin E. B-actin served as loading control.

Figure 1 (See opposite page). DNA damage-induced autophagy is enhanced in p18-CycE-expressing cells. (A) Parental and p18-CycE expressing
NCI-H1299 cells were harvested, fixed, and stained with propidium iodide at 24 h following treatment with ionizing radiation (IR). Cell death is shown
as percentage of cells with sub-G; DNA content. (B and C) Cells were lysed at the indicated time following irradiation and/or chloroquine (100 M)
treatment and immunoblotted for LC3 I/Il, GFP, GFP-p18-CycE and B-actin as a loading control. Fold change in LC3 Il is indicated (D) Visualization

of endogenous LC3 /Il at 24 h following IR in the absence or presence of chloroquine. Nuclei were stained with 4;6-diamidino-2-phenylindole (DAPI).
(E) Western blot analysis for endogenous LC3 I/Il and p18-CycE in MOLT4 cells at the indicated time following IR. (F and G) Western blot analysis for
endogenous LC 31/l and p18-CycE in MOLT4 cells at 16 h following IR in the absence or presence of chloroquine or z-VAD-fmk (10 uM). (H) Western blot
analysis for endogenous LC3 I/Il and p18-CycE in MOLT4 cells irradiated for 16 h after 24 h post-transfection with scrambled siRNA (si-Scr) or si-RNA
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Figure 2. Autophagic area and flux is enhanced in p18-CycE-expressing cells following DNA-damage. (A) Transmission electron microscopic analysis of
autophagic structures at 24 h post irradiation in the absence or presence of chloroquine. Early and late autophagic structures are indicated by black and
white arrows, respectively, with black box regions enlarged in the inset. The scale bar in the original image represents 1 um and the scale bar in the inset
represents 200 nm. (B,C) Quantitative analysis for the average size of autophagic structures (*p = 0.008) and fraction of autophagic area normalized to
cytoplasmic area (n.s). Data represent means + s.e.m., with more than three different fields analyzed per sample. (D) Detection of acidic vesicular
organelles (AVOs) by measuring red and green fluorescence of acridine orange-stained cells using FACS analysis in parental and p18-CycE expressing
cells at 24 h following IR and/or chloroquine treatment (*p = 0.007, **p = 0.002, ***p < 0.001). Data represent means * s.e.m., obtained from three
independent triplicates.
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decreased in both parental and p18-CycE expressing cells
(Fig. 2D). Altogether, these results indicate that DNA damage
induces more autophagy in p18-CycE expressing cells.

Stable, but not transient pl8-CycE expression leads to
increased autophagy. Remarkably, transient but not stable expres-
sion of p18-CycE increased apoptosis, suggesting that autophagy
might have evolved as an adaptive mechanism for cell survival
(Figs. 1A and 3A). In cells transiently transfected with HA-p18-
CycE, the p18-CycE expression was slightly increased upon
chloroquine treatment, when used either alone or in combination
with irradiation. There was no difference, however, in LC3 1/1I
and p62 accumulation (Fig. 3B). These observations indicate that
transient expression of p18-CycE is not sufficient to enhance
autophagic signaling, with the autophagic response being rather a
consequence of the cellular adaptation to chronic apoptosis stress
in response to constitutive p18-CycE expression.

Next, the autophagic flux was examined to distinguish between
regulation of synthesis vs. degradation of LC3 I/II. GFP-
mCherry-LC3 enabled simultaneous quantification of autophago-
some induction and autolysosome maturation, since the GFP
signal is sensitive to the acidic and proteolytic conditions of the
lysosome, while mCherry is stable.® The analysis revealed that
the number of autophagosomes was only transiently increased
after 1 h in parental cells, while p18-CycE-expressing cells had an
increased number of autophagosomes, which was maintained at
least until 3 h following irradiation, indicating pronounced
induction of autophagy (Fig. 3C and D). Similarly the number of
autolysosomes was increased at least untl 2 h in p18-CycE-
expressing cells compared with transient increase at 1 h in parental
cells following irradiation suggesting that p18-Cyc E-expression
has an effect on the rate of autophagy induction as well as
autophagic flux (Fig.3C). This finding also indicates that the
total number of LC3 II puncta (autophagosomes + autolyso-
somes) were increased in pl8-CycE-expressing cells compared
with the parental cells. Both cell lines showed comparable GFP-
mCherry-LC3 expression (Fig. S2A). Chloroquine addition prior
to irradiation resulted in increased accumulation of auto-
phagosomes in p18-CycE-expressing cells (Fig. S2B). Transient
p18-CycE expression did not affect the LC3 flux following DNA
damage (Fig. 3E). LC3 lipidation and delipidation are known to
be dependent on ATG3 and ATG4Db, respectively.'” ATG3 levels
were high in p18-CycE-expressing cells, while ATG4b levels were
lower, with no additional changes following irradiation, suggest-
ing that p18-CycE expression favors steady-state LC3 lipidation.
ATG4a expression was, however not affected (Fig. S2C).

DNA damage induces sustained activation of AMPK and
ULKI in p18-CycE-expressing cells. It is unclear how nuclear

DNA damage initiates cytoplasmic signaling to regulate auto-
phagy. Irradiation activates ataxia-telangiectasia mutated (ATM)-
mediated signaling to induce a DNA damage response in the
nucleus; however, ATM can also translocate to the cytoplasm.>'*
ATM has also been shown to activate AMP-activated kinase
(AMPK), which triggers autophagy by inhibiting mTOR.?* There
was a robust phosphorylation of cytoplasmic ATM on Ser1981 as
early as 15 min, that lasted up to 6 h following irradiation in p18-
CycE-expressing cells, while enhanced ATM activation in the
nucleus was observed in parental but not p18-CycE-expressing
cells (Fig.4A and B, and Fig. S3). Cytoplasmic AMPK phos-
phorylation on Thr172 was sustained (up to ~5-fold) for at least
24 h in p18-CycE-expressing cells, however was only transiently
detected at 6 h following irradiation in parental cells (Fig. 4B).
mTOR is known to inhibit ULK1 activity through phosphoryla-
tion of its kinase domain, while AMPK activates ULK1 by
phosphorylating its serine-proline rich region required to bind
LC3 and activate autophagy.””” In p18-CycE-expressing cells
ULK1 phosphorylation on Ser467 was sustained for at least 24 h
following irradiation, while in parental cells ULK1 activation was
increased only up to 16 h (Fig. 4C and D). Importantly, ULK1,
AMPK, and ATM phosphorylation were all prevented by the
specific ATM inhibitor, KU-55933 (Fig. 4E and F). Moreover,
ULK1 Ser467 phosphorylation following irradiation was
dependent on AMPK, since it was inhibited by Compound C,
an AMPK inhibitor (Fig. 4G). Overall, these findings suggest that
a DNA damage-induced phosphorylation cascade in the cyto-
plasm involved sequential ATM, AMPK, and ULKI activation
leading to autophagy initiation and which was sustained in the
presence of p18-CycE.

Autophagy inhibition increases apoptosis in p18-CycE-
expressing cells. Autophagy inhibitors have been considered
for overcoming radiation resistance in several tumor types.”®
3-methyladenine (3-MA), a known pharmacological inhibitor of
autophagy initiation, when used in combination with irradiation
leads to reduced ULK1 phosphorylation on Ser467, reduced
accumulation of LC3 1I, and increased cleavage of caspase-3 and
PARP1 (Fig.5A). 3-MA treatment prior to irradiation increased
the proportion of cells with sub-G; DNA content in p18-CycE-
expressing cells (Fig.5B). In a long-term clonogenic survival
assay, 3-MA treatment prior to irradiation reduced clonogenic
survival (Fig. 5C). Next, pharmacological inhibition was com-
plemented with a genetic approach using a lentiviral hairpin
shRNA against ATG7. Cell lines were generated that stably
expressed shATG7 using two different constructs targeting two
different regions of A7G7 mRNA. Following shATG7 expression,
the levels of ATG7 were reduced more than 2-fold and did not

indicated times following IR.

Figure 3 (See opposite page). Stable, but not transient p18-CycE expression leads to increased autophagy. (A) Cell death is shown as percentage of cells
with sub-G; DNA content in cells transiently transfected with p18-CycE following IR (*p < 0.001 compared for p18-CycE-expressing cells vs. parental cells
at 24 h) Student’s t-test. (B) Cells were lysed at 24 h post IR in the absence or presence of chloroquine and immunoblotted for LC3 I/ll, GFP-p18-CycE, with
B-actin as loading control. (C) Quantitation of autophagosomal (yellow) and autolysosomal (red) LC3 puncta following irradiation. **p = 0.017, *p =

0.0006, ***p = 0.03 Student’s t-test. For all panels, values are mean + s.e.m. with > 30 cells from different fields analyzed per sample. (D) Autophagic flux
is shown by representative confocal microscopic images for cells stably-expressing GFP-mCherry-LC3 in cells without or those expressing HA-p18-CycE.
(E) Representative confocal images are shown for cells stably expressing GFP-mCherry-LC3 without or with transient expression of HA-p18-CycE at the
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Figure 4. DNA damage induces sustained activation of AMPK and ULK1 in p18-CycE-expressing cells. (A and B) Cytoplasmic fractions of cells, at

the indicated time following IR, were immunoblotted for ATM-ser1981, ATM, pAMPK-thr172, AMPK. B-actin was used as a loading control. (C and D) Total
protein lysates of cells at the indicated time following IR were immunoblotted for pULK1-ser467, ULK1, and B-actin. (E) Total protein lysates of cells at
24 h following IR with or without 1 h pretreatment with the ATM inhibitor KU-55933 (10 uM) were immunoblotted for pULK1-ser467, ULK1, pAMPK-
thr172, AMPK and B-actin. (F) Cytoplasmic fractions of cells at 6 h following IR with or without 1 h pretreatment with the ATM inhibitor KU-55933 (10 puM)
were immunoblotted for ATM-ser1981 and ATM. (G) Total protein lysates of cells at 24 h following IR with or without 1 h pretreatment with the AMPK
inhibitor Compound C (CC; 25 pM) were immunoblotted for pULK1-ser467, ULK1, pAMPK-thr172, AMPK and B-actin.

increase following irradiation (Fig. S4A). There was increased
PARP1 cleavage and increased cell death in shATG7-expressing
cells that was more extensive when p18-CycE was co-expressed
(up to 8-fold as opposed to only 2-fold in parental cells),
suggesting that autophagy inhibition sensitizes cells to irradiation,

with p18-CycE expression enhancing the effect (Fig. S4A and
S4B, and Fig.5D). Endogenous LC3 II levels were decreased
while those of LC3 I were increased in ATG7-knockdown cells,
both constitutively as well as following irradiation, indicating
that autophagy was inhibited in cells stably-expressing shATG7
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Figure 5. For figure legend, see page 244.
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Figure 5 (See previous page). Autophagy inhibition increases apoptosis in p18-CycE-expressing cells. (A) Cells harvested and lysed at 24 h post IR in
the absence or presence of 3-MA (10 mM) were immunoblotted for pULK1-ser467, ULK1, LC3 I/Il, PARP1, cleaved caspase-3, and f-actin. (B) Cell death at
24 h following IR in the absence or presence of 3-MA (10 mM) treatment is shown as percentage of cells with sub-G; DNA content. **p = 0.02, *p = 0.03
Student’s t-test. (C) Clonogenic assay following IR (5 Gy) in the absence or presence of 3-MA. *p < 0.001 Student’s t-test. (D) Cell death is shown

as percentage of cells with sub-G; DNA content that stably express p18-CycE in cells without or with shATG7 expression (Clone 1) at 24 h following IR.
*p < 0.001, **p = 0.001 Student’s t-test. (E) Detection of acidic vesicular organelles (AVOs) by measuring red and green fluorescence of acridine orange—
stained cells using FACS analysis in parental and p18-CycE expressing cells with or without shATG7 expression following IR and/or chloroquine (100 M)
treatment for 24 h. Data represent means + s.e.m., obtained from three independent triplicates. (F) Clonogenic assay for cells stably-expressing p18-CycE
in the absence or presence of shATG7 (Clone 1 in left panel, Clone 2 in right panel) following IR. p < 0.05 Student’s t-test. For all panels, values are

mean + s.e.m. of three independent experiments performed in triplicates.

(Fig. S4C and S4D). Moreover, the number of AVOs was
reduced upon ATG7 knockdown in both parental and p18-CycE
expressing cells (Fig. SE and Fig. S4E). Long-term clonogenic
survival was reduced in shATG7-expressing cells (Clone 1 and
Clone 2) following IR in p18-CycE-expressing compared with the
parental cells expressing nontarget shRNA (NT) control (Fig. 5F,
lefc and right panels). These findings suggest that in spite of
increased apoptosis upon autophagy inhibition, the long-term cell
survival following DNA damage could also be affected by other
factors that impact on cellular growth, as addressed below.

Expression of p18-CycE is regulated by autophagy. Since
the long-term effect of irradiation was a decrease in clonogenic
survival, it raised a question about the level of p18-CycE following
irradiation. p18-CycE expression increased at 6 h, then decreased at
12-24 h following irradiation (Fig. 6A). Chloroquine treatment
prior to irradiation stabilized p18-CycE levels, suggesting its
autophagic degradation (Fig. 6B and D). Co-immunostaining for
HA-p18-CycE with the autophagosomal marker LC3 and the
lysosome-associated membrane protein 2 (LAMP2) revealed the
presence of pl8-CycE in autophagosomes and lysosomes,
respectively at the earlier time-points, but not at 24 h (Fig. 6D
and E). Interestingly, p18-CycE did not colocalize with p62,
suggesting its p62-independent degradation (Fig. S5A). Moreover,
p18-CycE expression was stabilized in shATG7- and shLAMP2-
expressing cells, compared with its -3-fold degradation in
p18-CycE-expressing cells with functional ATG7 and LAMP2
expression, indicating that inhibition of autophagy induction or
degradation, respectively, stabilized p18-CycE following irradiation
(Fig. 6F and G, and Fig. S5B and S5C). LAMP2 expression was
efficiently reduced by shLAMP2 and was not changed upon
irradiation (Fig. S5D). Thus, p18-CycE levels were decreased
following irradiation by autophagy-mediated degradation. This
finding further clarifies why there was no effect of irradiation on
apoptosis in cells that stably express p18-CycE.

DNA damage induces autophagy-dependent senescence in
p18-CycE-expressing cells. Induction of autophagy in p18-CycE-
expressing cells reduced both apoptosis and long-term clonogenic
survival. As these findings suggested that other factors may be
involved, we examined senescence, a potent tumor suppressor
mechanism, that has recently been associated with autophagy.*
Examining SA-B-galactosidase-positive cells showed that the
number of senescent cells was increased more than 2-fold in
p18-CycE-expressing cells (Fig. 7A). Representative images for
SA-B-galactosidase staining are shown (Fig. S6A and S6B).
Importantly, in cells with stable shATG7 expression, senescence
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was significantly inhibited, indicating its dependence on auto-
phagy (Fig. 7A). Expression of another senescence marker, HP1y
was induced up to 10-fold in p18-CycE-expressing cells compared
with 5-fold in parental cells. There was no increase in HP1y in
p18-CycE-expressing cells while a slight increase (-2-fold) noticed
in parental cells with ATG7 knockdown (Fig.7B). Senescence-
associated heterochromatin foci (SAHF), which were marked
with HP1y, were increased in number and size in p18-CycE-
expressing cells following irradiation, but reduced instead in
shATG7-expressing cells (Fig. 7C and D). These HP1y-associated
SAHF were distinct from the residual DNA damage foci
marked by YH2AX. Quantitation of both YH2AX and HPly
foci revealed increased number in p18-CycE-expressing cells,
which were decreased to a larger extent upon ATG7 knockdown,
compared with parental cells (Fig.7E and F). Overall, these
observations suggest that DNA damage-induced autophagy
mediates senescence, which is enhanced in p18-CycE-expressing
cells, resulting in decreased long-term clonogenic survival, whereas
apoptosis being responsible for reduced cell survival in autophagy-
compromised cells.

Coordinate cytoplasmic Ku70 and p18-CycE degradation
leads to senescence. Since pl8-CycE expression was inversely
correlated with induction of senescence, we next examined
whether there was a direct link between autophagy-mediated p18-
CycE degradation and senescence. Our previous findings have
established that p18-CycE interacts with cytosolic Ku70, causing
the release of Bax and its activation leading to apoptosis.”® Similar
to Ku70, the p18-CycE-Ku70 protein complex degradation was
dependent on hdm2-dependent ubiquitination in cells expressing
functional p53.7>?' Recently, depletion of cytosolic Ku70 has
been correlated with development of cellular senescence.’* Since
p18-CycE degradation leads to senescence, we next examined
whether Ku70 was involved in this process. Co-immunostaining
for p18-CycE and Ku70 revealed their colocalization at 6 h and
degradation of only cytoplasmic Ku70 at 12 and 24 h (up to
2-fold) following irradiation in p18-CycE-expressing cells (Fig. 8A
and B, and Fig. S7A). Degradation of cytoplasmic Ku70 was
prevented in both ATG7- and LAMP2-depleted p18-CycE-
expressing cells (Fig. 8C-F), while nuclear Ku70 levels remained
unchanged (Fig. S7B and S7C). These observations indicate that
following irradiation, p18-CycE and Ku70 co-localize in the
cytoplasm where they are then degraded in a coordinated manner.
Moreover, cytoplasmic Ku70 degradation is facilitated in the pre-
sence of p18-CycE and requires autophagy signaling, which in turn
leads to induction of senescence and reduced cell proliferation.
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Figure 6 (See previous page). Expression of p18-CycE is regulated by autophagy. (A) Total protein lysates were immunoblotted for HA-p18-CycE
and B-actin at the indicated time following IR. (B) Cells were lysed at the indicated time following IR and/or chloroquine (100 M) treatment and
immunoblotted for HA-p18-CycE using anti-HA antibody and B-actin as loading control. (C) Confocal co-immunostaining for HA-p18-CycE in parental
and p18-CycE-expressing cells at 24 h following IR with or without chloroquine. (D and E) Confocal co-immunostaining for HA-p18-CycE/LC3I/Il and
HA-p18-CycE/LAMP?2 in cells stably-expressing p18-CycE at the indicated time following IR. (F and G) Confocal co-immunostaining for HA-p18-CycE/
LAMP2 in p18-CycE-expressing cells with ATG7 or LAMP2 knockdown at the indicated time following IR. Nuclei were stained with DAPI.

Discussion

Here we established that DNA damage-induced autophagy is
enhanced by stable p18-CycE expression in contrast to apoptosis,
which is induced by transient expression of p18-CycE. DNA
damage lead to increased LC3 II levels in cells with stable, but not
transient p18-CycE expression. This observation was confirmed
by the autophagic structures detected by transmission electron
microscopy. Moreover, autophagic flux, determined with the
GFP-mCherry-LC3 fusion protein, was higher in cells with stable
but not transient expression of p18-CycE. These findings clearly
indicate that autophagy emerged as an adaptive mechanism
mediating cell survival upon chronic apoptotic stress, in this case
provided by stable expression of p18-CycE. Autophagic signaling
has been reported to be initiated by activation of AMPK and
ULKI1 kinase complexes, however the link between DNA damage
and autophagy is still not clear.'®" Here we showed that DNA
damage caused by ionizing radiation led to phosphorylation of
ATM at Ser1981, primarily in the nucleus in parental cells.
Interestingly, in p18-CycE-expressing ATM phosphorylation was
predominant in the cytoplasm and not the nucleus. Increased
cytoplasmic ATM activation directly impacted on increased AMPK
and ULKI activation, thus providing evidence that, indeed, nuclear
DNA damage signaling can be transduced to the cytoplasm and can
activate autophagy to mediate cell survival. Interestingly, ATM and
AMPK inhibitor as well as 3-MA inhibited ULK1 phosphorylation,
but at the same time also led to reduced ULKI expression
indicating that ULK1 Ser467 could also regulate the total protein of
ULK1 which needs to be explored.

Since autophagy can mediate cell survival, inhibiting autophagy
can sensitize cells to DNA damage-induced cell death. Inhibition
of autophagy by pharmacological inhibitors or by genetically
reducing ATG7 and LAMP2 expression using shRNA-mediated
gene silencing lead to increased apoptosis and reduced clonogenic
survival in p18-expressing cells. Moreover, autophagy inhibition
stabilized p18-CycE levels, indicating that its expression can be
regulated via autophagic degradation. p18-CycE co-localization
with LC3 and LAMP2 was also observed following DNA damage
directly implicating its involvement in autophagy.

Since inhibition of autophagy sensitized cells to DNA damage-
induced cell death, increased autophagy resulted in cell survival
but with a limited effect on long-term clonogenic survival,
indicating that there are other factors involved in regulation of
overall cell survival. Recently, senescence has been associated with
autophagy and autophagy-mediated tumor suppression by
inhibiting cellular proliferation.””** DNA damage-induced sen-
escence was also increased in p18-CycE expressing cells and was
inhibited upon autophagy inhibition, suggesting that autophagy
can lead to induction of senescence and thus can have cell survival
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as well as growth inhibitory function. Moreover, p18-CycE
colocalizes with Ku70 in the cytoplasm upon DNA damage
followed by its degradation, which were prevented upon
autophagy inhibition. These findings provide more insight into
the mechanism of senescence induction since recent reports
indicate that reduced cytosolic levels of Ku70 are correlated with
the senescence phenotype.’** Therefore, acute expression of p18-
CycE induced apoptosis while its chronic expression facilitated
senescence via autophagy; in both cases p18-CycE reduced cancer
cell survival following DNA damage (Fig. 8E).

Recently, autophagy signaling has gained a broad interest based
on its emerging critical role in mediating cell survival and cell
death outcomes in response to antitumor therapies in various
human cancer model systems. Cancer cells were recently shown to
acquire oncogene-induced autophagy as an adaptation for cell
survival under various stress conditions, such as hypoxia, nutrient
and growth factor deprivation, and therefore inhibiting autophagy
can have growth-inhibitory as well as apoptosis-inducing
effects.>*> It is thus important to define the role of autophagy
in mediating cell survival in tumors and how modulating proteins
regulated by autophagy, such as p18-CycE, can induce apoptosis
and/or senescence to reduce tumor growth. We hereby defined
how chronic apoptotic stress can modulate DNA damage-induced
autophagy and other growth inhibitory processes, such as
senescence that could help in developing better strategies for
inducing cell death in cancer cells. Our findings may be relevant
to cellular adaptation to other apoptosis cues encountered during
tumor development or therapeutic response that constitute a new
area of investigation for future studies.

Materials and Methods

Reagents and plasmids. HA-p18-CycE and GFP P18-Cyclin
E were generated as described previously.”® The GFP-mCherry-
LC3 and pCL10 plasmids were a kind gift from Dr. Jayant
Debnath (University of California San Francisco). The lenti-
viral packaging plasmids pVSVG and dr 8.7 were from
Invitrogen. pLKO.1—puro control vector, shATG7 (SHCLNG-
NM_006395), and shLAMP2 (SHCLNG-NM_002294)
Mission shRNAs were from Sigma Aldrich. Following reagents
were purchased: chloroquine, 3-methyladenine (3-MA), AMPK
inhibitor Compound-C (Sigma Aldrich, C6628, M9281, P5499);
ATM inhibitor KU-55933 (Selleck Chemicals LLC, S1092);
z-VAD-fmk (EMD Biosciences); Cyclin E and scrambled siRNA
(Dharmacon).

Cell culture, lentiviral transduction for p18-CycE, transfec-
tions, and treatments. MOLT4, IM-9 and Reh hematopoietic
cells were maintained in RPMI medium while NCI-H1299
human lung carcinoma cells were maintained in Dulbecco’s
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Figure 7. DNA damage induces autophagy-dependent senescence in p18-CycE-expressing cells. (A) SA-B-Gal-positive, p18-CycE in the absence or
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independent experiments done in triplicates. (B) Expression of HP1y and B-actin in parental and p18-CycE expressing cells in the absence or presence
of shATG7 at 6 d post IR. Fold change in HP1y is indicated. (C and D) Visualization of endogenous HP1y and yH2AX-associated foci by confocal
immunostaining in parental and p18-CycE-expressing cells in the absence or presence of shATG7 expression following IR. (E and F) Percentage of
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following IR.
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modified Eagle’s medium, supplemented with 10% fetal bovine
serum (Atlanta Biologicals, S11050), L-glutamine (Invitrogen,
25030-081), and 100 unit/ml penicillin-streptomycin (Invitrogen,
15140-155) in a humidified incubator at 37°C, 5% CO,. NCI-
H1299 cells stably-expressing HA-p18-CycE and only GFP vector
control were generated by infecting cells with a lentivirus carrying
HA-p18-CycE and enhanced-GFP separated by an IRES2 sequence
under the control of an EFlo promoter as described previously.*
For all immunostaining experiments HA-p18-CycE expressing
stable cells was generated by transfecting HA-p18-CycE without
IRES2-GFP. Respective plasmids were transfected using the Fugene
transfection reagent (Promega, E2311), following the manufac-
turer’s protocol and infected or transfected cell population were
selected with either Puromycin (0.5 pg/ml) or G418 (1 mM) as
required for the specific constructs. For control cells indicated as
parental cells, only vector-transfected or infected cells were used
following antibiotic selection. Cells were irradiated with 10 Gy,
unless otherwise mentioned, at 25°C, using a Mark I Irradiator (J.C.
Shepherd & Associates) with a '*’Cs source emitting at a fixed dose-
rate of 2.0 Gy/min, as described previously.*

Lentiviral transduction of shRNA. shRNA target sequences
were: ATG7 3'UTR, 5-CCGGGCCTGCTGAGGAGCTC
TCCATCTCGAGATGGAGAGCTCCTCAGCAGGCTTTT-3'
(Clonel); ATG7 CDS, 5'-CCGGCCAGAGAGTTTACCTCTC
ATTCTCGAGAATGAGAGGTAAACTCTCTGGTTTTT-3'
(Clone2) and LAMP2 CDS-5'-CCGGGCCATCAGAATTCCAT
TGAATCTCGAGATTCAATGGAATTCTGATGGCTTTTT-3'
(Clone 1); LAMP2 CDS, 5'-CCGGGTACGCTATGAAACTAC-
AAATCTCGAGATTTGTAGTTTCATAGCGTACTTTTT-3'
(Clone 2). 293T cells were transfected with these shRNAs together
with the pVSVG and dr8.2 plasmids in a 3:1:1 ratio using the
Fugene transfection reagent. Media containing viral particles was
then collected after 24 h of transfection, passed through 0.8-
micron filter, and added to NCI-H1299 parental and p18-CycE-
expressing cells along with polybrene (10 pg/ml). After overnight
incubation at 37°C, the media was replenished and cells were
selected for puromycin resistance (0.5 pg/ml) for 6 d, after which
knockdown was further validated.

Cell death analysis. Cell viability was determined by staining
with propidium iodide (PI; 1 pg/ml) and flow cytometric analysis
on a FACScan with a 488nm Argon laser (BD Biosciences).
Quantitation was performed by scoring cells for sub-G; DNA
content using the ModFit software.

Cell fractionation and immunoblotting. Cells were lysed
following the respective treatments in cell lysis buffer containing
50 mM Tris pH 7.4, 120 mM NaCl, 5 mM EDTA, 0.5% NP40,
and 1 mM DTT supplemented with the phosphatase inhibitor
cocktail I, II (Sigma, P5726) and complete protease inhibitor
tablet (Roche Diagnostics, 11836170001). Cytoplasmic and
nuclear fractions were obtained as described previously.””
PARP1 and §-tubulin served as nuclear and cytoplasmic markers,
respectively. Western blots were quantified using the Image ]
program. Background signal was subtracted from the band
intensities, which were then normalized to the B-actin controls.
The differences in the band intensities were compared with the
untreated control and were plotted as fold change.

248

Autophagy

The following primary antibodies were used: anti-LC3, anti-
pAMPK (Thr172), and-AMPK, anti-pULK1 (Ser467), anti-
ULKI1, anti-PARPI, anti-cleaved caspase-3, anti-yH2AX,
anti-ATG7, anti-ATG3, and ant-pATM  (Ser1981) (Cell
Signaling Technologies, 2775, 2535, 2532, 4634, 4776, 9542,
9661, 2577, 2631, 3415, 4526); anti-p62, ant-LAMP2, anti-
Ku70, anti-GFP, anti-cyclin E (Santa Cruz Biotechnologies, sc-
48402, sc-5571, sc-17789, 5¢-9996, sc-198); anti-ATG4a and
anti-ATG4b (Abcam, ab64738, ab64732); anti-HA and B-actin
(Sigma, H9658, A5441); anti-ATM (Calbiochem, PC116); anti-
HP1ly and secondary anti-mouse HRP (Millipore, 05-690,
AP127P); secondary anti-rabbit HRP (Fisher Scientific, 31460).

Confocal immunostaining. Cells were plated at 2 x 10 cells/
cm® on 22 X 22 mm coverslips in 35-mm culture dishes.
Following the respective treatments, cells were fixed with 2.0%
paraformaldehyde/PBS for 15 min at room temperature, washed
3% for 10 min each, permeabilized with 0.1% Triton X-100 in
PBS for 5 min, and blocked in 10% fetal bovine serum in PBS for
1 h. The coverslips were then immunostained using the anti-
bodies diluted in blocking buffer, followed by fluorescently con-
jugated secondary antibody. DAPI was added before penultimate
washing to stain nuclei. They were then mounted in Vectashield
(Vector Laboratories, H-1000). Images were collected using an
HCX Plan Apo 63X/1.4N.A. oil immersion objective lens on a
Leica TCS-SP2 confocal microscope (Leica Microsystems AG).
Quantification was based on data observed from at least 50 cells.

Analysis of GFP-mCherry-LC3 puncta. Cells with stable
expression of GFP-mCherry-LC3 were grown overnight before
irradiation and fixation with 4% paraformaldehyde at the
indicated times, washed several times with PBS, mounted using
Vectashield, and analyzed using an HCX Plan Apo 63x/1.4N.A.
oil immersion objective lens on a Leica TCS-SP2 confocal micro-
scope (Leica Microsystems AG). Quantification of LC3 puncta
was performed using the Red and Green Puncta Colocalization
Macro with Image ] program, as described.?**%*’

Electron microscopic analyses. Cells were immediately fixed in
2.5% glutaraldehyde/4% formaldehyde in 0.1M Cacodylate
buffer, pH 7.3, for 24 h, followed by post fixation with 1%
osmium tetroxide for 1 h. After en bloc staining and dehydration
with ethanol, the samples were embedded with eponate 12
medium (Tell Pella, Inc.). Thin sections (85-nm) were cut with a
diamond knife, double-stained with uranyl acetate and lead
citrate, and analyzed using a PhilipsCM12 electron microscope
(FEI Company) operated at 60 kv. Cells with more than
10 vacoules were scored as autophagy positive. The autophagic
area was quantitated in at least 10 cells per sample and was
normalized to the total cytoplasmic area.

Supravital cell staining with acridine orange for autophagy
detection. Acridine orange stains cytoplasm and nucleolus
fluorescent bright green and dim red, respectively whereas the
acidic compartments fluoresce bright red.* The intensity of red is
directly proportional to the degree of acidification of cellular
compartments and thus the volume of the cellular acidic
compartments can be quantified using acridine orange staining.
After the indicated treatments, live cells were stained with

Acridine orange (Sigma-Aldrich, 318337) according to published
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regulation by p18-CycE via autophagy, apoptosis, and senescence.

Figure 8 (See previous page). Coordinate cytoplasmic Ku70 and p18-CycE degradation leads to senescence. (A) Confocal co-immunostaining for HA-p18-
CycE and Ku70 at 6-24 h following IR in HA-p18-CycE-expressing cells. (B) Cytoplasmic fractions of parental and p18-CycE expressing cells following IR at
the indicated time were immunoblotted for Ku70 and B-actin. (C) Cytoplasmic fractions of p18-CycE-expressing cells with or without shATG7 expression
at the indicated time following IR were immunoblotted for Ku70 and B-actin. (D) Confocal co-immunostaining for Ku70 in HA-p18-CycE-expressing cells
in the absence or presence of ShATG7 at 24 h following IR. Nuclei were stained with DAPI. (E) Cytoplasmic fractions of p18-CycE-expressing cells with or
without shLAMP2 expression at the indicated time following IR were immunoblotted for Ku70 and B-actin. (F) Confocal co-immunostaining for Ku70 in
HA-p18-CycE-expressing cells in the absence or presence of shLAMP2 at 24 h following IR. Nuclei were stained with DAPI. (G) Model for cell survival

protocols.”® Briefly, the cells were stained at a final concentration
of 1 pg/ml in Phenol red free medium for 20 min. Images were
captured on a Leica DMIRB fluorescence microscope equipped
with a Retiga SRV cooled CCD camera (QImaging) and running
ImagePro Plus capture software (Media Cybernetics). The micro-
scope was configured with a 490-nm band-pass blue excitation
filters, a 500-nm dichroic mirror and a 515-nm long-pass barrier
filter. For quantitation, green (510-530 nm) and red (650 nm)
fluorescence emission from 1 X 10 cells illuminated with
blue (488 nm) excitation light was measured with FACScan (BD
Biosciences).

Quantitative real-time (RT)-PCR analysis. PCR amplification
reactions were comprised of 1 X iQ SYBR Green Supermix (Bio-
Rad, 1708882) and 4 M each of sense and antisense primer. RT-
PCR primers for LC3 (QT01673007) were purchased from Qiagen.
The GAPDH primers: forward 5'-TCACCATCTTCCAGGAG-3'
and reverse 5-GCTTCACCACCTTCTTG-3' were synthesized
by Integrated DNA Technologies. Reactions were performed in a
96-well optical reaction plate with optical caps (Denville Scientific,
C18096-10) in an iCycler iQ Real-Time PCR Detection System
spectrofluorometric thermal cycler (Bio-Rad) with an inital 3 min
incubation at 95°C followed by 40 cycles of amplification: 95°C for
15 sec and 60°C for 1 min.

Clonogenic cell survival assay. Cells were trypsinized after 8 h
following irradiation and drug treatment as indicated, counted
and plated in 6-well plates in triplicate. Cells were then allowed
to grow for 10 d, fixed and stained in methanol:acetic acid
(75:25, vlv) containing 0.5% crystal violet (w/v) to visualize
colonies of at least 50 cells.

SA-B-Galactosidase assay. Senescent cells were detected using
an SA-B-Galactosidase staining kit available from Cell Signaling
Technology (9860). Cells were fixed following treatment in 20%
formaldehyde, 2% glutaraldehyde solution in 1 X PBS and
stained with staining solution containing X-gal supplemented
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