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Abstract: Kidney cancer is the 7th most prevalent form of cancer in the United States with the vast
majority of cases being classified as renal cell carcinoma (RCC). Multiple targeted therapies have been
developed to treat RCC, but efficacy and resistance remain a challenge. In recent years, the modulation
of autophagy has been shown to augment the cytotoxicity of approved RCC therapeutics and overcome
drug resistance. Inhibition of autophagy blocks a key nutrient recycling process that cancer cells utilize
for cell survival following periods of stress including chemotherapeutic treatment. Classic autophagy
inhibitors such as chloroquine and hydroxychloroquine have been introduced into phase I/II clinical
trials, while more experimental compounds are moving forward in preclinical development. Here we
examine the current state and future directions of targeting autophagy to improve the efficacy of
RCC therapeutics.
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1. Introduction

It is estimated that over 73,000 new cases of renal cancer will be diagnosed in the United States
this year, with upwards of 14,000 individuals succumbing to their disease [1]. The most common
malignancy of the kidney is renal cell carcinoma (RCC), which accounts for 85% of cases [2]. RCC can
be divided into three distinct histological subtypes. Clear cell RCC (ccRCC) is the predominant subtype
(~75%), with papillary RCC (PRCC) and chromophobe RCC (ChRCC) accounting for ~20% and ~5%
of cases, respectively [3]. Disease stage at the time of diagnosis is the most important factor when
considering the best course of treatment. Localized disease, generally TNM stage I or II, has a positive
prognosis with a 5-year relative survival rate of 92.6% [4]. Localized neoplasms can be effectively
treated with either a partial or radical nephrectomy, depending on the location of the primary mass [5].
After successful surgery, patients are often simply surveyed for signs of recurrence. It is estimated
that 20–30% of patients who have undergone a successful nephrectomy will experience a recurrence,
often presenting between one to three years following surgery [6]. Following a relapse, patients often
undergo treatment with chemotherapy or immunotherapy depending on their histologic subtype.
Patients presenting with regionally or distantly invasive tumors have a less favorable prognosis.
A nephrectomy is still the primary first line treatment. However, patients are often administered
chemotherapy, immunotherapy, or enrolled in a clinical trial in order to manage metastases and tumors
that are surgically unresectable [5].

Given that metastatic, relapsed, and surgically unresectable tumors must be treated by systemic
chemotherapy or immunotherapy, great interest has been shown in the past decade in developing
targeted therapeutics for RCC. The most commonly mutated gene in RCC is the von Hippel-Lindau
(VHL) tumor suppressor gene. Approximately 50% of RCC cases contain a mutation in this gene, with
an additional 20% of cases presenting with a hypermethylated gene [7]. The VHL protein is an E3
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ubiquitin ligase that controls the conjugation of ubiquitin molecules onto hypoxia-inducible factors
(HIFs), proteins that are vital to the cellular hypoxia response pathway. Upon ubiquitylation, HIFs are
processed and degraded through the ubiquitin proteasome pathway. Without a functional copy of VHL,
HIFs are free to translocate to the nucleus and activate transcription of HIF responsive genes. A few of
these HIF responsive genes code for vascular endothelial growth factor (VEGF), platelet-derived growth
factor B (PDGF-B), transforming growth factor alpha (TGFα), and glucose transporter 1 (GLUT1) [7].
The overexpression of these factors is often a driving force in RCC tumorigenesis. In addition to
VHL, genes involved in the mammalian target of rapamycin (mTOR) pathway are mutated in 28% of
RCC cases [8,9]. These include genes encoding for phosphatidylinositol-3-kinase (PI3K), phosphatase
and tensin homolog (PTEN), protein kinase B (AKT), and mTOR itself. These frequent mutation
profiles provide the rationale for therapeutically targeting various receptor tyrosine kinases (RTKs)
and downstream effector proteins currently being developed and used in the clinic (Figure 1).
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Various kinase and mammalian target of rapamycin (mTOR) inhibitors are amongst the most common
drugs used, however, immune checkpoint inhibitors are becoming a mainstay of RCC treatment.

Although targeted tyrosine kinase and mTOR inhibitors are effective first-line treatment options,
many, if not all, cases of RCC will eventually become resistant to these drugs. The median time to
a resistant tumor phenotype is 6–15 months depending on the therapeutic regimen [10]. A better
understanding of the mechanistic drivers of drug resistance in RCC will facilitate the development of
new and more effective treatment options for the relapsed/refractory patient population.

A hallmark of cancer is evasion of the immune response [11]. Cancer cells are capable of evading
immune surveillance by expressing various signals that act as “off” switches to T-cells and natural
killer (NK) cells. The most well-characterized of these signals are cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) and programmed cell death ligand 1 (PD-L1). When these surface proteins come in
contact with the appropriate receptor on T-cells, they effectively trick the lymphocyte into recognizing
the cancer cell as normal self-cells. Given this, an immense amount of energy has been dedicated to
developing monoclonal antibody therapies to block the binding of cancer cell expressed PD-L1 and
CTLA-4 allowing the immune cells to recognize the tumor cells as a foreign entity. These immune
checkpoint inhibitor therapies enable the immune system to both eliminate tumor cells and also
develop a lasting immune response. A persistent remission state is observed in two thirds of patients
who experience an initial response to these therapies [12]. Importantly, immune checkpoint inhibitors
have demonstrated significant efficacy in patients with RCC.
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2. Targeted Therapeutics for RCC

For multiple decades, the standard therapy for RCC patients was a regimen of cytokines.
While more effective than traditional chemotherapy options, interferon-alpha, and interleukin-2 as
single agents or in combination yielded low response rates in patients with the combination generating
an 18.6% response rate [13]. In addition, cytokine therapy was often associated with severe adverse
effects and the incidence of comorbidities was high. With the advent of targeted therapies for cancer
patients came an influx of approved therapeutics for RCC patients. There are now a multitude
of Federal Drug Administration (FDA)-approved targeted treatments for RCC. The target-specific
therapies can roughly be broken down into three distinct categories: small molecule kinase inhibitors,
mTOR inhibitors, and monoclonal antibodies. The monoclonal antibodies frequently used to treat
advanced RCC can be further classified as immune checkpoint inhibitors and non-immunomodulatory
antibodies. A listing of targeted therapies approved for use in RCC can be found in Table 1.

Table 1. FDA-approved treatments for RCC.

Category Therapeutic Name Target(s) Comparator PFS (in Months)
vs. Comparator

Small Molecule
Kinase Inhibitors

Axitinib [14] VEGF, PDGF Sorafenib 6–7 vs. 4–7

Cabozantinib [15]
VEGFR-1,2,3, MET,
FLT3, TIE-2, AXL,

TRKB
Everolimus 7.4–9.1 vs. 3.7–5.1

Erlotinib [16] EGFR Bevacizumab 9.9 vs. 8.5

Lenvatinib [17] VEGFR2 Everolimus 7.4 vs. 5.5

Pazopanib [18] VEGFR-1,2,3,
PDGFR, c-kit Placebo 9.2 vs. 4.2

Sorafenib [19] RAF, VEGFR,
PDGFR Placebo 5.5 vs. 2.8

Sunitinib [20] VEGFR2, PDGFRb,
c-kit, FLT3 Interferon-alpha 11 vs. 5

mTOR Inhibitors
Everolimus [21] FKBP-12 Placebo 4 vs. 1.9

Temsirolimus [22] mTOR Interferon-alpha 5.5 vs. 3.1

Monoclonal
Antibodies

Avelumab [23] PD-L1 Sunitinib 13.8 vs. 8.4

Bevacizumab [24] VEGF Interferon-alpha 10.2 vs. 5.4

Ipilimumab [25] CTLA4 Sunitinib 11.6 vs. 8.4

Nivolumab [26] PD-1 Everolimus 4.6 vs. 4.4

Pembrolizumab
[27] PD-1 Sunitinib 15.1 vs. 11.1

Cytokine Therapy
Interferon alfa-2a

[28] Immunostimulatory N/A 10% Response Rate

Interleukin-2 [29] Immunostimulatory N/A 14% Response Rate

Abbreviations: VEGF—vascular endothelial growth factor; PDGF—platelet-derived growth factor; VEGFR—vascular
endothelial growth factor receptor; MET—tyrosine-protein kinase Met; FLT3—fms like tyrosine kinase 3;
TIE-2—angiopoietin-1 receptor; AXL—AXL receptor tyrosine kinase; TRKB—tropomyosin receptor kinase B;
EGFR—epidermal growth factor receptor; RAF—rapidly accelerated fibrosarcoma; FKBP-12—FK506 binding protein
12; mTOR—mammalian target of rapamycin; PD-L1—programmed death ligand 1; CTLA4—cytotoxic t-lymphocyte
associated protein 4; PD-1—programmed cell death protein 1; PFS—progression free survival.

Due to the frequent inactivation of VHL and subsequent overexpression of HIF1a, RCC often
presents as a highly vascularized tumor type. Hence, many of the small molecule therapeutics approved
for use in RCC target various effectors in the angiogenesis pathway (VEGF, VEGFR). The goal of these
drugs is to abrogate the formation of new blood vessels in the tumor microenvironment via growth
factor withdrawal, which deprives the cancer cells of oxygen and nutrients that are needed to fuel
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their growth and survival. Many of these therapies provide an initial response. However, oxygen
deprivation and nutrient withdrawal activates various stress response pathways in the cancer cell.
Autophagy is one such stress response, and allows for survival during periods of therapeutic insult.

3. Autophagy

3.1. Molecular Mechanisms of Autophagy

Autophagy is a catabolic process by which cells internally break down and recycle cellular
components through non-specific, lysosome-mediated degradation. Autophagy is highly conserved in
eukaryotes and is a vital mechanism to mediate cellular stress and damage that results from hypoxia and
starvation, as well as therapeutic intervention. Mammalian target of rapamycin complex 1 (mTORC1)
is often regarded as the master regulatory kinase of cellular metabolism. Activation of mTORC1 is
generally thought of as a pro-proliferation signal. mTORC1 activity can be stimulated from activated
upstream tyrosine kinases such as PDGFR and VEGFR, often through the phosphoinositide 3 kinase
(PI3K)/ protein kinase B (AKT) pathway. This mechanism of mTORC1 activation is especially important
in RCC, given the genes encoding the proteins involved are frequently mutated. Importantly, activated
mTORC1 is responsible for adding an inhibitory phosphate at Serine 757 to the Unc-51-like kinase
(ULK1) complex, which prevents the initiation of autophagy [30]. Both direct and indirect inhibition of
mTORC1 leads to potent activation of the autophagy inducer ULK1, which in turn promotes activity
of the Beclin1-Vacuolar protein sorting 34 (VPS34) complex. The Beclin1-VPS34 complex is vital to the
nucleation of the premature phagophore.

Maturation of the phagophore into a complete autophagosome involves elongation of the
vesicle’s lipid membrane. This process is regulated by a complex containing autophagy-related 12,
autophagy-related 5 and autophagy-related 16L (ATG12-ATG5-ATG16L). Another crucial protein
involved in the elongation of the autophagosome membrane is microtubule-associated protein 1A/1B
light chain 3 (LC3). Cytosolic LC3 is referred to as LC3-I. LC3-I is conjugated in a ubiquitin-like
fashion to phosphatidylethanolamines (PE) on the autophagosome membrane by the autophagy
protein, autophagy-related 7 (ATG7). It must be mentioned that autophagy related 4B (ATG4B),
a widely conserved cysteine protease, must first make a specific cleavage to allow conjugation of
LC3 [31]. PE-associated LC3 protein is referred to as LC3-II, and is often considered a reliable
marker of autophagosome formation and autophagy. LC3-II is vital for cargo recruitment as it binds
Sequestosome-1 (p62) to the autophagosome membrane. p62 is responsible for binding misfolded
proteins or dysfunctional organelles and subsequently delivering them to the autophagosome for
degradation [32]. Finally, the mature autophagosome, with its contents localized and completely
enclosed will fuse with the lysosome. The fusion of membranes will release the cargo of the
autophagosome into the lysosome where the acidic pH, as well as various enzymes will facilitate their
degradation. After degradation has occurred, the remaining molecules are released back into the
cytoplasm where they can be used as building blocks for new proteins, organelles, or energy sources.
We will specifically focus on the role of autophagy in RCC pathogenesis and its involvement related to
emerging targeted therapies in RCC. For a more extensive review of the molecular machinery and
regulation of autophagy, refer to the following articles [33–35].

3.2. Targeting Autophagy to Improve RCC Therapeutic Outcome

Autophagy is an essential lysosomal degradation process that can be used by cancer cells to
generate alternative sources of energy via nutrient recycling under stress conditions [36,37]. Although
many studies have demonstrated that autophagy may function as a mechanism of tumor suppression
through the degradation of defective pre-malignant cells, significant data indicates a key role for
autophagic degradation in the maintenance of energy balance under stress conditions including nutrient
deprivation and hypoxia [38]. Futhermore, autophagy has emerged as an important mechanism of
resistance to radiation, conventional chemotherapy, and targeted anticancer agents due to its ability
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to enhance the stress tolerance of malignant cells [39–43]. Collectively, these data support a role for
autophagy as a promoter of drug resistance and cancer progression as well as a target for therapeutic
inhibition. Importantly, several new studies demonstrate that alterations in the autophagy pathway
may be particularly relevant for patients with RCC and impact overall survival [44,45].

RCC cell lines inherently exhibit an elevated basal level of autophagy. One study found that across
many RCC cell lines, 30–60% of growing cells display prominent LC3-II puncta [46]. This compares to
just 1–5% of cells in normal primary kidney cell cultures. Autophagy has been shown to counteract
growth factor and nutrient withdrawal and maintain cell viability under stress conditions [47].
Importantly, inhibiting autophagy in RCC increases the efficacy of many therapeutic strategies.
Sorafenib, a general RTK inhibitor, shows a significant increase in activity when combined with
autophagy inhibitors [48]. The efficacy of AKT/mTOR inhibition is also significantly augmented
through the use of a variety of autophagy inhibitors [49]. It has been demonstrated that RCC cells
that have adopted an aggressive metastatic phenotype also rely on an increase in cellular autophagic
flux. These highly aggressive cells can be rendered sensitive to the mTOR inhibitor temsirolimus by
chloroquine, an anti-malarial drug that inhibits autophagy [50]. Successful enhancement of therapeutic
efficacy via in vitro autophagy inhibition has provided a solid foundation for the development and
clinical testing of autophagy inhibitors in RCC.

4. Inhibition of Autophagy for Therapy of RCC

4.1. Chloroquine and Hydroxychloroquine

Chloroquine (CQ) and hydroxychloroquine (HCQ) are quinone-containing compounds that have
been used to combat malaria for decades. These compounds work via their accumulation in and
subsequent deacidification of lysosomes [51]. This deacidification disrupts autophagy as the low
pH of lysosomes is a necessity in degrading the cargo of the autophagosome. CQ and HCQ have
been repurposed to pharmacologically target autophagy in a broad range of cancer types for over a
decade [52]. To date, CQ and HCQ are the only autophagy inhibitors to be evaluated in clinical trials.
A number of clinical trials involving the use of CQ or HCQ alone or in combination with standard of
care agents for the treatment of many different malignancies are ongoing and completed. However,
limited clinical studies have evaluated HCQ in patients with RCC (Table 2).

Table 2. Clinical trials with hydroxychloroquine (HCQ) in patients with RCC.

Clinical
Trial

Identifier

Autophagy-
Modulating
Compound

Interventions Phase Neoplasm DLTs Response
Rate

NCT01510119
[53] HCQ Everolimus I/II Previously

Treated RCC

None in
Phase I;

Grades 3–4
AE’s <10%

SD or PR:
67%; Median

PFS 6.3
Months

NCT01144169 HCQ Surgery I Primary
RCC N/A N/A

NCT01480154 HCQ MK2206 I
Advanced

Solid
Tumors

N/A N/A

NCT01550367 HCQ IL-2 I/II Metastatic
RCC

Grades 3–5
AE’s 96.6%

SD/PR/CR:
69%; Median

PFS 5.5
Months

NCT01023737
[54] HCQ Vorinostat I

Advanced
Solid

Tumors

Grades 3–4
AE’s 18.5%

RCC Patient:
PR for >50

cycles
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A recent study in RCC combined the mTOR inhibitor, everolimus, with twice daily doses of HCQ in
a metastatic patient population refractory to at least one prior treatment [53]. No dose-limiting toxicities
(DLTs) were attributed to the HCQ in the phase I portion of the trial. The median progression-free
survival (PFS) for the patient population was 6.3 months, an improvement over the median PFS of
4 months, which was observed in the clinical testing of everolimus alone [21]. A separate phase I trial
sought to elucidate the toxicity and efficacy of combining HCQ with an AKT inhibitor, MK-2206,
in a multitude of advanced solid tumors [55]. Patients were administered 135–200 mg of MK-2206
weekly in combination with 200–600 mg HCQ twice a day. 31 of the 35 patients enrolled were taken
off treatment due to relapsed or progressive disease. In addition, 94% of participants experienced
an adverse event (AE) attributed to treatment with MK-2206, while only 13% experienced an AE
from the HCQ. Due to high toxicity and the low enrollment on the study, no anti-tumor activity data
could be interpreted. One phase I trial has provided an exciting preliminary example of the power of
HCQ in combination with vorinostat, an FDA approved histone deacetylase (HDAC) inhibitor [54].
This trial included patients with a variety of advanced solid tumors who had failed conventional
therapy. Of these patients, a single person presented with advanced RCC. This particular patient had
failed seven previous lines of therapy. A durable, partial response was obtained with a regimen of
400 mg vorinostat and 400 mg HCQ, administered daily. This response was maintained for more than
50 three-week cycles of the drug combination. This remarkable result in an RCC patient has sparked
follow-up studies to evaluate tumor characteristics that may be indicative of a positive response to
concurrent HDAC and autophagy inhibition.

4.2. Lucanthone

In addition to HCQ and CQ, several other agents used for non-cancer indications that disrupt
lysosomal function have been repurposed as autophagy inhibitors for cancer therapy [41]. Lucanthone
has been used as an anti-schistosome agent for many years and is also being developed as an
anticancer agent due to its inhibitory effects on topoisomerase II and AP endonuclease (APE1). In cell
culture experiments, lucanthone demonstrated lysosomal disruption and inhibition of autophagy [56].
In addition, strong pro-apoptotic effects were evident in various breast cancer cell lines and the
lysosomal protease, cathepsin D, was shown to be an important mediator for the apoptotic effects of
lucanthone. The chemical structure of lucanthone has provided clues to the construction of novel,
lysosome-targeting agents.

4.3. ROC-325

While the clinical benefits of adjuvant CQ and HCQ treatment have not been fully elucidated,
a substantial amount of funding and effort has been put forth to develop more efficient autophagy
inhibitors. Initial results stemming from the use of CQ or HCQ have indicated that while these drugs
partially block the degradation of cellular components in the lysosome, the compounds may not be
potent enough to completely shut off the autophagy degradation. Thus, it is essential to generate new
and more potent autophagy inhibitors that may improve clinical efficacy. A complete listing of next
generation autophagy inhibitors discussed in this review, as well as the cancer types they have been
explored in, can be found in Table 3.

ROC-325 is a water-soluble, small molecule developed by our group that shows significantly
higher efficacy than HCQ [57–60]. ROC-325 is a dimeric compound that was designed to contain core
motifs of HCQ as well as lucanthone. Much like HCQ, ROC-325 targets the late stages of autophagy.
We have shown that ROC-325 does not affect the formation of autophagosomes but rather accumulates
in and deacidifies the lysosome. In vitro treatment with ROC-325 shows stabilization of LC3-II and
p62, indicators that are consistent with autophagy inhibition. In addition, treatment with ROC-325
results in near-complete loss of acridine orange fluorescence, a strong marker for lysosome membrane
permeability and lysosome deacidification. ROC-325 reduced cell viability in RCC cell lines at much



Cancers 2020, 12, 1185 7 of 16

lower concentrations than HCQ, with half maximal inhibitory concentration (IC50) values of 2–10 µM
vs. 50–100 µM, respectively.

Table 3. Selected agents that inhibit autophagy.

Inhibitor Autophagy Target Cancer Type References

Hydroxychloroquine Lysosome RCC, etc. [21,53–55]

Chloroquine Lysosome RCC, etc. [51,52]

ROC-325 Lysosome RCC, AML [57–60]

Lucanthone Lysosome Breast [41,56]

STF-62247 Lysosome RCC, Glioblastoma,
T-cell Leukemia [45,61–63]

Lys05, DQ661, DC661 Lysosome, PPT1 Melanoma, Colon,
Glioma [64–67]

SAR405, SB02024 VPS34 RCC, Cervical [68–70]

SBI-0206965, ULK-100,
ULK-101 ULK1 Lung [71,72]

S130, FMK-9a,
NSC185058 ATG4B Cervical, Colon,

Osteosarcoma, GBM [73–76]

Abbreviations: PPT1—palmitoyl-protein thioesterase 1; VPS34—vacuolar protein sorting 34;
ULK1—unc51-like-kinase 1; ATG4B—autophagy related 4B; AML—acute myeloid leukemia; RCC—renal
cell carcinoma; GBM—glioblastoma.

In vivo experiments also demonstrated the improved anticancer activity of ROC-325 over HCQ.
Mice treated with orally-administered ROC-325 displayed significantly decreased 786-O RCC xenograft
burden when compared to both control and HCQ-treated mice. Importantly, no significant toxicities
were observed in mice treated with ROC-325. Tumors taken from each group were analyzed using
immunohistochemistry (IHC). Tumors treated with ROC-325 showed elevated levels of LC3-II, p62,
and cleaved caspase-3, thereby confirming in vitro findings. Further study of ROC-325 especially in
combination with conventional and targeted therapy is warranted.

4.4. STF-62247

STF-62247 is an experimental agent that was first discovered over a decade ago. This particular
compound was identified to have potent cytotoxic effects in VHL-deficient cancer cells, but very little
efficacy in wild-type (WT) VHL cells [45]. Due to this selective anti-tumor activity, this compound is a
potentially exciting therapeutic option for RCC. The exact mechanism by which STF-62247 acts is not
fully understood. STF-62247 is believed to induce autophagy in cancer cells, as treatment produces
large, cytoplasmic vacuoles in both WT-VHL and VHL-deficient cells. However, VHL-deficient
cells contain much larger vacuoles and show significantly brighter acridine orange staining [45].
This indicates that VHL-deficient cells form large, highly acidic vesicles in response to STF-62247.
Upon further investigation, it was shown that Golgi vesicle trafficking proteins played a pivotal role in
sensitizing cells to the compound. However, the mechanistic links between VHL and autophagy were
not fully elucidated.

Bouhamdani et al. recently confirmed these findings in RCC and also noted that while
VHL-proficient cells also form large vacuoles, they are capable of resolving them within 48 hours of
treatment [44]. Interestingly, in this study, STF-62247 was not shown to induce autophagy, but rather
blocked the late stages of autophagy. No known upstream markers of increased autophagy were
shown to be affected by the drug and inhibiting the vacuolar H+ ATPase pump with bafilomycin
A1 (BAF) showed very little, if any, additive stabilization of LC3-II or p62 when combined with
STF-62247. These results cast doubt on the idea that STF-62247 is inducing autophagy. This also
suggests that STF-62247 is potentially obstructing a similar stage of autophagy as BAF, indicating
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that it is a late-stage autophagy inhibitor, much like HCQ, CQ and ROC-325. However, much of this
work is still controversial as STF-62247 has been shown to induce an autophagy-dependent cell death
response in multiple malignancy types regardless of VHL status [61–63]. More data is needed in order
for STF-62247 to be effectively transitioned into the clinical setting.

4.5. Lys05, DQ661, and DC661

Lys05 is a lysosome-disrupting, water-soluble salt of the compound Lys01. Lys01 consists of a
pair of aminoquinolines, the major motif of CQ, connected by a methylamine-containing spacer [64,65].
Much like the previously discussed compounds, Lys01 produces an accumulation of LC3-II at a much
lower dosage than CQ or HCQ. LN229 cells containing a green fluorescent protein tagged LC3 protein
(GFP-LC3) treated with Lys01 display localization of LC3 to autophagic vesicles with 10x greater
potency than HCQ, and electron microscopy confirms the presence of large autophagic vesicles in
cells treated with Lys01. The anticancer profile of Lys01 is greater than that of HCQ when tested
across colon cancer, glioma, and melanoma cell lines, with IC50 values ranging from 4–8 µM compared
to 15–42 µM with HCQ. In vivo studies exhibited moderate, single agent, antitumor activity against
orthotopically injected 1205Lu melanoma xenografts. Using HPLC tandem mass spectrometry, Lys05
was shown to accumulate in tumors in vivo at a much greater concentration than HCQ.

In addition to Lys05, two second-generation compounds have been developed—DQ661 and
DC661 [66,67]. Interestingly, all these compounds were recently reported to block the lysosomal
enzyme palmitoyl-protein thioesterase 1 (PPT1), which plays a key role in palmitoylation-mediated
intracellular protein trafficking. These preclinical results imply that Lys05, DQ661, and DC661 have the
potential to combat many different types of tumors. However, investigation of these compounds for
RCC therapy has not been tested. It is worth noting that each of these lysosome-disrupting compounds
has a similar mechanism of action, but contain unique chemical motifs. These novel structures will
most likely lead to toxicity differences when clinical testing is initiated. This, in turn, could prove to be
fundamental to approval and widespread therapeutic use.

4.6. VPS34 Inhibitors

The compounds discussed thus far act on the most distal component of the autophagy pathway,
the lysosome. The lysosome acts as the common end point to this cellular process. The upstream,
initiating machineries of autophagy show a great amount of complexity and have proven quite difficult
to target. Nonetheless, multiple research groups are developing molecules to inhibit these proteins.

VPS34 is a PI3K lipid kinase family member, responsible for the addition of a phosphate group
at the 3 position of the inositol ring of phosphatidylinositol (PI) on cellular membranes. This lipid
phosphorylation is a vital step in the initiation and elongation of autophagosome membranes.
While many pan-PI3K inhibitors currently exist, a few compounds have been developed to specifically
target VPS34, including SAR405 and SB02024. SAR405 is a small molecule that targets the ATP
binding pocket of VPS34 with high affinity [68,69]. In vitro work with this compound shows a
reduction in autophagosome formation in GFP-LC3 tagged HeLa cells. In addition, concomitant
treatment with everolimus in RCC cell lines eliminates the enhanced autophagic flux seen with mTOR
inhibition. SAR405 also significantly enhanced the anticancer activity of everolimus in these same
RCC cells. These preliminary findings have opened the door for combining VPS34 inhibitors with
current standard-of-care therapeutics in RCC. SB02024, another recently discovered VPS34 inhibitor,
shows significant anticancer activity when combined with standard RTK inhibitors, sunitinib and
erlotinib, in breast cancer cell lines [70]. While this particular compound has not been tested in RCC,
these findings highlight the potential of SB02024 to be paired with standard of care RCC agents.

4.7. ULK1 Inhibitors

UNC-51-like kinase 1 (ULK1) is a proximal serine/threonine kinase that is responsible for
autophagy initiation. ULK1 acts as one of the key signaling regulators linking mTORC1, 5’ adenosine
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monophosphate-activated protein kinase (AMPK), starvation, and autophagy. Due to its vital role in
integrating cellular stress signals, successful inhibition of ULK1 is an attractive therapeutic strategy.
SBI-0206965 was developed in 2015 as a selective ULK1 inhibitor [71]. This compound displayed potent
inhibition of ULK1 activity with an in vitro IC50 of 108 nM. Treatment of A549 human lung cancer cells
in vitro with a combination of SBI-0206965 and the mTOR inhibitor AZD8055 led to a significantly
enhanced apoptotic response. This result further supports the rationale of inhibiting autophagy to
augment the activity of other target-specific molecules. More recently, two closely related compounds,
ULK-100 and ULK-101, have also been developed as more potent inhibitors of ULK1 [72]. Martin et al.
demonstrated that these two small molecules show increased antitumor activity when combined with
nutrient starvation in non-small-cell lung cancer cell lines. All three of these novel compounds have
the potential for therapeutic impact in RCC. However, their specific efficacy in RCC models has not yet
been evaluated.

4.8. ATG4B Inhibitors

ATG4B is a cysteine protease that activates LC3 for lipidation and recent studies suggest that it
may be another promising target to inhibit autophagy upstream of the lysosome. Consistent with this
idea, several ATG4B inhibitors have been developed including FMK-9a, NSC185058, and S130 [73–76].
NSC185058 and S130 have demonstrated significant in vivo activity against osteosarcoma and colon
tumors, respectively [74,75]. Additionally, NSC185058 treatment decreased glioma xenograft growth
in mice and augmented the antitumor efficacy of radiation therapy [76]. Collectively, these studies
demonstrate that inhibiting ATG4B may be a suitable anti-autophagy target for the treatment of various
cancers. However, these compounds remain in the earliest stages of preclinical development (Figure 2).
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5. Immune Checkpoint Inhibitor Therapy and Autophagy

The clinical efficacy of novel immune checkpoint inhibitors has been variable. Through further
research and testing, cancer types are now generally thought of as “immune hot” and “immune
cold”. Tumors that have significant infiltration of immune cells are considered “hot” and are generally
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responsive to immune checkpoint inhibitor therapy. The greatest immune checkpoint inhibitor therapy
success to date has been the treatment of metastatic melanoma with a monoclonal antibody-targeting
CTLA-4, Ipilimumab [77]. The FDA has now approved six different immune checkpoint inhibitors in a
variety of cancer types. This number only stands to grow with over 200 active clinical trials involving
immune checkpoint inhibitor therapies.

RCC is characterized as being responsive to immune checkpoint inhibitor therapy. As previously
mentioned, cytokine therapy, a precursor to modern day immunotherapy, was long used as the primary
treatment for advanced RCC. Nivolumab, a monoclonal antibody-targeting PD-1, was approved for
use in RCC in 2015 after demonstrating improved progression-free survival (4.6 months vs. 4.4 months)
over everolimus in a phase III clinical trial [26]. While more traditional small molecule therapy options,
such as kinase inhibitors will remain a mainstay in RCC treatment, immunomodulatory therapies are
becoming increasingly common as frontline and adjuvant therapies [78,79].

The connection between autophagy and immune cell activation is not well established, particularly
in RCC. However, preliminary findings in different cancer models have provided conflicting findings.
Early work has suggested that autophagy inhibition can interfere with hematopoiesis and systemic
immunity indicating that combination autophagy and immune checkpoint inhibitor therapy may not be
beneficial [80–82]. However, recent studies demonstrate that autophagy inhibition does not block T-cell
activity [83–86]. Treatment of subcutaneous B16 melanoma xenografts with CQ in immunocompetent
mice has provided evidence that autophagy inhibition promotes macrophage phenotype switching
from an alternatively activated (M2) to a classically activated (M1) state [87]. This switch in macrophage
phenotype gave rise to an increase in CD3+/CD8+ tumor-infiltrating lymphocytes as well as increased
interferon gamma (IFNγ) expression, a key marker of cytotoxic T-lymphocyte (CTL) activation.
Importantly, the antitumor effects of CQ in vivo were completely reversed in T-cell deficient mice,
confirming that the activity of CQ was indeed a product of immunomodulation in this particular
model. Recent work has also shown that HCQ, when delivered to E.G7-OVA murine lymphoma
xenografts via nanoparticle vaccination, is capable of enhancing tumor cell major histocompatibility
complex (MHC)-I antigen presentation, a key event in CTL activation [88]. A significant increase
in the production of IFNγ was also observed in this model. Both of these recent studies highlight
a potential relationship between autophagy inhibition and responsiveness to immune checkpoint
inhibitor therapy, but additional studies are needed to better understand this interaction. Furthermore,
the potential benefit of dual immune checkpoint and autophagy inhibitor therapy to RCC remains to
be determined.

6. Conclusions

Two decades ago, patients diagnosed with advanced, metastatic, or surgically unresectable RCC
had very few approved therapeutic options. However, significant research efforts have resulted in
the development of numerous targeted agents and immune-related therapies for the treatment of
RCC. Despite this success, patients that are refractory to these treatments or develop drug resistance
continues to be a major clinical issue. Autophagy has now been established as a key mechanism
by which cancer cells are capable of surviving periods of therapy-induced stress leading to drug
resistance. This provides the rationale for the development and testing of autophagy-modulating
compounds to use in conjunction with the ever-expanding list of approved RCC treatments. While HCQ
has demonstrated some promising activity in combination with standard agents in clinical trials,
its effectiveness appears to be limited by a variety of factors. Considering this, there is a need for new
and more potent autophagy inhibitors that can be tested in clinical trials. Additional information is
also required to determine the differences between upstream and lysosomal autophagy targeting in
regards to therapeutic efficacy. The development and classification of compounds targeting autophagy
is an ongoing process, but one can hope that a breakthrough is on the horizon.
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The following abbreviations are used in this manuscript:

RCC renal cell carcinoma
VHL Von-Hippel Lindau tumor suppressor
VEGF vascular endothelial growth factor
PDGF platelet-derived growth factor
ATG autophagy-related gene
PFS progression-free survival
PR partial response
DLT dose-limiting toxicity
SD stable disease
CR complete response
HDAC histone deacetylase
AE adverse event
HCQ hydroxychloroquine
CQ chloroquine
IHC immunohistochemistry
ULK UNC-51 like kinase
CTLA-4 cytotoxic t-lymphocyte associated protein 4
PD-L1 Programmed cell death ligand 1

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA A Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
[PubMed]

2. Barata, P.C.; Rini, B.I. Treatment of renal cell carcinoma: Current status and future directions. CA A Cancer J.
Clin. 2017, 67, 507–524. [CrossRef] [PubMed]

3. Ricketts, C.J.; De Cubas, A.A.; Fan, H.; Smith, C.C.; Lang, M.; Reznik, E.; Bowlby, R.; Gibb, E.A.; Akbani, R.;
Beroukhim, R.; et al. The Cancer Genome Atlas Comprehensive Molecular Characterization of Renal Cell
Carcinoma. Cell Rep. 2018, 23, 313–326. [CrossRef] [PubMed]

4. Noone, A.; Howlander, N.; Krapcho, M.; Miller, D.; Brest, A.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto, A.;
Lewis, D.; et al. Cancer Statistics Review; SEER: Bethesda, MD, USA, 2018.

5. National Comprehensive Cancer Network. NCCN Clinical Practice Guidelines in Oncology: Kidney Cancer;
Version 2.2020. Available online: https://www.nccn.org/professionals/physician_gls/pdf/kidney.pdf (accessed
on 1 November 2019).

6. Eggener, S.E.; Yossepowitch, O.; Pettus, J.A.; Snyder, M.E.; Motzer, R.J.; Russo, P. Renal cell carcinoma
recurrence after nephrectomy for localized disease: Predicting survival from time of recurrence. J. Clin.
Oncol. 2006, 24, 3101–3106. [CrossRef]

7. Kim, W.Y.; Kaelin, W.G. Role of VHL gene mutation in human cancer. J. Clin. Oncol. 2004, 22, 4991–5004.
[CrossRef]

8. Creighton, C.J.; Morgan, M.; Gunaratne, P.H.; Wheeler, D.A.; Gibbs, R.A.; Robertson, G.; Chu, A.;
Beroukhim, R.; Cibulskis, K.; Signoretti, S.; et al. Comprehensivemolecular characterization of clear
cell renal cell carcinoma. Nature 2013, 499, 43–49. [CrossRef]

9. Duran, I.; Lambea, J.; Maroto, P.; González-Larriba, J.L.; Flores, L.; Granados-Principal, S.; Graupera, M.;
Sáez, B.; Vivancos, A.; Casanovas, O. Resistance to Targeted Therapies in Renal Cancer: The Importance of
Changing the Mechanism of Action. Target. Oncol. 2017, 12, 19–35. [CrossRef]

http://dx.doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
http://dx.doi.org/10.3322/caac.21411
http://www.ncbi.nlm.nih.gov/pubmed/28961310
http://dx.doi.org/10.1016/j.celrep.2018.03.075
http://www.ncbi.nlm.nih.gov/pubmed/29617669
https://www.nccn.org/professionals/physician_gls/pdf/kidney.pdf
http://dx.doi.org/10.1200/JCO.2005.04.8280
http://dx.doi.org/10.1200/JCO.2004.05.061
http://dx.doi.org/10.1038/nature12222
http://dx.doi.org/10.1007/s11523-016-0463-4


Cancers 2020, 12, 1185 12 of 16

10. Rini, B.I.; Atkins, M.B. Resistance to targeted therapy in renal-cell carcinoma. Lancet Oncol. 2009, 10, 992–1000.
[CrossRef]

11. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
12. Ribas, A.; Wolchok, J.D. Cancer immunotherapy using checkpoint blockade. Science 2018, 359, 1350–1355.

[CrossRef]
13. Negrier, S.; Escudier, B.; Lasset, C.; Douillard, J.-Y.; Savary, J.; Chevreau, C.; Ravaud, A.; Mercatello, A.;

Peny, J.; Mousseau, M.; et al. Recombinant Human Interleukin-2, Recombinant Human Interferon Alfa-2a, or
Both in Metastatic Renal-Cell Carcinoma. N. Engl. J. Med. 2002, 338, 1272–1278. [CrossRef] [PubMed]

14. Rini, B.I.; Escudier, B.; Tomczak, P.; Kaprin, A.; Szczylik, C.; Hutson, T.E.; Michaelson, M.D.; Gorbunova, V.A.;
Gore, M.E.; Rusakov, I.G.; et al. Comparative effectiveness of axitinib versus sorafenib in advanced renal cell
carcinoma (AXIS): A randomised phase 3 trial. Lancet 2011, 378, 1931–1939. [CrossRef]

15. Powles, T.; Motzer, R.J.; Escudier, B.; Pal, S.; Kollmannsberger, C.; Pikiel, J.; Gurney, H.; Rha, S.Y.; Park, S.H.;
Geertsen, P.F.; et al. Outcomes based on prior therapy in the phase 3 METEOR trial of cabozantinib versus
everolimus in advanced renal cell carcinoma. Br. J. Cancer 2018, 119, 663–669. [CrossRef] [PubMed]

16. Bukowski, R.M.; Kabbinavar, F.F.; Figlin, R.A.; Flaherty, K.; Srinivas, S.; Vaishampayan, U.; Drabkin, H.A.;
Dutcher, J.; Ryba, S.; Xia, Q.; et al. Randomized phase II study of erlotinib combined with bevacizumab
compared with bevacizumab alone in metastatic renal cell cancer. J. Clin. Oncol. 2007, 25, 4536–4541.
[CrossRef]

17. Motzer, R.J.; Hutson, T.E.; Glen, H.; Michaelson, M.D.; Molina, A.; Eisen, T.; Jassem, J.; Zolnierek, J.;
Maroto, J.P.; Mellado, B.; et al. Lenvatinib, everolimus, and the combination in patients with metastatic
renal cell carcinoma: A randomised, phase 2, open-label, multicentre trial. Lancet Oncol. 2015, 16, 1473–1482.
[CrossRef]

18. Sternberg, C.N.; Davis, I.D.; Mardiak, J.; Szczylik, C.; Lee, E.; Wagstaff, J.; Barrios, C.H.; Salman, P.;
Gladkov, O.A.; Kavina, A.; et al. Pazopanib in locally advanced or metastatic renal cell carcinoma: Results of
a randomized phase III trial. J. Clin. Oncol. 2010, 28, 1061–1068. [CrossRef]

19. Escudier, B.; Eisen, T.; Stadler, W.M.; Szczylik, C.; Oudard, S.; Siebels, M.; Negrier, S.; Chevreau, C.; Solska, E.;
Desai, A.A.; et al. Sorafenib in advanced clear-cell renal-cell carcinoma. N. Engl. J. Med. 2007, 356, 125–134.
[CrossRef]

20. Motzer, R.J.; Hutson, T.E.; Tomczak, P.; Michaelson, M.D.; Bukowski, R.M.; Rixe, O.; Oudard, S.; Negrier, S.;
Szczylik, C.; Kim, S.T.; et al. Sunitinib versus interferon alfa in metastatic renal-cell carcinoma. N. Engl.
J. Med. 2007, 356, 115–124. [CrossRef]

21. Motzer, R.J.; Escudier, B.; Oudard, S.; Hutson, T.E.; Porta, C.; Bracarda, S.; Grünwald, V.; Thompson, J.A.;
Figlin, R.A.; Hollaender, N.; et al. Efficacy of everolimus in advanced renal cell carcinoma: A double-blind,
randomised, placebo-controlled phase III trial. Lancet 2008, 372, 449–456. [CrossRef]

22. Hudes, G.; O’Toole, T.; Tomczak, P.; Bodrogi, I.; Sosman, J.; Kapoor, A.; Staroslawska, E.; Kovacevic, Z.;
McDermott, D.; Dutcher, J.; et al. Temsirolimus, Interferon Alfa, or Both for Advanced Renal-Cell Carcinoma.
N. Engl. J. Med. 2007, 356, 2271–2281. [CrossRef]

23. Motzer, R.J.; Penkov, K.; Haanen, J.; Rini, B.; Albiges, L.; Campbell, M.T.; Venugopal, B.; Kollmannsberger, C.;
Negrier, S.; Uemura, M.; et al. Avelumab plus axitinib versus sunitinib for advanced renal-cell carcinoma.
N. Engl. J. Med. 2019, 380, 1103–1115. [CrossRef] [PubMed]

24. Escudier, B.; Bellmunt, J.; Négrier, S.; Bajetta, E.; Melichar, B.; Bracarda, S.; Ravaud, A.; Golding, S.; Jethwa, S.;
Sneller, V. Bevacizumab plus interferon alfa-2a for treatment of metastatic renal cell carcinoma: A randomised,
double-blind phase III trial. Lancet 2007, 370, 2103–2111. [CrossRef]

25. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Arén Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.;
Barthélémy, P.; Porta, C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in advanced
renal-cell carcinoma. N. Engl. J. Med. 2018, 378, 1277–1290. [CrossRef] [PubMed]

26. Motzer, R.J.; Escudier, B.; McDermott, D.F.; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.;
Procopio, G.; Plimack, E.R.; et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N. Engl.
J. Med. 2015, 373, 1803–1813. [CrossRef] [PubMed]

27. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulières, D.;
Melichar, B.; et al. Pembrolizumab plus axitinib versus sunitinib for advanced renal-cell carcinoma. N. Engl.
J. Med. 2019, 380, 1116–1127. [CrossRef]

http://dx.doi.org/10.1016/S1470-2045(09)70240-2
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1126/science.aar4060
http://dx.doi.org/10.1056/NEJM199804303381805
http://www.ncbi.nlm.nih.gov/pubmed/9562581
http://dx.doi.org/10.1016/S0140-6736(11)61613-9
http://dx.doi.org/10.1038/s41416-018-0164-0
http://www.ncbi.nlm.nih.gov/pubmed/30197417
http://dx.doi.org/10.1200/JCO.2007.11.5154
http://dx.doi.org/10.1016/S1470-2045(15)00290-9
http://dx.doi.org/10.1200/JCO.2009.23.9764
http://dx.doi.org/10.1056/NEJMoa060655
http://dx.doi.org/10.1056/NEJMoa065044
http://dx.doi.org/10.1016/S0140-6736(08)61039-9
http://dx.doi.org/10.1056/NEJMoa066838
http://dx.doi.org/10.1056/NEJMoa1816047
http://www.ncbi.nlm.nih.gov/pubmed/30779531
http://dx.doi.org/10.1016/S0140-6736(07)61904-7
http://dx.doi.org/10.1056/NEJMoa1712126
http://www.ncbi.nlm.nih.gov/pubmed/29562145
http://dx.doi.org/10.1056/NEJMoa1510665
http://www.ncbi.nlm.nih.gov/pubmed/26406148
http://dx.doi.org/10.1056/NEJMoa1816714


Cancers 2020, 12, 1185 13 of 16

28. Minasian, L.M.; Motzer, R.J.; Gluck, L.; Mazumdar, M.; Vlamis, V.; Krown, S.E. Interferon alfa-2a in advanced
renal cell carcinoma: Treatment results and survival in 159 patients with long-term follow-up. J. Clin. Oncol.
1993, 11, 1368–1375. [CrossRef]

29. Fyfe, G.; Fisher, R.I.; Rosenberg, S.A.; Sznol, M.; Parkinson, D.R.; Louie, A.C. Results of treatment of 255
patients with metastatic renal cell carcinoma who received high-dose recombinant interleukin-2 therapy.
J. Clin. Oncol. 1995, 13, 688–696. [CrossRef]

30. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef]

31. Satoo, K.; Noda, N.N.; Kumeta, H.; Fujioka, Y.; Mizushima, N.; Ohsumi, Y.; Inagaki, F. The structure of
Atg4B-LC3 complex reveals the mechanism of LC3 processing and delipidation during autophagy. EMBO J.
2009, 28, 1341–1350. [CrossRef]

32. Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Øvervatn, A.; Bjørkøy, G.; Johansen, T.
p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by
autophagy*[S]. J. Biol. Chem. 2007, 282, 24131–24145. [CrossRef]

33. He, C.; Klionsky, D.J. Regulation Mechanisms and Signaling Pathways of Autophagy. Ann. Rev. Genet. 2009,
43, 67–93. [CrossRef] [PubMed]

34. Barth, S.; Glick, D.; Macleod, K.F. Autophagy: Assays and artifacts. J. Pathol. 2010, 221, 117–124. [CrossRef]
[PubMed]

35. Meijer, A.J.; Codogno, P. Regulation and role of autophagy in mammalian cells. Int. J. Biochem. Cell Biol.
2004, 36, 2445–2462. [CrossRef]

36. Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy modulation as a potential therapeutic target for
diverse diseases. Nat. Rev. Drug Discov. 2012, 11, 709–730. [CrossRef] [PubMed]

37. Yang, Z.; Klionsky, D.J. Mammalian autophagy: Core molecular machinery and signaling regulation.
Curr. Opin. Cell Biol. 2010, 22, 124–131. [CrossRef]

38. White, E. Deconvoluting the context-dependent role for autophagy in cancer. Nat. Rev. Cancer 2012, 12, 401.
[CrossRef]

39. Janku, F.; McConkey, D.J.; Hong, D.S.; Kurzrock, R. Autophagy as a target for anticancer therapy. Nat. Rev.
Clin. Oncol. 2011, 8, 528–539. [CrossRef]

40. Amaravadi, R.K.; Lippincott-Schwartz, J.; Yin, X.M.; Weiss, W.A.; Takebe, N.; Timmer, W.; DiPaola, R.S.;
Lotze, M.T.; White, E. Principles and current strategies for targeting autophagy for cancer treatment.
Clin. Cancer Res. 2011, 17, 654–666. [CrossRef]

41. Carew, J.S.; Kelly, K.R.; Nawrocki, S.T. Autophagy as a target for cancer therapy: New developments.
Cancer Manag. Res. 2012, 4, 357–365. [CrossRef]

42. Carew, J.S.; Nawrocki, S.T.; Cleveland, J.L. Modulating autophagy for therapeutic benefit. Autophagy 2007, 3,
464–467. [CrossRef]

43. Chen, S.; Zhou, L.; Zhang, Y.; Leng, Y.; Pei, X.Y.; Lin, H.; Jones, R.; Orlowski, R.Z.; Dai, Y.; Grant, S. Targeting
SQSTM1/p62 induces cargo loading failure and converts autophagy to apoptosis via NBK/Bik. Mol. Cell Biol.
2014, 34, 3435–3449. [CrossRef]

44. Bouhamdani, N.; Comeau, D.; Cormier, K.; Turcotte, S. STF-62247 accumulates in lysosomes and blocks late
stages of autophagy to selectively target von Hippel-Lindau-inactivated cells. Am. J. Physiol. Cell Physiol.
2019, 316, C605–C620. [CrossRef]

45. Turcotte, S.; Chan, D.A.; Sutphin, P.D.; Hay, M.P.; Denny, W.A.; Giaccia, A.J. A Molecule Targeting
VHL-Deficient Renal Cell Carcinoma that Induces Autophagy. Cancer Cell 2008, 14, 90–102. [CrossRef]

46. Bray, K.; Mathew, R.; Lau, A.; Kamphorst, J.J.; Fan, J.; Chen, J.; Chen, H.Y.; Ghavami, A.; Stein, M.;
DiPaola, R.S.; et al. Autophagy suppresses RIP kinase-dependent necrosis enabling survival to mTOR
inhibition. PLoS ONE 2012, 7. [CrossRef]

47. Lum, J.J.; Bauer, D.E.; Kong, M.; Harris, M.H.; Li, C.; Lindsten, T.; Thompson, C.B. Growth factor regulation
of autophagy and cell survival in the absence of apoptosis. Cell 2005, 120, 237–248. [CrossRef]

48. Zheng, B.; Zhu, H.; Gu, D.; Pan, X.; Qian, L.; Xue, B.; Yang, D.; Zhou, J.; Shan, Y. MiRNA-30a-mediated
autophagy inhibition sensitizes renal cell carcinoma cells to sorafenib. Biochem. Biophys. Res. Comun. 2015,
459, 234–239. [CrossRef]

http://dx.doi.org/10.1200/JCO.1993.11.7.1368
http://dx.doi.org/10.1200/JCO.1995.13.3.688
http://dx.doi.org/10.1038/ncb2152
http://dx.doi.org/10.1038/emboj.2009.80
http://dx.doi.org/10.1074/jbc.M702824200
http://dx.doi.org/10.1146/annurev-genet-102808-114910
http://www.ncbi.nlm.nih.gov/pubmed/19653858
http://dx.doi.org/10.1002/path.2694
http://www.ncbi.nlm.nih.gov/pubmed/20225337
http://dx.doi.org/10.1016/j.biocel.2004.02.002
http://dx.doi.org/10.1038/nrd3802
http://www.ncbi.nlm.nih.gov/pubmed/22935804
http://dx.doi.org/10.1016/j.ceb.2009.11.014
http://dx.doi.org/10.1038/nrc3262
http://dx.doi.org/10.1038/nrclinonc.2011.71
http://dx.doi.org/10.1158/1078-0432.CCR-10-2634
http://dx.doi.org/10.2147/CMAR.S26133
http://dx.doi.org/10.4161/auto.4311
http://dx.doi.org/10.1128/MCB.01383-13
http://dx.doi.org/10.1152/ajpcell.00483.2018
http://dx.doi.org/10.1016/j.ccr.2008.06.004
http://dx.doi.org/10.1371/journal.pone.0041831
http://dx.doi.org/10.1016/j.cell.2004.11.046
http://dx.doi.org/10.1016/j.bbrc.2015.02.084


Cancers 2020, 12, 1185 14 of 16

49. Li, H.; Jin, X.; Zhang, Z.; Xing, Y.; Kong, X. Inhibition of autophagy enhances apoptosis induced by the
PI3K/AKT/mTor inhibitor NVP-BEZ235 in renal cell carcinoma cells. Cell Biochem. Funct. 2013, 31, 427–433.
[CrossRef]

50. Singla, M.; Bhattacharyya, S. Autophagy as a potential therapeutic target during epithelial to mesenchymal
transition in renal cell carcinoma: An in vitro study. Biomed. Pharmacother. 2017, 94, 332–340. [CrossRef]

51. Homewood, C.A.; Warhurst, D.C.; Peters, W.; Baggaley, V.C. Lysosomes, pH and the anti-malarial action of
chloroquine. Nature 1972, 235, 50–52. [CrossRef]

52. Amaravadi, R.K.; Yu, D.; Lum, J.J.; Bui, T.; Christophorou, M.A.; Evan, G.I.; Thomas-Tikhonenko, A.;
Thompson, C.B. Autophagy inhibition enhances therapy-induced apoptosis in a Myc-induced model of
lymphoma. J. Clin. Investig. 2007, 117, 326–336. [CrossRef]

53. Haas, N.B.; Appleman, L.J.; Stein, M.; Redlinger, M.; Wilks, M.; Xu, X.; Onorati, A.; Kalavacharla, A.; Kim, T.;
Zhen, C.J.; et al. Autophagy inhibition to augment mTOR inhibition: A phase I/II trial of everolimus and
hydroxychloroquine in patients with previously treated renal cell carcinoma. Clin. Cancer Res. 2019, 25,
2080–2087. [CrossRef] [PubMed]

54. Mahalingam, D.; Mita, M.; Sarantopoulos, J.; Wood, L.; Amaravadi, R.K.; Davis, L.E.; Mita, A.C.; Curiel, T.J.;
Espitia, C.M.; Nawrocki, S.T.; et al. Combined autophagy and HDAC inhibition: A phase I safety, tolerability,
pharmacokinetic, and pharmacodynamic analysis of hydroxychloroquine in combination with the HDAC
inhibitor vorinostat in patients with advanced solid tumors. Autophagy 2014, 10, 1403–1414. [CrossRef]
[PubMed]

55. Mehnert, J.M.; Kaveney, A.D.; Malhotra, J.; Spencer, K.; Portal, D.; Goodin, S.; Tan, A.R.; Aisner, J.; Moss, R.A.;
Lin, H.; et al. A phase I trial of MK-2206 and hydroxychloroquine in patients with advanced solid tumors.
Cancer Chemother. Pharmacol. 2019. [CrossRef]

56. Carew, J.S.; Espitia, C.M.; Esquivel, J.A., 2nd; Mahalingam, D.; Kelly, K.R.; Reddy, G.; Giles, F.J.; Nawrocki, S.T.
Lucanthone is a novel inhibitor of autophagy that induces cathepsin D-mediated apoptosis. J. Biol. Chem.
2011, 286, 6602–6613. [CrossRef]

57. Carew, J.S.; Nawrocki, S.T. Drain the lysosome: Development of the novel orally available autophagy
inhibitor ROC-325. Autophagy 2017, 13, 765–766. [CrossRef]

58. Carew, J.S.; Espitia, C.M.; Zhao, W.; Han, Y.; Visconte, V.; Phillips, J.; Nawrocki, S.T. Disruption of autophagic
degradation with ROC-325 antagonizes renal cell carcinoma pathogenesis. Clin. Cancer Res. 2017, 23,
2869–2879. [CrossRef]

59. Jones, T.M.; Espitia, C.; Wang, W.; Nawrocki, S.T.; Carew, J.S. Moving beyond hydroxychloroquine: The novel
lysosomal autophagy inhibitor ROC-325 shows significant potential in preclinical studies. Cancer Commun.
2019, 39, 72. [CrossRef]

60. Nawrocki, S.T.; Han, Y.; Visconte, V.; Przychodzen, B.; Espitia, C.M.; Phillips, J.; Anwer, F.; Advani, A.;
Carraway, H.E.; Kelly, K.R.; et al. The novel autophagy inhibitor ROC-325 augments the antileukemic activity
of azacitidine. Leukemia 2019, 33, 2971–2974. [CrossRef]

61. Zielke, S.; Meyer, N.; Mari, M.; Abou-El-Ardat, K.; Reggiori, F.; van Wijk, S.J.L.; Kögel, D.; Fulda, S.
Loperamide, pimozide, and STF-62247 trigger autophagy-dependent cell death in glioblastoma cells.
Cell Death Dis. 2018, 9, 1–16. [CrossRef]

62. Anbalagan, S.; Pires, I.M.; Blick, C.; Hill, M.A.; Ferguson, D.J.P.; Chan, D.A.; Hammond, E.M.
Radiosensitization of renal cell carcinoma in vitro through the induction of autophagy. Radiother. Oncol.
2012, 103, 388–393. [CrossRef]

63. Kozako, T.; Sato, K.; Uchida, Y.; Kato, N.; Aikawa, A.; Ogata, K.; Kamimura, H.; Uemura, H.; Yoshimitsu, M.;
Ishitsuka, K.; et al. The small molecule STF-62247 induces apoptotic and autophagic cell death in leukemic
cells. Oncotarget 2018, 9, 27645–27655. [CrossRef]

64. Amaravadi, R.K.; Winkler, J.D. Lys05: A new lysosomal autophagy inhibitor. Autophagy 2012, 8, 1383–1384.
[CrossRef]

65. McAfee, Q.; Zhang, Z.; Samanta, A.; Levi, S.M.; Ma, X.H.; Piao, S.; Lynch, J.P.; Uehara, T.; Sepulveda, A.R.;
Davis, L.E.; et al. Autophagy inhibitor Lys05 has single-agent antitumor activity and reproduces the
phenotype of a genetic autophagy deficiency. Proc. Natl. Acad. Sci. USA 2012, 109, 8253–8258. [CrossRef]

66. Rebecca, V.W.; Nicastri, M.C.; McLaughlin, N.; Fennelly, C.; McAfee, Q.; Ronghe, A.; Nofal, M.; Lim, C.Y.;
Witze, E.; Chude, C.I.; et al. A Unified Approach to Targeting the Lysosome’s Degradative and Growth
Signaling Roles. Cancer Discov. 2017, 7, 1266–1283. [CrossRef]

http://dx.doi.org/10.1002/cbf.2917
http://dx.doi.org/10.1016/j.biopha.2017.07.070
http://dx.doi.org/10.1038/235050a0
http://dx.doi.org/10.1172/JCI28833
http://dx.doi.org/10.1158/1078-0432.CCR-18-2204
http://www.ncbi.nlm.nih.gov/pubmed/30635337
http://dx.doi.org/10.4161/auto.29231
http://www.ncbi.nlm.nih.gov/pubmed/24991835
http://dx.doi.org/10.1007/s00280-019-03919-x
http://dx.doi.org/10.1074/jbc.M110.151324
http://dx.doi.org/10.1080/15548627.2017.1280222
http://dx.doi.org/10.1158/1078-0432.CCR-16-1742
http://dx.doi.org/10.1186/s40880-019-0418-0
http://dx.doi.org/10.1038/s41375-019-0529-2
http://dx.doi.org/10.1038/s41419-018-1003-1
http://dx.doi.org/10.1016/j.radonc.2012.04.001
http://dx.doi.org/10.18632/oncotarget.25291
http://dx.doi.org/10.4161/auto.20958
http://dx.doi.org/10.1073/pnas.1118193109
http://dx.doi.org/10.1158/2159-8290.CD-17-0741


Cancers 2020, 12, 1185 15 of 16

67. Rebecca, V.W.; Nicastri, M.C.; Fennelly, C.; Chude, C.I.; Barber-Rotenberg, J.S.; Ronghe, A.; McAfee, Q.;
McLaughlin, N.P.; Zhang, G.; Goldman, A.R.; et al. PPT1 Promotes Tumor Growth and Is the Molecular
Target of Chloroquine Derivatives in Cancer. Cancer Discov. 2019, 9, 220–229. [CrossRef]

68. Pasquier, B. SAR405, a PIK3C3/VPS34 inhibitor that prevents autophagy and synergizes with MTOR inhibition
in tumor cells. Autophagy 2015, 11, 725–726. [CrossRef]

69. Ronan, B.; Flamand, O.; Vescovi, L.; Dureuil, C.; Durand, L.; Fassy, F.; Bachelot, M.F.; Lamberton, A.;
Mathieu, M.; Bertrand, T.; et al. A highly potent and selective Vps34 inhibitor alters vesicle trafficking and
autophagy. Nat. Chem. Biol. 2014, 10, 1013–1019. [CrossRef]

70. Dyczynski, M.; Yu, Y.; Otrocka, M.; Parpal, S.; Braga, T.; Henley, A.B.; Zazzi, H.; Lerner, M.; Wennerberg, K.;
Viklund, J.; et al. Targeting autophagy by small molecule inhibitors of vacuolar protein sorting 34 (Vps34)
improves the sensitivity of breast cancer cells to Sunitinib. Cancer Lett. 2018, 435, 32–43. [CrossRef]

71. Egan, D.F.; Chun, M.G.H.; Vamos, M.; Zou, H.; Rong, J.; Miller, C.J.; Lou, H.J.; Raveendra-Panickar, D.;
Yang, C.C.; Sheffler, D.J.; et al. Small Molecule Inhibition of the Autophagy Kinase ULK1 and Identification
of ULK1 Substrates. Mol. Cell 2015, 59, 285–297. [CrossRef]

72. Martin, K.R.; Celano, S.L.; Solitro, A.R.; Gunaydin, H.; Scott, M.; O’Hagan, R.C.; Shumway, S.D.; Fuller, P.;
MacKeigan, J.P. A Potent and Selective ULK1 Inhibitor Suppresses Autophagy and Sensitizes Cancer Cells to
Nutrient Stress. Iscience 2018, 8, 74–84. [CrossRef]

73. Chu, J.; Fu, Y.; Xu, J.; Zheng, X.; Gu, Q.; Luo, X.; Dai, Q.; Zhang, S.; Liu, P.; Hong, L.; et al. ATG4B inhibitor
FMK-9a induces autophagy independent on its enzyme inhibition. Arch. Biochem. Biophys. 2018, 644, 29–36.
[CrossRef]

74. Fu, Y.; Hong, L.; Xu, J.; Zhong, G.; Gu, Q.; Gu, Q.; Guan, Y.; Zheng, X.; Dai, Q.; Luo, X.; et al. Discovery of a
small molecule targeting autophagy via ATG4B inhibition and cell death of colorectal cancer cells in vitro
and in vivo. Autophagy 2019, 15, 295–311. [CrossRef] [PubMed]

75. Akin, D.; Wang, S.K.; Habibzadegah-Tari, P.; Law, B.; Ostrov, D.; Li, M.; Yin, X.M.; Kim, J.S.; Horenstein, N.;
Dunn, W.A., Jr. A novel ATG4B antagonist inhibits autophagy and has a negative impact on osteosarcoma
tumors. Autophagy 2014, 10, 2021–2035. [CrossRef] [PubMed]

76. Huang, T.; Kim, C.K.; Alvarez, A.A.; Pangeni, R.P.; Wan, X.; Song, X.; Shi, T.; Yang, Y.; Sastry, N.;
Horbinski, C.M.; et al. MST4 Phosphorylation of ATG4B Regulates Autophagic Activity, Tumorigenicity, and
Radioresistance in Glioblastoma. Cancer Cell 2017, 32, 840–855. [CrossRef] [PubMed]

77. Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;
Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic melanoma.
N. Engl. J. Med. 2010, 363, 711–723. [CrossRef] [PubMed]

78. Choueiri, T.K.; Larkin, J.; Oya, M.; Thistlethwaite, F.; Martignoni, M.; Nathan, P.; Powles, T.; McDermott, D.;
Robbins, P.B.; Chism, D.D.; et al. Preliminary results for avelumab plus axitinib as first-line therapy in
patients with advanced clear-cell renal-cell carcinoma (JAVELIN Renal 100): An open-label, dose-finding
and dose-expansion, phase 1b trial. Lancet Oncol. 2018, 19, 451–460. [CrossRef]

79. Mitchell, T.C.; Hamid, O.; Smith, D.C.; Bauer, T.M.; Wasser, J.S.; Olszanski, A.J.; Luke, J.J.; Balmanoukian, A.S.;
Schmidt, E.V.; Zhao, Y.; et al. Epacadostat plus pembrolizumab in patients with advanced solid tumors:
Phase I results from a multicenter, open-label phase I/II trial (ECHO-202/KEYNOTE-037). J. Clin. Oncol. 2018,
36, 3223–3230. [CrossRef]

80. Phadwal, K.; Alegre-Abarrategui, J.; Watson, A.S.; Pike, L.; Anbalagan, S.; Hammond, E.M.; Wade-Martins, R.;
McMichael, A.; Klenerman, P.; Simon, A.K. A novel method for autophagy detection in primary cells: Impaired
levels of macroautophagy in immunosenescent T cells. Autophagy 2012, 8, 677–689. [CrossRef]

81. Clarke, A.J.; Riffelmacher, T.; Braas, D.; Cornall, R.J.; Simon, A.K. B1a B cells require autophagy for metabolic
homeostasis and self-renewal. J. Exp. Med. 2018, 215, 399–413. [CrossRef]

82. Xu, X.; Araki, K.; Li, S.; Han, J.H.; Ye, L.; Tan, W.G.; Konieczny, B.T.; Bruinsma, M.W.; Martinez, J.; Pearce, E.L.;
et al. Autophagy is essential for effector CD8(+) T cell survival and memory formation. Nat. Immunol. 2014,
15, 1152–1161. [CrossRef]

83. Starobinets, H.; Ye, J.; Broz, M.; Barry, K.; Goldsmith, J.; Marsh, T.; Rostker, F.; Krummel, M.; Debnath, J.
Antitumor adaptive immunity remains intact following inhibition of autophagy and antimalarial treatment.
J. Clin. Investig. 2016, 126, 4417–4429. [CrossRef]

http://dx.doi.org/10.1158/2159-8290.CD-18-0706
http://dx.doi.org/10.1080/15548627.2015.1033601
http://dx.doi.org/10.1038/nchembio.1681
http://dx.doi.org/10.1016/j.canlet.2018.07.028
http://dx.doi.org/10.1016/j.molcel.2015.05.031
http://dx.doi.org/10.1016/j.isci.2018.09.012
http://dx.doi.org/10.1016/j.abb.2018.03.001
http://dx.doi.org/10.1080/15548627.2018.1517073
http://www.ncbi.nlm.nih.gov/pubmed/30176161
http://dx.doi.org/10.4161/auto.32229
http://www.ncbi.nlm.nih.gov/pubmed/25483883
http://dx.doi.org/10.1016/j.ccell.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29232556
http://dx.doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
http://dx.doi.org/10.1016/S1470-2045(18)30107-4
http://dx.doi.org/10.1200/JCO.2018.78.9602
http://dx.doi.org/10.4161/auto.18935
http://dx.doi.org/10.1084/jem.20170771
http://dx.doi.org/10.1038/ni.3025
http://dx.doi.org/10.1172/JCI85705


Cancers 2020, 12, 1185 16 of 16

84. Baginska, J.; Viry, E.; Berchem, G.; Poli, A.; Noman, M.Z.; van Moer, K.; Medves, S.; Zimmer, J.; Oudin, A.;
Niclou, S.P.; et al. Granzyme B degradation by autophagy decreases tumor cell susceptibility to natural
killer-mediated lysis under hypoxia. Proc. Natl. Acad. Sci. USA 2013, 110, 17450–17455. [CrossRef] [PubMed]

85. Noman, M.Z.; Janji, B.; Kaminska, B.; Van Moer, K.; Pierson, S.; Przanowski, P.; Buart, S.; Berchem, G.;
Romero, P.; Mami-Chouaib, F.; et al. Blocking hypoxia-induced autophagy in tumors restores cytotoxic T-cell
activity and promotes regression. Cancer Res. 2011, 71, 5976–5986. [CrossRef] [PubMed]

86. Khazen, R.; Muller, S.; Gaudenzio, N.; Espinosa, E.; Puissegur, M.P.; Valitutti, S. Melanoma cell lysosome
secretory burst neutralizes the CTL-mediated cytotoxicity at the lytic synapse. Nat. Commun. 2016, 7, 10823.
[CrossRef] [PubMed]

87. Chen, D.; Xie, J.; Fiskesund, R.; Dong, W.; Liang, X.; Lv, J.; Jin, X.; Liu, J.; Mo, S.; Zhang, T.; et al. Chloroquine
modulates antitumor immune response by resetting tumor-associated macrophages toward M1 phenotype.
Nat. Commun. 2018, 9, 1–15. [CrossRef]

88. Liu, J.; Liu, X.; Han, Y.; Zhang, J.; Liu, D.; Ma, G.; Li, C.; Liu, L.; Kong, D. Nanovaccine Incorporated with
Hydroxychloroquine Enhances Antigen Cross-Presentation and Promotes Antitumor Immune Responses.
ACS Appl. Mater. Interfaces 2018, 10, 30983–30993. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.1304790110
http://www.ncbi.nlm.nih.gov/pubmed/24101526
http://dx.doi.org/10.1158/0008-5472.CAN-11-1094
http://www.ncbi.nlm.nih.gov/pubmed/21810913
http://dx.doi.org/10.1038/ncomms10823
http://www.ncbi.nlm.nih.gov/pubmed/26940455
http://dx.doi.org/10.1038/s41467-018-03225-9
http://dx.doi.org/10.1021/acsami.8b09348
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Targeted Therapeutics for RCC 
	Autophagy 
	Molecular Mechanisms of Autophagy 
	Targeting Autophagy to Improve RCC Therapeutic Outcome 

	Inhibition of Autophagy for Therapy of RCC 
	Chloroquine and Hydroxychloroquine 
	Lucanthone 
	ROC-325 
	STF-62247 
	Lys05, DQ661, and DC661 
	VPS34 Inhibitors 
	ULK1 Inhibitors 
	ATG4B Inhibitors 

	Immune Checkpoint Inhibitor Therapy and Autophagy 
	Conclusions 
	References

