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Abstract

While therapy-induced autophagy is conventionally conceived to be cytoprotective in nature,
previous studies have identified multiple functions of autophagy, including a nonprotective form
and the existence of a switch between the different forms of autophagy. The current work
demonstrates the existence of the autophagic switch in response to the antitumor drug, cisplatin, in
non-small cell lung cancer cells that are either wild-type (p53wt) or functionally null in p53
(crp53), the latter generated using CRISPR/Cas9 technology. Pharmacological and genetic
inhibition of autophagy identified nonprotective autophagy in p53 wt cells and cytoprotective
autophagy in crp53 cells. Furthermore, differences in cisplatin sensitivity between the two cell
lines prove to be largely a function of the nature of the autophagy. Specifically, autophagy
inhibition in the crp53 cells converts the temporal loss in cell viability in response to cisplatin to
essentially parallel that observed in the p53 wt cells. This enhanced sensitivity is due to cisplatin-
induced apoptosis that occurs without necessitating the restoration of functional p53. In contrast,
inhibition of the autophagy has no observable impact on the temporal response to cisplatin or the
extent of cisplatin-induced apoptosis in the p53 wt cells, consistent with the definition of

5To whom correspondence should be addressed at: Massey Cancer Center, Virginia Commonwealth University, 401 College St.,
Richmond, VA 23298, Phone: 804-828-9523, Fax: 804-827-1134, david.gewirtz@vcuhealth.org.
Nipa H. Patel and Jingwen Xu contributed equally to this work
Credit Author Statement
Nipa Patel: Conceptualization, Experimental Design; Writing
Jingen Xu: Conceptualization, Experimental Design; Writing
Tareq Saleh: Conceptualization, Experimental Design; Writing
Yingliang Wu: Conceptualization
Santiago Lima: Conceptualization, Experimental Design
David A Gewirtz: Conceptualization, Experimental Design, Writing

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure statement
No potential conflict of interest was reported by any of the authors.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Patel et al. Page 2

nonprotective autophagy. Taken together, our current studies provide evidence that nonprotective
autophagy in p53wt non-small cell lung cancer cells can be “switched” to protective autophagy in
isogenic crp53 cells, and that furthermore inhibition of cytoprotective autophagy is sufficient to
restore cisplatin sensitivity in these cells, largely through the increased promotion of apoptosis,
despite the absence of functional p53.

Graphic Abstract.
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Cisplatin sensitivity in p53 wt and p53 deficient lung cancer cells appears to be a consequence of
whether the drug-induced autophagy is functionally nonprotective or protective.
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1. Introduction

Platinum-based drugs are widely used in the treatment of a number of malignancies,
including but not limited to, lung, ovarian, head and neck, testicular, and cervical cancers
(1). While cisplatin is a highly effective anti-cancer drug, resistance to treatment remains a
frequent limitation to drug effectiveness (2). Several mechanisms have been proposed for
cisplatin resistance, including drug efflux via the multi-drug resistance pump, DNA damage
repair, and inhibition of apoptosis (3). In addition, it has been demonstrated that cells
upregulate autophagy, a conventionally cytoprotective mechanism under conditions of
cellular stress, in response to cisplatin treatment (4,5).

One paradigm that has currently achieved general acceptance is that macroautophagy
(hereafter, autophagy) is an intrinsic mechanism of tumor cell resistance to therapy (6-9).
However, it bears reiterating that although drug and radiation sensitivity can often be
influenced by autophagy inhibition, this observation does not unequivocally prove that
autophagy confers “resistance”, since clinical resistance is largely empirical and would be
determined by lack of tumor responsiveness to concentrations of chemotherapeutic drugs or
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doses of radiation that can be tolerated by the patient (10,11). Furthermore, since virtually
all experimental tumors undergo autophagy upon treatment with chemotherapy or radiation,
it cannot be anticipated that experimental tumors will obligatorily demonstrate drug
resistance as a consequence of autophagy induction.

Nevertheless, it is indisputable that chemosensitization and radiosensitization can occur
when autophagy that takes the cytoprotective form is inhibited by pharmacological and/or
genetic approaches (12). However, it is further critical to note that autophagy can have (at
least) four different forms (13). In addition to the cytoprotective form, autophagy can be
cytotoxic or cytostatic; of particular relevance to the current studies, autophagy can also be
nonprotective. All of these forms of autophagy are identified by the functional outcomes of
their inhibition by pharmacologic or genetic strategies. The nonprotective form of autophagy
is particularly intriguing in that its inhibition does not alter drug or radiation sensitivity (12).
Nonprotective autophagy was observed upon genetic autophagy inhibition in a seminal
paper by Michaud et al and more recently in studies using A549 non-small cell lung cancer
cells by Eng et al, although the “nonprotective” terminology has not yet been commonly
accepted (14,15). Similar observations were reported in other studies involving non-small
cell lung (NSCLC) cell lines (reviewed in (16)). Consequently, it cannot be predicted what
function autophagy may take in response to a particular stress (i.e. chemotherapy or
radiation) either in experimental tumor models or in cancer patients.

Studies both in our laboratory as well as that of other researchers have also identified the
existence of an “autophagic switch”, where the function of autophagy can be altered in
response to external or biological stresses (17,18). In our previous work, we demonstrated
that ZR-75-1 breast cancer cells expressing wildtype p53 exhibited cytoprotective
autophagy when treated with radiation alone but where the function of autophagy was
converted to a cytotoxic form when radiation was administered in combination with 1,25-
dihydroxy vitamin D3 (19). We have also reported on a switch between the cytoprotective
and nonprotective forms of autophagy in response to ionizing radiation depending on
whether cells expressed wild-type or mutated/null forms of p53 (20).

The current work was designed to extend our studies of the autophagic switch between
cytoprotective and nonprotective autophagy to the cancer chemotherapeutic drug, cisplatin,
utilizing an isogenic pair of H460 NSCLC cell lines that were either wild type or
functionally null in p53. Cisplatin-induced DNA damage generally results in activation of
p53 and, depending on the extent of damage, induces a variety of cellular responses
including autophagy, apoptosis and senescence (21). Depending on the spatiotemporal
localization of p53, it can both suppress and activate autophagy (22). Loss of p53 is also
associated with increased tolerance to cisplatin-induced DNA adducts and replicative bypass
contributing to cell survival and treatment resistance (3).

In the current studies, cisplatin induced autophagy to similar extents in H460 cells where
p53 activity had been nullified by CRISP/Cas9 (H460 crp53) as in the parental p53 wt H460
(H460wt) NSCLC cells. However, this work confirmed the existence of what we have
termed the “autophagic switch” in that cisplatin induced two different functional forms of
autophagy, protective autophagy in the H460crp53 cells and nonprotective autophagy in the
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H460wt cells. This autophagic switch was associated with greater sensitivity to cisplatin in
the p53 wt cells. Of particular relevance, with pharmacologic or genetic inhibition of the
cytoprotective autophagy in the p53 crp cells, the temporal decline in cell viability in
response to cisplatin became virtually identical to that in the p53 wt cells through increased
susceptibility to the promotion of apoptosis. These observations suggest that sensitivity and
resistance to cisplatin, and potentially other chemotherapeutics, can be influenced by the
functional nature of drug-induced autophagy and furthermore cannot be predicted
exclusively based on the p53 status of the tumor cell.

Materials and Methods

2.1 Antibodies and reagents:

Primary antibodies: SQSTM1/p62 (BD Biosciences, 610497), ATG5 (Cell Signaling
Technology, 2630), LC3B (Cell Signaling Technology, 3868), TP53 (BD Biosciences,
554293), GAPDH (Cell Signaling Technology, 2118). Horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling, anti-mouse, 7076S; anti-rabbit, 7074S),
and TRITC--conjugated secondary antibodies (Invitrogen, A21424) or FITC-conjugated
secondary antibodies (Invitrogen, A11070) were used. 4°, 6-Diamidino-2-phenylindole
(DAPI) was purchased from Thermo Fisher Scientific (P36931). Puromycin was purchased
from Sigma (P7255), and cisplatin from the Cayman Chemical Company (13119).

2.2 Cell lines:

H460 NSCLC cells were obtained from ATCC (NCI-H460). p53 knockout H460 were
generated by co-transfecting cells (3x108 in 10 cm dish) with 1 pg CRISPR-Cas9 plasmids
targeting the p53 loci (Santa Cruz Biotechnologies; cat #sc-416469) and 1 g a homology
directed repair plasmid (Santa Cruz, cat. #sc-416469-HDR) expressing a puromycin
selection marker. Cells were transfected using PolyJet reagent (Signagen) following the
manufacturer’s guidelines. After 72 hr, cells were exposed to 2.5 pg/mL puromycin with
daily media exchanges to replenish the selection agent. After all cells in control plates were
killed (96 h), puromycin was removed and the cells allowed to recover and grow as
individual colonies, which were then individually selected and examined for expression of
p53. For the generation of sShATG5 H460 cells, Mission shRNA bacterial stocks for ATG5
were purchased from Sigma Aldrich. Lentiviruses were produced in HEK 293TN cells co-
transfected using EndoFectin™ Lenti Transfection Reagent (GeneCopoeia, 1001-01) with a
packaging mixture of psPAX2 and pMD2.G constructs (Addgene). The media including
viruses were used to infect H460 cells.

2.3 Cell culture and treatment:

H460wt cells and H460crp53 cells were maintained in DMEM media supplemented with
10% (v/v) fetal bovine serum (Thermo Scientific), 100 U/ml penicillin G sodium
(Invitrogen), and 100 pg/ml streptomycin sulfate (Invitrogen). H460 shATG5 and H460
shControl cells were maintained with puromycin (1 pg/ml; Sigma) for selection. All cells
were cultured at 37°C and under a humidified, 5% CO, condition. For most experiments
(unless stated otherwise), cells were seeded (day -2), treated with different dose of cisplatin
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(day -1), incubated for 24 h (day 0) followed by removal of cisplatin and incubation in fresh
medium.

2.4 Growth inhibition and clonogenic survival assays:

Cell growth inhibition was measured by trypan blue exclusion at the indicated time points
after treatment. Cells were stained with 0.4% trypan blue (Sigma, T10282), and counted
using a hemocytometer. For the clonogenic assay, cells were plated in 6-well plates at the
density of 200-300 per well, pre-treated with chloroquine (CQ, 0 or 10 uM) or 3-MA (0 or 1
mM) for 3 h, and then treated with 10 uM cisplatin. After an 11 day period of incubation
following cisplatin exposure, colonies were washed with phosphate-buffered saline (PBS,
Life Technologies), and then fixed with 100% methanol, stained with 0.1% crystal violet
(Sigma), and counted.

2.5 Cell Viability Assay:

Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay. Cells were plated at a density of 2,500 cells per well in a
96 well plate and treated with the indicated doses of cisplatin for 24 h. Cisplatin was
removed and replaced with fresh medium. Cell viability was assessed 24 h post-treatment
removal. Cells were washed with PBS and stained with MTT reagent (2 mg/ml: Sigma,
M2128) in PBS at 37°C for 3 h, protected from light. The MTT solution was aspirated and
dimethyl sulfoxide (DMSQ) was added for 15 mins. Colorimetric change was analyzed at
490 nm with a spectrophotometer (ELx800UV, BioTeK).

2.6 Assessment of cell death:

Apoptosis was monitored by Annexin V-FITC and PI double staining (Annexin V-FITC
apoptosis detection kit, BD Biosciences, 556547) according to the manufacturer’s
instructions. At the indicated time points, cells were trypsinized, harvested and washed with
cold PBS. Pellets were then resuspended in an annexinV/Pl-containing buffer solution and
incubated for 15 minutes before being analyzed by flow cytometry using BD FACSCanto 11
and BD FACSDiva software at the Flow Cytometry Core Facility at Virginia Commonwealth
University.

2.7 Determination and quantification of acidic vesicles with acridine orange staining:

Cells were seeded in 6-well plates. After the indicated treatment, cells were stained with 1
pg/ml acridine orange at 37°C for 15 min and then washed with PBS, and observed under an
inverted fluorescence microscope (Olympus, Tokyo, Japan). For quantification of autophagic
vesicles (AVOs), cells were trypsinized, harvested and washed twice with PBS. Pellet
fractions were resuspended in PBS and analyzed by BD FACSCanto Il (excitation/emission:
488/610-620) and BD FACSDiva software at the Flow Cytometry Core Facility at Virginia
Commonwealth University as described in our previous publications (23).

2.8 Western blot and immunofluorescence staining:

Western blotting was performed as described previously. Densitometry analysis on western
blot was performed using Image J2 software. For immunofluorescence staining, cells were
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fixed with 100% methanol for 15 min, permeabilized by 0.1% Triton X-100 for 15 min, and
then blocked with 5% bovine serum albumin (BSA). After incubation with primary antibody
(1:100) overnight, cells were exposed to FITC- or TRITC-conjugated secondary antibody
for 2 h at room temperature. Finally, nuclei were stained by DAPI. Immunofluorescence was
detected by inverted fluorescence microscopy (Olympus, Tokyo, Japan).

2.9 DNA Damage assessment:

Cells were seeded in 6-well plates and incubated overnight. After exposure to the indicated
treatment, cells were fixed with 70% ethanol for 15 minutes and then blocked with 5%
bovine serum albumin (BSA). Cells were incubated with yH2AX antibody (1:1000; BD
Pharmingen, 560445) for 2 h, and fluorescence was quantified using flow cytometry. For
quantification of DNA damage, cells were trypsinized, harvested and washed with PBS.
Pellet fractions were resuspended in PBS and analyzed by BD FACSCanto Il and BD
FACSDiva software. All experimental procedures were performed with cells protected from
light.

2.10 Statistical analysis:

Data are shown as mean + SD from at least three separate experiments. One-way ANOVA
followed by Turkey’s post-hoc test was used to assess statistical differences between groups.
Levels of significance were assessed by two-tailed t-test using Graphpad Prism 5.0 software;
p-value < 0.05 was considered statistically significant.

3. Results

3.1 Cisplatin sensitivity in p53 wt and p53 knock-out H460 cells

In previous work, we reported that radiation-induced autophagy was nonprotective in the
H460 non-small cell lung cancer cell line regardless of p53 status (24). In order to
investigate whether autophagy is universally nonprotective in this cell line, the current
studies utilized the antitumor drug, cisplatin, as the primary autophagy inducer. Furthermore,
CRISPR/Cas9 technology was used to generate a set of isogenic NSCLC cell lines
expressing wild-type p53 (H460wt) and a knockout of p53 (H460crp53) to discern the
effects of p53 status on cisplatin sensitivity and autophagic function.

Figure 1A shows a Western blot confirming the knockdown of p53 in H460 non-small cell
lung cancer cells (H460crp53) and, for comparison, wild-type p53 in the parental cell line.
Figure 1B compares sensitivity to cisplatin in H460wt and H460crp53 cells based on
clonogenic survival. The H460wt cells were clearly more sensitive to cisplatin than the cells
that are null in p53, with apparent ICgq values of 1.2 + 0.8 uM and 3.5 + 1.6 uM,
respectively. Sensitivity was also compared using a standard MTT assay. As with the
clonogenic survival studies, the H460wt cells were more sensitive than the H460crp53 cells,
with 1Csq values of 1.0 £ 0.4 uM and 14.4 + 6.4 uM respectively (Figure 1C). The
differences in relative 1Cgq values likely reflect the different protocols used to generate the
data.
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Although the clonogenic survival assay is generally considered to be the gold standard for
assessing drug and radiation sensitivity, it does not actually distinguish between
“permanent” growth arrest and cell death. Accordingly, we evaluated the temporal response
to 10 uM cisplatin (a clinically relevant concentration) in the two cell lines by monitoring
viable cell number using trypan blue exclusion assay over a period of 7 days. Figure 1D
indicates that the temporal response pattern largely reflects the outcome of the clonogenic
survival assays in that the H460wt demonstrate a rapid growth decline, indicative of cell
death, while the H460crp53 cells initially continue to proliferate and only begin to succumb
to the drug effects after 3 days.

It is generally thought that lack of p53 function attenuates apoptosis (25,26). An evaluation
of the extent of apoptosis by annexin V/PI staining demonstrated that H460wt cells exposed
to different doses of cisplatin underwent a much more pronounced degree of apoptosis/
necrosis than H460crp53 cells (Figure 1E). This did not appear to be a consequence of
differential DNA damage since cisplatin promoted equivalent DNA damage in the H460p53
wt and H460crp53 cells, based on yH2AX staining performed over a 24 h time period
(Figure 1F-G).

3.2 Cisplatin-induced autophagy in p53 wt and p53 knockout cells

Cytoprotective autophagy is generally considered to be a mechanism to ameliorate or evade
apoptosis; hence, we assessed the capacity of cisplatin to promote autophagy in both cell
lines. Figure 2A presents images of acridine orange staining of autophagic vacuoles, a rough
but generally accurate indication of the extent of autophagy. Assessment of acidic vesicle
formation by flow cytometry indicated that the extent of autophagy induced by cisplatin was
similar in the two cell lines (Figure 2B). To further compare the extent of autophagy and
whether cisplatin-induced autophagy is going to completion, degradation of p62/SQSTM1
was evaluated by western blotting. Figure 2C (and quantification of the band densities in
Figure 2D) indicates that autophagic flux is clearly occurring in both cell lines. Moreover,
both H460wt and H460crp53 cells demonstrate co-localization of LC3 and the lysosomal
marker, LAMP-2, when exposed to cisplatin indicative of autophagic flux (Figure 2E).
These studies indicate that autophagy appears to be induced to a similar extent in cisplatin-
treated H460 cell, regardless of the status of p53, although the process is slightly more rapid
in the H460wtp53 cells.

3.2 Evidence for cytoprotective autophagy in the p53 knock-out cells and nonprotective
autophagy in the p53 wild type H460 cells

We then evaluated the nature of the autophagy based on sensitization or lack of sensitization
when autophagy was inhibited using the pharmacological autophagy inhibitors, chloroquine
(CQ) or 3-methyl adenine (3-MA). Both H460 cell lines were pre-treated with CQ (10 pM)
or 3-MA (1 mM) for 3 h followed by exposure to 10 uM cisplatin for 24 h. Autophagy was
measured after 2 days of incubation with fresh medium. The increase in LC3-1l puncta
formation in the presence of CQ (due to inhibition of autolysosome formation and
accumulation of autophagosomes) and decrease in LC3-11 puncta with 3-MA (due to
interference with autophagosome formation) indicated that CQ and 3-MA inhibited
cisplatin-induced autophagy (Figure 3A). The inhibition of autophagy in cells exposed to
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CQ was further confirmed by the increased number and density of autophagic vacuoles
shown in Figure 3B (i.e. autophagy is interrupted before the autophagosomes can fuse with
the autolysosomes). Interference with p62/SQSTM1 degradation further confirmed that CQ
and 3-MA inhibited cisplatin-induced autophagy (Figure 3C). Differential p62 degradation
between the two cell lines is reflective and consistent with the differential rate of autophagic
flux shown in Figure 2C, where p62 degradation occurred earlier in H460wt cells compared
to H460crp53 cells. Temporal response studies were then performed to determine the impact
of autophagy inhibition on sensitivity to cisplatin. Figures 3E and 3F-I shows that CQ and
3-MA increased cell death and apoptosis in response to cisplatin in the H460crp53 cells but
failed to influence cisplatin-induced cell death and apoptosis in the H460wt cells (Figure 3D
and 3F-I), indicating that autophagy was cyfoprotective in function in the H460crp53 cells
but nonprotective in the H460wt cells.

To confirm the findings generated using pharmacological inhibition, short hairpin RNA
(shRNA) was used to knock down Atg5, an autophagy regulatory gene, in both H460 cells
lines. Figure 4A verifies the status of Atg5 by Western blotting in the two cell lines. The
decrease in LC3 puncta (Figure 4B) indicates that shAtg5 effectively inhibited autophagy in
both H460 cell lines. Inhibition of autophagy was confirmed by interference with cisplatin-
induced degradation of p62/SQSTM1 (Figure 4C). Here, genetic interfere with autophagy
yielded a similar outcome to that observed with the pharmacological autophagy inhibitors;
specifically, autophagy inhibition failed to alter growth inhibition and apoptosis in response
to cisplatin in H460wt cells (Figures 4D and 4E-F), but increased cell growth inhibition and
apoptosis in the H460crp53 cells (Figures 4D and 4E-F).

Taken together, these data demonstrate that in the H460wt cells the autophagy is
nonprotective since there is no sensitization with autophagy inhibition and no increase in
apoptosis. In contrast, autophagy “switches” to the cytoprotective form/function when p53 is
knocked out, as autophagy inhibition increases sensitivity to cisplatin and results in
enhanced apoptosis in the H460crp53 cells.

3.5 Inhibition of cytoprotective autophagy shifts the temporal response to cisplatin in the

crp53 cells

To confirm the contributions of cytoprotective autophagy to cisplatin sensitivity, we
compared the temporal responses shown in Fig. 3D and 3E with and without
pharmacological autophagy inhibition by replotting these time courses in Figures 5A and
5B. The blockade of cytoprotective autophagy in H460crp53 cells exposed to cisplatin
resulted in a temporal decline in cell viability that was essentially identical to that in the
cisplatin-treated H460 p53wt cells. In agreement with these observations, Figure 5C
demonstrates a similar relationship when cell viability data from Fig. 4D is plotted together
to show overlap of the decline in cell viability in response to cisplatin when autophagy has
been genetically inhibited in H460crp53 cells when compared to H460wt shcontrol cells
exposed to cisplatin.
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4. Discussion

4.1 Protective and Nonprotective Autophagy and Drug Sensitivity/Resistance

This work addresses three separate but closely related questions in the autophagy field
relating to the tumor cell response to chemotherapeutic drugs. One is the oft-stated paradigm
suggesting that autophagy is a mechanism of therapeutic resistance (27-29). This premise is
based on the frequently-reproduced observation in which inhibition of drug or radiation-
induced autophagy can enhance sensitivity to the therapeutic challenge (30). These
observations are indisputable as extensive evidence is provided for the cytoprotective
function of therapy-induced autophagy. However, it is unclear whether these observations
are proof that autophagy can actually be considered an intrinsic mechanism of resistance
(31). The availability of isogenic cells that are either wild-type or null in p53 allowed us to
directly address the question of whether tumor cells that undergo protective autophagy are
intrinsically less sensitive (in this case to the chemotherapeutic drug, cisplatin) than the same
tumor cells that fail to undergo protective autophagy?

Assessment of clonogenic survival and cell viability indicated that the p53 wt H460 cells,
where autophagy was nonprotective, were more sensitive to cisplatin than the H460crp53
cells. This differential sensitivity to cisplatin was largely attributable to the relative extent of
apoptosis and was not a consequence of differences in the extent of DNA damage induced
by cisplatin in the two cell lines. Rather, differences in apoptosis seems to be related to the
functional form of autophagy induced in response to cisplatin.

Autophagy is one mechanism thought to be induced by cancer cells to evade apoptosis (32).
Cisplatin resulted in autophagy induction to a similar extent in both the H460wt and
H460crp53 cells. Autophagy inhibition (by pharmacological and genetic interventions)
increased cisplatin-induced cell death and apoptosis in H460crp53 cells (i.e. evidence of
cytoprotective autophagy) but did not alter either outcome in the p53 wt H460 cells (i.e.
evidence of nonprotective autophagy). As a result, the temporal decline in cell viability in
the H460crp53 cells under conditions of autophagy inhibition essentially paralleled that
observed in p53 wt H460 cells, suggesting cytoprotective autophagy was contributing to the
differential sensitivity and apoptosis observed between the two cell lines when exposed to
cisplatin. Consequently, these findings support the premise that cytoprotective autophagy
can confer a relative degree of resistance to chemotherapy.

Whether cytoprotective autophagy is conserved in a dose-dependent manner with cisplatin
treatment remains to be elucidated; however, the data presented in this work suggests that
extensive injury incurred by cells exposed to higher doses of cisplatin is sufficient to
overcome cytoprotective autophagy and induce cell death. This in evident in Figure 1B,
where clonogenic survival studies failed to demonstrate differences in sensitivity between
p53 knockout and p53 wt cells as well as Figure 1E showing significant apoptotic cell death
at 20 pM cisplatin. Interestingly, this differs from our recent findings in studies involving
ionizing radiation, where radiation sensitivity appeared to be a function primarily of the
extent of senescence and appeared to be largely unrelated'to autophagy (24). In these
studies, the same set of isogenic cell lines, H460wt and H460crp53 cells, exhibited
nonprotective autophagy in both cells when exposed to radiation. Moreover, autophagy
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inhibition failed to alter radiation sensitivity or radiation-induced apoptosis in either cell
line. In this regard, we demonstrate that crp53 cells have the capacity to undergo
nonprotective autophagy (in the case of radiation) and this response is “switched” to
protective autophagy in the case of cisplatin treatment. Taken together, these studies suggest
the existence of an autophagic switch, not only between different cell lines, but also
depending on the therapeutic agent utilized. Please also see the additional discussion relating
to the autophagic switch in section 4.3.

4.2 p53function, autophagy and drug sensitivity/resistance

Secondly, this work further interrogates, albeit indirectly, the relative contributions of p53
status and autophagy to sensitivity and resistance to chemotherapy. Tasdemir et al and
colleagues had reported that inhibition of cytoplasmic p53 led to autophagy in enucleated
cells and conversely that cytoplasmic p53 was able to repress the enhanced autophagy of p53
null cells, providing evidence of a relationship between p53 and autophagy (33). Topotecan,
a topoisomerase | inhibitor, induced cyfoprotective autophagy in p53wt colon cancer cells /in
vitroand /n vivo, but induced cytotoxic autophagy in p53 null colon cancer cells (34).
Tripathi et al. demonstrated that cisplatin induced protective autophagy in p53 knockdown
embryonal carcinoma cells, which would be consistent with the findings presented in this
work (35). However, Maycotte et al reported on nonprotective autophagy in p53 null 4T1
breast tumor cells exposed to cisplatin (36). These differential outcomes indicate that it
cannot be predicted, a priori, the nature that drug or radiation-induced autophagy will
exhibit, based solely on the status of p53 in the cells.

In the current work, cisplatin induced similar levels of autophagy in both p53 wt and
H460crp53 cells, indicating that the capacity to undergo cisplatin-induced autophagy is
essentially p53-/ndependent. However, as in many of the studies cited above, the nature of
the autophagy changed in association with the different p53 status of the two cell lines.
Inhibition of autophagy increased drug sensitivity and apoptosis in the H460crp53 cell to
similar extents as p53wt cells exposed to cisplatin. This critical observation from the current
work suggests that cells lacking functional p53 are capable of undergoing apoptosis to the
same degree as p53 wild type cells. As was shown in Figure 5, autophagy inhibition in
H460crp53 cells shifted the temporal response to cisplatin to be virtually identical to that in
the H460wt cells, suggesting that cytoprotective autophagy and not p53 function was largely
responsible for the reduced sensitivity to cisplatin of the crp53 cells.

4.3 The autophagic switch in cancer therapy

The last and closely linked question relates to the involvement of what we have termed the
“autophagic switch”. In previous work we demonstrated an alteration in autophagy function
from the cytoprotective form in response to radiation (in p53 wt cells) to either cytotoxic
autophagy in p53wt breast tumor cells or cytostatic autophagy in non-small cell lung cancer
cells upon the combination of radiation with vitamin D or vitamin D analogs (19,37). The
change in radiation-induced autophagy from the cytoprotective to the nonprotective form
was further observed in breast, head and neck, and NSCLC cell lines provides additional
evidence of the autophagic switch (20). Moreover, utilizing a doxycycline-inducible p53
expression model of H1299 NSCLC cells (4053 null), demonstrated that parental p53 null
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cells exhibited nonprotective autophagy in response to radiation, yet when p53 expression
was induced, autophagic function was switched to protective (20). The current work
demonstrates cisplatin-induced autophagy switches from the nonprotective form in wt p53
H460 cells to the cytoprotective form in the H460crp53 cells, suggesting p53 status does not
obligate autophagy to a particular function.

Further juxtaposition of these data sets suggest that the functional form of autophagy elicited
is in part individualized to the cell line and therapeutic modality utilized. The /in vitroand in
vivo study relating to topotecan-induced autophagy in p53 wt and p53 knockout colon
cancer cells by Li also supports the premise that autophagy can switch from the
cytoprotective to the nonprotective function (34). Moreover, the “autophagic switch” is not
limited to p53 function as Shen and colleagues found that gemcitabine-induced autophagy
switches from the cytoprotective form in ER— BCap37 breast cancer cell lines to the
cytotoxic form in ER+ BCap37 cell lines (18). In these studies, Shen et al demonstrate that
genetic silencing and pharmacological inhibition of ERa resulted in an “autophagic switch”
from cytotoxic to cytoprotective autophagy. They provide evidence that the switch is
mediated through ER-mediated non-canonical autophagy (38). In an osteosarcoma model,
drug-resistant cells exhibited cytoprotective autophagy, with greater reliance on autophagy
for metabolic maintenance, whereas, drug-sensitive cells exhibited cytotoxic autophagy in
response to camptothecin (39). While the current studies provide an additional model of the
“autophagic switch” in cancer therapy using a set of isogenic cell lines, the mechanistic
basis for the autophagic switch, remains to be determined.

4.4 Conclusions

Taken together, these studies provide proof of concept that cytoprotective autophagy can
confer intrinsic resistance to chemotherapy, based on a comparison of cisplatin sensitivity in
two isogenic cell lines where autophagy demonstrated, respectively, cytoprotective and
nonprotective functions. However, it is necessary to recognize that autophagy induced by
chemotherapy or radiation may not always be cytoprotective in the clinic and the therapeutic
benefit of autophagy inhibition may only be successful in scenarios where the autophagy is
cytoprotective. Furthermore, it cannot be predicted whether therapy-induced autophagy will
be protective or nonprotective based on functional p53 status. If autophagy inhibition is to be
incorporated into therapeutic intervention, it will likely be necessary to identify the
functional form(s) of autophagy for each therapeutic intervention in a particular patient (i.e.
personalized medicine), reiterating the importance of screening prior to the inclusion of
autophagic inhibitors to clinical regimens (40).
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Figure 1. Cisplatin sensitivity in H460wt cells and H460crp53 cells.
A. p53 knockout. Western blot indicative of p53 status of the H460 cells. The bar graph in

each panel indicates the relative band intensity generated from densitometric scans of three
independent experiments in arbitrary densitometric units. Cells were treated with cisplatin at
the indicated doses for 24 h (day 0), after which cells were washed and incubated in fresh
medium (n=3). B. Clonogenic survival assay. After exposure to cisplatin, cells were
incubated in fresh medium for 11 days. Representative images of colony formation assay are
presented and quantification of colonies are expressed as relative percentage compared to
controls. C. MTT assay. After exposure to cisplatin, cells were incubated in fresh medium
for 3 days. Results are expressed as relative percentage compared to controls (n=3). D. Cell
viability. Cells were treated with cisplatin (10 uM) for 24 h, washed free of drug, incubated
with fresh medium and stained with trypan blue (n=3). E. Apoptosis Dose Response. Cells
were treated with cisplatin at the indicated doses for 24 h and apoptosis was assessed by
Annexin V-FITC staining. Apoptosis was measured 24 h after cisplatin removal (n=3). F-G.
DNA Damage. Temporal assessment of DNA damage in response to cisplatin. Extent of
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DNA damage was measured utilizing flow cytometry to quantify yH2AX staining in cells
treated with cisplatin (10 uM). (F) Representative images of flow cytometry data and (G)
quantification of fluorescence was graphed (n=3). Unless stated, otherwise data were from
three independent experiments, *p < 0.05, cisplatin treated group vs untreated control group
in each cell line.
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Figure 2. Cisplatin induces autophagy in H460wt cells and H460crp53 cells.
Cells were treated with cisplatin at the indicated doses for 24 h (day 0), after which cells

were washed and incubated in fresh medium. A. Acridine orange staining was performed
after exposure to 10 uM cisplatin. Cells were treated with cisplatin for 24 h (day 0) and
stained 48 h post-drug removal (day 3, n=3). B. Quantification of acridine orange
staining. Autophagy induction was quantified by flow cytometry in response to increasing
concentration of cisplatin 2 days after drug exposure (n=3). C. Western blotting. Levels of
p62 were determined by western blotting at the indicated times after 10 UM cisplatin
exposure for 24 h (D0). Lysates were collected on indicated days. One of three
representative experiments is shown (n=3). D. Western blot Densitometry. The bar graph in
each panel indicates the relative band intensity generated from densitometric scans of two
independent experiments in arbitrary densitometric units (n=3). E. Co-localization of LC3
and LAMP. Fluorescence microscopy showing LC3 and LAMP2 co-localization in
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response to 10 uM cisplatin exposure 2 days after cisplatin removal. (20X objective, n=2)
Unless stated, otherwise data were from three independent experiments, *p < 0.05, cisplatin
treated group vs untreated control group in each cell line.
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Figure 3. Influence of pharmacologic autophagy inhibitors on cisplatin sensitivity in H460wt
cells and H460crp53 cells.

A. Inhibition of autophagy by CQ and 3-MA.. Fluorescence microscopy showing
increased LC3 puncta following CQ (10 pM) co-treatment with 10 pM cisplatin, and
decreased LC3 puncta following 3-MA (1 mM) co-treatment with 10 pM cisplatin. Cells
were pretreated with CQ (10 uM) and 3-MA (1 mM) followed by an additional 24 h with
cisplatin. Images were taken 48 h after cisplatin removal. Nuclei were stained with Hoechst
33342 and vacuoles with LC3 antibody (20x objective, n=2). B. Inhibition of autophagy by
CQ. Cells were pretreated with CQ (10 uM) followed by an additional 24 h with cisplatin.
Acridine orange staining and imaging was performed taken 48 h after 10 pM cisplatin
removal (20x objective, n=3). C. Inhibition of autophagy by CQ and 3-MA. Western blot
showing autophagy blockade by CQ (10 pM) and 3-MA (1 mM) based on levels of p62/
SQSTML1 (n=3). The bar graph in each panel indicates the relative band intensity generated
from densitometric scans of two independent experiments in arbitrary densitometric units. D
and E. Influence of autophagy inhibition on cisplatin sensitivity. Viability of H460wt
cells and H460crp53 cells was monitored based on trypan blue exclusion at indicated days
following 10 UM cisplatin exposure in combination with CQ (10 uM) or 3-MA (1 mM)
(n=3). F-1. Influence of autophagy inhibition on cisplatin induced apoptosis. Annexin V-
P1 staining showing influence of CQ (10 uM) and 3-MA (1 mM) on apoptosis of H460 cells
exposed to cisplatin (10 uM). Cells were pretreated with CQ or 3-MA for 3 h followed by
co-treatment with cisplatin for 24 h. Apoptosis was measured 24 h after cisplatin removal.
(E and G) Representative images of flow cytometry data and (F and H) quantification of
fluorescence was graphed (n=3). Unless stated otherwise, data were from three independent
experiments, *p<0.05, cisplatin versus cisplatin + CQ (3-MA).
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Figure 4. Influence of genetic autophagy inhibition on cisplatin sensitivity in H460wt cells and
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H460crp53 cells.

A. Western blot showing the silencing of Atg5 in H460wt cells and H460crp53 cells. B and
C. Autophagy inhibition by Atg5 silencing. The bar graph in each panel indicates the
relative band intensity generated from densitometric scans of three independent experiments
in arbitrary densitometric units (n=3). B. Fluorescence microscopy showing decreased LC3
puncta following treatment with 10 uM cisplatin in shAtg5 H460 cells. Images were taken
48 h after cisplatin removal. Nuclei were stained with Hoechst 33324 (20x objective, n=2).
C. Western blot showing autophagy blockade by Atg5 knockdown based on levels of p62/
SQSTML. Proteins were collected 48 h after cisplatin removal (n=2). The bar graph in each
panel indicates the relative band intensity generated from densitometric scans of two
independent experiments in arbitrary densitometric units. D. Influence of autophagy
inhibition on cisplatin sensitivity. Viability of H460wt cells and H460crp53 cells was
monitored based on trypan blue exclusion at indicated days following cisplatin exposure in
ShATG5 in H460wt cells and H460crp53 cells (n=3). E-F. Influence of autophagy
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inhibition on cisplatin induced apoptosis. Annexin V-PI staining showing apoptosis in
H460 cells exposed to cisplatin (10 uM) with and without ATGS5 silencing. Apoptosis was
measured 24 h after cisplatin removal. (E) Representative images of flow cytometry data and
(F) quantification of fluorescence was graphed (n=3). Unless stated otherwise, data were
from three independent experiments, *p < 0.05, shControl + cisplatin versus shAtg5 +
cisplatin, #p < 0.05, shControl versus shAtg5.
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Figure 5. Inhibition of cytoprotective autophagy shifts the temporal response to cisplatin in the

H460crp53 cells.

A-C. Influence of autophagy inhibition on cisplatin sensitivity in p53 wt and p53 KO
cells. Cell viability data from figure 3D and 3E were overlaid to compare the functional role
of autophagy in H460crp53 and H460wt cells using the pharmacological inhibitors, CQ (A)
and 3MA (B). C. Cell viability data from figure 4D were overlaid to compare the functional
role of autophagy on cisplatin sensitivity via genetic silencing of ATG5. p < 0.05: wtp53
shControl + cis vs crp53 shATG5 +cis. ns: wtp53 + cis vs crp53 + cis +CQ (or + 3-MA or

ShATG5)
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