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ABSTRACT
Cancer cells thrive when challenged with proteotoxic stress by
inducing components of the protein folding, proteasome, autophagy
and unfolded protein response (UPR) pathways. Consequently,
specific molecular chaperones have been validated as targets for
anti-cancer therapies. For example, inhibition of Hsp70 family
proteins (hereafter Hsp70) in rhabdomyosarcoma triggers UPR
induction and apoptosis. To define how these cancer cells respond
to compromised proteostasis, we compared rhabdomyosarcoma
cells that were sensitive (RMS13) or resistant (RMS13-R) to the
Hsp70 inhibitor MAL3-101. We discovered that endoplasmic
reticulum-associated degradation (ERAD) and autophagy were
activated in RMS13-R cells, suggesting that resistant cells
overcome Hsp70 ablation by increasing misfolded protein
degradation. Indeed, RMS13-R cells degraded ERAD substrates
more rapidly than RMS cells and induced the autophagy pathway.
Surprisingly, inhibition of the proteasome or ERAD had no effect on
RMS13-R cell survival, but silencing of select autophagy components
or treatment with autophagy inhibitors restored MAL3-101 sensitivity
and led to apoptosis. These data indicate a route through which
cancer cells overcome a chaperone-based therapy, define how cells
can adapt to Hsp70 inhibition, and demonstrate the value of
combined chaperone and autophagy-based therapies.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Protein homeostasis (‘proteostasis’) is regulated to ensure that protein
quality control pathways are employed only when needed. In some
cell types, such as cancer cells, proteostasis pathways are
differentially regulated to ensure survival (Benbrook and Long,
2012; Kim et al., 2013; McConkey, 2017; Wang and Kaufman,
2014). Notably, cancer cells thrive under conditions of nutrient
and ATP depletion, hypoxia and exposure to cytotoxic agents

(Mei et al., 2013; Rubiolo et al., 2014; Yan et al., 2015). Many cancer
cells are also aneuploid, which leads to imbalanced levels of protein
complexes that must be resolved by degradative pathways (Weaver
and Cleveland, 2005; Williams and Amon, 2009). Finally, owing to
their accelerated growth rate – and because some driver oncogenes are
secreted or are membrane proteins – cancer cells contend with high
levels of proteins that enter the secretory pathway (Deshaies, 2014).
As a result, cancer cell adaptation requires that levels of molecular
chaperones and the endoplasmic reticulum (ER) unfolded protein
response (UPR) pathway are differentially regulated (Lorin et al.,
2013; Mei et al., 2013; Rubiolo et al., 2014; Sannino and Brodsky,
2017; Vandewynckel et al., 2013; Yan et al., 2015). Nevertheless, the
relative contributions of these potential pro-survival pathways in most
cancers have not been investigated.

The ER plays a central role in proteostasis because it governs the
synthesis and folding of secreted and membrane proteins, which
constitute one-third of the proteome, as well as redox homeostasis and
lipid biogenesis (Anelli et al., 2015; Ellgaard and Helenius, 2003;
Rothman and Schekman, 2011; Sitia and Braakman, 2003; Song et al.,
2017).When these processes are compromised, the UPR is induced. In
mammals, the UPR is regulated by three stress sensors, known as
inositol-required enzyme 1 (IRE1; also known as ERN1), PKR ER-
resident kinase (PERK, also known as EIF2AK3) and activating
transcription factor 6 (ATF6) that reside in the ER membrane, detect
ER stress, and restore proteostasis or induce apoptotic cell death if a
stress response cannot be rectified (Bi et al., 2005; Halterman et al.,
2010; Ron and Walter, 2007; Yamamoto et al., 2004). The UPR is
induced in many cancers, but factors that increase cellular fitness –
such as the Hsp70 family (hereafter Hsp70) of molecular chaperones –
are also induced (Garrido et al., 2006; Guo et al., 2005; Mosser and
Morimoto, 2004; Sliutz et al., 1996; Yang et al., 2012). These data
suggest that the UPR and Hsp70 might be therapeutically targeted in
cancer (Clarke and Cook, 2015; Hazari et al., 2016; Ojha and
Amaravadi, 2017; Sabnis et al., 2016; Shajahan et al., 2009).

Even though stress response pathways are upregulated, cancer cells
still accumulate protein aggregates and unfolded proteins to a higher
degree than normal cells (Clarke et al., 2011; Kim et al., 2015;
Schonthal, 2012a,b). Consequently, the efficacy of select protein
degradation pathways is also enhanced, such as the ubiquitin-
proteasome and autophagy pathways (Amaravadi et al., 2011;
Goldberg, 2003; Kim et al., 2013; Ma et al., 2014). These
degradative processes decrease the burden of unfolded proteins and
recycle amino acids, which promote protein synthesis and cell survival
(Levine andKroemer, 2008;Mizushima et al., 2008;Mizushima et al.,
2002). In some transformed cells, proteasome inhibition, which
represents a first line therapy in multiple myeloma, induces autophagy
(Liu et al., 2013, 2016; Rapino et al., 2014; Wojcik, 2013). UPR
induction also augments autophagy (B’Chir et al., 2013; Clarke et al.,
2014). These data further highlight the interrelationship between
distinct proteostatic pathways.Received 12 March 2018; Accepted 2 August 2018
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Another critical proteostatic pathway is ER-associated
degradation (ERAD), which, with a few exceptions (Erzurumlu
and Ballar, 2017; Singh et al., 2015), has not been measured in
tumor-derived cells. ERAD reduces ER stress by identifying and
destroying misfolded, improperly processed and orphaned subunits
of oligomeric proteins for proteasome-mediated degradation (Haas
et al., 1982; Olzmann et al., 2013; Raasi and Wolf, 2007; Vembar
and Brodsky, 2008; Ye et al., 2001). Early work indicated that UPR
induction increases the expression of ERAD components
(Casagrande et al., 2000; Travers et al., 2000; Yoshida et al.,
2001a,b), and proteasome inhibitors act by slowing the ERAD of
misfolded immunoglobulins in multiple myeloma, which induces
the UPR and decreases cell viability (Bianchi et al., 2009).
Unfortunately, FDA-approved proteasome inhibitors, such as
bortezomib (Velcade) and carfilzomib (Kyprolis), have minimal
effects on solid tumors, suggesting cancer cell adaptation or a
reduced dependence on the proteasome pathway (Blaney et al.,
2004; Chen et al., 2011; Deshaies, 2014).
Another emerging target is the cytosolic Hsp70 molecular

chaperone, which is upregulated in many cancers and inhibits
multiple steps in the apoptotic pathway (Garrido et al., 2006;
Santarosa et al., 1997; Uozaki et al., 2000). Inhibition of Hsp70 or
the ER luminal homolog, BiP (also known as GRP78 and HSPA5),
kills colorectal carcinomas, breast cancers, leukemia cells,
glioblastomas and ovarian cancer cells (Cerezo et al., 2016; Guo
et al., 2005; Kawiak et al., 2017; Lee, 2001, 2007; Ni et al., 2009;
Powers et al., 2008, 2009; Sabnis et al., 2016). Furthermore, Hsp70
promotes chemotherapeutic resistance, and Hsp70 induction
predicts metastasis in several cancers (Brodsky and Chiosis, 2006;
Calderwood and Gong, 2016; Nanbu et al., 1998; Patury et al.,
2009; Powers et al., 2009). These data highlight the potential
of Hsp70-based therapies, but the compensatory resistance
mechanisms that limit efficacy of Hsp70 inhibition are unexplored.
We recently reported that rhabdomyosarcoma (RMS) cells

exhibit a heightened sensitivity to Hsp70 inhibition. RMS is a
soft-tissue sarcoma that mainly affects children with an average
5-year survival of ∼60% (Ward et al., 2014). Chemotherapy,
radiotherapy and surgery represent the only existing treatments for
this cancer (Olanich and Barr, 2013; Shern et al., 2014; Ward et al.,
2014; Weigel et al., 2016). Our prior study employed a small
molecule inhibitor, MAL3-101, that binds an allosteric site on the
Hsp70 ATPase domain and specifically blocks the stimulatory
effect of the Hsp40 (also known as DNAJB) family of cochaperones
(Fewell et al., 2004; Sabnis et al., 2016; Wisen et al., 2010). We
reported that MAL3-101 treatment induces the PERK branch of the
UPR pathway, thereby increasing expression of CHOP (also known
as DDIT3) and triggering apoptosis (Sabnis et al., 2016). To define
the MAL3-101 mechanism of action, and to delineate whether other
compensatory pathways lessen its efficacy, we isolated an isogenic
MAL3-101-resistant RMS cell line.
Here, we report that Hsp70 inhibitor-resistant RMS cells possess

more efficient protein degradation networks, which prevent
MAL3-101-dependent apoptosis. Nevertheless, we could re-
sensitize the MAL3-101-resistant RMS cells by chemically
inhibiting one of several steps in the autophagy pathway or by
silencing a gene encoding an protein that is required for autophagy
and is regulated in a PERK- and UPR-dependent manner. In
contrast, inhibition of ERAD or the ubiquitin-proteasome pathway
had no effect on survival. These findings delineate distinct roles of
compensatory proteostatic networks in a cancer model, and show
that combined Hsp70 and autophagy-targeted therapeutics might be
used to treat rhabdomyosarcoma.

RESULTS
ERAD efficiency is higher in Hsp70 inhibitor resistant
rhabdomyosarcoma cells
Rhabdomyosarcoma (RMS) cell lines are hypersensitive to Hsp70
inhibition compared to other cancer cells (Sabnis et al., 2016). To
determine why RMS cells are sensitive to MAL3-101, a dose
escalation strategy was used to isolate a MAL3-101-resistant line,
denoted RMS13-R, from the parental cell line, RMS13.
Interestingly, the UPR could still be activated in the RMS13-R-
resistant cells, but CHOP was no longer induced after MAL3-101
treatment. In addition, the RMS13-R cells remained sensitive to
conventional chemotherapeutics (Sabnis et al., 2016; see below),
suggesting that acquired resistance to Hsp70 inhibition results from
an increase in compensatory proteostatic pathways.

Hsp70 coordinates the folding, degradation, transport and
assembly of proteins, and acts at multiple checkpoints to inhibit
apoptosis (Evans et al., 2010; Goloudina et al., 2012; Morishima
et al., 2000; Nanbu et al., 1998; Powers et al., 2010; Rodina et al.,
2014; Young et al., 2004). To define which pathway(s) might be
altered and circumvent Hsp70 inhibition in the resistant cells, we first
asked whether proteasome activity was higher in RMS13-R relative
to RMS13 cells. Total ubiquitylated protein levels in the RMS13 and
RMS13-R cells were measured in the presence or absence of the
proteasome inhibitorMG132. The steady-state levels of ubiquitylated
proteins were similar in the two cell lines, either with or without
MG132 (Fig. 1A). Second, to test whether the proteasome was more
active in RMS13-R cells, we quantified the signal produced by
the proteasome-dependent degradation of the fluorogenic substrate
Suc-LLVY-7-amino-4-methylcoumarin (Stein et al., 1996), but no
difference in proteasome activity was detected (Fig. S1A). These data
suggest that another pathway is activated to offset the consequences
of compromised Hsp70 activity in the resistant cells.

Hsp70 identifies and degrades misfolded proteins (Daugaard
et al., 2007; Goloudina et al., 2012; Morishima et al., 2000; Young
et al., 2004). Because MAL3-101 induces the UPR (Sabnis et al.,
2016), we reasoned that ERAD might be activated in RMS13-R
cells, thus lessening the unfolded protein burden. To test this
hypothesis, RMS13 and RMS13-R cells were transfected with
vectors to express wild-type α1 anti-trypsin (A1AT), which folds
efficiently and is mostly secreted (Marcus and Perlmutter, 2000;
Perlmutter, 2011), and a C-terminally truncated variant of this
protein known as null Hong Kong (NHK) as well as an NHK variant
that cannot be glycosylated, denoted NHKQQQ, both of which are
destroyed by ERAD (Hosokawa et al., 2003, 2006, 2007; Zhong
et al., 2015). As shown in Fig. 1B, steady-state levels of NHK and
NHKQQQ were lower in RMS13-R cells than in RMS13 cells,
whereas the amount of A1ATwas unchanged between the two lines
(Fig. 1B). In addition, A1AT secretion was similar in the two cell
lines, indicating that A1AT secretion is unaltered (Fig. S1B). As a
positive control, we inhibited A1AT lysosomal degradation using
chloroquine (CQ), a drug that impairs lysosomal acidification and
protease activity (Ahlberg et al., 1985). CQ increased the amount of
secreted A1AT to a comparable extent in both cell lines (Fig. S1B),
suggesting that some of the protein is degraded in the lysosome. To
determine whether the lower levels of both NHK and NHKQQQ in
RMS13-R cells were due to increased degradation, the proteasome
was inhibited.MG132 treatment significantly increased the levels of
NHK and NHKQQQ in RMS13-R cells to a greater extent than
A1AT, where no significant increase was observed (Fig. 1B).

We next conducted cycloheximide chase assays to measure the
rate of substrate degradation. To build-up the substrate pool, cells
were pre-treated with MG132 and then, after the proteasome
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inhibitor was washed-out, cycloheximide was added and protein
levels were assessed over time. As anticipated, NHK and NHKQQQ

were degraded faster in RMS13-R versus RMS13 cells, while no
significant difference in the degradation rate was detected for A1AT
(Fig. 1C,D). We also tested the degradation rate of misfolded
membrane proteins targeted for ERAD. CD3δ and GluR1, which
are, respectively, an orphaned subunit of the T cell receptor and an
AMPA-type glutamate receptor subunit (Christianson et al., 2011;
Frenkel et al., 2003; Goo et al., 2015), were also destroyed faster in
RMS13-R cells (Fig. S1C). To confirm that enhanced degradation
in RMS13-R cells was due to proteasome and not lysosomal
degradation, cycloheximide was added in the presence of MG132
and the NHKQQQ protein levels were assessed over time (Fig. S1D).
No significant difference in the initial levels or rate of degradation
was detected. We conclude that ERAD is more efficient or that there
is an increase in the number of ERAD-requiring complexes in RMS
cells that are MAL3-101 resistant.

Autophagy inhibition re-sensitizes RMS13-R cells to
MAL3-101
Because ERAD efficiency was elevated in the MAL3-101 resistant
cells, we reasoned that they might exhibit greater sensitivity to an

ERAD inhibitor. After recognition in the ER and ubiquitylation at
the ER membrane, ERAD substrates are retrotranslocated to the
cytosol and degraded by the proteasome (Bagola et al., 2011; Raasi
and Wolf, 2007; Smith et al., 2011; Vembar and Brodsky, 2008;
Weissman, 1997). Retrotranslocation is linked to ATP-dependent
substrate transport by the AAA+ ATPase p97 (also known as VCP)
(Bays et al., 2001; Jarosch et al., 2002; Raasi and Wolf, 2007;
Rabinovich et al., 2002; Ye et al., 2001). Therefore, we used CB-
5083, which targets the D2 ATPase domain in p97 (Zhou et al.,
2015). This domain was recently shown to be involved in substrate
unfolding during retrotranslocation (Bodnar and Rapoport, 2017a,b).
In addition, CB-5083 kills multiple myeloma, colon and pancreatic
cancer cells (Anderson et al., 2015; Le Moigne et al., 2017).
Surprisingly, we found that the RMS13 and RMS13-R
cells displayed identical CB-5083 sensitivities (Fig. 2A; IC50 of
∼0.85 µM).

Autophagy can also contribute to the clearance of ubiquitylated
misfolded proteins, alleviating excess demands on the protein
folding machinery and promoting cell survival (Levine and
Klionsky, 2004; Liu et al., 2013, 2016; Rapino et al., 2014;
Wojcik, 2013). Autophagy can also serve as a back-up pathway
for the disposal of select ERAD substrates (Ishida et al., 2009;

Fig. 1. RMS13-R cells exhibit heightened levels of
ERAD. (A) The MAL3-101-resistant rhabdomyosarcoma
cell line (RMS13-R) and the parental MAL3-101-sensitive
cell line (RMS13) were treated with DMSO or 20 µM
MG132 for 4 h followed by an immunoblot analysis to
visualize the total ubiquitylated protein. In the presence of
MG132, there was a 2.5-fold increase in ubiquitylated
protein levels. (B) Relative ERAD efficiency was
measured by analyzing the steady-state levels of the NHK
and NHKQQQ mutants in the presence or absence of
20 µM MG132 for 4 h. A1AT was used as a negative
control. The graph on the right shows the ratio between
the levels of each protein in the RMS13-R and RMS13
cells after treatment with DMSO (in white) and MG132 (in
gray). The mean±s.d. of eight different experiments are
plotted. (C,D) Both NHK and NHKQQQ are degraded
faster in RMS13-R cells. The RMS13-R and RMS13 cells
were treated with cycloheximide after a 3-h MG132 pre-
treatment, aliquots were removed at the indicated times
and lysates were resolved by SDS-PAGE and
immunoblotted to detect A1AT abundance. Graphs
represent the mean±s.d. of four independent
experiments. *P<0.05, **P<0.005, ***P<0.0001.
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Kruse et al., 2006). Therefore, we asked whether RMS13 and
RMS13-R cells exhibit different sensitivities to autophagy
inhibitors. First, RMS13-R and RMS13 cells were treated with
CQ, which not only impairs lysosomal acidification but also blocks
the final step in the autophagy pathway (Ahlberg et al., 1985;
Mizushima and Klionsky, 2007; Mizushima et al., 2011). As shown
in Fig. 2B, the RMS13-R and RMS13 cell lines were equally
resistant to CQ (IC50 >100 µM). Second, we tested two other
compounds that inhibit different steps in the autophagy pathway:
bafilomycin, a lysosomal proton-pump inhibitor that compromises
autophagosome-lysosome fusion, and tubacin, an HDAC6 inhibitor
that perturbs both autophagolysosome formation and the
recruitment of ubiquitylated proteins to nascent autophagosomes
(Bennett et al., 2005; Hubbert et al., 2002; Kawaguchi et al., 2003;
Manic et al., 2014; Mizushima et al., 2011; Pandey et al., 2007;
Tanida et al., 2005). The two lines again exhibited identical
sensitivities (Fig. S2A; IC50 of ∼3.5 nM for bafilomycin and
4.5 µM for tubacin), suggesting that RMS cells initiate mechanisms
that compensate for the loss of ERAD and autophagy.
Based on the interplay between protein degradation pathways and

chaperone-dependent stress responses (Benbrook and Long, 2012;
Guerriero and Brodsky, 2012; Kouroku et al., 2007; Liebl and

Hoppe, 2016; Powers et al., 2009; Song et al., 2017; Yan et al.,
2015; Yousefi et al., 2006), we next asked whether partial inhibition
of one or both degradative pathways would re-sensitize RMS13-R
cells to MAL3-101, highlighting relevant resistance mechanisms.
We tested MAL3-101 sensitivity in the presence of sub-maximal
concentrations of either CB-5083 (0.5 µM) or CQ (40 µM) in
RMS13-R and RMS13 cells. As shown in Fig. 2C, CB-5083
modestly increased the sensitivity of RMS13-R cells to MAL3-101,
but only in the presence of 10 µM MAL3-101, and no increase in
RMS13 sensitivity was apparent under the same conditions. In
contrast, CQ significantly re-sensitized RMS13-R cells to MAL3-
101 (Fig. 2D). A stronger effect on RMS13-R cells was observed
when we titrated MAL3-101 in presence of bafilomycin and tubacin
(Fig. S2B,C). Thus, autophagy compensates for the toxic effects of
Hsp70 inhibition in RMS cells.

To confirm these data, two other RMS13 clones resistant to
MAL3-101 (clone 4B and clone 4E) were analyzed. As expected,
both lines were similarly resistant to CQ (IC50 >100 µM, Fig. S2D)
and were less sensitive to MAL3-101 (IC50 6.4 µM and 6.5 µM,
respectively). We then tested whether partial autophagy inhibition
achieved by adding 40 µM CQ increased sensitivity to MAL3-101.
As hypothesized, CQ lowered the IC50s to 3.5 µM and 3.1 µM

Fig. 2. The autophagy pathway is required for RMS13-R
resistance to Hsp70 inhibition. (A,B) RMS13 and
RMS13-R cells were seeded into 96-well plates and treated
with increasing doses of CB-5083, a p97 inhibitor, or
chloroquine (CQ), an autophagy inhibitor for 72 h. Viability
was measured using the CellTiter-Glo assay and the
mean±s.e.m. of three independent experiments was
plotted. (C,D) Cells were treated with increasing doses of
MAL3-101 in the presence (white) or absence (black) of a
sub-lethal dose of CB-5083 (0.5 µM) or CQ (40 µM). Cell
viability was detected using the CellTiter-Glo assay after
72 h, and data represent the of three independent
experiments. (E) Top, steady state levels of select
autophagy related proteins in RMS13-R and RMS13 cells
were analyzed by immunoblotting. A black and a red dot,
respectively, indicate the soluble (LC3BI) and the
autophagosome-associated isoform (LC3BII) of the
autophagy marker LC3B. Bottom, the ratio of each protein
in RMS13-R and RMS13 cells is depicted as the mean±
s.e.m. (n=10). (F) The mean±s.d. fold change between
RMS13-R and RMS13 cells corresponding to autophagy-
related transcripts, as determined by quantitative PCR is
plotted (n=5). (G) The induction of LC3B was analyzed by
immunoblotting lysates from RMS13-R and RMS13 cells
after a 4 h treatment with 50 µM CQ in complete medium or
under starvation conditions (EBSS). *P<0.05, **P<0.005,
***P<0.0001.
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(Fig. S2E), confirming autophagy as a compensatory mechanism to
attenuate the effect of Hsp70 inhibition. We then observed that
cell lines derived from osteosarcomas, another mesenchymal
malignancy of childhood and adolescence, were MAL3-101
sensitive (Sabnis et al., 2016). The effects of MAL3-101 as well
as CQ were tested in U2OS and SaOS2 osteosarcoma cell lines, and
in contrast to the RMS cells, both were sensitive to MAL3-101 and
CQ (IC50 2 µM and 1.3 µM for MAL3-101, and 7 µM and 20 µM
for CQ, respectively; data not shown).
Based on the protective effects of the autophagy pathway, we

reasoned that this pathway might be upregulated more profoundly in
the MAL3-101-resistant RMS cells. To test this hypothesis, the
abundance of autophagy markers, including LC3B (also known as
MAP1LC3B),ATG5–ATG12 and p62 (also known as SQSTM1),was
measured (Kabeya et al., 2000; Pyo et al., 2005). Immunoblot analysis
demonstrated greater amounts of ATG5–ATG12 in the RMS13-R line
(Fig. 2E), suggesting that the ATG12 conjugation system, which is
involved in the elongation phase of autophagy, is induced (Mizushima
et al., 2011; Stromhaug et al., 2004). In linewith this observation,more
LC3BII – the lipidated LC3B isoform associatedwith autophagosomal
membranes (Barth et al., 2010; Kabeya et al., 2000; McLeland et al.,
2011) – accumulated in RMS13-R cells, and the conversion of LC3BI,
the soluble LC3B isoform, into LC3BIIwas enhanced (Fig. 2E; LC3BI
and LC3BII are highlighted by a black and a red dot, respectively). In
contrast, the level of p62, an autophagy receptor, was unchanged
(Bjørkøy et al., 2005; Ichimura et al., 2000; Katsuragi et al., 2015;
Komatsu et al., 2007). The transcription of select autophagy-related
genes (ATG3, ATG5, and ATG12) and the gene encoding LC3Bwere
also higher in RMS13-R cells (Fig. 2F). ATG3 was included in this
analysis as it acts in the LC3II conjugation system during elongation
(Bernard et al., 2015; Ichimura et al., 2000;McEwan andDikic, 2011).
It is also important to note that the magnitude of these effects is in
accordance with the increased levels of autophagy-associated factors
observed in related studies (B’Chir et al., 2013; Fullgrabe et al., 2016;
Klionsky et al., 2012).
We then asked whether autophagy pathway activation was also

higher in RMS13-R cells under conditions of nutrient deprivation
(i.e. when pathway induction should be maximal). First, autophagy
inhibition after addition of CQ led to the accumulation of LC3BII in
both RMS13 and RMS13-R cell lines, as expected; however, LC3BII
levels, which serves as a read-out of autophagy induction, were
higher in RMS13-R cells (Fig. 2G, ‘CQ’, red dot; Fig. S2F). These
results were confirmed when bafilomycin was used (Fig. S2F). In
addition, short-term starvation in serum-depleted (EBSS) medium
decreased LC3BII abundance in both cell lines, consistent with the
fact that autophagic flux was activated. In this case, the levels of
LC3BII and the LC3BII:LC3BI ratio decreased more significantly in
RMS13-R cells than in RMS13 cells (Fig. 2G; Fig. S2F). These data
indicate that RMS13-R cells mount a greater autophagic response.
Moreover, combined nutrient deprivation and CQ addition
established that RMS13-R cells respond to nutrient deprivation and
that autophagic flux is also higher in these cells (Fig. 2G, ‘EBSS/
CQ’). Finally, we quantified the levels of select transcripts after
starvation and found that the RMS13-R line harbored greater amounts
of autophagy-associated messages (Fig. S2G). Together, these
observations suggest that enhanced levels of basal autophagy
mediate RMS13-R survival in the presence of an Hsp70 inhibitor.

RMS13-R cells adapt to Hsp70 inhibition by inducing
autophagy
In contrast to the chronic conditions under which the RMS13-R cells
were initially selected (Sabnis et al., 2016), we were curious as to

whether RMS13-R cells mount a more-profound immediate
autophagic response when challenged with MAL3-101. Positive
results from this experiment would suggest that the proteostatic
machinery had been rewired to minimize both short- and long-term
stress as a result of compromised chaperone activity. Therefore, we
next analyzed the transcriptional response of RMS13-R and RMS13
cells during a 6-hMAL3-101 treatment. RMS13-R cells significantly
induced the expression of messages encoding proteins that act during
phagosome elongation compared to RMS13 cells (Fig. 3A). We also
found that the magnitude of induction in the RMS13-R cells in
response to MAL3-101 and MG132 was similar (Fig. S3A),
suggesting that autophagy-mediated degradation overcomes
compromised proteasome activity to maintain proteostasis. In
contrast, tubacin decreased the levels of the transcripts, perhaps
consistent with the fact that this compound inhibits autophagy
progression.

To measure whether enhanced autophagy in the presence of
MAL3-101 could also be detected at the protein level, both
detergent-insoluble (membrane associated; Insol) and soluble (Sol)
proteins were isolated after DMSO or MAL3-101 treatment for
6 h. Previous work has shown that NP40 insoluble fractions contain
components of the phagosome as well as autophagy receptor-
protein aggregates, and LC3B and p62 abundance correlated with
autophagy induction (Milan et al., 2015; Tanida et al., 2008). As a
control, cells were treated with CQ and tubacin. Both ATG5-12 and
LC3BII were enriched in the insoluble fraction of RMS13-R cells
incubated with MAL3-101 compared to RMS13 cells under the
same conditions, and LC3BI to LC3BII conversion was also higher
in the resistant cells (Fig. 3B; Fig. S3B, compare black bars).
Consistent with the fact that CQ blocks the final step in autophagy,
the amount of LC3BII and the ATG5–ATG12 complex in the
insoluble fraction of MAL3-101-treated RMS13-R cells was lower
compared to the amount detected in CQ-treated cells. This result
would be anticipated if Hsp70 inhibition induces autophagy, since
LC3BII is degraded as the autophagolysosome is formed. This
result also strongly suggests that Hsp70 inhibition directly
induces autophagy rather than simply favoring the accumulation
of autophagy-related markers. Furthermore, even though neither
autophagy marker was significantly enriched in the membrane-
associated fraction from RMS13 cells after MAL3-101 treatment,
the use of CQ confirmed that RMS13 cells remain autophagy
competent because LC3BII and ATG5–ATG12 accumulate
(Fig. 3B; Fig. S3B, compare white and grey bars). Nevertheless,
the accumulation of the markers after CQ treatment is greater in the
resistant cell line compared to the sensitive one, reinforcing our
hypothesis that autophagy is hyperactivated in the resistant cancer
cells.

To confirm that MAL3-101 induced autophagy in RMS13-R
cells, we acutely inhibited autophagy for 1 h with CQ after Hsp70
activity had been compromised with MAL3-101 for different times
(Fig. 3C; Fig. S3C,D). Again, RMS13-R cells exhibited an elevated
autophagic flux, as measured by greater amounts of LC3B-II and
increased conversion of LC3BI into LC3BII. This was evident in the
absence of MAL3-101 (i.e. time 0) but became more apparent with
longer incubation periods with the Hsp70 inhibitor. LC3BII
accumulation was also quantified as a ratio between CQ-treated
and untreated samples to confirm that LC3BII accumulation was not
due to impaired lysosomal degradation (Fig. S3D). As expected,
LC3BII accumulates to a greater degree in RMS13-R cells and
Hsp70 inhibition favors LC3BII accumulation in RMS13-R cells
(Fig. S3D). This effect became even more profound over time after
MAL3-101 addition.
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We also collected RNA from cells treated for 3 or 6 h with
MAL3-101 and analyzed levels of ATG3, ATG5 and LC3BmRNA.
Quantitative PCR analysis showed that these messages rose only in
the RMS13-R line (Fig. S3E). In agreement with our previous data
(Sabnis et al., 2016), MAL3-101 treatment also induced CHOP in
RMS13 cells but not in the RMS13-R line (Fig. 3D). Because
CHOP triggers apoptotic cell death downstream of UPR induction
(Marciniak et al., 2004), we quantified transcript levels
corresponding to the pro-apoptotic factor, PUMA (also known as
BBC3), which is transcriptionally activated by ATF4–CHOP
(Galehdar et al., 2010; Matus et al., 2013). Like CHOP, PUMA
transcript levels also rose after MAL3-101 treatment (Fig. 3D) in the
sensitive but not in the resistant cell line.
Next, we confirmed these results by western blotting. First,

downstream induction of apoptosis in theMAL3-101-sensitive cells
was clearly evident, as quantified by cleavage of caspase-8,
caspase-3 and PARP (Fig. 4A,B). In contrast, LC3BII abundance
and LC3BI to LC3BII conversion increased over time in RMS13-R
cells, but no significant changes were detected in RMS13 cells
under similar conditions. Thus, there is a mutually exclusive
relationship between induction of CHOP and apoptosis (in the

sensitive cells) and autophagy (in the resistant cells) when the
Hsp70 molecular chaperone is inhibited.

Higher steady-state levels of basal and MAL3-101-induced
autophagy in RMS13-R cells should be reflected by an
accumulation of autophagic vesicles. To test this hypothesis, we
incubated RMS13-R and RMS13 cells in the presence or absence of
MAL3-101 and performed thin section electron microscopy. A 4 h
time point was chosen, since both autophagy and apoptosis were
apparent in both cell lines (see above and data not shown). The cells
were also treatedwith CQ,which served as a positive control. RMS13-
R cells possessed both a greater number and larger size of vacuolar
structures (Fig. 5, arrowhead), even in the presence of DMSO. After
Hsp70 inhibition, dense material was present in the nuclei (‘N’) of
RMS13 cells, consistent with an apoptotic response. In contrast, the
nuclei in theRMS13-R line afterMAL3-101 treatment exhibitedwild-
type morphology (data not shown) but the cells instead possessed
electron-dense and empty autophagic structures. A small number of
vacuolar structures also accumulated in CQ-treated RMS13 cells.
However, this phenomenon was more striking in RMS13-R cells,
further establishing that RMS13-R cells coopt the autophagy pathway
to adapt to compromised Hsp70 function.

Fig. 3. Hsp70 inhibition induces autophagy in
RMS13-R cells. (A) The mean±s.d. relative level of
autophagy gene expression was detected by qPCR in
the presence of DMSO or 7.5 µM MAL3-101 for 6 h in
RMS13-R (white) and RMS13 (gray) cells (n=4).
*P<0.05, **P<0.005. (B) The amount of the indicated
soluble (Sol) and membrane-associated (Insol)
proteins was examined by immunoblotting after
treating cells with 50 µM CQ, 11 µM tubacin or 7.5 µM
MAL3-101 for 6 h. PDIA6, a soluble ER-resident
chaperone, was used as a control. (C) RMS13-R and
RMS13 cells were treated for the indicated times with
7.5 µM MAL3-101 and CQ was added during the last
hour of the treatment to test autophagic flux. Therefore,
time ‘0’ indicates a 4 h treatment with DMSO plus a 1 h
treatment with CQ. Aliquots of cell lysates were
resolved by SDS-PAGE and immunoblotted for LC3B
as amarker for autophagic flux. LC3BI is indicated by a
black dot and the autophagosome-associated form
LC3BII is highlighted with a red dot. (D) RMS13-R or
RMS13 cells were treated for 3 or 6 h with 7.5 µM
MAL3-101 and the expression of the pro-apoptotic
CHOP and PUMA genes was measure by qPCR
relative to the DMSO control as the mean±s.d. (n=3).
*P<0.05, **P<0.001, ***P<0.0001.
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To investigate whether the combined addition of MAL3-101 and
CQ led to an accumulation of unfolded proteins, we prepared lysates
and performed an immunoblot analysis. Total ubiquitylated protein
levels in the RMS13 and RMS13-R cells were also measured in the
presence or absence ofMAL3-101 and/or CQ (Fig. 5B).While steady-
state levels of ubiquitylated proteins were similar in the two cell lines
(lanes 1 and 5), Hsp70 inhibition slightly enhanced the accumulation
of polyubiquitylated protein (compare lane 1 to 2 and 5 to 6). However,
only when both Hsp70 and autophagy were inhibited was the
accumulation of polyubiquitylated proteins substantially higher (lane
4), especially in RMS13-R cells. These results are consistent with
autophagy playing a compensatory role to reduce toxic protein
accumulation in the absence of Hsp70 function. In contrast,
polyubiquitylated protein levels were unchanged in the presence of
MAL3-101 and CQ in RMS13 cells (compare lanes 5 to 8).

Genetic inhibition of autophagy induces RMS13-R cell death
in the presence of MAL3-101
To establish that autophagy inhibition sensitizes resistant cells to
an Hsp70 inhibitor (Fig. 2), we silenced ATG5, which was induced
at both the mRNA and protein levels in response to MAL3-101
(Fig. 3; Fig. S3). ATG5 facilitates elongation, and together
with ATG12 and ATG16L, helps link LC3BII to the growing
autophagosomal membrane (Cuervo, 2004; Mizushima and
Klionsky, 2007; Mizushima et al., 2011). Two different
oligonucleotides directed against ATG5 were transfected into

RMS13-R and RMS13 cells, and knockdown efficiency was
measured after 48 and 72 h (Fig. S4A; data not shown). We found
that ∼25% of the ATG5–ATG12 complex remained after 72 h, but
Hsp72 (also known as HSPA1A) – the major stress-inducible
Hsp70 – was unaffected (data not shown). We also found that the
ATG5 transcript was present at ∼20% of the control (scrambled
siRNA; Fig. S4B). Previous work demonstrated that LC3BII
abundance decreased after ATG5 knockdown or knockout due to
reduced LC3BI to LC3BII conversion (Mizushima et al., 2001;
Nishiyama et al., 2007). Therefore, we similarly measured
LC3BI to LC3BII conversion as well as LC3BII abundance. In
accordance with prior results, ATG5 silencing decreased LC3BI
conversion and steady-state levels of LC3BII in both cell lines
(Fig. S4A).

Next, we investigated whether ATG5 knockdown re-sensitized
RMS13-R cells to MAL3-101. We first confirmed that the viability
of RMS13-R cells was only modestly affected by MAL3-101,
whereas the RMS13 cells were significantly more sensitive when
both cells were treated with the control siRNA (Fig. 6A). Each cell
line was then treated with the ATG5 siRNA (or the control),
incubated with increasing doses of MAL3-101 for 24 h, and
viability was measured. In agreement with data obtained using
small-molecule autophagy inhibitors (Fig. 2D; Fig. S2B,C),
knockdown with two different oligonucleotides re-sensitized the
resistant line to MAL3-101, but a more modest effect was observed
in the sensitive cells (Fig. 6B).

Fig. 4. Hsp70 inhibition induces autophagy but not
apoptosis in RMS13-R cells. (A) RMS13-R and RMS13 cells
were treated with 7.5 µM MAL3-101 for the indicated times and
lysates were prepared and immunoblotted for LC3B, a marker
for autophagic flux, and for indicators of apoptosis (PARP,
cleaved caspase-8, cleaved caspase-3 and CHOP). (B) The
corresponding fold increase of the indicated apoptotic and
autophagy associated markers in RMS13-R (black) and
RMS13 (white) cells relative to the DMSO control are plotted as
the mean±s.e.m. (n=8 for LC3B, CHOP, and cleaved PARP;
n=3 for cleaved caspase-3; n=2 for cleaved caspase-8).
*P<0.05, **P<0.005, ***P<0.0001.
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To determine whether apoptosis was induced, cells were
transfected with the control siRNA or a mixture of the two
ATG5-directed oligonucleotides, and, at 70 h post-transfection
7.5 µMMAL3-101 was added. As shown in Fig. 6C, cleaved PARP
and caspase-3 accumulated to a greater extent in RMS13-R cells in
the silenced cells (ATG5i), consistent with the fact that diminished
autophagy re-sensitizes the resistant line to MAL3-101 (left panels).
Also as anticipated, RMS13 cells exhibited a similar timecourse of
PARP and caspase-3 cleavage after MAL3-101 addition, regardless
of whether ATG5 had been silenced (right panels). Interestingly,
there was no increased accumulation of CHOP in the ATG5-
silenced RMS13-R cells compared to the RMS13 cells, suggesting
that ATG5 knockdown is insufficient to increase CHOP expression,
or possibly that induction of the CHOP protein (but not the mRNA;
see Fig. 3D) requires a longer time frame after MAL3-101 addition.

In fact, translation of the CHOP message is regulated via its 5′UTR,
which contains an upstream open reading frame (uORF) that limits
ribosome binding and inhibits expression of the downstream ORF
(Chen et al., 2010; Jousse et al., 2001).

To confirm that an apoptotic response had been initiated, we then
performed annexin-V–propidium iodide (PI) staining (Koopman
et al., 1994; Vermes et al., 1995) and analyzed the percentage of
apoptotic cells in the presence or absence of ATG5 knockdown and
in the presence or absence of MAL3-101 (Fig. 6D). Although
ATG5 silencing had no effect on viability in either cell line,
time-dependent Hsp70 inhibition under conditions of impaired
autophagy (ATG5i) increased the percentage of apoptotic cells in
RMS13 and RMS13-R cells. In contrast, Hsp70 inhibition had no
effect on cell viability in RMS13-R cells treated with control
oligonucleotides (data not shown). These data confirm that RMS
cancer cells are significantly more susceptible to Hsp70 inhibition
when the autophagy pathway is compromised, and that combined
application of Hsp70 and autophagy inhibitors synergistically
compromises cell viability.

Finally, we examined whether MAL3-101 induced autophagy-
associated genes in an animal model, as shown in the RMS13-R
and (to a lesser extent) in the RMS13 cells (Fig. S3). To this
end, 55 mg/kg body weight of MAL3-101 was introduced
intraperitoneally into mice and whole liver was isolated after 4, 8
and 24 h. Western blot analysis showed increased LC3BII and
conversion of LC3BI into LC3BII in the MAL3-101-treated
animals compared to those treated with the vehicle, especially at
the 4-h time point (Fig. S5A,B). After 24 h, the autophagic response
returned to the baseline. Based on a quantitative (q)PCR analysis,
increased ATG5, ATG3 and LC3B transcripts were also detected at
these time points (data not shown). These data are also consistent
with the observed pharmacokinetics of MAL3-101, which
demonstrate early peak concentrations that are sustained over 8 h
and fall to pre-dose levels by 24 h (data not shown). Because we
previously reported that RMS cells respond to MAL3-101 treatment
by upregulating BiP and CHOP (Sabnis et al., 2016), we then
measured the levels of BiP and CHOPmRNA (Fig. S5C). Messages
encoding both proteins accumulated 8 h after MAL3-101 injection,
thereby indicating a comparable cellular response to MAL3-101
treatment between RMS cell lines and in vivo. To confirm the
synergistic effect of autophagy inhibition with MAL3-101 in
another cancer model, a colony formation assay was next performed
with RMS13-R and RMS13 cells (Fig. S5D), and we discovered
that MAL3-101-treated RMS13 cells form fewer colonies than
RMS13-R cells. When MAL3-101 was added in combination with
CQ, the number of RMS13-R colonies declined dramatically,
confirming the compensatory role of autophagy in RMS13-R cell
line survival.

PERK is activated upon Hsp70 inhibition
A consequence of unfolded protein accumulation is the induction of
one or more of the three UPR branches (Bakunts et al., 2017; Walter
and Ron, 2011). To dissect the contribution of each UPR branch
when Hsp70 was inhibited, we first monitored XbpI splicing (as
indicated by the presence of the spliced form, denoted XbpIs) as a
readout of IRE1 endonuclease activity (Walter and Ron, 2011;
Yoshida et al., 2001a) (Fig. 7A). The appearance of a higher
mobility band after MAL3-101 treatment indicated a modest but
clear induction of IRE1 in RMS13 but not RMS13-R cells. As a
control, XbpIs accumulation was blocked in the presence of the
IRE1 inhibitor 4µ8C (Stewart et al., 2017). Second, we monitored
ATF6 cleavage in the presence of MAL3-101 in RMS13-R and

Fig. 5. RMS13-R cells show evidence of constitutive autophagy.
(A) Electron microscopy analysis was conducted on RMS13 and RMS13-R
cells treated with DMSO, 7.5 µMMAL3-101, or 50 µMCQ for 4 h. Insets (areas
indicated by black arrowheads) under high magnification are shown in the
bottom right and provide evidence of autophagosomes or autophagic
structures. Of note, heterochromatin in the nucleus (indicated by ‘N’) as well as
disrupted mitochondrial morphology are visible upon MAL3-101 treatment in
RMS13 cells. Scale bars: 200 nm. (B) RMS13-R andRMS13 cells were treated
with DMSO, MAL3-101, CQ or MAL3-101/CQ for 4-h, lysates were prepared,
and cellular protein was immunoblotted for total ubiquitylated proteins. When
CQ was administrated together with MAL3-101 to RMS13-R cells,
ubiquitylated protein content increased ∼3-fold compared to the DMSO
control.
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RMS13 cells. Dithiothreitol (DTT), a compound that reduces
disulfide bonds, was used as a positive control (Walter and Ron,
2011). As shown in Fig. 7B, the ATF6 cleaved isoform was absent
in the presence of MAL3-101 in both the cell lines, indicating that
ATF6 does not participate in the MAL3-101-driven cellular
response. Next, we confirmed that PERK was induced by MAL3-
101 in RMS13-R and RMS13 cells. PERK activation was detected
both when cells were treated with MAL3-101 alone or in
combination with CQ (Fig. 7C, compare lanes 1 to 2 and 1 to 4
for RMS13-R, and lanes 5 to 6 and 5 to 8 for RMS13).
If MAL3-101 induces the same stress response (i.e. PERK

induction) in MAL3-101-sensitive and resistant cells, the final
outcomes are unique: autophagy is activated in RMS13-R cells and
CHOP-mediated cell death arises in RMS13 cells. Interestingly,
ATF4 alone, or in combination with CHOP, has been reported to
induce transcription of ATG mRNA, which then activates autophagy
(B’Chir et al., 2013; Clarke et al., 2014; Rouschop et al., 2010;
Rzymski et al., 2009, 2010). Thus, to determine whether ATF4 is
differentially regulated, we measured ATF4 stability after a 3-h
MAL3-101 treatment in a cycloheximide chase assay (Fig. 7D). We
noted that ATF4 was degraded more efficiently in RMS13-R cells,
suggesting that heightened ATF4 turnover may favor the induction of
ATG genes rather than the activation of an apoptotic response.

DISCUSSION
Understanding how cancer cells evolve and escape death is critical
to identify newmethods to prevent therapeutic resistance, metastasis
and relapse. Here, we analyzed the pro-survival roles of two cellular
protein degradation pathways – ERAD and autophagy – in a cancer
model. To define how these components of the cellular proteostasis
network limit proteotoxicity, we examined RMS cells that were
either sensitive (RMS13) or resistant (RMS13-R) to the specific
Hsp70 inhibitor MAL3-101, which has been widely used in other
cancer models (Adam et al., 2014; Braunstein et al., 2011; Rodina
et al., 2007; Sabnis et al., 2016). We also studied how these cells
respond to Hsp70 inhibition since this chaperone prevents apoptosis
(Daugaard et al., 2007; Garrido et al., 2006; Guo et al., 2005;
Mosser andMorimoto, 2004; Powers et al., 2008; Sliutz et al., 1996;
Yang et al., 2012; Young et al., 2004) and may limit the efficacy of
inhibitors targeting the Hsp90 family in clinical trials (Gabai et al.,
2005; Guo et al., 2005; McCollum et al., 2006; Powers et al., 2008;
Voellmy and Boellmann, 2007). Discovering potential Hsp70-
based therapies, as well as defining the effect of Hsp70 inhibition on
cancer cell proteostasis and survival are critical undertakings.

We previously showed that MAL3-101 induces the PERK branch
of the UPR, thus triggering CHOP-mediated apoptosis (Sabnis
et al., 2016). We now report that PERK is primarily induced in both

Fig. 6. Autophagy inhibition induces MAL3-101-
dependent cell death in RMS13-R cells. (A) RMS13-
R and RMS13 cells were transfected with a control
siRNA (CTRL), seeded into a 96-well plate, and treated
with increasing doses of MAL3-101 for 24 h. Viability
was assessed 72 h after transfection with the CellTiter-
Glo assay. The mean±s.e.m. of three independent
experiments are shown. (B) RMS13-R andRMS13 cells
were transfected with a control siRNA (black) or with 2
different siRNA oligonucleotides directed against ATG5
(gray circles and inverted triangles). The mean±s.e.m.
of three independent experiments are shown. Black
asterisks correspond to the statistical significance
between the control and oligonucleotide 1, and red
asterisks represent the statistical significance between
the control and oligonucleotide 2. (C) RMS13-R and
RMS13 cells were transfected with a control siRNA or a
mixture of the oligonucleotide 1 and oligonucleotide 2
ATG5 siRNAs and 70 h after transfection the cells were
treated with 7.5 µM MAL3-101 for the indicated times.
Lysates from cells prepared at each time point were
immunoblotted for cleaved PARP, ATG5-12, cleaved
caspase-3, and CHOP to monitor apoptotic induction.
(D) RMS13 (gray) and RMS13-R (white) cells were
transfected with control or a mixture of siRNA
oligonucleotides 1 and 2 directed against ATG5, and 70
h after transfection the cells were treated with 7.5 µM
MAL3-101 or with DMSO for the indicated times. Cells
from each time point were stained for annexin-V and PI
to monitor apoptosis. The sum of annexin-V-positive
and annexin-V and PI double-positive cells is
represented in the graph as the percentage of apoptotic
cells. Themean±the range of the data are shown for two
independent experiments. *P<0.05, **P<0.005,
***P<0.0001.
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RMS13-R and RMS13 cells (Fig. 7C), suggesting a crucial role of
PERK and its downstream effectors in the MAL3-101-derived
cellular response. We also present evidence that two protein
degradation networks, ERAD and autophagy, are more active in
resistant cells. RMS13-R cells exhibit a heightened ability to
degrade both soluble and integral membrane ERAD substrates. To
our knowledge, this is the first study in which ERAD efficiency has
been addressed by specifically measuring this pathway in different
cancer cells. The compensatory network that leads to increased
ERAD in the RMS13-R cells is not clear, but a dissection of
the factors and mechanisms that augment ERAD efficiency in
RMS13-R cells is in progress.
Not only is ERAD activity higher in Hsp70 inhibitor-resistant

cells, but autophagy is also more efficient. This conclusion is
supported by the findings showing increased levels of the mRNAs
and proteins linked to autophagosome elongation, and LC3BII
conjugation to the autophagosomal membrane as well as by electron
microscopy. The pro-survival activity of the autophagy pathway in
select cancers has been established (Clarke et al., 2012; Hambright
and Ghosh, 2017; Jiang and Mizushima, 2014; Levine and Kroemer,
2008; Maycotte and Thorburn, 2014), and, consistent with our
results, rhabdomyosarcomas also coopt this pro-survival pathway
(Peron et al., 2012; Rapino et al., 2014). Surprisingly, inhibition of
autophagy, but not ERAD, re-sensitized RMS13-R cells to MAL3-
101. We suggest that RMS13-R cells become refractory to the
proteotoxic stress that arises after Hsp70 inhibition because

autophagy is induced. By analogy, some cancer cells compensate
for proteasome inhibition by inducing autophagy (Liu et al., 2013,
2016; Rapino et al., 2014; Wojcik, 2013). Our data support ongoing
efforts to develop autophagy inhibitors as adjuncts to therapy in a
variety of cancers (Carew et al., 2017; Cufi et al., 2013; Gómez et al.,
2015; Jain et al., 2013; Maycotte and Thorburn, 2014).

The negligible effect of proteasome and ERAD inhibition in the
RMS model is consistent with the inability of proteasome inhibitors
to kill solid tumors (Chen et al., 2011; Deshaies, 2014; Le Moigne
et al., 2017), yet these results also seem to contradict the role of
protein degradation pathways in cancer cell survival (Mei et al.,
2013; Rubiolo et al., 2014; Vandewynckel et al., 2013; Yan et al.,
2015). In general, cancer cells survive stressful conditions by
upregulating protein degradation networks (Clarke et al., 2011;
Goldberg, 2003; Kim et al., 2013, 2015; Ma et al., 2014; Schonthal,
2012a,b). What is less clear – and can only be determined
empirically at this point – is an understanding of which protein
degradation pathway within the network is critical for cell survival.

Based on our results, we propose a model (Fig. 8) where Hsp70
inhibition increases protein unfolding, favoring accumulation of
proteasome and autophagy substrates that trigger PERK induction.
We reason that ATF4 and CHOP, both of which are activated by
PERK, induce ATG5 and LC3B transcription when Hsp70 is
inhibited and increase autophagy efficiency. In line with this
model, ATF4 degradation is faster after acute MAL3-101 treatment
in the resistant cells, suggesting that ATF4 stability regulates the

Fig. 7. The PERK branch of the UPR is activated in
response to MAL3-101. (A) RMS13-R and RMS13
cells were treated with MAL3-101 for 4 h in the
presence or absence of the IRE1 inhibitor 4µ8C and the
accumulation of the unspliced and spliced XbpI (XbpIu
and XbpIs) mRNAs were monitored by PCR.
(B) RMS13-R and RMS13 cells were treated with
MAL3-101 to detect the full-length and cleaved forms of
ATF6. A 1 h DTT treatment was used as a positive
control. (C) RMS13-R and RMS13 cells were treated
with the indicated compounds or with DMSO for 4 h and
PERK phosphorylation (p-PERK) was monitored by
immunoblotting. p-PERK accumulation is detected
uponMAL3-101 or MAL3-101/CQ treatment. A 1 h DTT
treatment was used as a positive control. (D) ATF4 is
degraded more rapidly in RMS13-R cells. The RMS13-
R and RMS13 cells were pre-treated with MAL3-101 for
3 h and then cycloheximidewas added for the indicated
times. Lysates were resolved by SDS-PAGE and
immunoblotted for ATF4. Graphs represent the mean±
s.d. of three independent experiments. **P<0.005,
***P<0.0001.
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life-and-death ‘decision’ after MAL3-101-dependent PERK
induction (Fig. 7D). When autophagy fails to compensate for
Hsp70 inhibition, unfolded proteins and ATF4 and CHOP
accumulation induce cancer cell death via the apoptotic pathway.
In summary, our increased understanding of how cancer cells
compensate for Hsp70 inhibition demonstrates how different
degradation pathways are integrated in cancer cells and almost
certainly many other cell types. Further chemical optimization of
Hsp70 inhibitors will also augment progress on the development of
combination therapies that include autophagy inhibitors for the
treatment of a range of cancers, including rhabdomyosarcomas.

MATERIALS AND METHODS
Cell culture, chemicals and transfection
RMS13 cells were purchased from ATCC and authenticated, and RMS13-R
cells were generated by clonal derivation from the parental RMS13 cells after
culture in escalating doses of MAL3-101 (Sabnis et al., 2016). In brief, to
derive theMAL3-101-resistant cell lines, RMS13 cells were plated at 200,000
cells/well in a in six-well plate and treated with progressively increasing doses
of MAL3-101 starting from 500 nM up to 10 μM, with interval splitting to
avoid over-confluence. Once a resistant polyclonal population of cells was
obtained, the cells were trypsinized and resuspended at 5000 cells/30 ml
medium in a 15-cm dish with 3 μM MAL3-101. After 2 weeks, single-cell
colonies were isolated using autoclaved vacuum grease and glass cloning
cylinders (Sigma-Aldrich, Saint Louis, MO), trypsinized and expanded.
Resistance to MAL3-101 in these single-cell clonal populations was then
reconfirmed using CellTiter-Glo assays, as described above. Both RMS13
and the resistant clones were grown at 37°C and 5% CO2 in RPMI-1640
medium (GE Healthcare Hyclone, Logan, UT) supplemented with 10%
FBS (GE Healthcare Hyclone), 1× penicillin/streptomycin (Gibco, Thermo
Fisher Scientific, Waltham, MA), 10 mM HEPES pH 7.5 (MP Biomedicals,

Solon, OH), 0.25% glucose (TEKNOVA, Hollister, CA) and 1 mM sodium
pyruvate (Thermo Fisher Scientific, Waltham, MA) (complete medium). To
induce autophagy, cells were starved for 4 h in Earle’s balanced salt solution
(EBSS, Thermo Fisher Scientific) containing 1% FBS, after any residual
complete medium was removed with PBS.

MAL3-101 (Fewell et al., 2004), tubacin (Sigma-Aldrich, Saint Louis,
MO), bafilomycin, MG132 and CB-5082 (Selleck Chemicals, Houston, TX)
were dissolved in DMSO at 20 mM, except bafilomycin, which was prepared
at 1 mM. Chloroquine (CQ; Sigma-Aldrich) was dissolved in sterile water at
100 mM. All compounds were stored at −80°C, except MG132, which was
kept at −20°C. Prior to use, the desired amount of each compound was added
to pre-warmed medium, mixed thoroughly, and added directly onto cells.

To transfect plasmids encoding ERAD substrates (Christianson et al.,
2011), cells were seeded at a density of 200,000 cells/well in six-well plates,
and after 24 h a total of 2 µg of the indicated plasmid was introduced
using the FuGENE6 reagent (Promega, Madison, WI) according to the
manufacturer’s instructions. Cells were treated with the indicated
compounds or directly processed for RNA or protein extraction (see
below) 24 h after transfection. In experiments in which ATG5 was silenced,
cells were seeded at a density of 250,000 in a six-well plate, and after 24 h
two different siRNA oligonucleotides against ATG5 (siGENOME9474,
D-004374-03 and D-004374-05, Dharmacon, Lafayette, CO) or a control
siRNA (BLOCK-iT™ Alexa Fluor® Red Fluorescent Control, Invitrogen,
Thermo Fisher Scientific) were transfected using Lipofectamine
RNAiMAX (Invitrogen, Thermo Fisher Scientific) at 20 nM according to
the manufacturer’s instructions. After 72 h, cells were harvested and seeded
for cell viability assays or collected for RNA and protein extraction to detect
knockdown efficiency, as described below. The time frame and
concentration of siRNA-mediated silencing were selected after conducting
timecourse experiments in which ATG5–ATG12 and Hsp70 protein
abundance was analyzed by immunoblotting (data not shown).

Cell viability assays
Cells were plated at a density of 3000 cells/100 μl in 96-well clear-bottomed
plates (Greiner bio-one, NC). After 72 h of the indicated treatment, the cells
were lysed and incubated with the CellTiter-Glo reagent (Promega), and
luminescence was read on a Bio-Rad ChemiDoc XRS+ with the associated
Image Lab software (Bio-Rad, Thermo Fisher Scientific). Under conditions
in which cells were treated with more than one compound (e.g. Fig. 2C,D;
Fig. S2B,C,E), the cells were incubated with increasing doses of MAL3-101
in the presence of 0.5 µM CB-5083, 40 µM CQ, 2.75 µM tubacin or 1.5 nM
bafilomycin. These doses were selected so that no greater than 30% cell
death was observed in the RMS13 and RMS13-R cell lines 72 h after
treatment at these concentrations. Viability was quantified after normalizing
the values obtained upon CB-5083, CQ, tubacin, or bafilomycin treatment
alone at the indicated concentrations. When viability was measured after
ATG5 knockdown, MAL3-101 sensitivity was measured 24 h after
treatment and 72 h after siRNA transfection.

Analysis of cell surface annexin-V was performed by staining cells with
the annexin-V apoptosis detection kit (eBioscience, Thermo Fisher
Scientific) following the manufacturer’s instructions. In brief, 48 h after
siRNA transfection (see above) cells were seeded at a density of 200,000
cells in six-well plates and allowed to adhere overnight before performing
the indicated treatments. After mild trypsinization, the cells were harvested
and washed in PBS and then equilibrated in annexin-V-binding buffer. A
cell resuspension of 150,000 cells in 100 µl was incubated with 5 µl of
annexin-V conjugated to allophycocyanin (APC) for 15 min in the dark.
After three washes with the binding buffer, cells were suspended in 400 µl
annexin-V-binding buffer containing 5 µl propidium iodide (PI) and
analyzed on an Accuri C6 FACS apparatus (BD-Biosciences, San Diego).
Staining was used to discriminate annexin-V and PI-positive cells,
respectively. Annexin-V and annexin-V and PI double-positive cells were
summed and represented in the graph as percentage of apoptotic cells.

Immunoblot analysis
All antibodies used in this study were obtained from Cell Signaling
Technology (Danvers, MA), unless indicated otherwise. To measure the
levels of endogenous proteins, cells were plated at a density of 200,000 cells

Fig. 8. A model for cancer cell adaptation to Hsp70 inhibition. MAL3-101
treatment of RMS13 cells inhibits Hsp70 activity and induces (1) the
accumulation of unfolded proteins that (2) lead to PERK-mediated transcription
of ATF4 and CHOP, which (6) results in cell death (Sabnis et al., 2016). In
contrast, (3) higher steady state levels of autophagy and perhaps an ATF4-
mediated increase in ATG gene expression upon MAL3-101 treatment in
RMS13-R cells (4) protects against cell death and favors cancer cell survival. If,
however, autophagy is impaired [for example by CQ (5)], (6) Hsp70 inhibition is
again toxic to MAL3-101-resistant cancer cells, which results in apoptosis.
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in six-well plates and allowed to adhere overnight before the indicated
treatments. The supernatant/medium was collected, and after the cells were
washed in PBS lysates were obtained after incubation in 1% SDS RIPA
buffer (100 mM Tris-HCl pH 7.5, 1% NP40, 1% SDS, 300 mM NaCl
and 0.5% sodium deoxycholate) supplemented with protease inhibitors
(cOmplete Mini EDTA free tablets; Roche, Indianapolis, IN), 10 mM N-
ethylmaleimide (NEM; Sigma-Aldrich) and 5 mM phenylmethanesulfonyl
fluoride (PMSF; Sigma-Aldrich) for 15 min on ice. The lysate was then
clarified by sonication and centrifugation at 13,000 g for 5 min at 4°C, and
the amount of protein was quantified with a BCA assay kit (Thermo Fisher
Scientific). Aliquots containing 25 µg of total protein were incubated at 95°
C for 5 min, subjected to SDS-PAGE, and, after transfer, the blots were
incubated with the following antibodies: anti-LC3B (D11, #3868S; at
1:1000), anti-ATG5 (D5F5 U, #12994S; at 1:1000), anti-p62/SQSTM1
(P0067, Sigma-Aldrich; at 1:2000) and anti-PERK (C33E10, #3192; at
1:1000) antibodies. When apoptotic marker proteins were examined, aliquots
from the same lysates were instead heated to 75°C for 15 min prior to SDS-
PAGE, and blots were incubated with anti-PARP (46D11, #9532S; at
1:1000), anti-CHOP (L63FZ, #2895S; at 1:1000), anti-cleaved caspase-3
(#9661S; at 1:500), and anti-cleaved caspase-8 (18C8, #9496; at 1:1000)
antibodies. Anti-β-actin antibody was used as loading control (#4867L; at
1:2000). Tomeasure LC3BII accumulation and LC3BI to LC3BII conversion
in murine livers, 30 mg of tissue was sonicated on ice for 30 s in 1% SDS
RIPA buffer supplemented with protease inhibitors (cOmplete Mini EDTA
free tablets; Roche, Indianapolis, IN), 10 mM N-ethylmaleimide (NEM;
Sigma-Aldrich), and 5 mM phenylmethanesulfonyl fluoride (PMSF; Sigma-
Aldrich). After protein quantification, 40 µg of total protein was subjected to
SDS-PAGE as described above.

To measure the levels of transfected HA-tagged proteins, 24 h after
transfection (see above) the cells were treated for 4 h with 20 µMMG132 or
an equivalent volume of DMSO. The cells were then washed in PBS and
incubated in RIPA buffer (50 mM Tris-HCl pH 7.5, 1% NP40, 150 mM
NaCl, 0.5% sodium deoxycholate and 0.1% SDS) supplemented with
protease inhibitors (see above) and 10 mM NEM for 20 min on ice. Next,
the samples were passed through a 20G syringe (BD/Fisher) five times and
the mixture was centrifuged at 13,000 g for 15 min at 4°C. The supernatant
fractions were collected and protein quantification was assessed as described
above. Aliquots containing 20 μg were heated at 75°C for 15 min and
subjected to SDS-PAGE. After blotting, rat monoclonal anti-HA antibody
conjugated to horseradish peroxidase (HRP; 3F10; Roche) was used to
detect the overexpressed protein of interest at a final dilution of 1:4000.
Primary antibodies were visualized with HRP-conjugated anti-mouse-IgG
secondary antibodies at 1:4000 for 2 h at room temperature.

To detect levels of protein ubiquitylation, 10 µg of total protein was
subject to SDS-PAGE, and the resulting nitrocellulose membranes were
incubated in boiling water for 1 h to expose antibody epitopes before the
blots were blocked in a milk solution. An anti-ubiquitin antibody, P4D1
(Santa Cruz Biotechnology, Dallas, TX), was used at 1:1000, and HRP-
conjugated anti-rabbit-IgG secondary antibodies (at 1:4000) were applied
for 2 h at room temperature prior to imaging. In all cases, proteins were
visualized using the SuperSignal Chemiluminescence kit (Thermo
Scientific) and images were taken using a Bio-Rad ChemiDoc XRS+ with
Image Lab software. Data were analyzed using ImageJ software.

To detect inactive and activated ATF6, cells were plated at a density of
200,000 in six-well plates and allowed to adhere overnight. Next, the cells
were treated as indicated and 1 mM DTT was applied for 1 h as a positive
control. All the treatments were performed in the presence of 5 µM MG132
to avoid ATF6 degradation (Horimoto et al., 2013). The supernatant/
medium was then collected, and after the cells were washed in PBS
containing 5 µM MG132, the cells were detached with trypsin, and after
centrifugation the cell pellets were resuspended in 150 mM NaCl, 10 mM
Tris-HCl pH 7.5, 10 µM MG132 and 2% SDS buffer, supplemented with
protease inhibitors (cOmplete Mini EDTA free tablets; Roche, Indianapolis,
IN), 10 mM N-ethylmaleimide (NEM; Sigma-Aldrich), and 5 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich). The lysate was
then clarified by sonication and centrifugation at 13,000 g for 5 min at 4°C,
and protein was quantified with the BCA assay kit as described above. 50 µg
of total protein was incubated at 95°C for 5 min, subjected to SDS-PAGE

using a 8% polyacrylamide gel (Acrylamide:Bis-acrylamide, 29:1, 40%
Solution, OmniPur, Sigma-Millipore, Germany) and the resulting
nitrocellulose filter was incubated in Tris-buffered saline with 0.1%
Tween® 20 (TBST) containing 10% non-fat dry milk for 1 h at room
temperature under gentle shaking. The nitrocellulose filter was then
incubated with an aliquot of anti-ATF6 antibody (73-500, Bio Academia,
Japan; at 1:1000) in presence of 5% non-fat dried milk powder for 1 h at
room temperature. An anti-light chain-specific anti mouse IgG monoclonal
antibody (115-035-174, Jackson ImmunoResearch, West Grove, PA) was
used as the HRP-conjugated secondary antibody at 1:5000 in 1% non-fat
milk TBST for 2 h at room temperature. Proteins were visualized using the
SuperSignal Chemiluminescence kit (Thermo Scientific) and images were
taken using a Bio-Rad ChemiDoc XRS+ with Image Lab software. Data
were analyzed using ImageJ software.

Biochemical assays
To measure the stabilities of the indicated proteins, cycloheximide chase
assays were performed 24 h after transfection on cells grown in six-well
plates (see above). Where indicated cells were pre-incubated with 20 µM
MG132 for 3 h prior to the addition of 50 µg/ml cycloheximide in the
presence of fresh medium supplemented with MG132 or DMSO. Cells were
harvested, lysed in RIPA buffer as indicated above, and the indicated HA-
tagged protein substrates were detected after immunoblot analysis.

To measure ATF4 stability, cells were pre-treated with 7.5 µM MAL3-
101 for 3 h prior to the addition of 50 µg/ml cycloheximide in fresh medium.
Cells were harvested at the indicated times, lysed in RIPA buffer as indicated
above, and 25 µg total protein was incubated at 37°C for 30 min and
subjected to SDS-PAGE. The nitrocellulose filter was decorated with an
anti-ATF4 antibody (D4B8, #11815; at 1:2000) and HRP-conjugated anti-
rabbit-IgG secondary antibodies (at 1:4000) for 2 h at room temperature
prior to imaging. Protein visualization and data analysis were performed as
described above.

To differentiate soluble and membrane-associated proteins, cells were
collected 6 h after the indicated treatments and lysed in 150 mM NaCl,
10 mM Tris-HCl pH 7.6 and 1% NP-40, which was supplemented with
protease inhibitors (Roche), 10 mM NEM and 1 mM PMSF, for 15 min on
ice. Soluble fractions were collected after centrifugation at 14,000 g for
20 min at 4°C, while the insoluble pellet fractions were resuspended in
150 mM NaCl, 10 mM Tris-HCl pH 7.5 and 2% SDS and sonicated to
fragment the DNA (Milan et al., 2015). Aliquots of the soluble and insoluble
fractions were resolved after SDS-PAGE and subject to immunoblot
analysis, as indicated above, with anti-LC3B (D11, #3868S; at 1:1000),
anti-ATG5 (D5F5U, #12994S; at 1:1000), anti-PDIA6 (#11432; Abcam,
Cambridge, UK; at 1:2000) and anti-β-actin (#4867L; at 1:2000) antibodies.

Antitrypsin secretion assay
Tomeasure A1AT secretion, cells were seeded at 200,000 cells/well in a six-
well plate and the following day they were transfected with the indicated
plasmid, as described above. At 24 h after transfection, cells were incubated
with Opti-MEM (Gibco, Thermo Fisher Scientific) in the presence or
absence of 50 µM CQ for 4 h. The secreted material was collected and
centrifuged at 850 g for 4 min to remove any residual cells. Then, 10 mM
NEM, 5 mMPMSF and a protease inhibitor cocktail (see above) were added
to the secreted pool. The attached cells were treated as described above and
lysed in RIPA buffer (50 mM Tris-HCl pH 7.5, 1% NP40, 150 mM NaCl,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease
inhibitors and 10 mM NEM for 20 min on ice. 20 µg total protein
aliquots were loaded as intracellular material and a corresponding volume
of secreted material was subjected to TCA precipitation overnight and then
loaded onto the same gel. Rat monoclonal HRP-conjugated anti-HA
antibody was used to detect the overexpressed protein of interest (see
above).

Real-time quantitative PCR
Cells were seeded at 200,000 cells/well in six-well plates, grown overnight,
and then treated for the indicated times with the indicated compounds. RNA
was extracted using the RNeasy kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. cDNA was synthetized from 1 µg of the
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extracted RNA using MuLV reverse transcriptase (Thermo Fisher
Scientific) and 40 ng were used for real-time qPCR using the
StepOnePlus system (Applied Biosystems, Thermo Fisher Scientific). All
primers are listed in Table S1. Each PCRwas run on three or more biological
replicates and with three technical replicates for each reaction. Primer
efficiency was determined by serial dilution of the template and the relative
expression ratios were calculated (Pfaffl, 2001). Primers amplifying β-actin
were used as an internal control.

For the murine liver samples (see below for details of mouse handling),
RNAwas extracted from 20 mg of tissue after sonication using the RNeasy
kit (Qiagen, Hilden, Germany), and cDNAwas synthesized from 2 µg of the
extracted RNA using MuLV reverse transcriptase (Thermo Fisher
Scientific). A total of 20 ng of cDNA was used for real-time qPCR using
the Quantstudio3 machine (Thermo Fisher Scientific). All primers are listed
in Table S2. Each reaction was run on two different murine livers and with
three technical replicates for each reaction. Primers directed against β-actin
were used as an internal control.

XbpI splicing
RMS13 and RMS13-R cells were seeded at 200,000 cells/well in a six-well
plate, grown overnight and, the following day, cells were pre-treated with
25 µM 4µ8C (Selleckchem) or vehicle for 1 h and then treated with either
DMSO or 10 µMMAL3-101 for 6 h. RNAwas extracted using the RNeasy kit
as described above. cDNA was generated from 0.5 µg RNA using the
RetroScript Kit (ThermoFisher Scientific). Diluted cDNA was used as a
template for PCR amplification of unspliced and spliced Xbp1. DNA products
were run on a 3% agarose gel, visualized with ethidium bromide, and an image
was captured using a BioRad ChemiDoc XRS+ with Image Lab software.

Proteasome activity assays
Cellular lysates from RMS13 and RMS13-R cells were collected as described
previously (Milan et al., 2015), and proteasome activity was assessed by
monitoring the production of 7-amino-4-methylcoumarin (AMC) from the
Suc-LLVY-AMC proteasome substrate (cat. no. I-1395; Bachem, Torrance,
CA), which specifically detects the chymotrypsin-like activity of the
proteasome (Stein et al., 1996). To this end, 10 µl aliquots of each lysate
were incubated with 1 µl of the 5 mM stock solution of Suc-LLVY-AMC in
20 mM Tris-HCl, pH 7.5, 2 mM ATP, 2 mMMgCl2 and 0.2% bovine serum
albumin in the presence or absence of 10 µMMG132 (Gleixner et al., 2017).
The fluorescence of released AMCwasmeasured at time 0 and after 30 min in
a FluoroMax3 plate reader at an excitation wavelength of 380 nm and an
emission wavelength of 460 nm (HORIBA Scientific Instrument & Systems,
Kyoto, Japan). To calibrate the assay, a standard free fluorophore solution
containing a range of AMC concentrations was used (VWR, Randor, PA). All
measurements were performed in duplicate and values were normalized to
protein content, as determined by the BCA protein assay kit according to the
manufacturer’s instructions (Thermo Fisher Scientific). Proteasome activity
was calculated by: ((RFU2–RFU1)/(T2-T1))/[protein].

Transmission electron microscopy imaging
Cells were seeded at 200,000 cells/well in a six-well tissue culture plate.
After 18 h, DMSO, 7.5 µM MAL3-101 or 40 µM CQ were added for
4 h. The cells were then washed twice with PBS, and fixed in 2.5%
glutaraldehyde in 100 mM PBS (8 g/l NaCl, 0.2 g/l KCl, 1.15 g/l
Na2HPO4•7H2O, 0.2 g/l KH2PO4, pH 7.4) for 1 h at room temperature.
Monolayers were then washed in PBS three times and post-fixed in aqueous
1% osmium tetroxide and 1% Fe6CN3 for 1 h. Next, the fixed cells were
washed three times in PBS and dehydrated through a 30–100% ethanol
series with Polybed 812-embedding resin (Polysciences, Warrington, PA).
The cell mixture was subsequently embedded by inverting Polybed 812-
filled BEEM capsules on top of the cells. The blocks were cured overnight at
37°C, and then cured for 2 days at 65°C. Monolayers were pulled off the
coverslips and sectioned en face. Ultrathin sections (60–70 nm) of the cells
were obtained on a Riechart Ultracut E microtome, post-stained in 4%
uranyl acetate for 10 min, and 1% lead citrate for 7 min. Sections were
viewed on a JEOL JEM 1011 transmission electron microscope (JEOL,
Peobody MA) at 80 kV. Images were taken using a side-mount AMT 2k
digital camera (Advanced Microscopy Techniques, Danvers, MA).

Rodent studies
To create aMAL3-101 formulation for in vivo dosing, 250 mg of KolliphorHS
15 (Sigma Aldrich) was melted at 50°C and mixed with 150 mg ethanol and
100 mg dimethylacetamide (Sigma Aldrich). A total of 10.15 mg of MAL3-
101 was added and the solution vortexed; 0.5 ml HPLC water was then added
and the solution was vortexed for 10 min, centrifuged, and sterile-filtered to
create a 1 mg/ml solution. Next, immunocompromised 6-week-old female
nu/nu mice kept in the AAALAC-accredited barrier facility at UCSF were
treated with 66 mg/kg bodyweight ofMAL3-101 (or equal volume of vehicle)
by intraperitoneal injection, then euthanized at 1, 4, 8 and 24 h. One lobe of the
liver was harvested at the time of euthanasia and snap-frozen for
immunoblotting analysis. Animal care was supervised by veterinary staff,
and experiments were carried out under an IACUC-approved protocol.

Colony formation assay
50,000 RMS13 or RMS13-R cells were suspended in 0.4% agarose, 1×
DMEM and 10% FBS, and plated over 0.6% agarose in DMEM with 10%
FBS, in triplicate per treatment, in six-well plates. Once the agarose had set,
1 ml of RPMI-1640 with 10% FBS, 1× penicillin/streptomycin, and 40 µM
CQ, 7.5 µM MAL3-101, a combination of the two, or DMSO, was gently
pipetted onto the medium. Medium and drugs were refreshed twice weekly
for 25 days. Plates were then washed with PBS and then fixed and stained
with 0.05%Crystal Violet and 10% ethanol. After destaining with deionized
water, plates were imaged using a 5× low power objective, and colonies
>2 mm in diameter in each photomicrograph were counted using the Cell
Counter plug-in for ImageJ. Colonies were counted for three low-power
fields per condition.

Statistical analysis
IC50 concentrations from CellTiter-Glo assays were calculated as described
previously (Sabnis et al., 2016) using SigmaPlot 11.0 (Systat Software, Inc.).
GraphPad Prism was used to carry out a two-tailed Student’s t-test (GraphPad
Software, Inc.). In all experiments, P<0.05 was considered significant.
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E., López-Bonet, E., Martin-Castillo, B., Joven, J. andMenendez, J. A. (2013).
The anti-malarial chloroquine overcomes primary resistance and restores
sensitivity to trastuzumab in HER2-positive breast cancer. Sci. Rep. 3, 2469.
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Figure S1. (A) Chymotrypic-like protease activity (white bars) was measured by monitoring the 

formation of fluorescent AMC from Suc-LLVY-AMC in lysates prepared from RMS13-R and 

RMS13 cells. Proteasome specific activity was established by conducting experiments in the 

presence of the proteasomal inhibitor MG132 (grey bars). Data are represented as activity +/- 

SD, where one unit of proteasome activity is defined as the amount of proteasome that 

generates 1.0 picomol of AMC per min at 37°C. (B) A1AT wild type secretion was measured in 

the presence or absence of CQ in opti-MEM media for 4-hours. Aliquots of both intracellular 

and secreted material were subjected to SDS-PAGE and immunoblotted for A1AT. (C) Integral 

membrane ERAD substrates are degraded more rapidly in RMS13-R cells. RMS13 and 

RMS13-R cells transfected with vectors engineered for the expression of HA-CD3δ or HA-

GluR1 were treated with cycloheximide. Aliquots were removed at the indicated times and 

lysates were prepared and immunoblotted to detect substrate abundance. The graphs on the 

right show the fold decrease in protein abundance in RMS13 (white circles) and RMS13-R 

(black circles) cells normalized to the amount of protein at time 0 for 3 independent experiments, 

+/- SD. (D) RMS13-R and RMS13 cells expressing NHKQQQ were treated with cycloheximide in 

the presence of the proteasome inhibitor, MG132. Aliquots of cells from each time point were 

lysed, and proteins were resolved by SDS-PAGE and immunoblotted to detect NHKQQQ 

abundance. Graphs represent the average of 2 independent experiments +/- the range of the 

data; * denotes p<0.05, ** denotes p<0.005, and *** denotes p<0.0001. 
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Figure S2. MAL3-101 sensitivity is recovered when autophagy is inhibited in RMS13-R 
cells. (A) RMS13-R (black circles) and RMS13 (white circles) cell viability was analyzed after 

autophagy was inhibited with tubacin (an HDAC6 inhibitor) or bafilomycin (a lysosomal H+-pump 

inhibitor). Data represent the averages of 3 independent experiments, +/- SEM. (B-C) RMS13-

R cells and the parental RMS13 cell line were treated with increasing doses of MAL3-101 in 

the presence (white circles) or absence (black circles) of sub-lethal doses of the indicated 

autophagy inhibitors. Tubacin and bafilomycin were used at final concentrations of 2.75 µM and 

1.5 nM, respectively. Cell viability was measured with the CellTiter-Glo assay after treatment 

for 72-hours, +/- SEM (n=3). (D) RMS13-R clone 4B and clone 4E cell viability after autophagy 

inhibition (CQ) was monitored using CellTiter-Glo. Data represent the averages of 3 

independent experiments, +/- SEM. (E) Clone 4B and clone 4E RMS13-R cells were treated 

with increasing doses of MAL3-101 in the presence (white circles) or absence (black circles) of 
sub-lethal doses of CQ (40 µM). Cell viability was measured with the CellTiter-Glo assay (n=2, 

+/- the range of the data). (F) The LC3BII/I ratio (left graph) and LC3BII abundance (right graph) 

in RMS13-R (white bars) and RMS13 (grey bars) cells was quantified and are expressed as the 

fold increase relative to the DMSO control under the indicated conditions, +/- the range of the 

data (n=2). (G) Gene expression under starvation conditions was analyzed in RMS13-R (white 

bars) and RMS13 (grey bars) cells by quantitative PCR. Data represent the fold increase 

relative to the DMSO control, +/- SD (n=3); * denotes p<0.05, ** denotes p<0.005, and *** 

denotes p<0.0001. 
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Figure S3. MAL3-101 induces autophagy in RMS13-R cells. (A) The fold increase in gene 

expression of the indicated autophagy associated genes upon MAL3-101, MG132 or tubacin 

addition was quantified by quantitative PCR in RMS13-R cells. Data represent the means of 3 

independent experiments, +/- SD. (B) The fold change in the amount of the ATG5-12 complex 

(white bars), LC3BII (grey bars), and the LC3BII/I ratio (black bars) in the membrane associated 

(Insol) fraction in RMS13-R and RMS13 cells relative to DMSO is plotted, +/- SEM (n=5). (C) 

Quantification of the immunoblot analyses present in Fig 3C. Data are shown as the fold 

increase in protein accumulation after a 7.5 µM MAL3-101 treatment for the indicated times in 

the presence of CQ (during the last hour of treatment), +/- SEM, in RMS13-R (back circles) and 

RMS13 (white circles) cells. Values are normalized to steady state protein levels. The averages 

of 6 experiments were plotted for LC3BII and the conversion rate of LC3BI in LC3BII. (D) LC3BII 

abundance was monitored after 7.5 µM MAL3-101 treatment in the presence or absence of CQ 

during the last hour of treatment. Data are shown as CQ treated versus untreated ratio and the 

averages of 4 different experiments are shown, +/- SEM. (E) RMS13-R (white bars) or RMS13 

(grey bars) cells were treated for 3 or 6-hours with 7.5 µM MAL3-101 and the expression of the 

indicated genes was measure by qPCR relative to the DMSO control, +/- SD (n=3); * denotes 

p<0.05, and ** denotes p<0.001. 
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Figure S4. ATG5 knock-down induces RMS13-R cell death in the presence of MAL3-101 
(A-B) ATG5 knock-down efficiency was measured by immunoblotting for the ATG5-12 complex 

or by quantitative PCR 72-hours after siRNA transfection. Black and red dots indicate LC3BI 

and LC3BII, respectively. Data in (B) represent the fold increase compared to the control siRNA 

in RMS13-R (white) and RMS13 (grey) cells.  
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Figure S5. MAL3-101 treatment induces makers of autophagy and CHOP and BiP 
transcripts in mice (A-B) Autophagy induction was assessed by measuring LC3BII 

accumulation and the LC3BII/I ratio by western blot in extracts prepared from mouse livers. 

Data in (B) represent the average of the LC3BII/LC3BI ratio (white bars) and LC3BII (grey bars) 

accumulation relative to the β-Actin signal, +/- the range of the data (n=2). (C) CHOP and BiP 

message after MAL3-101 injection was analyzed by Real-Time qPCR. Fold change mRNA 

relative to vehicle samples is expressed in the graph, +/- the range of the data (n=2); (D) Colony 

formation efficiency was measured after 25 days of culture under the indicated conditions 

(upper panel). Three low-power photomicrographs were taken for each condition and the 

number of colonies per micrograph was counted. The average number of colonies is presented 

in the graph (lower panel). * denotes p<0.05, ** denotes p<0.005, and *** denotes p<0.0001. 
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Table S1 Primers directed against human genes used for Real Time quantitative PCR analysis 

NAME SEQUENCE 
AAAGATGTGCTTCGAGATGTGT ATG5-F 

ATG5-R 
ATG12-F 
ATG12-R 
ATG3-F 
ATG3-R 

CACTTTGTCAGTTACCAACGTCA 

CTGCTGGCGACACCAAGAAA 

CGTGTTCGCTCTACTGCCC 

ACATGGCAATGGGCTACAGG 

CTGTTTGCACCGCTTATAGCA 

LC3B-F TGTCCGACTTATTCGAGAGCAGCA 

TTCACCAACAGGAAGGCCTGA LC3B-R 
PUMA-F 
PUMA-R 

ΒACTIN-F 

TGTCCTGGATGAGGATGTGA 

GCAGTTAGCAGGGGACTGAG 

GTGGCCGAGGACTTTGATTG 

ΒACTIN-R GATACAACGCATCTCATATTTGGA 

CHOP-F TTAAGTCTAAGGCACTGAGCGTATC 

CHOP-R TGCTTTCAGGTGTGGTGATG 

XBPI-F AAACAGAGTAGCAGCTCAGACTGC 

XBPI-R TCCTTCTGGGTAGACCTCTGGGAG 



Jo
ur

na
l o

f C
el

l S
ci

en
ce

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

J. Cell Sci.: doi:10.1242/jcs.217760: Supplementary information

Table S2 Primers used for Real Time quantitative PCR analysis on murine livers	

NAME SEQUENCE 
ATG5-F GCCAAGAGTCAGCTATTTGACGTTG 

ATG5-R CTTGGATGGACAGTGTAGAAGGTCC 

TGGCCTCGGAACAGTTGTTTA ATG12-F 
ATG12-R 
ATG3-F 
ATG3-R 
LC3B-F 
LC3B-R 

HSPA5-F 
HSPA5-R 
ΒACTIN-F 
ΒACTIN-R 
CHOP-F 
CHOP-R 

GGGCAAAGGACTGATTCACAT 

CTGGAGATCACTTAGTCCACCA 

GTCGGAAGATATGCCTTCACTTT 

TTATAGAGCGATACAAGGGGGAG 

CGCCGTCTGATTATCTTGATGAG 

GACTGCTGAGGCGTATTTGG 

AGCATCTTTGGTTGCTTGTCG 

GGCTGTATTCCCCTCCATCG 

CCAGTTGGTAACAATGCCATGT 

GCGACAGAGCCAGAATAACA 

ACCAGGTTCTGCTTTCAGGT 


