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Abstract: RAS (rat sarcoma virus) mutant cancers remain difficult to treat despite the advances
in targeted therapy and immunotherapy. Targeted therapies against the components of mitogen-
activated protein kinase (MAPK) pathways, including RAS, RAF, MEK, and ERK, have demonstrated
activity in BRAF mutant and, in limited cases, RAS mutant cancer. RAS mutant cancers have been
found to activate adaptive resistance mechanisms such as autophagy during MAPK inhibition. Here,
we review the recent clinically relevant advances in the development of the MAPK pathway and
autophagy inhibitors and focus on their application to RAS mutant cancers. We provide analysis of
the preclinical rationale for combining the MAPK pathway and autophagy and highlight the most
recent clinical trials that have been launched to capitalize on this potentially synthetic lethal approach
to cancer therapy.
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1. Introduction

Activating mutations in the RAS (rat sarcoma virus) oncogene have been studied
for decades because of their prevalence in cancer, and because RAS mutant cancers have
remained difficult to treat. RAS is a family of GTPase proteins that are involved in cell
proliferation and differentiation [1]. There are three RAS homologs in humans: HRAS,
NRAS, and KRAS. While KRAS mutations are more prevalent in adenocarcinoma, NRAS
mutations are more prevalent in melanomas, thyroid cancers, and leukemias [2,3]. In
addition to the tissue-specific expression of RAS homologs, there can also be the expression
of multiple isoforms of RAS, such as KRAS4A and KRAS4B, in the same tissue [4]. RAS
proteins have a complex biology that was extensively reviewed recently by Mukhopadhyay
et al. [5,6].

In normal cells, RAS gets activated through receptor tyrosine kinase (RTK) signaling
in response to growth factors. The Cancer Genome Atlas (TCGA) shows that 46% of
tumors involve genetic mutations in RTK-RAS signaling that lead to RAS activation [7].
Past reports have stated that mutations in RAS genes exist in up to 30% of total cancer
cases. However, in 2020, an analysis of the somatic mutation incidence across cancers using
multiple large databases found that 19% of all types of cancer patients (~3 million cases
per year) have RAS mutations [8]. Therefore, it is critical to understand RAS, its related
pathways, and targeting strategies in cancer.

RAS mutations most commonly involve gain-of-function missense mutations in
codons 12, 13, and 61 [9]. These mutations have been found to protect the GTP-bound
(activated) version of RAS proteins (RAS-GTP) from the action of the guanine nucleotide
exchange factors (GEFs) and GTPase-activating proteins (GAPs), which would convert
RAS-GTP to RAS-GDP. The sustained presence of RAS-GTP is the primary driver for the
hyperactivation of oncogenic signaling [9]. RAS mutation induces a change in the affinity
of RAS proteins for effector proteins in the downstream mitogenic and growth pathways,

Int. J. Mol. Sci. 2021, 22, 12402. https://doi.org/10.3390/ijms222212402 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9235-6236
https://doi.org/10.3390/ijms222212402
https://doi.org/10.3390/ijms222212402
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms222212402
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms222212402?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 12402 2 of 11

contributing to uncontrolled cell proliferation [9]. Therefore, targeting RAS is a theoreti-
cally promising avenue. However, the challenge with targeting RAS is its high affinity for
guanine nucleotides, limiting the development of a GTP-mimetic, and the lack of suitable
binding sites for therapeutic ligands [10].

To overcome these challenges, approaches that directly or indirectly target RAS pro-
teins have been explored. Direct approaches involve the allosteric inhibition of RAS or
targeting post-translational modifications of RAS proteins. Indirect approaches to target
RAS involve inhibiting the downstream pathways that RAS mutant cancers critically rely
on to survive and proliferate. The activated RAS activates several signaling pathways, but
the main two are the mitogen-activated protein kinase (MAPK) and phosphoinositide-3
kinase (PI3K) pathways [11]. In the MAPK pathway, RAS induces the phosphorylation
of RAF, which phosphorylates MEK, which then phosphorylates ERK. Phosphorylated
ERK is the key effector protein of the MAPK pathway, which drives cell proliferation and
survival; RAS-dependent PI3K signaling leads to the phosphorylation of AKT and of down-
stream mTOR (mechanistic target of rapamycin), which regulates nutrient metabolism and
mRNA translation. The MAPK and PI3K signaling converge and regulate autophagy, a
cell-intrinsic stress response pathway that promotes survival in cancer cells. This review
will highlight new developments in the direct and indirect targeting of RAS and focus on
combining MAPK and autophagy inhibition as a new strategy in cancer.

2. Allosteric RAS Inhibitors

RAS proteins have been described as “undruggable” because the affinity for GTP- GDP
is so high that small molecules cannot effectively inhibit the active site. Moore et al. have
discussed various ways to directly target RAS, which includes an allele-specific covalent
inhibition of the GTP binding site [10]. In mice, the deletion of KRAS has been found to be
more lethal than the deletion of NRAS and HRAS; therefore, the use of mutant allele-specific
inhibitors in humans was proposed to be a more targeted, viable approach for treating
RAS mutant cancers [10,12,13]. Following decades of iteration, a major breakthrough came
with the development of sotorasib, a small molecule that irreversibly binds to KRASG12C

proteins. Sotorasib irreversibly binds to KRASG12C and prevents the nucleotide exchange
required for RAS activation, and preclinical studies have found that sotorasib effectively
abrogates downstream ERK activity [14]. Convincing preclinical in vivo studies [15–17]
have led to a phase I clinical trial in patients with KRASG12C solid tumors. Sotorasib
produced a 32.2% response rate and a median progression-free survival of 6.3 months and
4.0 months for non-small cell lung cancer (NSCLC) patients and colorectal cancer patients,
respectively [14]. While there was inconsistent tumor reduction, the duration of the
progression-free survival that sotorasib provided in responders was promising. Currently,
there are clinical trials combining sotorasib with other anticancer therapeutics, including
trametinib (NCT04185883; NCT04303780). There are other allosteric RAS inhibitors such
as JAB-21822 entering clinical trials (NCT05002270; NCT05009329) (Table 1). Nearly 2/3
of patients with G12C mutations do not respond to sotorasib, and among those who do
respond, some eventually develop cancer progression, suggesting that there are innate and
acquired resistance mechanisms to direct RAS inhibition. Therefore, additional approaches
are needed despite this major advance.

Table 1. Current clinical trials using allele-specific RAS inhibitors.

Treatment Condition Phase ClinicalTrials.gov
Registration

Sotorasib + Trametinib + Others Advanced KRAS G12C Solid Tumors I/II NCT04185883

Sotorasib + Docetaxel Advanced KRAS G12C NSCLC III NCT04303780

JAB-21822 + Cetuximab Advanced KRAS G12C NSCLC + CRC I/II NCT05002270

JAB-21822 Advanced KRAS G12C NSCLC + CRC I/II NCT05009329
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3. Inhibition of Post Translational Modification of RAS

RAS activation requires post-translational fatty acid modification, including farnesyla-
tion, geranylgeranylation, and palmitoylation [18]. These fatty acid modifications regulate
the membrane association and subcellular localization of RAS. Early attempts to target
RAS in cancer patients focused on the post-translational modification of RAS. Farnesyl
transferase inhibitors (FTI) and geranylgeranyl transferase inhibitors have been tested in
RAS mutant cancers with FTIs, such as lonafarnib and tipifarnib, having better drug-like
properties and being continued for development in RAS mutant cancers [19–21].

The enthusiasm for FTIs was tempered when it was discovered that in NRAS and
KRAS mutant cancers, the MAPK pathway activation and tumor growth were not sig-
nificantly suppressed with FTIs [19,22,23]. Though preventing RAS from membrane as-
sociation was the right approach, inhibiting farnesylation allowed for NRAS and KRAS
mutant cancers to initiate alternative membrane association mechanisms, such as geranyl-
geranylation, another form of prenylation [24]. The dual inhibition of both farnesylation
and geranylgeranylation acts as a way to overcome the activation of alternative prenyla-
tion pathways; however, toxicity became dose-limiting [24]. There are, however, some
active clinical trials that continue to examine single inhibitor FTI treatments for cancer
(NCT04284774; NCT03496766; NCT04865159). These trials are restricted to HRAS mutant
cancers, where the sole prenylation method is via farnesyltransferase, preventing the cir-
cumvention of FTIs with different compensatory prenylation methods in other cancers [10].
The palmitoylation of RAS is also an attractive target for drug development [25,26], but to
date no RAS palmitoylation inhibitor has been developed for clinical trials.

4. RAF Inhibitors

RAF inhibitors have also been considered as a treatment for cancers with RAS mu-
tations; however, it has been found that the inhibition of RAF in the presence of mutant
RAS paradoxically activates the MAPK signaling pathway, leading to enhanced tumor
growth [27–29]. The process is believed to be driven by RAF dimerization, the transactiva-
tion of mutant RAS, and the resumption of ERK1/2 signaling [30]. A novel RAF inhibitor,
LXH254—which may have activity in tumors with concurrent BRAF and NRAS mutations,
and in melanoma cell lines that are resistant to BRAF and MEK inhibition—was found
to be less active in the KRAS mutant cell lines [31]. In the cell lines expressing ARAF, a
paradoxical activation of the MAPK pathway was observed [31]. In the KRAS mutant
cells lacking ARAF, LXH254 exhibited potent cytotoxicity, suggesting that patient selection
could be possible to tailor the use of this agent. LXH254 is in phase I and II clinical trials
in both BRAF and RAS mutant tumors (NCT02607813, NCT02974725). While a number
of new inhibitors of RAF dimerization and RAS transactivation are being developed, the
currently approved RAF inhibitors should not be used as a single agent in RAS mutant
cancers [30].

5. MEK Inhibitors

MEK is the serine threonine kinase downstream of RAS and RAF in the MAPK cascade.
MEK inhibitors (MEKi) are often effective at limiting the growth of either RAS or RAF
mutant cancers in preclinical models. MEK inhibitors can produce complete ERK inhibition
in preclinical models of RAS and RAF mutant cancers [32]. However, this effective pathway
inhibition and antitumor activity does not usually translate into clinical efficacy. While
MEK inhibitors have been tested broadly in many RAS mutant cancers, clinical trials have
demonstrated very little single agent activity. Trametinib is an FDA-approved MEKi that
has shown to be successful in treating melanoma with a BRAF V600E or V600K mutation;
however, it is not clinically approved for RAS mutant cancers. A clinical trial in 2013
compared trametinib with docetaxel chemotherapy in NSCLC with a KRAS mutation and
found no significant difference in the progression-free survival of patients when compared
to historical controls [33]. Other FDA-approved MEK inhibitors include cobimetinib and
binimetinib. Currently, all three MEK inhibitors are not clinically approved for RAS
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mutant cancers, but the off-label use of these agents is fairly common. A preclinical study
demonstrated the antitumor activity of binimetinib in 144 melanoma patient-derived cell
lines, including patients with the NRAS mutation [34]. Furthermore, a phase III clinical trial
for binimetinib produced a low response rate but significantly improved the progression-
free survival when compared to dacarbazine chemotherapy [35]. The low response rates
for MEK inhibitors in the RAS mutant cancers have been observed in other clinical trials as
well (NCT01986166, NCT01155453). In addition, MEK inhibitors can produce significant
cutaneous, ocular, and cardiac toxicity [36–38]. Therefore, it is likely that MEK inhibition at
clinically achievable doses is activating one or more resistance mechanisms in RAS mutant
cancers, limiting the therapeutic efficacy.

6. ERK Inhibitors

ERK inhibitors (ERKi) have not been studied as widely as RAF and MEK inhibitors;
however, ERK inhibitors have entered clinical trials in recent years. Recent preclinical
research was performed on seven different RAS mutant patient-derived xenograft (PDX)
models with LY3214996, a competitive ERK1/2 inhibitor [39]. While the MAPK inhibition
levels were similar across the models, the actual tumor regression varied, suggesting
that potential compensatory resistance mechanisms develop under ERK inhibition [39].
The ERK inhibitor MK-8352 (the oral derivative of tool compound SCH-772984) showed
preclinical evidence of reduced ERK phosphorylation, a decrease in cell proliferation, and
increased apoptosis in RAS mutant models. However, in a phase I clinical trial, MK-8352
produced a 20% response rate in patients with RAS mutant tumors, which was not deemed
enough to develop it further as a single agent [40]. Another ERKi, ulixternib, is an ATP-
competitive ERK1/2 inhibitor, and its phase I/II clinical trial showed an 18% response
rate in NRAS mutant melanoma patients [41]. A recent review on ERK has discussed
how ERK activation, rather than inhibition, could have pro-death effects [42]. While ERK
inhibitors remain promising in the eyes of some clinical investigators, there are very few
active ERK inhibitor programs. Therefore, for targeting the MAPK pathway in RAS mutant
tumors, the focus has shifted to understanding MEK inhibitor resistance mechanisms and
the combinations to overcome this resistance.

7. Resistance to MEK Inhibitors in RAS Mutant Cancers

While once considered a promising treatment for all RAS and RAF mutant cancers,
MEKi face the issue of resistance. Mechanistically, in the context of colorectal cancer, MEKi
was found to be promoting tumorigenesis and cell proliferation via Wnt signaling and Akt
pathway activation [43,44].

The bromodomain and extra-terminal domain (BET) protein family are epigenetic
factors that regulate gene expression. These proteins have been found to be overexpressed
in NRAS mutant melanoma; moreover, a combination of BET and MEK inhibition showed
antitumor effects in otherwise MEKi-resistant tumors [45]. It has also been found that
KRAS mutant pancreatic ductal adenocarcinoma showed resistance to MEK inhibition and
activated mTORC1 and mTORC2, which are key effectors of tumor growth [46].

Additionally, other proteins such as SHOC2 and ERBB3 have also been identified as
key proteins involved in the resistance pathways to MEKi [47,48]. Kun et al. have further
reviewed the various mechanisms of MEK inhibition resistance, which include reactivation
of the MAPK pathway, the activation of parallel pathways such as PI3K and STAT, and the
rewiring of signaling pathways via different transcription factors [49,50]. In many cases,
the combinations mentioned above have been attempted clinically or the drugs targeting
these pathways of potential resistance to MEK inhibition have major drawbacks. Recently,
autophagy was identified as a resistance mechanism to MEK inhibition, providing a new
druggable target for combination therapy development [51–53].



Int. J. Mol. Sci. 2021, 22, 12402 5 of 11

8. Autophagy as a Resistance Mechanism to MAPK Inhibition

Autophagy is a cellular process that allows for the degradation and recycling of
intracellular material. While there is a basal level of autophagy in all mammalian cells,
stressed cells have significantly increased levels of autophagy [54]. The first step of au-
tophagy includes the development of double-membrane vesicles called autophagosomes.
Autophagosome generation requires a number of key autophagy protein complexes, in-
cluding the ULK1 and VPS34 complexes, to prepare the membrane. The autophagy protein
LC3 (ATG8) is conjugated to lipids in the emerging autophagic membrane. LC3 also serves
as a dock for autophagy cargo receptors that deliver cargo (proteins and organelles that
are ubiquitinated and targeted for degradation) into the autophagic vesicle as it forms.
Once formed, the fusion of autophagosomes with lysosomes allows for the degradation
of the cargo and the recycling of nutrients. For a more in-depth review of the autophagy
machinery, see [55,56].

In the models of advanced as-driven cancer in which the autophagy genes are knocked
out, autophagy was found to promote tumor growth [57–59]. The rapid proliferation of
cancer cells requires high levels of energy and nutrients; moreover, autophagy is a process
that cancer, a stress-inducing entity, can use to break down unnecessary components for
tumor growth [60]. In fact, Ras mutant cancers have a higher level of basal autophagy than
does healthy normal tissue [61]. In a KrasV12D–Lkb1−/− model of lung cancer, autophagy
was found to be required to support the TCA cycle and for nucleotide synthesis [62]. All
of the studies mentioned above focus on the cell-autonomous role of autophagy in Ras
mutant cancer. Studies performed in sophisticated mouse and fly models of Ras mutant
tumors have also found nontumor cells in the tumor microenvironment of the Ras mutant
tumors, and in the distant organs such as the liver utilize the increased autophagy that
supports tumor growth, and may also play a role in the cachexia often observed in patients
with RAS mutant cancer [63–67].

Not only does autophagy promote the growth and survival of tumor cells in advanced
cancer, in the context of cancer therapy, including MAPK inhibition, it is a well-known
adaptive resistance mechanism. Autophagy was initially demonstrated to be a resistance
mechanism to BRAF V600E mutant melanoma and brain cancer [68–70]. More recently, in
RAS mutant cancers, autophagy was discovered as a key survival mechanism for cancer
cells faced with therapeutic stress. Viale et al. used a doxycycline-inducible mutant Kras
G12D mouse model of PDAC. Although there was rapid tumor regression upon Dox with-
drawal (modeling therapeutic Ras inhibition), there were PDAC epithelial cells that were
embedded and dormant in fibrotic tissue in the absence of mutant Kras activity. Transcrip-
tomics and metabolomics analysis of these cells revealed that autophagy was induced as a
survival mechanism [71]. Similarly, MEK inhibition was found to induce cytoprotective
autophagy in Kras mutant NSCLC [51]. Further, in Ras mutant lung adenocarcinoma cells,
increased autophagic flux limited MEK/ERK inhibition-mediated apoptosis, leading to the
survival of cancer cells [52]. However, senescent lung adenocarcinoma cells, which lack
the ability to produce autolysosomes, could not survive, highlighting the significance of
autophagy for resistant survival against MAPK pathway inhibition [52].

Ojha et al. have found that a combination of MEKi and BRAFi induced ERK reactiva-
tion, which led to autophagy induction in melanoma. While most of this work focused on
BRAF melanoma cell lines, MEK inhibition in NRAS mutant melanoma cell lines was also
found to activate cytoprotective autophagy through ERK reactivation. The investigators
identified a novel mechanism of ERK reactivation that required the ER translocation of
MAPK components, followed by the exit of ERK, and the phosphorylation of ERK by
PERK. Inhibiting ER translocation not only prevented ERK reactivation but also inhibited
autophagy and overcame resistance to MAPK inhibition [72].

9. Combined MAPK and Autophagy Inhibition Is Synergistic in RAS Mutant Cancer

Given autophagy’s role in the resistance to MAPK inhibition in BRAF mutant tumors,
recent attention has turned to the role of autophagy in MAPK therapy resistance in RAS
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mutant cancers (Figure 1). One study involved the knockdown of MAPK and autophagy
genes in various iterations in KRAS mutant cancer cell lines [73]. The combination of
BRAF, CRAF, and ATG7 depletion was most successful in reducing cancer cell viability.
Moreover, it was found that though ATG7 depletion alone could not reduce cancer cell
viability, this depletion led to heightened sensitivity to the knockdown of BRAF and CRAF [73].
This corroborative finding characterizes autophagy as a nonessential process for overall cell
survival that would improve MAPK inhibition-mediated antitumor activity when inhibited.
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While Lee et al. studied the inhibition of RAF and autophagy for RAS mutant cancers,
Bryant et al. examined the inhibition of RAS, ERK, and autophagy in PDAC [73,74]. This
study used the mCherry-EGFP-LC3B autophagy reporter assay and the bafilomycin clamp
assay to demonstrate increased autophagic flux under KRAS suppression in pancreatic
cancer cells [75]. Autophagic flux was increased 20-fold following doxycycline withdrawal
in a doxycycline-inducible KRAS G12D-driven mouse model of PDAC. Associated with
this massive upregulation of autophagy was a significant increase in glycolytic activity,
suppressed MYC activity, and decreased mitochondrial activity [74]. The authors con-
clude that autophagy is activated due to metabolic stress induced by the sudden loss of
activated KRAS. ERK inhibition using chemical inhibitors produced significantly reduced
tricarboxylic acid (TCA) cycle activity; however, autophagy compensated for this loss by
providing necessary TCA components. When both ERK and autophagy were inhibited
with SCH-772984 and chloroquine or hydroxychloroquine (HCQ), the metabolic crisis char-
acterized by an increase in glycolysis and a decrease of mitochondrial activity continued
unchecked, producing synergistic anticancer activity. The combination of SCH-772984
and HCQ once again produces near complete tumor growth impairment of two different
human pancreatic PDX tumors, without any weight loss or morbidity in animals, and
translating into a significant survival benefit for these mice [74].

In a separate study, Kinsey et al., tested the MEKi and HCQ combination in seven
KRAS, NRAS, and BRAF mutant mouse models of multiple cancers. MEK inhibition led to
increased autophagic flux and treatment resistance, but the inhibition of autophagy along
with the MEK inhibitor drastically reduced the tumor viability [76]. The near complete
regression of tumor achieved with trametinib and chloroquine was so uniform and striking
that it galvanized efforts to immediately translate the finding into clinical trials (see below).
To understand the mechanism at play, immunoblotting for the phosphorylation of down-
stream autophagy mediators was performed, and the LKB1/AMPK/ULK1 signaling axis
was found to be a key autophagy pathway involved. These two recent studies by Bryant
et al. and Kinsey et al. highlighted the complexities and the crosstalk of the pathways that
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relate to MAPK and autophagy; moreover, as existing treatments become refined and new
ones develop, it will also be important to identify the most critical pathways for optimized
and targeted treatments.

In addition, Kinsey et al. treated a patient with stage IV pancreatic cancer refractory to
multiple lines of standard therapy with trametinib and HCQ, producing a partial response
(50% tumor shrinkage) and a striking and steep drop in tumor marker CA 19-9 [76].
Other case reports of similar MEKi and HCQ treatment regimens have also supported
the tolerability and activity of the regimen. One study found that when two patients
with heavily pretreated KRAS mutant pancreatic adenocarcinoma were treated with a
combination of trametinib and HCQ, both experienced meaningful disease stabilization,
although neither experienced a partial response [77]. In another case report, a patient with
heavily pretreated metastatic KRAS mutant colorectal cancer was treated with binimetinib,
HCQ, and the angiogenesis inhibitor bevacizumab. This regimen led to a 17% tumor size
reduction and improvement in the clinical symptoms [78]. While these later case reports
did not report partial responses with MAPK and autophagy inhibition, the results do
support studying these combinations further in highly treatment-refractory patients.

10. Clinical Trials with Autophagy and MAPK Inhibitors in RAS Mutant Cancers:

There are currently five active clinical trials that involve the combined inhibition of
the RAS/MAPK pathway and autophagy for patients with KRAS mutant cancer (Table 2).
These trials include binimetinib and HCQ in pancreatic and NSCLC, and trametinib and
HCQ in KRAS mutant biliary tract carcinoma and pancreatic cancer. Currently all trials
are at either the phase I or II stage. There is also a phase I/II clinical trial that examines
KRAS mutant pancreatic cancer and combines three treatments: cobimetinib, HCQ, and
atezolizumab, a PD-L1 antibody.

Table 2. Current clinical trials combining MAPK pathway inhibitors and autophagy.

Treatment Condition Phase ClinicalTrials.gov
Registration

Binimetinib and HCQ Stage IV KRAS mutant NSCLC II NCT04735068

Binimetinib and HCQ Stage IV Pancreatic adenocarcinoma I NCT04132505

Trametinib and HCQ Stage IV Pancreatic adenocarcinoma I NCT03825289

Trametinib and HCQ Stage IV KRAS mutant biliary tract carcinoma II NCT04566133

Cobimetinib + Atezolizumab + HCQ Stage IV KRAS mutant gastrointestinal cancers I/II NCT04214418

There are several other autophagy inhibitors that are under clinical trials for pancre-
atic, prostate, myeloma, and lymphoma cancers, such as verteporfin and clarithromycin;
however, these trials do not combine treatments with a MEKi or other MAPK pathway
inhibitors [79]. For autophagy inhibition, HCQ is still being used; however, as novel au-
tophagy inhibitors gain a stronger presence, more potent and specific autophagy inhibitors
will be used to overcome resistance mechanisms.

Recently, a ULK1 inhibitor, DCC-3116, entered a first in-human phase I study
(NCT04892017). This compound will be dose-escalated as a single agent and then combined
with trametinib in Ras and RAF mutant cancer patients. This is the first example of a non-
lysosomal autophagy inhibitor to enter clinical trials, which suggests that other autophagy
inhibitor compounds will be entering clinical trials in the coming years. Combinations with
MEK and ERK inhibitors are a rational approach for these autophagy inhibitors. Another
promising target in the autophagy pathway for which inhibitors are being developed for
clinical trials includes vps34.

11. Open Questions

Which node of autophagy should be inhibited in combination with MAPK inhibition:
lysosomal or non-lysosomal? This remains an open question, but a recent preclinical study
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has demonstrated that non-lysosomal autophagy inhibition in KRAS mutant pancreatic
cells upregulates NRF2-dependent micropinocytosis, an alternative nutrient-scavenging
pathway that can rescue cell death. Since macropinocytosis is still dependent on lysosomal
function, a lysosomal autophagy inhibitor would circumvent this potential Achilles’ heel
of autophagy and MAPK inhibition strategy [80]. Which MAPK inhibitor should be used:
RAS, MEK, or ERK inhibitors? Do novel RAS inhibitors induce cytoprotective autophagy,
and will the combined RAS and autophagy inhibition enhance the efficacy of RAS inhibitors
in a tolerable manner? It is clear that there are many unanswered questions in this field
worthy of further investigation.

12. Conclusions

MAPK pathway inhibition alone in RAS mutant cancers has been shown to activate
compensatory mechanisms and resistance to treatment; therefore, targeting both MAPK
and these alternative mechanisms is a promising approach [42–49]. Autophagy, being one
of these alternative mechanisms, has become an area of interest for cancer treatment [53–60].
While the relationship between the MAPK pathway and autophagy is not fully understood,
there have been recent findings that the mitochondria and metabolic activity, such as
AMPK-regulated activity, may be a significant connection between the two [63]. In addition,
the activation of the ER stress response as an intermediate pathway that in turn induces
autophagy has been proposed [69,72]. It will be important to find the most critical pathways
that tie the MAPK pathway and autophagy together, as these findings may allow for more
specific, efficient targeting as RAS mutant cancer treatment. Most current clinical trials that
target both use HCQ as the autophagy inhibitor; however, there are preclinical studies that
have nominated more potent autophagy inhibitors for clinical development. Most recently,
a ULK1 inhibitor which inhibits autophagic flux in a non-lysosomal manner has entered
a clinical trial that will eventually be used in combination with a MEKi in RAS and RAF
mutant cancers (NCT04892017). While there are many open questions in this field, as novel
MAPK inhibitors and autophagy inhibitors enter clinical trials, the combined targeting of
MAPK signaling and autophagy may demonstrate efficacy in RAS mutant cancers.

Author Contributions: Conceptualization: J.J.L., V.J., R.K.A.; methodology, J.J.L., V.J., R.K.A.;
writing—original draft preparation, J.J.L.; writing—review and editing, J.J.L., V.J., R.K.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Cancer Institute of the United States of America,
P50 CA174523, P50 CA174523, P01 CA114046, R01 CA198015.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge Monika Bhardwaj, Mary Ann Crissey, and Amanda Versace
for discussions that contributed to this review.

Conflicts of Interest: R.K.A. is cofounder of Pinpoint Therapeutics, inventor of patents related to
dimeric chloroquine derivatives licensed to Pinpoint Therapeutics. He is a consultant for Deciphera,
Sprint Biosciences, Immunaccel, AlloMEK, and Merck. He receives research grants for clinical trials
from Novartis, Bristol Myers Squibb, and Pfizer.

References
1. Bos, J.L. Ras oncogenes in human cancer: A review. Cancer Res. 1989, 49, 4682–4689. [PubMed]
2. Thein, K.Z.; Biter, A.B.; Hong, D.S. Therapeutics Targeting Mutant KRAS. Annu. Rev. Med. 2021, 72, 349–364. [CrossRef] [PubMed]
3. Prior, I.A.; Lewis, P.D.; Mattos, C. A comprehensive survey of Ras mutations in cancer. Cancer Res. 2012, 72, 2457–2467. [CrossRef]
4. Li, S.; Balmain, A.; Counter, C.M. A model for RAS mutation patterns in cancers: Finding the sweet spot. Nat. Rev. Cancer 2018,

18, 767–777. [CrossRef]
5. Mukhopadhyay, S.; Vander Heiden, M.G.; McCormick, F. The Metabolic Landscape of RAS-Driven Cancers from biology to

therapy. Nat. Cancer 2021, 2, 271–283. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2547513
http://doi.org/10.1146/annurev-med-080819-033145
http://www.ncbi.nlm.nih.gov/pubmed/33138715
http://doi.org/10.1158/0008-5472.CAN-11-2612
http://doi.org/10.1038/s41568-018-0076-6
http://doi.org/10.1038/s43018-021-00184-x
http://www.ncbi.nlm.nih.gov/pubmed/33870211


Int. J. Mol. Sci. 2021, 22, 12402 9 of 11

6. Hobbs, G.A.; Der, C.J.; Rossman, K.L. RAS isoforms and mutations in cancer at a glance. J. Cell Sci. 2016, 129, 1287–1292.
[CrossRef]

7. Sanchez-Vega, F.; Mina, M.; Armenia, J.; Chatila, W.K.; Luna, A.; La, K.C.; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S.; Saghafinia, S.;
et al. Oncogenic Signaling Pathways in The Cancer Genome Atlas. Cell 2018, 173, 321–337.e310. [CrossRef]

8. Prior, I.A.; Hood, F.E.; Hartley, J.L. The Frequency of Ras Mutations in Cancer. Cancer Res. 2020, 80, 2969–2974. [CrossRef]
9. Munoz-Maldonado, C.; Zimmer, Y.; Medova, M. A Comparative Analysis of Individual RAS Mutations in Cancer Biology. Front.

Oncol. 2019, 9, 1088. [CrossRef]
10. Moore, A.R.; Rosenberg, S.C.; McCormick, F.; Malek, S. RAS-targeted therapies: Is the undruggable drugged? Nat. Rev. Drug

Discov. 2020, 19, 533–552. [CrossRef]
11. Zenonos, K.; Kyprianou, K. RAS signaling pathways, mutations and their role in colorectal cancer. World J. Gastrointest. Oncol.

2013, 5, 97–101. [CrossRef]
12. Nakamura, K.; Ichise, H.; Nakao, K.; Hatta, T.; Otani, H.; Sakagami, H.; Kondo, H.; Katsuki, M. Partial functional overlap of the

three ras genes in mouse embryonic development. Oncogene 2008, 27, 2961–2968. [CrossRef] [PubMed]
13. Johnson, L.; Greenbaum, D.; Cichowski, K.; Mercer, K.; Murphy, E.; Schmitt, E.; Bronson, R.T.; Umanoff, H.; Edelmann, W.;

Kucherlapati, R.; et al. K-ras is an essential gene in the mouse with partial functional overlap with N-ras. Genes Dev. 1997, 11,
2468–2481. [CrossRef] [PubMed]

14. Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger, C.S.;
et al. KRAS(G12C) Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207–1217. [CrossRef]

15. Canon, J.; Rex, K.; Saiki, A.Y.; Mohr, C.; Cooke, K.; Bagal, D.; Gaida, K.; Holt, T.; Knutson, C.G.; Koppada, N.; et al. The clinical
KRAS(G12C) inhibitor AMG 510 drives anti-tumour immunity. Nature 2019, 575, 217–223. [CrossRef]

16. Lito, P.; Solomon, M.; Li, L.S.; Hansen, R.; Rosen, N. Allele-specific inhibitors inactivate mutant KRAS G12C by a trapping
mechanism. Science 2016, 351, 604–608. [CrossRef] [PubMed]

17. Patricelli, M.P.; Janes, M.R.; Li, L.S.; Hansen, R.; Peters, U.; Kessler, L.V.; Chen, Y.; Kucharski, J.M.; Feng, J.; Ely, T.; et al. Selective
Inhibition of Oncogenic KRAS Output with Small Molecules Targeting the Inactive State. Cancer Discov. 2016, 6, 316–329.
[CrossRef]

18. Campbell, S.L.; Philips, M.R. Post-translational modification of RAS proteins. Curr. Opin. Struct. Biol. 2021, 71, 180–192.
[CrossRef]

19. Baines, A.T.; Xu, D.; Der, C.J. Inhibition of Ras for cancer treatment: The search continues. Future Med. Chem. 2011, 3, 1787–1808.
[CrossRef]

20. Busquets-Hernandez, C.; Triola, G. Palmitoylation as a Key Regulator of Ras Localization and Function. Front. Mol. Biosci. 2021,
8, 659861. [CrossRef]

21. Simanshu, D.K.; Nissley, D.V.; McCormick, F. RAS Proteins and Their Regulators in Human Disease. Cell 2017, 170, 17–33.
[CrossRef]

22. James, G.; Goldstein, J.L.; Brown, M.S. Resistance of K-RasBV12 proteins to farnesyltransferase inhibitors in Rat1 cells. Proc. Natl.
Acad. Sci. USA 1996, 93, 4454–4458. [CrossRef]

23. Whyte, D.B.; Kirschmeier, P.; Hockenberry, T.N.; Nunez-Oliva, I.; James, L.; Catino, J.J.; Bishop, W.R.; Pai, J.K. K-and N-Ras are
geranylgeranylated in cells treated with farnesyl protein transferase inhibitors. J. Biol. Chem. 1997, 272, 14459–14464. [CrossRef]

24. Cox, A.D.; Der, C.J.; Philips, M.R. Targeting RAS Membrane Association: Back to the Future for Anti-RAS Drug Discovery? Clin.
Cancer Res. 2015, 21, 1819–1827. [CrossRef] [PubMed]

25. Remsberg, J.R.; Suciu, R.M.; Zambetti, N.A.; Hanigan, T.W.; Firestone, A.J.; Inguva, A.; Long, A.; Ngo, N.; Lum, K.M.; Henry, C.L.;
et al. ABHD17 regulation of plasma membrane palmitoylation and N-Ras-dependent cancer growth. Nat. Chem. Biol. 2021, 17,
856–864. [CrossRef]

26. Lin, D.T.S.; Davis, N.G.; Conibear, E. Targeting the Ras palmitoylation/depalmitoylation cycle in cancer. Biochem. Soc. Trans. 2017,
45, 913–921. [CrossRef]

27. Karoulia, Z.; Gavathiotis, E.; Poulikakos, P.I. New perspectives for targeting RAF kinase in human cancer. Nat. Rev. Cancer 2017,
17, 676–691. [CrossRef]

28. Grey, A.; Cooper, A.; McNeil, C.; O′Toole, S.; Thompson, J.; Grimison, P. Progression of KRAS mutant pancreatic adenocarcinoma
during vemurafenib treatment in a patient with metastatic melanoma. Intern. Med. J. 2014, 44, 597–600. [CrossRef] [PubMed]

29. Callahan, M.K.; Rampal, R.; Harding, J.J.; Klimek, V.M.; Chung, Y.R.; Merghoub, T.; Wolchok, J.D.; Solit, D.B.; Rosen, N.;
Abdel-Wahab, O.; et al. Progression of RAS-mutant leukemia during RAF inhibitor treatment. N. Engl. J. Med. 2012, 367,
2316–2321. [CrossRef] [PubMed]

30. Cook, F.A.; Cook, S.J. Inhibition of RAF dimers: It takes two to tango. Biochem. Soc. Trans. 2021, 49, 237–251. [CrossRef]
31. Monaco, K.A.; Delach, S.; Yuan, J.; Mishina, Y.; Fordjour, P.; Labrot, E.; McKay, D.; Guo, R.; Higgins, S.; Wang, H.Q.; et al. LXH254,

a Potent and Selective ARAF-Sparing Inhibitor of BRAF and CRAF for the Treatment of MAPK-Driven Tumors. Clin. Cancer Res.
2021, 27, 2061–2073. [CrossRef]

32. Cheng, Y.; Tian, H. Current Development Status of MEK Inhibitors. Molecules 2017, 22, 1551. [CrossRef] [PubMed]
33. Blumenschein, G.R., Jr.; Smit, E.F.; Planchard, D.; Kim, D.W.; Cadranel, J.; De Pas, T.; Dunphy, F.; Udud, K.; Ahn, M.J.; Hanna,

N.H.; et al. A randomized phase II study of the MEK1/MEK2 inhibitor trametinib (GSK1120212) compared with docetaxel in
KRAS-mutant advanced non-small-cell lung cancer (NSCLC)dagger. Ann. Oncol. 2015, 26, 894–901. [CrossRef] [PubMed]

http://doi.org/10.1242/jcs.182873
http://doi.org/10.1016/j.cell.2018.03.035
http://doi.org/10.1158/0008-5472.CAN-19-3682
http://doi.org/10.3389/fonc.2019.01088
http://doi.org/10.1038/s41573-020-0068-6
http://doi.org/10.4251/wjgo.v5.i5.97
http://doi.org/10.1038/sj.onc.1210956
http://www.ncbi.nlm.nih.gov/pubmed/18059342
http://doi.org/10.1101/gad.11.19.2468
http://www.ncbi.nlm.nih.gov/pubmed/9334313
http://doi.org/10.1056/NEJMoa1917239
http://doi.org/10.1038/s41586-019-1694-1
http://doi.org/10.1126/science.aad6204
http://www.ncbi.nlm.nih.gov/pubmed/26841430
http://doi.org/10.1158/2159-8290.CD-15-1105
http://doi.org/10.1016/j.sbi.2021.06.015
http://doi.org/10.4155/fmc.11.121
http://doi.org/10.3389/fmolb.2021.659861
http://doi.org/10.1016/j.cell.2017.06.009
http://doi.org/10.1073/pnas.93.9.4454
http://doi.org/10.1074/jbc.272.22.14459
http://doi.org/10.1158/1078-0432.CCR-14-3214
http://www.ncbi.nlm.nih.gov/pubmed/25878363
http://doi.org/10.1038/s41589-021-00785-8
http://doi.org/10.1042/BST20160303
http://doi.org/10.1038/nrc.2017.79
http://doi.org/10.1111/imj.12415
http://www.ncbi.nlm.nih.gov/pubmed/24946815
http://doi.org/10.1056/NEJMoa1208958
http://www.ncbi.nlm.nih.gov/pubmed/23134356
http://doi.org/10.1042/BST20200485
http://doi.org/10.1158/1078-0432.CCR-20-2563
http://doi.org/10.3390/molecules22101551
http://www.ncbi.nlm.nih.gov/pubmed/28954413
http://doi.org/10.1093/annonc/mdv072
http://www.ncbi.nlm.nih.gov/pubmed/25722381


Int. J. Mol. Sci. 2021, 22, 12402 10 of 11

34. Thumar, J.; Shahbazian, D.; Aziz, S.A.; Jilaveanu, L.B.; Kluger, H.M. MEK targeting in N-RAS mutated metastatic melanoma. Mol.
Cancer 2014, 13, 45. [CrossRef]

35. Dummer, R.; Schadendorf, D.; Ascierto, P.A.; Arance, A.; Dutriaux, C.; Di Giacomo, A.M.; Rutkowski, P.; Del Vecchio, M.;
Gutzmer, R.; Mandala, M.; et al. Binimetinib versus dacarbazine in patients with advanced NRAS-mutant melanoma (NEMO): A
multicentre, open-label, randomised, phase 3 trial. Lancet Oncol. 2017, 18, 435–445. [CrossRef]

36. Mincu, R.I.; Mahabadi, A.A.; Michel, L.; Mrotzek, S.M.; Schadendorf, D.; Rassaf, T.; Totzeck, M. Cardiovascular Adverse Events
Associated With BRAF and MEK Inhibitors: A Systematic Review and Meta-analysis. JAMA Netw. Open 2019, 2, e198890.
[CrossRef]

37. Mendez-Martinez, S.; Calvo, P.; Ruiz-Moreno, O.; Pardinas Baron, N.; Lecinena Bueno, J.; Gil Ruiz, M.D.R.; Pablo, L. Ocular
Adverse Events Associated with Mek Inhibitors. Retina 2019, 39, 1435–1450. [CrossRef]

38. Russo, I.; Zorzetto, L.; Chiarion Sileni, V.; Alaibac, M. Cutaneous Side Effects of Targeted Therapy and Immunotherapy for
Advanced Melanoma. Scientifica 2018, 2018, 5036213. [CrossRef]

39. Kohler, J.; Zhao, Y.; Li, J.; Gokhale, P.C.; Tiv, H.L.; Knott, A.R.; Wilkens, M.K.; Soroko, K.M.; Lin, M.; Ambrogio, C.; et al. ERK
Inhibitor LY3214996-Based Treatment Strategies for RAS-Driven Lung Cancer. Mol. Cancer Ther. 2021, 20, 641–654. [CrossRef]

40. Moschos, S.J.; Sullivan, R.J.; Hwu, W.J.; Ramanathan, R.K.; Adjei, A.A.; Fong, P.C.; Shapira-Frommer, R.; Tawbi, H.A.; Rubino, J.;
Rush, T.S., 3rd; et al. Development of MK-8353, an orally administered ERK1/2 inhibitor, in patients with advanced solid tumors.
JCI Insight 2018, 3, e92352. [CrossRef] [PubMed]

41. Sullivan, R.J.; Infante, J.R.; Janku, F.; Wong, D.J.L.; Sosman, J.A.; Keedy, V.; Patel, M.R.; Shapiro, G.I.; Mier, J.W.; Tolcher, A.W.;
et al. First-in-Class ERK1/2 Inhibitor Ulixertinib (BVD-523) in Patients with MAPK Mutant Advanced Solid Tumors: Results of a
Phase I Dose-Escalation and Expansion Study. Cancer Discov. 2018, 8, 184–195. [CrossRef]

42. Lu, Y.; Liu, B.; Liu, Y.; Yu, X.; Cheng, G. Dual effects of active ERK in cancer: A potential target for enhancing radiosensitivity.
Oncol. Lett. 2020, 20, 993–1000. [CrossRef]

43. Zhan, T.; Ambrosi, G.; Wandmacher, A.M.; Rauscher, B.; Betge, J.; Rindtorff, N.; Haussler, R.S.; Hinsenkamp, I.; Bamberg, L.;
Hessling, B.; et al. MEK inhibitors activate Wnt signalling and induce stem cell plasticity in colorectal cancer. Nat. Commun. 2019,
10, 2197. [CrossRef]

44. Tsubaki, M.; Takeda, T.; Noguchi, M.; Jinushi, M.; Seki, S.; Morii, Y.; Shimomura, K.; Imano, M.; Satou, T.; Nishida, S. Overactiva-
tion of Akt Contributes to MEK Inhibitor Primary and Acquired Resistance in Colorectal Cancer Cells. Cancers 2019, 11, 1866.
[CrossRef] [PubMed]

45. Echevarria-Vargas, I.M.; Reyes-Uribe, P.I.; Guterres, A.N.; Yin, X.; Kossenkov, A.V.; Liu, Q.; Zhang, G.; Krepler, C.; Cheng, C.; Wei,
Z.; et al. Co-targeting BET and MEK as salvage therapy for MAPK and checkpoint inhibitor-resistant melanoma. EMBO Mol.
Med. 2018, 10, e8446. [CrossRef] [PubMed]

46. Brown, W.S.; McDonald, P.C.; Nemirovsky, O.; Awrey, S.; Chafe, S.C.; Schaeffer, D.F.; Li, J.; Renouf, D.J.; Stanger, B.Z.; Dedhar, S.
Overcoming Adaptive Resistance to KRAS and MEK Inhibitors by Co-targeting mTORC1/2 Complexes in Pancreatic Cancer. Cell
Rep. Med. 2020, 1, 100131. [CrossRef]

47. Jones, G.G.; Del Rio, I.B.; Sari, S.; Sekerim, A.; Young, L.C.; Hartig, N.; Areso Zubiaur, I.; El-Bahrawy, M.A.; Hynds, R.E.; Lei, W.;
et al. SHOC2 phosphatase-dependent RAF dimerization mediates resistance to MEK inhibition in RAS-mutant cancers. Nat.
Commun. 2019, 10, 2532. [CrossRef]

48. Sun, C.; Hobor, S.; Bertotti, A.; Zecchin, D.; Huang, S.; Galimi, F.; Cottino, F.; Prahallad, A.; Grernrum, W.; Tzani, A.; et al. Intrinsic
resistance to MEK inhibition in KRAS mutant lung and colon cancer through transcriptional induction of ERBB3. Cell Rep. 2014,
7, 86–93. [CrossRef] [PubMed]

49. Kun, E.; Tsang, Y.T.M.; Ng, C.W.; Gershenson, D.M.; Wong, K.K. MEK inhibitor resistance mechanisms and recent developments
in combination trials. Cancer Treat. Rev. 2021, 92, 102137. [CrossRef]

50. Dai, B.; Meng, J.; Peyton, M.; Girard, L.; Bornmann, W.G.; Ji, L.; Minna, J.D.; Fang, B.; Roth, J.A. STAT3 mediates resistance to
MEK inhibitor through microRNA miR-17. Cancer Res. 2011, 71, 3658–3668. [CrossRef]

51. Yao, W.; Yue, P.; Zhang, G.; Owonikoko, T.K.; Khuri, F.R.; Sun, S.Y. Enhancing therapeutic efficacy of the MEK inhibitor, MEK162,
by blocking autophagy or inhibiting PI3K/Akt signaling in human lung cancer cells. Cancer Lett. 2015, 364, 70–78. [CrossRef]

52. Kochetkova, E.Y.; Blinova, G.I.; Bystrova, O.A.; Martynova, M.G.; Pospelov, V.A.; Pospelova, T.V. Targeted elimination of senescent
Ras-transformed cells by suppression of MEK/ERK pathway. Aging 2017, 9, 2352–2375. [CrossRef]

53. Verykiou, S.; Alexander, M.; Edwards, N.; Plummer, R.; Chaudhry, B.; Lovat, P.E.; Hill, D.S. Harnessing autophagy to overcome
mitogen-activated protein kinase kinase inhibitor-induced resistance in metastatic melanoma. Br. J. Dermatol. 2019, 180, 346–356.
[CrossRef]

54. Yun, C.W.; Lee, S.H. The Roles of Autophagy in Cancer. Int. J. Mol. Sci. 2018, 19, 3466. [CrossRef] [PubMed]
55. Ichimiya, T.; Yamakawa, T.; Hirano, T.; Yokoyama, Y.; Hayashi, Y.; Hirayama, D.; Wagatsuma, K.; Itoi, T.; Nakase, H. Autophagy

and Autophagy-Related Diseases: A Review. Int. J. Mol. Sci. 2020, 21, 8974. [CrossRef]
56. Lamark, T.; Johansen, T. Mechanisms of Selective Autophagy. Annu. Rev. Cell Dev. Biol. 2021, 37, 143–169. [CrossRef] [PubMed]
57. Guo, J.Y.; Xia, B.; White, E. Autophagy-mediated tumor promotion. Cell 2013, 155, 1216–1219. [CrossRef] [PubMed]
58. Karsli-Uzunbas, G.; Guo, J.Y.; Price, S.; Teng, X.; Laddha, S.V.; Khor, S.; Kalaany, N.Y.; Jacks, T.; Chan, C.S.; Rabinowitz, J.D.; et al.

Autophagy is required for glucose homeostasis and lung tumor maintenance. Cancer Discov. 2014, 4, 914–927. [CrossRef]

http://doi.org/10.1186/1476-4598-13-45
http://doi.org/10.1016/S1470-2045(17)30180-8
http://doi.org/10.1001/jamanetworkopen.2019.8890
http://doi.org/10.1097/IAE.0000000000002451
http://doi.org/10.1155/2018/5036213
http://doi.org/10.1158/1535-7163.MCT-20-0531
http://doi.org/10.1172/jci.insight.92352
http://www.ncbi.nlm.nih.gov/pubmed/29467321
http://doi.org/10.1158/2159-8290.CD-17-1119
http://doi.org/10.3892/ol.2020.11684
http://doi.org/10.1038/s41467-019-09898-0
http://doi.org/10.3390/cancers11121866
http://www.ncbi.nlm.nih.gov/pubmed/31769426
http://doi.org/10.15252/emmm.201708446
http://www.ncbi.nlm.nih.gov/pubmed/29650805
http://doi.org/10.1016/j.xcrm.2020.100131
http://doi.org/10.1038/s41467-019-10367-x
http://doi.org/10.1016/j.celrep.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24685132
http://doi.org/10.1016/j.ctrv.2020.102137
http://doi.org/10.1158/0008-5472.CAN-10-3647
http://doi.org/10.1016/j.canlet.2015.04.028
http://doi.org/10.18632/aging.101325
http://doi.org/10.1111/bjd.17333
http://doi.org/10.3390/ijms19113466
http://www.ncbi.nlm.nih.gov/pubmed/30400561
http://doi.org/10.3390/ijms21238974
http://doi.org/10.1146/annurev-cellbio-120219-035530
http://www.ncbi.nlm.nih.gov/pubmed/34152791
http://doi.org/10.1016/j.cell.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24315093
http://doi.org/10.1158/2159-8290.CD-14-0363


Int. J. Mol. Sci. 2021, 22, 12402 11 of 11

59. Yang, A.; Rajeshkumar, N.V.; Wang, X.; Yabuuchi, S.; Alexander, B.M.; Chu, G.C.; Von Hoff, D.D.; Maitra, A.; Kimmelman, A.C.
Autophagy is critical for pancreatic tumor growth and progression in tumors with p53 alterations. Cancer Discov. 2014, 4, 905–913.
[CrossRef]

60. Rangel, M.; Kong, J.; Bhatt, V.; Khayati, K.; Guo, J.Y. Autophagy and tumorigenesis. FEBS J. 2021. [CrossRef]
61. Guo, J.Y.; Chen, H.Y.; Mathew, R.; Fan, J.; Strohecker, A.M.; Karsli-Uzunbas, G.; Kamphorst, J.J.; Chen, G.; Lemons, J.M.; Karantza,

V.; et al. Activated Ras requires autophagy to maintain oxidative metabolism and tumorigenesis. Genes Dev. 2011, 25, 460–470.
[CrossRef] [PubMed]

62. Bhatt, V.; Khayati, K.; Hu, Z.S.; Lee, A.; Kamran, W.; Su, X.; Guo, J.Y. Autophagy modulates lipid metabolism to maintain
metabolic flexibility for Lkb1-deficient Kras-driven lung tumorigenesis. Genes Dev. 2019, 33, 150–165. [CrossRef] [PubMed]

63. Poillet-Perez, L.; Xie, X.; Zhan, L.; Yang, Y.; Sharp, D.W.; Hu, Z.S.; Su, X.; Maganti, A.; Jiang, C.; Lu, W.; et al. Autophagy maintains
tumour growth through circulating arginine. Nature 2018, 563, 569–573. [CrossRef]

64. Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F.; Witkiewicz, A.K.; Ying,
H.; et al. Pancreatic stellate cells support tumour metabolism through autophagic alanine secretion. Nature 2016, 536, 479–483.
[CrossRef] [PubMed]

65. Katheder, N.S.; Khezri, R.; O’Farrell, F.; Schultz, S.W.; Jain, A.; Rahman, M.M.; Schink, K.O.; Theodossiou, T.A.; Johansen, T.;
Juhasz, G.; et al. Microenvironmental autophagy promotes tumour growth. Nature 2017, 541, 417–420. [CrossRef]

66. Yang, A.; Herter-Sprie, G.; Zhang, H.; Lin, E.Y.; Biancur, D.; Wang, X.; Deng, J.; Hai, J.; Yang, S.; Wong, K.K.; et al. Autophagy
Sustains Pancreatic Cancer Growth through Both Cell-Autonomous and Nonautonomous Mechanisms. Cancer Discov. 2018, 8,
276–287. [CrossRef]

67. Khezri, R.; Holland, P.; Schoborg, T.A.; Abramovich, I.; Takats, S.; Dillard, C.; Jain, A.; O’Farrell, F.; Schultz, S.W.; Hagopian,
W.M.; et al. Host autophagy mediates organ wasting and nutrient mobilization for tumor growth. EMBO J. 2021, 40, e107336.
[CrossRef] [PubMed]

68. Xie, X.; Koh, J.Y.; Price, S.; White, E.; Mehnert, J.M. Atg7 Overcomes Senescence and Promotes Growth of BrafV600E-Driven
Melanoma. Cancer Discov. 2015, 5, 410–423. [CrossRef]

69. Ma, X.H.; Piao, S.F.; Dey, S.; McAfee, Q.; Karakousis, G.; Villanueva, J.; Hart, L.S.; Levi, S.; Hu, J.; Zhang, G.; et al. Targeting ER
stress-induced autophagy overcomes BRAF inhibitor resistance in melanoma. J. Clin. Investig. 2014, 124, 1406–1417. [CrossRef]

70. Levy, J.M.; Thompson, J.C.; Griesinger, A.M.; Amani, V.; Donson, A.M.; Birks, D.K.; Morgan, M.J.; Mirsky, D.M.; Handler, M.H.;
Foreman, N.K.; et al. Autophagy inhibition improves chemosensitivity in BRAF(V600E) brain tumors. Cancer Discov. 2014, 4,
773–780. [CrossRef]

71. Viale, A.; Pettazzoni, P.; Lyssiotis, C.A.; Ying, H.; Sanchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.; Giuliani, V.; et al.
Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature 2014, 514, 628–632. [CrossRef]
[PubMed]

72. Ojha, R.; Leli, N.M.; Onorati, A.; Piao, S.; Verginadis, I.I.; Tameire, F.; Rebecca, V.W.; Chude, C.I.; Murugan, S.; Fennelly, C.; et al.
ER Translocation of the MAPK Pathway Drives Therapy Resistance in BRAF-Mutant Melanoma. Cancer Discov. 2019, 9, 396–415.
[CrossRef]

73. Lee, C.S.; Lee, L.C.; Yuan, T.L.; Chakka, S.; Fellmann, C.; Lowe, S.W.; Caplen, N.J.; McCormick, F.; Luo, J. MAP kinase and
autophagy pathways cooperate to maintain RAS mutant cancer cell survival. Proc. Natl. Acad. Sci. USA 2019, 116, 4508–4517.
[CrossRef] [PubMed]

74. Bryant, K.L.; Stalnecker, C.A.; Zeitouni, D.; Klomp, J.E.; Peng, S.; Tikunov, A.P.; Gunda, V.; Pierobon, M.; Waters, A.M.; George,
S.D.; et al. Combination of ERK and autophagy inhibition as a treatment approach for pancreatic cancer. Nat. Med. 2019, 25,
628–640. [CrossRef]

75. Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu,
Y.P.; Acevedo-Arozena, A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition)1.
Autophagy 2021, 17, 1–382. [CrossRef] [PubMed]

76. Kinsey, C.G.; Camolotto, S.A.; Boespflug, A.M.; Guillen, K.P.; Foth, M.; Truong, A.; Schuman, S.S.; Shea, J.E.; Seipp, M.T.; Yap, J.T.;
et al. Protective autophagy elicited by RAF→MEK→ERKinhibition suggests a treatment strategy for RAS-driven cancers. Nat.
Med. 2019, 25, 620–627. [CrossRef] [PubMed]

77. Xavier, C.B.; Marchetti, K.R.; Castria, T.B.; Jardim, D.L.F.; Fernandes, G.S. Trametinib and Hydroxychloroquine (HCQ) Combi-
nation Treatment in KRAS-Mutated Advanced Pancreatic Adenocarcinoma: Detailed Description of Two Cases. J. Gastrointest.
Cancer 2021, 52, 374–380. [CrossRef]

78. Orlov, S.V.; Urtenova, M.A.; Sviridenko, M.A.; Nesterov, D.V.; Sokolova, T.N.; Imyanitov, E.N. Rapid Improvement of the
Performance Status and Reduction of the Tumor Size in KRAS-Mutated Colorectal Cancer Patient Receiving Binimetinib,
Hydroxychloroquine, and Bevacizumab. Case Rep. Oncol. 2020, 13, 985–989. [CrossRef]

79. Buzun, K.; Gornowicz, A.; Lesyk, R.; Bielawski, K.; Bielawska, A. Autophagy Modulators in Cancer Therapy. Int. J. Mol. Sci. 2021,
22, 5804. [CrossRef] [PubMed]

80. Su, H.; Yang, F.; Fu, R.; Li, X.; French, R.; Mose, E.; Pu, X.; Trinh, B.; Kumar, A.; Liu, J.; et al. Cancer cells escape autophagy
inhibition via NRF2-induced macropinocytosis. Cancer Cell 2021, 39, 678–693.e611. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-14-0362
http://doi.org/10.1111/febs.16125
http://doi.org/10.1101/gad.2016311
http://www.ncbi.nlm.nih.gov/pubmed/21317241
http://doi.org/10.1101/gad.320481.118
http://www.ncbi.nlm.nih.gov/pubmed/30692209
http://doi.org/10.1038/s41586-018-0697-7
http://doi.org/10.1038/nature19084
http://www.ncbi.nlm.nih.gov/pubmed/27509858
http://doi.org/10.1038/nature20815
http://doi.org/10.1158/2159-8290.CD-17-0952
http://doi.org/10.15252/embj.2020107336
http://www.ncbi.nlm.nih.gov/pubmed/34309071
http://doi.org/10.1158/2159-8290.CD-14-1473
http://doi.org/10.1172/JCI70454
http://doi.org/10.1158/2159-8290.CD-14-0049
http://doi.org/10.1038/nature13611
http://www.ncbi.nlm.nih.gov/pubmed/25119024
http://doi.org/10.1158/2159-8290.CD-18-0348
http://doi.org/10.1073/pnas.1817494116
http://www.ncbi.nlm.nih.gov/pubmed/30709910
http://doi.org/10.1038/s41591-019-0368-8
http://doi.org/10.1080/15548627.2020.1797280
http://www.ncbi.nlm.nih.gov/pubmed/33634751
http://doi.org/10.1038/s41591-019-0367-9
http://www.ncbi.nlm.nih.gov/pubmed/30833748
http://doi.org/10.1007/s12029-020-00556-z
http://doi.org/10.1159/000509241
http://doi.org/10.3390/ijms22115804
http://www.ncbi.nlm.nih.gov/pubmed/34071600
http://doi.org/10.1016/j.ccell.2021.02.016

	Introduction 
	Allosteric RAS Inhibitors 
	Inhibition of Post Translational Modification of RAS 
	RAF Inhibitors 
	MEK Inhibitors 
	ERK Inhibitors 
	Resistance to MEK Inhibitors in RAS Mutant Cancers 
	Autophagy as a Resistance Mechanism to MAPK Inhibition 
	Combined MAPK and Autophagy Inhibition Is Synergistic in RAS Mutant Cancer 
	Clinical Trials with Autophagy and MAPK Inhibitors in RAS Mutant Cancers: 
	Open Questions 
	Conclusions 
	References

