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KRAS, Kirsten rat sarcoma viral oncogene homolog; KRAS%'?Y, KRAS containing the valine 12 oncogenic mutation;
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dehydrogenase; M TS, (3-(4,5-dimethylthiazol-2-yl)-5- (3-carboxymethoxyphenyl)-2- (4-sulfophenyl) -2H-tetrazolium);
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Chloroquine (CQ) is an antimalarial drug and late-stage inhibitor of autophagy currently FDA-approved for use in the
treatment of rheumatoid arthritis and other autoimmune diseases. Based primarily on its ability to inhibit autophagy, CQ
and its derivative, hydroxychloroquine, are currently being investigated as primary or adjuvant therapy in multiple clini-
cal trials for cancer treatment. Oncogenic RAS has previously been shown to regulate autophagic flux, and cancers with
high incidence of RAS mutations, such as pancreatic cancer, have been described in the literature as being particularly
susceptible to CQ treatment, leading to the hypothesis that oncogenic RAS makes cancer cells dependent on autophagy.
This autophagy “addiction” suggests that the mutation status of RAS in tumors could identify patients who would be
more likely to benefit from CQ therapy. Here we show that RAS mutation status itself is unlikely to be beneficial in such a
patient selection because oncogenic RAS does not always promote autophagy addiction. Moreover, oncogenic RAS can
have opposite effects on both autophagic flux and CQ sensitivity in different cells. Finally, for any given cell type, the posi-
tive or negative effect of oncogenic RAS on autophagy does not necessarily predict whether RAS will promote or inhibit
CQ-mediated toxicity. Thus, although our results confirm that different tumor cell lines display marked differences in how
they respond to autophagy inhibition, these differences can occur irrespective of RAS mutation status and, in different
contexts, can either promote or reduce chloroquine sensitivity of tumor cells.

Introduction

Autophagy is an evolutionarily conserved process in which
cells recycle macromolecules and organelles by targeting them for
lysosomal degradation, thereby allowing components to be used
in metabolic and catabolic processes.! Autophagy is controlled by
more than 30 autophagy-related (A7G) genes mostly discovered
in yeast and conserved in eukaryotic cells.” Proteins encoded by
these genes direct the nucleation of a small membrane structure
called the phagophore, which is elongated by other ATG proteins
form a double-membrane vacuole called the autophagosome that
encloses organelles, proteins, and cytoplasm. Autophagosomes

*Correspondence to: Michael Morgan; Email: michael.morgan@ucdenver.edu

fuse with lysosomes to form autolysosomes, where the contents
are degraded for recycling. Autophagy suppresses anoikis
(detachment-induced death)? and promotes cell survival during
nutrient starvation by providing amino acids, fatty acids, and
ATP for cell function.*> It also promotes resistance to oxidative
stress by eliminating oxidized, misfolded, or aggregated proteins,
and damaged organelles."® Additionally autophagy plays a role
12 and differentiation," as
we have recently shown in macrophages.'?

Chloroquine (CQ) is an FDA-approved antimalarial drug,

with an established history of generally well-tolerated clinical
13

in antigen presentation,”” development,

use,”” and has been used to treat rheumatoid arthritis and
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other autoimmune diseases due to its mild immunosuppressive
roperties.™ CQ is a with  hydrophobic
Y

characteristics that diffuses into the lysosomes of cells, where

weak base

it becomes protonated and trapped, thus leading to a rise in
lysosomal pH. These CQ-loaded lysosomes can no longer fuse
with autophagosomes, thus blocking autophagy at a late stage.”
Although CQ and its derivative, hydroxychloroquine (HCQ),'
likely have other actions,”® they are currently the only drugs
specifically used to inhibit autophagy that are approved for use
in human patients.

The effect of the RAS pathway on autophagy has been
controversial. Expression of oncogenic RAS has been reported
to both induce and repress autophagy. However, pancreatic
and other cancers with RAS mutations have been described
in the literature as being particularly susceptible to autophagy
inhibition and CQ treatment."”""” This has led to the hypothesis
that RAS leads cancer cells to become “addicted” to autophagy,”
and therefore blocking autophagy provides an opportunity for
pharmacologic intervention in cancer treatment.'”?* Although
autophagy is absolutely critical for the progression of RAS-

2122 it is not clear as to

driven tumors to high-grade cancers,
whether this requirement for autophagy is maintained once
tumor progression has already occurred and the tumor has
grown to an appreciable size, such as would be the case in patients
receiving therapy. This is important because CQ and HCQ are
currently being investigated as primary or adjuvant therapies in
more than 30 clinical trials for the treatment of cancer,’?* based
on the premise that their anticancer properties are the result of
their inhibition of autophagy.”!¢42¢
been proposed based on the success of inhibiting cancer cell

Many current trials have

growth in vitro and in mouse models, but they do not involve
any selection to identify patients whose tumors are most likely
to respond to autophagy inhibition by CQ. If the RAS-driven
autophagy-addiction hypothesis is correct, the RAS status
of human tumors could potentially provide one such patient
selection criteria.

In this study, we sought to determine if an oncogenic RAS
mutation necessarily confers autophagy addiction as measured by
cancer cell sensitivity to CQ. We found that oncogenic mutation
in RAS does not correlate with autophagy addiction or CQ
sensitivity. Indeed in different tumor cells, oncogenic RAS may
have opposite effects on autophagic flux and the effect of RAS
mutation on increasing or decreasing autophagy in a given cell
type does not determine whether that cell type will be more or
less sensitive to CQ.

Results

RAS has little or no effect on CQ sensitivity in autophagy-
deficient DU145 cells

Expression of oncogenic RAS has been proposed to lead to
autophagy dependence in cancer cells. We sought to test whether
this paradigm is broadly true, because if correct, it may potentially
be clinically useful to predict therapeutic outcome. We therefore
wanted to examine the affect of RAS in a wide variety of cell
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lines and contexts. Since CQ and its derivative, HCQ, are the
only drugs currently used to deliberately inhibit autophagy in
patients, we used cellular sensitivity to CQ as a measurement of
autophagy dependence.

RAS not only affects autophagy, but can also influence other
survival and death pathways. If RAS affects CQ sensitivity or
resistance through its modulation of autophagy, we would expect
that RAS would not influence CQ-dependent effects in cells that
are genetically autophagy-deficient. We therefore chose to first
examine the effect of RAS on CQ sensitivity in previously made
DU145 prostate cancer cell lines where the stable expression of
HRAS®'?Y confers metastatic ability in previously nonmetastatic
cells.?” Importantly, DUI145 cells have been reported to be
deficient in autophagy due to their lack of full-length ATG5
mRNA transcripts.”® Consistent with this report, we observed
lictle or no LC3-II formation in these cells (Fig. S1A). CQ
was not toxic in DU145 cells as measured by MTS and lactate
dehydrogenase (LDH) assays, but did have an effect on the cell
growth of DU145 as measured by clonogenic assays (Fig. SIB—
S1D). However, the expression of oncogenic RAS neither
potentiated CQ toxicity nor influenced the CQ-mediated effect
on cell growth in these cells. This suggests that oncogenic RAS
could not promote CQ toxicity in this autophagy-deficient
tumor cell type and that expression of HRAS%'? had no effect
on the ability of CQ to inhibit cell growth in these cells. Since
these particular RAS-transformed cells were apparently not
dependent on autophagy, this result also suggested that further
investigation into the notion that oncogenic RAS necessarily
promotes CQ-mediated toxicity was warranted.

Oncogenic RAS does not correlate with autophagy addiction
in lung cancer cells

Therapeutically, if screening for oncogenic RAS mutations
were to have a predictive value on which patients would
be successfully treated with CQ, it would likely be most
successful in cancers that are heterogeneous for RAS mutations.
Furthermore, in order for such patient selection criteria to be of
use for CQ-mediated therapy, RAS mutation status should largely
correlate with CQ-mediated growth suppression and toxicity in
such cancers. Consequently, we next examined CQ sensitivity in
cells derived from non-small cell lung cancer (NSCLC) tumors,
where approximately one-third of tumors display oncogenic
mutations in KRAS. Initially, 3 NSCLC cell lines with oncogenic
KRAS mutations (H358, G12C; A549, G12S; H2009, G12A)
were compared with 3 NSCLC cell lines with wild-type KRAS
(H322C, HCC4006 and Calu3). After treatment of the cells for
48 h or 72 h over a large concentration range of CQ in the normal
growth media that was typically used to passage these cells, we
performed MTS viability assays to measure overall viability and
growth effects (Fig. 1A; Fig. S2A). Long-term clonogenic assays
were used to measure the ability of the cells to grow back after this
same treatment (Fig. 1B), while LDH release was used to measure
acute cytotoxicity (Fig. 1C). Of the 6 cell lines tested, only Calu3
cells were susceptible to acute toxicity from CQ in the 30- to
50 wM range (Fig. 1A-C). Though all of the cell types showed
at least some growth inhibition in response to CQ exposure
(Fig. 1A), Calu3 cells also showed the greatest response to CQ
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To examine the effect of RAS in
Figure 1. RAS status does not correlate sensitivity to autophagy inhibition in NSCLC lung cell lines. specific .cell hfles’ we ne.xt expressed
(A-C) H322C, HCC4006, and Calu3 (wt RAS, indicated by filled symbols) and H358, A549,and H2009 |  oncogenic RAS in NSCLC lines that have
(oncogenic KRAS mutant, indicated by unfilled symbols) NSCLC cancer cell lines were treated with |~ wild-type RAS, and conversely knocked
varying doses of CQ and assayed by (A) MTS viability assay (72 h), (B) clonogenic growth assay as down RAS in NSCLC lines that have
measured b){ crystal violet staining severa_l days after removing CQ (72 h treatment) and adding endogenous oncogenic RAS mutations.
growth media or (C) LDH release cytotoxicity assay (48 h). Ectopic expression of oncogenic RAS did

in the clonogenic assays followed by the H322C, HCC4006, and
H2009 lines, with the A549 and H358 being the least sensitive
(Fig. 1B), mirroring the data seen in the MTS assay. Surprisingly,
cells with mutations in RAS were not more sensitive to autophagy
inhibition with CQ, since the 2 most sensitive cell lines had wild-
type RAS alleles, with 2 mutant cell lines being the least sensitive.
RAS status (Fig. S2B) therefore showed no direct correlation with
autophagy dependence in these assays. The amount of autophagic
flux in the cell lines as measured by LC3-II accumulation in the
presence of CQ did not obviously correlate with CQ toxicity
(Fig. S2C). When the activity of RAS was measured in these
cells using ELISA (data not shown), RAS activity also failed to
correlate with increased CQ sensitivity, since the 2 cell lines with
highest RAS activity, H2009 and H358, had an intermediate and
resistant phenotype, respectively.

1816

Autophagy

not sensitize Calu3 or HCC 4006 cells to
CQ toxicity, but rather made these cells more resistant to CQ
(Fig. S3E and S3F). Similarly, expressing KRAS%'? in H322C
cells made these cells somewhat more resistant to CQ and BafA,
(Fig. S4A). Knocking down KRAS in H2009 cells that were
highly resistant to CQ or BafA, had little effect on the toxicity
of these agents in these cells (Fig. S4B). In H358 cells, KRAS
knockdown made these cells slightly more sensitive to CQ and
BafA (Fig. $4C), while A549 cells became less sensitive to CQ
and BafA, when KRAS was knocked down (Fig. S4D). These
data confirm that RAS can indeed contribute CQ and BafA,
toxicity in some cell lines, however oncogenic RAS does not
always confer sensitivity to agents that inhibit autophagy. Thus,
oncogenic RAS is not sufficient on its own to confer autophagy
addiction in NSCLC cell lines and in some cell lines may actually
confer CQ resistance rather than sensitivity.
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TP53 contribution to CQ-mediated toxicity and growth
inhibition in mutant RAS cells varies depending on the tumor
cell line

The previous data suggests that oncogenic RAS may not be
sufficient on its own to confer autophagy addiction and CQ
sensitivity in the lung cell lines. RAS may therefore mediate
autophagy addiction in combination with other factors. In the
case of KRAS-driven tumors, tumor progression to high-grade
cancer requires autophagy.** However, when 7P53 (77p53 in
murine models) is deleted in such tumors, this requirement could
change. A recent report suggests that when 7753 is deleted, the
requirement for autophagy is somewhat reduced, but TP53-
independent mechanisms may eventually cause growth arrest.?!
A second report suggests that in the absence of TP53, autophagy
is no longer required, and the absence of autophagy may actually
accelerate tumor growth and progression.? To test if elimination
of TP53 affects CQ-mediated growth arrest and toxicity in
oncogenic KRAS mutant cell lines, we examined CQ-mediated
effects in HCT116 cells in which 7753 has been deleted by
homologous recombination.”” Treatment of 77537/~ cells with
CQ caused a reduction in growth as well as cell death; however,
both of these effects were reduced when compared with the effect
of CQ on the wild-type HCT116 cell line (Fig. S5A-S5C).
We did not observe substantive differences in the amount of
autophagy between the wild-type or 7537~ cell lines (Fig. S5D).
The difference in reduction of viable cells upon CQ treatment
was similar to the differences seen when treating the same cell
lines with the DNA damage-inducing damage drug doxorubicin
(Fig. S5E). Although we did not observe a perfect correlation
between TP53 status and CQ/ BafA -mediated effects in the
RAS mutant NSCLC lines, the most sensitive of these lines,
A549, has wild-type TP53.

To further investigate whether TP53 coupled with RAS
status could predict whether tumor cell lines would be sensitive
to autophagy inhibition, we expanded our cell line analysis to
15 additional NSCLC lines, 8 of which possess oncogenic RAS
mutations (one of these cell lines, H1299, has a mutation in
N-RAS, the remainder have activating mutations in KRAS).
Upon treatment of these cell lines with CQ, we observed that
somewhat more of the wild-type RAS cell lines were sensitive to
CQ compared with those possessing oncogenic RAS mutations
(Fig. 2A and B). This was true whether observing cell growth
(MTS, Fig. 2A) or cytotoxicity (LDH, Fig. 2B). A similar
amount of wild-type RAS cell lines were also sensitive to BafA,
compared with RAS mutant cells (Fig. 2C and D), though at
very high concentrations of BafA (> 5 nM) almost all cell lines
had some sensitivity, with the exception of 2 mutant RAS cell
lines (Fig. S6A and S6B). This confirms that oncogenic RAS
status does not generally make cells particularly sensitive to these
autophagy inhibitors. Additionally, we found no correlation
between TP53 status and sensitivity to either CQ or BafA in
the mutant RAS cell lines (Fig. S6C). In fact, the cell line with
oncogenic RAS that was most sensitive to both inhibitors was the
cell line, HCC44, which has a TP53 mutation(s).

Thus, these data suggest that while oncogenic RAS and wild-
type TP53 are capable of contributing to autophagy dependence
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(and resultant CQ and BafA, sensitivity) in some contexts, they
are not sufficient to always do so. Additionally the sensitivity of
a majority of NCSLC cell lines to autophagy inhibitors is not
wholly dependent on these factors.

RAS protects against autophagy inhibition by CQ in HOSE
cells

Our previous data in the NSCLC cell lines dealt primarily
with oncogenic KRAS. Although HRAS activates similar
pathways as KRAS, they are not equivalent and have different
localization within the cell and traffic differently.*” To examine
the effect of HRAS activity on CQ sensitivity, we chose a system
where HRAS is specifically known to have effects on autophagy.
Therefore, we used a tetracycline-inducible HRAS'® human
ovarian surface epithelial (HOSE) cell line. Recent data indicates
that doxycycline-dependent induction of oncogenic RAS in
these cells leads to increased autophagy, which over a several-
week time course results in an autophagy-dependent death.®
Consistent with what was previously reported, we observed that
autophagic flux increased over the first 3 to 8 d after doxycycline
induction of HRAS®?Y as measured by LC3-II formation in
the presence of CQ or BafA (Fig. 3A; Fig. S7A). Increased
autophagy upon RAS expression was confirmed by quantitation
of LC3 puncta (Fig. 3B). Additionally, when these cells were
infected with a tandem mCherry-GFP-LC3 construct, they had
a greater red/green ratio 3 to 6 d after RAS induction, indicating
a higher autophagic flux, while in control cells treated with CQ
treatment overnight the red/green ratio decreased (Fig. 3C).
After about 2 to 3 wk, some RAS-expressing cells had distinct
morphological changes, some grew more slowly, and some
cells began to die (Fig. S7B—S7D, data not shown). Although
ATG7-knockdown HOSE cells grew slower compared with
the nonsilencing control cells, they were protected from long-
term RAS“?-induced cell death (Fig. S7E), consistent with
the effect observed by Elgendy et al. However, late autophagy
inhibition using CQ did not protect cells from cell death, as CQ
caused death by itself in these cells, even in the absence of RAS
induction (data not shown).

Since RAS“?Y-induced toxicity was only achieved by long-
term RAS%'? induction, we examined whether RAS%?Y affected
CQ toxicity in short-term treated cells where RAS“'*V-induction
had effects on autophagy, but where toxicity had not yet occurred.
Correspondingly, we treated cells for 5 d with doxycycline,
and then with CQ for 48 h. Short-term HRAS%'?Y induction
protected the HOSE cells from the higher concentrations of
CQ that fully suppress autophagy (Fig. 3D and F). Expression
of oncogenic KRAS®?Y similarly protected (Fig. S7F). These
data confirm that HRAS activity leads to increased autophagy
in these cells, but does not itself confer autophagy dependence or
CQ sensitization in this context, and oncogenic HRAS actually
has a protective effect from autophagy inhibition by CQ.

RAS has opposite effects on autophagy and CQ sensitivity
in genetically defined isogenic cells

Cancer cells have many genetic aberrations and thus divergent
results obtained in the previous experiments could have been
influenced by secondary effects unrelated to RAS signaling itself.
We therefore sought to examine the effect of RAS expression
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Figure 2. Neither RAS status nor TP53 status correlates with sensitivity to autophagy inhibition in NSCLC lung cell lines. (A-D) Multiple NSCLC cancer cell
lines with wild-type or oncogenic RAS status as designated were treated with the indicated doses of (A and B) CQ or (C and D) BafA1 and then assayed
by (A and C) MTS viability assay (72 h) or (B and D) LDH release cytotoxicity assay (72 h). *H1299 has an oncogenic mutation in NRAS instead of KRAS.
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Figure 3. Acute RAS expression activates autophagy and promotes resistance to CQ in a human ovarian surface epithelial (HOSE) cell line.
(A) HOSE cells with a tetracycline-inducible HRASS' transgene (HOSE-HRAS®'™?Y) were left untreated or were treated with doxycycline (100 ng/mL) for8d.
CQ (30 M) was added for increasing lengths of time and then cells were lysed and immunoblotted for RAS, LC3 and ACTB to measure basal autophagy.
(B) GFP-tagged LC3-expressing HOSE-HRASS'? cells that were treated or untreated with doxycyline for 6 d to induce RAS expression were analyzed for
puncta formation using fluorescence microscopy. (C) HOSE-HRAS®™' cells infected with tandem mCherry/GFP-LC3 retrovirus were left untreated or were
treated with doxycycline (100 ng/mL) for 3 or 6 d and analyzed by flow cytometry. Some cells were treated with CQ (30 M) overnight as a control for
no flux. A rightward shift in the peak indicates increasing mCherry/GFP fluorescence ratio and thus an increase in autophagic flux. (C-F) HOSE-HRAS®™
cells were left untreated or were treated with doxycycline (100 ng/mL) for 5 to 7 d. Cells were then replated and treated with doses of CQ with or without
further doxycycline treatment (100 ng/mL) and cell viability and toxicity was measured by (C) MTS viability assay, (D) LDH release or (C) viability using
propidium iodide exclusion as counted under a fluorescence microscope. **P < 0.01, *P < 0.05

in cells that were immortalized in a defined manner and then
transformed specifically by RAS expression. To do this we
compared immortalized human skeletal muscle myoblasts
(HSMM) and human embryonic kidney cells (HEK) with
isogenic derivatives that differ only in the stable integration of
HRAS®!2V.323 Additionally, both sets of cells inactivate TP53
by the same mechanism (expression of SV40 large T-antigen)
ensuring that TP53 should not be a factor in any differences

www.landesbioscience.com

Autophagy

in sensitivity to autophagy inhibition. Surprisingly, oncogenic
HRASS"?Y expression sensitized HSMM cells to CQ (Fig. 4A)
as measured by MTS assay, but protected HEK cells from CQ
sensitivity (Fig. 4B). Clonogenic assays also reflected RAS%?V-
induced sensitization of HSMM and a RAS®“?-mediated
protective effect in HEK cells (Fig. 4C and D). CQ caused direct
cytotoxicity in these cell lines as shown by both LDH release
(Fig. 4E and F) and propidium iodide uptake (Fig. 4G and H).
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Similar results were seen in oncogenic KRAS%'?-expressing cells

(Fig. S8A and S8B). When basal autophagic flux was examined
in HSMM and HEK cells, RAS%?" induced autophagic flux in
HSMM cells (Fig. 5A), but repressed flux in HEK cells (Fig. 5B),
as measured by time dependent increases in LC3-I1 in the presence
of autophagy inhibition using western blots. These differences in
autophagic flux were confirmed by analyzing puncta formation
(Fig. 5Cand D). HRAS®'#V also had similar effects on stimulated
autophagy by trehalose or Earle’s balanced salt solution (EBSS) in
these 2 cell lines in that RAS'? potentiated LC3-II formation
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Figure 4. RAS has opposite
effects on CQ sensitivity in
genetically defined immortal-
ized human skeletal muscle
myoblasts (HSMM) and human
embryonic kidney cells (HEK).
(A-H) Immortalized HSMM (A,
C, E, and G) or HEK cells (B, D,
F, and H) with or without stable
expression of HRAS®'? were
treated with CQ for 48 h and
assayed by (A and B) MTS viabil-
ity assay, (C and D) clonogenic
growth assay as measured by
crystal violet staining several
days after removing the CQ and
adding growth media, (E and F)
LDH release cytotoxicity assay,
or (G and H) propidium iodide
exclusion as counted under a
fluorescence microscope. **P <
0.01, *P < 0.05, *P < 0.08

in HSMM cells, but repressed
LC3-II formation in HEK
cells (Fig. S8C and S8D).

To confirm that the
repressive effect of RAS on
autophagy in the HEK cells
was not an artifact of long-
term selection of the cells,
we created new HRASS!ZV-
expressing HEK- cells by
acutely expressing HRAS®!2Y
in immortalized HEK cells
that already stably expressed
Tandem mCherry-GFP LC3.
Unlike in the HOSE cells
(Fig. 3C) where HRAS%'?
induced autophagic flux, a
mCherry/GFP
the

decreased
fluorescence ratio in
HRASS'*-expressing cells
compared with the
empty vector control cells
indicated  that
HRAS reduced autophagic
flux in the HEK cells
(Fig. 6A). This

when

oncogenic

decrease

in autophagic flux in the new HRAS HEK cells was further
verified using western blotting of LC3 (Fig. 6B). In these same
cells, HRAS®'?V substantially decreased CQ toxicity as shown
by MTS and LDH assays (Fig. 6C and D). Thus, oncogenic
HRAS, similar to oncogenic KRAS, can differentially potentiate
or inhibit CQ-induced toxicity, depending on the cell type, and
HRAS can inhibit or repress autophagy in different cell types.

One cannot predict whether RAS will potentiate or inhibit
CQ sensitivity in a given cell type based solely on whether RAS
inhibits or stimulates autophagy in that cell line
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kidney cells (HEK). (A and B) Immortalized HSMM (A) or HEK cells (B) with or without stable expression of HRAS®'? were treated with CQ (30 wM) for the
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phagic flux compared with the empty vector control cells. (B) Cells from (A) were treated with CQ (30 M) for the indicated time points and then cells
were lysed and immunoblotted for LC3 and (C and D) Cells from (A) were treated with CQ for 48 h and assayed by (C) MTS viability assay and (D) LDH
release. **P < 0.01, *P < 0.05

www.landesbioscience.com Autophagy 1821



—— NS shRNA
—&— PIK3C3 shRNA
—o— BECN1 shRNA
o ATG5 shRNA
ATG7 shRNA

-
(=3
=)

Pvert

=y
i

% Viability (MTS)
3
o

0
101
0
0
0
0
60-

Chloroquine (nM)

—— NS shRNA
—e— PIK3C3 shRNA
—o— BECN1 shRNA
o= ATG5 shRNA

HOSE
100

® ATG7 shRNA

% Death (LDH)
3
o

Chloroquine (uM)

HSMM —*— NS shRNA

o ATG7 shRNA
—o— PIK3C3 shRNA

-

o

o
Y

-
o

% Viability (MTS)
a
o

0 r T T

Chloroquine (uM)

—%— NS shRNA
---o-=- ATG7 shRNA
—*— PIK3C3 shRNA

% Cell Death (LDH)
[3,]
o

E HEK —»— NS shRNA

il —e— ATG5shRNA
E e —o— ATG7 shRNA
£
- = BECN1ShRNA
% e 3 o~ PIK3C3 shRNA
g 2 ;
X o0 ; , . .

g & 8 3

Chloroquine (nM)

F s  HEK

-
(=3
o

—*— NS shRNA
¢ ATG5shRNA
—o— ATG7 shRNA
= BECN1shRNA
—e— PIK3C3 shRNA

~
L3

N
o

% Cell Death (LDH)
[43)]
o

o

0

T T T 1
o (=] o (=]
- N (] <

Chloroquine (uM)

G

Cell line

Effect of Genetic Inhibition of
Autophagy on CQ toxicity

Effect of RAS on
Autophagy in cell line

Predicted Effect of
RAS on CQ Toxicity

Actual Effect of
RAS on CQ Toxicity

HOSE

Reduces CQ-mediated toxicity

increases autophagy

potentiates toxicity

inhibits toxicity

HSMM

Potentiates CQ-mediated toxicity

Increases autophagy

inhibits toxicity

potentiates toxicity

HEK

Potentiates CQ-mediated toxicity

Inhibits autophagy

potentiates toxicity

inhibits toxicity

Figure 7. Genetic inhibition of autophagosome formation can potentiate or inhibit CQ- induced toxicity. HOSE (A and B), Inmortalized HSMM (C and D)
or HEK (E and F) cells were infected with shRNAs targeting PIK3C3, BECN1, ATG5, or ATG7, or a nonsilencing (NS) shRNA control, as indicated. These cells
were treated with CQ for 48 h and assayed by MTS viability assay (left panels: A, C, and E) or LDH release cytotoxicity assay (right panels: B, D, and F).
(G) Summary of the effects of RAS on autophagy and CQ toxicity are compared with the effect on CQ toxicity after inhibiting autophagosome forma-
tion using genetic means. RAS has different effects on autophagic flux and on CQ-sensitivity, but the direction of effect of RAS on autophagy does not
predict whether RAS will potentiate or inhibit CQ toxicity. **P < 0.01, *P < 0.05, *P < 0.08, * for all knockdowns, P < 0.025 vs. nonsilencing control, ' for all

knockdowns except ATG5, P < 0.01 vs. nonsilencing control.

CQ inhibits autophagy, but it is a late stage inhibitor of the
autophagic process (it blocks fusion of the autophagosome with
the lysosome by altering the lysosomal pH) and is therefore
fundamentally different from genetically inhibiting autophagy
at the early stages by using ATG protein-targeted shRNAs that
prevent the formation of the autophagosome. Thus, CQ toxicity
could be the result of either inhibiting autophagy in cells that
require it for survival, or by blocking the autophagic process at
a late stage, leading to intermediates that are toxic to the cells.
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If CQ toxicity results from the first scenario, further reduction
of autophagy by genetically reducing autophagosome formation
should increase CQ toxicity. If CQ toxicity results from the
latter scenario, then inhibiting autophagosome formation
should inhibit CQ toxicity by reducing toxic intermediates. To
distinguish between these possibilities, we infected cell lines
displaying different RAS-mediated effects on CQ toxicity
(HOSE, HSMM, and HEK cells) with lentiviruses expressing
shRNAs that target mRNAs encoding PIK3C3/VPS34, BECNI,
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ATGS5, or ATG7 (Fig. S9A-S9C). Interestingly, genetically
inhibiting autophagosome formation slowed the growth of
HOSE cells, but protected them from CQ-toxicity especially at
higher concentrations (Fig. 7A and B). In contrast, genetically
inhibiting autophagosome formation sensitized the HSMM
and HEK cell lines to CQ, especially at lower concentrations
(Fig. 7C-F). These data suggest that CQ toxicity in HOSE cells
could be due to interrupted autophagy, while CQ toxicity in
HSMM and HEK cells likely occurs because these cell lines need
autophagy for survival. When considering the effect of genetic
reduction in autophagy has on CQ-mediated toxicity in each of
these cell lines in combination with the observed effect of RAS
on autophagy in each cell line, the expected effect of RAS on CQ
toxicity if it were solely acting on autophagy does not match the
observed effect of RAS on CQ-mediated toxicity in these cell
lines (summarized in Fig. 7G). Taken as a whole with the rest of
our data, these data indicate that not only can oncogenic RAS
have cell-type specific differential effects on autophagic flux and
on CQ-sensitivity but also that the effect of RAS on autophagy
is not correlated either positively or negatively with its effects on
CQ sensitivity.

Discussion

Previous studies have demonstrated conflicting results
concerning the effect of RAS on autophagy, with a few studies
suggesting that oncogenic RAS inhibits autophagy, while others
have claimed that oncogenic RAS induces, or supports the
induction of autophagy. Our work confirms that oncogenic RAS
can have both stimulating and repressive effects on autophagy,
and that these differing effects are tumor cell specific and context
dependent. The consequences of RAS activation on CQ sensitivity
also varied depending on the cell type, with some cell lines
being sensitized to CQ by oncogenic RAS and others becoming
more resistant. Thus, oncogenic RAS is not sufficient to confer
autophagy dependence or increased sensitivity of a cell to CQ.

A recent study published after we had originally submitted
this manuscript similarly suggests that oncogenic RAS-driven
autophagy dependence is context dependent, since in the absence
of TP53, autophagy is no longer required for RAS-mediated
tumor growth and progression, and the absence of autophagy may
actually accelerate these in RAS-driven tumors where TP53 has
been deleted.” In our experiments, TP53 status did not correlate
with CQ or BafA, sensitivity, however our in vitro experiments
also differ from the previously mentioned study in vivo in 2
important ways. First, they were observing effects in the context
of tumor formation and progression, while we observed effects on
cells that had already come from fully developed tumors. Second,
their data was based on TP53 deletion, while a majority of our
cell lines had mutant TP53, and since TP53 can have effects on
autophagy and other pathways in the cytoplasm®® that do not
depend on DNA binding,* it is possible that in some of our TP53
mutant cell lines important TP53 activities may be retained.

Our study shows that there are multiple ways in which
a tumor cell can respond to CQ treatment. Some cancer cells
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require autophagy for proper growth, and therefore CQ reduces
the number of actively proliferating cells but does not necessarily
kill them. In other cells, CQ treatment results in cytotoxicity
because the cell requires autophagy for cell survival. Additionally
some cancer cells appear to be dependent on autophagy in
terms of both growth and survival, and thus low levels of CQ
prevent cell growth, while higher levels of CQ are toxic. In
addition, chloroquine can be cytotoxic not because the cell
requires autophagy, but because the cell is sensitive to cytotoxic
intermediates created by late stage inhibition of autophagy. In this
case, greater autophagosome formation can lead to increased CQ
toxicity while reduced autophagosome formation can alleviate
CQ toxicity. Lastly, in some cells CQ has minimal effect on
either growth or cytotoxicity at concentrations that completely
inhibit autophagy, indicating that they have no substantial need
of the autophagic process for cell growth or viability. In some
cases, especially at high concentrations, CQ may also act through
mechanisms of action that are independent of autophagy. With
the exception of some our clonogenic assays (Fig. 4C and D), the
range of CQ concentrations that we have primarily observed effects
in our short-term experiments in this study are often substantially
higher than the maximal concentrations of CQ typically
achieved in the blood. (The maximal peak blood concentration
of CQ and its main metabolites observed in rheumatoid arthritis
patients in one study was just over 7 M, and the more typical
peak concentration of CQ in the blood ranges between 1 to
3 WM.?%) However, since chloroquine preferentially accumulates
over time in lysosomes, the maximal concentration of CQ in
tissues is much higher than this, and can approach 100 uM in
the liver, bone marrow, spleen, and leukocytes.?® Therefore, it is
not implausible that CQ could accumulate within tumors at the
doses used in these short-term experiments. Additionally, when
exposing some of our cells for long periods of CQ treatment
(> 7 d), we observed CQ effects on growth and toxicity for some
of our cell types at concentrations well below 5 uM (data not
shown), indicating that physiologically attainable concentrations
of CQ are sufficient to observe effects on growth and toxicity in
cancer cells.

In genetically defined transformed and immortalized isogenic
HSSM and HEK cells, the stable ectopic expression of HRAS%#Y
had opposing effects on autophagy. In HSMM cells, HRAS%'?Y
activated basal autophagic flux, while in the HEK cells,
HRAS®'?Y repressed basal autophagy. In both these cases, the
cells with higher basal levels of autophagy were more sensitive to
CQ consistent with autophagy intermediates being toxic to these
cells. However, further experimentation showed that this was not
the case since a reduction in autophagy in both cell types using
shRNA to genes required for autophagosome formation actually
sensitized to CQ-toxicity. Thus, RAS can positively or negatively
influence autophagy and also potentiate or inhibit CQ-toxicity in
different cells lines in a context dependent manner. In addition,
our data indicate that RAS can stimulate other survival pathways
that inhibit CQ-mediated toxicity that are independent from its
effect on autophagy. This means that even knowing if oncogenic
RAS inhibits or potentiates autophagy in a given tumor cell
would not necessarily allow one to predict how RAS status will
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affect CQ sensitivity in that cell. Therefore we suggest that the
RAS status alone even in combination with TP53 status, would
not provide a suitable selection basis for CQ-based cancer therapy
designed to inhibit autophagy and it will be necessary to identify
other biomarkers that more accurately predict tumor response
to autophagy inhibition to maximize the utility of autophagy
inhibition therapy with CQ or other agents in the clinic.

Materials and Methods

Cell culture

Unless otherwise noted, all cells were grown in DMEM
(Cellgro, 10-013-CV) supplemented with 10% fetal bovine
serum (Sigma, F6178), 2 mM glutamine, 100 U/mL penicillin,
and 100 pg/mL streptomycin (Cellgro, 30-002-Cl) at 37 °C
and 5% CO,. Non-small cell lung cancer lines were obtained
from the Protein Production, Monoclonal Antibody and Tissue
Culture Shared Resource of the University of Colorado Cancer
center. This facility previously validated all cell lines. H322C,
HCC4006, Calu3, H358, A549, and H2009 cell lines were
initially cultured in RPMI 1640 (Cellgro, 10-040-CV) with
10% fetal bovine serum, 2 mM glutamine, 1% HEPES (Cellgro,
25-060-Cl), 1% nonessential amino acids, and penicillin/
streptomycin. Beginning with Figure 2, as mentioned in the
text, all NSCLC cell lines were grown in RPMI 1640 with 10%
FBS without additional additives. The tetracycline-inducible
HRAS®"? human ovarian surface epithelial (HOSE) cell line was
obtained from Seamus Martin (Trinity College, Dublin),’" and
grown in DMEM with 10% tetracycline-tree fetal bovine serum
(Hyclone, SH30070.03T). Genetically defined immortalized
human skeletal muscle myoblasts (HSMM T-H, or here denoted
HSMM) and human embryonic kidney (HEK-HT, or here
denoted HEK) with or without stable integration of HRAS%'?Y
were obtained from Chris Counter (Duke University School
of Medicine), and have been described previously.?>* DU145
cells with ectopic expression of HRAS®'®Y or empty vector
were obtained from JuanJuan (Ivy) Yin of the Kathleen Kelly
Laboratory (National Cancer Institute, National Institutes of
Health, Bethesda),” and were cultured in RPMI with 10% FBS
and 1% nonessential amino acids and penicillin/streptomycin.

Reagents

Chloroquine (C6628), EBSS (E2888), doxorubicin (D1515),
puromycin (P8833), and bafilomycin A, (B1793) were obtained
from Sigma, as well as the anti-ACTB/-actin antibody (A5441).
Doxycycline was obtained from Clontech (8634-1). Anti-LC3
was from Novus-Biologicals (NB100-2220). Anti-SQSTM1/
p62 was from Abnova (H00008878-MO01). Anti-RAS antibody
(#3965), and anti-mouse (#7076) and anti-rabbit (#7074) HRP-
conjugated secondary antibodies were from Cell Signaling
Technology. The RAS GTPase Activation ELISA Kit was from
Millipore (17-424).

Viability and toxicity assays

For short-term MTS assays, cells were plated in 48-well plates
and 24 h later were treated with or without CQ and incubated for
48 or 72 h. MTS reagent (Promega, G3581) was added according
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to the manufacturer’s instructions and the absorbance was read
at 490 nm.

For clonogenic assays, small numbers of cells were plated in
12-well plates (short-term, 5 to 7 d) and 24 h later, they were
treated with CQ or left untreated for 48 or 72 h. Cells were
washed several times and media was replaced with normal media.
Cells were allowed to recover and grow for 5 to 7 d, fixed, and
stained with crystal violet (Becton Dickinson and Company,
212525). Plates were scanned and then stain was solubilized with
30% acetic acid and absorbance was measured at 540 nm. For the
HOSE-RAS long-term assays, cells were plated in 6-well plates
and allowed to grow for 16 to 21 d, with the media changed every
2 to 3 d. Where treated, doxycycline was also replenished.

For LDH assays, cells were plated in 250 pL in 48-well
plates and 24 h later, they were treated with or without CQ
and incubated for 48 h. Fifty microliters of media was assayed
from each well with the Cytoscan™-LDH Cytotoxicity Assay
Kit (G-Biosciences, 786-210) according to the manufacturer’s
instructions and the absorbance was read at 490 nm. Cell death
percentages were calculated as compared with identically treated
wells in which cells were lysed to indicate the total amount of
LDH present.

For some assays, cell viability was determined by counting
the percentage of propidium iodide stained cells (Ipg/mL) as
counted under a fluorescence microscope in the presence of
Hoescht 33342 nuclear counterstain as an indicator of the total
cell number. Typically > 20 fields were counted.

Western blotting

After treatment, cells were washed with PBS (Cellgro, 21-040-
CV) and lysed in stringent RIPA buffer. Equal amounts of cell
extracts were resolved by 12% or 15% SDS-PAGE and analyzed
by western blot and visualized by enhanced chemiluminescence
(ECL, Pierce, 32106; or Immobilon Western Chemiluminescent
HRP Substrate, Millipore, WBKLS0500). Density analysis was
performed using Image] 1.43u (NIH, USA).

Autophagic flux assay

Flow cytometric analysis of autophagy was done as previously
described.” Briefly, all cells were infected with pBABE retroviruses
encoding mCherry-GFP-LC3?' and selected for either puromycin
or hygromycin resistance. Flow cytometry was done using 488
and 561 nM lasers for red and green fluorophore excitation,
respectively. Fluorescent cell populations were originally enriched
after selection by sorting the cells for red and green double
positive cells on a Moflo XDP 100 machine (Beckman Coulter,
University of Colorado Cancer Center Anschutz Medical Campus
Flow Cytometry Shared Resource). Analysis was done on either
this machine or a Gallios 561 (Beckman Coulter, University
of Colorado Cancer Center Anschutz Medical Campus Flow
Cytometry Shared Resource). Nonviable cells were excluded
from analysis by gating on the appropriate forward/side scatter
profile. The mCherry/GFP signal ratio was determined and then
plotted as a histogram by Summit 5.1 (Beckman Coulter). Since
GFP is rapidly quenched by the low pH of the lysosome when
autophagosomes merge with them, while mCherry is more stable
to pH fluctuations, cells with high autophagy flux should be
less green and thus have a higher mCherry/GFP ratio than cells
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with lower autophagic flux. Overnight treatment of cells with
chloroquine or bafilomycin A was done as a control to show
that the mCherry/GFP fluorescence ratio properly decreased in
the absence of autophagic flux, while treatment with EBSS (not
shown) was done to show that the ratio properly increased.

For quantification of puncta, cells were infected with a GFP-
tagged LC3 virus. Cells were plated on coverslips and then fixed
in 4% formaldehyde and mounted on slides. Using a fluorescence
microscope, green fluorescent pictures were taken of multiple
fields of cells and then the number of puncta for the cells were
counted. The percentage of cells having high levels of puncta was
quantified based on > 10 puncta/cell.

Statistical analysis

Statistical analysis was performed using the 2-tailed Student
£ test.
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