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Editorial on the Research Topic

Novel Cancer Treatments based on Autophagy Modulation

Autophagy is an intracellular process in response to stimulus by which damaged organelles, protein
aggregates, or invading pathogens, are targeted from autophagic vesicles to lysosomes and then
eliminated (Mizushima et al., 2011). Autophagy has been described to play a role in several
pathological conditions, including neurodegenerative disorders, infectious diseases, and cancer.

The role of autophagy in cancer remains highly controversial, and it is likely reliant on the tumor
type, the stage of neoplasia, the cellular context, as well as on the metabolic context in which the cells
lie. Earliest reports suggested a role of autophagy against tumorigenesis favoring tumor cell death in
an apoptotic-dependent or independent way (Levine and Yuan, 2005; Pattingre et al., 2005). In this
regard, uncontrolled autophagy can lead to excessive degradation of cellular constituents and
organelles required for the cells’ homeostasis, and its enhancement represent a valid therapeutic
target of many anticancer drugs. Hence, autophagy has been widely known as a tumor-suppressive
mechanism and cancer cells with limited autophagy may suffer from increased oxidative stress, DNA
damage, and genomic instability, which lead to the acquisition of genome mutations that drive
tumorigenesis (Mathew et al., 2007; Mathew et al., 2009). On the other hand, autophagy also plays a
protective role in cancer cells by removing damaged organelles or recycling misfolded
macromolecules. Several studies report that autophagy tries to satisfy the high metabolic
demands of the proliferating tumor cells suffering stressful conditions, such as nutrient
deprivation, oxidative stress, hypoxia, or in response to therapy (Condo et al., 2005).

Hence, the possibility to modulate autophagy may represent a useful therapeutic approach to treat
different types of cancer. In this regard, a variety of clinical trials based on autophagy modulators are
ongoing. For instance, in tumors with enhanced autophagy, which acts as a survival mechanism and
chemoresistance, its inhibition can make them more prone to initiate cell death mechanisms. In this
sense, there are a variety of examples showing that autophagy inhibitors, as 3-methyl-adenine (3-
MA) or hydroxychloroquine (HCQ), when used in combination with anticancer drugs, may sensitize
chemoresistant cells, thus leading to cancer cell death (Jain et al., 2013; Lee et al., 2015). However,
excessive autophagy induction upon cytotoxic drug treatments or through the use of autophagy
inducers, as mTOR inhibitors, may also lead to autophagic cell death (Bursch et al., 1996; Tian et al.,
2019).

On the other hand, recent advances in nanomedicine make it possible to fight cancer with effective
therapeutic compounds, removing the obstacles encountered with traditional drugs. Interestingly,
nanomaterials have been explored as potent modulators of autophagy through multiple mechanisms
and have been exploited as therapeutic agents against cancer (Cordani and Somoza, 2019). For this
reason, autophagy modulation with chemotherapy drugs, including nanoparticle-based strategies,
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would acquire clinical relevance in the near future, as a
complementary therapy for the treatment of cancers.

This Research Topic gathers original research and review
papers on novel drugs and nanomaterials in cancer treatment
based on autophagy modulation and the related molecular
mechanisms of action ranging from basic research to more
applied translational and clinical studies. The 17 accepted
articles consist of 9 Original Research articles and 8 Reviews
or Mini-Reviews, demonstrating that inhibition or enhancement
of the autophagy pathway may serve as an effective tool to
counteract cancer.

Some of the research articles published describe the anticancer
proprieties, both in vivo and in vitro, of several natural substances
by modulating signaling pathways regulating autophagy in
various tumors, thus representing great candidates for further
therapeutic applications. Wang et al. showed that Sotetsuflavone,
a naturally derived and occurring flavonoid, induced autophagy
in lung cancer blocking PI3K/Akt/mTOR signaling pathway in
vivo and in vitro, was able to increase the levels of pro-apoptotic
markers, as cytochrome C or cleaved-caspase 3, and to reduce the
expression of cyclin D1 and CDK4, thus blocking cell cycle in the
G0/G1 phases. Tsai et al. reported that 6-Gingerol, a natural
phenol found in ginger, inhibits lung cancer cell growth via
suppression of USP14 expression and enhances autophagy-
dependent ferroptosis, revealing the therapeutic efficacy of 6-
Gingerol in A549 and its possible mechanism of action.

Natural compounds derived from herbal medicines have been
extensively studied for their anticancer proprieties through
modulation of signaling pathways leading to tumor cell death
in various cancer types. In this context, Wu et colleagues showed
that honokiol and magnolol, two compounds derived by
magnolia bark extract, display therapeutic potential causing
cell cycle arrest, induction of caspase 3-dependent apoptosis,
and autophagy in high-grade urothelial carcinoma. Chen et al.
explored the anti-breast cancer potential of ethanol crude extracts
from Brucea javanica seed (BJE). Their data showed that BJE
could inhibit breast cancer cell proliferation and induce
apoptosis, together with the inhibition of autophagy, as
demonstrated by the reduction of several autophagy-related
markers and the increase of mTOR phosphorylation. Gao
et al. revealed the molecular mechanisms through, which
Moracin N (MAN), a secondary metabolite extracted from the
leaves of Morus alba L, inhibited cell proliferation and induced
apoptosis in lung cancer cells. Interestingly, they found thatMAN
treatment dysregulated mitochondrial function and enhanced
autophagy flux, concomitantly to the inhibition of mTOR
signaling pathway in a time- and dose-dependent manner.

Defects in autophagy lead to the accumulation of impaired
mitochondria, which are a potential source of ROS that lead to
DNA damage and genomic instability. In this regard, Chicote
et al. reported that autophagy inhibitor 3-methyladenine
displayed cytotoxicity in mouse fibroblasts and correlates with
massive DNA damage, suggesting that in growing conditions,
autophagy acts as a protective mechanism to diminish the
intrinsic cytotoxicity of 3-methyladenine.

Recently, it has been shown that platinum compounds exert
long-term effects, including autophagy activation in rat B50

neuroblastoma cells (Grimaldi et al., 2019). However, although
cancer therapy based on platinum compounds display a potent
anticancer effect, it also causes many side effects that limit its
applicability. In this regard, Zhang et al. showed here that drug-
induced platinum accumulation might also interfere with
immune cells and, thus, increase the risk of immune toxicity
in cancer patients.

However, due to their ability to elicit autophagy, metal-based
compounds remain attractive agents for anticancer applications.
Here, Chen et al. showed that nickel complex NiPT, a
proteasomal inhibitor, was able to induce autophagy by
dysregulating AMPK/mTOR signaling pathways in both
cultured tumor cell lines and cancer cells derived from acute
myeloid leukemia human patients. Interestingly, they found that
NiPT leads to apoptosis in lung cancer cells if it is concomitantly
used together with autophagy inhibitors, suggesting that NiPT-
induced autophagy protects cancer cells from death.

The Research Topic also counts with several well-structured
review articles that summarize studies describing novel drugs and
nanomaterials in cancer treatment based on autophagy
modulation and the related molecular mechanisms.

In recent years, several nanocarriers have been developed and
investigated to improve the solubility, bioavailability, controlled
release of therapeutics, and increase their cytotoxic effect on
cancer cells. Sharma et al. highlighted that the use of
nanoparticles for the delivery of miRNA-34a in cancer cells
might inhibit critical autophagy-related pathways, thus
sensitizing cancer cells to traditional chemotherapy drugs. On
the other side, Condello et al. focused on the most effective
liposomal formulations for the simultaneous transport of
chemotherapeutics and autophagy inhibitors to control
pharmacokinetics and targeting, thus reducing the adverse
effects of drugs.

Alkylphosphocholine (APC) derivatives represent a novel
class of antineoplastic agents that inhibit the serine–threonine
kinase Akt, which acts as the primary regulator of cell survival.
Berger et colleagues focused their attention on the capability of
such structures to induce autophagy by inhibiting the Akt/mTOR
cascade when administered as monotherapy or in combination
with other drugs.

The cytoprotective role that autophagy plays under certain
conditions during cancer therapy is well assumed, and many
studies have been addressed to reduce protective autophagy to
overcome drug resistance in the clinical practice. Liu et al.
discussed the advantages of combining agents that induce
cytoprotective autophagy with autophagy inhibitors as a
cancer therapeutic approach in clinical application. Hence, the
exploitation of appropriate autophagy might cooperate with
traditional anticancer drugs to overcome drug resistance.

Iron-dependent ferroptosis is a type of cell death discovered in
recent years, which is driven by lipid peroxidation and, recently, it
has been linked with various kinds of diseases, including cancer.
Lin et al. elegantly described the relationship between ferroptosis
and autophagy and focused their interest on small molecules
inducing ferroptosis, which have been observed to lead to a robust
inhibitory effect on tumor growth and enhance the sensitivity to
chemotherapeutic drugs. The tripartite motif family of proteins
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(TRIMs) has emerged as a critical regulator of the autophagy
process, and their dysregulation is strongly connected to
oncogenesis or cancer progression. The review of Mandell
et al. covers how the actions of TRIM proteins intersect with
and orchestrate autophagy, thus contributing to cancer
progression and the possibility of targeting TRIM-directed
autophagy in cancer therapy.

Recently, the interest in metabolic therapy for cancer has
been renewed, particularly in amino acid deprivation by
enzymes. In this context, L-asparaginase was approved for
the treatment of acute lymphoblastic leukemia by the U.S.
Food and Drug Administration (Truelove et al., 2013).
Importantly, the combination of amino acid degrading
enzymes and autophagy regulators has been demonstrated
to show synergistic anticancer effects in preclinical and
clinical studies (Song et al., 2015). In this sense, Wang et al.
highlighted recent advances of several potential anticancer
enzymes and the concomitant employment of autophagy
modulators with amino acid degrading enzymes as potential
cancer therapeutic approaches.

Recent studies have elucidated that autophagy, in addition to
lead severe metabolic changes and chemoresistance also plays a
role in regulating the immune system, and increasing attention
has been focused on the potential applications of autophagy
modulation for tumor immunotherapy. In this regard, Lim
and Murthy summarized their current understanding of how

autophagy drives tumor progression and chemoresistance via
immunosuppression and they resumed an increasing set of
pharmacologically actionable targets in the autophagy
pathway, which may serve for novel cancer immunotherapies.

In conclusion, this collection of Review and Original Research
articles critically summarizes the current understanding of how
autophagy modulation could be exploited for cancer treatment.
We believe that these advances will inspire basic and clinical
scientists working in related fields to investigate molecular
mechanisms and translational studies further.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by the Spanish Ministry of Economy
and Competitiveness (SAF 2017-87305-R) and by Fondi di
Ateneo 2019 (Sapienza University). IMDEA Nanociencia
acknowledges support from the ’Severo Ochoa’ Programme for
Centres of Excellence in R&D (MINECO, Grant SEV-2016-
0686).

REFERENCES

Bursch, W., Ellinger, A., Kienzl, H., Török, L., Pandey, S., Sikorska, M., et al. (1996).
Active cell death induced by the anti-estrogens tamoxifen and ICI 164 384 in
human mammary carcinoma cells (MCF-7) in culture: the role of autophagy.
Carcinogenesis 17, 1595–1607. doi:10.1093/carcin/17.8.1595

Cordani, M., and Somoza, Á. (2019). Targeting autophagy using metallic
nanoparticles: a promising strategy for cancer treatment. Cell. Mol. Life Sci.
76, 1215–1242. doi:10.1007/s00018-018-2973-y

Grimaldi, M., Bo, V. D., Ferrari, B., Roda, E., De Luca, F., Veneroni, P., et al.
(2019). Long-term effects after treatment with platinum compounds,
cisplatin and [Pt(O,O′-acac)(γ-acac)(DMS)]: autophagy activation in rat
B50 neuroblastoma cells. Toxicol. Appl. Pharmacol. 364, 1–11. doi:10.1016/
j.taap.2018.12.005

Jain, K., Paranandi, K. S., Sridharan, S., and Basu, A. (2013). Autophagy in breast
cancer and its implications for therapy. Am. J. Cancer Res. 3, 251–265.

Kondo, Y., Kanzawa, T., Sawaya, R., and Kondo, S. (2005). The role of autophagy in
cancer development and response to therapy. Nat. Rev. Cancer 5, 726–734.
doi:10.1038/nrc1692

Lee, H. O., Mustafa, A., Hudes, G. R., and Kruger, W. D. (2015).
Hydroxychloroquine destabilizes phospho-S6 in human renal carcinoma
cells. PLoS One. 10, e0131464. doi:10.1371/journal.pone.0131464

Levine, B., and Yuan, J. (2005). Autophagy in cell death: an innocent convict?
J. Clin. Invest. 115, 2679–2688. doi:10.1172/JCI26390

Mathew, R., Karp, C. M., Beaudoin, B., Vuong, N., Chen, G., Chen, H.-Y., et al.
(2009). Autophagy suppresses tumorigenesis through elimination of p62. Cell
137, 1062–1075. doi:10.1016/j.cell.2009.03.048

Mathew, R., Kongara, S., Beaudoin, B., Karp, C. M., Bray, K., Degenhardt, K.,
et al. (2007). Autophagy suppresses tumor progression by limiting

chromosomal instability. Genes Development 21, 1367–1381. doi:10.
1101/gad.1545107

Mizushima, N., Yoshimori, T., and Ohsumi, Y. (2011). The role of atg proteins in
autophagosome formation. Annu. Rev. Cel Dev. Biol. 27, 107–132. doi:10.1146/
annurev-cellbio-092910-154005

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N., et al. (2005).
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122,
927–939. doi:10.1016/j.cell.2005.07.002

Song, P., Ye, L., Fan, J., Li, Y., Zeng, X., Wang, Z., et al. (2015). Asparaginase
induces apoptosis and cytoprotective autophagy in chronic myeloid leukemia
cells. Oncotarget 6, 3861–3873. doi:10.18632/oncotarget.2869

Tian, T., Li, X., and Zhang, J. (2019). mTOR signaling in cancer and mTOR
inhibitors in solid tumor targeting therapy. Ijms 20, 755. doi:10.3390/
ijms20030755

Truelove, E., Fielding, A. K., and Hunt, B. J. (2013). The coagulopathy and
thrombotic risk associated with L-asparaginase treatment in adults with
acute lymphoblastic leukaemia. Leukemia 27, 553–559. doi:10.1038/leu.
2012.290

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Cordani, Somoza, Tafani, Dando and Kumar. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6505593

Cordani et al. Editorial: Autophagy Modulation for CancerTherapy

7

https://doi.org/10.3389/fphar.2020.00308
https://doi.org/10.3389/fphar.2020.00308
https://doi.org/10.3389/fphar.2020.549338
https://doi.org/10.3389/fphar.2020.590344
https://doi.org/10.3389/fphar.2020.590344
https://doi.org/10.1093/carcin/17.8.1595
https://doi.org/10.1007/s00018-018-2973-y
https://doi.org/10.1016/j.taap.2018.12.005
https://doi.org/10.1016/j.taap.2018.12.005
https://doi.org/10.1038/nrc1692
https://doi.org/10.1371/journal.pone.0131464
https://doi.org/10.1172/JCI26390
https://doi.org/10.1016/j.cell.2009.03.048
https://doi.org/10.1101/gad.1545107
https://doi.org/10.1101/gad.1545107
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.18632/oncotarget.2869
https://doi.org/10.3390/ijms20030755
https://doi.org/10.3390/ijms20030755
https://doi.org/10.1038/leu.2012.290
https://doi.org/10.1038/leu.2012.290
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


1

Edited by: 
Suresh Kumar, 

University of New Mexico, 
United States

Reviewed by: 
Prashant Nighot, 

Pennsylvania State University, 
United States  

Agnieszka Zdzisława Robaszkiewicz, 
University of Łódź, Poland

*Correspondence: 
Shaohui Wang 

winter9091@163.com 
Tongxiang Liu 

tongxliu123@hotmail.com

Specialty section: 
This article was submitted to 

 Pharmacology of Anti-Cancer Drugs, 
 a section of the journal 

 Frontiers in Pharmacology

Received: 06 September 2019
Accepted: 13 November 2019
Published: 05 December 2019

Citation: 
Wang S, Xu X, Hu Y, Lei T and Liu T 

(2019) Sotetsuflavone Induces 
Autophagy in Non-Small Cell Lung 

Cancer Through Blocking  
PI3K/Akt/mTOR Signaling  

Pathway in Vivo and in Vitro. 
 Front. Pharmacol. 10:1460. 

 doi: 10.3389/fphar.2019.01460
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Blocking PI3K/Akt/mTOR Signaling 
Pathway  in Vivo and  in Vitro
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1 Key Laboratory of Ethnomedicine (Minzu University of China), Minority of Education, Beijing, China, 2 Medical College, 
Qingdao Binhai University, Qingdao, China, 3 School of Pharmacy, Minzu University of China, Beijing, China, 4 Department 
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Non-small cell lung cancer (NSCLC) is a globally scaled disease with a high incidence and 
high associated mortality rate. Autophagy is one of the important physiological activities 
that helps to control cell survival, influences the dynamics of cell death, and which plays 
a crucial role in the pathophysiology of NSCLC. Sotetsuflavone is a naturally derived 
and occurring flavonoid, and previous studies have demonstrated that sotetsuflavone 
possesses potential anti-cancer activities. However, whether or not sotetsuflavone induces 
autophagy, as well as has effects and influences cell death in NSCLC cells remains unclear. 
Thus, in our study, we examined and elucidated the roles and underlying mechanisms of 
sotetsuflavone upon the dynamics of autophagy in NSCLC in vivo and in vitro. The results 
indicated that sotetsuflavone was able to inhibit proliferation, migration, and invasion of 
NSCLC cells. Mechanistically, sotetsuflavone was able to induce apoptosis by increasing 
the levels of expression of cytochrome C, cleaved-caspase 3, cleaved-caspase 9, and 
Bax, and contrastingly decreased levels of expression of Bcl-2. In addition, we also 
found that decreased levels of expression of cyclin D1 and CDK4 caused arrest of the 
G0/G1 phases of the cell cycle. Furthermore, we also found that sotetsuflavone could 
induce autophagy which in turn can play a cytoprotective effect on apoptosis in NSCLC. 
Sotetsuflavone-induced autophagy appeared related to the blocking of the PI3K/Akt/
mTOR pathway. Our in vivo study demonstrated that sotetsuflavone significantly inhibited 
the growth of xenograft model inoculated A549 tumor with high a degree of safety. Taken 
together, these findings suggest that sotetsuflavone induces autophagy in NSCLC cells 
through its effects upon blocking of the PI3K/Akt/mTOR signaling pathways. Our study 
may provide a theoretical basis for future clinical applications of sotetsuflavone and its use 
as a chemotherapeutic agent for treatment of NSCLC.

Keywords: sotetsuflavone, non-small cell lung cancer, apoptosis, autophagy, PI3K/Akt/mTOR signaling pathway
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INTRODUCTION
Globally, lung cancer is the leading cause of cancer-related 
deaths and the most commonly diagnosed type of cancer, and 
continues to threaten human health and quality of life (Bui et al., 
2018). In 2012, there were 1.8 million newly diagnosed cases of 
lung cancer, accounting for 12.9% of all newly diagnosed cancer 
cases of any type, and there were 1.6 million deaths from this 
disease accounting for 19.4% of all cancer deaths. (Ferlay et al., 
2015). Non-small cell lung cancer (NSCLC) accounts for 85% of 
all types of lung cancer diagnoses. Adenocarcinoma is the most 
common histological subtype of NSCLC, accounting for nearly 
40% of diagnoses, and it is still the leading cause of cancer death 
(Dela Cruz et al., 2011; Torre et al., 2015). In contrast to the 
steady increase in rates of survival in most other types of cancers 
as treatment options and outcomes have improved, advances in 
treatments for types of lung cancers have been relatively fewer in 
comparison, and the 5-year relative survival rate is only currently 
18% (Siegel et al., 2017; Zhang et al., 2018b). Traditional Chinese 
medicines have shown potential anticancer effects, and might 
be used as new sources of anticancer drugs and neoadjuvant 
chemotherapy treatments, not only to improve the efficacy of 
and to reduce the side effects of chemotherapy. (Yang et al., 
2010; Xu et al., 2015). However, there is currently an absence 
of scientific basis for the use and application of these Chinese 
medicines for treatment of cancers (Yang et al., 2010), therefore, 
identifying and finding safe and effective drugs such as may be 
derived from traditional Chinese medicines is the part of the 
key requirements needed to achieve better therapeutic outcomes 
and ideal patient prognoses.

Flavonoids are the most common and abundant polyphenols 
humans are typically exposed to in the course of normal daily 
life and have a wide range of pharmacological effects (Fu et al., 
2016). In vitro studies have shown that anti-cancer effects of 
flavonoids may be related to their induction of inhibition of: cell 
proliferation, cell adhesion, cell invasion, cell differentiation, cell 
cycle phases, and cell apoptosis (Yan et al., 2017; Zhang et al., 
2018a). In vivo studies have shown that flavonoids were able to 
inhibit carcinogenesis, and the effect was mainly characterized as 
being related to molecular events during the stages of initiation, 
promotion, and progression (Zhao et al., 2017). Clinical trials 
that have examined the use of flavonoids have been conducted 
with the goal of achieving cancer prevention or in order to obtain 
better therapeutic effect (Awan et al., 2016; Zhang et al., 2018a). 
Therefore, flavonoids can and should be further developed 
as potentially promising compounds for chemoprevention 
and chemotherapy of cancer (Zhang et al., 2018a). Flavonoids 
including such as quercetin (Psahoulia et al., 2007), baicalein 
(Aryal et al., 2014), and genistein (Prietsch et al., 2014) have been 
shown to be able to induce autophagy-related death in certain and 
specific types of tumor cells. Studies have shown that autophagy 
is complicated in that it can act to both promote and inhibit 
tumor growth and that autophagy also develops and is carried 
out differentially under different experimental environments 
(Aryal et al., 2014). Autophagy is a biological process in which 
cytokines and unfolded proteins in cells need to be degraded and 
metabolized within lysosomes (Gozuacik and Kimchi, 2004). 

The dynamics of autophagy also can play a significant role in the 
development and progression of cancers and is considered to be 
an important mechanism of cell death (Gozuacik and Kimchi, 
2004; Wang et al., 2017). In many types of malignant tumors, 
PI3K/AKT is often in an abnormal state of activation which has 
been characterized as related to the occurrence and development 
of various types of cancers (Bakin et al., 2000). Moreover, it is 
reported that the PI3K/Akt/mTOR signaling pathway plays a 
significant role in effecting the dynamics of cell autophagy and 
has become increasingly researched for use as development to 
target tumors (Porta et al., 2014; Wang et al., 2017). Previous 
research has indicated that sotetsuflavone possesses potential 
anti-cancer activities (Wang et al., 2018b). However, whether 
or not sotetsuflavone can induce autophagy in NSCLC cells is 
unknown and the role of sotesuflavone in cell death in NSCLC 
cells is unclear. Thus, in our study, we explored the effects and 
underlying mechanisms of sotetsuflavone upon the dynamics of 
autophagy in NSCLC cells both in vivo and in vitro.

ReSULTS

Sotetsuflavone Inhibits Proliferation of 
NSCLC Cells
The structure of sotetsuflavone is shown in Figure 1. In the early 
stages of analysis, we used the 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) method to detect the 
function and effects of sotetsuflavone on the viability of A549 
cells. Results indicated that sotetsuflavone had a strong inhibitory 
effect on the levels of activity of A549 cells (Wang et al., 2018a). To 
further verify whether or not sotetsuflavone is a potent inhibitor 
of A549 cell proliferation, we used 5-ethynyl-20-deoxyuridine 
(EDU) and colony formation experiments. Compared to the 
control group, the percentage of EDU that was incorporated into 
living cells for the sotetsuflavone treatment group was significantly 
reduced (Figure 1). In addition, the results from experimental 
colony formation assays indicated that sotetsuflavone was able 
to significantly inhibit the proliferation of A549 cells (Figure 1). 
We also confirmed whether or not sotetsuflavone had any toxic 
effects on normal human lung epithelial cells (BEAS-2B). As 
demonstrated in Figure 1, sotetsuflavone (0–160 μmol/L) had 
no obvious toxic effects on BEAS-2B cells, while sotetsuflavone 
(200 μmol/L) had a significantly increased level of cytotoxicity 
when applied to BEAS-2B cells. We further verified this result 
using H1650 cells. After 24 h of treatment with different doses 
sotetsuflavone (0, 5, 10, 20, 40, 80, 100, 120, 160, and 200 μmol/L), 
MTT assays were used to detect the effect of sotetsuflavone on the 
inhibition of growth of H1650 cells (Figure 1). The inhibition rate 
was 0%, 7.6%, 10.9%, 13.5%, 22.1%, 45.9%, 67.9%, 74.8%, 76.2%, 
and 78.2%, and the IC50 value was 67.54 μmol/L. Both EDU 
and colony formation experiments also showed similar results 
(Figures 1F, G). The above results indicated that sotetsuflavone 
was able to inhibit the growth of H1650 cells in a both a dose- 
and time-dependent manner. These results further indicated that 
sotetsuflavone was able to inhibit the proliferation of NSCLC 
cells. In summary, we adjusted the following experimental 
concentrations to 0 (control), 64, and 128 μmol/L.
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FIgURe 1 | Sotetsuflavone inhibits proliferation of non-small cell lung cancer cells. (A) The chemical structure of sotetsuflavone with a molecular weight of 
552.491 g/mol. Sotetsuflavone is a biflavonoid which is formed by aapegenin linked by the 8th position of the A ring to the 3′ position of the 7-methylapigenin 
B ring. (B) Proliferating A549 cells were labeled with EDU (red), cell nuclei were stained with DAPI (blue), and the percentage of EDU-positive A549 cells was 
quantified. Original magnification, ×200. (**p < 0.001 vs. control). (C) Results from A549 cell colony formation assays (***p < 0.001 vs. control). (D) The toxicity of 
sotetsuflavone on normal lung epithelial cells (BEAS-2B) was detected by use of trypan blue staining. Living cell rate = total number of living cells/(total number 
of living cells + total number of dead cells) × 100% (***p < 0.001 vs. control). (e) The relative number of H1650 living cells treated with different concentrations of 
sotetsuflavone for 24 h (*p < 0.05, **p < 0.01 vs. control). (F) Proliferating H1650 cells were labeled with EDU (red), cell nuclei were stained with DAPI (blue), and the 
percentage of EDU-positive H1650 cells was quantified. Original magnification, ×200 (***p < 0.001 vs. control). (g) Colony formation assays were also performed to 
measure the growth of H1650 cells (***p < 0.001 vs. control).
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Sotetsuflavone Inhibits the Migration and 
Invasion, and Induces Apoptosis and Cell 
Cycle Arrest in NSCLC Cells
Previously, we demonstrated that sotetsuflavone was able 
to inhibit the migration and invasion, and able to induce 
apoptosis and cycle arrest of A549 cells (Wang et al., 2018a; 
Wang et al., 2018b). Thus, we used Cell scratch assays, 
Transwell invasion assays, Tunel assays, and flow cytometry 
to test whether or not sotetsuflavone was able to inhibit the 
migration and invasion, as well as induce apoptosis and cell 
cycle arrest in H1650 cells. Coincidently, the application of 
sotetsuflavone had a significant dose-dependent effect upon 

inhibiting H1650 cell migration and invasion (Figures  2A, B), 
and inducing both H1650 cell apoptosis and cell cycle 
arrest (Figures 2C, D). We further examined the levels of 
expression of cycle-related proteins and apoptosis-related 
proteins through WB assays. The results from WB assays 
indicated that cyclin D1, CD4, and Bcl-2 proteins were 
downregulated, whereas the levels of expression of Bax, 
cleaved-caspase 3, cleaved-caspase 9, and cytochrome C were 
upregulated (Figure 2E). Furthermore, in order to investigate 
the importance of caspase activation in cell apoptosis induced 
by sotetsuflavone, we applied a pretreatment of H1650 with 
Z-VAD (a Pan-caspase inhibitor) in order to block caspase.  

FIgURe 2 | Sotetsuflavone inhibits the migration and invasion, and induces apoptosis and cell cycle arrest in non-small cell lung cancer cells. (A) H1650 cells were 
treated with sotetsuflavone for 24 h, and the cell scratch assay was performed to evaluate the migration ability of H1650 cells. Original magnification×40 (***p < 0.001 
vs. control). (B) Transwell invasion assays were used to evaluate the effect of sotetsuflavone on the invasion ability of H1650 cells. Original magnification×100  
(***p < 0.001 vs. control). (C) TUNEL apoptosis assay in A549 and H1650 cells. Apoptotic nuclei were labeled with TUNEL (green), and DNA was stained by DAPI 
(blue). Original magnification×200 (***p < 0.001 vs. control). (D) H1650 cells were treated with sotetsuflavone for 24 hours and cell cycle phases were detected by flow 
cytometry. (e) Western blotting analysis of Cyclin D1, CD4, Bax, Bcl-2, cleaved-caspase 3, cleaved-caspase 9, and cytochrome C in H1650 cells. (F) Flow cytometric 
analysis of Annexin V-FITC/PI staining in H1650 cells treated with or without sotetsuflavone (128 μM) in combination with Z-AVD (100 μM) for 24 h.
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As shown in Figure 2F, the application of Z-VAD significantly 
reduced the effect of sotetsuflavone-induced cell death. These 
results fully demonstrate that sotetsuflavone was able to 
inhibit the migration and invasion as well as induce apoptosis 
and cycle arrest of NSCLC cells. Interestingly, apoptosis that 
was induced by the application of sotetsuflavone was mainly 
dependent upon caspase activation.

Sotetsuflavone Induces Autophagy in 
NSCLC A549 Cells
Next, we examined whether or not sotetsuflavone was able 
to induce autophagy in NSCLC A549 cells. Firstly, examined 
the degree of transformation of LC3-I into lipidizing LC3-II. 
LC3-II is a well-known and classical marker of autophagosome 
formation, and an increase of LC3-II would represent the 
initiation of autophagy (Yang and Klionsky, 2010; Panda 
et  al., 2015). Meanwhile, we also examined and detected the 
levels of expression of P62, and since P62 can be degraded by 
autophagy, we therefore used the measure of P62 in order to 
reflect the strength of autophagy. When LC3-II was increased, 
and P62 was decreased, it indicated that autophagy was fluent. 
When LC3-II was increased and P62 also increased, it indicated 
that the initiation of autophagy was normal, but downstream 
examinations of autophagy are unreasonable, and the 
phagosomes and lysosomes cannot fuse (Panda et al., 2015). Our 
results thus indicated that sotetsuflavone was able to increase the 
levels of autophagy of A549 cells by enhancing LC3-II conversion 
and induced the decreased the expression of P62 (Figure 3). To 
confirm the evidence suggesting that autophagy formation was 
induced by sotetsuflavone, we next detected the distribution of 
LC3 spots. The results of immunofluorescence tests revealed 
that when compared with results for the control group that 
the endogenous LC3 spots were significantly increased in the 
sotetsuflavone treatment group (Figure 3). Autophagy flux is 
a common and widely used measure to help define the process 
of dynamic autophagy, thus, we observed the changes of levels 
of expression of LC3 after A549 cells were treated with or 
without autophagy inhibitors (CQ). As shown in Figure S1, the 
applied combination of both sotetsuflavone and CQ resulted in 
the accumulation of LC3. In addition, we studied the levels of 
expression of autophagy-related proteins beclin1, Atg5, Atg7, 
and P62. The results revealed that sotetsuflavone was able to 
promote the levels of expression of beclin1, Atg5, and Atg7, and 
induced a decrease in the levels of expression of P62 in A549 
non-small cell lung cancer cells (Figure 3). Our results further 
indicated that the sotetsuflavone treatment group was rich in 
the levels of AVO compared to levels in the control group based 
upon observations resultant from orange staining (Figure 3). 
In order to further test the degree of changes in autophagy of 
NSCLC cells that were induced by sotetsuflavone, we observed 
the appearance of double-membrane autophagosomes by the 
use of transmission electron microscopy. Compared with the 
results from the control group, there was the obvious presence 
of autophagosomes or autophagic lysosomes which had 
accumulated in the sotetsuflavone treatment group (Figure 3). 

In conclusion, these results demonstrated that sotetsuflavone 
was able to induce autophagy in NSCLC A549 cells.

Inhibition of Autophagy Promotes 
Apoptosis and growth Inhibition of NSCLC 
Cells Induced by Sotetsuflavone
Because the relationship between apoptosis and autophagy is 
complex, in order to elucidate cross-talk between autophagy 
and apoptosis that was induced by sotetsuflavone in NSCLC 
cells, we then used autophagy inhibitors (CQ) to block 
autophagy, and then determined the effect of sotetsuflavone 
on apoptosis. TUNEL staining of the cells that were treated 
with sotetsuflavone was significantly enhanced in the presence 
of CQ (Figures 4A, B). Furthermore, we observed whether 
or not the anti-tumor effects in NSCLC A549 cells induced 
through sotetsuflavone could be enhanced by autophagy 
inhibitors. Our results indicated that the combination of CQ 
or LY294002 with sotetsuflavone was able to strengthen the 
inhibitory effect on A549 cells (Figure S2). In conclusion, the 
results indicated that autophagy induced by sotetsuflavone 
has a cytoprotective effect on apoptosis in NSCLC A549 cells. 
At the same time, our data also suggested that the inhibition 
of autophagy was able to enhance sotetsuflavone mediated 
anti-proliferation activities.

Sotetsuflavone Affects Upon Autophagy of 
A549 Cells Through Inhibition of the PI3K/
Akt/mTOR Signaling Pathway
The Akt/mTOR pathway is the main negative oriented 
regulation pathway of autophagy (Heras-Sandoval et al., 2014). 
Thus, we next explored whether or not the PI3K/Akt/mTOR 
pathway was inhibited in NSCLC A549 cells that had been 
treated with sotetsuflavone. Firstly, we used Western blotting 
in order to detect the levels of expression of phosphorylated 
PI3K, Akt, mTOR, Raptor, and p70S6K (a characteristic target 
of the mTOR1 complex). The degree of inhibition of the 
PI3K/Akt/mTOR pathway was mediated by the application of 
sotetsuflavone in NSCLC A549 cells which we confirmed by 
way of reducing the level and degree of phosphorylation of 
PI3K, Akt, mTOR, Raptor, and p70S6K (Figure 4). In addition, 
we further used activators and inhibitors of the PI3K/Akt 
signaling pathway, IGF-1 and LY294002, in order to determine 
whether or not sotetsuflavone was able to inhibit the PI3K/Akt 
signaling pathway. The results clarified that inhibitory effects 
of sotetsuflavone on the PI3K/Akt signaling pathway were 
reversed by application of a treatment of 20 ng/ml of IGF-
1. In contrast, the combination of both sotetsuflavone and 
LY294002 was found to have significantly increased the degree 
of LC3-II conversion in non-small cell lung cancer A549 cells 
(Figure 4). We further verified this result for examinations 
of H1650 cells (Figure 4). These results demonstrated with 
a high degree of certainty that sotetsuflavone-induced 
autophagy was related to the inactivation of the PI3K/Akt/
mTOR pathway in NSCLC cells.
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Sotetsuflavone Could Interact With 
Protein PI3K, Akt, and mTOR
The method of molecular docking is based upon computer 
analysis that is able to predict the binding affinity of a new 
chemical entity or drug according to its respective chemical 
structure. Molecular docking uses the application of mathematics, 

biology, and computer modeling in order to predict the affinity 
of small molecules for a specific receptor (Gupta et al., 2018). 
To investigate the binding mode of sotetsuflavone with human 
proteins PI3K, Akt, and mTOR, we carried out docking 
simulation studies. Our results indicated that the docking scores 
of sotetsuflavone were -7.97 kcal/mol, -7.18 kcal/mol, and -7.03 

FIgURe 3 | Sotetsuflavone induces autophagy in non-small cell lung cancer cells. (A) The levels of expression of autophagy-related protein (LC3B-I/LC3B-II, 
P62) in A549 cells treated with different concentrations of sotetsuflavone for 24 h was detected by Western blotting analysis. GAPDH was used as a loading 
control (**p < 0.01, ***p < 0.001 vs. control). (B) A549 cells were treated with or without sotetsuflavone for 24 h, and LC3 spots were observed under a confocal 
microscope. Scale bar: 5 μm. (C) RT-PCR was used to detect the levels of expression of autophagy-related genes beclin1, Atg5, Atg7, and P62. Data are 
expressed as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). (D) A549 cells were treated in the absence or presence of sotetsuflavone for 24 h, and then 
stained with acridine orange (AO). The corresponding merged images are shown on the right. (e) TEM image which depicts the ultrastructure of A549 cells 
treated without or with sotetsuflavone (64 and 128 μmol/L) for 24 h. N, Nucleus; M, Mitochondria; G, Golgi apparatus. Black arrows indicate autophagosomes or 
autophagic lysosomes. Scale bar: 2 μm.
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kcal/mol for PI3K, Akt, and mTOR, respectively. In summation, 
we found that sotetsuflavone was able to interact with Glu342, 
Ser429, and Lys346 of PI3K through hydrogen bond and 
π-hydrogen bond interactions (Figures 5D, G). Sotetsuflavone 
was found to interact with Asn53, Thr82, Gln203, Gln79, and 
Trp80 of Akt through hydrogen bonds, π-hydrogen bonds, 
and π-π bond interactions (Figures 5E, H). Sotetsuflavone 
was found to interact with Trp2023, Glu2014, and Met2010 of 
mTOR through hydrogen bond interactions (Figures 5F, I). The 
differences in binding models of sotetsuflavone and proteins lead 
to and resulted in different binding abilities. The computational 

results indicated that sotetsuflavone was able to interact with 
PI3K, Akt, and mTOR.

Xenograft Tumor growth Was Inhibited 
by Sotetsuflavone
In order to further prove whether or not sotetsuflavone was 
able to exert the same anti-tumor effects in vivo, we evaluated 
such effects of sotetsuflavone in vivo by xenograft mice bearing 
A549 tumors. As shown in Figure 6, mouse modeling and drug 
administration were conducted. The results indicated that the 
applications in sotetsuflavone administration group were able 

FIgURe 4 | Inhibition of autophagy promotes apoptosis of non-small cell lung cancer cells induced by sotetsuflavone. Sotetsuflavone affects autophagy of non-small 
cell lung cancer cells by inhibiting the PI3K/AKT/mTOR signaling pathway. (A) and (B) A549 and H1650 cells were treated with or without sotetsuflavone  
(128 μmol/L) in combination with CQ (10 μM) for 24 h, then a TUNEL assay was used to detect apoptotic cells. (C) The levels of expression of p-PI3K, p-Akt, p-mTOR, 
Raptor, p-Raptor, p70S6K, and p-p70S6K in A549 cells were evaluated by Western blotting. GAPDH was used as a loading control. Gray scale analysis was performed 
to determine relative proportions of p-PI3K, p-Akt, p-mTOR, p-Raptor, Raptor, p-P70S6K, and P70S6K (*p < 0.05, **p < 0.01, ***p < 0.001 vs. control). A549 cells 
(D) and H1650 cells (e) were treated with or without sotetsuflavone (128 μmol/L) in combination with IGF-1 (20 ng/ml) or LY294002 (20 μM) for 24 h. Phosphorylated 
PI3K(p-PI3K), phosphorylated Akt(p-Akt), phosphorylated mTOR(p-mTOR), phosphorylated Raptor(p-Raptor), phosphorylated p70S6K(p-p70S6K), P62, LC3-1, and 
LC3-II were detected by Western blotting.
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to significantly reduce tumor volume (Figure 6). And, the 
results from tumor resectioning indicated that tumors treated 
with sotetsuflavone were much smaller than tumors were 
observed to have been in the control group (Figure 6). The 
mean tumor weight of the sotetsuflavone group was obviously 
lower than was the mean tumor weight in the control group 
(Figure 6). In addition, we detected levels of apoptotic cells 
in tumor tissues by using TUNEL staining, and the results 
clarified that there was sotetsuflavone induced tumor tissue 
damage (Figure 6). We also monitored the degree of toxicity 
of sotetsuflavone throughout the in vivo experiment. The 
treatment with sotetsuflavone was not found to have caused 
any abnormalities after a period of 28 days, and the H&E 
staining showed no serious morphological changes in organs 
of sotetsuflavone treated mice (Figures 6G, H). In order to 
confirm the evidence suggesting that autophagy formation 

was induced by sotetsuflavone, we further detected the levels 
of expression of LC3 and P62 in tumor tissues by using 
immunofluorescence assays. As shown in Figure 6, results 
indicated that sotetsuflavone was able to increase the levels 
of LC3 expression and decrease the levels of P62 expression. 
In conclusion, our results suggested that sotetsuflavone had a 
low toxicity in vivo and was still able to inhibit the growth of 
xenograft mice bearing A549 tumor.

DISCUSSION
Flavonoids are types of polyphenolic compounds with more 
than 4000 variations, and are widely found in various natural 
plants (Panche et al., 2016; Wang et al., 2019). There is a growing 
base of evidence that indicates that flavonoids or flavonoid 

FIgURe 5 | Sotetsuflavone could interact with proteins including PI3K, Akt, and mTOR. (A) 3D structures of human proteins PI3K (PDB-ID:5XGI). (B) The 3D 
structures of human proteins AKT(PDB-ID:4EGN2). (C) The 3D structures of human proteins mTOR (PDB-ID:6BCX3). (D) The 3D binding mode of sotetsuflavone 
with PI3K(PDB-ID:5XGI). (e) The 3D binding mode of sotetsuflavone with AKT(PDB-ID:4EGN2). (F) The 3D binding mode of sotetsuflavone with mTOR (PDB-
ID:6BCX3). (g) The 2D binding mode of sotetsuflavone with PI3K(PDB-ID:5XGI). (h) The 2D binding mode of sotetsuflavone with AKT(PDB-ID:4EGN2). (I) The 2D 
binding mode of sotetsuflavone with mTOR (PDB-ID:6BCX3). In the image, sotetsuflavone is colored in yellow, and the surrounding residues in the binding pockets 
are colored in green. The backbone of the receptor is depicted as light blue cartoon.
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derivatives have and can play a pivotal role in the dynamics 
of chemoprophylaxis and chemotherapy of types of cancer. 
Correspondingly, a high intake of flavonoids may be associated 
with reduced cancer risk, supporting the evidence for the 
protective effect of flavonoids against the onset and progression 
of cancer (Cao et al., 2011; Luo et al., 2015). Autophagy and 
apoptosis are strictly regulated processes of cell and tissue 
homeostasis, development, and disease (Doherty and Baehrecke, 

2018). Recent studies have found and suggested that many anti-
cancer drugs can cause autophagy in cancer cells. However, the 
role of autophagy in cancer treatment remains controversial 
(Maycotte et al., 2012; Galluzzi et al., 2017). Currently, there 
are four different functional forms that have been identified 
and have been shown to be involved in the treatment of cancer, 
including cytoprotective, non-protective, cytotoxic, and cytostatic 
autophagy (Sun et al., 2018). Autophagy is a mechanism for which 

FIgURe 6 | Sotetsuflavone inhibits the growth of xenograft mice bearing A549 tumors in vivo. (A) Establishment of xenograft mice bearing A549 tumors and 
the drug administration method. (B) Tumor volumes were measured and calculated every 2 days. (C) Tumor weight in the control group, 5-Fu (20 mg/kg), 
sotetsuflavone treatment groups (20 mg/kg, 40 mg/kg) (***p< 0.001 vs. control). (D) A549 cells were subcutaneously inoculated into the back of nude mice. The 
figure at the right side of the image showed the representative size of the four groups of tumors. (e) TUNEL staining (green) in tumor tissues; DNA was stained 
by DAPI (blue). (F) Representative images showed immunofluorescence staining of LC3 and P62. (g) The weight of nude mice was recorded every 2 days. 
(h) H&E stained the tumors, lungs, intestines, and livers of mice from each group, whereby the pathological changes of mice were observed, and the toxicity of 
sotetsuflavone was evaluated. Scale bars, 50 µm.
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the delivery of cell materials to lysosomes results in degradation, 
which ultimately leads to the basic renewal of cell components 
and provides energy and macromolecular precursors. Autophagy 
plays a crucial role in cell physiology and human diseases (Jmm 
et al., 2017). Thus, in our study, we sought to examine whether 
or not sotetsuflavone was able to induce autophagy in NSCLC 
cells, and evaluated potential mechanisms behind the effects of 
sotesufllavone.

Inhibiting the proliferation of tumor cells is a critical aspect 
with obvious importance for approaches to treat cancer (Wang 
et al., 2018b). Therefore, we examined the proliferation in A549 
and H1650 cells by using both EDU and plate colony formation 
experiments. The results indicated that sotetsuflavone was able 
to significantly inhibit the proliferation of A549 and H1650 
cells (Figures 1B, C, F, G). Concurrently, we found that the 
application of 0-160 μmol/L of sotetsuflavone had no significant 
toxic effects on BEAS-2B cells (Figure 1). These results further 
suggested that sotetsuflavone was able to specifically inhibit the 
proliferation of NSCLC cells. Apoptosis is a type of programmed 
cell death, which involves early destruction of cytoskeletal 
components, the preservation of organelles until the later stages 
of the process, and has been found to be caspase-dependent (Hsu 
et al., 2009). Thus, we next used TUNEL staining experiments 
in order to detect whether or not sotetsuflavone was able to 
induce apoptosis in A549 and H1650 cells. Results indicated that 
sotetsuflavone was able to cause apoptosis of A549 and H1650 
cells (Figure 2C). Although we observed that the levels of both 
CDK1 and CDK4 were decreased in sotetsuflavone treated cells 
(Figure 2E), these can also be simply degraded by proteases, 
which are typically activated during apoptosis. Thus, cell cycle 
arrest may result from the degradation of CDKs, however, 
there is no evidence to suggest that sotetsuflavone can causes 
inhibition of cell proliferation directly, and this needs further 
clarification. Autophagy is another process and aspect of cell 
death that differs from apoptosis (Tsai et al., 2015). Autophagy 
plays an important role in tumor development and is considered 
to be an important mechanism in processes related to cell 
death. Many autophagy-related genes (ATG) are involved in 
the regulation of autophagy, such as including Beclin1, P62/
SQSTM, LC3, and others that have been well described in the 
literature (Panda et al., 2015). Thus, to determine whether or not 
sotetsuflavone is able to induce autophagy in NSCLC cells, we 
examined the levels of expression of autophagy markers LC3-I/
LC3-II and P62. The results indicated that sotetsuflavone was 
able to induce autophagy in NSCLC cells (Figures 3 and S1). 
In addition, we clarified that the sotetsuflavone treatment group 
had results that suggested there was promotion of the levels of 
expression of beclin1, Atg5, and Atg7, and induced a decrease 
in the levels of expression of P62 (Figure 3). Furthermore, 
the formation of acidic vesicle organelles (AVO) is another 
important feature of autophagy (Sun et al., 2018). Thus, we 
tested this by using acridine orange staining. As predicted by 
the results from acridine orange staining, there was a greater 
abundance of AVO in the sotetsuflavone-treated group than 
was observed in the control group (Figure 3). In the detection 
of autophagosomes, Transmission electron microscopy is 
considered to be the gold standard for detection of the levels of 

autophagy and can qualitatively assess a series of ultrastructures 
(such as isolators, autophagic vacuoles, autophagosomes) that 
occur in autophagy (Yang et al., 2011). Our results indicated 
that there was an obvious accumulation of autophagosomes or 
autolysosomes in the results for the sotetsuflavone treatment 
group (Figure 3). Induction of autophagy in tumor cells has been 
found to be associated with inhibition of the PI3K/AKT/mTOR 
signaling pathway and such a result has been demonstrated 
in other types of tumors (Tsai et al., 2015; Wang et al., 2017). 
Additional research has indicated that autophagy induced by 
sotetsuflavone has a cytoprotective effect on apoptosis (Figures 
4A, B). Furthermore, the application of sotetsuflavone was found 
to have induced autophagy and such a result may be achieved by 
way reducing the levels of expression of phosphorylation-PI3K, 
Akt, mTOR, and p70S6K in order to inhibit the PI3K/Akt/mTOR 
pathway (Figure 4). We therefore then treated the cells with 
IGF-1 (20 ng/ml) and sotetsuflavone (128 μmol/L), and found 
results that indicated that the inhibition of PI3K/Akt signaling 
by sotetsuflavone was reversed. In contrast, sotetsuflavone 
(128 μmol/L) used in combination with LY294002 (20 μM) 
significantly increased LC3-II conversion in non-small cell lung 
cancer cells (Figures 4D, E). These results fully support that 
autophagy induced by sotetsuflavone was associated with the 
inactivation of the PI3K/Akt/mTOR pathway in NSCLC cells. 
Molecular docking experiments are one of the most commonly 
used methods in for structure-based drug design. It also has 
been found to play an important role in the prediction of surface 
functional sites of protein molecules, protein ligand docking, 
and so forth (Leonardo et al., 2015). Molecular docking 
experiments further demonstrated that sotetsuflavone was 
able to interact effectively and efficiently with PI3K, Akt, and 
mTOR (Figure 5). We also demonstrated the anti-cancer effect 
of sotetsuflavone by use of xenograft mice bearing A549 tumors 
in vivo. Tumor volume (Figure 6) and tumor weight (Figure 6) 
decreased after treatment with sotetsuflavone, but body weight 
(Figure 6) was not significantly affected. The absorption and 
excretion of drugs in the body has the effect of inducing the 
phenomenon of enterohepatic circulation. Therefore, we used 
the HE staining method in order to detect pathological changes 
of intestine, lung, and liver tissues, and results indicated that 
sotetsuflavone was relatively non-toxic for the experimental 
animals (Figure 6). Meanwhile, we further tested and examined 
the effects of sotetsuflavone on apoptosis and autophagy in 
mouse tumor tissues (Figures 6E, F), and results indicated 
substantially consistent results with in vitro experiments.

CONCLUSION
In summary, our results indicated for the first time that 
sotetsuflavone had a strong anti-NSCLC effect both in vitro 
and in vivo. Sotetsuflavone was able to induce autophagy, 
and the effect was mediated by inducing excessive autophagy 
in NSCLC cells, thereby accelerating cell death. Our results 
strongly suggest that sotetsuflavone induced autophagy was 
associated with inactivation of the PI3K/Akt/mTOR pathway 
in NSCLC cells (Figure 7). Our study provides insight into the 
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molecular mechanism by which sotetsuflavone induces cell 
death in NSCLC, which may help sotetsuflavone to become a 
drug for the treatment of anti-non-small cell lung cancer.

MATeRIALS AND MeThODS

Materials, Reagents, and Antibodies
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide (MTT) assay kit and HRP-Goat anti Rabbit secondary 
antibody were obtained from Sigma (St. Louis, USA). A549 
cells were purchased from the Cell Resource Center of 
Peking Union Medical College (Beijing, China). H1650 
cells were purchased from iCell Bioscience, Inc. (Shanghai, 
China). Sotetsuflavone was purchased from Must Biological 
Technology Co. Ltd. (Chengdu, China), and the purity of 
sotetsuflavone was determined to exceed 98% by use of HPLC. 
(Figure 1). Dulbecco’s modified eagle medium (DMEM) was 
bought from HyClone (Los Angeles, USA). Transwell plate was 
bought from Corning (New York, USA). Z-VAD, LY294002, 
and chloroquine (CQ) were bought from Selleck (Houston, 
USA). Human IGF-1 was purchased from Peprotech (New 
Jersey, USA). Anti-GAPDH, anti-CDK4, anti-cytochrome c, 
anti-cleaved caspase3, anti-Bcl-2, anti-P-PI3K(Y607), anti-P-
P70S6K(T389), anti-P70S6K, and anti-P62 were all purchased 

from Abcam (Shanghai, China). Anti-cyclin D1, anti-Bax, 
anti-P-AKT(S473), anti-P-mTOR(ser2448), and anti-LC3 
were all bought from CST (Cell Signaling Technology, Boston, 
MA, USA). Anti-Cleaved caspase9, anti-P-Raptor(ser792), 
and anti-Raptor were all bought from Affbiotech (Affinity 
Biosciences, Inc., USA). Invitrogen™ Trizol Reagent, 
PrimeScript™ RT reagent Kit with gDNA Eraser, and SYBR® 
Premix Ex Taq™ were bought from Takara Biomedical 
Technology (Beijing) Co., Ltd. (Beijing, China). ELISA 
detection microplate reader (DR-200Bs) was bought from 
Wuxi Hiwell Diatek Instruments Co., Ltd. (Wuxi, China). 
StepOne™ Real-Time PCR System components were bought 
from Life technologies (California, USA). All other chemicals 
were determined to be of high purity and were purchased 
from commercial sources.

Cell Culture and Drug Preparation
A549 cells (adenocarcinoma human alveolar basal epithelial 
cells) and H1650 cells (bronchoalveolar adenocarcinoma cell 
line) were cultured in DMEM medium containing 10% fetal 
bovine serum, penicillin and streptomycin at 100 U/ml, and in an 
atmosphere of 5% CO2 at 37°C. The sotetsuflavone solution was 
first prepared in dimethyl sulfoxide (DMSO) as a concentration 
of 200 mM, was then stored at −20°C, and then diluted to 

FIgURe 7 | The possible mechanism of sotetsuflavone inhibited progression of non-small cell lung cancer. Sotetsuflavone could induce autophagy, apoptosis, and 
G0/G1 phase arrest, leading to the death of non-small-cell lung cancer cells.
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the desired concentration in DMEM medium before use in 
experiments (Wang et al., 2018b).

Cell Viability and Colony Formation Assays
We used a MTT cell proliferation and cytotoxicity assay kit 
to detect the levels and degree of cell viability as previously 
described (Wang et al., 2018a). For the colony formation assay, 
cells were seeded at a density of 500 cells/well in 6-well plates 
and treated with different concentrations of sotetsuflavone. 
We changed the medium every 3 days, and after 14 days, we 
discarded the medium and washed the plates twice with PBS. 
Then, we added 1 ml of 100% methanol to each well, fixed the 
cells for 10 min, discarded the methanol, added 1 ml of 0.5% 
crystal violet solution to each well, and allowed staining to occur 
for 20 min. Finally, the number of cell colonies was counted, and 
the images were photographed. The level and degree of toxicity of 
sotetsuflavone upon normal lung epithelial cells (BEAS-2B) were 
detected according to and following all manufacturer protocols 
for applications of trypan blue staining.

5-ethynyl-2′-Deoxyuridine (edu) 
Proliferation Assay
Briefly, collected cells were incubated with 50 mM EDU and were 
then fixed, permeabilized, and stained with EDU according to 
and following all manufacturer protocols for the Cell-Light™ 
EdU Apollo® 643 In Vitro Imaging Kit (RiboBio). The nuclei 
were stained with DAPI at a concentration of 1 mg/ml for 20 min. 
Lastly, we determined the proportion of cells dosed with EDU.

Wound-healing Migration Assay and 
Transwell Invasion Assay
Cell migration and invasion abilities were assessed by wound-
healing migration and transwell invasion assays as described 
previously (Wang et al., 2018b).

Cell Cycle and Apoptosis Analysis
We used a cell cycle staining Kit (Sungene Biotech, Tianjin, 
China) to measure cell cycle. Briefly, after cells were treated with 
sotetsuflavone for 24 h, cells were then collected and washed 
twice with PBS. Then we gently dispersed and added 70% pre-
cooled ethanol, and then fixed samples at 4°C overnight. We then 
resuspended samples in 500 µL of RNase/PI and stained samples 
for 20 min in the dark. We used both the Annexin V-FITC/PI 
apoptosis detection kit (Sungene Biotech, Tianjin, China) and 
the TUNEL(TdT-mediated dUTP nick end labeling)apoptosis 
detection kit (Roche, Shanghai, China) to detect cell apoptosis. 
Briefly, cells were treated as previously described, and the 
resultant collected cells were washed once with pre-cooled PBS. 
We then resuspended the cells in 300 μl of pre-cooled PBS diluted 
Binding Buffer, followed by the addition of Annexin V-FITC of 5 
μl, then samples were incubated for 10 min in the dark. We next 
added PI in the amount of 5 μl in order to stain the cells followed 
by incubation for 5 min in the dark. Using BD FACS Calibur (BD 
Biosciences, Mountain View, CA, USA) we measured the levels 

and degree of cell apoptosis (Zhang et al., 2019a). For TUNEL 
analysis, briefly, cells were incubated with TUNEL labeling 
(marked with Green fluorescence) mix for 60 min at 37°C, and 
then we used DAPI (marked with Blue fluorescence, Sigma, USA) 
for double dyeing. The resultant sections were photographed 
using fluorescence based microscopy.

Tem Detection
After the cells were treated with sotetsuflavone for 24 h, we 
then collected the cells and fixed them in 2.5% glutaraldehyde, 
followed by placing the cells at a temperature of 4°C overnight. 
We then rinsed the cells 3 times with PBS, and fixed the cells with 
1% aqueous osmium for 2 h, followed by dehydration with 45%, 
55%, 70%, 85%, 95%, 100% I, and 100% II of ethanol. We then 
impregnated, embedded, and polymerized cells with Epon 812 
resin, using an ultra-thin microtome (Leica, Jena, Germany) to 
trim and slice (60-70 nm) the cells. Next, we dyed sampled by 
using 100 µL of aqueous uranyl acetate and lead citrate. Lastly, 
we used transmission electron microscopy (Hitachi HT7700, 
Tokyo, Japan) to observe the change of the cells during and 
after treatments.

Acridine Orange Staining
Cells were treated with different doses of sotetsuflavone for 24 h. 
Then, cells were fixed by using 95% ethanol and stained with 
acridine orange working solution for 5 min at room temperature. 
We followed these steps by examining results through confocal 
microscopy (Zeiss, Oberkochen, Germany).

Immunofluorescence Analysis
Cells were grown in a confocal dish and treated with varying 
concentrations of sotetsuflavone for 24 h. Next, cells were 
immobilized in paraformaldehyde for 10 min at room 
temperature, then we washed cells with ice-cold PBS and used 
1% bovine serum albumin for blocking for a period of 1 h. The 
levels of expression of LC3 were determined by incubating the 
cells for 2 h at 4°C with the addition of the anti-LC3 primary 
antibody, next we incubated samples with the secondary antibody 
for 1 h. Then, we washed the cells three times with PBS, followed 
by staining with 0.1 μg/ml of DAPI in PBS for 10 min. We then 
again washed the cells with PBS. Finally, we used fluorescence 
based microscopy (Olympus, Tokyo, Japan) in order to observe 
the intensity of fluorescence.

RNA Isolation and Quantitative 
Real-Time PCR
Isolation of RNA and target mRNA and their levels of expression 
were analyzed by use of quantitative real-time PCR assays which 
were performed as described previously (Wang et al., 2018b). 
The levels of expressed mRNA of GAPDH were used as an 
endogenous control. Primer sequences used for quantitative real-
time PCR were as follows: For Beclin1, forward 5`-GACAGAG 
CGATGGTAGTTCTGG-3` and reverse 5`-TGGGCTGTGGTA 
AGTAATGGAG-3`; for Atg5, forward 5`-TGTTTATTCGTCGG 
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TTCATTTTG-3` and reverse 5`-CAGCTTAGTGTTCCCT 
GCATTC-3`; for Atg7, forward 5`-TTCCTCCTCTTGACATTT 
GCAG-3` and reverse 5`-TATCTTCGTCCTTTGACCTTG 
G-3`; for P62, forward 5`-GATGAGGAAGATCGCCTTGG-3` 
and reverse 5`-CTTCGGATTCTGGCATCTGTAG-3`; and for 
GAPDH, forward 5`-CATCATCCCTGCCTCTACTGG-3` and 
reverse 5`-GTGGGTGTCGCTGTTGAAGTC-3`.

Protein extraction and Western Blot
Western blotting based detections were performed according 
to the previous descriptions from Wang et al. (2018a). Briefly, 
we extracted total cell proteins, and then lysed the samples in a 
RIPA buffer with an added protease inhibitor. The lysate was then 
separated by using sodium dodecyl sulfate–polyacrylamide (SDS-
PAGE) gel electrophoresis gel, then we transferred the lysate to the 
polyvinylidene fluoride (PVDF) membranes, and used tris-buffered 
saline Tween-20 (TBST) in 5% skim milk as a blocking solution for 
1 h. We then incubated samples with the primary antibody overnight 
at 4°C, and used the horseradish peroxidase-labeled secondary 
antibody to incubate the membranes. Lastly, we examined protein 
bands and visualized them by using an enhanced chemiluminescence 
kit (Millipore, Billerica, MA, USA).

Molecular Docking
Molecular docking experimental analyses were conducted in MOE 
version 2018.0101 (2018). The 2D structures of sotetsuflavone 
were drawn by using ChemBioDraw 2014, and 3D structures in 
MOE were converted by energy minimization. The 3D structures 
of the PI3K protein (Figure 5), AKT protein (Figure 5), and mTOR 
protein (Figure 5) were downloaded from the RCSB Protein Data 
Bank. The PDB-ID were 5XGI, 4EJN (Ashwell et al., 2012), and 
6BCX (Yang et al., 2017), respectively. Prior to docking, the force 
field of AMBER10: EHT and the implicit solvation model of the 
Reaction Field (R-field) were selected. MOE-Docking was used 
to perform molecular docking simulations of the sotetsuflavone 
with the corresponding proteins. The docking workflow followed 
the "induced fit" protocol, in which side chains of the receptor 
pocket were allowed to move according to ligand conformations, 
with a constraint upon their positions. The weight used for 
tethering side chain atoms to their original positions was 10. 
For each ligand, all docked poses were firstly ranked according 
to London dG scoring. Then, a force field refinement was carried 
out on the top 20 poses followed by a rescoring of GBVI/WSA 
dG. The resultant conformations with the lowest free energies 
of binding were selected as the best (probable) binding modes. 
Molecular graphics were generated by using PyMOL (Song et al., 
2016; Guo et al., 2019).

Animal Studies
All animal procedures in this investigation were approved and 
conformed to the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health 
(NIH publication No. 85-23, revised 1996). For xenograft 
studies, male BALB/C nude mice aged 4 weeks were bought 

from Beijing Weitong Lihua Experimental Animal Co., Ltd. 
(Beijing, China), and were maintained under supervision and 
in pathogen-free conditions. A549 cells (concentration of 
1×107) in PBS were injected subcutaneously to the right side 
of the back of each nude mouse, and the mice showed palpable 
tumors. After tumors formed in nude mice, the mice were 
divided into 4 groups (each group, n = 5) in a random manner. 
The sotetsuflavone treatment group had concentrations of 
20 and 40 mg/kg, and the model control group and the 5-Fu 
administration group had concentrations of 20 mg/kg which 
were administered by intraperitoneal injections every 4 days 
for 4 weeks. DMSO was used as a control. Measurements of 
tumor size and body weights in nude mice were made every 
2 days from the initial injection. We made measurements of 
tumor size by using a vernier caliper, and we calculated tumor 
volume by using the formula: V = L × W2 × 0.52 (L, long axis; 
W, short axis). When the experiment concluded, nude mice 
were euthanized, and then tumor tissues were separated and 
photographed immediately. The weight of each nude mouse 
tumor was determined. The nude mice took subcutaneous 
tumor tissue, lung, intestine, and liver tissue samples, and 
some of these samples were fixed in 4% paraformaldehyde 
while another part of each respective sample was frozen in 
liquid nitrogen and placed in long-term storage at -80°C. 
For histopathological analysis, briefly, tumor tissues were 
collected, fixed with formalin buffer, and embedded in 
paraffin. Hematoxylin and eosin (H&E) were performed 
as previously reported. We then used a TUNEL apoptosis 
detection kit (Roche, Shanghai, China) to measure cell 
apoptosis. The levels of expression of LC3 and P62 in mouse 
tumor tissues were detected by using immunofluorescence 
analyses, and the details of the detection method are as 
described above (Zhang et al., 2019b).

Statistical Analysis
We used IBM SPSS 20.0 statistical software to analyze experimental 
data. The experiments were repeated at least three times. 
Measurement data conformed to normal distributions and were 
expressed as mean ± standard deviation (SD). For comparisons 
of means between groups, we used one-way ANOVA analysis. 
When the variance was observed to homogeneous, the LSD and 
SNK methods were used, and when the variance was observed to 
be uneven, we used the Dunnett T3 method. A level of P < 0.05 
was considered to be statistically significant.
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Autophagy is a cellular degradative process that has multiple important actions in cancer.
Autophagy modulation is under consideration as a promising new approach to cancer
therapy. However, complete autophagy dysregulation is likely to have substantial
undesirable side effects. Thus, more targeted approaches to autophagy modulation
may prove clinically beneficial. One potential avenue to achieving this goal is to focus
on the actions of tripartite motif-containing protein family members (TRIMs). TRIMs have
key roles in an array of cellular processes, and their dysregulation has been extensively
linked to cancer risk and prognosis. As detailed here, emerging data shows that TRIMs
can play important yet context-dependent roles in controlling autophagy and in the
selective targeting of autophagic substrates. This review covers how the autophagy-
related actions of TRIM proteins contribute to cancer and the possibility of targeting TRIM-
directed autophagy in cancer therapy.

Keywords: autophagy, cancer therapy, tripartite motif (TRIM) family, Sequestosome 1 (p62/SQSTM1), selective
autophagy cargo receptor, autophagy regulation, cancer, autophagy modulating drugs
INTRODUCTION

Macroautophagy is a promising new target for cancer treatment as this cellular pathway has both
cancer-suppressing and cancer-promoting mechanisms. Macroautophagy (autophagy hereafter) is a
process of cellular self-digestion that involves the sequestration of cytoplasmic contents into a
vesicle (the autophagosome) that fuses with the lysosome where it is degraded. The “core”molecular
machinery that is required for autophagy consists of more than 30 proteins. These proteins were
mostly identified in yeast and their functions are conserved in human cells (Klionsky et al., 2011).
However, as the physiological roles of autophagy have been expanded in higher organisms, the
number of proteins involved in mammalian autophagy is increased relative to what is seen in single-
celled organisms. Autophagy has been classified as being either “bulk” or “selective”, the latter
indicating the ability of the autophagy machinery to identify and selectively degrade substrates.
Selective autophagy is further classified into “–phagies”, denoting the particular substrates degraded:
for example, mitophagy is the autophagic degradation of mitochondria, ERphagy involves
autophagy of endoplasmic reticulum, ferritinophagy refers to autophagic degradation of ferritin,
and so forth. While the different “phagies” all require the same core autophagy machinery, they can
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vary in terms of their upstream regulators and in the factors
required for specific cargo identification (Kirkin and Rogov,
2019). This variability in mechanism opens the possibility to
the selective pharmacological modulation of certain
autophagic activities.

Autophagic degradation of cytoplasmic contents can
generate molecules for biosynthesis or energy during times of
cellular starvation. Additionally, autophagy plays an important
cytoplasmic quality control function that can eliminate specific
proteins, toxic protein aggregates, unnecessary or non-
functional organelles, and intracellular pathogens from cells.
These pro-survival functions of autophagy have been of interest
as potential targets of cancer therapy (Levy et al., 2017), and
work in experimental rodent cancer models has demonstrated
that a variety of tumors require functional autophagy in the
tumor cells themselves and in healthy tissue (Poillet-Perez and
White, 2019). Furthermore, there are indications that
autophagy can render cancer cells more resistant to
chemotherapy (Sui et al., 2013; Pan et al., 2019). Together,
these findings strongly indicate that pharmacological inhibition
of autophagy may be a promising approach to cancer therapy.
Nevertheless, there is a problem: complete inhibition of
autophagy by inducible whole-body knockout of the core
autophagy factor ATG7 is lethal in mice (Karsli-Uzunbas
et al., 2014), suggesting the strong likelihood of unacceptably
severe side effects if autophagy inhibition were to be tried in
human cancer patients. A more tractable approach to modulate
autophagy in cancer may be to target specific components of
the varieties of autophagic processes.

The challenge of targeting specific elements of autophagy
could potentially be alleviated if there was some way to
specifically target a cancer-promoting phagy while allowing
other variet ies of autophagy to proceed normal ly.
Conceptually, this would be done by targeting proteins with
phagy-specific functions rather than by targeting the core
machinery or lysosomal function to block all autophagy. One
possible way of doing this is through the tripartite motif family of
proteins (TRIMs). This large protein family has emerged as
possessing a wide variety of actions on autophagy regulation
and action. Importantly, many TRIMs have very strong
connections to oncogenesis or cancer progression. The purpose
of this review is to detail how TRIMs intersect with and
orchestrate autophagy and to discuss how TRIM-mediated
autophagy may affect oncogenesis, cancer progression, and
cancer therapy.

The TRIM Family
The TRIM family of proteins is structurally distinguished by
having a cluster of domains starting with an N-terminal RING
domain, followed by one or two B box domains, and then a
coiled-coil domain (CCD; Figure 1A) (Reymond et al., 2001).
The RING domain confers upon TRIMs their catalytic function
as E3 ligases, and individual TRIMs have been shown to directly
ubiquitylate, SUMOylate, or NEDDylate themselves and/or their
interacting partners (Ivanov et al., 2007; Noguchi et al., 2011;
Fletcher et al., 2015). While the overwhelming majority of
TRIMs possess a RING domain, there are some exceptions
Frontiers in Pharmacology | www.frontiersin.org 224
(e.g. TRIM16, TRIM20). Interestingly, TRIM16 still has
ubiquitin ligase activity due to a cryptic RING-like fold in its B
box domain (Bell et al., 2012), emphasizing that the enzymatic
activity of TRIMs should be determined empirically. The B box
and CCD both mediate protein-protein interactions, with the
CCD allowing for TRIM hetero- and homodimerization. At their
C terminus, most TRIMs have one or more additional domains
with the SPRY domain being the most common variant in
human TRIMs. The SPRY domain is important for mediating
protein-protein interactions such as the interaction between
TRIM5 and retroviral capsids, while other C terminal domains
have different interacting specificities (e.g. PHD domain can bind
to chromatin) or even have enzymatic activities (the ADP-
ribosylation factor/ARF domain of TRIM23).

TRIMs are a metazoan-specific protein family, with seven
TRIMs found in the genome the fruit fly Drosophila
melanogaster and 18 TRIMs in the Caenorhabditis elegans
genome (Sardiello et al., 2008). The number of TRIM genes is
substantially elevated in vertebrates, with more than 200 TRIMs
or TRIM-like genes found in the zebrafish (Danio rerio) genome
(Sardiello et al., 2008). The human genome includes more than
80 TRIMs which have been assigned into eleven sub-families
based on their domain organization (Short and Cox, 2006; Ozato
et al., 2008). Many of these genes encode for multiple isoforms,
thus further expanding the protein sequence diversity and
possibly the functionality of TRIM proteins. At a cellular level,
these functions include governing gene expression, regulating
signal transduction pathways, contributing to cytoplasmic
quality control, direct antiviral action, and effects on cell
survival and metabolism. At the organismal level, TRIMs play
important roles in development and in immune regulation, and
alterations in TRIM protein function/expression are linked to a
variety of diseases including cancer (Watanabe and Hatakeyama,
2017; Park et al., 2020).
Alterations in TRIM Expression Is a
Hallmark of Many Cancers
Many TRIM proteins are found as relevant biomarkers of cancer,
where they may show decreased or increased levels of expression
(Table 1). A significant decrease in TRIM expression associated
with cancers is suggestive of a tumor suppressive role. In
contrast, a significant overexpression of TRIM proteins may
reflect a contribution to cancer development and/or cancer
progression. TRIMs with the greatest association with cancer
include 11, 14, 24, 25, 27, 28, 29, 33, 37, 44, and 59, each
associated with at least five different cancers. It is likely the
expression of TRIMs in cancers is relevant to the development
and/or progression of the disease and TRIM expression may
have prognostic value for cancer. Furthermore, TRIMs
associated with specific cancers may provide insight into the
development of novel TRIM targeted cancer therapies.
Importantly, associations between individual TRIMs and
different cancers are regularly being discovered, strongly
predicting that the list presented in Table 1 will grow with
further study. The following paragraphs details a few of the
connections between TRIMs and individual cancers.
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FIGURE 1 | Many tripartite motif-containing protein family members (TRIMs) act as autophagy regulators. (A) Left, schematic of generic TRIM protein domain
organization. Typical TRIMs have N-terminal RING domains (RING), one or two B box domains (BB), a coiled-coil (CC) domain and may have one or more C terminal
domains. Right, list of C terminal domains present in TRIM family proteins. (B) The results of several previously published TRIM siRNA or over-expression screens are
summarized here in heat map format. In all experiments, cells were transfected with TRIM siRNA or expression plasmids and treated or not with a known inducer of
autophagy (e.g. pp242) prior to imaging-based quantitation of cytoplasmic LC3B or GFP-LC3B puncta (autophagosomes). TRIMs that significantly increased or
decreased autophagosome abundance relative to negative controls are colored red or blue, respectively. Changes in the abundance of autophagosomes can result
from either increased autophagy activation or decreased autophagy flux, thus in isolation these data do not indicate mechanisms of individual TRIMs on autophagy
but illustrate the broad involvement of TRIMS in autophagy regulation.
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Lung Cancer
Lung cancer has the highest mortality among cancers in the U.S.
(Siegel et al., 2020), in part due to the poor response of current cancer
chemotherapeutic regimens for lung cancer. In addition to the
importance of identifying new lung cancer biomarkers, the
identification of novel therapeutic targets or approaches to
increase the efficacy of lung cancer chemotherapies is critically
needed. Many TRIMs are altered in expression in lung cancer
Frontiers in Pharmacology | www.frontiersin.org 426
(Table 1). Of these, TRIMs 13, 16, 58, and 62 have reduced levels
of expression, whereas the majority of TRIMs associated with lung
cancer are increased in expression. TRIM13 expression is reduced in
non-small-cell lung cancer (NSCLC), where its overexpression was
found to inactivate NF-kB (Xu L. et al., 2019). TRIM16 was also
found decreased in NSCLC with concurrent upregulation of the
sonic hedgehog pathway, suggesting a role for TRIM16 in epithelial-
mesenchymal-transition in NSCLC (Huo et al., 2015). Interestingly,
TABLE 1 | TRIM expression changes found in cancers.

TRIM (Alias) Cancer(s) Reference(s)

2* Colorectal; clear cell renal cell↓; osteosarcoma Cao et al. (2019); Xiao et al. (2018); Qin et al. (2018)
3* (BERP) Gastric↓; Liver↓ Fu et al. (2018); Chao et al. (2014)
8* (GERP) Glioma↓; laryngeal↓ Micale et al. (2015); Carinci et al. (2007)
11* Breast; glioma; liver; lung; ovarian Song W. et al. (2019); Di et al. (2013); Chen et al., (2017b); Liu J. et al. (2017); Zhang et al. (2017);

Huang et al. (2019); Wang X. et al. (2016); Chen et al. (2017a)
13* Breast↓; lung↓; multiple myeloma Chen et al. (2019); Xu L. et al. (2019); Gatt et al. (2013)
14* Gastric; glioma; glioblastoma; liver; tongue

squamous cell carcinoma
Wang F. et al. (2018); Tan Z. et al. (2018); Feng et al. (2019); Dong and Zhang (2018); Su et al.
(2016)

15 Gastric↓ Chen W. et al. (2018)
16* (EBBP) Breast↓; liver↓; lung↓; melanoma↓; prostate↓ Yao et al. (2016); Li et al. (2016); Huo et al. (2015); Sutton et al. (2014); Qi L. et al. (2016)
21* (Ro52) B-cell lymphoma; breast↓; liver↓ Brauner et al. (2015); Zhou et al. (2018); Ding et al. (2015)
22* Lung; Wilm's tumor↓ Liu et al. (2017b); Zirn et al. (2006)
24 (TIF1a) Bladder; breast; cervical; colorectal;

esophageal↓; gastric; glioblastoma; glioma; head
& neck; liver; lung; nasopharyngeal; prostate

Xue D. et al. (2015); Tsai et al. (2010); Lin et al. (2017); Wang et al. (2017); Chi et al. (2016); Miao
et al. (2015); Lv et al. (2017); Zhang et al. (2015); Cui et al. (2013); Zhu et al. (2018); Li et al. (2012);
Wang P. et al. (2018); Groner et al. (2016); Offermann et al. (2019)

25* (EFP) Breast; colorectal; endometrial↓; lung; ovarian;
prostate

Suzuki (2005); Ivanov et al. (2007); Dai et al. (2010); Qin et al. (2016); Sakuma et al. (2005); Takayama
et al. (2018)

26* Liver↓ Wang et al. (2015b)
27* (RFP) Breast; colorectal; endometrial; lung; ovarian Tezel et al. (2009); Zhang Y. et al. (2018); Tsukamoto et al. (2009); Iwakoshi et al. (2012); Ma et al.

(2016)
28* (TIF1b;
KAP1)

B-cell non-Hodgkin lymphoma; breast;
colorectal; gastric; glioma; liver; lung; ovarian;
pancreatic; prostate; thyroid; Wilm's tumor

Zhang P.-P. et al. (2018); Ho et al. (2009); Fitzgerald et al. (2013); Yokoe et al. (2010); Wang et al.
(2013); Qi Z.-X. et al. (2016); Wang Y. et al. (2016); Liu et al. (2017a); Cui et al. (2015); Yu et al.
(2014); Fong et al. (2018); Martins et al. (2013); Halliday et al. (2018)

29* (ATDC) Bladder; cervical; colorectal; esophageal; liver↓;
lung; nasopharyngeal; oral↓; osteosarcoma;
pancreatic; prostate↓

Palmbos et al. (2015); Tan et al. (2016); Xu R. et al. (2016); Jiang et al. (2013); Xu W. et al. (2016); Lai
et al. (2013); Xu M. et al. (2019); Song et al. (2015); Chen et al. (2016); Zhou et al. (2016); Harris et al.
(2015); Zeng et al. (2017); Sun et al. (2014); Kanno et al. (2014)

31* Liver; pancreatic Guo et al. (2018); Yu et al. (2018)
32* (HT2A) Breast; gastric; liver; lung Zhao et al. (2018); Ito et al. (2017); Wang C. et al. (2018); Cui et al. (2016); Yin et al. (2019)
33* (TIF1g) Breast; colorectal; glioblastoma↓; liver↓; renal↓ Kassem et al. (2015); Xue J .et al. (2015); Ding et al. (2014); Jingushi et al. (2015)
35* Liver Jia et al. (2011)
36 Prostate↓ Fujimura et al. (2014); Liang et al. (2018); Kimura et al. (2018)
37* Breast; colorectal; esophageal; gastric; glioma;

liver; lung; osteosarcoma
Bhatnagar et al. (2014); Tuna et al. (2012); Hu and Gan (2017); Wu et al. (2018); Chen D. et al.
(2018); Tang et al. (2018); Jiang et al. (2015); Dong et al. (2018); Li et al. (2018); Tao et al. (2017)

44* Breast; cervical; esophageal; gastric; lung;
melanoma; ovarian; testicular

Kawabata et al. (2017); Liu et al. (2019); Peters et al. (2010); Ong et al. (2013); Kawaguchi et al.
(2017); Kashimoto et al. (2012); Xing et al. (2016); Wei et al. (2019); Liu S. et al. (2018); Yamada et al.
(2017)

47 Breast; colorectal; lung; prostate Wang et al. (2020); Liang et al. (2019); Han et al. (2017); Fujimura et al. (2016)
50* Ovarian↓ Qiu et al. (2019)
58* Lung↓ Diaz-Lagares et al. (2016)
59* (IFT80) Breast; cervical; colorectal; gastric; lung;

osteosarcoma; ovarian
Liu Y. et al. (2018); Tan P. et al. (2018); Aierken et al. (2017); Wu et al. (2017); Zhou et al. (2014); Hao
et al. (2017); Liang et al. (2016); Wang Y. et al. (2018); Zhang et al. (2019)

62 (DEAR1) Acute myeloid leukemia↓; breast↓; lung↓ Quintás-Cardama et al. (2015); Lott et al. (2009); Quintás-Cardama et al. (2014)
63* (MuRF1) Breast Li et al. (2019)
65* Bladder; liver; lung Wei et al. (2018); Yang Y.-F. et al. (2017); Wang X.L. et al. (2016a)
66* (TIF1d) Osteosarcoma Chen et al. (2015)
68* Prostate Miyajima et al. (2008)
72* (MG53) Colorectal↓ Chen Z. et al. (2018); Fernández-Aceñero et al. (2019)
L2 (SPRYD6) Oral; triple-negative breast cancer Hayashi et al. (2019); Song X. et al. (2019)
*Autophagy associated TRIMs per Figures 1 and 2.
↓indicates the TRIM protein was found to be decreased in expression compared to normal tissue. No arrow indicates the TRIM protein was overexpressed in the corresponding cancer
compared to normal tissue.
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hypermethylation of TRIM58 in lung cancer may account for its
down-regulation (Diaz-Lagares et al., 2016). Overexpression of
TRIMs 11, 22, 44, 47, 59, and 65 were correlated with poor
prognosis in lung cancers (Liu et al., 2013; Wang X.-L. et al., 2016;
Xing et al., 2016; Han et al., 2017; Hao et al., 2017; Liu et al., 2017b;
Huang et al., 2019; Yin et al., 2019). Overexpression of TRIM44
induced mTOR signaling, epithelial-mesenchymal transition, and
cyclin/CDKupregulation in lung cancer cells (Xing et al., 2016). Poor
prognosis of lung cancer patients was observed in those
overexpressing TRIM27 (RFP) and possessing epidermal growth
factor receptor mutations (Iwakoshi et al., 2012). The multitude of
TRIMs found increased in lung cancers may serve as promising
targets for improved lung cancer therapy.
Frontiers in Pharmacology | www.frontiersin.org 527
Breast Cancer
As listed in Table 1, breast cancer has been associated with at least
15 different TRIM proteins. Decreased levels of TRIM expression
in breast cancer were observed with TRIMs 13, 21, and 62. Chen
et al. (2019) found that decreased TRIM13 expression was
associated with worse distant metastasis free survival, disease
specific survival, metastatic relapse free survival, and relapse free
survival. Zhou et al. (2018) found decreased TRIM21 expression
correlated with poor overall survival in breast cancer patients.
Reduced TRIM62 (DEAR1) expression was found in many breast
cancer tissues and was found to strongly correlate with early-onset
breast cancer (Lott et al., 2009). In a 3D cell culture model,
restoration of TRIM62 expression inhibited uncontrolled cell
FIGURE 2 | Tripartite motif-containing protein family members (TRIMs) regulate the autophagy pathway at multiple points. Top, schematic of different steps/stages
of the autophagy pathway. Circled numbers indicate steps of the autophagy pathway or autophagy regulators and factors that are impacted by individual TRIMs.
Bottom, summary of TRIM actions in autophagy. Circled numbers correspond with those on the schematic. ♠ symbol indicates proteins with reported cancer
relevance.
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growth and directed the cells to form organoids reminiscent of
health breast tissue (Lott et al., 2009). In contrast, TRIM11 levels
were found increased in breast cancer tissues, where TRIM11 may
act through the AKT/GLUT1 signaling pathway in breast cancer
(Song W. et al., 2019). Elevated TRIM24 and TRIM37 in breast
cancer may act through modifications of histone proteins, H2A
and H3, respectively (Tsai et al., 2010; Bhatnagar et al., 2014).
Elevated levels of TRIM32 and TRIM44 were associated with
actions on NF-kB pathways in breast cancer (Kawabata et al.,
2017; Zhao et al., 2018). Interestingly, TRIM59 was found
upregulated in metastatic breast cancer, where it was observed
to suppress the selective autophagic degradation of a tumor
suppressor (Tan P. et al., 2018), underscoring an autophagic
role for TRIM proteins in cancer.

Liver Cancer
Though the incidence of liver cancer is relatively low in the U.S.,
the mortality rate for this cancer is high (Siegel et al., 2020).
TRIMs 3, 16, 21, and 29 were found at reduced levels in liver
cancers (Table 1), where this reduced expression was
consistently found associated with poorer prognosis among
liver cancer patients. In contrast, TRIMs 11, 14, 24, 28, 31, 32,
37, and 65 have been found elevated in human liver cancers.

Colorectal Cancer
Colorectal cancer is the third most common cancer in both
incidence and mortality among men and women in the U.S.
(Siegel et al., 2020). TRIM72 expression is reduced in the serum
of colon cancer patients and in colon cancer tumors (Chen Z.
et al., 2018; Fernández-Aceñero et al., 2019). In contrast, most
TRIMs associated with colorectal cancers have been found up-
regulated, including TRIMs 2, 24, 25, 27, 29, 33, 37, 47, and 59
(Table 1). Up-regulation of TRIM47 in colorectal cancers was
associated with SMAD4 degradation, enhancing growth and
invasion of colorectal cancer cells (Liang et al., 2019).

Prostate Cancer
The androgen receptor possesses a key function in prostate
cancer progression serving as the main target for the treatment
of advanced, hormone-responsive disease (Yuan et al., 2014).
TRIM36 expression is increased in response to androgen and has
a prostate cancer suppressive role that includes inhibiting
prostate cancer cell proliferation and migration while
promoting prostate cancer cell death (Kimura et al., 2018;
Liang et al., 2018). Reduced levels of TRIM36 are associated
with advanced stages of prostate cancer (Fujimura et al., 2014;
Kimura et al., 2018; Liang et al., 2018) and TRIM36 was reported
to be an independent predictor of survival in prostate cancer
patients (Kimura et al., 2018). Like TRIM36, expression TRIMs
16 and 29 is decreased in prostate cancer, suggesting that these
proteins may act as tumor suppressors in normal prostate tissue.
In contrast, high expression levels of TRIMs 24 and 28 are
associated with more advanced prostate cancer disease,
particularly in androgen non-responsive, castration resistant
cancer. TRIM24 can augment androgen receptor signaling
(Groner et al., 2016), apparently downstream of the actions of
Frontiers in Pharmacology | www.frontiersin.org 628
TRIM28 (Fong et al., 2018). Increased levels of TRIMs 25, 47,
and 68 are also associated with poorer prognosis of prostate
cancer (Table 1).

TRIMs Impact Cancer Through Multiple
Mechanisms
Chromosomal Translocations Involving TRIMs That
Result in Oncogenic Gain-Of-Function
A number of TRIM genes are associated with chromosomal
translocations that likely contribute to oncogenesis. One of the
most investigated involves a translocation between the TRIM19
gene (also known as PML) on chromosome 15 and the retinoic
acid receptor alpha (RARa) gene located on chromosome 17,
which is associated with acute promyelocytic leukemia
(Cambiaghi et al., 2012). This fusion protein acts by repressing
genes associated with retinoic acid signaling. The RET gene on
chromosome 10 has been found in translocations with a number
of TRIM genes including TRIM24, TRIM27, and TRIM33
associated with papillary thyroid cancer (Klugbauer and Rabes,
1999), lymphoma (Takahashi et al., 1985), and non-small cell
lung carcinoma (Lin et al., 2015), respectively. Similarly, the
BRAF gene has been found translocated with TRIM4 in lung
cancer (Shim et al., 2015) and TRIM24 in both melanoma
(Hutchinson et al., 2013) and lung cancer (Nakaoku et al.,
2014) and the FGFR1 gene is translocated with TRIM24 in
myeloproliferative syndrome (Belloni et al., 2005). These fusion
proteins lead to the unregulated activity of the RET, BRAF, or
FGFR1 kinases, resulting in the activation of multiple pro-
survival signaling pathways. In summary, a number of TRIM-
containing oncogenic gain-of-function fusion genes have been
found with profound effects in oncogenesis.

Contribution of TRIMs to Cancer “Stemness”
A small sub-population of cancer cells have properties
reminiscent of embryonic stem cells including a high degree of
cellular plasticity, resistance to cell death, and the capacity of self-
renewal. These cancer stem cells are important contributors to
metastasis, drug resistance, and cancer recurrence, leading to an
interest in targeting them as part of cancer therapy (Yang et al.,
2020). Several TRIMs can regulate pathways seminal to cancer
stemness including STAT signaling, AKT signaling, NANOG-
Sox2-Oct-3/4 networks, and pathways related to epithelial-
mesenchymal transition (EMT). In this section we cite a few
examples of how TRIMs can regulate stemness, a topic that was
recently reviewed by Jaworska et al. (2020). TRIM28 is reported
to maintain of Oct-3/4-Sox2-NANOG expression in breast
cancer cells (Czerwinska et al., 2017). TRIM24 is also reported
to promote cancer stemness in glioblastoma by enhancing
STAT3-mediate transcriptional activation (Lv et al., 2017).
Additionally, TRIMs 14 and 24 have been shown to enhance
EMT through promoting AKT signaling in gastric and colorectal
cancer, respectively (Wang F. et al., 2018; Zhang Y. et al., 2018).
In contrast to TRIMs that up-regulate stemness pathways,
TRIM16 has been associated as a negative regulator of
stemness in breast and ovarian cancer cells (Yao et al., 2016;
Tan et al., 2017). In both cases, TRIM16 acted to reduce
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expression of the Hh signaling-activated transcription factor Gli-
1, a positive regulator of cancer stem cell self-renewal.
Importantly, autophagy is another key contributor to cancer
stem cells promoting their longevity as quiescent cells (Vera-
Ramirez et al., 2018) and its downregulation is associated with
cancer stem cell reactivation (La Belle Flynn et al., 2019). TRIMs
are major regulators of autophagic processes, and their
autophagic actions may constitute another TRIM-dependent
contribution to cancer stemness.

Modulation of p53 Stability and Activity by TRIMs
The tumor suppressor protein p53 promotes genomic stability
and can induce cell cycle arrest and apoptosis resulting from
extensive cellular DNA damage. Interactions between TRIM
proteins and p53 are well-established and have recently been
reviewed in detail (Valletti et al., 2019). TRIMs 11, 21, 24, 25, 28,
29, 31, 32, 39, and 59 all negatively regulate p53. Mechanistically,
TRIMs can directly ubiquitylate p53, leading to its consequent
degradation or sequestration in the cytoplasm where it cannot
impact gene expression or carry out its pro-apoptotic or cell-
cycle controlling functions.

In addition to being subject to proteasomal degradation,
multiple studies have demonstrated that p53 can also be
regulated by delivery to the lysosome for degradation by the
autophagy pathway (White, 2016). Autophagy regulation is a
very prominent feature of many TRIMs. Collectively, recent
studies have identified individual TRIMs that impact stages of
the autophagy pathway. The following sections will focus on the
mechanisms whereby TRIMs impact autophagy and highlight
examples of how TRIM-directed autophagy contributes
to cancer.

Regulation of Autophagy by TRIMs
In addition to these activities in cancer, TRIMs also have been
shown to impact oncogenesis and tumor progression through
their actions on autophagy. A panel of published siRNA screens
have demonstrated that a surprisingly high percentage of human
TRIMs appear to regulate autophagy in cells under basal
autophagy conditions (Mandell et al., 2014) or in response to
autophagy induction by mTOR inhibition (Mandell et al., 2014;
Sparrer et al., 2017), interferon g stimulation (Kimura et al.,
2015), lysosomal damage (Chauhan et al., 2016), or viral
infection (Sparrer et al., 2017). Collectively, these screens
identified 49 TRIMs whose knockdown either decreased or
increased the number of autophagosomes in cells (Figure 1B).
Additional sets of TRIMs have been identified as having
autophagy regulatory roles under other experimental
conditions. The fact that so many TRIMs were identified in
these screens illustrated that some of the actions of TRIMs in
autophagy are context dependent with some TRIMs contributing
to defined subsets of autophagic outputs. For example, TRIM16
was uniquely required among TRIMs for an autophagic response
to lysosomal damage but was dispensable for autophagy induced
by mTOR inhibition, interferon g, or viruses. The context-
specific action of TRIMs in autophagy is important because it
suggests that the modulation of a specific TRIM may affect only
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the subset of autophagic activities governed by that TRIM. The
ability to precisely alter the cancer-related subset of autophagic
activities may be therapeutically beneficial. Additionally, the
broad requirement for TRIMs in autophagy suggested that
they may act via non-redundant mechanisms. This notion is
supported by subsequent studies, which have demonstrated that
some TRIMs affect the cellular abundance of autophagy-related
proteins whereas other TRIMs appear to affect the activation
status of autophagy regulators and/or alter their protein-protein
interactions (Figure 2).

TRIMs Regulate Autophagy at the mRNA Level
Several TRIMs have been shown to affect the transcription of
autophagy genes. In some cases, this is through TRIM actions on
transcription factors that activate expression of autophagy-
related genes. For example, the expression of TRIM59 in the
lung carcinoma cell line H1299 inhibits autophagy by negatively
regulating the expression of Becn1 mRNA (Han et al., 2018), an
effect that was connected to TRIM59's observed inhibitory action
on NF-kB activation. TRIM37, a known oncogene (Bhatnagar
et al., 2014), suppresses autophagic flux and inhibits the
activation and nuclear translocation of the pro-autophagy
transcription factor TFEB (Wang W. et al., 2018). Conversely,
TRIM16 promotes its own expression along with that of the
autophagy receptor p62 by driving Nrf2 activation under
conditions of oxidative stress (Jena et al., 2018). TRIM16 is
also found in protein complexes with TFEB (Chauhan et al.,
2016), but how this interaction shapes TFEB activation
separately from the role of TRIM16 in maintaining lysosomal
health has not been fully explored. It is likely that additional
TRIMs will be identified that can regulate autophagy by effecting
diverse signal transduction pathways that result in the activation
of transcription factors (e.g. IRF3, AP1, Nf-kB).

In addition to regulating transcription factor activity, some
TRIMs localize to the nucleus and can directly act as
transcriptional regulators or co-regulators. While a subset of
TRIMs have a C terminal domain (plant homeodomain, PHD)
that mediates chromatin binding, some TRIMs lacking these
domains can localize to the nucleus and affect gene expression:
an example being TRIM22 which was shown to reduce retroviral
gene expression (Kajaste-Rudnitski et al., 2011). The
transcriptional regulatory activities of a TRIM on autophagy
was first demonstrated for the PHD domain-containing TRIM28
(also known as KAP1, Table 1) (Barde et al., 2013).
Hematopoietic-specific knockout of TRIM28 resulted in
abnormal erythroblasts that contained elevated numbers of
mitochondria. Accordingly, TRIM28 knockout erythroblasts
expressed substantially lower levels of mRNAs coding for core
autophagy factors (e.g. Ulk1, Becn1, Atg12) and for proteins with
mitophagy-specific functions (Nix and Bnip3L). Mechanistically,
TRIM28 was found to repress the expression of miRNAs that
target autophagy factors. Similarly, TRIM65 promotes
autophagy by preventing miRNA-based down-regulation of
ATG7 in a non-small-cell lung cancer cell line (Pan et al.,
2019). In this study, the TRIM65 knockdown potentiated the
cytotoxic effects of cisplatin.
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Actions of TRIMs on Autophagy-Regulating
Signaling Pathways
The autophagy pathway is central to many cellular functions
under both homeostatic and stress conditions, and hence a large
number of signal transduction pathways have roles in positively
or negatively regulating autophagy. The mTOR and AMPK
signaling pathways, both of which are involved in sensing a
cell's nutritional status and are of critical importance to cancer,
are the best-known autophagy regulating pathways. mTOR
(mammalian target of rapamycin) is activated under amino
acid replete conditions and in turn activates signaling that
promotes anabolic processes and cellular growth. Active
mTOR attenuates the expression of autophagy genes by
inhibiting the activation and nuclear localization of TFEB and
other MiTF t ransc r ip t i on fac tor s through d i rec t
phosphorylation. mTOR also directly inhibits the activation of
autophagosome initiation by phosphorylation of the most
upstream autophagy factor ULK1 at serine 757. AMPK (5'
AMP-activated protein kinase) is activated by low glucose
conditions in cells and directly opposes the actions of mTOR.
When activated, AMPK phosphorylates mTOR, leading to the
disassembly and inactivation of mTOR complexes. AMPK also
phosphorylates ULK1 in an activating manner at Ser317, Ser555,
and Ser777, resulting in autophagy activation (Galluzzi
et al., 2014).

Several TRIMs are now known to regulate autophagy through
actions on mTOR or AMPK signaling. For instance, TRIM37
(Table 1) was recently reported to physically interact with
mTOR complex components and to promote the assembly of
active mTOR complexes at the lysosome (Wang W. et al., 2018).
TRIM37-deficient cells carryout unregulated autophagy.
Interestingly, TRIM37-deficient cells become “autophagy
addicted”, and so inhibition of autophagy flux in these cells
leads to pronounced cell death (Wang W. et al., 2018). TRIM29
and TRIM44 (Table 1) are also reported to affect mTOR
signaling (Xing et al., 2016; Zhou et al., 2016).

The ability of AMPK to induce autophagy is also subject to
regulation by TRIMs. In a subset of cancers, TRIM28
ubiquitylates the AMPKa1 subunit, resulting in its
proteasomal degradation and repression of autophagy (Pineda
et al., 2015). This effect is mediated by two proteins whose
expression is largely cancer-specific, the melanoma antigen A3
and A6 (MAGE-A3/6), which interact with TRIM28 and recruit
it to AMPKa1. AMPK activity has also been linked to the pro-
cancer kinase TAK1 (Xie et al., 2006; Herrero-Martin et al.,
2009), and TAK1 is in turn activated by TRIMs 5 (Pertel et al.,
2011) and 8 (Li et al., 2011) and inhibited by TRIM38 (Hu et al.,
2014), likely through autophagic degradation of TAK1
complex components.

The STING-TBK1 signaling axis is another autophagy-
regulating pathway whose activity is orchestrated by multiple
TRIMs. STING is a crucial component of cytosolic DNA
signaling pathways. Under homeostatic conditions, STING,
which contains four transmembrane domains, is localized to
the endoplasmic reticulum membrane in an inactive state. In
response to cytosolic DNA detection, STING undergoes a
Frontiers in Pharmacology | www.frontiersin.org 830
conformational change that allows for the recruitment of the
kinase TBK1. The STING-TBK1 complex re-localizes to the ER-
Golgi intermediate compartment, where TBK1 can
phosphorylate and activate the transcription factor IRF3 (Chen
Q. et al., 2016). TBK1 can also be activated by other pattern
recognition receptors (Louis et al., 2018). These two proteins
have key roles in autophagy regulation. STING has been shown
to be important for autophagy induction in response to various
microbial stimuli (Watson et al., 2015; Moretti et al., 2017), and
cytosolic DNA-activated STING was recently shown to provide a
membrane source for autophagosome formation independently
of the “core” autophagy upstream regulator ULK1 and the
hVPS34/Beclin 1 complex (Gui et al., 2019). TBK1 also plays
important roles in autophagy regulation, at least some of which
are independent of STING. For instance, TBK1-mediated
phosphorylation of syntaxin 17 is required for the earliest steps
of autophagosome formation (Kumar et al., 2019) and TBK1 also
has a role in allowing for autophagic maturation (Pilli et al.,
2012). These activities may be in addition to or in conjunction
with TBK1's roles in promoting autophagic cargo selectivity
through actions on autophagy receptors p62, NDP52, and
optineurin (Pilli et al., 2012; Richter et al., 2016; Vargas et al.,
2019). Both TRIM56 and TRIM32 have been shown to potentiate
the STING-TBK1 pathway by carrying out the K63-linked poly-
ubiquitylation of STING (Tsuchida et al., 2010; Zhang et al.,
2012), while the mouse-specific TRIM30a catalyzes K48-linked
ubiquitylation of STING, resulting in its degradation (Wang
et al., 2015a). TRIM27 promotes the proteasomal degradation of
TBK1 (Zheng et al., 2015), while other TRIMs can affect the
activity of TBK1 by modifying its protein-protein interactions
(Qin et al., 2016; Ye et al., 2017). Whereas autophagy was not
addressed in the studies cited above, TRIM23 has been
demonstrated to affect virus-induced autophagy through direct
actions on TBK1 (Sparrer et al., 2017). TRIM23 is unique among
the human TRIM family in that it is the only TRIM to feature an
ADP ribosylation factor-like ARF domain as a C terminal
domain. This domain is required for the interaction between
TRIM23 and TBK1 and for TRIM23-mediated autophagy. Both
genetic and pharmacological inhibition of TBK1 impaired
autophagy driven by TRIM23 expression. This finding
provided the first evidence that a TRIM could regulate
autophagy by acting on TBK1, suggesting the possibility that
other TRIMs may act similarly.

Actions of TRIMs on Autophagy Machinery
The previous sections dealt with mechanisms whereby TRIMs
regulate autophagy indirectly at the transcriptional level or by
affecting upstream signal transduction pathways that affect
autophagy. In this section, we discuss evidence that multiple
TRIMs directly interact with and modulate the activity of the
conserved core autophagy machinery. The first indication that
TRIMs as a family could directly intersect with the autophagy
machinery was published in 2014, when TRIM5, TRIM6,
TRIM17, TRIM22, and TRIM49 were shown to interact with
the autophagy regulators ULK1 and Beclin 1 (Mandell et al.,
2014). ULK1 (the mammalian homologue of yeast Atg1) is the
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most upstream autophagy regulator. One of the roles of ULK1 in
autophagy is to activate the Beclin 1/hVPS34 complex, which it
does through phosphorylation of Beclin 1 (Russell et al., 2013).
This process was potentially enhanced by expression of the
TRIMs listed above, which recruited ULK1 into Beclin 1 multi-
molecular complexes (Mandell et al . , 2014) in co-
immunoprecipitation experiments. Further studies with TRIM5
showed that it also interacted with ATG14L1 and AMBRA1,
both proteins that interact with the Beclin 1 complex. Additional
studies have broadened the list of TRIMs that interact with the
ULK1 and/or Beclin 1 complexes to include TRIMs 13, 16, 20, 21,
28, 32, and 50 (Yang et al., 2013; Kimura et al., 2015; Chauhan
et al., 2016; Fusco et al., 2018; Di Rienzo et al., 2019; Ji et al.,
2019). However, the finding that a TRIM interacts with these
upstream regulators of autophagy does not necessarily prove that
it acts to promote autophagy, as exemplified by TRIM17 which
binds to ULK1 and Beclin 1 yet was found to inhibit
autophagosome formation (Mandell et al., 2014; Mandell et al.,
2016). Instead, TRIM17 promoted the formation of inhibitory
Beclin 1 complexes including the protein Mcl-1 (Mandell
et al., 2016).

Active Beclin 1 complexes generate phosphatidylinositol 3-
phosphate (PI3P) at autophagosome initiation sites. PI3P
recruits proteins including ATG16L1 and ATG5 that carry out
the elongation of the autophagosome membrane. A key part of
this process involves the lipidation of the mammalian Atg8
orthologues (LC3 and GABARAP proteins; mAtg8s). Lipidated
mAtg8 proteins are important for the elongation of the
autophagosome membrane, the closure of the autophagosome,
and its fusion with lysosomes. TRIM5, TRIM16, and TRIM20
have all been reported to form protein complexes with ATG16L1
and TRIM5 was also shown to co-immunoprecipitate with
ATG5 (Kimura et al., 2015; Ribeiro et al., 2016). Whether
these interactions specifically modulate mAtg8 lipidation and
autophagosome membrane elongat ion has not yet
been demonstrated.

One critical question is whether the enzymatic activity of
TRIMs as E3 ligases is important for their actions in autophagy.
The answer to this question appears to be “sometimes”. For
example, TRIM20 lacks a catalytic RING domain but can still
assemble active autophagy initiation complexes (Kimura et al.,
2015). On the other hand, TRIM28 has been shown to enhance
the PI3 kinase activity of Beclin 1 complexes by directly
SUMOylating hVPS34, and TRIM50 attaches K63-linked poly-
ubiquitin to Beclin 1 in an autophagy-activating manner (Yang
et al., 2013; Fusco et al., 2018). TRIM32 has been reported to
promote the activity of the ULK1 complex through the
generation of unattached K63-linked poly-ubiquitin chains (Di
Rienzo et al., 2019). Whether the enzymatic activity of other
autophagy-regulating TRIMs is required for their actions in
autophagy remains to be answered.

TRIMs Control Autophagic Substrate
Selectivity
One of the primary ways that autophagy can impact cellular health
and physiology is through the degradative elimination of
Frontiers in Pharmacology | www.frontiersin.org 931
cytoplasmic contents. Once considered a bulk cellular recycling
mechanism, the autophagy pathway is now known to selectively
target certain substrates for degradation. This selective autophagy
presents an opportunity for the potential deployment of autophagy-
modulating therapies. While the wholesale induction or inhibition
of autophagy may have deleterious side effects, the still-theoretical
ability to activate or inhibit the autophagic degradation of a specific
cancer-related target could be considerably safer since only some of
autophagy's many physiological roles would be impacted.

The autophagy machinery's ability to selectively recognize
substrates is based on proteins that act as autophagy receptors.
These receptors are thought to act by bridging autophagic
cargoes with mAtg8s assoc ia ted with the nascent
autophagosomal/phagophore membrane. Receptors can
interact with cargos directly or indirectly through a protein
“eat-me” tag; these tags are often ubiquitin-based (Kirkin et al.,
2009). Receptors interact with mAtg8s via two different defined
peptide sequences termed LC3-interacting regions (LIRs)
(Birgisdottir et al., 2013) or ubiquitin interacting motif-like
(UIM) (Marshall et al., 2019). The best recognized autophagy
receptors are the sequestosome-like receptors (SLRs), which
include the proteins p62/Sequestosome 1, NDP52, NBR1,
Optineurin, and TAX1BP1. These proteins all include
ubiquitin binding domains for substrate recognition and LIRs,
and these domains have been shown to be important for these
proteins to carry out the autophagic degradation of specific
proteins, organelles, or intracellular pathogens. Autophagy
receptors also have autophagy-regulatory roles by linking
selective autophagy substrates with upstream autophagy
regulators as exemplified by NDP52, which recruits the ULK1/
FIP200 complex to depolarized mitochondria during mitophagy
(Vargas et al., 2019). In addition to regulating the autophagy
pathway, multiple TRIMs impact the autophagic targeting and
degradation of select substrates by themselves acting as
autophagy receptors or by modulating the actions of SLRs.

Most TRIM family members have N-terminal RING catalytic
domains that act as E3 ubiquitin ligases. As such, it may be
expected that TRIM-mediated ubiquitination of autophagy
substrates leading to their recognition by ubiquitin binding
receptors such as the SLRs would be a common mechanism of
TRIM-mediated selective autophagy. However, to date this
mechanism is not well-established; although there is an
indication that TRIM21-mediated ubiquitination of the kinase
IKKbmay facilitate IKKb degradation by autophagy (Niida et al.,
2010). On the contrary, TRIM14 and TRIM59 have been shown
to prevent the ubiquitination and subsequent p62-mediated
autophagic degradation of the DNA sensing enzyme cGAS
(Chen M. et al., 2016) and PDCD10 (programmed cell death
protein 10) (Tan P. et al., 2018). Interestingly, the TRIM59-
mediated protection of PDCD10 from autophagy was shown to
promote the survival and growth of breast cancer cells (Tan P.
et al., 2018).

Instead of tagging autophagy substrates with ubiquitin “eat-me
tags”, TRIMs appear to act as autophagy receptors that directly
bind to their substrates (Table 2). This was originally
demonstrated for TRIM5 (Mandell et al., 2014), a protein that is
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known to assemble into a lattice around incoming retroviral cores
in a host- and viral-species specific manner (Ganser-Pornillos and
Pornillos, 2019). TRIM5 was found to include two LIR motifs and
to bind directly to mAtg8 proteins (Mandell et al., 2014; Keown
et al., 2018). Rhesus TRIM5 promoted the autophagy-dependent
degradation of HIV-1 viral components (Mandell et al., 2014),
which can be recognized and bound by the TRIM5 SPRY domain
(Stremlau et al., 2006). Binding to mAtg8s appears to be a feature
of multiple TRIMs in addition to TRIM5 (Pizon et al., 2013;
Mandell et al., 2014; Kimura et al., 2015; Kimura et al., 2016;
Overå et al., 2019). This feature puts these mAtg8-binding TRIMs
into a position where they can recruit their interacting partners to
autophagosomes for degradation. Autophagic degradation of
cancer-relevant targets is one possible mechanism explaining
how autophagy may impact cancer progression (Table 2).
Given the large size of the TRIM family, it is possible that
TRIMs prov ide ce l l s wi th a breadth of se l ec t ive
autophagy receptors.

While ubiquitin tagging of substrates by TRIMs has not yet
been definitively reported, several studies indicate that auto-
ubiquitination of TRIMs when bound to their substrates is
important for their actions as autophagy receptors. For instance,
TRIM11 binds to the DNA sensor AIM2 following activation by
Frontiers in Pharmacology | www.frontiersin.org 1032
cytoplasmic DNA. TRIM11 then auto-ubiquitinates at lysine 458.
This modification is required for p62 recruitment and AIM2
degradation by autophagy (Liu et al., 2016). AIM2 has been
suggested to play roles in several cancers, and the TRIM11-p62-
autophagy axis attenuated AIM2 signaling. Auto-ubiquitination is
required for the recently uncovered roles of TRIM13 in ER-phagy
(the autophagic targeting of damaged endoplasmic reticulum) (Ji
et al., 2019). Analogously, auto-ubiquitinated TRIM32 binds to
the signaling adapter TRIF and acts as an autophagic “eat-me”
signal that is detected by TAX1BP1 (Yang Q. et al., 2017). This
raises the question as to how TRIM auto-ubiquitination is
regulated. In the case of TRIM5, the spatial arrangement of
TRIM5 dimers scaffolded on a retroviral core allows the RING
domain of one TRIM5 molecule to poly-ubiquitylate the RING
domain on another TRIM5 molecule (Fletcher et al., 2018). Thus,
substrate recognition may be required for TRIM auto-
ubiquitination and action as autophagy receptors. This is likely
the case for TRIM17. Under normal conditions, TRIM17
assembles Beclin 1 with an inhibitory binding partner to inhibit
autophagy. However, TRIM17-Beclin 1 complexes localized to
midbody rings lack this inhibitory binding partner, and TRIM17
contributes to the autophagic elimination of midbody rings
(Mandell et al., 2016). Whether and how TRIMs coordinate
TABLE 2 | Substrates whose autophagic degradation is controlled by TRIMs. Top, in some cases, TRIMs promote the selective autophagic degradation of the listed
substrates. In other cases (bottom), TRIMs ‘deselect’ potential autophagic substrates allowing them to accumulate in cells.

Autophagic substrate TRIMs involved Cancer relevance

TRIM-mediated
selective
autophagy

Cleaved caspase-3 TRIM8 (Roy et al., 2018) Cleaved (active) Caspase-3 is essential to apoptosis.
AIM2 inflammasome TRIM11 (Liu et al.,

2016)
AIM2 inflammasome inhibits the development of colorectal cancer but promotes squamous cell
carcinoma. AIM2 inflammasome triggers cell death and inflammation in response to DNA
damage.

Endoplasmic reticulum TRIM13 (Ji et al.,
2019)

Endoplasmic stress can enhance tumorigenesis, metastasis, and drug resistance. ER stress
can also attenuate anti-cancer immunity.

Aggregated proteins TRIM16 (Jena et al.,
2018), 50 (Fusco
et al., 2012)

Misfolded proteins lead to aggregate formation. Cancer cells utilize the degradation of
aggregates through autophagy to facilitate cell survival.

Damaged lysosomes TRIM16 (Chauhan
et al., 2016)

Induced lysosomal damage has been considered as an approach to cancer chemotherapy.

Midbody rings TRIM17, 21, 76
(Mandell et al., 2016)

The midbody is the compacted remains of the cytokinesis machinery. Midbodies accumulate in
cancer stem cells and have been linked to cancer invasiveness.

NLRP3 inflammasome
components

TRIM20 (Kimura et al.,
2015)

NLRP3 inflammasome regulates the activation of pro-inflammatory cytokines that can have
strong effects (protective and pathogenic are both reported) on cancer.

IRF3 TRIM21 (Kimura et al.,
2015)

IRF3 is a transcription factor that is activated in response to cellular pathogen detection. IRF3
inhibition slows gastric tumor growth.

Active IKKb TRIM21 (Niida et al.,
2010)

IKKb de-represses NF-kB-based gene expression

TRIF TRIM32 (Yang et al.,
2017)

TRIF is an adaptor protein that is important for Toll-like receptor signaling. TLR signaling has
been linked to cancer progression.

TRIM-mediated
deselective
autophagy

TGFb activated kinase 1
(TAK1) complex
components

TRIM5 (Kehl et al.,
2019)

TAK1 is a kinase that integrates signaling downstream of TGFb and other cytokines and has
been extensively linked to cancer. TAK1 inhibition has been considered in cancer therapy.

Cyclic GMP-AMP
synthase (cGAS)

TRIM14 (Chen M.
et al., 2016)

cGAS is crucial for cytosolic DNA sensing. cGAS Acute activation of cGAS has been shown to
lead to tumor regression in mice, whereas chronic cGAS activation may lead to inflammation-
induced tumorogenesis.

Intraflagellar transport
20 (IFT20)

TRIM17 (Mandell
et al., 2016)

IFT20 is involved in ciliogenesis and microtubule-driven transport. Primary cilia are thought to
inhibit cell growth and are lost in many cancers.

Oral-facial-digital
syndrome 1 (OFD1)

TRIM17 (Mandell
et al., 2016)

OFD1 is an inhibitor of primary ciliogenesis. Primary cilia are thought to inhibit cell growth and
are lost in many cancers.

TRIM22 TRIM17 (Mandell
et al., 2016)

TRIM22 expression is associated with poor prognosis in non-small cell lung cancer (Liu et al.,
2017b).

Programmed cell death
protein 10 (PDCD10)

TRIM59 (Tan P. et al.,
2018)

PDCD10 inhibits RhoA/ROCK signaling, thus promoting cancer cell survival and metastasis.
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their substrate binding activities as selective autophagy receptors
with their enzymatic activities and their actions as autophagy
regulators (described above) remains an open question.

By definition, autophagy receptors are co-degraded with their
targets in the autolysosome. So far, autophagic degradation has
been demonstrated for at least TRIMs 5, 13, 16, 20, 21, 23, 27, 31,
32, 45, 49, 50, and 56 (Imam et al., 2016; Mandell et al., 2016; Ji
et al., 2019; Overå et al., 2019), several of which have known
connection to cancer (Table 1). This finding raises the
autophagic degradation can also regulate the cancer-related
activities of these TRIMs. Interestingly, this effect is seen with
the oncogenic fusion protein PML-RARa (TRIM19), whose
autophagic degradation is induced in following exposure to all-
trans retinoic acid (Isakson et al., 2010; Wang et al., 2011), which
is a standard treatment for acute promyelocytic leukemia (Wang
and Chen, 2008).

TRIMs Control the Activities of the
Cancer-Related Autophagy Receptor and
Signaling Platform p62/Sequestosome 1
The protein p62/Sequestosome 1 (p62) has multiple known roles
in a variety of cancers (Moscat et al., 2016; Sanchez-Martin et al.,
2019). The best known cellular function of p62 is as a selective
autophagy receptor (Pankiv et al., 2007; Deretic, 2012). Separate
from its actions in autophagy, p62 also plays a key role in a
number of cellular signaling pathways that can profoundly affect
cellular survival and growth (Sanz et al., 2000; Jin et al., 2009; Jain
et al., 2010; Komatsu et al., 2010; Duran et al., 2011; Linares et al.,
2013; Paul et al., 2014; Moscat et al., 2016; Goodall et al., 2016;
Sanchez-Martin and Komatsu, 2018). Numerous studies have
reported p62 over-expression in tumors and have associated
elevated p62 expression with poor prognosis (Duran et al., 2008;
Inui et al., 2013; Li et al., 2013; Adams et al., 2016; Saito et al.,
2016; Umemura et al., 2016; Karras et al., 2019; Nguyen et al.,
2019; Polonen et al., 2019). Furthermore, p62 has been shown to
limit the efficacy of sorafenib treatment against liver cancer (Sun
et al., 2016). Given its multifunctional nature, it is unsurprising
that dysregulation of p62 in cancer cells can promote their
growth by several mechanisms including through selective
autophagy (Nguyen et al., 2019), activation of pro-survival
signaling and gene expression (Duran et al., 2011; Linares
et al., 2013; Umemura et al., 2016; Lam et al., 2017; Polonen
et al., 2019), or stabilization of a set of pro-metastatic mRNAs
(Karras et al., 2019). In contrast, p62 expression in non-
transformed cells can reduce cancer progression (Valencia
et al., 2014; Huang et al., 2018). In light of all of p62's possible
pathogenic or protective effects in cancer, a key question is how
p62 coordinates its various cellular activities and what factors
govern its behavior.

The control of p62 action is emerging as a conserved feature of
TRIM family members. As discussed above, TRIMs can regulate
the levels of p62 indirectly through their actions as autophagy
regulators. However, TRIMs employ additional mechanisms for
affecting p62 abundance and activity. TRIMs 5,11,13, 17, 21, 22,
23, 32, 49, 50, 55, and 63 have been demonstrated to biochemically
interact with p62 (Witt et al., 2008; O'Connor et al., 2010; Fusco
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et al., 2012; Tomar et al., 2012; Mandell et al., 2014; Kimura et al.,
2015; Liu et al., 2016; Pan et al., 2016; Sparrer et al., 2017; Overå
et al., 2019), and additional TRIMs such as TRIM19 colocalize
with p62 in cellular structures (Clausen et al., 2010). A primary
cellular function of p62 is to organize and sequester ubiquitylated
proteins into cytoplasmic punctate structures termed p62 bodies
which have liquid droplet-like properties (Zaffagnini et al., 2018)
and that may function as platforms for p62-mediated signaling
while also concentrating cellular wastes destined for autophagic
degradation. At least 14 TRIMs have roles in regulating the
formation and/or clearance of these structures, with TRIMs 5,
16, 17, 32, 50, 52, and 58 increasing their abundance in cells while
TRIMs 14, 19, 21, 22, 25, 65, and 76 having the opposite effect
(Mandell et al., 2016; Pan et al., 2016; Jena et al., 2018; Kehl et al.,
2019; Overå et al., 2019). The relevance of TRIM-regulated p62
localization to cancer is illustrated by TRIM21 and TRIM16,
which act in opposing manners on p62 condensation into
cytoplasmic bodies and on activation of the transcription
factor Nrf2.

As a master transcriptional regulator of antioxidant stress
resistance genes, Nrf2 is a prominent actor in cancers (Kitamura
and Motohashi, 2018). Under homeostatic conditions, Nrf2 is
targeted for proteasomal degradation through its interaction
with Keap1. In response to oxidative stress, p62 binds to
Keap1, leading to Keap1's sequestration and eventual
autophagic degradation. This liberates Nrf2 from Keap1,
allowing Nrf2 to enter the nucleus and to activate its target
genes (Komatsu et al., 2010; Taguchi et al., 2012; Ichimura et al.,
2013). TRIM21 directly catalyzes the K63-linked poly-
ubiquitylation of p62 at lysine 7 in the p62 PB1 domain, a
region required for p62 dimerization and cytoplasmic body
formation. Consequently, K7-ubiquitylated p62 loses its ability
to sequester Keap1, establishing TRIM21 as a negative regulator
of Nrf2-directed cytoprotective antioxidant responses and
providing a possible mechanism explaining the observation
that reduced TRIM21 expression is associated with poor
prognosis in hepatocellular carcinoma and B cell lymphoma
(Brauner et al., 2015; Ding et al., 2015). In contrast, TRIM16 is
required for the formation of p62 bodies in response to
proteotoxic or oxidative stress, and its expression decouples
Nrf2 from its inhibitor Keap1 (Jena et al., 2018). Knockout of
TRIM16 reduces cellular survival and growth under stress
conditions in vitro and in a mouse xenograft tumor model (Jin
et al., 2009). While the precise molecular mechanism of TRIM16
action on the p62-Nrf2 system has not been completely defined,
TRIM16 expression is associated with increased p62
phosphorylation (Ichimura et al., 2013), suggesting that
TRIM16 may be involved in the activation of a kinase that
controls p62 action. A likely candidate for this role is TAK1, a
kinase activated downstream of TRIM5 (Pertel et al., 2011) and
other TRIMs (Versteeg Gijs et al., 2013), that phosphorylates p62
(Hashimoto et al., 2016; Kehl et al., 2019) and is required for p62
body formation in response to multiple cellular stresses (Kehl
et al., 2019). How other TRIMs affect p62 localization and Nrf2
activation, and what role(s) these activities play in cancer has not
been fully elucidated.
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Possible Approaches to Drugging TRIMs
in Cancer Therapy
Can the connections between TRIMs and autophagy be
leveraged for the therapeutic benefit of cancer patients? While
this concept has not yet been tested, there is reason to believe that
TRIMs could be druggable targets. TRIMs are a heterogeneous
group of proteins organized into subclasses that possess a
defining cluster of domains (e.g. RING, B-box, coiled-coil,
FN3, SPRY, bromobox/bromodomain, etc.) (Gushchina et al.,
2018). One approach to drug design would be to target the
activity of specific domains critical to TRIM function in cancer.
In fact, efforts to identify inhibitors of TRIM bromodomains are
underway, with the bromodomains present in TRIM24, 28, and
33 being of particular interest to cancer therapy. These three
TRIMs are transcriptional modulators associated with multiple
cancers (Table 1). Bromodomains are involved in the
recognition of acetylated lysines on histones and can recruit
chromatin remodeling enzymes, resulting in transcriptional
activation or repression including of autophagy-related genes
(Sakamaki et al., 2017). Small-molecule bromodomain inhibitors
have been identified that display robust target specificity,
including against TRIM24 (Zhan et al., 2015; Bennett et al.,
2016; Romero et al., 2016). Such agents may serve as useful
epigenetic based anti-cancer therapies. As discussed above,
bromodomain-containing TRIM28 has multiple connections to
autophagy, and TRIM33 was among TRIM “hits” as regulators of
autophagy. The role of the bromodomain of these TRIMs in their
autophagic function(s) has not yet been tested, but one could
imagine that bromodomain-targeted therapies could also impact
autophagy directed by bromodomain-containing TRIMs.

The RING domain found in most TRIMs may also present an
opportunity for therapeutic targeting. Most TRIM RINGs possess
E3 ubiquitin ligase activity that is often crucial to TRIM
functionality. While inhibitors specific to TRIM RING domains
have not yet been reported, the fact that small molecule inhibitors
of the RING domains from other protein families exist (Bulatov
et al., 2018) suggests that TRIM RING inhibition may be feasible.
The search for E3 ligase inhibitors in general has been sparked by
the desire to identify molecules that could modulate
ubiquitination-dependent proteasomal degradation of selected
proteins. This process has been targeted therapeutically using
drugs such as bortezomib, a 26S proteasome inhibitor, which is
used in the treatment of cancers including multiple myeloma.
Bortezomib's utility in cancer therapy is limited by toxicity,
possibly resulting from the general, non-specific nature of
proteasomal inhibition. However, because E3 ubiquitin ligases
have some level of specificity in their action, their pharmacological
targeting may provide greater therapeutic utility. A prime example
of this approach that is currently under investigation is to target
interactions between TRIMs and p53, a notable tumor suppressor
(Valletti et al., 2019). Inhibiting the E3 ligase activity of these
TRIMs to improve p53 stability may represent a selective
therapeutic target for cancer. Inhibition of the E3 ligase activity
of TRIMs would also impact their ubiquitination-dependent but
Frontiers in Pharmacology | www.frontiersin.org 1234
proteasome independent activities, including those in autophagy
regulation and in autophagic substrate selection.

A third possible modality for TRIM-directed cancer therapy
would be to interfere with or enhance the interactions between a
TRIM and its cancer-relevant binding partners. Depending on
the TRIM and its mechanism of action in cancer, these
interacting partners could include autophagy factors (e.g.
Beclin 1, p62, mAtg8s). Alternatively, compounds capable of
disrupting the oligomerization of cancer-relevant TRIMs would
be expected to block their action, since the higher-order assembly
of TRIMs is thought to be essential for their function. In total,
there is strong support for targeting TRIMs in an effort to
develop effective therapies for a wide-array of cancers.

CONCLUDING REMARKS

TRIM proteins are positioned as hubs connecting cellular
signaling, metabolism, and autophagy. As such, it is
unsurprising that so many of them have prominent roles in
cancer. To date, no efforts to effectively target TRIMs as a
strategy to therapeutically modulate autophagy in cancer have
been reported. However, the strong connections between TRIMs
and a variety of diseases in addition to cancer suggest that TRIM
targeting may hold promise pending future mechanistic studies.
These studies could be initiated by two complementary
approaches. First, the requirement for autophagy should be
investigated in cancers showing TRIM dysregulation. Second,
TRIMs should be assessed for whether they promote the
survival of autophagy-addicted cancers. Either approach might
identify cancers in which TRIM-directed autophagy plays a
significant role in tumor survival and/or resistance to
chemotherapeutic agents. This could justify further cellular,
biochemical, and structural studies aimed at identifying TRIM
structures or activities to target in the development of more
effective cancer therapies.
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Ubiquitin–proteasome system (UPS) and autophagy–lysosome pathway (ALP) are two

major systems for protein quality control (PQC) in eukaryotic cells. Interconnectivity

between these two pathways has been suggested, but the molecular detail of how they

impact each other remains elusive. Proteasomal deubiquitinase (DUB) is an important

constituent in the UPS and has proved to be a novel anticancer target. We have

previously found that a novel DUB inhibitor, nickel complex NiPT, induces apoptosis

in both cultured tumor cell lines and cancer cells from acute myeloid leukemia human

patients. In this study, we found that NiPT triggered autophagy both in vitro and in vivo.

Mechanistically, NiPT targets two DUBs, USP14, and UCHL5, and increased the total

cellular level of polyubiquitination. Deletion of the Ubiquitin Associated (UBA) domain of

P62 that is required for polyubiquitin binding prevented NiPT-induced autophagy. NiPT-

induced autophagy is through either concomitant activation of AMP-activated protein

kinase (AMPK) and inhibition of mechanistic target of rapamycin (mTOR) signaling, or

eliciting endoplasmic reticulum (ER)-stress by activating activating transcription factor

4 (ATF4) and C/EBP-homologous protein (CHOP). Moreover, NiPT could induce more

lung cancer cells undergoing apoptosis if it synergistically uses autophagy inhibitors,

suggesting that NiPT-induced autophagy protects cancer cell from death. Collectively,

our findings demonstrate that autophagy inhibition enhances the anticancer effects of

proteasomal DUB inhibitor and might be an effective treatment strategy for lung cancer.

Keywords: UPS, autophagy, p62, LC3, DUBs, metal-based compounds, anticancer therapy, NiPT

INTRODUCTION

Ubiquitin–proteasome system (UPS) is the main proteolytic pathway for short-lived, misfolded,
and damaged proteins in cells, and are involved in the degradation of more than 80% of proteins
in cells (1, 2). UPS-mediated protein degradation is a multistep reaction process with a variety of
different proteins involved (3). Specifically, the protein to be degraded is first labeled by ubiquitin
and then recognized and degraded by proteasome. Through such a process that requires energy
consumption, cells degrade unwanted proteins in a highly specific way (4). In addition to being
a garbage disposal biological machinery, UPS regulates a series of important biological processes
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within cells such as cell proliferation, apoptosis, signal
transduction, and immunity, and the deregulation of UPS
is closely related to the pathogenesis of diseases (5–7).
Studies confirmed that UPS has important pathophysiological
significance in cardiovascular disease, which can regulate the
occurrence and development of important diseases such as
atherosclerosis, reperfusion injury after ischemia, familial
cardiomyopathy, myocardial hypertrophy, and heart failure (6).

The autophagy–lysosome pathway (ALP) identifies and
destructs large and potentially dangerous cellular components
including large protein aggregates and dysfunctional or
unwanted organelles and has emerged as a crucial adaptive
mechanism to handle various cellular stresses such as nutrient
deprivation, hypoxia, and oxidative stress (8–14). Importantly,
both UPS and ALP are protein quality control systems and
they communicate with each other in different ways (1, 5).
Several recent studies have reported the involvement of both
AMP-activated protein kinase (AMPK) and mechanistic target of
rapamycin 1 (mTORC1) when proteasome activity is impaired.
In some cancer cell lines such as human breast, cervical, and lung
cancer cells, proteasome inhibitors indirectly activate AMPK
primarily via Ca2+-CaMKKβ-dependent pathway (15, 16),
whereas in macrophages and epithelial and endothelial cells,
inhibition of the 26S proteasome alters cellular bioenergetics and
redox status, leading to immediate activation of AMPK (17).
In addition, proteasome impairment will eventually affect the
function of all other organelles. Proteasome inhibitors nelfinavir
and bortezomib induce endoplasmic reticulum (ER) stress by
inhibiting mTOR activity via activating transcription factor
(ATF)-mediated sestrin-2 regulation (18). Li et al. reported
a FUNDC1/HSP70-dependent mitochondrial proteostatic
stress pathway in which excessive accumulation of unfolded
proteins upon proteasome inhibition on the mitochondria
impairs mitochondrial integrity and activates AMPK (19).
Observations in the above reports all suggested the activation
of AMPK and inhibition of mTOR upon loss of function of
proteasome. However, Rui et al. provided inconsistent data
that under nutrient-rich conditions, inactivation of proteasome
function induced an autophagy-dependent process and relied
on the critical autophagy components ATG7 and ULK1, but
is not involved the upstream autophagy regulators MTORC1
or AMPK. Further, the authors demonstrated that it otherwise
depends on ER stress pathway (20).

Deubiquitination is the reverse process of ubiquitination
accomplished by deubiquitinases (DUBs) that remove
polyubiquitin chains from target proteins (21). Polyubiquitinated
substrates are recognized, unfolded, and deubiquitinated by the
19S proteasome. Because of the vital role of DUBs, some of
its important component proteins have become drug targets,
a large category of which is DUB inhibitor, such as B-ap15,
tricyclic heterocyclics, WPI 130, Azepan-4-ones, and PX-478
(22, 23). An iconic achievement in the field of metal-based
anticancer drugs was the discovery of the biological activity of
cisplatin (24). At present, this type of drug is still widely used in
clinical treatment of breast, neck, lung, ovarian, and testicular
cancer. However, one of the biggest drawbacks of cisplatin is
that its side effects are too large, so finding new, metal-based

compounds with less side effects has become the future direction
for anticancer drugs. Recently, we and others have discovered
a variety of metal-based compounds, such as copper-based
proteasome inhibitors (CuPT) (25), gold complexes (auranofin
and AUIII) (26), and pyrithione–metal chelates (ZnPT, PtPT,
and NiPT) (24). PtPT and NiPT are our newly developed DUB
inhibitors, which target 19S proteasomal DUBs, UCHL5 and
USP14, without inhibiting 20S proteasome activities (27, 28).
However, whether this new type of DUB inhibitor can regulate
autophagy has never been studied.

Here, we performed a series of screening of these metal-
based compounds and found that most of them are able to
induce autophagy, among which PtPT, PdPT, CuPT, and NiPT
showed more effectiveness. Because NiPT has less cell death-
inducing effect, we chose NiPT as the representative compound
in the present study. We found that NiPT triggered autophagy
in both A549 and H1299 lung cancer cell lines and in xenograft
lung tumor in nude mice. NiPT targets two DUBs, USP14
and UCHL5, and increased the level of polyubiquitination of
autophagy receptor P62 and total cellular level of ubiquitins.
Deletion of the UBA domain of P62 that is required for
its polyubiquitin binding impaired NiPT-induced autophagy.
NiPT-induced autophagy is through concomitant activation of
AMPK and inhibition of mTOR signaling, as well as eliciting
ER-stress by activating ATF4 and C/EBP-homologous protein
(CHOP). Moreover, NiPT increased the apoptosis of lung cancer
cells with synergistical use of autophagy inhibitors, suggesting
that NiPT-induced autophagy protects cancer cell from death.
Thus, our results suggest combinational administration of DUBs
inhibitors with autophagy–lysosome inhibitors may benefit
anticancer treatment.

RESULTS

The Metal Ion Complex NiPT Induces
Autophagy in A549 and NCI-H1299 Lung
Cancer Cells and in Solid Tumor of Nude
Mice
LC3 and P62 (also known as SQSTM1) are two established
markers of autophagy (29, 30). To evaluate the effects of the
metal ion complex on autophagy, we first screened a group of
metal ion complexes such as PtPT, PdPT, T-AuPT, AuPT, CuPT,
NiPT, BTZ, auranofin, and AgDT in A549 cells. All metal ion
complexes exerted autophagy-inducing activity as evidenced by
the increased LC3 I to LC3 II transition and the decreased
autophagy substrate p62 level, except for T-AuPT, AuPT, and
auranofin, which demonstrated weak autophagy-inducing effects
(Figure 1A). As PdPT, CuPT, and NiPT showed almost the
same autophagy-induction activity and NiPT showed the lowest
cytotoxicity, we chose NiPT as the representative metal ion
complex to further study its autophagy-inducing mechanism. As
shown in Figure 1B, NiPT promoted LC3 I to LC3 II transition
and p62 degradation in both A549 and H1299 lung cancer
cell lines in a dose- and time-dependent manner. LC3 and
P62 degradation induced by NiPT can be reversed by lysosome
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FIGURE 1 | The metal ion complex NiPT induces autophagy in A549 and NCI-H1299 lung cancer cells and in solid tumor of nude mice. (A) A549 cells were treated

with or without various metal ion complexes for 12h. The autophagy marker proteins LC3 and P62 were analyzed by immunoblotting. (B) A549 and NCI-H1299 cells

(Continued)
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FIGURE 1 | were treated with various concentrations of NiPT for 12 h or with 5µM NiPT for the indicated time points and 1µM b-AP15 (proteasome inhibitor, positive

control) for 12 h. The protein levels of LC3 and P62 were analyzed by immunoblotting. Bar graphs represent the relative MAP1LC3/LC3-II and SQSTM1/p62 protein

levels normalized to that of Glyceraldehyde 3-phosphate Dehydrogenase (GAPDH) of different groups (*P < 0.05, **P < 0.001, t-test, n = 3). (C) A549 cells were

treated with or without 5µM NiPT in the presence or absence of bafilomycin (100 nM) for 12 h. The expression levels of ubiquitin, LC3, and P62 were analyzed by

immunoblotting. Bar graphs represent the relative MAP1LC3/LC3-II and SQSTM1/p62 protein levels normalized to that of GAPDH of different groups (*P < 0.05, **P

< 0.001, t-test, n = 3). (D) A549 cells were treated with or without 5µM NiPT in the presence or absence of 100 nM bafilomycin for 12 h. Endogenous green LC3 was

analyzed by confocal microscopy (630×). Bar graphs represent the percentage of Endogenous LC3-positive cells in control or NiPT-treated group (*P < 0.05, **P <

0.001, t-test, n = 3, bars represent SEM, cells containing more than 5 foci were scored as positive and 30 cells were analyzed per experiment). (E) A549 and

NCI-H1299 cells were transiently transfected with YFP-LC3 plasmids. Cells were treated with or without 5µM NiPT for 12 h. YFP-LC3 dots were analyzed by confocal

microscopy (630×). Bar graphs represent the percentage of YFP- LC3-positive cells in control or NiPT -treated group (*P < 0.05, **P < 0.001, t-test, n = 3, bars

represent SEM. Cells containing more than 5 foci were scored as positive, and 30 cells were analyzed per experiment). (F) A549 and NCI-H1299 cells were treated

with 5µM NiPT, 100 nM bafilomycin for 12 h. Cells were subjected to electron microscopy analysis. The green arrow indicates autophagosomes (AP) and the red

arrows indicate autolysosomes (AL). Left scale bar, 2µm; scale bar in magnified pictures, 0.5µm. The number of autophagosome-like structures in each cell was

quantitated (**P < 0.001, t-test, n = 3, bars represent SEM). (G) The expressions of LC3 and P62 were detected by immunoblotting in tumor tissue (left panel).

Representative immunohistochemical staining for LC3 and P62 in A549 xenograft tumors in mice treated with vehicle or NiPT (100×) (right panel). Tumor volumes

were calculated by the following formula: a2 × b × 0.4, where a is the smallest diameter and b is the diameter perpendicular to a. The animals were then euthanized,

and tumor xenografts were immediately removed, weighed, and frozen or fixed for biochemical or histological analyses, respectively.

inhibitor bafilomycin A1 (Baf) to some extent (Figure 1C),
indicating that NiPT indeed promotes autophagy.

Immunofluorescence demonstrated that NiPT could
potently induce LC3 puncta formation, as compared to control
(Figures 1D,E). Electron microscopy further verified that NiPT
induced the formation of autolysosome-like structures in both
cell types (Figure 1F).

We then evaluated the role of NiPT in autophagy in vivo
and found that NiPT could significantly promote autophagy in
solid tumor of nude mice, as evidenced by increased degradation
of p62 and the elevated expression of LC3-I and II (Figure 1G,
upper panel). Similarly, immunohistochemistry demonstrated
that p62 level was remarkably reduced and LC3 II staining was
significantly enhanced by NiPT in the xenograft solid tumor in
nude mice (Figure 1G, lower panel).

NiPT Inhibits DUBs USP14 and UCHL5, and
Promotes the Cytosolic Ubiquitin Level
Then, we asked if NiPT could target DUBs. 0, 5, or 50µM
NiPT was subjected to A549 and H1299 cells with or without
HA-UbVS, respectively. As shown in Figure 2A, HA-UbVS
strongly binds to both USP14 and UCHL5 in untreated cells,
whereas the binding of HA-UbVS to USP14 and UCHL5 is
weakened in the presence of NiPT in both A549 and H1299
cells, but to a less extent to the b-AP15-treated positive control
cells. Previous reports showed that USP14 and UCHL5 are
constitutively phosphorylated under normal conditions (31, 32).
Here, we observed that 5µMNiPT caused the dephosphorylation
of USP14 and UCHL5 at 12 h, which is similar to BTZ or b-AP15,
two established proteasome deubiquitinase inhibitors (33, 34)
(Figure 2B). Because NiPT caused P62 degradation, we tested
whether NiPT-induced P62 degradation is followed by ubiquitin
accumulation. Consistent with BTZ or B-AP15, NiPT increased
the cellular accumulation of ubiquitin in a dose-dependent
manner, reaching to the highest effects at 5µM, whereas the
P62 level firstly increased at 1.25µM, and then decreased at 2.5
and 5µM (Figure 2C). As 5µM NiPT has the largest effect to
induce autophagy, we then tested it in a time course. We found
that NiPT-induced ubiquitin accumulation is time-dependent

and closely associated with autophagy activity (Figure 2D). The
reduced P62 level is not because of the suppression of the P62
transcription since the P62 mRNA level is higher than that
in control cells upon NiPT treatment (Figure 2E). In addition,
immune-precipitation assay verified that both endogenous P62
and overexpressed Flag-P62 are able to pull down a large
amount of ubiquitin complexes in cells administrated by NiPT
(Figures 2F,G).

P62 Interacts With USP14 and UCHL5 and
Deletion of the UBA Domain of P62
Promotes Autophagy Induced by NiPT
Because NiPT promotes the degradation of p62, which is closely
associated with the accumulation of ubiquitin, we asked if p62
has a direct relationship with USP14 and UCHL5. Unlike IgG
control, anti-p62 antibody immune-precipitated both USP14
and UCHL5 in A549 and H1299 cells (Figure 3A). As p62
has a ubiquitin-binding domain (UBA), which may contribute
to the ubiquitin accumulation upon inhibition of the DUBs,
we examined if the deletion of the UBA domain will affect
the autophagy induced by NiPT. Indeed, NiPT successfully
promoted LC3 puncta formation in cells bearing full-length p62,
whereas it failed to induce autophagy in cells with overexpressed
p62 (delta UBA) (Figures 3B,C). Similarly, the LC3 I to LC3
II transition and the P62 degradation were observed in NiPT-
treated cells expressing full-length P62. However, cells with
over-expressed p62 (delta UBA) had less transited LC3-II
(Figures 3D,E).

NiPT Induces Autophagy Through
AMPK-mTOR and ER Stress Pathways in
Lung Cancer Cells
Next, we investigated the molecular mechanism by which
NiPT induces autophagy. Upon induction of autophagy, AMPK
is phosphorylated and activated, which, in turn, inhibits
mTOR and lifts the repression of ULK1, the key kinase for
autophagy initiation (35, 36). NiPT effectively promoted the
phosphorylation of AMPK and otherwise dephosphorylation of
mTOR, therefore suppressing P70S6K, the substrate of mTOR, in
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FIGURE 2 | NiPT inhibits DUBs USP14 and UCHL5, and promotes the cytosolic ubiquitin level. (A) Active-site–directed labeling of proteasomal DUBs. A549 and

NCI-H1299 cells were treated with NiPT (0, 5, 50µM), and 50µM b-AP15 followed by labeling with or without HA-UbVS, and then examined by immunoblotting. (B)

(Continued)

Frontiers in Oncology | www.frontiersin.org 5 March 2020 | Volume 10 | Article 34847

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Autophagy Inhibits NiPT-Induced Cell Death

FIGURE 2 | A549 cells were treated with various concentrations of NiPT, bortezomib (BTZ, 100 nM), and b-AP15(1µM) for 12 h. The expression levels of p-USP14,

USP14, p-UCHL5, and UCHL5 were analyzed by immunoblotting. (C) A549 and NCI-H1299 cells were treated with various concentrations of NiPT,100 nM

bortezomib, and 1µM b-AP15 for 12 h. The expression levels of LC3, P62, and Ub were analyzed by immunoblotting. (D) A549 cells were treated with 5µM NiPT or

1µM bortezomib for the indicated periods. The expression levels of Ub, LC3, and P62 were analyzed by immunoblotting. (E) A549 cells were treated with 5µM NiPT

or 1µM bortezomib for the indicated periods. The expression levels of P62 mRNA were analyzed by Real-time Quantitative Polymerase Chain Reaction (RT-PCR). (F)

Endogenous P62 is ubiquitinated. Ubiquitinated proteins were immunoprecipitated with antibody to ubiquitinated P62 from A549 cells after 5µM NiPT or 1µM

bortezomib for 9 h treatment as indicated. (G) Exogenous P62 is ubiquitinated. Flag-tagged P62 was immunoprecipitated with antiflag antibody from A549 cells

treated with or without 5µM NiPT for 9 h.

both cell lines in a dose-dependent manner (Figure 4A). As 5µM
NiPT reached the maximal inhibition of mTOR and activation
of AMPK, we fixed the concentration at 5µM and evaluated
the effect in a prolonged time of incubation. NiPT induced a
dramatic activation of AMPK and abolished the phosphorylation
of mTOR and its downstream signaling at 12 h in both cell types
(Figure 4B).

Free intracellular ubiquitins will be exhausted when
proteasome is inhibited, which may therefore lead to ER
stress (37, 38). Autophagy is thought to be activated and involved
in ER stress to fast degrade a vast amount of unfolded proteins
produced in ER stress (1, 38). We thus investigated if NiPT
activated ER stress pathway. NiPT induced a significant ER stress
response in both A549 and H1299 cell lines as evidenced by the
increased expression of ER stress markers, ATF4 and CHOP,
and phosphorylation of eIF2a (39, 40) (Figures 4C–D). As 5µM
NiPT has the strongest effect to induce ER stress response, we
fixed the concentration of NiPT at 5µM and evaluated its effects
at different time points (Figure 4D). NiPT promoted ER stress
in a time-dependent manner with increased level of cellular
ubiquitins (Figure 4D). Of note, we did not observe ER-phagy
in these cells treated with NiPT, as ER marker Calnexin did not
change at all (Figure 4E).

Inhibition of Autophagy Will Aggravate
Apoptosis of Lung Cancer Cells Induced by
NiPT
Accumulative evidences have shown that deubiquitinase
inhibitors suppress the growth of cancer cells in vitro and in vivo
(6, 25, 28, 31). Since the data above indicated that NiPT could
induce autophagy, we next examined if suppressing autophagy
will benefit the NiPT-induced cell death. In the presence of
NiPT, the cell viability of both A549 and H1299 cells reduced
after 24 or 48 h if autophagy was synergistically suppressed by
autophagy inhibitors 3-MA, Bafinomycin, or E64D in these
cells (Figure 5A). These observations were further corroborated
by cell apoptosis assays. As shown in Figure 5B, the number
of apoptotic cells (including those cells in both early and late
stages of apoptosis) increased from 4.62% (control) to 14.54%
(with NiPT) in A549 cells, or from 8.77% (control) to 24.75%
(with NiPT) in H1299 cells, respectively. More importantly, the
number of apoptotic cells was more considerably increased in
both cell types if these cells were synergistically treated with
autophagy inhibitors. Consistently, the cell death rate is higher
in cells subjected with both NiPT and autophagy inhibitors than
that in NiPT alone by phase contrast microscopy (Figure 5C).
The responsiveness of autophagy to NiPT occurred much earlier

than apoptosis in both A549 and H1299 cells, as indicated by
LC3-II (1 h) and Poly (ADP-ribose) polymerase (PARP) cleavage
(8 h) (Supplementary Figures 1A–D). However, the PARP
cleavage occurred earlier to 3 h, if autophagy essential gene atg7
has been deleted in these cells (Supplementary Figures 1E,F),
indicating that the cellular protective mechanism autophagy is
also triggered by NiPT when it kills cancer cells in the meantime.

NiPT Inhibits Tumor Growth in vivo
To examine the functional role of NiPT in vivo, we administrated
NiPT to nude mice with established solid tumor and monitored
the tumor size from 0 to 14 days. Tumor volume began to
dramatically reduce after 6 days of treatment in contrast to
vehicle control-treated mice (Figure 6A). In addition to reducing
the tumor size, NiPT also promoted the reduction of the tumor
weight in these mice (Figure 6B), whereas the body weight does
not change too much in these mice (Figure 6C). Taken together,
our data demonstrated that NiPT could effectively inhibit tumor
growth in vivo.

Discussion
We have been working on high-efficiency and low-toxicity
metal complexes for many years. We used PT as the ligand, to
synthetize a variety of metal complexes, such as CuPT, PtPT,
and NiPT (24, 25, 31). Our previous studies have shown that
they have good antitumor efficacy in vitro and in vivo via
inhibiting the deubiquitinase activity of 26S proteasome. Based
on this, we synthesized a number of metal complexes and applied
them to lung cancer cells. We found that the metal complexes
PtPT, AuPT, CuPT, NiPT, and AgDT can induce autophagy in
lung cancer cells. In this study, the nickel–ion complex NiPT
was selected to explore the mechanism of action on autophagy
according to its efficacy and toxicity.

P62 is an interesting protein because it has both UBA domain,
which binds to ubiquitinated protein substrate, and LIR (LC3
interaction region), which interacts with LC3 (41–43). This
makes P62 an interesting and important protein thatmediates the
crosstalk between the UPS system and autophagy. For example,
P62 mediates the autophagic degradation of the E3 ligase Keap1
or directly controls the proteasome abundance by proteaphagy
(44, 45). Nontheless, proteasomal degradation of ULK1 and
other autophagy regulators could also terminate autophagy (46).
Interestingly, the notable common feature of both degradation
systems is the use of ubiquitination as a labeling system for
their substrates. Ub depletion can be caused by translational
inhibitors as well as overwhelmingly non-degradable highly
ubiquitinated protein aggregates, which have often sequestered
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FIGURE 3 | P62 interacts with USP14 and UCHL5, and deletion of the UBA domain of P62 promotes autophagy induced by NiPT. (A) Endogenous P62 was

immunoprecipitated from A549 or NCI-H1299 cells, and USP14, UCHL5, and P62 were blotted by indicated antibodies, respectively. (B) A549 cells were transiently

transfected with Flag-P62-1UBA or Flag-P62-WT plasmids. Cells were treated with or without 5µM NiPT for 12 h. Endogenous LC3 (green) was stained and

analyzed by confocal microscopy (630×). Bar graphs represent the percentage of endogenous LC3-positive cells in control or NiPT-treated group in (C) (*P < 0.05,

**P < 0.001, t-test, n = 3, bars represent SEM. Cells containing more than 5 foci were scored as positive, and 30 cells were analyzed per experiment). (D) A549 cells

were transiently transfected with Flag-P62-1UBA or Flag-P62-WT plasmids. Cells were treated with or without 5µM NiPT in the presence of absence of 100 nM

bafilomycin for 12 h. The expression level of LC3 was analyzed by immunoblotting. (E) Bar graphs represent the relative MAP1LC3/LC3-II and SQSTM1/p62 protein

levels in (D) normalized to that of GAPDH of different groups (*P < 0.05, **P < 0.001, t-test, n = 3).

by P62 (1). Polyubiquitin genes and DUB activity are responsible
for supplying free Ub and are essential for cellular function and
stress tolerance. In line with this, our study found that NiPT can
cause the accumulation of cellular ubiquitin by inhibiting the
enzyme activity of the two Dubs, UCHL5 and USP14. Likely,
bortezomib also causes the accumulation of ubiquitins in lung

cancer cell A549, but P62 does not appear to increase with
bortezomib in HeLa cells as reported by others (47), but decrease
with bortezomib, indicating that there are variable mechanisms
underneath the different DUB inhibitors. We also found that P62
protein level decreased gradually in a dose- and time-dependent
manner in NiPT-induced lung cancer cells, but P62 was gradually
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FIGURE 4 | NiPT induces autophagy through AMP-activated protein kinase–mechanistic target of rapamycin (AMPK-mTOR) and endoplasmic reticulum (ER) stress

pathways in lung cancer cells. (A) A549 and NCI-H1299 cells were treated with various concentrations of NiPT, 100 nM bortezomib, and 1µM b-AP15 for 12 h. The

expression levels of p-AMPK, p-mTOR, p-P70S6K S6, and p-S6 were analyzed by immunoblotting. (B) A549 and NCI-H1299 cells were treated with 5µM NiPT for

the indicated time points. The expression levels of p-AMPK, p-mTOR, p-P70S6K S6, and p-S6 were analyzed by immunoblotting. (C) A549 and NCI-H1299 cells

were treated with various concentrations of NiPT for 12 h. The expression levels of ATF4, C/EBP-homologous protein (CHOP), and p-eIF2a were analyzed by

immunoblotting. (D) A549 and NCI-H1299 cells were treated with 5µM NiPT for the indicated time points. The expression levels of ATF4, CHOP, and p-eIF2a were

analyzed by immunoblotting. (E) A549 cells were treated with or without 5µM NiPT and bafilomycin (10, 50, 100 nM) for 12 h. The expression levels of calnexin, ATF4,

LC3, and p62 were analyzed by immunoblotting.

increased at mRNA levels, indicating that P62 was degraded
during autophagy. So what effect does the ubiquitination caused
by NiPT have on autophagy? We synthesized the wild-type P62
and the P62-UBA (Delta UBA) plasmids and transfected them
into A549 cells, respectively. We found that P62-UBA inhibited
LC3 I to LC3 II transition and the degradation of P62 under
NiPT-treated cells. Consistently, the number of LC3 puncta
was also significantly reduced in P62-UBA plasmid transfected
cells, indicating that the UBA region is important for NiPT-
induced autophagy.

Accumulating evidence has shown that inhibition of DUBs
will lead to UPR (unfolded protein response) and the latter
will cause ER stress (38, 48–51). ER stress was reported to be
associated with autophagy (52). In the present study, UCHL5
and USP14 were inhibited by NiPT, causing the aggregation

of ubiquitinated P62 and the increase of global ubiquitinated
proteins, which is consistent with b-AP15 and bortezomib.
Likewise, ER stress-related proteins ATF4, CHOP, and p-eIF2a
were also found to be gradually increased upon NiPT treatment.
AMPKwas reported to be activated during ER stress (53–55). It is
an energy sensor within the cell, sensing the availability of cellular
energy status (56). We found that NiPT causes the ER stress
response of lung cancer cells, leading to instability in the amount
of intracellular energy, resulting in the activation of AMPK as
well as the dephosphorylation of the mTOR, the autophagy
suppressor. These events therefore led to the dephosphorylation
of the downstream molecule P70S6K and S6K, which eventually
induced autophagy. In this study, the cancer cell inhibitory effects
were found to be amplified if NiPT application is combined with
autophagy inhibitors in the meantime. These data suggested that,
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FIGURE 5 | Inhibition of autophagy will aggravate cell death of lung cancer cells induced by NiPT A549 and NCI-H1299 cells were treated with or without 5µM NiPT

in the presence of 100 nM bafilomycin, 3MA, or E64D, respectively. (A) Cell viability was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTS) assay. Data from three repeats. Mean+SD (n = 3). (B) Cells were stained with AnnexinV/PI and examined with flow cytometry. (C) Cells were stained with

AnnexinV/PI and imaged under a fluorescent microscopy.
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FIGURE 6 | NiPT inhibits tumor growth in vivo. (A–C) Bagg Albino/C (BALB/c) nude mice bearing A549 tumors were treated with vehicle or NiPT (40 mg/kg/day, p.o.)

for 14 days. Tumor size was observed every other day. Body weight, tumor volume, and tumor images were shown.

apart from the cell death, NiPT also induced the tumor cells
to develop an autophagy program to antagonize the anticancer
effects by NiPT, which added a more complex layer of regulation
of this compound in anticancer therapy.

Taken together, our study provided the theoretical basis for
the use of NiPT metal complexes in tumor therapy. It is the
first time to demonstrate that NiPT can promote total level of
ubiquitination by inhibiting the enzyme activity of the twoDUBs,
UCHL5 andUSP14, and therefore regulate autophagy. Moreover,
we found that NiPT-induced autophagy is associated with ER
stress–AMPK–mTOR–S6K pathway by which NiPT regulates
both autophagy and cell death to affect the progression of tumor.

MATERIALS AND METHODS

Cell Culture
The human lung adenocarcinoma (A549 and NCI-H1299) cell
lines were ordered from American Type Culture Collection, and
have been stored in liquid nitrogen at our lab. Both cell lines
were grown in RMPI1640 medium, supplemented with 10% fetal
bovine serum (heat inactivated at 56◦C for 30min), penicillin
(100µg/ml), and streptomycin (100µg/ml) in a humidified 5%
CO2 atmosphere at 37◦C.

Antibodies and Reagents
NiPT, PtPT, PdPT, T-AuPT, Au(PPh3)PT, CuPT, and AgDT were
synthesized in our laboratory and stored as a 10mM stock
solution in dimethyl sulfoxide (DMSO) at−20◦C. Auranofin was
purchased from Enzo Life Sciences International, Inc. (Plymouth
Meeting, PA) and dissolved in DMSO as a 10mM, stored
at −20◦C. Bortezomib (Cell Signaling Technology, Beverly,
MA, USA) HA–ubiquitin–vinyl sulfone (HA-Ub-VS), and Ub-
AMC (BostonBiochem, Cambridge, MA, USA). Antibodies were
purchased from following sources: anti-AMPK, anti- phospho-
AMPK, anti-mTOR, anti-phospho-mTOR, anti-P70S6K, anti-
phospho-P70S6K, anti-S6, anti-phospho-S6, anti-ATF4, anti-
CHOP, anti-phospho-eIF2a, anti-LC3, anti-USP14 (D8Q6S),
and anti-PARP (Cell Signaling Technology, Beverly, MA,
USA); anti-ubiquitin (P4D1) and anti-SQSTM1/P62(Santa Cruz
Biotechnology, Santa Cruz, CA); anti-GAPDH and anti-HA-
tag (Bioworld Technology, Nanjing, China); and anti-UCHL5

(Abcam, Cambridge, UK). Anti-phospho-USP14 and anti-
phospho-UCHL5 were prepared by the Abgent, Inc. Bafilomycin,
3-MA, and E64D were purchased from Enzo Life Sciences
(MA, USA). Lipofectamine 2000 (11668–027), goat anti-rabbit
Alexa 488 (997773), and opti-MEM medium (22600050) were
purchased from the InvitrogenTM.

Cell Death Assay
Apoptotic rates were carried out by flow cytometry using
Annexin V-fluoroisothiocyanate (FITC)/propidium iodide (PI)
(Keygen, Nanjing, China) double staining (1). Cells were seeded
into 6-well culture plates, treated as NiPT, Bafilomycin, 3MA, and
E64D for 24 h, then collected andwashedwith binding buffer, and
then incubated in the working solution for 15min in dark; cells
were washed and resuspended with the binding buffer. Lastly, PI
was added immediately and flow cytometric analysis. In addition,
cells were submitted to Annexin V/PI staining in situ, and then
imaged with an inverted fluorescence microscope equipped with
a digital camera (Axio Obsever Z1, Zeiss, Germany).

Immunofluorescence
A549 and NCI-H1299 cells were seeded in 24-well
plates containing NUNC ThermanoxTM coverslips. The
immunofluorescence assay was performed as previously
described. After treatment, the cells were washed briefly
with Phosphate-buffered saline (PBS), fixed with a 4%
paraformaldehyde fixative solution at room temperature
for 20min, and washed three times in PBS for 5min each.
Then, the cells were permeabilized with 0.25% Triton X-100
(Sigma-Aldrich) for 10min at 4◦C and blocked with 4% BSA
(MP Biomedicals) solution for 30min at 37◦C. The cells were
incubated at 4◦C overnight with the primary antibody (1:300).
Then, the cells were washed thrice for 5min in Phosphate-
buffered saline with Triton X-100 (PBST) and incubated with
the fluorescent secondary antibody for 1h at room temperature
in the dark. 4′,6-diamidino-2-phenylindole (DAPI) was added
for 5min to visualize nuclei in the dark. Then, the cells were
washed with PBS and dried. After using an antifluorescence
quenching reagent, the coverslips were stored at 4◦C. The cells
were observed at ×100 magnification using a laser scanning
confocal microscope (Olympus, FV-1000). The number of cells
analyzed per experiment was 30 cells.

Frontiers in Oncology | www.frontiersin.org 10 March 2020 | Volume 10 | Article 34852

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Autophagy Inhibits NiPT-Induced Cell Death

Plasmids and Transfection
The vector pcDNA3.1, YFP-LC3, and Flag-SQSTM11UBA
plasmids were all kindly gifted by Professor Xiaofeng Zhu
(State Key Laboratory of Oncology in South China; Cancer
Center, Sun Yat-sen University, Guangzhou, China). All plasmid
transient transfections were performed using Lipofectamine 2000
according to the manufacturer’s instructions.

Active DUB Labeling Assays
These assays were performed as previously reported (4, 5).
Purified 26S proteasomes (25 nM) were incubated with NiPT
(5, 50µM) in DUB buffer for 30min. Cell lysates (5 µg)
from NiPT-treated cancer cells were incubated with HA-UbVs
at 37◦C for another 1 h. These samples were boiled in the
reducing sample buffer and subjected with Western blot analysis,
HA-UbVS-labeled DUBs were immunodetected using anti-
HA antibodies.

Tumor Xenograft Analysis
All animal experiments were followed in accordance with the
protocols and approved by the Institutional Animal Care and Use
Committee of Guangzhou Medical University. Nude Balb/c mice
(male, 5-week-old, and 20–23 g) were subcutaneously inoculated
with approximately 3× 106 A549 cells in a total volume of 100µl
in the left armpit. Seventy-two hours after inoculation, the mice
were randomly divided into two groups (n = 6 for each group),
and treated with either vehicle (DMSO, polyethylene glycol 400,
and 0.9% NaCl at 1:3:6 volume ratio, oral) or NiPT (40 mg/kg/d,
oral) for a total of 14 days. Tumor volumes were determined
every 3 days. Tumor volumes were calculated by the following
formula: a2 × b × 0.4, where a is the smallest diameter and
b is the diameter perpendicular to a. The animals were then
euthanized, and tumor xenografts were immediately removed,
weighed, and frozen or fixed for biochemical or histological
analyses, respectively.

Immunohistochemistry
Xenograft tumors were fixed in 4% paraformaldehyde (PFA),
embedded in paraffin, sectioned, and stained with haematoxylin
and eosin. Immunohistochemical staining of paraffin-embedded
tumor tissues was performed using P62 (Santa Cruz, 1:100
dilution) and LC3 (Cell Signaling Technology, 1:100 dilution)
primary antibodies and the ABC Elite immunoperoxidase kit
according to the manufacturers’ instructions.

Immunoblotting and Immunoprecipitation
Whole cell lysates were prepared in RIPA buffer (1×PBS, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented
with 10mM β-glycerophosphate, 10mM NaF, 1mM
sodium orthovanadate, 1× Roche Complete Mini Protease
Inhibitor Cocktail (Roche, Indianapolis, IN), and 1mM
phenylmethylsulfonyl fluoride (PMSF). Lysates were centrifuged
at 13,400 g for 15min at 4◦C. Then, the supernatant fraction
was collected. Protein concentrations were determined using
the Pierce BCA protein assay kit (Thermo, 1862634). Equivalent
aliquots of protein samples (20 to 40mg) were loaded and
electrophoresed on SDS-PAGE gels and then transferred

to polyvinylidene fluoride/PVDF membranes. SDS-PAGE,
transferring, and immunodetection were performed as
previously described (2). To analyze protein interactions,
anti-FLAG antibody was incubated with DynabeadsTM Antibody
Coupling Kit (Life Technologies, Invitrogen, CA) according to
the manufacturer’s instructions, and cell lysates were incubated
with beads for 3 h at room temperature. Precipitated proteins
were washed with PBS-T for three times, eluted by Blue
Loading Buffer Pack (Cell signaling technology, USA), loaded on
SDS-PAGE, and immunoblotted.

Statistical Analysis
All assays were performed in triplicate. Data are expressed as the
mean ± standard deviation (SD). Two-tailed unpaired Student’s
t-test was used to evaluate the statistical significance of the
difference between two groups in all experiments. When the
difference among ≥3 groups were evaluated, one-way analysis of
variance (one-way ANOVA) was performed. The p < 0.05 was
considered statistically significant.
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Autophagy is considered a cytoprotective function in cancer therapy under certain
conditions and is a drug resistance mechanism that represents a clinical obstacle to
successful cancer treatment and leads to poor prognosis in cancer patients. Because
certain clinical drugs and agents in development have cytoprotective autophagy effects,
targeting autophagic pathways has emerged as a potential smarter strategy for cancer
therapy. Multiple preclinical and clinical studies have demonstrated that autophagy
inhibition augments the efficacy of anticancer agents in various cancers. Autophagy
inhibitors, such as chloroquine and hydroxychloroquine, have already been clinically
approved, promoting drug combination treatment by targeting autophagic pathways as
a means of discovering and developing more novel and more effective cancer therapeutic
approaches. We summarize current studies that focus on the antitumor efficiency of
agents that induce cytoprotective autophagy combined with autophagy inhibitors.
Furthermore, we discuss the challenge and development of targeting cytoprotective
autophagy as a cancer therapeutic approach in clinical application. Thus, we need to
facilitate the exploitation of appropriate autophagy inhibitors and coadministration delivery
system to cooperate with anticancer drugs. This review aims to note optimal combination
strategies by modulating autophagy for therapeutic advantage to overcome drug
resistance and enhance the effect of antitumor therapies on cancer patients.

Keywords: autophagy inducer, cytoprotective autophagy, autophagy inhibitor, drug resistance, cancer therapy
HIGHLIGHTS

1. A number of agents in development and even clinical drugs for cancer treatment have
cytoprotective autophagy effects that contribute to drug resistance.

2. Combination treatment with an autophagy inducer and inhibitor is a good opportunity for
discovery and development of more novel and effective therapeutic approaches for cancer
treatment.
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INTRODUCTION

Macroautophagy (hereafter termed autophagy) is a physiological
and dynamic process dependent on the formation of double-
membrane vesicles to maintain metabolic homeostasis by
capturing intracellular constituents, including redundant or
unnecessary proteins, injured or aged organelles, and later
degrading them in lysosomes. Basal autophagy is widely
accepted as a mechanism of cell survival under conditions of
nutrient deprivation because the lysosome-released breakdown
products are recycled into metabolic and biosynthetic pathways
(White et al., 2015). Autophagy is also a cytoprotective
mechanism against various environmental stresses, such as
oxidant stress, endoplasmic reticulum stress, and viral or
bacterial infection, by eliminating damaged and toxic cellular
components and products. However, autophagy plays a dual role
in both tumor-suppressing and -promoting activity in cancer
initiation, development, progression, and treatment by
preventing the toxic accumulation of oncogenic signaling
substances from carcinogenic factors, such as genomic injury
to suppress cancer initiation. By contrast, cancer cells tend to
utilize autophagy-mediated recyclable biomolecules to meet the
increased metabolic energy demand of survival and proliferation
and take advantage of the engulfment capability to overcome
micro-environmental stress, which facilitates tumorigenesis and
aggressiveness (Galati et al., 2019). It has been shown that cancer
cells are more autophagy-dependent than normal tissues. Thus,
targeting autophagy directly is a therapeutic strategy for cancer
therapy (White, 2015).

Autophagy in cancer treatment is also context-dependent and
complicated. There are generally two effects of autophagy in
response to anticancer drugs or ionizing radiation treatment in
cancer cells (Thorburn et al., 2014). One effect is the cytotoxic
function known as autophagic cell death, also named type II
programmed cell death (Fulda and Kögel, 2015; Denton and
Kumar, 2019). It is a nonapoptotic form of programmed cell
death caused by overactivated autophagy (Booth et al., 2019; Zhu
et al., 2020). Anticancer treatment induces robust autophagy of
cancer cells to self-digestion until death (Simonet et al., 2020;
Ganesher et al., 2020). Many natural compounds and synthetic
agents exhibit their anticancer effects through triggering
autophagic cell death (Law et al., 2017; Xu et al., 2019; Kiruthiga
et al., 2020; Pellerito et al., 2020). Moreover, the activation of
autophagy-related signaling may implicate the suppression of
certain other cancer therapeutic target to help against cancer,
such as tumor invasion and migration and tumor angiogenesis
(Wang et al., 2019; Jiang et al., 2019; Song et al., 2019).

The other effect is the cytoprotective function, which is a drug
resistance mechanism resulting in a clinical obstacle to successful
cancer treatment and leads to a poor prognosis of the patients. The
cancer cells initiate autophagy to escape from the damage of drugs
or radiation. Efforts to inhibit treatment-induced autophagy has
therefore attracted great interest to improve cancer therapy
efficiency (Nagelkerke et al., 2015). By combining the
antineoplastic agents, the application of autophagy inhibitors is
considered beneficial to increase the susceptibility of cancer cells to
therapeutic agents that induce autophagy (Dalby et al., 2010;
Frontiers in Pharmacology | www.frontiersin.org 257
Kleger et al., 2014). Thus, it is critical to determine if anticancer
drugs and radiation treatment actually promote cytoprotective
autophagy in patient tumors (G, 2014).

Multiple agents in development in preclinical and clinical
trials and even many clinical drugs have been found to trigger
cytoprotective autophagy, including mTOR inhibitors, kinase
inhibitors, natural products, and antiangiogenic agents (Haiyang
Yu et al., 2019; Mei-Chuan Chen et al., 2019). Meanwhile,
various signaling pathways and molecules have been identified
in regulating drug-induced autophagy that impact the outcome
of anticancer therapy, such as the PI3K-Akt-mTOR pathway,
one of the main regulators of autophagy. The anticancer drug-
triggered DNA damage may play a crucial role in the initiation of
autophagy signaling cascades to elevate DNA repair levels and
promote cellular survival (Zhang et al., 2015). Research has
demonstrated autophagy as a universal cytoprotective response
after DNA damage induced by chemotherapeutic drugs,
including cisplatin, BO-1051, and doxorubicin (DOX) in
hepatocellular carcinoma cell lines (Chen et al., 2011). High
mobility group box 1 (HMGB1) is associated with the hallmarks
of cancer. Autophagy-associated HMGB1 has been revealed to
protect various cancer cells, such as osteosarcoma, lung
adenocarcinoma, neuroblastoma and ovarian cancer, from
many chemotherapeutics, including DOX, cisplatin and
etoposide (Wang et al., 2015). HMGB1-mediated autophagy
through the mitogen-activated protein kinase (MEK)/
extracellular signal-regulated kinase (ERK) signaling pathway
promotes docetaxel resistance in human lung adenocarcinoma
(Pan et al., 2014). HMGB1 release is also a key regulator of
autophagy and promotes tumor resistance to chemotherapy in
leukemia (Liu et al., 2011). Additionally, in gastric cancer cells,
after vincristine, a microtubule-targeting drug treatment,
HMGB1 released into the extracellular space to protect cancer
cells from apoptosis by upregulating the transcription of Mcl-1
(Zhan et al., 2012). VEGF-C/NRP-2 axis is another signaling
pathway involved in autophagy activation through inhibition of
mTOR complex 1 activity, results in aiding cancer cell survival
under therapeutic treatment (Stanton et al., 2013). Protective
autophagy regulated by PP2Ac and ERK are at least parts of the
mechanism that contribute to cisplatin resistance in certain
ovarian cancer cells (Yin et al., 2013; Wang and GS, 2014).
The autophagic response regulated by JNK-Bcl-2 pathway plays
a role in limiting the anticancer activity and toxicity of CA-4 in
clinical application for various cancers. Thus, a JNK inhibitor or
a Bcl-2 inhibitor (ABT-737) could promote CA-4-elicited
apoptosis due to inhibition of autophagy (Li et al., 2014).
Effective targeting of these pathways may intervene in therapy
to render cancer cells resistant to cell inhibition, such as cell
death, cell proliferation and tumor angiogenesis, as well as
leading to the development of novel cancer therapies.
AUTOPHAGY INHIBITORS

Not surprisingly, increasing research has demonstrated that drug
resistance in cancer therapy can be abrogated by the inhibition of
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autophagy via genomic interference against autophagic genes
(siRNA targeting Atg3, Atg5, Atg7, and Beclin 1) or
pharmacological inhibitors of key components within the
autophagy pathway in cancer resistance (Kumar et al., 2015)
(Table 1). Additionally, there is also a growing interest in
exploring more potent and specific pharmacological autophagy
inhibitors (Golden et al., 2015; Li et al., 2016).

3-Methyladenine (3-MA), LY294002, and Bafilomycin A1
(Baf A1) are common autophagy inhibitors that function in
early autophagy by PI3K inhibition and in late autophagy by
blocking vacuolar-type H(+)-ATPase, respectively (Feng et al.,
2018; Yang et al., 2013). Chloroquine (CQ), a 4-alkylamino-
substituted quinoline family member, is a clinically available
antimalarial agent which is also an autophagy inhibitor function
by blocking the fusion of autophagosomes and lysosomes.
Because CQ has been approved by the U.S. Food and Drug
administration (FDA) for use as an antimalarial agent, it is
commonly used in clinical trials as an inhibitor of autophagy
(Kimura et al., 2012; Kuroda et al., 2013), as well as another more
toxic safety agent for autophagy inhibition, hydroxychloroquine
(HCQ) (Wolpin et al., 2014).

Except the classical autophagy inhibitors mentioned above,
more agents with function of autophagy inhibition in certain
cases have been proved. This kind of autophagy inhibitors may
have multiple biological activities and exhibit promising
inhibitory effect of therapy-induced cytoprotective autophagy
that facilitate overcoming acquired resistance to antitumor
therapy. The Bcl-2 family of proteins are not only regulators of
apoptosis signaling, but also involved in autophagy processes
(Duffy et al., 2015). The Bcl-2 inhibitor ABT-737 has been
identified as an autophagy inhibitor (Yang et al., 2016).
Moreover, obatoclax which exhibits pan-Bcl-2 inhibition effect
has been demonstrated to cause a striking inhibition of
autophagy at late-stage in colorectal cancer and bladder cancer
cells (Huang and Sinicrope, 2010; Koehler et al., 2015; Jiménez-
Guerrero et al., 2018). Clarithromycin is a macrolide antibiotic
frequently utilized in the treatment of upper and lower
respiratory tract infections and Helicobacter pylori that has
demonstrated inhibitory effects on autophagy (Altman and
Platanias, 2012; Giulia Petroni et al., 2020). Resveratrol is a
Frontiers in Pharmacology | www.frontiersin.org 358
natural polyphenolic compound derived from plants which has
proapoptotic effects on various cancer cells. Interestingly,
resveratrol showed synergistic anticancer efficacy by blocking
temozolomide or doxorubicin induced cytoprotective autophagy
flux (Lin et al., 2012; Rai et al., 2016). Quinacrine also known as
mepacrine which is a synthetic antimalarial drug belonging to
the quinoline-based drugs class and have been demonstrated to
inhibit autophagy at late stage (Golden et al., 2015). 4-
Acetylantroquinonol B is a novel compound derived from
antroquinonol by the addition of an acetyl group. It had been
first demonstrated by a group that it could enhance the drug
susceptibility of the epithelial cancerous cells to cisplatin by
inhibition of autophagic flux (Liu et al., 2017). Epigallocatechin
gallate (EGCG) is a bioactive catechin derived from green tea
which has been employed to overcome drug resistance by
inhibiting therapy-induced autophagic flux (Meng et al., 2019).
ANTITUMOR AGENTS WITH
CYTOPROTECTIVE AUTOPHAGY

Accumulating evidence has shown that targeting autophagy in
combination with antitumor agents has been effective at
enhancing cell death and improving the efficacy of cancer
therapies in various cancer types. The antitumor agents are
currently under investigation with a cytoprotective autophagy
effect that is mainly classified into several types according to
distinct characteristic (Table 2).

Natural Compounds
Multiple plant-derived natural compounds have obvious
anticancer potential. However, autophagy-associated
chemoresistance limits the development of novel natural drugs
in clinical cancer treatment (Zhang et al., 2014; Guo et al., 2015).
Polyphyllin I (PPI) is a bioactive phytochemical isolated from the
rhizoma of Paris polyphyllin. Preclinical studies revealed PPI has
anticancer efficacy with autophagy induction in various cancer
models. Further combined PPI with CQ to block PPI-induced
autophagy in HCC cells resulted in augmenting the cytotoxicity
and antiproliferation effects of PPI via the caspase-dependent
TABLE 1 | Autophagy inhibitors in cancer cells.

Autophagy inhibitor Target point Inhibition stage References

3-MA PI3K inhibition Early (Horwacik et al., 2015; Zhang et al., 2015)
LY294002 PI3K/mTOR inhibition Early (Feng et al., 2018; Shen et al., 2017)
Baf A1 Vacuolar-type H(+)-ATPase inhibition Late (Miyazawa, 2011)
CQ Lysosomal inhibition Late (Kimura et al., 2012; Fukuda et al., 2015; Liu et al., 2016)
HCQ Lysosomal inhibition Late (Vogl et al., 2014; Rangwala et al., 2014)
ABT-737 Bcl-2 inhibition Early (Huang and Sinicrope, 2010; Yang et al., 2016)
Obatoclax Lysosomal inhibition Late (Koehler et al., 2015; Jiménez-Guerrero et al., 2018)
Clarithromycin Block autophagy flux Late (Altman and Platanias, 2012; Sugita et al., 2015)
Resveratrol Autophagy regulator -S6K1 Early (Lin et al., 2012; Alayev et al., 2015; Rai et al., 2016)
Quinacrine Lysosomal inhibition Late (Lobo et al., 2013; Golden et al., 2015)
4-Acetylantroquinonol B Block autophagy flux Late (Liu et al., 2017)
EGCG Block autophagy flux Late (Meng et al., 2019)
3-MA, 3-methyladenine; Baf A1, bafilomycin A1; PI3K, phosphatidylinositol 3 kinase; mTOR, mammalian target of rapamycin; CQ, chloroquine; HCQ, hydroxychloroquine; ATPase,
adenosine triphosphatase; EGCG, Epigallocatechin gallate.
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apoptosis pathway (Shi et al., 2015). By the Beclin-1 and Akt/
mTOR pathway, ursolic acid (UA), a pentacyclic triterpenoid
derived from natural plants, showed an autophagic response as a
survival mechanism in PTEN-deficient PC3 prostate cancer cells.
Blockade of autophagy by 3-MA enhanced UA-induced
apoptosis (Shin et al., 2012). Additionally, UA and resveratrol
have been shown to synergize with CQ to enhance melanoma cell
death (Junco et al., 2015). By interfering with the normal
breakdown of microtubules during cell division, paclitaxel is a
medication used to treat several cancer types, including breast
cancer, lung cancer and ovarian cancer. Acquired resistance
mediated by autophagy of paclitaxel functions as a major
Frontiers in Pharmacology | www.frontiersin.org 459
obstacle to successful anticancer effects. 2-Deoxy-D-glucose or
3-MA could enhance the preferential toxicity on paclitaxel
resistant HeLa cervical cancer cells via decreasing autophagy
(Peng et al., 2014). Moreover, the blockade of autophagy with 3-
MA and Baf A1 strengthen sensitivity of folliculin-deficient renal
cancer cells to paclitaxel (Zhang et al., 2013). Obatoclax could
also promote paclitaxel induced apoptosis in synergistic manner
by blockade of the autophagic flux in bladder cancer (Jiménez-
Guerrero et al., 2018). Tetrandrine is a natural product study in
our laboratory, and we found that tetrandrine combined with
CQ has synergistic antitumor activity (Mei et al., 2015). It was
also reported that pterostilbene in combination with 3-MA or
TABLE 2 | Subset of the preclinical research targeting drug-induced autophagy in various cancers.

Drug Classification Drug name Targeting cancer cells Autophagy inhibitor References

Natural compounds Polyphyllin I
Ursolic acid
Paclitaxel

Tetrandrine
Pterostilbene

Topotecan
Cucurbitacin
Sulforaphane
Honokiol
Combretastatin A-
4

Hepatoma
Prostate cancer
Cervical cancer
Renal cancer
Bladder cancer
Various cancers
Lung cancer
Breast cancer
Lung cancer
Glioblastoma
Neuroblastoma
Lung cancer
Various cancers

CQ
3-MA
2-deoxyD-glucose
3-MA or BafA1
Obatoclax
CQ
3-MA or BafA1
3-MA or BafA1
CQ
CQ
3-MA
CQ
ABT-737, 3-MA or BafA1

(Shi et al., 2015)
(Shin et al., 2012; Junco et al., 2015)
(Peng et al., 2014)
(Zhang et al., 2013)
(Jiménez-Guerrero et al., 2018)
(Mei et al., 2015)
(Hsieh et al., 2013)
(Wei-Chih Chen et al., 2014)
(Wang Y et al., 2011)
(Yuan et al., 2014)
(Horwacik et al., 2015)
(Lv et al., 2015)
(Li et al., 2014)

Tyrosine kinase inhibitor Imatinib

Sorafenib

Sunitinib
Linifanib
Gefitinib

Erlotinib
Cediranib

Leukemia
Glioblastoma
Hepatoma
Glioblastoma
Various cancers
Hepatoma
Breast cancer
Lung cancer
Lung cancer
Glioblastoma

CQ or Clarithromycin
BafA1
3-MA
CQ
CQ
CQ, HCQ or 3-MA
HCQ, BafA1 or 3-MA
Clarithromycin, EGCG
CQ
Quinacrine

(Altman and Platanias, 2012; Zeng et al., 2015)
(Shingu et al., 2009)
(Yuan et al., 2014)
(Liu et al., 2016)
(Abdel-Aziz et al., 2014)
(Pan et al., 2014)
(Dragowska et al., 2013; Liu et al., 2017)
(Sugita et al., 2015; Meng et al., 2019)
(Zou et al., 2013)
(Lobo et al., 2013)

Conventional cytotoxic
drugs

Cisplatin

Oxaliplatin
Temozolomide
5-Fluorouracil

Cytarabine
Doxorubicin

Pirarubicin

Lung cancer
Ovarian cancer
Glioblastoma
Gastric cancer
Bladder cancer
Endometrial cancer
Epithelial cancer
Colorectal cancer
Glioblastoma
Cholangiocarcinoma
Colon cancer
Acute myeloid
Hepatoma,
osteosarcoma
leukemia
Osteosarcoma
Breast cancer
Bladder cancer

3-MA or CQ
3-MA or CQ
3-MA
CQ
3-MA or CQ
CQ
4-Acetylantroquinonol B
3-MA
Resveratrol or CQ
Quinacrine
Capsaicin
3-MA or CQ
Baf A1 or CQ
EGCG
3-MA
Resveratrol
HCQ or 3-MA
HCQ or 3-MA

(Wu et al., 2015; Liu et al., 2015)
(Zhang et al., 2012; Wang and GS, 2014; Bao et al.,
2015)
(Zhang et al., 2015)
(Zhang et al., 2015)
(Ojha et al., 2016)
(Fukuda et al., 2015)
(Liu et al., 2017)
(Liu et al., 2015)
(Lin et al., 2012; Yan et al., 2016)
(Buccarelli et al., 2018)
(Hong et al., 2015)
(Sasaki et al., 2010; Li et al., 2010)
(Bosnjak et al., 2014)
(Chen et al., 2014; Wang and Ding Chen, 2018)
(Zhao et al., 2014)
(Rai et al., 2016)
(Pan et al., 2015)
(Li et al., 2015)

Proteasome inhibitor Carfilzomib Myeloma CQ, HCQ (Jarauta et al., 2016; Baranowska et al., 2016)
Bortezomib Myeloma

Myeloma
Macrolide antibiotics BafA1,
HCQ

(Moriya et al., 2013)
(Di Lernia et al., 2020; Miyazawa, 2011)

Ixazomib
Glioblastoma
Colorectal cancer

3-MA
ABT-737

(Zhang et al., 2014)
(Yang et al., 2016)
CQ, chloroquine; HCQ, hydroxychloroquine; 3-MA, 3-methyladenine; Baf A1, bafilomycin A1; EGCG, Epigallocatechin gallate.
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BafA1 may enhance the efficiency of chemotherapeutic
approaches in both chemo-sensitive and chemo-resistant lung
cancer cells and in triple-negative breast cancer cells (Hsieh et al.,
2013; Wei-Chih Chen et al., 2014). The anticancer effect of
another natural substance product, chaetocin, is enhanced by
Baf A1(Jung et al., 2016). Moreover, CQ potentiated the
cytotoxicity of topotecan in lung cancer cells by interfering
with autophagy (Wang Y et al., 2011), and the antitumor
efficiency of cucurbitacin I is promoted with synergetic
treatment of CQ in glioblastoma (Yuan et al., 2014).
Additionally, cell death of BE (2)-C human neuroblastoma
cells following sulforaphane treatment could be promoted by
3-MA via inhibition of autophagy (Horwacik et al., 2015).
Honokiol is isolated from the bark, seed cones, and leaves of
trees belonging to the genus Magnolia and is a kind of lignan.
Honokiol-induced cell death increased with CQ by inhibiting
autophagy that finally exhibits augmented antitumor effects in
human nonsmall cell lung cancer cells (Lv et al., 2015).
Combretastatin A-4 (CA-4) is a drug isolated from combretum
caffrum which has been applied in clinical trials for solid tumors
therapy in past over ten years. However, the CA-4-elicited
autophagic response in various cancer cells restricts its clinical
application. Autophagy inhibition by autophagy inhibitors (3-
MA and Baf A1), the JNK inhibitor or the Bcl-2 inhibitor ABT-
737 could promote CA-4-induced apoptosis (Li et al., 2014).

Synthetic Compounds
Conventional Cytotoxic Drugs
Cytotoxic drugs are used in the treatment of tumors to trigger the
death of tumor cells by preventing DNA replication and cell
division. Cisplatin-based chemotherapy frequently results in
acquired resistance, which is a major challenge in the clinical
control of various cancers. The underlying mechanism is
demonstrated in relation to the autophagic response.
Combined treatment of cisplatin with 3-methyladenosine or
CQ promotes the chemotherapeutic sensitivity of various
cancers, including lung cancer, ovarian cancer, glioma cancer,
gastric cancer, bladder cancer, and endometrial cancer cells
(Zhang et al., 2012; Wang and GS, 2014; Bao et al., 2015; Wu
et al., 2015; Zhang et al., 2015; Zhang et al., 2015; Fukuda et al.,
2015; Ojha et al., 2016). Coadministration of CQ and cisplatin to
abolish the suppression of mTORC1 activity-mediated
autophagy significantly re-sensitized cisplatin-resistant EC109/
CDDP cells (Yu et al., 2014). 4-Acetylantroquinonol B can also
act as an autophagy inhibitor by blocking autophagic flux and
improving the sensitivity of highly aggressive epithelial cancer to
cisplatin via the PI3K/Akt/mTOR/p70S6K signaling pathway
(Liu et al., 2017). Another platinum-based antineoplastic agent,
oxaliplatin, shows the drug resistance via the MEK/ERK
signaling pathway and HMGB1-mediated autophagy in
colorectal cancer cells, and the sensitivity can be restored by 3-
MA (Liu et al., 2015). Temozolomide (TMZ) is an alkylating
agent used for the clinical treatment of glioblastoma multiforme
and melanoma. Studies have revealed that cytoprotective
autophagy induced by TMZ contributes to therapy resistance
in malignant glioma which can be suppressed by resveratrol,
Frontiers in Pharmacology | www.frontiersin.org 560
chrysin, or CQ and its analog quinacrine, resulting in a decrease
in autophagy and an increase in apoptosis (Buccarelli et al., 2018;
Lin et al., 2012; Yan et al., 2016). 5-Fluorouracil (5-FU) is a
pyrimidine analog for cancer treatment that works through
irreversible inhibition of thymidylate synthase. Capsaicin is a
major pungent ingredient found in hot red chili peppers of the
genus capsicum, emerges as a chemotherapeutic augmenter for
5-FU's anticancer effects in cholangiocarcinoma (Hong et al.,
2015). In addition, CQ and 3-MA potentiate the cytotoxic effect
of 5-fluorouracil on colon cancer cells (Sasaki et al., 2010; Li et al.,
2010). Cytarabine is a chemotherapy agent used mainly in killing
acute myeloid leukemia (AML) and non-Hodgkin lymphoma
cancer cells by interfering with DNA synthesis. Baf A1 and CQ
can markedly increase apoptotic death in cytarabine-treated
human leukemic cells (Bosnjak et al., 2014).

Anthracycline drugs derived from Streptomyces bacterium
Streptomyces peucetius var. caesius, which are used in cancer
chemotherapy to treat several cancers, including breast, ovarian,
uterine, bladder, lung cancers, and leukemias, and lymphomas.
Doxorubicin (DOX) is an anthracycline antibiotic derived by
chemical semisynthesis from bacterial species and works by
intercalating DNA for the treatment of various cancers. EGCG,
one of the highest catechins from green tea, promisingly showed
the capability to augment the antitumor efficacy of DOX in HCC
and osteosarcoma treatment involving autophagy inhibition
(Chen et al., 2014; Wang and Ding Chen, 2018). As a classic
chemotherapeutic agent for osteosarcoma, autophagy-mediated
resistance of DOX can be reversed by 3-MA (Zhao et al., 2014).
Resveratrol can enhance the chemotherapeutic potential of DOX
by inducing apoptosis mediated through down regulation of
autophagy in breast cancer cell lines (Rai et al., 2016).
Additionally, HCQ or 3-MA can partially reverse the drug
resistance of myeloma RPMI8226/DOX cells by inhibition of
autophagy (Pan et al., 2015). Pirarubicin is widely used in clinical
chemotherapy for bladder cancer. However, emerging evidence
has shown that the efficacy of pirarubicin is limited by the
cytoprotective role of autophagy in bladder cancer cells, and
inhibition of autophagy by 3-MA or HCQ increased cell
apoptosis, suggesting an efficiency over traditional pirarubicin
chemotherapy in bladder cancer patients (Li et al., 2015).

Tyrosine Kinase Inhibitors
Tyrosine kinases play a pivotal role in oncogenesis, but emerging
studies have report compromised cytotoxicity of tyrosine kinase
inhibitors used as monotherapy in cancer (Carew et al., 2008).
Imatinib (INN) is a frontline tyrosine-kinase inhibitor notably
used in the targeted therapy of Philadelphia chromosome-
positive (Ph+) chronic myelogenous leukemia (CML) by
targeting BCR-Abl-expressing leukemic cells. Autophagy
induction has been identified as the imatinib resistance
mechanism during therapeutic process. CQ could markedly
promote CML cell apoptosis induced by Hedgehog pathway
suppression of imatinib-sensitive or -resistant BCR-ABL+ cells
(Zeng et al., 2015). Additionally, clarithromycin, which blocks
autophagy, could also restore the sensitivity of CML cells to
imatinib (Altman and Platanias, 2012). In human malignant
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glioma cells, the imatinib-elicited cytotoxicity has been enhanced
by induction of apoptosis with Baf A1 which trigger inhibition of
autophagy at a late stage (Shingu et al., 2009). Sorafenib, which is
a multikinase inhibitor that inhibits serine/threonine kinases and
receptor tyrosine kinases (RTKs), was shown to have survival
benefits in advanced HCC. Inhibition of cytoprotective
autophagy by 3-MA treatment enhances sorafenib-mediated
cell death via necrosis and significantly augments the
combination antitumor effect with sorafenib and the HDAC
inhibitor vorinostat in hepatocellular carcinoma cells (Honma
and Harada, 2013; Yuan et al., 2014). Additionally, sorafenib has
shown antitumor activity in glioblastoma multiforme (U373 and
LN229 cells). Further study demonstrated that combination
treatment with sorafenib and CQ exhibited inhibition of cell
proliferation and migration and induction of cell apoptosis by
blockade of autophagy in vitro and in vivo (Liu et al., 2016).
Sunitinib is a multitargeted receptor tyrosine kinase inhibitor
that was approved for the treatment of renal cell carcinoma and
imatinib-resistant gastrointestinal stromal tumor. CQ has been
shown to synergize with sunitinib by switching off autophagy
then enhanced the cytotoxicity of sunitinib via inducing
apoptosis (Abdel-Aziz et al., 2014). Linifanib (ABT-869) is a
structurally novel and potent multikinase inhibitor of RTK,
vascular endothelial growth factor (VEGF), and platelet-
derived growth factor. Autophagy was found to impair the
sensitivity of HCC cells to linifanib-targeted therapy by the
suppression of Akt/mTOR and Mek/Erk signaling pathways
and CQ, HCQ, or 3-MA greatly augments the anti-HCC effect
of linifanib (Pan et al., 2014). Gefitinib is a small-molecule
inhibitor of epidermal growth factor receptor (EGFR) tyrosine
kinase used for certain breast, lung, and other cancers with
mutated and overactive EGFR. HCQ or Baf A1 inhibit gefitinib-
induced autophagy at late-stage significantly increased cell death
in gefitinib-sensitive and -insensitive breast cancer cells
(Dragowska et al., 2013). 3-MA or Baf A1 also improved the
sensitivity of gefitinib to MDA-MB-231 and MDA-MB-468
triple-negative breast cancer cells (TNBCs) (Liu et al., 2017). In
addition, the autophagy flux inhibitor clarithromycin (CAM), a
macrolide antibiotic can enhances the cytotoxic effect of gefitinib
in nonsmall cell lung cancer cells (NSCLC), as well as EGCG can
overcomes NSCLC resistance to gefitinib by inhibiting
autophagy and augmenting cell death through targeting ERK
pathway (Sugita et al., 2015; Meng et al., 2019). The antagonistic
activity on cell proliferation has been found when
coadministration of gefitinib and cisplatin to EGFR-TKI-
sensitive human lung cancer PC9 cells. After combination with
CQ, resulted in a synergistic effect via inhibiting autophagy,
further suggesting a potential strategy to reverse the antagonistic
effects between EGFR-TKIs and chemotherapeutic drugs (Liu
et al., 2015). Another EGFR-TK inhibitor erlotinib has been
demonstrated to trigger autophagy in wild-type EGFR NSCLC.
Drug resistance caused by this autophagy can be overcame with
CQ which represent a beneficial strategy to enlarge the
application scope of erlotinib efficacy in cancer therapy (Zou
Frontiers in Pharmacology | www.frontiersin.org 661
et al., 2013). Cediranib is a potent inhibitor of VEGF receptor
tyrosine kinases. Combined with the late-stage autophagy
inhibitor quinacrine, the antiangiogenic efficacy of cediranib in
intracranial glioma is synergistically enhanced (Lobo
et al., 2013).

Proteasome Inhibitors
Proteasome inhibitors has been widely used as clinical anticancer
drugs for the bone marrow cancer multiple myeloma (MM) and
exhibited remarkable efficacy in solid tumor malignancies
treatment, including the first-in-class proteasome inhibitor
bortezomib and second-in-class proteasome inhibitors
carfilzomib and oprozomib (Saavedra-García et al., 2020).
However, increasing studies indicate that cancer cells show
resistance to the proteasome inhibitors and autophagy
contributes to the mechanisms associated with carfilzomib and
bortezomib resistance (Zang et al., 2012; Zheng et al., 2017). CQ
and HCQ can enhance carfilzomib induced cell apoptosis by
inhibition of autophagy toward MM (Jarauta et al., 2016;
Baranowska et al., 2016). The cytotoxicity of bortezomib on
MM also can be augmented by Baf1, HCQ, or macrolide
antibiotics via inhibiting prosurvival autophagy in cotreatment
manner (Di Lernia et al., 2020; Miyazawa, 2011; Moriya et al.,
2013). Moreover, 3-MA promoted sensitivity of glioblastoma
cells to bortezomib by inhibition of bortezomib induced
cytoprotective autophagy (Zhang et al., 2014). MLN9708, the
active form is ixazomib which is an orally administered
proteasome inhibitor. The cytotoxic effect of ixazomib on
colorectal cancer cells has been proved enhanced with ABT-
737 by autophagy inhibition via inhibiting Mcl-1 expression
(Yang et al., 2016).

Other Specific Signaling Inhibitors
The PI3K/Akt/mTOR pathway plays a pivotal role in
oncogenesis; consequently, it is an attractive pharmacologic
target. Because mTOR inhibition is involved in the induction
of autophagy that limits the therapeutic effects of PI3K/Akt/
mTOR signaling inhibitors, autophagy inhibition can overcome
antitumor therapeutic resistance to PI3K/Akt/mTOR signaling
inhibitors. Rapamycin is an allosteric mTORC1 inhibitor that
has been identified as a broad-spectrum autophagy inducer.
Combination therapy of rapamycin with resveratrol by
autophagy blockade showed enhanced cell apoptosis effects in
breast cancer cells (Alayev et al., 2015). Everolimus, a mTOR
inhibitor, has been approved for second-line therapy.
Combination everolimus/CQ could strongly and synergistically
induce renal cancer cell death (Grimaldi et al., 2015). In addition,
WYE-354, a novel mTORC1/2 dual inhibitor, of which the
potential anticolon cancer cell activity can be augmented by
Baf A1 and 3-MA treatment (Wang et al., 2016). Baf A1, 3-MA
and CQ can also enhance a novel mTOR kinase inhibitor, KU-
0063794, which induces cytotoxicity against anti-HepG2
hepatocellular carcinoma cells (Yongxi et al., 2015). The
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase-
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inhibiting drug simvastatin induces the activation of AMP-
activated protein kinase (AMPK) and mTOR in glioma cell
death. Inhibition of autophagy with Baf A1 and 3-MA, as well
as AMPK inhibition with compound C, markedly increased
simvastatin-induced apoptotic death (Misirkic et al., 2012). By
inhibiting HMG-CoA reductase, statins can also mediate
cytoprotective autophagy in human leukemic cells, and Baf A1
enhanced the apoptotic death induction (Vilimanovich et al.,
2015). In aggressive prostate cancers, the efficacy of the AKT
inhibitor AZD5363 is limited, and blocking autophagy using 3-
MA, CQ, and Baf A1 enhanced cell death (Lamoureux et al.,
2013). Pharmacological Notch1 signaling blockade by the g-
secretase inhibitor MRK003 is used to treat glioblastoma
neurospheres, and combination treatment with CQ can
abrogate chemoresistance caused by induction of protective
autophagy (Natsumeda et al., 2016). The addition of CQ could
also enhance the cytotoxic effects of flavopiridol, a cyclin-
dependent kinase (CDK) inhibitor, in chronic lymphocytic
leukemia (CLL) (Mahoney et al., 2012). Store-operated Ca2+

entry (SOCE) inhibitor SKF-96365 exhibits potent antineoplastic
activity, but its antitumor capacity is often limited by
cytoprotective autophagy that delays apoptosis. HCQ could
significantly augment the anticancer effect of SFK-96365 in
colorectal cancer (Jing et al., 2016). Dichloroacetate (DCA), an
inhibitor of pyruvate dehydrogenase kinase (PDK), was
demonstrated to be a promising nontoxic antineoplastic agent.
DCA-induced protective autophagy can be inhibited by 3-MA
and then restore DCA-induced apoptosis in LoVo colonic
carcinoma cells (Gong et al., 2013) (Table 3).
Frontiers in Pharmacology | www.frontiersin.org 762
CLINICAL TRIALS

Based on preclinical research, including in vitro and in vivo
models, the researchers conducted several clinical trials,
combining drugs that triggered protective autophagy with an
autophagy inhibitor (Poklepovic and Gewirtz, 2014) (Table 4).

In patients with advanced solid tumors and melanoma, a phase I
trial of HCQ with dose-intense temozolomide was conducted
(Rangwala et al., 2014). Another phase I/II trial concerning the
antitumor activity of HCQ with temozolomide and radiation for
glioblastoma patients was performed, accompanied by
pharmacodynamic and pharmacokinetic analyses for HCQ dose-
dependent autophagy inhibition (Amaravadi et al., 2011; Rosenfeld
et al., 2014). A phase I trial in patients with advanced solid tumors
conducted based on preclinical models showed that a proton pump
inhibitor, pantoprazole exerted enhanced antitumor activity of
DOX by improving drug distribution and inhibiting autophagy
(Brana et al., 2014). In addition, a phase I clinical trial was
conducted along with pharmacodynamics evaluation of
combination treatment with HCQ and DOX for spontaneously
occurring lymphoma in pet dogs (Barnard et al., 2014). Using
combined autophagy inhibitor HCQ and proteasome inhibitor
bortezomib, a phase I trial in patients with relapsed/refractory
myeloma was conducted (Vogl et al., 2014). Combination
treatment with mTOR and autophagy inhibitor, a phase I trial of
temsirolimus and HCQ in patients with advanced solid tumors and
melanoma was conducted (Rangwala et al., 2014). Moreover,
coadministration with HCQ and HDAC inhibitor vorinostat, a
phase I trial in patients with advanced solid tumors was conducted
TABLE 4 | Combination treatment by targeting drug-induced autophagy in clinical trials for cancer therapy.

Phase Drug name Targeting cancer cells Autophagy inhibitor References

I Temozolomide Melanoma and advanced solid tumors HCQ (Rangwala et al., 2014)
I/II Temozolomide Glioblastoma HCQ (Rosenfeld et al., 2014)
I Doxorubicin Advanced solid tumors Pantoprazole (Brana et al., 2014)
I Doxorubicin Lymphoma HCQ (Barnard et al., 2014)
I Bortezomib Myeloma HCQ (Vogl et al., 2014)
I Temsirolimus Melanoma HCQ (Rangwala et al., 2014)
I Vorinostat Advanced solid tumors HCQ (Mahalingam et al., 2014)
April 2020
HCQ, hydroxychloroquine.
TABLE 3 | Autophagy inhibition of drugs targeting specific signaling in cancer treatment.

Drug name Targeting signaling Autophagy Inhibitor Targeting Cancer cells References

Rapamycin mTORC1 Resveratrol Breast cancer (Alayev et al., 2015)
Everolimus PI3K/AKT/mTOR CQ Renal cancer (Grimaldi et al., 2015)
Simvastatin AMPK BafA1, 3-MA or AMPK Inhibitor Glioblastoma (Misirkic et al., 2012)
SKF-96365 Calcium/CaMKIIg/AKT HCQ Colorectal cancer (Jing et al., 2016)
AZD5363 AKT BafA1, 3-MA or CQ Prostate cancer (Lamoureux et al., 2013)
AZ7328 AKT CQ Bladder cancer (Dickstein et al., 2012)
MRK003 Notch1/g-secretase CQ Glioblastoma (Natsumeda et al., 2016)
Flavopiridol CDK CQ Leukemia (Mahoney et al., 2012)
SKF-96365 SOCE HCQ Colorectal cancer (Jing et al., 2016)
Dichloroacetate PDK 3-MA Colorectal cancer (Gong et al., 2013)
|

CQ, chloroquine; HCQ, hydroxychloroquine; 3-MA, 3-methyladenine; Baf A1, bafilomycin A1; PI3K, phosphatidylinositol 3 kinase; mTORC1, mammalian target of complex 1; Akt, protein
kinase B; mTOR, mammalian target of rapamycin; AMPK, adenosine monophosphate activated protein kinase; CDK, cycling-dependent kinase; SOCE, store-operated Ca2+ entry; PDK,
pyruvate dehydrogenase kinase.
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and researchers further analyzed the data from the effect of safety,
tolerability, pharmacokinetics, and pharmacodynamics
(Mahalingam et al., 2014).
THE CHALLENGE AND DEVELOPMENT
OF TARGETING CYTOPROTECTIVE
AUTOPHAGY AS A CANCER
THERAPEUTIC APPROACH IN CLINICAL
APPLICATION

Since autophagy was considered as a double-edged sword that
might cooperate, aggravate, or antagonize apoptosis, current
understanding of the role of autophagy in the response to
some certain cancer therapy remains controversial, such as
sorafenib- induced autophagy in HCC. The effect of sorafenib-
triggered autophagy serves as a prosurvival response or promotes
the lethality of sorafenib against HCC cells is indistinct (Liu et al.,
2017). Therefore, targeting autophagy induced by antitumor
agents by combination of these agents with autophagy
inhibitors in clinical cancer therapy application to improve
outcomes for patients remains a challenge. More preclinical
research should be conducted to confirm that autophagy
provides an adaptive mechanism of resistance to antitumor
drugs in cancer cells and inhibition of autophagy could further
enhance the cytotoxic effects of these drugs in a synergistic
manner rather than attenuating the autophagy-dependent
antitumor effect.

It is clear that using autophagy inhibitor to target antitumor
agents-induced protective autophagy to augment cytotoxic
effects via switching-off the autophagic mechanism,
coadministration is the key procedure. Antitumor agents with
cytoprotective autophagy and autophagy inhibitors are different
in physicochemical properties, such as molecular weight and
size. If given separately, may result in differences in bio-
distribution and cancer cell accumulation between the two
drugs, which means failure combination treatment. Thus, a
drug delivery system needed to facilitate the combination
strategy, especially for some agents cannot enter cells efficiently
by itself. By taking advantage of nanoparticles, researchers
successfully coloaded miR-375, an inhibitor of autophagy and
sorafenib into calcium carbonate nanoparticles with lipid coating
(miR-375/Sf-LCC NPs) followed by significant autophagy
inhibition and enhanced antitumor effect of sorafenib in HCC
(Pengxuan Zhao et al., 2018). Another group prepared R8-dGR
peptide modified paclitaxel (PTX) and HCQ incorporating
liposomes (PTX/HCQ - R8- dGR- Lip) for increasing drug
delivery and confirmed that combined chemotherapeutic PTX
with HCQ exhibited augmented efficiency on inhibiting
malignant melanoma (Sheng Yin et al., 2018). In addition,
researchers developed “a strategy based on Cu(I)-catalyzed
click chemistry-triggered aggregation of azide/alkyne-modified
micelles for the codelivery of the DOX and the autophagy
Frontiers in Pharmacology | www.frontiersin.org 863
inhibitor wortmannin.” This Dox/wortmannin coloaded size-
adjustable micelles exerted a significant antitumor effect in a
synergistic manner in melanoma and breast cancer by inhibition
of autophagy (Jingdong Rao et al., 2019).

Besides, autophagy also found as a survival pathway to induce
therapy resistance in sonodynamic therapy (SDT) for several
cancers. Therefore, targeting autophagy regulation is also a
strategy to enhance SDT efficiency. For breast cancer, a
biomimetic nanoplatform exhibited capability in restoring cells'
sensitivity to SDT via autophagy inhibition. This design “based
on hollow mesoporous titanium dioxide nanoparticles by HCQ
loading and cancer cell membrane coating” (Qianhua Feng et al.,
2019). For the chemotherapy of glioma, blood brain barrier and
autophagy-induced chemo-resistance are two limitation factors.
One group designed a smart “all-in-one” nanosensitizer platform
to improve therapeutic efficiency by coloading the sonoactive
chlorin e6 (Ce6) and HCQ into angiopep-2 peptide-modified
liposomes (Fei Qu et al., 2019).

Clinically used antimalarial drugs CQ and its derivative
HCQ, are well-known autophagy inhibitors function by
preventing the acidification of the lysosomal compartment.
Although CQ and HCQ showed an equipotent effect at
autophagy inhibition in vitro studies, the toxicity of them
showed different in vivo. High peak concentrations of CQ
may result in infant deaths in case reports that associated
with single-tablet ingestions indicated the significant toxicity
of CQ. However, people survived suicide attempts taking HCQ,
demonstrating HCQ is safely dose-escalated in cancer patients.
Moreover, clinical trials showed that autophagy is unable to be
completely inhibited by CQ in vivo. These warrant us that
searching more potent autophagy inhibitors is critical for
promoting an opportunity to apply the combination
therapeutic strategy in clinical studies (Lalita Guntuku et al.,
2019), especially agents that specifically inhibit autophagy-
related (ATG) proteins (Pei-Feng Liu1 et al., 2018).

Targeting the autophagic process by coupling autophagy
inhibitors with current cytotoxic chemotherapy or other
available anticancer therapies are really considered promising
therapeutic strategy for cancer. For further clinical application,
more efforts should be made in identifying the role of
autophagy induced by cancer therapy, developing beneficial
coadministration system for drug delivery and discovering
novel and efficient autophagy inhibitors (Figure 1).
DISCUSSION

Autophagy may act as one of the contributing factors in cellular
mechanism of survival during cancer development and
therapeutically triggered stress with basic biological
importance. Thus, basic and clinical research will be
imperatively needed to identify if autophagy is a cancer
treatment-related resistance mechanism (Tan et al., 2015;
Sannigrahi et al., 2015; Hu et al., 2016).
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Studies in preclinical models established autophagy as a
therapeutic target, and inhibition of autophagy enhanced
chemo-sensitivity and promoted tumor cell death.

Meanwhile, multiple early-phase clinical trials evaluated the
effect of autophagy inhibition by using HCQ combined with
therapeutic agents. These studies indicated that strategies
targeting autophagy in cancer are potential ly new
opportunities for drug development, thus more potent
autophagy inhibitors are needed to identify (Yang et al., 2011).
CD133 on cancer stem cells is considered a potential therapeutic
target. There has been a report that CD133 mAb can sensitize
HCC cells to DOX and cisplatin attributed to inhibiting
autophagy and facilitating necrotic cell death. Therefore,
targeting CD133 with the autophagy inhibitor CD133 mAb is a
potential therapeutic approach for hepatocellular carcinomas
(Chen et al., 2013). It is easier for solid tumor cells to trigger
cell autophagy against nutrient deprivation and oxygen stress
conditions caused by antiangiogenic therapy. Thus, we could
exploit combination treatment with autophagy inhibitors and
antiangiogenic agents, such as bevacizumab (Guo et al., 2013).

For most antitumor agents, combination treatment with
either autophagy initiation inhibitors or autophagy maturation
inhibitors causes synergistic effects (Adiseshaiah et al., 2013).
However, in some circumstances, combination treatment with
different autophagy inhibitors at different stages of autophagy
Frontiers in Pharmacology | www.frontiersin.org 964
may lead to opposite effects. Using 3-MA or small interfering
RNA against Atg5 (siRNA-ATG5) to suppress imatinib-induced
autophagy at an early stage could decrease the cytotoxicity of
imatinib. By contrast, inhibiting autophagy at a late stage by Baf
A1 augmented imatinib-induced apoptosis mediated through
mitochondrial disruption, indicating that the cytotoxic efficiency
of imatinib for malignant glioma may only be enhanced by the
appropriate autophagy inhibitor function at a late stage of
autophagy (Shingu et al., 2009). Similarly, inhibition of the
early stages of autophagy by 3-MA attenuated the cytotoxic
effect of arsenic trioxide (ATO) in glioblastoma multiforme cells.
By contrast, interfering autophagy flux at a late stage by CQ
enhanced the ATO induced cell death (Li et al., 2015). Both
pharmacological and molecular targeting of elements of the
autophagic process need to occur under certain circumstances
to apply to therapeutic approaches.

Autophagy also acts as an obstacle in radiotherapy (Ye et al.,
2016). Based on this notion, a strategy was designed to block
autophagy in tumor cells to augment radio-sensitization by the
autophagy inhibitor 3-MA (Chen et al., 2011). Except for cancer
cells, autophagy also plays a central role in the function of
immune cells. Anticancer agents with metabolic modulating by
autophagy induction can result in antitumor immune disorders
(Townsend et al., 2012). It has been reported that inhibiting
autophagy during interleukin 2 (IL-2) immunotherapy can
FIGURE 1 | The comprehensive mechanism of autophagy induction and inhibition in cancer therapy. (1) Cancer cells treated with autophagy inducers alone will
trigger cell death as 1 apoptosis and/or 2 autophagic cell death, or will induce 3 cytoprotective autophagy result in drug resistance. (2) Combination treatment with
autophagy inducers and inhibitors in cancer cells will 4 enhance cytotoxicity by cytoprotective autophagy inhibition. (3) More efforts should be made in identifying the
role of autophagy induced by cancer therapy (2 or 3), developing beneficial coadministration system for drug delivery and discovering novel and efficient autophagy
inhibitors.
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promote long-term tumor regression by tumor inhibition and
enhance immune cell proliferation and infiltration (Liang et al.,
2012). Thus, combination radiation or chemotherapy with an
autophagy inhibitor can both selectively suppress tumor cells
and restore the capability of the immune system by promoting
the integrity of beneficial antitumor immune cel ls
(Gewirtz, 2014).

This review was aimed to identify a potent strategy to
enhance the sensitivity of cancer cells to therapeutic agents.
All sections and tables are not meant to be completely
presented because many compounds and agents have effect of
autophagy regulation by autophagy induction or inhibition in
cancer therapy, and new ones are being discovered routinely.
Frontiers in Pharmacology | www.frontiersin.org 1065
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Triple-negative breast cancer (TNBC) is an aggressive disease with worst prognosis than
other subtypes of breast cancer. Owing to the lack of hormone receptors and HER2
expression on TNBC cells, patients do not have targeted therapy options available with
other breast cancer subtypes. Extensive efforts have been made to identify novel therapeutics
against TNBC. Interestingly, recent studies had shown that plant-derived natural products
could modulate the autophagy and induce the breast cancer cells death. Seed of Brucea
javanica has been used as an important traditional Chinese medicine against cancers. In the
present study, the anti-breast cancer potential of ethanol crude extracts fromB. javanica seed
(BJE) was explored. Data demonstrated that BJE could inhibit the TNBC cell line MDA-MB-
231 proliferation and induced apoptosis. In the cells exposed to BJE, protein expressions of
UNC-51-like kinase-1 (ULK1) and Beclin-1 and the ratio of light chain 3 II/I (LC3 II/I) were
reduced, while the expression of p62 was increased, indicating an inhibition on autophagy.
Moreover, BJE promoted the phosphorylation of mammalian target of rapamycin (mTOR),
phosphatidylinositol 3-kinase (PI3K), and Akt in MDA-MB-231. BJE also suppressed the
MDA-MB-231 tumor growth in vivo. Coincide with the results in vitro, autophagy in the tumor
tissue was weakened as indicated by decreased ratio of LC 3 II/I and Beclin-1 accompanied
by enhanced phosphorylation of mTOR, which confirmed that autophagy restraint via the
PI3K/Akt/mTOR signaling pathway contributes to the suppression by BJE. Notably, no
noticeable toxicity in non-targeted organs was found, including small intestine, liver, and
kidney. Taken together, this study revealed anti-breast cancer activity of BJE based on
autophagy restraint, highlighting its clinical importance as a novel natural agent against TNBC.
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INTRODUCTION

Breast cancer is one of the most commonly diagnosed cancers
worldwide, and the leading cause of cancer-related deaths among
females (Bray et al., 2018).Triple-negative breast cancer (TNBC)
is an aggressive disease with worst prognosis than other subtypes
of breast cancer. One of the major reasons is that TNBC cells do
not have targeted therapy options available with other breast
cancer subtypes, comparing to the hormone receptor positive
and HER2-positive breast cancer. The recommended systemic
treatment for TNBC is mainly concerned about chemotherapy,
including anthracyclines, taxanes, anti-metabolic, alkylating, etc.
(McDonald et al., 2016; Waks and Winer, 2019). Unfortunately,
approximately one third of patients with early stage TNBC are
still suffering from relapse or even died of breast cancer.
Additionally, these common remedies are always accompanied
by various side effects that cause systemic multi-organ damages,
such as blood system, circulatory system, nervous system,
digestive system, motor system, reproductive system, etc.
Therefore, extensive efforts are being made to identify novel
therapeutic agents to improve the prognosis of TNBC.

Autophagy is a self-protective biological process that maintains
cellular homeostasis by balancing the biosynthetic and catabolic
processes (Vessoni et al., 2013). Autophagy is a “double-edged
sword” in all stages of cancer development. In the initial stage of
cancer formation, the host itself would employ autophagy to
reduce proteins and structural substrates for cell proliferation, so
as to activate programmed cell death of damaged cells (Lin and
Baehrecke, 2015). Hence, autophagy acts as a mechanism of tumor
suppression at this stage. However in the developing stages,
autophagy is the most optimal approach to endow cancer cells
with metabolic flexibility, allowing for their survival in nutrient
and oxygen-poor tumor microenvironments (TMEs). Extensive
pre-clinical evidence suggests that autophagy restraint is benefit
for the clinical outcomes in cancer patients. And chloroquine
(CQ) and the related hydroxychloroquine (HCQ) are the most
potential drugs that could be used to inhibit autophagy, especially
in terms of sensitizing cancer cells to chemotherapy and
radiotherapy (Sotelo et al., 2006). Interestingly, recent studies
had shown that plant-derived natural products could modulate
the autophagy and induce the breast cancer cells death (Wang
et al., 2015; Tian et al., 2018). These studies implicated that
strategies targeting autophagy have attracted increasing attention
to develop novel remedies against breast cancer.

Brucea javanica (L.) Merr. (named Ya-dan-zi in Chinese) is a
kind of shrubs that is widely distributed throughout southeastern
Asia and northern Oceania (Dong et al., 2013). Seed of B.
javanica (Bruceae fructus) has been used as an important
traditional Chinese medicine against dysentery (Chinese
Pharmacopoeia Commission, 2015) and inflammation (Yang
et al., 2013). The oil of B. javanica has been developed in the
form of injection and capsule, for the treatment of
gastrointestinal cancer (Yan et al., 2015; Wu et al., 2018),
encephalophyma, lung cancer and brain metastasis of lung
cancer (Zhang et al., 2018). Moreover, compounds derived
from B. javanica, such as a quassinoid named Bruceine D,
exhibited pronounced anti-cancer activates in pancreatic
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cancer (Lai et al., 2017) and osteosarcoma (Wang et al., 2019).
And these anti-cancer activities involves ROS regulation (Xie
et al., 2019), phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway (Lai et al., 2017), JAK-STAT signaling pathway (Wang
et al., 2019), and so on. In the present study, anti-cancer activity
of the ethanol extract of B. javanica was explored from the
perspective of autophagy to investigate its potential in the
treatment of TNBC.
MATERIALS AND METHODS

Animals
Female Balb/c nude mice (3 to 4-week old) were purchased from
Guangdong Medical Laboratory Animal Center (Guangzhou,
Guangdong, China). All animals were housed under the
specific pathogen-free condition with controlled temperature
(23 ± 2°C), humidity (50 % ± 5 %), and 12 h light/dark cycle,
and were free access to food and water ad libitum. The in vivo
experiment was performed after the 7-day acclimatization with
the approval by Guangdong Institute of Microbiology
Laboratory Animal Ethics Committee according to the
guidelines (permission number: GT-IACUC201807262).

Preparation and Analysis of Ethanol
Extracts From B. javanica Seed (BJE)
The B. javanica seed was provided by Baiyunshan Mingxing
Pharmaceutical Co., Ltd., and it was authenticated by Pro. Ziren
Su (voucher specimen 20170121). The seeds of B. javanica were
extracted with 95% ethanol at a ratio of 1:4 (weight/volume) by
reflux extraction, and the procedure was repeated twice. The
filtrates were pooled, concentrated under vacuum, and freeze-
dried to yield BJE. BJE was stored 4°C prior to use.

High performance liquid chromatography (HPLC) analysis of
BJE was carried out by liquid chromatography (Agilent
Technologies 1200 Series). BJE was dissolved in methanol and
separated on a Waters C18 column (250 mm × 4.6 mm, 5 mm) at
30°C. Water (A) and methanol (B) were used as mobile phase,
and the following gradient program was set: 0–5 min, 5–5% B (v/
v); 6–25 min, 10–45 % B (v/v); 26–40 min, 45–45% B (v/v); 41–
55 min, 45–100% B (v/v); 56–60 min, 10–45% B (v/v). The
sample was analyzed by Agilent UV detector at 240 nm.

Cell Culture
Human TNBCMDA-MB-231 cell line was provided by Cell bank
of Chinese Academy of Sciences, Shanghai, China. Cells were
cultured in completed DMEM medium (4.5 mg/ml D-glucose,
Gibco, NY) supplemented with 10 % fetal bovine serum (FBS,
Gibco) and 1 % penicillin/streptomycin (Gibco), and maintained
in incubators at 37°C under an atmosphere of 5% CO2.

Cytotoxicity Test, Morphology
Observation, and Apoptosis Assay
In all the cell experiments, BJE was dissolved in dimethylsulfoxide
(DMSO) and then diluted with completed DMEM medium. The
final concentration of DMSO was no more than 0.1%. For
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cytotoxicity test, cells were seeded in 96-well plates at a density of
3 × 103 cells/ml (sextuple in each group), and treated with BJE
(0.78 to 200 mg/ml) or PTX (7.8 to 2000 ng/ml). After 48 h, 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide
(MTT, 5 mg/ml) was added to each well followed by 4 h
incubation, and the optical density was measured at 490 nm by
a Multiscan MK3 microplate reader (Thermo Fisher, USA).

For experiments except cytotoxicity test, cells were seeded in
6-well plates at a density of 1 × 105 cells/ml (triplicate in each
group), and treated with BJE (2.61, 5.21, 10.42 mg/ml) or PTX
(26.04 ng/ml) for 48 h, and then the morphology of cell was
captured by a light microscope (Olympus, Tokyo, Japan). For
apoptosis assay, cells were harvested, washed with cold PBS, and
stained with Annexin V (2.5 mL/test)/fluorescein isothiocyanate
(FITC, 5 mL/test) (Lianke Biotech, Co., Ltd., 82480552) for 5 min
at RT in the dark. Cell apoptosis was measured with a FACS
Canto II cytometer (BD, USA), and the data was analyzed by
Diva software (version 6.0).

Xenograft Murine TNBC Model Induction
and Treatment
MDA-MB-231 cells were subcutaneously (s.c.) injected into the
right foreleg armpit of the Balb/c nude mice (0.1 ml/mouse, 2 ×
106 cells/mouse). After the tumor grew up to 1 mm3, the mice
were randomly divided into six groups (6 mice in each group),
including the model group, PTX group (Hannan Quanxing
Pharmaceutical Co. Ltd., China), and the BJE groups. In the
following 21 days, mice of the BJE groups were orally
administrated with BJE (20 and 40 mg/kg) once a day, namely
BJE-L (20 mg/kg) and BJE-H (40 mg/kg), respectively. Those of
the PTX group were intraperitoneally (i. p.) injected with PTX
(12.5 mg/kg) twice a week. The model group mice were given
equal volume of distilled water.

Tumor volume was monitored with an electronic vernier
caliper twice a week. The volume was calculated as V = a×b2/2,
where a indicated the longer diameter, and b indicated the
shorter diameter. On day 22, peripheral blood was collected
from the orbital vein plexus. Then the mice were sacrificed by
cervical dislocation to harvest tumor, small intestine, liver, and
kidney. Tumors were weighed, photographed, and segmented.
One part of the tumor, small intestine, liver, and kidney were
fixed in 4% paraformaldehyde. Other parts of the tumor were
snap-frozen in liquid nitrogen for either western blot, or kept in
cold for real-time quantitative polymerase chain reaction
(RT-qPCR).

Hematoxylin-Eosin Staining
The fixed small intestine, liver, and kidney were embedded in
paraffin, sliced into 3 mm thick sections, and subjected to
hematoxylin-eosin (H&E) staining. The slides were observed
under a light microscope (at 200 × magnification).

Western Blot Analysis
For cells, protein was extracted from the cell lysate in RIPA buffer
(Solarbio, Beijing, China) supplemented with protease inhibitor
cocktail (Solarbio) after centrifuge (12,000 rpm for 30 min at 4°
C). For the tumor, proteins were extracted by homogenization
Frontiers in Pharmacology | www.frontiersin.org 372
with Tissue total protein extraction kit (SolarBio Tech Co., Ltd.,
China). Protein concentration was determined by BCA protein
assay kit and 20 mg proteins were separated by polyacrylamide
gel-electrophoresis, and then transferred onto a PVDF
membrane. Subsequently, the membrane was blocked on 5 %
skim milk in TBST for 1 h. The primary antibodies against PI3K
(Proteintech, Hubei, China), p-PI3K (anti-PI3 kinase p85 alpha
(phospho Y607); Abcam, Cambridge, UK), mammalian target of
rapamycin (mTOR; Cell Signaling Technology, MA, USA), p-
mTOR (Cell Signaling Technology, Ser2448, MA, USA), ser/thr
protein kinase (Akt, Cell Signaling Technology, MA, USA), p-
Akt (Cell Signaling Technology, Ser473, MA, USA), LC3A/B
(Cell Signaling Technology, MA, USA), Beclin-1 (Cell Signaling
Technology, MA, USA), unc-51-like kinase 1 (ULK1, Cell
Signaling Technology, MA, USA), p62/SQSTM1 (Cell
Signaling Technology, MA, USA) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, Cel l Signal ing
Technology, MA, USA) were then incubated overnight at 4°C.
GAPDH was used as internal control to ascertain equal loading
of proteins. Finally, the protein bands were detected with the
enhanced chemiluminescence (ECL) detection reagents. The
band intensity was quantified using Image J software (NIH
Image, USA).

Real-Time Quantitative Polymerase Chain
Reaction Analysis
Total RNAs from tumor tissues were extracted with TRIzol
according to the manufacturer’s instructions (Thermo Fisher
Scientific, NY, USA). 3 mg of total RNA was reversed to cDNA
with ReverAid First Strand cDNA Synthesis Kit (Thermo
Scientific, MA, USA). Real-time Quantitative Polymerase
Chain Reaction (RT-qPCR) reactions were performed with
SYBR® Premix Ex TaqTM II (Takara Bio, Shiga, Japan) using
Step One Plus Real-Time PCR system (Thermo Fisher Scientific,
NY). The primer sequences were shown in Table 1.

Statistical Analysis
All data were expressed as mean ± standard deviation (SD).
Statistical analysis was performed using Statistical Package for
the Social Sciences (SPSS 22.0, Chicago, USA). The data were
analyzed by one-way analysis of variance (ANOVA). Data was
compared by post hoc LSD test under the condition of
homogeneity of variance; if not, the Dunnett’s test was used.
TABLE 1 | Primers for RT-qPCR.

Gene name Primer Product length
(bp)

LC3 Sense AACATGAGCGAGTTGGTCAAG 127
Antisense GCTCGTAGATGTCCGCGAT

AGT13 Sense TCCAGGCTCGGCTTGGTGAA 130
Antisense TGTCCTGCCAGTGCCTTCTTTG

AGT5 Sense TGGGCCATCAATCGGAAACTCA 129
Antisense TGCAGCCACAGGACGAAACAG

GAPDH Sense TATGACAACAGCCTCAAGAT 104
Antisense AGTCCTTCCACGATACCA
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*p < 0.05 and **p < 0.01 vs. control group; #p < 0.05 and ##p <
0.01 vs. model group.
RESULTS

BJE Inhibited MDA-MB-231 Cell
Proliferation In Vitro
The yield of BJE was 1.4%, and the chromatogram of BJE was
showed in Figure 1. It was found that one of the reported
compounds, brusatol, existed in BJE (Figures 1A, B).
Cytotoxicity test by MTT assay showed that after the 48-h
treatment, BJE significantly inhibited MDA-MB-231 cell
proliferation in a dose-dependent manner (from 1.5625 to 200
mg/ml, 48-h treatment), and the half maximal inhibitory
concentration (IC50) was 10.42 mg/ml, with 95% confidence
interval (CI) ranging from 2.333 to 10.01 mg/ml (Figure 2A).
PTX showed strong cytotoxicity in MDA-MB-231 cells with IC50

at 16.39 ng/ml with 95% CI ranging from 9.867 to 27.23 ng/ml.
In terms of cell morphology (Figure 2B), cells treated with PTX
Frontiers in Pharmacology | www.frontiersin.org 473
(26.04 mg/ml) displayed evident nuclear condensation, while
those treated with BJE (2.61, 5.21, and 10.42 mg/mL) showed
distinct morphology, including shrinkage and vacuole formation.
Moreover, BJE induced significant apoptosis in MDA-MB-231
(Figure 2C).
BJE Inhibited Autophagy in MDA-MB-231
Cells by Activating the PI3K/Akt/mTOR
Signaling Pathway
The possible involvement of autophagy was investigated to
explore the underlying mechanism of the anti-proliferation
activity by BJE. Data showed that BJE evidently suppressed the
protein expression of ULK1 and Beclin-1, and the ratio of LC 3
II/I was also reduced with a remarkable increase of p62,
indicating an autophagy inhibition in the BJE-treated MDA-
MB-231 cells (Figure 3A). Moreover, phosphorylations of
mTOR, PI3K, and Akt in MDA-MB-231 were significantly
promoted by BJE (Figure 3B). These results suggested that the
autophagy inhibition by BJE on MDA-MB-231 is closely related
to the activation of PI3K/Akt/mTOR signaling pathway.
A

B

FIGURE 1 | HPLC chromatogram. (A) BJE. (B) Brusatol, C26H32O11, retention time = 33.332 min.
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BJE Suppressed MDA-MB-231 Tumor
Growth Without Toxicity in the Non-
Targeted Organs
The MDA-MB-231-xenograft murine TNBC model was
employed to confirm the tumor suppression effect of BJE. The
MDA-MB-231 tumor growth was effectively suppressed by PTX
and BJE during the 21-day treatment (Figures 4A, B). Finally,
tumors of the PTX group was 38±20 mg; and those of the BJE
Frontiers in Pharmacology | www.frontiersin.org 574
groups were 186 ± 38 mg (BJE-L, 20 mg/kg) and 141±69 mg
(BJE-H, 40 mg/kg), respectively, which were significantly lower
than those of model group (364±96 mg, Figure 4C). H&E
staining showed that although PTX effectively suppressed the
tumor, it also caused obvious lesion in small intestine, which was
featured by the shortened and atrophied villi, and the fractioned
and incomplete muscular layer. PTX treatment also induced
apparent inflammatory infiltration in liver, but it did not affect
A

B

C

FIGURE 2 | Cytotoxicity of BJE on MDA-MB-231. (A) Cell viability, n=6. (B) Cell morphology observation by light microscope. (C) Apoptosis by flowcytometry, n=3.
Data was presented as mean ± SD. **p < 0.01 vs Control group.
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kidney. In contrast, BJE did not induced small intestine lesion or
liver inflammatory infiltration in the tumor-bearing mice
(Figure 5), implying that the anti-cancer activity of BJE was
not accompanied by side effects in the non-targeted organs.

Autophagy Restraint Contributed to the
Suppression of MDA-MB-231 Tumor
Growth by BJE
As the in vitro studies indicated that BJE exhibited obvious
inhibition on TNBC cells via autophagy restraint, autophagy
Frontiers in Pharmacology | www.frontiersin.org 675
status in tumor tissue was also examined. Protein expression of
ULK1 and Beclin-1, and the ratio of LC 3 II/I were significantly
reduced in the tumor tissue of BJE-H group (Figure 6A). In
addition, the phosphorylated mTOR was increased in BJE-H
group, demonstrating a suppression of autophagy by promoting
the phosphorylation of mTOR (Figure 6B). Meanwhile, mRNA
level of LC 3 was remarkably decreased in the tumor tissue of
the BJE-H group, and a declining trend was also observed for
ATG13 and ATG5 (Figure 6C). Together with the results of
experiments in vitro, autophagy restraint via the activation of
A B

FIGURE 3 | BJE inhibited autophagy in MDA-MB-231 cells. (A) Protein expressions of LC 3, p62, Beclin-1, and ULK1. (B) Phosphorylation of mTOR, Akt, and PI3K
in MDA-MB-231 cells. n = 3, data was presented as mean ± SD. *p < 0.05 and **p < 0.01 vs. control group.
A

B C

FIGURE 4 | BJE suppressed MDA-MB-231 tumor growth in vivo. (A) Representative pictures of tumor. (B) Tumor weight. (C) Tumor volume. n=5–6, data was
presented as mean ± SD. **p < 0.01 vs. Model group.
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PI3K/Akt/mTOR signaling pathway would contribute to the
suppression of TNBC cells by BJE.
DISCUSSION

Breast cancer, especially TNBC, remains a serious health challenge
worldwide, and ongoing attempts have been made to explore and
Frontiers in Pharmacology | www.frontiersin.org 776
develop novel targets or treatment strategies for it. Although
chemotherapy, endocrine therapy and targeting therapy agents
have been used as clinical recommended systemic therapies,
numerous breast cancer patients still suffered from relapses due
to the tumor heterogeneity, moreover, side effects of these
therapies have threatened quality of life and increased treatment
cost (Jin and Ye, 2013; Tang et al., 2016). As alternative remedies,
natural products have drawn increasing attention in cancer
FIGURE 5 | HE staining of the small intestine, liver and kidney (200×, n=5–6).
A B

C

FIGURE 6 | BJE restrained autophagy in the MDA-MB-231-xenograft murine breast cancer model. (A) Protein expressions of LC 3 II/I, p62, Beclin-1, and ULK1 in
tumor tissue. (B) Phosphorylation of mTOR, Akt, and PI3K in tumor tissue. (C) mRNA levels of LC 3, ATG13 and ATG5 in tumor tissue. n=5–6, data was presented
as mean ± SD. *p < 0.05 and **p < 0.01 vs. Model group.
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treatment due to their novel efficacies and safety. Seed of B.
javanica has been reported as a promising source of natural
products against various cancers (Lai et al., 2017; Wu et al.,
2018; Zhang et al., 2018; Wang et al., 2019). In the present
study, the ethanol extract of B. javanica seed (BJE) displayed
evident inhibition on the TNBC cell line MDA-MB-231 in vitro,
as well as the MDA-MB-231 tumor growth in vivo.

Necrosis, apoptosis, and autophagy are the three main cell
death processes. It is generally recognized that necrosis is a
passive form of non-programmed cell death that results from
dramatic physical or chemical stimuli. Apoptosis and autophagy
are active programmed cell death to eliminate abnormally
proliferating cells for homeostasis maintenance, and they have
been proposed as the targets in cancer therapies. In the
proliferation inhibition by BJE, it was found that the
cytotoxicity of BJE was dose-dependent, and the cells exposed
to BJE displayed distinct shrunken and vacuolar morphology,
which was different from the necrosis characteristics, such as
swelling and cellular content leakage. On the other hand, flow
cytometry showed that there existed apparent apoptosis in the
cell death caused by BJE.

Autophagy acts as tumor suppressor or promoter depending
on the stage of cancer development. Generally, autophagy is
maintained at a basal level in all cells under the control of
highly regulated set of signaling events, which mainly involves
evolutionarily conserved genes called autophagy-related genes
(ATG) (Towers and Thorburn, 2016). Autophagy is triggered
by diverse signals (such as the PI3K/Akt/mTOR signaling
pathway) and cellular stress (nutrient deprivation, hypoxia or
metabolic stress), although the distinction between basal and
stimulated autophagy is poorly understood. During the
advanced stages, autophagy is positively enhanced and
promotes tumor cell proliferation by absorbing nutrients and
energy (White et al., 2015), which would also suppress apoptosis.
The initiation of autophagy begins with the activation of the
ULK1 (also known as ATG1) complex with ULK1, ULK2,
ATG13, and FIP200. The ULK1 complex up-regulates Beclin-1
and promotes the formation of class III PI3K complex that
contains vacuolar protein sorting-34 (VPS34, also known as
PIK3C3), p150, Beclin-1, and ATG14 or UV radiation
resistance-associated gene protein (UVRAG; also known as
p63) (Liang et al., 1999). Then the autophagosome membrane
expands by the conjugation of ATG5-ATG12 complex with
ATG16. Meanwhile, LC3-I is conjugated with lipid
phosphatidylethanolamine (PE) by the conjugation of ATG4B
and ATG7 to form LC3-II, which is finally recruited to the
membrane. Hence, this lipid-conjugated form of LC3 is well
established as an autophagosome marker (Klionsky et al., 2016).
Ultimately, contents of the autophagosome are degraded as
macromolecular precursors that are recycled or used to fuel
metabolic pathways after the autophagosome has fused with the
lysosome. During this process, autophagic flux can be measured
by the degradation of the adaptor protein sequestosome 1 (also
known as p62), which is degraded along with other cargo proteins
Frontiers in Pharmacology | www.frontiersin.org 877
that are critical substrates to autophagosomes and LC3II
(Klionsky et al., 2016). The present study showed that BJE
down-regulated the protein expressions of ULK1, Becline-1, and
reduced the lipidation of LC 3 (ratio of LC 3 II/I) with increased
p62 in MDA-MB-231 in vitro, and reductions of LC 3 lipidation,
ULK1, and Beclin-1 were found in the tumors of BJE-treated
mice. These changes of autophagy-related proteins indicated an
autophagy restraint induced by BJE. Recent studies demonstrated
that compared with the other types of breast cancer, basal
autophagy of TNBC, such as the MDA-MB-231 cell line, was
higher due to the substantially higher number of autophagosomes
(Maycotte et al., 2014; Garbar et al., 2017). Similar to a previous
study (Garbar et al., 2017), the expression of LC3b (or the ratio of
LC 3 II/I) was comparable in the MDA-MB-231 cells of the
control group and the PTX group, while BJE inhibited this event
for autophagy. These results suggested that tumor suppression of
BJE could be possibly attributed to an autophagy restraint.

The PI3K/Akt/mTOR signaling pathway is a well-recognized
upstream of autophagy. As demonstrated in yeast (Noda and
Ohsumi, 1998), drosophila (Scott et al., 2004), and mammalian
cells (Kim et al., 2011), mTOR exerts its crucial effect on
autophagy as a downstream component in the signaling
pa thway of PI3K/Akt . Under normal condi t ions ,
phosphorylated PI3K phosphorylates Akt, which inhibits
tuberous sclerosis complex 1/2 (TSC1/2) and then activates
mTOR (Kim and Guan, 2015). Subsequently, mTOR negatively
regulates autophagy via suppressing ULK1 that coordinates the
autophagy initiation (Jung et al., 2009). Two mechanisms are
employed by mTOR to inhibit ULK1. First, mTORC directly
phosphorylates ULK1 Ser 757 and disrupts the interaction
between ULK1 and AMP-activated protein kinase (AMPK),
through association of the mTORC1 component, Raptor, with
ULK1 (Hosokawa et al., 2009; Kim et al., 2011). Second, mTORC
indirectly destabilizes ULK1 through phosphorylation of
Autophagy/Beclin-1 regulator 1 (AMBRA1), which impairs the
ubiquitylation of ULK1, as well as the following stabilization,
self-association and function (Nazio et al., 2013). The present
study showed that as autophagy was inhibited, MDA-MB-231
cells exposed to BJE displayed higher phosphorylation of mTOR,
PI3K, and Akt in vitro, and the MDA-MB-231 tumor tissue from
BJE groups exhibited obviously higher phosphorylation of
mTOR, implying that BJE is able to suppress autophagy via
activating the PI3K/Akt/mTOR signaling pathway, thus blocking
the development of TNBC.

Notably, the tumor suppression of BJE was not accompanied
by side effects. Chemotherapy is known to cause various side
effects, such as peripheral neuropathy, nephrotoxicity,
myelotoxicity, hypersensitivity, and mucositis. Mucositis is a
common side effect, which results in dyspepsia, dysphagia,
malabsorption or diarrhea (Fu et al., 2018). The results showed
that toxicity in small intestine, liver, and kidney, was rarely found
after oral administration of BJE, indicating a clinical potential of
BJE due to its efficacy in tumor suppression as well as its safety in
the non-targeting organs.
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CONCLUSION

This study revealed an anti-TNBC potential of ethanol crude
extracts from B. javanica seed (BJE). BJE inhibited the TNBC cell
line MDA-MB231 proliferation, whereby autophagy was
weakened by activation of the PI3K/Akt/mTOR signaling
pathway. Tumor suppression in vivo also confirmed that
autophagy restraint via the PI3K/Akt/mTOR signaling pathway
contributed to the anti-cancer activity of BJE, thereby
highlighting its clinical importance as a novel natural agent
against TNBC.
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Autophagy is a highly conserved multistep process and functions as passage for
degrading and recycling protein aggregates and defective organelles in eukaryotic cells.
Based on the nature of these materials, their size and degradation rate, four types of
autophagy have been described, i.e. chaperone mediated autophagy, microautophagy,
macroautophagy, and selective autophagy. One of the major regulators of this process is
mTOR, which inhibits the downstream pathway of autophagy following the activation of its
complex 1 (mTORC1). Alkylphosphocholine (APC) derivatives represent a novel class of
antineoplastic agents that inhibit the serine–threonine kinase Akt (i.e. protein kinase B),
which mediates cell survival and cause cell cycle arrest. They induce autophagy through
inhibition of the Akt/mTOR cascade. They interfere with phospholipid turnover and thus
modify signaling chains, which start from the cell membrane and modulate PI3K/Akt/
mTOR, Ras-Raf-MAPK/ERK and SAPK/JNK pathways. APCs include miltefosine,
perifosine, and erufosine, which represent the first-, second- and third generation of
this class, respectively. In a high fraction of human cancers, constitutively active
oncoprotein Akt1 suppresses autophagy in vitro and in vivo. mTOR is a down-stream
target for Akt, the activation of which suppresses autophagy. However, treatment with
APC derivatives will lead to dephosphorylation (hence deactivation) of mTOR and thus
induces autophagy. Autophagy is a double-edged sword and may result in
chemotherapeutic resistance as well as cancer cell death when apoptotic pathways are
inactive. APCs display differential autophagy induction capabilities in different cancer cell
types. Therefore, autophagy-dependent cellular responses need to be well understood in
order to improve the chemotherapeutic outcome.

Keywords: types of autophagy, autophagy as drug target, alkylphosphocholines, Akt/mTOR pathway, miltefosine/
perifosine/erufosine
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INTRODUCTION

Autophagy is derived from a Greek word (aυtοfagϵἷn) meaning
‘self-eating’ and is a bulk degradation process, which includes the
lysosomal-dependent degradation and recycling of components of
eukaryotic cells. It has essential roles in keeping the cellular
homeostasis and functions in cellular differentiation, control of
cellular growth, cell defense, and promotes tissue remodeling and
acclimatization. Autophagy either can have a protective function for
cell survival or promote cell death. Alkylphosphocholines (APCs)
are phospholipid-derived agents that cause changes in cell signaling
by enriching in cell membranes including the lipid rafts. This
physicochemical property and the resultant changes are basis for
their anticancer, antiprotozoal, antibacterial, and antiviral activities.
They induce autophagy as part of their mechanism of action. This
review summarizes the current knowledge on alkylphosphocholines
(APCs) regarding their influence on autophagy. It covers the
following topics: Types of autophagy, role of autophagy in cancer,
autophagy as a therapeutic target, APCs (miltefosine, perifosine, and
erufosine) in general, as modulators of autophagy, and conclusion.
TYPES OF AUTOPHAGY

Four types of autophagy have been recognized based on the
nature of their cargo, their cargo size, and degradation rate, i.e.
chaperone mediated autophagy (CMA), microautophagy,
macroautophagy, and selective autophagy (Hayashi-Nishino
et al., 2009; Bejarano and Cuervo, 2010; Li et al., 2012; Lippai
and Szatmari, 2017; Bednarczyk et al., 2018). The lysosomal
degradation of damaged proteins is common to all the previously
mentioned types of autophagy, but the mechanism of delivering
the substrate to the lysosome varies among the different types
(Bednarczyk et al., 2018). The following part gives a short
description of these four types.
Chaperone Mediated Autophagy
Chaperone proteins recognize substrate proteins for chaperone
mediated autophagy (CMA, see Figure 1A) by the penta-peptide
motif KFERQ (i.e. K: lysine–F: phenylalanine–E: glutamic or
aspartic acid–R: arginine–Q: glutamine) (Jackson and Hewitt,
2016; Bednarczyk et al., 2018). Together with their chaperones,
these proteins will be transported to lysosomes for breakdown in
a receptor dependent manner (Bejarano and Cuervo, 2010). The
native state of a substrate protein usually hides the recognition
motif within the protein core, but it comes to be accessible by its
respective chaperone regardless of its location within the protein.
Examples for chaperones include heat shock cognate protein of
70 kD (Hsp70) and cochaperones as Hsp90, Hsp40, and Bcl-2-
associated athanogene 1 (Bag-1). The latter will unfold the
proteins before substrate–chaperone interactions can occur,
eventually even without direct interaction. Then, the substrate
is transferred to the lysosomal lumen after binding to the
cytosolic tail of lysosome-associated membrane protein type
2A (LAMP-2A), which multimerizes to that purpose
Frontiers in Pharmacology | www.frontiersin.org 281
(Agarraberes and Dice, 2001; Bandyopadhyay et al., 2008;
Bejarano and Cuervo, 2010; Jackson and Hewitt, 2016). CMA
activity is directly proportional to the level of LAMP2A in the
lysosomal membrane. CMA consists of four stages: recognition
of the substrate, substrate binding, substrate translocation, which
is an ATP dependent step, and finally substrate hydrolysis within
the lysosome by proteolytic enzymes (Cuervo and Wong, 2014).
Hsp90 maintains the stability of LAMP2A receptor during
multimerization (Cuervo and Wong, 2014). Starvation of more
than 10 h, oxidative stress, and exposure to toxic compounds will
induce CMA. Under such conditions, the level of LAMP2A
increases to meet the requirement of increasing CMA, and this
occurs through degradation of the LAMP2A complex and
transferal of its constituent proteins to the lysosomal
membrane (Bednarczyk et al., 2018). The levels of LAMP2A
protein are clearly organized by degradation at the lysosomal
membrane, distribution between this structure and its lumen, or
by de novo synthesis (Kaushik and Cuervo, 2006). The
interaction of substrate and chaperone to form a complex is
considered the rate-limiting step of the CMA process (Kaushik
and Cuervo, 2006). However, the by age abridged stability of
LAMP2A reduces CMA, which initially can be compensated by
increased lysosome numbers (Kaushik and Cuervo, 2006;
Bednarczyk et al., 2018). Reduced CMA activity as age-related
effect results mainly in deficient binding and uptake of substrates
into the lysosomal membrane, while kinetics of degradation is
comparable to younger ages. The reduced CMA activity may
have a role in the accumulation of altered products observed with
aging (Kaushik and Cuervo, 2006).

Microautophagy
Microautophagy denotes the process of sequestering tiny parts of
the cytoplasm and their subsequent engulfment through
lysosomal invagination as shown in Figure 1B (Mijaljica
et al., 2014).

Five phases of microautophagy have been identified: the first
phase is the microautophagic invagination and formation of
autophagic tubes, where the normal membrane bulges by lateral
seclusion of lipids and local segregation of large transmembrane
proteins toward the surface of lysosomes or vacuoles, and by an
ATP dependent process then forms an autophagic tube. The
second phase is vesicle formation, which is the equivalent of
autophagosome formation in macroautophagy. It occurs because
of the lateral organizing mechanism, where autophagic tubes
invaginate because high-density lipids combine with low-density
proteins. Vesicle expansion is the third step, which is
characterized by the hanging of a prevesicular structure that
dynamically moves back and forth in the lysosomal/vacuolar
lumen. The formed vesicle does not contain proteins but lipids of
high density because of the mechanism of lateral sorting. Finally,
vesicle scission occurs because of the dynamic trend, where one
or two vesicles bud into the lumen of the lysosome and move
freely at high speed. Vesicle degradation happens because of the
effect of some hydrolases that break down the freely moving
vesicles. Recycling of the nutrients is done by a permease like
action of ATG22p (Li et al., 2012).
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Selective Autophagy
As compared to macroautophagy, which is considered
nonselective, selective autophagy (Figure 1C) ensures
recognition and elimination of specific cytosolic cargoes.
Selective autophagy is specific for its substrates e.g., for
damaged mitochondria (mitophagy), aggregated lipids
(lipophagy), invading pathogens (xenophagy), or excess
peroxisomes (pexophagy); these specific cargoes undergo
degradation after being identified by autophagy receptors and
are encircled into a double-membrane vesicle , the
autophagosome, and transported to the lysosome for further
breakdown (Rogov et al., 2014). The specificity is determined by
identification of selective autophagy receptors (Rogov et al.,
2014), which have the ability to bind LC3/GABARAP proteins
on the forming autophagosome in addition to binding molecular
elements, such as unfolded regions of a protein or conjugated
ubiquitin (Ub). Then, through self-oligomerization, they
contribute to the association of specific platforms on which
Frontiers in Pharmacology | www.frontiersin.org 382
autophagosomes form. Among the autophagy receptors are
p62/sequestosome 1 (p62/SQSTM1), optineurin (OPTN),
neighbor of BRCA1 (NBR1), and nuclear dot protein 52 kDa
(NDP52). All of them possess a ubiqitin-binding domain (UBD)
and LC3-interacting regions (LIRs) (Rogov et al., 2014; Stolz
et al., 2014; Deng et al., 2017; Bednarczyk et al., 2018).

Macroautophagy
Macroautophagy (see Figure 1D, will be referred later as
autophagy) involves the formation of isolation membranes
(IMs), which extend as they ingest parts of the cytoplasm and
organelles to produce autophagosomes (Hamasaki et al., 2013).
This whole process is nonselective (Bednarczyk et al., 2018).
Autophagosomes are double membrane structures, which
function in delivering cargos to lysosomes or endosomes
(Eskelinen, 2008). Autophagy is a complex mechanism with
the involvement of several autophagy related proteins.
Autophagy related proteins (ATG) responsible of the
FIGURE 1 | Types of autophagy: The four types of autophagy include chaperone mediated autophagy, microautophagy, selective autophagy, and macroautophagy.
(A) Chaperone-mediated autophagy involves the recognition of a KFERQ penta-peptide motif in substrate proteins by corresponding chaperone proteins. The
substrate is then transferred to the lysosomal lumen after binding to the LAMP protein. (B) Microautophagy is the process of sequestering minute parts of the
cytoplasm and their engulfment by lysosomal invagination. (C) During selective autophagy, the respective cargo (e.g. invading pathogens, damaged mitochondria, or
others) is specifically bound by autophagy receptors. The autophagy receptor has the ability to bind LC3 proteins through its LC3 interacting region (LIR) on the
autophagosome beside binding molecular determinants, such as unfolded regions of a protein or conjugated ubiquitin (Ub) through its ubiquitin binding domain
(UBD). (D) Macroautophagy consists of several steps of nucleation, elongation, maturation, and finally fusion and degradation. The process starts by the association
of the ULK1 and BECN1 complexes that form the basis for recruiting other autophagy-related (ATG) proteins as well as the lipidated form of LC3 (LC3-II, i.e. LC3-I
linked to phosphatidyl-ethanolamine). The ULK1 complex consists of the serine/threonine kinase UNC-51-like autophagy activating kinase (ULK1), focal adhesion
kinase family interacting protein of 200 kDa (FIP200), ATG13, and ATG101. The PI3 kinase III nucleation complex (BECN1 complex) consists of Beclin-1, class III
phosphoinositide 3-kinase [PI3K-III; also termed vacuolar protein sorting 34 (VPS34)] and its regulatory subunit VPS15. LC3-I protein is formed from its precursor
protein, pro-LC3 with the contribution of ATG4. After attaching phosphatidyl-ethanolamine (PE) to LC3-I by ATG7 and ATG3, the lipophilic form (LC3-II) is created.
The closed autophagosome fuses with a lysosome to form the autolysosome, where the proteins undergo degradation by different lysosomal enzymes.
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autophagy process were essentially discovered from yeast
genome (Klionsky et al., 2003; Eskelinen, 2008). The source of
the autophagosomal membrane is uncertain, as it is discussed to
originate from endoplasmic reticulum (ER), mitochondria, or
plasma membranes (Tooze and Yoshimori, 2010; Hamasaki
et al., 2013; Nascimbeni et al., 2017; Wei et al., 2018). Hailey
and coworkers found that the external membrane of the
mitochondria adds to autophagosome production in fasting
cells (Hailey et al., 2010). Both the endoplasmic reticulum (ER)
and the early autophagic structures of IMs are interconnected.
Electron tomography showed that the ER–IM complex is a
subdomain of the ER that forms a frame surrounding the IM
(Hayashi-Nishino et al., 2009). Other studies suggested’ that
autophagosomes form at the ER–mitochondria contact site in
mammalian cells (Hamasaki et al., 2013), or that the plasma
membrane serves as a reservoir and participates openly in the
development of positive autophagosome precursors during
periods of increased autophagosome formation (Ravikumar
et al., 2010). Furthermore, studying the intracellular dynamics
of ATG9 in yeast showed that the Golgi apparatus derived ATG9
vesicles incorporate into the autophagosomal outer membrane at
the initial stages of autophagosome generation (Yamamoto et al.,
2012). Recycling endosomes represent membrane platforms that
contribute to the formation of phagophores (Puri et al., 2018).

Mechanism and Regulation of Autophagy
Autophagy constitutes of several sequential steps, namely
initiation or nucleation, phagophore elongation, autophagosome
maturation, autophagosome fusion with the lysosome, and
proteolytic degradation of the contents (Kardideh et al., 2019).
The initial step usually begins with the association of the initiation
complex (ULK1 complex). This complex consists of ULK1 (UNC-
51-like autophagy activating kinase, a serine/threonine kinase),
FIP200 (focal adhesion kinase family interacting protein of 200
kDa), ATG13 and ATG101, together with the nucleation
complex (BECN1 complex) consisting of Beclin-1, class III
phosphoinositide 3-kinase [PI3K-III or vacuolar protein sorting
34 (VPS34)] and its regulatory subunit VPS15. The latter
represent the platform for recruiting other ATG proteins and
for elongating the phagophore membrane (Lippai and Szatmari,
2017; Bednarczyk et al., 2018).

The three proteins VPS34, VPS15, and BECN1 make up the
core, induce the elevated phosphatidylinositol 3-phosphate (PI3P)
level of autophagic membranes, and can form, together with a
fourth subunit, two different complexes. When this subunit is the
UV radiation resistance associated (UVRAG) protein, the
complex plays an essential role in endosomal maturation, but
when the complex harbors ATG14L, it is required for autophagy.
Engaging the BECN1 core complex to the phagophore assembly
site (PAS) requires the function of ATG14L. Lipidation of ATG8/
LC3 with phosphatidyl-ethanolamine (PE) is a crucial step in
elongating the phagophore. Two ubiquitin-like conjugation
systems act on this, namely: ATG7 with its E1 enzyme-like
protein stimulating activity and ATG10 with its E2 conjugation
enzyme like function. Their activities result into covalent bonding
between ATG12 and ATG5. A multimeric complex, made of
Frontiers in Pharmacology | www.frontiersin.org 483
ATG5-ATG12 and ATG16L1, functions as a ubiquitin ligase like
enzyme and facilitates binding of ATG8/LC3 to PE. Prerequisite to
this step, LC3-I protein is formed by processing its precursor
protein pro-LC3 with the protease ATG4. Then ATG7 and ATG3
activate ATG8 by E1 and E2 like enzymatic actions, and as a result,
the lipophilic form (LC3-II) is created and bound to both
membrane leaflets of the phagophore (Lippai and Szatmari,
2017). LC3-II can be considered as the best marker of
autophagy, as its concentration is directly proportional to the
number of autophagosomes formed (Burada et al., 2015)
(Bednarczyk et al., 2018). All ATGs, with the exception of
ATG8/LC3, dissociate from the membrane before closure and
are recycled. Recycling of ATG8/LC3 occurs after closure of the
autophagosome with the help of ATG4, while lysosomal enzymes
in the autophagosome lumen cleave the proteins attached to the
internal membrane (Lippai and Szatmari, 2017). Autophagosomes
bind to late endosomes and lysosomes to form the autolysosomes
and proceed for degradation (Lippai and Szatmari, 2017). LAMP
proteins regulate the fusion and prevent degradation of the
lysosomal membrane (Huynh et al., 2007; Lippai and Szatmari,
2017). The merger of the autophagosome with the lysosome to
result in the autolysosome is facilitated by either the soluble NSF
(N-ethylmaleimide sensitive factor) attachment protein (SNAP)
receptor (SNARE) protein complex, or UVRAG, but many players
can be involved in this process including cytoskeleton constituents
and associated motor proteins, tethering factors, phospholipids,
and specific SNARE complexes. This step is finished by degrading
the interior autophagosomal membrane by lysosomal enzymes
(Bednarczyk et al., 2018; Yu et al., 2018). Figure 1D shows the
follow-up of steps described for macroautophagy.

Autophagy as a process is highly conserved and firmly
controlled in mammals. The most important physiological
regulator of autophagy is the availability of nutrients and
amino acids. Other regulators include mTOR, especially its
complex 1 (mTORC1), and inhibition of mTORC1 results in
autophagy induction. In addition, starvation and amino acid
depletion result into autophagy induction. This usually happens
through activating adenosine monophosphate-activated protein
kinase (AMPK), which transfers a phosphate group to ULK1, or
by impeding mTORC1 activity, or through inhibitory
phosphorylation of nonautophagic BECN1 complexes. Other
autophagy regulators depend on an increase in cytosolic
calcium, inhibition of inositol triphosphate or starvation
induced autophagy (Petiot et al., 2000; Eskelinen, 2008; Jewell
et al., 2013; Lippai and Szatmari, 2017). Furthermore, oxidative
stress (Filomeni et al., 2015), DNA damage (Gomes et al., 2017)
as well as hypoxia (Fang et al., 2015) can all induce autophagy.
Activation of class I PI3-kinases inhibits autophagy, while class
III PI3-kinase activity is required for autophagosome formation.

Autophagy breaks macromolecules and then provides
nutrients and functions as a survival mechanism during short-
term starvation (Eskelinen, 2008; Lippai and Szatmari, 2017). It
eliminates damaged proteins and organelles and helps in the
organelle turnover. It fights against attacking pathogens and in
general preserves the cellular homeostasis and balance
(Eskelinen, 2008; Lippai and Szatmari, 2017).
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Autophagy also results into type II programmed cell death
and is related to apoptosis in several ways. The tumor suppressor
death-associated protein kinase (DAPk) may contribute to the
signaling pathway linking autophagy to cell death. Certain types
of cell death depend on autophagy proteins for the execution of
cell death. Autophagy can protect cells from the apoptotic fate by
providing nutrients, especially under conditions of starvation.
The regulation of both processes is related to the pro-survival
protein Bcl-2. Bcl-2 binds to Beclin 1 and prevents its interaction
with VPS34. Thus, it inhibits the Beclin 1 dependent autophagy
and maintains autophagy at levels harmonious with cell survival,
rather than cell death (Eskelinen, 2008; Bednarczyk et al., 2018).

Different human diseases are associated with deregulation of
autophagy, including neurodegenerative diseases and
proteinopathies, lysosomal disorders, many cardiovascular
diseases, cancer, diabetes and immune disorders. Infections
and pathogens control autophagy based on their needs to
assure their persistence in host cells (Lippai and Szatmari, 2017).

mTOR Regulation of Autophagy
Autophagy is controlled by a negative feedback mechanism of
the mTOR pathway and modulators of this pathway have an
impact on and can regulate autophagy (Jung et al., 2010; Kim and
Guan, 2015). In normal cellular states and when amino acids are
abundant, mTORC1 binds to the ULK complex by interaction of
its component RAPTOR with ULK1. Then, mTOR transfers
phosphate groups to ULK1 (specifically at its S757 and S637
residues) and ATG13 and thus hinders the ULK1 kinase activity.
Under fasting conditions, the mTOR regulatory pathway is
inhibited, and this leads to induction of autophagy because
mTORC1 separates from the ULK complex and therefore its
inhibitory control on ULK1 is gone, which allows autophagy to
proceed (Rabanal-Ruiz et al., 2017). LKB1, AMPK, TSC1/TSC2
complex, and PTEN in mTOR signaling pathways can induce
autophagy, while Akt and Rheb have an inhibitory effect. mTOR
is inhibited at the beginning of autophagy and becomes activated
later on, due to the release of breakdown molecules in the
cytoplasm, which result into inhibition of the whole process.
Enlarged mTOR activity then impedes autophagy and induces
the formation of proto-lysosomal extensions (LAMP1+, LC3−)
from autolysosomes (LAMP1+, LC3+). Finally, these proto-
lysosomal extensions separate from the autolysosome and
advance into functional lysosomes. Impediment of mTOR or
its (auto-) lysosomal activity precludes autophagic lysosome
restoration (Kapoor et al., 2014).
ROLE OF AUTOPHAGY IN CANCER

In carcinogenesis, the role of autophagy is controversial with
many conflicting reports in the literature. Autophagy can either
impede or favor cancer development and progression, which
depends on the wild-type or transformed state of the cell, the
underlying genetic lesion(s), the tumor type and stage, as well as
the tumor microenvironment (Galluzzi et al., 2015; New et al.,
2017; Bednarczyk et al., 2018; Kardideh et al., 2019).
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Under normal conditions, autophagy acts as a protector against
cancer development. In contrast, during stress situations,
autophagy helps cells to adapt against hypoxia and nutrient
deficiency and can save cancer cells from death (Galluzzi et al.,
2015; New et al., 2017; Bednarczyk et al., 2018). Fighting
mutagenic effects (e.g. DNA damage or instability of the
genome) occurring from accumulation of reactive oxygen
species (ROS) and degrading of oncogenic proteins are among
the protective functions that autophagy can exert to inhibit cancer
induction (Galluzzi et al., 2015; New et al., 2017; Bednarczyk et al.,
2018). A reduced level of autophagy will hinder the ability of the
cells to eliminate impaired proteins and damaged organelles and
hence begin to mount up cytotoxic components that can cause
damage to DNA and initiate carcinogenesis (Bednarczyk et al.,
2018). Autophagy can suppress tumorigenesis through cell cycle
and cell death regulation in conjunction with the ubiquitin–
proteasome system (UPS), which can modify some key cell cycle
components of CDK-Cyclin complexes (Kardideh et al., 2019).

Autophagy is required for immune activation as it plays a role
in antigen presentation to T lymphocytes. It helps the maturation
of some innate immune cells when activated and contributes to
their antitumor activity. It can play a role in combatting cancer
through activation of the immune system (Janji et al., 2018).
Nevertheless, hypoxia-induced autophagy may result in the
activation of immune escape mechanisms in the tumor
microenvironment (Janji et al., 2018). Regarding the anticancer
effects, some autophagic genes and inducers are mutated or
deleted in certain cancers, as p53 and PTEN (phosphatase and
tensin homolog), which are the most frequently altered tumor
suppressor genes, and Beclin-1 (BECN1), which is deleted in
breast and ovarian cancers (Bednarczyk et al., 2018).

Regarding the tumor supportive roles, autophagy provides
tumor cells access to nutrients that are crucial to their
metabolism, promotes DNA repair, reduces mitochondrial
disorders, and increases drug resistance (Burada et al., 2015;
Bednarczyk et al., 2018). Autophagy also helps tumor cells to
resist stress and apoptotic signals; it provides cells with energy
through increasing ATP concentrations that favor cell survival
during hypoxia and starvation. Autophagy is linked in late cancer
to poor prognosis and invasiveness (Galluzzi et al., 2015; New
et al., 2017) and favors tumor growth through rendering cells
more resistant to apoptotic signals and stress stimuli as well as
resistance to therapy induced cell death. Furthermore, autophagy
maintains the neoplastic stem cell compartment and epithelial-
to-mesenchymal transition (EMT) (Galluzzi et al., 2015).

In metastasis, autophagy can also play a dual role, based on the
stage. In early stages, autophagy may stimulate inflammatory
responses and limit tumor necrosis. Further, autophagy may limit
the development of dormant cancer cells into micrometastases, as
well as prevent oncogene induced senescence. However, in
advanced stages, autophagy tends to increase the life span of
circulating metastatic cells, which lack an extracellular matrix, by
inducing dormancy in the new environment until favorable
conditions occur (Burada et al., 2015).

In this context, the autophagosome marker LC3B showed
moderate to high expression in solid cancers, as breast cancer
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and melanomas, and its expression is linked to cell growth,
invasion and metastasis, high tumor grade, and poor prognosis
(Lazova et al., 2012).

To summarize, autophagy protects against malignant
transformation under normal conditions by maintaining the
cellular homeostasis, but increases tumor progression and
invasiveness after tumor establishment (Galluzzi et al., 2015;
New et al., 2017). The different roles of autophagy in cancer are
shown in Table 1.

Aspects of Autophagy in Disease
Prevention
The physiologic functions of selective autophagy recently have been
perceived as potentially preventive measures. Basis for this concept
is e.g. the observation that aging mammalian cells accumulate
dysfunctional mitochondria, which can be eliminated by selective
autophagy (Hansen et al., 2018). Mitophagy, i.e. the elimination of
aged mitochondria is therefore a concept of antiaging strategies as
well as for diseases that are characterized by a pathophysiology,
which is related tomitochondrial disorders, including heart disease,
retinopathy, and a series of neurodegenerative sicknesses as e.g.
Alzheimer’s disease. Tolerable induction of mitophagy could thus
pave the way to neuroprotection and healthy longevity (Fang et al.,
2014; Lou et al., 2020). Calorie restriction, low insulin/IGF1 levels,
and the intake of NAD+ precursors are examples of a strategy
aiming to increase the clearance of damaged mitochondria. NAD+
is a cofactor of the NAD-dependent deacetylase sirtuin-1, which
can induce mitophagy (Lee et al., 2008). Sirtuin activating
compounds include resveratrol, which together with NAD+
precursors (tryptophan, nicotinic acid, nicotinamide,
nicotinamide mononucleotide, and nicotinamide riboside) could
be basis of a dietary approach to healthy longevity (Bonkowski and
Sinclair, 2016).
AUTOPHAGY AS THERAPEUTIC TARGET

Autophagy maintains the intracellular metabolic homeostasis,
and its dysfunction is associated with numerous diseases
including cancer, neurodegeneration, cardiac ischemia,
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metabolic dysfunctions, infections, autoimmune and
pulmonary disorders. Aging and associated atherosclerotic
cardiovascular diseases may be slowed down by increasing
autophagic flux through calorie restriction, fasting, exercise,
and nutritional support such as with spermidine-rich food
(Maiuri and Kroemer, 2019). Autophagy is also being
considered as a “druggable” process due to its fine regulation
by diverse signaling pathways, hence involvement of multiple
targets (Galluzzi et al., 2017; Morel et al., 2017). Whether
pharmacological modulation of autophagy may be
advantageous over life-style interventions remains an open
question (Maiuri and Kroemer, 2019).

Autophagy as a therapeutic target in cancer is a double-edged
sword, which can both enhance neoplastic growth or suppress
cancer cell survival. Cancer cells can adapt to hyponutrient
condi t ions and protect themselves against cancer
chemotherapeutics by increasing autophagic flux (Yoshida,
2017). At the same time, induction of autophagy enables
antigen cross-presentation, which stimulates antitumor
immune response and may protect against relapses (Maiuri
and Kroemer, 2019). On the other hand, autophagy
contributes to multidrug resistance (MDR) development.
Autophagy inhibitors or silencing of ATGs by microRNAs can
thus sensitize cancer cells to chemotherapy, enable the use of
lower dosage, and reduce adverse effects. However, autophagy
inducers may also reverse MDR and sensitize apoptosis-resistant
MDR cells to cancer chemotherapeutics (Li et al., 2017).

Deregulated autophagy can be modulated by either inhibiting
or inducing identified targets in relevant pathways. Preclinical
data followed by clinical trials demonstrate that some old drugs
with already well-known safety profiles may be beneficial as
autophagy modulators in certain diseases. Among these
“conventional” drugs, metformin, the drug of choice in type 2
diabetes mellitus, is also being recognized as an antiaging agent
because of its autophagy enhancing effect. In addition,
antimalarial drugs have gained attention as autophagy
inhibitors, including chloroquine (CQ) and hydroxychloroquine
(HCQ). They are the mostly investigated drugs for this purpose in
clinical studies, especially in cancer. Other autophagy inducers
like mTOR inhibitors, BH3mimetics, the receptor tyrosine kinase
inhibitor sorafenib, the proteasome inhibitor bortezomib, the
antigout agent colchicine, the nonreducing disaccharide
trehalose, and 2-deoxyglucose have entered clinical phase trials
against cancer and neurodegenerative diseases.

Many novel autophagy modulators were evaluated in
preclinical trials, but only some of these molecules have
succeeded to pass the clinical development phase, and most of
the phase trials were based on repurposing of old drugs.
Macroautophagy modulators, which have entered phase I–III
trials and their mechanisms of action are illustrated in Figure 2.
The key inhibitor of autophagy, mTORC, can be inhibited by
AKT-inhibitors (alkylphosphocholines, see below) and mTOR-
inhibitors (sirolimus, everolimus, temsirolimus, sorafenib,
metformin, and vorinostat), and by adenosine monophosphate-
activated protein kinase (AMPK) activation (devimistat,
metformin and trehalose). The other two autophagy targets in
TABLE 1 | The dual role of autophagy in cancera).

Onco-stimulatory roles Onco-suppressive roles

Support of cancer stem cells Clearance of intracellular
pathogens

Providing cells with an alternative energy
source

Favoring the genomic stability

Inhibition of cell death Reduction of DNA damage and
reactive oxygen species

Reduction of cellular sensitivity to stress
stimuli

Reduction of inflammation

Maintaining the dormancy state of tumor cells
until favorable conditions are met

Stimulation of autophagic cell
death

Promotion of drug resistance Removal of damaged organelles
and proteins
a)modified from (Burada et al., 2015; Bednarczyk et al., 2018).
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Kaleağasıoğlu et al. Autophagy and Alkylphosphocholines
the downstream pathway are ULK1 and BECLIN1, which can be
activated by ULK1 activator/BECLIN1 releasers such as sorafenib,
trehalose, gossypol and BH3 mimetics (BCL-2 inhibitors like
obatoclax). Sorafenib and bortezomib can also induce ATG
activation. Autophagic flux can be enhanced by endoplasmic
reticulum stress and related unfolded protein response (UPR)
signaling (alkylphosphocholines, sorafenib, 2-deoxyglucose),
inhibition of glycolysis (2-deoxyglucose) and blockade of the
cargo receptor p62/sequestome1 (p62/SQSTM1) degradation
(bortezomib). The histone deacetylase 6 (HDAC6) inhibitor
ricolinostat, lysosomal acidification inhibitors (CQ, HCQ),
p ro ton pump inh ib i t o r s (pan toprazo l e ) and the
autophagosome–lysosome fusion inhibitor trehalose can inhibit
autophagosomematuration and autophagolysosomal degradation.
The detailed mechanisms of actions of these autophagy
modulators are given in Table 2.
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Clinical Development
Today, published clinical data have demonstrated sufficient
evidence for efficacy in various disorders. They also indicate the
need for further studies, which is expected to open a new era of
autophagy-based therapies. Published clinical trials with or without
(only protocol) results are summarized in Tables 3 and 4. These
studies were searched in the PubMed data base using the key words
“phase I/II/III trial OR clinical study” AND “autophagy” (Tables 3
and 4) or they were included in the tables following searching in the
NCT data base using the key words “autophagy” AND “drug/
intervention”. Registered clinical trials listed in the NCT database
are summarized in Table 5. Most of these clinical studies focus on
cancer, but new fields such as infections, neurodegenerative
diseases, antiaging, cognitive decline, venous endothelial function,
and inflammation reduction in acute coronary syndrome are also
under investigation.

As seen in Tables 3 and 4, the role of autophagy in the
prognosis of various diseases received increasing interest,
especially in the last decade. Various biomarkers were utilized in
these clinical trials to measure autophagy response. In the early
studies, autophagic vacuoles were evaluated by transmission
electron microscopy, but this method was unreliable (Levy et al.,
2017). Selected biomarkers of autophagy include microtubule
associated protein light chain 3 (LC3), p62, ATGs in peripheral
blood mononuclear cells (PBMCs), lymphoblasts, and fibroblasts
of patients. Proteomics, metabolomics, lysosomal protease
cathepsin D (CTSD), cyclin-dependent kinase inhibitor 1
(CDKN1A, p21/cip1/waf1), and S6RP phosphorylation are
among the potential biomarkers considered.

Cancer
Cancer is the extensively studied field in autophagy (Table 4).
CQ and HCQ are mostly included in treatment regimens to
increase the sensitivity of chemotherapeutics. CQ treatment at a
relatively high daily dose of 500 mg resulted in no significant
difference in the classic cellular proliferation marker, Ki67 index,
in newly diagnosed breast cancer patients in a Phase II, double-
blind, randomized trial (Arnaout et al., 2019). CQ at a daily dose
of 150 mg was able to reduce the proliferating cell nuclear
antigen (PCNA) index in breast ductal carcinoma (Espina
et al., 2017). CQ at 150 mg/day together with conventional
chemotherapy plus radiotherapy improved overall survival
when compared to placebo in glioblastoma multiforme (GBM),
but the small sample size of 30 patients was not sufficient for
reaching a conclusion (Sotelo et al., 2006). A higher dose of CQ
(250 mg/day) added to radiotherapy gave encouraging results in
a pilot study of five patients with GBM (Bilger et al., 2014). A
small size study, which enrolled newly diagnosed brain
metastasis patients, showed that CQ at 250 mg/day, starting 1
week before radiotherapy and continuing for 5 weeks, was well
tolerated with a PR rate of 60% (Eldredge et al., 2013). In
comparison, CQ at a daily dose of 150 mg for four weeks plus
radiotherapy, when compared to placebo, also improved brain
metastasis control and prolonged progression free survival (PFS),
but achieved no benefit in terms of response rate or overall
survival (Rojas-Puentes et al., 2013).
FIGURE 2 | Modulators of autophagy Inhibitors of autophagy include Akt-
inhibitors (alkylphosphocholines, MK-2206, curcumin, quercetin); AMPK
activators (metformin, trehalose, 2-deoxyglucose, devimistat); ERK activators
(bortezomib); mTOR-inhibitors (sirolimus, temsirolimus, sorafenib, metformin,
vorinostat); mTOR-assembly inhibitors (alkylphosphocholines); ULK1
activators/Beclin releasers (sorafenib, trehalose); BH3-mimetics/BCL-2
inhibitors (obatoclax, gossypol); acetylators/deacetylators/activators of
autophagy related (ATG) proteins (spermidine, sorafenib, bortezomib);
upregulators of LC3; TFEB/p62 (colchicine, bortezomib); inhibitors of
lysosomal acidification (chloroquine, hydroxychloroquine); proton pump
inhibitors (pantoprazol), and inhibitors of the fusion of lysosomes with
autophagosomes (trehalose).
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Kaleağasıoğlu et al. Autophagy and Alkylphosphocholines
Combination of HCQ with mTOR inhibitors, which enhance
cytoprotective autophagy, was tested in Phase I/IIa trials. HCQ in
combination with everolimus was tolerable and the primary
endpoint of a 6-month progression free survival (PFS) rate
over 40% was met in clear cell renal carcinoma (Haas et al.,
2019). HCQ in combination with sirolimus significantly
increased the “forced expiratory volume” but not the “forced
vital capacity” in lymphangioleiomyomatosis (El-Chemaly et al.,
2017). Metabolomic profiling of polyamine metabolism
(upregulation of 5′-methylthioadenosine) and brain derived
neurotrophic factor were suggested as candidate markers
associated with autophagy in lymphangioleiomyomatosis
(Lamattina et al., 2018; Tang et al., 2019). HCQ combined with
temsirolimus showed significant antitumor activity in advanced
solid tumors and melanoma (Rangwala et al., 2014a). HCQ and
sirolimus decreased glycolysis mainly in cancer associated
fibroblasts, hence attenuated their metabolic-parasite
relationship with sarcoma cells; this double autophagy
modulation resulted in an overall response rate (ORR) of 90%
(Chi et al., 2015b). Addition of sirolimus and HCQ to the
ongoing metronomic chemotherapy, to which patients were
Frontiers in Pharmacology | www.frontiersin.org 887
previously unresponsive, resulted in high salvage rates in stage
IV refractory metastatic tumors (Chi et al., 2015a).

HCQ alone or in combination provided minimal to modest
benefit with the EGFR inhibitor erlotinib in metastatic nonsmall cell
lung cancer (Goldberg et al., 2012; Malhotra et al., 2019); with
FOLFOX/bevacizumab in metastatic colorectal cancer (Loaiza-
Bonilla et al., 2015); with temozolomide in advanced solid tumors
and melanoma (Rangwala et al., 2014b); with vorinostat
(Mahalingam et al., 2014; Patel et al., 2016) and MK-2206
(Mehnert et al., 2019) in advanced solid tumors; as a single agent
(Wolpin et al., 2014), with gemcitabine (Boone et al., 2015) and with
gemcitabine plus nab-paclitaxel (Karasic et al., 2019) in advanced
pancreatic cancer; with temozolomide plus radiotherapy in newly
diagnosed glioblastomamultiforme (Rosenfeld et al., 2014) and with
bortezomib in refractory myeloma (Vogl et al., 2014).

Ricolinostat, a selective HDAC6 inhibitor, was well tolerated
and moderately effective in combination with bortezomib (Vogl
et al., 2017) and the immunomodulator lenalidomide plus
dexamethasone (Yee et al., 2016) in refractory multiple myeloma.

The proton pump inhibitor, pantoprazole, was tolerable when
combined with doxorubicin in solid tumors (Brana et al., 2014)
TABLE 2 | Autophagy modulators in clinical trials and their mechanisms of action.

Modulator Modulation Mechanism of Action Reference

HCQ and CQ Inhibition Inhibition of lysosomal acidification and thus the blockade of the terminal step of autophagic
substrate degradation

(Perez-Hernandez et al.,
2019)

Rapamycin (sirolimus)
Everolimus Temsirolimus

Activation mTOR inhibition. (Mandrioli et al., 2018)

Pantoprazole Inhibition Inhibition of H+/K + ATPase proton pumps in membranes of intracellular endosomes and increase
of endosomal pH, resulting in inhibition of autophagosome maturation.

(Marino et al., 2010)

Metformin Activation Activation of AMPK, a sensor of cellular energy levels (increased AMP/ATP ratio) in the cell (Novita et al., 2019)
Ricolinostat (ACY-1215) Inhibition Selective inhibition of HDAC6, which mediates trafficking of ubiquitinated misfolded proteins to the

aggresome/autophagy pathway.
(Vogl et al., 2017)

Vorinostat (suberoylanilide
hydroxamic acid; SAHA)

Activation Pan-HDAC inhibitor; inhibition of mTOR, which results in the dephosphorylation, and thus
activation, of the autophagic protein kinase ULK1 and increases LC3 expression.

(Gammoh et al., 2012)

Devimistat (CPI-613) Inhibition Inhibition of pyruvate dehydrogenase and ketoglutarate dehydrogenase of TCA cycle, thus
impairment of pancreatic cell mitochondrial metabolism.

(Philip et al., 2019)

Spermidine Activation Suppression of acetyltransferase activity of EP300, and inducing the acetylation or deacetylation
of autophagy-related genes (Atgs).

(Yang et al., 2017)

Bortezomib Inhibition;
activation

1. Induction of ERK phosphorylation to suppress cathepsin B, thus inhibition of the catalytic
process of autophagy; blockade of p62 degradation.

2. Induction of autophagy through endoplasmic reticulum stress.

1. (Kao et al., 2014)
2. (Li X. et al., 2018)

Sorafenib Activation Activation of HP1-STAT3-Mcl-1-Beclin1 pathway and releasing Beclin1 from Mcl-1; mTORC1
inhibition; activation of IRE1 signaling pathway of ER stress, thus reduction of ER stress-induced
cell death; activation of AMPK.

(Sun et al., 2017)

Colchicine Activation Upregulation of proteins involved in autophagy, including the master regulator transcription factor
EB (TFEB), the TFEB regulated adaptor protein SQSTM1/p62 and autophagy player microtubule-
associated protein 1A/1B-light chain 3 (LC3)

(Mandrioli et al., 2019)

188Re-liposome Inhibition Microtubule-associated protein 1 light chain 3B (LC3) and lysosomal proteins, including Lamp-1
and cathepsin-B and p21WAF/Cip1 levels decline. 188Re-liposome is effective in the suppression
of stemness markers’ expression.

(Chang et al., 2017)

Trehalose Inhibition;
activation

1. Inhibition of autophagosome and lysosome fusion.
2. Inhibition of cellular import of glucose and fructose through SLC2A (GLUT) transporters;

stimulation of autophagy through AMPK and activation of ULK1.

1. (Lee et al., 2018)
2. (Mardones et al., 2016)

NAD+ (and its precursors) Activation Induction of autophagy/mitophagy (Bonkowski and Sinclair,
2016)

2-deoxyglucose Activation ER stress and unfolded protein response; inhibition of glycolysis. (Stein et al., 2010)
April 2020
AMPK, 5′ AMP-activated protein kinase; HDAC, histone deacetylase; TCA cycle, tricarboxylic acid cycle; TFEB, master regulator transcription factor EB; SQSTM1/p62, the TFEB regulated
adaptor protein; microtubule-associated protein 1A/1B-light chain 3; ER, endoplasmic reticulum, NAD+, nicotinamide adenine nucleotide.
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but showed insufficient clinical activity when combined with
docetaxel in metastatic castration resistant prostate cancer
(mCRPC) (Hansen et al., 2019).

Two novel drugs seem to be promising as autophagy
inhibitors. Devimistat (CPI-613) inhibits two key enzymes of
the tricarboxcylic acid cycle, i.e. pyruvate dehydrogenase and
ketoglutarate dehydrogenase, and thus impairs pancreatic cell
mitochondrial metabolism. Devimistat, in combination with the
FOLFIRINOX regimen, exhibited an ORR of 61% (Alistar et al.,
2017) in a Phase I trial and is also under evaluation in a large
scale Phase III trial (AVENGAR 500) in metastatic pancreas
adenocacinoma (Philip et al., 2019). 188Re-liposome treatment
was successful in inducing mitochondrial autophagy and
improved survival in two cases with recurrent ovarian cancer
(Chang et al., 2017).

Natural products were also investigated as autophagy
modulators. Spermidine, a natural polyamine, triggers
autophagy by inducing the acetylation or deacetylation of
autophagy-related genes (Yang et al., 2017). Spermidine-based
Frontiers in Pharmacology | www.frontiersin.org 988
nutritional supplementation, leading to the acetylation or
deacetylation of autophagy related genes, is considered as an
autophagy-based strategy against memory under-performance,
mnemonic discrimination ability and cognitive decline in the
elderly (Wirth et al., 2018; Wirth et al., 2019). Gossypol (AT-101)
is a polyphenolic compound extracted from cotton. In addition
to its contraceptive and anti-infective effects, its roles as an
anticancer agent by targeting apoptotic and autophagic
pathways have also been studied in the last decade. It is a pan-
Bcl-2 inhibitor and induces autophagy by liberating Beclin-1
from Bcl2 (Perez-Hernandez et al., 2019). Most of the clinical
studies in PubMed focused on its apoptotic effect; only Wei et al.
reported that the expression of apurinic/apyrimidinic
endonuclease (APE1), which regulates the DNA base excision
repair process, reduces survival in gastric cancer patients and the
APE1 inhibitor AT-101 may be a potential sensitizer for 5-
fluorouracil (Wei et al., 2016). Curcumin, the major constituent
of Curcuma longa (turmeric), and quercetin, a plant flavonol, are
two other autophagy inducers, which inhibit the Akt/mTOR
TABLE 3 | Published clinical trials based on autophagy modulation in neurodegenerative, infectious, and other diseases.

Study Design/
Registry Number

Regimen Indication/Autophagy Biomarker Indication/Aims–Results/Status Reference

Phase II
R, DB, PC, MC
NCT03693781
Eudract n.2017-
004459-21

Colchicine
0.01 mg/kg/d; 0.005 mg/kg/d
Riluzole: 100 mg/d
Treatment: 30 wt
Follow-up: 24w

ALS/Quantification of mRNA and protein
levels of p62, LC3, TFEB, ATGs, HSPB8,
BAG3, BAG1, HSP70 and HSF1 in
PBMCs, lymphoblasts and fibroblasts
(transcriptome profile)

Efficacy of colchicine on disease progression
as measured by ALS Functional Rating Scale
- Revised (ALSFRS-R) at baseline and at
treatment end. Results are not yet available.

(Mandrioli et al.,
2019)

Phase II
R, DB, PC, MC
Eudract n.2016-
002399-28

Sirolimus
1 mg/m2/d; 2 mg/m2/d

ALS/mTOR downstream pathway (S6RP
phosphorylation)

Efficacy of sirolimus in ALS patients on
functional rating scale, survival, forced vital
capacity, and quality of life. Results are not
yet available.

(Mandrioli et al.,
2018)

Case report, OL, R
N (Test) = 22
N (control) = 20

1,000–1,500 mg metformin
plus insulin and anti-TB
treatment

Diabetes mellitus and tuberculosis/
MAP1LC3B

MET has the potential to enhance the
bactericidal effect of antituberculosis (sputum
smear reversion after 2 months) via
autophagy. MAP1LC3B level increased
significantly by metformin treatment.

(Novita et al., 2019)

Phase IIa, R, PC,
double blind
NCT03094546

Spermidine-based nutritional
supplementation

Elderly with subjective cognitive decline/
LC3 I/II, p62, EP300, proteomics,
metabolomics, polyamine levels,
metabolomics, proinflammatory
biomarkers, and neurotrophin levels

Results are not yet available. (Wirth et al., 2019)

Phase IIB, OL, RCT
CTRI/2018/01/
011176

İsoniazid: 150–300 mg/d
Rifampicin. 300–600 mg/d
Pyrazinamide: 800–1,600 mg/d
Ethambutol: 550–1,100 mg/d
Test group: plus metformin
1,000 mg/d

Newly diagnosed smear positive
pulmonary tuberculosis/immunological and
autophagy biomarkers (T cell, monocyte
and dendritic cell functions ESAT-6/CFP-
10, Culture filtrate Protein, estimation of C
reactive protein, tumor necrosis factor-
alpha and other cytokines).

Autophagy response will be evaluated as a
secondary endpoint. Results are not yet
available.

(Padmapriyadarsini
et al., 2019)

Phase IIa, R, PC,
double blind
NCT02755246

Spermidine-rich plant extract
supplement

Behavioral mnemonic similarity task/not
assessed

Memory performance was moderately
enhanced and mnemonic discrimination ability
improved in the treatment group versus the
placebo group/not assessed

(Wirth et al., 2018)

Phase IV, R,
quadruple-blind
N = 10
NCT02058173

CQ: 150 mg/d × 8 + 4 w
Placebo 8 w

HCV/HCV genotype, IL28 genetic
polymorphism

A significant decrease in HCV-RNA after the
treatments (week 8) was observed in all
patients in the CQ-group. The IL28
polymorphism was not associated with 5
HCV RNA load in response to CQ. Preliminary
evidence that CQ is possibly a safe treatment
option for HCV nonresponders

(Peymani et al.,
2016)
April 2020 | Volu
R, randomized; DB, double-blind; OL, open label; PC, placebo-controlled; MC, multicenter; N, number of patients; d, day; w, week; m, month.
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TABLE 4 | Published clinical trials based on autophagy modulation in cancer.

Study Design/Registry
Number

Regimen Indication/Autophagy Biomarker Results Reference

Phase II, R, DB, PC
N = 70
NCT02333890

CQ: 500 mg/d
Treatment: 14–29 d, 2–6 weeks
before surgery

Newly diagnosed breast cancer/not
assessed

No significant difference in Ki67
index (a proliferation-associated
nuclear antigen).

(Arnaout et al., 2019)

Phase I/II, OL
N = 33
NCT01510119

HCQ: 600 mg BID
Everolimus:10 mg/d

Clear-cell renal cell carcinoma
(previously treated)/not assessed

PR + SD: 67%; PR: 6%; PFS ≥ 6 m:
45%. The primary endpoint (> 40%
6-month PFS rate) was met. HCQ is
a tolerable inhibitor of autophagy.

(Haas et al., 2019)

Phase II, Simon’s two-
stage design; N = 21
NCT01748500

Pantoprazole: 240 mg/3w
Docetaxel: 75 mg/m2/3w

mCRPC/not assessed PR = 31%; mOS = 15.7 m; median
PFS = 5.3 m. Tolerable but clinical
activity is insufficient.

(Hansen et al., 2019)

Phase Ib/II, Single-arm,
OL
N = 40
NCT01649947

HCQ: 200 mg BID/1–21
Day 1: Paclitaxel: 200 mg/m2

Carboplatin: AUC = 6
Bevacizumab: 15 mg/kg

mNSCLC/not assessed ORR = 33% (44% in KRAS positive
tumors); SD: 53%; PFS: 3.3 m (6.4
m in KRAS positive tumors).
Addition of HCQ is safe and
tolerable with a modest
improvement in clinical responses.

(Malhotra et al.,
2019)

Phase I, OL
N = 35
NCT01480154

HCQ: 200–600 mg BID
MK-2206
135 0r 200 mg/w

Advanced solid tumors/pre-planned
autophagy biomarkers are not
assessed due to high attrition.

SD: 15%; combination increases
HCQ plasma levels.
Combination therapy is tolerable but
antitumor activity is minimal.

(Mehnert et al., 2019)

Phase 2, R, OL
N = 112
NCT01506973

HCQ: 600 mg BID
Gemcitabine hydrochloride +nab-
paclitaxel (GA) with or without

Pancreatic cancer/not assessed HCQ: 12 m OS: non-HCQ: 41%;
49%, OS: 11.1 in HCQ; 12.1 in non-
HCQ
PFS: 5.7 m HCQ; 6.4 m non-HCQ,
ORR: 38.2% in HCQ; 21.1% in non-
HCQ
HCQ did not improve the primary
end point of OS but may play a role
in the locally advanced setting,
where tumor response may permit
resection.

(Karasic et al., 2019)

Phase III, OL, R
N = 500
NCT03504423
(AVENGER 500 trial)

CPI-613 + modified FOLFIRINOX
(devimistat 500 mg/m2, oxaliplatin
65 mg/m2, irinotecan dose of 120
mg/m2; fluorouracil, 400 mg/m2

(bolus), then 2,400 mg/m2/2 w
FOLFIRINOX (oxaliplatin, 85 mg/m2;
irinotecan, 180 mg/m2; fluorouracil
and leucovorin (same)

Metastatic adenocarcioma of pancreas/
mitochondrial SOD2, PDK1-4, PDH,
KGDH and CD79a and whole-exome
sequencing

Objectives: evaluation of ORR and
PFS; tumor response
Results are not yet available.

(Philip et al., 2019)

Phase I, OL, cohort
N = 14
NCT01687179

HCQ: 100–200 mg BID
Sirolimus: 2 mg (trough levels
between 5 and 15 ng/ml)

Lymphangioleiomyomatosis/
metabolomic profiling of polyamine
metabolism 5′-methylthioadenosine and
arginine

Upregulation of 5′-
methylthioadenosine and arginine in
the plasma of patients with LAM

(Tang et al., 2019)

Phase I, OL, cohort
N = 14
24 w treatment + 24 w
observation
NCT01687179

HCQ: 100–200 mg BID
Sirolimus: 2 mg (trough levels
between 5 and 15 ng/ml)

Lymphangioleiomyomatosis/AXL
receptor tyrosine kinase, brain-derived
neurotrophic factor (BDNF), cathepsin
D, epidermal growth factor receptor
(EGFR), human epidermal growth factor
receptor 2, insulin, receptor tyrosine
protein kinase erbB3, and soluble
superoxide dismutase 1

Only BDNF levels changed
significantly. A consistent decrease
of BDNF levels in comparison to
baseline was observed which was
not HCQ dosage-dependent.

(Lamattina et al.,
2018)

NR, OL
N = 30 (healthy)
N = 43 (EM)

None Endometriosis/LC3B-II The expression of LC3B-II in ectopic
endometrium group was significantly
lower than that of its eutopic
endometrium group. Down-
regulated autophagy of ectopic
endometrium in secretory phase
may be related to the progression of
EMs.

(Li X. et al., 2018)

Phase I, OL
N = 20
NCT01835041

CPI-613 (devimistat): 500 mg/m2/d
Modified FOLFIRINOX (oxaliplatin at
65 mg/m2, leucovorin at 400 mg/

Metastatic pancreatic cancer/not
assessed

MTD of CPI-613 = 500 mg/m2 per
day.
18 patients treated at MTD, ORR

(Alistar et al., 2017)
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TABLE 4 | Continued

Study Design/Registry
Number

Regimen Indication/Autophagy Biomarker Results Reference

m2, irinotecan at 140 mg/m2, and
fluorouracil 400 mg/m2 bolus
followed by 2,400 mg/m2 over 46 h)

(CR + PR) = 61%. PFS = 9 m; mOS
=19 m.
Clinical activity requires Phase II
validation.

Phase III, R
1. N = 219
2. N = 234
3. N = 204
NCT00719797
NCT00433927

1. TRIBE trial (discovery cohort)
FOLFIRI (fluorouracil, leucovorin, and
irinotecan) plus bevacizumab
2. FIRE-3 trial (validation cohort)
FOLFIRI plus bevacizumab
3. FIRE-3 trial (negative control)
FOLFIRI plus cetuximab

mCRC/12 SNPs in eight autophagy-
related genes were examined in this
study (autophagy-related protein 13
[ATG13], ATG3, ATG5, ATG8, beclin 1,
FIP200, ULK1 and UVRAG

G allele of the FIP200 rs1129660
SNP showed a significantly lower
rate of grades 2–3 hypertension
compared with the A/A genotype.
Polymorphisms in autophagy-related
FIP200 gene may be predictive of
hypertension.

(Berger et al., 2017)

OL, case report
N = 2
NCT02271516

188Re-liposome (0.42 ± 0.04 mCi/
kg)

Recurrent ovarian cancer/Cancer
Antigen 125 (CA-125) as a marker of
drug-resistance

188Re-liposome reduces CA-125
levels and improves survival.

(Chang et al., 2017)

Phase I, OL, cohort
N = 14; 24 w treatment
+ 24 w observation
NCT01687179

HCQ: 100–200 mg BID
Sirolimus: 2 mg (trough levels
between 5 and 15 ng/ml)

Lymphangioleiomyo-matosis/not
assessed

Well tolerated; improvement in lung
function at 24 weeks, with a
decrease in lung function at the 48-
week time point.

(El-Chemaly et al.,
2017)

Phase I/II, NR, OL
N = 12
NCT01023477

CQ: 250 mg/w and 500 mg/w × 4w Breast ductal carcinoma in situ (DCIS)/
LC3B positive puncta

Chloroquine reduces PCNA
proliferation index in DCIS lesions
and inhibits autophagic flux (LC3B
positive puncta)

(Espina et al., 2017)

Phase I/II
OL, R
N (ricolinostat) = 15
N (combined) = 57

Ricolinostat: Phase I cohorts 1–6:
40, 80, 160, 240, and 360 mg on
days 1–5 and 8–12 of each 21-day
cycle. Bortezomib: 1.0 mg/m2/1.3
mg/m2. Dexamethasone

Relapsed or refractory multiple
myeloma/not assessed

Ricolinostat of 160 mg daily, the
combination with bortezomib and
dexamethasone is safe, well
tolerated, and active.

(Vogl et al., 2017)

OL, NR
N = 65

5-FU based treatment
(In vitro and in vivo clinical data with
gossypol (AT-101) are linked to
clinical data)

Gastric cancer/APE1 expression Expression of APE1 is associated
with poor survival in gastric cancer
patients. AT101, an APE1 inhibitor,
may promote chemotherapeutic
sensitivity.

(Wei et al., 2016)

Phase I, OL, NR
N = 20
NCT01023737

HCQ: 400 mg/day
Vorinostat: 600 mg/day

mCRC/CTSD and LC3-II in on study-
biopsies

SD > 16w: 26%; mPFS 2.8 m; mOS
6.7 m. Improved antitumor immunity
(decreased exhausted and
regulatory T cells and increased
effector phenotype T cells) and
reduced tumor autophagy

(Patel et al., 2016)

Phase Ib/OL, NR
N = 38
NCT01583283

Ricolinostat: 40–320 mg/d
Lenalidomide: 15–25 mg/d
Dexamethasone: 40 mg/w

Relapsed or refractory multiple
myeloma/HDAC6

DLT: ricolinostat ricolinostat 160 mg
BID. The pharmacokinetics of
ricolinostat and lenalidomide were
not affected by coadministration.
ORR:55%

(Yee et al., 2016)

Phase I, OL, NR
N = 25

HCQ: 400 mg/d
Sirolimus: 2 mg/d
Metronomic chemotherapy

Stage IV refractory metastatic solid
tumors/not assessed

ORR=40%; SD:84%
Tumor markers dropped >50%.
Progression from PD to PR:2; SD to
PR:8
Autophagy is a promising target and
warrants further Phase II studies

(Chi et al., 2015a)

Phase II, OL, single arm
N = 10
NCT01842594

Sirolimus: 1 mg
HCQ: 200 mg 2×1/d × 2 w

Sarcoma/uptake of [18F]-
fluorodeoxyglucose positron emission
tomography (FDG PET)

An inhibition of glycolysis within the
tumors without tumor growth was
noted.
PR: 6/10; SD:3/10, PD:1/10.

(Chi et al., 2015b)

Phase II, OL
N = 19 (evaluable)
NCT01206530

12 cycles:HCQ: 600 mg BID+
FOLFOX (5-FU (400 mg/m2 bolus,
then 2,400 mg/m2 over 46h) +
leuco-vorin 200 mg/m2, oxaliplatin
85 mg/m2)/bevacizumab 5 mg/kg,
all iv/2 w; after 12 cycles, no
oxaliplatin.

Previously untreated mRCR/autophagy
biomarkers in PBMC

Autophagy is inhibited in PBMCs.
ORR: 52% (CR: 5%, PR: 47%)
FOLFOX/bevacizumab + HCQ is an
active regimen in mCRC.

(Loaiza-Bonilla et al.,
2015)

(Continued)
Frontiers in Pharmacology
 | www.frontiersin.org
 1190
 April 2020 | Vo
lume 11 | Article 547

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
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TABLE 4 | Continued

Study Design/Registry
Number

Regimen Indication/Autophagy Biomarker Results Reference

Phase I/II, OL, NR
N = 35
NCT01128296

HCQ: 1200 mg/d for 31 d
Gemcitabine: 1,500 mg/m2 on days
3 and 17

Pancreatic adenocarcinoma/LC3-II in
PBMC

No dose-limiting toxicities and no
Grade 4/5 events related to
treatment. 61% had a decrease in
CA19-9. Patients with a >51%
increase of LC3-II in PBMC had
improvement in PFS (15.03 vs. 6.9
months, p < 0.05) and OS (34.8 vs.
10.8 m, p < 0.05). Preoperative
autophagy inhibition with HCQ plus
gemcitabine is safe and well
tolerated. Surrogate biomarker
responses (CA 19-9) and surgical
oncologic outcomes were
encouraging.

(Boone et al., 2015)

Case series, OL, NR
N = 5

CQ: 250 mg/d
Reirradiation

Recurrent glioblastoma No CQ related toxicity. 2 PR, 1 SD,
1 PD. Encouraging responses were
obtained.

(Bilger et al., 2014)

Phase I, OL
N = 24

Pantoprazole: 80, 160, 240, and
360 mg iv prior to doxorubucin (60
mg/m2)

Solid tumors/not assessed Pantoprazole 240 mg with
doxorubicin 60 mg/m2 every 3
weeks: toxicity was predictable and
manageable.

(Brana et al., 2014)

Phase I, OL, cohort
N = 24
NCT01023737

HCQ: 400–800 mg/d (d2–d21)
Vorinostat: 400 mg/d (d1–21)

Advanced solid tumors/AV, lysosomal
protease CTSD, CDKN1A

HCQ and VOR stimulate the
expression of CTSD and CDKN1A
and the accumulation of autophagic
vacuoles in PBMC. HCQ addition
had no significant impact on the
pharmaco-kinetic profile of VOR.
46% had PR or SD for ≥2 cycles.
Based on the safety and preliminary
efficacy of this combination,
additional clinical studies are
currently being planned

(Mahalingam et al.,
2014)

Phase Ib/II, OL
N = 27

HCQ: 1200 mg/d
Temsirolimus: 25 mg/w

Advanced solid tumors and melanoma/
AV accumulation in PBMC.

Significant AV accumulation with
TEM + HCQ compared with baseline
only with 1200 mg cohort. SD =
74%; further studies are warranted.
TEM and HCQ: safe and tolerable,
modulate autophagy in patients, and
have significant antitumor activity.

(Rangwala et al.,
2014a)

Phase Ib/II, OL
N = 40

HCQ:1200 mg/d
Temozolomide: 150 mg/m2 daily for
7/14 d

Advanced solid tumors and melanoma/
autophagic vacuoles peripheral blood
mononuclear cells

PR = 14%; SD: 27% in 22 evaluable
patients with advanced melanoma.
Prolonged stable disease and
responses suggest antitumor activity
in melanoma patients.

(Rangwala et al.,
2014b)

Phase I/II
OL
N (Phase I) = 16
N (Phase II) = 76
NCT00486603

HCQ: 200–800 mg/d
Temozolomide: initially before RT-75
mg/m(2); maintenance-150 mg/m
(2)/d; 5 d/m for 6 m.
RT: 60 Gy in 30 fractions

Newly diagnosed gliablastoma
multiforme/AV and LC3-II

MTD of HCQ: 600 mg/d. 800 mg/d:
Grades 3–4 neutropenia and
thrombocytopenia; OS 12 m = 70%;
OS 18 m = 36%; OS 24 m = 25%.
HCQ-induced dose dependent
increases in AV and LC3-II in PBMC.
Autophagy was not consistently
achieved. No significant
improvement in overall survival.

(Rosenfeld et al.,
2014)

Phase Ib/II, OL
N = 25

HCQ: 1,200 mg/d
Bortezomib: 1.3 mg/m2

Relapsed/refractory myeloma/AV
accumulation and LC3-II in PBMC

Therapy-induced AV accumulation in
bone marrow plasma cells. PR =
14%, MR = 14%, SD = 45%; further
studies are warranted.

(Vogl et al., 2014)

Phase II
OL
N = 20
NCT01273805

HCQ: 800 and 1,200 mg/d
Previously treated with other
regimens

Metastatic pancreatic adenocarcinoma
(previously treated)/LC3-II in
lymphocytes

Analysis of LC3-II showed
inconsistent autophagy inhibition.
SD: 10%; PFS: 46.5 d; OS: 69 d.
Negligible therapeutic efficacy.

(Wolpin et al., 2014)
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pathway. No phase trial on autophagy is yet registered with the
above-mentioned natural compounds in the NCT database,
except for spermidine (Kondapuram et al., 2019; Perez-
Hernandez et al., 2019).

Autophagy related polymorphisms might be predictive of
anticancer treatment associated adverse effects. Berger et al.
reported that FIP200 gene polymorphisms might predict
bevacizumab-induced hypertension (Berger et al., 2017).

In summary, the application of autophagy inducers/inhibitors
in cancer treatment is a quickly growing area of research, which
has the aim of balancing the potentially good and bad effects. The
success in keeping this balance will determine the future
development and use of such compounds.

Neurodegenerative Disorders
In amyotrophic lateral sclerosis (ALS), degradation of mutant
protein aggregates and damaged organelles is disrupted. Two
autophagy modulators, colchicine, which upregulates autophagy-
related proteins in motor neurons in combination with riluzole
(Mandrioli et al., 2019), and the mTOR inhibitor rapamycin
(sirolimus) (Mandrioli et al., 2018) are being evaluated for their
Frontiers in Pharmacology | www.frontiersin.org 1392
therapeutic efficacy against ALS in two separate double-blind,
randomized, placebo-controlled phase-II trials.

Infectious Diseases
The mycobacterium tuberculosis virulence is associated with
perturbations in the autophagy process and AMPK signaling.
Novita et al. showed that metformin enhances the bactericidal
effect of anti-tuberculosis treatment via autophagy in patients
with tuberculosis and diabetes (Novita et al., 2019). Another
study was designed to assess the effect of metformin by means of
a detailed autophagy biomarker panel in tuberculosis
(Padmapriyadarsini et al., 2019). Chloroquine significantly
decreased HCV-RNA in Hepatitis C in a quadruple-blind,
randomized Phase IV study (Peymani et al., 2016).
ALKYLPHOSPHOCHOLINES

Synthetic APCs include miltefosine, perifosine, and erufosine,
which correspond to the first, second, and third generations of
APCs (see Figure 3). They are derived from alkylphospholipids
TABLE 4 | Continued

Study Design/Registry
Number

Regimen Indication/Autophagy Biomarker Results Reference

Phase II
R, PC, DB
N = 73
NCT01894633

CQ: 150 mg/d × 4 w
WBI (30 Gy in 10 fractions/d over 2
weeks)

Brain metastases from solid tumors/not
assessed

ORR = CLQ-54%; PL-55%.
PFS = CLQ-84%; PL-55%
CLQ + WBI improved the control of
brain metastasis with no increase in
toxicity. CLQ did not improve the RR
or OS.

(Rojas-Puentes et al.,
2013)

Pilot, single cohort
N = 20

CQ: 250 mg/day × 5 w; started 1 w
before WBRT

Newly diagnosed brain metastases
from solid tumors

CR = 2; PR = 12; SD = 1
No treatment-related grade ≥ 3
toxicities or treatment interruption
due to toxicity. Median/mean OS =
5.7 and 8.9 m

(Eldredge et al.,
2013)

Phase Ib/II, OL
N = 12

2-deoxyglucose (2-DG)
45 mg/kg

mCRPC/p62 as marker of 2-DG
resistance

P62 decreased in 83% and
fluorodeoxyglucose uptake
decreased in 63% of patients. 2-DG
alone or in combination can be used
to target tumor metabolism.

(Stein et al., 2010)

Phase II, OL
N = 30

Sorafenib: 400 mg × 2/d Relapsed or refractory lymphoma/
LC3‐II in PBLs

ORR: 13%; OS: 16 m. LC3-II levels
at baseline were significantly higher
in responsive patients than in
nonresponsive patients. PBLs:
responsive patients: reduction in
LC3-II levels; nonresponsive
patients: no change.

(Guidetti et al., 2012)

Phase I, OL, R
N(HCQ) = 27
N(HCQ + Erlotinib) = 19
NCT01026844

HCQ: 400–1000 mg/d (escalated)
Erlotinib: 150 mg/d

Advanced NSCLC/not assessed HCQ with or without erlotinib was
safe and well-tolerated. The
recommended phase 2 dose: HCQ
1000mg + erlotinib 150mg.

(Goldberg et al.,
2012)

Phase II, R, DB, PC
N = 30
NCT00224978

CQ: 150 mg/d
Conventional chemotherapy +
radiotherapy

Glioblastoma multiforme OS = 24m for CQ; 11m for PL
Small sample size suggests larger,
more definitive studies.

(Sotelo et al., 2006)
April 2020 | Vo
R, randomized; DB, double-blind; OL, open label; PC, placebo-controlled; MC, multicenter; N, number of patients; d, day; w, week; m, month; RT, Radiotherapy; PL, placebo; HCQ,
hydroxychloroquine; CQ, chloroquine; OS, overall survival; ORR, objective response rate; CR, complete response; PR, partial response; MR, minor response; SD, stable disease; PFS,
progression-free survival.
mCRPC, metastatic castration-resistant prostate cancer; mNSCLC, metastatic nonsmall cell lung cancer; mCRC, metastatic colorectal cancer; PBMC, peripheral blood mononuclear
cells; AV, autophagic vacuole; UVRAG, UV radiation resistance-associated gene protein; FIP200, focal adhesion kinase family interacting protein of 200 kDa; ULK1, unc-51-like kinase 1;
CDKN1A, cyclin-dependent kinase inhibitor 1A.
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TABLE 5 | Registered clinical trials based on autophagy modulation in various diseases.

NCT number Study Design Title Regimen Study Start/Study
End

Result

NCT04160455 Observational
model: cohort

Study of autophagy and the effects of GALIG
gene products in HIV-1 infected patients who
are under antiretroviral therapy since primary-
infection, chronic phase, or never treated.

HIV-1 infected patients
under antiretroviral therapy
since primary-infection,
chronic phase, or never
treated

November 7, 2019/
November 7, 2029

Recruiting

NCT04138134 Observational
model: cohort

Autophagy and venous endothelial function Spermidine December 1, 2019/
June 1, 2020

Not yet recruiting

NCT03979651 NR, OL MEK and autophagy inhibition in metastatic/
locally advanced, unresectable neuroblastoma
RAS (NRAS) melanoma

Trametinib plus HCQ September 30, 2019/
March 31, 2022

Ongoing

NCT00786682 Phase II, NR,
OL

Docetaxel and hydroxychloroquine in treating
patients with metastatic prostate cancer

Docetaxel and HCQ December 2008–
October 2012

The study was stopped due
to lack of improved efficacy
compared to historical
controls.

NCT00765765 Phase I/II, NR,
OL

Ixabepilone and hydroxychloro-quine in
treating patients with metastatic breast cancer

Ixabepilone and HCQ February 2009–
December 2012

The study was closed early
due to slow accrual

NCT00969306 Phase I, NR,
OL

Chloroquine as an antiautophagy drug in
stage IV small cell lung cancer (SCLC) patients

Chloroquine September 2013–June
2016

Terminated but no results
posted

NCT03037437 Phase II, NR,
OL

Sorafenib induced autophagy using
hydroxychloroquine in hepatocellular cancer

Sorafenib + HCQ February 16, 2017–
December 2020

Ongoing

NCT01480154 Phase I, NR,
OL

Akt inhibitor MK2206 and hydroxychloroquine
in treating patients with advanced solid
tumors, melanoma, prostate or kidney cancer

MK2206 + HCQ November 23, 2011–
December 2019

(Mehnert et al., 2019)

NCT01510119 Phase I/II, NR,
OL

Autophagy inhibition to augment mTOR
Inhibition: A Phase I/II Trial of RAD001 and
hydroxychloroquine in patients with previously
treated renal cell carcinoma

RAD001 (everolimus) +
HCQ

September 2011–
January 2017

(Haas et al., 2019)

NCT01023737 Phase I, NR,
OL

Hydroxychloroquine + Vorinostat in advanced
solid tumors

HCQ + Vorinostat November 2009–
September 2020

(Patel et al., 2016)

NCT03598595 Phase I/II, NR,
OL

Gemcitabine, docetaxel, and
hydroxychloroquine in treating participants
with recurrent or refractory osteosarcoma

Gemcitabine, Docetaxel,
and HCQ

January 28, 2019–
March 2, 2020

Ongoing

NCT02631252 Phase I, NR,
OL

Phase I Study of mitoxantrone and etoposide
combined with hydroxychloroquine, for
relapsed acute myelogenous leukemia

Mitoxantrone and
Etoposide and HCQ

August 18, 2016–
October 2, 2017

Terminated due to inability to
accrue.

NCT03774472 Phase I, NR,
OL

Hydroxychloroquine, palbociclib, and letrozole
before surgery in treating participants with
estrogen receptor positive, HER2 negative
breast cancer

HCQ, Palbociclib, and
Letrozole

August 20, 2018–
December 31, 2020

Ongoing

NCT02339168 Phase I, NR,
OL

Enzalutamide and metformin-hydrochloride in
treating patients with hormone-resistant
prostate cancer

Enzalutamide and
Metformin-Hydrochloride

June 2016–July 2020 Ongoing

NCT01594242 Phase I, NR,
OL

Autophagy induction after bortezomib for
myeloma

Bortezomib July 10, 2012–March
2, 2015

Completed but no results are
available

NCT03700424 Phase II, R,
quadruple-blind

Inflammation reduction by Trehalose
administration (in acute coronary syndrome)

Trehalose vs normal saline
infusion weekly (15 g/
week) for a period of 12
weeks

July 7, 2019–June
2020

Ongoing

NCT01266057 Phase I, NR,
OL

Sirolimus or vorinostat and hydroxychloroquine
in advanced cancer

Sirolimus or Vorinostat
and HCQ

April 28, 2011–
February 2021

Ongoing

NCT02378532 Phase I, NR,
OL

The addition of chloroquine to chemoradiation
for glioblastoma

Chloroquine +
temozolomide +
chemoradiation

August 2016–June
2019

Ongoing (still recruiting)

NCT01006369 Phase II, NR,
OL

Hydroxychloroquine, capecitabine, oxaliplatin,
and bevacizumab in treating patients with
metastatic colorectal cancer

HCQ, Capecitabine,
Oxaliplatin, and
Bevacizumab

May 2009–April 27,
2016

Completed but results are not
yet available

NCT03309007 Phase III, R,
quadruple-blind

A double-blind, placebo-controlled trial of anti-
aging, pro-autophagy effects of metformin in
adults with prediabetes

Metformin Placebo September 1, 2017–
July 31, 2021

Active, not recruiting

NCT02042989 Phase I, NR,
OL

MLN9708 and Vorinostat in patients with
advanced p53 mutant malignancies

MLN9708 and Vorinostat June 27, 2014–June
2022

Active, not recruiting
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(ALPs) or ‘synthetic antitumor lipids’, which include edelfosine
and ilmofosine. The two related groups of antitumor agents
target cell membranes rather than DNA (Van Blitterswijk and
Verheij, 2013). ALPs are metabolically stable, nonmutagenic and
versatile drugs derived from lysophosphatidylcholine
(Kaleagasioglu et al., 2019; Zaremberg et al., 2019). All agents
possess long hydrocarbon chains that slow their catabolism (Van
Blitterswijk and Verheij, 2008).

Cancer researchers became interested in APCs during the 80s
of the last century for their selective and high anticancer efficacy
in autochthonous, methylnitrosourea-induced rat mammary
carcinoma (Berger et al., 1987; Muschiol et al., 1987), which
was later confirmed in 7,12-dimethylbenzanthracene-induced rat
Frontiers in Pharmacology | www.frontiersin.org 1594
mammary carcinoma (Hilgard et al., 1988). This unusual
spectrum of activity pointed to an influence of APCs on the
ras signaling chain, as both chemically induced models exhibit
point mutations in the ras gene as driving force for tumor
development. In subsequent years, this assumption was
confirmed (Berger et al., 1992; Berger et al., 2003; Dineva et al.,
2012). Apart from breast cancer models, tumor cell lines from
other cancer types were sensitive to ALPs, as well (Erdlenbruch
et al., 1998; Jendrossek et al., 1999; Konstantinov and Berger,
1999; Georgieva et al., 2002).

The first generation of APCs, the prototype of which is
miltefosine, possesses a typical phosphocholine polar moiety
and a saturated alkyl chain of varying length (Berger et al.,
TABLE 5 | Continued

NCT number Study Design Title Regimen Study Start/Study
End

Result

NCT00728845 Phase I/II, NR,
OL

Hydroxychloroquine, carboplatin, paclitaxel,
and bevacizumab in recurrent advanced
nonsmall cell lung cancer

HCQ, Carboplatin,
Paclitaxel, and
Bevacizumab

June 16, 2008–
December 21, 2010

Terminated due to slow
accrual

NCT03754179 Phase I/II, R,
OL

Dabrafenib/trametinib/hydroxychloroquine for
advanced pretreated BRAF V600 mutant
melanoma

Dabrafenib/Trametinib/
HCQ

January 23, 2018–
December 2020

Recruiting

NCT02316340 Phase II, R, OL Vorinostat Plus hydroxychloroquine vs
regorafenib in colorectal cancer

Vorinostat + HCQ vs
Regorafenib

February 2015–
September 2020

Active, not recruiting

NCT02432417 Phase II, R, OL The addition of chloroquine to chemoradiation
for glioblastoma,

Chloroquine +
Chemoradiation

January 2020–January
2024

Not yet recruiting

NCT02257424 Phase I/II, NR,
OL

Dabrafenib, trametinib, and
hydroxychloroquine in patients with advanced
BRAF mutant melanoma

Dabrafenib, Trametinib and
HCQ

October 2014–October
2026

Active, recruiting

NCT02421575 Phase I, NR,
OL

Hydroxychloroquine in blocking autophagy in
patients with prostate cancer undergoing
surgery or active surveillance

HCQ July 2012–February
26, 2016

Terminated due to slow
accrual

NCT01206530 Phase I/II FOLFOX/Bevacizumab/Hydroxychloroquine
(HCQ) in Colorectal Cancer

HCQ, Oxaliplatin, Leuco-
vorin, 5-fluorouracil,
Bevacizumab

September 2010 –

September 2017
(Loaiza-Bonilla et al., 2015)

NCT00962845 Phase I, NR,
OL

Hydroxychloroquine in patients with stage III or
stage IV melanoma that can be removed by
surgery

HCQ September 2010–May
2013

Early Phase I is completed.
Last update September,
2018. https://ichgcp.net/es/
clinical-trials-registry/
NCT00962845

NCT01144169 Phase I, NR, O Study of hydroxychloroquine before surgery in
patients with primary renal Cell carcinoma

HCQ October 2010–
September 2016

Terminated due to barriers to
accrual such as delay until
surgery and additional
preoperative visits

NCT03094546 Phase III, R,
triple-blind

Polyamine-enriched diet in elderly individuals
with subjective cognitive decline

Polyamine-rich diet June 2019 – June
2020

(Wirth et al., 2019)

NCT01583283 A Phase I/II,
Open Label,
Multi-center
Study

Study of ACY-1215 in combination with
lenalidomide, and dexamethasone in multiple
myeloma

Ricolinostat (ACY-1215)
Lenalidomide
Dexamethasone

July 12, 2012–
December 31, 2019

(Yee et al., 2016)

NCT01997840 Phase 1B/2
Multi-Center,
Open Label,
Dose-escalation
Study

ACY-1215 (ricolinostat) in combination with
pomalidomide and low-dose dex in relapsed-
and-refractory multiple myeloma

ACY-1215 (ricolinostat) in
combination with
pomalidomide and
dexamethasone

March 1, 2014–
January 27, 2021

Active, not recruiting

NCT02189343 Phase 1b Multi-
Center, Open
Label, Dose-
Escalation
Study

Phase 1b Study evaluating ACY-1215
(ricolinostat) in combination with pomalidomide
and dexamethasone in relapsed or relapsed-
and-refractory multiple myeloma

ACY-1215 (Ricolinostat)
Pomalidomide
Dexamethasone

September 15, 2014–
January 30, 2019

Active, not recruiting
April 2
R, randomized; DB, double-blind; OL, open label; PC, placebo-controlled; MC, multicenter; N, number of patients; d, day; w, week, m, month; RT, Radiotherapy; PL, placebo; HCQ,
hydroxychloroquine; CQ, chloroquine; OS, overall survival; ORR, objective response rate; CR, complete response; PR, partial response; MR, minor response; SD, stable disease; PFS,
progression-free survival.
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1987; Berger et al., 1993). The second generation includes
perifosine, which has a cyclic polar head and saturated alkyl
chain (Hilgard et al., 1997). Finally, the third generation
possesses a classic or modified phosphocholine polar moiety
and an unsaturated alkyl chain. The best-known representative
of this group is erufosine (Kaleagasioglu et al., 2019).

An ether linkage to its glycerol backbone characterizes the
prototype of ALPs, edelfosine (Kaleagasioglu et al., 2019;
Zaremberg et al., 2019). The first APC generation is
represented by miltefosine (hexadecylphosphocholine, HPC),
which lacks the glycerol backbone and thus shows a less
complex metabolism (Kaleagasioglu et al., 2019; Zaremberg
et al., 2019). In order to reduce the acetylcholine-like side
effects observed for derivatives with a phosphocholine
headgroup, as miltefosine, perifosine contained a piperidine
moiety instead of phosphocholine and thus showed less side
effects in clinical applications. Erufosine represents the most
novel generation of APCs, which are characterized by a chain
length of 22 carbons and the presence of a single double bond
(Fiegl et al., 2008; Konigs et al., 2010; Kaleagasioglu and Berger,
2014; Kaleagasioglu et al., 2019; Zaremberg et al., 2019). At
clinical concentrations, APCs disturb cell membranes and
hamper their phospholipid turnover as well as lipid-based
signal and transduction pathways. They may interfere with
signaling by hindering the contact of proteins with other cell
membrane proteins, or with distinct membrane lipids or lipid
microdomains. At high concentrations, they may cause cell lysis
owing to their detergent properties (Van Blitterswijk and
Verheij, 2013). APCs hinder the normal lipid metabolism and
lipid dependent signal transduction by their accumulation in cell
membranes. Therefore, they can induce apoptosis in rapidly
growing cells, such as tumor cells. They can lead to selective
reduction of tumor metastases, impairment of angiogenesis,
differentiation of tumor cells, impediment of cytokinesis, cell
cycle halt, immune stimulation and intensification of immune
reactions against tumors (Van Blitterswijk and Verheij, 2008;
Kostadinova et al., 2015; Kaleagasioglu et al., 2019; Zaremberg
et al., 2019). Among their mechanism of actions are interference
with phospholipid metabolism, the inhibition of survival
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pathways and alteration of signal transduction (e.g. SAPK/JNK
AKT-mTOR Ras/Raf, PKC), activation of pro-apoptotic
signaling through ALP-triggered stress, and ALP-stimulated
Fas/CD95 assembly in lipid rafts (Van Blitterswijk and Verheij,
2013; Kostadinova et al., 2015). This group of drugs interferes
with cell division without inhibiting nuclear division, causing
increased percentages of cells in the G2/M phase of the cell cycle,
with multinucleate cell formation, and ensuing apoptotic cell
death (Kostadinova et al., 2015).

Modulation of Phosphatidylinositol 3-
Kinase/Akt/mTOR Signaling by APCs
The PI3K/Akt/mTOR pathway is an important regulator of cell
survival, which is activated by receptor tyrosine kinases (RTKs).
Following stimulation by growth factors, dimerization of the
RTKs triggers an autophosphorylation process and activates
PI3K. PIP2 (phosphatidylinositol-3,4-bisphosphate) is then
converted to PIP3 (phosphatidylinositol-3,4,5-triphosphate) by
PI3K (Zhang, 2004). PI3K signaling is inhibited through the de-
phosphorylation of PIP3 by PTEN (tumor suppressor
phosphatase and Tensin homolog deleted on chromosome 10)
(Liu et al., 2009). PIP3 binds to the pleckstrin homology (PH)
domain of the serine/threonine kinase Akt, leading to its
allosterical activation. At the next step, phosphorylated Akt (p-
Akt) activates mTOR, the key inhibitor of autophagy. Therefore,
APCs, by inhibiting Akt, induce autophagy via Akt/mTOR
signaling pathway (Figure 2) (Kaleagasıoglu et al., 2019).
Additionally, perifosine inhibits mTOR signaling by promoting
degradation of mTOR, raptor, and rictor (Sun, 2010).

Miltefosine inhibits phosphorylation of Akt at its Ser473

residue in A431 epidermoid carcinoma cells, which were
stimulated by insulin (Ruiter et al., 2003). The related PI3K/
Akt signaling has also been implicated in various viral infections.
Miltefosine inhibits Chikungunya virus replication by inhibiting
Akt phosphorylation in human primary dermal fibroblasts
(Sharma et al., 2018). Primary effusion lymphoma (PEL)
displays activated PI3K/Akt/mTOR signaling. Both perifosine
and miltefosine inhibit proliferation of PEL cell lines and
retarded PEL tumor progression in vivo (Bhatt et al., 2010).
FIGURE 3 | Structures and names of alkylphosphocholines.
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Perifosine prevents membrane recruitment of Akt and
displaces PIP2 and PIP3 from this enzyme. As a result, Akt
can no longer proceed through the required conformational
change, for its dual phosphorylation, hence activation (Van
Bl i t terswi jk and Verhei j , 2013) . Per i fos ine blocks
phosphorylation of constitutively active Akt within 3 h and
also S6 kinase within 6 h in PTEN-mutant human glioma cell
lines T98G and U373MG (Momota et al., 2005). Perifosine
decreases phosphorylated Akt levels in a dose- and time-
dependent manner in the aggressive thyroid cancer cell line
FTC133 that has genetic alterations in the PI3K/Akt pathway
(Liu et al., 2009). Inhibition of aberrant PI3K/Akt signaling by
perifosine in various cancer types including thyroid cancer (Liu
et al., 2009), renal cell carcinoma (Porta and Figlin, 2009),
neuroblastoma (Sun and Modak, 2012), neuroendocrine
tumors (Zitzmann et al., 2012), mantle cell lymphoma (Reis-
Sobreiro et al., 2013), and multiple myeloma (Cirstea et al., 2010)
seems to be a promising therapeutic strategy. Perifosine also
plays a protective role against kainic acid-induced
epileptogenesis, which involves abnormal activity of the mTOR
pathway. Perifosine pretreatment significantly decreases p-Akt/
Akt and p-S6/S6 ratios which results in marked decrease of
spontaneous seizure frequency and neuronal death (Zhu
et al., 2018)

Erufosine can be infused systemically and shows penetration
through the blood brain barrier (Erdlenbruch et al., 1999;
Martelli et al., 2010). Erufosine inhibits the aberrant PI3K/Akt/
mTOR signaling pathway in various cancer types including
leukemia, oral squamous cell carcinoma, glioma and prostate
cancer (Erdlenbruch et al., 1998; Rudner et al., 2010; Kapoor
et al., 2012; Awde et al., 2013; Kapoor et al., 2014; Ansari et al.,
2017; Avsar Abdik et al., 2019). Remarkably, erufosine was less
toxic to normal bone marrow than to cancer cells (Bagley et al.,
2011; Yosifov et al., 2011). Phosphorylation of PKB/Akt is linked
to several proliferation pathways, which are inhibited,
correspondingly [for overview see (Kaleagasioglu et al., 2019)].
Erufosine prevents the Akt–mTOR pathway reactivation and
development of drug resistance because it targets this pathway at
multiple levels. Firstly, it induces dephosphorylation of PKB/Akt
at Ser473, thus inhibiting the mTORC2 complex. Furthermore, it
reduces the phosphorylation of PKB/Akt at its Thr308 residue, the
upstream kinase activator of the mTORC1 complex. In addition,
erufosine causes a dose-dependent decrease in p-PTEN levels,
with total PTEN levels remaining unaffected, dephosphorylation
of p-mTOR at Ser2448, with total mTOR expression levels
remaining unaffected. Erufosine also dephosphorylates other
constituents of the mTORC1 complex, such as p-PRAS40 and
p-Raptor in a concentration-dependent manner, as well as the
downstream substrates of mTORC1, i.e. p70S6K and p-4EBP1.
Knockdown of mTOR by siRNA enhances the cytotoxic
potential of erufosine (Kapoor et al., 2014). The effects of
erufosine on mTOR explain the dose-dependent induction of
autophagy observed with this drug. In addition to these effects,
erufosine induces cell cycle arrest in combination with its activity
on the Rb gene (Zaharieva et al., 2014; Ansari et al., 2018b).
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Miltefosine
Miltefosine, the first generation APC, is the only oral drug used
for the treatment of leishmaniasis. In trypanosomatids, the shift
in balance between posttranslational modifications,
polyglutamylation, and deglutamylation may determine cell
death and autophagic survival, respectively. Overexpression of
polyglutamylases increases miltefosine-induced cell-death,
whereas overexpression of deglutamylases, CCP5A and
CCP5B, increases miltefosine-induced cell survival process of
autophagy (Basmaciyan et al., 2019).

Atherosclerosis is driven by deposition of LDL in the arterial
intima, which triggers endothelial cell activation and
inflammation followed by the activation of toll-like receptor
(TLR) pathways and the assembly of the NLRP3
inflammasome. Autophagy and cholesterol efflux, which
deteriorate with age, are important protective mechanisms
against atherosclerosis. Miltefosine activates AMPK and ULK1,
inhibits TLR signaling pathway, and reduces NLRP3
inflammasome assembly. In this regard, autophagy
enhancement by APCs may have a therapeutic potential in
atherosclerosis (Iacano et al., 2019).

Miltefosine enhances autophagy in cutaneous T-cell
lymphoma as shown by increased levels of LC3B in MJ (from
patients with mycosis fungoides) and Hut78 (from a patient with
Sézary syndrome) cells (Yosifov et al., 2014).

Perifosine
The second generation APC, perifosine, activates autophagy by
inhibiting Akt and the assembly of mTOR raptor and mTOR/
rictor complexes and also by increasing degradation of the major
components (mTOR, rictor, raptor, p70S6K, and 4E-BP1) in the
mTOR axis through an ubiquitin/proteasome-mediated
mechanism in human lung cancer cells (Fu et al., 2009).
Combination of perifosine with other autophagy modulators
may provide benefits in cancer regimens as shown by preclinical
studies (Cirstea et al., 2010; Tong et al., 2012). Perifosine-induced
autophagy may be protective and induces resistance against its
cytotoxic and apoptotic effects which can be restored by addition
of an autophagy inhibitor CQ in human chronic myelogenous
leukemia cells (Tong et al., 2012). Perifosine can augment the
autophagy induced by the mTOR inhibitor sirolimus and cause
synergistic cytotoxicity in multiple myeloma cells; this
mechanism may present a rationale for designing clinical trials
in relapsed/refractory multiple myeloma (Cirstea et al., 2010).
Perifosine and also the ether lipid edelfosine can induce
autophagy by evoking an ER stress response, as demonstrated
by a two- to threefold increased expression of the apoptotic
transcription factor CHOP (C/EBP homologous protein)/
GADD153 (growth arrest and DNA damage inducible gene
153) in human hepatoblastoma HepG2 cells, but not in human
glioblastoma U-87 MG cells. It should be noted that miltefosine
was devoid of this ER stress inducing effect (Rios-Marco et al.,
2015), but erufosine was able to strongly cause ER stress ((Ansari
et al., 2018a) and see below).
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A recent study revealed the potential role of APCs against
neurodegenerative diseases. Enhancement of autophagy by
perifosine may combat against TNF-a induced Akt/mTOR
signaling, which promotes microglia polarization toward the
neurotoxic M1 phenotype and inflammation (Jin et al., 2018).

Erufosine
APC induced autophagy is indicated by increased levels of the
autophagic marker LC3B. Kapoor et al. (Kapoor et al., 2012)
were the first to demonstrate that erufosine can cause both,
apoptosis and autophagy, by affecting the Akt–mTOR signaling
pathway (Kapoor et al., 2014). Exposure of oral squamous
carcinoma cells to erufosine induced formation of acidic
vesicular organelles as tested by acridine orange stain.
Erufosine increased the ratio of lipidated LC3B-II to LC3B-I,
denoting autophagosome formation in oral squamous carcinoma
cells when compared to untreated controls. This effect probably
results from the capability of the drug to inhibit the PI3K/Akt/
mTOR pathway as a regulator of the autophagy process (Kapoor
et al., 2012). The treated tumor cells showed reduced size,
detached growth, and membrane blebbing as main
characteristics of apoptosis (Kapoor et al., 2012; Kapoor
et al., 2014).

In pancreatic ductal adenocarcinoma cells, erufosine showed
also a dose-dependent increase in LC3B expression at mRNA
and protein levels. Moreover, it caused an increased expression
of the autophagy receptor optineurin in Suit2-007 cells (Ali
et al., 2019).

Furthermore, erufosine induces endoplasmic reticulum and
mitochondrial stress, which is linked to its effects on autophagy,
apoptosis, and ROS induction. The association between
erufosine and ER stress was shown by silencing and drug-
induced inhibition of the ER stress sensors PERK and XBP1,
which diminished the cellular effects of erufosine towards e.g.
inhibition of proliferation, induction of apoptosis and autophagy
(Ansari et al., 2018a).
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CONCLUSION

In conclusion, autophagy is a multistep process, which can either
suppress or favor cancer development. There are four subtypes,
which have been named chaperone mediated autophagy,
microautophagy, macroautophagy, and selective autophagy.
Among other stimuli, autophagy is triggered by the complex 1
of mTOR, which, following its activation, inhibits autophagy
induction. Alkylphosphocholine derivatives represent a
membrane seeking class of antineoplastic agents that induce
autophagy by inhibiting the Akt/mTOR cascade. They primarily
interfere with phospholipid turnover and thus modify signaling
chains, which start from the cell membrane and modulate PI3K/
Akt/mTOR, Ras-Raf-MAPK/ERK and SAPK/JNK pathways.
APCs include miltefosine, perifosine and erufosine, which
represent the first-, second- and third generations of this
class, respectively.

APCs inhibit Akt which acts as the main regulator of cell
survival. In human cancers, the autophagic process is usually
suppressed in vitro and in vivo by the constitutively active Akt and
its downstream target mTOR. Therefore, exposure to APC
derivatives, administered as monotherapy or in combination
with other drugs, increases autophagy by reducing Akt/mTOR
phosphorylation. Autophagy is a double-edged sword and may
result in chemotherapeutic resistance as well as cancer cell death
when apoptotic pathways are inactive. APCs display differential
autophagy induction capabilities in different cancer cell types.
Therefore, autophagy-dependent cellular responses need to be well
understood in order to improve the chemotherapeutic outcome.
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Kaleağasıoğlu et al. Autophagy and Alkylphosphocholines
Bagley, R. G., Kurtzberg, L., Rouleau, C., Yao, M., and Teicher, B. A. (2011).
Erufosine, an alkylphosphocholine, with differential toxicity to human cancer
cells and bone marrow cells. Cancer Chemother. Pharmacol. 68, 1537–1546.
doi: 10.1007/s00280-011-1658-0

Bandyopadhyay, U., Kaushik, S., Varticovski, L., and Cuervo, A. M. (2008). The
chaperone-mediated autophagy receptor organizes in dynamic protein
complexes at the lysosomal membrane. Mol. Cell Biol. 28, 5747–5763. doi:
10.1128/MCB.02070-07

Basmaciyan, L., Robinson, D. R., Azas, N., and Casanova, M. (2019). (De)
glutamylation and cell death in Leishmania parasites. PloS Negl. Trop. Dis.
13, e0007264. doi: 10.1371/journal.pntd.0007264

Bednarczyk, M., Zmarzly, N., Grabarek, B., Mazurek, U., and Muc-Wierzgon, M.
(2018). Genes involved in the regulation of different types of autophagy and
their participation in cancer pathogenesis. Oncotarget 9, 34413–34428. doi:
10.18632/oncotarget.26126

Bejarano, E., and Cuervo, A. M. (2010). Chaperone-mediated autophagy. Proc.
Am. Thorac. Soc. 7, 29–39. doi: 10.1513/pats.200909-102JS

Berger, M. R., Muschiol, C., Schmahl, D., and Eibl, H. J. (1987). New cytostatics
with experimentally different toxic profiles. Cancer Treat Rev. 14, 307–317. doi:
10.1016/0305-7372(87)90023-5

Berger, M. R., Yanapirut, P., Reinhardt, M., Klenner, T., Scherf, H. R., Schmeiser,
H. H., et al. (1992). Antitumor activity of alkylphosphocholines and analogues
in methylnitrosourea-induced rat mammary carcinomas. Prog. Exp. Tumor
Res. 34, 98–115. doi: 10.1159/000420836

Berger, M. R., Betsch, B., Gebelein, M., Amtmann, E., Heyl, P., and Scherf, H. R.
(1993). Hexadecylphosphocholine differs from conventional cytostatic agents.
J. Cancer Res. Clin. Oncol. 119, 541–548. doi: 10.1007/BF01686464

Berger, M. R., Tsoneva, I., Konstantinov, S. M., and Eibl, H. (2003). Induction of
apoptosis by erucylphospho-N,N,N-trimethylammonium is associated with
changes in signal molecule expressionand location. Ann. N. Y. Acad. Sci. 1010,
307–310. doi: 10.1196/annals.1299.054

Berger, M. D., Yamauchi, S., Cao, S., Hanna, D. L., Sunakawa, Y., Schirripa, M.,
et al. (2017). Autophagy-related polymorphisms predict hypertension in
patients with metastatic colorectal cancer treated with FOLFIRI and
bevacizumab: Results from TRIBE and FIRE-3 trials. Eur. J. Cancer 77, 13–
20. doi: 10.1016/j.ejca.2017.02.020

Bhatt, A. P., Bhende, P. M., Sin, S. H., Roy, D., Dittmer, D. P., and Damania, B.
(2010). Dual inhibition of PI3K and mTOR inhibits autocrine and paracrine
proliferative loops in PI3K/Akt/mTOR-addicted lymphomas. Blood 115, 4455–
4463. doi: 10.1182/blood-2009-10-251082

Bilger, A., Bittner, M. I., Grosu, A. L., Wiedenmann, N., Meyer, P. T., Firat, E., et al.
(2014). FET-PET-based reirradiation and chloroquine in patients with
recurrent glioblastoma: first tolerability and feasibility results. Strahlenther.
Onkol. 190, 957–961. doi: 10.1007/s00066-014-0693-2

Bonkowski, M. S., and Sinclair, D. A. (2016). Slowing ageing by design: the rise of
NAD(+) and sirtuin-activating compounds. Nat. Rev. Mol. Cell Biol. 17, 679–
690. doi: 10.1038/nrm.2016.93

Boone, B. A., Bahary, N., Zureikat, A. H., Moser, A. J., Normolle, D. P., Wu, W. C.,
et al. (2015). Safety and Biologic Response of Pre-operative Autophagy Inhibition
in Combination with Gemcitabine in Patients with Pancreatic Adenocarcinoma.
Ann. Surg. Oncol. 22, 4402–4410. doi: 10.1245/s10434-015-4566-4

Brana, I., Ocana, A., Chen, E. X., Razak, A. R., Haines, C., Lee, C., et al. (2014). A
phase I trial of pantoprazole in combination with doxorubicin in patients with
advanced solid tumors: evaluation of pharmacokinetics of both drugs and
tissue penetration of doxorubicin. Invest. New Drugs 32, 1269–1277. doi:
10.1007/s10637-014-0159-5

Burada, F., Nicoli, E. R., Ciurea, M. E., Uscatu, D. C., Ioana, M., and Gheonea, D. I.
(2015). Autophagy in colorectal cancer: An important switch from physiology
to pathology. World J. Gastrointest Oncol. 7, 271–284. doi: 10.4251/
wjgo.v7.i11.271

Chang, C. M., Lan, K. L., Huang, W. S., Lee, Y. J., Lee, T. W., Chang, C. H., et al.
(2017). (188)Re-Liposome Can Induce Mitochondrial Autophagy and Reverse
Drug Resistance for Ovarian Cancer: From Bench Evidence to Preliminary
Clinical Proof-of-Concept. Int. J. Mol. Sci. 18, E903. doi: 10.3390/ijms18050903

Chi, K. H., Ko, H. L., Yang, K. L., Lee, C. Y., Chi, M. S., and Kao, S. J. (2015a).
Addition of rapamycin and hydroxychloroquine to metronomic chemotherapy
as a second line treatment results in high salvage rates for refractory metastatic
Frontiers in Pharmacology | www.frontiersin.org 1998
solid tumors: a pilot safety and effectiveness analysis in a small patient cohort.
Oncotarget 6, 16735–16745. doi: 10.18632/oncotarget.3793

Chi, M. S., Lee, C. Y., Huang, S. C., Yang, K. L., Ko, H. L., Chen, Y. K., et al.
(2015b). Double autophagy modulators reduce 2-deoxyglucose uptake in
sarcoma patients. Oncotarget 6, 29808–29817. doi: 10.18632/oncotarget.5060

Cirstea, D., Hideshima, T., Rodig, S., Santo, L., Pozzi, S., Vallet, S., et al. (2010).
Dual inhibition of akt/mammalian target of rapamycin pathway by
nanoparticle albumin-bound-rapamycin and perifosine induces antitumor
activity in multiple myeloma. Mol. Cancer Ther. 9, 963–975. doi: 10.1158/
1535-7163.MCT-09-0763

Cuervo, A. M., and Wong, E. (2014). Chaperone-mediated autophagy: roles in
disease and aging. Cell Res. 24, 92–104.

Deng, Z., Purtell, K., Lachance, V., Wold, M. S., Chen, S., and Yue, Z. (2017).
Autophagy Receptors and Neurodegenerative Diseases. Trends Cell Biol. 27,
491–504.

Dineva, I. K., Zaharieva, M. M., Konstantinov, S. M., Eibl, H., and Berger, M. R.
(2012). Erufosine suppresses breast cancer in vitro and in vivo for its activity on
PI3K, c-Raf and Akt proteins. J. Cancer Res. Clin. Oncol. 138, 1909–1917. doi:
10.1007/s00432-012-1271-6

El-Chemaly, S., Taveira-Dasilva, A., Goldberg, H. J., Peters, E., Haughey, M.,
Bienfang, D., et al. (2017). Sirolimus and Autophagy Inhibition in
Lymphangioleiomyomatosis: Results of a Phase I Clinical Trial. Chest 151,
1302–1310. doi: 10.1016/j.chest.2017.01.033

Eldredge, H. B., Denittis, A., Duhadaway, J. B., Chernick, M., Metz, R., and
Prendergast, G. C. (2013). Concurrent Whole Brain Radiotherapy and Short-
Course Chloroquine in Patients with Brain Metastases: A Pilot Trial. J. Radiat.
Oncol. 2, 315–321. doi: 10.1007/s13566-013-0111-x

Erdlenbruch, B., Jendrossek, V., Marx, M., Hunold, A., Eibl, H., and Lakomek, M.
(1998). Antitumor effects of erucylphosphocholine on brain tumor cells in
vitro and in vivo. Anticancer Res. 18, 2551–2557.

Erdlenbruch, B., Jendrossek, V., Gerriets, A., Vetterlein, F., Eibl, H., and Lakomek,
M. (1999). Erucylphosphocholine: pharmacokinetics, biodistribution and
CNS-accumulation in the rat after intravenous administration. Cancer
Chemother. Pharmacol. 44, 484–490. doi: 10.1007/s002800051122

Eskelinen, E.-L. (2008). New insights into the mechanisms of macroautophagy in
nammalian cells. Int. Rev. Cell Mol. Biol. 266, 207–247. doi: 10.1016/S1937-
6448(07)66005-5

Espina, V. A., Liotta, L., Rassulova, S., Gallimore, H., Grant-Wisdom, T., Menezes,
G., et al. (2017). PINC trial: Preventing invasive breast neoplasia with
chloroquine. Cancer Res. 77, Abstract nr CT140. doi: 10.1158/1538-
7445.am2017-ct140

Fang, E. F., Scheibye-Knudsen, M., Brace, L. E., Kassahun, H., Sengupta, T., Nilsen,
H., et al. (2014). Defective Mitophagy in XPA via PARP-1 Hyperactivation and
NAD(+)/SIRT1 Reduction. Cell 157, 882–896. doi: 10.1016/j.cell.2014.03.026

Fang, Y., Tan, J., and Zhang, Q. (2015). Signaling pathways and mechanisms of
hypoxia-induced autophagy in the animal cells. Cell Biol. Int. 39, 891–898. doi:
10.1002/cbin.10463

Fiegl, M., Lindner, L. H., Juergens, M., Eibl, H., Hiddemann, W., and Braess, J.
(2008). Erufosine, a novel alkylphosphocholine, in acute myeloid leukemia:
single activity and combination with other antileukemic drugs. Cancer
Chemother. Pharmacol. 62, 321–329. doi: 10.1007/s00280-007-0612-7

Filomeni, G., De Zio, D., and Cecconi, F. (2015). Oxidative stress and autophagy:
the clash between damage and metabolic needs. Cell Death Differ. 22, 377–388.
doi: 10.1038/cdd.2014.150

Fu, L., Kim, Y. A., Wang, X., Wu, X., Yue, P., Lonial, S., et al. (2009). Perifosine
inhibits mammalian target of rapamycin signaling through facilitating
degradation of major components in the mTOR axis and induces autophagy.
Cancer Res. 69, 8967–8976. doi: 10.1158/0008-5472.CAN-09-2190

Galluzzi, L., Pietrocola, F., Bravo-San Pedro, J. M., Amaravadi, R. K., Baehrecke, E. H.,
Cecconi, F., et al. (2015). Autophagy in malignant transformation and cancer
progression. EMBO J. 34, 856–880. doi: 10.15252/embj.201490784

Galluzzi, L., Bravo-San Pedro, J. M., Levine, B., Green, D. R., and Kroemer, G.
(2017). Pharmacological modulation of autophagy: therapeutic potential and
persisting obstacles. Nat. Rev. Drug Discovery 16, 487–511. doi: 10.1038/
nrd.2017.22

Gammoh, N., Lam, D., Puente, C., Ganley, I., Marks, P. A., and Jiang, X. (2012).
Role of autophagy in histone deacetylase inhibitor-induced apoptotic and
April 2020 | Volume 11 | Article 547

https://doi.org/10.1007/s00280-011-1658-0
https://doi.org/10.1128/MCB.02070-07
https://doi.org/10.1371/journal.pntd.0007264
https://doi.org/10.18632/oncotarget.26126
https://doi.org/10.1513/pats.200909-102JS
https://doi.org/10.1016/0305-7372(87)90023-5
https://doi.org/10.1159/000420836
https://doi.org/10.1007/BF01686464
https://doi.org/10.1196/annals.1299.054
https://doi.org/10.1016/j.ejca.2017.02.020
https://doi.org/10.1182/blood-2009-10-251082
https://doi.org/10.1007/s00066-014-0693-2
https://doi.org/10.1038/nrm.2016.93
https://doi.org/10.1245/s10434-015-4566-4
https://doi.org/10.1007/s10637-014-0159-5
https://doi.org/10.4251/wjgo.v7.i11.271
https://doi.org/10.4251/wjgo.v7.i11.271
https://doi.org/10.3390/ijms18050903
https://doi.org/10.18632/oncotarget.3793
https://doi.org/10.18632/oncotarget.5060
https://doi.org/10.1158/1535-7163.MCT-09-0763
https://doi.org/10.1158/1535-7163.MCT-09-0763
https://doi.org/10.1007/s00432-012-1271-6
https://doi.org/10.1016/j.chest.2017.01.033
https://doi.org/10.1007/s13566-013-0111-x
https://doi.org/10.1007/s002800051122
https://doi.org/10.1016/S1937-6448(07)66005-5
https://doi.org/10.1016/S1937-6448(07)66005-5
https://doi.org/10.1158/1538-7445.am2017-ct140
https://doi.org/10.1158/1538-7445.am2017-ct140
https://doi.org/10.1016/j.cell.2014.03.026
https://doi.org/10.1002/cbin.10463
https://doi.org/10.1007/s00280-007-0612-7
https://doi.org/10.1038/cdd.2014.150
https://doi.org/10.1158/0008-5472.CAN-09-2190
https://doi.org/10.15252/embj.201490784
https://doi.org/10.1038/nrd.2017.22
https://doi.org/10.1038/nrd.2017.22
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
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Introduction: The leaves ofMorus alba L is a traditional Chinese medicine widely applied
in lung diseases. Moracin N (MAN), a secondary metabolite extracted form the leaves of
Morus alba L, is a potent anticancer agent. But its molecular mechanism remains unveiled.

Objective: In this study, we aimed to examine the effect of MAN on human lung cancer
and reveal the underlying molecular mechanism.

Methods:MTT assay was conducted to measure cell viability. Annexin V-FITC/PI staining
was used to detect cell apoptosis. Confocal microscope was performed to determine the
formation of autophagosomes and autolysosomes. Flow cytometry was performed to
quantify cell death. Western blotting was used to determine the related-signaling pathway.

Results: In the present study, we demonstrated for the first time that MAN inhibitd cell
proliferation and induced cell apoptosis in human non-small-cell lung carcinoma (NSCLC)
cells. We found that MAN treatment dysregulated mitochondrial function and led to
mitochondrial apoptosis in A549 and PC9 cells. Meanwhile, MAN enhanced autophagy
flux by the increase of autophagosome formation, the fusion of autophagsomes and
lysosomes and lysosomal function. Moreover, mTOR signaling pathway, a classical
pathway regualting autophagy, was inhibited by MAN in a time- and dose-dependent
mannner, resulting in autophagy induction. Interestingly, autophagy inhibition by CQ or
Atg5 knockdown attenuated cell apoptosis by MAN, indicating that autophagy serves as
cell death. Furthermore, autophagy-mediated cell death by MAN can be blocked by
reactive oxygen species (ROS) scavenger NAC, indicating that ROS accumulation is the
inducing factor of apoptosis and autophagy. In summary, we revealed the molecular
in.org May 2020 | Volume 11 | Article 3911103
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mechanism of MAN against lung cancer through apoptosis and autophagy, suggesting
that MAN might be a novel therapeutic agent for NSCLC treatment.
Keywords: Moracin N, mitochondrial apoptosis, autophagy, mTOR, reactive oxygen species
INTRODUCTION

Lung cancer is the most common cancer with over 1.9 million
newly diagnosed cases and leads to more than 1.7 million deaths
worldwide in 2018 (Bray et al., 2018). Non-small-cell lung
cancers (NSCLCs) account for about 85% of lung cancer,
including adenocarcinoma, squamous cell carcinoma and large
cell carcinoma (Relli et al., 2019). Lung cancer is often diagnosed
at late stage due to the biomedical difficulties in detecting the
cancer at early stage, leading to a lower five-year survival rate less
than 15% (Corner et al., 2006; Molina et al., 2008; Keith and
Miller, 2013). According to the the National Comprehensive
Cancer Network (NCCN) evidence blocks V5 2019 of NSCLCs,
chemotherapy is still the main treatment for advanced lung
cancer, because of the limitation and dark side of other
emerging treatments (Caino et al., 2015; Saâda-Bouzid et al.,
2017; Champiat et al., 2018; Kim et al., 2019). Nevertheless,
chemotherapy often leads to clinical drug resistance (Chung
et al., 2012; Wang et al., 2019) and has serious side effect (Chang
Y. S. et al., 2017). Thus, it is urgent to develop new effective
therapeutic agents against lung cancer.

Natural compounds from chinese medicine are the origins of
some anti-cancer drugs (Gupta et al., 2001; Diederich and
Cerella, 2016). The leaves of Morus alba L is a traditional
Chinese medicine used for lung diseases. Previous research has
proved the anti-cancer and anti-inflammatory effect of the
methylene chloride extracts of the leaves of Morus alba L (Park
et al., 2012; Min et al., 2019). For example, Moracin M can inhibit
inflammatory responses through inhibition of mTOR pathway
(Guo et al., 2018). Here, we extracted one secondary metabolite
from the leaves ofMorus alba L as described (Gu et al., 2010; Hu
et al., 2017) with its structure 5-[6-hydroxy-5-(3-methylbut-2-
en-1-yl)-1- benzofuran-2-yl]benzene-1,3-diol (Moracin N,
MAN, Figure 1A). Pharmacological studies show the broad
biological activities of MAN, including tyrosinase inhibition,
anti-virus, anti-oxidant and anti-liver cancer (Zheng et al.,
2010; Hu et al., 2017; Tu et al., 2019). However, there is little
study on the effect of MAN on lung cancer.

Autophagy is a conserved intracellular self-digestion by
lysosomes, including macroautophagy, microautophagy and
chaperone-mediated autophagy (Klionsky and Emr, 2000;
Mizushima et al, 2008). During macroautophagy, a double-
membrane cytosolic vesicle named autophagosome selectively
and/or non-selectively sequestrates cargoes, including cytoplasm,
organelles or microbes, which are fused with lysosomes and
degraded (He and Klionsky, 2009). Generally, autophagy is
considered to be the protective mechanism in cells through
maintaining cellular homeostasis in response to stresses (Levine
and Kroemer, 2008). However, the role of autophagy in cancer is
complicated and serves as a double-edged sword (Acharya et al.,
in.org 2104
2011; Kubisch et al., 2013; Pan et al., 2014; Sharma et al., 2014; Mi
et al., 2016; Datta et al., 2019). In terms of lung cancer, some
researches demonstrate that autophagy contributes to cell survival
and autophagy inhibition can reverse multi-drug resistance (Pan
et al., 2014; Mi et al., 2016; Datta et al., 2019), while other researches
show that some compounds, including naphthazarin vitamin D and
its analog EB 1089, induce cytotoxic autophagy to enhance the
therapeutic efficacy (Acharya et al., 2011; Sharma et al., 2014). Thus,
it is necessary to clarify the role of autophagy in lung cancer and
develop novel therapeutics targeting autophagy.

Apoptosis, including extrinsic apoptosis and intrinsic
apoptosis, is a programmed cell death characterized by caspase
activation, cell membrane valgus and chromatin condensation,
et al. (Sawada et al., 2000; Elmore, 2007; Kantari and Walczak,
2011; Kalimuthu and Se-Kwon, 2013). Mitochondria is not only
the intracellular energy factory, but also involved in cell apoptosis
(Bhola and Letai, 2016; Saki and Prakash, 2017; Banoth and
Cassel, 2018). Whenmitochondria is dysfunctional, mitochondria
fissions into separate units. With its membrane potential
disrupted, cytochrome c is released into cytosol and caspase
cascade is activated, leading to the intrinsic apoptosis (Tait and
Green, 2010). Previous research has established that apoptosis is
an important target for NSCLC therapy (Pan et al., 2014; Mi et al.,
2016; Datta et al., 2019). Hence, we attempted to determine the
role of mitochondrial apoptosis in MAN against lung cancer.

In this study, we aimed to examine the anti-cancer effect of
MAN on human NSCLC and reveal the underlying molecular
mechanism. We found that MAN inhibits human lung cancer
cell growth by inducing mitochondrial apoptosis and autophagy.
MAN treatment causes ROS generation, which further activates
apoptosis and autophagy. Interestingly, the impairment of
autophagy attenuated MAN-caused cell death, suggesting that
autophagy serves as cell death. This is the first study to reveal the
molecular mechanism of MAN against human lung cancer. And
our findings demonstrate the great potential of MAN in the
treatment of human NSCLC.
MATERIALS AND METHODS

Cell Culture
A549 and PC9 cells were obtained from American Type Culture
Collection (ATCC). Hela cells stably expressing GFP-LC3 or
L929 cells stably expressiong RFP-GFP-LC3 were kindly
provided by Prof. Shen Han-Ming (National University of
Singapore, Singapore). A549 and PC9 cells were maintained in
RPMI 1640 medium (Life Technologies, 22400-089) containing
10% fetal bovine serum (Sangon Biotech, Shanghai). Hela and
L929 cells were maintained in DMEM with 10% fetal bovine
May 2020 | Volume 11 | Article 391
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FIGURE 1 | Moracin N (MAN) inhibits lung cancer cell proliferation. (A) MAN molecular structure. (B) A549 and PC9 cells were treated with various concentrations of
MAN for 24 h, 48 h, and 72 h. Cell viability was detected by MTT assay. (C) Cells were treated with MAN (30 mM or 8 mM) for 48 h. Then cells were collected and
reseeded into 6-well plates with a density of 500 cells per well for another 14 days to form clonies. The number of clonies were counted by Image J and statistically
analyzed. *p < 0.05 ** p < 0.01. (D) Cells were treated with various concentrations of MAN for 48 h and the scratch was draw by pipette tip. Then cells were
cultured in medium containing 2.5% FBS. The wound healing area was measured by photoshop. * p < 0.05 ** p < 0.01. (E) Cells were treated with various
concentrations of MAN for 48 h. Then cells were collected and the cell cycle were detected by flow cytometry using cell cycle analysis kit. ** p < 0.01. (F) Cell and
nuclear morphology were observed after 48 h MAN (A549: 30 mM, PC9: 10 mM) treatment by optical and fluorescence microscope, respectively. Cell nucleus was
stained by Hoechst 33342 (10 mg/ml). (G) Apoptosis rates were detected by flow cytometry. Cells were treated with various concentrations of MAN for 48 h. Then
cells were collected and stained by the apoptosis analysis kit according to manufacturer's protocol. Both Annexin V+/PI- and Annexin V+/PI+ cells were regarded as
the apoptotic cells. *p <0.05 ** p< 0.01.
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serum (HyClone, SV30160.03). Cells were incubated in cell
culture incubator with 5% CO2 at 37°C.

Reagents and Antibodies
The antibodies used in the present study were purchased from
Cell Signaling Technology, including Bcl-2, Bax, caspase 3, b-
actin, LC3, AKT, phospho-AKT (Ser473), mTOR, phospho-
mTOR (Ser2448), S6 ribosomal protein, phospho-S6 ribosomal
protein (Ser235/236) and ATG5, with their catalog number
D17C4, D2E11, D3R6Y, E4D9Z, D11, 11E7, D9E, 7C10, D9C2,
54D2, D57.2.2E, and D5F5U, respectively. Other antibodies
included cytochrome c (M1701-9), goat anti-rabbit/mouse
IgG-HRP (ImmunoResearch Laboratories) and FITC goat anti-
mouse IgG (Beyotime, A0562).

Reagents used in our research included: cell cycle and cell
apoptosis analysis kits (KEYGEN, KGA511 and KGA107);
Hochest33342 staining kit (Beyotime, C1025); mitochondrial
membrane potential detection kit and ROS measurement kit
(NJJCBIO, G009-1-3 and E004-1-1), MitoTracker Deep Red FM
(Life Technologies, M22426), Lyso-Tracker Red (Invitrogen,
L7528), cholorquine (CQ, PubChem, 2719), 3-MA, and N-
acetylcysteine (NAC) (aladdin, M129496 and A105422).
Frontiers in Pharmacology | www.frontiersin.org 4106
Moracin N (MAN) was isolated and purified by Prof. Tian
Jingkui from the Key Laboratory of Biomedical Engineering at
Zhejiang University.

Cell Viability Analysis
Cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetr-azolium bromide (MTT, Solarbio, M8180)
assay. Cells were first seeded into 96-well plates in a final
volume of 100 ml (3,000 cells per well) for 24 h and then
treated with different concentrations of MAN (0~80 mM) for
24 h, 48 h, or 72 h. After treatment, 50 ml MTT (2.5 mg/ml)
solution was added into each well and incubated for another 2h.
Finally, we replaced the medium of each well with 200 ml DMSO.
The plates were shaken for 3 min in a microplate reader and the
optical density was measure at 570 nm. The relative cell viability
rate = (average optical density of experimental group/average
optical density of control group) ×100%.

Cell Cycle Analysis
Cells were seeded into 6-well plates (3×105 cells per well)
overnight and treated with MAN (0~45 mM). After treatment,
cells were harvested and resuspended with 1 ml 70% ice-cold
May 2020 | Volume 11 | Article 391
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alcohol stored at 4°C overnight. Then, cells were washed twice
with PBS and cultured with RNase A at 37°C for 30 min and
stained the cells with propidium iodide. Cell cycle phases were
analyzed by flow cytometry.

Clony Formation Assay
Cells were seeded into 6-well plates (3×105 cells per well)
overnight. After MAN treatment, the medium was removed
and cells were washed twice with PBS. Then, cells were
collected and reseeded into 6-well plates with a density of 500
cells per well for another 14 days. When the size of cell clonies
were bigger, the medium was reomved and cells were stained
with 0.1% crystal violet for 30 min. The number of clones were
counted by Image J.

Cell Apoptosis Analysis
Annexin V-FITC/PI apoptosis detection kit (KeyGEN BioTECH,
KGA105) was used for cellapoptosis analysis. Briefly, cells were
seeded into 6-well plates (3×105 cells per well) and cultured for
24 h, followed by the treatment of different concentrations of
MAN (0∼ 45 mM). Then, cells were collected after washing twice
with cold PBS. Cells were resuspended with 500 ml binding buffer
with 5 ml Annexin V-FITC and 5 ml of propidium iodide. The
samples were analyzed using flow cytometry (Cytoflex,
Beckman) and the percentage of apoptotic cells were calculated
by the internal software system of Cytoflex.

Hochest Staining
Cells were first treated with MAN for 48 h and then washed twice
with PBS. Hochest 33,342 dyeing liquid (Beyotime) was added
for 30 min staining. Then, cells were washed softly with PBS and
observed under fluorescence microscope.

Western Blotting
Cells were seeded into 6cm dishes (5×105 cells per dish) overnight
and treated with MAN (0∼ 45 mM). After treatment, cells were
collected by scraping and washed twice with PBS. Then, cells were
lysed with RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and
sodium orthovanadate, sodium fluoride, EDTA, leupeptin).
Protein concentrations in the supernatant were determined by a
BCA Protein Assay Kit (Solarbio, PC0020). Equal amounts of
proteins were separated by SDS-polyacrylamide gels and then
electroblotted onto polyvinylidene fluoride (PVDF, Bio-Rad,
1620184) membrane. The membranes were blocked with TBST
plus 5% skimmed milk for 2 h and incubated with primary
antibodies (1:1,000) overnight at 4°C. After washed three times
with TBST, the membranes were incubated with secondary
antibodies (1:5,000) for 1 h at room temperature. Before
development, the membranes were washaed three times again
and the immunoblots were visualized with an ECL system.

Mitochondrial and Lysosomal Morphology
Cells were seeded into petri dish with glass bottom and treated
with MAN for 48 h. Then, the cells were stained with mitotracker
deep red or lysotracker red for 30 min. Confocal microscope was
Frontiers in Pharmacology | www.frontiersin.org 5107
used to observe the mitochondrial and lysosomal morphology.
The mean mitochondrial branch length was calculated by Image J.

Mitochondrial Memberane Potential
Cells were treated with MAN for 48 h. JC-1 probe (KeyGen,
Nanjing, China) was added into the cells for 30 min staining.
Then the fluorescence was observed by confocal microscope or
flow cytometry.

ROS Measurement
The ROS levels were measured using a fluorescent dye 2'7'-
dichlorfluorescein diacetate (DCFH-DA, Beyotime, S0033). Cells
were seeded into 6-well plates (3x105 cells per well) and cultured
for 24 h. After MAN treatment, the medium was removed and
cells were washed with PBS and then cultured in serum-free
medium containing 10 mM DCFH-DA for 30 min. Finally, the
cells were collected for flow cytometry analysis.

Immunofluorescence Staining
Cells were seeded into petri dish with glass bottom with a suitable
density. After MAN treatment, cells were fixed with 4%
paraformaldehyde followed with permeabilization by 0.24%
Triton X-100. Cells were first incubated with different antibodies
overnight and then incubated with flurochrome-conjugated
secondary antibody for another 1 h. Cell fluorescence was
observed under confocal microscope and photographed.

Confocal Microscope Assay
Autophagosome formation assay was conducted using Hela cells
with GFP-LC3 stably expressing or L929 cells with RFP-GFP-
LC3 stably expressing. Briefly, cells were seeded into glass slides.
After MAN treatment, cells were examined under confocal
microscope. The puncta number was calculated by Image J and
the co-localization coefficient of GFP-LC3 puncta and lysosomes
was analysed by Image pro plus.

Small Interfecting RNA(siRNA) and
Transient Transfection
Cells were firstly seeded into 6-well plates overnight and then
siRNA targeting Atg5 was transfected into A549 cells using
Lipofectamine 2000 according to the manufacturer's protocol.
After 72 h, cells were harvested and reseeded into plates for
different treatment.

Transmission Electron Microscope (TEM)
A549 cells were seeded into 5cm petri dish followed with MAN
treatment. Then cells were collected with scraper and centrifuged
at 4°C with 2,000 rpm. The precipitated cells were fixed with 4%
glutaraldehyde for another 2 h at room temperature and saved at
4°C. Electron photomicrographs of A549 cells were taken by
Wuhan Goodbio Technology Co.

Statistical Analysis
All experiments were repeated for three times. The results were
analyzed using one-way ANOVA for statistical significance. Data
May 2020 | Volume 11 | Article 391
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were expressed as the mean ± standard error. * p < 0.05, ** p <
0.01, *** p < 0.001. As long as p-value < 0.05, the difference was
considered statistically significant.
RESULTS

MAN Inhibits Lung Cancer Cell Proliferation
MAN (Figure 1A) was isolated from the leaves of Morus alba L
as a brown powder with a relative molecular mass of 310 g·mol-1.
The 1H-NMR spectrum was as follows: dH7.09 (1H, s, H-4), 6.79
(1H, s, H-7), 6.76 (1H, s, H-3), 6.65 (1H, s, H-2'), 6.64 (lH,s, H-
6'), 6.13 (1H, t, J=4.3, 2.2Hz, H-4'), 5.26 (1H, t, J=2.8, 1.4Hz, H-
9), 3.25 (2H, m, H-8), 1.65 (3H, s, H-11), and 1.63 (3H, s, H-12).
The 13C NMR spectrum was as follows:dC 18.2 (C-ll), 26.4 (C-
12), 29.9 (C-8), 98.3 (C-7), 102.7 (C-3), 103.8 (C-4'), 104.3 (C-2',
c-6'), 121.8(C-4), 123.2 (C-4a), 124.8 (C-8), 126.6 (C-6), 133.3
(C-10), 134.4 (C-1') 155.0 (C-6), 155.9 (C-7a), 156.2 (C-2), and
1,660.3 (C-3', C-5').

To investigate the cytotoxicity of MAN in lung cancer,
NSCLC cells PC9 and A549 were treated with various
concentrations of MAN for 24 h, 48 h, and 72 h. Using the
MTT assay, we observed a time- and dose-dependent decrease in
the values, indicating the inhibition of cell growth. IC50 in A549
and PC9 cells were 48.4 mM and 6.6 mM, respectively (Figure
1B). The ability of cells to survive when exposure to MAN was
also determined by clony formation assay. As seen in Figure 1C,
MAN significantly reduced the number of clonies either in A549
or PC9 cells. Further, wound-healing assay was performed to
explore the effect of MAN on cell migration. The results showed
that MAN treatment inhibited PC9 and A549 cells migration in a
dose-dependent manner (Figure 1D).

The effect of MAN on cell proliferation may be different
between A549 and PC9 cells. According to cell cycle analysis,
MAN increased the percentage of PC9 cells in the G0/G1 phase
while it had no effect on A549 cells (Figure 1E). In addition, the
MAN-treated cells exhibited morphological changes, including
cell shrinkage and nuclear chromatin condensation, indicating
the possibility of apoptosis (Figure 1F). The Annexin V and PI
staining was performed to verify the apoptosis, in which MAN
treatment significantly increased the apoptotic cell percentage
(Annexin V+ cells) either in A549 or PC9 cells in a dose-
dependent manner (Figure 1G).

MAN Triggeres Mitochondrial Apoptosis in
Lung Cancer Cells
Mitochondria plays a pivotal role in cancer intracellular signaling
in response to drug treatment (Guerra et al., 2017). In the present
study, we aimed to investigate the mitochondrial status after
MAN treatment. As shown in Figure 2A, mitochondria was
fragmented into smaller units in MAN-treated cells when
compared with untreated cells. Statistical analysis showed that
MAN significantly decreased the mitochondrial branch length in
cells (Figure 2B). Meanwhile, we used JC-1 dye to detect
Frontiers in Pharmacology | www.frontiersin.org 6108
mitochondrial member potential (MMP). JC-1 is a cationic dye
that accumulates in energized mitochondria. It is predominantly
a monomer yielding green flurescence at low MMP while it
aggregates yeilding red colored emission at high MMP. Thus, the
aggregate/monomer ratio can reflect the MMP. JC-1 staining
showed that the ratio of JC-1 aggregates to JC-1 monomers
decreased, representing the lower MMP under MAN treatment
(Figures 2B–D). All of these results indicated the mitochondrial
dysfunction in MAN-treated cells.

Mitochondrial dysfunction usually results in mitochondrial
apoptosis. Next, we determined the localization of cytochrome c
and found that the localization of cytochrome c in mitochondria
was significantly decreased and cytochrome c was released into
cytoplasm in MAN-treated cells (Figure 2E), indicating the
mitochondrial apoptosis. In addition, the levels of anti-
apoptotic pretein Bcl-2 and pro-apoptotic pretein Bax, which
regulates the release of cytochrome c (Ashkenazi, 2008), were
also examined. The Bax/Bcl-2 ratio was significantly increased in
a dose-dependent manner under MAN treatment (Figures 2F,
G), while their interaction was decreased by MAN (Figure 2H).

MAN Induces Autophagy by Inhibiting the
AKT/mTOR Pathway
Autophagy is essential for cell survival and death. LC3 protein is
the marker of autophagosome formation, which is dispersed in
the cytoplasm in the form of LC3-I and is aggregated on the
autophagosome membrane when transformed to LC3-II (Ni
et al., 2011). To examine the effect of MAN on autophagy, the
autophagy marker LC3 was determined under MAN treatment.
As shown in Figure 3A, MAN treatment increased LC3-II levels
in a time- and dose-dependent manner. Besides, the formation of
GFP-LC3 puncta also demonstrated a dramatic aggregation of
LC3-II in MAN-treated cells (Figure 3B). Moreover, the
ultrastructure of A549 cells showed that there were double-
membrane autophagosomes in MAN-treated cells (Figure 3C).
From our perspective, autophagy induction specifically refers to
an increase in autophagic flux rather than simply an increase of
autophagic markers in cells. Thus, we investigated the autophagy
flux using chloroquine (CQ), a lysosomal inhibitor. Under
confocal microscopy, the GFP-LC3 puncta was further
increased in MAN plus CQ treated cells when compared with
MAN treatment alone (Figures 3D, E), suggesting the enhanced
autophagy flux. In addition, the similar result was also observed
in MAN-treated A549 and PC9 cells (Figure 3F), confirming the
induction of autophagy.

To reveal the molecular mechansim, we determined the
changes of the AKT/mTOR signaling pathway, a classical
pathway regualting autophagy. Western blotting results showed
that MAN treatment decreased the phosphorylation levels of
AKT (ser473), mTOR (ser2448) and S6 ribosomal protein
(ser235/236), a downstream protein of mTOR, in a dose- and
time-dependent manner (Figure 3G), indicating that inhibition
of the AKT/mTOR pathway is responsible for MAN-
induced autophagy.
May 2020 | Volume 11 | Article 391
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MAN Activates the Lysosomal Function
and Promotes the Fusion of Lysosomes
and Autophagosomes
Autophagosomes fusion with lysosomes followed by degradation
represents the completion of autophagy (Davidson and Vander
Heiden, 2017). To assess the effect of MAN on the lysosome, we
stained A549 and PC9 cells with LysoTracker Red after MAN
treatment. Under confocal microscope, we observed more
Frontiers in Pharmacology | www.frontiersin.org 7109
enlarged lysosomes in MAN-treated cells with brighter red
puncta (Figure 4A), indicating the enhancement of lysosomal
acidification. This was further verified by flow cytometry, which
showed an increase in red fluorescence (Figure 4B). In addition,
we examined the protein levels of EGFR (epidermal growth
factor receptor), a substrate degraded by the lysosome
(Beaumont et al., 2018; Liu et al., 2018c; Mauthe et al., 2018;
Zhang et al., 2018). The results in the Figure 4C showed that
A
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FIGURE 2 | Continued
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FIGURE 2 | Moracin N (MAN) treatment leads to mitochondrial dysfunction. (A) Cells were treated with MAN (A549: 30 mM, PC9: 10 mM) for 48 h followed by
loading with MitoTracker Deep Red (100 nM) for 30min. The mitochondrial morphology was observed by confocal (scale bar 25 mm). Mean mitochondrial branch
length was calculated by Image J in cells. * p < 0.05. (B–D) Cells were treated with MAN (A549: 30 mM, PC9: 10 mM) for 48 h. After staining with JC-1 probe, cell
fluorescence was examined by flow cytometry and confocal microscope. *p <0.05. (E) A549 cells were treated with MAN (30 mM) for 48 h. Then, cells were stained
with MitoTracker Deep Red followed with immunostaining with cytochrome c. The colocalization of mitochondria and cytochrome c was detected by confocal
microscope. (F) A549 and PC9 cells were firstly treated by various concentrations of MAN (0~45mM) for 48 h. Then, cells were harvested for western blotting to
examine the apoptosis-related proteins levels. b-actin was used as loading control. (G) as in (F), the Bax/Bcl-2 ratio was measured by photoshop. * p < 0.05.
(H) Immunostaining of Bax (red) and Bcl-2 (green) in A549 cells under MAN treatment (scale bar 10mm).
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MAN accelerated the degradation of EGFR with doses,
indicating the activated lysosomal degradative function. We
also conducted western blotting to measure the cleavage of
GFP-LC3, which is degraded within autolysosomes and
regarded as an autophagic degradation assay. As shown in
Figure 4D, free GFP levels were increased with MAN
treatment, indicating the enhanced lysosomal degradation.

Lastly, we determined the effect of MAN on autolysosome
formation. Cells with GFP-LC3 stably expressing were stained
with LysoTracker Red after MAN treatment. Confocal results
showed that MAN treatment significantly increased the overlay
of GFP-LC3 puncta and the lysosome (Figure 4E), suggesting the
enhanced fusion of autophagosomes and lysosomes. In addition,
in MAN-treated L929 cells, a cell line stably expressing mRFP-
GFP tandem fluorescent-tagged LC3B (tfLC3), in which the RFP
component was stable while GFP could be degraded in acidic and
proteolytic environment, RFP-only (RFP+/GFP-) puncta and the
RFP/GFP ratio increased when compared with untreated cells
(Figure 4F), confirmed the enhanced fusion between
autophagosomes and lysosomes.

MAN Induces Apoptosis and Autophagy
Through ROS Accumulation
ROS can regulate various singnaling pathways, including
apoptosis and autophagy (Geng et al., 2017; Liu et al., 2018c).
Hydrogen peroxide is the primary ROS in cells (Liu et al., 2018c).
Flow cytometry results showed that MAN dramatically increased
ROS generation in a dose-dependent manner either in A549 or
Frontiers in Pharmacology | www.frontiersin.org 8110
PC9 cells (Figure 5A). Then, we applied N-acetyl cysteine
(NAC), which is an anti-oxidant, to reduce oxidative stress. As
expected, NAC reduced ROS generation in MAN-treated cells
(Figure 5B), suggesting that MAN induces ROS accumulation in
lung cancer cells.

Next, to assess the relationship between ROS and MAN-
induced autophagy, cells with stably expressing GFP-LC3 were
treated with MAN in the presence of NAC. As shown in Figure
5C, NAC treatment abolished the increase of GFP-LC3 puncta
after MAN treatment, indicating that high levels of ROS are the
cause of autophagy. The western blotting results showed the
similar effect, in which MAN-triggered LC3 upregulation was
blocked by NAC (Figure 5D). Finally, we turned to explore the
mechanism behind this. As shown in Figure 5E, MAN decreased
the phosphorylated mTOR and S6 expression levels but it was
reversed in NAC plus MAN treated cells, suggesting that ROS
generation activates autophagy through suppressing the AKT/
mTOR pathway. In addition, cell morphology showed that NAC
significantly reduced the cell death triggered by MAN (Figures
5F, G), suggesting that ROS is the cause of apoptosis. All these
results revealed that ROS generation by MAN is the initiator of
autophagy and apoptosis in lung cancer cells.

Impairment of Autophagy Reduces the
Cytoxicity of MAN in NSCLC Cells
To elucidate the role of autophagy in MAN-induced cell death,
chloroquine (CQ) or siRNA for Atg5 was used to inhibit
autophagy. Surprisingly, cell morphology results showed there
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FIGURE 3 | Moracin N (MAN) induces autophagy by inhibiting the AKT/mTOR pathway. (A) A549 cells were treated with MAN with various concentrations
(0~45mM) for different time points (6 h, 12 h, and 24 h). Then cells were harvested for western blotting to detect LC3 protein levels. b-Actin was used as loading
control. (B) GFP-LC3 expressing Hela cells were treated with MAN (20 mM) for 24 h and the GFP-LC3 puncta was examined using confocal microscopy (scale bar
50 mm). GFP puncta quantity was calculated by Image J. *** p < 0.001. (C) TEM images of the ultrastructure of A549 cells under MAN treatment (scale bar 0.2 mm).
▲ refer to double-membrane autophagosomes. (D–F) Hela cells with GFP-LC3 stably expressing, A549 or PC9 cells were treated with MAN (20 mM, 30 mM, and
15 mM respectively) with or without CQ (10 mM) for 48 h. Then, LC3 protein levels were detected by western blotting with b-actin used as loading control. The GFP-
LC3 green puncta was detected by confocal microscope and quantified by Image J. * p < 0.05. ** p < 0.01. (G) as in (A), the AKT/mTOR pathway related proteins
were examined by western blotting and b-actin was used as a loading control.
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was less cell death in MAN-treated cells under CQ treatment or
Atg5 knockdown (Figure 6A). MTT assay demonstrated the
similar results, in which the decrease of cell viability by MANwas
attenuated (Figures 6B, C), suggesting that autophagy serves as
cell death. Consistently, lower levels of cleaved caspase 3 by
Frontiers in Pharmacology | www.frontiersin.org 10112
MAN was detected in Atg5 knockdown or CQ treated cells
(Figures 6B, C). Moreover, clony formation assay showed that
Atg5 knockdown attenuated the inhibitory effect of MAN on
clony formation (Figure 6D), confirming that autophagy
contributed to cell death.
A

E

F

B C

D

FIGURE 4 | Moracin N (MAN) activates lysosomal function and promotes the fusion of lysosomes and autophagosomes. (A, B) A549 and PC9 cells were treated with
MAN (30 mM and 20 mM, respectively) for 24 h followed by staining with Lysotracker Red (50 nM) for 30 min. Then, lysosomes were observed by confocal microscope
(scale bar 50 mm) and the fluorescence intensity was measured by flow cytometry. * p < 0.05. (C, D) A549 or GFP-LC3 expressing Hela cells were treated with various
MAN concentrations (0~45mM) for different time points (6 h, 12 h, and 24 h). Then, cells were harvested for western blotting to detect EGFR and free GFP level. b-actin
was used as a loading control. (E) Hela cells with stably expressing GFP-LC3 were treated with MAN (15 mM) for 24 h followed by Lysotracker Red (50 nM) staining for
30 min. The cells were observed under confocal microscope (scale bar 50 mm). The colocalization scatter plot and colocalization coefficient was detected using Image
Pro Plus. ** p < 0.01. (F) L929-tfLC3 cells were firstly treated with MAN (10 mM, 24 h) and then the cells were photographed using confocal microscope (scale bar 50
mM). Image J was applied to count GFP and RFP puncta number and the RFP/GFP ratio was calculated. ** p < 0.01.
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DISCUSSION

MAN is a novel benzofuran derivative extracted form the leaves
of Morus alba L. Previous study showed that MAN inhibits
cancer cell proliferation (Tu et al., 2019). However, little study
Frontiers in Pharmacology | www.frontiersin.org 11113
reveals the molecular mechanism. In this study, we put forward
for the first time that MAN triggeres apoptosis amd autophagy
through ROS accumulation. On the one hand, ROS generation
induces mitochondria dysregulation to activate cell apoptosis.
On the other hand, ROS production leads to the inhition of
A
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F G

B

FIGURE 5 | Moracin N (MAN) induces apoptosis and autophagy through reactive oxygen species (ROS accumulation). (A) A549 and PC9 cells were treated with
MAN (A549: 15, 30, and 45 mM. PC9: 10, 20, and 30 mM) for 48 h. Then, cells were loaded with DCFH-DA probe to labeling intracellular ROS. Fluorescence
intensity was measured by flow cytometry. ** p < 0.01. (B) as in (A), A549 cells were treated with MAN (30 mM) with or without NAC (5 mM) for 24 h. Then, cells
were stained by DCFH-DA probe to detect intracellular ROS using flow cytometry. * p < 0.05. (C, D) GFP-LC3 expressing Hela cells, A549 or PC9 cells were treated
by MAN (15 mM, 30 mM, and 20 mM) with or without NAC (5 mM) for 24 h. The GFP-LC3 puncta was examined by confocal microscope (scale bar 50 mm) and GFP-
LC3 puncta number was counted by Image J. ** p < 0.01. LC3 protein levels were measured using western blotting. b-actin was used as a loading control. (E) as in
(D), A549 cells were harvested after treatment and the AKT/mTOR pathway related proteins as well as caspase 3 were examined by western blotting. b-actin was
used as loading control. (F, G) A549 cells were treated by MAN (30 mM) with or without NAC (5 mM) for 48 h. Cell morphology was observed by optical microscope
and cells were harvested for western blotting.
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FIGURE 6 | Impairment of autophagy reduces the cytotoxicity of Moracin N (MAN) in non-small-cell lung carcinoma (NSCLC) cells. (A) CQ or si-Atg5 was used to
block autophagy in A549 cells. The cell morphology was observed under optical microscope (scale bar 100 mm) under MAN treatment (30 mM, 48 h). (B, C) as in(A),
A549 cells were treated with MAN (30 mM, 48 h) under CQ treatment or Atg5 knockdown. Then cell viability was measured by MTT assay. * p < 0.05 ** p < 0.01
*** p < 0.01. Meanwhile, A549 cells were harvested for western blotting to detect ATG5 and caspase 3 protein levels. b-actin was used as a loading control. (D)
A549 cells were first transfect with non-specific siRNA or siRNA specific for Atg5. After 72 h, cells were treated with MAN (30 mM) for 48 h and then reseeded into
6-well plates with a density of 500 cells per well for another 14 days to form clonies. The number of clonies were counted by Image J and statistically analyzed.
* p <0.05 ** p < 0.01. (E) An illustrative model of MAN-induced autophagy and apoptosis in lung cancer.
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AKT/mTOR pathway and autophagy induction. One interesting
finding is that blocking autophagy significantly reduces cell
death, implying that autophagy play a critical role as cell death
mechanism in MAN treated-lung cancer cells.

Targeting mitochondria is thought to be promising therapeutic
approaches for cancer (Azad et al., 2009). Mitochondria is the
potential target organelle of polyphenols (Hockenbery and
Mutagenesis, 2010; Pan et al., 2016; James et al., 2018). Several
reports have shown that polyphenols can stably accumulate in
mitochondria, regulating the function of mitochondria-related
proteins (Fiorani et al., 2010; Martínez-Pérez et al., 2016; Pan
et al., 2016). Polyphenols, including genistein, biochanin A and
xanthohumol, have been confirmed to have effect on
mitochondrial electron transport chain (METC) and Bcl-2
protein family, leading to mitochondrial apoptosis (Carrasco-
Pozo et al., 2012; Bi et al., 2018; Hsu et al., 2018). Hence, we
decide to investigate the mitochondria changes after MAN
treatment. We found that MAN significantly enhanced the Bax/
Bcl-2 ratio, mitochondria matrix fragmentation and the decrease of
MMP, indicating the dysregulation of mitochondria (Figure 2).
Subsequently, cytochrome c was released into cytoplasm, followed
by activation of caspase cascade (Figure 2E), suggesting that MAN
induced mitochondrial-dependent apoptosis. As is known,
mitochondria is an important source of ROS production as well
as the main target of ROS function (Zhang et al., 2015). In our
study, a dose-dependent ROS generation was observed in MAN-
treated cells (Figure 5A). NAC treatment obviously decreased ROS
levels and caspase 3 cleavage by MAN (Figure 5).

Autophagy is a conserved process involving in proteins,
organelles degradation and recycling (Wang et al., 2017).
Macroautophagy is characterized with conversion of light chain
3-I (LC3-I) to LC3-II , autophagosome formation (Mizushima
et al., 2008; Mizushima and Levine, 2010; Zhang et al., 2012).
Previous studies have noted that polyphenols can regulate
autophagy (Nabavi et al., 2018). Thus, we aimed to examine the
autophagy level changes by MAN. We found that MAN increased
the levels of LC3-II and the formation of GFP-LC3 puncta (Figure
3). Meanwhile, lysosomal inhibitor CQ was applied to assess
autophagic flux. We observed a further increase in LC3-II
(Figure 3), suggesting the induction of autophagy flux by MAN.
Lysosomal activation is proved to be important for
autophagosomes fusion with lysosomes (Chang C. T. et al.,
2017). Our results showed an enhanced lysosomal degradation as
well as the promotion of autolysosome formation (Figure 4). These
data indicated that MAN activates autophagy in A549 and
PC9 cells.

There are various cellular signalling pathways regulating
autophagy, including mTOR, PTEN and AMPK (Zhou et al.,
Frontiers in Pharmacology | www.frontiersin.org 13115
2013; Liu et al., 2018a; Tomas-Hernández et al., 2018). Among
them, mTOR signaling pathway is the most important mechanism
(Zhou et al., 2013; Gao et al., 2018; Liu et al., 2018b). Our results
showed that MAN treatment decreased the expression levels of
phosphorylated-AKT, -mTOR, and -S6 (Figure 3G), demonstrating
that AKT/mTOR pathway is responsible for MAN-triggered
autophagy. ROS has also been reported to activate autophagy
(Zhao et al., 2018). In our study, ROS inhibitor NAC reversed the
induction of LC3-II and the formaiton of GFP-LC3 puncta by
MAN (Figure 5). It could be attributed to the reactivation of AKT/
mTOR pathway in the preasence of NAC, indicating that ROS
generation activates autophagy.

The role of autophagy in cancer therapy is controversial.
Some reports note that autophagy contributes to drug resistance
and autophagy inhibition can enhance the cytotoxicity of
paclitaxel, cisplatin and docetaxel (Kubisch et al., 2013; Mi
et al., 2016; Datta et al., 2019). On the other hand, there are
compounds reported to induce autophagy-mediated cell death in
several types of cancer cells, such as naphthazarin (Pan et al.,
2014), Flavokawain B (Luo et al., 2019), vitamin D and its analog
EB 1089 (Acharya et al., 2011). In our study, autophagy
inhibitors CQ or small interfering RNA for Atg5 were used to
impair autophagy at different stage to investigate the functional
role of autophagy. Interestingly, autophagy inhibition revesered
the decrease of cell viability and caspase activation (Figure 6).
Our work support that autophagy serves as cell death.

MAN is a natural polyphenols extracted from the leaves of
Morus alba L. Extensive investigations have shown the anti-
oxidantactivity of polyphenols and their derivative (Matsunaga
et al., 2009; Filippopoulou et al., 2017). One recent research
demonstrated that MAN has better anti-oxidant activity than
resveratrol (Tu et al., 2019). However, in cancer cells,
polyphenols were revealed to induce ROS generation (Das
et al., 2010; Gibellini et al., 2010; Hu et al., 2019). In our study,
MAN treatment significantly increased ROS accumulation in a
dose-dependent manner either in A549 or PC9 cells (Figure 5A),
which is in contradiction with its anti-oxidant activity. This
could be related with the used dosage of polyphenols which hcan
be pro-oxidant at a low concentration while it shows anti-
oxidant effect at a high concentration (Shin et al., 2007).
Another possible explanation may be due to the activity of
peroxidase, one of the anti-oxidant enzymes which can
eliminate free radicals. As is known, ROS is mainly produced
by mitochondrial electron transport chain and peroxidase in
cells. In some tumors, peroxidase is highly expressed compared
with normal tissue (Gilabert et al., 1986; Chang et al., 2007; Park
et al., 2013; Kwon et al., 2015). Peroxidase can catalyze
polyphenols with phenol ring and some dietary phenolics
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oxidation to phenoxyl radicals, which eventually co-oxidizes
with GSH forming ROS (Galati and O'Brien, 2004). In this
process, ROS production is increased while GSH, the major
intracellular anti-oxidant, is also consumed. These could be the
reasons for the opposite effect of MAN on ROS in different cells.
In human body, MAN has a good anti-oxidant effect (Tu et al.,
2019); while it triggeres ROS generation in lung caner cells.

In summary, our research presents for the first time the effect
of MAN on autophagy induction and mitochondrial apoptosis in
human NSCLC (Figure 6E). ROS is revealed to be responsible
for caspase activation and the AKT/mTOR pathway inhibition.
In addition, MAN induced-autophagy serves as cell death. Thus,
our findings demonstrate the great potential of MAN in anti-
lung cancer and MAN might be developed to a novel therapy
agent for NSCLC treatment in the future.
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Autophagy is a mechanism involved in many human diseases and in cancers can have a
cytotoxic/cytostatic or protective action, being in the latter case involved in multidrug
resistance. Understanding which of these roles autophagy has in cancer is thus
fundamental for therapeutical decisions because it permits to optimize the therapeutical
approach by activating or inhibiting autophagy according to the progression of the
disease. However, a serious drawback of cancer treatment is often the scarce
availability of drugs and autophagy modulators at the sites of interest. In the recent
years, several nanocarriers have been developed and investigated to improve the
solubility, bioavailability, controlled release of therapeutics and increase their cytotoxic
effect on cancer cell. Here we have reviewed only liposomes as carriers of
chemotherapeutics and autophagy inhibitors because they have low toxicity and
immunogenicity and they are biodegradable and versatile. In this review after the
analysis of the dual role of autophagy, of the main autophagic pathways, and of the
role of autophagy in multidrug resistance, we will focus on the most effective liposomal
formulations, thus highlighting the great potential of these targeting systems to defeat
cancer diseases.

Keywords: cancer, drug resistance, chemotherapy, autophagy inhibitors, liposomes
INTRODUCTION

Our work is focused on the pro-tumorigenic role of autophagy in cancer, and analyzes recent
acquisitions on the connection between multidrug resistance (MDR) and autophagy and the
possibility of defeating MDR by specific autophagy inhibitors, whose bioavailability at the target site
can be greatly improved by using liposomes as drug nanocarriers. Accordingly, the review is
organized in four paragraphs that analyze respectively: 1) the role and mechanism of autophagy in
cancer; 2) the drug resistance mechanisms involved in the survival of cancer cells and its connection
with autophagy; 3) the main autophagic modulators and their use in combined therapies to defeat
resistance over cancer treatment and, finally, 4) the use of liposomes for an effective and
simultaneous transport of chemotherapeutics and inhibitors of autophagy to control
pharmacokinetics and targeting, thus reducing adverse effects of drugs.
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Condello et al. Autophagic Modulation With Liposomes
AUTOPHAGY IN CANCER

Autophagy is a highly conserved cell process, in which
cytoplasmic materials (as defective organelles or useless
molecules or structures such as misfolded proteins, excessive
peroxisomes, ribosomes and invading pathogens) are degraded
and recycled to maintain energy homeostasis. The process begins
with the formation of an isolated membrane, called phagophore,
a lipid double-membrane that envelops cellular materials and
recruits autophagy-related proteins to induce autophagy (Figure
1A). The phagophore expands to form an autophagosome, a
double-membrane vacuole, which contains part of cytoplasmic
components (Figure 1B). The autophagosome size and number
are important for the selectivity of the cargo and can be decisive
for the regulation of the autophagic flow. Autophagosome later
moves to lysosome using microtubules for fusion and formation
of autophagolysosome (Figure 1C) (Wei et al., 2018). The acid-
dependent hydrolases present in the lysosome degrade the
content of autophagosomes, and macromolecules are exported
to the cytosol to be reused in the cell.

The autophagic basal levels ensure the quality of cellular
components and the maintenance of cellular homeostasis
through the regular replacement of long-lasting proteins, the
elimination of protein aggregates and damaged organelles. The
cytoplasmic organelles that need to be limited can be identified
and eliminated through a mechanism called “selective
Frontiers in Pharmacology | www.frontiersin.org 2120
autophagy” (Zaffagnini and Martens, 2016). Under various
conditions, different selective autophagy depending on the
organelle, to be eliminated, are described: mytophagy (for
mitochondria), ribophagy (for ribosomes), reticulophagy (for
endoplasmic reticulum), lysophagy (for lysosomes), pexophagy
(for peroxisomes), lipophagy (for lipid drops), glycophagy (for
glycogen), aggrephagy (misfolded proteins), and xenophagy
(infected pathogens) (Stolz et al., 2014).

Autophagy is a dynamic and multiphase process; tests of
genetic screening on the yeast Saccharomyces cerevisiae have
identified 30 genes, whose protein products are able to control
autophagic phases. They precisely called ATG genes
(AuTophaGy related genes) (Tsukada and Ohsumi, 1993). The
sequences of ATG genes are homologous in higher eukaryotes,
suggesting that the molecular mechanism of autophagy is highly
conserved in evolutionary scale. Moreover, other proteins,
belonging to kinases class, regulate the autophagic process in a
highly specific way (Klionsky et al., 2012).

The central modulator of autophagy regulation is the
mammalian target of rapamycin (mTOR) which responds to
microenvironment intracellular changes such as deprivation of
amino acids and glucose, and therapeutic treatments, irradiation,
hypoxia (Stephan et al., 2009). In physiological condition, mTOR
is active and inhibits autophagy and protein degradation. Under
induction of cellular stress, mTOR is inactive, dephosphorylates
ULK1 complex (that includes ULK1, ATG13, Focal adhesion
FIGURE 1 | Description of cellular autophagic process. (A) After the stress signal, a small double membrane, called phagophore, grows to incorporate the cellular
components that to need to be degraded, to form autophagosome (B). (C) Autophagosome fuses with lysosome to form autophagolysosomes, where hydrolytic
enzymes degrade cellular components. Sometimes, the material is recycled to supply energy (autophagy-mediated cell survival); otherwise, when autophagy levels
are very high, cell dies by autophagic cell death (ACD).
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kinase family interacting protein of 200 kDa (FIP200) and
ATG101 protein). ULK1 complex dissociates from mTOR
complex, and AMPK phosphorylated ULK1 complex,
triggering autophagy (Wong et al., 2013). The activation of
phosphatidylinositol 3-kinase (PtdIns3K) complex (formed by
Beclin1, ATG14, vacuolar protein sorting (VPS15), VPS34,
activating molecule in BECN1 regulated autophagy protein 1
(AMBRA1), and ultraviolet irradiation resistance-associated
gene (UVRAG)) follows (Russell et al., 2013). This activation is
further regulated by Beclin1–Bcl-2-complex (Pattingre et al.,
2005). The induction of PtdIns3K complex generates the lipid
phosphatidylinositol-3-phosphate (PI3P), which recruits other
proteins essential for phagophore formation (Figure 2). In
particular ATG12–ATG5–ATG16 complex and ATG9, ATG2,
andWIPI 1/2 proteins are involved for elongation of phagophore
(Figure 2A) (Hurley and Young, 2017). The second conjugation
complex is ATG8 protein, also known as microtubule-associated
protein 1 light chain 3 (MAP1-LC3 or LC3) (Kirisako et al., 2000).
This protein is inactive form free in the cytosol; the C-terminal end
is cleaved by the ATG4 protease, thus producing a new form,
ca l l ed LC3-I , that i s subsequent ly conjugated to
phosphatidylethanolamine (PE) by ATG3/ATG7 system (Satoo
et al., 2009). After conjunction, LC3-I is converted to LC3-II form,
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which is exposed on external side of mature autophagosome
(Figure 2B) (Ichimura et al., 2000). Mature autophagosome
travels along the microtubule towards the lysosome. This
transport is mediated by an adaptor protein complex formed by
LC3, Rab7, and FYCO1 (Figure 2C) (Pankiv et al., 2010). Finally,
after formation of autophagolysosome, LC3-II protein is
internalized, PE residue is detached by hydrolytic lysosomal
enzymes and the protein is released in the cytoplasm with
consequent decreased expression (Tanida et al., 2008).

Because autophagy is an important cell quality control
process, its dysregulation is involved in several diseases, as
metabolic disorders, neurodegenerative diseases, autoimmune
alterations and cancer (Condello et al., 2019).

Numerous alterations in of the expression of autophagic
genes have been reported in several types of cancer such as
pancreatic, lung, bladder and breast cancer; in fact, the
monoallelic deletion of genes such as ATG5, ATG6, ATG7 and
the total loss of ATG4 have been linked to the risk of induction of
malignancies (Mariño et al., 2007; Takamura et al., 2011).
However, the role of autophagy in the various stages of cancer
progression is contradictory (Figure 3) (Singh et al., 2018).
Autophagy has a tumor promoting role, favoring cancer
growth under hypoxia or nutrient limitation, avoiding cell
FIGURE 2 | Graphic illustration of molecular autophagic pathway. Induction of autophagy characterized by mTOR inhibition, activation of AMPK, ULK1 and
PtdIns3K complexes. (A) Regulation of phagophore elongation by ATG12-ATG5-ATG16 complex. (B) Autophagosome formation mediated by LC3 maturation, and
finally (C) autophagolysosome formation mediated by LC3, Rab7, and FYCO1 proteins.
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apoptotic death, and maintaining dormancy. On the other side,
autophagy has a tumor-suppressive role maintaining genome
integrity and preventing metastases.

Reduced levels of autophagy are characteristic of the early
stage of cancer. This situation leads to the accumulation of
oncogenes and reactive oxygen species (ROS) (Poillet-Perez
et al., 2015). Instead, autophagy is upregulated when tumor
growth is activated; in this way an adequate supply of energy is
guaranteed and the cancer cell is able to survive stress, hypoxia
and metastasis (Mowers et al., 2017). During anticancer therapy,
autophagy is increased, cells survive to cytotoxic effect of drugs
and autophagy induces therapy resistance (Li et al., 2017).

In recent studies, the role of the autophagic component in the
survival mechanism of cancer stem cells (CSCs) has been shown.
CSCs live in hypoxic, nutrient-poor and acidic environment
conditions, are highly responsive to these stimuli, and are able to
regenerate themselves to induce the formation of metastases and
resistance to drug therapy. CSCs have higher basal autophagy
than non-cancerous SCs (Boya et al., 2018). However, the
problem of being able to convert CSC to non-CSC in vivo by
inhibiting systemic autophagy has not yet been resolved. Some
authors have actually observed that the depletion of autophagy
decreased the viability of chronic myeloid leukemia CD34+
progenitor cells, whereas its inhibition in hematopoietic stem
cells (HSC) has favored the development of hematopoietic
diseases (Auberger and Puissant, 2017; Levine and Kroemer,
2019). On the other hand, after treatment with synthetic or
natural compounds, there are some evidences that when the
autophagosomal/lysosomal pathway is over activated for a
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prolonged time the autophagic cell death (ACD, type II cell
death) can occur (Liao et al., 2019; Linder and Kögel, 2019).
Arsenic trioxide (ATO) has been proved to induce ACD in
several cancer cells. It is an interesting compound capable of
crossing the blood–brain-barrier. ATO can be used for targeting
the expression of stemness marker genes inhibiting the
Hedgehog signaling pathway and Notch signaling pathways
and inducing cell death in brain tumors. Furthermore, the
combined effect of ATO and gossypol (AT-101, Gos), a natural
compound, has been shown to induce cell death diminishing the
self-renewal capacity of tumor sphere lines (Linder et al., 2019).
A recent article of Cordani and Somoza (2019) highlighted that
the use of metal-based nanoparticles has an opposite autophagic
role on cell fate. Metal-based nanoparticles can modulate
autophagy by inducing cell death through multiple
mechanisms, such as induction of ER stress leading to
oxidative stress, mitophagy, mitochondrial and lysosome
damage in cancer cells and pro-survival autophagy in cancer
and in normal cells (Cordani and Somoza, 2019). Autophagy, as
previously mentioned, can act as tumor promoter or suppressor,
its role strongly depends on the context of the tumor. The
presence of hypoxia or the lack of nutrients can trigger the
autophagic mechanism, which can facilitate the tumor
adaptation to different stress thus inducing tumor progression.
Therefore, it is very important to know the context of the disease
in its complexity, indeed the inhibition or activation of
autophagy might improve the therapeutic response. Based on
the dual role of autophagy in cancer and on the coexistence of
multiple mechanisms (autophagy/apoptosis) within a tumoral
FIGURE 3 | The role of autophagy, as survival or death mechanisms, in cancer. If autophagy is downregulated, healthy cells can be damaged due to DNA or
mitochondria alterations or the production of reactive oxygen species (ROS) and turn into cancer cells. Upregulation of autophagy allows cancer cells to survive
hypoxia and hypoglycemia of the microenvironment and promotes tumor growth and the spread of metastases. During cancer therapy, autophagy allows cancer
cells to survive the cytotoxic effect of drugs and promote resistance (MDR), or alternatively, prolonged activation of autophagosomal pathway leads to autophagic cell
death (ACD).
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mass, it is crucial to study compounds able to modulate
autophagic process. In recent years, many compounds, that
induce or inhibit autophagy, have been identified for
pharmacological intervention.
MULTIDRUG RESISTANCE IN CANCER

Although cancer treatment is constantly evolving, yet it is third
leading cause of death in the worldwide (Bray et al., 2018). The
main reason of this high mortality is the lack of effective
treatments and the onset of the resistance. The resistance can
be intrinsic or acquired. Intrinsic resistance is due to genetic
alterations, the tumor become resistant to drug before the
treatment. Up to a few years ago, intrinsic resistance was
considered the main mechanism of resistance. Acquired
resistance, induced by drug administration, is also an
important responsible of treatment failure in cancer patients.
When tumor cells become resistant to pharmacologically and
structurally distinct class of drugs, chemoresistance is defined
multidrug resistance (MDR) (Baguley, 2010).
Frontiers in Pharmacology | www.frontiersin.org 5123
One of the most important mechanisms underlying MDR is
the overexpression of adenosine triphosphate (ATP)-binding
cassette (ABC) superfamily of transporters (Chen et al., 2016).
Among the 48 ABC transporters identified in humans, those
localized on plasma membrane increase the efflux of anticancer
drugs and reduce their intracellular accumulation using ATP
energy. The major ABC transporters involved in MDR are P-
glycoprotein (P-gp/ABCB1), multidrug resistance-associated
protein 2 (MRP2/ABCC2), and breast cancer resistance protein
(BCRP/ABCG2) (Locher, 2016).

Other mechanisms involving in MDR are (Figure 4):

− the alteration of drug metabolism by activation of detoxifying
systems as glutathione-S-transferase and cytochrome P450
enzymes (Joyce et al., 2015);

− the block of apoptotic signaling pathway by upregulation of
antiapoptotic proteins, downregulation of proapoptotic
proteins, and by induction p53 pathway mutations
(Fanourakis et al., 2018);

− the increasing the adaptability by epigenetic regulation and
microRNA regulation (Wengong et al., 2019);
FIGURE 4 | Summary of the main mechanisms involved in the onset of multi-drug resistance (MDR).
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− mutations in drug target (Camidge et al., 2014);

− the change of tumor microenvironment (Mowers et al., 2018).

Numerous evidences suggested the role of tumor
microenvironment in cancer MDR (Al-Akra et al., 2019). The
tumor microenvironment is a dynamic network of cancer cells,
stromal cells and extracellular matrix characterized by deficiency
of oxygen (hypoxia), nutrients and glucose (hypoglycemia), as
well as by a low pH. Hypoxic conditions lead to an inadequate
number of vessels within the tumor mass, resulting in the
reduction of the nutrients and cytotoxic drugs to the tumor
cells with reduced drug efficacy.

The main key regulator of the tumor microenvironment to
control MDR is alpha subunit of hypoxia-inducible factor1
(HIF1-a). When oxygen supplies are low, HIF1-a expression
up-regulates both the transport of glucose by GLUT1 across the
plasma membrane and the genes involving in glycolysis.
Consequently, this regulation mediates cell metabolism switch
from mitochondrial oxidative phosphorylation to glycolysis
(Hayashi et al., 2004). As result of enhanced glycolysis, ATP
levels increase and can directly influence the activity of ABC
transporters, which activate drug efflux and promote
chemoresistance (Bhattacharya et al., 2016). HIF1-a levels up-
regulate expression of Vascular-Endothelial Growth Factor
(VEGF), that induces expression of anti-apoptotic proteins as
Bcl-2, and increases MRP1 expression promoting MDR.
Moreover, another target of HIF-a is nuclear factor (erythroid-
derived 2)-like 2 (Nrf-2), which interacts with the autophagy
pathway leading to drug therapy resistance by autophagy. Nrf-2
can also increase the expression of ABC transporters as ABCB1,
ABCG2, and ABCC2 and regulate the enzymes involved in phase
II drug metabolism (Shen and Kong, 2009).

Hypoglycemia creates an imbalance between oxidant and
anti-oxidant products, which results in amplified levels of ROS.
Oxidative stress activates signal transduction pathways that
increase the expression of anti-apoptotic and anti-oxidant
molecules (catalase and superoxide dismutase), promoting
drug resistance and cell survival. In particular, hypoxia
modulates the expression of proteins regulating apoptosis. The
expression of some pro-apoptotic Bcl-2 family, including Bax,
Bad and Bid, is decreased under hypoxia, whereas the expression
of anti-apoptotic Bcl-2 and Bcl-xL is increased (Matsuura et al.,
2016). Since some anticancer drugs induce cell death by
apoptosis, the down regulation of this mechanism can suppress
treatment efficacy. Clinical trials showed that hypoxia induce
resistance to chemotherapy with anthracycline drugs due to
overexpression of anti-apoptotic Bcl-2.
MDR AND AUTOPHAGY

In the tumor microenvironment the autophagy mechanism plays
an interesting role, it is able to generate MDR. Hypoxic stress of
tumor microenvironment induces the expression of BH3
domains of B-cell lymphoma 2 (Bcl-2)/adenovirus E1B 19-kDa
protein-interacting protein 3 (BNIP3), which is involved in
Frontiers in Pharmacology | www.frontiersin.org 6124
dissociation of Bcl-2–Beclin1 complex. As result, displaced
Beclin1 can trigger autophagy (Bellot et al., 2009). In poorly
oxygenated regions of the bone marrow after the onset of acute
myeloid leukemia and in the hypoxic areas of solid tumors,
autophagy regulatory pathway has an important role during
adaptation of cancer cells to hypoxic stress (Rouschop et al.,
2010). In a panel of cancer cell lines, cell death increased upon
knockdown of Beclin1 or ATG7 genes (Tan et al., 2016),
suggesting a role of autophagy in cell survival within hypoxic
regions. The key molecule is HIF1-a, which activates autophagy
by regulating Beclin1 (Wu et al., 2015).

Even in the metastatic and anoikosis regions the autophagy is
crucial for cancer cell survival. Anoikis is a programmed cell
death induced when tumor cells detached from the substrate due
to loss of contact with the extracellular matrix. This mechanism
could prevent the dissemination of cancer cells to other parts of
the body. In fact, cells migrate from the tumor, travel through the
blood or lymphatic system to initiate a new tumor mass in other
organs (metastases). Cancer cells acquire anoikis resistance to
survive cell death due to loss of contact with the extracellular
matrix. As shown in metastatic hepatocellular carcinoma, anoikis
resistance is due to autophagic pathway induction (Fu et al.,
2018). Moreover, the level of LC3-II is significantly higher in
metastases of breast and liver cancer and melanoma than in
primary tumors (Lazova et al., 2012).

In addition, many studies demonstrated that autophagy is
induced in tumors after many therapeutic approaches, including
irradiation, conventional therapies and targeted therapies (Levy
et al., 2017). Consequently, the autophagic process protects
tumor cells recycling intracellular components and
maintaining functional pool of mitochondria. Therefore,
autophagy/mitophagy promote tumor growth and they
contribute to drug resistance (Li et al., 2017). Many studies
demonstrated that autophagy triggered by chemotherapy
facilitates the resistance of cancer cells to paclitaxel, tamoxifen,
epirubicin or trastuzumab (Vazquez-Martin et al., 2009;
Ajabnoor et al., 2012). For example, autophagy is induced by
cisplatin treatment, by activation of DRAM1, a p53-mediated
regulator (Crighton et al., 2006). In the event of imatinib
treatment of gastrointestinal stromal tumor cells, induction of
autophagy has been observed and with Chloroquine treatment it
is inhibited in favor of apoptosis (Gupta et al., 2010). In different
types of tumor (breast, lung and cervical) the irradiation
treatment induced an increase in autophagy, if instead
inhibition of autophagy was induced, a reduction in the
formation of colonies in clonogenic tests was observed (Apel
et al., 2008). The induction of autophagy-mediated cancer
resistance mechanism after therapeutic approaches is attributed
to reduced mTOR activity (Amaravadi et al., 2011), or to
turnover of FOXO3A that reduced apoptosis by preventing
FOXO3A-dependent induction of Puma, a BH3 proapoptotic
protein (Fitzwalter et al., 2018). In other situations, the increased
production of ROS after mitochondrial damage or ER stress may
explain the occurrence of autophagy via activation of FOXO,
ATG5 and LC3 and other autophagic proteins (Ranganathan
et al., 2006).
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Further it has been suggested that autophagy may also
promote drug resistance by favoring selection of cancer stem
cells phenotype in breast cancer and glioblastoma (Smith and
Macleod, 2019).

CSCs are a small population of cancer cells that are the cause
of tumor heterogeneity. They are resistant to conventional
therapies and are characterized by high levels of autophagy,
thanks to which they maintain pluripotency, supply nutrients
and oxygen to the microenvironment, they also have a high
metastatic potential, regulate invasion and migration, induce
resistance to drugs and allow cancer cells to escape immune
surveillance (Nazio et al., 2019). In particular, CSCs depend on
mitophagy to degrade damaged mitochondria, thus maintaining
a low ROS level and preventing the activation of programmed
cell death. In hepatic CSCs the activation of Pink1-dependent
mitophagy (p53, Pink1, NANOG) promotes cell proliferation
(Liu et al., 2017).

A connection between CSCs, autophagy and drug resistance
has been noted in many cancers such as melanoma, leukemia,
brain, pancreas, colon and breast (Abdullah and Chow, 2013). As
revealed by several experimental approaches, the sensitivity of
CSCs increased when the cells were treated with the combination
of cytotoxic drugs and autophagy inhibitors. Indeed, in
glioblastoma the simultaneous treatment of Bevacizumab and
Temozolomide with Chloroquine, stem glioblastoma cells
became more sensitive and their survival was reduced (Huang
et al., 2018).

At the end of this rapid resume on MDR it is important to
highlight the double role that autophagy plays in this
mechanism; it is able to protect cancer cells from drug therapy
but in some cases, when the path of apoptosis does not work, it
can kill the cancer cell. Therefore, the understanding the
contribution of autophagy to cancer drug resistance is crucial
to develop novel antineoplastic therapies, based on combination
of autophagy inhibitors with cytotoxic drugs to sensitize
refractory cancers.
NEW AUTOPHAGY INHIBITORS FOR
CANCER TREATMENT

As previously described, autophagy has a dual role in inducing
death or promoting the survival of cancer cells. Autophagy in its
pro-tumor function, increases resistance to apoptosis, prevents
the induction of tumor suppressors and maintains the tumor
metabolism through the recycling of nutrients. Its modulation in
association with chemotherapeutic agents has been considered a
promising therapeutic option. The main inhibitors of the
autophagic mechanism developed to date work by blocking the
nucleation and extension of the phagophore or by blocking
the endosomal/lysosomal acidification process.

In this section we have highlighted some autophagy inhibitors
that in specific tumor context have demonstrated a mass
regression. Melanoma is a very aggressive tumor, has a
primary skin site and multiple metastases that explain the
morbidity and mortality in the population. Recently,
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verteporfin, a benzoporphyrin derivative, has been shown to
have an anti-tumor effect on melanoma cells in vitro, in a
preclinical model of transgenic mouse (Lu et al., 2019) and in
the clinical treatment of macular degeneration. Verteporfin
action consists in inhibiting the formation of autophagosomes
by depriving the cells of glucose and serum, by blocking the p62
oligomerization, a protein useful for the sequestration of
ubiquinated targets into autophagosomes. It induces apoptosis
and inhibits cell proliferation, angiogenesis and migration (Lui
et al., 2019).

On the market there are two drugs, inhibiting the autophagic
process for the treatment of cancer, are chloroquine (CQ) and
hydrocholoroquine (HCQ), a less toxic metabolite and used to
treat rheumatic diseases, such as rheumatoid arthritis and
systemic lupus erythematosus. CQ, a drug used to treat malaria
caused by several Plasmodium strains, unfortunately has many
side effects if used for prolonged times. The adverse effects of CQ
are associated with cardiovascular side effects, particularly
hypotens ion and electrocardiographic QT interval
prolongation. CQ and HCQ, are weak bases which, once into
the lysosomes, are protonated thus inhibiting the activity of the
lysosomal enzymes. CQ and HCQ are the only autophagy
inhibitors approved in the phases I and II clinical trials,
however, adverse effects, have been observed in prolonged
treatments in combination with chemo or radiotherapy (Xu
et al., 2018). Extensive research was needed due to the
observed side effects. A meta-analysis study in which 249
patients with solid and non-solid tumors were analyzed and
compared showed an improvement in overall survival at one
year, although at various levels depending on the tumor and the
drugs combination analyzed (Xu et al., 2018). The different
response observed in these compounds from one tumor to
another is due to the reason why autophagy is hyperactivated
in many tumors, but not all are sensitive to autophagic inhibitors.

A dimeric analogue of CQ with the potential to accumulate in
acidic organelles is commercially known as LYs05. It shows an
inhibition of autophagy higher than HCQ. In C8161 melanoma
cells, it induces p62 accumulation and increases the ratio of LC3-
II to LC3-I in a concentration-dependent manner. The combined
treatment of Lys05 and ionizing radiation in lung cancer cells
decreased cell survival by inhibiting autophagy (Cechakova
et al., 2019).

Afterwards the researchers have focused on developing of
another analogous dimeric CQ inhibitor, DC661, which is a
potent inhibitor of autophagy and cancer cell proliferation.
DQ661 is a dimeric quinacrine, which has proven effective on
an immunocompetent mouse model of cancer overcoming the
gemcitabine resistance. It induces alteration in multiple
lysosomal functions as macropinocytosis and mTORC1 activity
by selectively targeting protein-palmitoyl thioesterase 1 (PPT1),
a key regulator of palmitoylation within the lysosome (Nicastri
et al., 2018). In the class of antimalarial quinolinic agents to
which chloroquine also belongs, another interesting compound
is mefloquine (MQ) considered a lysosomotropic agent and an
autophagy inhibitor used for various tumor pathologies. In the
work of Sharma et al. (2012) MQ was used as an inhibitor of
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autophagy against breast cancer cells, in this case MQ inhibited
autophagy in the formation phase of autophagosomes in
hormone positive and triple negative breast cells. However,
long-term use of MQ has been reported to have neurological
and psychiatric adverse effects in some patients. It was also
recently shown to induce apoptosis by sensitizing patient-
derived myeloid leukemia cells to tyrosine kinase inhibitors
(Lam Yi et al., 2019). The macrolide antibiotic bafilomycin A1
was isolated from Streptomyces gresius and has been shown to be
a potent inhibitor of the Vacuolar H+ATPase which controls pH
in the lysosome (V-ATPase) (Bowman et al., 1988). Its
mechanism of action is the inhibition of lysosomal
acidification by averting the passage of protons in the
lysosomal lumen. Bafilomycin A1 inhibits autophagosome–
lysosome fusion by blocking V-ATPase pump activity and
disrupting Ca2+ gradient involved in this process (Mauvezin
and Neufeld, 2015). Protease inhibitors named, pepstatin A
(aspartyl protease; cathepsin D and E), leupeptin and E64d
(cysteine proteases, cathepsin B, H and L) can also inhibit the
lysosomal degradation (Tanida et al., 2005). Uncoordinated 51-
like kinase 1 (ULK1) dysregulation has been found in many
human cancers in particular in clear cell renal cell carcinoma
(ccRCC) (Lu et al., 2018). It is known, in fact, that ULK1
regulator, essential for starting autophagy (Wong et al., 2013),
is very often related to drug resistance and poor prognosis. SBI-
0206965, an inhibitor of ULK1 activity has been shown to inhibit
autophagy and to induce apoptosis in renal carcinoma cells, in
neuroblastoma cells and in non-small cell lung cancer (Martin
et al., 2018). Prostate cancer (PCa) is a serious problem in the
population, due to the development of drug resistance after
surgery. The epidermal growth factor receptor (EGFR) is
known as a therapeutic target for the treatment of numerous
human carcinomas; it has recently been discovered that it has an
important role in the progression of resistant PCa. Spautin-1, a
Beclin1 inhibitor, significantly suppressed the growth of PCa by
arresting cell cycle progression and triggering apoptosis (Lu et al.,
2018). Spautin 1, can also reduce the apoptosis block induced by
low levels of inflammatory cytokine, IL-17 (Xue et al., 2019). It is
known that Beclin1 promotes protective autophagy in the
osteoclastogenesis by an anti-apoptotic effect.

3-methyladenine (3-MA) is one of the first used inhibitors of
autophagy (Xie et al., 2016), under starving conditions it
suppresses autophagy by inhibiting phosphatidylinositol 3-
kinase, catalytic subunit type 3 (PI3KC3), on the other hand,
with nutrients it favors autophagy by using PI3KC1 inhibition
(Laha et al., 2019). Because 3-MA was shown to be effective only
at high doses, other derivatives were investigated, as
Wortmannin, a fungal metabolite that binds to the catalytic
site of PI3Ks, and SF1126 (Gomes et al., 2019; Qin et al.,
2019). SF1126 is a novel and potent dual inhibitor of
phosphatidylinositol 3-kinase and bromodomain-containing
protein 4 oncogenes. Suggestive activation of apoptosis and
inhibition of tumor growth with xenograft HT-29 in nude
mice have been revealed in colorectal cancer before (CRC) cells
treated with SF1126, expressed in (CRC). VPS34 is a PI3KC3
inhibitor that forms complex for its activation with several
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subunits such as p150, ATG14 and Beclin1. The aurone
derivative, a novel natural product, inhibitor of the VPS34
activity, upregulates p62 levels and inhibits vesicle trafficking in
HeLa cells (Li et al., 2019). SAR405, highly specific VPS34
inhibitor, is one compound of the (2S)-tetrahydropyrimido-
pyrimidinones series with kinase inhibitor activity, alters
vesicle trafficking (late endosome-lysosome compartments) and
limits autophagy. The combined use of SAR405 and everolimus
has demonstrated the reduction of cell proliferation in renal
cancer cells and has allowed the clinical use of PIK3C3 inhibitors
in this disease (Kocaturk et al., 2019). A novel inhibitor of
ATG4B activity, named NSC185058, is able to modify the
volume of the autophagosomes in vitro, while having no effect
on mTOR and PtdIns3K activities. NSC185058 has shown to
have a role in the suppression of tumor growth in an
osteosarcoma subcutaneous mouse model (Akin et al., 2014)
and in combination with radiotherapy, in the treatment of mice
with intracranial glioblastoma xenograft markedly, slows down
glioblastoma growth thus inducing survival (Huang et al., 2017).

Recent and interesting work has demonstrated the inhibitory
role of miR-154 against the ATG7 autophagic gene. ATG7 gene is
a direct target of miR-154. The expression of miR-154 is
downregulated in bladder cancer and associated with poor
survival in the patients. The overexpression of ATG7 gene
induces the proliferation, migration and invasion of bladder
cancer cells. MiR-154 by mitigating the expression of ATG7,
may function as a tumor suppressor (Zhang et al., 2019).
LIPOSOMES AS AN ALTERNATIVE
STRATEGY AGAINST AUTOPHAGY-
RELATED MDR

As discussed above the main clinical impediment in cancer
treatment is the development of MDR that occurs through
chemotherapy. The molecular mechanisms involved in MDR
phenomenon are various: reduction of drug intake,
overexpression of efflux pumps in tumor cell membrane, altered
cell cycle control points, increase in drug metabolism and altered
apoptotic pathway (Narayanan et al., 2020). The control of
degradation processes and the recycling of cellular components
during metabolic stress is attributed to the activation of autophagy.
The dual role of autophagy in cancer and the choice of the best
strategy to overcome MDR depends on the stage of the disease, on
its progress and on the acidic microenvironment of cancer cells.
The tumor microenvironment includes different cells, such as
stem, stromal, endothelial cells, and innate and adaptive immune
cells infiltrating tumors, all of which exploit autophagy in a
different way. It is clear that targeting autophagy could be a
crucial approach in the treatment of pathological conditions,
however there are several impediments in the use of autophagic
modulators. Actually, autophagy modulators suffer from low
bioavailability due both to low solubility in aqueous media and
non-target delivery, the results being a modest therapeutic efficacy.
In the last years the advent of nanotechnology has opened new
perspectives in many research fields and the pharmaceutical
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research has been engaged in finding new nanotechnology based
on theurapeutical solutions, generally referred as nanomedicine. In
the nanomedicine field many nanoparticles have been proposed as
drug carriers and imaging tools (Bamburowicz-Klimkowska et al.,
2019). Nanoparticles (NPs) have peculiar physicochemical
properties, such as charge, shape, surface decoration and a high
surface-to-volume ratio that make them particularly attractive to
load and deliver to certain targets high number of drugs (Xin et al.,
2017; Gonda et al., 2019).

Among all different types of nanoparticles available here we
will focus on liposomes, because these systems have come out as
the most clinically successful, given the number of approved
formulations and are widely used as drug carriers in oncological
clinical setting (Belfiore et al., 2018; Gilabert-Oriol et al., 2018;
Lamichhane et al., 2018; Anselmo and Mitragotri, 2019). The
reasons of this success are many, such as low toxicity and
immunogenicity, easy manufacturing, generally low cost,
reproducibility, extreme versatility, biodegradability.

Liposomes are lipid vesicles, in the size range of 50–500 nm,
formed by bilayers composed typically by phospholipids and
cholesterol, entrapping an aqueous core. Therefore, they have both
a hydrophilic region (the aqueous core) and a hydrophobic region
(the lipid bilayer) thus being able to load hydrophilic, hydrophobic
and amphiphilic payloads and protecting them from degradation in
the biological milieu. Drugs can be loaded into liposomes either
passively, by adding them during liposome preparation (mixed to
lipids, or present in the hydration solution) or actively, by forcing
them to cross the lipid bilayer of preformed liposomes in response to
a pH gradient across it. This last process, also defined as remote
loading, is used for weak alkaline or weak acidic compounds
(Madden et al., 1990) and allows highly efficient loading.

As mentioned above a great advantage of liposomes is their
extreme flexibility, in fact, since their assembling is controlled by
non-covalent interactions, their formulation and surface
decoration can be quite easily modulated to the needs.
Therefore, in response to the need of prolonging their
circulation half-life, polyethylene glycol (PEG) chains were
included into the lipid bilayer (Klibanov et al., 1990) thus
providing a hydrophilic PEG shell on liposome surface that
hinders the aggregation of plasma proteins and delays
recognition and clearance by the reticuloendothelial system
(RES) (Senior et al., 1991; Allen, 1994; Allen et al., 2002).

A higher target specificity or other specific functions (such as
controlled release) can be ascribed to liposomes by surface
decoration through ligands or antibodies, surface charge
modulation or the inclusion of specific functionalities in the
lipid bilayer (Zhao and Rodriguez, 2013). An important duty of
liposomes is delivering their payload only to sick districts, thus
avoiding healthy tissues and hence side effects. Liposomes can
reach sick districts either by passive or active targeting. Passive
targeting exploits a combination of the physicochemical feature
of liposomes, i.e. their stability in the blood stream, and the
microanatomy of tumors, i.e. their extensive fenestrated
vasculature and impaired lymphatic system. In fact, the long
circulation time gives liposomes the chance of multiple contacts
with the tumor vasculature from where they can extravasate
Frontiers in Pharmacology | www.frontiersin.org 9127
through fenestrations into the tumor microenvironment. On the
other hand, active targeting involves recognition of the target by
liposomes via ligand/receptor or antibody/antigen interaction
(Zhao and Rodriguez, 2013).

Here we will review literature acquisitions concerning the use
of liposomes to improve the bioavailability of autophagy
inhibitors. Once at the target the drug can be release passively
or upon a trigger that can originate from the microenvironment,
for example the acidic environment of tumor tissues, or by the
outside (light, temperature, magnetic field, ultrasounds)
(Needham et al., 2000; Alhmady et al., 2012; Chen et al., 2013;
Adriyanov et al., 2014; Luo et al., 2016a; Luo et al., 2016b).
Pass ive re lease does not require further l iposome
functionalization, whereas in the case of triggered release
liposome have to be engineered ad hoc. Interesting examples of
the use of liposomes to control autophagy concern the treatment
of glioma, one of the most common and aggressive brain tumor
in adults. Actually, the central nervous system (CNS) is protected
by the blood–brain-barrier (BBB), a highly selective border
formed by a monolayer of endothelial cells that segregates the
CNS from systemic influences while providing the transport of
nutrients. The transport barrier includes para- and transcellular
transport. The functional peculiarities of endothelial cells of BBB
are determined by the unique features of their morphology
distinguishing them from other endothelial cells. The absence
of cytoplasmic fenestrations and the formation of tight junctions
between the membranes of neighboring cells, mediated by
transmembrane proteins located within the paracellular space,
prevents paracellular transport. The transcellular control is
determined by the presence of ABC-transporters, which
provide not only the barrier control but also restrict transport
of most medicinal drugs to the brain and tumors. Therefore, the
main objective in the development of new therapies for the CNS
is represented by the development of nanocarriers capable of
loading given drugs, crossing the BBB and releasing the drugs
into the target districts (Singh et al., 2017; He et al., 2018; Feng
et al., 2019). Nanoparticles can cross the BBB by: i) transcellular
diffusion (transcytosis), ii) receptor mediated transport, iii)
carrier mediated transport (Alam et al., 2010; Alyautdin et al.,
2014). Therefore, it is most often necessary to functionalize
liposomes to cross the BBB. Another important aspect in the
delivery of drugs to the CNS is that liposomes besides protecting
their payload from the degradation of the biological
environment, protect them also from the action of efflux pumps.

The treatment of glioma with a potent inhibitor of
angiogenesis and cancer proliferation was impaired by the
induction of autophagy (Shen et al., 2013). As mentioned
above, HCQ is known to inhibit autophagy and is capable of
sensitizing various tumors to the effects of chemotherapy,
however, the nonselective distribution in vivo and the low
capability to cross the BBB restrict its clinical use as well as the
co-delivery of HCQ and ZD6474 in the treatment of glioma
(Gustafson et al., 2006; Rangwala et al., 2014; Rosenfeld et al.,
2014). Aimed at targeting specifically glioma cells, liposomes
functionalized with R6dGR peptide (R6dGR-Lip), that is able to
recognize integrin receptors anb3 and neuropilin-1 (NRP1), a
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membrane-bound co-receptor of tyrosine kinase receptor, were
developed (Wang et al., 2018). NRP1 is highly expressed in
endothelial cells and it is also involved in the vascularization and
progression of other types of cancer, such as prostate, breast,
colon and lung. Treatment, both in vitro and in vivo, with
ZD6474 and HCQ inhibitors encapsulated in R6dGR-Lip
liposomes, lead to block efficiently the autophagic flow and to
sensitize glioma cells (Wang et al., 2018).

Recently it was reported about the importance of using
ultrasound-targeted microbubble destruction technique (UTMD)
to induce a transient and reversible BBB disruption, which greatly
simplifies intracerebral drug delivery (Wischhusen and Padilla,
2019). In this technique gas bubbles, activated from ultrasounds
cause biophysical shock effects that can permeate biological barriers
(Wischhusen and Padilla, 2019). A smart “all-in-one”
nanosensitizer platform was developed by uniting sonoactive
chlorine c6 (Ce6) and HCQ into angiopep2-peptide-
functionalized liposomes (ACHL). ACHL selectively accumulated
in the brain tumor due to the transient opening of BBB upon
application of UTMD. A second ultrasound stimulation activated
the Ce6, triggering the release of HCQ that blocked the degradation
of autophagosomes, by increasing oxidative damage, inducing
apoptosis and inhibiting mitophagy (Qu et al., 2019).

Another interesting paper reports on the efficacy of
multifunctional vinblastine liposomes equipped with
transferrin receptor binding peptide TfR-T12 and octa-arginine
conjugate stearyl-R8 that triggered necrosis, apoptosis and
programmed cell death via autophagy in brain-glioma-bearing
mice (Mu et al., 2017).

The dense stromal structure of pancreatic cancer prevents
therapeutic efficacy, leading to an average 5 years survival of
patients. Autophagy plays a role in inducing the formation of a
dense stroma in the ductal adenocarcinoma of the pancreas. This
phenomenon is mediated by cancer-associated fibroblasts that are
capable of generating collagen and this, on its turn, hinders targeting
of cytotoxic drugs to cells. A multifunctional tandem peptide TH-
RGD (TR) consisting of cRGD (a peptide with terminal cysteine)
and the pH-sensitive TH peptide, was developed to target tumor
cells and cancer associated fibroblasts and used to functionalize
liposomes (referred as TR-Lip) to co-load HCQ and paclitaxel
(PTX) (Chen et al., 2019). TR-Lip were specifically designed to
both target integrin avb3 and promote cell internalization. In fact,
when they meet the acidic tumor environment TR histidine residue
protonates, so that liposome surface changes from negative to
positive, thus stimulating cell internalization by electrostatic
attraction, since the plasma membrane is negatively charged. TR-
Lip showed indeed a high penetration capacity and were able to
effectively inhibit autophagy and stroma fibrosis in pancreatic cells
both in vitro and in vivo. Rapamycin (Rap), an inducer of autophagy
by mTOR inhibition in mammalian cells, showed a potent
antitumor activity in a range of solid tumors (Cloughesy et al.,
2008; Rouf et al., 2009); however, because of its poor water
solubility, its therapeutic application has been very limited. Rap
loaded liposomes dispersed in a polymeric network of P407
hydrogel were evaluated in vitro and in vivo. In particular, two
different systems were compared, namely Rap-loaded conventional
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liposomes (R-CL) and Rap-loaded folate-modified liposomes (R-
FL); in both cases the hydrogel polymeric network allowing a
controlled release of Rap over time. FL cell uptake was 2-fold
higher than that of CL, and folate receptor-mediated endocytosis
was proved by a competitive assay with folic acid pretreatment. In
orthotopic bladder cancer mouse model, R-FL/P407-treated groups
showed enhanced in vivo anti-tumor efficacy (Yoon et al., 2019).

It was shown that dihydroartemisinin (DHA), a derivative of
artemisinin, increases the efficacy of epirubicin-based treatment
of heterogeneous breast cancer by inducing autophagy and
apoptosis (Hu et al., 2018). The formulation of DHA and
epirubicin in PEGylated liposomes enhanced the anticancer
activity in breast cancer-bearing mice. It was suggested that
this effect is due to the protracted circulation of drug loaded
liposomes in the blood and to the enhanced concentrations of
drugs in cancer tissues (Hu et al., 2018). Co-encapsulation of
DHA and doxorubicin (DOX) in mannosylated liposomes to
target drug-resistant human colon tumor HCT8/ADR cells
overexpressing the mannose receptor (Kang et al., 2017)
resulted in high accumulation of DOX in the nuclei.
Administration of mannosylated liposomes loaded with DHA
and DOX to a subcutaneous HCT8/ADR tumor xenograft
model, gave a tumor inhibition rate of 88.6%, with respect
47.4% and 70.5% in the treatment with free DOX or free DOX
+DHA(Kanget al., 2017), due tonuclear accumulationof thedrugs,
enhanced cancer cell apoptosis and the induction of autophagy.

A study showed the efficacy of PTX co-encapsulated with CQ
in liposomes composed of soybean phosphatidylcholine and
cholesterol in PTX-resistant derivatives of human lung
adenocarcinoma (A549/T) cells, PTX-resistant derivatives of
human ovarian carcinoma (A2780/T) cells, and mouse
sarcoma (S180) cells. It was shown that liposomal CQ can
sensitize PTX-resistant cell by means of autophagy inhibition
and competitively binding with multidrug-resistance
transporters. Further, co-encapsulation of PTX and CQ in
liposomes resulted more efficient than the mixture of PTX
liposome plus CQ liposome. This composite formulation also
achieved significantly stronger anticancer efficacy in vivo with
respect to PTX liposome/CQ liposome mixture (Gao et al., 2015).

Another study demonstrated the efficacy of liposome co-
encapsulated DOX and CQ with respect to liposomal DOX or
free DOX, both on human breast cancer line multicellular
spheroid and on transgenic zebrafish models (Gao et al., 2017).

In malignant melanoma, the relevant level of mortality in
patients has to be ascribed to detachment, dissemination,
extravasation and colonization of metastases. Autophagy is one
of the mechanisms involved in promoting tumor metastasis
(Mowers et al., 2017; Mowers et al., 2018). The synergistic
antimetastatic and antitumor effects of R8-dGR peptide
functionalized liposomes loaded with PTX and HCQ (PTX/
HCQ-R8-dGR-Lip) was investigated in vitro and in vivo (Yin
et al., 2018). R8-dGR peptide decoration increased tumor
delivery both in vitro and in vivo. Further, PTX/HCQ-R8-
dGR-Lip showed in B16F10 cells, an optimal inhibitory effect
on migration, invasion and anoikis resistance. Meanwhile,
studies of the antimetastatic mechanism have shown that the
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combination of PTX and HCQ autophagy inhibitor has
suppressed the degradation of paxillin and the expression of
MMP9 and MMP2. In addition, HCQ interfered with CXCR4/
CXCL12 axis that can promote invasion and metastases of
melanoma in an autophagy-independent way.

Esophageal squamous cell carcinoma has been shown not to
respond to single drug regimen due to heterogeneous composition
of cancerous cells. Also in this situation autophagy inhibitors have
been described as effective in overcoming MDR.

5-fluorouracil (5-FU) and autophagy inhibitor LY294002
(LY) loaded PEGylated liposomes were used to target
esophageal squamous cell carcinoma. This liposomal
formulation showed higher anticancer effect in cancer cells
with respect to 5-FU treatment without liposomal formulation.
Due to inhibition of autophagy by LY, the enhanced sensitivity of
cancer cells to 5-FU was revealed (Feng et al., 2018).

In Table 1 the peculiar characteristics of the liposomal
preparations mentioned above are listed.
CONCLUSIONS

Autophagy is often altered in tumors, however its role in cell death
or survival is controversial. Currently many studies identify in basal
autophagy a protective role for the tumor cell, providing nutrients
and, therefore, promoting the uncontrolled growth and survival of
the cell in the hypoxic areas of the tumor microenvironment.

In conclusion, the critical analysis carried out in this review
suggests that the use of liposome as nanovector, in which it is possible
to insert both anticancer drugs and products capable of inhibiting the
Frontiers in Pharmacology | www.frontiersin.org 11129
protective autophagic mechanism, may be a viable strategy for
improving reactivity or reduce resistance to cancer therapies.

In addition, the data from this review show how important it
is to exploit liposomal versatility and non-toxicity together with
cutting-edge technology to achieve results that lead increasingly
to translation in the clinical field.
AUTHOR CONTRIBUTIONS

MC contributed to the drafting of the following chapters:
autophagy in cancer, multidrug resistance in cancer and MDR
and autophagy. She also proposed and carried out the
explanatory schemes in the review. GM carried out a critical
analysis on the drafting of the review and in particular on the role
of liposomes in drug resistance. SM was responsible for the
organization, preparation and final revision of the manuscript,
also contributed to the drafting of the chapters: new autophagy
inhibitors for cancer treatment and liposomes as an alternative
strategy against autophagy-related MDR.
FUNDING

Institutional funding support has been used.
ACKNOWLEDGMENTS

Cosimo Marino Curianò for the contribution of the graphic design.
TABLE 1 | The lipid composition of liposome preparations, the modality of drug loading, liposome size, and the value of liposome surface potential (mV).

Lipid composition Modality of drug loading Liposome size
(nm)

Liposome surface
potential (mV)

EE
%

Reference

SPC7chol/DSPE- PEG2000-R6dGR (62:33:5 molar
ratio)

ZD6474: passive l
HCQ: remote

100 −4.6 70
90

(Wang et al., 2018)

DSPC/DOPC/DSPE-mPEG2000/DSPE-mPEG2000-
angiopep-2/chol
(55:2:2.5:2.5:38 molar ratio)

Ce6: passive
HQC: remote

140 – 54
63

(Qu et al., 2019)

EPC/chol/TfR-T12-PEG2000-DSPE/stearyl-R8
(60:30:3: molar ratio)

Vinblastine: remote 110 −0.97 96 (Mu et al., 2017)

SPC/chol/DSPE- PEG2000-TR (62:30:8 molar ratio) HCQ: remote
PTX: passive

130 −25 81
84

(Chen et al., 2019)

SPC/chol/DSPE-PEG2000-Fol (89.5:10:0.5 molar
ratio)

Rap: passive
(added at 10% molar ratio)

160 −17 42 (Yoon et al., 2019)

EPC/chol/PEG2000-DSPE (65:30:5 molar ratio) DHA:passive
epirubicin: remote

100 neutral 90 (Hu et al., 2018)

SPC/chol/DSPE- PEG2000-Mannose
(27:11:0.6 molar ratio)

DOX: passive
DOX/lipid 0.02:10 (w/w)
DHA:passive
DHA/lipid 1:10 (w/w)

160 −16 95
95

(Kang et al., 2017)

PTX (4 mg), soybean phos-phatidylcholine (500 mg),
and chol (100 mg)

PTX: passive
CQ: remote

55 Almost neutral 95
85

(Gao et al., 2015; Gao
et al., 2017)

SPC/chol/DSPE- PEG2000- R8-dGR
(62:33:5 molar ratio)

PTX: passive
HCQ: remote

100 – 85 (Yin et al., 2018)

EPC/DSPE-PEG/chol
(10:4:1 molar ratio − total 10 mg)

5-FU: passive (10 mg)LY:
passive (1.5 mg)

150 25 93
86

(Feng et al., 2018)
May
 2020
SPC, Sphingosylphosphorylcholine; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; EPC, egg phosphatidyl- choline; chol, cholesterol.
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Iron-dependent ferroptosis is a new form of cell death in recent years, which is driven by
lipid peroxidation. The lethal lipid accumulation caused by glutathione depletion or
inactivation of glutathione peroxidase 4 (GPX4) is characteristic of the ferroptosis
process. In recent years, with the in-depth study of ferroptosis, various types of
diseases have been reported to be related to ferroptosis. In other words, ferroptosis,
which has attracted widespread attention in the fields of biochemistry, oncology, and
especially materials science, can undoubtedly provide a new way for patients. This review
introduces the relevant mechanisms of ferroptosis, the relationship between ferroptosis
and various cancers, as well as the application of ferroptosis in tumor treatment. We also
sorted out the genes and drugs that regulate ferroptosis. Moreover, small molecule
compound-induced ferroptosis has a strong inhibitory effect on tumor growth in a drug-
resistant environment, which can enhance the sensitivity of chemotherapeutic drugs,
suggesting that ferroptosis is very important in the treatment of tumor drug resistance, but
the details are still unclear. How to use ferroptosis to fight cancer, and how to prevent
drug-resistant tumor cells have become the focus and direction of research. At the end of
the article, some existing problems related to ferroptosis are summarized for
future research.

Keywords: ferroptosis, mechanism, cancer, drug, drug resistance
INTRODUCTION

Ferroptosis was first described by Dr. Brent R. Stockwell in 2012, and then gradually entered the
research boom of most researchers. In 2018, ferroptosis was set by the Nomenclature Committee on
Cell Death (NCCD) as a form of regulated cell death (RCD) (Galluzzi et al., 2018). Supported by
experimental data, it is not difficult to find that ferroptosis and other types of cell death are very
different in morphology, genetics, and biochemistry. Ferroptosis breaks the fact that almost all RCD
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in mammals is caused by the activation of caspase-dependent
apoptosis (Fuchs and Steller, 2011). Besides, the particular cell
necrosis pattern of ferroptosis is reduced mitochondrial volume,
increased mitochondrial membrane density, and decreased
mitochondrial cristae (Dixon et al., 2012). This is very different
from the observation results of apoptosis and necrosis by
electron microscope. Generally, ferroptosis can be inhibited by
iron chelators and lipophilic antioxidants, and inhibitors of
apoptosis, autophagy, and necrosis such as caspase inhibitors
and necrostatins (Berghe et al., 2010) cannot inhibit ferroptosis
(Lei et al., 2019). In the absence of key effectors such as BAX,
BAK, MLKL, and RIPK1/3, ferroptosis will still occur. However,
there are some connections between these cell deaths. Studies
have found that ferroptosis can promote renal tubular necrosis in
the kidney disease model (Linkermann et al., 2014). At the same
time preventing ferroptosis and necrosis may bring benefits to
delay the development of the disease. Tumor suppressor p53 has
been involved in the research of apoptosis in the past, but the
research of p53 in ferroptosis has also gradually increased (Jiang
et al., 2015b).

Overall, ferroptosis is an RCD that is dependent on the
content of iron and lipid hydroperoxide. A large number of
lipids accumulate in the cells, disrupting the balance of the redox
reaction and ultimately leading to cell death.
MECHANISM

From the above definition, there are two keywords for the
primary mechanism of ferroptosis: iron dependence and lipid
Abbreviations: ROS, reactive oxygen species; RCD, regulated cell death; NCCD,
Nomenclature Committee on Cell Death; Glu, glutamate; GSH, glutathione;
GPX4, glutathione peroxidases 4; PUFAs, polyunsaturated fatty acids; a-KG, a-
ketoglutarate; TCA, tricarboxylic acid cycle; AOA, amino-oxyacetate; MEFs,
mouse embryonic fibroblasts; SLC7A11, the glutamate/cystine antiporter solute
carrier family 7 member 11; CBS, cystathionine b-synthase; GCLC, glutamate-
cysteine ligase; GSS, glutathione synthetase; GR, glutathione reductase; RPE,
retinal pigment epithelial; RSL3, Ras-selective lethal small molecule 3; FIN56,
ferroptosis-inducing agents 56; LOXs, lipoxygenases; ACSL4, acyl-CoA synthetase
long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3;
MAPK, mitogen-activated protein kinase; 4-HNE, 4-hydroxynonenal; LIP, labile
iron pool; NCOA4, nuclear receptor coactivator 4; DMT1, divalent metal
transporter 1; BMSCs, bone marrow stromal cells; FH, fumarate hydratase;
CISD1, CDGSH iron sulfur domain 1; CDDO, 2-amino-5-chloro-N, 3-
dimethylbenzamide; HSP90, heat shock protein 90; CMA, chaperone-mediated
autophagy; ER, endoplasmic reticulum; ATF4, activating transcription factor 4;
CHAC1, cation transport regulator homolog 1; Nrf2, nuclear factor erythroid 2-
related factor 2; MVA, mevalonate; IPP, isopentenyl pyrophosphate; HMGCR,
HMG-CoA reductase ; SQS, squalene synthase; AIFM2, apoptosis-inducing factor
mitochondrial 2; FSP1, ferroptosis suppressor protein 1; HCC, hepatocellular
carcinoma; FDA, Food and Drug Administration; RB, retinoblastoma; GC, gastric
carcinoma; CDO1, cysteine dioxygenase 1; ACP, actinidia chinensis planch;
HGSOC, highly serous ovarian cancer; TFR1, transferrin receptor 1; TICs,
tumor-initiating cells; PDAC, pancreatic ductal adenocarcinoma; PEITC,
phenylethyl isothiocyanate; TNBC, triple-negative breast carcinoma; CSCs,
cancer stem-like cells; ART, artesunate; DPP4, dipeptidyl peptidase 4; VDAC,
voltage-dependent anion channel; GA, gallic acid; FIT, ferroptosis-inducing
therapy; ARE, antioxidant response element; DHA, dihydroartemisinin; AML,
acute myeloid leukemia; EMT, epithelial-mesenchymal transition; ZEB1, zinc-
finger E-box binding homeobox 1; RCC, renal cell carcinoma; CDDP, cisplatin.
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hydroperoxide accumulation. In this review, we divide the
mechanisms that affect ferroptosis into amino acid metabolism,
lipid peroxidation metabolism, iron metabolism, etc. The related
mechanism of ferroptosis is shown in Figure 1.

Glutathione Consumption
As shown in Figure 1, using the glutamate-cystine reverse
transport system, also known as Xc-system, intracellular
glutamate (Glu) replaces extracellular cystine in a 1:1 manner,
which can be converted to cysteine and used for the synthesis of
glutathione (GSH). GSH, as an intracellular antioxidant buffer,
maintains redox balance in vivo under the action of GPX4. We
divide the upstream factors that affect GSH consumption into
three small points: decomposition of glutamine (Gln), decreased
availability of cysteine and high extracellular glutamate.

Decomposition of Glutamine
Over 60% of the free amino acids in the human body are in the
form of glutamine in muscles and other tissues. The high
extracellular concentration of glutamine is converted to Glu
under the catalysis of glutaminase (GLS1 and GLS2). Glutamate
uses the deamination reaction to form a-ketoglutarate (a-
KG), which is then degraded by the mitochondrial tricarboxylic
acid cycle (TCA). Knockdown of GLS2, which is the inhibition
of glutamine decomposition pathway, can inhibit ferroptosis
has been experimentally proven (Gao et al., 2019). Inhibition
of aminotransferase GOT1 by amino-oxyacetate (AOA) can
inhibit ferroptosis in mouse embryonic fibroblasts (MEFs)
(Villar et al., 2015).

Decreased Availability of Cysteine
Figure 1 clearly showed that the decline in cysteine availability
caused by various causes has strongly promoted the occurrence
of ferroptosis. In general, cancer cells can resist increased ROS by
up-regulating the glutamate/cystine antiportersolute carrier
family 7 member 11 (SLC7A11) and avoid cell death caused by
oxidative stress. Research by Jiang et al. confirmed that TP53
could transcriptionally inhibit SLC7A11, prevent cystine uptake,
reduce the availability of cysteine, and increase the sensitivity
of H1299 cells to ferroptosis (Jiang et al., 2015a). Yet many
things have their twists, and some cells can use methionine to
synthesize cysteine by the sulfur transfer pathway, avoiding
ferroptosis induced by Xc-system inhibitors such as Erastin (a
Ras-selective lethal compound) (Stockwell et al., 2017). The
cysteinyl-tRNA synthetase that uses cysteine for protein
translation of tRNAs is encoded by the CARS gene. Hayano
et al. found that three additional Ambion Silencer Select siRNA
sequences targeting the CARS demonstrate the ability of the
CARS knockout to prevent Erastin-induced ferroptosis, which is
related to the increase of intracellular free cysteine (Hayano et al.,
2016). The cystathionine b-synthase (CBS) can convert
homocysteine to cystathionine, which can be converted into
cysteine by the corresponding cystathionine g-lyase in the
sulfur transfer pathway. To study the effect of the sulfur
transfer pathway on drug resistance, the authors knocked out
both CARS and CBS, the latter inhibited the conversion of
homocysteine to cysteine (inhibition of the sulfur transfer
July 2020 | Volume 11 | Article 1061
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FIGURE 1 | Mechanisms of ferroptosis in a cell. (A) The regulation of amino acid metabolism can be divided into glutathione consumption and reduced activity or
abundance of GPX4. The decomposition of glutamine, the availability of cysteine is reduced, and the high concentration of glutamic acid outside the cell can affect the
synthesis of glutathione and Eventually trigger ferroptosis through a series of effects. Methionine uses the transsulfation pathway to synthesize cysteine to avoid Xc-
system effects that can affect ferroptosis. The sec-tRNA and CoQ10 produced in the mevalonate pathway can also affect ferroptosis. (B) Lipid metabolism can play a
role in ferroptosis through both enzymatic and nonenzymatic pathways. (C) Ferritin autophagy, iron input and output, etc. can use Fenton reaction or Fenton-like
reaction to trigger lipid peroxidation and ferroptosis. Transcription factor Nrf2 is also involved (SLC7A11, the glutamate/cystine antiporter solute carrier family 7 member
11; SLC3A2, the glutamate/cystine antiporter solute carrier family 3 member 2; GSL2, glutaminase 2; GOT1, glutamic-oxaloacetic transaminase 1; GSH, glutathione;
CBS, cystathionine b-synthase; GCLC, glutamate-cysteine ligase; GSS, glutathione synthetase; GR, glutathione reductase; GPX4, glutathione peroxidases 4; RSL3,
Ras-selective lethal small molecule 3; ACSL4, acyl-CoA synthetase long-chain family member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; LOXs,
lipoxygenases; PUFAs, polyunsaturated fatty acids; LIP, labile iron pool; DMT1, divalent metal transporter 1; HMGCR, HMG-CoA reductase; SQS, squalene synthase;
IPP, isopentenyl pyrophosphate; ROS, reactive oxygen species; NCOA4. nuclear receptor coactivator 4; FIN56. ferroptosis-inducing agents 56.)
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pathway), and found that compared with CARS knockout cells
alone, HT-1080 are resensitive to Erastin treatment (Hayano
et al., 2016). This study showed that upregulation of the sulfur
transfer pathway may help restore the sensitivity of drug-
resistant cells to ferroptosis. However, this pathway acts on the
"upstream" of ferroptosis, so it cannot prevent ferroptosis
induced by the GPX4 inhibitor RLS3.

High Extracellular Glutamate
It can be seen from the synthetic pathway of GSH that the level of
Glu inside and outside the cell is also an influencing factor of
ferroptosis. When the extracellular Glu concentration is at an
abnormally high level, the equal exchange of Glu and cystine is
affected, which indirectly affects the import of cysteine, and
eventually leads to ferroptosis due to the accumulation of lipid
peroxidation. In various neural cell injury models, Glu and its
analogs can induce experimental animals to develop a brain
injury syndrome similar to seizures (Liu et al., 2017), which is
likely to support further the above view (Olney, 1990).

Overall, any of the three changes based on excessive glutamine
breakdown, decreased cysteine availability, and high extracellular
Glu concentrations can silence the Xc-system, causing GSH-
depleting ferroptosis. The conversion from cysteine to GSH
requires the catalysis of two enzymes: glutamate-cysteine
ligase (GCLC) (Griffith, 1999) and glutathione synthetase
(GSS) (Dickinson and Forman, 2002). GSH is an intracellular
antioxidant buffer substance. Sun et al. were the first to analyze
the relationship between ferroptosis and GSH depletion, concluded
that the consumption of GSH leads to the accumulation of lipid
peroxidation in retinal pigment epithelial (RPE) cells, triggering
ferroptosis (Sun et al., 2018). Glutathione can be considered an
essential point in a series of reactions to ferroptosis.

Decreased Activity or Abundance of GPX4
GPX4, responsible for the reduction of lipid hydroperoxides
(PUFAs-OOH) to lipid alcohols (PUFAs-OH) (Lv et al., 2019), is
a selenocysteine-containing enzyme, one of eight glutathione
peroxidases (GPX1-GPX8) (Brigelius-Flohe and Maiorino,
2013). It uses two molecules of GSH as a donor to reduce
PUFAs-OOH to the corresponding alcohol. The by-product
GSSG is reduced to GSH using Glutathione reductase (GR)
and NADPH/H+. When GPX4 is affected, it will directly
increase the oxidative stress, and then ferroptosis will follow.
The current programs that use GPX4 to induce ferroptosis
Frontiers in Pharmacology | www.frontiersin.org 4137
include reducing the activity or abundance of GPX4, etc. Ras-
selective lethal small molecule 3 (RSL3) was originally thought
to alter iron-related proteins and genes that caused the
accumulation of polyunsaturated fatty acids and then caused
cell death. Still, after a series of complex experiments, it was
found that its mechanism is to directly silence GPX4 to increase
oxidative stress to trigger ferroptosis (Yang et al., 2014). K.
Shimada et al. found through experiments that the mechanism
by which ferroptosis-inducing agents 56 (FIN56) works is to
reduce GPX4 abundance by consuming GPX4 protein (Shimada
et al., 2016). Some other genes involved in amino acid
metabolism that regulate ferroptosis are listed in Table 1. If
GSH metabolism is a critical point in the amino acid metabolism
mechanism of ferroptosis, GPX4 is the bridge that carries all
these changes.

Lipid Peroxidation Metabolism
It is currently believed that both spontaneous oxidation
and enzymatic oxidation are involved in the formation of
lipid peroxides.

Nonenzymatic Lipid Peroxidation
Spontaneous oxidation, the process of oxygen-dependent free
radical chain reaction (formula I-III), is usually divided into
three stages: Initiation (I), Propagation (II), termination (III)
(Frank, 1950). Initiation (I) usually starts with the generation of a
free radical such as ·OH that is sufficiently reactive. When the
lipid molecule LH is pumped away by a hydrogen atom, the
initial lipid radical L· can be generated. L· continues to propagate
(II) through addition, hydrogen pumping, fracture, etc. and
repeats to form a chain reaction. As long as the reaction has
been dominant, the oxidation process will not stop. Of course,
with only a small amount of antioxidants that capture and
scavenge free radicals, the reaction can be slowed down
or terminated (III). PLOO·and PLO· produced during the
spontaneous oxidation of lipid peroxidation are also
continuously using adjacent lipid molecules to participate in
the propagation and termination of free radical chain reaction
(Davies and Guo, 2014). H. J. H. Fenton first described the
Fenton chemistry or Fenton reaction (formula IV) in 1894
(Dunford, 2002). It is currently believed that the Fenton
reaction, or Fenton-like reaction, in a sense also provides
a source of free radicals for lipid peroxidation (Lai and
Piette, 1978). In conclusion, the effect of nonenzymatic lipid
TABLE 1 | Genes involved in ferroptosis amino acid metabolism.

Gene Related protein Regulation Effect on
ferroptosis

Reference

SLC7A11 Solute carrier family 7 member 11 Knockdown: prevent cystine uptake Promote (Jiang et al., 2015a; Dixon et al.,
2012)

CARS Cysteinyl-tRNA synthetase Knockout: promote the sulfur transfer pathway Inhibit (Hayano et al., 2016)
CBS Cystathionine b-synthase Knockout: inhibit the conversion of homocysteine to

cysteine
Promote (Hayano et al., 2016)

GLS2 Glutaminase 2 Knockdown: inhibit the conversion of glutamine to
glutamate

Inhibit (Gao et al., 2015)

GOT1 Glutamic-oxaloacetic transaminase 1 Knockdown: inhibit the synthesis of a-KG Inhibit (Gao et al., 2015)
GCLC Glutamate-cysteine ligase Knockdown: prevent GSH biosynthesis Promote (Yang et al., 2014)
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peroxidation on ferroptosis cannot be ignored.

LH + •OH ! L •+H2O (I)

L •+O2 ! LOO •

LOO •+LH ! LOOH + L •
(II)

L •+L • ! L − L (III)

Fe2+ + H2O2 = Fe3+ + •OH + HO−

Fe3+ + H2O2 = Fe2+ + •OOH + H+
(IV)

Enzymatic Lipid Peroxidation
The research focus in enzymatic lipid peroxidation is mainly
on lipoxygenases (LOXs) rather than cyclooxygenases (Yang
et al., 2016). Mammal LOXs are iron-containing nonheme
dioxygenases, which can promote the dioxygenation of free and
esterified PUFAs (Kuhn et al., 2015). Yang et al. performed
pharmacological inhibition of some ALOX subtypes under GSH
depletion conditions, proving that LOXs can affect Erastin-
induced cell death, supporting the view that LOXs exerts an
effect on ferroptosis. The metabolism of PUFAs involves two
more important enzymes, namely, acyl-CoA synthetase long-
chain family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3). The latter has weaker resistance to
ferroptosis than the former (Doll et al., 2017). PUFA-CoA is
formed by polyunsaturated fatty acid (PUFA) catalyzed by acyl-
CoA synthase. Arachidonic acid (AA) is an w-6 polyunsaturated
fatty acid, and is usually preferentially thioesterified by ACSL4
and incorporated into phospholipids (Golej et al., 2011).
Phospholipids oxidize to form phosphatidy-lethanolamine
to drive ferroptosis in cells. Doll et al. observed that the
production and spread of PUFAs-OOH were blocked by
knocking out the ACSL4 gene or pharmacologically inhibiting
ACSL4 with thiazolidinediones, and ferroptosis was effectively
suppressed. It is worth noting that, compared with the difficulty of
growing cells without Gpx4 (Seiler et al., 2008), cells that knock
Frontiers in Pharmacology | www.frontiersin.org 5138
out both genes of ACSL4 and GPX4 can grow normally in cell
culture, which makes us pay attention to the coordination
between GPX4 and ACSL4 effect (Doll et al., 2017). In addition,
when PUFA-PEs hydroperoxide derivatives are added to
inactivated GPX4 cells, the sensitivity to ferroptosis is higher
(Kagan et al., 2017). Yang et al. discovered through lipidomics
that PUFAs, which contain easy-to-extract diallyl hydrogen
atoms, are most susceptible to peroxide during ferroptosis, and
preventing this peroxidation by adding deuterated PUFAs that are
not easily oxidized on the diallyl carbon to the cells can inhibit
ferroptosis (Yang et al., 2016). In some cell lines, lipid ROS can
activate the mitogen-activated protein kinase (MAPK) pathway
(eg ASK1-p38/JNK pathway) (Nakamura et al., 2019) to induce
ferroptosis (Yu et al., 2015). Ye et al. found that knockdown Ras in
HL-60/NRASQ61L cells can reduce JNK/p38 phosphorylation,
knockingdown Ras or pharmacologically inhibiting the JNK/
P38 pathway (SP600125/SB202190) can cause Erastin-induced
increase in TfR1 expression and induce ferroptosis (Ye et al.,
2019). Other genes involved in lipid metabolism that regulate
ferroptosis are listed in Table 2.

At present, the exact mechanism from lipid peroxidation to
ferroptosis in cells is not clear. Some researchers believe that this
may be related to the formation of micelles and pores in the
membrane (Borst et al., 2000). Agmon et al. used molecular
dynamics models to analyze the characteristics of lipid bilayers
during ferroptosis, and found that lipid peroxidation affects the
permeability, fluidity, and curvature of the membrane, so that the
formation of micelles and pores on the membrane triggers cell
death (Agmon et al., 2018). Some scholars also believe that
PUFAs metabolism is associated with the production of toxic
secondary products such as 4-hydroxynonenal (4-HNE) (Zhong
and Yin, 2015).

Iron Metabolism
Iron is one of the very few and indispensable trace elements in the
human body. The human body has a perfect mechanism for the
regulation of various proteins and pathways to ensure that the iron
maintains a balanced state in both the cell and the whole. IRP1 and
IRP2 are iron regulatory proteins that can regulate iron metabolism
TABLE 2 | Genes involved in ferroptosis lipid metabolism.

Gene Related protein Regulation Effect on
ferroptosis

Reference

ACSL4 acyl-CoA synthetase long-chain
family member 4

Knockout: prevent PUFAs-COA formation Inhibit (Kagan et al., 2017)

Lpcat3 lysophosphatidylcholine
acyltransferase 3

Knockout: prevent PUFAs-COA from being incorporated into
phospholipids

Inhibit (Kagan et al., 2017)

Gpx4 glutathione peroxidase 4 Knockout: prevent the reduction of lipid hydroperoxides (PUFAs-OOH) to
lipid alcohols (PUFAs-OH)

Promote (Yang et al., 2014)

LOX Lipoxygenases (lipoxygenase-12/15) Knockout: prevent the dioxygenation of free and esterified PUFAs Inhibit (Yang et al., 2016)
AKR1C aldo-keto reductase family 1

member C1
Upregulation: promote the elimination of end products of lipid peroxidation Inhibit (Dixon et al., 2014)

ACSF2 acyl-CoA synthetase family member
2

Knockdown: prevent the formation of specific lipid precursors in
mitochondrial fatty acid metabolism.

Inhibit (Dixon et al., 2012)

CS Citrate synthase Knockdown: prevent the formation of specific lipid precursors in
mitochondrial fatty acid metabolism.

Inhibit (Dixon et al., 2012)

SQS squalene synthase Knockdown: prevent the depletion of antioxidant CoQ10 Inhibit (Shimada et al., 2016)
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genes such as TFRC, FTH1, etc. to maintain the stability of labile
iron pools (LIP, composed of a small amount of free Fe2+) in cells.
Iron homeostasis plays a significant role in normal cell survival and
development, while iron accumulation is one of the signs of
ferroptosis. As a carrier protein of serum iron, transferrin is
endocytosed into cells under the action of the transferrin receptor
(TFRC). Transferrin and TFRC are considered to be essential
regulators of ferroptosis (Gao et al., 2015), therefore, upregulating
TFRC to enrich the cellular iron pool (increasing unstable iron
intake) can regulate ferroptosis (Yang and Stockwell, 2008). Besides,
by regulating the iron load of ferritin, it also has a specific effect on
ferroptosis. Nuclear receptor coactivator 4 (NCOA4) is a crucial
receptor for ferritin autophagy (ferritin phagocytosis) under iron
homeostasis. It can accumulate ferritin and release iron through
lysosomal degradation. The depletion of NCOA4 will prevent
lysosomal localization of ferritin and reduce sensitivity to
ferroptosis, researched by Mancias et al. (2014). The metal
reductase STEAP3 is for converting Fe3+ to Fe2+. Fe2+ in
lysosome is released into cytoplasmic LIP through divalent metal
transporter 1 (DMT1). Knocking down FANCD2 can inhibit the
expression of STEAP3 mRNA in bone marrow stromal cells
(BMSCs) induced by Erastin (Song et al., 2016). The lethal effect
of labile iron pools may be explained by Fenton chemistry and iron-
dependent enzymes (such as lipoxygenase) mentioned earlier. By
providing small amounts of antioxidants and iron chelators, the
spread of this iron-dependent lipid peroxidation can be prevented.
Genes involved in iron metabolism that regulate ferroptosis are
listed in Table 3. Unlike the ferroptosis inducers described
previously, FINO2 (an endoperoxide-containing 1,2-dioxolane)
does not inhibit the Xc-system and does not act directly on GPX4
like Erastin and RSL3. FINO2 has the dual effects of iron oxidation
and indirect inhibition of GPX4 enzyme activity, which can induce
ferroptosis (Gaschler et al., 2018).

Other Mechanisms
In addition to the sulfur transfer pathway (the use of methionine
to synthesize cysteine through the sulfur transfer pathway to
avoid Xc-system effects), the pathways that affect the sensitivity
Frontiers in Pharmacology | www.frontiersin.org 6139
of ferroptosis include the organelle mediated pathways, Nrf2
pathway, TP53 pathway, mevalonate (MVA) pathway, FSP1-
NAD(P)H-CoQ10 pathway, and so on.

Organelle-Mediated Pathways
Phospholipids that can be affected during ferroptosis are spread
across multiple cell structures, such as mitochondria, endoplasmic
reticulu (ER) lysosomes, etc. (Feng and Stockwell, 2018). The
relationship between mitochondria, lysosomes and ferroptosis is
shown in Figure 2.

Mitochondria
Mitochondria are the main place to maintain the energy supply
of cells and aerobic respiration. Characteristic changes in
mitochondria in ferroptosis include mitochondrial rupture,
mitochondrial membrane density, and decreased mitochondrial
ridges. The metabolism of glutamine mainly depends on the
decomposition of glutamine and the mitochondrial TCA cycle.
Without glutamine, Erastin-induced cysteine-deprived ferroptosis
will be inhibited (Gao et al., 2015). Transaminase inhibitor AOA is
to suppress ferroptosis by inhibiting the glutamine decomposition
pathway. Other metabolites of the mitochondrial TCA cycle such
as succinate (Suc), fumarate (Fum), and malate (Mal) can
all participate in ferroptosis along the path of glutamine
decomposition. Fumarase, also known as Fumarate hydratase
(FH), is a mitochondrial tumor suppressor (Alam et al., 2005).
The loss of FH function will enhance the resistance of cancer cells to
ferroptosis. Gao et al. believe that enhanced ferroptosis can promote
the suppression of tumors by FH. This also shows that the
application of ferroptosis in the field of cancer treatment is
meaningful. Gao et al. also found that mitochondrial respiratory
chain inhibitors did not prevent the death of GPX4-knockout
HT1080 cells. Therefore, mitochondria have an indispensable role
in ferroptosis, and its influence is ranked upstream of GPX4 (Gao
et al., 2019). Free Fe2+ is usually incorporated into haem and [Fe-S]
clusters (ISCs) to participate in lipid peroxidation in mitochondria.
Mitochondrial outer membrane protein CDGSH iron sulfur
domain 1 (CISD1) as an iron sulfur protein can inhibit iron
transport in the above process. Inhibition of CISD1 by RNAi
TABLE 3 | Genes involved in ferroptosis iron metabolism.

Gene Related protein Regulation Effect on
ferroptosis

Reference

TFRC
(TfR1)

Transferrin receptor Upregulation: increase unstable iron intake Promote (Yang and Stockwell, 2008)

NCOA4 Nuclear receptor coactivator 4 Knockdown: prevent degradation of ferritin in the autophagy
pathway

Inhibit (Hou et al., 2016; Mancias
et al., 2014)

IREB2 iron response element-binding
protein 2

Knockdown: regulate the translation and stability of iron
consumption-related mRNAs

Inhibit (Dixon et al., 2012)

ATG13 Autophagy related protein 13 Knockdown: prevent degradation of ferritin in the autophagy
pathway

Inhibit (Gao et al., 2016)

FTH1 Ferritin heavy chain 1 Knockdown: reduce major iron storage proteins in cells Promote (Yang and Stockwell, 2008)
HMOX1 heme oxygenase 1 Upregulation: promote heme degradation and free iron release Promote (Kwon et al., 2015)
PHKG2 phosphorylase kinase, g2 Knockdown: indirectly promote iron depletion Inhibit (Yang et al., 2016)
HSPB1 heat shock protein beta-1 Knockdown: increase iron absorption Promote (Sun et al., 2015)
FANCD2 Fanconi anemia complementation

group D2
Knockdown: increase iron absorption Promote (Song et al., 2016)

CISD1 CDGSH iron sulfur domain 1 Knockdown: inhibit mitochondrial iron uptake Promote (Yuan et al., 2016)
Fpn ferroportin Upregulation: promote the export of iron Inhibit (Zhao et al., 2018)
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technology or pioglitazone pharmacology can inhibit mitochondrial
iron uptake to prevent lipid peroxidation and ferroptosis (Yuan
et al., 2016). Although mitochondria play a central role in oxidative
metabolism, its role in ferroptosis requires deeper research.

Lysosome
The role of lysosomes in ferroptosis is also important. Fluorescent
ROS sensor detected that lysosomes were the major source of
cellular peroxidation of ferroptosis induced by Erastin or RSL3 in
human HT1080 fibrosarcoma cells. Although ferroptosis is different
from other cell deaths, research on its relationship with other cell
death types has been ongoing. Recent research suggests that
ferroptosis is an autophagy-dependent cell death, which just
proves that lysosomes are closely related to ferroptosis. As
mentioned before, the transfer of ferritin to lysosomes by cargo
receptor NCOA4 is also an important part of ferroptosis (Mancias
et al., 2014). Similar to the effect of NCOA4 knockout, the knockout
of autophagy-related genes Atg5 and Atg7 also limits ferroptotic cell
death induced by Erastin (Hou et al., 2016). Gao et al. demonstrated
that the increase in cathepsin B mediated by STAT3 in Pancreatic
ductal adenocarcinoma (PDAC) cells could trigger lysosomal cell
death and enhance the sensitivity of ferroptosis (Gao et al., 2018).
The activation of STAT3 requires the participation of the MAPK/
ERK pathway. Some researchers have identified 2-amino-5-chloro-
N, 3-dimethylbenzamide (CDDO) as a new ferroptosis inhibitor
and it is also a necroptosis inhibitor. CDDO can target chaperone
heat shock protein 90 (HSP90) to regulate chaperone-mediated
autophagy (CMA), thereby preventing GPX4 degradation and
ferroptosis (Liu et al., 2020).
Frontiers in Pharmacology | www.frontiersin.org 7140
Endoplasmic Reticulum
In addition to supplying its own needs, lipids synthesized by the
ER also supply other membrane cell structures such as golgi,
lysosomes, etc. The upregulation of ER oxidative stress markers
ATF4 (activating transcription factor 4), CHAC1 (Cation
transport regulator homolog 1) and phosphorylation of eIF2a
can be observed during ferroptosis (Dixon et al., 2014). But for
now, the relationship between ER and ferroptosis is still elusive.
Nrf2 Pathway
The transcription factor nuclear factor erythroid 2-related factor
2 (Nrf2) regulates multiple genes, many of which are associated
with ferroptosis, including amino acid metabolism-related genes
such as GCLM, GSS, SLC7A11, iron metabolism-related genes
such as MT1G, TFRC, etc. (Abdalkader et al., 2018). Silence
against Nrf2 can play a role in resisting ferroptosis in cancer cells.
TP53 Pathway
TP53 (p53 genes) is a kind of human tumor suppressor gene.
The upregulation of GLS2 (instead of GLS1), which is one of
the transcription targets for TP53, leads to p53-dependent
ferroptosis (Jennis and Kung, 2016). Hu et al. found that the
expression of wild-type p53 protein largely induced GLS2 mRNA
levels in V138/H1299 cells (up to 35 times) cultured at 32° (Hu
et al., 2010). TP53 inhibition of SLC7A11 can also trigger
ferroptosis (Jiang et al., 2015a). In colorectal cancer, TP53 also
shows its dual induction of ferroptosis (Xie et al., 2017).
FIGURE 2 | The role of mitochondria and lysosomes in ferroptosis. Inhibition of glutamine decomposition pathway and internalization of mitochondrial Fe2+ reflect
the indispensability of mitochondria in ferroptosis. Autophagy-dependent ferroptosis also occurs in lysosomes, which involves the participation of multiple proteins.
(SLC7A11, the glutamate/cystine antiporter solute carrier family 7 member 11; SLC3A2, the glutamate/cystine antiporter solute carrier family 3 member 2; GSL2,
glutaminase 2; GOT1, glutamic-oxaloacetic transaminase 1; a-KG, a-ketoglutarate; TCA, tricarboxylic acid cycle; AOA, amino-oxyacetate; LIP, labile iron pool;
CISD1, CDGSH iron sulfur domain 1; ROS, reactive oxygen species; NCOA4, nuclear receptor coactivator 4; HSP90, heat shock protein 90; GPX4, glutathione
peroxidases 4; VADC, voltage-dependent anion channel.)
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MVA Pathway
Selenocysteine-tRNA (Sec-tRNA) uses the direct product of the
MVA pathway, isopentenyl pyrophosphate (IPP), to promote the
maturation of GPX4 (Warner and Berry, 2000). Statins inhibiting
HMG-CoA reductase (HMGCR) down-regulates the MVA
pathway and reduces the production of IPP and antioxidant
CoQ10 (Viswanathan et al., 2017), which is thought to exacerbate
ferroptosis. FIN56 is thought to use either degradation of GPX4 to
induce ferroptosis, or activation of squalene synthase (SQS) to
promote depletion of CoQ10 to induce ferroptosis (Shimada
et al., 2016).
FSP1-NAD(P)H-CoQ10 Pathway
The FSP1-NAD(P)H-CoQ10 pathway is considered to be a
pathway that can regulate lipid peroxidation and ferroptosis
together with the GPX4 pathway. Bersuker et al. used a synthetic
lethal CRISPR/Cas9 screen to identify apoptosis-inducing
factor mitochondrial 2 (AIFM2) as a ferroptosis resistance factor,
which is now named ferroptosis suppressor protein 1 (FSP1)
(Bersuker et al., 2019). FSP1 uses NAD(P)H to catalyze the
regeneration of CoQ10, preventing lipid peroxidation and
inhibiting ferroptosis.
Frontiers in Pharmacology | www.frontiersin.org 8141
THE LINK BETWEEN FERROPTOSIS AND
CANCER

Evidence that has emerged in recent years suggests that ferroptosis
may be an adaptive process that is key to eradicating the
carcinogenic cells. Due to different necessary metabolic states,
different cell lines have various sensitivities to ferroptosis. Table 4
summarizes some known tumor cells that are sensitive to
ferroptosis. Next, we discuss the connection between several
specific types of cancer cells and ferroptosis.

Hepatocellular Carcinoma
The current clinical treatment of hepatocellular carcinoma
(HCC), especially advanced liver cancer, is not very
satisfactory. Sorafenib has been approved by the Food
and Drug Administration (FDA) for the treatment of
hepatocellular carcinoma. Induction of ferroptosis in
hepatocellular carcinoma is a significant way for sorafenib to
play a role. The p62-Keap1-Nrf2 pathway (Figure 1) has an
excellent effect on ferroptosis in liver cancer cells. Substrate
adaptor p62 (also called sequestosome 1) protein inhibits the
degradation of Nrf2 by inactivating the Keap1 protein. Sun et al.
found that Erastin and sorafenib-treated HCC cell lines exhibited
TABLE 4 | Tumor cells sensitive to ferroptosis.

Cancer type Therapeutic Type of evidence Reference

Hepatocellular carcinoma Erastin Cell culture (Dixon et al., 2012)
Sorafenib Cell culture; Cancer cells from patients (Lachaier et al., 2014)
Solasonine Cell culture; Mice xenotransplantation model (Jin et al., 2020)

Gastric carcinoma Erastin Cell culture (Wang et al., 2016)
Sulfasalazine(SAS) Cell culture (Okazaki et al., 2018)
Buthionine sulfoximine (BSO) Cell culture (Wang et al., 2016)

Ovarian carcinoma Erastin Cell culture (Zhou et al., 2019)
Artesunate Cancer cells from patients (Greenshields et al., 2017)

Pancreatic carcinoma Erastin Cell culture (Ohman et al., 2016)
Artesunate Cell culture (Eling et al., 2015)
Sorafenib Cell culture (Lachaier et al., 2014)
Piperlongumine Cell culture (Yuki et al., 2018)

Breast carcinoma Erastin Cell culture (Ma S. et al., 2017)
Siramesine Cell culture (Ma S. et al., 2017)
Lapatinib Cell culture (Ma S. et al., 2017)
Sulfasalazine(SAS) Cell culture (Yu et al., 2019)

Colorectal carcinoma Erastin Cell culture;
Mice xenotransplantation model

(Jiang et al., 2015b)

Sorafenib Cell culture (Lachaier et al., 2014)
Melanoma BAY 87-2243 Cell culture;

Mice xenotransplantation model
(Schöckel et al., 2015)

Sorafenib Cell culture;
Mice xenotransplantation model

(Lachaier et al., 2014)

Head and neck cancer Artesunate Cell culture;
Mice xenotransplantation model

(Roh et al., 2017)

Kidney carcinoma Erastin Cell culture;
Mice xenotransplantation model

(Jiang et al., 2015b)

Sorafenib Cell culture (Lachaier et al., 2014)
Lung carcinoma Sorafenib Cell culture (Lachaier et al., 2014)
Glioblastoma Temozolomide Cell culture;

Mice xenotransplantation model
(Buccarelli et al., 2018)

Lymphoma Sulfasalazine (SAS) Cell culture;
Mice xenotransplantation model

(Gout et al., 2001)

Retinoblastoma Sorafenib Cell culture;
Mice xenotransplantation model

(Louandre et al., 2015; Krainz et al., 2016)
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inhibitory growth under Nrf2 inhibition, where Nrf2 is
a negative ferroptosis regulator (Sun et al., 2016a). When
sorafenib treated HCC cells, the expression level of
retinoblastoma (RB) protein decreased, and the cell death rate
increased by 2–3 times compared with the cells that generally
expressed RB protein. Hence, HCC cells with low RB protein
levels are more sensitive to ferroptosis (Louandre et al., 2015). In
response to the above findings, the application of ferroptosis to
the treatment of hepatocellular carcinoma has good clinical
application prospects, and the treatment of RB protein
targeting will also become the direction of future research.

Gastric Carcinoma
Gastric carcinoma (GC), the fourth most common malignant
tumor all over the world, has a death rate of 80% in more than
70% of countries (Yao and Kong, 2020). Hao et al. found that
silencing human cysteine dioxygenase 1 (CDO1) led to the
inhibition of Erastin-induced ferroptosis in GC cells. GPX4
and CDO1 expression can be regulated by MYB proto-
oncogene transcription factor and the CDO1 promoter during
ferroptosis. CDO1 can convert cysteine to taurine, reduce the
availability of cysteine, and can also limit glutathione synthesis
to inhibit the antioxidant capacity of cells, triggering
ferroptosis (Hao et al., 2017). Actinidia chinensis Planch
(ACP) is an approved anti-tumor drug for clinical use. Gao
et al. found that ACP may achieve anti-tumor effects by
promoting ferroptosis, apoptosis and inhibiting mesenchymal
phenotype (Gao et al., 2020).

Ovarian Carcinoma
Ovarian carcinoma, the fifth crucial cause of cancer death
among women, has a high recurrence rate. It is prone to
chemical resistance and eventually develops into end-stage
disease (Siegel et al., 2019). Basuli D et al. found that highly
serous ovarian cancer (HGSOC) tumor tissue has strong iron
absorption and retention capacity, which can be proved by an
increase in transferrin receptor 1 (TFR1) or ferritin, a decrease in
ferroportin. Besides, they observed a similar situation in genetic
models of the tumor-initiating cells (TICs) of ovarian cancer
(Basuli et al., 2017). The above biological processes can cause
iron overload in cells, which lays the foundation for the
occurrence of ferroptosis. In the experiments of Anna et al.,
artesunate (ART) can induce ROS accumulation in ovarian
cancer cells and ferroptosis (Greenshields et al., 2017). A
recent study showed that Erastin can reverse the resistance of
ovarian cancer cells to docetaxel by inhibiting the pump activity
of ABCB1. The combined use of Erastin and docetaxel provides a
new option for the treatment of ovarian cancer resistance (Zhou
et al., 2019).

Pancreatic Carcinoma
Pancreatic cancer is extremely lethal, with a survival rate of less
than 5% over five years. It is prone to early metastasis, develops
rapidly, and is resistant to standard therapies (Rao et al., 2019).
Eling et al. used ferroptosis inhibitor ferrostatin-1 to prevent
ART-induced cell death, suggesting that artesunate-induced
Panc-1 cell death is caused by ferroptosis. Compared to
Frontiers in Pharmacology | www.frontiersin.org 9142
wild-type KRAS BxPC-3 cells, ART can more effectively trigger
the iron-dependent ferroptosis of the KRAS mutant PDAC cell
line (Eling et al., 2015). KRAS mutations are common in PDAC
(Lanfranca et al., 2019). KRAS can upregulate ROS by regulating
mitochondrial respiration, TFRC, autophagy, or NADPH, etc.
(Storz, 2017). This level of ROS can be maintained at a moderate
level by the action of GPX4 or the antioxidant system. Once
affected by ferroptosis inducers, ROS levels will rise to lethal
levels. Wang et al. used quantitative real-time PCR to measure
the mRNA level of GRP78 in the KRAS mutant PDAC cell line
treated with ART and found that the expression of GRP78, an ER
chaperone protein, was increased. Both in vivo and in vitro
experiments demonstrated that stable knockdown of GRP78
could make ART-treated mutant cells more sensitive
to ferroptosis (Eling et al., 2015). In the future, inhibit the
expression of GRP78, a protein highly expressed in cancer
cells, to resist drug-treated cancer cell ferroptosis resistance
needs to be expanded to more cancers. ART may promote
ferroptosis induction by modulating the expression of the iron-
related genes, which contribute to ferroptosis. These findings
provide a promising way for PDAC treatment.

Breast Carcinoma
The incidence of breast carcinoma is high, plagued a large
number of women. Triple-negative breast cancer (TNBC), with
a poor prognosis and a high risk of early metastasis, is a more
aggressive subtype of breast cancer (Bao and Prasad, 2019).
TNBC currently lacks effective targeted treatment, with a poor
prognosis, usually based on chemotherapy. Knocking down
CHAC1 can greatly inhibit cystine hunger and reduce the
availability of cysteine to resist ferroptosis (Chen et al., 2017).
In MDA-MB-231 cells treated by siramesine and lapatinib,
transferrin was affected, iron metabolism-related pathways for
ferroptosis were stimulated. At the same time, the level of
SLC7A11 protein increased, indicating that the Xc-system also
takes effect (Ma et al., 2016). MUC1-C is a transmembrane
oncoprotein that is often overexpressed in breast cancer. CD44v
(CD44 variant) is a marker of cancer stem-like cells (CSCs) that
can stabilize xCT transporters. The interaction of MUC1-C,
CD44v, and xCT can regulate the expression of GSH and affect
ferroptosis in breast cancer cells (Hasegawa et al., 2016).

Colorectal Carcinoma
Colorectal carcinoma (CRC) is a common fatal disease. The
incidence and mortality of CRC vary widely around the world. In
addition to suppressing or promoting specific genes (SLC7A11,
GLS2) Outside the expression, Xie et al. experimental results
indicate that TP53 inhibits dipeptidyl peptidase 4 (DPP4) activity
in an independent way of transcription, which can restrain
Erastin-induced ferroptosis in colorectal carcinoma (Xie et al.,
2017). Ferroptosis, through regulation of tumor protein p53 has
become a new research direction in the treatment of colorectal
carcinoma. Chen et al. found b-elemene is a unique natural
ferroptosis inducer. b-elemene and cetuximab, which were
combined to treat KRAS mutant CRC cells, could induce
ferroptosis (Chen et al., 2020). Shen et al. demonstrated that
RB could inactivate GPX4 to trigger ferroptosis in CRC cells,
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which can inhibit the growth of CRC cells and tumor formation
(Shen et al., 2020).

Melanoma
In a study of melanoma, miR-137, a vital tumor inhibitory factor,
could inhibit glutamine transporter SLC1A5 to modulate
ferroptosis. And knockdown of miR-137 could strengthen
ferroptosis induced by Erastin (Luo et al., 2018). The voltage-
dependent anion channel (VDAC) on the outer mitochondrial
membrane can control the entry and exit of ions. Yang et al.
found that the downregulation of Nedd4 can prevent the
degradation of VDAC2/3 protein induced by Erastin, thus
finally preventing ferroptosis (Yang et al., 2020). A recent
study proved that low-level laser irradiation and natural herbal
ingredient gallic acid (GA) could inactivate GPX4 to
trigger ferroptosis in A375 melanoma cancer cells (Khorsandi
et al., 2020).
CURRENT STATUS OF RESEARCH ON
FERROPTOSIS TREATMENT

Ferroptosis-Inducing Therapy
RSL3 and Erastin
RSL3 and Erastin, which are inconformity with pharmacokinetic
standards in vivo application for poor water solubility and
unstable metabolism, are two frequently-used ferroptosis
inducers. To meet the clinical demand, optimizing the small
molecular framework of RSL3 and Erastin has become the
research direction of some researchers (Yang et al., 2014). In
the study of Erastin with Ras selective lethality, Yang
et al. observed that the target of Erastin is not Ras, but
mitochondrial VDAC, which induces cell death through the
RAS-RAF-MEK pathway (Yang and Stockwell, 2008). A more
stable form known so far is piperazine-coupled Erastin. In one
approach, folate (FA)-labeled Erastin-loaded exosomes are used
to form FA-erased (Erastin@ FA-exo)-vectored exosomes to
target FA receptor Overexpressed TNBC cells (Yu et al., 2019).

Sorafenib
Lachaier et al. determined that sorafenib is an oncogenic kinase
inhibitor and can be used as an inducer of ferroptosis in
hepatocellular carcinoma (Lachaier et al., 2014) and the
therapeutic drugs in advanced Renal cell carcinoma (RCC).
Mechanistically, Sorafenib can inhibit Xc-system (Dixon et al.,
2014). Sorafenib induced cell death in hepatocellular carcinoma
cells was suppressed by ferropstatin-1 and iron-chelators.
Louandre et al. reported that sorafenib could induce ferroptosis,
and found that tumor-suppressive retinoblastoma protein 1 (RB1)
inhibits ferroptosis caused by sorafenib treatment.

Sulfasalazine
Sulfasalazine is mainly used as an anti-inflammatory drug for
the treatment of rheumatic polyarthritis and chronic ulcerative
colitis. Tina Sehm's experiments demonstrated that sulfasalazine
induces ferroptosis in glioma cells by inhibiting the Xc-system
Frontiers in Pharmacology | www.frontiersin.org 10143
while reducing tumor edema and seizures (Sehm et al., 2016).
However, Yamaguchi et al. found no ferroptosis in MEFs treated
with sulfasalazine (Yuki et al., 2018). A reasonable explanation is
that there are differences in the sensitivity of different cell lines
to ferroptosis.

Artemisinin and Its Derivatives
Artemisinin and its derivatives, in addition to being used for
anti-malaria, has also been shown to be useful for cancer
treatment (Arjen et al., 2005). Artesunate can induce iron-
dependent and oxidative stress ferroptosis in PDAC cell lines,
which can be blocked by iron chelator deferoxamine
or ferrostatin-1 (Eling et al., 2015). Roh et al. found that
artesunate can induce GSH depletion and lipid peroxidation,
and selectively induce ferroptosis in head and neck cancer
(HNC) cells without damaging normal cells. They also found
that compared with cisplatin-sensitive cell lines, the effect of
artesunate to induce ferroptosis is not good in some cisplatin-
resistant HNC cell lines, which is due to the activation of the
Nrf2-antioxidant response element (ARE) signaling pathway.
The combination of the Nrf2 inhibitor trigonelline (or the
silence of Nrf2) and artesunate can effectively kill cisplatin-
resistant HNC cells, which also provides a method for
overcoming ferroptosis resistance (Roh et al., 2017). Du et al.
found that dihydroartemisinin (DHA) can induce ferroptosis in
acute myeloid leukemia (AML) cells through autophagy
degradation of ferritin. This supports the development of
artemisinin and its derivatives as possible therapeutic agents
for AML (Du et al., 2019).

Others
Research on ferroptosis has gradually increased, and more
compounds that induce ferroptosis have been found. Table 5
summarizes some small molecules and drugs related to
ferroptosis in the current study. In the experiments of Ma
et al., Siramesine and lapatinib can be used synergistically to
induce an increase in iron levels and trigger ferroptosis (Ma S.
et al., 2017). In addition to some commonly used ferroptosis
drugs, some natural compounds such as Vitamin E (Ma S. et al.,
2017), Baicalein (Xie et al., 2016), b-elemene (Chen et al., 2020),
gallic acid (Khorsandi et al., 2020) can regulate ferroptosis by
affecting the level of lipid peroxidation.

At present, one of the main methods used in tumor treatment
is chemotherapy, which is mainly to inhibit the synthesis of DNA
or RNA at different stages of tumor growth and spread to inhibit
the abnormal proliferation of tumors. Tumor resistance to drugs
is an inherent ability of tumor cells. By improving DNA repair
capacity, reducing drug intake, increasing drug pumping and
other mechanisms to produce drug resistance. It is known
that tumor cells are threatened by excessively elevated lipid
peroxidation levels during chemotherapy. Some tumor cells use
"redox remodeling" to raise the antioxidant system to a high level
to balance with the threat and obtain a chance of survival ( Yang
et al., 2016). The increased iron demand exhibited by tumor cells
indicates that it may be susceptible to ferroptosis.

Epithelial-mesenchymal transition (EMT), the differentiation of
epithelial cells into mesenchymal cells, is an indispensable
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physiological phenomenon in the process of cell development. EMT
is very important in inducing tumor metastasis (Marcucci et al.,
2016). It provides malignant tumor cells with a "barrier" to prevent
death, and makes tumor cells resistant to multiple treatment
options. EMT promotes the synthesis of PUFAs in tumor cells by
activating zinc-finger E-box binding homeobox 1 (ZEB1). From the
amino acid mechanism described previously, we know that the
metabolism of PUFAs by GPX4 can protect cells from ferroptosis
caused by lipid peroxidation. This undoubtedly exposed the
weakness that the mesenchymal cells are GPX4-dependent. The
dependence of GPX4 has been confirmed in various cancer cell lines
with mesenchymal status (Behan et al., 2019). Ferroptosis inducers
that can target GPX4 or regulate GSH levels have become a way
to eliminate drug resistance in mesenchymal cancer cells
(Viswanathan et al., 2017).

Ferroptosis can not only be used to eliminate the drug
resistance of tumor cells in mesenchymal state, but also
effectively suppress the acquired drug resistance of tumor cells.
Recent studies have found that drug-tolerant persister cells that
are still alive after multiple rounds of chemotherapy also have a
dependence on GPX4 (Hangauer et al., 2017). It is hopeful that
the inhibition of GPX4 can induce ferroptosis in persistent cells
to prevent tumor recurrence.

Roh et al. have shown that inducing ferroptosis can reverse the
cisplatin resistance of the HNC cells (Roh et al., 2016). From similar
studies as shown in Table 6, it seems that inducing ferroptosis to
overcome resistance to anticancer drugs is a very promising
research direction and deserves a more in-depth study.

Nanomaterials for Ferroptosis-Based
Cancer Therapy
The iron dependence of ferroptosis has been generally recognized,
and nanoparticle materials using related mechanisms are also being
gradually developed. They were using iron-containing ultrafine
particles material to release iron to the tumor site, triggering
Fenton reaction to generate ROS to induce cell death. Yue et al.
designed a new ferroptosis inducer FePt-PTTA-Eu3+-FA (FPEF),
which can be used for anti-cancer and inhibit metastasis (Yue et al.,
2018). Zhang et al. found that Sorafenib-modified iron-based
nanoparticles are more effective at inhibiting proliferation and
inducing the death of HepG2 cells in vitro than sorafenib alone
(Zhang et al., 2013). Also, drugs can be loaded into iron-containing
nanoparticles (NPs), which may start a more efficient effect. Ma
et al. loaded cisplatin (IV) prodrugs into iron oxide nanoparticles
(Ma P. et al., 2017). The released cisplatin can use GSH depletion
andGPX4 inhibition to induce ferroptosis, and the released unstable
iron ions catalyze the decomposition of H202 to produce toxic ·OH,
causing cell death. Similar experiments have been reported, and it
has become urgent to promote in-depth multi-disciplinary
cooperation in this area.
SUMMARY AND OUTLOOK

In brief, ferroptosis is a newly discovered form of cell death in
recent years. It is driven by lipid peroxidation and has iron
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dependence. The mechanism involved in ferroptosis is very
complicated. In addition to the amino acid metabolism
mechanism, lipid peroxidation metabolism mechanism and
iron metabolism mechanism, various organelles and pathways
are also involved. Research on the mechanism of ferroptosis still
needs to be continuously enriched in order to provide more
valuable methods for treating diseases. Although more and more
researchers are devoted to studying the mechanism of ferroptosis
and tumor therapy, there are still many problems remaining to
be solved. The action mechanism of iron in ferroptosis is not yet
precise. The mechanism by which iron works cannot be simply
thought of as the accumulation of lipid ROS caused by the
Fenton reaction. Whether other substances can be used
as substitutes for iron is not yet known. Whether lipid
peroxidation caused ferroptosis through the formation of
micelles and pores is not entirely certain. The link between
organelles and ferroptosis still needs more detailed research.
Further research is still needed to make sure which cancer types
are sensitive to ferroptosis in more detail. Moreover, although
some experiments have found some proteins that play a
regulatory role in ferroptosis, it is still expected to find specific
markers for the occurrence of ferroptosis, creating new
opportunities for tumor diagnosis and therapeutic intervention.
Frontiers in Pharmacology | www.frontiersin.org 12145
The use of small molecules to induce ferroptosis to overcome
chemotherapy resistance in tumor cells has become the focus of
many researchers. We all believe that the development of drugs
for ferroptosis in the future may become a boon for many kinds
of patients, especially cancer patients.
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Autophagy is an evolutionary conserved physiological process with a fundamental role
during development, differentiation, and survival of eukaryotic cells. On the other hand,
autophagy dysregulation is observed in many pathological conditions, including cancer. In
particular, tumor growth and progression are accompanied and promoted by increased
autophagy that allows cancer cells to escape apoptosis and to proliferate also in harsh
microenvironments. It is, therefore, clear that the impairment of the autophagic process
may represent a valid strategy to inhibit or reduce cancer growth and progression. Among
the plethora of molecular players controlling cancer growth, a group of small endogenous
noncoding RNAs called microRNAs (miRNAs) has recently emerged. In fact, miRNAs can
act as either oncogenes or oncosuppressors depending on their target genes. Moreover,
among miRNAs, miRNA-34a has been connected with both tumor repression and
autophagy regulation, and its expression is frequently lost in many cancers. Therefore,
enforced expression of miRNA-34a in cancer cells may represent a valid strategy to
reduce cancer growth. However, such strategy is limited by the fast biodegradation and
short half-life of miRNA-34a and by the lack of an efficient intracellular delivery system. The
following review describes the autophagic process and its role in cancer as well as the role
of miRNAs in general and miRNA-34a in particular in regulating tumor growth by
modulating autophagy. Finally, we describe the use of nanoparticles as a promising
strategy to selectively deliver miRNA-34a to tumor cells for therapeutic and
diagnostic purposes.
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INTRODUCTION

Autophagy is an intracellular process with a role in several
pathological conditions including cancer, neurodegenerative
disorders, and infectious diseases (Mizushima et al., 2011;
Deretic et al., 2013; Dikic and Elazar, 2018), all processes in
which cytosolic wastes are delivered to the lysosomes for
degradation and recycling (Mizushima et al., 2011). Recently,
Yoshinori Ohsumi was awarded the Nobel prize for his studies
on the basic mechanisms of autophagy in yeast (Tooze and Dikic,
2016). However, the understanding of the molecular
mechanisms controlling autophagy induction and modulation
in the physiopathology of mammalian cells is still far from
being elucidated.

MiRNAs are endogenous small noncoding RNAs that
participate in the regulation of gene expression, whose
dysregulation is mechanistically implicated in many
pathological processes, including autophagy and tumorigenesis
(Wang et al., 2013; Peng and Croce, 2016). Among the plethora
of miRNAs analyzed, miRNA-34a expression is abnormally
regulated in many cellular processes, including cell division,
senescence, apoptosis, autophagy, and tumorigenesis (Huang
et al., 2014). Hence, since the two latter processes are tightly
connected, the re-establishment of endogenous intracellular
levels of miRNAs and, especially, of miRNA-34a may block
pathologic autophagy and counteract cancer progression.
However, the low stability of miRNAs and their difficult
delivery into cells restrict their application in clinical practice
(Chen et al., 2015).

In this sense, advances in nanotechnology have led to the
development of many different nanostructures, which can be
employed as drug delivery systems to improve the properties of a
variety of bioactive compounds, including nucleic acids (Mei
et al., 2019). For these reasons, nanocarriers are being explored to
convey therapeutic miRNAs in order to interfere with
key biological processes involved in tumor progression,
including autophagy.

In this review, we summarize recent studies describing the use
of nanoparticles for the delivery of miRNA-34a in cancer cells,
alone or in combination with traditional chemotherapy drugs for
the inhibition of different oncogenic pathways, with emphasis on
autophagy regulation. Hence, the delivery of miRNA-34a
combined to nanostructures may improve its biodistribution
and accumulation at the target site, with some papers showing
encouraging results, both in in vitro and in vivo studies.
AUTOPHAGY: WHEN THE CELLS EAT
THEMSELVES

Autophagy is an evolutionarily conserved cellular homeostatic
process that consists in the formation of double-membrane
structures that engulf cytosolic wastes, including damaged
organelles, protein aggregates, or invading pathogens, and fuse
with lysosomes to degrade their content (Mizushima et al., 2011).
Autophagy is further subdivided into several categories
Frontiers in Pharmacology | www.frontiersin.org 2150
depending on its site of action, for instance, when it takes
place in pathogens is called xenophagy (Levine, 2005),
mitophagy in the mitochondria (Narendra et al., 2008),
pexophagy in the peroxisomes (Nazarko et al., 2007), ERphagy
in the endoplasmic reticulum (Chino et al., 2019. Khaminets
et al., 2015), or lysophagy in the lysosomes (Maejima et al., 2013).
Other relatively less studied forms of autophagy, called chaperon
mediated autophagy involve molecular chaperones, such as
HSP70 (Kaushik et al., 2006). Chaperone mediated autophagy
does not require the whole autophagy machinery but involves the
recruitment of the lysosomal membrane protein LAMP2 to
substrate such as protein aggregates, damaged organelles and
invading pathogens through chaperons and ultimately the
degradation of the cargo (Kaushik et al., 2006). Chaperon
mediated autophagy has several medical implications, including
a role in cancer (Kaushik et al., 2011). Microautophagy is another
form of autophagy that is mediated by the direct engulfment of
cytoplasm and its components by membrane invaginations into
lysosomes. A role of microautophagy has been demonstrated in
various pathologies (Li et al., 2012). Another form of autophagy
called LC3 dependent phagocytosis (LAP) has also been reported
(Sanjuan et al., 2007). Unlike conventional autophagy, LAP
involves the formation of a single membrane structure positive
for autophagy marker LC3 around the phagocytic substrate and
ultimately its fusion with the lysosome. Like conventional
autophagy, LAP requires autophagy conjugation machinery
(discussed in the next section) but does not require
components of autophagy initiation machinery (Martinez
et al., 2015). Another major difference between LAP and
conventional autophagy is that LAP requires RUBICON (Run
domain Beclin-1 interacting and cysteine-rich containing
protein), which is an inhibitor of the conventional autophagy
(Martinez et al., 2015). Like all other forms of autophagy, the role
of LAP has been studied in various pathologies, such as
inflammation related disorders (Martinez et al., 2016),
neurodegeneration (Heckmann et al., 2019), and cancer
(Cunha et al., 2018).

Role of Autophagy in Cancer
The role of autophagy in cancer is somewhat controversial.
Earliest reports suggested a role of autophagy against
tumorigenesis (Liang et al., 1999) and afterwards, several
reports found a role of autophagy favoring cell death of tumor
cells in an apoptotic-dependent or independent way (Levine and
Yuan, 2005; Pattingre et al., 2005; Kumar et al., 2013; Sierra et al.,
2015). On the other hand, it was demonstrated that inhibition of
autophagy could also hamper the antitumor T cell response,
which is required for immunogenic cell death (Townsend et al.,
2012; Ma et al., 2013). However, the observation that in a
different setting the inhibition of autophagy does not suppress
the immune response suggests the existence of autophagy-
independent mechanisms of the immune response (Starobinets
et al., 2016). Therefore, the role of autophagy in immunogenic
cell death in cancer may vary from one condition to other, and
no conclusion can be drawn based on the present literature. All
these studies suggest that autophagy plays a dual role in cancer:
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its induction may protect against cancer at earlier stages of
tumorigenesis, whereas at later stages cancer cells may utilize
this process to escape from apoptosis and to promote
uncontrolled growth, as well as resistance to stress”. However,
to better clarify the proproliferative role of autophagy in cancer,
many efforts have been made by using pharmacological
modulators for cancer therapy (Amaravadi et al., 2007; Levy
et al., 2017; Amaravadi et al., 2019). For instance, autophagy
inhibitors chloroquine (CHQ) and hydroxychloroquine (HCQ)
are being tested against different types of cancer (Levy et al.,
2017; Amaravadi et al., 2019). Both CHQ and HCQ inhibit the
fusion between autophagosomes and lysosomes occurring at the
final stage of the autophagic process (Klionsky et al., 2016).
Moreover, proteins active in different stages of autophagy are
being analyzed as potential therapeutic targets in cancer.
Autophagy is initiated by the ULK1 complex, and inhibition of
ULK1 has shown encouraging results in cancer therapy (Egan
et al., 2015; Martin et al., 2018). Likewise, suppression of FIP200,
another component of autophagy initiation complex, also
induces apoptosis, and inhibition of FIP200 limits early
tumorigenesis and also the progression of breast cancer in a
mouse model (Wei et al., 2011; Xia et al., 2017). Inhibition of
VPS34 has also shown promising results (Dowdle et al., 2014;
Ronan et al., 2014). ATG4B, which is required for the processing
of mAtg8s and consequently, for the progression of autophagy, is
also being targeted to inhibit cancer progression (Levy et al.,
2017). Metabolism is one of the targets in cancer therapy.
Autophagy also plays an important role in maintaining cancer
cell metabolism (Rabinowitz and White, 2010; Guo et al., 2011).
More recently, it was shown that autophagy is required for
maintaining high circulating arginine levels necessary to
promote cancer progression (Poillet-Perez et al., 2018). Also,
proteins with multiple roles in autophagy could be targeted. An
example is Stx17, which acts in different steps of autophagy: it
regulates the formation of earliest autophagosomal structures
(Kumar et al., 2019) and consequently the initiation of
autophagy (Hamasaki et al., 2013; Sugo et al., 2018; Kumar
et al., 2019). Moreover, Stx17 is a key regulator of fusion between
autophagosomes and lysosomes (Diao et al., 2015), and this step
is being targeted in various cancer using chloroquine and
hydroxychloroquine (Levy et al., 2017). All these reports put
forward the role of autophagy regulators like Stx17 as a potential
new target in cancer therapy. Figure 1.
MIRNAS IN CANCER

MicroRNAs (miRNAs) are a class of small endogenous noncoding
RNAs of about 21–25 nucleotides that modulate gene expression by
binding to the 3′-UTR region of a specific mRNA target. The main
effect of the miRNA binding is the decreased expression of specific
RNA sequences with consequences on several biological processes,
including cell proliferation, differentiation, apoptosis, development,
and tumorigenesis (Esquela-Kerscher and Slack, 2006). Indeed, the
alteration of miRNA expression pattern has been shown to support
cancer initiation, progression and dissemination (Berindan-Neagoe
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and Calin, 2014). Increasing evidences have shown that, depending
on their target genes, miRNAs can sustain tumor, by acting as either
oncogene or tumor suppressor, thus favoring evasion from growth
suppressors, support of proliferation, resistance to cell death,
angiogenesis, and activation of invasion and metastasis (Peng and
Croce, 2016). In many cancer types, miRNA profile is abnormal due
to gene amplifications or deletions, alteration of their transcriptional
control, epigenetic dysregulations and defects in the miRNA
biogenesis machinery. In particular, miRNA-34a, a tumor-
suppressor miRNA that belongs to an evolutionarily conserved
family of miRNAs, is deregulated in many human tumor types,
including breast, lung, prostate cancer, cholangiocarcinoma, acute
myeloid leukemia (AML), and multiple myeloma (MM). MiRNA-
34a plays a key role in many cellular processes, including the
regulation of cell division, senescence, apoptosis, and proliferation
(Huang et al., 2014). Indeed, in prostate cancer, one of the most
frequently diagnosed tumors, it has been shown that, among the 50
altered miRNAs that act in carcinogenesis, miR-34a expression is
strongly downregulated (Liao et al., 2016). MiRNA-34a decreased
expression may lead to a reduction in cell cycle arrest and apoptosis
and to the enhancement of chemoresistance and autophagy. Also, in
cholangiocarcinoma miR-34a downregulation is implicated in drug
resistance and in the control of epithelial–mesenchymal transition
(EMT) through an effect on Smad4 (Sun et al., 2017). Interestingly,
the enforced expression ofmiR-34a inMMcells or its delivery in the
tumor xenografts by direct intratumor or intravenous injection
mimics the effect of other anticancer agents without producing
toxicity, thus representing a new therapeutic strategy (Di Martino
et al., 2014). Thus, all this evidence supports the analysis in tumors
of miRNAs, and in particular of miRNA-34a, as well as the artificial
restoration of their physiological levels for both diagnostic and
therapeutic purposes.

miRNA-34a in Autophagy Regulation
Many studies have investigated the multiple effects associated
with the decreased expression of miRNA-34a in support of
tumor growth, showing that this miRNA is also an important
regulator of autophagy (Figure 2). Indeed, Liao et al.
demonstrated that in prostate cancer, miRNA-34a expression
is decreased due to gene hypermethylation, correlating with
higher cell proliferation, apoptosis abrogation, enhanced
chemoresistance, and autophagy induction (Liao et al., 2016).
By overexpressing miR-34a, they showed that the autophagy-
related proteins, ATG4B, Beclin-1, and LC3B II/I, were
downregulated. This led to enhanced chemosensitivity to the
drugs doxorubicin and topotecan. Furthermore, they showed
that the downregulation of miRNA-34a expression parallels the
upregulation of ATG4B-induced autophagy through the AMPK/
mTOR pathway regulation (Liao et al., 2016). Another study on
colorectal cancer showed that the treatment with oxaliplatin
decreased the level of miRNA-34a, with the consequent increase
of drug resistance due to the activation of autophagy. This
activation has been shown to be mediated by the regulation of
the TGF-b/Smad4 pathway. Indeed, 34a in colorectal cancer
patients the expression of Smad4 and miRNA-34a show a
significant inverse correlation and the overexpression of
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miRNA-34a inhibits autophagy activation by directly targeting
Smad4 through the TGF-b/Smad4 pathway (Sun et al., 2017).

The high mobility group box 1 (HMGB1) is an ubiquitous
nuclear protein that regulates several DNA-related activities such
as transcription, replication, recombination, and repair (Liu
et al., 2014). HMGB1 is overexpressed in different tumor types
and has been proposed as a target for cancer therapy (Lugrin
et al., 2014). Among its multiple functions supporting tumor
proliferation, HMGB1 improves chemotherapy resistance
through the induction of autophagy in human myeloid
leukemia cells (Liu et al., 2011). Interestingly, in acute myeloid
leukemia (Liu et al., 2017) and in retinoblastoma cells (Liu et al.,
2014), the induction of HMGB1 parallels a decreased expression
of miRNA-34a, which targets HMGB1 mRNA, leading to
reduced apoptosis and induction of autophagy.

As described previously, the ATG protein family is composed
of 35 autophagy-related (Atg) genes: Atg1-10, 12-14, 16-18, 29,
and 31 are essential for the formation of autophagosomes
(Mizushima et al., 2011). Among these, Atg9 has attracted
much attention because it is the only transmembrane protein
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among the core Atg proteins required for autophagosome
formation. Fan et al. have shown that the inhibition of miR-
34a restored the expression of Atg9a and significantly decreased
ethanol-induced inhibition of autophagy and neural
differentiation of neural crest cells (Fan et al., 2019). Huang
et al. showed that miR-34a also modulates the expression of
Atg9a during myocardial hypertrophy (Huang et al., 2014).
These studies offer the cue to further investigations directed to
the exploration of Atg9a mRNA regulation by miRNA-34a also
in cancer cells.
DELIVERY OF AUTOPHAGY-RELATED
MIRNA-34A WITH NANOPARTICLES

As described before, the ability of miRNA-34a to target
autophagy-related genes, such as ATG4 (Wu et al., 2017),
ATG5 (Cheng et al., 2019), ATG9 (Yang et al., 2013), and
HMGB1 (Liu et al., 2014; Liu et al., 2017) has attracted
considerable interest as a novel tool for anticancer therapy.
FIGURE 1 | Main machinery and steps involved in autophagy. Autophagy involves different steps; assembly of ULK1 complex, which is negatively regulated by
mTOR, which phosphorylates ULK1 and inhibits autophagy; AMPK phosphorylates ULK1 and activates autophagy initiation, AMPK might also affect this process by
inhibiting mTOR activity by phosphorylating RAPTOR and TSC2. Autophagy initiation and assembly of ULK1 complex are controlled by TBK1 and its substrate
Stx17. TBK1 and Stx17 also affect the formation of mPAS, which is then elongated to a cup-like phagophore by the action of WIPIs, ATG2, ATG9, and PI3K
complex which comprises of VPS34, ATG14, and Beclin1. ATG conjugation machinery also helps in elongation and lipidation of the membrane. Once
autophagosome is completed SNARE protein Stx17 gets recruited to autophagosomes and works together with SNAP29 and VAMP8 to regulate fusion between
autophagosomes and lysosomes. Additional factors like HOPS, PLEKHM1, EPG5, and ATG14 help Stx17 in this process. Abbreviations: ATG, Autophagy related;
AMPK, 5′ AMP-activated protein kinase; TBK1, TANK Binding Kinase 1; mTOR, mammalian Target of Rapamycin; SNARE, soluble NSF (N-ethylmaleimide-sensitive
factor) attachment protein receptors).
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Therefore, the restoration of miRNA-34a physiological levels
is now a promising tool to counteract tumor progression
(Farooqi et al., 2017).

However, miRNAs share some properties, such as rapid
biodegradation and short half-life in systemic circulation, poor
biocompatibility, low membrane penetrability, and excessive off-
target accumulation, that have greatly limited their application in
in vivo systems so far (Chen et al., 2015). Thus, due to the
growing awareness regarding the potential role of miRNA-34a in
cancer therapy, many efforts have been addressed to optimize
strategies for the targeted delivery of this miRNA.

In this sense, nanomedicine has emerged as a promising
technology allowing the accumulation of systemically
administered chemotherapeutics in the tumor tissues via the
enhanced permeability and retention effect (EPR) due to leaky
Frontiers in Pharmacology | www.frontiersin.org 5153
tumor vasculature and poor lymphatic drainage (Wilhelm et al.,
2016). Extensive research focusing on developing cancer
nanomedicine has generated nanostructures capable of
overcoming biological barriers and transport chemotherapeutic
drugs to the targeted sites while minimizing harmful effects on
healthy tissues (Jain and Stylianopoulos, 2010). Moreover, the
surface of nanoparticles (NPs) can be chemically modified by
conjugating functional moieties, such as nucleic acids and
targeting ligands, for increasing targeted delivery to the tumor
sites, maximizing chemotherapy efficacy (Jabir et al., 2012).

Thus, the delivery of miRNA-34a combined to nanostructures
may overcome the weakness described above and function as
antisense strategy to inhibit oncogenic mRNAs, involved in
autophagy induction, or to restore the physiological levels of
tumor suppressor miRNA-34a. Different examples regarding the
FIGURE 2 | Effect of miRNA34a inhibition on autophagy. Schematic representation of promoter methylation, which represents the most common cause of
miRNA34a decreased expression in tumors and of the principal effects of miRNA34a low expression in the sustainment of cancer proliferation. Particularly, we
highlighted the main pathway involved in the regulation of autophagy by miRNA-34a.
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employment of different nanomaterials to deliver this specific
miRNA, alone or in combination with other anticancer drugs, are
commented below (Figure 3).
PREPARATION TECHNIQUES TO LOAD
MIRNA IN NANOPARTICLES

Several techniques such as emulsion based techniques (Cohen-
Sela et al., 2009), nanoprecipitation (Alshamsan, 2014),
interfacial polymerization (Singha et al., 2011) are used for
preparation of NPs to load miRNAs. Some methods are more
efficient than others based on the surface characteristics.
Emulsion based nanoparticles are most commonly used
methods for delivery of NPs. Emulsion based delivery method
utilizes ultrasonication (Shi et al., 2014) and homogenization
followed by purification at high speed centrifugation (Cosco
et al., 2015). Single or double emulsion techniques are used for
delivery of NPs (Jenjob et al., 2019). Oil in water emulsion is an
example of single emulsion technique which can be used to
encapsulate hydrophobic and hydrophilic drugs in micro- or
Frontiers in Pharmacology | www.frontiersin.org 6154
nanoscale form. In single emulsion technique Poly(lactic-co-
glycolic acid) (PLGA), one of the ideal reagent for nanoscale
delivery (McCall and Sirianni, 2013), is dissolved into an organic
phase (oil) that is emulsified with a surfactant or stabilizer
(water). Hydrophobic drugs are added directly to the oil phase,
whereas hydrophilic drugs (water) may be first emulsified with
the polymer solution prior to the formation of particles (McCall
and Sirianni, 2013; Jenjob et al., 2019). Double emulsion-solvent
evaporation method has potential for encapsulation of both
hydrophilic and hydrophobic payloads with high encapsulation
efficiency and utilizes two emulsification steps to obtain water-
in-oil-in-water (w/o/w) or oil-in water-in-oil (o/w/o) emulsions
(McCall and Sirianni, 2013; Jenjob et al., 2019).

Another technique used for delivery of NPs is nanoprecipitation.
It is a less complex and widely applicable method for
hydrophobic drug molecules (Salatin et al., 2017). It is a solid
displacement method which requires solvent (organic) and
nonsolvent (inorganic) phase separation followed by addition
of one phase to another (Salatin et al., 2017). Both the drug and
the polymer for the delivery must be dissolved in solvent; once
the solvent is mixed to a nonsolvent rapid desolvation and
FIGURE 3 | Nanoparticles for delivery of miRNA-34a for autophagy inhibition. Schematic representation showing the effects of nanoparticles functionalized with anti-
autophagy miRNA-34a in cancer cells. Upon intracellular stimulus, NPs can release therapeutic miRNA-34a and restore its cellular physiological levels. miRNA-34a
can exert its tumor suppressor activity by downregulating autophagy-related genes and inhibiting protective autophagy. Blocking cancer autophagy leads to cancer
cell death either directly or by sensitizing them to chemotherapy treatment.
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precipitation of polymer starts leading to drug entrapment (Fessi
et al., 1989; Martıńez Rivas et al., 2017). Solvents miscible with
water and nonhalogenated solvents are commonly used;
however, immiscible solvents such as dichloromethane can also
be used (Salatin et al., 2017). One example is mixing of
cucurbitacin I and PLGA in acetone. The organic phase is
added dropwise to deionized water containing 1% Pluronic F-
68 followed by acetone evaporation (Alshamsan, 2014). Another
example in which miRNA-loaded PLGA/chitosan (PLGA/CS)
NPs of 150–180 nm size are prepared via the nanoprecipitation
method is by dropwise addition of PLGA solution into a water
solution of CS and miR-34s in the presence of a Poloxamer
surfactant (Salatin et al., 2017).

Interfacial polymerization is another technique used to
deliver NPs. Using this approach hydrophilic substances such
as miRNAs are incorporated into biodegradable lignin
nanocontainers (Wurm and Weiss, 2014). This technique
involves copolymerization of hydrophobic and hydrophilic
monomers to constrain the polymerization at interfaces, but its
free-radical mechanism allows precise control of initiation,
which makes it possible to finely disperse the immiscible
phases prior to polymerization (Scott et al., 2005). The
interfacial polymerization falls into different types of interfaces:
liquid–solid interfaces, liquid–liquid interfaces, and liquid-in-
liquid emulsion interfaces (Song et al., 2017). There are also
other interface categories, rarely used, including liquid–gas,
solid–gas, and solid–solid (Salatin et al., 2017; Song et al., 2017).

Inorganic Nanoparticles
Recent advancement in nanotechnology has led to the
introduction of various inorganic nanomaterials, such as silica
dioxide nanoparticles (SiO2-NPs), calcium phosphate
nanoparticles (CaP-NPs), gold nanoparticles (AuNPs), gold
nanoshells (AuNShs), and magnetic nanoparticles (MNPs) that
have been exploited as excellent nanocarriers for the delivery of
nucleic acids both in vitro and in vivo models (Naz et al., 2019).
These nanomaterials share some properties such as high
bioactivity, biocompatibility, and chemical stability that make
them efficient delivery systems (Cheng and Kuhn, 2007; Ghosh
et al., 2008; Park et al., 2009; Tang et al., 2012; Xu et al., 2014;
Xiong et al., 2018). Recently, it has been reported that SiO2-NPs
can efficiently deliver active miR-34a into breast cancer cells
leading to the reduction in mammosphere formation
(Panebianco et al., 2019) and the downregulation of Notch-1, a
well-established miR-34a target with an important role in
regulating stem cell functions and autophagy process (Bouras
et al., 2008; Marcel and Sarin, 2016). Notably, in vivo miR-34a
delivery by SiO2-NPs was able to exert a tumor-suppressive
function leading to the reduction of breast cancer in engrafted
mice (Panebianco et al., 2019) (Table 1).

In a study performed byMok et al., a long chainmiRNA-34a (lc-
miRNA-34a) was prepared by chemical crosslinking in order to
improve encapsulation efficiency into linear polyethyleneimine
(LPEI)-coated CaP-NPs (LPEI-CaP) and intracellular delivery
(Jung et al., 2015). These nanoformulations were successfully
delivered into PC-3 cancer cells, where miRNA-34a was efficiently
Frontiers in Pharmacology | www.frontiersin.org 7155
released, suppressing cancer cell proliferation as well as cell
migration (Jung et al., 2015).

In another study by Milán-Rois et al., a therapeutic mixture
containing SN-38(7-ethyl-10-hidroxycamptothecin), a
topoisomerase inhibitor (Palakurthi, 2015), and miRNA-34a
has been delivered in uveal melanoma cells using AuNPs
(Milán Rois et al., 2018). The nanoformulations led a
synergistic cytotoxicity effect in cancer cells and were able to
reprogram their oncogenic phenotype by downregulating c-MET
tyrosine kinase, making Mel-202 cancer cells more susceptible to
SN-38 (Milán Rois et al., 2018).

Other inorganic nanostructures widely used in biomedical
applications are gold nanoshells (AuNShs), which are composed
of an inorganic core coated with a thin layer of gold (Bardhan
et al., 2011).

In a recent study, Goyal et al. reported that layer-by-layer
assembled gold nanoshells (LbL-AuNShs) were able to efficiently
deliver miRNA-34a to MDA-MB-231 breast cancer cells and
release it upon intracellular stimulus (Goyal et al., 2018).
Notably, the cancer cells treated with these inorganic
nanostructures downregulated the expression of the
autophagy-modulators SIRT1 and Bcl2, which are known
downstream targets of miRNA-34a (Li et al., 2013). Moreover,
treatment with LbL-AuNSsh affected the proliferation and
metabolic activity of triple-negative breast cancer cells without
negatively impacting noncancerous MCF10A breast epithelial
cells (Li et al., 2013).

MNPs are ideal candidates for surface modifications
generating functional nanostructures that can be employed in a
variety of biomedical applications, including drug delivery for
cancer therapy (Xiong et al., 2018). In this regard, MNPs
modified with nitrosonium tetrafluoroborate (NOBF4) and
polyethylene glycol (PEG) have been successfully employed for
the delivery of miR-34a in cancer cells. The miRNA-34a
conjugated nanostructures led to the downregulation of CD44
(Lee et al., 2016), a protein upregulated by autophagy and
involved in chemoresistance in oral squamous cell carcinoma
(Naik et al., 2018). The inhibition of CD44 expression showed
therapeutic effects, such as the reduction of cell migration and
invasion, suggesting that magnetic nanostructures have the
potential for miRNA-based cancer therapy.

Lipid-Based Nanoparticles
Among the many lipid-based nanocarriers that have been
developed during the last years, solid lipid nanoparticles
(SLNs) have attracted considerable interest for drug delivery
and targeting (Mishra et al., 2018). SLNs can include a cationic
component that facilitates association with anionic miRNAs and
are able to protect them from degradation during systemic
circulation (Müller et al., 2000). Interestingly, Shy et al.
developed a lipid nanoparticle system containing SLNs and
cationic dimethyl dioctadecyl ammonium bromide (DDAB) to
carry miRNA-34a in cancerous lung for CSC therapy (Shi et al.,
2013). These miRNA-34a-SLNP nanocomplexes induced
B16F10-CD44+ cell apoptosis and inhibited cell migration by
negatively regulating the cell surface protein CD44.
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TABLE 1 | Nanoparticles for delivery of autophagy-related miRNA-34a as cancer treatment.
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Moreover, the nanoformulationswere also effective in inhibiting
B16F10-CD44+tumordevelopmentandtumorigenicity invivo (Shi
et al., 2013).

However, when miRNA-34a and paclitaxel (PTX), an
inhibitor of microtubules dynamic (Jordan and Wilson, 2004),
were coincorporated into SLNs, the combination of these two
drugs could cooperatively and more efficiently induce cell
apoptosis and inhibit B16F10-CD44+ development in in vitro
and in vivo models through different mechanisms (Shi
et al., 2014).

Apart from SLNs, it has been shown that liposome-
polycation-hyaluronic acid (LPH) nanoparticles could
systemically deliver therapeutic siRNA into the tumor site with
relatively low toxicity (Li et al., 2008). In this regard, Huang et al.
employed LPH nanoparticles modified with PEG and tumor-
targeting single-chain antibody fragment (scFv) for systemic
delivery of the anti-autophagic miRNA-34a in experimental
lung metastasis of murine B16F10 melanoma (Chen et al.,
2010). Interestingly, miRNA-34a was found to inactivate the
MAPK pathway, leading to therapeutic activity in B16F10
melanoma cells (Chen et al., 2010). MAPK pathway has been
shown to induce autophagy through phosphorylation of c-Jun/c-
Fos transcription factors, which in turn lead transcription of
autophagy-related genes (Zhou et al., 2015; Lee et al., 2019).

Polymeric Nanoparticles
Amine terminated polyamidoamines (PAMAMs) are a class of
synthetic polymers that have been used as nanocarriers because
of their unique properties, such as highly branched structure,
water-solubility, high charge density, and numerous amine
groups for further modification (Han et al., 2018). Besides,
conjugation with specific tumor-targeted ligands is an effective
way for facilitating the intracellular delivery of PAMAMs in a
receptor-mediated endocytosis manner (Chen et al., 2017).
Phenylboronic acid (PBA) exhibits a high affinity with sialic
acid (SA), which is overexpressed in various types of tumor cells
(Narayanan, 1994), making it a promising tumor-targeted ligand
(Jia et al., 2014).

In a recent work, PBA was successfully attached to a PAMAM
surface to obtain a functional PAMAM (PPP), which has been
employed for miRNA-34a delivery in gastric carcinoma cell line
BGC-823 (Song et al., 2019). Interestingly, PPP/miRNA-34a
nanocomplexes were found to counteract the autophagic
Notch-1 signaling pathway resulting in the induction of
apoptosis and the inhibition of cell migration and invasion
(Song et al., 2019).

Alternatively, PAMAM may be conjugated with aptamers to
generate nanocomplexes, which display several properties, such
as high affinity and specificity to the target molecules, less
toxicity, and rapid tissue penetration (Tan et al., 2011). In this
regard, miRNA-34a has been encapsulated into S6 aptamer
conjugated dendrimer to form lung cancer-targeted delivery
nanoparticles (PAM-Ap/pMiRNA-34a NPs) (Wang et al.,
2015a). The aptamer conjugation improved cellular uptake of
miRNA-34, which targeted important genes involved in
autophagy regulation, such as Bcl-2 and p53 (Lindqvist et al.,
Frontiers in Pharmacology | www.frontiersin.org 10158
2014; Mrakovcic and Fröhlich, 2018). Thus, PAM-Ap/pMiRNA-
34a-NPs showed therapeutic activity by inhibiting cell growth,
migration, invasion and by inducing apoptosis of lung cancer
cells (Wang et al., 2015a).

These studies provide novel therapeutic strategies, based on
dendrimer nanoparticles, to deliver tumor suppressor miRNA-
34 in cancer cells to target autophagy-related mechanisms and
counteract tumor progression and cancer growth.

Natural polyamines, such as spermidine and spermine, are
key regulators of cell growth, differentiation, and survival (Pegg
and Casero, 2011). Recently, spermidine was found to induce
autophagy by inhibiting the lysine acetyl transferase E1A-
binding protein p300 (EP300) (Pietrocola et al., 2015). In
cancer, dysregulation of polyamine metabolism promotes
tumor development and progression (Lu et al., 2011) and
represents a promising target in cancer chemotherapy (Basuroy
and Gerner, 2006).

In this sense, in a study performed by Oupický et al.,
biodegradables nanoparticles synthesized from a polyamine
analog N1, N11-bisethylnorspermine (BENSpm) were
employed to efficiently deliver miR-34a in colorectal cancer
cells (Xie et al., 2017). After treatment with an intracellular
stimulus, these nanostructures could disassemble in the cytosol
releasing both the miRNA-34a and BENSpm, which exerted a
therapeutic function by downregulating Bcl-2 and inducing the
expression of enzymes involved in polyamine catabolism, such as
SMOX and SSAT (Stewart et al., 2018).

The ability of these biodegradable nanocarriers to deliver
therapeutic miRNA-34a and inhibit polyamine metabolism may
provide an efficient approach to combination nanomedicines for
autophagy inhibition in cancer therapy.

Recent studies have evidenced that self-assembly strategies
are useful tools to generate various nanomaterials for drug
delivery (Declerck et al., 1990; Naito et al., 2012). In this
regard, interpolyelectrolyte complexes (IPECs) can be formed
by self-assembly mixing two oppositely charged polyelectrolytes
in aqueous solution (Pergushov et al., 2012). By using the IPEC-
based approach, nucleic acids have been efficiently absorbed on
the cationic surface of the nanocomplexes and successfully
delivered in cells (Cheng et al., 2009; Kim et al., 2009).

In a work by Wang et al, miRNA-34a has been delivered into
breast cancer cells using nanocapsules prepared through IPECs-
based approach and composed of cationic protamine sulfate (PS)
and anionic Hyaluronic Acid (HA) (Wang et al., 2015b).
Notably, nanocomplex-assisted delivery of miRNA-34a
induced apoptosis and suppressed migration and proliferation
of breast cancer cells as well as reduced tumor growth in a
xenograft mouse model via targeting signaling pathways
autophagy-related, as CD44 and Notch-1 (Wang et al., 2015b).
Therefore, this biodegradable nanoplatform provides a great
potential for miRNA-34a based therapy against triple-negative
breast cancer.

Amiji et al. developed a novel drug delivery system
incorporating self-assembling hyaluronic acid-poly(ethylene
imine) (HA-PEI) and HA-poly(ethylene glycol) (HA-PEG)
nanoparticles to efficiently deliver tumor suppressor miR-34a
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inA549 lung cancer cells for redox-epigenetic modifications
(Ganesh et al., 2013; Trivedi et al., 2017). The authors reported
that miRNA-34a HA-NPs treatment resulted in decreased
glycolytic flux and antioxidant response element Nrf-2
resulting in depleted glutathione levels and ultimately,
increased in several pro-apoptotic factors in both cisplatin-
sensitive and cisplatin-resistant lung adenocarcinoma cells
(Trivedi et al., 2017). Remarkably, molecular changes in
epigenetic status on both mitochondrial (mt) and nuclear (nc)
DNA and transcription of mtDNA-encoded genes were also
observed after treatment with miRNA-34aHA-NPs. Interestingly,
some studies report the existence of a functional interplay between
glycolytic metabolism and autophagy in a positive loop that sustains
tumor progression (Watson et al., 2015; Fan et al., 2018; Jiao et al.,
2018). Therefore, the delivery of miRNA-34a through HA-PEI/HA-
PEG nanoparticles may represent a novel challenge to counteract
the Warburg effect and autophagy of cancer cells by promoting a
glycolytic to oxidative metabolism switch and inducing deep
changes in their metabolic settings, correlating with alterations of
cell proliferation.

Other studies reported that polymeric nanostructures
composed of biocompatible cationic b-cyclodextrin-PEI600
(CDP) or poly(L-lysine-graft-imidazole) (PLI) were loaded
with anionic miRNA-34a and subsequently PEGylated to
protect them from degradation, thus allowing a safe and
efficient intracellular delivery (Jang et al., 2016; Fan et al., 2017).

These pH-sensitive nanoparticles released therapeutic
miRNAs in the acid tumor microenvironment, favoring its
cytoplasmic uptake by gastric and melanoma cancer cells.

The miRNA-34 loaded NPs repressed the expression of
oncogenic CD44 protein with decreased levels of Bcl-2, Oct-3/4
and Nanog genes, thus leading the suppression of CSCs-like
characteristics, induction of apoptosis, reduction of cell invasion
and metastasis and tumor growth inhibition in xenograft gastric
cancer models (Jang et al., 2016; Fan et al., 2017).

These polymer-based strategies of miRNA-34a delivery might
represent novel therapeutic challenges with highly selective
tumor cell death and tumor growth inhibition in CD44-
positive tumors, thus opening a therapeutic window for
autophagy inhibition for cancer treatment.

Biopolymer-Based Nanoparticles
Nanomaterials based on bovine serum albumin (BSA) are
nontoxic, nonantigenic, and biodegradable polymers and have
been widely exploited in drug delivery (Rhaese et al., 2003). The
anionic side-chain carboxylic groups can be modified with a
cationic amino group to obtain cationic bovine serum albumin
(CBSA) (Fischer et al., 2001). This cationic structure can be
conjugated to nanoparticles and act as a safe drug delivery system
for nucleic acids (Han et al., 2014).

In this regard, core–shell nanocarriers coated by CBSA were
developed for delivery of miRNA-34a and the chemotherapeutic
drug docetaxel (DTX) for a cosynergistic treatment of metastatic
breast cancer (Zhang et al., 2017). The coloaded nanocarriers
(CNCs) could internalize through the caveolae-mediated
pathway and exerted therapeutic effect by inducing cytotoxicity
in vitro and by inhibiting tumor growth and metastasis in 4T1-
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tumor-bearing mice models (Zhang et al., 2017). Thus, these
nanocarriers represent new nanoplatforms for the delivery of
therapeutic miRNA-34 and provide a promising strategy for the
treatment of metastatic breast cancer.

Chitosan, a partially deacetylated derivative of chitin
composed of N-acetylglucosamine, has emerged as significant
biopolymer for drug delivery because of its unique chemical
proprieties such as biocompatibility, biodegradability, low
toxicity, and easy modification (Mohammed et al., 2017). In
a study performed by Cosco et al., safe chitosan/PLGA
nanocomplexes have been developed that were able to
efficiently encapsulate and deliver miRNA-34a in order to
provide a new tool for the treatment of multiple myeloma
(Cosco et al., 2015). These nanostructures led to a significant in
vitro antitumor effect by reducing the proliferative capabilities
of multiple myeloma cells. Moreover, the systemic injection of
miRNA-34a-loaded nanoparticles significantly inhibited tumor
growth through the downregulation of Bcl-2 and CDK6
expression and improved the survival of multiple myeloma
xenografts in NOD-SCID mice (Cosco et al., 2015).

Among the various polymeric nanocomplex systems, hyaluronic
acid-chitosan nanoparticles (HA-CS NPs) have been extensively
studied. In addition to its biocompatibility and biodegradability, HA
backbone possesses tumor-targeting properties through specific
binding to CD44, an integral membrane glycoprotein
overexpressed on the surface of various tumor cells (Aruffo et al.,
1990) that makes it as an ideal polymer carrier for systemic drug
delivery applications (De La Fuente et al., 2008).

It has been reported that HA-CS nano-complexes were able to
simultaneously encapsulate and deliver positively charged
Doxorubicin (DOX) and negatively charged miRNA-34a
mimics into triple-negative breast cancer cells for improved
chemotherapeutic effects (Deng et al., 2014). Interestingly,
through the restoration of endogenous miRNA-34a levels,
these nanoformulations synergistically enhanced antitumor
effects of DOX in both in vitro and in vivo models by
suppressing the expression of nonpump resistance and anti-
apoptotic Bcl-2 protein. In addition, the delivery of miRNA-34a
inhibited breast cancer cell migration via targeting Notch-1
signaling (Deng et al., 2014). Hence, nanosystem-based
codelivery of chemotherapeutic agents and tumor suppressor
miRNA-34a may be a promising combined therapeutic strategy
for enhanced antitumor therapy.
CONCLUSIONS

The discovery and characterization of noncoding RNAs in the
last 20 years have opened a new layer in the understanding of
gene expression physiology as well as novel therapeutic
strategies. In particular, various miRNAs, and miRNA-34a in
particular, have been characterized as powerful tools regulating
the expression of key genes relevant in the development of a
disease, such as the control of autophagy during carcinogenesis.

However, despite many years of intense study, the
translational impact on this knowledge is not satisfactory.
Specific biologic characteristic of miRNAs, such as poor
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chemical stability and lowmembrane permeability, may preclude
their use in clinics. For this purpose, nanotechnology has
developed a bunch of new approaches aimed at enhancing the
in vivo stability and at facilitating the delivery of specific miRNAs
to the site of disease.

Thus, the use of several nanomaterials to deliver therapeutic
nucleic acids, such as miRNA-34a, in cancer cells may result in
the inhibition of protective autophagy leading to a tumor
suppressor phenotype such as apoptosis induction, increased
chemosensitivity and therapeutic efficacy.

The high potentiality of the use of encapsulated miRNAs is
supported by the generation of MRX34, a lipid nanoparticle filled
with miR-34 mimics, that has been the first microRNA-associated
therapeutic drug tested in a clinical trial (Zhang et al., 2019). Indeed,
a study on adults affected by solid tumors refractory to standard
treatment that have been treated twice weekly for three weeks in 4-
week cycles with MRX34 showed that this formulation exerts an
evident antitumoral activity (Beg et al., 2017). Interestingly, the
administered MRX34 was also found to be present in various
tissues, including liver, bone marrow, spleen, mammary gland, and
lung (Kelnar and Bader, 2015), thus supporting its application in
the treatment of numerous cancer types.

Another evidence of the therapeutic application of delivered
miRNA has been proposed by the use of the coencapsulated miR-
34a and let-7b to NSCLC mice resistant to conventional anticancer
therapy. The obtained data showed that the dual treated animals
have a reduced tumor burden and a prolonged survival (Kasinski
et al., 2015). Taking into account these data and the here reported
formulations and applications of miRNA-34a delivery, the
therapeutic usefulness of the development of novel miR-34a
formulations may help to successfully achieve the clinical trial.
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However, despite the potential advantages of the described
nanoparticles, it is necessary to remember that the use of these
nanomedicines may display some toxicity. Indeed, in some cases,
nanomaterials may overstimulate autophagy in healthy tissues
leading to dangerous effects, including inflammation, oxidative
stress, and neoplastic transformation (Cordani and Somoza,
2019). Hence, it should be kept in mind that such
nanostructures can produce undesired side effects whereby
even if miRNA-34a is delivered in cancer cells, autophagy
might increase in the same way by eliminating the beneficial
effect of that therapeutic molecule.

In conclusion, deeper integration of knowledge on the role of
autophagy in tumors with the recent advances in nanomedicine
may allow an effective use of microRNA in the therapy of tumors.
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Previous studies only focused on different adverse reactions caused by various platinum
drugs, but not on common immunotoxicity caused by the accumulation of elemental
platinum. Here, we determined the serum platinum concentrations of cancer patients after
a metabolism period of platinum drug chemotherapy, in addition to hematological indices and
subsequent immune-related adverse reactions, then analyzed the correlations between
platinum accumulation, immune cell levels, and immune-toxicity. We chose the day before
the next round of chemotherapy as the specified time point for blood sampling. Samples were
collected at five time points, separately in oxaliplatin and cisplatin groups. The median serum
platinum concentrations in all patients was 294.8 (205.6, 440.3) mg/L, and was approximately
two-fold greater in the cisplatin group than in the oxaliplatin group (429.3 vs. 211.7 mg/L). The
platinum level of both groups peaked at the third time point, with the average of females being
higher than males (383.9 vs. 266.5 mg/L), and was positively correlated with leukocyte and
platelet counts, but negatively correlated with erythrocyte counts and concentration of
hemoglobin. The risks of anemia and adverse reactions were individually increased by
0.002- and 0.007-fold for every mg/L increase of platinum concentration. To our
knowledge, this is the first study on the relationship between platinum accumulation,
immune cell levels and toxicity, showing that drug-induced platinum accumulation may
interfere with immune cells and thus increase the risk of toxicity.

Keywords: platinum, accumulation, immune, toxicity, drug-induced
INTRODUCTION

There are 18.1 million new cancer cases and 9.6 million cancer deaths every year, as estimated by
WHO (Bray et al., 2018). Platinum is the most widely used antitumor drug with a long history of
drug development, including the first-generation cisplatin, second-generation carboplatin and
nedaplatin, third-generation oxaliplatin and fourth-generation lobaplatin. Although more and
more alternative strategies, such as derived nanoparticles, have been produced and implemented
in.org August 2020 | Volume 11 | Article 11661165
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(Garofalo et al., 2019), platinum-based drugs still play a
dominant role in clinical therapy, including basic, combination
therapy and even radiotherapy (Li et al., 2019). It has been
reported that platinum antitumor drugs can cause adverse
reactions related to neuro-, nephritic, hematic and immune
toxicity (Yamauchi et al., 2015; Chopra et al., 2016), with
immunotoxicity, including allergy, pruritus, diarrhea, nausea,
and emesis, being the most common adverse reaction in our
previous investigation, and may be due to the effects of immune
system by killing cancer cells (Manohar and Leung, 2018). Prior
research has demonstrated inhibition of immune function by
chemotherapeutic drugs, but some researchers have shown
immune enhancement by platinum drugs (Zitvogel et al., 2008;
Bezu et al., 2015; Emens and Middleton, 2015). No matter
whether inhibiting or enhancing the immune system, most of
the research only focuses on the adverse reactions from one kind
of platinum drug, but not the common toxicity from platinum
drugs in general, and never consider whether the adverse
reactions are due to platinum accumulation. Moreover, some
patients display a poorer therapeutic effect after several courses
of chemotherapy with the same dosage of platinum drugs, which
also may relate to platinum accumulation. Reports indicate that
the platinum level is 100–1,000 times higher in cancer patients 20
years after platinum chemotherapy than people without
platinum therapy (Chovanec et al., 2017), and type I allergic
reactions mediated by IgE in workers may be caused by platinum
intake through breathing (Linde et al., 2017). Therefore, we
believe that the adverse reactions related to platinum drugs
may be due to accumulation of elemental platinum, especially
for patients undergoing more courses of therapy, even though
the original drug had been completely metabolized. There have
been few studies on immune interference or its mechanisms by
platinum, although studies of other heavy metals, such as lead
and mercury, have appeared. For instance, lead can reduce the
CD4+ subsets of T cells and the CD4/CD8 ratio, and influence
expression of cytokines by Th1, Th2, and T cells. Chronic lead
nitrate exposure results in decreased rat erythrocytes, hemoglobin,
lymphocytes, and monocytes, and mercury exposure results in
release of ROS, which inhibits IL-2-dependent signal transduction
and reduces proliferation and survival of T cells (Biswas et al.,
2008; Mishra, 2009; Sharma et al., 2010; Jorissen et al., 2013).
Concerning erythrocytes mediating immune regulation, the
concentration of blood lead negatively correlates with CD44 and
CD58 adhesion molecule expression (Huo et al., 2019). Lead also
has been reported to correlate with anemia (Hsieh et al., 2017),
and it has been suggested that cisplatin, as well as other metals,
may participate in oxidative stress, causing inflammation by
cytokines (Manohar and Leung, 2018), and finally interfering
with immune function. As another heavy metal, platinum could
perhaps also interfere with the immune system. We therefore
explored the change of related hemocyte levels, as well as adverse
reactions, in response to platinum accumulation after complete
metabolism of the drug, to establish a mechanism of platinum
immune response toxicity and offer insight on immunological
mechanisms of platinum toxicity.
Frontiers in Pharmacology | www.frontiersin.org 2166
METHODS AND MATERIALS

Sample Collection
Cases of cancer patients with platinum drug chemotherapy were
randomly recruited after diagnosis by a doctor according to the
NCCN (National Comprehensive Cancer Network) in the
Cancer Hospital of Shantou University Medical College. All
patients were eligible for enrollment and exclusion conditions
before medication shown in Table 1.

Oxaliplatin has a half-life of 46 h, whereas cisplatin has 72 h.
In theory, both drugs should be cleared completely after 5.5 times
the half-life, which would be 10.5 days for oxaliplatin and 16.5
days for cisplatin. The time interval of chemotherapy was set at
three weeks between rounds, according to drug elimination and
the clinical requirements of the NCCN. We chose the day before
the next round of chemotherapy as the specified time point for
blood sampling and collected samples at five time points for the
corresponding courses. Finally, we obtained 187 cases after
eliminating invalid samples, 89 for oxaliplatin and 97 for
cisplatin, from January to December in 2018. The dosage of
oxaliplatin and cisplatin was set by the oncologist according to
body surface area and the NCCN, as shown in Table 3.

Whole blood was extracted by elbow venous in all cases. A
total of 1 ml was extracted in a heparin anticoagulant tube for
hematological index analysis, and 3 ml was centrifuged (1,200 g,
3 min) to obtain serum for platinum measurement. Adverse
reactions were simultaneously recorded. All protocols in this
investigation were approved by the Human Ethics Committee of
the Cancer Hospital of Shantou University Medical College,
China (2015030907). All patients signed informed consent.

Hematological Index Analysis
Hematological indices were measured with an automatic blood
analyzer (Beckman-LH780, USA) immediately after sample
collection by the methods on impedance measurement and
cyanated methemoglobin colorimetric procedure.

Measurement of Serum Platinum
A total of 100 ml serum sample and 900 ml 0.5% nitric acid (65%,
guarantee) were mixed by vortexing and quantified by graphite
furnace atomic absorption spectrophotometry (Jena ZEEnit 650,
Germany). Parameters for the AAS-650 were a 265.9 nm
wavelength, 0.2 nm slit width, 8 mA Pt-lamp current and the
temperature program was shown inTable 2. The limit of detection
TABLE 1 | Recruitment criteria.

Enrollment criteria Exclusion criteria

Required platinum drug
chemotherapy after diagnosis

Metallurgical industry employee Metastatic
tumor

Estimated lifetime > 6 months Pregnant or lactating
Hematological index within the
normal range

Prior medication involving platinum or
other chemotherapy

Provided informed consent to this
research

Accompanied by inflammation
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(LOD) was 31.16 mg/L and accuracy of this method was verified by
recoveries between 91.73 and 98.31% from spiked serum samples.

Adverse Reaction Record at Each
Corresponding Time Point
Adverse reactions were assessed and recorded by a clinical doctor at
each time point, based on The Common Terminology Criteria for
Adverse Events (CTCAE, 5.0). We recorded the adverse reactions,
including diarrhea, nausea, emesis and allergy, and classified them
into five grades (from 0-no symptoms to 4-severe life-threatening).

Statistical Analysis
Nonparametric analysis was performed, using the Kolmogorov-
Smirnov test, for frequency distribution; data with skewed
distributions was represented by median and 25th–75th percentile,
Frontiers in Pharmacology | www.frontiersin.org 3167
the comparison of rates was performed by the chi-square test,
skewed data was compared by non-parametric testing (Mann
Whitney U test), and correlation analysis was performed by
Spearman rank correlation analysis. The concentration-response
relationship was analyzed by binary logistic regression. All analyses
were performed with SPSS 22.0 (IBM Corporation, USA) and
GraphPad Prism 7.0 (GraphPad, CA) software. A P<0.05 was
considered as statistically significant in all analyses.
RESULTS

General Characteristics of the Study
Population
In this study, there were 89 patients who were treated with
oxaliplatin and 97 with cisplatin, with a higher proportion of
female patients and lower average age in the cisplatin-treated
group. No significant differences were found in height, weight
and BMI between the patients in both groups (P>0.05, Table 3).
Oxaliplatin-treated patients had mostly colon, rectum, and
gastroesophageal junction cancers, whereas cisplatin-treated
patients had lung, nasopharyngeal and cervix cancers (Figure 1).

Platinum Accumulation
Serum Platinum of Patients With Different Drugs
The serum platinum concentration of the two groups showed a
non-normal distribution and was analyzed by the median. The
concentration of platinum displayed a high degree of dispersion
with a median of 294.8 (205.6, 440.3) mg/L in all subjects, with the
cisplatin group being significantly higher than oxaliplatin, 429.3
(340.3, 539.5) vs. 211.7 (160.9, 275.5) mg/L, (P<0.01, Figure 2).

Serum Platinum at Different Time Points
After analysis of the platinum concentration at each of the five
time points, we found significantly different concentrations by
the Kolmogorov-Smirnov test between each time point, with
peak values obtained at the third point for both oxaliplatin and
cisplatin treatments (P<0.05, Table 4).
TABLE 2 | Temperature program for the AAS-650.

Temperature/°C Heating rate/°C/s Retention time/s

Drying 1 90 5 20
Drying 2 105 3 20
Drying 3 110 2 30
Pyrolysis 1150 250 20
Atomization 2700 700 5
Clean out 2800 500 4
A B

FIGURE 1 | Distribution of cancer types in (A) oxaliplatin- and (B) cisplatin-treated patients.
TABLE 3 | General characteristics of the study population.

Oxaliplatin (n = 89) Cisplatin (n = 97) P

Gender (males/females) 64/25 51/46 0.007
Height (mean ± SD, cm) 164.9 ± 5.9 163.5 ± 6.2 0.103
Weight (mean ± SD, kg) 55.8 ± 6.5 54.2 ± 7.0 0.107
BMI (mean ± SD, kg/m2) 20.4 ± 1.5 20.2 ± 1.5 0.234
Age (mean ± SD, years) 59.4 ± 10.7 55.8 ± 9.7 0.017
Surgery [n (%)] 0.000
1=No 37 (41.6) 66(68.0)
2=Yes 52 (58.4) 31(32.0)

Dose (mg/m^2) 85 65 /
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Serum Platinum in Different Genders
We grouped the serum platinum data by gender and found the
median level was significantly higher in females than males, with
median values being 383.9 (240.0, 496.7) vs. 266.5 (181.9,400.8) mg/L
(P <0.05) for females and males, respectively.

Correlations Between Serum Platinum and
Hematological Indices
Hematological Indices in Two Groups
We divided the cases into low- and high-platinum groups by the
mean of the natural logarithm of platinum concentration,
compared the hematological index in the two groups (Figure 3).
The count of leucocyte was lower in the low platinum group than
that in the high platinum group (P<0.05). On the contrary,
erythrocyte count and hemoglobin took higher levels in the low
platinum group (P<0.01). There is no significant difference on
platelet between the two groups.

Correlations Between Serum Platinum and
Hematological Indices
Spearman correlation analysis showed a positive correlation
between platinum level and leukocyte and platelet counts, but
negative correlations between platinum level and erythrocyte
counts and hemoglobin (P<0.05, Figure 4). The current
definition of anemia is hemoglobin <120 g/L in adult males, or
hemoglobin <110 g/L in adult females (non-pregnancy). In this
study, the hemoglobin mean of male and female patients was
119.1 ± 16.4 vs.112.4 ± 12.0 g/L, respectively, with the incidence
of anemia being 51.3 vs. 39.4% (no significant difference between
male and female groups, P>0.05). To determine the correlation
between anemia and platinum, a binary logistic regression model
Frontiers in Pharmacology | www.frontiersin.org 4168
was used with occurrence of anemia as a dependent variable
(1=no, 2=yes) and platinum as an independent variable. The
results showed that the risk of anemia increased 0.002-fold for
every unit (mg/L) increase of serum platinum concentration
(P<0.05, Table 5).

Correlations Between Adverse Reactions
and Serum Platinum
We recorded the adverse reactions related to immune toxicity of
tumor patients and observed almost no serious events (Table 6).
However, the chi-square test showed that there was a significant
FIGURE 2 | Median serum platinum concentration in each patient group (mg/L).
**: P<0.01.
TABLE 4 | Median serum platinum concentration at each time point.

1st
point

2nd
point

3rd
point

4th
point

5th
point

P for K-S
test

Oxaliplatin 164.1 216.3 251.4 216.1 201.6 0.049
Cisplatin 305.8 476.9 514.8 439.0 417.9 0.001
FIGURE 3 | Hematological indices in two groups. **: P<0.01; *: P<0.05.
FIGURE 4 | Correlation between serum platinum and hematological
indices.**P<0.01; *P<0.05.
TABLE 5 | Relationship between anemia and platinum.

Platinum level

OR 95%CI P

Anemia 1.002 1.001,1.004 0.009
August 2020 | Volume 11 | Article 116
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difference between males and females, with the latter displaying a
higher incidence of more serious cases (50.7% vs.19.1%, c2 =
20.393, p=0.000).

Spearman correlation analysis showed that serum platinum
was positively correlated with the incidence and degree of adverse
reactions (rs=0.466, P<0.01; rs=0.490, P<0.01). In order to further
analyze the concentration-response relationship between serum
platinum and adverse reactions, a binary logistic regression model
was used with the occurrence of adverse reaction as a dependent
variable (1=no, 2=yes), serum platinum concentration as an
independent variable, and following adjustment for gender and
age. The results showed that the risk of adverse reactions was
increased by 0.007 times for every unit (mg/L) increase of serum
platinum concentration, after adjustment with gender, age,
surgery, cancer types (P <0.05, Table 7).
DISCUSSION

Platinum Accumulation
In this study, we found accumulation of platinum in cancer patients
after rational interval of chemotherapy and was higher in cisplatin-
than oxaliplatin-treated patients (429.3 vs. 211.7 mg/L). It is the first
time to compare platinum accumulation of these two drugs,
although a study on cisplatin has been reported indicating its
continued presence 20 years after therapy (Linde et al., 2017). The
original levels of platinum in the two groups were consistent, based
on calculations of drug structure and dosage. Differences in
platinum accumulation may be due to different drug structures,
which would have different binding rates of metabolites with
glutathione, cysteine, and ABCC protein (Boisdron-Celle et al.,
2001; Wang et al., 2017). Hence, we attribute the difference of
platinum accumulation, between cisplatin and oxaliplatin, to
molecular structural differences. Moreover, we found large
individual and gender differences in platinum levels, perhaps
related to polymorphisms of the GSTP1 and XRCC1 genes, and
drug metabolic diversity in vivo (Sawers et al., 2014; Gu et al., 2015).
Our finding is consistent with prior research showing that the
elimination time for platinum is more than 25 times that for the
intact platinum-based drug in the rat (Qin et al., 2019). In addition,
there was an increasing trend over the first three time points, which
reflected the platinum accumulation. A decreasing trend was
observed from the fourth time point, which we suspect was due
to greater clearance of the original drug because of the development
of resistance to platinum drugs in patients. Most reports have
attributed the resistance mechanism to gene mutation or
Frontiers in Pharmacology | www.frontiersin.org 5169
methylation (Alkema et al., 2016; Yan et al., 2017), autophagy
induction by cisplatin (Grimaldi et al., 2019), and acquisition of
resistance to oxaliplatin accompanied by cross-resistance to another
metal such as copper (Martinez-Balibrea et al., 2015). As a result, we
consider the trend of platinum distribution as a drug resistance
phenomenon caused by platinum accumulation.

Associations Between Immune Toxicity
and Platinum Accumulation
Adverse reactions, such as diarrhea and myelosuppression, in
chemotherapy of some platinum drugs (for example: cisplatin,
oxaliplatin, or carboplatin) result from toxicity to rapidly
dividing cells (Bezu et al., 2015), but more and more data has
shown interference of immune system function by platinum
drugs. For instance, oxaliplatin and cisplatin can increase
production of pro-inflammatory cytokines, such as tumor
necrosis factor-a (TNF-a), in vivo and stimulate the immune
response (Manohar and Leung, 2018; Stojanovska et al., 2019).

Heavy metals can interfere with inflammation mediated by
leukocytes and their subsets. For instance, cadmium affects the
telomere length of leukocytes and immune regulation (Zota et al.,
2015), lead and cadmiummay change the counts of leukocytes and
their subsets (Zhang et al., 2017). In our research, there were almost
no serious adverse reactions of patients, and the more frequent and
serious cases were exhibited by the female patients. We also found
that residual serum platinum was positively correlated with
leukocyte and thrombocyte counts, as well as the incidence of
adverse reactions, such as diarrhea, nausea, emesis, and allergy after
a period sufficient for drug elimination. Regression analysis further
showed the increasing risk of platinum toxicity on immune
inflammation mediated by leukocytes.

On the other hand, serum platinum may result in anemia, as
shown by the negative correlation with erythrocytes and
hemoglobin, and regression analysis showed the risk of increasing
platinum on anemia, which is similar to other divalent metals due
to a competitive inhibition of iron ion (Hsieh et al., 2017;
TABLE 6 | Cases of adverse reactions related to immune toxicity.

Adverse events Nausea Emesis Diarrhea Allergy Amount

Gender Male Female Male Female Male Female Male Female Male Female
Grade

1 6 10 3 4 2 2 3 3 14 19
2 4 8 1 3 1 2 2 3 8 16
3 0 0 0 0 0 1 0 0 0 1
Amount 10 18 4 7 3 5 5 6 22 36
August 2020 | Vol
ume 11 | Arti
TABLE 7 | Relationship between adverse reactions and platinum.

Adverse reaction Platinum level

OR 95%CI P

Model 1 1.007 1.005, 1.009 0.000
Model 2 1.007 1.004, 1.009 0.000
cle
Model 1: unadjuted;
Model 2: adjusted with gender, age, surgery, cancer type.
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Weinhouse et al., 2017). Erythrocyte counts are traditionally
considered an index of anemia, but more and more research has
pointed out its role in immunoregulation. Blood lead has been
reported to negatively correlate with adhesion molecules (CD44
and CD58) of erythrocytes (Huo et al., 2019), which hints toward a
correlation between platinum accumulation, similar to lead, and
immune toxicity mediated by erythrocytes.

In all, we conducted a study on the relationship between
platinum accumulation, immunocytes and subsequent adverse
reactions. The results show significant correlations between all
three, as well as differing toxicities in different genders. All results
demonstrate that drug-induced platinum accumulation may
stimulate the immune system, as is the case with other heavy
metals, and further lead to immune toxicity. Influences on
adverse reactions and anemia risk mediated by platinum
accumulation suggests that quelation therapy and nourishment
to enhance immune function for patients should be considered.
The mechanism of platinum resistance is still not clear, but our
study suggests that it may due to the platinum accumulation
resulting from subsequent rounds of chemotherapy. More and
intensive study on the mechanism of immune toxicity caused by
platinum accumulation should be carried out in the future.
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Macroautophagy (hereafter autophagy) is a multistep intracellular catabolic process with
pleiotropic implications in cell fate. Attending to its activation, autophagy can be classified
into inducible or constitutive. Constitutive, or basal autophagy, unfolds under nutrient-
replete conditions to maintain the cellular homeostasis. Autophagy inhibitory drugs are
powerful tools to interrogate the role of autophagy and its consequences on cell fate.
However, 3-methyladenine and various of these compounds present an intrinsic capacity
to trigger cell death, for instance the broadly-employed 3-methyladenine. To elucidate
whether the inhibition of basal autophagy is causative of cell demise, we have employed
several representative compounds acting at different phases of the autophagic process:
initiation (SBI0206965 and MHY1485), nucleation (3-methyladenine, SAR405, Spautin-1
and Cpd18), and completion (Bafilomycin A1 and Chloroquine). These compounds
inhibited the basal autophagy of MEF cultures in growing conditions. Among them, 3-
methyladenine, SBI-0206965, Chloroquine, and Bafilomycin A1 triggered BAX- and/or
BAK-dependent cytotoxicity and caspase activation. 3-methyladenine was the only
compound to induce a consistent and abrupt decrease in cell viability across a series
of ontologically unrelated human cell lines. 3-methyladenine-induced cytotoxicity was not
driven by the inhibition of the AKT/mTOR axis. Autophagy-deficient Fip200−/− MEFs
displayed an increased sensitivity to activate caspases and to undergo cell death in
response to 3-methyladenine. The cytotoxicity induced by 3-methyladenine correlated
with a massive DNA damage, as shown by g-H2A.X. This genotoxicity was observed at 10
mM 3-methyladenine, the usual concentration to inhibit autophagy and was maximized in
in.org October 2020 | Volume 11 | Article 5803431172
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Fip200−/−MEFs. In sum, our results suggest that, in growing conditions, autophagy acts
as a protective mechanism to diminish the intrinsic cytotoxicity of 3-methyladenine.
However, when the cellular stress exerted by 3-methyladenine surpasses the protective
effect of basal autophagy, caspase activation and DNA damage compromise the
cell viability.
Keywords: 3-methyladenine, autophagy inhibitor, basal autophagy, Ɣ-H2A.X, apoptosis
INTRODUCTION

Macroautophagy (herein, autophagy) is a highly regulated
cellular process by which cellular constituents are engulfed into
autophagosomes before being degraded and reused. Autophagy
is a constitutive process observed in most tissues in non-stressed
nutrient-replete conditions (basal autophagy). However, it also
increases in response to environmental cues such as nutrient
starvation or the exposure to a plethora of stressors (inducible
autophagy) (Kuma et al., 2004; Degterev et al., 2005; Mizushima,
2007; Mattiolo et al., 2015). Basal autophagy participates in
essential housekeeping functions like the elimination of
damaged organel les , toxic aggregates of misfolded
macromolecules and, probably, in other crucial aspects of the
cell and organism homeostasis (Boya et al., 2013). Nonetheless,
over-stimulated autophagy may also lead to cell death type II
(Clarke, 1990) due to an excessive degradation of intracellular
components (Bialik et al., 2018). Regardless of the final cellular
outcome, inappropriate levels of autophagy are at the origin of
many pathologies, and thus modulation of this process is
believed to have great therapeutic avenues. In this sense,
inhibition of autophagy could be beneficial in the treatment of
some types of cancer, chronic obstructive pulmonary diseases,
neonatal asphyxia, and specific inflammatory-based illnesses
(Galluzzi et al., 2017). Chloroquine and its derivative,
hydroxychloroquine, are the only FDA-licensed drugs
approved in clinical trials that aim to block autophagy. This
historical shortage has been compensated by the development of
an expanding arsenal of new pharmacological inhibitors. The
selection of those with a better inhibitory profile and with less
unspecific cytotoxicity demands of an accurate characterization.

Prior to the commitment into autophagy, cells must integrate
information from hormonal, metabolic and stress stimuli to
ensure that cell growth and proliferation are only engaged in
3meA, 3-methyladenine adducts; AB,
e; AVOs, acidic vesicular organelles;
cyt C cytochrome C; DEVD, Ac-Asp-
ut; DSBs, double strand breaks; ER,
adhesion Kinase family interacting

LC3, microtubule-associated protein 1
; MEFs, mouse embryonic fibroblasts;
et of Rapamycine; NB, Naphthol blue;
I3K, phosphatidylinositol 3-kinase; q-
2,6-difluorophenoxy)methyl ketone;
Spautin-1; STS, staurosporine; SSBs,
ase; USP, ubiquitin-specific peptidase;
VPS34, vacuolar protein sorting 34;
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favorable conditions. This coordination is achieved by cellular
sensors like mTORC1 (mammalian target of rapamycin complex
1), which in its active form promotes cell growth and directs the
metabolism into anabolic reactions. While the inhibition of
mTORC1 triggers the activation of autophagy, maintaining a
proper function stalls the process. Indeed, this strategy has been
pharmacologically exploited by the autophagy inhibitory
compound MHY1485, an activator of mTOR by a yet
unknown mechanism (Choi et al., 2012). The autophagic
process is orchestrated by the sequential activation of a series
of protein complexes. Based on their order of participation,
several autophagic phases are proposed. The “initiation phase”
(Figure 1) involves the activation of the “ULK Initiation
Complex”, which is under control of cellular sensors such as
mTORC1 (D. Egan et al., 2011). This complex contains key
serine/threonine kinases such as Unc-51-like kinase 1 (ULK1) or
ULK2 and the scaffold protein FIP200, among other
components. SBI-0206965 is an autophagy inhibitor that
suppresses the kinase activity of ULK1/2 (D. F. Egan et al.,
2015). The “initiation phase” gives way to the “Nucleation phase”
of autophagy, which also comprises the elongation of the
phagophore (Figure 1). This phase begins with the activation
of the “VPS34 Nucleation Complex” at the sites of
autophagosome formation. VPS34 (vacuolar protein sorting
34) is a class 3 phosphatidylinositol 3-kinase (PI3KC3) that
forms a multiprotein complex with BECLIN-1. The generation
of PI3P (phosphatidyl inositol 3-phosphate) by VPS34 and the
recruitment of PI3P-binding proteins is a crucial step for the
nucleation and elongation of the growing autophagosomes,
which eventually seal to originate a mature vesicle (Jaber et al.,
2012). 3-methyladenine has become a standard tool to test the
involvement of autophagy in numerous biological paradigms
through its blockage of VPS34 (Seglen and Gordon, 1982).
Nonetheless, the high concentrations of 3-methyladenine
required to block autophagy are facilitating its off-target effects
(Wu et al., 2013). In addition, 3-methyladenine is not specific for
VPS34, being class I PI3K (PI3KC1) also inhibited (Wu et al.,
2010). To overcome these limitations, Cpd18 and SAR405, two
inhibitors of VPS34 kinase activity with improved potency and
selectivity, have been developed (Wu et al., 2013; Ronan et al.,
2014; Pasquier, 2015). On the other hand, Spautin-1 inactivates
VPS34 complex through the inhibition of two ubiquitin-specific
peptidases (USPs) and thus increasing BECLIN-1 ubiquitination
and degradation (Liu et al., 2011).

The loading of the autophagic cargo occurs during nucleation
and elongation phases. It requires the participation of specific
ubiquitin-like conjugation enzymes such as the E3-like complex
October 2020 | Volume 11 | Article 580343
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formed by ATG16L1-ATG5-ATG12, which catalyzes the
conjugation of cleaved MAP1LC3/LC3 to the lipid
phosphatidylethanolamine, originating the LC3-II. LC3-II and
the cargo receptor p62/SQSTM1 play relevant roles in cargo
recognition and loading (Schaaf et al., 2016).

During the “Fusion phase”, the mature autophagosomes fuse
to lysosomes originating the autolysosomes. These organelles
contain the proteases in charge of the “Degradation” phase,
whereby the cargo and structural molecules such as LC3-II and
p62/SQSTM1 will be proteolyzed and recycled. For simplicity
reasons, we clustered these final phases under the term
“Completion phase of the autophagic process” (Figure 1).
Chloroquine is a classical anti-malarial drug that suppresses
autophagy by inhibiting the fusion of autophagosomes and
lysosomes (Mauthe et al., 2018). On the other hand,
Bafilomycin A1 belongs to the macrolide-type of antibiotics
Frontiers in Pharmacology | www.frontiersin.org 3174
and inhibits the vacuolar H+-V-ATPase (V-ATPase), which is
in charge of the lysosomal acidification. The pharmacological
inhibition of lysosomal function allows the determination of the
autophagic flux by comparing the accumulation of LC3-II and
p62 in inhibited and non-inhibited conditions (Mizushima et al.,
2010; Klionsky et al., 2016).

In this study, we set out to identify the autophagy inhibitory
compounds that were cytotoxic in growing conditions, regardless
of their autophagy inhibitory function. All the compounds tested
were able to block basal autophagy but only SBI-0206965
(“Initiation phase”), 3-methyladenine (“Nucleation phase”),
and Bafilomycin A1 and Chloroquine (“Completion phase”)
triggered regulated cell death with the implication of caspases,
and BAX and/or BAK. Among these drugs, 3-methyladenine
showed the strongest activity at diminishing cell viability across
four ontologically-unrelated human cell lines. The impairment of
FIGURE 1 | Schematic illustration depicting the process of autophagy and the targets of the autophagy inhibitory drugs. mTOR is a serine/threonine protein kinase
that regulates cell growth and anabolism. Associated to other proteins, mTOR forms a complex known as mTORC1, a sensor of the nutritional state of the cell. In
growing conditions, mTORC1 constitutively blocks the “ULK initiation complex” and hence, autophagy. MHY1485 is an activator of mTOR that acts through a yet
unknown mechanism. The “ULK initiation complex” contains ULK1 or its homolog ULK2, FIP200, and ATG13 and triggers the first step of autophagy known as
Initiation. SBI-0206965 is an inhibitor of ULK1 and ULK2. The “ULK initiation complex” drives the formation of the precursors of the autophagosomes through the
direct activation of the “VPS34 Nucleation Complex”, for instance by phosphorylating VPS34 (Vacuolar Protein Sorting 34) and BECLIN-1. Spautin-1 triggers the
destruction of BECLIN-1 through the inhibition of two of its deubiquitinases. On the other hand, VPS34 is a class 3 phosphatidylinositol 3-phosphate-kinase (PI3KC3)
accountable for the production of the phospholipid phosphatidylinositol 3-phosphate (PI3P) necessary for the recruitment of PI3P-binding proteins that lead the
nucleation and elongation of the vesicles. 3-MA, its close analog Cpd18 and SAR405 are inhibitors of VPS34. In addition, a third complex consisting of ATG16L1–
ATG5–ATG12 plays a key role in the “Nucleation and Elongation” phase. This complex orchestrates a conjugation similar to what E3-ubiquitin ligases do, but in this
case, they catalyze the transfer of the “ubiquitin-like” LC3-I to the lipid phosphatidylethanolamine, giving rise to LC3-II. p62/SQSTM1 is an autophagy receptor that
binds the ubiquitinylated cargo and directs it to the growing double-membrane autophagosome by interacting with LC3-II and other related proteins. Finally, the
“Completion of the autophagic process” includes two phases: “Fusion” and “Degradation”. During “Fusion”, the mature autophagosome fuses with lysosomes,
originating a new vesicle known as autolysosome. The activation of the H+ pumps triggers the activation of the lysosomal hydrolases, which are in charge of
degrading the cargo. Bafilomycin A1 inhibits the acidification of the autolysosome by blocking the vacuolar-type H+-V-ATPase while Chloroquine impairs the fusion of
lysosomes with autophagosomes. Finally, products from degradation reach the cytosol through permeases and enter into metabolic circuitries. All drugs are
depicted within squares.
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AKT/mTOR axis was not the leading mechanism of 3-
methyladenine-driven cytotoxicity. 3-methyladenine-mediated
cell death occurred independently of its basal autophagy
blocking action, as demonstrated by using Fip200−/− MEFs.
However, basal autophagy acted as a protective mechanism
facing 3-methyladenine-induced caspase activation and cell
death. Finally, cells cultured in the presence of cytotoxic
concentrations of 3-methyladenine, displayed g-H2A.X. Our
study demonstrates that 3-methyladenine works as a genotoxic
compound independently of its ability to block basal autophagy.
MATERIALS AND METHODS

Cell Lines and Cell Culture Conditions
Immortalized Bax−/− Bak−/− (DKO) MEFs and their wild type
(MEFs) counterparts were obtained from Dr. Korsmeyer’s
laboratory. Fip200−/− MEFs and their counterparts (Fip200+/+
MEFs) were gently supplied by Dr. Molinari and originated at
Dr. Guan’s laboratory. SH-SY5Y, HeLa, HEK 293 cell lines were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). HCT116 human adenocarcinoma cell line
was kindly provided by Dr Vogelstein (The Howard Hughes
Medical Institute, Sidney Kimmel Comprehensive Cancer
Center, The Johns Hopkins School of Medicine, Baltimore,
MD, USA).

All cell lines were maintained in DMEM (Gibco, Paisley,
Scotland, UK) supplemented with 10% FCS (Gibco, Paisley,
Scotland, UK) with the exception of HCT116, which were
maintained in McCoy’s 5A (Biowest, Riverside, MO, USA)
supplemented with 10% FCS. 5 mg/ml Plasmocin™

(InvivoGen, San Diego, CA, USA) was used as the media
antibiotic. General culturing conditions were 37°C and a
water-saturated, 5% CO2 atmosphere. Culture dishes and other
plastic disposable tools were supplied by VWR (Radnor, PA,
USA) and Becton Dickinson (Franklin Lakes, NJ, USA).

Drug Treatment of Cells in Culture
As autophagy inhibitory drugs, we have used MHY1485 (Ref.
500554), Spautin-1 (Ref. 567569) and Cpd18 (Ref. 505980) from
Calbiochem, part of Merck, Darmstadt, Germany. SBI-0206965
(Ref. S-7885) and SAR405 (Ref. S7682) were purchased from
Selleck chemicals, Houston, TX, USA. MHY1485, SBI-0206965,
SAR405 and Spautin-1 were dissolved in DMSO at a final
concentration of 20 mM, 20 mM, 10 mM and 10 mM
respectively. A 8 mM working solution of Cpd18 was prepared
in HBSS without glucose. 3-methyladenine was obtained either
from Acros Organics (Morris Planes, NJ, USA) or ApexBio
(A8353, Huston, TX, USA) and dissolved in HBSS (Hank’s
buffer salt solution) without glucose at a final concentration of
40 mM. Before treating the cells, 3-MA was sonicated during
20 min to prevent the formation of aggregates. Chloroquine
(Sigma-Aldrich, C6628) was dissolved in PBS at a final
concentration of 50 mM. Wortmannin (SC-3505) was
purchased from Santa Cruz Biotechnology Inc., Dallas, Texas,
USA and prepared in PBS at a final concentration of 100 mM.
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Bafilomycin A1 (Ref. 11038, Cayman chemical, Ann Arbor, MI,
USA) was dissolved in DMSO at a final concentration of 1 mM.
To treat cells, a 100 mM working solution was prepared in PBS.
From these stock solutions, the drugs were delivered to the
culture media and adjusted to the final concentrations reported
in the text and figures. All the treatments were performed in the
presence of ¼ HBSS + ¾ DMEM 10% FBS, the maximal
concentrations of HBSS without glucose reached with the 10
mM 3-MA. Cells were also treated with this medium plus the
highest concentration of DMSO resulting from the drug
treatments, thus becoming the drug-untreated control of our
experiments. DMSO concentrations never surpassed a 0.1% in
the medium. At this concentration, we have observed no
alteration in the cultured cells. To inhibit apoptotic caspases,
cell cultures were treated with the pan-caspase inhibitor q-VD-
OPh (Ref 551476, Calbiochem, part of Merck, Darmstadt,
Germany) dissolved in DMSO and employed at the
concentration indicated in the figure legend.

Cell Staining Procedures
In order to visualize acidic vesicular organelles (AVOs), cells were
stained with the monodansylcadaverine reagent (sc-214851, Santa
Cruz Biotechnology Inc., Dallas, Texas, USA). In brief, cell cultures
were incubated for 15 min with 50 mM monodansylcadaverine in
the treatment medium before replacing it with fresh medium. To
evidence the autophagic flux, DalGreen (D675, Dojindo, Japan)
staining was used according to the supplier’s instructions. Briefly,
2,500MEF cells were plated in 96-well plates. After 24 h, DALGreen
reagent diluted in freshmediumwas added to the cultures to reach a
final concentration of 1 µM. After an incubation of 30 min, loading
medium was replaced with fresh cell culture medium. Next, cells
were subjected to the treatment conditions indicated in the figure. In
order to detect the apoptotic nuclear morphology, cultured cells
were directly stained with bis-benzimide (Hoechst 33342) at a final
concentration of 2 ug/ml. Following the aforementioned
procedures, cells were observed with an inverted fluorescence
microscope (Nikon Eclipse Ts2R) and images captured and
processed through NIS-Elements Basic Research Software. To
quantify the number of monodansylcadaverine positive vesicles or
the DALGreen Fluorescent intensity per cell, images of at least 50
cells from three independent wells were analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Cell Viability Determinations
To determine cell survival, alamarBlue™ Cell Viability Assay
Reagent (Pierce Biotechnology, Rockford, IL, USA) was used
according to the manufacturer’s protocol. This assay couples a
non-specific cellular reductase activity of viable cells to the
reduction of alamarBlue (AB) into a fluorescent product.
Briefly, cells plated in 96-well plates were subjected to drug
treatments, then AB (1/10th of the final volume) was added to
each well. After an incubation of 3 h, fluorescent signal was
quantified by means of a fluorescence plate reader (Infinite
M200, Tecan). Percentage of viability was obtained by referring
these values to the ones obtained in untreated control. To
determine cell death, cells were collected by trypsinization and
stained with 5 mg/ml propidium iodide (PI) from Sigma-Aldrich
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(St. Louis, MO, USA) directly in the cell culture medium.
Following 15 min incubation at room temperature, cells were
subjected to flow cytometry analysis.

Measurement of Caspase Activation
The activity of effector caspases (DEVDase activity) was obtained by
quantifying the fluorescence released from Ac-DEVD-afc substrate
(Cayman chemical, Ann Arbor, MI, USA). Cells in culture were
lysed and incubated in the presence of this substrate at 37°C. This
procedure was initially validated by Ribas et al. (Ribas et al., 2005)
and routinely used in our laboratory afterwards.

Western-Blot
To obtain cytosolic extracts, cells were harvested and lysed in a
buffer containing 50 mM NaCl, 25 mM Tris pH 6.8, 1 mM
EDTA, 0.1% Triton X-100 supplemented with the Protease
Inhibitor Cocktail Set III, EDTA-free (Calbiochem, part of
Merck, Darmstadt, Germany). If a protein phosphorylation
was examined, the phosphatase Inhibitor Cocktail II (Alfa
Aesar part of Thermo Fisher scientific Inc., Kandel, Germany)
was added to the buffer. Cell lysates were centrifuged at 15,000
r.p.m. for 30 min at 4°C before the determination of the protein
content. To study histone H2A.X, whole cell protein extracts
were obtained by lysing cells in a buffer containing 100 mM Tris/
ClH pH 6.8, 1% SDS, 1 mM EDTA plus the protease and
phosphatase inhibitory cocktails afore mentioned. Cell lysates
were sonicated on ice for two rounds of 10 s before being clarified
by centrifugation at 15,000 r.p.m. for 30 min. The amount of
protein in the supernatants was quantified by a modified Lowry
assay (DC protein assay, Bio-Rad, Hercules, CA, USA). Equal
amounts of protein were loaded in the wells of SDS-
polyacrylamide gels and separated in an electric field. Next,
gels were electrotransferred onto 0.45 mm PVDF membranes
(EMD Millipore, part of Merck Darmstadt, Germany) and
blocked with Tris-buffered saline with 0.1% Tween 20 and 5%
non-fat dry milk. Blocked membranes were probed with the
following specific primary antibodies: anti-LC3B (1:1,000;
L7543) from Sigma-Aldrich (St. Louis, MO, USA), anti-p62
(1:2,000; PM045) from Medical and Biological laboratories Co.
“MBL” (Nagoya, Japan), anti-caspase 3 (1:2,000; clone 8G10,
#9665 or 1:1,000; #9662), anti-phospho Ser757-ULK1 (1:1,000;
#6888), anti-ULK1 (1:1,000; clone D8H5, #8054), anti-phospho
Thr37/46-4E-BP1(1:1,000; clone 136B4, #2855), anti-4E-BP1
(1:1,000; clone 53H11, #9644) from Cell Signaling Technology,
anti-a-Fodrin (1:15,000; MAB1622) and anti- H2A.X (1:1,000;
#07-627) anti-phospho Ser139–H2A.X (1:1,000; clone JBW301,
#05-636-I) from Millipore (part of Merck, Darmstadt,
Germany). After incubation with the corresponding
horseradish peroxidase-conjugated secondary antibody, the
immunoblots were developed with the Immobilon™ reagent
(Mi l l ipore , par t o f Merck, Darmstadt , Germany) .
Chemiluminescent images were recorded by means of a
Chemidoc XRS apparatus and analyzed with the Image Lab
version 4.0.1 software from Bio-Rad (Bio-Rad, Marnes-la-
Coquette, France). Loading of each sample was assessed by
staining the membranes during 5 min in a solution containing
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10% methanol, 2% acetic acid, and 0.1% of Naphthol blue black
Sigma-Aldrich (St. Louis, MO, USA). Then, membranes were de-
stained in a 10% methanol and 2% acetic acid solution during
10 min. Membranes were allowed to dry before capturing images
with the Chemidoc XRS apparatus. Otherwise stated, the
westerns presented are a representative of at least three
independent experiments.

To calculate the percentage of Basal Autophagic Flux (LC3-II

T+BafA1/LC3-II T), LC3-II bands were detected on Chemidoc XRS
(Bio-Rad, Marnes-la-Coquette, France). LC3-II protein levels
were determined by computer-assisted densitometric analysis
(Image Lab version 4.0.1 software from Bio-Rad). The density of
each band was normalized to its respective loading control
(Naphtol blue stained lane). Data obtained were expressed as
the intensity ratio of LC3-II in cells subjected to an experimental
condition in the presence of Bafilomycin A1 (“T+ BafA1”) to that
of the same protein in cells subjected to the same experimental
condition in the absence of Bafilomycin A1 (“T”). These intensity
ratios were referred to the ratios of the basal autophagic flux in
untreated cultures and expressed as a percentage, being 100%
value assigned to control untreated cultures.

The intensity of the protein bands was quantified with the
assistance of densitometric software (Image Lab version 4.0.1
software from Bio-Rad). After a step of normalization (see Figure
legend), ratios were displayed in the figures.
RESULTS

Cytotoxicity Induced by Autophagy
Inhibitory Compounds Is Observed at
Concentrations Inhibiting the Basal
Autophagic Process
Pharmacological inhibitors of autophagy are a common tool to
interrogate the role of autophagy in a specific setting. As detailed
in Figure 1, autophagy inhibitors acting at the initiation phase
(MHY1485 -MHY- and SBI0206965 -SBI-), at the nucleation
phase (3-methyladenine -3-MA-, Cpd18, Spautin-1 -SPT-1- and
SAR405 -SAR-) or at the completion phase (Chloroquine -CQ-
and BafilomycinA1 -BafA1-) were selected to be studied. To
quickly screen the inhibitory effects of these chemicals on basal
autophagy, first we employed a method to evidence the presence
of acidic vesicular organelles (AVOs). MEFs subjected for 6 h to
previously reported concentrations of the selected autophagy
inhibitors (Choi et al., 2012; Zhao et al., 2016; Wu et al., 2010; Liu
et al., 2011; Wu et al., 2013; Manic et al., 2014; Shao et al., 2014;
Egan et al., 2015; Martin et al., 2018) were stained with the
lysosomotropic fluorophore monodansylcadaverine (MDC). As
observed in Figure 2A, a consistent reduction of AVOs was
observed in response to the inhibitors. These results were
corroborated through the quantification of MDC-positive
vesicles per cell (Supplementary Figure 1). The accumulation
of AVOs in response to CQ was a previously reported
phenomenon and was employed as a positive control to
evidence the maximal amount of MDC-stained vesicles
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(Mauthe et al., 2018). BafA1, which suppressed the acidic
accumulation of MDC into AVOs, was employed as a negative
control (Bowman et al., 1988). Next, we explored the time-
dependent changes of LC3-II, a widely used read-out of the
autophagic flux. Treatments consisted in incubations for 3 h or
12 h with the different inhibitors in the presence or absence of
Frontiers in Pharmacology | www.frontiersin.org 6177
BafA1 for the last 3 h of treatment. Again, we confirmed that all
the inhibitors blocked the basal autophagic flux to some extent
(Figure 2B). Remarkably, at 3 h, MHY, SAR, and CQ reduced
the autophagic flux percentage to less than 25% while Cpd18
reduced it to a 63% compared with the untreated control (Figure
2B). At 12 h, all the compounds diminished the percentage of
A

B

FIGURE 2 | Basal autophagy is blocked in response to autophagy inhibitory drugs. (A) MEFs treated for 6 h with the drugs at the concentrations stated in the panel
were stained with monodansylcadaverine (MDC) and observed with a fluorescence microscope. Acidic vesicles are displayed as puncta. Bar = 20 mm.
Representative images of at least two independent experiments are shown. (B) Protein extracts of MEFs treated for 3 and 12 h, as indicated in the panel, were
analyzed by western blot. “12 h BafA1” is a control and refers to MEFs treated for 12 h with this drug. Intensity of the LC3-II band, normalized to the loading of each
lane (naphtol blue staining) and referred to “C” (untreated control) without BafA1, was shown. Western blots are the result of a significant experiment out of three
independent experiments. A histogram representing “% Basal Autophagic Flux (LC3-II T+BafA1/LC3-II T)” at 3 h (white bars) and 12 h (black bars) of treatment was
calculated as reported in the “MATERIAL and METHODS” section. The percentages represent the quotient between LC3-II band intensities in “T” and “T+ BafA1”.
“T” is treatment and “T+ BafA1” is treatment in the presence of BafA1. Naphthol blue (NB) stained membrane served as a loading control. The percentage of basal
autophagic flux is expressed as mean ± SEM of at least three independent experiments (n = 3). Student’s t-test *P < 0.05 and **P < 0.01.
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autophagic flux to values less than 45%, with the exception of 3-
MA and Cpd18, which displayed values of autophagic flux of 49
and 54%, respectively (12 h, Figure 2B). Of note, CQ and BafA1,

two common drugs used to assess the autophagic flux (Klionsky
et al., 2016), triggered the greatest blockage of the autophagic flux
at both 3 h and 12 h (Figure 2B).

Cell viability, after 24 h of treatment, was explored through
the quantification of alamarBlue (AB) reduction. As shown in
Figure 3A, among the inhibitors used, 3-MA and CQ diminished
cell viability to 50% or below. Permeabilization of the external
membrane with propidium iodide (PI) was evaluated at 48 h of
treatment. The results evidenced that SBI (40%), 3-MA (70%),
BafA1 (96%), and CQ (80%) triggered the most significant levels
of cell lethality in growing medium, while cells challenged with
MHY, SAR, Cpd18, and SPT-1 preserved the integrity of their
plasma membrane (Figure 3B).

Altogether, despite some differences in their efficiency, MHY,
SBI, 3-MA, Cpd18, SAR405, Spautin-1, CQ, and BafA1 are bona
fide inhibitors of basal autophagy. Besides, our results prove that
the inhibition of basal autophagy is not deleterious for MEF
cultures in growing conditions.

Cytotoxic Autophagy Inhibitory Drugs
Trigger BAX- and/or BAK-Dependent Cell
Death and Caspase Activation
Apoptosis is the most frequent type of regulated cell death in
response to chemotherapeutical drugs. Apoptotic cell death was
reported in different cell models treated for more than 24 h with 3-
MA (Boya et al., 2005; Hou et al., 2012), or with BafA1 or CQ, used
as control compounds (Boya et al., 2003; Boya et al., 2005; Walls
et al., 2010; Wang et al., 2018). DNA staining of the treated cell
cultures with bis-benzimide was used to highlight the presence of
pyknotic and/or karyorrhectic nuclei, two of the most
characteristic morphological features of apoptosis. As shown in
Frontiers in Pharmacology | www.frontiersin.org 7178
Figure 4A, MEFs cultured in the presence of SBI, 3-MA, CQ, or
BafA1 displayed pyknotic/karyorrhectic nuclear morphologies,
thus pointing to apoptosis as the leading subroutine of cell
death. Apoptosis is characterized by the sequential activation of
caspases, resulting in a well-organized disassembly of the cell.
Caspase activity was addressed at 24 and 48 h through the internal
cleavage of Ac-DEVD-afc, a widely-used fluorescent substrate of
caspases. Only the cell cultures subjected to SBI, 3-MA, CQ, or
BafA1 challenges displayed a significant increase of the caspase
activity with respect to the other inhibitors (Figure 4B). At 24 h, 3-
MA, CQ, and BafA1 were the top activators of caspases (Figure
4B), while SBI required 48 h of treatment to reach equivalent levels
of caspase activation. In line with these results, SBI, 3-MA, CQ, or
BafA1 or elicited the activation of the effector caspase-3 after 48 h
of treatment (Figure 4C). Adding the pan-inhibitor of caspases q-
VD-OPh to the culture media reverted the cleavage of caspase-3 in
response to the compounds mentioned before. Caspase-3 was
efficiently activated in response to these inhibitors, since we
observed the presence of a specific 120 kDa-cleaved fragment of
a-Fodrin, which was avoided with q-VD-OPh (Figure 4D). To
assess the involvement of caspases in the observed cellular toxicity,
we evaluated the cell death in the presence of q-VD-OPh (Figure
4E). To control these experiments, q-VD-OPh was used to block
cell death of cultures treated with staurosporine (STS), a canonical
trigger of apoptosis. In these conditions, we confirmed a decrease
of cell death from 77% (STS) to 15% (STS+q-VD-OPh, results not
shown). The addition of q-VD-OPh to the cultures attenuated the
cell death in response to all the autophagy inhibitory drugs tested
up to 48 h of treatment (Figure 4E and Supplementary Figures
2A, B). Finally, we explored the involvement of the mitochondrial
intrinsic pathway in the observed apoptotic cell death. As reported
before (Boya et al., 2005), Bax−/− Bak−/− (DKO) MEFs were
resistant against apoptotic cell death induced by CQ and BafA1.
Cell death of DKO MEFs and wt MEFs challenged with SBI, 3-
A B

FIGURE 3 | Cells cultured in growing media undergo cell death in response to the autophagy inhibitory compounds, 3-methyladenine, SBI-0206965, Bafilomycin A1

or Chloroquine. MEFs were treated with the drugs at the concentrations stated in the panel. (A) After 24 h, cell viability was measured by the cellular ability to reduce
AB reagent. Bar value is the mean ± SEM (n = 3). Student’s t-test *P < 0.01, **P < 0.005 and ***P < 0.001. (B) After 48 h, the percentage of propidium iodide (PI)-
positive cells (dead cells) was determined by flow cytometry. Bar value is the mean ± SEM (n = 3). Student’s t-test **P < 0.005 and ***P < 0.001.
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MA, CQ, or BafA1 was compared. As shown in Figure 4F, DKO
MEFs were resistant against the cytotoxicity mediated by all the
employed compounds, including SBI and 3-MA. Altogether, these
results show that caspases and BAX and/or BAK orchestrate the
cell death induced by the assayed cytotoxic autophagy inhibitory
drugs. Therefore, cytotoxicity comes from a regulated intracellular
signaling rather than an uncontrolled mechanism of cell death.
Frontiers in Pharmacology | www.frontiersin.org 8179
Among the Autophagy Inhibitors
Employed, 3-MA Is the Most Effective
Compound at Decreasing Cell Viability of
Several Ontologically Unrelated Human
Cell Lines
To confirm the cytotoxicity of the assayed autophagy inhibitory
compounds, an ontologically different panel of human cell
A

B

D

E F

C

FIGURE 4 | Cytotoxic inhibitors of autophagy engage the mitochondrial pathway of apoptotic cell death. MEFs were treated with the autophagy inhibitory drugs at
the concentrations stated in the panel. (A) After 24 h of 3-MA and BafA1 treatment or after 48 h of SBI and CQ treatment, cells were stained with bisbenzimide
33342 and analyzed by fluorescence microscopy. Arrowheads point to the typical images of apoptotic nuclei. Bar = 40 mm. Images representative of several
independent experiments are shown. (B) After 24 and 48 h of treatment, effector caspase activity (DEVDase activity) was quantified in arbitrary fluorescent units
(a.f.u.). Bar value is the mean ± SEM (n = 3). Student’s t-test **P < 0.005 and ***P < 0.001. Protein extracts of MEFs treated with 3-MA, BafA1, SBI, and CQ for 48 h
in the presence (+) or absence (−) of 40 mM of q-VD-OPh were analyzed by western blot. Intensity of the cleaved caspase-3 or 120 kDa a-Fodrin bands, normalized
to the loading of each lane, was shown. Naphthol blue (NB) stained membrane served as a loading control. The images represent one representative western out of
three independent experiments. The antibodies used were (C) anti-caspase-3 and (D) anti-a-Fodrin. (E) MEFs were challenged with the cytotoxic inhibitors of
autophagy for the time indicated in the panel in the presence (+QVD) or absence (–QVD) of the caspase inhibitor q-VD-OPh at 40 mM. Bar value is the mean ± SEM
(n = 3). Student’s t-test ***P < 0.001. (F) wt MEFs and Bax–/–Bak–/–MEFs (DKO MEFs) were challenged with the cytotoxic autophagy inhibitory drugs for 48 h. Drug
concentrations are displayed in the panel. Cell death was quantified by means of PI incorporation and flow cytometry. Data are expressed as mean ± SEM (n = 3).
Student’s t-test *P < 0.01, **P < 0.005 and ***P < 0.001.
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lines, such as HCT116 (colon adenocarcinoma), HEK293
(human embryonic kidney), HeLa (cervix adenocarcinoma),
and SH-SY5Y (neuroblastoma), was challenged with the
initiation, nucleation, and completion inhibitors. As shown in
Frontiers in Pharmacology | www.frontiersin.org 9180
Figure 5, 3-MA decreased the viability of all the assayed cell
lines to less than 40% compared to control populations. In the
same line, the 3-MA derivative Cpd18 also elicited a significant
reduction in cell viability in three out of four cell lines
FIGURE 5 | Effects of autophagy inhibitory drugs on the cellular viability in different human cell lines. HCT116, HEK293, HeLa, and SH-SY5Y cells were treated with
the “Initiation” and “Nucleation” autophagy inhibitory drugs from previous experiments. Drug concentrations are indicated in the panel. Cell viability was measured by
the AB reducing procedure after 24 h of treatment. Bar value is the mean ± SEM (n = 3). Student’s t-test **P < 0.005 and ***P < 0.001.
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(HEK293, HeLa and SH-SY5Y cells, Figure 5). On the other
hand, the reduction of cell viability in response to SBI was
similar to the one observed with Cpd18 (Figure 5). Notably, at
the assayed concentrations, CQ and BafA1 were innocuous in
most of the cell lines. In sum, 3-MA emerges as the most
effective autophagy inhibitor at decreasing cell viability across
several unrelated cellular models.

Basal Autophagy-Deficient Cells Are More
Sensitive to 3-MA and SBI-Driven
Cytotoxicity
Deletion of the focal adhesion kinase family interacting protein
of 200 kDa (FIP200) avoids the formation of LC3-II, ATG16L1,
and PI3P-binding protein puncta (Itakura and Mizushima,
2010) and abrogates the emergence of the autophagy isolation
membrane (Kishi-Itakura et al., 2014; Tsuboyama et al., 2016).
Based on these characteristics and its apical position in the
autophagy pathway (Figure 1), it is considered as one of the
best genetic approaches to suppress basal and induced
autophagy. First, we assessed by western blot that Fip200−/−
MEFs presented reduced levels of basal and inducible
autophagy compared to their wild type genetic counterparts,
Fip200+/+ MEFs. As shown in Figure 6A, the generation of
LC3-II was markedly reduced in Fip200−/− MEFs maintained
in full media (“basal autophagy”, Figure 6A) or subjected to a
complete deprivation of nutrients and trophic factors
(“starvation” in Figure 6A). Likewise, p62 pool remained
elevated in both conditions (Figure 6A). These results
support that FIP200 is a key protein for both basal and
starvation-driven autophagy. To disprove that 3-MA- or SBI-
driven cytotoxicity was a consequence of the inhibition of basal
autophagy, we quantified the cell death induced by these
inhibitors in Fip200+/+ and Fip200−/− MEFs. As negative
controls, we included those non-cytotoxic compounds above-
employed (MHY, Cpd18, SAR and SPT-1), which remained
harmless after 48 h of incubation, regardless of the presence or
the absence of FIP200 (Figure 6B). In contrast, cell cytotoxicity
in response to 3-MA or SBI was enhanced in the autophagy-
suppressed background, Fip200−/− MEFs (Figure 6B). In
parallel, greater levels of caspase activity were observed in
Fip200−/− MEFs treated with 3-MA, SBI (Figure 6C) or with
the classical inducer of apoptosis, staurosporine (STS, Figure
6D). In sum, these results evidence that 3-MA- or SBI-mediated
cytotoxicities are not due to the inhibition of basal autophagy.
On the opposite, basal autophagy acts as a protective
mechanism facing 3-MA or SBI-mediated cell death.

3-MA-Driven Cytotoxicity Is Shared by Its
Structural Derivative Cpd18
We focused our interest on 3-MA-elicited cell death because of
its extensive use and its greater cytotoxicity compared to SBI (see
Figures 3, 5). 3-MA and Cpd18 are structurally related
compounds that differ in a methylpiperidin group positioned
at the C6 of the adenine (Figure 7A). We first confirmed the
ability of 10 mM 3-MA and 0.5 mM Cpd18 to inhibit the
autophagic flux. DALGreen is an innovative fluorescent
Frontiers in Pharmacology | www.frontiersin.org 10181
molecule that stains the autophagosomes. Interestingly, the
fluorescence of DALGreen is enhanced at acidic pH, which is
suitable for monitoring the degradation phase of autophagy
(Iwashita et al., 2018). After 8 h, cells treated with 3-MA
(17.79 ± 0.96 a.u.f.) or Cpd18 (20.49 ± 0.94 a.u.f.) displayed a
diminished DALGreen fluorescent signal compared to control
populations (38.96 ± 1.08 a.u.f.), indicating that both compounds
inhibit the autophagic flux (Supplementary Figures 3A, B). 3-
MA is a widely-used drug to inhibit autophagy at concentrations
ranging from 2.5 to 10 mM, being 10 mM the most frequently
used (Seglen and Gordon, 1982; Petiot et al., 2000; Boya et al.,
2005; Devereaux et al., 2013). Nonetheless, the calculated IC80 of
3-MA and its close analog Cpd18 to suppress starvation-driven
autophagy are 6 and 1 mM, respectively (Wu et al., 2013). We re-
evaluated the autophagy inhibitory effects of 3-MA in a
concentration-dependent manner. In parallel, we also tested
Cpd18 at concentrations ranging from 0.25 to 2 mM. The
results with LC3-II and p62 evidenced a dose-dependent
reduction of the autophagic flux in response to 3-MA and
Cpd18 (Figure 7B and Supplementary Figure 3B, respectively).
Next, we evaluated the cell death using the afore-employed
concentrations of 3-MA and Cpd18. Cell death by 3-MA
remained lower than 25% at concentrations below 10 mM but
experienced an abrupt increase up to 82% at 10 mM (Figure 7C).
The same behavior was observed at 2 mM Cpd18, which triggered
a similar intensification of the cell cytotoxicity when increased
from 1 up to 2 mM (23 to 64%, respectively, Figure 7C). Notably,
the concentrations of 3-MA and Cpd18 that presented a greater
attenuation of the autophagic flux were the ones associated with
larger amounts of cell death. Altogether, these results stress the
relevance of 3-MA and Cpd18 backbone structure to block
autophagy as well as to engage cells into cell death.

Disruption of the AKT/mTOR Axis Is Not
the Main Mechanism Driving 3-MA-
Mediated Cell Death
In addition to its well-known inhibition of PI3K of class 3
(PI3KC3), 3-MA can also inhibit PI3K class 1 (PI3KC1) and
mTOR (Ito et al., 2007; Wu et al., 2010). This lack of selectivity
is also shared by wortmannin (Wn), an irreversible and
potent pan-inhibitor of PI3Ks, including VPS34 (a PI3KC3)
and mTOR (Arcaro and Wymann, 1993; Brunn et al., 1996).
First, we assessed the blockage of the autophagic flux by
wortmannin in a concentration-dependent manner. Among
the concentrations employed, 100 mM wortmannin was the
one exhibiting a most robust blockage of the autophagic flux
(Figure 8A) and, hence, this concentration was selected to
perform the following experiments. The serine/threonine
kinase AKT is a target of phosphoinositide-dependent protein
kinase-1 (PDK1), which is in turn regulated by PI3KC1 and
holds a pro-survival/anti-apoptotic role in response to growth
or survival factors. The activation of AKT is directed by two
phosphorylations: one in threonine 308 (Thr308) by PDK1 and
the other on serine 473 (Ser473) by several kinases, among
them, the complex 2 of mTOR (mTORC2). We confirmed by
Western blot that 10 mM 3-MA and 100 mM wortmannin were
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reducing the phosphorylations of AKT at Thr308 and at Ser473
already at 6 h of treatment (Figure 8B). Wortmannin triggered
a severe abrogation of Ser473 phosphorylation and a partial, but
intense, suppression of Thr308. Meanwhile, 3-MA was
diminishing the phosphorylation of both positions, with a
more pronounced inhibitory effect on Ser473. These results
indicate that wortmannin is more efficient than 3-MA in
inhibiting the activity of AKT, at least at the employed
concentrations. Our experiments included Cpd18 and
SAR405, which were reported to inhibit VPS34/PI3KC3
without affecting PI3KC1 (Wu et al., 2013; Ronan et al., 2014;
Pasquier, 2015). As shown in Figure 8B, we observed a
Frontiers in Pharmacology | www.frontiersin.org 11182
reduction of both AKT phosphorylations in response to these
inhibitors. Nonetheless, the effects of SAR405 and Cpd18 were
less pronounced than the effects of 3-MA.

The phosphorylations of ULK (Ser757) and 4E-BP1 (Thr37/
46) are two surrogate markers of mTORC1 activity (Gingras
et al., 1999; Kim et al., 2011). Wortmannin efficiently prevented
the phosphorylation of ULK and 4E-BP1 at times as early as 6 h
of treatment (Figure 8B). However, we were unable to observe a
reduction of p-ULK in response to 3-MA. Likewise, 3-MA
triggered only a mild reduction of p-4E-BP1. Overall, these
results supported that differently from wortmannin, 3-MA was
a weak inhibitor of AKT and mTORC1 activity.
A B

DC

FIGURE 6 | Fip200–/– MEFs display increased sensitivity to apoptosis triggered by 3-methyladenine or SBI-0206965, but not to MHY1485, Cpd18, SAR405 or
Spautin-1. (A) Protein extracts from Fip200–/– and Fip200+/+ MEFs cultured in full media or Hank’s buffer without glucose (starvation) for 6h, either in the presence
(+) or absence (–) of BafA1, were analyzed by western blot. Autophagy was evaluated by LC3-II and p62. Intensity of these bands, normalized to the loading of each
lane and referred to the values of these proteins in Fip200+/+ maintained in growing medium, was shown. Naphthol blue (NB) stained membrane served as a loading
control. The image belongs to a representative image out of three independent experiments. (B) Fip200–/– and Fip200+/+ MEFs were challenged with the drugs at
the concentrations indicated in the panel. After staining with PI, the percentage of dead cells was determined by flow cytometry. Bar value is the mean ± SEM (n =
3). Student’s t-test *P < 0.01 (C, D) Effector caspase activity (DEVDase activity) was quantified in arbitrary fluorescent units (a.f.u.) after 24 h of treatment with the
compounds indicated in the panel. Bar value is the mean ± SEM (n = 3). Student’s t-test *P < 0.01 and ***P < 0.001.
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To further disprove the inhibition of PI3KC1 and/or mTOR
as the main mechanisms of 3-MA-driven cytotoxicity, we
compared cell death in response to wortmannin or 3-MA.
Despite using high concentrations of wortmannin (100 mM),
cell death induced by 10 mM 3-MA was greater than the one in
response to wortmannin (15% cell death, Figure 8C). Moreover,
concentrations of wortmannin as high as 250 µM were still less
toxic (40% cell death by PI, Figure 8C) than 10 mM 3-MA (80%
cell death by PI, Figure 8C). In conclusion, while the inhibition
of PI3KC1 and/or mTOR can partially contribute to 3-MA-
mediated cell death, we rule out these phenomena as the main
mechanisms guiding the 3-MA-elicited apoptotic cell death.

3-MA Induces g-H2A.X in Cells at
Cytotoxic Concentrations
Next, we interrogated whether apoptotic concentrations of 3-MA
were also damaging the DNA. DNA damage was evaluated by
the presence of the phosphorylated histone H2A.X at Ser139,
Frontiers in Pharmacology | www.frontiersin.org 12183
also known as g-H2A.X (Rogakou et al., 1998). First, we
evaluated the levels of g-H2A.X in response to growing
concentrations of 3-MA. As shown in Figure 9A, 10 mM of
3-MA promoted a prominent increase of g-H2A.X not paralleled
by non-cytotoxic concentrations of 3-MA (2.5 and 5 mM). These
results indicated a relationship between the degree of cytotoxicity
and the amounts of g-H2A.X. To further support this
observation, we explored the induction of g-H2A.X in Fip200
−/− MEFs, which were more sensitive to cytotoxicity driven by
10 mM 3-MA (Figure 6B). As depicted in Figure 9B, 3-MA-
treated Fip200−/− MEFs displayed greater amounts of g-H2A.X
as compared to Fip200+/+ MEFs. To test if the observed DNA
damage is a response restricted to 3-MA, we employed the
cytotoxic inhibitors studied before. As a control, we also
included SAR, a non-cytotoxic inhibitor of autophagy. As
shown in Figure 9C, increased levels of g-H2A.X were
evidenced in response to all of the cytotoxic inhibitors.
Remarkably, 3-MA stood as the top inducer of g-H2A.X
A B

C

FIGURE 7 | Concentration-dependent cytotoxicity of 3-methyladenine and its structural derivative Cpd18. (A) Chemical structure of 3-MA and Cpd18 (images
borrowed from Selleckchem and MerckMillipore webpages, respectively). (B) Western blot of MEFs protein extracts treated for 8 h with growing concentrations of
3-MA and Cpd18 in the presence (+) or absence (–) of 100 nM BafA1 for the whole treatment. Intensity of the LC3-II band, normalized to the loading of each lane
(naphtol blue staining) and referred to “0” without BafA1, was shown. Western blots are a significant experiment out of three independent experiments. A histogram
representing “% Basal Autophagic Flux (LC3-II T+BafA1/LC3-II T)” was calculated as reported in the “MATERIAL and METHODS” section. The percentages represent
the quotient between LC3-II band intensities in “T” and “T+ BafA1”. “T” is treatment and “T+ BafA1”is treatment in the presence of BafA1. Naphthol blue (NB) stained
membrane served as a loading control. The percentage of basal autophagic flux is expressed as mean ± SEM of at least three independent experiments (n = 3).
(C) MEFs were treated with the concentrations of 3-MA and Cpd18 indicated in the panel. After 48 h, the percentage of propidium iodide (PI)-positive cells (dead
cells) was determined by flow cytometry. Bar value is the mean ± SEM (n = 3).
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among the rest of cytotoxic compounds. On the other hand, SAR
was unable to promote g-H2A.X. These results discard, first, the
direct inhibition of VPS34 and second, the suppression of basal
autophagy, as the mechanisms accountable for the 3-MA-
mediated increase of H2A.X phosphorylation at Ser139. As far
as we know, this is the first time that the cytotoxic inhibitors of
autophagy, particularly 3-MA, emerge as inducers of DNA
damage, as detected by g-H2A.X.
DISCUSSION

The pharmacological inhibition of autophagy, either alone or
in combination with other chemotherapeutical drugs, is under
investigation to become a fully accepted antitumoral strategy.
Frontiers in Pharmacology | www.frontiersin.org 13184
In this sense, the therapeutic benefit of inhibiting the different
phases of the autophagic process remains a matter of debate
(Mulcahy Levy and Thorburn, 2020). Here, we employed
several classical or innovative pharmacological inhibitors of
autophagy, acting at the initiation, nucleation, or completion
phases of autophagy. We have interrogated the consequences
for cell viability when these inhibitors are incubated under
regular growing conditions. Despite some initial differences,
at 12 h most of the assayed compounds inhibit the autophagic
flux of MEF cells to a similar extent. Nonetheless, the
evaluation of cell death evidences the cytotoxic effects of
3-methyladenine, SBI-0206965, Bafi lomycin A1, and
Chloroquine and the non-cytotoxic profile of MHY1485,
Cpd18, SAR405, and Spautin-1. We examined the effects of
these compounds on the cell viability of tumor-derived cell
A

B C

FIGURE 8 | AKT/PKB and/or mTORC1 inhibition are not the leading mechanisms of 3-methyladenine-mediated cytotoxicity. (A) Protein extracts of MEFs subjected
to growing concentrations of wortmannin either in the presence (+) or absence (–) of BafA1 for 8 h were analyzed by western blot. Autophagy was evaluated by LC3-
II. Naphthol blue (NB) stained membrane served as a loading control. The image belongs to a representative image out of two experiments. (B) Protein extracts of
control untreated MEFs (C) or MEFs treated with 10 mM 3-MA (3-MA), 100 mM Wortmannin (Wn), 5 mM SAR (SAR), 0.5 mM Cpd18 (Cpd18) at 6 and 12 h were
analyzed by western blot with antibodies against phospho-AKT (p-AKT) (Ser473 and 308), AKT1, p-ULK (Ser757), ULK, p-4E-BP1(Thr37/46), and 4E-BP1.
Quantifications are the ratios between the intensity of phosphorylated proteins normalized to unphosphorylated proteins. Naphthol blue (NB) stained membrane
served as a loading control. The images belong to a representative experiment out of three independent repetitions. (C) MEFs were treated for 48 h with the drugs at
concentrations stated in the panel. The percentage of propidium iodide (PI)-positive cells (dead cells) was determined by flow cytometry. Bar value is the mean ±
SEM (n = 3).
October 2020 | Volume 11 | Article 580343

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Chicote et al. 3-Methyladenine-Driven Cell Death and Genotoxicity
lines such as HCT116, HeLa, or SH-SY5Y and a non-tumoral
embryonic cell line, HEK293. While most of the assayed
inhibitors are non-cytotoxic, 3-methyladenine triggers a
consistent and abrupt decrease of cell viability across all the
cell lines. These results are in agreement with Eng and
colleagues who have demonstrated that basal autophagy is
dispensable for the survival of several cell lines in growing
conditions. To impair autophagy, the authors employed
genetic strategies targeting ATG7, ULK, or VPS34, or
pharmacological approaches using the chloroquine analog,
Lys01 (Eng et al., 2016). Collectively, these data support that
the simple inhibition of basal autophagy is not cytotoxic for
normal or tumor-derived cells in growing conditions. One
possible explanation could be linked to the metabolic status of
the cell. Notably, cells in growing conditions have access to a
plethora of exogenous biomolecules necessary to fuel their
metabolism, thus potentially compensating the impairment of
the recycling pathways. In that sense, healthy metabolic cells
Frontiers in Pharmacology | www.frontiersin.org 14185
with impaired basal autophagy would undergo cell demise if, a
second, or even the same insult engages cytotoxic intracellular
pathways. In agreement with this idea, our results show that
some of the assayed autophagy inhibitors, for instance 3-
methyladenine , SBI-0206965 , Bafi lomycin A1 , and
Chloroquine, while blocking basal autophagy, they also
engage cell death. In this line, 3-methyladenine (Hou et al.,
2012), SBI-0206965 (Tang et al., 2017), chloroquine (Eng
et al., 2016), and Bafilomycin A1 (Yan et al., 2016) are
reported inducers of deleter ious cel lular outcomes
independently of their autophagy suppressive action. At the
concentrations employed in this study, these compounds
trigger cellular stresses that are able to initiate apoptotic
intracellular pathways. Despite the cell protection conferred
by q-VD-OPh, a subpopulation of cells still succumb to these
inhibitors, pointing to the involvement of other subroutines of
cell death. Notably, this situation is especially relevant in
chloroquine-treated cultures since q-VD-OPh rescues less
A B

C

FIGURE 9 | 3-methyladenine triggers the phosphorylation of H2A.X at Ser139. Western blots probed with antibodies against phosphorylated Ser139-H2A.X (g-
H2A.X) and total H2A.X are shown. Quantifications are the ratios between the intensity of g-H2A.X normalized to total H2A.X. Naphthol blue (NB) stained membrane
served as a loading control. (A) Protein extracts of wt MEFs treated with 3-MA at 2.5, 5, and 10 mM for 24 h. Extracts of control cells are depicted as “0”.
(B) Protein extracts of Fip200–/– and Fip200+/+ MEFs challenged during 24 h with 10 mM 3-MA or left untreated (C) Protein extracts of MEFs untreated (C) or
treated for 24 h with 5 mM SAR, for 20 and 40 h with 20 mM SBI and for 12 and 24 h with 10 mM 3-MA, 100 nM BafA1 and 50 mM CQ. Images in (A–C) are a
representative experiment out of, at least, three independent experiments.
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than 20% of the cells. These signaling pathways converge into
the mitochondrion, as revealed by the resilience of Bax−/−
Bak−/− double-knockout MEFs to undergo cell death. Our
studies place the mitochondrion as the central target of the
cytotoxic inhibitors of autophagy employed. According to
this, those inhibitors of autophagy that are unable to stress
the mitochondria would remain non-cytotoxic, regardless of
their capacity to impair basal autophagy. This idea is also
evidenced by employing Fip200−/− MEFs. Although these
cells present a dramatic reduction of basal autophagy, the
non-cytotoxic autophagy inhibitors remain non-cytotoxic,
probably as a consequence of their inability to alter the
mitochondrial homeostasis. On the opposite, autophagy
deficient Fip200−/− MEFs are more vulnerable to cell death
in response to compounds acting as disruptors of the
mitochondrial viability, for instance 3-methyladenine and
SBI-0206965. Basal or constitutive autophagy is active in
healthy cells cultured in growing conditions and contributes
to the preservation of cellular homeostasis. On the other hand,
inducible autophagy is a cellular stress-responsive adaptation
to unfavorable environmental conditions. In this sense,
chemo- and radiotherapy are stressful stimuli that elicit
inducible adaptative autophagy (Nagelkerke et al., 2015).
Our results support that starvation-induced autophagy is
not qualitatively superior than basal autophagy at protecting
cells from staurosporine-elicited cell death (results not
shown). In other words, inducible autophagy would be
insuffic ient to counterac t s taurospor ine-media ted
mitochondrial damage of cells under adverse metabolic
conditions (e.g., starved cells). The molecular clues that
differentiate basal and inducible autophagy, if any, are not
yet well characterized. Based on our own data and the more
recent literature, we surmise both types of autophagy are part
of the same continuum (“the basal-to-inducible autophagy
continuum”), only differentiated by their intensity.

3-methyladenine, the main subject of this study, is a
compound identical to the DNA adduct N3-methyl-adenine
(3meA). The DNA content of 3meA adducts increases in
response to metabolic intermediates (i.e., S-adenosyl-
methionine) or alkylating poisons (Rydberg and Lindahl,
1982). 3meA adduct, which projects into the minor groove of
the DNA, is a potent inhibitor of both RNA and most DNA
polymerases and accounts for most of the cytotoxicity in
response to alkylating drugs (Engelward et al., 1998; Johnson
et al., 2007). The collapse of unstable blocked replication forks
provokes double-stranded DNA breaks (DSBs) (Bobola et al.,
2012) and replication stress (Burhans and Weinberger, 2007).
The phosphorylation of histone H2A.X on Ser139 (g-H2A.X) is
a widely accepted marker of DSB (Rogakou et al., 1998). In our
experiments, cytotoxic concentrations of 3-methyladenine
trigger the most prominent induction of g-H2A.X compared
to the other cytotoxic inhibitors of autophagy. This
genotoxicity is not a direct consequence of caspase activation
since the addition of q-VD-OPh to the culture media is unable
to reduce the burst of 3-methyladenine-elicited g-H2A.X.
These results raise interesting questions about the mechanism
Frontiers in Pharmacology | www.frontiersin.org 15186
of 3-methyladenine-mediated genotoxicity. It is tempting to
attribute this genotoxicity to the direct incorporation of 3-
methyladenine into the replicating DNA. However, 3-
methyladenine is an ambident nucleophile, and methylation
of DNA requires electrophilic compounds (Wu et al., 2013). In
this sense, in vitro experiments evidence the inefficiency of 3-
methyladenine at directly generating DNA breaks into plasmid
DNA (J. Ribas & V.J. Yuste, unshown data). One alternative
explanation could be related to the metabolic reprogramming
exerted by this drug. Strikingly, 3-methyladenine rewires the
carbohydrate metabolism resulting in an accumulation of
glucose-6-phosphate, fructose-6-phosphate and phosphoenol
pyruvate. This phenomenon is caused by cAMP and is
unrelated to its intrinsic autophagy inhibitory function (Caro
et al., 1988). In this sense, it is known that reducing sugars
(such as glucose-6-phosphate or fructose-6-phosphate) can
modify nucleic acids in a non-enzymatic reaction. Indeed,
glucose-6-phosphate and fructose-6-phosphate trigger DNA
damage, mutagenesis, and cytotoxicity (Bucala et al., 1985;
Levi and Werman, 2003). Based on our results and the
broad usage of 3-methyladenine, it would be of outstanding
interest to go deeply into the molecular mechanisms
of 3-methyladenine generating DNA damage and its
relationship with metabolic changes.

With regard to the protective role of FIP200-mediated
autophagy facing genotoxicity, we found that the upregulation
of g-H2A.X in response to 3-methyladenine is enhanced in the
autophagy-deficient Fip200−/− MEFs. However, the simple
inhibition of autophagy (either with SAR405 or in Fip200−/−
MEFs) is unable to increase g-H2A.X. These data indicate that
increased g-H2A.X is an autophagy-independent effect of 3-
methyladenine and that autophagy is counteracting this
genotoxic effects. This is in agreement with the role of
autophagy in regulating DNA repair (Hewitt and Korolchuk,
2017). Notably, FIP200 deficiency diminishes DNA repair in
response to irradiation, camptothecin or etoposide in a p62-
dependent manner, thus increasing the cytotoxicity mediated by
these stimuli (Bae and Guan, 2011). In support of these data, a
direct link between p62 and the DNA damage machinery was
established through the identification of its inhibitory role over
RNF168, an H2A ubiquitinase that is essential for the
recruitment of multiple DNA repair proteins (Wang et al.,
2016). Moreover, autophagy is increased in cells subjected to
an intense DNA damage in response to genotoxic stressors and is
necessary for the recovery from replication stress (Vanzo
et al., 2020).

Autophagy is known to counteract oncogenic transformation
of normal cells but, at the same time, it promotes tumor
progression and resistance of tumor-derived cells (Galluzzi
et al., 2017). For this reason, the inhibition of autophagy is
under consideration as a sensitizing mechanism towards
chemotherapeutic agents. Our results evidence that the
cytotoxic inhibitors of autophagy promote cytotoxicity and
increase DNA damage. The degree of genomic damage could
derive into diverse consequences: first, the engagement of
deleterious intracellular pathways if levels of DNA damage
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surpass the cellular DNA repair capacity; or, second, the
survival of cells able to repair the inflicted DNA damage. In
this last scenario, tumor cells could accumulate genomic
mutations, thus potentially worsening their malignant
behavior. Among the cytotoxic inhibitors of autophagy
studied here, 3-methyladenine is the top inducer of DNA
damage. This compound shows unfavorable features to be
translated into the clinics since its poor hydrosolubility and
effective concentrations in the millimolar range (Seglen and
Gordon, 1982; Petiot et al., 2000; Boya et al., 2005; Wu et al.,
2010; Devereaux et al., 2013; Wu et al., 2013). However,
taking into consideration that autophagy also participates
in the evasion of tumor cells from immune surveillance,
the interest of targeting VPS34 in the field of cancer
immunotherapy is reinforced (Mgrditchian et al., 2017;
Noman et al., 2020). Indeed, the inhibition of VPS34 is
under consideration as an adjuvant therapy for the
inhibitors of the immune checkpoints (ICIs). SAR405, or the
new inhibitor of VPS34 SB02024, trigger an inflammatory
profile that allows the infiltration of antitumoral immune cells
to the tumor bed (Noman et al., 2020). Besides SAR405, our
research identifies MHY1485 and Spautin-1 as interesting
pharmacological tools in terms of their efficacy in blocking
autophagy and their lack of cytotoxicity. In this sense, our
studies support the interest of these drugs as safe and efficient
non-cytotoxic inhibitors of autophagy to potentially be
applied in new therapeutic strategies.

Overall, 3-methyladenine-driven DNA damage and
cytotoxicity call for acautionary usage of this drug in
those experimental paradigms where cell survival/death is
interrogated. On the other hand, the lack of cytotoxicity of
SAR405, MHY1485, and Spautin-1 portrays these compounds
as great tools to address the role of autophagy in cell survival/
death decisions, without the interference of distracting cytotoxic
off-target effects.
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SUPPLEMENTARY FIGURE 1 | Quantification of monodansylcadaverine-
positive vesicles per cell. MEFs were treated for 6h with the autophagy inhibitory
drugs employed in this study. After staining with Monodansylcadaverine (MDC),
images from Figure 1 were analyzed using ImageJ software. Plots are the result of
counting MDC-positive vesicles of at least 50 cells per condition. Bar value is the
mean ± SEM. Student’s t-test **P<0.005 and ***P<0.001.

SUPPLEMENTARY FIGURE 2 | Cell death by 3-methyladenine, SBI-0206965,
Bafilomycin A1 and Chloroquine in the presence or absence of q-QVD-OPh. MEFs
were treated with the drugs at the concentrations stated in the figure. A) After 36h,
pictures using a phase contrast microscope were obtained. Scale bar: 50 mm. B)
After 24h and 48h, the percentage of propidium iodide (PI)-positive cells (dead cells)
was determined by flow cytometry. Bar value is the mean ± SEM (n=3). Student’s t-
test ***P<0.001.

SUPPLEMENTARY FIGURE 3 | 3-methyladenine or Cpd18 inhibit the
autophagic flux. A) Western blot of protein extracts from MEFs treated for 8h
with growing concentrations of 3-MA or Cpd18 in the presence (+) or absence
(-) of 100 nM BafA1. Intensity of the p62 band, normalized to the loading of
each lane (Naphtol Blue (NB) staining) and referred to “0” with BafA1, was
shown. The shown Western blot is a representative one out of 3 independent
experiments. MEFs were loaded with DALGreen reagent for 30 min before
subjecting them to fresh cell culture media (Control) or media containing 10 mM
3-MA, 0.5 mM Cpd18, 50 mM Chloroquine or 100 nM BafA1 for 8h. B)
Fluorescence images were obtained using an inverted microscope. Scale bar:
50 mm. Representative images are shown. C) Quantification of the “Averaged
DALGreen Intensity/cell” from at least 50 cells from three independent wells.
Fluorescence is expressed in “arbitrary units of fluorescence” (a.u.f.). Bar value
is the mean ± SEM. Student’s t-test ***P<0.001.

SUPPLEMENTARY FIGURE 4 | 3-methyladenine upregulates g-H2A.X
independently of the inhibition of caspase-3. Protein extracts of MEFs
untreated (Control) or 10 mM 3-MA treated for 24h in the presence or absence
of 40 mM of q-VD-OPh (QVD), were analyzed by western blot. The antibodies
used were anti-caspase-3, anti-g-H2A.X and anti-H2A.X. The membrane
stained with Naphtol Blue (NB) served as a loading control. The images are one
representative Western blot out of three independent experiments.
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Bladder Cancer Cells
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Medical Planning, Medical Affairs Bureau Ministry of National Defense, Taipei, Taiwan

Among herbal medicines, magnolia bark extract, particularly its components honokiol
(Hono) and magnolol (Mag), has been widely documented to have antineoplastic
properties. The present study aimed to evaluate the synergism of Hono and Mag in
bladder cancer therapy both in vitro and in vivo. Treatment with Mag alone at
concentrations up to 80 μM failed to have an antiproliferative effect. In contrast, the
combination of Hono and Mag at 40 μM decreased viability, caused cell cycle arrest
and enhanced the proportion of Annexin V/7AAD-positive cells. Moreover, Mag with Hono
at 40 μM induced caspase 3-dependent apoptosis and autophagy. Neither Hono nor Mag
alone had an anti-migratory effect on bladder cancer cells. In contrast, Hono and Mag at
20 μM inhibited the motility of TSGH8301 and T24 cells in wound-healing and Transwell
assays. The above phenomena were further confirmed by decreased phosphorylated
focal adhesion kinase (p-FAK), p-paxillin, integrin β1, and integrin β3 protein levels. In a
nude mouse xenograft model, Mag/Hono administration preferentially retarded T24 tumor
progression, which was consistent with the results of cellular experiments. Current findings
suggest Hono andMag treatment as a potential anticancer therapy for both low- and high-
grade urothelial carcinoma.

Keywords: honokiol, magnolol, apoptosis, autophagy, bladder cancer

INTRODUCTION

According to World Health Organization (WHO) statistics, bladder cancer ranks as the sixth most
common cancer worldwide, with approximately 430,000 new cases diagnosed each year (Burger
et al., 2013). In Taiwan, bladder cancer is ninth most common cancer in men (Antoni et al., 2017).
However, over the past 20 years, there has been little improvement in the diagnosis, therapy and 5-
year survival rate of bladder cancer. Bladder cancer can be classified as non-muscle invasive bladder
cancer, which affects an estimated 75–80% of bladder cancer patients and exhibits muscle
invasiveness and frequent metastasis (DeGeorge et al., 2017). Primary treatment for non-muscle
invasive bladder cancer is transurethral resection of the bladder tumor followed by intravesical
mitomycin C chemotherapy. Unfortunately, tumor recurrence is observed in an estimated 65–70% of

Edited by:
Álvaro Somoza,

IMDEA Nanociencia, Spain

Reviewed by:
Sze Kwan Lam,

The University of Hong Kong,
Hong Kong
Yuchen Liu,

Shenzhen University, China
Li Maolan,

Shanghai Jiaotong University, China

*Correspondence:
Sheng-Tang Wu

doc20283@gmail.com

†These authors have contributed
equally to this work.

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal

Frontiers in Pharmacology

Received: 06 April 2020
Accepted: 30 September 2020
Published: 06 November 2020

Citation:
Wang H-H, Chen Y, Changchien C-Y,

Chang H-H, Lu P-J, Mariadas H,
Cheng Y-C, Wu S-T (2020)

Pharmaceutical Evaluation of Honokiol
and Magnolol on Apoptosis and

Migration Inhibition in Human Bladder
Cancer Cells.

Front. Pharmacol. 11:549338.
doi: 10.3389/fphar.2020.549338

Frontiers in Pharmacology | www.frontiersin.org November 2020 | Volume 11 | Article 5493381

ORIGINAL RESEARCH
published: 06 November 2020

doi: 10.3389/fphar.2020.549338

190

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.549338&domain=pdf&date_stamp=2020-11-06
https://www.frontiersin.org/articles/10.3389/fphar.2020.549338/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.549338/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.549338/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.549338/full
http://creativecommons.org/licenses/by/4.0/
mailto:doc20283@gmail.com
https://doi.org/10.3389/fphar.2020.549338
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.549338


patients (DeGeorge et al., 2017). Therefore, drug development or
the discovery of new pathogenic targets is the current goal of
bladder cancer research.

The anticancer effects of honokiol (Hono) and magnolol
(Mag) have been reported in various types of cancer cells.
Hono caused apoptosis and blocks migration in lung cancers
by ER stress and PI3K/AKT signaling (Zhang et al., 2019; Zhu
et al., 2019). In addition, Hono induced autophagy in
osteosarcoma through the ROS/ERK1/2 and PI3K/AKT
cascades (Huang et al., 2018; Li et al., 2018). Autophagy in
non-small lung cancer was also triggered by Mag treatment
(Shen et al., 2017a). In addition, Mag was found to induce
apoptosis through MAPK activation, ROS production, and
mitochondrial-dependent pathways (Chen et al., 2019; Wen
et al., 2019). The combined effects of Hono and Mag have
been described in only human glioblastoma cells (Cheng et al.,
2016). No study has focused on the effects of the combination of
Hono and Mag in human bladder cancer cells.

Several reports report cell cycle arrest andmigration inhibition
in bladder cancer cells induced by Hono and Mag. Hono
reduced the survival and migration of T24 cells through
histone H3K27 methyltransferase (Zhang et al., 2015). In
addition, Hono induced cell cycle arrest and ROS production
in BFTC905 cells (Hsiao et al., 2019). Additionally, Hono
inhibited invasion and epithelial-mesenchymal transition in
J82 cells by reducing MMP9 and N-cadherin expression
(Shen et al., 2017b). Furthermore, Mag caused cell cycle
arrest of 5,637 human urinary cells at G2/M phase and
extracellular signal-regulated kinase activation (Lee et al.,
2008). Accordingly, the combination of Hono and Mag
induced apoptosis and autophagy in human glioblastoma
cells (Cheng et al., 2016). However, the synergistic effect of
Hono and Mag on cell survival and migration in human bladder
cancer cells and the involved signaling pathway remain unclear.

MATERIALS AND METHODS

Human Bladder Cancer Cells
T24 and J82 cells were obtained from American Type Culture
Collection. TSGH8301 cells were a generous gift from Dah-
Shyong Yu (Division of Urology, Tri-Service General Hospital,
National Defense Medical Center, Taiwan). The cells were grown
in RPMI 1640 medium containing 10% fetal bovine serum and
100 IU/ml penicillin and streptomycin (pH 7.4) (all obtained
from Thermo Fisher Scientific, Inc.) in a humidified atmosphere
of 5% CO2 at 37°C.

Drugs
Hono (Cat. No. HY-N0003, purity is 99.90%), Mag (Cat. No. HY-
N0163, purity is 99.72%), and Ac-DEVD-CHO (Cat. No. HY-
P1001, purity is 98.36%) were obtained from MedChemExpress
(MCE, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) and 3-methyladenine (3MA, Cat.
No. M9281, purity ≥99%) was purchased from Sigma.

MTT Assays
3 × 104 bladder cancer cells were cultured in a 24-well plate.
Hono, Mag, or both at different concentrations were then added
to the cancer cells for 24 h. After the cells had been washed with
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, 8 mMNa2HPO4, and pH 7.4), 0.5 mg/ml MTT
was added, and the cells were incubated for another 3 h. The cells
were then lyzed with DMSO (Sigma). The absorbance at 590 nm
was measured.

Flow Cytometric Analysis
A total of 5 × 105 T24 or TSGH8301 bladder cancer cells
were seeded in 6-well plates and attached for 24 h. For
cell cycle analysis, cells were fixed with 70% EtOH and
stained with PI solution. Annexin V-phycoerythrin and
7-aminoactinomycin D (7-AAD) (BD Biosciences) were
processed for apoptosis analysis. After various drug
treatments, the cells were harvested and stained with
Annexin V according to the manufacturer’s instructions
(BD Biosciences). The cells were then washed with PBS,
stained with anti-Annexin V antibody and counterstained
with 7AAD in binding buffer at room temperature for
15 min. The results were measured using a FACS Caliber
flow cytometry analysis system (Becton Dickinson). Ten
thousand cells in each sample were analyzed.

Western Blotting
In brief, the cells were homogenized in mammalian protein
extraction buffer (GE Healthcare) with a protease inhibitor
cocktail (MCE) after the various treatments. Protein samples
were electrophoresed on a 10% SDS-polyacrylamide gel and
then transferred to a nitrocellulose membrane (Bio-Rad). Strips
from the membrane were blocked with 5% non-fat milk in Tris-
buffered saline, pH 7.4, containing 0.1% Tween (TBS-Tween). The
strips were incubated with primary antibodies against
phosphorylated-AKT (p-AKT)/AKT and p62 (Santa Cruz),
integrin β1, β3, p-FAK/FAK, p-paxillin/paxillin (BD
Biosciences), p-mTOR, mTOR, LC3β, and GAPDH (Cell
Signaling) at 4°C overnight. After being washed, the strips were
incubated with HRP-conjugated anti-rabbit or anti-mouse IgG
antibodies diluted 1:5,000 (Cell Signaling). Next, the blots were
incubated in ECL reagent for signal development (Bio-Rad). The
densities of the bands on the nitrocellulose membrane were
captured by SageCapture Microsoft Basic Application software
and quantified by densitometry using Gel Pro 3.1 (Media
Cybernetics), with the density of the control sample set to 100%
and the density of each test sample expressed relative to the
expression of the internal control. The phosphorylated proteins
were normalized to total protein first.

Wound-Healing Assay
Wound-healing migration assays were conducted by seeding
1 × 106 cancer cells in 3.5-cm culture dishes to form a
monolayer. The cells were then cultured for 8 h after being
scratched with a P200 pipette tip and photographed; the
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migration assay results are representative of three different
experiments and were analyzed with ImageJ.

Transwell Assays
Transwell migration assays were prepared for by seeding cancer
cells with 10% FBS culture medium in the upper chamber of a
Transwell® (Costar). As in Transwell assay, there is no difference
between the exist of FBS or not in the upper chamber both in non-
cancer (Omar Zaki et al., 2019) and cancer cells (Pijuan et al.,
2019). Moreover, serum may confound the result while other
chemoattractant is present. No matter the present of serum or
not, the migration of cancer cells can be observed (Limame et al.,
2012). After various treatment in 10% FBS culture medium and
incubation at 37°C for 16 h, the cells on the lower side of the
membrane were fixed with formalin and stained with Coomassie
Brilliant Blue G250 (Sigma). For each experiment, the migrated
cells in three randomly selected fields from each membrane were
examined. Transwell invasion assays were prepared for by
seeding cancer cells in the upper chamber of a Transwell.
Before cell seeding, a coating buffer solution containing 3%
Matrigel (BD Biosciences) was added to the upper chamber
and then incubated for 2 h at 37°C. The cells on the lower side
of the membrane were fixed with formalin and stained with
Coomassie Brilliant Blue. For each experiment, the invaded cells
in three randomly selected fields from each membrane were
counted.

In Vivo Xenograft Mouse Model
All mouse experiments were approved by the Laboratory Animal
Center of the National Defense Medical Center, Taiwan (IACUC
No. 19-229). The experimental animals were kept in the
Laboratory Animal Center of National Defense Medical
Center, and all experiments were carried out in a temperature-
controlled (20–25°C) and 12 h light/dark cycle during the
experimental period. BALB/cAnN.Cg-Foxn1nu/CrlNarl nude
mice (20–25 g) were anesthetized with an O2/isoflurane
mixture. T24-Luc2 cells were derived from the stable
transfection of pLuc2-iRFP and selected with a BD FACSAria
sorter with BD FACSDiva software (BD Biosciences). The cells
were grown in RPMI 1640 medium containing 10% fetal bovine
serum (pH 7.4) (Gibco) in a humidified atmosphere of 5% CO2 at
37°C. A total of 1 × 106 T24 cells (mixed with Matrigel 1:1) were
implanted into each mouse by subcutaneous injection and
allowed to form into tumors for 1 month. The animals were
divided into four groups (N � 8 each group) and received an ip
injection of a control, Hono (25 mg/kg), Mag (25 mg/kg), or
Hono + Mag (25 mg/kg for each drug). The bioluminescence
intensities of the implanted tumors were monitored with a
noninvasive In Vivo Imaging System (IVIS) every 3 days. The
body weights of the mice were also measured while IVIS
imaging was performed. After 20 days, the animals were
sacrificed, and the tumors were imaged and homogenized
for Western blotting.

Statistical Analysis
All experiments were performed at least three times, and the
results are expressed as the means ± SEMs for the total number

of experiments. Differences between means were assessed
using the Kruskal-Wallis test. The Mann-Whitney test was
used for post hoc analysis. Statistical significance was set at
p < 0.05.

FIGURE 1 | The effects of Hono, Mag, and Hono-Mag combination
treatment on cell viability. (A) TSGH8301, (B) T24, and (C) J82 bladder cancer
cells were treated with DMSO or 20, 40, 60, or 80 μM Hono, Mag, or Hono/
Mag in combination for 24 h. After treatment, the survival rates were
analyzed using MTT assays. *p < 0.05; **p < 0.01; ***p < 0.001 compared to
the control group. #p < 0.05; ##p < 0.01; ###p < 0.001 compared to the group
treated with the same concentration of Mag.
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FIGURE 2 |Cell cycle regulation and apoptosis induction by Hono, Mag, and Hono-Mag combination treatment in human bladder cancer cells. (A) TSGH8301 and
T24 bladder cancer cells were treated with Hono, Mag, or Hono/Mag (40 μM) for 24 h. Cell cycle expression was then analyzed by FACS. Quantitative analyses of the
populations of cells in difference phases of the cell cycle were conducted using BD FACSuite analysis software, and the results are shown in the lower panel. (B)
TSGH8301 and T24 bladder cancer cells were treated with Hono, Mag, or Hono/Mag (40 μM) for 24 h. The proportions of apoptotic cells were determined using
Annexin V/7AAD staining and flow cytometry analysis. The lower panel shows the percentage of apoptotic cells. *p < 0.05; **p < 0.01; ***p < 0.001 compared to the
control group.
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FIGURE 3 |Hono-Mag promoted apoptosis and autophagy-associated proteins in bladder cancer cells. TSGH8301 and T24 bladder cells were treated with Hono,
Mag, or Hono/Mag (40 μM) for 24 h. (A) The cell lysates were analyzed for the apoptotic-related proteins cleaved caspase 3 and cleaved PARP by Western blotting. (B)
The cell lysates were analyzed for the autophagy-associated proteins p-AKT, AKT, p62, and LC3β. GAPDH was used as the loading control. The lower panels show the
results of quantitative protein analyses. (C) TSGH8301 bladder cancer cells were treated with Hono/Mag (40 μM), Ac-DEVD-CHO (AC) + Hono/Mag, 3 MA +Hono/
Mag, AC, or 3 MA for 24 h. The proportions of apoptotic cells were determined using Annexin V/7AAD staining and flow cytometry analysis. *p < 0.05; **p < 0.01
compared to the control group. ##p < 0.01 compared to the Hono/Mag group. ++p < 0.01 compared to the 3 MA + Hono/Mag group.
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RESULTS

Honokiol and Magnolol Reduced Cell
Survival in Bladder Cancer Cells
The effects of Hono and Mag on human bladder cancer cell
survival were examined by MTT assay. Hono (60 μM) reduced
cell survival to 43% and 24% in TSGH8301 and T24 cells,
respectively (Figures 1A,B). In addition, Hono (80 μM)
reduced cell survival to 27% and 14% in TSGH8301 and T24
cells, respectively (Figures 1A,B). In contrast, the survival rates
of TSGH8301, T24, and J82 cells were unaffected by 20–80 μM
Mag treatment (Figures 1A–C). However, the combination of
Hono and Mag from 20 to 80 μM significantly reduced the
survival rate in both TSGH8301 and T24 cells to 30%
(Figures 1A,B).

Honokiol and Magnolol Inhibited the Cell
Cycle and Induced Apoptosis and
Autophagy
Next, the synergistic effect of Hono and Mag on the cell cycle was
analyzed in TSGH8301 and T24 cells. As shown in Figure 2A, the
HM40 group (40 μM Hono + 40 μM Mag) exhibited a
significantly reduced G0/G1 phase cell population compared
to the CTL, H40 (40 μM Hono), and M40 (40 μM Mag) groups
of both bladder cancer cell lines. Moreover, the sub-G1 cell
population was increased in the HM40 group (Figure 2A).
These results showed that combined treatment with Hono and
Mag caused cell cycle arrest and apoptosis in TSGH8301 and T24
cells. As sub-G1 cells were detected in the group subjected to
combined treatment with Hono and Mag (Figure 2A), apoptosis
was further confirmed by Annexin V and 7AAD staining. As
expected, HM40 increased apoptosis by 5% and 25% in
TSGH8301 and T24 cells, respectively (Figure 2B). In
addition, cleaved caspase 3 and cleaved PARP levels were
elevated by HM40 treatment (Figure 3A), indicating caspase-
dependent apoptosis.

The mTOR pathway and autophagy are involved in the
anticancer effects of Hono and Mag in human glioblastoma
cells and ovarian carcinoma (Cheng et al., 2016; Lee et al.,
2019). HM40 significantly elevated p-mTOR and p-AKT
expression in TSGH8301 cells; in contrast, p-mTOR and
p-AKT expression was decreased in T24 cells in the HM40
group (Figure 3B). Furthermore, HM40 strongly increased
p62 and LC3β expression in both bladder cancer cell lines
(Figure 3B). These results indicated the involvement of
mTOR and autophagy in the effects of combined treatment
with Hono and Mag on human bladder cancer cells.

Caspase 3 and autophagy inhibitors were used to rescue
HM40-induced apoptosis. Interestingly, only caspase 3
inhibitor, Ac-DEVD-CHO blocked HM40-caused apoptosis
(Figure 3C). Autophagy inhibitor, 3MA, could not reverse the
apoptosis effect induced by HM40 treatment (Figure 3C).
Therefore, the HM40-induced apoptotic effect was autophagy
independent.

Honokiol and Magnolol Blocked Migration
by Downregulating the Focal Adhesion
Complex
A wound-healing migration assay was performed to investigate
the migratory abilities of human bladder cancer cells treated with
Hono and Mag. Both Hono and Mag were used at 20 μM to avoid
cell death. After 8 h of drug treatment, wound closure was
significantly decreased in the HM20 group (Figure 4A),
indicating that HM20 reduced the migration of TSGH8301
and T24 cells. Since TSGH8301 cells were undetectable in the
Transwell assay, only T24 cells were used in the Transwell
migration and invasion assays. The Transwell assay showed a
decrease in the migratory and invasive abilities of T24 cells in the
HM20 group (Figure 4B).

Due to the inhibitory effect of combination treatment with
Hono and Mag on migration, expression of the focal adhesive
complex was investigated. As expected, p-FAK, p-paxillin,
integrin β1, and integrin β3 levels were significantly decreased
in the HM20 group (Figure 5). These results showed that the
combination of Hono and Mag reduced human bladder cancer
cell migration through downregulation of the focal adhesive
complex.

The Effect of Honokiol and Magnolol on
Tumor Progression in a Xenograft Mouse
Model
T24 cells were implanted into null mice and allowed to grow for
1 month. Then, the animals were divided into four groups: the
CTL, Hono, Mag, and Hono + Mag groups. After 20 days of drug
treatment, the tumors in the drug-treated groups were inhibited
compared to those in the CTL group (Figures 6A,C). The body
weights in each treatment group were unaffected (Figure 6B).
Moreover, cleaved caspase 3 levels were elevated in the Mag and
Hono + Mag groups (Figure 6D). In addition, AKT
phosphorylation was reduced in the Hono and Hono + Mag
groups compared to the CTL group (Figure 6D). According to
these results, Hono combined with Mag reduced bladder cancer
progression in vivo through inducing apoptosis and
inhibiting pAKT.

DISCUSSION

Through the use of high- and low-grade bladder cancer cell lines,
we demonstrated that the combination of Hono and Mag
amplified antineoplastic effects through apoptosis and
autophagy regulation (Figure 7). However, the T24 and
TSGH-8301 cell lines show several distinct characteristics.
First, T24 cells were derived from a muscle-invasive tumor
with poor differentiation, whereas TSGH-8301 cells are
categorized as noninvasive and were derived from a low-grade
tumor (Yeh et al., 1988; Zuiverloon et al., 2018). In addition, T24
cells were obtained from a Caucasian female, while TSGH-8301
cells were derived from an Asian male. Third, the TP53 gene
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FIGURE 4 | The effect of Hono-Mag on cell migration. (A) Confluent bladder cancer cells were scratched and incubated with Hono, Mag, or Hono/Mag (20 μM) for
8 h. The wound area was analyzed by ImageJ software and is expressed relative to that at 0 h. (B) T24 bladder cancer cells were seeded in the upper chambers of
Transwells with or without Matrigel. After 24 h of incubation with Hono, Mag, or Hono/Mag (20 μM), cells in the lower chamber were counted. *p < 0.05; **p < 0.01
compared to the control group.
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FIGURE 5 |Hono-Mag reduced the activity of the focal adhesion complex. Bladder cancer cells were treated with Hono, Mag, or Hono/Mag (20 μM) for 24 h. Then,
cell lysates were analyzed for integrin β1, FAK, p-FAK, paxillin, and p-paxillin by Western blotting. The results are representative of those obtained in five experiments.
GAPDH was used as the loading control. Lower panels, quantitative analyses of the levels of the aforementioned proteins; *p < 0.05 compared to the control group.
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FIGURE 6 | Hono and Mag treatment reduced tumor progression in human T24 bladder cancer cell xenograft model mice. (A) The in vivo bioluminescent imaging
data from different groups were analyzed via the IVIS system. (B)Body weight wasmeasured during drug treatment. (C) The lower panels show the results of quantitative
analysis of tumor progression. ***p < 0.001 compared to the placebo group. (D) Levels of the PARP and cleaved caspase 3 proteins were determined by Western
blotting. The lower panels show the results of quantitative protein analyses. *p < 0.05; **p < 0.01 compared to the control group.
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status of T24 and TSGH-8301 cells is mutated and wild-type,
respectively (Earl et al., 2015). Due to advances in understanding
the pathogenesis of bladder cancer, it is recommended that the
evaluation of drugs under development encompasses differences
in pathological grade, muscle-invasive behavior, and ethnicity
(Yee et al., 2011; Knowles and Hurst, 2015). Thus, the increased
apoptosis observed in T24 and TSGH-8301 cells addresses the
above factors and supports future investigation of combined
therapy with Hono and Mag.

According to wound-healing and Transwell assays, inhibition
of the migration of T24 and TSGH-8301 cells was identified
exclusively in cells under combined treatment with Hono and
Mag. Further examination of adhesion-related signaling revealed
the downregulation of integrin β1, integrin β3, p-FAK, and
p-paxillin. The integrin β subunit has been characterized as a
therapeutic target due to its abundance in high-grade bladder
cancer cells and correlation with mitomycin resistance (Zhang
et al., 2012). The application of integrin β1 antibody was shown to
attenuate adhesive and invasive behaviors in drug-resistant
urothelial cancer cell lines (Vallo et al., 2017). In addition,
integrin signal transduction was found to recruit FAK and
paxillin, which are required for intracellular integrin signal
transduction (López-Colomé et al., 2017). The targeting of
FAK/paxillin pathways with some small-molecule drugs has
been evaluated in bladder cancer studies with promising
preliminary results (Chen et al., 2011; Chiu et al., 2016). Our

results revealed the potency of the combination of Hono andMag
in the blockade of integrin-mediated cell adhesion. Future studies
to investigate Hono-Mag-based therapy for metastasis prevention
in bladder cancer are warranted.

The subcutaneous injection of T24 cells with Hono andMag in
combination had a tumor-suppressive effect without changing
body weight. The adverse effect of weight loss severely hampers
adherence to traditional chemotherapy in bladder cancer
patients (Shariat et al., 2009).The efficacy of the nontoxic
combination of Hono and Mag in bladder cancer was
revealed by our in vivo results. Despite in vitro findings
showing the anti-proliferative and anti-invasive effects of
Hono and Mag, changes in in vivo bioluminescence imaging
were too subtle to detect among all groups. The potency of Hono
and Mag as adjuvants for chemotherapy has been established in
the literature (Arora et al., 2012; Ranaware et al., 2018). As a
result, one plausible explanation for our in vivo data could be the
absence of common chemotherapeutic agents. A follow-up
investigation should evaluate the strength of an increased
dose of Hono and Mag in combination with chemotherapy
in treating bladder cancer. Interestingly, tumor homogenates
from the Hono and Mag combination group revealed decreased
p-Akt protein levels, which was consistent with the in vitro
results in T24 cells. Targeting the PI3K/AKT/mTOR pathway
with small-molecule inhibitors is an emerging field in bladder
cancer (Liu et al., 2018; Sathe and Nawroth, 2018). Our cellular

FIGURE 7 | Illustration of Hono- and Mag-induced apoptosis and migration signaling pathways in bladder cancer cells. The combination of Hono and Mag caused
cell cycle arrest and caspase-dependent apoptosis. In addition, Hono and Mag reduced bladder cancer migration through inhibition of the focal adhesive complex.
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and animal data may indicate the therapeutic mechanism of
combination treatment with Hono and Mag through p-Akt
suppression, which may be useful for future bladder cancer
studies.
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The Inhibitory Effect of 6-Gingerol on
Ubiquitin-Specific Peptidase 14
Enhances Autophagy-Dependent
Ferroptosis andAnti-Tumor in vivo and
in vitro
Yun Tsai1, Changbo Xia1 and Zhongwen Sun2,3*

1Nanjing University of Chinese Medicine, Nanjing, China, 2Shandong University of Traditional Chinese Medicine, Jinan, China,
3Taishan Hospital of Shandong Province, Tai’an, China

Lung cancer is the most common malignant tumor and is the leading cause of cancer-
related deaths worldwide. Extraction of bioactive substances from herbs is considered as
an alternative method to traditional treatment. 6-Gingerol is a naturally occurring phenol
found in ginger that can be used to treat tumors and suppress inflammation. To determine
whether 6-Gingerol can be used as a therapeutic agent for tumors. In this study, tumor-
bearing mice were used as an animal model and A549 as a cell model. Western blot was
used to detect the expression of autophagy related proteins ubiquitin-specific peptidase
14 (USP14), Beclin1, microtubule-associated protein light chain 3 (LC3) and ferroptosis
related proteins nuclear receptor coactivator 4 (NCOA4), ferritin heavy chain 1 (FTH1),
transferrin receptor 1 (TfR1), glutathione peroxidase 4 (GPX4), activating transcription
factor4 (ATF4) in vivo and in vitro. MTT and EdU were used to detect the viability of A549
cells. H&E and immunofluorescence were used to localize and detect the expression of
proteins. The detection of reactive oxygen species was performed using fluorescence
probes. It was found that the administration of 6-Gingerol decreased the expression of
USP14, greatly increased the number of autophagosomes, reactive oxygen species (ROS)
and iron concentration, decreased the survival and proliferation rate of A549 cells, and
significantly decreased tumor volume and weight. The results indicate that 6-Gingerol
inhibits lung cancer cell growth via suppression of USP14 expression and its downstream
regulation of autophagy-dependent ferroptosis, revealing the function and efficacy of 6-
Gingerol as a therapeutic compound in A549 and its possible mechanism of action.

Keywords: 6-gingerol, autophagy, ferroptosis, A549 cell, ubiquitin-specific peptidase 14

INTRODUCTION

Lung cancer has the highest incidence of all cancers, with a mortality rate accounts for 18.4% of
cancer related death (Siegel et al., 2017; Bray et al., 2018). Currently, traditional chemotherapy,
radiation therapy, targeted therapy and surgery are the main clinical strategies for the treatment of
lung cancer. However, in most cases, the clinical effects are not satisfactory (Maas et al., 2010).
Compared to these therapies, natural products usually have multiple benefits with minimal side
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effects, which makes them suitable for cancer treatment
(Shanmugam et al., 2017). Therefore, the discovery of new
anti-lung cancer drugs is necessary for the treatment of lung
cancer.

Cell death occurs in multicellular organisms and includes
necrosis, apoptosis and autophagy to maintain tissue function
and morphology (Majno and Joris, 1995). The autophagy process
has an important inhibitory effect on tumor survival and
proliferation (Wei et al., 2008). Beclin1 is an essential
molecule in the formation of autophagosomes and is also a
tumor suppressor (Yue et al., 2003). Expression levels of
Beclin1 tend to increase during autophagy. Ubiquitin-specific
protease (USP) is a cysteine protease, and both USP10 and USP13
mediate the deubiquitination activity of Beclin1 to control its
protein stability (Liu et al., 2011). USP19 is a deubiquitinase
localized to the endoplasmic reticulum that stabilizes Beclin1 for
deubiquitination (Tripathi et al., 2014). The deubiquitination of
USP14 inhibits the autophagic occurrence, and USP14 expression
is increased in a variety of cancers, these studies make USP14 a
potential approach to cancer treatment (Xu et al., 2016).

It has shown that autophagy can regulate ferroptosis by
degrading ferritin (Hou et al., 2016), and ferritin can promote
ferroptosis (Mancias et al., 2014). Ferroptosis is a new form of cell
death triggered by lipid peroxidation in an iron-dependent
manner (Angeli et al., 2017). Ferroptosis has been classified as
one of the regulated cell death (Galluzzi et al., 2018), and the
immune system may prevent tumorigenesis in part through
ferroptosis (Wang et al., 2019). The biomarkers lipid
peroxidation and lipid reactive oxygen species (ROS) can be
used to identify the occurrence of ferroptosis (Li et al., 2017).

6-Gingerol is a naturally occurring phenol in ginger (Zingiber
officinale Roscoe), that has been shown to have anti-
inflammatory, anti-tumor and antioxidant bioactivities (Koch
et al., 2017; Zhang et al., 2017; Alencar et al., 2018). 6-
Gingerol showed an anti-proliferative effect on cervical cancer
cells (HeLa, CaSki, SiHa) in vitro (Rastogi et al., 2015) and
induced TRAIL-mediated apoptosis in glioblastoma (U87)
tumor cell lines (Lee et al., 2014). 6-Gingerol attenuated
colorectal cancer via anti-inflammatory, anti-proliferative and
apoptotic mechanisms in mice (Farombi et al., 2020). During
treatment with 6-Gingerol, the content of ROS in tumors
increased, leading to the inhibition of growth and induction of
apoptosis.

The present research aimed to determine whether ferroptosis
is related to tumor death and to reveal its underlying mechanism.
We hypothesized that 6-Gingerol promotes rust disease and leads
to tumor death by modulating USP14 expression and inducing
Beclin 1-dependent autophagy.

MATERIALS AND METHODS

Reagents
For in vivo and in vitro experiment, 6-Gingerol (purity ≥ 98%)
from Aladdin Ltd (Shanghai, China) was dissolved in 50% DMSO
and diluted with double distilled water, the final concentrations of
DMSO were less than 0.1% to reduce cytotoxicity (Liu et al., 2020).

Cells and Animals Experiments
Cancer cell line (A549, Solarbio, China) originating from human
lung tumors were cultured in RPMI-1640 medium (Gibco, CA)
with 10% fetal bovine serum (FBS; Biological Industries, Israel)
and antibiotics (100 μg/ml penicillin -streptomycin, Beyotime,
China). The cell cultures were incubated in an environment
containing 5% CO2 at 37°C. Cells were divided into four
groups: the Con group (control, no treatment), 20-Gin group
(20 μM 6-Gingerol), 40-Gin group (40 μM 6-Gingerol) and 80-
Gin group (80 μM 6-Gingerol). The recombinant lentivirus
vectors for USP14 was provided by Genechem (Shanghai,
China) for subsequent USP14-OE experiments.

BALB/cNude (6–8 weeks of age) mice were purchased from
Hangzhou Ziyuan Experimental Animal Technology Co. Ltd.
(SYXK-20180049) for this study. The mice were housed under
specific pathogen-free conditions at 23°C and given free access to
food and water. The left flank of mice was subcutaneously
inoculated with A549 tumor-cell suspension (5 × 106 cells/
100 μL) to prepare A549 tumor xenografts (Zhang et al., 2016).
Three days after tumor cell inoculation, the mice were divided
into three groups (n � 8): Con group (control group, no
treatment), L-Gin group (0.25 mg/kg/day 6-Gingerol), H-Gin
group (0.5 mg/kg/day 6-Gingerol), which were administered
orally daily until the end of the experiments. Mice were killed
when their minor axis of tumors were longer than 20 mm. All
experiments with mice were approved by ethics committee.

Tumor Detection in Nude Mice
Tumor diameter was measured every 2 days and tumor volume
(V; mm3) was calculated using Eq. 1. After the mice were killed,
the tumors were removed and weighed.

V � major axis ×minor axis × height × 0.52 (1)

Determination of Iron Content,
Malondialdehyde and Superoxide
Dismutase
Total levels of iron in different groups were analyzed using the Iron
Assay kit (ab83366, Abcam, United Kingdom). Tissues
homogenates/cells were lyzed in four volume of iron assay buffer
and centrifuge at 16,000 × g for 10 min to remove insoluble
materials. Total iron (Fe3+ plus Fe2+) was determined by adding
5 µL of iron reducer were added to 50 µL of sample, and 100 μL iron
probe solution was added into samples and incubated in the dark at
25°C for 60 min. Absorbance was measured at 593 nm wavelength
using a micro spectrophotometer (Nanodrop, Thermo).

The content of MDA was measured using Malondialdehyde
(MDA) content detection kit (BC0025, Solarbio, China) and the
absorbance of the supernatant was determined at 532 nm. The
superoxide dismutase (SOD) activity detection kit (BC0175,
Solarbio, China) was used to measure the absorbance at
425 nm to detect the SOD activity in the sample.

Pathomorphological Detection
After being fixed in 4% paraformaldehyde for 24 h, each tumor
was embedded in paraffin and cut into 3 mm using a microtome
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(Histocore Biocut, Thermo Fisher Scientific, USA). Hematoxylin
and eosin (H&E) method was used to stain the paraffin sections
prepared by slicer (Histocore Biocut, Thermo Fisher Scientific,
America), and then the sections were dehydrated twice. The
sections were sealed with glass and the morphology of the
cells was observed under a microscope (Olympus, Japan).

For immunostaining, tumors were incubated with the ROS
fluorescent probe dihydroethidium (DHE, No. D1008; Us). DHE
was oxidized by ROS to ethidine oxide, which can be mixed with
DNA to produce red fluorescence. Red fluorescence was observed
with a fluorescence microscope (BX63, Olympus, Japan). To
detect ROS in the cells, cells were subjected to a ROS assay
using the DCFA-DA reactive oxygen ROS fluorescent probe
(D6470, Solarbio, China) according to the manufacturer’s
instructions.

Cell Viability and Proliferation Activity
Detection
The cells were spread in a 96-well plate with 5,000 cells per well.
After 24 h of adhesion culture, the cells were treated with 20, 40,
80 μM 6-Gingerol. After further culture for 48 h, the cell viability
rate was determined by MTT method. The viability of A549 cell
was measured byMTT (M1020, Solarbio, China) according to the
manufacturer’|’s instructions.

The EdU apollo 567 in vitro kit (CA1170, Solarbio, China) was
used to measure cell proliferation. The cells were spread in a 48-
well plate with 5,000 cells per well. After 24 h of adhesion culture,
20, 40, 80 μM 6-Gingerol were given. After continued incubation
for 48 h, the complete medium containing EdU was replaced and
incubated for 2 h, and fixed staining was conducted according to
the EdU kit instructions. The EdU-positive rate was recorded
according to merged pictures of EdU and DAPI.

Detection of Autophagy
The cells were spread in 24-well plates with 4 × 104 cells/well.
After 24 h of adhesion culture, ad-green fluorescent protein
(GFP)-microtubule-associated protein light chain 3 (LC3B)
(C3006, Beyotime, China) adenovirus transfection was
conducted. After 24 h of transfection, the culture containing
the corresponding concentration of 6-Gingerol in each group
was replaced. After 48 h of culture, the cells were fixed and stained
with DAPI for photographing.

Western Blot Assay
The tumor and A549 cell lysates were prepared, washed with cold
PBS, resuspended in a lysis buffer and sonicated the lysate. The
proteins were separated on 10–15% SDS gels and transferred to
nitrocellulose membranes. After incubation with 1:1,000 primary
antibody dilution buffer for 1 h, Goat Anti-Mouse IgG (H + L)
HRP (1:5,000, No. S0002, Affinity) or Goat Anti-Rabbit IgG (H +
L) HRP (1:5,000, No. S0001, Affinity) were used as secondary
antibodies and developed by enhanced chemiluminescence. The
antibodies used for immunoblotting were ubiquitin-specific
peptidase 14 (USP14, 1191S, CST, USA), Beclin 1 (3,738, CST,
USA), nuclear receptor coactivator 4 (NCOA4, ab86707, Abcam,
United Kingdom), microtubule-associated protein light chain 3

(LC3 I and LC3 II 12741, CST, USA), ferritin heavy chain 1
(FTH1, 3,998, CST, USA), transferrin receptor 1 (TfR1, ab1086,
Abcam, United Kingdom), glutathione peroxidase 4 (GPX4,
ab125066, Abcam, United Kingdom), activating transcription
factor4 (ATF4, ab184909, Abcam, United Kingdom) and
β-tubulin (2146S, CST, USA).

Co-Immunoprecipitation (Co-IP) and
Ubiquitylation Assay
Co-IP was conducted following the methods described previously
(Dixit et al., 2014). 1 μg of Beclin 1 (3,738, CST, USA) antibody
was added to the lysis buffer and incubated overnight at 4°C. 10 μL
of Protein A/G Plus agarose beads were added to the lysate buffer
and incubated with slow shaking for 2 h at 4°C. At the end of the
immunoprecipitation reaction, the supernatant was removed by
centrifugation at 3,000 rpm for 3 min at 4°C. Precooling PBS was
used to wash the precipitate for several times. 2 × loading buffer
was added to the precipitate and denatured for 5 min at 95°C. The
supernatant was subjected to western blot with a K63-linked
specific polyubiquitin (12,930, CST, USA) antibody to detect the
target protein.

Statistical Analysis
The unpaired t-test were used for comparison between two
groups. All data are presented as mean ± standard deviation
(mean ± SD) of three independent experiments. For multiple
comparison, the one-way ANOVA followed by the post-hoc test
was used. All statistical analysis was performed using GraphPad
Prism 7.0 software. Results were considered to be statistically
significant for values *p < 0.05, **p < 0.01.

RESULTS

6-Gingerol Suppresses Tumor Growth in
Tumor
The chemical structure of 6-Gingerol was showed in Figure 1A.
Figure 1B showed a picture of the tumor mass collected on the
20th day. The L-Gin and H-Gin group had effective and dose-
dependent inhibition of tumor growth, and the H-Gin group had
greater inhibition than the of L-Gin group (Figures 1C,D). As
seen in Figure 1E, 6-Gingerol treatment of tumor-bearing mice
caused massive infiltration of cells in the tumor. The above results
demonstrate that 6-Gingerol had great anti-tumor activity in vivo.

6-Gingerol Enhances the Accumulation of
Reactive Oxygen Species and Iron in Tumor
Since lipid peroxidation and iron accumulation are features of
ferroptosis (Stockwell et al., 2017), we next measured the iron
content and lipid peroxidation levels of tumor tissues. In
Figure 2A, the SOD activity of the L-Gin and H-Gin groups
was significantly lower than that of the control group (p < 0.05). On
the contrary, the MDA contents in the L-Gin and H-Gin groups
were observably higher than that in the control group (p < 0.05,
Figure 2B). The brightness of ROS-DHE probe in the L-GIN and
H-GIN groups was remarkably higher than that in the control
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group (p < 0.05, Figures 2C,D). Compared with the control group,
there was a significant accumulation of Fe2+ in the tumor tissue of
6-Gingerol treatment of tumor-bearing mice (Figure 2E).

6-Gingerol Inhibits the Growth of A549 Cells
Before studying the effect of 6-Gingerol treatment on the viability
of A549 cells, the effect of different concentrations (0–320 μM) of

FIGURE 1 | 6-Gingerol suppresses growth of tumor. (A) Chemical structure of 6-Gingerol; (B) The pictures of tumor masses in nude mice; (C) 6-Gingerol inhibited
the increase of tumor volume in nudemice; (D) 6-Gingerol inhibited the increase of tumor weight in nudemice; (E) The histological features of tumor tissues. Con: control,
L-Gin: 0.25 mg/kg/day 6-Gingerol, H-Gin: 0.5 mg/kg/day 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed asmean ± SD (n � 8).

FIGURE 2 | 6-Gingerol enhances the accumulation of ROS and iron in tumor. (A) The activity of SOD in tumor tissues; (B) The content of MDA in tumor tissues; (C)
The ROS fluorescence (DHE) of tumor tissues; (D) The histogram of ROS content of tumor tissues; (E) The iron concentration in tumor tissues. Con: control, L-Gin:
0.25 mg/kg/day 6-Gingerol, H-Gin: 0.5 mg/kg/day 6-Gingerol. Compared with the control group,*p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).
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6-Gingerol on the viability of CCD19-Lu cells was determined. 6-
Gingerol at concentrations from 0 to 160 μM did not significantly
activity inhibit the viability of on CCD19-Lu cells (Figure 3A).
Figure 3B showed that the viability of A549 cells were
significantly inhibited by 6-Gingerol (p < 0.05). EdU analysis
was used to evaluate the proliferative capacity of A549 cells
treated with different concentrations (20–80 μM) of 6-
Gingerol. The EdU incorporation test showed that 6-Gingerol
reduced the positive rate of EdU in A549 cells, indicating that 6-
Gingerol could inhibit the proliferative activity of A549 cells
(Figures 3C,D).

6-Gingerol Exacerbates Autophagy and
Enhances the Accumulation of Reactive
Oxygen Species and Iron in A549 Cells
From the TEM image in Figure 4A, it could be found that more
autophagosomes were observed in the A549 cells treated with 6-
Gingerol than that in the control group, which may be due to the
up-regulation of autophagy by 6-Gingerol. In Figure 4B, the SOD
activity of the 20-Gin, 40-Gin and 80-Gin groups was
significantly lower than that of the control group (p < 0.05).
With the decrease of SOD activity, the MDA content in the 20-
Gin, 40-Gin and 80-Gin groups was higher than that in the
control group observably (p < 0.05, Figure 4C). The brightness of

ROS-DCF probe in the 20-Gin, 40-Gin and 80-Gin groups was
significantly higher than that in the control group (Figures 4D,E,
p < 0.05). In addition, TfR1 has been regarded as a marker of
malignant phenotype for tumor (Li et al., 2010), promoting the
entry of Fe3+ into cells to become Fe2+ for the Fenton reaction. As
shown in Figure 4E, as the concentration of 6-Gingerol increased,
the intracellular Fe2+ content increased. The above results
indicated that 6-Gingerol could promote autophagy and
increase the accumulation of intracellular ROS and Fe2+ content.

6-Gingerol Regulates the Expression of
Autophagy and Ferroptosis Related
Proteins in vivo and in vitro
In view of the aforementioned autophagy phenomenon and
changes in iron concentration, western blot was performed to
detect the related proteins. Moreover, we confirmed that 6-
Gingerol could increase the expressions of Beclin-1, LC3 I,
LC3 II, NCOA4 and TfR1, and down-regulate the expressions
of USP14, FTH1, GPX4 and ATF4 in vivo (Figures 5A,B). Similar
to the in vivo results, 6-Gingerol could increase the expression of
Beclin-1, LC3 I, LC3 II, NCOA4 and TfR1, and down-regulate the
expression of USP14, FTH1, GPX4 and ATF4 (Figures 6A,B)
in vitro. As shown in Figure 6C, 6-Gingerol promoted autophagy
by inhibiting the deubiquitination of the K63 site of beclin1 by

FIGURE 3 | 6-Gingerol inhibits the growth of A549 cells. (A) The viability of CCD19-Lu cells with 6-Gingerol at different concentrations (0–320 μM); (B) The viability
of A549 cells with 6-Gingerol at different concentrations; (C) The representative images of EdU and DAPI; (D) The quantitative positive rate of EdU. Con: control, 20-Gin:
20 μM 6-Gingerol, 40-Gin: 40 μM 6-Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD
(n � 3).
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FIGURE 4 | 6-Gingerol exacerbates autophagy and enhances the accumulation of ROS and iron in A549 cells. (A) The autophagy electron microscope image of
A549 cells, and yellow arrows marked the autophagy structure; (B) The activity of SOD in A549 cells; (C) The content of MDA in A549 cells; (D) The ROS fluorescence
(DCF) of A549 cells; (E) The histogram of ROS content of A549 cells; (F) The iron concentration in A549 cells. Con: control, 20-Gin: 20 μM 6-Gingerol, 40-Gin: 40 μM 6-
Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).

FIGURE 5 | 6-Gingerol regulates the expression of autophagy and ferroptosis related proteins in tumor. (A) The western blot analysis of USP14, Beclin 1, NCOA4,
LC3 I, LC3 II, FTH1, TfR1, GPX4 and ATF4, Co-IP analysis of ubiquitination of K63 on Beclin one; (B) The densitometric analysis of the bands was presented as the
relative ratio of USP14, Beclin 1, NCOA4, LC3 II/LC3 I, FTH1, TfR1, K63 ubiquitination on Beclin one to Beclin 1. Con: control, L-Gin: 0.25 mg/kg/day 6-Gingerol, H-Gin:
0.5 mg/kg/day 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01. Data are expressed as mean ± SD (n � 3).
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USP14. The above results suggested that 6-Gingerol inhibited the
expression of USP14 and FTH1 and up-regulated the expression
of other proteins in vivo and in vitro.

6-Gingerol Up-Regulates the Expression of
Light Chain 3 and Ferritin Heavy Chain 1 in
USP14-OE Cells
To further investigate the role of USP14 on autophagy in A549
cells, we overexpressed USP14 in cells. USP14 was successfully
overexpressed in cells (Figure 7A), and the expression of USP14
in the USP14-OE treated with 6-Gingerol group was lower than
that in the control group (Figure 7B). The LC3 protein is
involved in the formation of autophagosomes, so it is usually

characterized as an autophagy marker (Rao et al., 2019). In
Figures 7C,D, after 6-Gingerol treatment, the GFP
fluorescence brightness of the 80-Gin group was significantly
higher than that of the untreated control group, whereas the
USP14-OE + 80-Gin group was significantly lower than the 80-
Gin group (p < 0.05). Since USP14 could regulate autophagy in a
Beclin 1-dependent manner (Lee et al., 2016), we futher
investigated whether six gingerol regulates autophagy through
Beclin1 de-ubiquitylation of K63 ubiquitin. The expressions of
LC3II/LC3I and K63 ubiquitination of Beclin one in USP14-OE +
80-Gin group were higher than that in 80-Gin group, and
expression of FTH1 in 80-Gin group was significantly lower
than that in USP14-OE + 80-Gin group (p < 0.05, Figures
7E,F). These results all demonstrated 6-Gingerol could

FIGURE 6 | 6-Gingerol regulates the expression of autophagy and ferroptosis related proteins in A549 cells. (A) The western blot analysis of USP14, Beclin 1,
NCOA4, LC3 I, LC3 II, FTH1, TfR1, GPX4 and ATF4, Co-IP analysis of ubiquitination of K63 on Beclin one; (B) The densitometric analysis of the bands was presented as
the relative ratio of USP14, Beclin 1, NCOA4, LC3 II/LC3 I, FTH1, TfR1, K63 ubiquitination on Beclin one to Beclin 1. (C) In vitro K63-linked deubiquitination of Beclin one
by USP14. Con: control, 20-Gin: 20 μM 6-Gingerol, 40-Gin: 40 μM6-Gingerol, 80-Gin: 80 μM 6-Gingerol. Compared with the control group, *p < 0.05, **p < 0.01.
Data are expressed as mean ± SD (n � 3).
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promote autophagy and ferroptosis by inhibiting the
deubiquitination of the K63 site of USP14-mediated Beclin1
ubiquitination.

DISCUSSION

Lung cancer is the most common malignancy and the leading
cause of cancer-related deaths worldwide. Lung cancer is mainly
treated with Cisplatin, Permetrexide and erlotinib (Li et al., 2018),
but the clinical application of these drug is limited due to their
toxicity and resistance, so new anti-lung cancer drugs are urgently
needed. 6-Gingerol is a phenolic substance naturally present in
ginger (Zingiber officinale Roscoe) that has been shown to have
anti-inflammatory, anti-tumor and antioxidant biological
activities (Koch et al., 2017; Zhang et al., 2017; Alencar et al.,
2018). Therefore, in the study, the effects and possible mechanism
of action of 6-Gin on A549 tumor were investigated. The major
novel findings in the present study were that 6-Gingerol
suppresses A549 cells survival and proliferation in vitro, and
reduced the size of tumor in vivo. Further studies implied that 6-
Gingerol ameliorated autophagy-dependent ferroptosis by
suppressing the expression of USP14, increasing ROS and Fe2+

content.
Six- Gingerol has been considered as a potential therapeutic

agent due to its inhibitory effects on inflammation, oxidative

stress and carcinogenesis (Koch et al., 2017; Alencar et al., 2018).
Our study showed that 6-Gingerol treatment could decrease
tumor volume, reduce the accumulation of ROS and iron in
the tumor, and reduce the expression levels of autophagy and
ferroptosis related proteins. We further studied the effect of 6-
gingerol on A549 cells in vitro and showed that 80 μM of 6-
Gingerol was the most effective in inhibiting cell survival and
proliferation.

Both tumor-bearing mice and A549 cells displayed a panel of
biomarkers based on autophagy and ferroptosis, such as
upregulation of Beclin one and LC3II/LC3I, iron overload,
lipid peroxidation, inhibition of USP14 activity and induction
of the autophagy-related and ferroptosis-related proteins
expression, supporting that USP14 is capable of regulating
autophagy and ferroptosis. Notably, 6-Gin treatment
significantly supressed USP14 expression, indicating that 6-Gin
promoted autophagy effects by inhibition of USP14-Beclin 1,
which was consistent with previous study (Xu et al., 2016).
However, how 6-Gin affects autophagy in tumors involved in
rust remains unresolved.

The induction of ferroptosis is an approach to suppressing
tumor growth. Ferroptosis has been shown to promote cell death
in a variety of cancer cell lines (Hou et al., 2016; Xie et al., 2016).
Iron is essential for oxygen transmission, redox reactions and
synthesis of metabolites (Ganz and Nemeth, 2012). Normally,
iron is stored in the form of transferrin or ferritin. Ferritin is a

FIGURE 7 | 6-Gingerol up-regulates the expression of LC3 and FTH1 in USP14-OE cells. (A) The western blot analysis of USP14 overexpression; (B) The cell
viability of USP14-OE cells treated with 6-Gingerol; (C) The representative images of GFP-LC3 and DAPI; (D) The quantitative positive rate of GFP-LC3; (E) The western
blot analysis of FTH1 in USP14-OE cells; (F) The western blot analysis of LC3 in USP14-OE cells; (G) The Co-IP analysis of ubiquitination of K63 on Beclin one in USP14-
OE cells. Data are expressed as mean ± SD, *p < 0.05, **p < 0.01 (n � 3).

Frontiers in Pharmacology | www.frontiersin.org November 2020 | Volume 11 | Article 5985558

Yun et al. 6-Gingerol Inhibits Tumor

209

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


multimeric protein complex composed of 24 H and L
polypeptide subunits that are freely organized in different
proportions to form a shell-like nanocage in which Fe3+ is
stored (Arosio et al., 2009; Bellelli et al., 2016). NCOA4 was
identified as a key player in ferritin phagocytosis (Dowdle
et al., 2014), which promotes degradation of autophagic
ferritin to release Fe2+ from ferritin (Mancias et al., 2014).
We found that the expression of NCOA4 in vivo and in vitro
was down-regulated and the expression of FTH1 was up-
regulated in vivo and in vitro after treatment with 6-
Gingerol (Figures 5A,B,6A,B), which further supported this
opinion. GPX4 is an important selenoprotein, which regulates
the death of ferroptotic cell by reducing lipid peroxidation
(Yang et al., 2014). In our study, the expression of GPX4
decreased significantly, while the ROS content increased. The
content of Fe2+ was increased, and Fe2+ could generate reactive
hydroxyl radicals through Fenton chemical reaction, which in
turn caused lipid peroxidation and ferroptosis. 6-Gin could
effectively up-regulate ferroptosis by inhibiting the expression
of USP14. After USP14 overexpression, the A549 cells were
more sensitive to ferroptosis with the increased levels of LC3
II/LC3 I.

In summary, this study shows for the first time that 6-Gingerol
blocks the proliferation and survival of A549 cells through the
autophagy-ferroptosis pathway. The accumulation of iron in cells
contributes to the death of A549 cells. These findings suggested
that 6-Gingerol could be a potentially useful natural drug against
lung cancer.
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GLOSSARY

ATF4: activating transcription factor 4

DHE: dihydroethidium

FBS: fetal bovine serum

FTH1: ferritin heavy chain

GFP: green fluorescent protein

GPX4: glutathione peroxidase four

H&E: hematoxylin-eosin

LC3: microtubule-associated protein light chain three

MDA: malondialdehyde

MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide

NCOA4: nuclear receptor coactivator four

ROS: reactive oxygen species

TfR1: transferrin receptor one

USP14: ubiquitin-specific peptidase 14
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Targeting Autophagy to Treat Cancer:
Challenges and Opportunities
Junghyun Lim and Aditya Murthy*

Department of Cancer Immunology, Genentech, Inc., South San Francisco, CA, United States

Autophagy is a catabolic process that targets its cargo for lysosomal degradation. In
addition to its function in maintaining tissue homeostasis, autophagy is recognized to play
a context-dependent role in cancer. Autophagy may inhibit tumor initiation under specific
contexts; however, a growing body of evidence supports a pro-tumorigenic role of this
pathway in established disease. In this setting, autophagy drives treatment resistance,
metabolic changes, and immunosuppression both in a tumor-intrinsic and extrinsic
manner. This observation has prompted renewed interest in targeting autophagy for
cancer therapy. Novel genetic models have proven especially insightful, revealing unique
and overlapping roles of individual autophagy-related genes in tumor progression. Despite
identification of pharmacologically actionable nodes in the pathway, fundamental
challenges still exist for successful therapeutic inhibition of autophagy. Here we
summarize the current understanding of autophagy as a driver of resistance against
targeted and immuno-therapies and highlight knowledge gaps that, if addressed, may
provide meaningful advances in the treatment of cancer.

Keywords: autophagy, immunotherapy, cancer, oncology, immunology

INTRODUCTION

Autophagy is an evolutionarily conserved lysosomal degradative pathway that digests diverse
cellular cargo. These include cytosol itself, proteins, lipids, organelles and intracellular pathogens.
Given its role in cellular quality control, autophagy is unsurprisingly involved in numerous
pathophysiological conditions. Since Christian de Duve coined the term “autophagy,” our
understanding of this pathway has evolved from a relatively simple non-selective catabolic
process to a highly targeted mechanism by which specific cargo is identified for lysosomal
turnover (Klionsky et al., 2003; Dikic and Elazar, 2018; Mizushima, 2018; Levine and
Kroemer, 2019; Melia et al., 2020). Selective autophagy utilizes “autophagy receptor” proteins
which bridge the cargo-of-interest to the autophagosome (reviewed in Kirkin, 2020). Each form of
selective autophagy is named after its cargo (e.g., protein aggregates: aggrephagy, lipids: lipophagy,
pathogens: xenophagy, organelles: mitophagy, pexophagy, ribophagy, ER-phagy, and
nucleophagy). Autophagy receptors such as p62/SQSTM1, NDP52, OPTN and NBR1 consist
of a ubiquitin-associated-domain and an LC3-interacting region. This allows them to bridge
specific cargo (often ubiquitinated as a consequence of a specific cellular state/stress response) to
autophagosomes by binding to members of the ATG8 family, such as LC3 (Zaffagnini and
Martens, 2016; Kirkin and Rogov, 2019). Three types of autophagy have been characterized based
on how cargo is delivered to the lysosome: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). Macroautophagy is the most extensively studied form of autophagy
and the focus of this review. Molecular mechanisms underlying microautophagy and CMA are
reviewed in detail elsewhere (Kaushik and Cuervo, 2018; Oku and Sakai, 2018).
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Macroautophagy (herein autophagy) is regulated in a stepwise
manner by multi-subunit complexes of autophagy-related
proteins (Figure 1). The Unc51-like kinase (ULK) complex is
a Ser/Thr protein kinase complex that phosphorylates multiple
substrate proteins to initiate autophagy. ULK1/2 activity
promotes stabilization of the Class lll phosphatidylinositol 3-
kinase (PIK3C3) complex, where Vps34 phosphorylates
phosphatidylinositol (PI) to generate PI-(3)-phosphate
(Ptdins(3)P), a critical membrane targeting signal for the
autophagosome elongation machinery. Importantly, Vps34
forms different subcomplexes with distinct functions. Complex
l consists of Beclin 1, p150, ATG14L, and NRBF2 and regulates
autophagy induction. Separately, complex II utilizes UVRAG
instead of ATG14L and governs vesicular trafficking. Finally,
complex III consists of RUBICON, a RUN-domain containing
protein that binds UVRAG and negatively regulates
autophagosome formation via regulation of the RAB7-GTPase
(Matsunaga et al., 2009; Zhong et al., 2009; Ohashi et al., 2019;
Bhargava et al., 2020). Thus, Vps34 functions as an upstream
regulator of autophagosome formation, endosome maturation

and membrane trafficking via its membership in distinct
signaling complexes.

Membrane PI3P generated by Vps34 are docking sites for
FYVE domain containing proteins such as WIPI2, which in turn
recruits the autophagosome elongation complex. Here, ubiquitin-
like proteins of the ATG8 family (ATG8 in yeast; LC3A, B, C,
GABARAPs, and GATE-16 proteins in mammals) are post-
translationally modified by lipidation, first by exposure of a
C-terminal glycine and subsequent conjugation to
phosphatidylethanolamine (PE). There are parallels between
the ubiquitin E1-E2-E3 conjugation machinery and the
autophagosome elongation complex. ATG7 acts as the “E1”
enzyme for its substrates ATG8 or ATG12. Following E1-
mediated activation, ATG8 is transferred to the “E2-like”
protein ATG3. The ATG12-ATG5-ATG16L1 complex acts as
an “E3-like” enzyme to transfer ATG8 to PE on the growing
autophagosome membrane. Importantly, generation of the
ATG12-ATG5-ATG16L1 complex requires transfer of ATG12
from ATG7 using a separate conjugation machinery involving
ATG10, another “E2-like” protein. Once autophagosomes

FIGURE 1 | Actionable nodes of the autophagy pathway. The process of autophagy begins with generation of the initiation complex. Its substrates include factors
critical for phagophore nucleation. This is also called the Vps34 complex and is involved in initiation of autophagy as well as endosomematuration. The lipid kinase activity
of Vps34 generates PI3P on the target membrane, forming the omegasome upon which the autophagy nucleation complex forms. The ER is depicted as a membrane
source for the omegasome, but other membranous compartments have also been described. The autophagy elongation machinery includes an E1-E2-E3-like
process that ultimately results in lipidation of ATG8 family proteins, thereby identifying a mature autophagosome. Two conjugation systems are illustrated: the ATG8
conjugation system (red) transfers LC3/ATG8 to the E2-like protein ATG3. The ATG12 conjugation system (green) generates the E3-like complex by transferring ATG12
onto ATG5. Association of the ATG5-12 fusion with ATG16L1 forms the ATG16L1 complex; this acts in an E3-like manner to transfer ATG8/LC3 onto phosphatidyl
ethanolamine (PE), thereby completing the lipidation process. Cysteine proteases of the ATG4 family cleave ATG8/LC3 from the cytosolic face of the autolysosome for
re-use. ATG4 family proteins are critical in the initial activation of ATG8/LC3 by exposing the C-terminal glycine for conjugation. As depicted, several members of core
autophagy machinery have been assessed in genetic and pharmacological models for their role in cancer biology. Additional details of genetic models are provided in
Table 1. A more extensive list of pharmacological inhibitors is provided in Table 2. Created with BioRender.com.
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enclose cargo, they undergo heterotypic fusion with lysosomes for
substrate degradation by lysosomal hydrolases. Finally, ATG4
family proteins act as cysteine proteases to cleave and expose
C-terminal glycine on ATG8 proteins (e.g., G120 of pro-LC3B)
for participation in the elongation complex. They also cleave
lipidated ATG8 proteins on the mature autophagosome to recycle
them and maintain a cellular pool of non-lipidated ATG8. As
depicted in Figure 1, our current understanding of the
autophagic machinery provides multiple nodes that are
genetically validated and attractive pharmacological targets.

This review summarizes our current understanding of how
autophagy drives disease progression via altered metabolism and
immunosuppression in tumor-intrinsic and extrinsic contexts.
We catalogue the growing list of actionable targets in the
pathway, and finally discuss current gaps in knowledge to
successfully modulate autophagy for the treatment of cancer.

THE COMPLICATED ROLE OF
AUTOPHAGY IN CANCER

Initial genetic studies using Becn1 (encoding Beclin 1)
heterozygous mice demonstrated spontaneous malignancies
and HBV-induced hepatocellular carcinogenesis in murine
models (Qu et al., 2003; Yue et al., 2003). Autophagy activity
in Becn1+/− mice was reduced compared to controls. Since
outgrowing tumors did not show loss of the remaining allele,
Becn1 was proposed as a haplo-insufficient tumor suppressor.
Comparatively, deletion of downstream autophagy genes Atg5 or
Atg7 permitted development of benign tumors that failed to
progress to malignant cancers (Takamura et al., 2011; Guo
et al., 2013; Strohecker et al., 2013; Rao et al., 2014; Yang
et al., 2014). Loss of the autophagy-related gene Atg7 in
intestinal epithelial cells was shown to attenuate tumor growth
driven by loss of adenomatous polyposis coli (APC), a major
tumor suppressor in colorectal cancer. However, simultaneous
deletion of Atg7 and the tumor suppressor Tp53 initiated
adenoma formation in the presence of wild type APC (Levy
et al., 2015; Trentesaux et al., 2020). Thus, loss of autophagy-
related genes can promote opposing outcomes for tumor growth
depending on the driving oncogenic or tumor-suppressor.
Defective autophagy can promote tumor initiation via multiple
pathways. For instance, tumor cells derived from autophagy-
deficient cells frequently exhibit accumulation of abnormal
mitochondria due to lack of mitophagy, consequently suffering
enhanced oxidative stress, DNA damage and potentially
developing aneuploidy (Mathew et al., 2009). Autophagy also
impacts cellular senescence in a context dependent manner. As a
key feature of aging, senescence prevents malignant
transformation by arresting cell division. While basal
autophagy may counteract senescence by maintaining cellular
fitness, autophagy is associated with oncogene-induced
senescence (Dou et al., 2015; Kang et al., 2015). Autophagy-
mediated turnover of p62/SQSTM1 (p62) can also contribute to
tumor suppression. As an autophagy receptor, p62 bridges cargo
to autophagosomes, but itself is a substrate for autophagic
turnover. A known non-canonical function of p62 is

regulation of the transcription factor Nrf2 (nuclear factor
erythroid 2–related factor 2; discussed later) (Komatsu et al.,
2010; Inami et al., 2011; Ichimura et al., 2013). A relatively limited
number of studies suggest autophagy as a tumor suppressor in a
cancer cell-extrinsic manner. p62 in the tumor
microenvironment (TME), specifically in CAFs or adipocytes
appears to suppress tumor growth (Valencia et al., 2014; Duran
et al., 2016; Umemura et al., 2016). Autophagy has also shown to
promote dendritic cell-mediated CD8+ T cell priming, thus
enhancing tumor cell killing through immunogenic ATP
release (Michaud et al., 2011).

In contrast to its role as a tumor suppressor, an increasing
number of studies propose a pro-tumorigenic role for autophagy
in a tumor cell-intrinsic or extrinsic manner. While some tumor
cells induce autophagy as a survival mechanism against diverse
stress conditions including therapies, nutrient deprivation, or
hypoxia, pancreatic cancer cells exhibit elevated autophagy
activity even under basal conditions (Guo et al., 2011; Lock
et al., 2011; Yang et al., 2011). Initial observations that
autophagy was dispensable for basal growth of multiple cancer
cell lines in 2D cell culture systems or xenograft models led to a
pause in the pursuit of autophagy inhibitors (Eng et al., 2016).
However, emerging data using more relevant model systems are
proving that enhanced autophagy is indeed a critical driver of
treatment resistance and tumor progression in vivo (Table 1).
The use of nutrient-rich 2D culture systems and
immunocompromised models may account for discrepancies
observed between earlier studies and more recent work. Earlier
studies of germline autophagy-related gene knockout mice
showed autophagy to be a vital pathway for mammalian
development, maintenance and expansion of immune cells and
hematopoietic stem cells (reviewed in Kuma et al., 2017; Clarke
and Simon, 2019); it was thus assumed that autophagy inhibition
would compromise immune cell function in the context of cancer.
However, recent work using elegant genetic models reveals that in
fact, autophagy suppresses anti-tumor immunity. As listed in
Table 1, tissue-specific deletion of autophagy-related genes in the
myeloid, lymphoid and broader host cellular compartments have
demonstrated that perturbing the pathway accelerates tumor
clearance via multiple mechanisms (Table 1A – tumor
intrinsic; Table 1B – tumor extrinsic). The following sections
discuss our emerging understanding of how autophagy promotes
therapeutic resistance and fosters tumor progression.

TUMOR-INTRINSIC AUTOPHAGY

Autophagy Supports Tumor Cell
Metabolism
Autophagy supplies tumor cells with metabolic substrates by
degrading glycogen, lipid droplets, damaged proteins or
organelles (Guo et al., 2011; Yang et al., 2011; Guo et al.,
2013; Strohecker et al., 2013; Rao et al., 2014; Yang et al.,
2014). In addition, autophagy maintains the pool of functional
mitochondria, critical for survival under nutrient or oxygen
limiting conditions, and especially for fatty acid oxidation.
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TABLE 1 | Murine models where loss-of-function in autophagy genes attenuates tumor growth.

A) Autophagy deficiency in the tumor

Autophagy function Autophagy-
related
gene

Cell line/GEMM Cancer type Tumor Progression Related mechanism References

Autophagy initiation Fip200 MMTV-PyMT Breast Attenuated (extended
survival)

Lung metastasis ↓; IFNγ + CD8 ↑; Treg ↓; CCL5,
CXCL9/10 ↑

(Wei et al., 2011)

Phagophore nucleation Pik3c3 (Vps34) B16-F10, CT26 Melanoma, CRC Attenuated (extended
survival)

— (Noman et al., 2020)

Becn 1 (Beclin 1) B16-F10 Melanoma Attenuated CCL5-mediated infiltration of NK cells (Mgrditchian et al.,
2017)

Autophagosome
elongation

Atg4B C47A Mia-Paca2 PDAC No effect Tumor regression in MEKi combo (Kinsey et al., 2019)
Atg4BC47A, Atg7 HY15549, HY19636 PDAC, liver

metastasis
Attenuated MHC-l ↑; CD8+ T-cell mediated synergy with αPD1 +

αCTLA4
(Yamamoto et al.,
2020)

Atg4BC47A LSL-KrasG12D; Trp53lox/+;
p48Cre+

PDAC Regressed (Extended
survival)

Comparable tumor control to intermittent expression;
Increased Macs

(Yang et al., 2014)

Atg5 8988T PDAC Attenuated — (Yang et al., 2011)
Atg5 LSL-KrasG12D Lung Attenuated Tumor Initiation ↑; Extended survival (Rao et al., 2014)
Atg5 LSL-KrasG12D; Trp53lox/+;

Pdx1Cre+
PDAC Attenuated Initiation ↑;OCR ↓ (Yang et al., 2014)

Atg7 BrafV600E; Trp53f/f Lung Attenuated Initiation ↑; OCR ↓ (Strohecker et al.,
2013)

Atg7 TgTyr-cre/ERT2/+; Lsl-BrafV600E/+;
Ptenf/+

Melanoma Attenuated — (Xie et al., 2015)

Atg7 VilCre-ERT2; Apcf/+ Colon Attenuated IFNγ+CD8 ↑; AMPK/p53−mediated (Levy et al., 2015)
Atg7 LSL-KrasG12D, Trp53f/f Lung Attenuated (Extended

Survival)
FAO ↓;Glycolysis ↑ (Guo et al., 2013)

Multiple Renca, EMT6 Renal, breast Attenuated Sensitization to CTL-mediated killing (Lawson et al., 2020)

B) Autophagy deficiency in the host

Autophagy- related
gene

Cell line/GEMM Cancer type Tumor
Progression

Related mechanism References

Becn 1, Atg7, Atg5, Rubcn B16-F10 (Subcu/IV), LLC Melanoma/Lung Metastasis,Lung Attenuated Myeloid cell specific deletion;STING-mediated Type I IFNs;
Enhanced CTL function

(Cunha et al., 2018)

Atg5, Atg16L1, Atg14L E0771, Tramp-C2, MC38 Breast, Prostate, colon Attenuated Inducible systemic deletion;IFNγ + TNFα + CD8 T ↑;
Glucose uptake ↑

(DeVorkin et al., 2019)

Atg7 frtKrasG12D; Trp53frt/frt Lung Attenuated Inducible systemic deletion;Attenuated growth of established tumor (Karsli-Uzunbas et al., 2014)

Atg7 or Atg5 YUMM1.1/1.3, MB49, 71.8 Melanoma, Bladder, NSCLC Attenuated Inducible systemic deletion;Serum Arginine depletion by increased ARG1
from liver;Liver-specific deletion phenocopies systemic deletion

(Poillet-Perez et al., 2018)

Atg7 MC38 Colon Attenuated Deletion in Treg; mTOR, c-Myc, and glycolysis-mediated Treg
dysfunction

(Wei et al., 2016)

Atg7, Fip200 MB49, YUMM1.1-9 Urothelial carcinoma, Melanoma Attenuated Inducible systemic deletion;Enhanced CTL- and STING-mediated
inflammatory responses

(Laura Poillet-Perez et al., 2020)

This table provides a summary of genetic models where core autophagy genes have either been deleted or altered to generate loss-of-function/dominant negative phenotypes in autophagic flux. A) Earlier focus on the role of autophagy in
cancer cells has generated a diverse array of tumor models where autophagy loss-of-function is generated either in transformedmurine or human cell lines (underlined) or in genetically engineeredmousemodels of spontaneous tumor growth
(bold)B)More recently, loss of autophagy in host cells has been studied using tissue-specific or inducible genetic models. These include gene deletion in themyeloid and lymphoid compartments, aswell as broad deletion inmultiple tissues via
administration of tamoxifen in adult mice. GEMM, Genetically Engineered Mouse Model; Macs, Macrophages; OCR, Oxygen Consumption Rate; FAO, Fatty Acid Oxidation; CTL, Cytotoxic T Lymphocyte.
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Accumulation of lipid droplets and defective mitochondria by
Atg7 deficiency attenuated Ras-driven tumor proliferation (Guo
et al., 2013; Strohecker et al., 2013). Atg7 loss also attenuated
BrafV600E-driven lung tumorigenesis by depleting glutamine,
thereby impairing mitochondrial respiration. Inhibition of
autophagy by knocking down Atg7 and Atg12 attenuated
cancer cell glycolysis and cellular transformation by oncogenic
Ras (Lock et al., 2011). Reduced glucose uptake was also observed
upon Fip200 deletion in the MMTV-PyMT breast cancer model
where tumorigenesis is driven by Polyoma virus-mediated Ras,
Src, and PI3K activation (Wei et al., 2011). Inhibition of
autophagy in tumor cells could therefore sensitize them to
metabolic stresses and uncover additional dependencies for
survival.

Autophagy Promotes Therapeutic
Resistance
Responses to primary therapy include ER stress, hypoxia, and
mTOR inhibition, all of which induce autophagy as a survival
mechanism (Rebecca and Amaravadi, 2016; Amaravadi et al.,
2019). Hence, autophagy inhibition may reverse resistance to
targeted therapies but be comparatively less efficacious on its
own. Specific driver mutations such as Ras, BRAF, LKB1 are
known to sensitize cancer cells to autophagy inhibition
(Amaravadi et al., 2019). In particular, Ras-driven pancreatic
cancer is a relevant indication where enhanced autophagy is
observed upon pharmacological MAP kinase pathway inhibition
(Bryant et al., 2019; Kinsey et al., 2019; Lee et al., 2019). Similarly,
BRAF-mutations also promote autophagy upon treatment with
BRAF or MEK inhibitors (Levy et al., 2014; Ma et al., 2014;
Mulcahy Levy et al., 2014; Xie et al., 2015; Mulcahy Levy et al.,
2017). In both these settings, combining inhibitors of growth
factor signaling along with autophagy provides a synergistic

effect, revealing therapeutic efficacy in otherwise non-
responsive disease. More recently, selective autophagy of
MHC-I by pancreatic cancer cells was shown to promote
resistance to immunotherapy, with genetic or pharmacological
inhibition of autophagy re-sensitizing cancer cells to checkpoint
blockade (Yamamoto et al., 2020). However, class I MHC as well
as co-stimulatory or co-inhibitory proteins (e.g., CD40, CD80/86,
PD-L1/2) are established interferon response genes. Autophagy is
acknowledged as a potent inhibitor of type I and II interferon
responses (Martin P. K. et al., 2018; Samie et al., 2018; Orvedahl
et al., 2019; Wang et al., 2019; Wang Y. T. et al., 2020; Lawson
et al., 2020). Thus, numerous autophagy-dependent mechanisms
may govern cellular MHC-I levels. It will be important to confirm
whether this observation is unique to pancreatic tumors or a
broader phenomenon, given that loss of antigen presentation by
tumor cells is a highly relevant mechanism for resistance to
immunotherapy (Zaretsky et al., 2016; Patel et al., 2017; Burr
et al., 2019).

Autophagy Protects Against Cell Death
Autophagy can provide tumor cells protection against cell death
(Guo et al., 2011; Lock et al., 2011). Immunogenic death of tumor
cells by pyroptosis (Wang Q. et al., 2020; Zhang et al., 2020) and
necroptosis (Yatim et al., 2015; Snyder et al., 2019) is understood
to enhance cellular immunity against cancer by multiple
mechanisms including antigen release and adjuvant effects
generated by dying cells. Intriguingly, a recent genome-wide
assessment of cancer cell-intrinsic mechanisms of resistance
against T cell mediated killing revealed autophagy to be a
common cyto-protective pathway in murine models (Lawson
et al., 2020). Autophagy inhibits necroptosis in intestinal
epithelial and innate immune cells by regulating turnover of
key components such as RIPK1 and RIPK3 (Matsuzawa-
Ishimoto et al., 2017; Lim et al., 2019). In contrast,

TABLE 2 | Pharmacological inhibitors of autophagy.

Autophagy function Target Inhibitor name References

Autophagy initiation ULK1/2 SBI-0206965 (Egan et al., 2015)
MRT67307, MRT68921 (Petherick et al., 2015)
ULK-101 (Martin K. R. et al., 2018)

Phagophore nucleation Vps34 SAR405 (Ronan et al., 2014)
PIK-III, compound 19 (Dowdle et al., 2014)
VPS34-IN1 (Bago et al., 2015)
SB02024 (Noman et al., 2020)
Takeda/Millennium WO2018144791

Autophagosome elongation GRAMD1A Autogramin (Laraia et al., 2019)
ATG7 Several (Huang et al., 2020)
ATG4 NSC185058 (Akin et al., 2014)

Tioconazole (Liu et al., 2018)
UAMC-2526 (Kurdi et al., 2017)
S130 (Fu et al., 2019)

Cargo degradation Lysosome CQ/HCQ (Levy et al., 2017, Amaravadi et al., 2019)
Ly05 (McAfee et al., 2012)
DQ661/DC661 (Rebecca et al., 2017; Rebecca et al., 2019)
ROC-325 (Nawrocki et al., 2019)

A non-exhaustive list of small molecule inhibitors currently being assessed for autophagy inhibition. The large majority of these are in pre-clinical stages, with the exception of CQ/HCQ. In
addition to modulators of known core autophagy-related genes, autophagy pathway inhibitors that target new substrates (e.g., GRAMD1A) are being revealed via phenotypic screening
in cells.
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autophagosomes are shown to provide a platform for the
necrosome in prostate epithelial and rhabdomyosarcoma cells
(Basit et al., 2013; Goodall et al., 2016). The extent to which this
occurs in additional cell types and its significance in vivo remains
to be determined. Overall, there is consensus that autophagy is a
relevant mechanism for cancer cell evasion of cell death (reviewed
in Towers et al., 2020), but we have limited understanding of the
clinical setting(s) where this dependency can be safely exploited.

Autophagy Impacts Immune Cell Infiltration
of Tumors
Autophagy was reported to coordinate IL-6 secretion in RAS-
driven invasion (Lock et al., 2014). Also, non-classical protein
secretion was proposed as a mechanism connecting autophagy
activity with increased secretion of cytokines known to modulate
inflammation and tumorigenesis (Kraya et al., 2015). However,
deletion of core autophagy-related genes in immune and cancer
cells consistently enhances release of pro-inflammatory cytokines
and chemokines (Saitoh et al., 2008; Wei et al., 2011; Murthy
et al., 2014; Maycotte et al., 2015; Lee et al., 2016; Mgrditchian
et al., 2017; Samie et al., 2018; DeVorkin et al., 2019; Lim et al.,
2019; Cotzomi-Ortega et al., 2020; Noman et al., 2020). For
example, Mgrditchian et al demonstrated that CCL5 was
critical for NK cell infiltration and efficacy in B16F10
melanoma tumors. This is highly relevant for immunotherapy,
since the above chemokines are critical for T and NK cell
infiltration into solid tumors and strongly associated with a
response to immune checkpoint inhibition (Dangaj et al.,
2019; House et al., 2020). Thus, inhibition of tumor cell
autophagy can reshape the TME by enhanced immune cell
recruitment and function.

TUMOR-EXTRINSIC AUTOPHAGY

Host Autophagy Feeds Tumors
The TME governs several aspects of disease progression (Sahai
et al., 2020). Autophagy in the local TME as well as distal host
tissues can promote tumor growth by providing critical nutrients.
Studies in diverse model systems have shown that autophagy in
the host TME epithelial cells (D. melanogaster tumor progression
models), stromal cells (murine stellate cells, pancreatic ductal
adenocarcinoma orthotopic grafts), or distal tissue (murine
hepatocytes, subcutaneous melanoma grafts) provides amino
acids such as alanine and arginine to support tumor cell
survival (Karsli-Uzunbas et al., 2014; Sousa et al., 2016;
Katheder et al., 2017; Poillet-Perez et al., 2018). These studies
indicate that established tumors enhance autophagic flux in the
host, thus shifting the metabolic set-point of numerous cell types
including the immune system. This metabolic competition often
favors the tumor, since co-opting host amino acids and glucose
directly supports tumor growth while crippling the effector
function of potentially tumoricidal lymphocytes such as
cytotoxic T cell and NK cells (Chang et al., 2015; Mah et al.,
2017; Konjar and Veldhoen, 2019; Terren et al., 2019). It is
important to note that not all models exhibit sensitivity to

autophagy inhibition in the host. Similarly, modulation of
adaptive immunity may not play a role in autophagy-mediated
tumor growth in certain settings (Poillet-Perez et al., 2018). Thus,
it is critical to assess the impact of a specific autophagy-related
gene across multiple models to determine its impact on tumor
progression, metabolic reprogramming and immunosuppression.

Autophagy Reprograms Innate Immune
Cells
Myeloid cells include macrophages, dendritic cells, monocytes
and granulocytes and comprise the innate immune response. As
professional phagocytes and antigen presenting cells,
macrophages and dendritic cells are critical for shaping the
tumor cytokine milieu as well as antigen-specific immunity.
Myeloid cell-specific deletion of genes involved in
autophagosome elongation and LC3-associated phagocytosis
[LAP, reviewed in (Heckmann and Green, 2019)] enhanced
anti-tumor immunity, attenuating tumor growth and
metastasis in multiple syngeneic tumor models (Alissafi et al.,
2018; Cunha et al., 2018). Here, defective autophagy was
primarily generated in macrophages, monocytes and
granulocytes, resulting in a preferential inflammatory or “M1”
polarization of macrophages along with reduced suppressive
capacity of myeloid derived suppressor cells. The impact of
these changes included enhanced type I interferon responses
along with an increase in polyfunctional cytotoxic T
lymphocytes. Similar outcomes were observed upon
pharmacological inhibition of lysosomal activity using
Chloroquine [CQ; (Chen et al., 2018)]. In contrast, loss of
Vps34 (encoded by Pik3c3) in dendritic cells as well as
monocytes/macrophages promoted lung metastasis by B16F10
melanoma cells (Parekh et al., 2017). The broad regulatory role of
Vps34 in membrane trafficking beyond autophagy may explain
the divergent phenotypes generated by loss of Pik3c3 versus
downstream autophagy-specific genes such as Atg5. These
findings also reinforce the importance of comparing multiple
autophagy pathway genes within a model system to determine if
altered autophagy truly underlies the phenotypic outcome.
Beyond anti-tumor immunity, deletion of autophagy-related
genes in myeloid cells has resulted in enhanced type I/II
interferon response, autoimmunity and anti-microbial
immunity in numerous studies (Marchiando et al., 2013;
Martin P. K. et al., 2018; Samie et al., 2018; Wang Y. T. et al.,
2020). Altogether, accumulating evidence strongly supports
inhibition of autophagy and related pathways as a mechanism
to promote innate inflammation by myeloid cells.

Autophagy Regulates T Cell Function
Constitutive deletion of core autophagy-related genes in the T
lymphocyte lineage has demonstrated its requirement for the
development of thymocytes and peripheral T cells, along with
maintenance of regulatory T cells (Tregs) (Pua et al., 2007; Kabat
et al., 2016; Parekh et al., 2017). Thymocytes rapidly induce
autophagy upon TCR engagement to meet bioenergetic needs
(Stephenson et al., 2009; Hubbard et al., 2010). Additionally, loss
of autophagy in T cells has shown to compromise their ability to
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generate antigen-specific memory following infection (Puleston
et al., 2014; Xu et al., 2014). Intriguingly, defective autophagy in
Tregs or in adult mice dramatically enhances anti-tumor
immunity via loss of Tregs or generation of a potent effector
memory T cell pool in pre-clinical models (Xu et al., 2014;
DeVorkin et al., 2019). Recent studies have highlighted the
need for sophisticated genetic models to delineate the role of
autophagy in lymphocyte developmental versus function in adult
tissues (DeVorkin et al., 2019; Laura Poillet-Perez, 2020).
DeVorkin et al demonstrated that inducible deletion of Atg5
in adult mice enhanced T cell glycolytic metabolism while
maintaining oxidative phosphorylation (OXPHOS). This
shifted CD8+ T cells to an effector memory phenotype with
increased IFNγ and TNFα production, consistent with the known
requirement of glycolysis for optimal effector T cell function
(Cham et al., 2008; Chang et al., 2013; Gubser et al., 2013).
Notably, inhibition of T cell checkpoints such as PD-1 (encoded
by Pdcd1) also promotes a shift toward glycolytic metabolism,
and germline loss of Pdcd1 or its ligand PD-L1 impairs T cell
memory while driving a terminally differentiated effector
phenotype. In contrast, pharmacological PD-1 inhibition
drives effector T lymphocyte functions while augmenting
memory as the pharmacodynamic effect of PD-1 inhibition
wanes (Odorizzi et al., 2015; Patsoukis et al., 2015; Ahn et al.,
2018; Verma et al., 2019; Pauken et al., 2020). It appears that
enhanced autophagy in the T cell compartment during tumor
progression generates a competitive disadvantage for limiting
metabolites, thereby curbing productive anti-tumor effector
function. It must also be acknowledged that regulation of
glycolytic metabolism promotes the maintenance of memory
T cell pools (Sukumar et al., 2013; Zhang and Romero, 2018).
Thus, timing and duration of autophagy inhibition should be key
considerations to optimally induce an effector T cell response
against cancer while retaining the ability to develop T cell
memory against relevant tumor antigens.

ADAPTATION AGAINST AUTOPHAGY
INHIBITION

While tumor cells can induce autophagy as a survival mechanism
against therapies, compensatory responses to inhibition of
autophagy are also being revealed. For instance, a reversible
model of Atg5 deletion showed that while Atg5 deficient mice
(ATG5i) exhibited tissue inflammation and degeneration,
eventually succumbing to these phenotypes, there was no sign
of overt tumor development (Cassidy et al., 2020). These mice
also showed accelerated aging that was reverted by restoring Atg5
expression (R-Atg5i). Of note, restoring autophagy promoted
spontaneous tumor development, suggesting that prolonged
autophagy inhibition may select for additional stress-response
pathways which accelerate disease progression when autophagy is
restored. Recent studies demonstrate that overactivation of the
oxidative stress response by the transcription factor Nrf2 is a
dominant consequence of autophagy-related gene deletion in
cancer cells (Kerins et al., 2019; Towers et al., 2019). The
association between autophagy inhibition and Nrf2 was

reported even earlier, predominantly due to accumulation of
p62 (Komatsu et al., 2010; Inami et al., 2011; Ichimura et al.,
2013). The Nrf2-Keap1 (kelch-like ECH-associated protein 1)
pathway is a critical defense mechanism against oxidative stress.
Keap1 tightly regulates Nrf2 activity by promoting its
proteasomal degradation under basal conditions. Upon
oxidative stress, post-translational cysteine modification of
Keap1 unleashes Nrf2, where it induces an anti-oxidant
transcriptional program. p62 binds Keap1 at the Nrf2-binding
site, and over-abundant p62 outcompetes Nrf2, leading to non-
canonical activation of Nrf2-mediated transcription (Komatsu
et al., 2010). Nrf2-mediated induction of target genes is known to
be associated with human cancers (Hayes and McMahon, 2009)
and its regulation by p62 is responsible for development of
human hepatocellular carcinoma (Inami et al., 2011;
Takamura et al., 2011). Advances in phenotypic screening
provide a novel opportunity to identify additional mechanisms
of resistance to autophagy inhibition. Investments in this area of
research will allow us to better predict how cancers may
circumvent defective autophagy even when combined with
current therapies.

HURDLES TO SUCCESSFUL
PHARMACOLOGICAL INHIBITION OF
AUTOPHAGY
To date, lysomotropic agents such as CQ and
hydroxychloroquine (HCQ) are the only candidates
undergoing clinical assessment for inhibition of autophagy in
cancer. CQ/HCQ have been used in malaria and rheumatologic
disorders; they have been repurposed in combination with other
agents for treatment of cancers. In numerous studies, CQ in
combination with other agents showed beneficial outcomes (Levy
et al., 2017; Amaravadi et al., 2019). Additionally, more potent
lysosomal inhibitors have been developed, such as Lys05, DQ661,
DC661, and ROC-325 (McAfee et al., 2012; Rebecca et al., 2017;
Nawrocki et al., 2019; Rebecca et al., 2019). Although some
studies with CQ/HCQ suggest clinical benefits, their potency
and specificity toward autophagy pathway inhibition remain
outstanding concerns (Maycotte et al., 2012). The quest to
identify more specific autophagy modulators has driven efforts
targeting earlier steps of the pathway (depicted in Figure 1). Most
prominent are inhibitors of the Class III lipid kinase Vps34
(patent WO2018144791; Dowdle et al., 2014; Ronan et al.,
2014; Bago et al., 2015; Honda et al., 2016; Noman et al.,
2020) and the upstream kinases ULK1/2 (Egan et al., 2015;
Petherick et al., 2015; Martin K. R. et al., 2018; Chaikuad
et al., 2019). SB02024, developed by Sprint Bioscience together
with SAR-405 by Sanofi Pharma revealed that inhibition of Vps34
attenuated tumor growth and extended survival in multiple pre-
clinical models (Noman et al., 2020). Consistent with genetic
observations, pharmacological Vps34 inhibition promoted tumor
infiltration by NK and CD8+ T cells. It also demonstrated synergy
with immune checkpoint inhibitors such as anti-PD-L1 or PD-1.
Further down the pathway, inhibitors of the E3-like enzyme
ATG7 and the ATG4 family of cysteine proteases present
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intriguing opportunities (Akin et al., 2014; Kurdi et al., 2017;
Liu et al., 2018; Fu et al., 2019; Huang et al., 2020). Nonetheless,
genetic models still comprise the large majority of evidence
supporting more specific nodes of autophagy as targets.
Beyond canonical members of the pathway, genetic
phenotypic screens using engineered reporter cell lines have
provided new insights for modulation of autophagic flux
(DeJesus et al., 2016; Morita et al., 2018; Kerins et al., 2019;
Shoemaker et al., 2019). In addition, pharmacological screens
with the same cellular tools have revealed inhibitors with new
mechanisms of action. For instance, autogramins were
identified by an image-based phenotypic screen in EGFP-
LC3 overexpressing MCF7 cells (Laraia et al., 2019).
Autogramins selectively target GRAMD1A, which is
required for autophagosome biogenesis by modulating
cholesterol distribution around autophagosome initiation
site. For all the above examples (including canonical
autophagy genes), a number of unknowns still exist and
require improved understanding in order to make
meaningful progress for pharmacological modulation of
autophagy. Below, we discuss some of these knowledge gaps.

Identifying Accurate Pharmacodynamic and
Predictive Biomarkers of Autophagic Flux
As detailed above, inhibiting autophagy has revealed multiple
molecular outcomes which cumulatively impact tumor
progression. However, there is a paucity of accurate
biomarkers to quantify therapeutic perturbation of autophagy.
Classically, accumulation of autophagy receptors such as p62 is
acknowledged as a direct pathway biomarker. More recently,
immunomodulatory proteins such as MHC-I, TRIF, RIPK1,
RIPK3, and STING have shown to be directly modulated by -
and in turn impact - autophagy (Matsuzawa-Ishimoto et al., 2017;
Samie et al., 2018; Gui et al., 2019; Lim et al., 2019; Liu et al., 2019;
Yamamoto et al., 2020). Measuring turnover of autophagic cargo
is a valuable cell-associated readout; however, we now appreciate
that different cell types within a complex microenvironment
exhibit varying kinetics and dynamics of autophagic flux.
Additionally, the need for multiple tissue biopsies to measure
cargo turnover over course of a treatment poses practical
challenges in a therapeutic setting. Thus, identification of
peripheral or biofluid-based surrogates would be highly
valuable in understanding the magnitude and durability of
autophagy inhibition generated by a therapeutic agent. For
example, CCL5/RANTES was discussed as a peripheral
biomarker for Vps34 inhibition (Mgrditchian et al., 2017;
Noman et al., 2020). Although CCL5 is proposed as a direct
target of autophagy, it is also a component of the interferon
response that is consistently shown to be enhanced upon
suppression of autophagy, thus complicating its interpretation
as a bona fide autophagic substrate (Martin P. K. et al., 2018;
Samie et al., 2018; Wang Y. T. et al., 2020). Additionally,
metabolic profiling in pre-clinical models suggest non-essential
amino acids Arginine and Alanine as viable circulating
biomarkers (Sousa et al., 2016; Poillet-Perez et al., 2018). It
will be valuable to determine whether these candidates are 1)

meaningful PD biomarkers in a clinical setting, and 2) reflect the
kinetics of pharmacological autophagy inhibition. Since the above
studies generate chronic or genetic loss of autophagy, a return of
autophagic flux is not measured. It is more likely that intermittent
modulation of autophagy will be utilized via pulsatile dosing in
patients, as systemic, long-term suppression of this pathway may
not be desirable. Identification of facile biomarkers that faithfully
report inhibition as well as normalization of autophagic flux will
prove highly valuable in evaluating therapeutic options.

Accumulating evidence supports autophagy as a mechanism
for resistance against targeted, radiation and chemotherapies
(Santana-Codina et al., 2017). More recent demonstration of
autophagy-mediated resistance to MAP-kinase pathway
inhibition in pancreatic cancer have prompted clinical
assessment of chloroquine in combination with trametinib
(Bryant et al., 2019; Kinsey et al., 2019) [Clinicaltrials.gov
NCT03979651]. Emerging pre-clinical studies demonstrate a
critical role for autophagy pathway genes in
immunosuppression and immune-evasion by cancer.
Intriguingly, this is driven by autophagy in the tumor cell as
well as components of the TME including myeloid cells and T
lymphocytes (Wei et al., 2016; Cunha et al., 2018; DeVorkin
et al., 2019; Yamamoto et al., 2020). To identify patients who
would benefit most from autophagy inhibition, it will be critical
to identify determinants of elevated autophagic flux and
measure their correlation with treatment-associated disease
progression.

Non-Canonical Roles of Autophagy
Pathway Genes
A growing number of genes associated with autophagic flux also
perform autophagy-independent functions. For instance, the
Class III PI-3 Kinase Vps34 is well known to regulate
endocytic sorting as well as autophagosome formation
(Rostislavleva et al., 2015; Stjepanovic et al., 2017). The
initiation complex kinases ULK1 and 2 are involved in
autophagy-independent lysosomal targeting of ferritin, stress
granule degradation, ER-Golgi trafficking of cargo and axon
guidance (Joo et al., 2016; Goodwin et al., 2017; Wang et al.,
2018;Wang et al., 2019). In phagocytes, components of the Vps34
complex III, autophagosome elongation and maturation
machineries have also shown to drive LAP and endocytosis
(LANDO) (Cunha et al., 2018; Heckmann et al., 2019). ATG5,
ATG16L1, and ATG4 have been implicated in secretory pathways
such as membrane exocytosis, leaderless cytokine secretion and
exosome release (Murrow et al., 2015; Zhang et al., 2015; Guo
et al., 2017; Keller et al., 2020). These non-canonical roles may
well be consequential for immunomodulation by autophagy-
related genes in the TME.

Comparing Genetic Models With
Pharmacological Inhibition
Genetic mouse models clearly demonstrate a role for autophagy
genes in mammalian development as well as tumor progression
(reviewed in Kuma et al., 2017; Table 1). Broad functions of
Vps34 and ULK1/2 are consistent with embryonic lethality
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conferred by their germline deficiency. In contrast, genes
involved with the autophagosome elongation machinery
consistently exhibit perinatal lethality. Thus, even though
enhanced autophagy is associated with therapeutic resistance,
immunosuppression and disease progression in cancer, the
margin of safety should be a key consideration when assessing
pharmacological inhibition of autophagy. As highlighted by the
murine models discussed above, limitations of genetic loss-of-
function prevent a complete assessment of therapeutic autophagy
modulation. These include the inability to tune pathway
inhibition, the constitutive deletion of targeted gene(s) and the
inability to rescue or re-introduce autophagy following its
inhibition. These may be particularly important features
consider, since it is expected that complete, chronic inhibition
of the pathway will likely be detrimental to a durable immune
response against cancer. Indeed, recent evidence suggests that
pharmacological inhibition of autophagy does not compromise
adaptive immunity, consistent with the normal development of
mice harboring hypomorphic loss-of-function in core genes such
as Atg16L1 (Cadwell et al., 2008; Hubbard-Lucey et al., 2014;
Starobinets et al., 2016; Noman et al., 2020). Moreover, the
developmental roles of autophagy-related genes suggest that
genetic loss-of-function models do not recapitulate the
phenotypic outcomes of pharmacological inhibition, which is
transient and incomplete. Thus, careful phenotypic assessment of
cellular phenotypes upon pharmacological versus genetic
inhibition of autophagy is necessary to delineate which

outcomes are consequences of disrupted cell development vs.
effector function.

CONCLUDING REMARKS

Novel insights into the immunomodulatory functions of autophagy
have driven a resurgence of interest in its pharmacological
modulation for numerous diseases. While augmenting autophagy
is a relevant therapeutic avenue for autoimmunity,
neuroinflammation and chronic inflammatory diseases, its role in
cancer has remained pleiotropic. In the setting of established disease,
sustained autophagy is acknowledged as a critical mechanism for
treatment resistance and immune-evasion. Successful modulation of
autophagy will depend on pharmacological approaches which safely
diminish autophagic flux to promote meaningful immune responses
against cancer, while at the same time allowing for the emergence of
durable protection as determined by antigen-specific cellular
immunity. The growing number of pharmacological and genetic
approaches to modulate autophagy predicts a promising future for
its therapeutic targeting to benefit patients battling cancer.
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Recently, there has been renewed interest in metabolic therapy for cancer, particularly in
amino acid deprivation by enzymes. L-asparaginase was approved for the treatment of
acute lymphoblastic leukemia by the U.S. Food and Drug Administration. Arginine
deiminase and recombinant human arginase have been developed into clinical trials
as potential cancer therapeutic agents for the treatment of arginine-auxotrophic tumors.
Moreover, other novel amino acid degrading enzymes, such as glutaminase,
methionase, lysine oxidase, phenylalanine ammonia lyase, have been developed for
the treatment of malignant cancers. One of the greatest obstacles faced by anticancer
drugs is the development of drug resistance, which is reported to be associated with
autophagy. Autophagy is an evolutionarily conserved catabolic process that is
responsible for the degradation of dysfunctional proteins and organelles. There is a
growing body of literature revealing that, in response to metabolism stress, autophagy
could be induced by amino acid deprivation. The manipulation of autophagy in
combination with amino acid degrading enzymes is actively being investigated as a
potential therapeutic approach in preclinical studies. Importantly, shedding light on how
autophagy fuels tumor metabolism during amino acid deprivation will enable more
potential combinational therapeutic strategies. This study summarizes recent
advances, discussing several potential anticancer enzymes, and highlighting the
promising combined therapeutic strategy of amino acid degrading enzymes and
autophagy modulators in tumors

Keywords: autophagy, amino acid degrading enzymes, cancer therapy, L-asparaginase, arginine deiminase,
recombinant human arginase, chloroquine

INTRODUCTION

In recent years, there has been increasing interest in targeting tumor amino acid metabolism as a
strategy to treat cancer (Dang et al., 2011; Koppenol et al., 2011). It has been recognized that tumor
cells often undergo metabolic reprogramming to support the high metabolic demands that are
required for tumorigenesis (Nicholatos et al., 2019; Souder and Anderson, 2019). Cancer cells
attempt to utilize various fuel sources to maintain rapid and abnormal proliferation (Vander Heiden
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and DeBerardinis, 2017). However, certain tumor cells become
auxotrophic for specific amino acids, such as asparagine, arginine,
and methionine (Cheng et al., 2007; Rytting, 2010; Gao et al.,
2019). Therefore, depleting these amino acids by amino acid
degrading enzymes inhibits and impairs tumor growth. Whereas,
normal cells are kept in good condition due to their capability to
synthesize these specific amino acids via endogenous synthesis.
The difference between normal and cancer cells in terms of
nutritional demand makes tumor tissue vulnerable to certain
amino acid deprivation treatments (Fung and Chan, 2017;
Dhankhar et al., 2020). Thus, degrading amino acids by
enzymes may be an excellent therapeutic approach for the
treatment of malignant cancer. L-Asparaginase was the first
amino acid degrading enzyme approved by the U.S. Food and
Drug Administration (FDA) in 1978, used to treat acute
lymphoblastic leukemia (ALL) (Truelove et al., 2013). Since
then, many other amino acid depriving enzymes have been
developed through preclinical or clinical evaluations (Stasyk
et al., 2015; Fernandes et al., 2017).

There is a growing body of literature indicating that cellular
metabolism stress, for example, nutrient deprivation, could
induce macroautophagy (Xie et al., 2015; Fulop et al., 2018;
Nacarelli et al., 2018). Macroautophagy is an evolutionarily
conserved catabolic process in which damaged cellular
organelles and proteins are engulfed into double-membraned
vesicles named autophagosomes, and then delivered to lysosomes
for degradation (Nishida et al., 2009; Honda et al., 2014). Besides
macroautophagy, there are other categories of autophagy,
including macroautophagy, microautophagy, and chaperone-
mediated autophagy (Mony et al., 2016). Macroautophagy
(hereafter referred to as autophagy) plays a crucial role not
only in normal cells and tissues but also in pathological
environments. Amino acid starvation initiates autophagy by
inhibiting the mammalian target of rapamycin (mTOR) and
activating adenosine 5′-monophosphate (AMP)-activated
protein kinase (AMPK). In the initial stage, the ULK1 and
VPS34 complexes are most essential in recruiting and
assembling other components that are needed for autophagy.
There are more autophagy-related genes (ATGs) involved in the
whole process of autophagy (Hsu et al., 2018; Chang, 2020; Gu
et al., 2020). A large number of studies have been published on the
complicated and context-dependent role of autophagy in cancer
(White et al., 2015; Levy et al., 2017). Although autophagy served
as a double-edged sword in the carcinogenesis, progression,
treatment, and resistance of tumors (White, 2015; Limpert
et al., 2018; Monkkonen and Debnath, 2018), most studies
have suggested that autophagy is vital to promote tumor
growth and survival. Nowadays, blocking autophagy as a
potential anticancer therapy is currently undergoing clinical
trials (Bortnik and Gorski, 2017; Chude and Amaravadi,
2017). Autophagy serves a cytoprotective role in cancer
through its capability to support cancer metabolism. Given
that autophagy can degrade various substrates, it is not
surprising that autophagy provides cancer cells with abundant
metabolic plasticity, for example, degradation of protein or
peptide into amino acid could fuel the tricarboxylic acid
(TCA) cycle (Kimmelman and White, 2017).

Importantly, the combination of amino acid degrading
enzymes and autophagy regulators has been demonstrated
to show marvelous synergistic anticancer effects in
preclinical and clinical studies (Kim et al., 2009b; Zeng
et al., 2013; Song et al., 2015). This review will highlight
recent advances in the development of amino acid depriving
enzymes and the combinational employment of autophagy
regulators and enzymes which have been successfully used
as potential therapeutic approaches in the therapy of
cancer.

L-Asparaginase and Autophagy
L-asparaginase, the first bacterial enzyme approved for cancer
therapy, hydrolyzes L-asparagine (ASN) and yields aspartic
acid and ammonia (Pieters et al., 2011). ASN plays an
important role in glycoproteins biosynthesis, regulating the
functions of the immune and nervous systems (Wu, 2013;
Knott et al., 2018). Importantly, several types of tumors,
particularly leukemia cells, cannot synthesize ASN due to
lack of or low expression of asparagine synthetase (Willems
et al., 2013), which renders the tumors sensitive to
asparaginase. The first commercial drug of L-asparaginase is
a native E. coli-derived asparaginase, an indication of which is
ALL. Although L-asparaginase derived from E. coli achieved
great therapeutic improvements, it is subject to
hypersensitivity and other toxicities, such as hepatic and
renal dysfunction (Spiers and Wade, 1979; Salzer et al.,
2014). A more stable and efficient form of L-asparaginase
derived from E. coli was PEGylated to reduce the allergy to
foreign proteins and prolong half-life (Dinndorf et al., 2007).
Nowadays, L-asparaginase derived from E. coli has been
applied as first-line therapy and L-asparaginase derived
from Erwinia chrysanthemi has been used for the treatment
of ALL patients when hypersensitivity to E. coli-derived
L-asparaginase happens (Keating, 2013). Apart from
hypersensitivity, glutamine depletion is another clinical
problem of L-asparaginase due to its dual asparaginase and
glutaminase activity, which can cause hepatotoxicity,
thrombotic complication, and neurotoxicity (Reinert et al.,
2006). Researchers have explored solutions by modifying
L-asparaginase via replacing amino acid residues (Derst
et al., 2000).

One of the greatest obstacles faced by L-asparaginase in
clinical applications is the development of drug resistance. We
reported that L-asparaginase not only induced caspase 3-
dependent apoptosis but also triggered obvious autophagy
in chronic myeloid leukemia (CML) cells, accompanied by
inhibition of Akt/mTOR and activation of the ERK signaling
pathway (Song et al., 2015), as illustrated in Figure 1. The
blocking of autophagy by LY294002, chloroquine (CQ), and
quinacrine enhanced apoptosis is triggered by L-asparaginase,
suggesting the pro-survival role of autophagy in
L-asparaginase-treated CML cells. Moreover, the ROS-p53
feedback loop played an important role in the
combinational treatment of L-asparaginase and CQ. In
addition to CML, ALL, glioblastoma, laryngeal squamous
cell carcinoma, and pulmonary adenocarcinoma showed
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sensitivity to L-asparaginase, and autophagy was demonstrated
to be activated through autophagosomes formation and the
conversion of cytoplasmic LC3-I to membranal LC3-II (Zhang
et al., 2016; Chen et al., 2017; Ji et al., 2017; Takahashi et al.,
2017; Polak et al., 2019). Moreover, the combination of CQ and
L-asparaginase significantly enhanced the antitumor effect of
L-asparaginase. Based on the studies mentioned, autophagy
played a cytoprotective role in most cancer therapy of
L-asparaginase, which indicated that both targeting

asparagine metabolism and autophagy was a new promising
therapeutic strategy for malignant tumors. More studies and
evaluations of the combinational treatment of amino acid
degrading enzymes and autophagy regulators are listed in
Table 1.

It is noteworthy that there is a close relationship between
autophagy and the immune system (Gonzalo and Coll-Bonfill,
2019), which is vital for efficient cancer therapy (Jin et al., 2017;
Yamamoto et al., 2020). L-asparaginase is demonstrated to not

FIGURE 1 | Schematic illustration of the cytoprotective role of autophagy in the cytotoxicity induced by amino acid degrading enzymes (L-Asparaginase, ADI, and
rhArg) in cancer cells.

TABLE 1 | Current developments of the combination of amino acid degrading enzymes and autophagy inhibitors in pre-clinical studies.

Enzymes Combined treatment Types of cancer Level proof-of
concept

References

L-asparaginase L-asparaginase + CQ ALL In vitro and in vivo Takahashi et al. (2017), Polak et al. (2019)
L- asparaginase + CQ/LY294002/
quinacrine

CML In vitro Song et al. (2015)

L-asparaginase + CQ/LY294002 Glioblastoma In vitro and in vivo Chen et al. (2017)
L-asparaginase + CQ Laryngeal squamous cell

carcinoma
In vitro Ji et al. (2017)

L-asparaginase + CQ Pulmonary adenocarcinoma In vitro Zhang et al. (2016)
Arginine deiminase Arginine deiminase + CQ Lymphoma In vitro Delage et al. (2012)

Arginine deiminase + CQ/siBeclin1 Melanoma In vitro Savaraj et al. (2010)
Arginine deiminase + CQ/siBeclin1 Prostate cancer In vitro Kim et al. (2009b)

Arginase I rhArg + 3MA/CQ/siBeclin1 Triple-negative breast cancer In vitro Wang et al. (2014)
rhArg + 3MA/CQ Leukemia In vitro Li et al. (2016)
rhArg + CQ Ovarian cancer In vitro Nasreddine et al. (2020)
rhArg + CQ/siAtg5 Melanoma In vitro Wang et al. (2014)
rhArg + 3MA/CQ/siBeclin 1/siAtg5 Non-Hodgkin’s lymphoma In vitro Zeng et al. (2013)
rhArg + CQ/Baf A1 Laryngeal squamous cell

carcinoma
In vitro Lin et al. (2015)

rhArg + CQ/LY294002 Non-small cell lung cancer In vitro and in vivo Shen et al. (2017)
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only suppress autophagy in macrophages but also inhibit
phagocytosis, MHC-II expression, secretion of cytokine IL-6,
and TNF-α in activated macrophages. Importantly, activating
autophagy could overcome the immune suppression triggered by
L-asparaginase in macrophages (Song et al., 2017).

ARGININE DEIMINASE AND AUTOPHAGY

Arginine is a semi-essential amino acid that cannot be adequately
supplied by endogenous biosynthesis. Arginine metabolism is
complicated, as arginine plays an essential role in several
biological functions, such as precursors for cell signaling
molecules as well as intermediates of the urea cycle and TCA
cycle (Shen and Shen, 2006; Ni et al., 2008). Arginine can be
produced through sucargininosuccinate synthetase (ASS),
ornithine transcarbamylase (OTC), and argininosuccinate lyase
in the urea cycle. ASS and OTC are the key enzymes for arginine
synthesis (Fultang et al., 2020).

Arginine deiminase (ADI), an arginine-depleting enzyme, is
regarded as a novel anticancer candidate (Synakiewicz et al.,
2014) and hydrolyzes arginine into citrulline and ammonia. For
ADI, ASS-deficient tumors are arginine-auxotrophic and its
efficiency is highly dependent on the ASS deficiency of
cancer patients (Lam et al., 2009). ASS silencing in
cholangiocarcinoma cells (Roeksomtawin et al., 2018) and
glioblastoma multiforme cells (Przystal et al., 2018)
significantly enhanced their sensitivity to ADI-PEG20
treatment. It is reported that ADI-PEG20 significantly
reduced tumor growth in ASSlow sarcoma models. However,
significantly increased expression of ASS was observed in tumor
tissue over time (Delage et al., 2012; Bean et al., 2016). In
randomized clinical trials, neutralizing antibodies against ADI-
PEG20 and enhanced ASS expression was found in the latter
treatment, which caused drug resistance (Szlosarek et al., 2017).
Pegylation significantly reduces antigenicity of ADI and ADI-
PEG20 has been used in clinical trials in patients with
hepatocellular carcinoma (HCC) (in phase III), melanoma (in
phase I/II), small cell lung cancer (SCLC) (in phase II),
mesothelioma (in phase I/II) and other arginine-auxotrophic
advanced tumors.

In addition to neutralizing antibodies and enhanced ASS
expression, autophagy is reported to be associated with ADI-
resistance. Arginine deprivation by ADI could induce obvious
autophagy and autophagy inhibitors potentiated the
cytotoxicity of ADI-PEG20 in lymphoma cells, indicating
the cytoprotective role of autophagy triggered by ADI-
PEG20 in lymphoma. Furthermore, blocking autophagy by
CQ or silencing autophagy-related Beclin1 mRNA
accelerated and enhanced the antitumor effect of ADI in
melanoma (Savaraj et al., 2010) and prostate cancer (Kim
et al., 2009a; Kim et al., 2009b), suggesting that both
targeting autophagy and arginine metabolism may provide
novel potential avenues for cancer therapy. ADI activated
MEK and ERK signaling pathways but suppressed the Akt/
mTOR pathway in melanoma cells, as shown in Figure 1. In
general, Akt/mTOR and ERK signaling pathways are vital in

manipulating autophagy in eukaryotic cells (Dai et al., 2019;
Farias Quipildor et al., 2019). Nutritional starvation triggers
autophagy via inhibiting mTOR, which is a vital negative
regulator of autophagy. The ERK signaling pathway is
documented to regulate the induction of autophagy by
interacting with LC3 and the expression of autophagy as
well as lysosomal genes.

It was observed that depriving arginine by ADI triggered a
cytotoxic excessive autophagy which contributed to cell death in
ASS-deficient prostate cancer cells. Representative micrographs
exhibited atypical autophagy with large autophagosomes
formation, nucleus membrane rupture, and DNA/chromatin
leakage was captured by autophagosomes, which was referred
to as chromatin autophagy (Changou et al., 2014; Li et al., 2019).
ADI triggered regular-sized autophagosomes during the first 24 h
and giant autophagosomes after 48 h in prostate cancer cells.
Moreover, ADI triggered mitochondrial dysfunction, for
example, mitochondrial membrane potential depolarization
(Kung et al., 2015).

Arginase and Autophagy
Another arginine degrading enzyme used for cancer therapy is
arginase I. Previous studies have suggested that cancers with
deficiencies in either ASS and/or OTC expression are sensitive
to arginine-auxotrophy induced by arginase I (Cheng et al.,
2007; Tsui et al., 2009). Recombinant human arginase I (rhArg)
is a modified enzyme, which contains cobalt (II) ion or
manganese (II) ion (Cheng et al., 2007; Lam et al., 2009; Yau
et al., 2013). During a preclinical evaluation, rhArg exhibited
significant antitumor activity in many ASS and/or OTC
deficient cancer cells, namely HCC (Cheng et al., 2007),
melanoma (Wang et al., 2014b), breast cancer (Leung et al.,
2019), keratinocytic carcinoma (Bobak et al., 2010), SCLC (Xu
et al., 2018) and Merkel cell carcinoma (Agnello et al., 2020).
Pegylated rhArg has a remarkable advantage over the native
arginase I on account of the extended half-life, from several
hours to 72–96 h, due to its enhanced stability (Lam et al., 2011).
According to the records on ClinicalTrials.gov, PEG-rhArg has
been studied in clinical trials for a variety of malignant cancers,
including HCC, pediatric AML, pediatric ALL, and prostate
adenocarcinoma.

Arginase I is mainly expressed in the liver. Blocking
autophagy by liver-specific deletion of the important
autophagy genes Atg7 and Atg5, which generated circulating
arginase I and inhibited tumor growth and identifies a metabolic
vulnerability of cancer. Moreover, supplementation with
arginine in Atg7-deficient mice model partially relieved
arginine reduction and tumor growth inhibition. Whole-body
deletion of Atg7 in a mice model triggered a bigger regression of
KRAS-driven tumors than the knockdown of cancer-specific
autophagy, suggesting that basal autophagy facilitates tumor
growth (Poillet-Perez et al., 2018). Previously, we reported that
rhArg suppressed cell growth of triple-negative breast cancer
(TNBC), which lacks an effective druggable target, resulting in
poor prognosis. Also, autophagic flux was observed in TNBC
cells. Blocking autophagy by CQ, 3-MA and silencing Beclin1
enhanced the antitumor effect of rhArg in TNBC (Wang et al.,
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2014a). Until now, rhArg was also found to have an inhibitory
effect on melanoma cells (Wang et al., 2014b), non-Hodgkin’s
lymphoma cells (Zeng et al., 2013), laryngeal squamous cell
carcinoma cells (Lin et al., 2015), leukemia cells (Li et al., 2016),
ovarian cancer cells (Nasreddine et al., 2020), and non-small-
cell lung cancer (NSCLC) cells (Shen et al., 2017). Autophagy
inhibitors enhanced the antitumor effect of rhArg in these
tumors, indicating that autophagy is pro-survival in the
treatment of cancer (as shown in Table 1). Notably, arginase
I was reported to contribute to tumor-driven immune
suppression which is a major obstacle for the
immunotherapy of cancer (Czystowska-Kuzmicz et al., 2019;
Wang et al., 2019).

OTHER AMINO ACID ENZYMES AND
AUTOPHAGY

Apart from asparaginase, arginine deiminase, arginase, some
other amino acid enzymes have been recently developed for
cancer therapy, including methionase, lysine oxidase,
phenylalanine ammonia lyase, and glutaminase. These
amino acid degrading enzymes and their related autophagy
studies are relatively fewer than the three enzymes
discussed above.

Glutaminase is a vital enzyme that breaks down glutamine
into glutamate. Glutaminase is not regarded as a potential drug
for cancer therapy, but, instead, as a druggable target (Masisi
et al., 2020). Cancers with high glutaminase expression are
related to poor prognosis. Recently, the strategy of cancer
therapy in glutamine metabolism inhibition has begun to
concentrate on glutamine deprivation, glutaminase blocking,
and membrane glutamine transporter inhibition (Chiu et al.,
2014; Gross et al., 2014; Lee et al., 2014; Song et al., 2018).
Among glutaminase inhibitors, CB-839, one of the most
successful drug candidates, is under clinical trials for NSCLC,
melanoma, and leukemia (NCT03965845, NCT02771626, and
NCT02071927 respectively). It was reported that glutamine
deprivation was synthetically lethal for autophagy inhibition
in colorectal cancer (Li et al., 2017). Autophagy is an essential
process that provides glutamine for anaplerosis of the TCA cycle
in pancreatic ductal adenocarcinoma. Therefore, targeting
glutamine metabolism and autophagy simultaneously to
completely inhibit glutamine uptake offers a novel
therapeutic approach for treating refractory cancers (Seo
et al., 2016).

Methionase, also named L-Methionine-γ-lyase, converts
methionine into ammonia, α-ketobutyrate, and methanethiol
(Cellarier et al., 2003; Thivat et al., 2007; Ho et al., 2011).
Methionine-dependent cancer cannot generate or generate low
levels of methionine. Methionase was regarded as a potential
anticancer candidate for Lewis lung, human colon carcinoma
(Tan et al., 1998), neuroblastoma (Hu and Cheung, 2009), and
glioblastoma (Kokkinakis et al., 2001). PEGylated recombinant
methionase has been developed into phase I clinical trials, in
which recombinant methionase showed no significant toxicity
(Tan et al., 1996; Tan et al., 1997). However, the antitumor

activity of PEGylated recombinant methionase was not reported.
Notably, methionine acts as a signal for amino acid which could
suppress autophagy induced by nitrogen starvation via
methylation of PP2A (a protein phosphatase enzyme), also
depleting methionine and cystine induced autophagy and
suppressed tumor growth in glioma cells in vivo.

Lysine oxidase, one of the most studied amino acid oxidases,
showed considerable cytotoxicity against a wide variety of
cancers, including leukemia, colorectal adenocarcinoma,
prostate cancer, pheochromocytoma (Pokrovsky et al., 2013;
Lukasheva et al., 2015). The short half-life of lysine oxidase
restricted its development and commercialization (Krupyanko
et al., 2017). Moreover, a few studies have shown that lysine
oxidase supports the growth of some tumors (Wang et al.,
2016), which makes the role of lysine oxidase in antitumor
therapy controversial and, therefore, demands more
preclinical data.

Phenylalanine ammonia lyase converts phenylalanine to
trans-cinnamic acid and ammonia. Like other enzymes. The
antitumor mechanism of phenylalanine ammonia lyase is
associated with a reduced level and disability of synthesis of
phenylalanine. Phenylalanine ammonia lyase showed to be
effective against colorectal cancer in vivo (Yang et al., 2019)
and leukemic lymphoblasts in vitro (Stith et al., 1973).

CONCLUSION

There exist several advantages of amino acid degrading enzymes
over conventional anticancer therapeutics. Firstly, amino acid
enzymes have strong effects against specific amino acid
auxotrophic tumors. Secondly, the side effect pattern of the
enzymes is unique, which is significant for drug combinational
therapy. Lastly, there exist key synthetases as biomarkers to
forecast the therapeutic effect (Timosenko et al., 2017;
Pokrovsky et al., 2019). Clinical trials of amino acid-degrading
enzymes have shown that enzyme treatment is a safe and effective
therapeutic approach. Despite the advantages of amino acid in
depleting enzymes, a few weaknesses still affect clinical
applications. The high immunogenicity and shorter half-life
may be the greatest obstacles in the development of drugs
(Schiffmann et al., 2019; Thisted et al., 2019). Chemical
modification, construction of fusion protein, and encapsulation
of enzymes are some of the existing solutions to overcome those
obstacles and increase the bioavailability of amino acid degrading
enzymes (Veronese, 2001; Li et al., 2007; Chen and Zeng, 2016;
Bilal et al., 2018; Sinha and Shukla, 2019).

Recently, both targeting autophagy and amino acid metabolism
have entered into clinical studies on the basis of preclinical
experiments (as shown in Table 1) and synergistic drug effects in
cancer therapy. Combinational therapy is a great opportunity for
cancer patients. Although the context-dependent role of autophagy
during tumor treatment has attracted great attention, amino acid
degrading enzyme induced pro-survival autophagy in themajority of
tumors. Therefore, manipulating autophagy provides a chance to
make a tumor more sensitive to subsequent therapeutics. Among
them, CQ is one of the most used autophagy inhibitors. CQ inhibits
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autophagosome fusingwith lysosome, and significantly improves the
expression level of LC3-II. Furthermore, there is a growing body of
literature that recognizes the importance of potential applications of
autophagy related proteins, including LC3, ATG7, ATG5, Beclin1,
and SH3GLB1, as prognostic biomarkers in some tumors, like
glioma, breast cancer, and colon cancer (Park et al., 2013;
Lebovitz et al., 2015). Under the right conditions, in the future, a
co-targeting autophagy and amino acid metabolism may become a
potential cancer therapy.

Despite the advances mentioned in this study, patients still
have a poor prognosis. Hence, further studies are required to
provide a deeper understanding of the underlying molecular
mechanisms and more clinical trials are needed to collect
evidence-based data with respect to the efficacy and safety of
these therapeutics.
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