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Leaving the lysosome behind: novel
developments in autophagy inhibition

The search for a single silver bullet for the treatment of cancer has now been
overshadowed by the identification of multiple therapeutic targets unique to each
malignancy and even to each patient. In recent years, autophagy has emerged as one
such therapeutic target. In response to both therapeutic and oncogenic stress, cancer
cells upregulate and demonstrate an increased dependence upon this intracellular
recycling process. Particularly in malignancies that currently lack targeted therapeutic
options, autophagy inhibitors are the next hopeful prospects for the treatment of this
disease. In this review, we discuss the rapid evolution of autophagy inhibitors from
early lysosomotropic agents to next-generation lysosome-targeted drugs and beyond.

The rise of autophagy as a therapeutic
target

Cancer is the second leading cause of death
in the USA by a minute margin expected to
close within the next decade [1]. In 2015, the
Surveillance, Epidemiology, and End Results
program sponsored by the National Cancer
Institute projects 1,658,370 new cancer cases
and 589,430 cancer-associated deaths in this
country alone [2]. Such statistics are sobering
and continue to fuel the work of translational
medicine. Although the silver bullets of ima-
tinib in BCR-ABL-expressing leukemia and
trastuzumab in HER2-overexpressing breast
cancer are encouraging, the vast major-
ity of cancer patients still receive a generic
therapeutic regimen consisting of cytotoxic
chemotherapy and radiation [3]. As biomedi-
cal research has progressed, it has become
clear that cancer is not a single disease: each
malignancy is as unique as the individual
hosting it. This unfortunate fact has pre-
sented the biomedical research community
with the immense challenge of treating each
patient uniquely, which is a concept coined
‘precision medicine’.

In theory, precision medicine is simple:
for example, if a patient’s tumor harbors an
activating mutation in the EGFR gene and
shows dependency upon EGFR signaling,

the patient would be treated with an EGFR
inhibitor. In reality, several caveats compli-
cate the precision medicine theory and have
slowed the development of a corresponding
pharmacological toolkit (4]. First, malig-
nancies are often driven by more than one
mutation. The genomic landscape of cancer
is incredible, with individual tumors acquir-
ing an average of 50, and as many as 200,
somatic mutations [s]. Although the majority
of these mutations do not support tumori-
genesis, it is estimated that as many as eight
or more mutations will play leading roles
in this process [s]. As a result, combination
therapy approaches are required to treat this
disease. However, within current clinical use,
combination strategies often result in toxici-
ties that limit their use in human patients.
Second, target-matched therapeutic options
are extremely limited. In fact, it is estimated
that only 5% of the cancer genome has been
successfully drugged [6]. In the case of most
tumor suppressors and the prominent onco-
gene RAS, small molecule inhibitors have
been unsuccessful thus far, labeling these
genomic drivers of disease undruggable.
With such a limited therapeutic toolbox,
the overall impact of precision medicine has
slowed. Last, patients receiving some form of
precision therapy often still experience thera-
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Autophagosome: A double-membrane vesicle capable
of sequestering cytosolic material and delivering it to the
lysosome for degradation.

Lysosomotropic: The characteristic of being drawn to and
trapped within the acidic lysosomal compartment.

peutic resistance as tumors employ bypass mechanisms
for survival 7. Although a malignancy may exhibit a
dependency upon EGFR signaling, the tumor has the
ability to switch signaling dependencies when exposed
to a therapeutic insult. This phenomenon has been
observed to contribute to the clonal evolution that
permits tumor relapse following initial treatment (8.9].
Despite the challenges currently facing precision med-
icine, biomedical researchers have discovered their own
bypass mechanisms in an attempt to outsmart human
tumors. One strategy is to target a signaling node com-
mon to several pathways in the cancer cell. Since it has
been established that tumors display multiple drivers of
disease and potential back-up drivers, targeting a sin-
gle node would seemingly limit toxicity to the patient
while still inhibiting several of the tumor’s dependen-
cies. The roadblock that has limited the development of
this strategy is the lack of a therapeutic margin. Ideally,
precision medicine would minimize the negative effects
to nontransformed cells that are often observed with
cytotoxic chemotherapy and radiation. Unfortunately,
the top prospects for targetable signaling nodes play
essential roles in the survival of both transformed and
nontransformed cells. A second strategy seeks to target a
downstream effector pathway of a currently undrugga-
ble target. This approach is best exemplified in the work
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of the National Cancer Institute’s RAS Initiative. Since
the RAS isoforms lack small molecule inhibitors, exten-
sive research has identified targetable effector pathways
that are preferentially activated by oncogenic RAS muta-
tions [10]. Among other exciting discoveries, autophagy
has been implicated as one such effector pathway.

Autophagy is defined as an intracellular recycling pro-
cess in which cells degrade cytosolic material for reuse.
As illustrated in Figure 1, the process is initiated with
the engulfment of cytosolic material such as damaged
mitochondria into a double membrane organelle called
the autophagosome. The process is complete after
the fusion of a lysosome with the autophagosome allows
the degradation of the engulfed material. Although all
cells are thought to undergo a basal level of autophagy
to maintain cellular homeostasis, the oncogenic muta-
tions harbored by cancer cells often upregulate this
process [11,12]. As in KRAS-mutated non-small-cell lung
cancer, the upregulation of autophagy has been synony-
mous with an increased dependence upon this process,
theoretically providing a therapeutic window where a
patient’s malignancy could be preferentially targeted
by autophagy inhibitors. These recent findings coupled
with the existence of FDA-approved autophagy inhibi-
tors has allowed for an expedited preclinical and clini-
cal investigation of autophagy’s role in tumorigenesis. In
this review, we pay tribute to the lessons learned from
the first autophagy inhibitors and discuss the field’s
rapid evolution toward clinical relevance.

Antimalarial drugs as autophagy inhibitors
The first compounds termed autophagy inhibitors
were not designed as such, but were rather repur-
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Figure 1. The stages of autophagy. Autophagy is categorized into stages defined by the primary organelle present
in the process. The induction and elongation stages describe the formation of a double membrane structure
called the phagophore, and its subsequent elongation. Maturation occurs when the phagophore closes to

form a cytosolic material-filled autophagosome. The fusion stage defines the formation of the autolysosome, a
product of fusion between a mature autophagosome and a functional lysosome. Clearance describes the active
degradation and recycling of engulfed material by lysosomal hydrolases.
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posed from their initial use as antimalarial agents. The
development of these autophagy inhibitors has a long,
rich history that began with the Peruvian people’s use
of cinchona tree bark to ameliorate fever and other
malaria-associated symptoms in the early 1600s (major
events are reviewed in Figure 2). When Jesuit priest
missionaries visited Peru, they observed the natives’
practices and, recalling the deadly effects of malaria
in Europe, transported the bark across the Atlantic
Ocean [13]. In the 1800s, French chemists success-
fully extracted pure quinine from the cinchona bark
and showed its curative effects on malaria patients.
This achievement marked the beginning of the race
for antimalarial compounds. Extracted quinine was
used extensively throughout the 19th century; in fact,
over 25,000 kg was used by Union troops alone in
the American Civil War [13]. Its use was limited, how-
ever, by access to cinchona bark. During World War
I, these limitations resulted in casualties experienced
by both sides; many sources have even claimed that
malaria posed a greater threat to human life than the
war itself. As synthetic chemistry advanced, German
scientists at the Bayer pharmaceutical company intro-
duced their first line of quinine-related compounds
during World War II [14]. Included in the line-up was
chloroquine, now considered the founder of lysosome-
targeted autophagy inhibitors. Interestingly, due to
toxicity issues, chloroquine was dismissed for human
use by both Germany and the USA in early clinical
studies; it took an extensive clinical trial comparing all
synthetic antimalarial compounds to show that chloro-
quine was in fact superior in human patients [13]. If not
for the persistence of scientists, autophagy inhibitors
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like chloroquine might have never been developed [14].

Although chloroquine was predominantly used to
treat malaria and inflammatory-related diseases in the
early and mid-1900s, the rise of biomedical research
and the identification of autophagy sparked several
key observations related to cancer. In the 1960s, chlo-
roquine was coined as a fibroblast-inhibiting agent
following observations of slowed proliferation and
migration 7z vitro [15]. In addition, the efficacy of radi-
ation was improved by chloroquine treatment iz vivo
and lysosomal dysfunction was observed in treated
animals’ livers [16,17). During the following decade,
several instances of lysosomal damage were reported
in animals receiving chloroquine treatment, officially
labeling the compound as lysosomotropic [18-21].
The primary discovery at this point was chloro-
quine’s mechanism of action: the compound readily
crossed the lysosomal membrane and became proton-
ated, causing its accumulation within the lysosome.
Chloroquine’s continued sequestration caused a sig-
nificant increase in the lysosome’s pH, inactivating
acid hydrolase enzymes and rendering the lysosome
nonfunctional [22-24]. In the case of malaria, in which
parasites hijack the lysosomal system within red
blood cells to provide a continuous nutrient supply,
the past successes of chloroquine in malaria patients
were elucidated.

As the biomedical research field’s understanding
of autophagy expanded in the 1980s, chloroquine’s
known effects on the lysosome suggested a connec-
tion to the intracellular recycling process. The first
studies of chloroquine’s effects on autophagy illus-
trated an accumulation of autophagosomes following

CQ described as HCQ shows

lysosomotropic anti-cancer
[16-22] properties [25-27]

1980s — 1990s 2000s 2014

Results of first
HCAQ clinical trials
published [42-45]

CQ investigated
as an autophagy
inhibitor in vitro [23]

Figure 2. Key events in the history of hydroxychloroquine. The serendipitous identification of the first autophagy
inhibitors, CQ and HCQ, has a long, rich history. Events critical to the clinical investigation of HCQ in autophagy

research are outlined.
CQ: Chloroquine; HCQ: Hydroxychloroquine.
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treatment, which led researchers to incorrectly con-
clude that chloroquine was inducing autophagy [25].
In the 1990s and early 2000s, it was discovered that
chloroquine affected autophagy by inactivating the
lysosome, just as had been established in malaria
research. It was at this point that a more complete
picture of autophagy came into view: the accumu-
lation of autophagosomes observed across multiple
malignancies both in vitro and in vive occurred as a
result of the process being blocked in the final stages.
Although the field had serendipitously uncovered an
autophagy inhibitor, chloroquine was not the perfect
compound. Although it was FDA approved and well
characterized, chloroquine was known for severe side
effects in human patients, especially after prolonged
use. In 1959, a hydroxylated version of chloroquine
was synthesized to reduce the retinopathy, indigestion
and tinnitus effects of treatment, while maintaining
the benefits of oral bioavailability and fast gastroin-
testinal absorption [26]. Like chloroquine, hydroxy-
chloroquine was primarily investigated in malaria and
inflammatory disease research until the 2000s. At the
turn of the century, the autophagy field was primed to
investigate the next lysosomotropic agent as a poten-
tial autophagy inhibitor. /n vitro studies were intrigu-
ing, showing apoptosis after hydroxychloroquine
treatment across numerous cancer cell lines as well
as the stalling of growth and proliferation in breast
cancer cells [27-29]. These initial studies paved the way
for further investigation of hydroxychloroquine in the
context of cancer.

Hydroxychloroquine in cancer clinical trials
The biomedical research field was slow to translate
the observations of lysosomotropic agents out of the
malaria research field. However, the importance
of autophagy in the process of tumorigenesis had
been well established. The first records of neoplastic
autophagy occurred in the 1970s in lung tumors, but
the phenomenon quickly expanded to both breast and
liver tumors as well [30-32]. These early observations
were all made using biochemical techniques, such as
acid phosphatase staining of the lysosome and trans-
mission electron microscopy to visualize autophago-
somes [33,34]. From the initial observations of basal
autophagy in cancer cells, the important discovery that
standard chemotherapeutic agents induced autophagy
was made. In the 1980s, the popular cytotoxic thera-
pies vincristine and vinblastine were shown to cause
autophagosome accumulation (3536]. Around the same
time, radiation was found to do the same across mul-
tiple malignancies [(37]. These findings led to the widely
accepted hypothesis that tumors use autophagy as a
chemoresistance mechanism.

The establishment of basal and therapeutic stress-
induced autophagy in several cancer contexts supported
the investigation of hydroxychloroquine in clinical tri-
als. Unfortunately, progress on this front was stalled
by controversies in the field regarding the true role of
autophagy in cancer. A seminal publication revealed
that haploinsufficiency of the essential autophagy
gene BECNI accelerated tumor formation in a mouse
model of breast cancer [38]. This work suggested that
autophagy was tumor suppressive in nature and there-
fore, argued against the use of autophagy inhibitors in
cancer patients. In addition, several accounts of the so-
called autophagic cell death process caused the field to
question autophagy’s role as a survival mechanism [23].
As the field expanded, several studies demonstrated
autophagy’s tumor-promoting role in cancer [39-41].
The first supporting evidence was born from the obser-
vation that autophagy could be exploited as a survival
mechanism. Upon growth factor withdrawal, bone
marrow cells activated autophagy to recycle essential
nutrients and maintain cellular homeostasis and viabil-
ity [42). Building upon these findings, in vitro and in
vivo analyses showed that loss of autophagy sensitized
apoptosis-defective, tumorigenic epithelial cells to
necrotic cell death [43]. In addition, due to the advance-
ment of RNA interference technology, comprehensive
analyses of mammalian homologues of the 30 autoph-
agy-related (ATG) genes in yeast were performed [44].
These in vitro findings coupled with the most recent
in vivo studies of cancer mouse models have led the
field to accept a binary role for autophagy in cancer:
autophagy acts as a tumor suppressor in early tumori-
genesis and promotes tumor progression in later stages
of the process. Perhaps the best examples of the tumor-
promoting capabilities of autophagy come from recent
mouse models of oncogenic KRAS- and BRAF-driven
non-small-cell lung cancer, which have shown the
necessity of functional autophagy for the development
of invasive disease [12.45]. Lymphoma mouse models
have also been informative, as chloroquine deriva-
tives have been shown to synergize with chemotherapy
through autophagy inhibition to improve disease
outcomes [46,47].

Once the preclinical evidence for the role of autoph-
agy in tumorigenesis was deemed sufficient, clinical
trials investigating hydroxychloroquine across mul-
tiple malignancies ensued. The ClinicalTrials web-
site reports over 50 studies of hydroxychloroquine in
cancer that are either completed or currently active.
The majority of these studies have been at the Phase
I or II level, providing limited information on tumor
burden and patient survival benefits. However, eight
clinical trials have been successfully completed with
published results that are summarized in Table 1. First,
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hydroxychloroquine was administered as a single agent
twice daily for 2 months to metastatic pancreatic duc-
tal adenocarcinoma (PDAC) patients who had previ-
ously received standard-of-care chemotherapy [48).
Data were collected from 20 patients and revealed
that both 400 and 600 mg doses of hydroxychloro-
quine were safe and tolerable. In addition, the in vitro
autophagy marker LC3 proved to be a reliable indi-
cator of autophagy inhibition in peripheral lympho-
cytes in vivo. The major challenge encountered during
this study was the variability of autophagy inhibition
observed between patients receiving the same dose of
hydroxychloroquine. In August of 2014, results from
six clinical trials were published simultaneously. One
study, performed in dogs with spontaneous lymphoma,
indicated cooperation between hydroxychloroquine
and doxorubicin to achieve a 93% overall response
rate [49]. Along with determining a maximum tolerated
dose (MTD) of 12.5 mg/kg/day for hydroxychloro-
quine, drug accumulation was found to be enriched
in the tumor tissue when compared with plasma. An
additional trial evaluated the safety and tolerability of
hydroxychloroquine in combination with bortezomib
in relapsed or refractory myeloma patients [s0]. Effi-
cacy of hydroxychloroquine was demonstrated by the
accumulation of autophagic vesicles in bone marrow
cells, and nearly half of all patients demonstrated some
length of stable disease during treatment. Hydroxy-
chloroquine-attributed toxicities were not observed
and a 600 mg dose was recommended for future stud-
ies. A third study investigated a combination treat-
ment strategy of the mTOR inhibitor temsirolimus
and hydroxychloroquine [s1]. In 27 patients harboring
a variety of solid tumor malignancies, escalating doses
of hydroxychloroquine were administered twice daily
in the presence of a fixed dose of temsirolimus. Results
from this study showed the safety and tolerability of
hydroxychloroquine in this drug combination, as well
as a stable disease state in over two-thirds of the patient
cohort. Although a MTD of hydroxychloroquine was
not reached, the study sponsors recommended a 600
mg dose for future trials. A separate trial also inves-
tigated patients with various solid tumor malignan-
cies, but employed a combination therapy approach of
temozolamide and hydroxychloroquine [s2]. In total,
40 patients were dose-escalated from 200 to 1200
mg of hydroxychloroquine daily with a fixed dose of
temozolamide. Confirming the results from the pre-
vious study, a MTD was not achieved and 600 mg
was recommended for future studies. Additionally,
stable disease was observed in a fraction of patients
and was enriched in those with melanoma. Another
study published in this set was conducted to investigate
hydroxychloroquine in combination with vorinostat in

patients with advanced solid tumors [s3]. Similar to
the previous study, patients were treated with escalat-
ing doses of hydroxychloroquine with a fixed dose of
vorinostat. A MTD of 600 mg for hydroxychloroquine
was achieved and recommended for future studies. In
a study of hydroxychloroquine in addition to temo-
zolamide and radiation in patients with glioblastoma
multiforme, escalating doses of hydroxychloroquine
were administered and 600 mg was determined to be
the MTD due to toxicities such as neutropenia and
sepsis [54]. Autophagy inhibition as assessed by LC3
protein levels and autophagosome number in periph-
eral blood mononuclear cells correlated with dose
escalations. The latest clinical trial with published
results investigated hydroxychloroquine in combina-
tion with gemcitabine in PDAC patients [ss]. With no
dose-limiting toxicities, this treatment strategy caused
significant decreases in CA 19-9, the most common
disease biomarker for PDAC. In addition, the mean
overall survival was extended to nearly 3 years, and the
results of these preliminary trials appear promising as
in vitro markers of autophagy have been corroborated
and stable disease has been achieved in some instances.
However, with only eight completed trials thus far, it
is difficult to make concrete statements about the effi-
cacy and potential success of hydroxychloroquine in
the treatment of cancer. Clearly, although generally
safe and tolerable, the MTD of hydroxychloroquine
is expected to vary between malignancies and within
combination strategies. It will be crucial for those clini-
cal trials currently underway to report similar data as
soon as results become available.

Improving autophagy inhibition at the
lysosome

As both preclinical and clinical trials of hydroxychlo-
roquine continue, a parallel movement has begun to
investigate and develop more potent lysosomotropic
agents. Although hydroxychloroquine offers the
advantages of being FDA approved, well characterized
and orally available, there is room for improvement.
One negative aspect of hydroxychloroquine is the
requirement of micromolar levels to obtain sufficient
autophagy inhibition in patients. The pioneering clini-
cal trials for hydroxychloroquine in cancer have shown
significant interpatient variability of autophagy inhibi-
tion, even with 1200 mg doses taken twice daily. In
addition, the compound’s half-life registers at 50 days,
and inflammatory disease (e.g., rheumatoid arthri-
tis) patients have been shown to retain hydroxychlo-
roquine in their system up to 5 years after receiving
therapy [56]. This characteristic of hydroxychloroquine
likely accounts for the chronic side effects observed
in malaria and inflammatory disease patients, includ-
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Study identifier Disease context Treatment regimen Major findings Ref.
NCT01273805 PDAC HCQ e HCQ was safe and tolerable at 600 mg (48]
e LC3 protein levels were a reliable marker of drug efficacy
in vivo
e Degree of autophagy inhibition varied between patients
n/a Lymphoma HCQ and e HCQ was safe and tolerable at 12.5 mg/kg in dogs [49]
doxorubicin e HCQ was enriched in tumor tissue
® 93% overall response rate was achieved
NCT00568880 Myeloma HCQ and e HCQ was safe and tolerable at 600 mg [50]
bortezomib e Stable disease was achieved in 45% of patients
e Accumulation of autophagic vesicles was observed in bone
marrow cells
NCT00909831 Various solid HCQ and e HCQ was safe and tolerable at 600 mg [51]
tumors temsirolimus e Stable disease was achieved in 67% of patients
NCT00714181 Various solid HCQ and e HCQ was safe and tolerable up to 1200 mg [52]
tumors temozolamide e Stable disease was achieved in a small fraction of patients
e Melanoma patients responded better than those with other
malignancies
NCT01023737 Various solid HCQ and vorinostat ¢ HCQ was safe and tolerable at 600 mg [53]
tumors
NCT00486603 GBM HCQ, e HCQ was safe and tolerable at 600 mg [54]
temozolamide and e Neutropenia and sepsis were observed in this treatment
radiation regimen
e LC3 protein levels and autophagosome number in PBMCs
correlated with autophagy inhibition
NCT01128296 PDAC HCQ and e HCQ was safe and tolerable up to 1200 mg [55]
gemcitabine e PDAC biomarker CA 19-9 levels were decreased during
treatment
e Mean overall survival was extended to 34.8 months
Currently, eight clinical trials investigating hydroxychloroquine in cancer have published results. The defining characteristics and major findings are summarized.
GBM: Glioblastoma multiforme; HCQ; Hydroxychloroquine; PBMC: Peripheral blood mononuclear cell; PDAC: Pancreatic ductal adenocarcinoma.

ing retinopathy and indigestion. It would be naive to
assume that these same side effects would not occur
when taken long-term in cancer patients. Coupled
with the high doses of hydroxychloroquine required
in vivo, the compound’s long half-life could elimi-
nate any therapeutic margin gained in patients. As
mentioned previously, there is evidence that upregu-
lated autophagy and autophagy dependence are
unique to cancer cells, theoretically providing a thera-
peutic window to preferentially affect a tumor with
autophagy inhibitors. However, the maintenance of
high levels of hydroxychloroquine in a cancer patient
will inevitably affect nontransformed cells as well.
Lastly, the limited acute toxicities observed in malaria
and inflammatory disease patients have not been
maintained in a cancer context. As discussed previ-
ously, the clinical trials performed thus far have shown
dose-limiting toxicities such as sepsis when hydroxy-
chloroquine is used in combination treatment strate-
gies. Increased potency, or the same level of autoph-
agy inhibition at a lower dose, coupled with a shorter

half-life compound, will be important improvements
if lysosomotropic agents are to be successfully paired
with other anticancer agents. Significant progress has
already been made both in the identification of exist-
ing compounds that display lysosomotropic character-
istics and in the development of novel compounds. In
many cases, compounds designed for other uses have
been observed to show lysosomal accumulation. For
example, the S2R agonist siramesine, developed for
the treatment of anxiety, was serendipitously found to
induce lysosomal dysfunction iz vitro. Upon further
investigation, the compound’s mechanism of action
was found to be identical to that of chloroquine and
its derivatives; the passive accumulation of siramesine
in the lysosome led to an increased pH and inactiva-
tion of acid hydrolase enzymes [57]. Within a breast
cancer context, this repurposed lysosomotropic agent
illustrated autophagosome accumulation, indicative of
autophagy inhibition [s57]. Similarly, ML-9, an inhibi-
tor of AKT and other kinases, exhibited lysosomo-
tropic properties resulting in an inactivated lysosome
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and autophagy inhibition. In prostate cancer cell lines,
ML-9’s autophagy inhibitory effects sensitized cells to
chemotherapeutic treatment [s8]. In addition to small
molecule agents, antimalarial compounds that possess
structural similarity to chloroquine and its derivatives
have been investigated for their lysosomotropic prop-
erties. Mefloquine, which is currently FDA approved
as an antimalarial compound, not only shows lyso-
some-inactivating capabilities in breast cancer cells,
but illustrates improved potency over chloroquine in
vitro [59.60]. Structurally related to mefloquine is quina-
crine, a compound that has been extensively evaluated
across numerous malignancies. By the same mecha-
nism elucidated in all previous lysosomotropic agents,
quinacrine has exhibited autophagy inhibition in brain
cancer, osteosarcoma and melanoma contexts [60,61].
Although quinacrine has shown as much as a 60-fold
increase in potency over chloroquine, its prior use in
sterilization techniques has tainted its name and raised
questions about the potential long-term side effects of
use [62]. The successes observed in repurposing com-
pounds as lysosomotropic agents have largely been in
vitro. Although suggestive of clinical relevance, there
remains a significant amount of work to be done in
validating the safety and efficacy of these compounds
in preclinical models. In addition, the majority of in
vitro studies have compared the efficacy and potency of
novel agents to chloroquine. As mentioned previously,
chloroquine is regarded as the founder of lysosomo-
tropic autophagy inhibitors, but is no longer relevant
in human patients due to the long-term toxicity pro-
files observed across numerous diseases [26]. Hydroxy-
chloroquine, which shows improved toxicity, should be

HNJ\/\/'\? HNJ\/VNH

Autophagy dependence: The state of relying on
autophagy for cell survival, as in oncogene addiction.

the benchmark that all compounds are compared with,
especially in research expected to translate to clinical
trials.

The identification of existing lysosome-targeted
autophagy inhibitors has occurred concurrently with
the development of novel lysosomotropic agents. The
idea for the first novel compound, developed from
Amaravadi and colleagues, was born out of extensive
research in both the preclinical and clinical space.
Upon observing the success of hydroxychloroquine in
patients, a chemical synthesis program was launched
to construct a bivalent aminoquinoline compound
based on the structure of two chloroquine molecules
fused together. Lys05 was the product of this program,
and has since shown tenfold improved potency over
hydroxychloroquine both 7 vitro and in vive. Addi-
tionally, Lys05 has shown antitumor activity in mouse
models of multiple malignancies, albeit with acute tox-
icities including pseudo-obstruction of the gastrointes-
tinal tract (63]. Nevertheless, Lys05 represents a prom-
ising example of a novel drug development effort. In an
extensive attempt to synthesize novel lysosomotropic
agents, a recent study used chloroquine as a backbone
to rationally synthesize over 60 new compounds [24,60].
Each compound was screened for their autophagy
inhibitory effects and as a result, two compounds were
identified as superior to chloroquine in both efficacy
and potency. Coined VATG-027 and VATG-032,

the drugs showed cytotoxic and cytostatic proper-
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Figure 3. Structures of prominent lysosomotropic agents. Chloroquine (CQ, 1), hydroxychloroquine (HCQ, 2),
quinacrine (QN, 3), Lys05 (4), VATG-027 (5) and VATG-032 (6).
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ties, respectively, providing opportunities to investi-
gate their potential synergy in combination treatment
strategies. The structures of these newly synthesized
compounds are compared with the parent antimalarial
compounds in Figure 3 (chloroquine — 1, hydroxychlo-
roquine — 2, quinacrine — 3, Lys05 — 4, VATG-027 -5,
VATG-032 - 6).

The identification and development of potent lyso-
somotropic agents that supersede hydroxychloroquine
are early-stage research endeavors. There is a necessity
for in vivo validation of lead compounds in established
tumor models, in order to establish the characterization
of lysosome-targeted compounds as a worthy endeavor.
However, the benefits of lysosomotropic autophagy
inhibitors are significant. By blocking autophagy in the
final stage of the process, full inhibition is ensured since
the lysosome is the only degradative organelle capable

of recycling autophagosomal material. In addition, it
has been suggested that the accumulation of autopha-
gosomes is, in itself, toxic to cells; only a blockade in
the final stages of autophagy would achieve this effect.
Researchers have recently identified a tendency for
oncogenic RAS-driven cancer cells, among others, to
display a dependence upon macropinocytosis [64].
A process used to engulf extracellular material, mac-
ropinocytosis utilizes endosomes to transport engulfed
material to the lysosome for degradation and recycling.
Autophagy inhibitors acting at the level of the lysosome
would undoubtedly inhibit other pathways that cancer
cells rely on, such as macropinocytosis. There are likely
processes not yet discovered that converge at the lyso-
some and support cancer cell survival; by inhibiting
autophagy at this poin, all pathways would be blocked
simultaneously [65]. Unfortunately, the negative side

Table 2. Therapeutic potential of essential autophagy machinery.

Autophagy-associated Role in process Potential for therapeutic Ref.
proteins targeting

ATG1/ULK1 Protein kinase 8 [67-69]
ATG3 E2-like enzyme ¥ [70]
ATG4 Cysteine protease ¥ [71]
ATG5 E3-like enzyme ¥ (72]
ATG6/BECLIN1 VPS34-associated protein * -
ATG7 E1-like enzyme ¥ -
ATG8/LC3 Membrane-associated protein f (70]
ATG9 Transmembrane protein f -
ATG10 E2-like enzyme ¥ -
ATG12 Scaffolding protein f -
ATG13 ATG1-associated protein * -
ATG14 VPS34-associated protein * -
ATG16 ATG5/12-associated protein i (72]
ATG17/FIP200 ATG1-associated protein * -
ATG18/WIP1 ATG9-associated protein * -
ATG29 ATG1-associated protein f -
ATG31 ATG1-associated protein * -
ATG101 ATG1-associated protein f -
DFCP1 Membrane-associated protein * -
RUBICON VPS34-associated protein * -
UVRAG VPS34-associated protein * -
VPS15 VPS34-associated protein * -
VPS34 Lipid kinase § [73-77]
All autophagy-related (ATG) and autophagy-associated proteins currently known were scored for their potential to be therapeutically
targeted.

TUnlikely to be directly targeted.

*Low therapeutic potential.

SHigh therapeutic potential and/or drug development is underway.
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effects associated with these compounds most likely
stem from the full inhibition of an essential organelle;
in this way, the compounds’ top strength can also be
viewed as their biggest weakness. Also, the lysosomo-
tropic nature of this class of drugs results in longer
half-lives and requires higher doses to be effective. It
is likely that such compounds will always be inferior
to small molecule inhibitors in this regard. As a result
of these opposing variables, it is essential for lysosomo-
tropic agents, rediscovered or newly developed, to be
fully evaluated iz vivo.

Novel therapeutic targets in the autophagy
pathway

Potential therapeutic targets of autophagy inhibi-
tors can seemingly be divided into two categories:
key molecules associated with autophagy and major
steps within the process. As displayed in Figure 1, the
autophagy pathway is organized into distinct phases:
induction of the membrane source forming the phago-
phore, elongation of the membrane and engulfment of
intracellular material, maturation into the cargo-filled
autophagosome, fusion with the lysosome and degra-
dation of engulfed material. Lysosomotropic agents,
as discussed in the previous section, inhibit the steps
of autophagy involving the lysosome. The additional
phases could be therapeutically targeted as well; how-
ever, since these earlier phases involve organelles lack-
ing distinct characteristics such as a nonphysiological
pH, it would be difficult to design compounds capa-
ble of inhibiting these structures. The only step that
has been targeted, in addition to the lysosome’s deg-
radation of intracellular material, is the fusion of the
autophagosome with the lysosome. Bafilomycin Al is
characterized as a vacuolar-type proton pump inhibi-
tor that is capable of increasing the lysosome’s pH by
preventing the influx of hydrogen ions. Studies have
also shown that this compound inhibits autophagy at
the fusion stage, however the mechanism remains to
be elucidated [6¢].

The majority of the field has turned its focus to the
development of inhibitors targeting key molecules
associated with autophagy. As mentioned previously,
there exist at least 30 A7G genes in yeast, all of which
have homologues in mammalian systems. These do
not include the non-A7G genes known to encode pro-
teins involved in this recycling process. The proteins
that have been established as associated with, and in
many cases essential for, the autophagy process include
protein and lipid kinases (i.e., ATG1, VPS34), ubiq-
uitin-like enzymes (i.e., ATG3, ATG7) and a cysteine
protease (i.e., ATG4), all of which show therapeutic
potential. Table 2 includes a list of proteins essential for
autophagy and their suspected therapeutic potential.

Macropinocytosis: The process of engulfing extracellular
material for digestion and recycling by the lysosome.

Structure-activity relationship: A description of the
common characteristics linking a molecule’s physical state
to its function.

Although efforts are only just beginning to identify
and develop small molecule inhibitors of autophagy,
several preliminary studies are worth reviewing. ULK1,
the mammalian homologue of the yeast ATGI protein,
is the only known protein kinase essential for autoph-
agy and consequently, is an ideal therapeutic target [67].
Only two studies investigating ULK1 inhibitors have
been published thus far, however, several pharmaceu-
tical companies are currently collaborating with aca-
demic laboratories to expand the biomedical research
field’s knowledge of autophagy and the subsequent
development of small-molecule autophagy inhibitors.
One approach currently employed is to utilize high-
throughput screening methods to evaluate existing
kinase inhibitors for selectivity toward ULKI. The
single published study in this realm illustrated nano-
molar half maximal effective concentration (EC, ) val-
ues of TBK1 inhibitors against ULK1 [68]. Although
effects on autophagy as a whole were obvious and eas-
ily measured by LC3 protein levels, challenges arose
in verifying ULK1 inhibition. Since the field’s current
knowledge of direct substrates of ULKI is limited,
and as antibodies for known substrates are few and
far between, validating a bona-fide ULK1 marker will
prove to be the biggest hurdle for those entering the
ULK]1 inhibitor race. Another approach is to develop
novel kinase inhibitors selective for ULKI1. In the only
study completed thus far, a small molecule inhibitor
of ULK1 was developed using a highly cross-reactive
FAK inhibitor as a chemical backbone [69]. Pyrimidine
analogs were then screened for ULK1 inhibition, and
structure—activity relationship analyses were then
used to expand upon the pyrimidine scaffold. In addi-
tion, novel substrates of ULK1 were elucidated using
phosphorylation site consensus mapping and were
used to verify ULKI selectivity with newly developed
antibodies. Preliminary analyses iz vitro showed low
micromolar EC50 values for the ULK1 inhibitor, as well
as improved inhibition compared with chloroquine.
Not only has this study established a benchmark for
novel ULK1 inhibitors, but Shaw and colleagues have
provided a working toolbox for the future validation of
small molecule inhibitors of autophagy.

As the only lipid kinase currently known in the
autophagy pathway, VPS34 shows potential for thera-
peutic targeting equivalent to that of ULKI. The
few studies of VPS34 inhibitors have all employed
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Figure 4. Current therapeutic targets in the autophagy pathway. The primary molecular machinery involved in autophagy is illustrated. All current autophagy inhibitors

are labeled in bold by their published name or, alternatively, the name of the first author of the associated publication.

high-throughput screening methods to evaluate exist-
ing compounds for VPS34 selectivity [73-77]. In vitro
validation of lead compounds has illustrated effec-
tive autophagy inhibition; however, in vivo charac-
terization and comparisons to lysosomotropic agents
and other small molecule inhibitors of autophagy
have yet to be performed. Apart from ULKI and
VPS34, the evaluation of autophagy-related small
molecule inhibitors is limited. Currently, studies have
assessed inhibitors of the ATG3—ATGS8 interaction,
robust screening assays for ATG4 inhibitors and vir-
tual screening methods for inhibitors of the ATG5-
ATGI16 interaction [70-72].

Although early in development, small molecule
inhibitors of autophagy have shown promise in vitro
and have excited the field (Figure 4). When compared
with lysosomotropic agents, targeted agents of the
autophagy machinery will likely show efficacy at sig-
nificantly lower doses. The expectation is that this
will translate into combination treatment strategies
with limited toxicity to patients. In addition, target-
ing the autophagy pathway at the most upstream point
is likely to prevent autophagosome formation and the
potential for any intracellular degradation. Currently,
the only foreseeable disadvantage of small-molecule
autophagy inhibitors is the time to development.
However, this acute inconvenience will undoubtedly
be overshadowed by the clinical relevance of such
compounds.

Future perspective

The early successes of both lysosomotropic agents and
small molecule inhibitors of the autophagy pathway
have poised the field for rapid growth and develop-
ment. Although few in number, clinical trials con-
ducted thus far have clearly shown the safety and tol-
erability of lysosome-targeted compounds in cancer
patients. In addition, the achievement of stable disease
with hydroxychloroquine treatment has been observed
in some cases. In response to these results, more potent
lysosomotropic agents are being developed. As pre-
clinical validation of these compounds occurs over
the next few years, it is likely that compounds such
as Lys05, VATG-027 and VATG-032 will make their
way to clinical trials. Small molecule enzymatic inhibi-
tors of the autophagy pathway may provide a longer list
of benefits than lysosomotropic agents, but such com-
pounds will still have their place in anticancer therapy.
As mentioned previously, further investigations into
the dependencies of cancer cells have revealed the lyso-
some as a key survival node in certain oncogene-driven
malignancies. As processes like macropinocytosis are
added to the list of a tumor’s addictions, lysosomotropic
agents will prove to be multifunctional.
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The advancement of lysosome-targeted autophagy
inhibitors, though necessary and relevant, will likely be
overshadowed by the novelty of small molecule inhibi-
tors. The newness of the autophagy field in general has
spawned emotions of awe and wonder as key players
within the pathway are discovered and further eluci-
dated every month. The list of targetable molecules in
Table 2 will continue to grow and be fine tuned. While
the field develops, top prospects like ULK1 and VPS34
are expected to make headlines, assuming their contin-
ued success in the preclinical space. Especially in the
case of ULKI, as numerous collaborations are being
born, the time to clinical relevance will be streamlined.
Over the next decade, it is possible that an ULK1
inhibitor will make its way to a clinical trial.

This is indeed an exciting time for the autophagy
field. From the observation of the lysosome in the
1950s by Christian de Duve, the biomedical research
community’s knowledge of autophagy and its involve-
ment in human disease has grown exponentially. The
serendipitous mechanism of action of antimalarial
compounds accelerated investigations of autophagy
inhibition in cancer patients. With hydroxychloro-
quine leading the way, the field now has the privilege

of watching more potent lysosomotropic agents and
small molecule inhibitors hit the stage. As research
and development continues over the next several
years, autophagy inhibitors are expected to be the
topic of numerous publications, scientific meetings
and hallway conversations. No matter the area of
cancer research, autophagy inhibitors will make a
significant impact.
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Executive summary

The rise of autophagy as a therapeutic target

this intracellular recycling process.
Antimalarial drugsas autophagy inhibitors

natural prospects for the inhibition of autophagy.
Hydroxychloroquine in cancer clinical trials

Improving autophagy inhibition at the lysosome

e Autophagy has emerged as a valid therapeutic target across multiple malignancies. Not only is autophagy
employed as a chemoresistance mechanism, but numerous cancer types display a natural dependence upon

e The first autophagy inhibitors were born out of antimalarial research. When the lysosome-targeted
mechanism of action for chloroquine and its derivative hydroxychloroquine was elucidated, the drugs became

e The path to clinical trials for hydroxychloroquine was expedited due to its prior FDA approval and extensive
characterization in the treatment of both malaria and inflammatory diseases. Published results have thus far
shown the safety, efficacy and tolerability of hydroxychloroquine in cancer patients, both as a single agent
and in combination treatment strategies. In some cases, stable disease has even been achieved.

e Despite the success of hydroxychloroquine in early clinical trials, more potent lysosomotropic agents
are under development to address potential toxicity issues. Although studies are limited to in vitro

characterization and mouse models, several lysosome-targeted compounds have shown improved potency
over hydroxychloroquine.

Novel therapeutic targets in the autophagy pathway

e As the autophagy field continues to expand in both breadth and depth of knowledge within cancer, small
molecule inhibitors of key autophagy enzymes are under investigation. Top prospects currently include ULK1
and VPS34, two kinases that are essential for the induction of autophagy.

2 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA

References Cﬂncer]. Clin. 65(1), 5-29 (2015).

Papers of special note have been highlighted as: 3 Duffy M]. The war on cancer: are we winning? Tumour
e of interest; ** of considerable interest Biol. 34(3), 1275-1284 (2013).
1 CDC. Leading causes of death. FastStars (2015). 4

www.cdc.gov/nchs/fastats/leading-causes-of-death.htm

Mills GB. An emerging toolkit for targeted cancer therapies.
Genome Res. 22(2), 177-182 (2012).

Review

fsg

future science group www.future-science.com

83



Review

Solitro & MacKeigan

20

21

22

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S,
Diaz LA Jr., Kinzler KW. Cancer genome landscapes.
Science 339(6127), 15461558 (2013).

Workman P, Al-Lazikani B. Drugging cancer genomes. Nat.
Rev. Drug Discov. 12(12), 889-890 (2013).

Crystal AS, Shaw AT, Sequist LV ¢t a/. Patient-derived
models of acquired resistance can identify effective drug
combinations for cancer. Science 346(6216), 1480-1486
(2014).

Ding L, Ley T], Larson DE ez a/l. Clonal evolution in
relapsed acute myeloid leukaemia revealed by whole-genome
sequencing. Narure 481(7382), 506-510 (2012).

Wang Y, Waters ], Leung ML ¢# a/. Clonal evolution in
breast cancer revealed by single nucleus genome sequencing.

Nature 512(7513), 155-160 (2014).

Mccormick F. KRAS as a therapeutic target. Clin. Cancer
Res. 21(8), 1797-1801 (2015).

Galluzzi L, Pietrocola F, Bravo-San Pedro JM et al.
Autophagy in malignant transformation and cancer

progression. EMBO J. 34(7), 856—880 (2015).

Guo JY, White E. Autophagy is required for mitochondrial
function, lipid metabolism, growth and fate of KRAS (G12D)
-driven lung tumors. Autophagy 9(10), 1636-1638 (2013).

Establishes autophagy as a valid therapeutic target in cancer.

Meshnick SRD, Mary J. Antimalarial Chemotherapy:
Mechanisms of Action, Resistance and New Directions in Drug
Discovery. Humana Press, Inc., NJ, USA (2001).

Cooper RG, Magwere T. Chloroquine: novel uses &
manifestations. Indian J. Med. Res. 127(4), 305-316 (2008).

Hiraki K, Kimura I. Studies on the treatment of malignant
tumors with fibroblast-inhibiting agent. 3. Effects of
chloroquine on human cancers. Acta Med. Okayama 18,
71-85 (1964).

Bielicky T, Zak M. [The protective effect of chloroquine
diphosphate on the survival rate of mice following whole body
irradiation]. Strablentherapie 133(2), 307-311 (1967).

Abraham R, Goldberg L, Grasso P. Hepatic response to
lysosomal effects of hypoxia, neutral red and chloroquine.

Nature 215(5097), 194-196 (1967).

Abraham R, Hendy RJ. Irreversible lysosomal damage
induced by chloroquine in the retinae of pigmented and
albino rats. Exp. Mol. Pathol. 12(2), 185-200 (1970).

Lie SO, Schofield B. Inactivation of lysosomal function in
normal cultured human fibroblasts by chloroquine. Biochem.

Pharmacol. 22(23), 3109-3114 (1973).

Wibo M, Poole B. Protein degradation in cultured cells.
II. The uptake of chloroquine by rat fibroblasts and the
inhibition of cellular protein degradation and cathepsin B1.

J. Cell Biol. 63(2 Pt 1), 430-440 (1974).

Ascoli M, Puett D. Inhibition of the degradation of receptor-
bound human choriogonadotropin by lysosomotropic
agents, protease inhibitors, and metabolic inhibitors. /. Biol.
Chem. 253(21), 78327838 (1978).

Foley M, Tilley L. Quinoline antimalarials: mechanisms of

action and resistance and prospects for new agents. Pharmacol.

Ther. 79(1), 55-87 (1998).

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Investigates the mechanism of action of chloroquine and

related lysosomotropic agents.

Boya P, Gonzalez-Polo RA, Poncet D ez al. Mitochondrial
membrane permeabilization is a critical step of lysosome-
initiated apoptosis induced by hydroxychloroquine.
Oncogene 22(25), 3927-3936 (2003).

Wang T, Goodall ML, Gonzales P ¢t al. Synthesis of
improved lysomotropic autophagy inhibitors. /. Med.
Chem. 58(7), 3025-3035 (2015).

Describes the chemical synthesis strategy used to develop

improved lysosomotropic agents.

Glaumann H, Ahlberg J, Berkenstam A, Henell F. Rapid
isolation of rat liver secondary lysosomes — autophagic
vacuoles — following chloroquine administration. Exp. Cell

Res. 163(1), 151-158 (1986).

Hughes GRV. Lupus: The Facts. Oxford University Press,
Oxford, UK (2000).

Boya P, Gonzalez-Polo RA, Casares N ez al. Inhibition of
macroautophagy triggers apoptosis. Mol. Cell. Biol. 25(3),
1025-1040 (2005).

Ramser B, Kokot A, Metze D, Weiss N, Luger TA, Bohm
M. Hydroxychloroquine modulates metabolic activity
and proliferation and induces autophagic cell death of
human dermal fibroblasts. /. Invest. Dermatol. 129(10),
2419-2426 (2009).

Rahim R, Strobl JS. Hydroxychloroquine, chloroquine,
and all-trans retinoic acid regulate growth, survival,
and histone acetylation in breast cancer cells. Anticancer

Drugs 20(8), 736-745 (2009).

Omodei Zorini A. [On the pathogenesis of pseudo-cystic
primary pulmonary carcinogenic caverns. Possible role
of a phenomenon of neoplastic autophagy]. Minerva

Med. 60(44), 2187-2204 (1969).

Gullino PM, Lanzerotti RH. Mammary tumor regression.
II. Autophagy of neoplastic cells. /. Nazl Cancer Inst. 49(5),
1349-1356 (1972).

Hruban Z. Ultrastructure of hepatocellular tumors.
J. Toxicol. Environ. Health 5(2-3), 403—433 (1979).

Klionsky DJ. Autophagy revisited: a conversation with
Christian de Duve. Autophagy 4(6), 740-743 (2008).

Hirsimaki Y, Hirsimaki P, Lounatmaa K. Vinblastine-
induced autophagic vacuoles in mouse liver and Ehrlich
ascites tumor cells as assessed by freeze-fracture electron

microscopy. Eur. J. Cell Biol. 27(2), 298-301 (1982).
Hirsimaki Y, Hirsimaki P. Vinblastine-induced

autophagocytosis: the effect of disorganization of
microfilaments by cytochalasin B. Exp. Mol. Pathol. 40(1),
61-69 (1984).

Punnonen EL, Reunanen H. Effects of vinblastine,
leucine, and histidine, and 3-methyladenine on autophagy
in Ehrlich ascites cells. Exp. Mol. Pathol. 52(1), 87-97
(1990).

Paglin S, Hollister T, Delohery T ez al. A novel response of
cancer cells to radiation involves autophagy and formation
of acidic vesicles. Cancer Res. 61(2), 439—-444 (2001).

Liang XH, Jackson S, Seaman M et al. Induction of

84

Future Med. Chem. (2016) 8(1)

fsg

future science group



Leaving the lysosome behind: novel developments in autophagy inhibition

Review

autophagy and inhibition of tumorigenesis by beclin 1. 53 Mahalingam D, Mita M, Sarantopoulos J ¢# a/. Combined
Nature 402(6762), 672—676 (1999). autophagy and HDAC inhibition: a Phase I safety,

39 O’donovan TR, O’sullivan GC, Mckenna SL. Induction tolerability, pharmacokinetic, and pharmacodynamic
of autophagy by drug-resistant esophageal cancer cells analysis of hydroxychloroquine in combination with the
promotes their survival and recovery following treatment HDAC inhibitor vorinostat in patients with advanced solid
with chemotherapeutics. Autophagy 7(5), 509-524 (2011). tumors. Autophagy 10(8), 14031414 (2014).

40 Yang ZJ, Chee CE, Huang S, Sinicrope FA. The role of 54  Rosenfeld MR, Ye X, Supko JG ez al. A Phase I/1I trial of
autophagy in cancer: therapeutic implications. Mol. Cancer hydroxychloroquine in conjunction with radiation therapy
Ther. 10(9), 1533-1541 (2011). and concurrent and adjuvant temozolomide in patients with

4 SuiX. Chen R Wane Z et al. Autophasy and chemothera newly diagnosed glioblastoma multiforme. Autophagy 10(8),

- s £ bt Aophagy 2 1359-1368 (2014).
resistance: a promising therapeutic target for cancer
; 55  Boone BA, Bahary N, Zureikat AH ez al. Safety and biologic
treatment. Cell Death Dis. 4, e838 (2013). y ) v 53 Y ’ gA

42 Lum JJ, Bauer DE, Kong M ef al. Growth factor regulation response of pre-operative autophagy inhibition in combination
of auto ’ haey and c)ell su%vival in'the bsence of a og cosis with gemcitabine in patients with pancreatic adenocarcinoma.
el 12’8 2gy23 S48 (200 poptosts. Ann. Surg. Oncol. doi:10.1245/510434-015-4566-4 (2015)

¢ (2), 237-248 (2005). (Epub ahead of print).

4 D h K, Mathew R, Beaudoin B . A h . .

? przzflzt;ri:mor c:ltl :L:ervival (::ti ::Itricz iecr;sti(:p ey *  Reviews the results of the most recent hydroxychloroquine
inflammation, and tumorigenesis. Cancer Cell 10(1), 51-64 clinical trial in cancer.
(2006). 56  Browning DJ. Hydroxychloroquine and Chloroquine

44 Lee SB, Kim S, Lee J et al. ATG1, an autophagy regulator, Retinoparhy. Springer, NY, USA (2014).
inhibits cell growth by negatively regulating S6 kinase. 57 Ostenfeld MS, Hoyer-Hansen M, Bastholm L e a/. Anti-
EMBO Rep. 8(4), 360-365 (2007). cancer agent siramesine is a lysosomotropic detergent that

45 Strohecker AM, Guo JY, Karsli-Uzunbas G et al. Autophagy induces cytoprotective autophagosome accumulation.
sustains mitochondrial glutamine metabolism and growth Autophagy 4(4), 487-499 (2008).
of Braf V600E-driven lung tumors. Cancer Discov. 3(11), 58  Kondratskyi A, Yassine M, Slomianny C ez a/. Identification of
12721285 (2013). ML-9 as a lysosomotropic agent targeting autophagy and cell

46 Amaravadi RK, Yu D, Lum JJ ez a/. Autophagy inhibition death. Cell Death Dis. 5, €1193 (2014).
enhances therapy-induced apoptosis in a Myc-induced 59  Sharma N, Thomas S, Golden EB ez 4/. Inhibition of
model of lymphoma. J. Clin. Invest. 117(2), 326-336 autophagy and induction of breast cancer cell death by
(2007). mefloquine, an antimalarial agent. Cancer Lett. 326(2),

47  Maclean KH, Dorsey FC, Cleveland JL, Kastan MB. 143-154 (2012).

Targeting lysosomal degradation induces p53-dependent 60 Goodall ML, Wang T, Martin KR et a/. Development of
cell death and prevents cancer in mouse models of potent autophagy inhibitors that sensitize oncogenic BRAF
lymphomagenesis. /. Clin. Invest. 118(1), 79-88 (2008). V600E mutant melanoma tumor cells to vemurafenib.

48  Wolpin BM, Rubinson DA, Wang X ez al. Phase II and Autophagy 10(6), 1120-1136 (2014).
pharmacodynamic study of autophagy inhibition using e Illustrates efficacy and improved potency of novel
hydroxychloroquine in patients with metastatic pancreatic lysosomotropic agents.
adenocarcinoma. Oncologist 19(6), 637-638 (2014). 61 Lobo MR, Green SC, Schabel MC, Gillespie GY, Woltjer

49  Barnard RA, Wittenburg LA, Amaravadi RK, Gustafson RL, Pike MM. Quinacrine synergistically enhances the
DL, Thorburn A, Thamm DH. Phase I clinical trial antivascular and antitumor efficacy of cediranib in intracranial
and pharmacodynamic evaluation of combination mouse glioma. Neuro Oncol. 15(12), 1673-1683 (2013).
hydroxychloroquine and doxorubicin treatment in pet 62 Zipper ], Kessel E. Quinacrine sterilization: a retrospective.
dogs treated for spontancously occurring lymphoma. Int. J. Gynaecol. Obster. 83(Suppl. 2), S7-S11 (2003).
Autoph 10(8), 1415-1425 (2014).

utophagy 10(8), 1415 5 (2019 ) 63 Mcafee Q, Zhang Z, Samanta A ez al. Autophagy inhibitor

50 Vogl DT, Stadtmauer EA, Tan VK_S‘_" tal. Combmed' Lys05 has single-agent antitumor activity and reproduces the
autophagy and proteasome inhibition: a Phase 1 trial of phenotype of a genetic autophagy deficiency. Proc. Natl Acad.
hydroxychloroquine and bortezomib in patients with Sei. USA 109(21), 82538258 (2012).

1 fi 1 LA 1 , 1 -1
relapsed/refractory myeloma. Autophagy 10(8), 13801390 64 Commisso C, Davidson SM, Soydaner-Azeloglu RG et al.
(2014) Y 8
' Macropinocytosis of protein is an amino acid supply route in

51 Rangwala R, Chang YC, Hu ] ez al. Combined MTOR and Ras-transformed cells. Nature 497(7451), 633—637 (2013).
autophagy inhibition: Phase I trial of hydroxychloroquine - - di d p |
and temsirolimus in patients with advanced solid tumors ustrates ¢ .cacy and improved potency of nove
and melanoma. Autophagy 10(8), 1391-1402 (2014). lysosomotropic agents.

52 Rangwala R, Leone R, Chang YC ef al. Phase I trial of 65  Kimmelman AC. Metabolic dependencies in RAS-driven
hydroxychloroquine with dose-intense temozolomide cancers. Clin. Cancer Res. 21(8), 1828-1834 (2015).
in patients with advanced solid tumors and melanoma. 66 Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R,
Autophagy 10(8), 1369-1379 (2014). Tashiro Y. Bafilomycin A1 prevents maturation of autophagic

fsg www.future-science.com 85

future science group



Review

Solitro & MacKeigan

67

68

69

70

71

vacuoles by inhibiting fusion between autophagosomes and
lysosomes in rat hepatoma cell line, H-4-1I-E cells. Cell Struct.
Funct. 23(1), 33-42 (1998).

Lazarus MB, Novotny CJ, Shokat KM. Structure of the
human autophagy initiating kinase ULK1 in complex with
potent inhibitors. ACS Chem. Biol. 10(1), 257-261 (2015).

Petherick KJ, Conway OJ, Mpamhanga C ez al.
Pharmacological inhibition of ULK1 kinase blocks
mammalian target of rapamycin (mTOR)-dependent
autophagy. /. Biol. Chem. 290(18), 11376-11383 (2015).

Egan DF, Chun MG, Vamos M ¢t al. Small molecule
inhibition of the autophagy kinase ULK1 and identification
of ULK1 substrates. Mol. Cell 59(2), 285-297 (2015).

Characterizes a small-molecule inhibitor directed against

ULKI.

Hain AU, Bartee D, Sanders NG ez «/. Identification of an
Atg8-Atg3 protein—protein interaction inhibitor from the
medicines for Malaria Venture Malaria Box active in blood

and liver stage Plasmodium falciparum parasites. /. Med.
Chem. 57(11), 4521-4531 (2014).

Shu CW, Madiraju C, Zhai D ez al. High-throughput
fluorescence assay for small-molecule inhibitors of

autophagins/Atg4. /. Biomol. Screen. 16(2), 174182 (2011).

72

73

74

75

76

77

Robinson E, Leung E, Matuszek AM et 4l. Virtual screening
for novel Atg5—Atgl6 complex inhibitors for autophagy
modulation. MedChemComm 6(1), 239-246 (2015).

Ronan B, Flamand O, Vescovi L ez al. A highly potent
and selective Vps34 inhibitor alters vesicle trafficking and
autophagy. Nat. Chem. Biol. 10(12), 1013-1019 (2014).

Dowdle WE, Nyfeler B, Nagel J ez al. Selective VPS34
inhibitor blocks autophagy and uncovers a role for NCOA4
in ferritin degradation and iron homeostasis iz vivo. Nat. Cell
Biol. 16(11), 1069-1079 (2014).

Bilanges B, Vanhaesebroeck B. Cinderella finds her shoe:
the first Vps34 inhibitor uncovers a new PI3K-AGC protein
kinase connection. Biochem. ]. 464(2), €7—e10 (2014).

Pasquier B. SAR405, a PIK3C3/Vps34 inhibitor that
prevents autophagy and synergizes with MTOR inhibition in
tumor cells. Autophagy 11(4), 725-726 (2015).

Pasquier B, EI-Ahmad Y, Filoche-Romme B ez a/.

Discovery of (2S)-8-[(3R)-3-methylmorpholin-4-yl]-1-
(3-methyl-2-oxobutyl)-2-(trifluoromethyl) - 3,4-dihydro-
2H-pyrimido[1,2-a]pyrimidin-6-one: a novel potent and
selective inhibitor of Vps34 for the treatment of solid tumors.
J. Med. Chem. 58(1), 376400 (2015).

86

Future Med. Chem. (2016) 8(1)

fsg

future science group



